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Abstract

Flexible Multicarrier Systems for Ad-hoc Wireless Network

Yafei HOU

The underlying philosophy in all problems that are considered in this dissertation
is a synergy between the physical and the MAC layers.

Firstly, we will explain that the flexible transmission including adaptive modula-
tion and variable length of frame can cause different link goodput (to distinguish with
‘throughput’), transmission range and energy efficiency. The nodes of ad-hoc network
can realize the tradeoff between goodput, range and energy efficiency by the flexible
transmissions. We will give the results which shows that there is much to be gained
from adaptive modulation and variable frame length in terms of goodput, range and
energy consumption for wireless ad-hoc networks. We obtain three rules of design for
such a tradeoff for wireless nodes.

Usually, the adaptive modulation and variable length of frame can be achieved us-
ing M-QAM modulation with different constellation size M, which can also be treated
as the one of technologies of physical layer adaptation. Since the value of M is limited
by power of 2, physical layer adaptation using adaptive M-QAM is not easy to choose
the appropriate M, and high order M-QAM (M > 64) is seldom used for WLAN-
based ad-hoc networks. On the other hand, one novel flexible multicarrier system (high
compaction multicarrier modulation: HC-MCM) which can attain higher bandwidth
efficiency (BWE) than that of the OFDM system has been designed. The HC-MCM

can flexibly control the transmission rate and the communication quality. More im-



portantly, only utilizing BPSK or QPSK modulation, it can adaptively achieve the
transmission rate of high M-QAM OFDM by transmitting variable length of partial
time-domain OFDM signal. Based on the HC-MCM, we propose a novel flexible multi-
carrier modulation combined with the parallel combinatory OFDM (PC-OFDM), that
is, parallel combinatory / high compaction multicarrier modulation (PC/HC-MCM) in
this dissertation. The PC/HC-MCM can achieve any transmission rate of M-QAM that
corresponds to not only integer M but also real number M. The PC/HC-MCM can also
realize the adaptive length of frame which can be utilized to physical layer adaptation
with the adaptive length of packets. Two types of PC/HC-MCM systems, which are
named as modulated PC/HC-MCM system and PC/HC-MCM system, are designed by
this modulation. The modulated PC/HC-MCM system can achieve better BER perfor-
mance than that of HC-MCM system with the equal BWE by employing appropriate
parallel combinatory codes. The PC/HC-MCM system can obtain excellent peak-to-
average power ratio (PAPR) characteristics by selecting the optimal constellations for
its subcarriers. On the other hand, since the PC/HC-MCM can divide one PC-OFDM
symbol duration into multiple time-slots, the advantages of frequency hopping (FH)
can be applied in the PC/HC-MCM systems. Therefore, we combine the PC/HC-MCM
and frequency hopping multiple access (FHMA) to propose a new multiple access (MA)
system. This MA system can synchronously transmit multiple users’ data within one
symbol duration of the PC-OFDM.

From the flexible multicarrier system, the modulated message data of OFDM sig-
nal can be demodulated using the partial time-domain OFDM signal. Therefore, the
partial time-domain OFDM signal can be adopted to reconstruct the whole OFDM
signal with estimated channel information. So in this dissertation, we will propose a
effective method of collision recovery for OFDM-based ad-hoc networks based on the

flexible multicarrier system. Since most collisions occur when one user starts to build
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a connection or sends a response with a short packet, such as RTS (request-to-send),
CTS (clear-to-send) or ACK (acknowledgement), to one node while a principal user is
transmitting a long packet including data to an identical destination. Therefore, the
collided part is not as long as the principal long packet. Utilizing this advantageous
property, a practical method of collision recovery, which is somewhat similar to the
scheme of successive interference cancellation, can be realized. We simulate the recov-
ery performance using different modulation for two users with identical SNR and weak
near-far effect, and show that the method gives promising results and can be developed
to solve the problem of hidden or exposed terminals of ad-hoc networks.

According to the property of flexible multicarrier system, OFDM system can trans-
mit partial time-domain OFDM signals to send the data. Therefore, OFDM system can
select the signal among some specific durations, which can reduce the PAPR, to trans-
mit the equal bits of data. So this dissertation also proposes a novel PAPR reduction
technique called partial signal transmission (PST) for ad-hoc networks. The PST is
a promising technique that dramatically reduces the PAPR with an acceptable BER
degradation. Therefore, the PST will decrease the device cost for constructing the

ad-hoc networks.

key words Multicarrier System, OFDM, Ad-hoc Networks, Collision Recovery,

PAPR Reduction, Physical Layer Adaptation.
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Chapter 1

Introduction

1.1 Introduction

The proliferation of mobile computing and communication devices is driving a
revolutionary change in information society. We are moving from the Personal Computer
age to the Ubiquitous Computing age in which a user utilizes several electronic platforms
through which he can access all the required information whenever and wherever needed
[1]. The nature of ubiquitous devices makes wireless networks the easiest solution for
their interconnection and, as a consequence, the wireless arena has been experiencing
exponential growth in the past decade. Recently, new alternative ways, which have
been named as ad-hoc networks and technologies, to deliver the services have been
emerging. These are focused around having the devices connect to each other in the
transmission range through automatic configuration, setting up an ad-hoc network that
is both flexible and powerful. In this way, not only can nodes communicate with each
other, but also can receive Internet services through Internet gateway node. As the
wireless network continues to evolve, the capabilities of ad-hoc are expected to become
more important, the technology solutions used to support more critical and significant

future research and development efforts can be expected in industry and academy.



1.2 Ad-hoc Network Research

Application 1 Application 2 e o o ( Application k&

Application .
and Middleware
. Services location, Group communication shared memorys, ...
Middleware

Transport and Network Layer Cross layer

Netw orking TCP protocol, Routing, Addressing, Location, Multicasting,

Interconnection, ... (Security,
Cooperation,
. Energy
Medium Access Control Layer conservation,
802.11a/b/g, Bluetooth (802.15), HiperLAN, Power Control,-** QoS, -**)
Enabling FHMA, TDMA, CDMA,---

Technologies

Physical Layer
Adaptive modulation, Coding, OFDM, MIMO ...

Waireless radio channel

Fig. 1.1 A simple ad-hoc architecture.

1.2 Ad-hoc Network Research

A large body of research has been accumulated to address these specific issues and
constraints. In this section, we simple describe the ongoing research activities and the
challenges in ad-hoc networks. We will use the simplified architecture shown in Fig.
1.1.

As shown in Fig. 1.1, the research activities will be grouped, according to a layered
approach into three main areas:

(1) Applications and middleware;

(2) Network layer reserach;

(3) Enabling technologies.

In addition, as shown in Fig. 1.1, several issues (energy management, security and
cooperation, quality of service, network simulation) span all areas, and often such layer

is named as the cross layer.



1.2 Ad-hoc Network Research

1.2.1 Applications and Middleware of Ad-hoc Networks

The applications and middleware layer operates between the networking layers
and the distributed applications (i.e., it mainly implements layers 5 to 7 of the OSI
model), with the aim to build on top of raw network services, higher level mechanisms
that simplify the development and deployment of applications. Ad-hoc systems de-
veloped currently adopt the approach of not having a middleware, but rather rely on
each application to handle all the services it needs. This constitutes a major complex-
ity /inefficiency in the development of MANET applications.

Research on middleware for mobile ad-hoc networks is still in its infancy. Ad-hoc
networks and self-organization have not yet received the attention they deserve. Ex-
isting middleware mainly focus on mobile/nomadic environments, where a fixed infras-
tructure contains the relevant information. For an overview on middleware for mobile

and pervasive systems, see [2]-[4].

1.2.2 Ongoing Research on Network Layer of Ad-hoc Networks

To cope with the self-organizing, dynamic, volatile environment in an ad-hoc
netwrok, most of the main functionalities of the network protocols need to be re-
designed. The aim of the networking protocols is to use the one-hop transmission
services provided by the enabling technologies to construct end-to-end (reliable)
delivery services, from a sender to one (or more) receiver(s).

To achieve an end-to-end communication, the sender needs to locate the receiver
inside the network. The purpose of a location service is to dynamically map the logical
address of the (receiver) device to its current location in the network. Current solutions
generally adopted to manage mobile terminals in infrastructure networks are generally

inadequate, and new approaches have to be found. Once, a user is located, routing and



1.2 Ad-hoc Network Research

forwarding algorithms must be provided to route the information through the ad-hoc
network. Finally, the low reliability of communications (due to wireless communications,
users’ mobility, etc.), and the possibility of network congestion require a redesign of
transport layer mechanisms. For an overview on network protocols for ad-hoc netwroks

and pervasive systems, see [5]-[8].

1.2.3 Ongoing Research on Enabling Technologies for Ad-hoc
Networks

Ad-hoc networks, depending on their coverage area, can be classified into several
classes: Body (BAN), Personal (PAN), Local (LAN), Metropolitan (MAN) and Wide
(WAN) area networks. Wide- and Metropolitan-area ad-hoc networks are multi-hop
wireless networks that present many challenges that are still to be solved and their
availability is not on immediate horizon. On the other hand, ad-hoc networks with
smaller coverage can be expected to appear soon. Specifically, ad-hoc single-hop BAN,
PAN and LAN wireless technologies are already common on the market [9]. For these
reasons, BAN, PAN and LAN technologies constitute the Enabling technologies for ad-
hoc networking. A detailed discussion of Body, Personal, and Local ad-hoc wireless
networks can be found in [10].

Since most ad-hoc networks are constituted by the technologies of wirelss LAN,
on the other hand, this dissertation mainly concerns on Enabling technologies for the
ad-hoc network, we will describe in detail on the technologies of wireless LAN in the

following section.



1.3 Ad-hoc Network Based on Wireless LAN

1.3 Ad-hoc Network Based on Wireless LAN

Wireless LANs (WLANSs) have a communication range typical of a single building,
or a cluster of buildings, i.e., 30 to 500 [m]. A WLAN should satisfy the same require-
ments typical of any LAN, including high capacity, full connectivity among attached
stations, and broadcast capability. However, to meet these objectives, WLANs need
to be designed to face some issues specific to the wireless environment, like security
on the air, power consumption, mobility, and bandwidth limitation of the air inter-
face. Two different approaches can be followed in the implementation of a WLAN: an
infrastructure-based approach, or an ad-hoc networking one [11].

An infrastructure-based architecture imposes the existence of a centralized con-
troller for each cell, often referred to as AP (access point). The AP is normally con-
nected to the wired network, thus providing the Internet access to mobile devices. In
contrast, an ad-hoc network is a peer-to-peer network formed by a set of stations within
the range of each other, which dynamically configure themselves to set up a temporary
network. In the ad-hoc configuration, no fixed controller is required, but a controller
may be dynamically elected among the stations participating in the communication.

The success of a network technology is connected to the development of networking
products at a competitive price. A major factor in achieving this goal is the availability
of appropriate networking standards. Currently, two main standards are emerging for
ad-hoc wireless networks: the IEEE 802.11 standard for WLANSs [12], and the Bluetooth
specifications 3 [13]-[16] for short-range wireless communications [14]-[16]. Due to its
extreme simplicity, the IEEE 802.11 standard is a good platform to implement a single-
hop WLAN ad-hoc network. Furthermore, multihop networks covering areas of several
square kilometers can potentially be built by exploiting the IEEE 802.11 technology.

On a smaller scale, technologies such as Bluetooth can be used to build ad-hoc wireless



1.3 Ad-hoc Network Based on Wireless LAN

Body, and Personal Area Networks, i.e., networks that connect devices on the person,
or placed around him inside a circle with radius of 10 [m]. So Bluetooth technology is

limited in constructing the ad-hoc networks due to the small coverage.

1.3.1 IEEE 802.11 WLAN

In 1997, the IEEE adopted the first wireless local area network standard, named
IEEE 802.11, with data rates up to 2 Mbps [17]. Since then, several task groups (desig-
nated by the letters from ’a’, ’b’, ’c’, etc.) have been created to extend the IEEE 802.11
standard. Task groups’ 802.11b and 802.11a have completed their work by providing
two relevant extensions to the original standard [12], which are often referred to with the
friendly name of wireless Fidelity (Wi-Fi). The 802.11b task group produced a standard
for WLAN operations in 2.4 GHz band, with data rates up to 11Mbps and backward
compatibility. The 802.11a task group created a standard for WLAN operation in the
5 GHz band, with data rates up to 54 Mbps. Among the other task groups, it is worth
mentioning the task group 802.11e (attempting to enhance the MAC with QoS features
to support voice and video over 802.11 networks), and the task group 802.11g (that is
working to develop a higher speed extension to the 802.11b).

The IEEE 802.11 standard defines two operational modes for WILANS:
infrastructure-based and infrastructure-less or ad-hoc.  Network interface cards
can be set to work in either of these modes but not in both simultaneously. Infrastruc-
ture mode resembles cellular infrastructure-based networks. It is the mode commonly
used to construct the so-called Wi-Fi hotspots, i.e., to provide wireless access to the
Internet. In the ad-hoc mode, any station that is within the transmission range of any
other, after a synchronization phase, can start communicating. No AP is required, but
if one of the stations operating in the ad-hoc mode has a connection also to a wired

network, stations forming the ad-hoc network gain wireless access to the Internet.



1.4 Wireless Channel for Ad-hoc Network

1.3.2 HiperLAN/2 WLAN

In addition to the IEEE standards, the European Telecommunication Standard
Institute (ETSI) has promoted the HiperLAN (high performance radio local area net-
work) family of standard for WLANSs [18]. Among these, the most interesting standard
for WLAN is HiperLAN/2. The HiperLAN/2 technology addresses high-speed wireless
network with data rates ranging from 6 to 54 Mbit/s. Infrastructure-based, and ad-hoc
networking on figurations are both supported in HiperLAN/2. More details on this
technology can be found in [19]. [20] surveys the off-the-shelf technologies for construct-
ing ad-hoc networks; while [21] presents an in depth analysis of 802.11-based ad-hoc

networks, including performance evaluation and some of the open issues.

1.4 Wireless Channel for Ad-hoc Network

The ad-hoc networks flexibility and convenience do come at a price. ad-hoc wire-
less networks inherit the traditional problems of wireless communications and wireless
networking [22]:

(1) the wireless medium has neither absolute, nor readily observable boundaries
outside of which stations are known to be unable to receive network frames;

(2) the channel is unprotected from outside signals;

(3) the wireless medium is significantly less reliable than wired media;

(4) the channel has time-varying and asymmetric propagation properties;

(5) hidden-terminal and exposed-terminal phenomena may occur.

To these problems and complexities, the multihop nature, and the lack of fixed
infrastructure add a number of characteristics, complexities, and design constraints that

are specific to ad-hoc networking. Essentially, above limitations always derive from the

wireless channel.
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Fig. 1.2 Hidden-terminal problem

1.4.1 The Hidden-terminal or Exposed-terminal Problems

In wireless ad-hoc networks that rely on a carrier-sensing random access proto-
col, such as the IEEE 802.11, the wireless medium characteristics generate complex
phenomena such as the hidden-terminal and the exposed-terminal problems.

The hidden-terminal problem occurs when two (or more) nodes, say A and C,
cannot detect each other’s transmissions (due to being outside of each other transmission
range) but their transmission ranges are not disjoint [23]. As shown in Fig. 1.2, a
collision may occur, for example, when the node A and node C start transmitting
towards the same receiver, node B in the figure. The exposed-terminal problem results
from situations where a permissible transmission from a mobile node to another station
has to be delayed due to the irrelevant transmission activity between two other mobile
nodes within sender’s transmission range. Fig. 1.3 depicts a typical scenario where the
7exposed terminal” problem may occur. Let us assume that node A and node C can hear
transmissions from B, but node A cannot hear transmissions from C. Let us also assume
that node B is transmitting to node A, and node C has a frame to be transmitted to D.
According to the CSMA scheme, C senses the medium and finds it busy because of B’s

transmission, and therefore refrains from transmitting to D, although this transmission



1.4 Wireless Channel for Ad-hoc Network

Fig. 1.3 Exposed-terminal problem

would not cause a collision at A. The ”exposed terminal” problem may thus result in
loss of throughput.

Paper [24] has studied the performance of the IEEE 802.11 MAC protocol in the
presence of hidden terminals. The simulations show that the performance of the IEEE
802.11 protocol dramatically deteriorates in the presence of hidden terminals. While
the throughput is acceptable when less than 10 percent of station pairs are hidden,
the average per frame delay increases by as much as an order of magnitude. Given
other system parameters, the system throughput, average packet delay and blocking
probability is dependent only on the percentage of station pairs hidden from each other.
The average delay, throughput and blocking probability seen by a particular station
is not uniform and varies greatly depending on the number of stations hidden from
it. To cope with the hidden-terminal and the exposed-terminal problems, many access
protocols which are utilized at MAC layer have been proposed, for an overview on

network protocols for ad-hoc netwroks, see [5]-[8], [25].
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1.4.2 Wireless Channel Model

The inherent volatility of the wireless medium constitutes the major difficulty in
the design of ad-hoc networks. The quality of a wireless link between a transmitter
and a receiver depends on radio propagation parameters (path loss, shadow fading,
multi-path fading) and cochannel interference. Path loss stems from wave propagation
attenuation in free space. Shadow fading is caused by large obstacles such as buildings
and the incurred loss is modeled as a log-normally distributed random variable. Multi-
path fading arises due to additive and subtractive effect of delays and amplitudes from
multiple paths.

The time-varying nature of these factors due to transmitter or receiver mobility and
movement of the surrounding objects causes the quality of a narrow band wireless link to
fluctuate with time. On the other hand, a broadband wireless link is characterized both
by time-varying behavior due to the aforementioned factors and by frequency selectivity
caused by multi-path propagation and delay spread. The frequency-selectivity can lead
to inter-symbol interference (ISI) and thus significantly degrade link quality.

The time-varying wireless channel can be completely characterized by its baseband

impulse response h(t,7) which is given by

h(t,7)=+/Go(t) iAiejoié(t—Ti), (1.1)

where G is the path loss, o(t) denotes time-varying shadow fading, Lp is the number
of paths in the multi-path and each path has the relative path delay 7;(m; < m <
. <1, <Ty). A = Ai(t) and 0; = 6;(t) are the slowly Rayleigh-fading amplitude
attenuation and phase rotation of each path.

The transmitted signal is

s(t) = x(t)ed? et (1.2)

where f. is the carrier frequency and x(t) is the complex base-band signal. This is
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expressed as,
n—=+4oo

z(t)= Y x(n)g(t - nt), (1.3)

n=-—oo

where x(n) is the symbol sequence, T is the symbol duration and g(.) is the pulse

shaping waveform. The signal at the receiver input is

yo () = / " et = (e, P + (), (1.4)
where n(t) is the receiver noise process.

To combat the signal distortion over the multipath channel, Many physical layer
adaptation technologies, such as modulation and coding, have been proposed and ap-
plied in many communication systems [26]. Among them, Orthogonal Frequency Divi-
sion Multiplexing (OFDM) is one of the proposed modulation and multiple access tech-
nique for wireless broadband access [27]. OFDM is included in the IEEE 802.11a and
ETSI HiperLAN/2 standards for WLANS, as well as in the digital audio/video broad-
casting (DAB/DVB) standards in Europe. It has also been proposed by IEEE 802.15
and IEEE 802.16 working groups for WPANs and fixed BWA respectively. OFDM is
based on the principle of multicarrier transmission, also known as Discrete Multi-Tone
(DMT), which was applied earlier in high bit-rate DSLs [28]. We will describe in detail

on the technologies of physical layer adaptation and, particularly, OFDM system in the

following sections.

1.5 OFDM System over Wireless Channel

In OFDM system, the wide-band spectrum is divided into orthogonal narrow-band
subcarriers as in frequency division multiplexing. The bit stream is split into subsets,
each of which constitutes a subsymbol. Each subsymbol modulates a different subcarrier
and several subsymbols of a user are transmitted in parallel over these low-rate subcar-

riers. Modulation and demodulation of subcarriers during transmission and reception
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are implemented with inverse discrete Fourier transform (IDFT) and DFT, respectively.
The orthogonality of signals in different subcarriers is preserved by appropriate selection
of the frequency spacing between the subcarriers. Due to this orthogonality, the signals

are separated at the receiver.

1.5.1 OFDM Transmission and Reception

The schematic diagram of a single-user OFDM transmitter and receiver with N¢
subcarriers is depicted in Fig. 1.4. The bit stream is divided into bit groups and
each bit group z(n)(n = 0,...,Ng — 1) constitutes one OFDM symbol. Assuming
that OFDM symbols do not interfere with each other, it suffices to concentrate on
one OFDM symbol. The OFDM symbol is further divided into Ng bit subgroups.
The bits in the nth subgroup are fed into the nth modulator and modulate the nth
(n=0,...,No — 1) subcarrier, The complex subsymbol z(n) at the output of the nth
modulator is selected from a QAM or QPSK constellation and the modulation level of
z(n) depends on the number of allocated bits in the nth subcarrier. The number of
allocated bits per subcarrier depends on subcarrier quality. Better quality subcarriers
can carry more bits and maintain acceptable BER at the receiver. All subsymbols
are then fed into an IDFT module and are transformed into time samples y(n)(n =
0,...,N¢ — 1), where y(n) is

| Nezt

n) = x(k)ed?mkn/Ne .
y(n) N I;) (k) : (1.5)

where 1/y/N¢ is a scale factor. A cyclic prefix of Ny time samples with total duration
larger than the maximum delay spread is appended to the N time samples, as a means

of eliminating ISI. The sequence y(n) is then passed to a D/A converter, whose output
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Fig. 1.4 A simple architecture of OFDM system

is the continuous signal,

1 Ne—1

y(t) = Ne > w(k)el™ M Ne 1 e [0, Ty, (1.6)
k=0

where Tj is the symbol duration. The pulse-shaping filter g(t) is taken to be normalized

to unit. Note that the signal in the frequency domain consists of N¢ sinc(w fTp) func-
tions, each shifted in frequency (A fy) by 1/Tp, where each such function corresponds to
the Fourier transform of the unit pulse. Due to the property of the sinc(w fT) function
that is zero at integer multiples of 1/Ty, the subsymbols at different subcarriers can be
distinguished at the receiver.

The base-band signal y(t) is up-converted and transmitted through the channel.
At the receiver, the signal is translated to base-band and its cyclic prefix is removed.
We assume that the channel is invariant for the duration of one OFDM symbol. The

signal after down-conversion is
Lp
belt) = 7 Bie™ Tyt — i) 4 (o), (L.7)
i=1

where n(t) is the base-band noise process and 3; = A;e’%. Then, the signal is digitized
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by being sampled at time points kTy/N¢, for k = 0,..., No — 1. The kth sample is

given as
Lp No—1
Uy (k Z Z Ye 72T nk/Ne (k). (1.8)
i=1 n=0
where
Bi(n) = pye~I2mFetn/To)m: (1.9)

captures the different impact of the ith path delay on different subcarriers and n(k) are
noise samples. The time samples g,.(k)(k = 0,..., No — 1) enter the DFT module and

the subsymbol at subcarrier k(k =0,..., No — 1) is given as

No—1

2(k) = Y ,;) gy (k)e~92mkn/Ne (1.10)

After some algebraic manipulations and by using the orthogonality property we have

k) iﬁl(k) + 2(k) = grz(k) + n(k), (1.11)

where n(k) is the noise level at subcarrier k. The received subsymbols are scaled versions
of the transmitted ones and the complex parameter g; captures the effects of the multi-
path channel at subcarrier k.

In order to retrieve the transmitted symbol, the receiver needs channel state in-
formation (CSI) in terms of frequency-domain channel transfer function values at sub-
carrier frequencies. Channel estimation can be performed with pilot symbols that are
interspersed with transmitted data symbols. A pilot symbol e consists of known sub-
symbols ex(k = 0,..., No —1). The received pilot subsymbol at subcarrier n after DFT
is Yy, = exgr + ng. Then, the minimum-mean-squared-error (MMSE) estimate of the

complex gain g is obtained as

gk_y’“_gk+— k=0,...,No—1. (1.12)

€k ek
The estimates g are used for frequency-domain equalization (FEQ), namely compen-

sation for the phase and amplitude of received subsymbols prior to detection. Given
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that the transmitter communicates the utilized modulation level of each subcarrier at
the receiver, the ML (maximum likelihood ) detector decides about the transmitted
subsymbol based on z(k)/gx(k = 0,...,Nc — 1). Here we assume that perfect CSI
is available at the transmitter and the receiver. For slowly time-varying channels, the
transmitter can obtain reliable CSI with feedback from the receiver. Assuming that all
transmitted subsymbols are normalized to unit power, the signal-to-noise ratio (SNR) at
the receiver at the kth subcarrier is SN Ry = G}, /o? where o2 is the noise variance and
G = |gx|? is the link gain of subcarrier k. When the transmitter uses power level P

for subcarrier k, a term /P, multiplies subcarrier k in (1.5). Then, SN Ry, = Gy Py /o>

1.5.2 Advantages of OFDM System

The subcarrier spacing of 1/Tp in OFDM results in much higher spectral efficiency
than that of simple frequency division multiplex. OFDM transmission increases the ef-
fective symbol duration and reduces the effective symbol transmission rate, since infor-
mation is essentially transmitted over narrow-band subcarriers. Thus, it provides high
immunity to ISI and delay spread. In addition, since the frequency selective broadband
channel is divided into a set of frequency non-selective subcarriers, the equalization
procedure at the receiver simplifis to a scalar multiplication for each subcarrier. Fur-
thermore, OFDM provides additional exibility in adapting transmission to varying link

conditions, by allowing adaptation for each subsymbol in a subcarrier [29].

1.6 Controllable Parameters for Physical Layer

Adaptation

Physical layer adaptation techniques are employed on a link basis in order to achieve

high data rate (in bits/s) while maintaining an acceptable BER at the receiver irrespec-
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tive of link quality. Often the controllable parameters in this work are coding rate,

modulation level and symbol rate.

1.6.1 Coding Rate

Data from higher layers arrive at the input of the block encoder in the form of a
bit stream. The block encoder encodes each k-bit data block into a n-bit code word,
by appending (n — k) redundant bits, which are used by the receiver decoder for error
detection and/or correction. The block code is then referred to as a (n, k) code and the
code rate is k/n. A particular class of block codes which are considered in this work is
Reed-Solomon (RS) forward error correction (FEC) codes. An (n, k) RS FEC code can
correct up to (n — k)/2 errors.

Depending on the quality of the wireless link, adaptive error protection can be
applied to transmitted data by varying the code rate [30], [31]. The encoder has a set
of c available code rates, {%}le, which can be generated for example with the aid of
a punctured convolutional code [32]. In good channel conditions, few redundant bits
are appended to the data block in order to provide the desired level of protection, since
transmission errors are not very likely to occur. Hence, a highrate code can be used.
On the other hand, when channel conditions deteriorate, lower-rate codes with more

redundant bits are required, since errors occur more often.

1.6.2 Modulation Level

The encoded bit stream from the output of the encoder enters the modulator, which
maps digital bits into analog waveforms. Each block of b = logo M bits from the coded
bit stream constitutes a symbol and each symbol is mapped to one of M waveforms.

This waveform modulates the carrier and is transmitted over the channel. We fix our
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attention to quadrature amplitude modulation (QAM) schemes, for which the amplitude
or phase of the carrier changes, but the frequency does not. Each waveform is associated
with a signal point in the two-dimensional plane and the ensemble of signal points is
the modulation constellation. We are not concerned with the mapping of the b bits to
signal points, which is assumed to be accomplished with Gray encoding.

The number of transmitted bits per symbol can be adjusted with adaptive modu-
lation techniques [33]. The modulator has a set M of L available modulation levels in
terms of number of bits per symbol, {bi}iL:Ol. Thus, 2-QAM, 4-QAM, 8-QAM and 16-
QAM have modulation levels of 1,2,3 and 4 bits/symbol, respectively. In the presence
of time-varying link quality, the objective of modulation adaptation is to increase trans-
mission rate and maintain an acceptable BER at the user receiver. High modulation
levels provide high transmission rates, but they are more susceptible to interference and
noise, since signal points are densely packed in the constellation and hence the probabil-
ity of error at the receiver is high. Such modulation levels should be used only in good
quality channels. On the other hand, low modulation levels provide lower transmission
rates but can sustain more interference and noise.

The BER at the output of the detector when a M-QAM modulation level is used
(where M = 2% for some b; € M) is expressed as a function of SINR by the approxi-

SINR

mation BER; ~ 0.2¢”5%-1 [34] . For a maximum allowable BER of ¢, the SINR at

the output of the detector should satisfy

—In(5e)

SINR > (M - 1). (1.13)

Hence, we can map each modulation level b; € M to a minimum SINR value (SINR
threshold) v; (in dB) through a one-to-one increasing function f, such that v; = f(b;)
equals the right-hand side of (1.13). Clearly, higher modulation levels should be used
only in cases of high SINR in order to guarantee an acceptable BER, while lower mod-

ulation levels can achieve the same BER at lower SINRs but with lower transmission
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rate.

1.6.3 Symbol Rate

In addition to modulation level, the transmitter can adjust the symbol rate by
varying the duration of transmitted symbols as a means of combating ISI [35]. In a
link with time-varying multi-path characteristics, the objective of symbol rate control
is to increase transmission rate subject to the requirement that delay spread should not
exceed a certain fraction of the symbol duration. A high symbol rate with associated
small symbol duration yields high transmission rate, but it is more vulnerable to IST
and delay spread. Hence, it should be used when delay spread is small enough and does
not constitute a significant fraction of the symbol duration. On the other hand, a low
symbol rate with large symbol duration is less vulnerable to delay spread and can be

employed even in cases of larger delay spread.

1.7 Motivation of This Research

In the absence of cochannel interference, the use of high order M-QAM (M > 64)
is restricted by time-varying background noise in the channel. At the same time, wire-
less channel is subject to severe propagation impairment which results in a serious
degradation in the link carrier-to-noise ratio (CNR) and even the efficient techniques
of compensation are used, the high order M-QAM cannot achieve the optimal per-
formance. For example, Morinaga et. al. have claimed that 4-QAM (QPSK) is the
optimum multilevel modulation for high capacity cellular systems and the option of the
higher modulation levels will just reduce the system spectral efficiency [36]. In addition,
with the increase of the constellation of QAM, that is, parameter M, the complexity

of demodulation and implementation of the demodulator increase rapidly. When the

,18,



1.7 Motivation of This Research

density of the constellation points increases, the sensitivity to interference also does, the
noise which comes from the channel or phase deteriorates the performance of system.
To alleviate such influence, more complicated methods and exorbitant devices must be
adopted [37], even so, the high order M-QAM is restricted to be adopted in some spe-
cial applications, for example, 256-QAM and 1024-QAM are often used in wired system
such as cable systems or hybrid fiber-coax (HFC) system [38]. On the other hand, Eq.
(1.13) often chooses M = 2* and k is integer. If paramter M could be adopted any
positive real number, there would be more useful for the physical layer adaptation.

One novel flexible multicarrier (high compaction multicarrier modulation: HC-
MCM) system has been designed. HC-MCM can attain higher spectral efficiency than
that of the original OFDM by using the partial time-domain OFDM signal to transmit
the equal data of the OFDM signal. HC-MCM system has a high affinity with exiting
OFDM system, and can flexibly control the transmission rate and quality of communi-
cation. More important, only utilizing BPSK or QPSK modulation, the HC-MCM can
achieve the transmission rate of high order M-QAM OFDM, even the M could be any
positive real number. It can also flexibly adjust the length of frame according to the
radio channel condition. So it is useful to further improve the performance of such a
flexible multicarrier system.

Hidden-terminal or exposed-terminal problem is one of the main disadvantages for
the ad-hoc networks, which also limits the capacity of the ad-hoc networks. Such a
problem is also the bottleneck for the majority of MAC protocal designs of ad-hoc
networks. Thus, there have been many attempts to recover collided packets, such as
by making use of the capture effect and multiuser detection (MUD). With the capture
effect, only the packet that has the highest signal-to-interference-plus-noise ratio (SINR)
can be recovered from the collisions and other corrupted packets are discarded. The

receiver can utilize the technique of multipacket reception (MPR) by which multiple
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packets can be retrieved from the collision. However, such a technique requires all
packets to adopt different power levels to ensure that the different SINRs are above the
designed thresholds. In situation of WLAN, which also can be treated as a weak near-far
situation, nodes transmit packets in an uncoordinated fashion, so it is difficult to realize
the above requirement. MUD is a technique by which we can recover all packets at the
expense of complexity of the receiver. Since MUD requires user information (signatures),
it is often utilized in code division multiple access (CDMA) systems. But CDMA
systems often adopt high chip rate to obtain the high transmission rate, therefore, it is
difficult to achieve the synchronization between the nodes to utilize the MUD. We will
give a novel method utilizing above flexible multicarrier system to solve this problem
in this dissertation. Compared with other methods, the most important point is that
our proposed method can recover both packets from the collision, which can be utilized
in ad-hoc networks based on OFDM. On the other hand, in the near-far situation,
our method can achieve better recovery performance in the weak near-far condition
which is more realistic in the ad-hoc networks. Therefore, the proposed method can
dramatically improve the performance of ad-hoc networks that are based on wireless
LAN using OFDM techniques.

One of the main implementation disadvantages of the OFDM systems at the trans-
mitter is the high peak-to-average power ratio (PAPR) of the transmitted signals. When
the signals of all subcarriers are added constructively, the peak power can be the number
of subcarriers times the average power. The power consumption of a power amplifier
depends largely on the peak power than the average power, thus, large peaks leads to
lower power efficiency. This necessitates a higher power amplifier in the transmitter
even in a lower power mobile communication system, which obviously increases power
consumption and the cost of the devices. Since flexible multicarrier system can choose

the partial time-domain OFDM signals to send the data, it can select the signal during
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some specific durations, which can achieve the promising PAPR, to transmit the equal
bits of data. So in this dissertation, based on the flexible multicarrier system, we also
propose a novel PAPR, reduction technique named as partial signal transmission (PST)
for multicarrier systems. PST can dramatically decrease the PAPR of the OFDM signal

and achieve the promising BER performance.

1.8 Outline and Organizations of The Dissertation

The underlying philosophy in all problems that are considered in this dissertation
is a synergy between the physical and the MAC layer. The contributions of this dis-
sertation, which will be presented in detail in following chapters, are outlined in this
section.

It has been shown, in some outstanding papers, that adaptive sizing of the MAC
layer frame in the presence of varying channel noise indeed has a large impact on the
nodes seen ‘goodput’ (to distinguish with ‘throughput’). In addition, the adaptive
frame length control can be exploited to improve the energy efficiency for a desired
level of goodput. But those paper assume the modulation is fixed and only changes
MTU (maximum transmission unit) according to the wireless channel conditions to
tradeoff goodput, range, and energy efficiency of wireless system. However, with the
development of modulation techniques such as SDR. (software-defined radio), we will
explain that adaptive modulation can cause different link goodput, range and energy
efficiency. In such a case, the nodes of ad-hoc network can realize the tradeoff between
goodput, range and energy efficiency with adaptive modulation. So in Chapter 2, We
will give the results which show that there is much to be gained from variable frame
length, adaptive modulation in terms of goodput, range and energy consumption for

wireless networks. We obtain three rules of design for this tradeoff for wireless networks.
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Since physical layer adaptation using adaptive M-QAM is not robust to obtain the
appropriate M and high order M-QAM is restricted to be adopted in wired or optical
networks, high order M-QAM (M > 64) also cannot be used for WLAN-based ad-hoc
networks. But HC-MCM system can attain higher BWE than that of the OFDM sys-
tem. such a flexible multicarrier system can flexibly control the transmission rate and
the communication quality. More importantly, only utilizing BPSK or QPSK modu-
lation, it can adaptively achieve the transmission rate of high M-QAM OFDM. So in
Chapter 3, based on the parallel combinatory OFDM (PC-OFDM) and HC-MCM, we
propose a novel adaptive modulation, that is, parallel combinatory / high compaction
multicarrier modulation (PC/HC-MCM). The PC/HC-MCM can achieve any trans-
mission rate of M-QAM, even M is not integer. PC/HC-MCM also can realize the
adaptive length of frame which can be utilized to physical layer adaptation with the
adaptive length of packets. Two types of PC/HC-MCM systems, which are named as
modulated PC/HC-MCM system and PC/HC-MCM system, are designed by this mod-
ulation. The modulated PC/HC-MCM system can achieve better BER performance
than that of HC-MCM system with the equal BWE by employing appropriate parallel
combinatory codes. The PC/HC-MCM system can obtain excellent peak-to-average
power ratio (PAPR) characteristics by selecting the optimal constellations for its sub-
carriers. On the other hand, since PC/HC-MCM can divide one PC-OFDM symbol
duration into multiple time-slots, the advantages of frequency hopping (FH) can be
applied in PC/HC-MCM systems. Therefore, we also combine the PC/HC-MCM and
frequency hopping multiple access (FHMA) to propose a new multiple access (MA)
system. This MA system can synchronously transmit multiple users’ data within one
symbol duration of PC-OFDM.

In Chapter 4, based on the property of the flexible multicarrier system, we will

focus our attentions on the collision-recovery issues for ad-hoc network using OFDM-
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based WLAN. Since most collisions occur when one user starts to build a connection
or sends a response with a short packet, such as RTS (request-to-send), CTS (clear-to-
send) or ACK (acknowledgement), to one node while a principal user is transmitting a
long packet including data to an identical destination. Therefore, the collided part is
not as long as the principal long packet. For example, the long packet of IEEE 802.11a
(64 subcarriers) can convey 8184 [bits] (payloads) without preamble and control bits,
but the length of ACK, RTS or CTS is no longer than 300 [bits] which can be carried
by only six BPSK-modulated OFDM signals or three QPSK-modulated OFDM signals.
Undoubtedly, for the long packet, if such collided parts can be recovered, the system
performance, such as throughput and delay, will be dramatically improved. On the other
hand, it will also benefit the protocol design of ad-hoc networks because short packets
often contain much important information, such as positions and power levels. We will
propose a method of collision recovery for ad-hoc networks. We will present the property
that, for the OFDM packets, the modulated message data can be demodulated using
the partial time-domain OFDM signal. Therefore, the partial signal can be adopted
to reconstruct the whole OFDM signal with estimated channel information. Utilizing
this advantageous property, an effective method of collision recovery can be realized.
The proposed method can be developed to solve the problems of hidden terminals and
exposed terminals in ad-hoc networks.

Based on adaptive properties of the flexible multicarrier system, OFDM system can
choose the partial time-domain OFDM signals to send the data, therefore, OFDM sys-
tem can select the signal during some specific durations, which can achieve the promising
PAPR, to transmit the equal bits of data. So in Chapter 5, we will propose a novel PAPR
reduction technique named as partial signal transmission (PST) for ad-hoc network us-
ing OFDM-based WLAN. PST can dramatically decrease the PAPR of the OFDM

signal and achieve the promising BER performance. Therefore, those technologies will
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decrease the devices cost of ad-hoc network.
We will conclude this dissertation and give some discussions on the future research

in Chapter 6.
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Chapter 2

Adaptive Modulation and
Frame Length Using M-QAM
Modulation

2.1 Introduction

Wireless ad-hoc networks are characterized by rapidly time-variant channel condi-
tions and battery energy limitations at the wireless terminals. Therefore, control tech-
nologies of static link that make sense in comparatively well behaved wired links cannot
necessarily apply to wireless radio channel. New techniques are required to provide
the robust and energy efficient operation even in the presence of orders of magnitude
variations in bit-error rate (BER) and other radio channel conditions. The successful
transmission of one node to other nodes depends on two independent processes:

(1) the time-variant radio channel must ensure error-free transmission of packets
between nodes;

(2) the packets must avoid collision with other nodes when the system chooses
multiple access protocols as the distributed way.

Recent research has advocated many adaptive control techniques for process (1),
which include the error control [39], channel state dependent protocols [40], [41] and

variable spreading gain [42]. Especially P. Lettieri and M.B. Srivastava explored one
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adaptive technique using dynamic sizing of the MAC layer frame [43]. It shows that
adaptive sizing of the MAC layer frame in the presence of varying channel noise indeed
has a large impact on the nodes seen ‘goodput’ (to distinguish with ‘throughput’). In
addition, the adaptive frame length control can be exploited to improve the energy
efficiency for a desired level of goodput. But they assume the modulation is fixed and
only changes the length of MTU (maximum transmission unit) according to the wireless
channel conditions to tradeoff goodput, range, and energy efficiency of wireless system.
However, with the development of modulation techniques such as SDR (software-defined
radio), we will explain that the flexible modulation can cause different link goodput,
range and energy efficiency. In such a case, the ad-hoc nodes can also realize the tradeoff
between goodput, range and energy efficiency by adaptive modulation. On the other
hand, many papers expatiate on the relation of transmission ranges or powers with the
throughputs of ad-hoc network such as [44]-[47], but M. Krunz et.al. have pointed out
that variable rate support is an optimization, which can increase spectral efficiency,
by transmission power control or adapting the adaptive length of packets and coding
schemes, and such issues have not been fully considered till now [48].

So in this Chapter, we present the results which shows that there is much to be
gained from variable frame length, flexible modulation in terms of goodput, range and
energy consumption for the ad-hoc nodes. We obtain three rules of design for the
tradeoff of goodput range and energy consumption for wireless networks [51], [52]. Then
we propose the disadvantages of adaptive modulation and frame length using M-QAM

modulation and show the importantance for the flexible multicarrier system.
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2.2 Adaptive Modulation and Length of Frame for

Link Goodput, Range and Power Consumption

Radio channel is time-variant one and the channel variations are inherently uncon-
trollable. Therefore, many techniques of modulation and coding are developed in order
to successfully transmit a packet through wireless channel. Fig. 2.1 gives the BER per-
formance of system when it uses M-QAM with rectangular constellations, a Gaussian
channel, and matched filter reception. Each parameter M can obtain the identical BER
by choosing different SNR (signal-to-noise ratio) Eb/No [46]. It can be seen from Fig.
2.1, if the system needs the BER < 10~%, the corresponding SNR is about 19.40 [dB]
for 256-QAM, 14.7 [dB] for 64-QAM, 10.5 [dB] for 16-QAM and 6.8 [dB] for QPSK,
respectively. However different parameter M will cause different link throughput (or
goodput), range and energy efficiency which we will elaborate the results in following
subsections. The way we utilize is similar to that of P. Lettieri and M.B. Srivastava [43],
but in [43], they only adopt QPSK modulation . We develop it to M-QAM modulation
with different parameter M.

We analyse a link with following parameters:

(1) The radio uses M-ary QAM modulations (here we use M-QAM with M=4, 16,
64, 256 and incoherent symbol detection);

(2) The channel symbol rate is 1M symbols/second;

(3) MAC uses a CRC field: "bad” frames are reliably detected and dropped.

For analysis, we assume a free-space path loss model, with unity gain antennas,
no system loss. Note that the results are quite general despite these assumptions. The
analysis is elaborated along three dimensions, presented in the next three subsections.
In all cases, we consider some metrics of the wireless system with respect to variations

in frame length and different modulations. In the first case, we present the throughput
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Fig. 2.1 BER characteristics for several kinds of QAM constellations.

(goodput) of system, in the second case, we will extrapolate effective transmission range
with different modulations and frame length. Finally, we show the transmissimg power
consumption, as important metric in the design of portable, battery operated devices

with those variables.

2.2.1 Frame Length Versus Node Throughput

Firstly, we consider the system’s throughput and hereafter referred to as goodput,
as a function of frame length over varying BER. The goodput refers to the bandwidth
the user actually receives after all overheads are calculated, including such as the MAC
and PHY overheads. Beyond these costs, however, the goodput will be reduced by the
occurrence of frames lost to bit error, even one bit error inside a frame will result in the
loss of that frame, as the CRC will not pass. Each lost frame directly results in wasted
bandwidth, as in the time spent sending that frame achieved no forward progress. This

loss might also result in the additional signaling overhead of an ARQ protocol.
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In order to examine the behavior of the system, let us first specify various quantities
of interest [43]. We assume

(1) Lp = length of node data;

(2) Lo = length of PHY overhead = 52.5 bytes;

(3) Ly = length of MAC and IP header overhead = 40 bytes;

(4) MTU = Lp+20bytes;

(5) Rc = raw bit rate of radio channel = 2 Mbps (QPSK), 4Mbps (16-QAM),
8Mbps (64-QAM), 10Mbps (256-QAM);

(6) BER = probability of channel bit error, a function of transmitter power and
path loss;

(7) G= goodput (i.e. real user level good throughput).

With these quantities in hand, we can specify the normalized goodput as:

G _LD(l — BER)(LD+LH)_(1 _ BER)(LD+LH) (21)
Rce  Lp+Lo+Lyg 1+ (Lg+Lo)/Lp’ '

The equation (2.1) gives a value for the goodput normalized against raw data in
terms of frame length and BER. With the overheads taken constant, we vary the size
L(=Lp+ Lo + Lg) of the user data. The theoretical value of Eq.(2.1) for a variety of
BER is shown in Fig. 2.2. The main observation to make from this figure is that as the
channel conditions deteriorate, it would be helpful to use a smaller MTU instead of the
naive selection of the maximum allowed MTU of constant length. A properly chosen
MTU can even improve the goodput on an apparently dead link giving zero goodput. For
instance, if the radio channel BER is equal to 5 x 10~* and the length of frames is longer
than 950 bytes, the goodput of system will be zero. But the goodput will be improved
to maximum with 0.3 if the length of frame is shortened to the 150 bytes. On the
other hand, Figure 2.1 shows that the identical Eb/No for M—QAM modulation with

different parameter M can cause different BER, different BER will result in different
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Fig. 2.2 Frame length versus the Goodput for different BER.

goodput which can be seen from Fig. 2.2. For the identical Eb/No, the BER, of QPSK
is the smallest of all four modulations and 256-QAM can obtain maximal BER than
QPSK, 16-QAM and 64-QAM. However, 256-QAM can obtain higher R¢ than that of
QPSK.

With the above analyses, we can get Rule 1:

Rule 1: when the power consumption is not the major problem for one node, it is
more beneficial for the node to adopt modulations with higher number of constellations
of QAM, longer length of frame to transmit the packets for obtaining high goodput and
R¢c. But when the energy is limited, the node can maintain high goodput by decreasing
number of constellations of QAM so that the system can maintain the constant BER.
For example, using 64-QAM, 16-QAM and then QPSK with longer length of frame (but

shorter length of frame when BER is large(> 107%)) to replace 256-QAM.
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2.2.2 Frame Length versus Transmission Range

Another metric to consider when the frame length is varied in the presence of
different modulation is the transmission range. Range of transmitter-receiver (Tr-Re)
distance also means the connectivity of the wireless network. We analyze it in two
ways. First, we analyze goodput vs. the normalized distance for different length of
frames using different modulations as shown in Fig. 2.3. To achieve this, we note that
for M-QAM, the bit error rate is [46].

2(1 - L7 1)
loga L

6logs L
L2 -1

Ey

BER ~
N,

Qy/( )~ s (2.2)

where Q(x) = \/%—W [ ea:p(—“;)du and L represents the number of amplitude levels
in one dimension (L=2 for QPSK, L=4 for 16-QAM, L=6 for 64-QAM and L=10 for
256-QAM).

If we further assume a free space path loss model with path loss exponent equal to

2, this simplifies to:

6logaL | 1

21— L)
ol (52)4) (23)

BER ~
logas L

Q[y/(

where d = is the transmitter-receiver separation in some normalized units

of distance. Ejp/N, is the value measured at a receiving point which is distinct from
transmitting point with dy [m] and d,. [ml]is the real distance. With the relation between
distance and BER, and substituting (2.2) into the (2.1), we can obtain the goodput as
a function of distance at a particular MTU in the presence of different modulations.
Fig. 2.3 shows the impact of three types of frame length on the Tr-Re distance
with different goodput and the modulations are QPSK, 16-QAM, 64-QAM and 256-
QAM, respectively. At moderate distances the large MTU is the certainly desirable
since goodput is higher. Using QPSK as an example, the goodput degrades rapidly

with the Tx-Rx distance increasing from 0.4 to 0.6. Over a relatively short distance,

goodput goes from maximum to nothing. But if the MTU is variable however, an
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Fig. 2.3 Goodput versus normalized transmission range d with varying frame

length for different modulation.

amount of extension of the range is possible over which meaningful data can be sent.
But when the system increases the number of rectangular constellations, that is, using
16-QAM, 64-QAM, 256-QAM to increase the R, the Tr-Re distance will decrease when
the system adopts the same length of frame. On the other hand, in effect, adaptively
changing the length of frame can allow one to smooth the degradation in goodput of a
wireless link as distance is increased, but the effect decreases by increasing the parameter
M of M-QAM.

Alternatively, we plot range vs. MTU for various values of normalized goodput in
the presence of different modulation with the identical energy as shown in Fig. 2.4. It
is another way of viewing the same equation. At first, we choose a constant goodput

that the specific application can accept, then, we set various MTU sizes to obtain the
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Fig. 2.4 Frame length versus normalized transmission range d with varying

Goodput for different modulation.

range using four types of modulations which can be achieved.

What these plots shows is that for low levels of desired goodput, a substantial
extension in range is possible by reducing MTU to a certain value. If the goodput could
be set to 0.1, all four modulations can improve up to 20% in range using minimum length
of frame to instead of maximum one. But the improvement of range decreases when
the goodput increases. On the other hand, by increasing the number of constellations
of the modulation, The Tr-Re distance will decrease when the system adopts the same
goodput and energy.

With the above analyses, we can get Rule 2:

Rule 2: when the power consumption is not the major problem for one node,

it is more beneficial for the node to adopt the modulations using higher number of
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constellations of QAM, longer length of frame to transmit the packets for obtaining
high goodput and R¢. But with the same energy, the higher number of constellations
of QAM is, the less the range is. So when the energy is limited, the node can maintain
high range by decreasing number of constellations of QAM. For example, using 64-QAM,
16-QAM and then QPSK and shorter length of frame (but longer length of frame when

goodput is high(>0.8)) to replace 256-QAM.

2.2.3 Frame Length Versus Power Consumption

Another relationship can be found for battery power and frame sizes in the presence
of different modulations over various allowable goodput. It can be obtained by analysing
the energy per bit vs. frame length which has been shown in Fig. 2.5.

Fig. 2.5 shows that there is a substantial improvement in energy consumption for
a given level of goodput, especially for the high goodput. For all four modulation,
the power consumption increases with increasing the number of constellations of QAM.
256-QAM needs much more power than that of QPSK at the identical level of goodput.
On the other hand, it is more benefitful for the system to use longer packet when the
goodput is more than 0.8, in such a case, shorter packet which is smaller than 400
bytes will consume more power than that of 800 bytes. More power will be saved with
increasing the number of constellation of QAM. For QPSK modulation, 1.3 units power
will be saved but 26 units for the 256-QAM modulation.

With the above analyses, we can get Rule 3:

Rule 3: when the power consumption is not the major problem for one node, it is
more beneficial for the node to adopt modulations with higher number of constellations
of QAM, moderate length of frame to transmit the packets for obtaining high good-
put and Ro. But the larger the number of constellation of QAM is, the more power

consumption is required. So when the energy is limited, the node can save power by
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Fig. 2.5 Frame length versus normalized power consumption with varying

Goodput for different modulation.

decreasing number of constellations of QAM. For example, using 64-QAM, 16-QAM and
then QPSK with moderate length of frame (but shorter length of frame when goodput

is small(<0.2)) to replace 256-QAM.

2.3 Disadvantages of High Order M-QAM

Spectral efficiency (SE), measured in [bits/sec/Hz], is the primary concern in the
design of future communication systems. One efficient technique to increase the spectral
efficiency is to utilize multilevel modulation, such as M-QAM, which increases the
spectral efficiency of link by sending multiple bits per symbol, the spectral efficiency

can be dramatically improved with high-order M-QAM [38]. For example, the use
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of 256-QAM has become more prevalent in cable system, as both a video and data
modulation and it offers almost the highest spectral efficiency available today among
digital cable signals [53].

However, with the increase of the constellation of QAM, that is, parameter M, the
complexity of demodulation and implementation of the demodulator increase rapidly.
When the density of the constellation points increases, the sensitivity to interference also
does [54], the noise which comes from the channel or phase deteriorates the performance
of system. To alleviate such influence, more complicated methods and exorbitant devices
must be adopted [37], even so, the high order M-QAM is restricted to be adopted in
some special applications. 256-QAM and 1024-QAM are often used in wired system
such as cable systems or hybrid fiber-coax (HFC) system [38].

On the other hand, the radio spectrum available for wireless data services and
systems is extremely scarce and the radio channel is viewed as band-limited one [46].
Wireless channel is subject to severe propagation impairment which results in a serious
degradation in the link carrier-to-noise ratio (CNR) and even the efficient techniques of
compensation are used, the high order QAM cannot achieve the optimal performance.
For example, Morinaga et. al. have claimed that 4-QAM (QPSK) is the optimum
multilevel modulation for high capacity cellular systems and the option of the higher
modulation levels will just reduce the system spectral efficiency [36]. Therefore, the
OFDM of high order M-QAM will also be limited to the special applications with the
above reason.

In addition, the high order M-QAM often chooses M = 2¥ and k is an integer. So
physical layer adaptation using adaptive M-QAM is not robust to obtain the appropriate
M. According to the analysis of above section, if the system can adopt random value of
paramter M, particularly the M could be plus real number, there will be more useful

for the physical layer adaptation, that is, the tradeoff for ad-hoc network between the
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different reqirments of link goodput, range and energy efficiency can be controled in a
more flexible way.

Moreover, for OFDM systems, plural subcarriers are transmitted with orthogonal
frequency spacing. Usually, the frequency spacing Afy is chosen as the reciprocal of
symbol duration Ty. In this case, no interference of adjacent subcarriers appears even
when M-PSK and/or M-QAM are used to modulate the subcarriers. When the sub-
carriers are modulated by BPSK and are coherently detected, the minimum frequency
separation Afy will be reduced to 1/2T; [46]. One novel flexible multicarrier system
(high compaction multi-carrier modulation: HC-MCM) has been designed which can
attain higher spectral efficiency than that of the original OFDM. HC-MCM system has
a high affinity with exiting OFDM system, and can flexibly control the transmission
rate and quality of communication. More important, only utilizing BPSK or QPSK
modulation, the HC-MCM can achieve the transmission rate of high order M-QAM
OFDM, even the M could be plus real number. It can also flexibly adjust the length
of frame according to the radio channel condition. In the following Chapers, we will

develop this flexible multicarrier system to the ad-hoc networks.
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Chapter 3

A Flexible High Compaction
Multi-Carrier Modulation
Using Parallel Combinatory
Coding

3.1 Introduction

3.1.1 Related Work

For the OFDM systems, each subcarrier transmits data using orthogonal frequency
spacing A fy. Usually, A fj is chosen as the reciprocal of symbol duration 7. Therefore,
the normalized symbol duration (or modulation index) of the OFDM system is equal
to one (AfpTy = 1). Due to multipath fading and Doppler effect of wireless channel,
standard OFDM systems often utilize a guard interval (GI) T, to combat intersymbol
interference (ISI), then the normalized symbol duration of the standard OFDM systems
can be regarded as Afo(Ty + T;) > 1. According to Balian-Low theorem [55], [56], the
OFDM systems must utilize entire duration (A foTy > 1) to keep orthogonality between
subcarriers and to minimize the intercarrier interference (ICI), otherwise, if A foTy < 1,

the ICI cannot be avoided.
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On the other hand, in the OFDM, serial data stream is first converted to parallel and
then parallel data are transmitted by subcarriers synchronously. Parallel transmission
method including the OFDM can divide the high rate signal into sub-flows with lower
rate, therefore, can mitigate the influence due to multipath. One of the advantages for
the use of the parallel transmission is that the transmission with the parallel combinatory
coding is available in addition to the parallel data transmission [58], [59]. The system
selects some subcarriers and transmits the special signals according to the combinatory
rule, for example, only zero amplitude point. In the receiver, the system recovers the
additional bits by the position of the zero and nonzero amplitude subcarriers with
the combinatory rule. The paper [60] has proposed such method to reduce the peak-to-
average power ratio (PAPR) of OFDM system without reducing the bandwidth efficiency
and without increasing the bit error probability. The system was named as parallel
combinatory OFDM (PC-OFDM) systems.

The OFDM system achieves a high transmission rate using high order M-QAM con-
stellation. However, according to Chapter 2, with increasing the size M of constellation
of M-QAM, the implementation complexity of the demodulator increases. To alleviate
such an influence, the complicated methods and exorbitant devices must be adopted.
In addition, since wireless channel is subject to severe propagation impairment which
results in a serious degradation in the link carrier-to-noise ratio (CNR), even the effi-
cient techniques of compensation are used, high order M-QAM OFDM cannot achieve
the optimal performance. HC-MCM system can make the normalized symbol duration
smaller than one [61]-[64]. Compared with Tj or A fy of OFDM system, HC-MCM sys-
tem can transmit the equal bits of data using T' (< Tp) or Af (< Afp). Only utilizing
BPSK or QPSK modulation, the HC-MCM can achieve the transmission rate of high
order M-QAM OFDM, even the M could be plus real number. It can also flexibly

adjust the length of frame according to the radio channel condition.
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The BWE of HC-MCM can be increased by employing smaller A f7T', but ICI, which
deteriorates bit-error rate (BER) performance, will also be increased with smaller A fT.
Therefore, we apply the parallel combinatory coding to the HC-MCM system to reduce
the ICI since zero-amplitude subcarriers will reduce the ICI if AfT < 1. On the other
hand, by an appropriate choice of the parallel combinatory coding, we can achieve the

identical BWE of the HC-MCM system using larger A fT'.

3.1.2 Contributions and Outline of This Chapter

In this Chapter, based on parallel combinatory coding, we further improve the per-
formance of flexible HC-MCM system and propose a novel modulation, that is, parallel
combinatory/high compaction multi-carrier modulation (PC/HC-MCM). Two types of
PC/HC-MCM systems, which are named as modulated PC/HC-MCM system and (un-
modulated) PC/HC-MCM system, can be designed. The modulated PC/HC-MCM
system can achieve better BER performance than that of HC-MCM system with the
equal BWE by employing appropriate parallel combinatory coding. The PC/HC-MCM
system can obtain better PAPR characteristics by selecting the suitable constellations
for its subcarriers. Furthermore, since PC/HC-MCM can divide the PC-OFDM symbol
duration into multiple time-slots, the advantages of frequency hopping (FH) can be
applied in the PC/HC-MCM system. Therefore, we also combine the PC/HC-MCM
and frequency hopping multiple access (FHMA) to propose a new multiple access (MA)
system. This MA system can synchronously transmit multiple users’ data within one
symbol duration of PC-OFDM [57].

The remainder of this Chapter is organized as follows. The PC-OFDM and the
PC/HC-MCM models are introduced in Sect. 3. 2. The BWE, BER performance
and PAPR of both PC/HC-MCM systems are presented in Sect. 3. 3. We show the

performance of multiple access for the downlink system when the system adopts the
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PC/HC-MCM with frequency hopping in Sect. 3. 4. Conclusions are presented in Sect.

3. 9.

3.2 Parallel Combinatory/High Compaction Multi-

Carrier Modulation Systems

3.2.1 Parallel Combinatory OFDM Systems

PC-OFDM [58]-[60] is based on expanding M-PSK signal constellation with one
extra, zero-amplitude, point. From this larger signal constellation, containing (M +1)Ne
(N¢ is the number of subcarriers) different waveforms, a subset of waveforms with lower
PAPR may be chosen. If chosen properly, compared with the original OFDM system,
the system with new signal constellation can realize least bandwidth requirement and
lower BER.

The PC-OFDM system can be viewed as two subsystems, that is, original symbol
transmission implemented by nonzero modulated subcarriers and combinatory bits of
information transmission decided by the position of nonzero and zero subcarriers. At
first, the system sets the number of nonzero subcarriers, Npc, and the number of zero
subcarriers, No — Np¢, respectively. Therefore, PC-OFDM system is equivalent to the
OFDM system when No¢ = Npec. Then Npc nonzero subcarriers are modulated by
M-ary PSK. Here we map mpc [bits] into a subset of subcarriers and mpgg [bits] into

the phase of the selected subcarriers. For this case mpgk [bits] can be represented by

mpskK :Np010g2 M. (31)

Selecting Np¢ subcarriers out of Ngo subcarriers can be realized in ( ]\],\; CC) different

ways, so the combinatory bits per PC-OFDM symbol, mp¢ [bits], can be represented
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by
)
mpc = |lo , 3.2
ro = |1ons (4 3:2)
where |z| is the largest integer smaller than or equal to z.

Therefore, the number of bits per PC-OFDM symbol my; is
N¢

Mot =Mpsk +mpc=Npclogs M+ |log, N . (3.3)
PC

When (Ng — Npco)logy M < LlogQ (]{,fDCO)J, PC-OFDM will achieve higher bandwidth
efficiency than the OFDM systems with N¢ subcarriers of M-QAM constellation.
By the demodulation, the data that consist of mpgk [bits] can be first recovered

and then the mpec bits can be obtained by the combinatory rule with the position of

the N¢ zero and non-zero subcarriers.

3.2.2 Parallel Combinatory/High Compaction Multi-Carrier
Modulation (PC/HC-MCM)

Spectra of PC/HC-MCM signal

PC-OFDM system transmits subcarriers of symbol duration Ty[s] arranged with
a minimum orthogonal frequency spacing Afy = 1/T, [Hz] for M-PSK and M-QAM
as shown in Fig. 3.1(a) (For (8, 4) PC-OFDM, only 4 subcarriers are transmitted in
each symbol duration (SD), e.g. the solid lines for the first SD and dotted lines for
the next SD). Therefore, the PC-OFDM system can be characterized as a system with
a modulation index AfyTy = 1. The modulation index AfyTy can be interpreted as
a normalized frequency spacing or normalized symbol duration. Therefore, high com-
paction multi-carrier modulation (HC-MCM [61], [62]) system can basically be char-
acterized by modulation indices AfT < 1. We utilize the HC-MCM and PC-OFDM
to design the new modulation system called PC/HC-MCM. Fig. 3.1(b) illustrates the

spectrum of a PC/HC-MCM signal for a modulation index A fT = 0.375. In this case,
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(b) Spectrum of a PC/HC-MCM signal (1).

(c) Spectrum of a PC/HC-MCM signal (2).

Fig. 3.1 Spectra of a PC-OFDM and PC/HC-MCM (AfT = 0.375).

the transmission rate is identical to that of the PC-OFDM illustrated in Fig. 3.1(a)
(T =To, Af = 0.375A fp), because the bandwidth of each individual subcarrier is iden-
tical to that of the PC-OFDM illustrated in Fig. 3.1(a), whereas the frequency spacing
is smaller than that of the PC-OFDM. Thus, the PC/HC-MCM can achieve an identical
transmission rate to the PC-OFDM with a narrower bandwidth.

Another form of the spectrum of a PC/HC-MCM signal is illustrated in Fig. 3.1(c).
The modulation index for the spectrum of Fig. 3.1(c) is identical to that of Fig. 3.1(b).
In this case, the frequency spacing is identical to that the PC-OFDM illustrated in

Fig. 3.1(a) (Af = Afy,T = 0.375Tp). However, a fast transmission rate can be
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achieved, because the bandwidth of each individual subcarrier is larger than that of
the PC-OFDM. Therefore, PC/HC-MCM (or HC-MCM) system can flexibly adjust its
bandwidth efficiency or transmission rate and the length of frame using aprropriate
parameter A fT.

Compared to the PC-OFDM, the PC/HC-MCM can change BWE by adopting
different AfT. The PC/HC-MCM can be classified into two systems which are named
as the modulated PC/HC-MCM system and the (unmodulated) PC/HC-MCM system.
The modulated PC/HC-MCM system adopts my [bits] in (3. 3) for each PC/HC-MCM
waveform to transmit data. The PC/HC-MCM system only employs mp¢ [bits] in (3. 2)
for each PC/HC-MCM waveform to transmit data, that is, the transmitter chooses Np¢
from N¢ subcarriers to transmit e/% and 0;(i = 1,..., Npc) can be arbitrary values, but
other (No-Npc) subcarriers adopt zero-amplitude points to generate different PC/HC-
MCM waveforms. Both systems can achieve the higher BWE than that of the M-
QAM modulated OFDM system with Ng subcarriers if the systems choose appropriate

combination of (N¢, Npc) and AfT.

Modulated PC/HC-MCM system model

Figure 3.2 shows the transmitter and receiver for the modulated PC/HC-MCM sys-
tem. Suppose my, [bits] (or mpe [bits] for PC/HC-MCM system) can be transmitted
in each symbol duration using the specific combination (N¢, Npeo) and modulation. It
can be expressed with a vector whose elements are z(k)(k = 0,..., No — 1) including
Npc modulated subcarriers and (Nog — Np¢) zeros. In the transmitter of modulated
PC/HC-MCM, K zeros are tacked on to the subcarrier symbols z(k) as padding at the
input of the IDFT and (N¢ + Ko — M;) samples are removed at the IDFT output. The

operation of padding zeros is for mitigating the aliasing in the frequency domain caused
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Fig. 3.2 Transmitter and receiver of the modulated PC/HC-MCM system.

by the IDFT and for interpolation for the samples in the time domain. When the entire
samples produced by the inverse discrete Fourier transform (IDFT) are transmitted,
the transmitter output y(¢) forms an ordinary PC-OFDM waveform. In the modulated
PC/HC-MCM transmitter, only a portion of IDFT output samples is transmitted. This
operation makes its transmitting symbol compact in the time domain, and makes its
spectrum high density in the frequency domain, relative to its transmission rate. Sup-
pose M; samples out of Ng + Ko, i.e., y(m)(m = 0,..., My — 1), are transmitted as
shown in Fig. 3.2, in this case, the modulation index AfT for modulated PC/HC-
MCM signals can be represented as My/(N¢ + Ky). After IDFT and parallel-to-serial
(P/S) conversion process, several zeros are padded as the postfix guard interval (GI)
to alleviate the influence of multipath fading. The duration of zero postfix (ZP) is
T,. The reason we choose ZP as GI is that such a method simplifies the demodula-
tion and equalization of the receiver [65]. After digital-to-analog (D/A) conversion, the

modulated PC/HC-MCM signal y(t) is transmitted into the channel.
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For simplicity, the time-domain modulated PC/HC-MCM signal is expressed in

complex base-band notation as

y(t) = i z(n)ed2™ At e [0,T] (3.4)

n=0

Suppose that the impulse response h(t) of the fading channel is
Lp
h(t)=> Aed®6(t —7;) te0,T+T,), (3.5)
i=1

where Lp means the number of paths and each path has the relative path delay ;(7 <
T < ... <1, < Ty). Ay = Ai(t) and 0; = 0;(t) are the slowly Rayleigh-fading
amplitude attenuation and phase rotation of each path. We assume A; and 6; are

constant during each PC/HC-MCM symbol duration.

Therefore the received signal, y,(t) (t € [0,T + Ty]), can be represented as

yr(t) = h(t) @ y(t) + n(t)
- i Aied%y(t — 1) +n(t) t€[0,T+ Ty, (3.6)

i=1
where n(t) is the additive white Gaussian noise (AWGN).

The receiver generates Nj discrete-time samples, g,.(m)(m = 0,..., Ny — 1), from
the received signal y,(t) after analog-to-digital (A /D) conversion with oversampling rate
K;. We assume K1 = Ty/T and the number of time-domain samples of GI is Ny. The
Ny received samples, j,(m), followed by R zeros yield f(n)(n = 0,...,Ny + R — 1)
by DFT, as shown in Fig. ??. Here R (R = K{N — Nj) is the number of samples
corresponding to the vanished period of the entire PC-OFDM samples. If T+ T, > Ty,
we assume that R = 0 and the samples from y, (¢) during [Ty, T'+ T,] will be overlapped
with the samples of y,(t) during [0,T + Ty — Tp], which is identical to the process that
ZP-OFDM utilizes the guard interval to eliminate the ISI [65]. In such a case, Ny will be
decreased to N1Ty /(T +Ty). It should be pointed out that we can set arbitrary integers

for N1 and R such that the relations Ky = Ty /T = (R+ N1)/(N1—Ny)=(N¢ + Ko) /M
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and Ng < N; — N, hold. For simplicity of analysis, we assume that R+ N; = N¢ + K
and M; = Ny — N,,.

Then the DFT outputs f(n)(n = 0,. .., Ny+R—1) are equalized with the estimation
h(t) of the channel impluse response h(t). The goal of equalization is to reduce the
multipath interference and we adopt the zero-forcing equalizer as described below.

Suppose each path delay 7; corresponds to the duration of N, (i = 1,...,Lp)
samples after A/D conversion. At the receiver front, discrete-time samples §,.(m)(m =
0,..., Ny — 1) of the received signal y,(t) are

Nc—-1 .2'rrk(m7N7—i)

irlm) = 3" A0S alkyel T
X [u(m =Ny, )— u(m —N,— M+ 1)] + n(m),
(3.7)

where n(m) is the discrete value of n(t) and u(m) is the unit step function. Therefore,
after DFT operation, as was shown in Fig. 3.2, the receiver output f(n)(n =0,...,Ni+
R — 1) can be expressed as

No—1 P

L
flm) = Nﬁg(g‘“e”i Y a(k)e M

k=0

M, —1 2mm(k—n)

X Z ¢! T NiTR +n'(n)>, (3.8)

where n/(n) is the frequency response of n(m). Suppose that H(f) is the frequency
response of channel A(t) and its discrete representation is H(n)(n =0,...,N;y+ R—1),
where H(n) = H(f)|f=nf,- Then the zero-forcing equalizer can be defined as

. 27rnN7-i

1 Lr
=1

After being passed through the equalizer, the received signal f (n) will be changed to
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Z(n). 2(n)(n=20,...,N; + R — 1) can be expressed as

5(n) = f(n) x Hzr(n)

Ng—1
< .27nNr, . 2mm(k—n)

Lp
> A N eTTIER g(k) Y TR 40/ (n)
=1

k=0 m=0

. 27rnN7—i

Lp
3" At R
=1

Therefore, the perfect zero-forcing equalizer can remove the multipath interference, and

Z(n) can be expressed as

M;—1N¢c—1 2 (k) .,
tn)=Y_ Y a(k)e MT® +n(n)

m=0 k=0
Notl g _TwerRT

= .T(k) .27 (k—n) + n (n)
k=0 1 — e’ NeFFo
Nelt 1— 6j27r(k_n)TL0 1"

= Z (k) S T (n), (3.9)
k=0 1—¢ T

27rnN7—i

where n''(n) = n’(n)/(Zfzpl Azedfie I TR ),

Finally, the estimates &(k)(k =0,..., N¢ — 1) of z(k) that contains my, [bits] are
recovered through the demodulation stage with the samples 2(n)(n =0,..., Ny+R—1).

From (3.9), we can find that the ICI will appear if AfT < 1. The modulated
PC/HC-MCM cannot keep orthogonality between subcarriers. Therefore, the usual
demodulation algorithm, that is, each subcarrier is demodulated independently, cannot
utilized in the modulated PC/HC-MCM systems. A reasonable approach for attaining
a good demodulation performance will be the maximum likelihood sequence estimation
(MLSE) at the decision stage in the receiver. The BER performance of the MLSE often
depends on the minimum Euclidean distance (MED) between all modulated PC/HC-
MCM waveforms. The computation process of the MED can be shown in the following

example. Since BPSK-modulated PC/HC-MCM with (N¢, Npc) = (8,4) can generate

1120 different vectors X;(i = 1,...,1120) whose elements are z;(k)(k =0,..., No — 1),
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n

each vector will generate the samples z;(n) (z;(n) = 2;(n)—n,; (n);n=20,...,Ny+R—1)
of (3.9) after the equalization of receiver without the noise. Therefore, we can calculate a
value of the MED D; (i = 1,...,1120) for X; using other vectors X, (j =1,...,1120;j #

i) as follows:

Ni4+R—1
Di = min; > Jzi(n) = z(n)?
n=0
We evaluate the minimum value min;(D;) (i = 1,...,1120) of D; as the MED of mod-
ulated PC/HC-MCM. We also evaluate the average MED (AMED) (211510 D;/1120) to
represent an average property.

Figure 3.3 shows the MED and average MED (AMED) properties of three modula-
tions as a function of A fT', which are BPSK-modulated HC-MCM with No = Npec = 8
(Modulation A), BPSK-modulated PC/HC-MCM with (N¢, Npc) = (8,4) (Modula-
tion B) and PC/HC-MCM with (N¢, Npc) = (8,4) (Modulation C). Signal power per
bits is assumed to be unity. For a specific value of A fT, the transmission rate of HC-
MCM becomes faster than that of the OFDM by a factor of 1/AfT, provided that the
frequency spacing of the HC-MCM Af is identical to that of the OFDM Afy (e.g., the
transmission rates of BPSK-modulated HC-MCM with AfT = 0.25,0.125 are identical
to that of 16-QAM and 256-QAM-modulated OFDM). The AMEDs for the HC-MCM
becomes larger than that the OFDM when the transmission rates are identical, as can
been seen in Fig. 3.3. Therefore, only using BPSK and QPSK modulation, HC-MCM
can achieve the transmission rate of high M-QAM OFDM. It should be pointed out
that the bandwidth efficiency of OFDM system is higher than that of HC-MCM be-
cause both edges of HC-MCM spectra shown in Fig. 3.1(c) are increased with smaller
AfT. Such a loss of BWE can be alleviated by increasing No. Figure 3.3 also shows

the influences of ICI over three modulations. The smaller A fT will increase ICI and

decrease the MEDs and AMEDs.
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Fig. 3.3 The minimum Euclidean distances (MEDs) and average MEDs
(AMEDs) of three modulations with different AfT.

Since the amount of computations required for Euclidean distance increases ex-
ponentially with N¢, the MLSE can only be utilized for small No. For large N¢g, a
demodulation method using the M-algorithm, which the calculation complexity pre-
serves a linear increase with N¢, has been proposed [64]. In this study, we adopt the
MLSE to obtain #(i)(: = 1,..., N¢ — 1). After that, utilizing the rule of PC mapper,
the system can recover the my.; [bits] of data.

On the other hand, the spectrum illustrated in Fig. 3.1(b) can be obtained by
time-scaling the duration of the waveform, whose spectrum is illustrated in Fig. 3.1(c),
to the equal time duration of the original PC-OFDM waveform. The time-scaling can
be accomplished by an appropriate choice of D-A conversion rate, or by adjusting the

zero-padding in the transmitter.
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3.3 Performance of PC/HC-MCM System

3.3.1 Bandwidth Efficiency of PC/HC-MCM

The BWE of multicarrier systems depends on the number of subcarriers and the

type of pulse shaping employed. For ordinary OFDM system with M-QAM, the BWE

11 will be
~ (Nglogy,M)/Ty,  Nglog, M
m = — . (3.10)
2/To+ (No — DAfy  No+1
And for HC-MCM system with M-QAM, the BWE 7, will be
Nc¢log, M) /T Ne¢ log, M
. (Nclog,M))T___ Nolog, .

~ 2/T+ (Ne —1)Af 2+ (Ne — )AST’
We define the BWE 73 of the modulated PC/HC-MCM system and 74 of the PC/HC-

MCM system as follows:

B Myot )T _NPCIOg2M+ {ng(-]\];;CC)J
B THNe—DAF 2+ (No— DAFT
(3.12)
o5 ()|
B mpc/T _ >\ Npc
MTYT T (Ne — DA~ 2+ (No — DAST
(3.13)

Figure 3.4 plots the BWEs of above four systems. We choose No = 8 for BPSK-
modulated HC-MCM and N¢ = 32 for QPSK-modulated HC-MCM systems, respec-
tively. We choose for the BPSK- and QPSK-modulated PC/HC-MCMs, (N¢, Npo)=(8,
4) and (32, 28), respectively, that maximize the value of my,. For PC/HC-MCM sys-
tem, (N¢, Npc)=(8, 4) and (32, 16) are chosen to maximize the values of mpc. From
(3.11), (3.12) and Fig. 3.4, the modulated PC/HC-MCM system will improve the BWE
of the HC-MCM system if (Ng — Npe)logy M < {mgz ( Af,\;cc)J holds. Since the ICI

will be enlarged by smaller values of AfT, we can employ larger AfT of the modu-

lated PC/HC-MCM system to achieve identical BWE of HC-MCM system using the
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Fig. 3.4 Bandwidth efficiency for four types of different multicarrier systems.

appropriate combination (N¢, Np¢). For example, the BWEs of the BPSK-modulated
HC-MCM systems (N¢ = 8) with AfT'=0.125, 0.25 and 0.375 will be identical to that
of the BPSK-modulated PC/HC-MCM systems ((N¢, Npc)=(8, 4)) with A fT=0.227,
0.384 and 0.54, respectively. And the BWEs of the QPSK-modulated HC-MCM sys-
tems (Ng = 32) with A fT=0.125, 0.25 and 0.375 will be identical to that of the QPSK-
modulated PC/HC-MCM systems (N¢, Npco) = (32,28) with AfT=0.145, 0.2844 and
0.4231, respectively. Therefore, compared to the HC-MCM system, the modulated
PC/HC-MCM can decrease the ICI by employing the larger AfT.

For the PC/HC-MCM system, we can still achieve the identical BWE to the M-
QAM OFDM using an appropriate combination of (N¢, Npe) and AfT. However, the
modulated PC/HC-MCM system will outperform the PC/HC-MCM system because of
mpo < Myt for any specific (N, Npco). Whereas the PC/HC-MCM system can choose
arbitrary value of e/ (i = 1,..., Npg) for Npo subcarriers. Therefore the PC/HC-MCM

system can reduce the PAR.
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Table 3.1 Specifications of simulations for modulated PC/HC-MCM system
over AWGN channel.

System Item Parameter

Combination (Nc, Npc) (8, 4)

Subcarrier modulation BPSK

Synchronization Complete
Demodulation MLSE
Channel type AWGN

3.3.2 Simulated BER Performance of Modulated PC/HC-MCM
System over AWGN Channel

Common specifications of simulations are listed in Table 3.1. Figure 3.4 shows
BER performance of BPSK-modulated PC/HC-MCM system with (N¢ = 8, Npo = 4)
over the AWGN channel. The modulation indices A fT are 0.227, 0.384 and 0.54, which
have the identical BWEs to the BPSK-modulated HC-MCM system with No = 8 and
AfT = 0.125,0.25 and 0.375, respectively. We also plot the theoretical results for the
M-QAM-modulated OFDM with No=8 and M =16 and 256, since their transmission
rates are equal to the modulated PC/HC-MCM system with Af7T = 0.384 and 0.227,
respectively, provided that the frequency spacing of PC/HC-MCM (Af) is identical
to that of the OFDM system (Afp). From the results, we can find that the BPSK-
modulated PC/HC-MCM system can achieve better BER performance. For AfT =
0.227,0.384 and BER=10"%, the modulated PC/HC-MCM system obtains 7.4 [dB] gain
and 1.25 [dB] gain compared to the 256-QAM OFDM and 16-QAM OFDM systems,
respectively.

It should be pointed out that the BWEs of 16-QAM and 256-QAM OFDM are
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Fig. 3.5 BER performance of BPSK-modulated PC/HC-MCM system
(N¢,Npc) = (8,4) over AWGN channel.

higher than that of the BPSK-modulated HC-MCM system with (Ng = 8) and AfT =
0.25,0.125 because both edges of HC-MCM spectra shown in Fig. 3.1(c) are increased
with smaller A f7T'. Such a loss of BWE can be alleviated by increasing N¢. From Fig.
3.4, we can find that the BWEs of QPSK and 8-QAM OFDM are identical to that
of the above BPSK-modulated HC-MCM systems. The BER performance of QPSK
and 8-QAM OFDM is better than that of the BPSK-modulated HC-MCM systems
which can be found in the Fig. 3.4. For AfT = 0.125 and BER=10"*, the BPSK-
modulated HC-MCM system has 8 [dB] gap between the 8-QAM OFDM system. But
the BPSK-modulated PC/HC-MCM system with AfT = 0.227 will improve 4.5 [dB]

for BER=10"* than that of the BPSK-modulated HC-MCM system.
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Table 3.2 Specifications of simulations for modulated PC/HC-MCM system

over multipath fading channel.

System Item Parameter

Subcarrier modulation BPSK

Combination (N¢, Npc) (8, 4) for PC/HC-OFDM

N¢g = 8 for HC-MCM

Synchronization Complete

Channel type JTC’ 94 (indoor residential B)
(Lp=8)

Equalization zero-forcing equalization

Supported PC/HC-MCM | 570k (T + Ty = 1.75us)

rate (symbol/second)

Relative delay for 0, 50, 100, 150

each path (ns) 200, 250, 300, 350

Relative power attenuation | 0, -2.9, -5.8, -8.7,

for each path (dB) -11.6, -14.5, -17.4, -20.3

Maximum Doppler 15

frequency shift fp (Hz)

Duration of zero T,=0.25T

guard signal

AfT 0.125, 0.25, 0.375 for HC-MCM
0.227, 0.384, 0.54 for modulated

PC/HC-MCM

Noise Additive White Gaussian Noise
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Fig. 3.6 BER performance of BPSK-modulated PC/HC-MCM system with

(N¢,Npc) = (8,4) over a multipath channel.

3.3.3 Simulated BER Performance of Modulated PC/HC-MCM

System over Multipath Fading Channel

Specifications of simulations are listed in Table 3.2. Figure 3.6 shows BER per-
formance of BPSK-modulated PC/HC-MCM system with (N¢, Npc) = (8,4) over a
multipath fading channel in comparison with the HC-MCM. We assume the trans-
mission rates of both systems are identical for all values of AfT; thus the frequency
spacing (Af) is reduced by decreasing AfT. The modulation indices AfT are 0.227,
0.384 and 0.54, which have the identical BWEs to the BPSK-modulated HC-MCM sys-
tem (Neo = 8) with AfT=0.125, 0.25 and 0.375, respectively. We choose the fading
channel model of JTC’ 94 (indoor residential B) [66] to compare the BER performance
of both systems. It is assumed that the receiver knows the channel information h(t)
and carries out the perfect zero-forcing equalization. From the results, we can find that

the BPSK-modulated PC/HC-MCM system can achieve better BER performance. For

,56,



3.3 Performance of PC/HC-MCM System

Table 3.3 Specifications of simulations for PC/HC-MCM system over AWGN channel.

System Item Parameter

Combination (N, Npc) | (8, 4), (16, 3), (16, 13), (16, 5)

Npc subcarriers use e (; is
Subcarrier modulation random for ith subcarrier ),
(No — Npc) subcarriers

adopt zero-amplitude points

Synchronization Complete
Demodulation MLSE
Channel type AWGN

example, using AfT = 0.227, the modulated PC/HC-MCM system can achieve 3 [dB]

gain for BER=1073 than that of the HC-MCM system with the equal BWE.

3.3.4 Simulated BER Performance of PC/HC-MCM System
over AWGN Channel

Specifications are listed in Table 3.3. Figure 3.7 shows the characteristics of the
bandwidth efficiency (BWE) versus Eb/No required for BER=10"%. We adopt the
combinations of (N¢, Npc) = (16, 5), (16, 3), (16, 13) and (8, 4). Np¢ subcarriers are
modulated by e’% (1t =1,...,Npc) where 0; is the phase angle of the i-th subcarrier.
In order to evaluate the impact of the ICI, §; (i = 1,..., Npc) are chosen to be random
values (0 € [0,2r]). When A fT=1, the PC/HC-MCM system reduces to the PC-OFDM
system without mpgg. For a specific Eb/No, different combination and A fT can cause
different bandwidth efficiency. For example, when Eb/No ~ 12.5 dB, the PC/HC-MCM

with AfT=0.375 and (N¢, Npc) = (16, 5) achieves BWE ~1.6 bits/s/Hz, whereas
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Fig. 3.7 BER versus Eb/No [dB] required at BER=10"* for PC/HC-MCM

system over AWGN channel.

the (nomodulated) PC-OFDM with AfT=1.0 and (N¢, Npc)=(8, 4) achieves BWE
~ (.7bits/s/Hz. This means that twice the bandwidth efficiency is obtained by the
PC/HC-MCM system. On the other hand, the PC/HC-MCM system with combinations
of (N¢, Npc) = (16, 3) and (16, 13) can achieve the equal bandwidth efficiency because
the values of mpc for both systems are the same. However, we can find that (N¢, Npc)
= (16, 13) will consume more power than that of (N¢, Npc) = (16, 3).

Figure 3.8 shows the simulated BER performance of the PC/HC-MCM system
with (N¢, Npe) = (16, 5) and 0; (i = 1,..., Npc) are chosen to be random values
(0 € [0,27]). From the results we can find that for the same BER, more power is
consumed with the smaller AfT but the BWE can be improved. It is remarkable
that the PC/HC-MCM with AfT=0.5, 0.75 and 1 achieves almost the same BER
performance. Note that A fT=0.375 also indicates comparable BER performance.

Figure 3.8 also shows the tradeoff between the BWE and the demodulation com-
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Fig. 3.8 BER performance of PC/HC-MCM system with combination with
(N¢,Npc) = (16,5) over AWGN channel.

plexity of the PC/HC-MCM system. Large number N¢ of PC/HC-MCM system results
in high complexity, especially for the MLSE of demodulation. By utilizing the method
we proposed to the decision stage [61], it can preserve a linear increase with N¢ for
the calculation complexity. On the other hand, Figs. 3.7 and 3.8 also show the BER
performance of OFDM system using QPSK, 8 QAM, 16 QAM modulation. PC/HC-
MCM system cannot achieve better performance than that of the OFDM systems, but
PC/HC-MCM system can realize better characteristics of PAPR which will be presented

in following subsection.

3.3.5 PAPR of Two PC/HC-MCM Systems

One of the major drawbacks of OFDM system is that the time-domain OFDM
signals exhibit large value of PAPR. Therefore, complicated methods and exorbitant

devices must be utilized to OFDM system to decrease the value of PAPR. The PAPR
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will be enlarged if No or M-QAM modulation order M increases [67].

Let us denote the data block of length N as a vector X = [2(0),...,z(N¢ — 1)].
The symbol duration of the PC/HC-MCM is T. Each subcarrier modulates one of the
set of frequencies f,(n =0,...,Noc — 1) and f, = nAf. The complex envelope of the

transmitted PC/HC-MCM signal is given by

Nc—1

\/JITC Z z(n)el2 A e 0, T). (3.14)

The PAPR of the signal of PC/HC-MCM can be defined as

y(t) =

maxo<i<7 |y(t)|?

Pay

PAPR = : (3.15)

where P4y is the ensemble average of the power of time-domain PC/HC-MCM sig-
nals y(t). We randomly generate millions of time-domain PC/HC-MCM signals by
computer to obtain the approximate value PAV of P4y. The simulated PAV for modu-
lated PC/HC-MCM signals (N¢, Npo) = (64,48) are almost identical for all values of
AfT. To capture the peaks of the PC/HC-MCM signal, we adopt 4 times oversampling
time-domain samples which can totally approximate the continus time-domain signal
[68]. We use the complementary cumulative density function (CCDF) of the PAPR
(Prob[PAPR>PAPRy]) to represent the PAPR characteristics. In the following sim-
ulations, we can confirm that the PAPR of modulated PC/HC-MCM system will be
reduced by decreasing AfT.

For PC-OFDM signals with large N¢, the peak values of the signals appear uni-
formly in the PC-OFDM symbol duration [0,7j]. The modulated PC/HC-MCM only
utilizes the partial time-domain signal during [0, T'] of the entire PC-OFDM time-domain
signal ([0, To]) to transmit the equal bits of data, as can be seen in Fig. 3.2. Therefore,
if the peak values of the PC-OFDM signal appears in the duration (7,7Tp], the peak
values of the modulated PC/HC-MCM signal will be smaller than that of PC-OFDM

signal. On the other hand, the simulated P,y for the modulated PC/HC-MCM signals
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Fig. 3.9 CCDFs of PAPR of the modulated PC/HC-MCM with
(N¢,Npc)=(64, 48), the modulation is QPSK.

(N¢, Npc) = (64,48) are almost identical for all values of AfT. So it can be intu-
itively inferred that the PAPR (Prob[PAPR>PAPRy]|) will be reduced by decreasing
A fT compared to the ordinary PC-OFDM waveforms.

Figure 3.9 gives the CCDFs of the PAPR of the modulated PC/HC-MCM signals.
The PC-OFDM is the special case of the modulated PC/HC-MCM when AfT = 1.
QPSK is used to modulate the subcarriers. We use Ng = 64 to simulate the PAPR
because large subcarriers can further distinctly exhibit the CCDF property of PAPR
during the adjustment of AfT. From the results, we can confirm that the PAPR, of the
modulated PC/HC-MCM system can be reduced with AfT.

For the PC/HC-MCM system, we can utilize the values of ¢/% (i = 1,..., Npc)
to obtain small PAPR. In this paper, we assume that a certain set of ; is used for
all the PC/HC-MCM signals, and that each element of the set takes a value 0; €

{m/2,7,37/2,2r}. The best set that minimizes the PAPR was searched through the
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Fig. 3.10 CCDFs of PAPR of the PC/HC-MCM with (N¢, Npc)=(8, 4) by the

selection process.

simulations from all 4V7¢ kinds. The results plotted in Fig. 3.10 indicate that the

PAPR is dramatically improved by such a simple way.

3.4 PC/HC-MCM with Frequency Hopping for Mul-
tiple Access

Multiple access (MA) in telecommunications systems refers to techniques that en-
able multiple users to share limited network resources efficiently. So many papers focus
the attention on the MA based on OFDM [69], [70]. In this section, we develop a new

frequency hopping code division MA (FH-CDMA) technique based on PC/HC-MCM.
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Fig. 3.11 Frequency hopping for the PC/HC-MCM system.

3.4.1 PC/HC-MCM with Frequency Hopping

The PC/HC-MCM system can improve the transmitting rate if the system keeps
frequency spacing (Af) constant for arbitrary values of modulation index AfT. In
this case, a fast transmission rate can be achieved with a smaller value of AfT. In
other words, during the same symbol duration of the PC-OFDM, the PC/HC-MCM
can transmit the symbol repeatedly.

Let T, be the symbol duration of PC-OFDM with A fT, =1 and let T, = T, /2, T, =
T./4, and T; = T,/8 be the symbol durations of the PC/HC-MCM with A fT,=0.5,
AfT.=0.25 and AfTy;=0.125, respectively. Since Ty, T.,and Ty are shorter than Ty,
frequency-time map for each modulation index can be illustrated as shown in Figs.
3.11(a)-(d). As can been seen in Figs. 3.11(a)-(d), during T}, the PC/HC-MCM systems
can transmit two symbols for A fT}, four symbols for A fT, and eight symbols for A fT}.
Therefore, we can adopt frequency hopping (FH) technique, i.e., L=2 for AfT,, L=4

for AfT, and L=8 for AfT, with different length of time-slots (L) to obtain the gain
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Fig. 3.12 Downlink of MA with PC/HC-MCM techniques.

of FH.
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System introduction

Suppose that the FH code C' = [C4,...,CL], where C;(j = 1,...,L) is a jth
chip value that takes an integer limited over [0, No — 1]. By the FH code, the input
z(k)(k = 0,...,Nc — 1) to the IDFT in the transmitter (Fig. 3.2) is scrambled as
z((k + Cj)modN¢) for the jth time-slot. The process of scrambling is also illustrated
in Fig. 3.11. In this paper, we assume FH code whose elements (chips) are randomly

generated with uniform distribution.

3.4.2 Multiple Access for PC/HC-MCM with Frequency Hop-
ping

In the receiver (Fig. 3.2), the decision stage utilizes the (N¢ + Kj) x L input matrix
to demodulate mpe [bits] with the MLSE in this paper.

The benefits of FH for the PC/HC-MCM can be applied in multiple access espe-
cially for downlink of system which is presented in the following subsection.

Figures 3.12(a) and (b) show a base station (BS) transmitter and a receiver for
downlink of MA with PC/HC-MCM techniques. We assume that each user adopts the
same AfT, L and combination of (N¢, Npc). The base station transmits all data of
N users synchronously. Input mpe [bits] of each user can be denoted by the matrix
Y;(Nc x L) after the function model of FH scrambler in Fig. 3.12(a), and Y; is
processed by the IDFT column by column. After the process of P/S, M; samples
Sgl)(n)(n =1,...,M;—1)oftheith (i =1,...,N) user’s signal for the jth (j =1,..., L)
time-slot can be obtained. Sg-i)(n) of all users are added to be one transmitting signal
S;(t) after the D/A, and all users’ mpc [bits] are transmitted in time duration of L slots.
Each receiver receives the transmitting signal S;(¢) polluted by noise. After the A/D

and S/P, the samples of Zj are obtained by the DFT of Fig. 3.12(b). By performing
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Fig. 3.13 Simulated minimum Euclidean distance (MED) for different L (FH

code length) with different A fT for four users.

~ A~

the DFT L times slot by slot, we can produce a received matrix Z = Z1,...,Zy).
The receiver can recover all data of the users from the received matrix Z based on the
MLSE. The outputs of the MLSE decision stage are the estimates of the frequencies

X; = [#:(0),...,3;(Nc — 1)]T utilized for transmitting the Npc PC tones for the ith

System performance

We adopt (Ng, Npc) = (4, 1), € = 1(i = 1,..., Npg) for all users and N=4 (4
users) to explain this method. Since (Ng, Npc) = (4, 1), mpc = |log, (1) |=2 [bits]

for each user.
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Figure 3.13 shows the minimum Euclidean distance (MED), that is, for all m(m =
256 in this simulation) combinations of input data of 4 users, there will be m received
matrices with size of (Ng 4+ Ko) % L (Z) after the DFT of the receiver. The power of
each transmitted matrix Y= SJ(’)(n)(n =1,...,M;—1;5=1,...,L) in Fig. 3.13(b)
is assumed to be unity. Here we make the system generate 100 different FH codes for
4 users randomly to simulate the MED with different Af7T and L. All users choose
the FH codes randomly but codes of each user are different. For each AfT and L,
we use the average MED to represent the average of all 100 MEDs of the system with
different FH codes. So average MED is the scale of difference between all m matrices
with random FH codes. At the same time, we also give the optimal MED among 100
MEDs to compare with the average MED for each AfT and L (1, 3, 5: average MED
between 100 FH codes; 2, 4, 6: optimal MED among 100 FH codes).

We define a new notation T to represent the duration for transmitting the mpc
data bits. Three types of selection of L are shown in Fig. 3.13, where Ts = T, means the
mpc data block are transmitted in one PC-OFDM symbol duration (73). In this case
AfT, =1,L=1; AfT, = 0.5,L =2; AfT. = 0.25,L = 4; AfTy = 0.125, L. = 8 can
achieve the same transmission rate which is analyzed in the above section. Again, Ts =
2T, means the mpc data block are transmitted in two PC-OFDM symbol durations,
so AfT, =1,L =2; AfT, =05,L = 4; AfT. = 0.25,L = 8; AfTy = 0.125,L = 16
generate the same transmission rate, and AfT, = 1,L = 4; AfT, = 0.5,L = 8;
AfT,=0.25L=16; AfTy = 0.125, L = 32 for Ty, = 4T,. Utilizing this way, L can be
increased with 7.

For the case of Ty, = T,, the average MED and optimal MED are equal to zeros
when L=1 (AfT, = 1) and L=2 (AfT, = 0.5) and it is no way to recover the data.
But with increasing L, such as L=4 (AfT. = 0.25) and 8 (AfTy; = 0.125), the average

MED becomes larger. On the other hand, average MED increases with Ts. For T =
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2T, L = 2(AfT, = 1) still makes the average MED and optimal MED zero, but for
L=4(AfTy, =0.5), L = 8(AfT. = 0.25) and L = 16(AfT}, = 0.125), the average MED
can be highly improved, especially for L = 4(AfT, = 0.5). The similar phenomena can
be found with Ty = 4T,, L = 8(AfT, = 0.5) has the maximal average MED for all
different and L.

The distribution of MED varies with AfT and L. For the case of Ty = 4T, and
L = 4(AfT, = 1), we make the system generate 100 different FH codes combination for
4 users randomly to simulate the MED, and the MEDs of 17 combinations are zeros.
But for other AfT, especially for AfT,. ; = 0.25,0.125, the above phenomena never
happens. So it is very important for the system to adopt the appropriate FH codes and
AfT.

Figure 3.14(a)-(c) show the simulated results of the BER performance with 4 users
over the AWGN channel((Ng, Npc) = (4, 3), ¢/% = 1,i =1,...,Npc and T, =1, 2,
4 PC-OFDM symbol duration (7,) for different L with optimal FH codes ). Note that
here we make each user choose the FH codes with the optimal MED from all simulated
FH codes. From Fig. 3.14(a), we can find that with Ty = T,, L = 1 and 2, the BER
performance vibrate between 0.05 and 0.1, so no any data can be recovered from the
received matrices with white noise. But when the system adopts L=4 (AfT, = 0.25)
and L=8 (AfTy = 0.125), the data of users can be recovered. It also means that
the system can support 4 users to transmit synchronously in one symbol duration of
PC-OFDM when system adopts PC/HC-MCM. For Ty = 2T,, L=4 (AfT, = 0.5) can
achieve the best BER performance, and for the Ty = 4T,, L=8 (A fT, = 0.5) can also
get the optimal performance.

Figure 3.14(a)-(c) also show that the system can change its transmission rate to
improve the BER performance over the AWGN channel. For T, = T, if the system

chooses L=4 (AfT. = 0.25) to hold 4 users at BER=10"*, the required Eb/No~ 20
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[dB]. But for Ty = 2T, if the system chooses L=8 (AfT, = 0.25) to hold 4 users, the
required Eb/No reduces to 16 [dB], but the transmission rate for Ts = 2T, is half of
that for system with Ty = Tj,.

Figure 3.15 shows the simulated results of the BER performance of the PC/HC-
MCM MA system with 4 users over the multipath channel ((Ng, Npeo) = (4, 1),
el% =1,0=1,..., Npc with optimal FH codes). The channel model is JTC’94 (indoor
residential B) which has been listed in Table 3. 2. We assume the duration of T, is 2.8
ps and duration of GI (T}) is 350 ns(= T,/8). We also assume that the symbol duration
of the PC/HC-MCM symbols are identical for all values of Af, Ty, AfpTp, Af.T. and
A fqTy, which can be realized by time-scaling the duration of the PC/HC-MCM wave-
forms. Because of T, = Ty, = T, = T4 = 2.8us. the frequency spacings Afy, Af. and
A fg can be represented as Af, = 0.5Af,, Af. = 0.25Af, and Af; = 0.125Af,, respec-
tively. Therefore the required bandwidths for smaller Af;T;(i = b, ¢,d) are reduced. It
is assumed that the receiver carries out the perfect zero-forcing equalization.

Figure 3.15 shows the BER performance of system with time-slots L = 4 and L = 8.
Since the symbol duration of the PC/HC-MCM symbols are identical, PC/HC-MCM
MA system with I = 4 will achieve double transmission rate than that of L = 8. For
L = 4, the system with A f; T, = 0.5 obtains 8 dB than that of system with A f, T, = 0.25
for BER =10~%. But the system with Af,T; = 0.25 occupies smaller bandwidth that
that of system with AfyT, = 0.5. The similar BER performance can also be obtained
for the systems with . = 8. Since the system with L=4, A f,T, = 0.5 has large value
of MED as can be seen in Fig. 3.13, it can achieve both the optimal transmission rate

and better BER performance than that of other Af;T;(i = a, b, c,d) and L.
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3.5 Conclusions of This Chapter

In this Chapter, we further improve the performance of flexible HC-MCM system
and propose a new modulation named parallel combinatory/high compaction multi-
carrier modulation (PC/HC-MCM) using the techniques of parallel combinatory orthog-
onal frequency division multiplexing (PC-OFDM) and high compaction multi-carrier
modulation (HC-MCM). Two types of PC/HC-MCM systems, which are named as
modulated PC/HC-MCM system and (unmodulated) PC/HC-MCM system, can be
designed. The modulated PC/HC-MCM system achieves better bit-error rate (BER)
performance than that of HC-MCM system with equal bandwidth efficiency (BWE).
The PC/HC-MCM system can obtain the better peak-to-average power ratio (PAPR)
characteristics by selecting appropriate constellation for each subcarrier. On the other
hand, since PC/HC-MCM can divide the PC-OFDM symbol duration into multiple
time-slots, the advantages of frequency hopping (FH) can be applied in the PC/HC-
MCM system. Therefore, we also combine the PC/HC-MCM and frequency hopping
multiple access (FHMA) to propose a novel multiple access (MA) system. It can simul-

taneously transmit multiple users’ data within one symbol duration of PC-OFDM.
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Fig. 3.14 BER performance of FH-CDMA utilizing the PC/HC-MCM with

four users over AWGN channel.
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Chapter 4

Collision Recovery for Ad-hoc
Network Using Flexible

Multicarrier System

4.1 Introduction

4.1.1 Related Work

Packet collisions occur when two or more packets from different transmitters are
simultaneously transmitted and interfere with each other over the common medium. It
is often assumed that, except for the spread spectrum system, collided packets are
discarded and must be retransmitted. Such a retransmission decreases the system
throughput and increases the transmission delay. The performance of wireless com-
munications and ad-hoc networks in distributed random multiple access is influenced
by this restriction [71]. Such phenomena also have been named as the hidden-terminal
or exposed-terminal problems, which dramatically decrease the performance of ad-hoc
networks. Thus, there have been many attempts to recover collided packets, such as by
making use of the capture effect and multiuser detection (MUD).

With the capture effect [73], only the packet that has the highest signal-to-

interference-plus-noise ratio (SINR) can be recovered from the collisions and other
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corrupted packets are discarded. The receiver can utilize the technique of multipacket
reception (MPR) by which multiple packets can be retrieved from the collision [74].
However, such a technique requires all packets to adopt different power levels to ensure
that the different SINRs are above the designed thresholds. In distributed random
multiple access, nodes transmit packets in an uncoordinated fashion, so it is difficult
to realize the above requirement [75]. MUD is a technique by which we can recover
all packets at the expense of complexity of the receiver [76]. Since MUD requires user
information (signatures), it is often utilized in code division multiple access (CDMA)
systems. Furthermore, the error correction coding (ECC) [77] and diversity reception
[78] enhance the capture effect and result in high probability that the collided packets
are recovered.

On the other hand, most collisions occur when one user starts to build a connection
or sends a response with a short packet, such as RTS (request-to-send), CTS (clear-to-
send) or ACK (acknowledgement), to one node while a principal user is transmitting a
long packet including data to an identical destination. Therefore, the collided part is
not as long as the principal long packet. For example, the long packet of IEEE 802.11a
(64 subcarriers) can convey 8184 [bits] (payloads) without preamble and control bits,
but the length of ACK, RTS or CTS is no longer than 300 [bits|] which can be carried
by only six BPSK-modulated OFDM signals or three QPSK-modulated OFDM signals
[79]. Undoubtedly, for the long packet, if such collided parts can be recovered, the
system performance, such as throughput and delay, will be dramatically improved [74].
On the other hand, it will also benefit the protocol design of wireless networks because

short packets often contain much important information, such as positions and power

levels [80]-[82].
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4.1.2 Contributions and Outline of This Chapter

In this Chapter, we will propose a effective method of collision recovery for OFDM-
based ad-hoc networks. Since that, which has been presented in above Chapters, from
the flexible multicarrier system, the modulated message data of OFDM signal can be
demodulated using the partial (A fT) time-domain OFDM signal. Therefore, the partial
signal can be adopted to reconstruct the whole OFDM signal with estimated channel
information. Utilizing this advantageous property, an effective method of collision re-
covery, which is somewhat similar to the scheme of successive interference cancellation
(SIC) [83], can be realized. We simulated the recovery performance using different mod-
ulations for two users with identical SNR and weak near-far effect, and showed that the
method gives promising results and can be developed to solve the problem of hidden
terminals [72].

Compared with other methods, the most important point is that our proposed
method can recover both long and short packets from the collision, which can be utilized
in ad hoc networks based on OFDM. For example, the short packets such as RTS
often contain much important information of wireless nodes, such as their positions and
desired transmission duration. If the nodes which have sent the RTS have not obtained
the responses, they will retransmit the short packets (RTS) after a random delay and
such the process will result in another collision. By utilized our proposed method,
the receiver can separate the short packets without any synchronization when they are
collided with the long packet. So in the next step, the receiver can send the responses
according to the scheduling strategies to all nodes which have sent the RTS packets.
On the other hand, in the near-far situation, our method can achieve better recovery
performance in the weak near-far condition which is more realistic in the wireless LAN.

Therefore, the proposed method can be utilized to solve the hidden terminal or exposed
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terminal problems and improve the performance of ad-hoc networks that are based on
wireless LAN using OFDM techniques.

This Chapter is organized as follows. A basic model of the OFDM system with
partial signals and its performance using BPSK and QPSK modulations over a multipath
fading channel are described in Sect. 4.2. Then the method of collision recovery is
presented in Sect. 4.3. We discuss some factors that influence the performance of
recovery in Sect. 4.4. The performance of the proposed method is simulated in Sect.
4.5. We further discuss the performance of the OFDM system with partial signals using
8-QAM and 16-QAM modulations in Sect. 4.6 and the paper ends with conclusions

presented in Sect. 4.7.

4.2 OFDM System with Partial Signal

4.2.1 Model of OFDM System with Partial Signal

For simplicity, the time-domain OFDM signal is expressed in complex base-band

notation as
Neo—1

y(t) = Y w(n)el>Aol e (0,T] (4.1)

n=0

with Afy = 1/Ty, Ty being the symbol duration of OFDM, j = /1. z(n)
is the information-bearing message symbol that modulates the nth subcarrier
(n = 0,...,Ng — 1), and N¢ is the number of subcarriers. Since the minimum
frequency spacing Afy between adjacent subcarriers is 1/7p, the normalized symbol
duration of the OFDM signal is equal to or larger (with additional guard interval
T,) than one. Usually, the OFDM receiver utilizes the whole duration (AfyTp=1) of
the OFDM signal, except the guard interval (GI), to recover the message symbols.
It has been shown that for some types of high-compaction multicarrier modulation

(HC-MCM) [61]-[64], we can recover the message symbols even when only a partial
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Fig. 4.1 Transmitter and receiver for OFDM system with partial signal.

duration of the OFDM signal can be utilized at the receiver.

Figure 4.1 shows the transmitter and receiver for the OFDM system with a par-
tial signal. z(n)(n = 0,..., N¢ — 1) is a message-bearing subcarrier symbol that takes
a complex value to modulate a corresponding subcarrier. After the inverse discrete
Fourier transform (IDFT) and parallel-to-serial (P/S) conversion process, several zeros
are padded as the postfix GI to alleviate the influence of multipath fading. The dura-
tion of zero postfix (ZP) is T,. The reason we choose ZP as GI is that such a method
simplifies the demodulation and equalization of the receiver [65]. After digital-to-analog
(D/A) conversion, the whole OFDM signal y(t) (¢ € [0, T + T}]) is transmitted into the
channel.

Suppose that the impulse response h(t) of the fading channel is
Lp
h(t)=>Y Aie®5(t —7;) te0,Ty+ Tyl (4.2)
i=1

where Lp means the number of paths and each path has the relative path delay 7;(7; <
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T < ... <1, < Ty). Ay = Ai(t) and 0; = 0;(t) are the slowly Rayleigh-fading
amplitude attenuation and phase rotation of each path. We assume A; and 6; are
constant during each OFDM symbol duration.

Suppose that only a portion of the OFDM signal, y,.(¢) (¢t € [0, T1](T1 < Tp)), can

be utilized in the receiver. y,(t) can be represented as
yr(t) = h(t) @ y(t) + n(t)

= iAiejgiy(t — 1) +n(t) tel0,T], (4.3)

i=1
where n(t) is the additive white Gaussian noise (AWGN).

The receiver generates Nj discrete-time samples, §,.(m)(m = 0,..., Ny — 1), from
the received signal y,(t) after analog-to-digital (A /D) conversion with oversampling rate
K;. We assume K; = Ty/T;. The N; received samples, 4,.(m), followed by R zeros
yield f(n)(n =0,...,N1+R—1) by DFT, as shown in Fig. 4.1 (R = K;N¢ — Ny, where
R is the number of samples corresponding to the vanished period of the entire OFDM
signal). It should be pointed out that the relation K7 = Tj/T; is not necessary and we
can set arbitrary integers for K and R such that the relations Ny /(R+ N1)=T1 /T, and
N¢ < Ny hold. Then the DFT outputs f(n)(n =0,..., Ny + R — 1) are equalized with
the estimation iL(t) of the channel impluse response h(t). The goal of equalization is to
reduce the multipath interference and we adopt the zero-forcing equalizer as described
below.

Suppose each path delay 7; corresponds to the duration of N, (i = 1,...,Lp)
samples after A/D conversion. At the receiver front, discrete-time samples g,.(m)(m =
0,..., Ny — 1) of the received signal y,(t) are

Lp No—1 mk(m N
Ur(m) = ZAiejei Z z(k)e! N NER
i=1 k=0
X [u(m — Ny,) —u(m — Ny + 1)] + n(m),
(4.4)
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where n(m) is the discrete-time sample of n(t) and u(m) is the unit step function.
Therefore, after DFT operation, as shown in Fig. 4.1, the receiver output f(n)(n =

0,...,Ny + R —1) can be expressed as

Nc—1

N 1 27rnN7—
f(n)= (ZA % Z z(k)e ) mER
Ni+ R\ k=0
Ni—N,, —1
‘ j27rm(k7n) ,
< 3 IR 4 (n)), (4.5)
m=0

where n’(n) is the DFT output of n(m).
Suppose that H(f) is the frequency response of channel h(t) and its discrete rep-
resentation is H(n)(n = 0,...,N;y + R — 1), where H(n) = H(f)|f=nas,- Then the

zero-forcing equalizer can be defined as

HzF(”):HEn) (NliRZAeJG ”—’5) . (4.6)

After being passed through the equalizer, the received signal f (n) will be changed to

zZ(n). 2(n)(n=20,...,N1 + R — 1) can be expressed as

A~

Z(n) = f(n) x Hzr(n)

No—1 —N; -1
JQ _]27rn‘rl 2rm(k—n)
EAe E 7o Ee MiFE 4n'(n)
o k=0
Lp ’
E A;el%ie™ T
i=1

(4.7)

For a multipath fading channel, the transmitted OFDM signals will be superposed
by Lp signals. Figure 4.2 illustrates the received signals over a two-path fading channel
(the complex amplitude of each path is A;e/® and Aye’® in Fig. 4.2). Suppose
that one OFDM time-domain signal y11(¢)(t € [t1,%4]) is transmitted over this channel
and the receiver uses a partial signal y,(t) (¢t € [t1,t3],T1 = (t3 — t1)) to demodulate

message symbols. From Fig. 4.2, y,.(t) (¢ € [t1,%3]) is the sum of the first-path partial
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Path1... | o [OFDMsignal y,0) | o [OFDMsignal y, ()] o |- ..
A’ = -
le T »
11 M 13 14
Path2 | | 0 | OFDM signal y, () | 0 | OFDM signal )’Iz(t)l 0 |' .
o,
Aye’ 75
i
y (t) Path 1 Y (1) Path 1
Path2| ¥, (1) | Path 2
.
T =T,

Fig. 4.2 Two-path fading channel.

signal y,., (t)(t € [t1,t3]) and the second-path partial signal y,., (t)(t € [t2,t3]). We use
T';) to represent the partial duration for the ith partial signal in a multipath channel.
Therefore, AfoT(1y = (t3 —t1)/(tsa —t1) and AfoT 2y = (t3 —t2)/(ts — t1) = AfoT(1) —
71/Tp), where 71 = ty — t1 is the relative delay. Then, y,(t) (t € [t1,t3]) can be
represented as
Y () = y11(t)A1e?" +y11 (t —7)Ax7%. (4.8)
Therefore, for an L p-path multipath channel, received signal y,.(¢) in Fig. 4.2 will be
superposed with Lp partial signals, and A foT(1) > AfoT(2) > ... > AfoT(r.)(AfoT1 =
AfoT(1y). The differences between A foT(;) and 7;/Tp can be decreased by increasing Tp.
From (4.7), if the values of 7;/To(= N, /(N1 + R)) for i = 1,..., Lp are approximately
identical, the multipath interference can almost completely be removed. Suppose that
7;/To in (4.7) can be approximated as 7;/Ty << 1 and N, /(N1+R) ~ N.,/(N1+R) =

.~ Ny, /(N1 + R). In this case, (4.7) is reduced to

. 27rm(k—n) 17

zZ(n) = z(k)e’ MFR 4+ (n)

27 (Np =N ) (k=n)

1 — 6'7 Nit+R "
k=0 1—¢ MFE
c—1 1_ pi2m(k=n) = ;
= Z $(k) 2m(k—n) T —7q + n (n)7 (4'10)
k=0 11— ™ T
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2mnT;

where 1/ (n) = n/(n) /(320 Ae?®e™ 70 ),

Finally, the estimates &(n)(n = 0,..., No¢ — 1) of the message symbols z(n) are
recovered through the demodulation stage with the samples Z(n)(n =0,..., Ny+R—1).
Due to intercarrier interference (ICI), which is evident in (4.10), a reasonable approach
for attaining a good demodulation performance will be the maximum likelihood sequence
estimation (MLSE). However, the demodulation complexity (C,) of MLSE increases
exponentially with the number of subcarriers No and modulation type P(BPSK: P = 2;
QPSK: P = 4,...), that is, C, = PNc_ which is impractical for the demodulation for
large N¢. But for large N¢, a demodulation method using the M-algorithm, in which
the calculation complexity preserves a linear increase with N¢, has been proposed [64].

In this study, we adopt the M-algorithm to demodulate the message symbols.

4.2.2 M-Algorithm for OFDM System with Partial Signal

We briefly introduce the M-algorithm to demodulate the partial OFDM signal.
Readers can find the detailed process and performance in [64].

Step 1: Generate partial message vectors XM =[z(0),...,z(U = 1),...,0](u =
0,...,PY —1; U < Ng; P = 2 for BPSK, P = 4 for QPSK) of length N¢. Utilizing
XM, produce PV kinds of replica vectors Z§ = [2(0),...,2(N1 + R —1)] by the same
operation as shown in Fig. 4.1 without noise and fading. Therefore, the elements

z()(l=0,...,Ni + R—1) of Z') can be expressed as

U-1 j2m (k—1) 7
1—¢€’ To

z(l) = Zx(k) om(k—1) Ty * (4.11)
k=0 - M T

Euclidian distances dgl)(u =0,1,...,PY — 1) between 7 and Z are first evaluated

using their elements partially as

U—1 Ni+R—-1 1/2
di}) = (Ez(l) 2P+ D Izl - 2(l)|2> (4.12)
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Then M (M < PY) kinds of Z'), which indicate small Euclidean distances, are chosen
as ZM) (r =0,1,2,..., M — 1) from among PY kinds of Zgl), and vectors X! which
produce ZM (™) are stored as XM (r=0,...,M—1). The elements of vectors X (D)
become candidates for the partial message symbols £(0),...,2(U — 1).

Step 2: Redefine partial message vectors Xq(uz)(w = 0,...,MP — 1) of length
N¢ as Xg):[X(l)(T),x(U),O,...,0]. Therefore, M P kinds of replica vectors 73 —
[2(0)...2(N1 + R — 1)] are produced. Euclidian distances dq(l,?)(w =0,...,MP —1) be-
tween Zq(f ) and Z are evaluated by

U Ni+R-1 1/2

dy) = (ZIZU) 0P+ Y 120 —2(l)|2> - (4.13)

1=0 I=N¢
Then, M kinds of Z1(3 ), which indicate small Euclidian distances, are chosen as
Zq(f)m(r =0,...,M — 1) from among MP kinds of 253), and vectors XS) which
produce Zq(f)m are stored as X(Z)(’")(r =0,...,M —1). The elements of vectors X))
become new candidates for the partial message symbols z(0),...,#(U). Thus, Z(U) is
added to the candidates obtained in Step 1.

Step 3: M P kinds of ZQ(UNC_UH) are obtained by repeating Step 2 No — U times.
Finally, vector X(Ne=U+1 which produces the minimum Euclidian distance, contains
all the message symbols £(0),...,Z(N¢g — 1).

From three steps, we can find that the M-algorithm can keep demodulation com-
plexity as C) = PY + (No¢ — UYMP and C)p preserves a linear increase with Ng.
The M-algorithm produces the replica vectors Zq(f) for each iteration according to
(4.11). It should be pointed out that the HC-MCM system in [63] has the same
AfoTiy(i = 1,...,Lp) since the transmitter of HC-MCM utilizes the partial signal
with ZP-GI to transmit message symbols xz(n) in Chapter 3. However in this Chapter,
only the receiver adopts the partial signal to demodulate z(n). This causes different val-

ues for AfoT(;(i = 1,...,Lp) over the multipath channel. Nevertheless the algorithm

,82,



4.2 OFDM BSystem with Partial Signal

> 1S
.

107 _
SR

. O
10 & |

BER

10-3 -©-BPSK, JTC9%4 fading, Nc=32
-B-BPSK, JTC94 fading, NC=64
-Q-BPSK, JTCY4 fading, NC=128
-9-QPSK, JTC94 fading, NC=32
10| -3-QPSK, JTC94 fading, N_=64
-(}-QPSK, JTC94 fading, NC=128
—k-BPSK, Rayleigh fading, NC:128
s -% -QPSK, Rayleigh fading, NC=128
0 4 8 12 16 20 24 28

36 40
Eb/No [dB]

10°

Fig. 4.3 BER of OFDM system with partial signal, A fo771=0.5.

can achieve an acceptable performance if relative values of 7; /Ty are small enough to
make AfoT(;) (i € [1,..., Lp]) almost the same over all the paths of the channel. Note

that 7;/Tp can be decreased with the increase of Ty (or equivalently, N¢).

4.2.3 Simulated Performance of OFDM System with Partial

Signal over Multipath Fading Channel

We choose the fading channel model of JTC’ 94 (indoor residential B) [66] to
simulate the performance of our system. The duration of each OFDM signal is Tg
(T's = Ty + T,). The receiver utilizes the partial signals with durations AfyTy = 0.5
and 0.625 to demodulate all symbols xz(n) (n = 0,1, ..., No — 1) by the M-algorithm.
The common specifications of simulations are listed in Table 4.1.

Figure 4.3 shows the BER performance for AfyT; = 0.5, which means half the
OFDM signal for the first path, which results in AfoT{;) < 0.5 for i € [2,...,Lp]. We

assume that the receiver knows the channel information and carries out the zero-forcing
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Table 4.1 Specifications of simulations for OFDM system with partial signal

over multipath fading channel.

System Item Parameter
Subcarrier modulation BPSK, QPSK
Synchronization Complete

Channel type

JTC’ 94 (indoor residential B)

(Lp=8)

Equalization

zero-forcing equalization

Supported symbol rate

(OFDM symbol/second)

250k (T() + Tg = 4,us), NC:32;
125k (Ty + Ty = 8us), No=64;

62.5k (Tp + T, = 16us), No=128

Relative delay for

each path (ns)

0, 50, 100, 150

200, 250, 300, 350

Relative power attenuation

for each path (dB)

0, -2.9, -5.8, -8.7,

“11.6, -14.5, -17.4, -20.3

Maximum Doppler frequency | 20
shift fp (Hz)
Duration of zero guard signal | T,=0.25Tj

A foTy

0.4, 0.5, 0.625, 1

Noise

additive white Gaussian noise

Values U, M for M-algorithm

BPSK U=4, M = 16;

QPSK U=2, M = 16
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Fig. 4.4 BER of OFDM system with partial signal, A fo771=0.625.

equalization. From Fig. 4.3, we confirm that the partial signal can be used to demod-
ulate all symbols z(n) (n = 0,1,..., No — 1) with the M-algorithm. Particularly for
BPSK, we can achieve a better BER performance. We also can confirm that the per-
formance is improved with increasing No. The reason is that 7; /Ty and the differences
between A foT(1)y and AfoT(z,) are decreased. On the other hand, from (4.7), due to
the effect of different 7;/T}, the equalizer cannot totally remove ISI of the multipath
channel. Therefore, an error floor appears for large SNR. Such an influence is severer
for QPSK than that for BPSK.

Figure 4.4 shows the BER performance for Afy7T; = 0.625. Compared with the
results in Fig. 4.3, the performance is improved, particularly for QPSK-modulated
OFDM. We also give the simulated performance of the system over a one-path Rayleigh-
fading channel (Ne=128), which can be regarded as the performance of the system over
the multipath fading channel with N¢ increasing to infinity. The results also prove that

we can improve the system performance by increasing N¢.
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Fig. 4.5 BER of OFDM system with partial signal, A fo771=0.4.

We assume that the system utilizes the partial OFDM signal to demodulate the data
and reconstruct the whole OFDM signal. To achieve better recovery performance, the
parameter A fyT7 should be adopted appropriately when collision happens. For system
design that the proposed method achieves better recovery performance, the value of
A foTy must be in [0.5, 0.625] or similar values which will be described in the following
sections. To further evaluate the effectiveness and performance limit of the system that
utilizes the partial OFDM signal, we simulate the BER performance of OFDM system
with partial signal using BPSK and QPSK for A fy77=0.4 in Fig. 4.5 and for A fyT1=1
in Fig. 4.6, respectively. The BER performance degrades severely for QPSK modulation
with foT7 = 0.4, even over a one-path Rayleigh-fading channel (Nz=128). The reason
is that ICI is dramatically increased by smaller value of AfyT; and intensify the error
propagation during the each iteration of M-algorithm. It should be mentioned that for
A foTy, = 1, the error floor will still appear because A fyT7 = 1 means the intact OFDM

signal for the first path, but AfyT(;) <1 for i € [2,..., Lp], which causes the different
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Fig. 4.6 BER of OFDM system with partial signal, A fo71=1.

7;/T. Therefore, the equalizer cannot totally remove IST due to the multipath channel.
On the other hand, we also give the simulated BER performance of the system with
AfoTy = 1 over a one-path Rayleigh-fading channel (Ng=128). It can be regarded as
the performance of the system over the multipath fading channel with N¢ increasing to
infinity. For A fyT7 = 1, the system over a one-path Rayleigh-fading channel can also be
treated as the ZP-OFDM [65] system over a one-path Rayleigh-fading. The simulated
results also confirm that performance degradation always appears for the different 7;/T
and smaller A fyT}.

To further evaluate the system performance, we simulate the packet error rate
(PER). Let us use F,, to represent the number of OFDM signals in one packet. We
assume that a packet error occurs if more than one of the transmitted data bits in one
packet are missdetected. Figure 4.7 shows the PER performance for AfyT7 = 0.625.
The results show that although the BER under such a condition is large even when

Eb/No is beyond 28 dB, bit errors will be concentrated in a small number of packets
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Fig. 4.7 PER of OFDM system with partial signal, A fo71=0.625.

because of worse channel conditions. For example, for BPSK-modulated OFDM with
N¢ = 128 and F,, = 4 (each packet can transmit 512 bits), approximately 92% of packets
can be correctly demodulated. For No = 128 and F;,, = 4 in a QPSK-modulated OFDM
system, approximately 81% of packets can be correctly demodulated. Such rates can

be improved by increasing N¢.

4.3 Packet Recovery with Partial OFDM Signal

We have described that for OFDM systems, message symbols can be demodulated
with the partial OFDM signal. We can utilize this property to recover two collided
packets. This method is somewhat similar to the scheme of successive interference
cancellation (SIC) [83] which is widely adopted in CDMA systems.

Figure 4.8 illustrates a scenario of the collision of two packets, y1(t) from user 1
and y»(t) from user 2. Both packets consist of several OFDM signals, each of which

can be expressed by formula (4.1). The duration of each OFDM signal is Ts. We
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Fig. 4.8 Collisions of two packets.

assume that user 1 is the principal user who is transmitting a long packet and user 2
is a hidden terminal who has just started to build a connection with a short packet at
time t;. Therefore, after the transmission over the respective channels hi(t) and ha(t),
packet y1 () collides with packet y2(t) at time ¢ + d, where d is the transmission delay
of user 2. The relative delay of y»(¢) from the first collided OFDM signal aq of user 1

is t1 +d — to(t1 € [to,t2]). Therefore, the received signal y,(t) can be represented as

Yr(t) = hi(t) @ y1(t) + ha(l) @ y2(t — t1 — d) + n(t). (4.14)

yr(t) can also be represented over t € [tp, 2] as (see also Fig. 4.8)

hi(t) @ yi(t) +n(t)  t € [to, b1 +d]
Yr(t) = ¢ hi(t) @ y1(t) + ha(t) @ yo(t — t; — d)
+n(t)  t €[ty +d, to]
(4.15)

As can be seen from (4.15), there is no collision in ¢ € [tg, t1+d]. Therefore, collided
packets y1(t) and ya(t) can be recovered iteratively from y,(¢) by the following steps.
(a) By the method described in Sect. 4.2, the receiver (BS) recovers the message sym-

bols carried by OFDM signal aq, using the partial signal of y,.(t) (¢t € [to, t1 + d]).
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(b) The receiver reconstructs hy(t) ® y1(t)(t € [to, t2]) with the recovered message sym-
bols and channel information hi(t), and subtracts it from y,.(¢). By this, the receiver
can obtain signal y,.(t)(t € [t + d,t5]), which is the received signal without OFDM
signal a;.

(c) The receiver recovers the message symbols carried by OFDM signal b; using the
partial signal of y,.(t) (¢t € [ty + d, t2]).

(d) The receiver reconstructs hs(t) ® yo(t — t1 — d)(t € [t1 + d,t3]) with the recov-
ered message symbols and channel information hy(t), and subtracts it from y,.(¢)(t €
[t1 + d,t3]). By this, the receiver can obtain received signal v, (£)(t € [t2,t3]), which
is the received signal without OFDM signal by in y,.(t)(t € [t1 + d,t3]). The new
Y. (t) = hi(t) ® y1(t) + n(t)(t € [t2,13]) can be treated as y,(t) in the next duration to
recover the message symbols of OFDM signal as.

The receiver repeats processes (a) to (d) until all the collided parts of the two

packets are recovered (i.e., until OFDM signal ar, 4 is recovered).

4.4 Some Factors which Influence Performance of
Recovery

To achieve better recovery performance, A foT7 and A fo(Ts —T1) in Fig. 4.8 should
be adopted appropriately. Such a requirement can be realized with the aid of time slots.
We assume that all long packets are transmitted at the beginning of time slots, and the
short packets are delayed in their transmissions by ¢; — ty from the beginning of time
slots. On the basis of Fig. 4.8 and the above process of collision recovery, we can infer

that the performance of recovery depends on the following factors.
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4.4.1 Propagation Delay between Transmitters and Receiver

Propagation delay d cannot be a large value. For example, in Fig. 4.8, ift;+d equals
ta, then Afo(Ts —T1) = 0. Such a condition will invalidate the recovery method. The
maximum delay depends on the allowable maximum transmission distance between BS
and transmitters. For wireless LAN or the ad hoc network, the maximum transmission
distance is often assumed to be 30 [m] to 60 [m] for an indoor situation and within
300 [m] to 600 [m] for the outdoor case. Thus d is 0.1 [us] or 0.2 [us], at most, in
the indoor case and 1 [us] or 2 [us] in the outdoor case. Compared with the duration
of the OFDM signal, for example, 4 [us] in Table 4.1, the delay changes AfyT; and
Afo(Ts —Ty) only 2.5% to 5% in the indoor situation. Such values will not significantly
decrease the performance of the recovery. Furthermore, the system can adopt a large
To (or equivalently, N¢) to increase the duration of the OFDM signal. Therefore, if the

maximum propagation distance is small, such an influence can be negligible.

4.4.2 Detection of Collision Position

The receiver must detect the position of collision, which means the position of ¢; +d
in Fig. 4.8. On the basis of the recovery method and Fig. 4.8, BS can utilize partial
duration (t; — tg)/To of OFDM signal a; of user 1 to remove it from y,(¢). After that,
BS can detect t; + d. Therefore, the first step of the detection of the collision position
is equivalent to the detection of collision occurrence.

One simple detection method of collision occurrence is that BS checks the received
signal power over the GI signal of user 1. Since a long packet utilizes the ZP-GI T,
which is longer than 7z,,,, and the signals of late paths undergo high power attenuations,
the received signal y,.(¢) will be only the noise component during the late period of the

GI if there is no collision from user 2. Therefore, if the received power of y, () increases
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rapidly during the GI of user 1, BS can assume that collision has occurred and can carry
out the recovery algorithm using partial duration (¢; — t)/Tp of the OFDM signal of
user 1. Then BS removes user 1’s signal during ¢ € [tg, ¢2] and checks the propagation
delay d of user 2. Such a simple detection can be used even in the situation with a
weak near-far effect. We will describe a preamble-based method of obtaining d in the
following subsection. Otherwise, if there is no distinct increase of power during the GI
of user 1, the receiver can assume that no collision happens. Then the receiver can
demodulate the data of the long packet using one-tap equalizer, which is identical to

the ZP-OFDM system [65].

4.4.3 Estimation of Channel Information h;(t) of User 2

Generally speaking, the packet utilizes preamble to obtain channel information; for
example, IEEE 802.11a adopts the 16 [us] preamble, which includes the duration of
four OFDM signals, to estimate the channel information. Figure 4.9(a) illustrates the
preamble structure specified in IEEE 802.11a [66]. The preamble consists of ten identical
short training symbols (D7), each of which is 0.8 [us], and two identical long training
symbols (S), each of which is 3.2 [us] plus a 1.6 [us] prefix (G1) which precedes the
long training symbols. The short training symbols are used for timing, signal detection,
automatic gain control (AGC) level setting, coarse timing synchronization and coarse
carrier frequency offset correction by auto-correlation and cross-correlation methods
[84]. The long training symbols are used for fine carrier frequency offset and channel
estimation.

The preamble of IEEE 802.11a cannot be used for user 2 because the short training
symbols that are utilized to achieve coarse frequency and timing synchronization are
corrupted. Fortunately, there are many preamble designs for OFDM systems [85]-[87],

particularly, Minn etal. utilized one OFDM training symbol to estimate the channel in-
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Fig. 4.9 Packet format and preamble recovery from the collision.

formation and to implement the frequency and timing synchronization [88], [89]. Figure
4.9(b) shows the packet format that is Minn etal.’s preamble and data part. This pream-
ble uses one specifically designed training symbol having a steep rolloff timing metric
trajectory. It can implement the frequency, timing synchronization and channel esti-
mation iteratively and can be adopted in many types of time-varying multipath fading
channels. The simulated performances of timing, frequency synchronization and channel
estimation can be found in [88]. Minn etal.’s also presented a sliding-observation-vector-
based maximum-likelihood combined timing and frequency synchronization and channel
estimation method using a repetitive training OFDM signal [89].

We can utilize this preamble to estimate hy(t) and implement the timing and fre-
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quency synchronization. Figure 4.9(b) shows the packet format that includes one pilot
OFDM signal as the preamble and several OFDM signals to transmit the data. To
improve the performance of estimation, the first OFDM signal of the data part only
transmits a null OFDM signal. This structure of the preamble also simplifies the detec-
tion of collision occurrence.

Suppose that BS knows the impulse response hi(t) and that user 2 starts the
transmission of a short packet at ¢3. After propagation delay d, it collides with the long
packet. The pilot training symbol can be obtained by the following process. Using the
partial OFDM signals of user 1 during [t, %3] and [fs5,%s] (£3 is a known parameter for
the BS and transmitters, and ts = t3 + d + Tg can be determined from the maximum
propagation delay), BS can remove two OFDM signals (during [fs,6]) of user 1. Then
the preamble of user 2 (during [f3 + d,#5]) can be obtained. Utilizing the methods
described in [88] and [89], BS can estimate channel information hy(t), implement the

frequency and timing synchronization, and then obtain the timing of collision d.

4.5 Simulated Results of Collision Recovery

In this section, we present the simulated results of the collision recovery described
in the above section. It is assumed that each user experiences independent multipath
fading, and the fading model is JTC’94 (indoor residential B, delay spread=70ns), which
has been described in Table 4.1. The common specifications of simulations are identical
to those listed in Table 4.1. The duration of time slots is an integer multiple of Ty,
and the long packets include 250 OFDM signals which are transmitted at the beginning
of time slots. User 2 delays short packet transmission by 0.57s from the beginning
of time slots. The maximum transmission distance between BS and transmitters is 30

[m]. These conditions cause AfoT1, AfoTe = Afo(Ts — T1) of Fig. 4.8 to be 0.625.
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Fig. 4.10 Performance of collision recovery (user 1 and user 2 transmit packets

with BPSK-modulated OFDM).

Each user utilizes an identical duration T's. We assume that BS implements timing and
frequency synchronization and obtains hj(t) and ho(t) using Minn etal’s preamble, the
performance of which has been theoretically proved and simulated [88], [89]. Such a

preamble can also be utilized to detect the occurrence of collision, as can be seen from

Fig. 4.9(c).

4.5.1 Simulated Results of Two Users with Equal SNR and
Identical Modulation

We give the simulated results for different No and SNR in the case where two
users transmit data with BPSK in Fig. 4.10 and QPSK in Fig. 4.11, respectively. The
simulated results show that, for different lengths of the short packet (without the length
of preamble), the collided part can be recovered with a different successful recovery ratio

(SRR) which is defined as the ratio of the times of successful recovery of collided parts
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Fig. 4.11 Performance of collision recovery (user 1 and user 2 transmit packets

with QPSK-modulated OFDM).

of both packets to the times of all collisions. It is assumed that N¢ is 32, 64 or 128.
Due to the error floor of the demodulation, SNR has little influence on SRR when SNR
varies from 30 [dB] to 40 [dB]. No=128 can yield the best performance in Fig. 4.10 and

Fig. 4.11 because precise equalization can be achieved as described in Sect. 4.2.

4.5.2 Simulated Results of Two Users with Equal SNR and Dif-

ferent Modulation

It is often assumed that the long packet transmits data with QPSK to achieve a
higher transmission rate, and that a short packet, such as ACK, RTS or CTS, utilizes
BPSK to send control signals. Figure 4.12 shows the simulated results of collision
recovery versus length of short packet (without the length of preamble), it indicates the

similar performance of SRR shown in Figs. 4.10 and 4.11.
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Fig. 4.12 Performance of collision recovery (user 1 transmits packet with
QPSK-modulated OFDM, user 2 transmits short packet with BPSK-modulated
OFDM).

4.5.3 Simulated Results of Two Users with Weak Near-far Effect

Figures 4.13 and 4.14 show the simulated SRR in the presence of a weak near-far
effect. N¢ is assumed to be 128 in all simulations. We chose the values of SNR for
user 1 to be 30, 35, or 40 [dB] and SINR for user 1 to be -10, -5, 5, or 10 [dB] in Fig.
4.13, which shows the recovery performance versus length of short packet (without the
length of preamble). QPSK is assumed for both users. The results indicate that SRR
with (SNR, SINR) = (40 [dB], 10 [dB]) for user 1 is approximately identical to that
with (SNR, SINR) = (30 [dB], -10 [dB]) for user 2 with increasing length of the short
packet. When the packet for user 2 is extremely short, for example, one OFDM signal
(without the length of preamble), the different powers of y,.(t)(t € [ts, t7] in Fig. 4.9(c))
for SINR=10 [dB] and -10 [dB] make SRR different.

Figure 4.14 shows the SRR performance versus length of short packet (without the
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Fig. 4.13 Performance of collision recovery (both packets utilize QPSK-
modulated OFDM; the values of SINR and SNR are those for user 1).

length of preamble) of the case that user 1 transmits a long packet by QPSK-modulated
OFDM and user 2 transmits a short packet by BPSK-modulated OFDM. Because of
the different modulations, SINR=10 [dB] and -10 [dB] for user 1 cannot yield the equal
SRR when the length of the short packet increases. However, both Figs. 4.13 and 4.14

show that better SRR can be obtained under a weaker near-far condition.

4.6 Performance of OFDM System with Partial Sig-
nal Using 8- and 16-QAM Modulation over the
Multipath Channel

In the proposed method, we use the M-algorithm to reduce the complexity of
MLSE when only a portion of transmitted signal is received. The M-algorithm can

keep demodulation complexity (C,) as PV + (Ng — U)YMP for each partial OFDM
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signal, where P, U and M, are modulation type, depth of initial candidate path and
number of survivors for each iteration, respectively.

The BER and PER performance for the system using BPSK and QPSK modula-
tions is acceptable, but there will be large degradation of performance using the 16-QAM
or 64-QAM modulation. The reason derives from the main factor: the acceptable de-
modulation complexity or the number of survivors for each iteration (parameter M) of
the M-algorithm. Generally speaking, larger M will achieve better BER or PER per-
formance but increase the demodulation complexity. When the system adopts 8-QAM
(P=8) or 16-QAM (P=16) modulation, which increases the value of P, for the identical
demodulation complexity to that of using BPSK modulation or QPSK modulation, the
BER or PER performance will be dramatically degraded. Even when the M-algorithm

moderately increases the value of M, the error propagation will still decrease the BER
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Fig. 4.15 BER and PER performance of 8-QAM-modulated OFDM system
with partial signal, A fo71=0.625, U = 2, N¢c=64.

or PER performance for large Nc¢.

Figures 4.15 and 4.16 show the BER and PER performance of 8-QAM-modulated
OFDM system with partial signal, respectively. The common specifications of simula-
tions are identical to that listed in Table 4.1. The system chooses A fyT77=0.625, 0.75
and No=64. For each value AfyT;, we make M (the number of survivors for each
iteration) be 16, 32 and 64, respectively, which enable to increase the BER performance
of the system as can be seen from Figs. 4.15 and 4.16. However, compared with that
using the BPSKor QPSK, there exists large degradation of performance. Even for the
system over a Rayleigh fading channel (Ng=64), which can be regarded as the perfor-
mance of the system over the multipath fading channel with N¢ increasing to infinity,
the system with A foT7=0.625 cannot dramatically improve the system performance by
increasing N¢ to infinity. But for A fyT7=0.75, the BER and PER performance can be

improved by increasing No and M. Therefore, the proposed method can be utilized in
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Fig. 4.16 BER and PER performance of 8-QAM-modulated OFDM system
with partial signal, A foT1=0.75, U = 2, Nc=64.

the syetem where the long packet is modulated by 8-QAM OFDM but the short packet
adopts BPSK or QPSK OFDM (in such a case, we must choose AfyT7 = 0.75 and
Afo(Ts — T1) = 0.5 in Fig. 4.8.) The simulated results in Fig. 4.17, which 16-QAM-
modulated OFDM system chooses A fyT1=0.75 and Ng=64, show that there exists
large degradation of BER and PER performance. Therefore, it seems that the proposed
method cannot be utilized for the QAM-modulated OFDM system using M -algorithm
when the number of constellation P >16. It is also a challenging topic in our future

research.

4.7 Conclusions

We have presented an effective method of collision recovery for OFDM-based com-
munications. Because the modulated message data can be demodulated using the partial

OFDM signal, the partial signal can be employed to reconstruct the whole OFDM signal
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Fig. 4.17 BER and PER of 16-QAM-modulated OFDM system with partial
signal, A foT1=0.75, U = 1, Nc=64.

using estimated channel information. We utilized this advantageous property to recover
the collided parts of two OFDM packets. Since most collisions involve a long packet
colliding with short packets, the collided parts are short and can be recovered by our
method.

Generally speaking, the performance of recovery depends on many factors such as
the conditions of channel fading, number of subcarriers, modulation and more impor-
tantly, AfpTi. A larger number of subcarriers can lead to better recovery performance,
as was revealed in all simulations. Therefore, the performance of our method can be
improved by using a WiMAX (802.16a) system that can support a maximum of 2048
subcarriers [90].

It should be pointed out that almost all limitations of this proposed method are a
result from demodulation. In this study, we chose the M-algorithm for demodulation

because it is simple and has low complexity. However the performance of demodulation
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also limits the selections of many factors such as A fyT,. For example, if the demodula-
tion can recover all OFDM message data with a smaller 77, it can recover the collision

generated by more than two packets by a similar method.
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Chapter 5

PAPR Reduction for Ad-hoc
Devices Using Flexible

Multicarrier System

5.1 Introduction

5.1.1 Related Work

OFDM signals yield higher values of PAPR than that of single carrier transmission.
This necessitates a high linearity for power amplifier in the transmitter even in a low
power mobile communication system, which obviously increases power consumption and
the cost of the devices. If the peak transmitter power is limited by either regulatory or
application constraints, transmission power must be reduced. This results in a reduction
of the range of multicarrier transmission. Moreover, to prevent spectral growth of the
multicarrier signal in the form of intermodulation among subcarriers and out-of-band
radiation, the transmitter power amplifier must be operated in its linear region (i.e.,
with a large input backoff), where the power conversion is inefficient. This may have a
deleterious effect on battery lifetime in mobile ad-hoc applications. In many low-cost
applications, the drawback of high PAPR may outweigh all the potential benefits of

multicarrier transmission systems.
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One effective PAPR reduction is clipping, which deletes the signal components that
exceed some fixed amplitude [91]. The amplitude clipping limits the peak envelope of
the input signal to a predemetermined value or otherwise passes the input signal through
unperturbed device, which only reduces the values of peak samples of signal amplitude
but retains the orignal phases of those samples. However, the clipping expands the
transmssion signal spectrum, which causes interference to adjacent systems. The com-
bination of clipping and filtering was proposed to remove out-of-band components of
the expanded transmission signal spectrum [92], [93]. Althrough filtering can suppress
the spectrum expansion, the peak reduction provided by clipping is decreased by the
filtering. On the other hand, if the clipping level is set sufficiently low to achieve the
smaller PAPR, the bit-error rate (BER) performance will be deteriorated. So in most
realistic cases, particularly, when the desired error probability is low, the PAPR values
of the OFDM signals have to be set high enough such that clipping is a rare event.

Other different methods of reducing the PAPR of OFDM signals are proposed in
many papers, such as coding [94]-[96], partial transmit sequence (PTS) [97]-[99], active
constellation extension (ACE) [100], tone reservation (TR) [101], tone injection (TT)
[101], interleaving [102] and selected mapping (SLM) [103], [104]. These techniques
achieve PAPR reduction at the expense of transmit signal power increase, bit-error rate

(BER) increase, data rate loss, computational complexity increase, and so on.

5.1.2 Contributions and Outline of This Chapter

Since OFDM system can choose the partial time-domain OFDM signals to send
the data, it can select the signal during some specific durations, which can achieve the
promising PAPR, to transmit the equal bits of data. So in this Chapter, we propose a
novel PAPR reduction technique named as partial signal transmission (PST) for mul-

ticarrier systems. Firstly, for each OFDM signal, the transmitter selects some specific
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durations where both larger and smaller amplitudes appear. Then the transmitter re-
places the envelopes during those durations with the zero-amplitude signals. For the
receiver, after the detections of the positions of zero-amplitude samples from analog-to-
digital (A/D) conversion with oversampling, the receiver can demodulate the modulated
data using M-algorithm. The PST can dramatically decrease the PAPR of the OFDM
signal and achieve an acceptable BER performance.

The remainder of this Chapter is organized as follows. The model of OFDM system
with the PST and M-algorithm are introduced in Sect. 5.2. The PAPR and BER
performance of the OFDM system with the PST are presented in Sect. 5.3. Conclusions

are presented in Sect. 5.4.

5.2 OFDM System with Partial Signal Transmission
5.2.1 Model of OFDM System with Partial Signal Transmission

Figure 5.1 shows the transmitter and receiver for the OFDM system with partial
signal transmission. Suppose the data, which can be expressed by a vector whose
elements are z(k)(k = 0,...,Ng — 1), is transmitted in each symbol duration. In
the transmitter, (L — 1)N¢g zeros are tacked on z(k) as padding at the input of the
inverse discrete Fourier transform (IDFT), then LN¢ samples y(n)(n =0, ..., LN¢c—1)
are generated at the IDFT output. The operation of padding zeros is for mitigating
the aliasing in the frequency domain caused by the IDFT and for interpolation for
the samples in the time domain. When the entire samples y(n) are transmitted, the
transmitter output y(¢) will form the ordinary OFDM waveforms after parallel-to-serial
(P/S) and digital-to-analog (D/A) conversions, which exhibits a large value of PAPR.

For simplicity, the time-domain OFDM signal y(¢) and its discrete samples y(n) are
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Fig. 5.1 Transmitter and receiver of the OFDM system with partial signal

transmission over the AWGN channel.

expressed in complex base-band notation as

Ne—1
y(t) =Y w(k)e> ottt e 0, Ty, (5.1)
k=0
No—1
y(n) = Z z(k)el?mkn/(LNe) e [0, LNg — 1], (5.2)
k=0

where A fy is the subcarrier frequency spacing, T is the symbol duration. The PAPR
of the transmitted OFDM signal is defined as

mazo<e<t, |y(t)|?

PAPR =
F; ’

(5.3)

where P;, is the average power of the transmitted OFDM signals.

For the samples of each OFDM signal y(n)(n = 0,...,LNg — 1), the transmitter
will generate a signal-selected function gi(n)(n = 0,..., LN¢g — 1) corresponding to
the LN¢ samples of y(n). The g(n) consists of Ng zeros and (LNg — Ng) ones. The

positions of Ng zeros of gi;(n) are decided by the amplitudes of y(n). For y(n)(n =
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0,...,LNc — 1) of each OFDM signal, the transmitter selects Ngmq, samples and
Nsmin(= Ns — Ngmaz) samples, whose amplitudes are larger and smaller than other
(LN¢ — Ng) samples, respectively. The corresponding positions of Ng samples of y(n) in
g¢+(n) will be zeros. After multiplied by the signal-selected function g¢(n), L N samples
yr(n)(=y(n)ge(n),n=0,..., LNc —1) are transmitted after P/S and D/A conversions.

The receiver generates Ny discrete-time samples, §,.(m)(m = 0,..., Ny — 1), from
the received signal y,.(¢) after A/D conversion with oversampling rate K. For simplic-
ity of analysis, we assume K, = L in this paper, therefore, Ny = LNg. Before the
operation of the discrete Fourier transform (DFT), the receiver estimates the signal-
selected function g¢(n)(n = 0,...,LNc — 1) from the received samples y,.(n) by the
following process. The receiver chooses Ng samples, whose amplitudes are smaller than
other (LN¢ — Ng) samples, from y,.(n). Suppose the postions of these Ng samples are
p(i)(i =1,..., Ng), therefore, the positions of Ng zeros of the estimated signal-selected
function g,(n) can be simply fixed by p(i)(i = 1,..., Ng). It can be intuitively inferred
that the correctness of estimation for g,.(n) will be improved in the situation of larger
signal-to-noise ratio (SNR).

Finally, the estimates Z(k)(k = 0,..., No — 1) of x(k) are recovered through the
demodulation stage with the samples Z(n) and g,.(n)(n = 0,..., LNz — 1). Since the
system removes Ng samples from the OFDM samples, the recived signal y,.(¢) and its
discrete samples 7, (n) will generate the intercarrier interference (ICI) among the sam-
ples 2(n)(n =0,..., LNc —1) after DF'T operation. Therefore, the usual demodulation
algorithm, that is, each subcarrier is demodulated independently, cannot utilized in this
systems. But we can use the M-algorithm for the OFDM system with PST in this

Chapter.
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5.2.2 M-Algorithm for OFDM System with Partial Signal

Transmission

We briefly introduce the M-algorithm to demodulate the partial OFDM signal.
Readers can find the detailed process and performance in [64].

Step 1: Generate partial message vectors X~ =[z(0),...,z(U — 1),...,0](u =
0,...,PY —1; U < Ng; P = 2 for BPSK, P = 4 for QPSK) of length N¢. Utilizing
X, produce PU kinds of replica vectors Z{" = [2(0),...,2(LNec — 1)] by the same
operation using the estimated signal-selected function g, (n) as shown in Fig. 5.1 without
AWGN noise. Euclidian distances dq(})(u =0,1,...,PY — 1) between 7 and Z are
first evaluated using their elements partially as

U—1 LNc—1 1/2
dH) = (Z (D) = 2P+ Y 120 - 2(l)|2> : (5.4)
1=0 I=N¢
Then M (M < PY) kinds of Z', which indicate small Euclidean distances, are chosen
as ZM) (r =0,1,2,..., M — 1) from among PV kinds of Zq(}), and vectors X! which
produce Z(M™) are stored as X)) (r=0,...,M—1). The elements of vectors X M)
become candidates for the partial message symbols £(0),...,2(U — 1).

Step 2: Redefine partial message vectors Xq(uz)(w = 0,...,MP — 1) of length
N as Xg):[X(l)(’"),;ﬂ(U),O,...,O]. Therefore, M P kinds of replica vectors 72 —
[2(0)...2(LN¢g — 1)] are produced. Euclidian distances d&?)(w =0,...,MP—1) between
Zg ) and Z are evaluated by

U LNc—1 1/2
dy) = (ZV(U 2P+ Y 0 - 2(l)|2) - (5.5)
1=0 I=N¢
Then, M kinds of Zg ), which indicate small Euclidian distances, are chosen as
Zg)m(r =0,...,M — 1) from among MP kinds of ZSUZ), and vectors XS) which

produce 72" are stored as X®@ ) (r=0,...,M —1). The elements of vectors X(2)()
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become new candidates for the partial message symbols (0),...,#(U). Thus, £(U) is
added to the candidates obtained in Step 1.

Step 3: M P kinds of ZQ(HNC_UH) are obtained by repeating Step 2 No — U times.
Finally, vector X(Ne=U+1) which produces the minimum Euclidian distance, contains

all the message symbols £(0),...,Z(N¢g — 1).

5.3 Simulation Results of OFDM signal with PST

We define two parameters Tyqtio and Zyqtio a8 Tratio = (1—Ng/(LN¢)) and Zyqtio =
Nsmaz/Ns. The parameter T,.44;, can be regarded as the ratio of transmitted samples to
all samples. The Ngq: zero-amplitude samples are used to decrease the values of high
amplitudes among each OFDM samples, Ng,;, zero-amplitude samples are utilized to
improve the correctness of estimation for g,(n). Therefore, the parameter 7,44, can be
regarded as an adjustment between Ng,q. and Ngmin. On the other hand, to evaluate
the performance of OFDM system with the PST, we also give the simulated preformance
of OFDM system with the technique of amplitude clipping [91]. The amplitude clipping
is performed digitally on the samples y(n). If L is larger than four, the discrete samples
y(n) can totally approximate the continuous time-domain signal y(¢). For the clipping,
the amplitude of the time-domain signal samples are limited by a threshold A;,. The
value of clipping ratio (CR) is often definded as CR= Ay, /v/Pin- Let §(n) be a clipped

time sample with the phase unchanged, then

_ ly(n)] if ly(n)| < A

5(n)| = _ (5.6)
Ath Zf |y(n)| > Ath-

The distortion caused by amplitude clipping can be viewed as another source of noise.

The noise caused by amplitude clipping falls both in-band and out-of-band. Since

filtering after clipping can reduce out-of-band radiation but may also cause some peak

regrowth so that the signal after clipping and filtering will exceed the clipping level at
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some point, we only simulate the performance of OFDM system with the technique of
amplitude clipping without filtering to compare with the performance of OFDM system

with the PST.

5.3.1 CCDF of PAPR for OFDM Signal with Partial Signal

Transmission (N¢g = 64)

The PAPR of the signal of OFDM signal with partial signal transmission can be

defined as
maxo<t<T, |Ye(t)|?

PAPR =
Pyv

Y (5-7)

where P4y is the ensemble average of the power of time-domain OFDM signals with
the PST y.(t). We randomly generate millions of time-domain OFDM signals with PST
by computer to obtain the approximate value Pav of Pay. To capture the peaks of the
OFDM signal, we adopt 4 times oversampling (L = 4) time-domain samples which can
totally approximate the continus time-domain signal [68]. We use the complementary
cumulative density function (CCDF) of the PAPR (Prob[PAPR>PAPRy)) to identify
the PAPR characteristics.

Figures 5.2 to 5.4 show the simulated CCDF of PAPR of OFDM system with
the PST. T,qtio was chosen to be 0.9, 0.8 and 0.6. The number of subcarrier is 64
(N¢ = 64). For each T,44i0, the PST will decrease the PAPR, with the different values
of Zratio- For Trqtio = 0.9, it is shown in Fig. 5.2 that ordinary QPSK-modulated
OFDM with 64 subcarriers has a PAPR that exceeds 10.7 [dB] with the probability of
0.1%, but with Z,.4t;0 = 0.1, OFDM system using the PST is only 8.6 [dB] to achieve
the identical probability, therefore, 2.1 [dB] PAPR reduction can be obtained. But 4.6
[dB] reduction will be achieved if system chooses Z,.t;0 = 1 which can be found in Fig.
5.2. For Tyati0 = 0.8 in Fig. 5.3, Z,4t50 = 0.5 can almost achieve the identical CCDF

of PAPR to that of Z,,:, = 1. Particularly for T}, = 0.6 in Fig. 5.4, Z,44i0 = 1
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Fig. 5.4 CCDF of PAPR of OFDM system with partial signal transmission
(Tratio = 0.6, Nc = 64, QPSK).

cannot obtain the best CCDF of PAPR because Ngp,q.(= Ngs) zero-amplitude samples
for the high amplitudes among each OFDM samples will decrease the peak values of
OFDM signal but also decrease the average power 15AV. Therefore, Z,q150 = 0.5,0.8
can achieve the best CCDF of PAPR than that of other Z,. .+, for T}.qti0 = 0.6. Figures
5.2 to 5.4 confirm that OFDM system with the PST can obtain the promising PAPR
characteristics by choosing appropriate Z,.ti0 and Ti4t50. On the other hand, we also
simulate the PAPR characteristic of OFDM signal after amplitude clipping with CR=2
and compare it to OFDM signal after PST with above T}.t0 and Z,440 in Figs. 5.2
to 5.4, which also show that OFDM system using the PST with T}.4ti0 = 0.9, Zqtio €
[0.6,1], Tratio = 0.8, Zratio € [0.5,0.8] and Tyatio = 0.6, Zpgtio € [0.3,0.8] can achieve

better CCDF of PAPR than that of OFDM system using amplitude clipping with CR=2.
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Fig. 5.5 BER performance of the OFDM system with partial signal transmis-
sion over AWGN channel (T,qti0 = 0.9, No = 64, QPSK).

5.3.2 BER performance for OFDM System with Partial Signal

Transmission (N¢ = 64)

Figures 5.5 to 5.7 show the simulated BER performance of the OFDM system with
partial signal transmission over AWGN channel. T}.,4;, was to be 0.9, 0.8 and 0.6. The
number of subcarrier is 64 (No = 64). For each T)4ti0, the system chooses Z,4t, from
0.1 to 0.5. From Figs. 5.5 to 5.7, we can find that, for all values of T}.4t0, the system
with small 7.+, will achieve better BER performance than that of large Z,,:i0. The
reason is that smaller 7,4, will improve the correctness of estimation for g,.(n). For
the system with Ty4ti0 = 0.9, Zyatio = 0.1, which can achieve 2.1[dB] PAPR reduction
for Prob [PAPR < PAPRo]=0.1% in Fig. 5.2, there will be 1.5 [dB] loss for the
requirement of BER=10"°. For the system with T}4ti0 = 0.9, Z,4tio = 0.5, which can
achieve 4.1 [dB] PAPR reduction for Prob [PAPR < PAPR©]=0.1%, such a loss for the

requirement of BER=1075 will be increased to 4 [dB]. The similar characteristics of BER
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Fig. 5.6 BER performance of the OFDM system with partial signal transmis-
sion over AWGN channel (T,qti0 = 0.8, N¢ = 64, QPSK).
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Fig. 5.7 BER performance of the OFDM system with partial signal transmis-
sion over AWGN channel (T,qti0 = 0.6, No = 64, QPSK).
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performance can also be found in Figs. 5.6 and 5.7. Therefore, OFDM system with the
PST adopts the tradeoff between the BER performance and PAPR reduction. On the
other hand, we also give the simulated BER performance of system for each 77,450 when
the signal-selected function g;(n) is correctly detected (g.(n) = g«(n)). It is assumed
that Ng samples are selected randomly among LN¢g samples of each OFDM signal.
The simulated results show that the deterioration of BER performance mainly results
from the mis-detection of the signal-selected function g¢(n). The BER performance
will be further improved if the estimation of g¢(n) is promoted. At the same time, we
also simulate the BER performance of the OFDM system after amplitude clipping with
CR=2 and compare it to OFDM signal after the PST with above T},tio and Z,44i0 in
Figs. 5.5 to 5.7 which also show that OFDM system using the PST for all T}.4t, and
Zratio can achieve better BER performance than that of OFDM system using amplitude

clipping with CR=2.

5.3.3 CCDF of PAPR and BER performance of OFDM System
with Partial Signal Transmission (Ns=128)

Figures 5.8 and 5.9 show the CCDF of PAPR and BER performance of OFDM
system using the PST with Ng=128 and QPSK modulation, respectively. Ty qti0 18
choosen as 0.9, 0.8 and 0.6. For each T}, the system only adopts Z,.t0 to be 0.5
and 0.4. From Fig. 5.8, we can find that OFDM system with the PST can obtain the
promising PAPR characteristics by choosing appropriate Z,.qt;0 and T}.q4i, for No = 128.
for example, OFDM system using the PST with Z,4t,, = 0.8,0.6 and T}.4ti0 = 0.5,0.4
can obtian better PAPR characteristics than that of the OFDM system after amplitude
clipping with CR=2. Compared with the ordinary QPSK-modulated OFDM with 128
subcarriers has a PAPR that exceeds 11 [dB] with the probability of 0.1%, OFDM system

using the PST with Z,.44io = 0.8,0.6 and T}.44;0 = 0.5, 0.4 can achieve about 5 [dB] PAPR,
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Fig. 5.8 CCDF of PAPR of OFDM system with partial signal transmission
(N¢ = 128, QPSK).

reduction for the identical probability of PAPR. The simulated BER performance in Fig.
5.9 also confirms that OFDM system using the PST with appropriate T;.qti0 and Zyatio
can achieve the better BER performance than that of OFDM system using amplitude

clipping with CR=2.

5.4 Conclusions

Based on adaptive properties of HC-MCM, OFDM system can choose the partial
time-domain OFDM signals to send the data. Therefore, OFDM system can select
the signal during some specific duration, which can achieve the promising PAPR, to
transmit the equal bits of data. So in this Chapter, we have proposed a novel PAPR
reduction technique named as partial signal transmission (PST) for ad-hoc network
using OFDM-based WLAN. PST can dramatically decrease the PAPR of the OFDM

signal and achieve the promising BER performance. Therefore, those technologies will
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Fig. 5.9 BER performance of the OFDM system with partial signal transmis-
sion over AWGN channel (N¢ = 128, QPSK).

decrease the devices cost of ad-hoc networks.
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Chapter 6

Conclusions and Future

Directions

6.1 Conclusions of This Dissertation

Bandwidth efficiency is the primary concern in the design of future communication
systems. One efficient technique that increases the bandwidth efficiency is to utilize
multilevel modulation, such as M-QAM, which increases the spectral efficiency of link,
measured in [bits/sec/Hz], by sending multiple bits per symbol, the spectral efficiency
can be dramatically improved with high-order M-QAM. However, since wireless channel
is subject to severe propagation impairment which results in a serious degradation in the
link carrier-to-noise ratio (CNR), even though the efficient techniques of compensation
are used, the high order M-QAM cannot achieve the optimal performance. Therefore,
the OFDM of high order M-QAM will also be limited to the special applications with
the above reason. In addition, the high order M-QAM often chooses M = 2% and k is
an integer. So physical layer adaptation using adaptive M-QAM is not robust to obtain
the appropriate M. If the M could be positive real number, there will be more useful
for the physical layer adaptation.

One novel flexible multicarrier system (high compaction multi-carrier modulation:
HC-MCM) which can attain higher spectral efficiency than that of the original OFDM

has been designed. The HC-MCM system has a high affinity with exiting OFDM system,
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and it can flexibly control the transmission rate and quality of communication. More
importantly, only utilizing BPSK or QPSK modulation, the HC-MCM achieves the
transmission rate of high order M-QAM OFDM, even the M could be any positive real
number. It can also flexibly adjust the length of frame according to the radio channel
condition. In this dissertation, we have extended this flexible multicarrier systems for
ad-hoc wireless network. The underlying philosophy in all problems that are considered
in this dissertation is a synergy between the physical and the MAC layers of ad-hoc
networks.

In Chapter 2, we explained that the flexible transmission including adaptive mod-
ulation and variable length of frame can cause different link goodput, range and energy
efficiency. In such a case, the nodes of ad-hoc network can realize the tradeoff between
goodput, range and energy efficiency by the flexible transmissions. We also gave the re-
sults which show that there is much to be gained from adaptive modulation and variable
frame length in terms of goodput, range and energy consumption for ad-hoc networks.
We obtain three rules of design for the tradeoff for wireless node.

Physical layer adaptation using adaptive M-QAM is not robust to obtain the ap-
propriate M due to wireless channel and high order M-QAM is restricted to be adopted
in wired or optical networks. High order M-QAM also cannot be used for WLAN-
based ad-hoc networks. So in Chapter 3, based on the parallel combinatory OFDM
(PC-OFDM) and HC-MCM, we proposed a novel adaptive modulation, that is, paral-
lel combinatory/high compaction multi-carrier modulation (PC/HC-MCM) for ad-hoc
networks. The PC/HC-MCM can achieve any transmission rate of M-QAM that cor-
responds to not only integer M but also real number M. The PC/HC-MCM can also
realize the adaptive length of frame which can be utilized to physical layer adapta-
tion with the adaptive length of packet for ad-hoc networks. Two types of PC/HC-

MCM systems, which have been named as the modulated PC/HC-MCM system and
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PC/HC-MCM (un-modulated) system, were designed by PC/HC-MCM. The modulated
PC/HC-MCM system can achieve better BER, performance than that of HC-MCM sys-
tem with the equal BWE by employing appropriate parallel combinatory coding. The
PC/HC-MCM (un-modulated) system can obtain excellent peak-to-average power ratio
(PAPR) characteristics by selecting the optimal constellations for its subcarriers. On
the other hand, since the PC/HC-MCM can divide the duration of PC-OFDM symbol
into multiple time-slots, the advantages of frequency hopping (FH) can be applied in the
PC/HC-MCM systems. Therefore, we also combine the PC/HC-MCM and frequency
hopping multiple accesses (FHMA) to propose a new multiple access (MA) system. This
MA system can synchronously transmit multiple users’ data within one symbol duration
of the PC-OFDM.

Since most collisions occur when one user starts to build a connection or sends
a response with a short packet, such as RTS (request-to-send), CTS (clear-to-send)
or ACK (acknowledgement), to one node while a principal user is transmitting a long
packet including data to an identical destination. Therefore, the collided part is not
as long as the principal long packet. For example, the long packet of IEEE 802.11a
(64 subcarriers) can convey 8184 [bits] (payloads) without preamble and control bits,
but the length of ACK, RTS or CTS is no longer than 300 [bits|] which can be carried
by only six BPSK-modulated OFDM signals or three QPSK-modulated OFDM signals.
Undoubtedly, for the long packet, if such collided parts can be recovered, the system
performance, such as throughput and delay, will be dramatically improved. On the
other hand, it will also benefit the protocol design of ad-hoc networks because short
packets often contain much important information, such as positions and power levels.
So in Chapter 4, we proposed a method of collision recovery for ad-hoc networks based
on this flexible multicarrier system. We presented the property that, from the flexible

multicarrier system, the modulated message data of OFDM signal can be demodulated
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using the partial (AfT) time-domain OFDM signal. Therefore, the partial signal can
be adopted to reconstruct the whole OFDM signal with estimated channel information.
Utilizing this advantageous property, a practical method of collision recovery can be
realized. The proposed method can be developed to solve the problems of hidden
terminals and exposed terminals in ad-hoc networks.

According to the property of flexible multicarrier system, OFDM system can trans-
mit partial time-domain OFDM signals to send the data. Therefore, OFDM system can
select the signal during some specific duration, which can achieve the promising PAPR,
to transmit the equal bits of data. So in Chapter 5, we have proposed a novel PAPR re-
duction technique called partial signal transmission (PST) for devices of ad-hoc network
using OFDM-based WLAN. PST can dramatically decrease the PAPR of the OFDM
signal and achieve the promising BER performance. Therefore, those technologies will

decrease the devices cost of ad-hoc networks.

6.2 Future Directions of This Dissertation

In this section, the extension of this work towards the PC/HC-MCM and collision

recovery will be discussed in detail.

6.2.1 For PC/HC-MCM

The main weakness of PC/HC-MCM or HC-MCM is the high demodulation com-
plexity. Since the receiver utilizes MLSE to demodulate the transmitted data, the
demodulation complexity (C,) of MLSE increases exponentially with the number of
subcarriers N and modulation type P(BPSK: P = 2; QPSK: P = 4,...), that is,
Cp, = PV, which is impractical for the demodulation for large N. M-algorithm will

keep demodulation complexity (C,) as PY + (N —U)M P for each partial OFDM signal,
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where P, U and M, are modulation type, depth of initial candidate path and number
of survivors for each iteration, respectively. But the performance will be deteriorated
for smaller A fT and high order M-QAM modulation. On the other hand, almost all
limitations of this proposed method of collision recovery are a result from demodulation.
The performance of demodulation using the the M-algorithm also limits the selections
of many factors. For example, if the demodulation can recover all OFDM message data
with a smaller partial time-domain OFDM signal, it can recover the collision generated
by more than two packets by a similar method. So the demodulation algorithm for
PC/HC-MCM or HC-MCM is a main topic in the future research. The good algorithm
should have the acceptable demodulation complexity and BER performance. On the
other hand, the algorithm should be considered for the applicaitons which concerns the

high mobile situation and multiple antennas.

6.2.2 For Collision Recovery

The most contribution of this dissertation is that the proposed method of collision
recovery can dramatically benefit the protocol design of wireless networks, including
ad-hoc and sensor networks. Since most collisions occur when one user starts to build
a connection or sends a response with a short packet, such as RTS (request-to-send),
CTS (clear-to-send) or ACK (acknowledgement), to one node while a principal user is
transmitting a long packet including data to an identical destination. But the short
packets such as RTS often contain much important information of wireless nodes, such
as their positions and desired transmission duration. If the nodes which have sent the
RTS have not obtained the responses, they will retransmit the short packets (RTS)
after a random delay and such a process will result in another collision. By utilizing
our proposed method, the receiver can separate the short packets from the long packet

when they are collided with the long packet. So in the next step, the receiver can send
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the responses according to the scheduling strategies to all nodes which have sent the
RTS packets. On the other hand, in the near-far situation, our method can achieve
better recovery performance in the weak near-far condition which is more realistic in
the wireless LAN. Therefore, the proposed method can be utilized to solve the hidden
terminal or exposed terminal problems and improve the performance of ad-hoc networks
that are based on wireless LAN using OFDM techniques. Based on above analysis, the

future directions for the collision recovery will include following areas.

Exploring the new methods to improve the successful recovery ratio

Obviously, the improvment of SRR will furthur benefit the performance of ad-hoc
networks. Let us suppose the SRR=p, k nodes take turns to send their RTS packets to
one receiver during the period of the transmission of one long packet to the identical
receiver and only one short packet is involved in each collision with the long packet.
Utilizing our method, the probability of recovery will be p* for the long packet and p
for all short packets. Therefore, the recovery performance for the long packet will be
decreased exponentially with the value of p. Thereby the performance of ad-hoc network
will markedly improved by the increase of SRR.

Many techniques can be combined with our method to improve the performacne of
collision recovery based on OFDM system, such as the error correction coding (ECC)
and diversity reception. ECC can improve the ability to detect errors that are made
due to noise or other impairments in the course of the transmission then can enable
localization of the errors and correct them. Therefore, ECC can improve the PER
performance of both packets when the system utilizes the partial signal to demodulate
the data. Thereby the SSR will be improved. Diversity reception means that the

transmitted signal can be received more than once, thereby enabling the receiver to
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have more opportunities to determine what was transmitted. It is used to minimize
the effects of fading. The SINR of the received signal can be increased at the receiver
when using diversity reception is directly dependent on the independence of the fading
characteristics. Therefore, diversity reception can improve the BER or PER then SRR
performance of the system using the proposed method. These issues will also be new

topics in our future research.

Exploring the new protocols of ad-hoc networks based on the method of

collision recovery

In multiple access (MA) wireless networks where a common channel is shared by
a population of users. A key issue, referred to as medium access control (MAC), is
to coordinate the transmissions of all users so that the common channel is efficiently
utilized and the quality-of-service (QoS) requirement of each user is guaranteed. The
schemes for coordinating transmissions among all users are called MAC protocols. The
conventional assumption on the channel is that any concurrent transmission of two or
more packets results in the destruction of all the transmitted packets. Based on this
assumption, numerous MAC protocols, such as Aloha, CSMA and a class of adaptive
protocols have been proposed. Particularly, carrier sense multiple access with collision
avoidance (CSMA/CA) has been accepted as the part of standard IEEE 802.11a, which
can be used in ad-hoc networks. It is reasonable that the method of collision recovery
can be utilized to combine with the techniques of MAC layer.

For Aloha-type protocol, it is difficult to realize the quality-of-service (QoS) re-
quirement of each user because no cooperation exists between the transmitters. On the
other hand, the AP (or receiver) cannot decide and assign the channel to some specific

nodes because it has no ways to suppress other nodes to access the channel. Using our
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method, the AP can obtain the information of other nodes during the transmission of
the principal nodes. So, combined with the proposed method, Aloha-type protocal can
achieve the quality-of-service (QoS) requirements of each user. On the other hand, the
stability of wireless MAC protocol is also improved by the proposed method.

For ad-hoc networks, the protocol of CSMA/CA often has been utilized to guar-
antee the continus transmission between nodes. But hidden terminal problem will dra-
matically decrease the system performance. In addition, exposed terminal problem also
limits the transmission between other nodes. So we can combine this techniques in
a new design of protocol and the new protocol will further improve the transmission
performance and stability of ad-hoc networks with large number of nodes. These issues

will also be hot topics in our future research.

Exploring the new methods for sensor networks based on the method of

collision recovery

One of the most important constraints on sensor nodes is the low power consump-
tion requirement. Sensor nodes carry limited, generally irreplaceable, power sources.
Therefore, while traditional networks aim to achieve high quality of service (QoS) pro-
visions, sensor network protocols must focus primarily on power conservation. They
must have inbuilt tradeoff mechanisms that give the end user the option of prolonging
network lifetime at the cost of lower throughput or higher transmission delay. So for
sensor nodes, the number of subcarrier for IFFT or DFT is designed to be small in
order to decrease the cost of the sensor. On the other hand, the M-algorithm needs
more computation complexity, therefore, power consumption is high. The mathematical
model of HC-MCM can be carried on the Cholesky factorization for the small number of

subcarrier and appropriate A fT. The Cholesky factorization can remove the ISI among
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the subcarriers. Therefore, the demodulation complexity for the HC-MCM system and
the OFDM system with partial signal can be reduced by the Cholesky factorization.
Thereby the proposed method can be utilized for the sensor networks based on OFDM
communications using the small number of subcarriers. On the other hand, sensor nodes
can communicate each other using the lower throughput or higher transmission delay.
Therefore, collision recovery will further reduce the retransmission process of packet

and save the power consumption. These issues will also be given in our future research.

6.2.3 For Partial OFDM Signal

The partial time-domain OFDM signal can be utilized to demodulate the OFDM
data or to be utilized to recover the whole time-domain OFDM signal. Such a property
can be applied in many applications. We have presented that a flexible multicarrier
can be realized using this property and this property also can be developed to solve the
problem of hidden terminals or exposed terminals. It also can be utilized to decrease the
PAPR of multicarrier signal. So such a property will also be useful in many other fields
such as multiple antennas system [105], since, due to correlation of the fading channel,
it seems to enable to improve the system performance if some some antennas only
transmit the partial signals. The property also can be utilized in the multiuser system
in the mode of TD-FDMA, for example, the AP can sent the data of two users in one
duration (Tp) of OFDM signal and i-user can hold different T;(i = 1,2) (T1 + T2 = Tp).
Such a TD-FDMA system maybe furthur improves the performance and diversity of
the multi-user systems. We will give more applications on this property in our future

research.
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