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Abstract

Smart antenna systems hold promise to meet the projected demand for increased channel

capacity in future wireless communications services. This dissertation is concerned with the

design of Index Modulation (IM) algorithms based on switched beam antenna systems,

which bene�t from energy e�ciency of the antenna array gain, in addition to improved

spectral e�ciency. In this research, the latter is accomplished through transmitting spatial

streams by indexing beams representing the directions of signal arrival. In particular, this

dissertation develops a common framework based on beamforming patterns for the design

of modulation, coding, and multiple access techniques.

First, this dissertation contributes three schemes that embed information in the radiated

beam patterns. As a starting point, beam angle shift keying (BASK) is introduced, where a

spatial symbol selects a single active beam for the unmodulated carrier signal. This scheme

is then extended to beam angle channel modulation (BACM), where in addition to a spatial

stream, an amplitude and phase modulated (APM) carrier signal is considered. Finally,

a generalized BACM (G-BACM) is devised, where the spatial symbol selects two or more

simultaneously transmitted beams. In all these modulation schemes, when the transmitter

selects one of the Ms beamforming patterns, this increases the spectral e�ciency of a spatial

stream by log2(Ms). A key point is thatMs can be much larger than the number of antennas.

This contrasts with traditional multiple-input multiple-output (MIMO) systems, where the

increase in spectral e�ciency is governed by the minimum number of transmit and receive

antennas.

Secondly, this dissertation extends BASK modulation into a multi-user version referred

to as beam angle multiple access (BAMA). Speci�cally, multiple access on the uplink is

achieved by assigning subsets of beams to individual users signaling with BASK. At the

base station, over the duration of the spatial symbol, the receiver decides on a subset of

possible multiple angles of arrival (AOA) corresponding to spatial symbols from di�erent

users.

Thirdly, this dissertation proposes a multibeam version of space-time block coding

(STBC). By utilizing simultaneous transmissions of two or more beams in G-BACM, this

work introduces diversity for the QAM/PSK symbols and increases the reliability of the

spatial (beam angle) symbols by providing replicas for the group of beam angle signatures

(repetition coding).

This dissertation advances e�cient spectrum and power utilization in wireless transceivers

by exploiting beamforming pattern switching in smart antenna systems. The motivation

behind this work is to allow future wireless transceivers operating at higher frequencies to

combat high signal attenuation through digital beamforming.

xiv



1 Introduction

Due to the ever-growing demand for wireless communication systems that support

higher bit rates and a higher quality of service despite being restricted by spectrum

scarcity, there is continuing pressure to increase the spectral e�ciency of new signaling

schemes. Advanced antenna systems with multiple-input multiple-output (MIMO)

technologies are crucial building blocks for improving the capacity of present and fu-

ture wireless networks [1] � [3]. The MIMO designs o�er di�erent ways of improving

the performance of communication systems, through (i) spatial multiplexing and di-

versity, as well as (ii) smart antenna array (beamforming) gains [4], [5]. There are two

fundamental approaches in standard MIMO networks using antenna arrays. These

involve the parallel transmission of independent data streams to maximize the spatial

multiplexing gain, and space-time coding to maximize the diversity gain (reliabil-

ity) [6]. In contrast, beamforming is a robust technique which spatially focuses power

toward the target receiver and reduces interference to and from other directions [7].

Beamforming is accomplished through the manipulation of signals induced in various

antenna elements. This array signal processing, with adaptive algorithms to adjust

the required antenna weighting, is exploited in this dissertation to advance the design

of wireless communication signaling schemes such as modulation, coding and multiple

access [8].

As technology moves toward �fth-generation (5G) mobile communications, the

1
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concepts of MIMO are evolving to include massive MIMO and coordinated multi-

point transmission [9]. However, alternative advanced MIMO schemes that reduce

the number of RF chains required and permit the use of compact antennas are being

considered for wireless communications beyond 5G [10]. This stems from the fact that,

to overcome today's spectrum scarcity in traditional frequency bands, new spectrum

opportunities are also being explored, particularly in the millimeter-wave (mmWave)

frequency bands [11]. Operating at higher frequencies, above 6 GHz, implies greater

attenuation as well as di�erent implementation challenges than is the case with stan-

dard approaches. This is the reason why, in this dissertation, an advanced antenna

solution that can also bene�t from smart antenna array advantages in the mmWave

band is pursued [12]. Furthermore, the proposed system model also attempts to

bene�t from non-line-of-sight (NLOS) directional communication, which has already

been exploited for �xed wireless backhaul/outdoor communication in these frequency

bands.

To address the requirements of future wireless communication systems with en-

hanced throughput and quality of service, this dissertation introduces new signaling

schemes for point-to-point wireless links that (i) increase spectral e�ciency, and (ii)

bene�t from antenna array gains. Speci�cally, these techniques take advantage of

multiple specular re�ection paths between the transmitter and receiver. By acti-

vating one of the beams (or a subset of such beams) at the transmitter by using

phased antenna arrays, and via indexing of the transmitting beam(s), the transmis-

sion of spatial symbols is accommodated. This increases bandwidth e�ciency beyond

what would usually be transmitted via amplitude and phase modulation (APM) sym-

bols alone. This beamforming pattern based modulation is investigated for di�erent

con�gurations of beams, antennas, concatenation with APM, and space-time block

coding (STBC), thus o�ering �exibility when balancing the complexity of the sig-

naling scheme and its performance. The proposed modulation is also extended from
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single-user to multiuser transmissions, where similarly, as in space-division multiple

access (SDMA), antenna arrays are employed at user terminals to steer the carrier sig-

nal toward the base station (BS), however users change the beam patterns depending

upon the transmitted data.

The adaptive steering of multiple beams to send data has already been used for

some time in the context of SDMA, when implementing multiple access for di�erent

users through virtual channels in the angle domain [13]. However, in this disserta-

tion, multiple beams (or rather beam patterns) are initially exploited to transmit

data for one transmitter-receiver connection, to increase the data rate beyond that of

conventional APM transmission. Only then is this approach analyzed in the context

of multiple access. The unique feature of transmitting �spatial� data through beam

indexing breaks away from the traditional operation of SDMA, where data of one

transmitter-receiver pair is sent on one beam only. The signaling schemes developed

in this dissertation are more in line with a general concept of index (or permuta-

tion) modulation where, in addition to APM symbols, other data are sent through

channel indexing, as in spatial modulation (SM) where the transmitting antennas

are indexed [14]. In this work, by indexing beams or beam patterns and mapping

the input bits on a selected permutation of the beam set, increased data rates can

be achieved through low-complexity implementations of multiple beams with smart

antennas.
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1.1 Dissertation Objectives, Contributions and Or-

ganization

1.1.1 Objectives

The general objective of this dissertation is to exploit smart antenna array ad-

vantages (e.g., beamforming and nulling) when designing various signaling schemes,

by adaptively switching antenna radiation patterns. To this end, multi-antenna

transmission schemes are developed that can realize the bene�ts of conventional

MIMO communications by performing the modulation process at the RF stage of the

transmitter [3]. These schemes depend (i) on the information-driven beam pattern

switching mechanism (during the encoding phase), and (ii) on the separability of the

transmitter-to-receiver beams (during the decoding phase). This is in contrast to tra-

ditional beamforming approaches where, when taking advantage of the antenna gain,

only one direction is used at the transmitter to send APM symbols on the carrier

signal.

This dissertation develops a novel transmission technique that uses an antenna

array to encode information symbols in the angle of propagation (and arrival) wave

of the wireless channel. At the encoder, the block of information bits is mapped into

two symbols: (i) a spatial symbol selecting the direction of arrival of the amplitude-

and phase-modulated carrier signal, and (ii) a temporal symbol chosen from the con-

stellation diagram, such as quadrature amplitude modulation (QAM) or phase shift

keying (PSK). The proposed scheme follows the model for concatenated modulation

designs, as in the recently introduced spatial modulation (SM) approach. Speci�cally,

this approach attempts to exploit the indices of the transmitting beams as a signaling

dimension for transmitting spatial symbols. This is in addition to employing the tra-

ditional temporal signaling dimensions using QAM or PSK [15], [16]. The bene�t of
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this scheme is that it requires only a subset of RF chains (as few as one), as compared

with conventional MIMO systems.

The proposed spatial signaling through beamforming indexes provides a frame-

work for studying the adaptive antenna transmissions technique in single and multiple

user scenarios. The originally proposed single beam based index modulation, referred

to as beam angle channel modulation (BACM), is generalized to map the spatial

symbol to the index representing the active subset of possible beams. The primary

advantage of this generalized beamforming and pattern selection based modulation is

that it allows APM signals to be transmitted on parallel active beams. This scheme

is also investigated when employing STBC to combat fading channels and when trad-

ing o� between the system data rate and reliability. As in SDMA, when deploying

the proposed modulation in multiuser scenarios, antenna arrays are employed at the

user terminals to steer the carrier signal toward the BS, however, users change the

beam patterns depending upon the transmitted data. At the BS, an adaptive antenna

system is used to decide on the directions of simultaneous single-carrier signals in the

same band, characterizing di�erent users.

Generalized BACM allows the spatial symbol at the transmitter to select a beam

pattern with two or more active beams. In a single channel use, the transmitted

information is conveyed (i) in spatial symbols indexing the activated combination

of K simultaneous transmit/receive beams, and (ii) in the K APM symbols from

QAM/PSK constellations. The K APM symbol streams are transmitted in parallel

on the K active beams. Working with combinations of K active beams (of the total

number of NB potential beams generated in the transmit antenna array) increases

the spatial modulation level in G-BACM.

In beam angle multiple access (BAMA), an interference-aware multiuser detection

technique is developed to accommodate a multiuser communication scenario. Multiple

access in the system is attained by assigning subsets of beams to individual users
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signaling with BASK. At the base station, for the duration of the spatial symbol, the

receiver decides on a subset of possible multiple angles of arrival (AOA) corresponding

to synchronized spatial symbols from di�erent users. Unlike the situation in SDMA,

where a �xed beam arrangement is used, BAMA detects the beams employed by

several users on a symbol-by-symbol basis.

In this dissertation, due to the system and algorithm complexity, it was not fea-

sible to use only analytical methods to evaluate the performance of the algorithms

developed or to pursue practical implementations. Therefore, a combination of an-

alytical and simulation results is employed. All proposed schemes and algorithms

have been validated and compared through a large number of computer simulations

run in the MATLAB R© computing environment. In this area of research, this is an

acceptable research methodology for solving wireless communication problems and

arriving at new knowledge and designs.

This dissertation contributes to the theoretical development of a new spatial mod-

ulation technique, with the extensions for other aspects of communication systems like

coding and multiple access. The results are veri�ed through simulations. This is the

�rst step, which precedes practical implementation. This is an acceptable methodol-

ogy in the �eld of communication system design, since not all physical layer wireless

communication proposals proceed to the implementation stage.

1.1.2 Contributions

Results of the research described in this dissertation have been published in the

form of conference papers in [17] � [20]. In addition, one journal article is in prepa-

ration. The details of these publications are outlined below.

Refereed Conference Proceeding Publications

[C-1] J. Hoseyni and J. Ilow, "M-ary Beam Angle Shift Keying Modulation for
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MIMO Channels," in 2018 Wireless Days (WD), 3-5 April 2018, pp. 190-195.

[C-2] J. Hoseyni and J. Ilow, "Beam Angle Channel Modulation," in 2017 IEEE

Vehicular Technology Conference (VTC Fall), 24-27 September 2017.

[C-3] J. Hoseyni and J. Ilow, "A Novel Multiple Access Technique Based on Antenna

Radiation Pattern Modulation," in 2018 IEEE 29th Annual International Sym-

posium on Personal, Indoor and Mobile Radio Communications (PIMRC), 9-12

September 2018, pp. 1447-1452.

[C-4] J. Hoseyni and J. Ilow, "Generalized Beam Angle Channel Modulation with

Space-Time Block Coding," in 2019 IEEE 90th Vehicular Technology Confer-

ence: VTC2019-Fall, 22-25 September 2019.

Journal Papers (in preparation)

[IPJ-1] J. Hoseyni and J. Ilow, "Generalized Beam Angle Channel Modulation," to

be submitted to Wireless Communications.

The research in each of the papers cited above was initiated and carried out by

the principal author of the papers, who is also the author of this dissertation.

The research contributions of this dissertation can be classi�ed into four areas,

which correspond to the four main chapters of the dissertation. The chapters and the

speci�c papers that relate to them are listed below.

Chapter 2: Radiation Pattern Beam Angle Shift Keying

A new beamforming based modulation technique is introduced, referred to as

beam angle shift keying (BASK) modulation. It uses an antenna array to en-

code information symbols in the angle of wave propagation (and arrival) in a

multiple-input multiple-output (MIMO) wireless channel. Speci�cally, at the

transmitter, the block of information bits is mapped into a �spatial� symbol



8

selecting the beam, or equivalently the direction of departure (DOD), for the

unmodulated carrier signal. [C-1].

Chapter 3: Two Layer Data Encoding Communication System

A concatenated 3D modulation is proposed, where the block of information bits

is mapped into two symbols: (i) a spatial symbol selecting the direction of arrival

of the amplitude and phase modulated carrier signal, and (ii) a temporal symbol

chosen from a constellation diagram such as QAM or PSK. [C-1] and [C-2].

Chapter 4: Multiple Access Technique Based on Beam Angle Shift Keying

An interference-aware multiple access technique is developed. This unique mul-

tiuser transmission scheme employs multiple beam patterns to communicate

with multiple users on a single carrier. [C-3] and [IPJ-1].

Chapter 5: Generalized Beam Angle Channel Modulation with Space-Time

Block Coding

Generalized BACM allows the spatial symbol at the transmitter to select a

beam pattern with two or more active beams instead of a single beam for any

channel. This provides greater spatial bandwidth e�ciency than is the case with

BACM. In addition, a multibeam STBC is developed to introduce diversity for

the QAM/PSK symbols and to increase the reliability of the spatial (beam

angle) symbols by providing replicas for the group of beam angles signatures

(repetition coding). [C-4] and [IPJ-1].

1.1.3 Organization

This dissertation is organized into six chapters. The �rst chapter outlines the ob-

jectives, contributions, and dissertation organization, as well as the general concepts
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and models used throughout the dissertation. The last chapter contains the conclu-

sions and o�ers suggestions for future work that could be carried out to expand upon

the results.

Chapter 2 discusses the new application of beamforming. A new modulation

technique is introduced which encodes data in the beam angle of the power radiated

in the wireless channel. This is referred to as beam angle shift keying (BASK).

Chapter 3 focuses on extending the proposed BASK technique to a concatenated

3D modulation scheme referred to as beam angle channel modulation (BACM). In

addition to encoding information bits in the angle of the transmitting beam, BACM

also includes conventional QAM or PSK on the RF carrier.

In Chapter 4, by extending the BACM modulation scheme to a multiuser scenario

on the uplink, an interference-aware multiuser detection technique is developed, which

is referred to as beam angle multiple access (BAMA).

In Chapter 5, generalized BACM is introduced, �rst to allow the spatial symbol

at the transmitter to select a beam pattern with two or more active beams. This is

referred to as G-BACM. Space-time block coding is then proposed, (i) to transmit

multiple copies of data streams across a number of beams and time slots, and (ii)

to exploit the various versions of the data received to improve the reliability of data

transfer.

The remainder of this chapter provides a review of concepts and literature in

relation to the research pursued in this dissertation. Speci�cally, Sections 1.2 and

1.3 present the building blocks related to the research in more detail and review

the corresponding literature in the areas of (i) communication systems overview, (ii)

bandwidth e�ciency, (iii) space-time block coding, (iv) multiple access with SDMA,

and (v) antenna arrays.
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1.2 Communication Systems Overview

Generally, communication involves the transmission of information from a source

to a destination through a series of operations. Regardless of the form of communica-

tion being considered, every communication system has three fundamental elements:

a transmitter, a channel, and a receiver [4], each with a speci�c role, as shown in

Figure 1.1. The primary communication process in every wireless system is data

encoding or modulation [16].

Digital systems employ sophisticated modulation techniques to increase spectrum

e�ciency by combining multiple bit transmissions into signal representations, using

a nominal one hertz of bandwidth. For example, 8-ary quadrature amplitude modu-

lation (QAM) de�nes a total of eight possible combinations of amplitude and phase,

which permits three bits to be encoded in one hertz of bandwidth in a conventional

single-input single-output (SISO) transceiver. The following section is devoted to a

review of data encoding techniques, and also examines some of the wireless commu-

nication concepts used in this dissertation.

Information

Source
Transmitter Tx. Antenna

Wireless

channel

Rx. Antenna
Information

destination
Receiver

Interference

Noise

Figure 1.1: Wireless communication system.
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1.2.1 Data Encoding Techniques

In communication systems, modulation is the act of changing a signal to transmit

useful data and matching this signal to a channel medium within a particular spectral

bandwidth [21]. A source message is usually represented initially by a baseband signal,

commonly referred to as an information bearing signal. This signal varies one or more

of three parameters: amplitude, phase, and frequency of the radio frequency (RF)

carrier signal. In this way the baseband signal is carried by the modulated carrier

through a wireless channel from the transmitter to the receiver. Among traditional

digital modulation schemes, QAM is attractive, with applications in many advanced

communication systems, due to the e�cient use of bandwidth and hardware [22].

Recently, index modulation (IM) techniques are attracting more interest [23], [24].

In IM, transmit entities other than amplitudes/frequency/phases are used to convey

information. Some of these schemes exploit an antenna or subcarrier index to en-

code the information while others, such as media-based modulation (MBM), embed

information in variations of the transmission media (channel states) [25]. Speci�cally,

there is an interest in designing multi-antenna transmission schemes that can realize

the bene�ts of MIMO communications, i.e., spatial multiplexing and transmit/receive

diversity, by performing the modulation process at the RF stage of the transmitter,

rather than using baseband modulation [26]. In this area, two multi-antenna trans-

mission algorithms have attracted considerable attention in the MIMO literature due

to the reduced complexity of their structure: (i) spatial shift keying (SSK) [27], [28],

and (ii) spatial modulation (SM) [29], [30]. SSK exploits transmit antenna indices

as the information source and uses the distinct multipath characteristics of di�erent

antennas to di�erentiate between the spatial symbols transmitted. SM, which is a

concatenation of SSK and amplitude/phase modulation, e.g., QAM, can o�er better
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performance than conventional MIMO schemes and a reduction in transceiver com-

plexity, e.g., a single RF chain [31]. For review purposes, these modulation schemes

are described below.

QAM Modulation

Conventionally, when data is encoded into the amplitude and phase of a carrier

signal, the �temporal� symbols are represented by using QAM or PSK [15], [16], [32].

The 16-QAM system yields sixteen distinct signal states, as illustrated in the signal

constellation graph in Figure 1.2. Thereby, each signal impulse, or symbol, car-

ries one of sixteen possible signal combinations and represents four bits (24 = 16).

Conventional M-QAM is a two-dimensional (2D) signaling scheme which can be
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Figure 1.2: Mapping of bits into symbols in 16-ary QAM, in a scatter pattern repre-
sentation of the constellation.

considered as a concatenation of (i)
√
M pulse amplitude modulation (PAM) along

the in-phase (I) signaling dimension, and (ii)
√
M PAM along the quadrature (Q)

signaling dimension [7]. QAM operates by transmitting two DSB signals via a carrier
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Figure 1.3: QAM modulator.

of the same frequency, but in phase quadratures, as shown in Figure 1.3. In QAM,

as the modulation level increases, the number of bits per symbol increases, which

improves the bandwidth e�ciency as measured in terms of [bps/Hz]. However, for

received signals with a given average power, the signal points are brought into closer

proximity, which increases the susceptibility to noise and interference.

Spatial Shift Keying

Spatial shift keying modulation is a recently developed transmission technique

that uses multiple antennas to encode information in the spatial index of the speci�c

antenna activated in the array, for transmission of the unmodulated carrier [33]. SSK

successfully exploits the indices of the transmit antennas as a signaling dimension for

sending spatial symbols [34]. Activating one transmit antenna at a time eliminates

channel interference and antenna synchronization, and also creates a robust system

for channel estimation errors, since the probability of error is determined by the

channel characteristics associated with the physical location of antennas, rather than

the channel realization [35] [36].
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Spatial Modulation

The process of combining two (or more) information bearing signals into a single

RF carrier is referred to as concatenated (hybrid) modulation. Spatial modulation

is a concatenated modulation which combines SSK modulation with conventional

amplitude phase modulation (APM) [37]. SM can be interpreted as a 3D signaling

scheme where the I and Q components represent the �rst two dimensions, and antenna

selection represents the third dimension [38] as shown in Figure 1.4.
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Figure 1.4: Illustration of the 3D encoding of spatial modulation.

The bene�t of this scheme is that it requires only a subset of RF chains (as few

as one), in contrast to conventional MIMO systems [39] [40]. The use of the transmit

antenna number as an information bearing unit increases the overall spectral e�ciency
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by the base two logarithm of the number of transmit antennas.

1.2.2 Bandwidth E�ciency

In general, in communication systems, spectral e�ciency refers to the data rate

that can be accommodated in a given bandwidth to achieve acceptable performance

(i.e., reasonable �delity). Spectral e�ciency is measured in bits per second per hertz

(bits/s/Hz) and is de�ned as:

ηs =
Rb

Bw

(bit/s/Hz)

where R is the data rate in bit/s, and Bw is the passband transmission bandwidth in

Hz.

An M-ary QAM is based onM alternative symbols, with k = log2(M) bits/symbol.

Since QAM is a form of double sideband passband transmission, the spectral e�ciency

cannot exceed k (bit/s)/Hz. The upper bound bit rate (capacity) for M-ary QAM in

a noise-free channel with rectangular pulse shaping at the baseband is given by the

formula:

C = 2 · Bw · log2(M)

Basically, there are two ways to increase the speed of data transmission: by using

more bandwidth, and by using more signal levels [41].

Through an Nt element transmit antenna array, SM merges a spatial dimension

with conventional QAM modulation without any bandwidth expansion, and increases

the system bandwidth e�ciency by log2 Nt in comparison to SISO QAM.

1.2.3 Wireless Communication Channels

The performance of wireless communication systems is a�ected by the wireless

channel propagation environment. Here the term channel describes the impulse re-

sponse of the linear time-varying communication system between a transmitter and a



16

receiver. Sound modeling of wireless channels plays an essential role in analyzing and

designing wireless transceivers. In essence, transmitted signals are subject to detri-

mental e�ects such as signal attenuation (deterministic power loss with distance),

fading and shadowing (multiplicative random e�ects) as well as the omnipresent ad-

ditive white Gaussian noise (AWGN) in the receivers. This section reviews some of

the wireless communication channel theory relevant to this dissertation.

Generally, in addition to deterministic path losses, wireless links are impaired by

random �uctuations of the signal level in the time, frequency and/or space domains.

This channel behavior is known as fading and impacts the performance of the wireless

system, depending on the fading model. The most common type of fading is �at, slow

fading where the multiplicative factor a�ecting the signal received at the baseband is

given by a complex random variable denoted as h. In the most common (and worst)

case Rayleigh fading statistical model, h has real and imaginary Gaussian components

with zero means, which are independent and identically distributed (i.i.d.) RVs [42].

Even though fading adversely a�ects system performance in most communication

systems, some signaling techniques use the fading environment as an opportunity to

enhance system performance. For example, MIMO systems in multiplexing con�gu-

rations create multiple parallel data links to improve the bandwidth e�ciency.

1.2.4 Signal Propagation

In a wireless communication channel, a transmitted signal can reach the receiver

through line-of-sight (LOS) as well as non-line-of-sight (NLOS) paths. The main

NLOS propagation mechanisms are re�ection, scattering, and di�raction. There are

also other mechanisms of propagation, such as tropospheric or ionospheric scattering,

but these are not common in most wireless communication systems. An important

component of this work is signal propagation in the channel. In particular, small-

scale propagation phenomena are important, because they in�uence physical layer
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and modulation scheme designs [43].

In this dissertation, it is assumed that the communication channel is a rich re-

�ective environment with a number of di�erent LOS and NLOS paths between the

transmitter and receiver that can be selected via di�erent angles of signal departure

from the transmitting antenna array. With this provision, the electromagnetic �eld

at the receive antenna is the sum of the free space �eld from the transmit antenna

plus the re�ected and scattered free space waves from each of the re�ecting and scat-

tering obstacles in the channel environment. This is an acceptable assumption for

most indoor and outdoor communication channels. If this condition is not satis�ed,

the system designer should include re�ectors in the communication link design. Such

re�ectors or RF mirrors are already used in many microwave RF links.

1.2.5 MIMO Systems

Wireless communication system designers are facing a variety of challenges. These

including radio frequency spectral scarcity and a complex space-time varying wireless

channel. In addition, there is an increasing demand for higher throughput, higher

quality of service, and higher system capacity. Recently, MIMO systems have emerged

as a promising technology capable of satisfying these demands. MIMO communication

systems can be de�ned intuitively by considering that multiple antennas are used at

the transmitter and receiver ends. The key idea behind MIMO is that signals sampled

in the spatial domain at both ends are combined to create e�ective multiple parallel

spatial data channels (to increase the data rate), and/or to add diversity to improve

the reliability (reduce the BER) of the communication system [44].

The advantages of deploying multiple antennas result from utilizing a new dimen-

sion, space, in addition to the dimensions of time and frequency. Hence, because the

spatial dimension complements the time dimension, MIMO technology is also known

as a space-time wireless system. Until the mid-1990s, antenna arrays were primarily
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used at the receiver for estimating the direction of arrival, contributing to beam-

forming and spatial diversity. With the emergence in 1995 of what is now known

as conventional MIMO systems, multipath signals were exploited to bene�t multi-

plexing and/or diversity gain. In MIMO systems, since space is used as an additional

dimension, it needs to be modeled separately, similarly to the way time and frequency

variations have been modeled for wideband SISO systems.

1.2.6 Diversity

To combat the impact of fading on the bit error rate (BER), diversity techniques

are usually employed. The underlying principle of diversity techniques is to provide

the receiver with multiple versions of the same transmitted signal. Each of these

versions is de�ned as a diversity branch. If these versions are a�ected by independent

fading conditions, the probability that all branches fade at the same time is dramati-

cally reduced. Hence, diversity helps to stabilize the link through channel hardening,

which leads to improved performance in terms of BER. Because fading may take place

in time, frequency or space, diversity techniques may be exploited similarly in each

of these domains.

The concept underlying spatial diversity techniques is that, in the presence of ran-

dom fading caused by multipath propagation, the SNR can be signi�cantly improved

by combining the output of decorrelated antenna elements.

Diversity techniques used to mitigate degradation in error performance due to

wireless fading channels include:

• Spatial diversity: multiple antennas that are su�ciently separated (by more

than 10λ) are used to implement independent wireless channels, where λ is the

carrier wavelength dependent on the carrier frequency.

• Polarization diversity: independent channels are implemented by using the fact
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that vertically and horizontally polarized paths are independent.

• Time diversity: the same information is transmitted repeatedly at time in-

stances that are su�ciently separated (by more than the coherence time).

• Frequency diversity: the same information is transmitted repeatedly at fre-

quency bands that are su�ciently separated (by more than the coherence band-

width).

• Angle diversity: multiple receive antennas with di�erent directivity are used to

receive the same information bearing signal at di�erent angles.

In the case of frequency/time diversity, the same data are transmitted at mul-

tiple spectral bands/times to achieve diversity gain. Time diversity and frequency

diversity techniques require additional time and frequency resources, respectively.

However, antenna and spatial diversity techniques do not require any additional time

or frequency resources. Space-time diversity techniques are illustrated in Figure 1.5.

In the case of space-time diversity, data is transmitted over multiple �paths� in the

same time slots.

Time

Space

Frequency

S_1

S_1

S_2

S_2

S_3

S_3

S_4

S_4

Figure 1.5: Space-time diversity techniques.
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Since channel capacity and diversity gain decrease as the correlation between the

antenna elements increases, antenna spacing must be large enough to reduce the signal

correlation at di�erent antennas.

1.2.7 Space-Time Block Coding

Space-time block codes (STBCs) have evolved considerably over the years. While

they originally attracted attention due to their low decoding complexity, they have

been subject to renewed interest in light of the diversity-multiplexing trade-o�. The-

oretically, STBCs may take several forms, but practically, linear STBCs are by far the

most widely used. The idea behind linear STBCs is to spread information symbols in

space and time, to improve either the diversity gain or the spatial multiplexing rate,

or both.

Orthogonal space-time block codes (O-STBCs) are a very important subclass of

linear STBCs in conventional MIMO systems. They have properties which make them

extremely easy to decode, while still achieving a full diversity of Nt × Nr, where Nt

and Nr represent the number of transmit and receive antennas, respectively. In fact,

in the case of O-STBCs, MIMO maximum likelihood decoding decouples into several

SIMO maximum likelihood decodings. Each transmitted symbol is thus decoded

independently of the other symbols transmitted within the same block. However,

O-STBCs have a much lower spatial multiplexing rate than is the case with spatial

multiplexing schemes [45].

The best-known O-STBC is the Alamouti code. It is a complex O-STBC for two

transmit antennas and is characterized by a multiplexing rate of 1. Beamforming

techniques all require knowledge of the channel at the transmitter to derive optimal

weights. In contrast, Alamouti developed an ingenious but straightforward transmit

diversity scheme for two transmit antennas, known as the Alamouti scheme, which
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does not require the channel gain to be known at the transmitter. In the Alam-

outi scheme, two symbols S1 and S2 are transmitted simultaneously from the �rst

and second antennas during the �rst symbol period, followed by the transmission

of symbols −S∗
2 and S∗

1 from the �rst and second antennas during the next symbol

period [46]. The linear decoding technique with two receive antennas, for this 2 × 2

MIMO con�guration, has a low complexity and achieves the maximum diversity gain

of 4.

Alamouti further developed the scheme to work with two transmit antennas and

MR receive antennas, with a diversity order of 2MR. Because of its simplicity, the

Alamouti scheme is a popular candidate for improving the reliability of new MIMO

systems and is pursued later in this dissertation.

1.2.8 Multiple Access with SDMA

One of the most important emerging problems for communication system de-

signers is the application of MIMO concepts to multiuser environments. Traditional

multiuser communication systems use one or more of the time, frequency and code

division multiple access approaches to share a limited frequency spectrum. The best

multiplexing scheme for a given application is dependent on the characteristics of

the particular channel of interest. The use of antenna arrays in a multiuser chan-

nel permits a further type of multiplexing, often referred to as spatial multiplexing.

Spatial multiplexing is particularly attractive because it can easily be used in con-

junction with other forms of multiplexing to dramatically improve the number of

users that can share a given channel. In addition to promising improved capacity

for future communication networks, in some cases these methods can be applied to

existing communication protocols, thus extending their usefulness. Below is a brief

description of some multiple access techniques.
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FDMA (frequency division multiple access)

FDMA is the most popular method of multiple access and was the �rst technique

to be employed in modern wireless applications. In FDMA, the available bandwidth

is split into a number of equal bandwidth sub-bands, each of which is assigned to a

unique user.

TDMA (time division multiple access)

TDMA is another widely known multiple access technique and succeeded FDMA

in modern wireless applications. In TDMA, the entire bandwidth is made available

to all users but on a time-sharing basis.

CDMA (code division multiple access)

CDMA is a nonconventional multiple access technique, in which the entire band-

width is made available simultaneously to all users. In CDMA, signals are di�erenti-

ated by means of code sequences or signature sequences which correspond to di�erent

users. Each transmitter-receiver pair is allocated one code sequence, with which com-

munication is established. At the reception side, detection is carried out by means of

a correlation operation.

SDMA (space division multiple access)

SDMA is a multiple access technique that creates parallel spatial pipes for simul-

taneously transmitting user signals by di�erentiating among user locations. SDMA is

implemented in modern wireless systems primarily in combination with other multiple

access techniques. In SDMA, the entire bandwidth is made available simultaneously

to all user signals and signals are di�erentiated spatially.
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1.3 Antenna Arrays

Antenna arrays are becoming increasingly important in wireless communications

because they have many advantages, including:

• Beamforming functionality (radiation pattern direction in space)

• Higher gain (directivity) in comparison to a single-antenna system

• Diversity gain in multipath channels

• Array signal processing

An important characteristic of an antenna array is that the radiation pattern

can be changed in response to di�erent excitations of the antenna elements. Unlike

the �xed radiation pattern of a single antenna, an antenna array radiation pattern,

referred to as an array pattern, can be changed by exciting the antenna elements with

di�erent currents (magnitudes and phases). This provides another degree of freedom

in choosing a desired array pattern from an array, without changing its physical

dimensions or position [47]. Furthermore, by manipulating the signals received by the

individual antenna elements in di�erent ways, it is possible to achieve many signal

processing functions such as direction-of-arrival (DOA) estimation, spatial �ltering,

interference suppression, gain enhancement, and target tracking. According to the

reciprocity theorem, the radiation patterns of an antenna in the transmitting mode

is the same as the those for the antenna in the receiving mode. A diagram classifying

antenna array applications is provided in Figure 1.6.

1.3.1 Smart Antennas

A smart antenna refers to an antenna array that is controlled by an advanced sig-

nal processing system that can adjust or modify the antenna array radiation pattern in
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Figure 1.6: Antenna array applications.

order to maximize signals of interest and minimize interfering signals [48]. In general,

smart antennas include both switched beam and beamformed adaptive systems [49].

Speci�cally, switched beam systems contain a distinct number of available �xed radi-

ation beam patterns. Based on the system requirements, a control unit selects which

beam to access at any given time. In contrast, adaptive beamforming systems al-

low the antenna array to steer the beam in any desired direction while at the same

time nulling interfering signals. The smart antenna concept implies the ability of

the system to implement judicious control of the desired direction of the transmitted

radiation pattern. This contrasts with a �xed beam (�not smart�) antenna, which

lacks the ability to modify the radiation pattern according to the variable channel en-

vironment. The "smart technology" terminology is used to identify more accurately

an adaptive array that has advanced control and monitoring subsystems, Figure 1.7.

In summary, some of the numerous bene�ts of smart antennas are:

• System capacity improvements

• Greater admissible signal bandwidths
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Figure 1.7: Smart antenna processing.

• Space division multiple access (SDMA)

• Higher signal-to-interference ratios

• Null steering

• Reduction of multipath e�ects

• Enhanced AOA estimation and direction �nding accuracy

• Improved array resolution

1.3.2 Uniform Linear Arrays

Smart antennas are composed of a group of two or more antennas working to-

gether to build a special radiation pattern in the propagation channel. The most

straightforward array geometry is the linear array, where all elements are aligned in

a straight line and generally have uniform inter-element spacing. Linear arrays are

the fundamental array to analyze, and many valuable insights can be obtained by

understanding their behavior. The most basic array which can be considered is the

two-element array. A two-element array demonstrates the same general behavior as
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much larger arrays and provides a good starting point for understanding the phase

relevance between array elements [50].

Figure 1.8 shows two vertically polarized in�nitesimal dipoles aligned along the

y-axis and separated by a distance d. The �eld point is located at a distance r from

the origin such that r >> d. It can therefore be assumed that the distance vectors

r̄1, r̄ and r̄2 are all approximately parallel to one another.

S(t) Plane Wave

d/2 d/2

rr1 r2

Figure 1.8: Uniform linear antenna array.

For a single plane wave S(t) arriving from the direction of ϕ, the delay θ, between

received signals at two adjacent elements of the array referenced to the array center

point, can be expressed as follows:

θ =
2π

λ

d

2
sinϕ (1.1)

One method of creating �xed beams is through the use of Butler matrices. A Butler

matrix provides an analog means of producing several simultaneous �xed beams by

using phase shifters.

Throughout the dissertation, most of the time, we assumed that the spacing between

antenna elements (d) in the receiver during the operation phase is the same as the

carrier wavelength (d = λ). However, it is understood that for proper AOA estima-

tion during the training phase distance between the element should be half of the
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wavelength. (d = λ
2
).

1.3.3 Beamforming

Almost every antenna, depending on its E and H �eld components, has a distinc-

tive radiation pattern. These patterns typically indicate the antenna radiating power

intensity as a function of azimuth (horizontal plane) and elevation (vertical plane)

angles, respectively [48].

Beamforming is a powerful technique [51] [52] which increases the RF link signal-

to-noise ratio (SNR) by focusing energy in the direction of the target (desired re-

ceiver). In an antenna array, by adjusting the current phase and amplitude feeding

each element of the array, the main lobe of the antenna array pattern can be directed

at a desired angle; this process is referred to as beamforming. Beamforming intensi�es

the strength of the desired signal at the receiver. When receiving, the antenna array

can null or suppress interference from undesired signals arriving from angles that do

not match the AOA from the desired transmitter. Moreover, beamforming is also

used for many other purposes, including:

• Overcoming signal propagation issues, such as greater path losses at millimeter

wave frequencies

• Providing the ability to shape and steer beams dynamically to speci�c users

(spatial �ltering)

• Improving the performance of a communication system for a target user

• Increasing the capacity and coverage of a communication system

Conventional transmit beamforming provides the simplest approach for increasing

system capacity and coverage in the downlink.
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Before discussing true beamformers, it is worth mentioning that an initial, simple

solution for the downlink is to implement a switching technique between �xed beams.

Multiple non-overlapping beams are formed to cover a given angular sector. First,

a sounding procedure determines the strongest uplink signal for each of the beams.

In the downlink, the same beam is then used for transmission. If the chosen beam

remains the best beam for a su�ciently long period of time, the control algorithm

can be very simple. However, this technique assumes that the uplinks and downlinks

are reciprocal.

A null-steering beamformer technique can produce nulls in as many as nt − 1

directions. Thus, it can cancel interfering signals in the direction of Nr ≤ Nt − 1

users. Fixed beamforming can relax frequency limitations in the downlink, because

the same frequency can be reused within the same cell due to spatial �ltering. It is

also possible to use di�erent frequencies for di�erent beams.

1.3.4 Direction of Arrival

A radiated signal departs from the transmitter in a particular direction (ϕt) and

arrives at the receiver from a speci�c direction (ϕr). Thus, the channel also depends

on ϕt and ϕr. This can be interpreted as a directional distribution of the energy at

both sides of the link.

Angle-of-arrival (AOA) estimation has also been referred to as spectral estimation

and direction-of-arrival (DOA) estimation. Figure 1.9 shows M incident complex

signals arriving from M directions. They are received by an array of Nr elements

with Nr possible weights. Each received signal X(k) includes additive Gaussian noise

with a zero mean. Time is shown by the kth time sample. Thus, the array output y

can be speci�ed in the following form:



29

Weight (W )

X

Y = W
H
X

M sources

.....

1234

.....

Sφ1

Sφ2

Sφ3SφM

Antenna Array

N

Figure 1.9: Receiver antenna array.

Y =WTX (1.2)

X = D · S+ n (1.3)

D = [d(ϕ1) d(ϕ2) . . . d(ϕM)] (1.4)

where D is referred to as the steering matrix, d(ϕi) is the steering vector for the

plane wave received at direction ϕi and S is the vector of plane waves. Many AOA

algorithms use this matrix in the estimation process.

Communication schemes developed in this dissertation will proceeds in two stages:

(i) the training phase and (ii) the operational phase. In this dissertation, the main

contributions are focused on detecting the AOAs. In order to perform ML detection

for AOAs in the operational phase of the proposed algorithm, we are going to work

with matched �lter implementation of ML detection. However, in order to perform



30

detection for the AOAs, in the training phase of our algorithm, we require to esti-

mate the AOAs that result in optimum SER performance of the proposed detection

algorithm. Even though the AOAs estimation is not deployed directly in this work

because our focus is on designing the operation phase, below we review some possible

techniques that could be used for AOA estimation during the training phase.

There are a variety of algorithms for estimating the AOA, each with di�erent advan-

tages and limitations. Two widely used methods are reviewed in this section, following

the approach developed in [53].

Capon AOA Estimation

Capon AOA estimation is a maximum likelihood (ML) estimation of arriving

power also is known as minimum variance distortionless response (MVDR). This

method estimates the power arriving from the desired direction, while all other sources

are considered as interference. The goal is to maximize the signal to interference ratio

(SIR). Figure 1.10 plots the pseudospectral function for this method. A maximum

likelihood estimate is adopted for a four-element antenna array, assuming two incident

waves with arrival angles given by ϕ1 = 20◦, ϕ2 = −5◦. It can be seen that the

pseudospectral function has clear peaks at the angles of arrival of incident waves. In

the case of two or more signals arriving at the receiver, the signal correlation a�ects

the function resolution. The ML method has acceptable performance in Rayleigh

distributed multipath channels and does not require a priori knowledge of the channel.

MUSIC Algorithm

The multiple signal classi�cation (MUSIC) direction of arrival estimation method

assumes that noise is uncorrelated, which results in a diagonal correlation matrix. It

also assumes that signals are either uncorrelated or mildly correlated. The MUSIC
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Figure 1.10: pseudospectral function plot with maximum likelihood estimation, for
ϕ1 = 20◦, and ϕ2 = −5◦.

algorithm can precisely calculate the angles of arrival and, consequently, the number

of signals as well as the signal power. The plot of the pseudospectral function for

MUSIC algorithm is shown in Figure 1.11. The MUSIC estimate algorithm is used

for a four element antenna array, two incident waves with arrival angles given by

ϕ1 = 10◦ and ϕ2 = −15◦. The MUSIC pseudospectral function peaks are not an

indication of signal power; these peaks represent the roots of the polynomial in the

denominator of pseudospectral function. It is clear that MUSIC detection has better

resolution than is the case with ML.
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Figure 1.11: Pseudospectrum function plot with MUSIC estimation, for ϕ1 = 10◦ and
ϕ2 = −15◦.



2 Antenna Transmitting Pattern Beam Angle Shift

Keying Modulation

This chapter introduces beam angle shift keying (BASK) modulation, which uses

an antenna array to encode information symbols in the angle of RF wave propagation

departure and arrival in a MIMO wireless channel, as shown in Figure 2.1. Speci�-

cally, at the transmitter, a block of information bits is mapped into a "spatial" symbol

selecting the beam, or equivalently the direction of departure, for the unmodulated

carrier signal. Via specular re�ection paths, the carrier signal is assumed to arrive

at the receiver from one direction for the duration of the spatial symbol indexing the

transmitter/receiver antenna array beam. By using receiver antenna array signals,

an ML detection is derived to di�erentiate between the AOAs of di�erent beams.

This chapter is organized into six sections. The �rst section introduces the system

model as well as transmission and reception methodology. Section 2.2 presents the

proposed modulation scheme. Section 2.3 describes the demodulation process. Sec-

tion 2.4 examines the detection algorithm and symbol error rate in more detail. The

performance analysis and simulation results are presented in Section 2.5. Finally,

Section 2.6 summarizes the chapter.

33
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Figure 2.1: MIMO channel environment.

2.1 Antenna Beam Switching Communication System

In this section, the BASK system model is explained by presenting the opera-

tional principles of the transmitter and receiver, as shown in Figures 2.3 and 2.4,

respectively.

In this system, the transmitted signal is a continuous wave (CW), i.e., a carrier

signal that does not carry information at the baseband as in conventional transmis-

sion techniques. In the proposed system, the data/spatial symbols Si are encoded

in the index i (i ∈ {1, 2, · · · ,M}) of the beam angle for the signal transmitted from

the antenna array, and the number of beams represents the modulation level M , Fig-

ure 2.2. Assuming a non-line-of-sight (NLOS) channel for the speci�c transmitted

beam with an angle θi through a single (dominant) re�ection, the plane wave signal

at the receiver arrives at the corresponding AOA ϕi. The AOA induces on the re-

ceive antenna array the spatial signature that is used to resolve the spatial symbols
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Figure 2.2: Illustration of 1D data encoding in the BASK modulation.

Figure 2.3: BASK transmitter.

represented by the index i in the angular domain [6]. In BASK, the modulation level
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M depends on the number of resolvable beam angles at the receiver, for the tar-

geted symbol error rate (SER). The resolvable beam angles are a group of M beam

angles which the distances between the associated spatial symbols result in an SER

comparable to SER for the same level classical modulation. The spatial symbols Si

represent log2(M) data bits. The one-to-one mapping between Si and the angle of

departure (AOD) - θi -, AOA - ϕi - is shown in Table 2.1.

Table 2.1: Mapping between spatial symbols and departure and arrival beam angles.

Symbol S1 S2 ... SM

Angle Of Departure θ1 θ2 ... θM
Angle Of Arrival ϕ1 ϕ2 ... ϕM

Traditionally, when the transmitter antenna array focuses its signal in an opti-

mized direction, θ, the antenna gain serves to improve the signal-to-noise ratio (SNR)

at the receiver, in comparison to what can be achieved with omni-directional anten-

nas. In the proposed system, the transmit beam directions θi o�er antenna as well as

multiplexing gain. When beamforming with the antenna array, the system transmits

a carrier signal in direction θi by applying a weighting vector Wi to the signal feeding

antenna elements in the transmitting antenna array. The magnitude of Wi is the

same as the number of elements in the antenna array. A larger number of elements

ensures that the synthesized far-�eld patterns more e�ectively con�ne energy radia-

tion to the desired directions. This provides improved selectivity for di�erentiating

among the received beams [47].

For each symbol, Si, the transmitter assigns not only a unique AOD θi but alsoWi.

The transmitter switches between theM beams according to the symbols transmitted

by using only one beam (out of M possible beams). The beam switching rate RBASK

is equal to the system symbol rate Rs. More details concerning the phased array

design and operation lie outside the scope of this work. It is further assumed that the
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Figure 2.4: BASK receiver.

signals arriving at the receiver antenna array are in the far-�eld of the beamforming

array. This ensures that the radiation impinging on the receiving antenna array is in

the form of a sum of plane waves.

Communication in the proposed system proceeds in two stages: (i) training, and

(ii) maximum likelihood detection. In the �rst stage, the transmitter trains the

receiver for the AOAs associated with all spatial symbols. During the training phase,

in a practical implementation, the transmitter may send signals in more than M

di�erent directions, so that by estimating AOAs the receiver can decide on the M

spatial signatures o�ering the best signal discrimination (with the lowest SER).

In the second stage, assuming the angular characteristics of the channel have

not changed from the training phase, the receiver uses maximum likelihood (ML)

detection or corresponding maximum correlation algorithms to detect the AOA among

the M possible choices determined in the training phase.

For the remainder of this chapter, without loss of generality, unless stated other-

wise it will be assumed that M = 4, i.e., the system has four beams and each symbol

carries 2 bits/symbol.
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2.2 BASK Transmitter

In the transmitter, the RF carrier is fed to the beamformer unit and is transmitted

continuously from the antenna array, as shown in Figure 2.3. Assuming that M = 4,

the modulator maps the two incoming bits into the designated 1D spatial symbols

(S1, S2, S3, S4). The beam index mapping block correlates the symbols with unique

beam angles of departure, θi, and corresponding weighting vectors, Wi, as presented

in Table 2.2.

Table 2.2: Symbol Mapping to Antenna Beam Angles and Weighting Vectors.

Symbol S1 S2 S3 S4

Angle Of Departure θ1 θ2 θ3 θ4
Weighting Vector W1 W2 W3 W4

For a given beam angle/spatial symbol indexed by i, with Nt elements in the trans-

mitting antenna array see Figure ( 2.3), the radiated signal from the antenna elements

in a vector format is:

R = S(t) ·W (2.1)

[
R1 R2 · · · RNt

]
= S(t) ·

[
w1

i w2
i · · · wNt

i

]
(2.2)

where S(t) is the CW and wn
i are the complex coordinates of Wi (n ∈ {1, · · · , Nt}).

For a uniform linear array (ULA) with antenna elements separated by a distance d,

with NLOS communications, to concentrate the energy in θi:

wn
i = ejn·αi

where

αi =
2π

λ

d

2
sin θi
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and λ represents the carrier wavelength.

This applies the required relative phase shifts to signals feeding the di�erent

antenna array elements to ensure in-phase addition in the desired AOD. For other

antenna array con�gurations, di�erent one-to-one mappings between the weighting

vectors and beam angles are used in Table 2.2.Ultimately, it is the AOA rather than

the AOD that determines system performance; AOAs depend not only on the radia-

tion patterns but also on the geometry of scatterers in the wireless medium.

2.3 BASK Receiver

During the training phase of the transmission, the receiver receives information

about the M possible incoming signal directions, and for every AOA ϕk the receiver

knows the corresponding spatial symbol Sk. The BASK receiver uses an e�cient

AOA estimation algorithm (for instance ML) to decide (for the symbol duration) on

the signal AOA ϕk. In this work, it is assumed that the receiver uses a ULA with

Nr elements equally spaced at distances of d. A signal received from any direction

represents a form of on-o� keying for the carrier. With a matched �lter at every

antenna element, after downconverting, in the absence of noise and taking a sample

for every symbol, the received signal vector at the baseband for M = 4 is represented

as:

Bϕk =
√

Es ·


e−j3 2π

λ
. d
2
·sin(ϕk)

e−j 2π
λ
. d
2
·sin(ϕk)

ej
2π
λ
. d
2
·sin(ϕk)

ej3
2π
λ
. d
2
·sin(ϕk)

 (2.3)
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if the signal arrives from the direction ϕk (k ∈ {1, 2, · · · ,M}). Considering the same

azimuthal plane for the re�ected RF signal and the receiving antenna array, the term

d±n = ±n
d

2
· sin(ϕk) n =

 {1, 3, 5, · · · , Nr

2
+ 1} n even

{0, 2, 4, · · · , Nr+1
2

} n odd

represents the di�erence in distance traveled by the plane wave to various receiving

antenna array elements relative to center of the array, as shown in Figure 2.5.

Figure 2.5: Relative phase shifts in a uniform linear array (ULA).

In this dissertation, it is assumed that the signals arriving from di�erent direc-

tions have the same energy Es at every receiver antenna element. If this is not the

case, as determined during the training phase, then the weighting vectors Wi at the

transmitter in Table 2.2 have to be adjusted for magnitude as well as phase. Di�erent

path lengths introduce di�erent delays and di�erent phase shifts of the carrier signal

received at di�erent elements of the antenna. By de�ning the base phase shift for

direction k as

βk =
2π

λ

d

2
sin(ϕk)
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then (2.3) can be represented by:

Bβk =
√

Es ·


e−j3βk

e−jβk

ejβk

ej3βk

 (2.4)

Both representations, Bβk and Bϕk, de�ne the spatial signatures induced on the

receiver antenna array by the transmitted signal, which are used to determine AOAs,

or equivalently the spatial symbols, as shown in Table 2.3.

Based on M possible spatial signatures, as in (2.3) or (2.4), in an additive white

Gaussian noise (AWGN) channel, the optimal ML receiver projects the received signal

vector onto the spatial signatures, as discussed in the next section.

Table 2.3: Mapping between spatial symbols, AOAs, and spatial signature vectors.

Symbol S1 S2 S3 S4

Angle Of Arrival ϕ1 ϕ2 ϕ3 ϕ4

Spatial Signatures Bϕ1 Bϕ2 Bϕ3 Bϕ4

2.4 BASK Detection Algorithm

There are several possible methods for estimating and detecting AOAs. Depend-

ing on the channel and interference models, implementation complexity, etc., these

methods result in di�erent performance [54]. In the presence of AWGN alone, with

equiprobable symbols, the optimum receiver is a maximum likelihood (ML) receiver

which chooses the receive symbol index that o�ers the smallest Euclidian distance

between the received signal and all possible spatial signature vectors. Speci�cally,

assuming that the signal arrives from ϕk, after downconverting, the received vector



42

signal of size Nr × 1 is:

S = Bβk
+N (2.5)

where N = [n1, · · · , nNr ]
T , S = [s1, · · · , sNr ]

T and T stands for transpose. The

complex RV ni represents scalar AWGN at the i-th antenna (ni ∼ CN (0, σ2)), and ni's

are independent and identically distributed (i.i.d.). Following standard derivations,

the log-likelihood ratios are:

Lk = ||S−Bβk
||2 =

Nr∑
i=1

∣∣∣si −Bβk
(i)
∣∣∣2 (2.6)

=
Nr∑
i=1

|si|2 +
Nr∑
i=1

|Bβk
(i)|2 − 2 · <

( Nr∑
i=1

si ·Bβk
(i)∗
)

(2.7)

where ‖·‖ is the L2 norm of a vector, <(·) and ∗ represent the real part and complex

conjugate, respectively, and Bβk
(i) is the ith coordinate of Bβk

as given in (2.4).

Assuming the same energy for all received spatial signature vectors (Nr ·Es), the ML

receiver is the maximum correlator receiver which projects the received signal S onto

all possible spatial signature vectors, Bβk
(k ∈ {1, · · · , Nr}, and decides on the index

resulting in the maximum correlation.

2.4.1 Symbol Error Rate in AWGN

For M-ary signaling using ML detection in AWGN channels, the SER can be

tightly upper bounded as follows:

SER ' Mmin

2
erfc

√d2min

4N0

 (2.8)

where (i) erfc(·) is the standard error function complement, (ii) dmin is the minimum

Euclidian distance between the constellation points (signals in the absence of AWGN)

at the receiver, (iii) N0 is the noise power spectral density (PSD), and (iv)Mmin is the

maximum number of points in the constellation reached with the minimum distance,



43

from the perspective of any point. For binary signaling, SER is equivalent to BER

and Mmin = 1. For a system with M beams/symbols, the number of inter-distances

dij between spatial signature vectors Bβi
and Bβj

to consider when determining d2min

is
(
M
2

)
, where the binomial coe�cient represents the number of two-element subsets

from a set with M elements. The inter-distance dij is calculated as:

dij=
∥∥Bβi

−Bβj

∥∥ =
√

Es·



e−j(2Nr−1)βi−e−j(2Nr−1)βj

...

e−j3βi − e−j3βj

e−jβi − e−jβj

ejβi − ejβj

ej3βi − ej3βj

...

ej(2Nr−1)βi−ej(2Nr−1)βj



(2.9)

with

βi =
2π

λ
· d
2
· sin(ϕi) (2.10)

where ϕi is one of M possible AOAs.

For binary signaling with two beams and two receiving antennas (M = 2 and

Nr = 2), (2.9) collapses into:

d12 =
√

Es

√
2
(
(cos β1 − cos β2)

2 + (sin β1 − sin β2)
2) (2.11)

When M = 2 and Nr = 4, from (2.9), the distance used in (2.8) is given by:

d12 =
√

Es

√
2
(
(cos β1 − cos β2)

2 + ...+ (sin 3β1 − sin 3β2)
2) (2.12)

In the case of binary signaling, because the single distance d between Bβi
and Bβj

is a function of two angles, it is relatively easy to �nd the AOAs ϕ1 and ϕ2 by

using expressions similar to (2.11) and (2.12), resulting in the minimized BER for the

arbitrary number Nr of receive antennas.
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For a system with M = 4,

dmin = min {d12, d13, d14, d23, d24, d34} (2.13)

with dij calculated according to (2.9) and (2.10). In this case, dmin is a function of

four AOAs: ϕ1, ϕ2, ϕ3 and ϕ4. Deciding on the choice of AOAs to maximize dmin

(or equivalently, to minimize the SER) for a given Es may require more involved

optimization, which is discussed further in the simulation section.

2.4.2 Symbol Error Rate in a Rayleigh Fading Channel

The basis for the proposed system is that the signals at the receiver antenna

array arrive along angularly resolvable paths with the same deterministic (average)

attenuation, which may be controlled through the magnitude of the weighting vectors

Wi. To capture statistical e�ects for given AOA ϕk, the Rayleigh fading model

is assumed for all M angular paths, where the multiplicative scalar channel gains

hk are independent and identically distributed (i.i.d.) complex circular symmetric

Gaussian RVs (hk ∼ CN (0, 1)). The signal received in (2.5), in AWGN alone, is

now modi�ed to S = hk · Bβk
+ N. This model assumes one main re�ector for a

given AOD and corresponding AOA. The multiplicative random gain hk is the result

of smaller scatterers clustered around the main �re�ector� for the path determined

by AOD and AOA (θk and ϕk). Therefore, a plane wave from a given direction,

when impinging on the antenna array, undergoes the same fading at all the antenna

elements [6]. Because a correlator/linear receiver is used, for slow �at fading channels

and coherent detection, with conventional averaging of the SER in AWGN as in (2.8)

over the exponentially distributed instantaneous SNR, the upper bound on the SER

in the Rayleigh fading channel is as follows [15]:

SER ' Mmin

2

1−

√√√√ d2min

4NO

1 +
d2min

4NO

 (2.14)
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where d2min is the scaled version of Es as in the previous subsection, and Es

N0
represents

the averaged SNR (per antenna element) in the Rayleigh fading channel model being

considered.

2.5 Simulation Results

In this section, the performance of the BASK modulation with various system pa-

rameters and in di�erent channel conditions is evaluated by using Matlab simulations

and the results are compared with the analytical results presented in the previous

section. Systems are considered with (i) M = 2 and M = 4 beams/modulation lev-

els, and (ii) Nr = 2 and Nr = 4 receive antenna elements operating in AWGN and

Rayleigh fading channels. This results in eight scenarios, which are summarized in

Table 2.4 and referred to subsequently by using NA-MB acronyms.

Table 2.4: System simulation scenarios.

AWGN FADING
2 BEAMS 4 BEAMS 2 BEAMS 4 BEAMS

2ANTENNAS 2A-2B 2A-4B 2A-2B 2A-4B
4ANTENNAS 4A-2B 4A-4B 4A-2B 4A-4B

In all simulations, d
λ
= 1

2
, and the ML receiver resulted in the same SER performance

as the maximum correlator receiver.

Based on (2.9), in BASK, the SER performance depends on the number of an-

tennas and beams used in the system. Increasing the number of antennas (diversity

order) and decreasing the number of beams (modulation level) reduces the SER for

a given SNR in a manner comparable to the situation with conventional amplitude

and phase modulations.

First, the BER results are presented for binary signaling with M = 2 in AWGN.

In the BASK system, the AOA optimization to reduce the BER can be performed in
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the transceiver training phase during the initial system startup, or when the system

is re-initialized due to changes in channel conditions, e.g., re�ector positions. To

evaluate the BERs in di�erent scenarios, both optimized and non-optimized AOAs

were used.

For systems with two and four antennas, based on (2.11) and (2.12), the normalized

distance was evaluated d√
Es

and plotted in Figures 2.6 and 2.7, respectively, as a

function of AOAs (ϕ1 and ϕ2). It can be seen that the inter-distances dij between

spatial signatures increases when the number of antennas in the array increases. The

peaks represent optimized angles resulting in lower SER.
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Figure 2.6: Distance in binary BASK as a function of AOAs, for Nr = 2.

From Figure 2.6, the maximum normalized distance is 2.83 (for ϕ1 = 90o and

ϕ2 = 271o), which implies a 3dB improvement in SNR when using BASK in an AWGN

channel, as compared to BPSK with a single antenna receiver.

Based on the analytic expression in (2.9) and Figure 2.7 for the distance between

two spatial signature vectors when Nr = 4, the normalized maximum distance dmin√
Es

=



47

0

1

100

2

D
is

ta
nc

e

100

Distance Between Received Symbols VS AOA
4 ANTENNAs 2 BEAMs

3

AOA1

0

AOA2

4

0
-100 -100 0

0.5

1

1.5

2

2.5

3

3.5

4

Figure 2.7: Distance in binary BASK as a function of AOAs, for Nr = 4.

4, with the same choice of ϕ1 = 90o and ϕ2 = 271o as when Nr = 2. When operating

BASK in an AWGN environment with Nr = 4, this implies a 6dB SNR improvement

over single antenna BPSK.

Figure 2.8 shows the BERs for a binary BASK system operating in an AWGN

channel with Nr = 2 and Nr = 4 antennas. The results are presented for optimized

and non-optimized (ϕ1 = 35o and ϕ2 = 60o) AOAs. In all cases, the simulations are in

good agreement with the analytical results from the previous section, with distances

evaluated according to the selected AOAs.

Secondly, the SER performance of a BASK system in an AWGN channel where

M = 4 is considered. An exhaustive search optimization was performed to determine

four AOAs (ϕ1, ϕ2, ϕ3 and ϕ4) that would maximize dmin as given in (2.13), based

on inter-distances dij obtained from (2.9). In both cases, for Nr = 2 and Nr = 4,

the optimum selection of AOAs is ϕ1 = 159o, ϕ2 = 89o, ϕ3 = 262o and ϕ4 = 201o,

resulting in maximized minimum distances of 1.34
√
Es and 2.77

√
Es, respectively.
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Figure 2.8: BER versus SNR in an AWGN channel, for binary BASK with Nr = 2
and Nr = 4, with optimized and non-optimized AOAs.

Figure 2.8 shows the SER for 4-ary BASK, which increases the bandwidth e�ciency

over that obtained for binary BASK. The results shown are for systems with optimized

and non-optimized (ϕ1 = 20o, ϕ2 = 35o, ϕ3 = 60o and ϕ4 = 85o) AOAs. Again, there

is a good correlation between the simulated and analytical results. In the union

upper bound in (2.9), it was necessary to consider Mmin = 2 based on the number

of signaling points at which the minimum distance was attained. Both Figures 2.8

and 2.9 indicate a signi�cant performance gap between systems with optimized and

non-optimized AOAs.

Thirdly, for an 8-ary BASK system in an AWGN channel, an exhaustive search op-

timization was also performed to determine eight AOAs that would maximize dmin. In

both cases, where Nr = 2 and Nr = 4, the optimum AOAs were the same, resulting in

maximized minimum distances of 0.72
√
Es and 1.76

√
Es, respectively. To compare the

SER performance of the proposed M-ary BASK with the performance of conventional
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Figure 2.9: SER versus SNR in an AWGN channel, for 4-ary BASK with Nr = 2 and
Nr = 4, with optimized and non-optimized AOAs.

M-ary pulse-amplitude modulation (PAM) in an AWGN channel, it should be recalled

that in cases of M-ary PAM employed with a single-receiver antenna: (i) for M = 4,

SER4-PAM ' erfc
(√

Es

N0
· 1
5

)
; and (ii) for M = 8, SER8-PAM ' erfc

(√
Es

N0
· 1
21

)
. The

choice for comparison with PAM is both BASK and PAM as 1D modulations. For a

fair comparison, it should be kept in mind that the discussions about BASK perfor-

mance considered the SNR with a single-receiver antenna, whereas with M-ary PAM

it is necessary to account for the fact that in a system with Nr receive antennas, the

antenna diversity gain in AWGN (as compared to the single receive antenna case) is

10 · log10(Nr). Based on these observations, M-ary BASK o�ers SNR gain improve-

ments in di�erent system con�gurations in comparison to M-ary PAM systems, as

summarized in Table 2.5, where the second row of this table gives the normalized

minimum distances for di�erent con�gurations in a BASK system.
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Table 2.5: SNR gain improvements in M-ary BASK as compared with M-ary PAM
in an AWGN channel.

M = 2 M = 4 M = 8

Nr = 2 Nr = 4 Nr = 2 Nr = 4 Nr = 2 Nr = 4

dmin√
Es

2.83 4 1.34 2.77 0.72 1.76

SNR gain in dB 0 0 0.51 2.8 1.3 6.1

Finally, the SER performance for a BASK system in a Rayleigh fading channel is

presented. Figure 2.10 shows the BER when M = 2 and Figure 2.11 shows the SER

when M = 4.
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Figure 2.10: BER versus SNR in a Rayleigh fading channel for binary BASK, with
Nr = 2 and Nr = 4 and optimized AOAs.
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Figure 2.11: SER versus SNR in a Rayleigh fading channel for 4-ary BASK, with
Nr = 2 and Nr = 4 and optimized AOAs.

Both �gures illustrate the results only for optimized AOAs, and consider the two

cases where Nr = 2 and Nr = 4. For binary signaling, there is excellent agreement

between the simulated and analytical results for the BERs. When M = 4, the agree-

ment is also good, although it should be understood that the analytical expressions

in (2.8) and (2.14) represent only the union upper bound.

2.6 Summary

A multiple antenna transmission approach, referred to as beam angle shift key-

ing (BASK), has been developed which employs smart antenna systems. The BASK

system does not modulate the baseband signal. Rather, in a BASK system, spatial

data directly modify the radiation patterns so that at the receiver, angular detection

permits the recovery of the beamsteering index. The closed-form analytical perfor-

mance of BASK in AWGN and Rayleigh fading channels has been derived. Moreover,
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the simulation results have been shown to agree closely with analytical predictions.

Methods of performance optimization have been suggested in terms of (i) AOA con-

trol during the training phase, and (ii) working with 3D channels including elevation

angles. The proposed scheme works with a relatively small number of antennas for

beamforming at the transmitter and the receiver and does not su�er from the limita-

tions of similar schemes such as SSK, where the number of transmit antennas limits

the modulation level.



3 Dual Layer Data Encoding Communication

System

Chapter 2 presented principles of RF level modulation with an unmodulated

carrier through indexing of transmitting/receiving beams. To further develop the

proposed modulation scheme, this chapter introduces a transmission technique re-

ferred to as beam angle channel modulation (BACM) which uses a superposition of

BASK and APM. In this scheme, rather than working with an unmodulated carrier

signal as was the case with BASK, the scheme also encodes information into the am-

plitude and phase of the carrier signal. BACM utilizes the concept of a super symbol

which is a combination of (i) an APM signal from the QAM or PSK constellation,

and (ii) spatial symbol indexing of the transmitting/receiving beams.

In particular, at the encoder, the block of information bits from the super symbol

is mapped into two symbols: (i) a spatial symbol selecting the direction of arrival of

the amplitude- and phase-modulated carrier signal, and (ii) a temporal symbol chosen

from the constellation diagram, such as QAM or PSK. The proposed scheme follows

the model of concatenated modulation designs such as the recently introduced spatial

modulation (SM), which is a generalization of SSK. The use of the transmitting RF

carrier propagation angle through antenna array beamforming increases the spectral

e�ciency of single-input single-output (SISO) conventional (temporal) modulation by

the base-two logarithm of the number of spatial beams that can be resolved (detected)

at the receiver. The direction of arrival detection for spatial symbols is developed by

53
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using a linear array of receive antennas. It is demonstrated that the reliability of

detection of the spatial symbols in BACM is determined by the number of antennas

used at the receiver and the actual angles of signal arrival.

The chapter is organized into six sections, to design data encoding and decoding

for the BACM communication system, and to examine BACM performance through

analytical derivations and simulations. Speci�cally, Section 3.1 discusses the proposed

system model. Section 3.2 provides details about the dual layer modulation process.

Section 3.3 presents the angle of arrival estimation method. Section 3.4 explains the

detection process. Simulations and analytical results are demonstrated in Section 3.5.

Finally, Section 3.6 summarizes the chapter.

3.1 Concatenated Modulation Technique

Concatenated modulation represents the concept of superposition of two di�erent

modulation schemes on one RF carrier to increase the spectral e�ciency. This section

presents the BACM concatenated modulation scheme and illustrates its operation

with an example.

The BACM general system model is shown in Figure 3.1. Since BACM employs

dual layer modulation, the encoder at the transmitter has two data paths: (i) the up-

per path represents the data encoded in QAM, or PSK modulation, and (ii) the lower

path represents the data encoded into the transmitting beam pattern. In BACM, the

transmitter uses one of Ms predetermined antenna array beams to send the complex

QAM or PSK �temporal� symbol. The spatial symbols (Sk and k ∈ {1, 2 · · · ,Ms},

bearing information about log2(Ms) data bits, index the beams following (if possible)

conventional Gray mapping principles, i.e., the beams at the receiver that are most

likely to be switched over (with the smallest Euclidean distance) di�er by one spatial

bit, as shown in Figure 3.2.
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Figure 3.1: BACM concatenated modulation system.
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Figure 3.2: Illustration of BACM 3D encoding.

It is assumed that before the actual data transmission, there is a training phase

involving the transmitter and the receiver. During the training phase, the receiver

learns about (estimates) the Ms incoming signal directions ϕk, (k = 1, ...,Ms), and

it is assumed that these angles are known at the receiver during the detection phase.
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The training phase could also be used to determine the selection of Ms transmitting

beams from a larger set of radiation patterns so as to minimize the bit error rate

(BER) for the spatial bits.

The BACM receiver uses an e�cient direction-of-arrival (DOA) estimation algo-

rithm to estimate and detect the incoming plane wave angle, ϕk, that represents the

spatial symbol Sk in one-to-one mapping. The beams formed at the transmitter in

the direction, θk, correspond to DOA ϕk. Without loss of generality, to simplify the

description of the antenna models, it is assumed that linear and coplanar antenna

arrays are used at both the transmitter and the receiver.

3.2 BACM Transmitter

In order to transmit a QAM or PSK signal s(t) in a speci�c direction (θk, k =

1, · · · ,Ms)) for the duration of one QAM/PSK symbol, the beamformer at the trans-

mitter feeds the ith (i = 1, · · · , Nt) antenna array element with s(t) weighted by Aiθk ,

to steer the beam in the direction θk, where Nt is the number of antennas at the

transmitter. The beam steering vector mapper (BSVM) associated with each spa-

tial symbol Sk yields a distinct direction-of-departure (DOD) beam angle θk. For an

equally spaced linear array (with distance d between the antenna elements) as shown

in Figure 3.3, when all the array elements are located on the x-axis and referenced to

the array center point, the delay for the ith element is βi = −(Nt − 2 · i+1)αd
2
sin(θ),

where α is the phase propagation factor given by 2π
λ
and λ is the carrier wavelength.

Hence, the steering vector de�ning the DOD angle θk (representing symbol Sk) can
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be expressed as follows:

Aθk =



e−j(Nt−1)α d
2
sin θk

e−j(Nt−3)α d
2
sin θk

...

ej(Nt−3)α d
2
sin θk

ej(Nt−1)α d
2
sin θk


(3.1)

After beamforming and phase shifting due to the delays βi, in the direction θk,

the signal radiated from the antenna array is a plane wave representing QAM or

PSK symbols. While transmitting the QAM or PSK modulated signals, the beam-

former selects the steering beam vector according to the spatial input symbol from

the DOD/DOA mapper.

3.3 BACM Receiver

In the training phase, the BACM receiver determines the possible incoming signal

angles ϕk and the one-to-one mapping between ϕk and Sk. This phase is followed by

the data transmission phase, which �rst uses the DOA estimation/detection algorithm
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to decide on the spatial symbols and then recovers the temporal symbols. To decide

upon the DOA, i.e., one of the Ms known angles ϕk of the plane wave arriving at

the receiver, a linear array with Nr elements is used, as shown in Figure 3.4, and a

steering vector, Bϕk
, is formed as follows:

Receiver
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j j

d
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N
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 j
 j
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Figure 3.4: Receiver antenna array.

Bϕk
=



e−j(Nr−1)α d
2
sinϕk

e−j(Nr−3)α d
2
sinϕk

...

ej(Nr−3)α d
2
sinϕk

ej(Nr−1)α d
2
sinϕk


(3.2)

A steering vector serves as a form of MRC receiver for received signals at the ith

(i = 1, · · · , Nr) element scaled by

ej2π·fc·βi

with

β±i = ±i× d

2
· sin(ϕk) i =


{1, 3, 5, · · · , Nr

2
+ 1} Nr even

{0, 2, 4, · · · , Nr+1
2

} Nr odd



59

representing the delay for the kth transmitting beam. Based on all Ms possible beam

angles, the receiver forms a set of steering vectors matched to theMs possible received

vector signals impinging on the receive antenna array and arranges them in a matrix

hereafter referred to as the detection matrix (DM):

D =



e−j(Nr−1)α d
2
sinϕ1 · · · e−j(Nr−1)α d

2
sinϕMs

e−j(Nr−3)α d
2
sinϕ1 · · · e−j(Nr−3)α d

2
sinϕMs

...
...

e−jα d
2
sinϕ1 · · · e−jα d

2
sinϕMs

ejα
d
2
sinϕ1 · · · ejα

d
2
sinϕMs

...
...

ej(Nr−1)α d
2
sin(ϕ1 · · · ej(Nr−1)α d

2
sinϕMs



(3.3)

which, in a column representation, appears as:

D =

[
Bϕ1 Bϕ2 · · · BϕMs

]
(3.4)

As the name implies, the detection matrix is used in various detection algorithms

to detect the angle of arrival representing the spatial symbols. After the training

phase, Bϕk
are known via estimation of all the angles of arrival (AOA) during the

training phase, by using methods such as multiple signal classi�cation (MUSIC). The

steering vectors Bϕk
can also be calculated by observing the phase shifts of the known

transmitted symbols (assuming that the di�erence between the delays along di�erent

paths does not span more than a fraction of the duration of the temporal symbol).
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3.4 Detection Process

There are several methods for detecting the DOAs when the possible AOAs are

known, e.g., maximum likelihood, or classi�ers based on parametric models such as

MUSIC, with the latter requiring multiple snapshots of the received signal vector [54].

These methods di�er in performance, which may result from di�erent levels of com-

putational complexity. Here, only one method is examined, that depends on taking

a single snapshot (in the spatial domain) of the vector signal at the receiving array

after downconversion and matched �ltering of signals from all antenna elements. For

clarity of presentation, the initial consideration will involve (i) only two AOAs, ϕ1

and ϕ2 (corresponding to two spatial symbols S1, S2 with Ms = 2), and (ii) a detec-

tion process with the BACM receiver using Nr = 4 antenna elements, as shown in

Figure 3.5.

2 symbols 

vs

 2 Beam Angles

4 Antenna

Array

RX.

j1

j2

Figure 3.5: Signals impinging on the receive antenna array.

At the transmitter, the two steering beams Aθ1 and Aθ2 , according to (3.1), are

employed. However, these vectors and their size do not in�uence the detection process

if the arriving signal is a plane wave. Based on the arrival angles estimated during
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the receiver training session, the receiver forms the following steering vectors:

Bϕ1 =



e−j3α d
2
sinϕ1

e−jα d
2
sinϕ1

ejα
d
2
sinϕ1

ej3α
d
2
sinϕ1


Bϕ2 =



e−j3α d
2
sinϕ2

e−jα d
2
sinϕ2

ejα
d
2
sinϕ2

ej3α
d
2
sinϕ2


(3.5)

These are matched to two possible discrete vector (information bearing) signals ar-

riving from two possible directions:

Rx = R ·



e−j3·2π·fc·α d
2
sinϕx

e−j·2π·fc·α d
2
sinϕx

ej·2π·fc·α
d
2
sinϕx

ej3·2π·fc·α
d
2
sinϕx


+N (3.6)

where x = 1 or x = 2 for Ms = 2; (·)T stands for the matrix transpose; and N =

[n1, · · · , nNr ]
T , with ni representing independent and identically distributed (i.i.d.)

AWGN at the ith antenna. The transmitted QAM/PSK scalar symbol R is �xed

for the symbol duration, which permits detection to be decoupled for the spatial and

temporal symbols.

Maximum Ratio Combining

This method uses linear (weighted) combining of signals from di�erent antenna

elements. The weighting vectors wϕk
, multiplying the received vector Rx, are chosen

to maximize the SNR of the combined signal output. This SNR is maximized when:

wϕk
= Bϕ

H
k (3.7)
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where (·)H represents the Hermitian transpose [15].

To obtain the decision variables to discriminate between ϕ1 and ϕ2, the detection

matrix (DM) is formed: D =

[
Bϕ1 Bϕ2

]
. The receiver uses the DM to detect the

angle of arrival of the received signal in an unknown direction ϕx (x = 1 or x = 2),

which is one of theMs possible steering angles. The DM thus also detects the �spatial�

symbol. Without accounting for AWGN e�ects and fading, the decision variable X

is formed by applying the DM to the received vector signal Rx as follows:

X = DH ·Rx = R ·DH ·Bϕx = R ·

[
Bϕ1 Bϕ2

]H [
Bϕx

]
(3.8)

where ϕx ∈ {ϕ1, ϕ2}. Based on (3.2),

X = R ·


BH

ϕ1

BH
ϕ2


[
Bϕx

]
= R ·


BH

ϕ1
Bϕx

BH
ϕ2

Bϕx


(3.9)

and the coordinate with the largest real part decides upon the transmitted spatial

symbol. It has been tacitly assumed so far that the signals arriving from di�erent

directions have the same energy Es = 1 at every receive antenna element. If this is

not the case, as determined during the training phase, the weight vectors Aθk at the

transmitter can be adjusted to satisfy this condition.

In the AWGN channel, the maximum correlator receiver developed is the ML

receiver for spatial symbols. It projects the received signal Rx onto all possible

spatial signature vectors Bβk
(k ∈ {1, · · · , Nr}) and decides on the index resulting in

the maximum correlation. In the absence of noise, the maximum absolute value in

(3.9) is equal to Nr · |R|. This is when ϕx = ϕk, with ϕk representing the actual AOA.

The other element inX is R·BH
ϕ2
·Bϕ1 . From the Schwartz inequality, |BH

ϕ2
·Bϕ1 | ≤ Nr.

Eventually, it is the Euclidean distance between the complex vectors Bϕ2 and Bϕ1 (for
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Ms = 2) that determines the symbol error rate (SER) and the BER for the spatial

symbols/bits. This is presented in the next section.

3.5 Performance Analysis and Simulation Results

This section provides analytical and simulation results for evaluating the perfor-

mance of the proposed BACM system in an AWGN channel.

In order to optimize the BER for spatial symbols, the behavior of the decision

variables in X, as given in (3.9), could be analyzed. However, in the absence of

AWGN, the SER for the spatial symbols (SERspatial) depends upon the minimum

Euclidean distance dmin,spatial between the received vector signal representations, as

in (3.4), i.e.,

dmin,spatial = min
(√

Es ·

∥∥∥∥∥~Bϕi
−~Bϕj

∥∥∥∥∥ )
over all i 6= j, where ‖·‖ is the L2 norm of a vector.

Speci�cally, SERspatial could be upper bounded in the AWGN channel as [15]:

SERspatial '
Mmin

2
erfc

(√
d2min,spatial

4 ·N0

)
(3.10)

where erfc(·) is the complementary error function, N0 is the noise power spectral

density (PSD), and Mmin is the number of points in the constellation reached with

the minimum distance from the perspective of any point that results in a maximum of

these numbers. In determining dmin,spatial for Nr = 4, the normalized inter-distances
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dij√
Es

between spatial signature vectors Bϕi
and Bϕj

are calculated as:

dij√
Es

=

∥∥∥∥∥~Bϕi
−~Bϕj

∥∥∥∥∥ =

∥∥∥∥∥∥∥∥∥∥∥∥∥∥∥∥∥∥

e−j3βi − e−j3βj

e−jβi − e−jβj

ejβi − ejβj

ej3βi − ej3βj

∥∥∥∥∥∥∥∥∥∥∥∥∥∥∥∥∥∥
(3.11)

where

βi =
2π

λ
· d
2
· sin(ϕi) (3.12)

When only two beams are used (determined by DOA ϕ1 and ϕ2 for Ms = 2), and

when Nr = 4, the distance dmin,spatial = d(ϕ1, ϕ2) is a function of two variables:

d =
√

Es

√
2
(
(cos β1 − cos β2)

2 + ...+ (sin 3β1 − sin 3β2)
2) (3.13)

Assuming that Es = 1, this distance is plotted (for d = λ
2
) in Figure 3.6 as a

function of ϕ1 and ϕ2, in the range [−180◦, 180◦] for both of them. In consideration

of the symmetry of the problem, clearly ϕ1 = ϕ2 and ϕ1 + ϕ2 = −180◦ should be

avoided, since these are not distinguishable DOAs. In addition, there are some pairs

of (ϕ1, ϕ2) that maximize the distance, resulting in lower SERspatial (for Ms = 2

SERspatial = BERspatial and Mmin = 1).

This issue can be examined further by �xing ϕ1 and plotting slices d′(ϕ2) =

d(ϕ1, ϕ2) by using (3.13), as shown in Figures 3.7 and 3.8 for ϕ1 = 95◦ and ϕ1 = 20◦,

respectively. To maximize the separation between spatial signature vectors, when

ϕ1 = 95◦, ϕ2 should be adjusted to −90◦, and when ϕ1 = 20◦, ϕ2 should be −23◦.

In the �rst case, for Es = 1, the maximum separation between spatial signature

vectors that minimizes BERspatial is 4, and in the second case it is 3.19. By analyzing

equivalents of (3.13), it was determined that the higher the number of antennas at
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Figure 3.6: Distances between spatial signature vectors versus possible AOAs.

the receiver, the greater the separation between spatial signature vectors, resulting

in lower SERspatial.
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Figure 3.7: Slice of distances between spatial signature vectors versus possible AOAs,
for ϕ2 when ϕ1 = 95◦.

Based on the number of antennas at the receiver and the spatial modulation level

Ms, which determines the number of required beam angles, an optimization procedure

could be developed following the above approach. This would have the purpose of

�ne-tuning the choice of ϕ1, · · ·ϕMs so as to maximize dmin,spatial, to reduce SERspatial.

This could be exploited in the training phase, when the transmitter and receiver decide
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Figure 3.8: Slice of distances between spatial signature vectors vs possible AOAs for
ϕ2 when ϕ1 = 20◦.

which AOAs are to be utilized.

To examine the performance of BACM, MatlabR© was used to simulate the BERs

in the proposed system for an AWGN channel. For the spatial data path, binary

signalling was used, while for the temporal data path, QPSK was used. In the sim-

ulation, the receiver includes a uniform linear array (ULA) with Nr = 4 antennas

spaced at d = λ
2
. The AOAs are adjusted to ϕ1 = 95◦ and ϕ2 = −90◦ to achieve

the maximum separation in the spatial dimension. Figure 3.9 shows the BER of

the underlying system for temporal (QPSK) and spatial bits as a function of SNR

(per antenna). For comparison purposes, the BER is also shown as a function of

SNR for a conventional SISO system in an AWGN channel. (Here, when Ms = 2,

for the spatial bits Eb = Es.) Good agreement was observed between the BER sim-

ulated for the spatial bits (represented by the black curve with triangles) and the

theoretical BERspatial (represented by the red curve with circles), as given in (3.10)

(with Mmin = 1) and based on (3.13) and (3.12). Furthermore, with the receiver

beamforming weights chosen and the optimized AOAs, the BERs for the spatial and

temporal bits (the dashed blue curve) are comparable, which may not always be the

case, especially if the AOAs are not optimized.
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Figure 3.9: BER versus Eb/No in AWGN for spatial (BACM) and temporal (BACM
QPSK) bits, when Nr = 4.

Finally, for a fair comparison, it must be kept in mind that the SNR was considered

for a single-receiver antenna, while for the QPSK used to represent the temporal

bits it should be taken into account that in a system with Nr receive antennas, the

antenna diversity gain in AWGN (as compared to the single receive antenna case)

is 10 log10(Nr). This is the reason why there is a 6dB gain for temporal bits in

comparison to the SISO QPSK modulation, which means that this cannot be claimed

as a diversity gain. However, SISO QPSK has a 2 bps/Hz bandwidth e�ciency, while

the BACM system in the con�guration analyzed in this section has a bandwidth

e�ciency of 3 bps/Hz. In general, in the proposed system with M -ary PSK or M -ary

QAM in the temporal data path andMs AOAs in the spatial data path, the bandwidth

e�ciency is log2(M) + log2(Ms) bps/Hz. The power e�ciency is determined by the

AOAs and the number of receive antennas.
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3.6 Summary

A novel transmission technique referred to as beam angle channel modulation

(BACM) has been presented in this chapter. BACM uses an antenna array to encode

spatial symbols into the angle of propagation (and arrival) of an amplitude- and phase-

modulated carrier. This 3D modulation scheme is a concatenation of two modulations.

First, at the baseband, a �temporal� symbol modulates the phase and amplitude of

the carrier. Then a spatial symbol indexes the DOD of the transmitter radiation

pattern, as in BASK. The concatenation of `temporal�/APM and spatial symbols

results in the transmission of a super symbol, which in turn increases the spectral

e�ciency of single-input single-output (SISO) conventional (temporal) modulation by

the base-two logarithm of the number of spatial beams that can be resolved (detected)

at the receiver. The closed-form analytical performance of BACM in AWGN channels

has been derived and simulation results have been shown to agree closely with the

analytical predictions. Research directions for performance optimization have been

suggested.

To compensate for BER performance losses, BACM can employ more advanced ar-

ray signal processing strategies such as multiple snapshots for DOA detection. BACM

thus has the potential to satisfy a diverse range of practical requirements, which will

necessitate further investigation.



4 Multiple Access Based on Beam Angle Shift

Keying

This chapter extends the beam angle shift keying (BASK) transmission technique

into a multiuser version referred to as beam angle multiple access (BAMA). Multiple

access on the uplink is achieved by assigning subsets of beams to individual users

signaling with BASK. At the base station, for the duration of the spatial symbol, the

receiver decides on a subset of possible multiple AOAs corresponding to synchronized

spatial symbols from di�erent users. Speci�cally, a maximum likelihood (ML) detec-

tor is proposed that can successfully decode incoming data from multiple simultaneous

BASK transmissions by employing a linear array of receiving antennas. Unlike the

situation in spatial division multiple access, where a �xed beam arrangement is used,

BAMA detects the beams utilized by multiple users on a symbol-by-symbol basis.

In the proposed scheme, beam management and selection are crucial with respect

to the capacity of the system. It is demonstrated that the reliability of detection of

the spatial symbols in BAMA is determined by the number of antennas used at the

receiver and the actual angles of signal arrival.

This chapter is organized as follows: The system model for the proposed multiple

access system is described in Section 4.1. The design of the suggested receiver is

presented in Section 4.2. In Section 4.3, the simulation results are illustrated for

both optimized and non-optimized beam angles. Finally, Section 4.4 summarizes the

chapter.

69
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4.1 System Model

To accomplish multiple access communication on the uplink based on BASK, the

receiver uses a multi-beam smart antenna array which detects N directional beams

concurrently at the base station (BS), where N is the number of users. For every

symbol duration, each user utilizes one radiation beam to encode data. It is assumed

that users are synchronized when their symbols, represented by the beams, arrive at

the BS. The total number of beams M is:

M =
N∑
i=1

Mi (4.1)

where Mi is the number of symbols/beams for user i, although, when detection is

performed, only N of these beams are active. By detecting groups of N beams, the

BAMA system decodes data of N users. Figure 4.2 illustrates the system for two

users, with two beams per user, so that N = M1 = M2 and M = 4. The proposed

concept generalizes beam angle shift keying (BASK) modulation to the multiuser case.

In BASK modulation, the transmitted data is encoded in the RF wave propagation

direction for the channel. By detecting the direction of arrival, the receiver can decode

the data. In BASK, temporal modulation can be used to add another layer of data to

the transmitted signal in order to construct a concatenated modulation (multilayer)

system to increase bandwidth e�ciency, as described in Chapter 2 [18]. Here, only

the unmodulated carrier is used, as explained in Chapter 1 [17].

As shown in Figure 4.1, the signal Ri received from each user in direction ϕi for each

antenna element passes through a weighting process to compensate for the delay θi

that is associated with the angle of arrival ϕi. This determines the angle of arrival

ϕx1 and ϕx2, and could follow a process similar to that presented in Sections 1.3.2

and 1.3.4. The following section describes the multiuser version of the BASK receiver

in more detail.
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Figure 4.1: BAMA in a MIMO channel environment.

4.2 Multi-Beam Multiuser Receiver

4.2.1 Description

A proper phase compensation to ensure in-phase combining of the received signals

in direction ϕk, results in higher signal strength at the receiver output. Therefore,

to detect the relevant AOA among possible AOAs, as per Table 4.1, the receiver
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Table 4.1: Possible AOA combinations for two users signaling with BASK.

USER 2 (AOA)

φ2 φ4

φ1 φ1φ2 φ1φ4

USER 1

(AOA)
φ3 φ3φ2 φ3φ4

applies all possible compensation weightings and selects the corresponding AODs

that generate the maximum signal strength at the output.

4.2.2 Downlink

The base station exploits adaptive antennas to transmit inM directions, whereM

is the aggregation of the number of symbols or required beam angles (BA) for users

1 to N . Assuming that the BS in Figure 4.2 transmits one bit per symbol (similar

to BPSK) to two separate users (user 1 and user 2), then M = 4, i.e., there are four

transmission directions at the base station (BS) on a downlink. In each time slot, the

base station chooses two of four beams, based on the symbols transmitted for the two

users. Thus, in general, the transmitter chooses N beams from M available beams

to communicate simultaneously with N users. When receiving on the downlink, user

i decides on one beam from the Mi angles designated for this user.

4.2.3 Uplink

The main focus of this research is on the uplink part of the proposed system. Let

us consider a wireless communication system with a base station and N users. For

simplicity, assume that N = 2, i.e., there are two users, as shown in Figure 4.2. The

proposed system has three main features:

1. The base station and all users utilize adaptive antennas, to be able to have
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multiple beam angles in the propagation pattern, i.e., transmitting and receiving

in multiple directions.

2. For communication, the base station and users employ a single frequency carrier

signal with no modulation. This is one of the advantages of this system that

makes it unique in terms of bandwidth e�ciency improvement in comparison

to other multiple access systems.

3. The system has the advantage of a higher signal-to-noise ratio as a result of

using antenna array producing RF directional gain.

USER_1

USER_2

USER_1

USER_1

USER_2

USER_2

BASE

STATION

Figure 4.2: Multiple access with multiple beams.

In this multiple access system, for the uplink, all users transmit data that is

encoded into the beam angle of the transmitted signal or direction of departure.

For the system illustrated in Figure 4.2 that consists of two users, at each time

slot, simultaneously, user 1 transmits a single frequency signal in one of the two

predetermined directions ϕ1 or ϕ3, and user 2 transmits a single frequency signal in

one of the two predetermined directions ϕ2 or ϕ4. Table 4.1 shows the possible signal

direction combinations at di�erent data time slots. Speci�cally, in this setup for two
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users, the base station (uplink) receives two signals in two di�erent directions on the

same frequency, in four possible combinations of beams.

4.2.4 Detection

This section focuses on the detection process for the received signal in the BS.

Without loss of generality, the beam angle multiple access system illustrated in Fig-

ure 4.2 is considered. This system consists of two users, and the BS utilizes a uniform

linear array (ULA) antenna with two elements, as shown in Figure. 4.3:

User 1


ϕ1

ϕ3

User 2


ϕ2

ϕ4

In order to detect the data in the uplink, the base station should detect the beam

arrival angle for each user, among the predetermined directions that are designated

for each symbol in the training phase of the initial link setup.

S(t) Plane Wave

d/2 d/2

Figure 4.3: Uniform linear antenna array.

For a single plane wave S(t) arriving from direction ϕ, the signal delay θ, referenced
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to the array center point at the input of the array combiner, can be obtained as follows:

θ =
2π

λ

d

2
sinϕ (4.2)

Without loss of generality, assume d = λ. Therefore, in general, the delay related to

the angle of arrival ϕ for any user is:

θ = π sinϕ (4.3)

For the detection in the presence of AWGN, we could use ML detectors, matching

the received signals vector to all possible valid codewords and �nd the received spa-

tial symbol in each direction separately. However, here to obtain higher resolution

when the di�erence between the angle of arrivals is small, which result in performance

degradation, we work with the combined signals from both antenna elements.

Initially, noise e�ects are disregarded and a high signal-to-noise ratio (SNR) environ-

ment is assumed; the analysis is later extended to a noisy channel. The output of the

antenna array when two signals from two users arrive in unknown directions ϕx1 for

user 1 and ϕx2 for user 2 is as follows:

R =

R1 (t)

R2 (t)

 =

 ejθx1 ejθx2

e−jθx1 e−jθx2


S1 (t)

S2 (t)

 (4.4)

where S1 (t) and S1 (t) are the plane waves arrived at the receiver from two directions

determined by θ1 and θ2; also R1 (t) and R2 (t) are the received signals at antenna

one and antenna two respectively. To simplify the operation of the receiver and to

use generic ML detector, we are going to deploy the combined signals from individual

antennas. At the output of the receiving antenna array combiner, the combined

signals from individual elements can be expressed as:

R (t) = S1 (t) (e
jθx1 + e−jθx1) + S2 (t) (e

jθx2 + e−jθx2) (4.5)
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Assuming that we have a power control algorithm, so both received signals have the

same power level, and S1(t) = S2(t) =
√
Ese

j2πfct.

In a general form for an Nr element antenna array and two users, assuming
√
Es =

1 the output of the antenna array combiner (4.5) can be expanded as:

R (t) =
Nr∑

k=2,4,...

[ej(2πfct+(k−1)θx1) + ej(2πfct−(k−1)θx1) (4.6)

+ej(2πfct+(k−1)θx2) + ej(2πfct−(k−1)θx2)]

R (t) = k
Nr∑

k=2,4,...

[cos (2πfct+ (k − 1) θx1) + cos (2πfct+ (k − 1) θx2)] (4.7)

In a special case for two users, the signal at the nth antenna element to the left

and right of the reference point can be represented as:

Rn1 (t) + Rn2 (t) = 2 [cos (2πfct+ (n− 1) θx1) + cos (2πfct+ (n− 1) θx2)]

= 4 cos

(
(n− 1) (θx1 − θx2)

2

)
cos

(
2πfct+

(θx1 + θx2)

2

)
= K cos

(
2πfct+

(θx1 + θx2)

2

) (4.8)

The above equation implies that when two signals arrive at the antenna array from

two di�erent angles ϕx1 and ϕx2, with the corresponding delays θx1 and θx2 (at the

same time and same frequency), this is equivalent to a signal arriving at a virtual

angle of arrival (VAOA) ϕv associated with a virtual delay θv:

θv =
(θx1 + θx2)

2
(4.9)

Substituting (4.3) in (4.9) results in:

θv =
π(sinϕx1 + sinϕx2)

2
(4.10)



77

and �nally:

ϕv = arcsin

(
sinϕx1 + sinϕx2

2

)
(4.11)

This result is used to design a receiver to distinguish between multiuser signals on the

uplink, as shown in Figure 4.1. The maximum correlation receiver (MCR) projects

the combined received signals, R1(t)+R2(t), into all possible spatial signature vectors,

and decides upon the combination that results in the maximum correlation.

For this purpose, the detection matrix (DM) is formed as follows:

Di =

[
e−jθi ejθi

]
(4.12)

where θi is the delay associated with the angle of arrival (AOA) ϕi, as in (4.3).

The analytical representation of the received signal compensates for the virtual delay

θv at the output of the combiner, for two signals arriving from directions ϕx1 and ϕx2,

as in Figure 4.1. This is given by:

R =

[
e−jθv ejθv

] ejθx1 ejθx2

e−jθx1 e−jθx2


S (t)

S (t)

 (4.13)

Where the only one element of R is as follows:

R (t) = S (t) (ej(θx1−θv) + e−j(θx1−θv))

+ S (t) (ej(θx2−θv) + e−j(θx2−θv))
(4.14)

Figure 4.4 shows the compensated received signal level R given in(4.14) versus

the virtual angle of arrival, ϕv. This graph corroborates the result of (4.11), since

it shows the appropriate compensation delay at the MCR for a combination of two

signals arriving from two separate AOAs. According to (4.11), the compensation angle

for two signals arriving from directions ϕx1 and ϕx2 is ϕv, a virtual angle of arrival

that is associated with virtual delay θv, as calculated in (4.10). For this veri�cation,
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Figure 4.4: Combined signal with virtual AOA detection.

it is assumed that:

ϕx1 = 60◦ and ϕx2 = 20◦. As expected, peak shown in the graph occurs at ϕv =

37.16◦, which is the same as predicted by using (4.11).

In the detection process, the TWO AOAs ϕx1 and ϕx2 are unknown; however,

all the possible combinations of AOAs are known from the training phase. For the

case analyzed, these combinations are given in Table 4.1. At the receiver, (4.14) is

calculated for all valid combinations of AOAs, with the compensations related to the

corresponding AOAs. This results in a maximum received signal level R, which is

the received signal level compensated with the virtual angle of arrival (AOA)v. Then

from Table 4.1, the individual (AOA)v can be obtained.

Figure 4.5 provides a 3D graph representing (4.14), i.e., the signal strength during

scanning for the combination of AOAs for signals arriving from two directions θx1 and

θx2. The graph shows that the compensated received signal peak for ϕv occurs at the

correct AOAs: ϕx1 = 60◦ and ϕx2 = 20◦.
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Figure 4.5: Optimization for signal detection.

4.2.5 Symbol Error Rate in AWGN

For M-ary signaling using ML detection in AWGN channels, the SER can be

tightly upper bounded by:

SER ' Mmin

2
erfc

√d2min

4N0

 (4.15)

where erfc(·) is the standard error function complement, dmin is the minimum Euclid-

ian distance between the constellation points (signals in the absence of AWGN) at

the receiver, N0 is the noise power spectral density (PSD), and Mmin is the number of

points in the constellation reached with the minimum distance from the perspective

of any point that results in a maximum of these numbers.

For a system with two users and two elements antenna array , the symbol inter-

distances are:

d(θij, θlm) =| cos(θi) + cos(θj) | − | cos(θl) + cos(θm) | (4.16)

where θxy is the virtual delay related to angle of arrival ϕx and ϕy.
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For a system with two users and four elements antenna array , the symbol inter-

distances are given by 4.17:

d(θij, θlm) =| cos(θi) + cos(θj) + cos(3θi) + cos(3θj) |

− | cos(θl) + cos(θm) + cos(3θl) + cos(3θm) |
(4.17)

4.2.6 Optimization

In the proposed system, at the link startup there is a training and optimization

phase. By utilizing an optimization algorithm, the transmitter and the receivers

determine the optimized beam angles for the targeted BER performance.

4.2.7 Interference E�ects in Multi-Beam Systems

While the transmitter and receiver use a generic algorithm to optimize system

performance, the energy associated with an individual user has an e�ect on other

users, depending on the communication channel and beam widths. Increasing the

number of users degrades the overall system performance. To minimize adjacent

user beam interference, di�erent antenna array topologies that are more resilient to

adjacent beam interference can be used, e.g., a circular array.

Antenna polarization properties can also be used to improve the BER. Multi-

polarized multi-beam arrays can provide a solution to reduce adjacent user interfer-

ence. Speci�cally, signals with di�erent polarization can reduce interference e�ects,

even if the signals have the same AOA. Thus, the use of multi-polarization antenna

arrays can signi�cantly improve system performance.
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4.3 Simulation Results

In this section, the performance of the BAMA scheme in a MIMO channel envi-

ronment with various system parameters, in AWGN channel conditions, is evaluated

by using Matlab simulations. The results are then compared with the analytical re-

sults presented in the previous section. Systems with two users are considered, where

the number of beams or modulation levels Mi = 2, and the number of antenna array

elements is set to 2, 4 and 8.

In the simulations, use of the ML receiver results in the same SER performance as

in the case of the MCR. Based on (4.6), in BAMA, the SER or system performance

depends upon the number of antenna and the radiation pattern used in the system.

Increasing the number of antennas (diversity order) and decreasing the number of

radiation patterns (modulation level) reduces the SER for a given SNR in a manner

comparable to the situation with conventional amplitude and phase modulations.

The SER results for binary signaling with Nr = 2, Nr = 4 and Nr = 8 in AWGN

are presented. In the BAMA system, AOA optimization to reduce the SER can

be performed in the transceiver training phase during the initial system startup,

or when the system is re-initialized due to the changes in channel conditions, e.g.,

re�ector positions. To evaluate the SERs in di�erent scenarios, both optimized and

non-optimized AOAs were used.

Figure 4.6 shows the SER for an AWGN channel for BAMA systems of two, four

and eight antenna array elements, for non-optimized AOAs.

In Figure 4.7, which shows SER results with optimized angles, it can be observed

that simple optimization yields 3dB performance improvement. The use of more

sophisticated optimization determined by real-time and system complexity constraints

can result in higher performance gains. In addition, the use of more complex AOA

estimation approaches such as MUSIC and multiple snapshots could increase the
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Figure 4.6: SER versus Eb/N0, for non-optimized AOAs.

system performance. This needs to be further investigated in the future.
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Figure 4.7: SER versus Eb/N0, for optimized and non-optimized AOAs.

4.4 Summary

A multiple beam multiple access scheme on the uplink, referred to as beam angle

multiple access (BAMA), has been developed in this chapter. The proposed scheme

employs information-guided channel hopping [55] and represents an extension of the
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beam angle shift keying (BASK) transmission technique to a multiuser scenario.

BAMA works with a limited number of antennas for beamforming at the transmitters

and the receiver. To compensate for BER performance losses, BAMA can employ a

more advanced array signal processing strategy such as multiple snapshots for DOA

detection.



5 Space-Time Block Coding Based on Antenna

Radiation Pattern Switching

This chapter extends BACM with an antenna array to encode spatial symbols in

the multiple angles of wave propagation (and arrival) in a wireless channel. In the

case of two simultaneous beams, at the encoder, a block of information bits is mapped

into three symbols: (i) one spatial symbol indexing two beams, representing the direc-

tions of departure (and hence arrival) of two amplitude- and phase-modulated (APM)

carrier signals, and (ii) two APM symbols chosen from constellation diagrams such

as QAM or PSK and independently transmitted over the two beams. Utilizing simul-

taneous transmissions on two (or multiple) beams improves the bandwidth e�ciency

as compared to that of the original BACM and is also used to bene�t the diversity of

the proposed system. Speci�cally, in the second part of this chapter, space-time block

coding (STBC) strategies for generalized BACM are presented, which build on de-

signs similar to STBC with generalized spatial modulation (G-SM). The performance

of generalized BACM (G-BACM) with and without STBC is analyzed for multipath

fading channels when trading o� between the system data rate and reliability.

The chapter is organized into four sections. Section 5.1 gives a detailed description

of the G-BACM system design. Section 5.2 then presents a proposed multi-beam block

code transceiver. Sections 5.3 and 5.4 present the simulation results and chapter

summary, respectively.

84
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5.1 Generalized BACM Communication System

During a single channel use, G-BACM enables K active beams from a total of NB

potential beams generated in the transmit antenna array to send K APM symbols

in parallel from QAM/PSK signal constellations. Changing the beam pattern for

every channel use permits a set of beam combinations to be utilized to index spatial

constellation points. At the transmitter, the incoming bits are mapped into two

types of concatenated symbol: (i) one spatial symbol SBP , which selects K active

beams, i.e., a beam pattern, and which is identi�ed with K indexes (i1, i2 · · · , iK)

where i1 < i2 < · · · < iK ∈ {1, 2, · · · , BK} ) corresponding to the angles of departure

(AOD) (Θi1 ,Θi2 · · ·ΘiK ) for the K beams, and (ii) a group of K APM symbols,

S1, S2, · · · , SK , from the M -ary QAM/PSK constellation. For a single channel use,

depending on SBP , the APM symbols S1, S2, · · · , SK are transmitted on beams (in

the transmit/receive antenna array plane) with angles (Θi1 ,Θi2 · · ·ΘiK ), respectively.

To simplify the notation, it is assumed that Θ1 < Θ2 < · · · < ΘBK
. In addition, the

symbol rates for spatial and APM symbol streams are assumed to be the same, and

the switching rate for beam patterns is de�ned so that the duration of channel use

is the same as the duration of individual symbols. Along any transmission path, the

transmitted signal exhibits the on-o� characteristics of a QAM/PSK signal. Thus,

the bandwidth of the transmitted signal in the passband is considered to be twice

the symbol rate, i.e., the beam pattern switching rate or the individual QAM stream

rate.

The number of possible active beam combinations is
(
NB

K

)
. Assuming that one

spatial symbol is SBP transmitted over the channel use, the number of beam com-

binations (de�ning the modulation level Ms for the spatial symbols) that can be

considered for transmission must be a power of two. Therefore, only Ms = 2ms com-

binations can be used, where ms =
⌊
log2

(
NB

K

)⌋
is the number of bits encoded on the
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spatial symbol and b·c is the �oor operator.

Transmitter operation in the G-BACM system model over two channel uses is

depicted in Figure 5.1 for the case where K = 2 and NB = 4. On the �rst channel

Channel Use 1

Channel Use 2

Channel Use 1Channel Use 2

Beam

 Patterns

Figure 5.1: Generalized BACM transmitter operation over two channel uses.

use, the spatial symbol SBP (from the possible Ms = 4) selects the upper branch,

with two beams having angles Θ1 and Θ2 on which two QAM/PSK symbols S1 and

S2 are sent, respectively. On the second channel use, the spatial symbol S ′
BP selects

the lower branch, with two beams having angles Θ2 and Θ4 on which again two

QAM/PSK symbols S ′
1 and S ′

2 are sent. The use of branches in Figure 5.1 is for

conceptual purposes only, since in a practical implementation the beam steering unit

for all branches would be the same antenna array, with adaptive steering weights.

Moreover, the actual number of transmit antennas Nt may be as low as two and is not

related to NB. The choice of Nt is determined by the beamforming gain requirement

in the system.

In the system depicted in Figure 5.1, even though
(
NB

K

)
= 6, the system works

with Ms = 4, i.e., only four of six two-beam patterns are valid (for use as the actual
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spatial symbols). Here, the modulation levels for spatial symbols in G-BACM and

conventional BACM are the same. This is because in BACM only one beam is active

for a single channel use and in the corresponding BACM system
(
NB

1

)
= 4. The main

di�erence in the bandwidth e�ciency of G-BACM and BACM is that in G-BACM,

K = 2 APM symbol streams are sent in parallel on K active beams, while in BACM

only one APM symbol stream is sent. For a case with �ve possible beams (NB = 5),

where two beams are grouped, creating two APM symbol streams, the modulation

level for spatial symbols in G-BACM would be Ms = 2blog2 (
5
2)c = 8, thus increasing

the spectral e�ciency for spatial symbols (as compared to BACM) from two bits per

channel use to three bits per channel use.

5.1.1 Transmitter Operation in G-BACM

In conventional BACM, in order to transmit a QAM or PSK signal s(t) in a single

direction (Θk, k = 1, · · · , NB)) for the duration of one QAM/PSK symbol, the

beamformer at the BACM transmitter feeds the ith (i = 1, · · · , Nt) antenna array

element with s(t) weighted by AiΘk
to steer the beam in the single direction Θk [18].

Here, Nt is the number of antennas at the BACM transmitter. The beam steering

vector mapper (BSVM) associated with each BACM spatial symbol/index de�ning

one beam results in a distinct direction of departure (DOD) beam angle Θk. In

conventional BACM, when transmitting one QAM or PSK modulated symbol, the

beamformer selects one steering beam vector according to the spatial symbol/index

from the DOD/DOA mapper.

One possible con�guration for a G-BACM transmitter with beam patterns com-

posed of K = 2 simultaneous beams would be K = 2 co-located antenna arrays, each

implementing independent BACM as described in the preceding paragraph. The

premise for this implementation is that G-BACM is essentially a superposition of

individual BACMs. Speci�cally, the two APM symbol streams that should be sent
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in G-BACM are fed after serial-to-parallel conversion in two BACM transmitters.

The spatial symbol SBP in G-BACM de�ning K = 2 outgoing beam angles (Θi1 ,Θi2)

then de�nes individual beams with angles Θi1 and Θi2 , which are used in the BACM

transmit antenna arrays with the corresponding BSVMs. The beam switching rate is

the same in G-BACM and individual BACMs. The number of antennas in G-BACM

would be NT = 2 ·Nt. This implementation of G-BACM bene�ts from an over-the-air

summation of two directional signals generated in two BACM antenna arrays.

In a case where the same APM data is transmitted on all active beams, i.e., with

one APM symbol stream rather than K as presented here, the G-BACM could be

considered as generalized SM, with multiple simultaneous active antennas with digital

precoding/beamforming [56].

5.1.2 Receiver Operation in G-BACM

As in the previous sub-section, the focus is on systems using beam patterns com-

posed of two beams with two APM symbol streams. This forms the basis for future

generalizations. The receiver employs two phases. In the �rst phase, referred to

as training, the G-BACM receiver uses an e�cient DOA estimation/detection algo-

rithm to determine the incoming signal beam pattern angles: (ϕk1 and ϕk2), k1, k2 ∈

{1, 2, 3, 4}, which also determines the spatial symbol ((SBP,k, k = 1, · · · ,Ms), i.e.,

one-to-one mapping between (ϕk1 and ϕk2) and SBP,k. The next phase involves the

actual data transmission, decoding QAM/PSK modulated signals and their angles

of arrival (AOAs) (ϕk1 and ϕk2) (or rather their equivalents) determining the spatial

symbol. For this phase, maximum likelihood (ML) decoding is used, as described

below.

Without loss of generality, the receiver utilizes a uniform linear array (ULA)

antenna with two elements (Nr = 2), as shown in Figure 5.2. In order to detect

the spatial symbol, the receiver should detect the AOAs, ϕ1 and ϕ2, (for two BACMs



89

forming a G-BACM) among the predetermined direction patterns that are designated

for each symbol in the training phase of the initial link establishment.

S(t) Plane Wave

d/2 d/2

Figure 5.2: Uniform linear antenna array.

For a single plane wave S(t) arriving from a single direction ϕ, the signal phase

shift θ due to the delay at the left antenna element shown in Figure 5.2, referenced

to the array center point, can be calculated as follows:

θ =
2π

λ

d

2
sinϕ (5.1)

It is further assumed that d = λ. Therefore:

θ = π sinϕ (5.2)

When two QAM/PSK signals S1 and S2 from two BACM arrays arrive from

unknown directions ϕx1 from BACM array 1 and ϕx2 from BACM array 2, the output

of the antenna array, in the form of a vector, R, is as follows:

R =

R1

R2

 =

 ejθx1 ejθx2

e−jθx1 e−jθx2


S1

S2

+

n1

n2

 (5.3)
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where R1 and R2 represent baseband signals at individual antenna elements after

matched �ltering, and n1 and n2 stand for independent additive white Gaussian noise

(AWGN) components at the corresponding antennas. If the receiver has an antenna

array with Nr elements, the size of R is Nr × 1. If there are K active beams de�ning

spatial symbols, the size of a vector representing QAM/PSK symbols as in (5.3)

would be K × 1, and the 2 × 2 �rotation" matrix would be replaced by a matrix of

size Nr ×K, de�ned by K phase shifts θx1, · · · , θxK . The tacit assumption in (5.3)

is that the signals arriving from di�erent directions (along di�erent paths) have the

same power, with no fading. If this is not the case, it would be necessary to include

multiplicative scaling factors in (5.3), which could be learned during the training

phase or estimated based on the preamble signals. For example, if the average path

gains in the channel for beams with phase shifts θx1 and θx2 were di�erent and given

by gx1 and gx2, it would be necessary to scale S1 and S2 by gx1 and gx2. In the rest

of the dissertation, the path loss gx1 = gx2 = 1 is assumed for all beams.

ML decoding of the QAM/PSK symbols, S1 and S2, and the two angles of arrival

(AOAs), ϕx1 and ϕx2, based on (5.3), would require calculating in advance all possible

�valid� codewords (or super-symbols):

SS(x, p, q) =

 ejθx1 ejθx2

e−jθx1 e−jθx2


S1(p)

S2(q)

 (5.4)

for all combinations of QAM/PSK symbols (given by indexes p, q ∈ {1, · · · ,M}) and

spatial symbols de�ned by AOAs ϕx1 and ϕx2, or equivalently by phase shifts θx1 and

θx2, where x ∈ {1, · · ·Ms}. There are Ms ·M2 valid codewords when K = 2.

For a fading environment with fading coe�cients on beam xi (i ∈ {1, 2}) to the

jth (j ∈ {1, 2}) receive antenna array element given by hji, the super-symbols in (5.4)
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would be modi�ed as follows:

SSfade(x, p, q) =

 hx11e
jθx1 hx12e

jθx2

hx21e
−jθx1 hx22e

−jθx2


S1(p)

S2(q)

 (5.5)

In Rayleigh fading channels, hjis are complex normal random variables (RVs) with a

variance of one and zero mean (hji ∼ CN (0, 1)) and are usually independent of one

another other. During decoding, for every received vector R, the Euclidean distances

between R and the valid codewords (SS(x, p, q) (or SSfade(x, p, q))) are calculated.

The ML principle of choosing the super-symbol is then applied, so as to minimize

the distance when making the �nal decision. Here, a single decision determines the

super-symbol, or rather the concatenated symbols S1, S2 and SBP .

In some scenarios, like one presented in the following section, it may be desirable

to decode/determine the spatial symbol or equivalently the angles of arrival for K = 2

beams independently of the transmitted S1 and S2 APM symbols, e.g., when S1 and

S2 are already known. The objective here is to use simpli�ed detection rather than

ML. To this end, based on (5.3) and following the approach described in [19], a

maximum correlation receiver (MCR) is developed that projects the received vector

signal R onto all Ms �valid� vectors, conditioned on Ŝ1 and Ŝ2:

VŜ1,Ŝ2
(x) =

 ejθx1 ejθx2

e−jθx1 e−jθx2


Ŝ1

Ŝ2

 x ∈ {1, · · · ,Ms} (5.6)

where Ŝ1 and Ŝ2 stand for the speci�c realization of generic APM symbols S1 and

S2. The Ms valid vectors in (5.6) would have to be calculated for all possible pairs

of phase shifts, θx1 and θx2, de�ning Ms possible spatial symbols SBP , i.e., arriving

beam patterns. In (5.6), as in (5.4), if signals S1 and S2 arrive following random

fading, knowing hxji gains, it would be necessary to scale the �rotation� matrix in
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(5.6), as was done when proceeding from (5.4) to (5.5). For already detected APM

symbols, Ŝ1 and Ŝ2 for a given channel use, it would be necessary to calculate Ms

inner products:

<
(
RH ·VŜ1,Ŝ2

(x)
)

(5.7)

where H is the Hermitian transpose and <(·) represents the real part. Finally, a

decision is made on the index of the spatial symbol resulting in the maximum value

among Ms decision variables calculated in (5.7).

The symbol error rate (SER) performance of the ML and MCR detectors depends

upon the Euclidian distances between valid vectors, i.e., the inter-distances between

SS(x, p, q) in ML, and the inter-distances between VŜ1,Ŝ2
(x) in MCR. Deciding upon

the choice of AODs/AOAs to maximize the inter-distances (or equivalently to mini-

mize the SER) for a given K and M may require involved optimization and is beyond

the scope of this paper. The problem becomes even more complex when the fading

environment is considered.

5.2 Multi-Beam Block Coded G-BACM Transceiver

In the proposed implementation of a multi-beam block coded G-BACM transceiver,

conventional STBC is applied for the APM symbols, and the system bene�ts from

repetition coding (diversity combining) for the spatial symbols. The principles in-

volved are demonstrated for the case of groups of K = 2 beams, similarly to the

approach used in the previous section for demonstrating the principles underlying

the uncoded G-BACM.

Figure 5.3 illustrates the multi-beam block coded G-BACM concept. The Alam-

outi scheme is considered as an example due to its low decoding complexity and

implementation simplicity. As in the case of orthogonal STBC-MIMO without adap-

tive beamforming, two PSK/QAM symbols (S1 and S2) are �rst encoded and then
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simultaneously transmitted on a pair of selected beams in two channel uses. During

these two channel uses, the same two beams are employed, i.e., the spatial symbol

(indexing the pair of beams) is the same for two channel uses. Essentially, the en-

coder represented in Figure 5.3 processes the information symbols in blocks of three

symbols over two channel uses, while in the uncoded G-BACM shown in Figure 5.1,

there would be six symbols over two channel uses. In this way, the data rate of the

proposed coded system is halved.

Channel Use 1

Channel Use 2

Beam 

Patterns

Channel

 Use 2

Channel

 Use 1

Channel

 Use 1

Channel

 Use 2

Figure 5.3: G-BACM with Alamouti scheme for APM symbols and diversity combin-
ing for spatial symbols.

In the original application of Alamouti STBC in MIMO channels, a complex

symbol pair (S1 and S2) is transmitted orthogonally from two transmit antennas

in two symbol intervals, with the codeword S =

S1 −S∗
2

S2 S∗
1

 where the rows and

columns correspond to the transmit antennas and the symbol intervals, respectively.

It is assumed that the channel gains between transmit and receive antennas remain

constant for the two time slots. When a signal is received in a MIMO Rayleigh fading
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channel using Nr receive antennas, with simple and e�cient receiver processing, the

Alamouti STBC diversity order for the two transmit antennas is 2 ·Nr.

For the proposed multi-beam block coded G-BACM, Alamouti STBC is applied

on two transmit beams to bene�t from the transmit antenna gains. When two di-

rectional carrier signals arrive at the receiver they are superimposed at the antenna

elements, as in the case of a MIMO channel with omnidirectional transmit antennas.

Thus, receiving APM signals from two directions on Nr antennas over two channel

uses requires implementation of the same maximum ratio combining processing as in

OSTBC-MIMO. In STBC G-BACM this o�ers the same diversity of 2 ·Nr, provided

that the fading coe�cients along each beam and for di�erent antennas are indepen-

dent RVs.

Once the APM symbols S1 and S2 are recovered by using maximum ratio com-

bining for the 2× 2 Alamouti scheme, the modi�ed version of MCR described at the

end of the previous section is used for the detection of the spatial symbol SBP . In

the proposed coded G-BACM scheme, because the same beam pair is employed in

two consecutive channel uses, for each channel use decision variables are calculated,

as in (5.7), for two receive vectors, Rcu1 and Rcu2, representing the signals received

at the receive antenna array during the �rst and second channel use.

To minimize the e�ects of noise, for a given potential spatial symbol SBP in-

dexed by x ∈ {1, · · · ,Ms}, with corresponding phase shifts, the decision variables are

averaged and the following calculation is performed:

D(x)=<
((

RH
cu1 ·Vfade,Ŝ1,Ŝ2

(x)
)
+
(
Rcu2 ·Vfade, ˆ−S∗

2 ,Ŝ
∗
1
(x)
))

(5.8)

where, in a fading environment:

Vfade,Ŝ1,Ŝ2
(x) =

 hx11e
jθx1 hx12e

jθx2

hx21e
−jθx1 hx21e

−jθx2


Ŝ1

Ŝ2

 (5.9)
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The index x of the spatial symbol resulting in the maximum value among Ms decision

variables D(x), calculated in (5.8), would determine the actually encoded spatial

symbol, i.e., the beam pattern given by θx1 and θx2.

5.3 Simulation Results and Analysis

This section presents simulation results for G-BACM with and without the pro-

posed use of STBC in Rayleigh fading environments. The bit error rate (BER)

performance of these systems was evaluated by using Monte Carlo simulations for

various numbers of receive antennas, as a function of the average SNR per receive

antenna. For the simulations, in all cases it was assumed (i) that NB = 4 and K = 2,

resulting in Ms = 4 beam patterns, and (ii) that QPSK signaling on APM symbols

was used. The coded systems operate with throughput reduced by half. Figures 5.4

and 5.5 show the BER curves for the G-BCAM system with and without STBC,

0 5 10 15 20 25
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10-4
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10-2

10-1
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R

APM Symbols-GBACM (Beams=2,nRx=2)
APM Symbols-GBACM-STBC (Beams=2,nRx=2)
Spatial Symbols-GBACM (Beams=2,nRx=2)
Spatial Symbols-GBACM-STBC (Beams=2,nRx=2)

Figure 5.4: G-BACM BER performance for spatial and QPSK symbols in a Rayleigh
fading environment, with and without STBC, for K = 2 and Nr = 2.



96

when Nr = 2 and Nr = 4, respectively. The AOAs for NB = 4 possible beams were

adjusted to: ϕ1 = 95◦, ϕ2 = 45◦, ϕ3 = −45◦ and ϕ4 = −90◦ in both systems, with

Nr = 2 and Nr = 4 receive antennas. Ms = 4 pairs of these angles were used, ex-

cept for two pairs: (ϕ1, ϕ2) and (ϕ2, ϕ3). It was veri�ed that these AOA choices and

corresponding beam patterns achieve good separation between the decision variables

in (5.7) when MCR is used to detect the spatial symbols.

0 5 10 15 20 25
Average Eb/No,dB
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APM Symbols-GBACM (Beams=2,nRx=4)
APM Symbols-GBACM-STBC (Beams=2,nRx=4)
Spatial Symbols-GBACM (Beams=2,nRx=4)
Spatial Symbols-GBACM-STBC (Beams=2,nRx=4)

Figure 5.5: G-BACM BER performance for spatial and QPSK symbols in a Rayleigh
fading environment, with and without STBC, for K = 2 and Nr = 4.

From the results shown in Figures 5.4 and 5.5, it can be seen that the number of

receive antennas improves BER performance signi�cantly for both spatial and APM

bit streams. The slopes of the G-BACM BER curves for APM symbols S1 and S2,

with the Alamouti coding scheme, indicate diversity gain in the order of 2 · 2 and 2 · 4

for Nr = 2 and Nr = 4, respectively. This is in agreement with the discussions in

the previous section. For a BER value of 10−3, the coding gain of G-BACM with the

Alamouti scheme for APM bits is 17dB and 4dB in comparison to G-BACM with ML

decoding, for systems with Nr = 2 and Nr = 4 receive antennas, as shown in Figures

5.4 and 5.5.
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The BER curves for spatial symbols encoded in beam patterns exhibit �linear� be-

havior (on the log-log scale), indicating that here the system bene�ts from diversity

e�ects. This is partially due to the fact that repetition coding and equal gain com-

bining are used for decision variables when di�erentiating between spatial symbols

using MCR. There is unbalanced BER performance for the spatial and APM data

streams, which may require more sophisticated optimization of AOAs or the use of

di�erent coding strategies. For a BER value of 10−3, the coding gain of G-BACM

with repetition coding on spatial bits in comparison to G-BACM with ML decoding

of the superposed symbols (S1, S2, SBP ) is around 3dB in both systems, with Nr = 2

and Nr = 4 receive antennas, as shown in Figures 5.4 and 5.5.

In addition to the performance trade-o�s between multiplexing and diversity gains

in coded and uncoded G-BACM, it should be noted that the coded system with

decoding over two channel uses allows decoupling of the detection of APM symbols

and spatial symbols. This results in lower complexity detection in G-BACM with

STBC, as compared to ML decoding in uncoded G-BACM. Moreover, the BER versus

received SNR curves do not account for the transmit antenna gain, which is the most

important bene�t of this scheme.

While increasing bandwidth e�ciency and reliability and, to a certain extent,

minimizing interference as in space division multiple access (SDMA), the G-BACM

scheme is an attempt to take advantage of large (adaptive) antenna arrays that can

be packed compactly at both the transmitter and the receiver, due to decreased wave-

lengths in future wireless systems operating at higher frequencies. Another feature of

the proposed G-BACM is that by utilizing data-driven (random) beam patterns, the

scheme has the potential to be used in physical layer security solutions.
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5.4 Summary

Amultiple beam extension of beam angle channel modulation (BACM), referred to

as generalized BACM (G-BACM), has been presented in this chapter. The proposed

scheme yields improved bandwidth e�ciency in comparison to the original BACM

by enabling simultaneous QAM/PSK stream transmissions on multiple beams, as

well as indexing the transmission beams with spatial symbols. More importantly,

like BACM, G-BACM bene�ts from antenna beamforming gains. To compensate

for BER performance losses in fading channels, in the second part of this chapter

G-BACM was con�gured to bene�t from the transmit diversity gain of STBC and

repetition coding on APM and spatial symbols, respectively. In conclusion, G-BACM

with and without STBC could be a useful signaling technique in future mmWave

communication systems, where MIMO digital beamforming is essential to combat

high signal attenuation.



6 Conclusions and Future Work

This dissertation has developed new techniques to improve spectral e�ciency in

digital communication systems, by employing smart antenna arrays to encode data

at the RF level. The most important aspect of all the proposed schemes is that they

bene�t from antenna gains. Speci�cally, in these systems, at the transmitter, the spa-

tial symbols are mapped into the beam angle index of the radiated pattern; and at the

receiver, the spatial symbols are recovered through the detection of the AOA(s) and

the corresponding spatial symbol index. The bandwidth improvement is the result of

concatenating the new modulation scheme with regular amplitude and phase modu-

lation to create a dual layer modulation. Furthermore, based on this technique, new

space-time block coding to improve reliability, and multiple access schemes to accom-

modate multi-user transmissions have been introduced. Working with beamforming

patterns o�ers the bene�t of realizing high modulation levels for spatial symbols, with

a relatively small number of antennas. This contrasts with similar index modulation

schemes such as SM, where the spatial modulation level is the same as the number of

antennas. Moreover, the beamforming approach provides �exibility by selecting the

communication channels to achieve optimized performance. Adaptive beamforming

pattern selection o�ers an advantage over SM, where communication channels are

dictated by the spatial location of the antennas, which means that SM does not have

link optimization capability. The method proposed here also reduces the number of

RF chains. The performance of the developed schemes was simulated and optimized

99
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for di�erent propagation environments, with di�erent antenna con�gurations. The

speci�c contributions of the dissertation are reviewed in Section 6.1 and potential

further research is suggested in Section 6.2.

6.1 Dissertation Contributions and Summary

The following are the speci�c contributions of this work:

1. Beamforming was used to encode data in the beam angle of the power radiated

in the wireless channel, leading to the development of beam angle shift keying

(BASK) modulation.

At the RF stage, BASK employs an antenna array to encode information bits

in the angle of the transmitting beam. Speci�cally, the one-dimensional (1D)

indices representing data symbols directly modify the radiation characteristics

of the transmitting antenna array via the spatial symbol rate, when sending an

unmodulated carrier signal (without APM). Through specular re�ection paths,

the carrier signal is assumed to arrive at the receiver from one direction for the

duration of the spatial symbol. At the receiver, a maximum likelihood (ML)

detector di�erentiates between the direction of arrival from di�erent beams

indexing spatial symbols. Beamforming and activation of one of the beams at

the transmitter can be accomplished by using adaptive antenna arrays. Beams

resulting in optimum system performance are determined during the training

phase. Moreover, the proposed schemes inherit all the advantages of a smart

antenna system that are described in Section 1.3.1: speci�cally, higher gain,

higher throughput, and multipath mitigation.

2. The proposed BASK technique was further extended to develop a concatenated 3D

modulation scheme referred to as beam angle channel modulation (BACM). In
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addition to encoding the information bits in the angle of the transmitting beam,

BACM also includes conventional 2D QAM or PSK on the same RF carrier. At

the encoder, the block of information bits is mapped into two symbols: (i) a spa-

tial symbol selecting the direction of departure, and consequently the direction

of arrival, of the amplitude and phase modulated carrier signal, and (ii) a tem-

poral symbol chosen from the constellation diagram, such as QAM or PSK. Use

of the transmitted signal angle through antenna array beamforming increases

the spectral e�ciency of single-input single-output (SISO) conventional (tem-

poral) modulation by the base-two logarithm of the number of spatial beams

that can be resolved (detected) at the receiver.

3. The BASK modulation scheme was employed in a multi-user scenario on the up-

link, which resulted in the development of an interference-aware multi-user de-

tection technique referred to as beam angle multiple access (BAMA). In the

system, multiple access is achieved by assigning subsets of beams to individ-

ual users signaling with BASK. At the base station, for the duration of the

spatial symbol, the receiver decides on a subset of possible multiple angles of

arrival (AOA), corresponding to synchronized spatial symbols from di�erent

users. Unlike the situation in spatial division multiple access, where a �xed

beam arrangement is used, BAMA detects the beams used by multiple users on

a symbol-by-symbol basis.

4. Furthermore, generalized BACM (G-BACM) was introduced to allow the spatial

symbol at the transmitter to select a beam pattern with two or more active

beams. In generalized BACM, for a single channel use, the transmitted infor-

mation is conveyed (i) in spatial symbols indexing the activated combination of

multiple (two or more) simultaneous transmit/receive beams, and (ii) in multi-

ple APM symbols from QAM/PSK constellations. All the APM symbol streams
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are transmitted in parallel on the active beams. Working with combinations of

multiple active beams (of the total number of potential beams generated in the

transmit antenna array) increases the spatial modulation level in G-BACM, in

comparison to that in the original BACM.

5. The concept of G-BACM was combined with space-time block coding (STBC)

strategies to improve the spatial symbol detection reliability. In this disserta-

tion, the Alamouti code for the APM symbols was the STBC technique applied,

to take advantage of the multiplexing gain in G-BACM to improve system reli-

ability. In the implementation of STBC, reusing the same group of two beams

in two consecutive channel uses reduces the spatial symbol rate, in a trade-o�

between the system error rate and system throughput. Having two versions

of the transmitted symbol for decision variables when deciding on the spatial

symbols also improves the spatial symbol error rate.

6.2 Suggested Future Work

Several topics for future research are suggested in this section. Some of these

issues, such as the need for practical veri�cation, are inherent in all theoretical in-

vestigations of signal processing algorithms, while others are speci�c to the schemes

proposed here.

1. Design and development of a hardware BACM-based communication platform.

The research in this dissertation was performed at an analytical level and veri�ed

with simulations. The focus is on algorithmic development for the transceiver,

and theoretical performance evaluation. Most of the schemes developed in this

work build on the assumption of the existence of specular re�ection paths, where

a signal transmitted in one direction results in a single angle of arrival of the
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received radio frequency (RF) wave. To con�rm the simulation results and to

check the practicality of the assumptions, a hardware platform for a transceiver

with dynamically adjusted radiation patterns needs to be designed and built.

Such a system should include a DSP module to generate and synchronize the

smart antenna feed signals, and could include a FPGA module for fast switching

of the antenna feeds at the transmitter and receiver. Hardware-software co-

design methodology could permit veri�cation of the proposed communication

system synthesized �rst in the simulation environment, and then tested on a

real-world transceiver with real-world MIMO channels.

2. Investigation of the e�ect of di�erences in the antenna array structure,

polarization and signal power.

Adaptive antennas, with the gain and phase of signals induced in various antenna

elements adjusted as required by transceivers, play a major role in the perfor-

mance of the proposed system. While achieving a directional radiation pattern

with high directivity and low side lobe levels is tacitly assumed in this disser-

tation, the receiver antenna array and corresponding performance evaluation

are always based on a LUA assumption. LUAs occupy a unique position in

array theory and are a major focus of attention. This is a reason why they have

been used in the present analysis, to gain valuable insights into the performance

of the proposed signaling schemes. However, antenna arrays can assume any

geometric form. Various array geometries which are commonly of interest are:

nonuniform linear arrays, circular arrays, planar arrays, and conformal arrays.

The investigation of the performance of the proposed systems with di�erent

antenna array geometries is a requirement for designing high-performance com-

munication systems based on BACM.
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Here it has also been assumed that all incident signals arriving via all direc-

tions and specular re�ection paths have equal power magnitudes, which may

not always be realistic. Therefore, the e�ects of di�erences in signal power (and

polarization) on AOA detection should be considered.

3. Investigation of the use of more advanced optimization techniques for AOAs.

Optimization methods are essential in the design of communications and sig-

nal processing algorithms. An important challenge for the proposed systems is

to �nd optimized AOAs during the training phase, to achieve improved AOA

detection. The simulations employed in the present research utilize a generic

exhaustive search algorithm that is useful for many ill-structured global op-

timization problems with discrete and continuous variables. However, the al-

gorithm involves high computational complexity, and may be impractical in

real-time implementations. Therefore, it would be of interest to determine if

the optimization problems in this work could be cast in the form of convex

optimization problems, where the structure of the optimal solution often pro-

vides design insights. If implementation of the structured optimization methods

proves prohibitively complex, metaheuristic search algorithms could be pursued,

such as genetic algorithms, tabu search, simulated annealing, evolutionary pro-

gramming, ant colony optimization, particle swarm optimization, cross-entropy,

multistate, clustering algorithms, or stochastic approximation. Finding a more

e�cient AOA optimization method that results in a lower symbol error rate

(SER) and faster training times would signi�cantly improve the performance of

the proposed system.

4. The use of pseudospectrum estimation for AOA detection.

The objective of angle of arrival (AOA) detection based on AOA estimation

techniques is to specify a function of the AOA, traditionally referred to as
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pseudospectrum P (θ), that provides a maximum output in the direction of

the received signal. In addition to the linear post-processing pursued in this

dissertation, there are several other potential approaches for obtaining a pseu-

dospectrum through beamforming, including: an array correlation matrix, eige-

nanalysis, linear prediction, minimum variance, maximum likelihood, minnorm,

MUSIC, and root-MUSIC, which could be evaluated in the context of this re-

search. Each of these techniques has advantages and disadvantages. A detailed

investigation is required, �rst to set comparison criteria such as the bandwidth

and number of antenna arrays, and then to di�erentiate and prioritize the meth-

ods with regard to the application presented here.

5. Improving the performance of a communication system by using directional

switching.

This dissertation employs the radiation beam angle as a data encoding param-

eter. An alternate use of beam switching is to create multiple channels between

the transmitter and the receiver. For instance, a system with four beams has one

main channel and three reserved channels. Such a system can switch between

the main channel and reserved channels to optimize communication link perfor-

mance in terms of diversity gain. In this case, the beam index does not convey

any spatial information. This application of smart antenna beam switching can

be a seed for future research.
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