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Abstract

Millimeter wave networks promise to offer ultra-fast internet download

speed, but the access points or base stations must always align the beams

precisely to client devices. Efficient beam alignment for mobile users therefore

is considered one of the most challenging problems facing millimeter wave net-

works. Existing approaches that use in-band beam alignment suffers from long

alignment delays and low communication performance, especially when large

number of mobile clients are connect to the access point. In this research, we

explore the benefits of out-of-band inaudible sound assisted beam alignment

to reduce the outage probability, thereby improving the performance gain of

antenna in millimeter wave beamforming.

In particular, this thesis makes three fundamental contributions. First, we

analytically study the beam alignment performance of 802.11ad in the presence

of multiple devices while rotating with an applicable angular velocity. We

come up with a probabilistic model for required number of beacon intervals

to complete antenna training in multi-users scenario for 802.11ad. Second,

we propose to take advantage of inaudible sound as a side channel to detect

the direction of client and assist beam alignment in millimeter wave access

points. Using a combination of experimental and simulation analysis of the

inaudible sound spectrum available in typical mobile phones, we demonstrate

that the use of 50 Hz and 50 ms sound chirps with an array of two microphones

provide efficient and reliable detection of direction. Moreover, we design a

filtering approach using FDM channel access to correctly assign the sound

source corresponding to the estimated angle on the receiver side. Third, we

conduct a comprehensive simulation in order to evaluate the performance of

the proposed sound assisted beamforming on the gain of antenna. Initially, the
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proposed analytical model is validated by the developed simulation platform.

We show that our proposed algorithm achieves a significant 11 dB average

gain of antenna for AP with 64 antenna sectors serving 10 users moving with

walking speed of two different mobility model compared with IEEE 802.11 ad.

This improvement is the result of using the proposed contention-free out-of-

band sound channel to remove the existing contention-based channel access

for beam alignment.

We believe that our findings in this thesis shed new light on the fundamental

benefits of out-of-band beamforming in crowded millimeter wave network.
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Chapter 1

Introduction

The past few years have witnessed the global mobile data traffic growth with

the estimated 63 percent in 2016. Overall mobile data traffic is expected to

grow to 49 exabytes per month by 2021, a sevenfold increase over 2016 by Cisco

forecast [1]. More than three-fourths of the world’s mobile data traffic will be

video by 2021 [2]. The demand for a high data rate and high integrity services

will continue to grow in the foreseeable future. In this realm, Millimeter wave

(mmWave) technologies promise to revolutionize wireless networks by enabling

multi-gigabit data rates [3]. This trend conducts both research and industry

to consider 60 GHz ISM band as a promising solution for data-rate demanding

applications [4]. Demand for data-hungry applications such as uncompressed

video streaming, instant file sync, wireless data centers and wireless fiber-to-

home access, together with worldwide availability of the 60 GHz band, have

fueled multiple standardizations, e.g., IEEE 802.11ad [5] and 802.15.3c [6]. Due

to the smaller wavelength in millimetre wave (ranges from 1 to 10 mm), there

is several dB more propagation loss as compared to the sub-6 GHz bands.

To enable millimeter wave (mmWave) systems in practice and to guarantee

sufficient received signal power (and data rate), large antenna arrays need to

1



Chapter 1. Introduction 2

be employed at both the transmitter and receiver [7]. The small wavelength

(λ) in 60 GHz frequency permits multiple antenna solutions (with distance of

λ/2 per antenna element). From this perspective, multiple antenna technology

is a key enabler to efficiently utilize the millimeter wave band as it can increase

the link capacity by employing directional communication. Millimeter wave

radios, however, do not play well with mobile devices or dynamic environment,

a key challenge that has been emphasized in the standards. The pseudo-optical

nature of a beam renders it extremely sensitive to blockage, especially in indoor

deployments with heavy human activity [8]. Searching for an alternative beam

direction involves extensive overhead procedure at the presence of frequent

movement. Thus, an overhead-free beam alignment is required for mobile

millimetre wave communication.

With this introduction, the aim of this research is to improve beamform-

ing performance in MmWave communication at the presence of mobility. In

this study, we investigate the possibility of exploiting inaudible sound as a

side channel to detect the direction of mobile devices and assist beam align-

ment in millimeter wave access points. Since all consumer devices, such as

mobile phones, tablets, and laptops, include speakers, they can easily generate

sound without requiring extra hardware. With falling costs and form fac-

tors of microphones and microphone arrays, sound-based DoA is practically

realizable for next generation of access points. Finally, as there exists an in-

audible bandwidth (> 18 kHz) within the range of typical consumer speakers

and microphones, it is possible to use sound for millimeter wave beam align-

ment without causing any sound noise in working environment. To the best of

our knowledge, it is the first research to leverage microphone-speaker sensors

embedded on the COTS devices for beam alignment in mmWave networks.

The remainder of this chapter is organised as follows. In Section 1.1, the
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motivation for MmWave-based communication is examined in more detail.

The research challenges of beamforming in MmWave networks addressed in this

thesis are introduced in Section 1.2. Section 1.3 states the thesis contributions.

Finally, the organisation of the dissertation is presented in Section 1.4.

1.1 Research Motivation

Millimeter wave (MmWave) networks are expected to offer multi-Gbps down-

load speeds using 60 GHz frequencies. Millimeter Wave based communication

standards including IEEE 802.11ad [5] supports up to 6.8 Gbps data rate en-

abling cordless virtual and augmented reality or ultra-high-definition video

streaming. The following advantages and promising applications of MmWave

communication have motivated us to design out-of-band beam alignment for

next generation of mobile MmWave communication. Figure 1.1 illustrates just

few of mmWave applications.

• Wireless screen sharing
with fast speed

• Near real-time sync
for photos and videos

• Be a gigabit hotspot
For friends/family

• Untethered AR/VR

Fig. 1.1: Major mmWave applications

• Enabling the immersive service experiences

• Real-time interactive game
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• UHD wireless video streaming

• Ubiquitous health care

This research study insights into the next generation of wireless commu-

nication considering the promising applications and opportunities brought by

the Extremely High Frequency (EHF) communication interface.

1.2 Research Issues

Despite the immense potential of MmWave, its realization is challenging due to

sever path loss, atmospheric absorption, and blockage. New MmWave network-

ing standards, such as IEEE 802.11ad [5], mitigates these issues by employ-

ing multiple antenna sectors to establish a narrow directional communication

beam between the access point and the client. MmWave beam performance,

however, is highly susceptible to client mobility because a small displacement

from the original location may misalign the selected sector pair of communi-

cation [9]. To keep beams aligned at all times, 802.11ad beam realignment

process employs sector sweeping at both transmitter and receiver. The pro-

cedure, however imposes a high training overhead at the presence of clients’

movement. This has led to the efforts of utilizing out-of-band information for

beamforming and totally removing beamforming training overhead.

Despite the plethora of work in MmWave beamforming, a little has been

done to investigate the impact of device population on beamforming. When

there are multiple devices in the communication range of the 802.11ad WiFi

access point which is often the case for office environment, each device is

required to compete for one out of 8 dedicated time slots that occurs at every

100ms to perform beamforming. If a device fails to capture a slot in the current
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beacon interval, it has to wait for another 100ms to retry beamforming. The

higher the number of devices, the more severe the competition for securing

a slot. Moreover, there is a limit of 16 frames per slot for the standard to

exchange between transmitter-receiver pair. It means devices with up to 16

antenna sectors enable to complete antenna training within a slot, if they

win it to access the channel. Devices with antenna sectors higher that 16,

though, require wait for another 100 ms to catch more than 1 slot and finish

antenna training. Thus, device population and more directional antenna lead

to significant interruptions, especially in the case of beam misalignment due

to device mobility. Nevertheless, to the best of our knowledge, this is the

first study that thoroughly investigate the impact of device population on the

performance of beam alignment in IEEE 802.11ad.

1.3 Research Contributions

This dissertation aims at proposing a novel beam alignment method to im-

prove the performance of antenna training for mobile multi-users scenario in

millimeter wave networks. The main contributions towards our objective are

summarized in this section.

• We first reveal antenna training inefficiency of IEEE 802.11ad in a mo-

bile multi-users network. We develop an analytical model for gain of

Oracle-based model of directional antenna considering a practical mobil-

ity scenario of angular displacement for hand-held or body-worn devices.

Moreover, an analytical model for the gain of antenna in IEEE 802.11ad

is proposed followed by a probabilistic model for beamforming comple-

tion time in terms of required beacon intervals in the presence of multiple

competing devices.
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• We then propose a MmWave beam alignment framework, called Sound-

Align, by exploiting inaudible sound as a side channel. In Sound-Align,

mobile devices periodically generate short inaudible sound bursts or

chirps, which are detected by a microphone array at the access point

to work out the DoA. The DoA information is then used by the ac-

cess point to select the right antenna sector for transmitting data to the

mobile client.

• Using a combination of experimental and simulation analysis of the in-

audible sound spectrum available in typical mobile phones, we demon-

strate that sound chirps of only 50 ms can provide reliable detection of

DoA, which provides low-latency beam alignment. We also show that

Sound-Align chirps occupy only 50 Hz, which means that the limited in-

audible bandwidth available for consumer devices can still accommodate

up to 20 mobile users in the network.

• We further propose a filtering approach which is taking the advantages

of FDM acoustic channel access to distinguish the corresponding chan-

nel of incident angles into microphone array. This approach leads the

proposed beam alignment into a low computationally complex and low

development cost using only two microphones to estimate DOA. Through

extensive simulations for this scenario, we evaluate Sound-Align system

performance for inaudible DoA estimation.

• Finally, We provide a comprehensive study to evaluate the performance

of sound-assisted beam alignment method for MmWave directional com-

munication. We examine the impact of different parameters on our pro-

posed beam alignment algorithm. Various directional antenna configu-

ration, different number of users in the network and different mobility
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patterns are studied. The results prove the performance of the proposed

beam alignment method compared with IEEE 802.11ad in a multi-users

mobile scenario, specially for more crowded networks (10 users) and more

directional antenna (64 antenna sectors).

1.4 Thesis Organisation

The rest of the thesis is organized as follows.

In Chapter 2, description of MmWave communication, its principals, chal-

lenges and applications are reviewed. We first review 60 GHz standard along

with the most important procedures of IEEE 802.11ad amendment such as

beamforming.

Afterwards, in Chapter 3, we categorize the related work on the area of

MmWave beamforming into two main categories. Then, the existing research

gap and related issues are addressed. Finally, considering the research gap and

the explained research objective, we review the existing direction of arrival

methods, particularly the acoustic based literature.

In Chapter 4, we analytically study the beam alignment performance of

802.11ad in the presence of multiple devices. In this chapter, we come up with

a probabilistic model for required number of beacon intervals to complete an-

tenna training in muti-users scenario for 802.11ad. We further consider a prac-

tical rotation movement for clients to investigate the deficiency of beamforming

procedure proposed in the standard in a mobile applicable environment.

In Chapter 5, we propose an acoustic-based beam alignment assisting frame-

work, called Sound-Align, to address the contention and latency problems as-

sociated with multiple-device connectivity. We initially perform a combination

of experimental-simulation study to investigate the feasibility of direction of
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arrival using inaudible sound emitted by the consumer electronic devices. We

extensively evaluate the performance of inaudible sound DoA by employing the

well-designed MUSIC algorithm. Simulation results and evaluations conduct

us to design a direction of arrival method, called Sound-Align, using inaudible

chirp signals to address DoA for multi-users scenario.

In Chapter 6, we extensively evaluate the antenna gain performance of

the proposed Sound-Align method using simulation. The main challenge of

IEEE 802.11ad beamforming in multi-users mobile scenario is addressed by

the proposed method. We further evaluate the performance of Sound-Align

for different antenna configurations, various number of users, and two different

mobility models.

Finally, in Chapter 7, we conclude the dissertation and summarize the main

future research directions.



Chapter 2

Background

This chapter gives an overview of millimeter wave communication and its

promising applications. Moreover, path loss model for millimeter wave commu-

nication is discussed. Next, In Section 2.2, beamforming procedure of 802.11ad

communication standard is reviewed and analyzed in the context of millimetre

wave communication systems.

2.1 Millimeter Wave Communication

In this section we first introduce the capabilities and applications of MmWave

communication. Next, we explain IEEE 802.11 ad amendment and its corre-

sponding beamforming procedure, followed by Association Beamforming Train-

ing and Fast Session Transfer, as other MAC features of the protocol.

2.1.1 Principals, Capabilities, and Applications

In very broad terms, millimeter wave communication can be classified as oc-

cupying the electromagnetic spectrum that spans between 30 and 300 GHz,

which corresponds to wavelengths from 10 to 1 mm. The extremely high fre-

9
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quencies of millimeter waves offering maximum 6.7 Gbps achievable data rate

[10] to make mmWave useful for a variety of applications. It is highly secure

operation resulting from short transmission distances due to absorption loss

and no wall penetration [11]. The newest standard IEEE 802.11ad [5] for 60

GHz industrial, scientific, and medical (ISM) band available in most of the

countries and the related industry alliance named WiGig show that millimeter

wave technology is really worth for multi-gigabit wireless communication.

However, the propagation characteristics of mmWave spectrum in free-

space, which is frequency and distance related as with all propagation electro-

magnetic waves, impose higher path loss than other different unlicensed bands

[12] (extra 22 dB loss at distance of 10 m compared to 5 GHz calculated by

Friis equation [13]).

Although the high path loss at 60 GHz seems to be a disadvantage, di-

rectional communication can be a promising solution to compensate the extra

loss. Based on this behavior, IEEE 802.11ad introduces a novel concept of

“virtual” antenna sectors that discretize the antenna azimuth. In this case,

the short wave length in the millimeter range allows significantly smaller an-

tenna form factors compared to legacy WiFi at 2.4/5 GHz (approximately 140

times smaller [4]) and can be conveniently integrated into consumer electronic

products. Moreover, the sector antenna concept is technically supported by in-

troducing a beamforming procedure in the standard and providing directional

communication. It seems beamforming is the key to unlock the potential of

MmWave communication to provide multi Gbps data rate for next generation

of wireless communication. In the following section, we discuss beamforming

mechanism, in details.
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2.1.2 Millimtre Wave Propagation Characteristics

As with all propagating electromagnetic waves, for millimeter waves in free

space the power falls off as the square of the range. When the range is doubled,

the power reaching a receiver antenna is reduced by a factor of four. This effect

is due to the spherical spreading of the radio waves as they propagate. The

frequency and distance dependence of the loss between two isotropic antennas

can be expressed in absolute numbers by the following equation (in dB):

Lfree space = 20 log
( 2πR
λ

)

10 (2.1)

where Lfree space is the free-space loss, R is the distance between the transmit-

ting and receiving antennas, and λ is the operating wavelength. This equation

describes line-of-sight (LOS) wave propagation in free space. It shows that

the free space loss increases when the frequency or range increases. Also, that

millimeter wave free space loss can be quite high even for short distances.

It suggests that the millimeter-wave spectrum is best used for short-distance

communication links. When the distance of the link R = 10m, path loss can

be calculated using (4πR
λ

)2.

Due to smaller wavelengths at millimetre wave frequencies, the free space

propagation loss, which is inversely proportional to the wavelength, is several

dB more as compared to the legacy sub-6 GHz bands. This aspect, however,

needs to be interpreted in view of the additional directional antenna gains at

the transmitter and receiver envisaged in millimetre wave systems. For the

same antenna aperture size, the directional antenna gain is more considerably

more as compared to an omnidirectional or sectored pattern antenna used in

sub-6 GHz systems. Thus, the excess free space propagation loss in millimeter
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wave communications can be compensated using directional antennas with

beamforming [8]. Additionally, attenuation due to rainfall has an adverse

impact on millimeter wave signal propagation depending on the rainfall rate

[3]. Also, absorption due to atmospheric gases at certain frequencies including

60 GHz can lead to considerable attenuation if transmission distances exceed

an order of few tens of metres. Therefore, the 60 GHz band is well suited

for indoor short range millimeter wave communication for a maximum Tx-Rx

separation distance of about 10m, whereas the 28 GHz, 38 GHz and 73 GHz

bands are being investigated for their potential to support outdoor millimeter

wave communication for medium range links of over 200m.

2.2 IEEE 802.11ad Standard

In this section, we focus on IEEE 802.11ad standard and provide introductory

materials of beamforming procedure in the amendment. Moreover, we briefly

summarize fast session transfer mechanism in the standard which has recently

applied by some literature in the context of NLOS beamforming.

2.2.1 Sector Level Sweep

Beamforming (BF) training or beam alignment is a mechanism to train trans-

mit antenna of both sides and achieve the necessary link budget [14]. IEEE

802.11ad amendment supports beamforming which is comprised by one manda-

tory phase, namely SLS, and 2 optionals, BRP and Beam Tracking. In this

section, we briefly review SLS phase.

BF training is launched by transmitting a series of sector sweep frames

(SSW) from initiator. The responder reports the best transmit antenna of

initiator and the frame exchange process repeats for peer station till both



2.2. IEEE 802.11ad Standard 13

pairs find their best transmit sector. During this phase, the receiver trans-

mits sector sweep frames for the N
(s)
T × NR times, specified by a countdown

parameter. Subsequently, the transmitter transmits sector sweep frames for

N
(s)
R ×NT times. Thus, the total number of preamble transmissions in above

beam switching is given by:

NSLS = N
(s)
T NR +N

(s)
R NT (2.2)

SLS comprises of 4 different steps to complete antenna sector training:

Initiator Sector Sweep (ISS), Responder Sector Sweep (RSS), Sector Sweep

Feedback (SSW-FB), and Sector Sweep ACK (SSW-ACK). In ISS, the initiator

transmits SSW frames over all its antenna sectors. The responder should stay

on omni-directional pattern for a specific time. In RSS, the responder transmit

antenna is trained to find out the sector providing highest signal quality. The

feedback for the responder is transmitted with a single SSW Feedback frame,

on the determined optimum antenna configuration. Finally, the SSW Feedback

frame is acknowledged with an SSW-ACK by the responder. Accordingly, The

total time required for antenna training can be calculated as:

TSLS = N
(s)
T .TTX−SSW + S.(N

(s)
R .TRX−SSW + TSSW−FB/ACK) + TIFS (2.3)

where

TIFS = (S + 1)(N
(s)
T − 1).TSBIFS + 3.TMBIFS (2.4)

where S shows the number of stations in the network for training and TIFS de-

notes inter-frame space time which is defined by Eq.(2.4). TSBIFS and TMBIFS

indicate short and medium beamforming inter-frame space and equals with

1µs and 3µs, respectively.
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Figure 2.1 illustrates the explained steps, schematically.

I R

(i)	Initiator	Sector	Sweep	(ISS)

ISS	Fames

Sector	
Antenna	
Sweep

Quasi-omini
Reception R

RSS	Fames
I

II RSSW-
Feedback

II II
SSW-ACK

(ii)	Responder	Sector	Sweep	(RSS)

(iii)	Sector	Sweep	Feedback	(SSW-Feedback) (iv)	Sector	Sweep	ACK	(SSW-ACK)

Direction=0 Sector ID Antenna	ID CDOWN Sector-Select Antenna-Select SNR	Report CDOWN…… …
SSW	Frame	Format	(relevant	information	only)	

SSW	Frame	Info Optional BRP	Info

SSW	Feedback	and	ACK		Frame	Structure
… …

Fig. 2.1: SLS phase, 802.11ad Beamforming

2.2.2 Association Beamforming Training

The described general beamforming concept in section 2.2.1 integrates into

IEEE 802.11ad medium access scheme and the association process. This sec-

tion explains the association beamforming training, A-BFT, in details.

Channel access by a DMG station occurs during beacon intervals. Beacon

interval is divided into different subdivisions called access period, namely BTI,

A-BFT, ATI, and DTI. Beamforming in 802.11ad is performed within BTI and

A-BFT. In BTI, ISS frames are transmitted by the AP to train its transmit

antenna. The frame can be detectable by the devices in the network. During A-

BFT, beam alignment performs for the devices which could detect the beacon

frames within BTI period. A-BFT access period is slotted up to 8, each of

which is a multiple of sector sweep with the maximum value of 16 SSW. This
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access period implements a contention-based method to allow multiple devices

get the chance of beam alignment. At the start of A-BFT access period, the

devices invoke a random back off procedure to initiate antenna training. It

is a collision avoidance model in which none of the devices picking the same

slot could be trained. Hence, increasing number of devices will decrease the

chance of channel access. Moreover, A device might be unable to complete

its antenna training because its sectors exceed the number of SSW frames per

slot. Thus, it requires to resume training during following BI, if could get the

chance of channel access. Beam alignment architecture within beacon interval

is illustrated in Figure 2.2.

A-BFTBTI

ISS

… RSS

SSW-FB

…
Slots

81

…SSW 

…1 16 FSS

BF Access Periods within BI

Fig. 2.2: 802.11ad beacon interval scheme

2.2.3 Fast Session Transfer

IEEE 802.11ad supports MAC features including Fast Session Transfer (FST),

for directionally-communicate stations. FST provides the possibility of trans-

ferring the session in a multi-band device from a channel to another, in the
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same or different frequency band. A multi-band capable device can manage

operation over more than one frequency band/channel. The operation across

the different frequency bands/channels can be simultaneous or nonsimultane-

ous [5]. FST, which is known as interface switching capability, supports traffic

migration in between 802.11a/b/g/n/ac and ad [15]. With the recent acquisi-

tion of Wilocity by Qualcomm, the chip vendors trending towards multi-band

chipsets (2.4/5/60 GHz) could be observed [16].

Besides, FST and interface switching impose an overhead in terms of the

time elapsed between FST trigger and completely migrate into the different

band/channel. The overhead has experimentally measured about 180 ms in

[17] to the off-the-shelf Tri-band devices. Consequently, TCP performs poorly

which causes to more than 500 ms end-to-end latency which is high for latency

sensitive applications.

2.3 Summary

This chapter provided an overview of millimetre wave background and its

propagation characteristics. As this research focus is on beamforming, this

chapter contained introductory information on IEEE standards in the context

of beamforming procedure.



Chapter 3

Literature Review

3.1 Introduction

Communication at millimeter Wave (mmWave) operating frequencies repre-

sents the most recent game-changing development for wireless systems [7].

Interest in mmWave is in its infancy and will be driven by consumers who

continue to desire higher data rates for the consumption of media while de-

manding lower delays and constant connectivity on wireless devices [12]. The

rapid growth of bandwidth demanding application in one hand [18], and the

traffic trend foreseen by 2021 [2] on the other hand, will foresee mmWave plays

a leading role of wireless communication in near future. Hence, In this section,

we introduce the basic characteristics of millimeter wave communication and

its areas of application.

This study is related to beamforming in Millimetre Wave (MmWave) mobile

networks. therefore, in this chapter, we focus on different methods proposed

for beamforming. We then focus on the studies concerned with beamform-

ing in mobile environment in Section 3.2. The beamforming categorisation is

presented in Section 3.3 and 3.4 for In-band and Out-of-band beamforming,

17
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respectively. A brief overview of the issues related to beamforming is presented

in Section 3.5. In Section 3.6 we concontrate on the concept of direction of ar-

rival using antenna array and fundamental existing classes of direction finding

is discussed. This section links the current out-of-band beamforming methods

with the proposed beamforming method in this dissertation, i.e., Sound-Align

beamforming in MmWave comminication. Finally, a summary of inaudible

sound DoA methods is presented in Section 3.7.

3.2 Beamforming Taxonomy

Beamforming is essentially a spatial filtering operation typically using an array

of radiators to capture or radiate energy in a specific direction over its aperture

[10]. Considering baseband beamforming architecture, there is three different

beamforming categorisation: Analoge, Digital and Hybrid beamforming [19].

Digital beamforming (DBF) has exploited by multiple-input multiple-output

(MIMO) [20, 21, 22], where each antenna element is equipped with an RF-

chain. This architecture is impractical at mmwave frequencies for LAN and

IoT devices because of cost, size, and power consumption constraints [23]. In

Hybrid beamforming (HBF) architectures [24, 25, 26] and [27], the precod-

ing/combining operations are divided between the analog and digital domains,

while using much fewer RF chains than antenna elements. The availability

of multiple RF chains enables parallel, multi-stream processing and simulta-

neous multi-direction scanning. However, the antenna form factor for HBF is

not match with the smart and wearable devices, such as smart phones. Thus,

analog beamforming (ABF) represent the only feasible solutions [28, 29]. With

this point of view, we address the research concentrating on ABF to be appli-

cable on MmWave smart devices and LAN.
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Establishing a directional narrow beamwidth in 60 GHz frequency band

is a high overhead procedure at the presence of device rotation or movement

[30, 31]. The number of sender-receiver sector pairs that needs to be matched

multiplied by the number directional links to be trained in a network defines

the amount of beam training overhead in a directional network [8, 10]. Mobility

leads to frequent invocations of time-consuming and high-overhead mechanism

for beam re-alignment, which deteriorate MmWave system performance. Thus,

in this dissertation, beam search proposals in the literature can be divided

based on the beamforming interfaces they are using into two main categories:

(1) In-band Beamforming (explained in Section 3.3) and (2) Out-of-band

Beamforming (addressed by Section 3.4).

3.3 In-band Beamforming

Using millimeter wave frequency signals for antenna search space and direction

finding is known as In-band beamforming method. Angle-of-Arrival (AoA) es-

timation, as a potential technique for beamforming, is a challinging problem

for analoge millimetre wave antenna arrays. For analog arrays, existing estima-

tion schemes are mostly based on beam scanning and is time-consuming [32].

Recently, a research in [33] presented a virtual-subarray based recursive AoA

estimation scheme for analog antenna arrays. While the method provides a

fast AoA estimation for N antenna array, it increases the computational com-

plexity by O((2N)3) due to its iterative procedure for BF updating.

The methods are generally categorised based on three challenges to be

addressed: beamforming overhead, blockage, and multiuser beamforming. In

this section, we briefly address the research proposed for In-band beamforming.
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3.3.1 Beamforming Overhead

The majority of the literature aim to reduce beamforming overhead imposed

by mobility such as [20, 34]. In this realm, one of the early research has been

proposed in [35] by formulating the beam switching problem as a general op-

timization problem. The proposed method enables to significantly reduce the

searching complexity compared with 802.11ad. The method, however, requires

to form a predefined code-book and measure SINR value while dynamically

adjusting the beam steering vector.

In order to reduce beamforming delay, Agil-Link has proposed in [36] to find

the correct beam alignment without sequentially scanning the space. Instead,

Agile-Link’s design relies on a combination of smart hashes and voting. The

method significantly reduces the latency compared with 11.ad and exhustive

beamforming. However, the authors did not investigate the impact of multiple

users on the delay performance.

3.3.2 Link Blockage

The next challenge for link degradation in MmWave communication is block-

age. For outdoor millimeter wave communications, authors in [37] analyzed

the effect of blockages due to building structures for urban cellular networks.

For indoor environment, the method called MIDC, proposed in [29], focused

on backup link and how to reserve it in blockage condition. MIDC also relied

on codebook-based method and required to prepare an angle profile to find out

best beam direction. The method capables to precisely detect the best link

but at the expense of longer beamforming duration.

The challenge of link blockage in MmWave has studied in [38], for a user

wearing VR while it has movement. The main objective was to design a beam-
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forming system to cut the cords from VR headsets. To address this problem,

the authors have proposed MoVR, a configurable mmWave reflector system.

To find out the correct incident angle, MoVR applied a traditional beam-

searching between AP and reflector to estimate the direction with maximum

SNR. This step performed once, only at the installation time. The results

confirmed the performance of the method at the blockage condition. However,

the system scale-ability is small, just for a single user.

Signal blockage at the frequency of MmWave has recently studied widely

in the realm of wearable networks in [39, 40, 41, 42]. The authors considered

the problem of body blockages and reflections from surrounding objects and

addressed the issue with stochastic geometry.

3.3.3 Multiuser concurrent beamforming

Existing indoor milliemter wave communication standards [43][5] schedule a

single transmission per time slot. However, the problem of mutual interfer-

ence generated due to the concurrent links in short coverage area needs to be

addressed. The authors in [44] propose a first-come-first-serve link scheduling

strategy using beamforming information for SINR calculation.

The study proposed in [45], has consider the problem of dense MmWave

network. Initially, the limited number of A-BFT slots has extended by the

proposed SA-BFT method to alleviate high collision probability and low BF

training efficiency. Simulation results, however, shown a small improvement

on the number of successful stations to perform beam training compared with

802.11 ad. In the best case, less that 50% of the stations capable for beam-

forming training. Note that both explained methods carried out for HBD.

TakeAway: Using In-band training methods in the case of ABF (use
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of a single RF chain) required further investigation and research in terms

of network scale-ability, delay and beamforming overhead. Therefore, in the

following section, we discuss the proposed Out-of-band methods for ABF in a

mobile MmWave network.

3.4 Out-of-band Beamforming

As explained in previous section, configuring the antenna arrays is the main

source of overhead in mmWave communication systems. In high mobility sce-

narios, the problem is exacerbated, as achieving the highest rates requires fre-

quent link reconfiguration. Exploiting information coming from either sensors

or other communication interfaces operating at sub-6 GHz frequency, known

as Out-of-band beamforming [46], is a promising solution for mmWave link

establishment. With this introduction, we initiate the section with the proof

of concept to show the feasibility of out-of-band beamforming.

3.4.1 Proof of Concept

It is foreseen that out-of-band information will be the key to unlock the po-

tential of mmWave communications in high-mobility scenarios [46]. In this

section, we insight into the possibility of using out-of-band beamforming and

proof of concept in the realm of mmWave communication band.

• Preliminary works have been considered the concept of exploiting infor-

mation from one band to aid communication in another band, such as

multi-radio collaboration with lower frequency in cellular communication

and traffic management [47].

• MmWave infrastructures and routers/access points will likely be de-
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Out-of-Band 
Beam Alignment

• Sub-6 GHz 
Frequency

• IMU Sensors
• Location Information

• IEEE 802.11ad FST
• Multi-band routers

11ad

Fig. 3.1: Out-of-band beamforming entities in MmWave communication

ployed in conjunction with sub-6-GHz systems. COTS devices work-

ing with three bands such as [48] confirms the technical possibility of

multi-band collaboration.

• Fast Session Transfer feature Supported by MAC layer in IEEE 802.11ad

standard provides the possibility of interface switching. FST has dis-

cussed in section 2.2.3.

• Sensors are integrated everywhere and every time, or they can be easily

installed in an mmWave base station or AP if required. These sensors

enable to provide out-of-band hints for link establishment and/or com-

munication.

Accordingly, we depicts the out-of-band concept and its essential modules

exploited in mmWave beam alignment by Figure 3.1.

As obvious from the figure, there is two main sources of data fusion for
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out-of-band beamforming:

i Radio frequency signal such as lower-frequency and sub-6 GHz wifi signals

ii Sensor fusion data such as information collected from IMUs and GPS

Accordingly, the existing out-of-band literature is classified into RF-based

and Sensor-based methods. The following sections explain both categories, in-

clusively. Figure 3.2 illustrates the taxonomy of existing out of band literature.

The methods are discussed by the following sections.

Out-of-Band Beamforming

Sensor- based Methods

BBS
2.4/5 GHz for DoA

(Infocom 2015)

MUST
2.4/5 GHz for 

blockage
(Mobicom 2017)

IMU Sensors Light Sensors

iTrack
(HotMobile 2018)

Motion Sensors
(Sensors 2014)

3D-Tracking
(2016)

Prediction-basedNon- Prediction

SAMBA
(Mobile AdHoc 2015)

Sensor- assisted
(CCNC 2015)
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Fig. 3.2: Taxonomy of Mobile MmWave BeamForming Methods

3.4.2 RF-Based methods

Initially, a research has been done in [15] to remove SLS phase and in-band

overhead for establishing directional MmWave communication using out of

band beam searching. The designed system, Blind Beam Steering (BBS),
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combined IEEE 802.11ad (MmWave) and IEEE 802.11ac/n interfaces with

N-antenna omni directional array. Further, BBS has relied on the received

signal strength information which has passively overheard at lower frequencies

(2.4/5 GHz, named as detection band) with respect to the azimuthal incidence

angel. RSS information have gathered in a profile named as angular profile.

Within the angular profile, the strongest incidence angle has been assumed to

match the direct path. Next, the estimated angle of the path must translate

into mmWave band (named as application band) sector which matches the

direct path and provides the highest signal quality. BBS has used MUSIC

algorithm [49] for angle estimation in detection band. The performance of

BBS has evaluated in terms of the accuracy of estimated degree and mapping

to the correct sector in MmWave band. Results has shown the angle estimation

error for 7◦ sector width in BBS achieved around 4◦ while at least 5 detection

band antenna has required.

Recent research has been done in [17] to design MUlti-band Session Transfer

(MUST). The study proposed a low latency interface switching when 60 GHz

link establishment is not feasible due to blockage. While BBS has assumed

LOS condition, MUST considered NLOS and has addressed beam misalign-

ment at the presence of blockage. MUST switches to wifi once LOS blockage

is identified by a probabilistic blockage model. Moreover, MUST tracks the

angular shift of dominant path in 60 GHz band using successive time-domain

snapshots of WiFi channel. For blockage detection, MUST has relied on the

experimental finding which shown distinct SNR difference between 60 GHz

and WiFi. The difference raising beyond a threshold (empirically put 3 dB)

has provided the hint of blockage. Once blockage occurred, MUST triggers

to collect the out-of-band WiFi channel information. It sends probe packets

to the user from the WiFi interface and measures the channel response of the
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received ACK. Then, the session has transferred to WiFi interface while reduc-

ing end-to-end latency from 4.35 s (for IEEE 802.11ad) to 232 ms (for MUST

algorithm). In order to identify LOS blockage, MUST tracks the difference of

the SNR of 60 GHz best beam and WiFi best path for a small interval ∆t.

In NLOS, SNR difference between 60 GHz and wifi shows higher variation.

The algorithm has been implemented on the commodity 60 GHz devices (dual

band Dell laptop as user side and 60 GHz modem as AP). Experiments from

off the shelf 60 GHz shown that 802.11ad interface transfer has an average

4.17s switching latency, but MUST improved it significantly to 232 ms.

A summary of studies and detail performance of RF-based methods are

provided in Table 3.1.

Table 3.1: RF based beamforming in out-of-band methods

Algorithm BBS [15] MUST [17]

Objective • Removing in-band overhead
• Reducing FST
switching latency

Antenna
Setting

• Detection band:
5 omni-directional antenna
• Application band:

7◦, 20◦, 80◦ beam-width
horn antenna

• 32 for 60 GHz
(Phased-array 4× 8)

• 3 antennas for wifi interface

Performance
Evaluation

• Improve 11.ad training
overhead up to 81%
• Achieve 97% direction

estimation accuracy

• TCP end-to-end latency
from 4.35 s to 232 ms

Overhead
• Low performance for

highly directional antenna
(81% overhead and 4◦ DoA error

for 7◦ beamwidth)

• Blockage detection
and fast switching, only.

(NLOS condition)

Takeaway: Although utilising RF is practicaly applicable for out-of-band

beamforming, it has the following overhead:

• Radio frequency signals suffer from multipath propagation effect. More-

over, BBS method causes interference in frequency of signal, since it
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utilises a single frequency,e.g., 5 GHz.

• Wifi and sub-6 GHz frequency is a crowded band.

• Delay caused by session transfer procedure in RF-based out-of-band

beamforming (e.g., 232 ms in [17]) is not tolerable for delay-sensitive

applications of mmWave such as online video streaming.

With this conclusion, we introduce sensor-based out-of-band beamforming

in the following section.

3.4.3 Sensor-Based methods

Out of band beam alignment category is recently observed sensor-fusion or

sensor-based trend. The combination of multiple streams of sensor data for a

more accurate result is called sensor fusion [50]. The main objective is minimis-

ing the beam-tracking/training overhead of RF-based beamforming by recog-

nising the causes of beam misalignment and recovering them, timely. Initially,

sensor-based algorithms require to identify the source of link impairment. The

established link is degraded due to blockage, rotation and displacement [9].

The sources of mis-alignment are schematically illustrated in Figure 3.3. Table

3.2 summarises these link impairment reasons and its corresponding recovery

actions. Following, we discuss the existing sensor-based methods which are

categorised based on the sensor type using for beam alignment.

3.4.3.1 IMU Sensors

Most of the existing proposed sensor-based beamforming methods have em-

ployed the data provided by IMUs such as accelerometer, gyroscope, and mag-

netometer. Accordingly, authors in [52] have proposed a method to apply
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Table 3.2: Sources of Link Impairment in Beamforming Methods

Source Description Detection Recovery

Rotation
• circular motion,

for moving device in
a circular fashion

• RSS drops beyond
a threshold
(Throtation)

• Mobile client
requires to adjust
its beam selection

Displacement
• linear motion for
moving along a line
at constant speed

• RSS drops beyond
a threshold

(Thdisp)

• Both Mobile client
and stationary AP

must adjust
beam selections

Blockage

• Transmission signal
may block by
objects due to
users’ activity

• Link breakage
(Thblock)

• Switching to a
secondary path

(using reflector [51])

sensor-fusion data and recognise/realign the beam misalignment. First, SLS

phase is performed using RF signal and its received power. Once the power

drops lower than a threshold, IMU values are obtained to track the beam,

recognise the causes of error, and align the beam, accordingly. The motion

sensors such as accelerometers, gyroscopes, and geo-magnetic sensor are com-

posed of an attitude heading reference system (AHRS) and a zero-velocity

detector (ZVD). The AHRS estimates the rotation angle and the ZVD detects

whether the device moves.

The study has evaluated the performance of the tracking algorithm in three

different scenarios: rotation (clockwise and counterclockwise), displacement,

and blockage. The received signal power has measured, every 1 ms to detect

misalignment. Once the power drops below a threshold value, named error

handling (Theh), the possibility for rotation has examined and angle variation

has measured using motion sensors. If the angle rotated more than 5◦, (rota-

tion threshold), then the client beam has realigned. In the rotation scenario,
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Fig. 3.3: Different sources of errors in beam-misalignment

the mobile client has been considered with the angular velocity of 800◦/s.The

obtained AoA/AoD accuracy has reported as 1.5◦ − 2◦. If there were no rota-

tion, it would be examined whether the client was displaced using ZVD sensor.

Then, the link has been repaired by sector selection on both client and AP.

In the case of blockage, both peers switched into a provided secondary path

once the received signal power dropped below a threshold, (Thblock). The main

performance metric was the number of switching for beam tracking in three

different scenarios compared with the periodic non-sensor based beamform-

ing methods. Results shown efficient number of switching for rotation and

blockage, while there were no improvement in the number of switching for

displacement. Though, the performance of the tracking algorithm were not

evaluated at the presence of more realistic and faster angular rotation (e.g.,

36◦/100 ms for web browsing action).

The primary study proposed by [52] has been extended by the research

presented in [53] to consider three dimensional mobile user location tracking.

The algorithm applied DoA and TOA combined with Extended Kalman Fil-

tering (EKF) to estimate and track 3D location of user. The main drawback

is high overhead caused by the periodic tracking update of mobile user.



3.4. Out-of-band Beamforming 30

Recently, a sensor-based beam alignment study has been presented in [50].

The method represent mathematical formulation of mobile user rotation an-

gle in Quaternion coordinate system and attempt to adjust the misalignment

degree. Accordingly, the mobile device requires to track attitude deviations

instead of the absolute attitude and position in the global space. Thus, the

method provide sensor feedback less frequently than other sensor-based meth-

ods. The coordinate system gives the chance of calculating optimum direction

in local system corresponding to the base station in global coordinate sys-

tem. Though, it still requires to observe SNR value, continuously for beam

re-alignment. The authors also considered the angle deviation threshold to

trigger beam re-alignment decision making. The results show the overhead

reduction up to 0.7%. The explained sensor-based methods are summarised in

Table 3.6.

Takeaway: The discussed literature considered the identification of sources

of error to reduce beam searching overhead. The main objective has introduces

as beam switching reduction. As a result, within the out-of-band beamforming

class, sensor-based methods have the potential to provide higher data rate than

RF-based methods in the case of rotation/displacement. This achievement is

a consequence of detecting the source of beam misalignment before link outage

problem and impair the link, in early stage.

So far, we explained sensor-based methods which are utilising IMUs to dis-

tinguish the sources of error and re-align the beam, accordingly. Following, we

introduce IMU-based schemes which not only identify the sources of error, but

also predict the next beam pair to avoid mis-alignment and provide seamless

beamforming. They are categorised as prediction-based methods.

An algorithm presented in [54], has predicted the next beam pair to switch

into, before the link quality drops. Indeed, an activity recognition algorithm,
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Table 3.3: Non-prediction-based out-of-band beamforming using IMUs

Algorithm Motion sensors [52]
Motion-sensors

Aided[53]

Misalignment Com-

pensation [50]

Objective
• Tracking the beam

to reduce number of

beam switching

• Mitigate beam forming

overhead

• Sensor-based beam

tracking to mitigate

beam forming overhead

• Less refinement

overhead (less frequent

sensors’ feedback)

Sensor Type • IMU • IMU • IMU

Mobility
3

(Rotation speed : 800◦/s)

3

Walking speed

3

Walking speed

Antenna

Setting

• 16 ULA in Base station

• UCA in Mobile user

• 32 for 60 GHz

(Phased-array 4× 8)

• 3 antennas for

wifi interface

• ULA

Performance

Evaluation

• Tx/Rx beam switching

reduction to 10.4/1.4%

during 4s interval

and power/rotation threshold

−2dB/5.6◦

• Experimentally evaluate

angle deviation

• Beam searching and

tracking overhead

reduction up to 0.7%

Overhead

• RSS measurement

every 1ms

• Feedback from sensors

for error detection/handling

• Interfering with

moving objects and

high-frequency noises

• Providing sensors

feedback, frequently

namely k-NN was used to identify displacement, rotation, or blockage error.

Different activities including standing still, turning, moving straight, and turn-

ing/moving were recognised by collecting samples from accelerometer and gy-

roscope within various window time. Once the activity was recognised, the

prediction of the next beam sector was possible. Moreover, activity recogni-

tion could help to distinguish the source of error based on the sensor samples

and the current identified activity. Though, the study could successfully re-

duce the number of beam realignments, the major drawback is its required

time for activity recognition. In fact, rapid angular movement of users forces

a very quick beam realignment, at the order of few 10 ms. On the other hand,

the collected samples from IMUs (e.g., accelerometer with 100 Hz sampling

rate) during this short window time provides less accurate activity recognition.
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For example, during 100 ms window time, accelerometer provides 10 samples,

causes to obtain activity recognition around 80% accuracy.

Another research proposed a method named SAMBA in [55] to predict

the mobile device’s next location given its sensor observation. The authors

also came up with a novel codebook-based beamforming to proactively switch

the beam into the predicted one, across the multi-level codebook. Indeed,

the proposed design is a DFT-based codebook generating complex numbers

as the weight vectors corresponding to the possible beam patterns. Once the

codebook is generated by AP, beam adaptation is just limited to the task

of changing the wight vector. The prediction step is required the distance

measurement between AP and client using round trip time. SAMBA has de-

pendency to the SNR value threshold for deciding about disconnection and

initiates beam searching through the generated codebook. Then, the client

continuously monitor sensor data and provide feedback to AP. The main con-

sidered metric is the percentages of connected time which has been improved by

80%. The explained prediction-based beamforming methods are summarised

in Table 3.4

3.4.3.2 Out-of-band Beamforming using Light Sensors

Apart from the explained IMU-based out of band methods, a recent research

presented in [56], named iTrack, to track the LED indicator of AP using light

sensors. The main aim of the research was beam alignment maintenance with-

out any training overhead. To address this objective, the angle of arrival of the

light indicator in mobile devices has required to be estimated, continuously.

The proposed system placed at least 6 light sensors on the six faces of a mobile

device. In order to estimate AOA, the authors has presented a visible-light

channel model which measured the received intensity of light corresponding
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Table 3.4: Prediction-based out-of-band beamforming using IMUs

Algorithm Activity Recognition [54] SAMBA [55]

Objective

• Reduce the number of
beam search (MAC overhead )

and re-beamforming
using sensor data

for movement prediction

• In-advanced beam
switching to maintain

uninterrupted connection
in mobile environment

Sensor Type • IMU • IMU

Mobility
3

Walking speed
3

Walking speed

Antenna Set-
ting

25× 25
Rectangular Array

• 2× 8, 4× 8 and
4× 16 ULA

Performance
Evaluation

• Achieve 80% success
activity recognition within

100 ms time slot
• Obtain 0.5%

re-beamforming with
power threshold −4dB
•Reduce re-beamforming
overhead up to 12 times

• Improving connection
time up to 80%

using prediction method
• Using a threshold
(SNRST ) to reduce

overhead of constantly
providing sensor feedback

Overhead

• Long delay for accurate
error detection and

beam prediction
by activity recognition

• Delay caused by
multi-level cood-book

generation

to the incident angle. Then, both azimuth and elevation components of the

arrival light beam has estimated from the measured light intensity by the six

light sensors with known angular seperation. Indeed, the ratio of intensities at

any two adjacent sensors has measured as a function of their AOA, only. The

proposed AOA measurement has provided up to 4.5◦ accuracy. In the next

step, the system utilised the estimated angle for sector selection in client side.

Consequently, there is around 50% of times the correct client-side sector selec-

tion based on the estimated AOA, as the horn antenna with 7◦ beamwidth was

using for experimental evaluation. Since iTrack communication is performed

in MmWave band with directional antenna, incorrect sector selection causes
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SNR degradation. Table 3.5 summarises the main attributes of iTrack.

Algorithm iTrack[56]

Objective
• Passively acquire direction estimation

to maintain beam alignment

Mobility
3

rotation

Antenna • 7◦ beam-width horn antenna

Performance
Evaluation

• 50% Client-side sector selection success

Overhead

• Light sensor array installation
on user’s device

• Distinguish ambient light
from AP LED light

• Frequently light intensity measurement
(every 1◦ rotation)

Table 3.5: Light sensor

3.4.3.3 Out-of-band beamforming using Location information

Intelligent Transport Systems (ITSs) and Connected Autonomous Vehicles

(CAVs) are another promising applications of MmWave communication while

enables to satisfy the required multi-gigabit-per second data transmission.

There is some research to develop beamforming for mobile millimeterwave

vehicle-to-vehicle (V2V)/vehicle-to-infrastructure (V2I) communication. Sensor-

based beam-alignment has also been introduced for MmWave-based autonomous

vehicles. In this realm, the research presented in [57] introduced vehicle-to-

infrastructure (V2I) MmWave communication. In this research, Road Side

Unit (RSU) mounted on lighting poles has considered for communication with

the vehicles. The only one single position and speed feedback of the vehicle

has provided once it enters RSU covering region. Then, the trajectory of the

vehicle has predicted by RSU and the beam is switched into the new one at

the predicted time of arrival of the vehicle in the new beam. The main chal-
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lenge is the speed estimation error which caused to outage and low rate. This

challenge has addressed with designing beams with overlapping region. The

switching timing could be scheduled when the vehicle arrived at the middle of

the overlapping area to maximise the average rate. The main limitation of the

proposed research is the constant speed assumption for vehicle.

The research has been presented in [58], using data fusion of inertial sensors

and GPS, broadcast from connected vehicles to improve the efficiency. The

vehicle transmits the velocity, motion data and the position information every

100 ms to its closest RSU. The motion changes of vehicle has measured by

IMUs. The output is the angular velocity of vehicle (in rad/s) which has

provided for RSUs. Thus, RSUs enable to predict the vehicle position relying

on the updating feedbacks and the geometry. The major concern is the position

estimation error which is caused for misalignment. Hence, the performance of

the proposed method has been evaluated with different speed error, from 1 m

to 3 m.

While the previously explained methods considered V2I MmWave commu-

nication, authors of [59] presented a technique for V2V beam alignment. The

study has proposed an inertial sensor-based beam tracking system in which the

antenna array is equipped with the inertial sensors. The aim was tracking the

beam for the vehicles’ stroke. To achieve this objective, surrounding vehicles

has transmitted the prediction information of their movement for adjusting

beam direction. In the proposed method, each antenna sector is equipped

with accelerometer to provide the information of antenna dynamics. At the

beginning of each beacon interval, the prediction information of other vehicles

were provided to avoid extra signalling for beam alignment. The main chal-

lenge is to perfectly estimate the distance between 2 communicative vehicles

with a constant 5 m distance. In very narrow beam-width configuration, e.g.,
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0.2◦, throughput dropped significantly with 30 cm distance measurement error.

Table 3.6: Out-of-Band MmWave Beamforming for Intelligent Transport Systems

Algorithm Beam Design [57] SAMBA[58] Autonomous Driving [59]

Objective
• Beam-design optimisation

to maximise data rate

• Beam-width adaptation
to achieve maximum

data rate

• Continues beam tracking
to avoid beam re-alignment

Sensor
Type

• GPS • IMU+GPS • IMU

System
Design

V2I V2I V2V

Antenna
Setting

• 10, 20, 40 number of beams • 16 Sectors
• MIMO Antenna equipped

with accelerometer
on front and rear bumper

Performance
Evaluation

• Prediction-based schedule
for beam switching
• beam design with

overlapping region to avoid
misalignment

• Obtain up to 12 Gbps
data rate with 80% beam overlap

• Overhead-free beamforming
exploiting Vehicles sensory data

(velocity, motion data,
estimated position)
• Achieve up to 3 Gbps

average data rate
for 25 vehicles

• Antenna array height &
stroke dynamics prediction

observed by sensors
• Obtain higher throughput

than 802.11ad

Overhead
• position prediction error

(causes to outage)

• Low data rate
at the presence of

position estimation error

• Requires a perfectly
estimated V2V distance

To conclude, the proposed sensor-based beamforming studies have generally

taken the following steps:

I. A link is established by performing SLS phase and received signal power

measurement (mutual step between most of the sensor-based and IEEE

802.11ad standard). Once the received power drops lower than a thresh-

old, beam tracking must be performed for both error detection and error

handling. Indeed, all the current IMU-based beamforming methods still

requires to perform SLS, at least once they are establishing the beam.

II. An uninterrupted connection is desired to provide using sensor-assisted

beamforming, especially in a mobile environment with frequently mis-

alignment, e.g., every 54 ms [60]. Though, the number of beam re-

alignment has reduced, the feedback collected from sensors of the device

must be provided to AP for beam tracking (iTrack is exception while

beamforming is established in the client side).
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III. A prediction step has been taken in some studies to further reduce the

number of rebeamforming and maintain the established beam. While

sensor-based prediction methods improve the number of re-beamforming

or SNR variation, the prediction procedure requires either a time (e.g., at

least 500 ms using activity recognition) or complementary information

(such as distance between AP and mobile user).

3.5 Research Gap

Despite the plethora of work in out-of-band beamforming to remove/reduce

beamforming overhead, a little has been done to investigate the impact of

device population on beamforming performance. Moreover, the proposed out-

of-band mechanisms either require to continuously provide feedback to AP

(e.g., sensor-based methods) or exploit 2.4/5 GHz legacy band which is a

crowded band. Consequently, in this study we aim to exploit inaudible sound

frequency to assist beam alignment and find the direction of arrival of signals

in a crowded MmWave network. Accordingly, the following sections are dedi-

cated to discuss the literature related to direction of arrival methods (Section

3.6) followed by presenting the existing methods utilising inaudible sound for

direction finding (Section 3.7).

3.6 Direction of Arrival

The fundamental principle behind Direction of Arrival (DOA) estimation is

to capture the phase information present in the signal picked up by receiver

sensors [61, 62]. Let’s consider the signal represented by a complex sinusoidal

signal as eiω0t. Thus, s1 denotes the received signal by the reference element
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antenna (usually the first element of antenna array) as follows:

s1 = ej2πf0t (3.1)

and the received signal by the second element is the delayed version of the

signal received by the first element. Hence,

s2 = s1(t− τ) = ej2πf0t.e−j2πf0τ (3.2)

where τ denotes the occurred delay which is calculated by:

τ =
d sin(θ)

c
=
d sin(θ)

f0λ0
(3.3)

where θ is the angle from which direction the signal is arrived, c denotes the

signal travelling speed, and d denotes the distance between array elements.

From the above equations, we get :

s2 = ej2πf0t.e
−j2πf0 d sin(θ)

f0λ0

= ej2πf0t.e
−j2π d sin(θ)

λ0

(3.4)

with replacing φ = 2π d sin(θ)
λ0

, we get:

s2 = s1(t)e−jφ (3.5)

In this way, the received signal by the array antenna elements which is

corrupted by noise is denoted as:
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x1(t) = s1(t) +N(t)

x2(t) = s1(t− τ) +N(t)

...

xM(t) = s1(t− ζ) +N(t)

(3.6)

with M numbers of array antenna elements, it could be represented in a vector

form by:



x1(t)

x2(t)

...

xM(t)


= S(t)



1

e−jφ

e−j2φ

...

e−j(M−1)φ


+N (3.7)

where N =

[
n1(t), n2(t), ..., nM(t)

]>
. Given that there is K number of signal

sources with center frequency, f0, and directions θ1, θ2, . . . , θK impinging on

the M element array. Thus, the array output could be expressed as :

x(t) =
K∑
k=1

αks(φk) +N (3.8)

where αks(φk) =

[
1 e−j(φk) . . . e−j(M−1)(φk)

]>
is M ×Kmatrix of the steering

vector. After obtaining the received signal model of k signals, the goal therefore

is to estimate (φk), k = 1 , ... , K.

DOA estimation method was first used in conventional beam forming al-

gorithm [63]. Its main idea is: in a certain time, make all arrays estimate a
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certain direction and measure the output power; for the output power, produce

a maximum power of direction that is needed by DOA estimation. Following

sections briefly discuss about the current DOA methods.

3.6.1 Classical Beamforming Method

The classical beamforming method of direction estimation is to estimate the

spatial spectrum of incoming signal to array receiving antenna. Fourier Trans-

form (FT) is one of the most popular spectrum estimation methods. Clearly,

the direction of arrival can be estimated by locating the peak in the spatial

spectrum. It could be achieved by first constructing the auto-correlation ma-

trix of the received signals (of complex vector) within the equispaced linear

array elements. Thus,

Rxx = E[xxH ] (3.9)

where E and (.)H denote expectation operator and complex conjugate trans-

pose, respectively. Next, the output power across the angular region is mea-

sured considering the array response vector or steering vector, α(φk), and

received signal auto-correlation matrix, as follows:

PCBF (φ) =
αH(φ)Rxxα(φ)

αH(φ)α(φ)
(3.10)

where PCBF (φ) is the output power as a function of angles of arrival and often

terms as spatial spectrum. The most popular methods in this group is MVDR

[64].
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3.6.2 Sub-Space Method

There are some fundamental limitations in resolution in classical beamform-

ing methods even though they are often successful and widely used. Thus,

sub-space direction estimation algorithms have been proposed which is known

as super-resolution algorithms Subspace-based methods depend on observa-

tions concerning the eigendecomposition of the covariance matrix into a signal

subspace and a noise subspace.

One of the known techniques in this class has presented in [65] called ES-

PRIT which stands for Estimation of Signal Parameter via Rotational Invari-

ance Technique. ESPRIT is an algebraic subspace DOA estimation method

which does not require to search procedure. It explores the rotational invari-

ance property in the signal subspace created by two sub arrays derived from

original array with a translation invariance structure. The algorithm assumes

that an antenna array is composed of two identical sub arrays. The sub arrays

may overlap, that is, an array element may be a member of both sub arrays.

The corresponding elements of the two sub arrays displaced from each other

by a fixed translational (not rotational) distance. The array thus possesses a

displacement (translational) invariance (i.e., array elements occur in matched

pairs with identical displacement vectors). This property leads to the rota-

tional invariance of signal subspaces spanned by the data vectors associated

with the spatially displaced subarrays; the invariance is then utilized by ES-

PRIT to find DOAs. The two subarrays, m1 and m2 are displaced by distance

d and the signals induced on each of the arrays are given by:

x1 = A.s(t) + n1(t) (3.11)
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x2 = A.Φ.s(t) + n2(t) (3.12)

where x1 and x2 are measurements due to displacement and Φ implies a di-

agonal matrix with entries correspond to the phase shift from one element to

the next due to the delay for each individual k signal, thus:

Φ = diag
[
e−j2π

d
λ
sin(θ1), ..., e−j2π

d
λ
sin(θk)

]
(3.13)

and the correlation matrices can be defined as below:

R11 = E[x1(t)xH1 (t)] (3.14)

R22 = E[x2(t)xH2 (t)] (3.15)

From eigen-decomposition, we can construct the signal subspaces E1 and

E2, and further, the following matrix,

C =

EH
1

EH
2

 [E1(t)E2

]
= EcΛE

H
c (3.16)

where Ec and Λ are the eigenvectors and eigenvalues.

By further partitioning Ec,

Ec =

E11 E12

E21 E22

 (3.17)

The rotational matrix,

Φ = −E12E22 − 1 (3.18)
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For the ith eigenvalue, we can derive the angle of arrival by the following:

θi = sin−1
(arg(λi)

k∆

)
(3.19)

The algorithm works in signal subspace rather than in the noise subspace.

The most popular sub-space method is MUSIC [49], stands for Multiple

Signal Classification. The basic idea of MUSIC algorithm is to conduct char-

acteristic decomposition for the covariance matrix of any array output data.

Recall that the received signals from K sources at M -element array, ex-

pressed by equation (3.8), can be expressed as a linear combination of the

incident waveforms and noise:

x(t) = [α(φ1) α(φ2) . . . α(φK)]



s1(t)

s2(t)

...

sK(t)


+



n1(t)

n2(t)

...

nK(t)


= αs(t) + n(t)

(3.20)

where s is M × K matrix denotes the vector of incident signals, n is the

noise vector α(φk) represents the array steering vector corresponding to the

Direction of Arrival of kth signal. As MUSIC is dependent on the correlation

matrix of the data, the correlation matrix of x(t) in eq.(3.20) could be written

as:

Rxx = E[xxH ] = E[sααHsH ] + E[nnH ]

= αE[ssH ]αH + E[nnH ]

= αRssα
H + σ2

nI

(3.21)
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where σ2 the noise power and I is unit matrix of M × M . Considering

eq.(3.21) as the eigenvalue equation, its corresponding eigenvalues are the val-

ues λ1, . . . , λM such that:

|Rxx − λiI| = |αRssα
H − (λi − σ2

n)I| = 0

i = 1, . . . ,M

(3.22)

Since α is comprised of steering vector which are linearly independent, it is a

rank M matrix (corresponding to the maximal number of linearly independent

columns of α). From linear algebra principals, it is concluded that when the

number of incident signals, K, is less than the number of array elements M ,

(M −K) number of (αRssα
H) eigenvalues are zero. That is, (M −K) of Rxx

eigenvalues are noise variance, σ2
n. The eigenvalues of Rxx is sorted such that

λ1 is the largest eigenvalue, and λM is the smallest eigenvalue. Therefore,

λi = σ2
n

i = 1, . . . ,M

(3.23)

This eigendecomposition of the received signal correlation matrix determines

the noise eigenvalues as the number of small eigenvalues that are equal. More-

over, while the noise and signal subspaces are orthogonal, all noise eigenvectors

are orthogonal to the signal steering vectors. Thus, power spectrum density

or spatial spectrum of MUSIC given by:

PMUSIC(φ) =
1

αH(φ)QnQH
n α(φ)

(3.24)

where Qn is one of the (M−K) noise eigenvectors. MUSIC, therefore, identifies

as the directions of arrival, the peaks of the function PMUSIC(φ).
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3.7 Inaudible Sound Direction of Arrival

In the previous section, we have explained DoA concept and its application

on beamforming using an antenna array. Further, we have discussed the well-

structured, high resolution DoA method, called MUSIC, in details. Recall that

this research aims to ultimately exploit acoustic interface and inaudible sound

signals as a side channel to assist beamforming in MmWave. Therefore, in this

section, we review the literature utilising inaudible signals emitted by COTS

devices, particularly the methods proposed to estimate acoustic DoA.

There is some research developed for acoustic-based data communication

such as [66, 67, 68]. Moreover, an acoustic side channel has developed in [69]

to address the contention overhead in wifi.

Apart from data communication in aerial acoustic channel, there is another

research trend for gesture tracking using inaudible sound such as methods

presented by [70, 71].

As can be seen, none of the above research has addressed inaudible sound

DoA, though they have exploited the acoustic interface embedded on the de-

vices. Moreover, despite the wide popularity of MUSIC algorithm as a sub-

space DoA method, MUSIC has not yet been leveraged for DoA in inaudible

sound frequencies. Recently, just a method called DoAnet presented in [72],

proposed a deep neural network to estimate the direction of arrival of multiple

sound sources. The main aim of the research was to identified the number of

active sources in different directions applying MUSIC algorithm.

In the following, we address the few methods developed for direction finding

using inaudible sound signals.

A research proposed by [73] for acoustic direction finding between two de-

vices such as phone-to-phone direction finding in social media application. The
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method is based on the relationship between doppler effects and the relative

motion from the phone to the acoustic source. 6 different acoustic channel

has dedicated between 17 to 19.5 KHz. The phone gathers samples from the

microphone and inertial sensors, when the user shakes the phone or walks in an

arbitrary path. This is the main limitation of the method. Moreover, the ac-

curacy provided by Swadloon is about 10◦ which is not tolerable for MmWave

beamforming application.

The reseach presented in [74], called Daredevile, has been developed for

indoor localisation of devices using sound signal. The primary step was ad-

dressed as the detection of sound angle of arrival emitted by smart phones.

The method has dedicated single frequency of 18 KH in the range of inaudible

sound to all smart devices. Using TDM approach to schedule channel access

for multiple devices, Daredevile imposed a delay around 750 for direction find-

ing. For example, with a single frequency band, the method can locate up to

40 phones every 30 seconds. The delay may be tolerable for indoor localisation,

but it is a huge delay for MmWave beamforming.

Table 3.7 summarises the main attributions and achievement of the dis-

cussed inaudible sound DoA methods.

3.8 Summary

This chapter provided an inclusive overview of the proposed beamforming

methods for mobile millimetre wave communication. Various methods have

been classified into in-band and out-of-band beamforming based on the sig-

nal frequency utilised for beam alignment. We further categorised out-of-band

beamforming into RF-based and sensor-based methods and discussed the stud-

ies, comprehensively. Finally, we have reviewed DoA concept and the popular
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Table 3.7: Prediction-based out-of-band beamforming using IMUs

Algorithm Swadloon [73] Daredevil [74]

Objective
• Direction finding for
mobile social networks

and friending

• Acoustic-based
indoor localization

Frequency
• Sinusoidal signal

17 ∼ 19.5KHz
• Chirp, 18KHz

Channel Access FDMA, ∼ 415Hz intervals

TDMA, 750ms
(signal length: 500ms,

guard: 150ms,
delay : 100ms)

Accuracy • 5.8◦ (in 95% of time) • 5◦ (mean error)

Performance
Evaluation

• Phone shaking
to produce doppler effect

• Angle of arrival
estimation of received signal

by microphone array
comprises of 8 microphones

based on TDOA

Overhead
• Sound receiver requires

to shake the phone, gently
• Long delay caused by TDM

methods of DoA technique. Inaudible sound DoA methods were presented as

well, to investigate the research gap in the context of inaudible sound direc-

tion finding for COTS devices. To conclude, this chapter prove the necessity

of proposing a fast and accurate out-of-band beam alignment method for mul-

tiple users connecting to mmWave network. In the following chapters, we

proposed, discuss, and evaluate the performance of inaudible sound assisted

beam alignment method for multi-users mmWave network.



Chapter 4

Impact of Device Population on

Beam Alignment Performance

of 802.11ad

4.1 Introduction

In this chapter, we first develop an analytical model for the gain of antenna

for a rotating device to emulate the scenario of angular displacement of hand-

held or body-worn devices such as smartphones and virtual-reality headsets.

Next, we probabilistically model the beacon intervals required to complete

the beam alignment at the presence of competing multiple devices to access

802.11ad beam forming time slots. Then, we propose analytical probability

of sector selection error in sensor-based beamforming and the obtained gain

of sensor-based methods. Finally, using extensive simulations with practical

device mobility patterns, we examine that loss of antenna gain.

The remainder of this chapter is organized as follows. Section 4.2 presents

the analytical model of beamforming at the presence of rotation for oracle,

48
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IEEE 802.11 ad in a multi-device scenario, and sensor-based beamforming.

Next, we present our testbed followed by numerical results in Section 4.3.

Finally, the conclusion is discussed in Section 4.4.

4.2 Performance Model for Mobile MmWave

BeamForming

In this section, we aim to evaluate the performance of IEEE 802.11ad beam

alignment in a multiple-device scenario. To this end, we first introduce direc-

tional antenna radiation pattern in Section 4.2.1 and develop a closed-form of

Oracle-based scenario to evaluate the antenna gain in Section 4.2.2. Next, we

derive a probabilistic model for a contention-based beam alignment by Section

4.2.3. We then formulate an analytical model to evaluate the performance of

sensor-based beamforming in Section 4.2.4.

4.2.1 Antenna Radiation pattern

In this section, a generic directional antenna model is provided based on the

implemented antenna in [75]. In this antenna model which is inherited from

the base model in [76], the attributes of radiation pattern are defined math-

ematically. Let θ denotes the geometric angle between the direction of the

transmitter and the receiver antenna. The gain of the directional antenna is

then expressed as:

Gain(θ) =


M(θ) if 0 ≤ θ ≤ Ψ

ζ otherwise

(4.1)
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where Ψ is the width of each antenna sector, which is computed by Ψ = 360◦

N

for N sectors. If the receiver is covered by the main lobe of the transmitter

antenna, the antenna gain of the link is M(θ). Otherwise, the gain is ζ. M(θ),

main lobe or maximum gain, is calculated as:

M(θ) = 10 log10

(
1.6162

sin(HPBW
2

)

)2

− 3×
(

2θ

HPBW

)2

(4.2)

Let HPBW denotes the half-power beam width. For various sector widths,

we have HPBW = Ψ
2.6

. Besides, the side lobe gain ζ is calculated by:

ζ = −0.4111× log(HPBW )− 10.597 (4.3)

The radiation pattern for a 4-sector antenna (Ψ = 90◦) is illustrated in Fig-

ure 4.1.
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Fig. 4.1: Antenna Radiation Pattern for Ψ = 90◦
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4.2.2 Performance Model of BeamForming: Oracle

It is desirable to maximize the antenna gain and achieve the link budget to

deliver multi-Gbps data rates. Transmitter-receiver pair could be perfectly

aligned to provide highest possible gain in a stationary environment and sup-

port high data rate applications. However, using mmWave link for moving or

rotating devices such as VR headsets presents significant challenges []. In this

light, we want to study the maximum antenna gain that can be achieved in a

single-device scenario with device rotation.

Considering the discussed antenna radiation pattern in Section 4.2.1, we

study the oracle-based model for the antenna radiation pattern with device

rotation. To calculate the average value of the gain in the oracle model, GO,

we need to calculate the integral of M(θ), the main lobe gain value, over all

possible angles. Hence, the average antenna gain of the oracle model with

device rotation can be formulated by:

GO =
1

Ψ

∫ Ψ

0

10 log10

(
1.6162

sin( Ψ
5.2

)

)2

− 3×
(

5.2θ

Ψ

)2

dθ
(4.4)

The closed-form of GO can be written as:

GO = −8.69× ln

(
sin(

Ψ

5.2
)

)
− 22.87 (4.5)

It is apparent that GO depends on the parameter of sector width, Ψ.
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4.2.3 802.11 ad Contention-based Probability Model

One of the contributions of this research is to evaluate the performance of

IEEE 802.11 ad beam alignment at the presence of multiple devices which are

competing to access the channel. In order to evaluate the performance, we

investigate the probability that the antenna training can be completed with a

specific number of beacon intervals. Recall that the contention-based model

of the protocol has been discussed in Section 2.2.2.

Let S denotes the number of devices in a network to compete beacon inter-

vals for antenna training, each device having N sectors. Each beacon interval

is divided into 8 slots and it is occupied by the devices in a contention-based

method [5]. Thus, the maximum slot number that can be occupied by a device

per beacon interval is 1. Moreover, the required number of slots for a complete

training in 802.11ad is k = N
FSS

, where FSS is the number of frames per slot.

Let P [X = x] represent the probability of a random variable X, which

is the number of beacon intervals that are required to complete one antenna

training. Thus, we can calculate P [X] by:

P [X = x] =

(
p

)(
Cx−1
k−1

)(
pk−1

)(
(1− p)x−k

)
(4.6)

The distribution has three parameters: p ∈ [0, 1], k, and S. Here, p shows the

probability that a device can successfully occupy a slot in a beacon interval

during the competition with other devices. With the assumption that each

device can occupy at most one slot in one beacon interval, p can be computed

by p = (Ns−1

Ns
)S−1, where Ns is the number of slots per beacon interval. In

the current 802.11ad specification, we have Ns = 8. The key point of (4.6) is

that, in x BIs, the last one must be a successful one to complete the antenna
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training. In the remaining x−1 BIs, the device needs to occupy k−1 slots for

antenna training, and miss the other x− k slots during the training. In total,

the device finishes the antenna training in k BIs. Plugging p into (4.6), yields:

P [X = x] =

(
Ns−1

Ns

)S−1(
x− 1

k − 1

)((
Ns−1

Ns

)S−1)k−1(
1−

(
Ns−1

Ns

)S−1)x−k
(4.7)

As an example, we plot the derived Probability Mass Function, PMF, (ex-

pressed by Eq (4.7)) in Figure 4.2.
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Fig. 4.2: Probability mass function of training completion in various number of BIs
for N = 16

The figure plots the PMF of completing training with various numbers of

BIs, 1 ∼ 10, at the presence of various numbers of devices, 1 ∼ 10. As observed

from the figure, it is more likely to complete one antenna training with a less

number of BIs in a less crowded environment with a smaller number of S. For

example, the probability of antenna training completion with 1 BI is almost

90% for 2 stations, while such probability drops to 30% for S = 10. Moreover, a

single device is guaranteed to be trained in 1 BI due to no contention in channel

access. We also plot Empirical CMF (ECMF) of the derived probability for



4.2. Performance Model for Mobile MmWave BeamForming 54

further validation. Figure 4.3 displays empirical CMF of the discrete random

value of X which is calculated by:

FX(x) = Pr[X = x] =
x∑
k

P [X = x] =
x∑
k

p

(
x− 1

k − 1

)
(p)k−1(p)x−k (4.8)
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Fig. 4.3: Empirical CMF of various number of BIs for N = 16

As can be seen from Figure 4.3, the ECMF approaches one as the number

of BIs increases. Additionally, we measure the expected number of required

BIs to complete one antenna training for various antenna configurations. Such

expected number is formulated as:

E[X] =
x∑

xi=k

p(xi)× xi (4.9)

The result is measured by Eq.(4.9) and plotted in Figure 4.4. Three antenna

configurations have been examined, i.e., N = 16, 32, 64.

As expected, the number of sectors and number of devices in a network
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Fig. 4.4: Expected value for the number of BIs. N = 16, 32, 64

affect the expected number of required BIs for successfully antenna training.

Intuitively speaking, more sectors and more devices lead to a higher expected

number of required BIs for successfully antenna training.

4.2.4 Probability Model of BeamForming: Sensor based

In section 3.4, we have discussed about out-of-band beamforming schemes, par-

ticularly, sensor-based methods (by section 3.4.3). In this section, we insight

into the performance evaluation of sensor-based beamforming. Consequently,

the probability of the event of sector selection error is analyzed where sensors

are employed for beam alignment. Recall that θ is the degree between bore-

sight direction of transmitter antenna and the receiver orientation. Different

sensors, i.e., IMUs [52] and light sensors [56], enable to measure θ with a spe-

cific measurement error. Let θ̂ denotes the degree measured by sensors which

includes some degree of inaccuracy. Here, we assume Guassian distribution for



4.2. Performance Model for Mobile MmWave BeamForming 56

sensor measurement error. Hence, the probability density function of random

variable θ̂ given that the mean µ = θ is:

P (θ̂ | θ) ∝ 1√
2πσ2

.e−
(θ̂−θ)2

2σ2 (4.10)

Recall that σ is the standard deviation and σ2 is the variance of the distribu-

tion. Indeed, Eq.(4.10) denotes X ∼ N(µ, σ2) where θ̂ is the random variable,

X, and θ considered as the mean value, µ. Accordingly, we formulate the

probability of selecting a wrong sector as the result of angle estimation error

(which has presented by Eq.(4.10)).

Now, we assume the estimated degree,θ̂, belongs to a specific sector with

sector width [0,Ψ] (which has discussed in section (4.2.1)). On the other hand,

the event of Sector Selection Error,ΓSSE Given that ESSE denotes the event

of sector selection error which is happened once θ lays down outside the sector

in which θ̂ belongs to. In other words, ESSE occurred if:

θ ∈ [−180, 180]− [0,Ψ] = [−180, 0] ∪ [Ψ, 180] (4.11)

With this condition, the probability of occurring sector selection error for

sensor-based BF scheme can be formulated by conditional probability. Thus,

P (ESSE | θ̂) =
P (ESSE ∩ θ̂)

P (θ̂)
(4.12)

Recall the condition of sector selection error, Eq (4.12) for P (ΓSSE | θ̂)

is replaced with: The numerator of the equation implies the set in which

both probabilities occurred, i.e., the probability of sector selection error and

degree estimation error. Thus, we substitute θ values written by Eq.(4.11) into

Eq.(4.10), to acquire the numerator of the conditional probability. Thus:



4.2. Performance Model for Mobile MmWave BeamForming 57

P (ESSE | θ̂) =

∫ 0

−180
1√

2πσ2
.e−

(θ̂−θ)2

2σ2 dθ +
∫ 180

Ψ
1√

2πσ2
.e−

(θ̂−θ)2

2σ2 dθ∫ 180

−180
1√

2πσ2
.e−

(θ̂−θ)2
2σ2 dθ

(4.13)

where the denominator shows the values with the probability of the estimated

degree contains any error. It is obvious that the estimated degree could be any

values within the set of [−180, 180].

Considering error function which is denoted by erf(u) in mathematics, we

have:

erf(u) =

∫
2e−u

2

√
π
du (4.14)

Thus, with substituting u = θ̂−θ√
2σ

and dθ =
√

2σdu, a specific integration

is formed which could be solved by error function, erf(u). The next step is

integrating and solving the problem which is expressed by Eq.(4.13). The

following equation represents the probability of the event of sector selection

error in sensor-based beamforming schemes:

P (ESSE | θ̂) =
erf( θ̂+180√

2σ
)− erf( θ̂√

2σ
) + erf( θ̂−Ψ√

2σ
)− erf( θ̂−180√

2σ
)(

erf( θ̂+180√
2σ

)− erf( θ̂−180√
2σ

)

) (4.15)

As obvious from the derived equation, the probability of sector selection

error has two variables, sector width of directional antenna, (Ψ), and the stan-

dard deviation, σ, which implies the measurement accuracy of the utilised

sensors. The next step is to formulate the expected value of the average gain

for sensor-based methods. We can calculate the expected value of a measur-

able function,e.g., GS, given that X has the probability density function f(x).
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In other words:

E[GS(X)] =

∫
GS(x)f(x)dx (4.16)

With this definition, we can derive the expected value of average gain of an-

tenna in sensor-based beamforming where f(x) can be replaced by Eq.(4.15).

Consequently:

E[GS(θ)] =
1

Ψ

∫ Ψ

0

M(θ)× (1− P (ESSE | θ̂)) + S × P (ESSE | θ̂)dθ (4.17)

where M(θ) and ζ are the values calculated by Eq.(4.2) and (4.3), respectively.

With this error probability, the average gain provided by sensor-based

beamforming methods, GS could be measured by:

GS =
1

Ψ

∫ Ψ

0

M(θ)× (1− P (ΓSSE | θ̂)) + S × P (ΓSSE | θ̂)dθ (4.18)

where M(θ) and ζ are the values calculated by Eq.(4.2) and (4.3), respec-

tively. The analytic equation derived for the average gain of sensor-based BF is

based on two factors, the accuracy of the sensor and sector width for antenna.

To conclude, we analytically derived the average gain offered by sensor-based

beamforming approache at the presence of rotation.

4.3 Results and Evaluation

In this section, we present the numerical results for gain of antenna for Oracle,

IEEE 802.11 ad and sensor-based methods at the presence of rotation. First,

simulation model and parameter settings are discussed. Next, performance

results for IEEE 802.11ad beamforming in a multi-device scenario will be pre-
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sented. Then, results related to the performance evaluation of sensor-based

beamforming is discussed.

4.3.1 Simulation Model

In this study, we consider a mmWave network includes a single access-point and

S number of devices competing for beam alignment. Recall that we consider a

free space environment with line of sight assumption. However, few researches

consider the more practical NLOS communication such as [38] and [17] which

address the blockage problem with installing relay to direct the beam to the

receiver. As discussed in Section 3.3.2, the problem of blockage and NLOS

has been considered by different research studies. Thus, in this research, we

assume LOS condition and focus to address the problem of multi-users beam

alignment in millimetre wave networks.

We depict the system model by Figure 4.5 to show the considered scenario.

Both AP and devices are equipped with directional antenna with N sectors.

We assume that AP is stationary with distance d = 1m apart from the devices,

but the devices are rotating with the angular velocity ω every 100 ms. Device

rotation is assumed in this set of simulation to analyse the impact of mobility

on beam misalignment. As a target scenario for millimetre wave network, we

consider wireless VR/ARs which is worn by the player who turns her head to

look around [36]. Thus, frequent rotation of devices is a critical problem which

causes the beam misalignment and needs to be addressed to deliver multi Gbps

data rate in mmwave future applications. In this case, frequent beam realign-

ment is required to adjust the directional link. We configure ω as the value

addressed by [9] from the range of 20◦−80◦/100ms for various applications like

web browsing/reading and playing games. This angular velocity is applicable
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for our target scenario of wireless VR and mobile video streaming.
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Fig. 4.5: System Model

Initially, a random orientation is selected (θ) to launch beam alignment.

The station is aligned starting from this random seed and provide main lobe

gain. It will be valid for the period in which the selected sector is faced with

the AP. The aligned sector will be misaligned due to rotation. Since it is a

multi-device scenario, a training delay is defined for the stations which takes to

complete training and it is considered as a random discrete sample multiplied

by 100ms, the time of a single beacon interval. The random selection proce-

dure has discussed in Section 4.2.3. Within each sample time, the receiver may

provide side lobe or main lobe gain. We collect 100 samples to get the average

gain of antenna and repeat the procedure 20 independent runs and have been

averaged to mitigate the randomness of the results. The results have been col-

lected through MATLAB simulation. Table 4.1 lists the variables, definition,

and their values.

We consider three critical performance metrics. First, average running

gain is measured as the mean value of the gain during running time of train-

ing period. This metric figures out the length of training to achieve average

gain stability. Second, Instantaneous gain of antenna is measured as the corre-
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Fig. 4.6: Considered Scenario in Initial Position
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Fig. 4.7: Receiver orientation is changing once rotation starts

sponding gain per ms. Note that gain unit is dBi. To calculate the gain in this

unit, the measured antenna gain is mapped to its corresponding linear value

using GLinear = 10(
Gain(θ)

10
).Then, it converts to decibel using the logarithmic

transformation by GdBi = 10 log10GLinear.

Furthermore, outage probability of the average gain of antenna is measure

to find the proportion of time that side lobe gain is imposed over the total

training time.

4.3.2 Performance Evaluation of IEEE 802.11ad

To gain an understanding of the required length of simulation to obtain steady

values for average gain, we plot average gain as a function of time for two

different rotational speeds (see Figure 4.8a). First, we find that it takes about

24 seconds to reach steady state even with 16 antennas. In our subsequent

experiments, we run each simulation for 100 training episodes, which ensures

that the simulation always reach steady state.

In Figure 4.8a, we also note that the device achieves higher gain when
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Table 4.1: Definition of parameters and their value
Symbol Definition Value

N Number of Sectors 4, 8, 16, 32, 64
ω Angular Velocity (per 100ms) 10◦ − 80◦

BI Beacon Interval 100 ms
S Number of devices 1− 10
Ns Number of slots per BI 8
σ Standard deviation 1− 5 FSS
Number of frames per slot 16
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Fig. 4.8: Angular velocity vs. G11.ad

rotating at a lower speed. To further investigate the impact of rotational speed

on the average gain performance, in Figure 4.8b, we plot average gain against

rotational speed for different number of competing devices in the network.

From the figure, we observe that initially antenna gain drops rapidly with

increasing speed, but it saturates at a speed of about 70◦ per 100ms, beyond

which the impact of increasing speed has no noticeable effect on gain. However,

as the rotational speed varies between 40 to 80 degrees per 100ms in many

applications the drop in antenna gain would be significant.

The gain drop due to higher rotation speed can be explained by examining

the instantaneous gains for two different rotational speeds in Figure 4.9.

As we can see, the device spends more time in the main lobe when rotating
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Fig. 4.9: Instantaneous gain for ω = 20◦ and ω = 80◦/100ms

at a lower speed, and vice versa, in a given cycle. As the main lobe has higher

gain than the side lobe, the result is higher gain for lower speed. As shown in

this figure, the gray curve (ω = 80◦) could provide main lobe gain at the time

of 550 ms. It is interpreted by the fact that the aligned sector may have the

chance of facing with the access-point if the training period is long enough.

In Figure 4.10a, we compare 802.11ad antenna gain against Oracle for

different values of antenna sectors. As expected, Oracle always outperform

802.11ad, but the performance gap is more severe for larger number of an-

tennas. For example, 802.11ad performs almost as good as Oracle when only

two antennas are used, but suffers a whopping 7 dB loss if 16 antennas are

employed to boost the network capacity. This implies that the current SLS

mechanism is less efficient for higher speed applications, which require nar-

rower beams (more antenna sectors). This can be explained by the fact that

the narrower the sectors (larger the number of sectors), the less time the de-

vice spends in the main lobe. This behavior is plotted in Figure 4.10b for two

different number of sectors, N = 4, 16.

Finally, in Figure 4.11, we study the outage probability for a rotating device
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Fig. 4.10: Directional antenna and gain comparison

under different number of competing devices. To study the effect of rotational

speed, we vary ω from 20◦/100ms to 80◦/100ms. We make the following

observations:

• Under no competition (S=1), the outage probability increases signifi-

cantly from 42% to 82% when rotational speed increases from ω = 20◦

to 80◦ per 100 ms.

• Outage probability increases with increasing competition, but it increases

more rapidly for slower rotations.

4.3.3 Performance Evaluation of Sensor-based Beam-

Forming

In this section, the numerical results related to sensor-based beamforming is

presented. The assumptions, model, and the set values are similar with the

discussed setting in Section 4.3.1. The probability for the event of sector

selection error (ΓSSE) is mathematically derived by Equation (4.15). It is

formulated based on the measured degree by the sensors, θ̂ and σ. here, σ is
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Fig. 4.11: Outage Probability for various angular velocity in N = 16

considered up to 5◦ variation in rotation measurement, based on conducted

experiments for the current sensors. The probability of the event for θ̂ =

[0◦ − 90◦] ( N = 4) and σ = 1-5 is reported in Figure 4.12.
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Fig. 4.12: The probability of sector selection error for N = 4 in various σ

As observed, the high probability for the error occurred near the sector

border, in 0◦ and 90◦ for all values of σ. This measurement makes sense because

real degree (θ), may or may not lay down at the same sector (e.g.,±1◦for

σ = 1). Intuitively, the higher the value of σ, the higher the error probability.

Moreover, it is less likely to wrongly selecting the sector in the middle degrees
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with the considered value of standard deviations.

Next, we insight into the impact of the number of sector, N (and conse-

quently different beamwidth (Ψ)) on the error probability. Figure 4.13. The

results for N = 8, 16, and 32 are illustrated in Figures 4.13.
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Fig. 4.13: Sector selection error probability for various antenna sectors

The common feature among the figures is that higher probability for the

event of sector selection error occurs near the boarder of the sector. This

behavioure is due to the asynchronous BI and sector switching. In fact, the

current sector switches to the next one with greater offered gain in-between

two BIs. The higher value of σ enlarges the degrees faced with the probability

of the error. For example, in Figure 4.13a the probability initiates from 44◦ for

σ = 1 but enlarges to start from 35◦ in σ = 4. The trend repeats for other value

of the sector width, as observed by 4.13b and 4.13c. The impact of smaller

degree of Ψ (the greater number of sectors of antenna) is non-negligible. The

higher the number of sectors, the greater the value of the probability of the

error. For instance, the probability of the error for σ = 4 for N = 8 (figures

4.13a) initiates from 0.1 in 40◦ but increases to above 0.3 in 22◦ for N = 16

(figure 4.13b) and 0.6 in 10◦ for N = 32 (figure 4.13c). To conclude, highly

directional antenna are most vulnerable to the measurement error of sensors.

This observation lead us to conduct another critical experiment to evaluate

the impact of the sector selection error on the average gain of sensor- based

BFs.
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Table 4.2: GO, GS , G11.ad vs. various N .

N GO GS G11.ad

4 7.82

7.10 (σ = 1)

6.026.76 (σ = 2)

6.46 (σ = 3)

8 13.74

13.24 (σ = 1)

9.7813 (σ = 2)

12.80 (σ = 3)

16 19.74

19.19 (σ = 1)

13.4218.93 (σ = 2)

18.71 (σ = 3)

32 25.75

25.02 (σ = 1)

19.7224.63 (σ = 2)

24.27 (σ = 3)

64 31.77

30.08 (σ = 1)

23.6029.98 (σ = 2)

29.22 (σ = 3)

Finally, Table 4.2 report results in terms of gain comparison between the

discussed BF approaches. The results collected from analytical model of oracle-

based, IEEE 802.11 ad, and sensor-based beamforming. In sensor-based tech-

niques, three different values of std is reported. Average gain for all approaches

is calculated in dBW per degree of a sector. The gain is measured by the pro-

posed platform. It runs for 100 rotations (36000 degrees) and average the gain

per degree. The value are reported in the comparison table.

As obvious, sensor-based has maximum gain and sensor-based are mostly

same for small value of std. IEEE 802.11ad has a lowest provided gain in

rotation scenario. In the case where SLS delay is considered, G11.ad decreases.

The main facts which could be concluded is as follow:
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• Highly directional antenna increases the gain for all the approaches. But,

rotation causes to drop the gain in 11.ad than sensor-based.

• Highly directional antenna are more vulnerable to the value of std.

• Periodic BF such as IEEE 802.11ad provides lower value for gain in

mobile scenario. SLS delay causes to reduce the gain of BF in IEEE

802.11ad.

4.4 Conclusion and Discussion

In this chapter, we analyzed the performance of beamforming mechanism for

mobile millimeter wave communication in three different approaches: oracle-

based, IEEE 802.11ad, and sensor-based. We derived the analytical model for

oracle and sensor augmented BF based on the number of sectors in directional

antenna and measurement accuracy of the sensors. Moreover, we developed a

MATLAB-based platform for performance analysis of IEEE 802.11ad beam-

forming in a rotating scenario. The receiver gain comparison show the defi-

ciency of periodic beamforming mechanism of the the protocol for multi-users

scenario. This is because of two main reasons:(1) BF procedure dedicates 8

slots per beacon interval to be competed between devices. (2) each slot has

16 frames for antenna training. It means antenna configurations more than 16

sectors require to compete the next contention for slot access. Consequently,

the average gain drops within the training procedure. Further, sensor aug-

mented methods are still tackles with the gain lost near the boarder of the

sector.



Chapter 5

Sound-Align: A Beam

Alignment Framework using

Acoustic Side Channel

5.1 Introduction

In this chapter, we investigate the possibility of exploiting inaudible sound as a

side channel to detect the direction of client and assist beam alignment in mil-

limeter wave access points. Since all consumer devices, such as mobile phones,

tablets, and laptops, include speakers, they can easily generate sound without

requiring extra hardware. With falling costs and form factors of microphones

and microphone arrays, sound-based DoA is practically realizable for next gen-

eration of access points. Finally, as there exists an inaudible bandwidth (> 18

kHz) within the range of typical consumer speakers and microphones, it is pos-

sible to use sound for millimeter wave beam alignment without causing any

sound noise in working environment. To the best of our knowledge, it is the

first research to leverage microphone-speaker sensors embedded on the COTS

69
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devices for beam alignment in mmWave networks. Our study revealed that

chirp signal emitted with 50 Hz frequency band and 50 ms time length could

obtain an accurate and fast direction finding.

The rest of this chapter is structured as follows. Sound assisted system

model is presented in Section 5.2 followed by the experimental methodology

of the proposed sound align scheme in Section 5.3. We introduce our sound

align algorithms in Section 5.4. Section 5.5 focuses on DoA performance of

Sound-Align. Finally, the conclusion is discussed in Section 5.6.

5.2 Sound Assisted DoA System Model

The primary objective of Sound-Align is to leverage inaudible acoustic as an

out-of-band channel for efficient beam alignment in MmWave networks, espe-

cially in IEEE 802.11ad networks. Fig. 5.1 illustrates the main steps involved in

the beam alignment process. First, the mobile device generates a sound-chirp

signal in the frequency range 18kHz to 19.2kHz, which is further described in

Section 5.2.1. The mobile device emits the sound-chirp signal using available

speakers on the device. Then, we assume there exists a microphone array at

the MmWave wireless access point (AP) to receive the sound-chirp. Sound-

Align then utilize the MUSIC algorithm to estimate the direction of arrival

(DoA) of the sound-chirp, which is further described in Section 3.6.2. Despite

the wide popularity of MUSIC as a sub-space DoA method, MUSIC has not

yet been leveraged for DoA in inaudible sound frequencies. Therefore, Section

5.4 presents a comprehensive simulation study based on experimental data

collected from COTS smartphones to investigate the performance of MUSIC

in inaudible sound frequencies. Along with the estimation of DoA, the AP

determines the suitable MmWave antenna sector to communicate with the
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respective mobile device.
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1

Fig. 5.1: Sound-Align beam alignment process system model and the chronological
beam alignment steps

5.2.1 Chirp Signal

Chirp is a signal that varies in frequency over time. We propose to employ

a linear up-chirp signal that sweeps the frequency from low to high, which is

widely used for radar applications due to its capability of resolving multi-path

propagation [67].

In a linear chirp, the instantaneous frequency, f(t), varies linearly with

time:

f(t) = ct+ fl (5.1)

where fl is the starting frequency (at time t = 0), and c is the chirpiness, which

is constant:

c =
fh − fl
TChirp

(5.2)

where fh is the final frequency and TChirp is the time taken to sweep from fl

to fh.

Without loss of generality, we utilize a sinusoidal linear chirp. The time-
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domain funtion for sinusoidal linear chirp can be obtained as follows. Consider

a sinusoidal signal with amplitude A, angular frequency ω0, and initial phase

φ as follow:

x(t) = A sin(ω0t+ φ) = A sin(θ(t)) (5.3)

where θ(t) is instantaneous phase. The instantaneous phase of chirp signal

can be obtained by taking the integral of the time-varying frequency function

Eq.5.1. Thus,

φ(t) = φ0 + 2π

∫ t

0

f(t)dt = φ0 + 2π(
c

2
t2 + flt) (5.4)

where φ0 is the initial phase at time t = 0. The corresponding time-domain

function for sinusoidal linear chirp is:

x(t) = sin[φ0 + 2π(
c

2
t2 + flt)] (5.5)

5.2.2 Acoustic Channel and Path Loss Model

In this section, the path loss model for acoustic signal is presented. Sound

pressure has effected by two main factors while damping: propagation loss and

absorption loss. As acoustic wave has spherical propagation in air, the sound

pressure decreases while the distance between source and destination increases.

Let’s assume Ls(dB) denotes sound pressure level at source position. Sound

pressure level in destination Ld(dB) placed r meter apart from the source is

measured as follow:

Ld(dB) = Ls(dB)− |20 log
1
r | (5.6)

It is also known as distance related loss. Apparently, it can be seen that

sound pressure level reduces by 6 dB with doubling the distance.
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Moreover, atmospheric conditions and propagation frequency have impact

on the sound pressure level. The following equation formulates the absorption

loss as:

PAbs = α.r (5.7)

where α depends on temperature, humidity, and carrier frequency. In an indoor

environment, with 20◦ temperature and 50% humidity, there is different values

for α related to different frequencies [77]. For instance, in room environment

and f = 18KHz, there is α = 0.443 dB loss per 1 m the sound signal travelling.

To conclude, acoustic signal travelling in distance r has total loss which is

modelled as:

Path Loss = |20 log
1
r |+ α.r (5.8)

For more clarification, path loss values plots in different distances, by Figure

5.2.
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Fig. 5.2: Path Loss vs. Distance in Acoustic channel
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5.3 Experimental Methodology

Propagation characteristics of inaudible signals transmitted by the COTS

smartphones (as the transmitter) has not yet been well investigated. The

only related experimental study of smartphones speakers reported the sound

pressure level of the transmitted sound in 1kHz [78]. To leverage Eq. 5.6 in

our simulations, it is first required to experimentally measure the (SPL) in the

range of inaudible frequencies emitted from consumer devices at 1m distance.

To this end, in Section 5.3.1, we first explain controlled experimental setup

for SPL measurement in the range of inaudible frequencies. Next, we examine

the available bandwidth to accommodate multi-users for DoA in Section 5.3.2.

Finally, channel access and FDM approach is discussed in Section 5.3.3.

5.3.1 Controlled Experimental Setup

In order to measure SPL of inaudible sounds, we first, generated linear up-

chirp signals in Audacity. Next, the generated up-chirps were transferred into

a smartphone in the format of .wav files, and played using in-built speakers.

The built-in microphones on a laptop computer placed at 1m distance was

used as the receiver. The experiment was conducted in a quiet office room

and there were no obstacles between the transmitter and the receiver. Fig. 5.3

depicts experimental setup and the step followed. The received signal was then

analysed using Audacity to obtain SPL in dB.

We intentionally left silent intervals in between two chirps to record the

background noise power.
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Fig. 5.3: Experimental setup: sound chirp generation, signal recording, and received
signal analysis

5.3.2 Available Bandwidth

In order to investigate the practically applicable inaudible bandwidth among

consumer devices, we establish an experiment of SPL measurement over in-

audible range from 18 to 20KHz. Fig. 5.4 shows the received SPL for a sine

signal transmitted at single frequency among 18−20KHz, every 100Hz. More-

over, we report SPL values of some audible frequencies such as 2, 4, 6, 8 and

10KHz (separated by the first red vertical line) for further comparison. The

reported results average over 5 experiments at distance 1m between speaker

and microphone (as shown in Fig. 5.3).
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Fig. 5.4: Received sound pressure level at 1m: audible & inaudible SPL comparison

As obvious, SPL values drop significantly from audible to inaudible range.
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It is due to the frequency selectivity of speaker/microphones on the consumer

devices. Considering 18KHz as the low band of inaudible range with measured

SPL of −28.15 dB, the available bandwidth is capped at 19.2KHz where SPL

has 6 dB loss (−34 dB). Thus, total inaudible bandwidth for acoustic direction

finding/ beam forming is 1.2 KHz. Figure 5.5 plots an up-chirp signal in

frequency domain for the designed bandwidth,i.e., 18− 19.2 KHz.

Fig. 5.5: Up-chirp signal in frequency domain for inaudible acoustic channel

5.3.3 Channel Access

In this section, we analyse the performance of inaudible sound when multi users

share the available bandwidth. The main challenge of inaudible DoA is its

limited bandwidth on the consumer devices. Moreover, it is desired to design

a system to estimate the direction of multiple devices simultaneously, without

collision. Accessing to the channel in a collision-avoidance manner is possible

through either TDMA or FDMA. TDMA requires tight time synchronisation

among the devices and AP. Moreover, between each user’s transmission, a

gap is required to avoid interference caused by delayed signals. The gap time
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should be as short as possible to provide low latency and sufficiently long

to avoid Inter Symbol Interference (ISI) [79]. The promising applications of

MmWave communication are delay sensitive and requires fast beam tracking,

such as real time video streaming or wireless VR/AR. For those applications,

the devices require to track the beam every 30 ms (for ω = 40◦/100 ms and

32 antenna elements). Hence, TDMA could not be a proper choice for the

proposed system design. In terms of FDMA channel access, the number of

accommodated devices change based on the length of the frequency band and

guard intervals. To find out the number of devices in FDMA, we conduct

the following experiments to evaluate the system performance of Sound-Align.

Thus, the very first step is to evaluate the separation of users on DoA, both

angular and spectrum separation. We establish an experiment for two users

in two different placement, i.e., far apart and neighbour placement, as shown

in Fig. 5.6.
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Fig. 5.6: Impact of angle-spectrum separation on sound DoA

In this experiment, RMSE has measured for two users placed at different

angular separation, from 15◦ to 45◦. It is obvious from the figure that sound
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DoA accuracy is affected significantly by the angular resolution. Note that the

minimum required spatial separation is 15◦, with the assumed configuration

(e.g., 2 microphones). Moreover, we examine the role of frequency interval

between users, either neighbour channels (10 Hz guard band) or far channels

(1KHz guard band). It can be seen that the guard band has lower impact on

RMSE, since both channel settings provide approximately similar DoA error.

5.4 Sound-Align Algorithm

Beam alignment in a mmWave multi-user scenario requires to perform fast for

delay sensitive applications. As discussed in Section 5.3.3, we considered FDM

channel access for sound assisted DoA to measure the direction of multiple

sound signal. Dedicating the available bandwidth (discussed in Section 5.3.2)

to various number of channels for simultaneous transmission is considered as an

applicable and promising approach for multi-users direction finding. However,

there is a fundamental challenge to identify the estimated angle (by microphone

array) and the corresponding sound source. Indeed, MUSIC algorithm could

accurately estimate the angle of arrival of multiple signals. But each estimated

angle should be assigned to its relevant transmitted sound source (e.g., different

users’ devices). Thus, in this section, we develop a step for assigning the

estimated angle by MUSIC into the relevant transmitted sound source using

filtering approach. Algorithm 1 describe the approach, step by step.

Given a total of ∆BW inaudible acoustic bandwidth in COTS devices. We

divided BW into i various channels with different carrier frequencies ∆fi for

chirp signal generation (line 1 − 2). Recall that we have explained the ex-

perimental methodology for channel assignment in Section 5.3. Next, channel

matrix is formed comprises of i defined channels (line 3). Then, we consider
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the network comprises of k multiple mobile users aim to align their beam with

AP, continuously. Each user is dedicated with a random channel for sound

chirp generation (line 5). The users, then, transmit chirp signals based on

its dedicated channel and frequency band (line 6). Upon receiving inaudible

sound signals, the key step is to filtering out the received signal with channel

matrix. Hence, in our implementation, the acoustic samples pass through the

channel matrix. In other words, the received sound signal is dot multiplication

with the derived channel matrix to distinguish its frequency band and the cor-

responding user. (line 7). Finally, the angle of each individual filtered signal

is estimated using MUSIC algorithm (line 8).

Algorithm 1 Sound-Align Direction of Arrival Algorithm

1: (∆fi = {fLi, fHi}, i ∈ I) ← Bandwidth dedication into I = {1, 2, . . . , i, . . . , 20}

channels

2: x(t)i ← Chirp signal generation for defined frequency bands in step.1 using

Equation 5.4

3: CH =
[
x(t)1 . . . x(t)i

]
← Channel matrix

4: for k = 1 : Nuser do

5: (x(t)k ∈ CH)← Random channel assignment per user

6: Reck ← Received signal of the emitted sound by x(t)k

7: Filterk ← Reck · CH

8: θ(k) ← Direction estimation using MUSIC algorithm

9: end for=0

In Figure 5.7, we depict dedicated channel and filtered frequency received

from a particular user.
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Fig. 5.7: Frequency Filtering Approach for 20 inaudible sound channels

5.5 Performance Evaluation

In this section, we present the performance results of Sound-Align DoA scheme.

First, we present simulation model and setup in Section 5.5.1. Then we exten-

sively evaluate the performance of the proposed sound assisted DoA algorithm

in terms of chirp band, chirp length, and border effects as follows.

5.5.1 Simulation Model and Setting

MATLAB simulation model was developed to evaluate the performance of

Sound-Align. We consider a sinusoidal up-chirp signal in the range of 18 −

19.2 kHz transmitted by a smartphone. The received signal at the AP is

modeled based on path loss model in Eq. 5.6. The SPL at 1 is taken from the
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experiments described in Section 5.3.1.

The angular Azimuth space covered by ULA is from −90◦ to 90◦. In order

to compensate the impact of microphone array borders, we delimit the users’

movement between −70◦ to 70◦. Further, the Region Of Interest, ROI, is

bounded between 1 to 5 m vertically apart from the microphone array (and

AP, consequently). Moreover, Table 5.1 lists the simulation parameters and

the corresponding definition and values.

Table 5.1: Simulation parameters and values

Parameter Value Definition

fl 18 KHz Starting frequency
∆B 30− 150 Hz Chirp bandwidth
BWtotal 1200 Hz Total inaudible band
NUsers 1− 8 Number of users
Nmics 2 Number of mics
dele 9 mm Mics inter-space
TChirp 10− 100 ms Chirp length
D 1− 5 m T/R distance

5.5.2 Performance Impact of Microphone Array Border

The arrival angle on the microphone array plays a role on the estimated error

of DoA. The microphone array has different gain in different broadside angles

which causes to provide different direction estimation error. To investigate this

effect, RMSE of a single user has measured for different ground truth angles

as shown in Fig. 5.8.

DoA estimation error increases exponentially when the incident angle ap-

proaches 90 degrees from either side. In this experiment, two different antenna

settings has examined, e.g., Nmic = 2, and 8, and both array sizes have similar

pattern despite RMSE is much lower for higher number of microphones.
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Fig. 5.8: Impact of border of microphone array on sound DoA accuracy

5.5.3 Performance Impact of Chirp Bandwidth

The available inaudible bandwidth in consumer devices is limited to 1.2kHz

as shown in Fig. 5.4. Therefore, the chirp bandwidth has to be less than that.

We vary the chirp bandwidth (∆B) from 30Hz to 500Hz, where the lower

(starting) frequency is 18kHz. RMSE and 95% confidence interval is shown

in Fig. 5.9.

Increasing chirp bandwidth often makes the signal robust to noise and con-

sequently improves RMSE of DoA estimation. For instance, ∆B = 30Hz

estimates the angle with around 1.2◦ error, while ∆B = 150 Hz offers more

accurate DoA with 0.7◦ accuracy. However, in this particular case, when in-

creasing the ∆B, RMSE reduces rapidly at lower bandwidths and then stay

relatively stable for ∆B greater than 50Hz. The same pattern is visible for

all three distances considered. The increase in RMSE with distance is due to

the signal attenuation which is about more than 6dB for doubling the distance

(c.f. Eq. 5.8).
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Fig. 5.9: Impact of chirp frequency band on DoA Performance

5.5.4 Performance Impact of Chirp Length

Fig. 5.10 shows RMSE of DoA for chirp length, i.e., the time duration of the

chirp signal, from 10ms to 100ms. As expected longer the chirp, better the

performance. Similar to chirp bandwidth, performance of chirp length also

saturates after a certain value, 50-60ms to be exact.

It is desired to finding DoA as fast as possible to support the real time

applications of mmWave communication. To investigate how fast DoA is ap-

plicable, we performed an experiment with various chirp length, from 10 to

50 ms. Measured RMSE values are reported on Table 5.2.

Table 5.2: RMSE (degree) for various chirp length and 12 mics

TChirp(ms) 1 m 2 m 3 m 4 m 5 m

10 3.01◦ 7 7 7 7

20 2.33◦ 7 7 7 7

30 1.10◦ 4.18◦ 7 7 7

40 1.00◦ 3.63◦ 7 7 7

50 0.34◦ 0.75◦ 1.51◦ 2.92◦ 4.2◦
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Fig. 5.10: Impact of chirp duration on DoA performance

It can be seen from the table that TChirp must be long enough to provide

sufficient number of samples for direction finding, specially for longer distances

(with higher path loss). The cross-marks on the table imply that direction

finding is infeasible with the corresponding chirp length, such as TChirp = 10ms

and 20 ms in d > 1 m, while it is possible for 2 m for TChirp = 30 ms and

40 ms with 4.18◦ and 3.63◦ accuracy, respectively.

In order to investigate the reason of low accuracy for multi-users scenario

with short chirp lengths, we plot Figure 5.11 which evaluate 3dB Bandwidth for

different chirp lengths, namely 10 and 50 ms. Both transmitted and received

signals were shown in this figure. As shown, 3dB Bandwidth for TChirp = 10ms

is about 219 Hz which means the required frequency gap must be over this

value.



5.6. Conclusion and Discussion 85

18.5 18.6 18.7 18.8 18.9 19 19.1 19.2 19.3 19.4 19.5

-80

-60

-40

-20

Transmitted Chirp Signal in fc = 19.135 KHz

18.5 18.6 18.7 18.8 18.9 19 19.1 19.2 19.3 19.4 19.5
-140

-120

-100

-80

-60

Received Chirp Signal in fc = 19.135 KHz

3dB BW (T
Chirp

 = 10 ms) = 83.7

3dB BW (T
Chirp

 = 10 ms) = 219.6

3dB BW (T
Chirp

 = 50 ms) = 20.4

3dB BW (T
Chirp

 = 50 ms) = 28.8

Fig. 5.11: 3dB BW for ∆B = 50Hz

5.6 Conclusion and Discussion

In this chapter, we have presented an inaudible sound-based beam alignment

framework, Sound-Align, for MmWave communication. We have initially es-

tablished a combination of experimental-simulation experiments to find out the

feasibility of chirp signal for DoA using MUSIC algorithm, the well-established

high resolution direction finding method. Using a combination of experimen-

tal and simulation analysis of the inaudible sound spectrum available in typ-

ical mobile phones, we have demonstrated that the use of 50 Hz and 50 ms

sound chirps provide efficient and reliable detection of direction. Moreover,

the proposed inaudible sound DoA has a low computational/implementation

cost using just two microphones. This achievement has led by the proposed

filtering FDM approach of sound channel access.

In summary, Sound-Align system parameters are as follows:
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• Bandwidth: RMSE in DoA estimation does not reduce beyond 50 Hz.

The accuracy is less than 1◦ in short distances (less than 5m) which can

be the case for many indoor environments.

• Chirp length: RMSE improves with increasing size of chirp length. How-

ever, there is no performance gain beyond 60ms chirp length.

• Incident angle: Higher incident angles, i.e. at the border of gain pattern,

causes higher error in DoA. This impact could be compensate delimiting

region of interest for border area.

In next chapter, we will investigate the performance of the developed in-

audible sound DoA in mmWave beam alignment in a mobile multi-users sce-

nario.



Chapter 6

Performance Evaluation of

Sound Align

6.1 Introduction

In Chapter 5, we designed and investigated inaudible sound Direction of Ar-

rival (DoA) for consumer electronic devices, in order to estimate the direction

of multiple devices in the RoI. We considered practical limited bandwidth

available on the COTS devices to address DoA for multi-users scenario. More-

over, we have shown that the proposed sound DoA design is significantly fast

(at the order of 50 ms) and low cost/less complex in the infrastructure design

(microphone array comprises of only 2 microphones).

Now in this chapter, the aim is to investigate the performance of the de-

signed DoA method for mmWave beam alignment in multi-users scenario.

Further, we evaluate the system performance in the case that all users on

the network are freely moving within the network boundaries with walking

speed. Moreover, we thoroughly investigate the sound-assisted beamforming

for MmWave communication with various antenna sectors and directional-

87
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ity. The performance of the system with two different mobility model is also

explored. The results showed Sound-Align outperforms IEEE 802.11 ad by

11.39 dB and 10.59 dB average gain for NSec = 64 and NUser = 10 in Random

WayPoint and Back& Forth mobility models, respectively.

The rest of this chapter is structured as follows. The system model is

presented in Section 6.2, followed by performance metrics in Section 6.3. We

then review our proposed beam alignment algorithm briefly in Section 6.4.

In Section 6.5, the simulation results are presented. Finally the conclusion is

discussed in Section 6.6.

6.2 System Model

In this section, we define the various elements that make up the simulation

environment. In particular, we describe Region of Interest (RoI), the users

mobility model, and millimeter wave sectored antenna and degree of coverage

per sectors in RoI.

6.2.1 Region of Interest

Figure 6.1 illustrates the Region of Interest for users’ movement.

We assume an office environment in 5m× 5m and covered by microphone

array with (−90◦, 90◦) azimuth angle (left side figure). We consider the effect

of border of microphone array on DoA, as discussed in section 5.5.2, thus the

Region of Interest is delimited by (−70◦, 70◦). Moreover, users are moving 1m

apart from the microphone array which has considered as the reference dis-

tance for inaudible acoustic communication in section 5.2.2. Hence, the testing

environment defined by the explained boundaries are plotted in 6.1 (right side

figure). Note that we assume the system model in a 2D environment while
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Fig. 6.1: Region of Interest and RWP mobility model

both AP and users’ devices are at the same height (constant z coordination

value). 2D deployment is an applicable assumption for most of the typical AP

installments in indoor environments.

6.2.2 Mobility Model

In this section, we describe the mobility models examined to evaluate the

performance of the proposed beam alignment method. We assume all users

have mobility within the RoI. Two different applicable mobility models have

considered, Random Way Point (RWP) and Back and Forth (B&F).

• Random Way Point (RWP): It is a commonly used mobility model.

In this model, each user selects a random destination within the RoI

independent of other users, and moves there following a straight trajec-

tory. We assume that all the users are moved at the usual walking speed

of v = 1.4 m/s [80]. Upon reaching the destination, users select next

destination and move toward.
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• Back & Forth (B&F): In this mobility model, all users are walking

through a straight horizontal line while keeping constant distances from

AP. Upon reaching the border of RoI, the user turns around to change

direction and keep walking with the constant speed of v. Figure 6.2

denotes the paths travelled by users in B&F mobility.
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Fig. 6.2: Back & Forth Mobility model

Note that UN and U
′
N denote starting and turning points of user N ,

respectively.
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6.2.3 MillimeterWave Antenna Coverage

MillimeterWave AP is assumed to be equipped by a circular array antenna

directional antenna with NSec different sectors. Total 360◦ is simply divided

by NSec and allocate a beamwidth of φ◦ = 360
NSec

. Each beamwidth, then,

covers an area of RoI equivalent with φ◦. Considering the geometry of system

model shown in Figure 6.1, AP has assumed to be installed in the middle of

horizontal side. RoI, therefore, is covered by NSec/2 while the users are faced

with half-circle. Figure 6.5 illustrates the sectored RoI with NSec = 16 and 64.

1 𝑁#$%
1

𝑁#$%

Fig. 6.3: Sectorised RoI by NSec = 64 & 16

6.3 Performance Metrics

Here, we define the required metrics in order to evaluate the system model and

its performance.
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6.3.1 Direction of Arrival Accuracy

Accuracy of direction of arrival is one of the main metrics used to evaluate

the system performance since accurate estimated angle conducts to select the

appropriate sector and vice versa. Thus, we report DoA accuracy by measuring

RMSE of estimated angle, θ̂, corresponding to the ground truth, θ, in degree.

Equation (6.1) is used to compute DoA accuracy among observation time slot,

Tobs :

RMSEDoA =

√∑Tobs
t=1 (θ̂(t)− θ(t))2

Tobs
(6.1)

6.3.2 Sector Selection Success Rate

In the considered mobile users system, we define a metric to evaluate perfor-

mance of the proposed alignment method. Assuming that Secθ(t) denotes the

align sector at time t. Thus, sector is successfully selected by the proposed

method if:

Success(t) =


1 if Secθ(t) = Secθ̂(t)

0 Otherwise

(6.2)

where Secθ̂(t) denotes the selected sector by the proposed beam alignment

method. According to the definition of sector selection success, the sector

selection success rate, RateSSS, of the method in percentage, can be written

as:

RateSSS(%) =

∑Tobs
t=1 (Success(t) = 1)

Tobs
× 100 (6.3)
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6.3.3 IEEE 802.11ad Slot Access Rate

Beamforming procedure in IEEE 802.11ad is a contention-based scheme, as

discussed in Section 2.2.1. In each BF cycle, all users have to compete to

catch a slot for antenna sector training and alignment with AP. Each user

may or may not be successful to achieve the slot within a beacon interval. Slot

access within ith beacon interval can be expressed as:

Slot Access(i) =


1 if user wins a slot

0 Otherwise

(6.4)

Accordingly, we define slot access rate within each beacon interval to report

the rate in which the user can successfully win a slot. Recall that slot access

contention happens in multi-users scenario. Consequently, we report average

slot access rate of all N users on the network within different beacon intervals.

In other words,

Slot Access Rate(%) =

∑NUsers
n=1

∑BFcycles
i=1 (Slot Access(i) = 1)

BFcycles ×NUsers

× 100 (6.5)

where NUsers and BFcycles show number of users on the network and total

number of beamforming cycles, respectively.

6.3.4 Alignment Percentage

In this section, we investigate the impact of dynamic movement of users within

the RoI. Maintaining alignment at the presence of mobility is a challenge for

mmWave communication. The aligned sector direction is quickly misaligned

due to users’ mobility. Thus, we evaluate the system performance using align-
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ment percentage metric every ms which is denoted by MLobe(t). Recall that in

a particular time t, a device is aligned if it lies between the main lobe antenna.

Thus,

A(t) =


1 if MLobe(t)

0 Otherwise

(6.6)

Accordingly, we measure the percentage of time that the user provides main

lobe gain, per ms over the specific time, TObs. Note that the alignment per-

centage is averaged by the total number of users who are individually moving

around the RoI. The metric can be expressed as:

Alignment(%) =

∑Tobs
t=1 (A(t) = 1)

Tobs
× 100 (6.7)

6.3.5 Average Gain

One of the main aim of this research is to improve the performance of mmwave

directional communication in a mobile multi-user scenario. Therefore, the

antenna gain is considered as one the performance metric in this chapter.

Accordingly, we measure the achieved average gain of antenna per ms per

user, Gain(t), and compared with the corresponding gain in 802.11ad. The

antenna pattern of mmwave and the gain equation has previously discussed in

Section 4.2.1. Since the user is moving randomly, its incident angle with the

microphone array is changing, continuously. Let’s gt(θ) denotes instantaneous

gain of mmwave directional antenna as a function of its incident angle. Thus,

Gain can be written as:

Gain(t) =

∑NUsers
i=1

∑Tobs
t=1 gt(θ)

Tobs ×NUsers

(6.8)
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6.4 Sound-Align Algorithm

In this section, we explain the proposed sound assisted beam alignment method.

Algorithm 2 is presented to align the beam with a directional mmWave an-

tenna.

In this algorithm, at first, every user selects a random starting point within

the RoI (line 1), and a random destination to set it as next target point to

reach it (line 2). Alongside the path between starting and destination points,

user’s location is frequently obtained per ms using Equation 6.9 (line 3). Next,

user’s coordination is measured every 100 ms, e.g., beamforming cycles (line

7). Then, sound DoA is measured using Sound-Align algorithm (line 8) and

its corresponding sector is obtained (line 9). Recall that mmWave directional

antenna sector coverage has explained in Section 6.2.3. DoA and sector selec-

tion steps are repeated per ms (line 11-12). Secθ̂(t) is compared continuously

with Secθ̂(bf) , every ms (line 13) to obtain main lobe or side lobe gain (line

14-16). The procedure continues till the user reaches beamforming position

(line 20). Then, the next beamforming cycle will be obtained to reach the

destination point, (Xd, Yd) (line 21-22). Once the user reaches the destination

point, traveling path continues with assigning the current destination point as

starting point (line 24). Now, a new destination point is randomly selected

(line 25) and the procedure repeats to cover all considered Ncycles (line 26-27).
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Algorithm 2 Sound-Assisted MmWave Beam Alignment Scheme

1: (X(s), Y(s))← Random Selection (x, y) ∈ RoI

2: (X(d), Y(d))← Random Selection (x, y) ∈ RoI

3: (X(t), Y(t))← Equation 6.9 for t = 1 ms

4: Ncycle ← n ∈ N

5: for N = 1 : Ncycle do

6: if (X(t), Y(t)) 6= (X(d), Y(d)) then

7: (X(bf), Y(bf))← Equation 6.9 for t = 100

8: θ̂(bf)← using Sound-Align Algorithm

9: Secθ̂(bf) ← θl ≤ θ̂(bf) < θu

10: while (X(t), Y(t)) 6= (X(bf), Y(bf)) do

11: θ̂(t)← using Sound-Align Algorithm

12: Secθ̂(t) ← θl ≤ θ̂(t) < θu

13: if Secθ̂(t) == Secθ̂(bf) then

14: gt(θ) = M(θ)

15: else

16: gt(θ) = ζ

17: end if

18: t← t+ 1

19: (X(t), Y(t))← using Equation 6.9

20: end while

21: bf ← bf + 100

22: N ← N + 1

23: else

24: (X(s), Y(s))← (X(d), Y(d))

25: (X(d), Y(d))← Random Selection (x, y) ∈ RoI

26: end if

27: end for=0
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6.5 Evaluation and Simulation Results

In this section, the performance of the proposed beam alignment scheme is

evaluated through extensive simulation by MATLAB. We evaluate the perfor-

mance of both single and mulit users scenario where all users have mobility

according to the explained mobility models in Section 6.2.2 within the entire

RoI expressed in Section 6.2.1.

6.5.1 Simulation Setup

We use MATLAB to simulate the proposed sound assisted beam alignment sys-

tem with multiple mobile users. Table 6.1 lists the parameters and their values

used in this chapter. We used same parameters for inaudible sound signals and

acoustic channel as obtained in previous chapter. Note that microphone array

includes 2 mics has utilised for sound DoA and mmWave directional antenna

with NSec different sectors has exploited for multi Gbps wireless communica-

tion.

Table 6.1: Simulation parameters and values

Parameter Value Definition

NUsers 1− 10 Number of Users
v 1.4 m/s Walking speed
NSec 4, 8, 16, 32, 64 MmWave antenna sector
dvertical 1− 5 m Vertical distance
BFcycle 100 ms Beamforming intervals
Nmic 2 Number of microphone

Our preliminary simulation results show that the system performance be-

comes stable after 500 beamforming cycles, e.g., 50000 ms. As a result, we

run all simulations for 1500 cycles (150000 ms) to mitigate the randomness of

the results.
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6.5.2 Performance Impact of Single user on the ROI

In this section, we first consider a single user within the RoI which is moving

along RWP and B&F mobility model. Performance of the single user is com-

pared through different metrics against the benchmark beamforming method,

IEEE 802.11 ad.

Let us start with random path traveling by the single user. Figure 6.4 illus-

trates movement path of single user within RoI. Note that movement bound-

aries is vertically limited from 1 m to 5 m apart from Ap ([−1,−5]). Moreover,

the furthest point has shown on the figure for further investigation throughout

the following subsections.
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Fig. 6.4: User mobility pattern and angle variation for RWP and B&F

Given that [Xs, Ys] and [Xd, Yd] show coordination of starting and desti-

nation points of user, respectively. Let us m denotes the slope of the line

which connects starting and destination point. It simply can be obtained by

m = Yd−Ys
Xd−Xs

. Thus, the user’s coordination per t = 1 ms, [X(t), Y (t)] can be

written as:


X(t) = Xs + v×t√

(1+m2)

Y (t) = Ys + (m× (X(t) +Xs))

(6.9)
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Recall that v shows the users walking velocity. Consequently, ground truth

angle per ms, θ(t) can be obtained as:

tan−1(θ(t)) =
X(t)

Y (t)
(6.10)

Accordingly, Figure 6.4 (upper right side) plots ground truth angle vari-

ation, θ, of mobile user over the time per ms. The lower plot in the figure

illustrates angle variation corresponding to a user who is moving along Back

& Forth mobility model (explained by Figure 6.2). As expected, angle vari-

ation corresponding to Back & Forth mobility model obtained periodic and

repetitive behaviour.

6.5.2.1 Sector Tracking Graph
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Fig. 6.5: Sector variation over time for RWP and B&F mobility
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The goal of beamforming is to select the aligned sector between user and

AP, continuously. Hence, in this section we insight into the variation of align

sector at time t, Secθ(t), corresponding to the ground truth, θ. To see how

the align sector varies by users mobility over the time, we plot sector variation

of RWP (upper) and B&F (lower) mobility per ms in Figure 6.5. It can be

concluded from the figure that mobility of the user causes that the align sector

direction is frequently switched into a different sector. Recall that the sector

antenna coverage and its geometry has discussed in section 6.2.3. Note that

the same repetitive trend related with B&F is obtained for the sector tracking,

as well.

6.5.2.2 Distance & Time

To have a better understanding, we have plotted the distance variation of the

user corresponding to the AP, every ms by Figure 6.6 for both considered

mobility models.

Two-dimensional distance between user and AP is simply obtained by:

du,AP (t) =
√

(XAP −X(t))2 + (YAP − Y (t))2 (6.11)

where [XAP , YAP ] is the coordination of AP and placed at (0, 0). Note that

user’s coordination at time t can be obtained by Equation (6.9). Moreover, we

highlighted user’s distance at point A, the farthest point shown in figure 6.4.

While RWP obtains various distance to AP within RoI, the distance traveled

in B&F mobility model has kept constant and periodic between a distance

interval, e.g., 1 m to 2.5 m.
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Fig. 6.6: Distance Variation over time for RWP and B&F mobility model

6.5.2.3 Sound Signal to Noise Ratio

To study the performance of the proposed sound-assisted beam alignment

method, we analyse the signal-to-noise ratio, SNR, corresponding to inaudi-

ble signal of mobile user every ms. As investigated in section 5.2.2, path loss

model for sound pressure level (dB) is distance-related variable. Intuitively,

the further the distance from the sound source, the higher the loss in received

sound pressure level. Assuming that x(t) denotes time-domain chirp signal of

received sound at distance 1 m, as explained by Equation(5.5). To measure

SNR at time t, we take the following steps:

1. Distance d(t) is calculated in specific time using Equation (6.11).

2. Distance-related loss value, Lossd(dB), is measured by Equation (5.6).

3. Received signal plus noise at distance d(t) is measured by:
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Recsig(t) = x(t)− Lossd.

4. Received signal plus Noise power, Psignal+Noise is calculated using:

(FFT (Recsig(t))).

5. SNR is measured by:

SNR = Psignal+Noise(dB)− PNoise(dB)− 1.

Note that we measured the background noise value PNoise(dB) = −56.47 dB.

Recall that noise measurement methodology has explained by Section 5.3.1.

Figure 6.7 plots SNR value over time for particular RWP trace (illustrated in

figure 6.4).
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Fig. 6.7: SNR Variation, for RWP and B&F mobility

The corresponding SNR value for point A is also indicated. As expected,

point A obtains the lowest SNR value due to the farthest distance. Further,

we plot SNR variation for mobile user traveling along B&F mobility model

in Figure 6.7. As obvious from the figure, SNR variation has a repetitive be-

haviour over the time for B&F mobility model, as well the distance and sector

variation (plotted by the previous figures). SNR varies over time between a

specific range ([6.64 dB, 24.51 dB]). Note that the particular user’ distance

has changed between 1 to 2.5, as shown by figure 6.6.
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6.5.2.4 RMSE Variation

In this section, we report RMSE variation according to the received signal and

corresponding estimated angle. Note that we defined RMSE measurement in

section 6.3.1. Figures 6.8 show measured RMSE variation by Sound-Align over

the time for RWP and B&F mobility.
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Fig. 6.8: RMSE variation for RWP and B&F mobility

As can be seen from Figure 6.8, highest value of DoA error is relevant to

point A, the farthest point with lower SNR value. In addition, B&F mobility

obtained less variation compared with RWP. The obtained mean RMSE within

the observation time is 0.09◦ for B&F while the corresponding value for RWP

is 0.10◦. However, in both cases, Sound-Align provides a high accuracy for

direction estimation.

6.5.2.5 Instantaneous Gain

Now, we study the gain achieved by a single mobile user in two different an-

tenna configuration. Figures 6.9 and 6.10 compare Instantaneous gain per

degree movement in 802.11 ad and Sound-Align for NSec = 16 and 64, respec-

tively.

As observed from the figure, for single user scenario, there is no difference
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Fig. 6.9: Instantaneous gain for single user, NSec = 16

between the achieved gain by 11.ad and Sound-Align for this antenna setting.

In the case of single user scenario, 802.11 ad enables to access slot per beacon

interval. Thus, there is no competition for antenna training. Moreover, a single

slot is sufficient for antenna training up to NSec = 16 (explained by Section

4.2.3). Thus, every 100 ms, both methods can successfully align their beam

with AP and achieve the potential gain of antenna.

However, there is a significant difference between instantaneous gain achieved

by Sound-Align and 802.11 ad for NSec = 64, as observed from Figure 6.10.

we draw the following observations from the figure:

• In NSec = 64, IEEE 802.11 ad obtains more side lobe gain than Sound-

Align, even for single-user scenario (no competition for antenna training).

This achievement is supported by required number of slots for antenna

training explained in Section 4.2.3.

• The aligned beam is frequently misaligned compared with NSec = 16.

This is because of the narrower beamwidth in higher directional antenna.
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Fig. 6.10: Instantaneous gain for single user, NSec = 64

In the following section, we insight into the performance evaluation of the

proposed beam alignment in multi-users scenario.

6.5.3 Performance Impact of Multi Users

The objective of this study is to address multi-users beamforming issue in

IEEE 802.11ad. Thus, in this section, we present an extensive evaluation of

the system performance for multi-users scenario.

6.5.3.1 Slot Access Success Rate Validation with different number

of users

As discussed and extensively analysed by section 4.2.3, slot access probability

reduces significantly at the presence of higher number of users attempting to

perform beamforming. From the probabilistic point of view, the probability
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that a user can successfully occupy a slot in a beamforming cycle can be

obtained as:

P(Slot Access) =

(
Ns − 1

Ns

)NUsers−1

(6.12)

where Ns = 8 and NUsers show the number of available slots in IEEE 802.11ad

standard and the number of users, respectively. Consequently, the first result

is to compare the analytical slot access success rate and and simulation values

in multi-users scenario. Figure 6.11 reports the values for both analytical and

simulation.
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Fig. 6.11: Slot Access Success Rate Validation

As obvious from the figure, the simulation test bed is perfectly validated

by the proposed analytical expression for slot access success rate. Moreover,

access rate is exponentially dropped from 100% to about 29% by increasing

the number of users from 1 to 10. Note that slot access success rate has no

dependency to the number of antenna sector.
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6.5.3.2 Validation of the Number of Required Slots for Antenna

Training

We compare the required beacon intervals, BIs, (or beamforming cycles) for

both simulation and analytical formulation. Recall that, in section 4.2.3, we

have analytically formulated the required number of beacon intervals to suc-

cessfully complete antenna training. As obvious from the analytical formula-

tion, the numbers of antenna sector, NSec incurred more required beacon in-

tervals for antenna training. Accordingly, Figure 6.12 illustrates the required

BIs for NSec = 32, 64 in the case of different number of users.
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Fig. 6.12: Required number of BIs for NSec = 32, 64

The plot compares both analytical and simulation results. As can be seen,

the validity of the simulation test bed is strongly confirmed by the analytical

model.

6.5.3.3 DoA RMSE and Number of Users

We previously examined the achieved DoA accuracy of sound-align for single

user in section 6.5.2.4. Here, we insight into DoA RMSE when multi-users are



6.5. Evaluation and Simulation Results 108

moving within the RoI. Figure 6.13 depicts box plot for 10 various RWP users.
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Fig. 6.13: DoA RMSE for Sound-Align in RWP mobility

Given that each user is individually travels within the RoI for TObs =

150× 103 ms. DoA RMSE is measured by Equation 6.1 every ms. As obvious

from the figure, all users obtain RMSE between 0.05◦ and 0.1◦ which is a

significant precision achieved by Sound-Align. Moreover, the number of users

incurs no negative effect on DoA RMSE because of FDM filtering approach

(explained in Section 5.4). Note that we assume IEEE 802.11ad is perfectly

aligned upon successfully accessing the slot and training antenna sectors.

6.5.3.4 Alignment Percentage

In this section, we present the results related to the average percentage of time

that user spent within main lobe antenna for both Sound-Align and IEEE

802.11ad. Recall that we defined the metric in section 6.5.3.4.

Figure 6.14 represents the average alignment percentage versus different

number of users. The results were collected for 5 different antenna configura-

tions, NSec = 4, 8, 16 and NSec = 32, 64 (figure (6.15)). From Figure 6.14 the

following observations can be drawn:
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NSec = 4
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NSec = 16
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Fig. 6.14: Main lobe percentage for NSec = 4, 8, 16 in RWP mobility

• Given a fixed number of antenna sector, i.e., NSec = 4, increasing the

number of users in the RoI decreases the obtained average alignment

percentage in IEEE 802.11ad while has no significant impact on Sound-

Align. The possible explanation is that a large number of users have less

slot access rate, confirmed by Figure 6.11. Upon accessing a slot, user

enables to train its antenna sectors to align with AP. Consequently, the

average time that users spent in main lobe antenna decreases noticeably

in 802.11ad. For example, the average alignment time in NSec = 4 de-

creases from 85% to about 30% by increasing the number of users from

2 to 10.

• In the considered antenna configurations, the effect of number of antenna

sector is negligible for 802.11ad beamforming. This is because of the

assumption that 802.11ad successfully selects the correct sector upon

accessing the slot for antenna training (no DoA error).

• Compared with the baseline beamforming method, our proposed beam

alignment enables to successfully maintain the alignment percentage sig-

nificantly high, regardless of the number of users. This stable and signifi-

cantly high alignment percentage has led by FDM and frequency filtering

approach (discussed in section 5.4). However, increasing the antenna sec-

tor from 4 to 8 and 16 decreases main lobe percentage from 97% to 93%.
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This behaviour can be explained by lower sector selection success rate

for higher number of sectors.

Next, we examine the alignment percentage for higher number of sectors,

NSec = 32 and 64. Figure 6.15 depicts the results.
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NSec = 64
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Fig. 6.15: Main lobe percentage for NSec = 32, 64 in RWP mobility

From the figure, following observations can be drawn:

• There has been a dramatic decline in 802.11ad alignment percentage for

NSec = 32 and 64. For example, having 2 users in RoI, the achieved

alignment percentage suffers a sharp decline from 80% to 28% and 15%,

with increasing antenna sector from 16 to 32 and 64, respectively. This

is caused by the more required slots for antenna training in configuration

of NSec > 16. The obtained results can be confirmed by Figure 6.12.

• Regardless the number of users, there is a large improvement achieved by

Sound-Align for more number of antenna sectors. Compared with the

benchmark beamforming, Sound-Align obtained a significant improve-

ment, reaching up to around 87% and 77% alignment with 10 users for

NSec = 32 and 64, respectively. The achievement is because of the out-

of-band and filtering approach of the proposed method.
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6.5.3.5 Gain Comparison

Ultimately, in this section, we represent the average gain of directional antenna

for both baseline and proposed beamforming methods, Gain11ad and GainSA.

Table 6.2: Gain comparison of 802.11ad and Sound-Align beam alignment, RWP
mobility model and v = 1.4m/s

NUser
NSec = 4 NSec = 8 NSec = 16

G11ad GSA G11ad GSA G11ad GSA

1 9.63 9.63 17.02 17.02 22.55 22.55

2 8.46 9.09 16.70 16.93 21.89 22.57

3 7.91 9.11 15.80 16.97 21.46 22.57

4 7.45 9.09 15.38 17 20.95 22.59

5 6.66 9.07 14.71 17.02 20.25 22.60

6 6.06 9.00 13.99 16.95 19.71 22.63

7 5.57 8.95 13.54 16.92 19.30 22.62

8 4.99 9.02 12.80 16.90 18.54 22.63

9 4.37 9.03 12.24 16.89 18.05 22.62

10 3.67 8.91 11.64 16.88 17.39 22.63

We have split the gain results into two separate tables, Table 6.2 and 6.3

for NSec = 4, 8, 16 and NSec = 32, 64, respectively.

From the tables, we can draw the following observations:

• intuitively, the higher directional antenna, the greater average gain for

both beam alignment methods, regardless the number of users.

• Regardless the numbers of antenna sectors, NSec, the benchmark method

provides significantly lower gain with more number of users. This finding

is explained by contention-based antenna training feature of 802.11 ad.

It is entirely confirmed by the alignment percentage results represented

in section 6.5.3.4.
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Table 6.3: Gain comparison of 802.11ad and Sound-Align beam alignment, v =
1.4m/s

NUser
NSec = 32 NSec = 64

G11ad GSA G11ad GSA
1 24.07 28.59 27.11 34.01

2 23.35 28.59 26.57 34.04

3 23.03 28.48 26.25 33.97

4 22.78 28.57 25.81 33.98

5 22.13 28.51 25.13 33.98

6 21.62 28.48 24.63 33.98

7 21.34 28.49 24.42 33.98

8 20.91 28.53 23.72 33.98

9 19.79 28.51 23.08 33.97

10 19.72 28.5 22.59 33.98

• Our proposed method has successfully outperforms the benchmark beam

alignment method in all multi-users scenarios. For example, in the case

of NUser = 10, GSA provides significantly higher gain from 5 dB to

11 dB for NSec = 4, 8, 16 and NSec = 32, 64, respectively. Note that

the proposed method obtains a slight decline in G in different antenna

settings. Moreover, device population has no incur on the offered G by

Sound-Align.

6.5.3.6 Performance Impact of Mobility Model on Average Gain

In the previous section, we demonstrated the significant improvement of Sound-

align compared with the baseline beamforming. The reported results collected

for users moving according to RWP mobility model. In this section we inves-

tigate the performance impact of mobility model on the proposed system in

terms of average gain of directional antenna. Accordingly, we evaluate Sound-

Align beamforming when all users on the RoI are moving along B& F mobility
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model (discussed in section 6.2.2). Tables 6.4 and 6.5 report the average gain

results for NSec = 4, 8, 16 and NSec = 32, 64, respectively. Note that the

blue columns represent average gain for Sound-Align and gray columns for

IEEE802.11 ad.

Table 6.4: Gain comparison of 802.11ad and Sound-Align beam alignment, Back &
Forth mobility model and v = 1.4m/s

NUser
NSec = 4 NSec = 8 NSec = 16

G11ad GSA G11ad GSA G11ad GSA
1 11.81 11.82 16.74 16.29 22.75 22.97

2 11.21 11.81 15.77 16.15 22.20 22.70

3 10.55 11.77 15.21 16.25 21.54 22.62

4 9.93 11.57 14.68 16.44 20.97 22.69

5 8.92 11.32 14.28 16.65 20.44 22.79

6 8.07 11.04 13.86 16.83 19.91 22.81

7 7.34 10.73 13.55 16.97 19.41 22.75

8 6.45 10.44 12.93 16.98 18.67 22.67

9 5.57 10.15 12.44 17.01 18.03 22.60

10 4.60 10.02 11.92 17.02 17.32 22.54

From the tables, we can draw the following observations:

• Similar to RWP mobility, B&F also obtains a significant improvement

in multi-users scenario compared with 802.11 ad. For example, there is

about 5 dB improvement on average gain of antenna for NSec = 4, 8, 16

in the case of 10 users. Moreover, Sound-Align achieves more than 9 dB

improvement for NSec = 32, 64.

• Average gain obtained by B&F for all antenna configurations and various

number of users are almost similar with the values obtained by RWP.

This result can confirm the performance of the proposed beam alignment,

regardless the mobility model.
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Table 6.5: Gain comparison of 802.11ad and Sound-Align beam alignment, B&F
mobility model and v = 1.4m/s

NUser
NSec = 32 NSec = 64

G11ad GSA G11ad GSA
1 24.85 28.57 27.11 34.60

2 23.35 28.55 26.57 33.99

3 22.84 28.53 26.25 33.96

4 22.69 28.52 25.81 33.91

5 22.17 28.46 25.13 33.86

6 21.60 28.46 24.63 33.75

7 21.37 28.46 24.42 33.67

8 20.94 28.36 23.72 33.52

9 20.15 28.36 23.08 33.35

10 19.74 28.30 22.59 33.18

6.6 Conclusion

In this chapter, we proposed sound-assisted beam alignment scheme for multi

users, which are constantly walking within a RoI and desire to align their

beam with mmWave AP. We have examined different antenna configurations

and two different mobility pattern to evaluate the system performance. We

compared our proposed beam alignment algorithm with baseline beamforming

method in IEEE 802.11ad. The results proved that our proposed method

improve antenna gain, significantly for multi-users scenario. Moreover, it was

shown that our algorithm obtained a highly significant improvement for more

directional antenna, e.g., NSec = 32, 64. These advancements can be brought

by low complexity (2 microphones) and extremely fast (50 ms chirp signal)

features.



Chapter 7

Conclusion and Future Work

This chapter concludes the thesis by highlighting the key outcomes of the

research undertaken followed, and discussing possible future researches.

7.1 Key Outcomes and Concluding Remarks

This thesis surveyed the emerging research area of Millimeter Wave (MmWave)

wireless communication to assess the state-of-the-art, its potential, and its

challenges. We showed that MmWave wireless communication is an enabling

technology to provide multi-Gbps data rates using 60GHz unlicensed band.

We discussed that despite the immense potential of MmWave, its realization

is challenging due to severe path loss, atmospheric absorption, and blockage.

IEEE 802.11 ad mitigates these issues employing antenna arrays with beam-

foming (BF) to establish a narrow directional communication link between

the transmitter and the receiver. However, beamforming performance in a

mobile MmWave network is still unexplored by the researchers, specially for

multi-users scenario.

In this thesis, we went beyond the basic advantage of MmWave communica-

115
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tion and sought further benefits that these emerging communication interface

could bring to mobile wireless networks. We have proposed out-of-band beam

alignment scheme for consumer electronic devices to improve MmWave beam-

forming performance while serving multiple mobile users.

The key outcomes and conclusions of this thesis are presented below:

• Our study revealed that despite the plethora of work in MmWave beam-

forming, its real constraints and limitations have not been well studied in

the literature. MmWave beamforming which is performed in MAC layer

through beacon interval channel access, is a contention-based method.

Thus, device population on the network causing significant performance

degradation for the gain of antenna. As a result, it is crucial to under-

stand the constraints of beamforming in MmWave networks.

• We analytically studied the beam alignment performance of 802.11ad in

the presence of multiple devices. We came up with a probabilistic model

for required number of beacon intervals to complete antenna training in

multi-users scenario for 802.11 ad. We further considered a practical ro-

tation movement for clients to investigate the deficiency of beamforming

procedure proposed in the standard in a mobile applicable environment.

• Utilizing the developed probabilistic model, we conducted a numerical

performance comparison between the Oracle-based, IEEE 802.11 ad, and

sensor-based beamforming for rotating devices to investigate the limita-

tions of the standard. Our evaluation showed the limitations of the

standard for highly directional antenna training in multi-users mobile

devices.

• We explored the feasibility of exploiting inaudible acoustic channels on
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the COTS devices to improve MmWave beamforming in multi-users net-

work. By performing a combination of experimental-simulation eval-

uation, we sought the available inaudible bandwidth on the consumer

electronic devices to accommodate concurrent multiple users for acous-

tic direction finding and beamforming. Our comprehensive experiments

revealed that up to 20 channles with the frequency band of 50 Hz and

signal length of 50 ms could be addressed within 18−19.2 KHz inaudible

acoustic bandwidth.

• Exploiting the developed inaudible acoustic channel, we investigated the

performance of well-designed MUSIC algorithm for direction finding of

multiple sound sources. Despite the wide popularity of MUSIC as a

sub-space DoA method, MUSIC has not yet been leveraged for DoA in

inaudible sound frequencies. We also designed a filtering approach to

access the channel using FDM method for MUSIC direction estimation.

Our results showed the performance of the designed sound-assisted di-

rection finding as a low complexity (just 2 microphones), reliable (highly

precise), and fast (just 50 ms chirp duration) DoA method for smart

devices, such as smart phones.

• We conducted a large number of simulations to evaluate the performance

of proposed inaudible sound-assisted direction estimation, called Sound-

Align, for MmWave beamforming. Considering the directional commu-

nication in MmWave, we measured the antenna gain in various configu-

ration of antenna sector numbers. Moreover, we examine the impact of

device population on the efficiency of the proposed beamforming scheme.

The results confirmed that Sound-Align has significantly outperformed

IEEE 802.11 ad beamforming.
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• We further validated the developed probabilistic model presented for

required number of beacon intervals in a multi-users scenario using sim-

ulation. The findings confirmed the validity of the proposed analytical

model, perfectly.

• Additionally, we evaluated our proposed beamforming algorithm for two

different mobility models, RWP and Back&Forth. The findings demon-

strated that in both mobility patterns Sound-Align obtained significantly

higher performance than the standard by up to 11 dB avrage gain of an-

tenna for 10 users and 64 antenna sectors.

7.2 Future Work

Our work opens up several directions of new research. This section summarize

some of the ongoing and future research directions on this research.

• Our theoretical study was based on the well-studied directional antenna

model provided on the implemented antenna in NS3 60 GHz module

[75]. In this antenna model which is inherited from the base model in

[76], the attributes of radiation pattern are defined mathematically. As

a first step in future work, we will reconsider alternative antenna pattern

to study more realistic radiation model. It is suggested to reconsider the

achieved gain on side lobe antenna while the current model just assumed

a constant value.

• The extensive inaudible sound DoA analysis obtained by conducting a

set of controlled experiments provided in this thesis, was a big step to-

wards understanding the feasibility of multiple devices direction finding.

Although we conducted experiments at the reference points of 1 m with
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the generally-used smart phone models and laptop embedded with 2 mi-

crophone array and then post-processing using simulation model, a thor-

oughly experimental evaluation with various hardware type is needed.

• In this research, we assumed LOS condition given the installment of

AP in the height of users devices. Considering NLOS communication

either by users’ body organs or surrounding objects and evaluating the

performance of Sound-Align beam alignment would be an interesting

direction for future work.

• In our future work, we aim to experimentally validate the findings of

this study by developing prototype Sound-Align system and MmWave

hardwar (e.g., 60 GHz compatible AP) to measure the gain performance

of the proposed system.
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