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Preface

Adaptive techniques play a key role in modern wireless communication systems. The
concept of adaptation is emphasized in the Adaptation in Wireless Communications
Series across all layers of the wireless protocol stack, ranging from the physical layer to
the application layer.

This book is devoted to adaptation in the physical layer. It gives a tutorial survey
of adaptive signal processing techniques used in wireless and mobile communication
systems. The topics include adaptive channel modeling and identification, adaptive
receiver design and equalization, adaptive modulation and coding, adaptive multiple-
input-multiple-output (MIMO) systems, adaptive and opportunistic beam forming, and
cooperative diversity. Moreover, the book addresses other important aspects of adapta-
tion in wireless communications, such as software defined radio, reconfigurable devices,
and cognitive radio. The book is supported by various new analytical, experimental,
and simulation results and is illustrated by more than 160 figures, 20 tables, and 800
references.

I'would like to thank all the contributing authors for their patience and excellent work.
The process of editing started in June 2005. Each chapter has been blindly reviewed by
at least two reviewers (more than 50% of the chapters received three reviews or more). I
would like to thank the reviewers for their time and valuable contribution to the quality
of the book.

Finally, a special thank you goes to my parents, my wife, my son, my daughter, and all
my family. They all have been of great support for this project.

Mohamed Ibnkahla
Queen’s University
Kingston, Ontario, Canada
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2 Adaptive Signal Processing in Wireless Communications

1.1 Introduction

Wireless communications systems have evolved substantially over the last two decades.
The explosive growth of the wireless communication market is expected to continue
in the future, as the demand for all types of wireless services is increasing. There is no
doubt that the second generation of cellular wireless communications systems was a suc-
cess. However, these systems were designed to provide good coverage for voice services
so that a minimum required signal quality can be ensured over the coverage area. If the
received signal quality is well above the minimum required level, the receivers do not
exploit this. The speech quality does not improve much, as the quality is mostly domi-
nated by the speech coder. On the other hand, if the signal quality is below the minimum
required level, a call drop will be observed. Therefore, such a design requires the use
of strong forward error correction (FEC) schemes, low-order modulations, and many
other redundancies at the transmission and reception. In essence, the mobile receivers
and transmitters are designed for the worst-case channel and received signal conditions.
As a result, many users experience unnecessarily high signal quality from which they
cannot benefit. While reliable communication is achieved, the system resources are not
used efficiently.

New generations of wireless mobile radio systems aim to provide higher data rates
and a wide variety of applications (like video, data, etc.) to mobile users while serving as
many users as possible. However, this goal must be achieved under spectrum and power
constraints. Given the high price of spectrum and its scarcity, the systems must provide
higher system capacity and performance through better use of the available resources.
Therefore, adaptation techniques have been becoming popular for optimizing mobile
radio system transmission and reception at the physical layer as well as at the higher
layers of the protocol stack.

Traditional system designs focus on allocating fixed resources to the user. Adaptive
design methodologies typically identify the user’s requirements and then allocate just
enough resources, thus enabling more efficient utilization of system resources and con-
sequently increasing capacity. Adaptive channel allocation and adaptive cell assignment
algorithms have been studied since the early days of cellular systems. As the demand in
wireless access for speech and data has increased, link and system adaptation algorithms
have become more important.

For a given average transmit power, adaptation allows the users to experience bet-
ter signal qualities. Adaptation reduces the average interference observed from other
users, as they do not transmit extra power unnecessarily. As a result, the received signal
quality will be improved over a large portion of the coverage area. These higher-quality
signal levels can be exploited to provide increased data rates through rate adaptation.
For a desired received signal quality, this might also translate into less transmit power,
leading to improved power efficiency for longer battery life. On the other hand, for a
desired minimum signal quality, this might lead to an increased coverage area or bet-
ter frequency reuse. In addition, adaptive receiver designs allow the receiver to work
with reduced signal quality values; i.e., a desired bit-error-rate (BER) or frame-error-
rate (FER) performance can be achieved with a lower signal quality. Adaptive receiv-
ers can also enable reduced average computational complexities for the same quality of
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Adaptation Techniques and Enabling Parameter Estimation Algorithms 3

service, which again implies less power consumption. As can be seen, adaptation algo-
rithms lead to improved performance, increased capacity, lower power consumption,
increased radio coverage area, and eventually better overall wireless communications
system design.

Many adaptation schemes require a form of measurement (or estimation) of various
quantities (parameters) that might change over time. These estimates are then used to
trigger or perform a multitude of functions, like the adaptation of the transmission and
reception. For example, Doppler spread and delay spread estimations, signal-to-noise
ratio (SNR) estimation, channel estimation, BER estimation, cyclic redundancy check
(CRC) information, and received signal strength measurement are some of the com-
monly used measurements for adaptive algorithms. As the interest in the adaptation
schemes increases, so does the research on improved (fast and accurate) parameter esti-
mation techniques.

In this chapter, an overview of commonly used adaptation techniques and their appli-
cations for wireless mobile radio systems is given. Some of the commonly used param-
eters and their estimation using baseband signal processing techniques are explained
in detail. Also, the current and future research issues regarding the improved param-
eter estimation and extensive use of adaptation techniques are discussed throughout
the chapter. Note that there has been a significant amount of research on adaptation
of wireless communications systems. This chapter is not intended to cover all these
developments, but rather, it is intended to provide the readers an overview and con-
ceptual understanding of adaptation techniques and related parameter estimation algo-
rithms. More emphasis is given on signal processing perspectives of the adaptation of
wireless communications systems.

1.2 Overview of Adaptation Schemes

In wireless mobile communications systems, information is transmitted through a radio
channel. Unlike other guided media, the radio channel is highly dynamic. The transmit-
ted signal reaches the receiver by undergoing many effects, corrupting the signal, and
often placing limitations on the performance of the system.

Figure 1.1 illustrates a wireless communications system that includes some of the
effects of the radio channel. The received signal strength varies depending on the dis-
tance relative to the transmitter, shadowing caused by large obstructions, and fading
due to reflection, diffraction, and scattering. Mobility of the transmitter, receiver, or
scattering objects causes the channel to change over time. Moreover, the interference
conditions in the system change rapidly. Most important of all, the radio channel is
highly random and the statistical characteristics of the channel are environment depen-
dent. In addition to these changes, the traffic load, type of services, and mobile user
characteristics and requirements might also vary in time. Adaptive techniques can be
used to address all of these changing conditions.

The adaptation strategy can be different depending on the application and ser-
vices. Constant BER constraint for a given fixed transmission bandwidth and constant
throughput constraint are two of the most popular criteria for adaptation. In constant
BER, a desired average or instantaneous BER is defined to satisfy the acceptable quality
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4 Adaptive Signal Processing in Wireless Communications
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FIGURE 1.1 Illustration of some of the effects of a radio channel. Local scatterers cause fading;
remote reflectors cause multipath and time dispersion, leading to ISI; mobility of the user or scatter-
ers causes a time-varying channel; reuse of frequencies and adjacent carriers cause interference.

of service. Then the system is adapted to the varying channel and interference condi-
tions so that the BER is maintained below the target value. In order to ensure this for
all types of channel and interference conditions, the system changes power, modula-
tion order, coding rate, spreading factor, etc. Note that this changes the throughput as
the channel quality changes. On the other hand, for the constant throughput case, the
adaptations are done to make sure that the effective throughput is constant, where the
BER might change.

In general, it is possible to classify the adaptation algorithms as link and transmitter
adaptation, adaptation of system resource allocation, and receiver adaptation. In the fol-
lowing sections, brief discussions of these adaptation techniques will be given.

1.2.1 Link and Transmitter Adaptation

A reliable link must ensure that the receiver is able to capture and reproduce the trans-
mitted information bits. Therefore, the target link quality must be maintained all the
time in spite of the changes in the channel and interference conditions. As mentioned
earlier, one way to achieve this is to design the system for the worst-case scenario so that
the target link quality can always be achieved.

If the transmitter sends more power for a specific user, the user benefits from it by
having a better link quality, but the level of interference for the other users increases
accordingly. On the other hand, if the user does not receive enough power, a reliable link
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cannot be established. In order to establish a reliable link while minimizing interfer-
ence to other users, the transmitter should continuously control the transmitted power
level. Power control is a simple form of adaptation that compensates for the variation of
the received signal level due to path loss, shadowing, and sometimes fading. Numerous
studies on power control schemes have been performed for various radio communica-
tions systems (see [1] and the references listed therein). In code division multiple-access
(CDMA) systems, signals having widely different power levels at the receiver cause
strong signals to swamp out weaker ones in a phenomenon known as the near—far effect.
Power control mitigates the near—far problem by controlling the transmitted power.

Itis possible to trade off power for bandwidth efficiency; i.e., a desired BER (or FER) can
be achieved by increasing the power level or by reducing the bandwidth efficiency. One
way of establishing a reliable link is to add redundancy to the information bits through
FEC techniques. With no other changes, this would normally reduce the information
rate (or bandwidth efficiency) of the communication. In the same way, high-quality
links can be obtained by transmitting the signals with spectrally less efficient modula-
tion schemes, like binary phase shift keying (BPSK) and quaternary PSK (QPSK). On
the other hand, new-generation wireless systems aim for higher data rates made possible
through spectrally efficient higher-order modulations. Therefore, a reliable link with
higher information rates can be accomplished by continuously controlling the coding
and modulation levels. Higher modulation orders with less powerful coding rates are
assigned to users that experience good link qualities, so that the excess signal quality
can be used to obtain higher data rates. Recent designs have exploited this with adaptive
modulation techniques that change the order of the modulation [1, 2], as well as with
adaptive coding schemes that change the coding rate [3, 4]. For example, the Enhanced
General Packet Radio Service (EGPRS) standard introduces both Gaussian minimum
shift keying (GMSK) and 8-PSK modulations with different coding rates through link
adaptation and hybrid automatic repeat request (ARQ) [5]. The channel quality is esti-
mated at the receiver, and the information is passed to the transmitter through appro-
priately defined messages. The transmitter adapts the coding and modulation based on
this channel quality feedback. Similarly, variable spreading and coding techniques are
present in third-generation CDMA-based systems [3], cdma2000 and wideband CDMA
(WCDMA, or Universal Mobile Telecommunications System [UMTS]). Higher data
rates can be achieved by changing the spreading factor and coding rate, depending on
the perceived communication link qualities.

Adaptive antennas and adaptive beam-forming techniques have also been studied
extensively to increase the capacity and to improve the performance of wireless com-
munications systems [6]. The adaptive antenna systems shape the radiation pattern in
such a way that the information is transmitted (for example, from a base station) directly
to the mobile user in narrow beams. This reduces the probability of another user expe-
riencing interference in the network, resulting in improved link quality, which can also
be translated into increased network capacity. Although adaptive beam forming is an
excellent way to utilize multiple-antenna systems to enhance the link quality, recently
different flavors of the usage of multiantenna systems have gained significant interest.
Space-time processing and multiple-input multiple-output (MIMO) antenna systems
are some new developments that will allow further usage of multiple-antenna systems in
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6 Adaptive Signal Processing in Wireless Communications

wireless communications. Adaptive implementation of these technologies is important
for successful and efficient integration of them into wireless communications systems.

1.2.2 Adaptive System Resource Allocation

In addition to physical link adaptation, system resources can also be allocated adap-
tively to reduce the interference and to improve the overall system quality. This includes
adaptive power control, adaptive channel allocation, adaptive cell assignment, adaptive
resource scheduling, adaptive spectrum management, congestion, handoff (mobility),
admission, and load control strategies. Adaptive system resource allocation considers
the current traffic load, as well as the channel and interference conditions. For example,
the system could assign more resources to the mobiles that have better link quality to
increase the throughput. Alternatively, the system could assign the resources to the user
in such a way that the user experiences better quality for the current traffic condition.

Adaptive channel allocation and adaptive cell assignment in hierarchical cellular sys-
tems have been studied since the early days of cellular systems. Adaptive channel allocation
increases the system capacity through efficient channel utilization and decreased proba-
bility of blocked calls [7]. Unlike fixed channel allocation, where the channels are assigned
to the cells permanently and the assignment is done based on the worst-case scenario, in
adaptive channel assignment, a common pool of channels is shared by many cells, and the
channels are assigned with regard to the interference and traffic conditions.

Adaptive cell assignment can increase capacity without increasing the handoff rate.
The cells can be assigned to the users depending on their mobility level. Fast-moving
mobiles can be assigned to larger umbrella cells (to reduce the number of handoffs),
while slow-moving mobiles are assigned to microcells (to increase capacity) [8].

Recently, research on increasing the average throughput of the system through water-
filling-based resource allocation has gained significant interest [9-11]. The main idea is
to allocate more resources to the users that experience better link quality, resulting in
very efficient use of the available resources. The high-data-rate (HDR) system, which
is based on a best-effort radio packet protocol, uses a water-filling-based approach in
allocating system resources. Algorithms that deal with compromising the throughput
to achieve fairness have also been studied [10, 11].

1.2.3 Receiver Adaptation

Digital wireless communication receiver performance is related to the required value of
the signal-to-interference-plus-noise ratio (SINR) so that the BER (or FER) performance
can be kept below a certain threshold for reliable communication. For a given com-
plexity, if receiver A requires lower SINR than receiver B to satisfy the same error rate,
receiver A is considered to perform better than receiver B.

Receiver adaptation techniques can increase the performance of the receiver, hence
reducing the minimum required SINR. As mentioned before, this can be used to
increase the coverage area for a fixed transmitted power, or it can be used to reduce the
transmitted power requirement for a given coverage area. Moreover, receiver adaptation
can reduce the average receiver complexity and the power drain from the battery for
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the same quality of service. In order to satisfy the desired BER performance, instead of
running a computationally complex algorithm for all channel conditions, the receiver
can choose the most appropriate algorithm given the system and channel conditions.

Advanced baseband signal processing techniques play a significant role in receiver
adaptation. Baseband algorithms used for time and frequency synchronization, baseband
filtering, channel estimation and tracking, demodulation and equalization, interference
cancellation, soft information calculation, antenna selection and combining, decoding,
etc., can be made adaptive depending on the channel and interference conditions.

Conventional receiver algorithms are designed for the worst-case channel and inter-
ferer conditions. For example, the channel estimation and tracking algorithms assume
the worst-case mobile speed; the channel equalizers assume the worst-case channel dis-
persion; the interference cancellation algorithms assume that the interferer is always
active and constant; and so on. Adaptive receiver design measures the current channel
and interferer conditions and tunes the specific receiver function that is most appropri-
ate for the current conditions. For example, a specific demodulation technique may work
well in some channel conditions, but might not provide good performance in others.
Hence, a receiver might include a variety of demodulators that are individually tuned to
a set of channel classes. If the receiver could demodulate the data reliably with a simpler
and less complex receiver algorithm under the given conditions, then it is desired to use
that algorithm for demodulation.

1.3 Parameter Measurements

Many adaptation techniques require estimation of various quantities like channel selec-
tivity, link quality, network load and congestion, etc. Here, we focus more on physical
layer measurements from a digital signal processing perspective. As discussed earlier,
link quality measures have many applications for various adaptation strategies. In addi-
tion, information on channel selectivity in time, frequency, and space is very useful for
adaptation of wireless communications systems. In this section, these important param-
eters and their estimation techniques will be discussed.

1.3.1 Channel Selectivity Estimation

In wireless communications, the transmitted signal reaches the receiver through a num-
ber of different paths. Multipath propagation causes the signal to be spread in time, fre-
quency, and angle. These spreads, which are related to the selectivity of the channel, have
significant implications on the received signal. A channel is considered to be selective if
it varies as a function of time, frequency, or space. The information on the variation of
the channel in time, frequency, and space is very crucial in adaptation of wireless com-
munications systems.

1.3.1.1 Time Selectivity Measure: Doppler Spread

Doppler shift is the frequency shift experienced by the radio signal when either the
transmitter or receiver is in motion, and Doppler spread is a measure of the spectral
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FIGURE 1.2 Illustration of the effect of mobile speed on time variation, time correlation, and
Doppler spread of radio channel. (a) Channel time variation for different mobile speeds. (b) Time
correlation of channel as a function of the time difference (separation in time) between the sam-
ples, and the corresponding Doppler spectrum in frequency.

broadening caused by the temporal rate of change of the mobile radio channel. There-
fore, time-selective fading and Doppler spread are directly related. The coherence time of
the channel can be used to characterize the time variation of the time-selective channel.
It represents the statistical measure of the time window over which the two signal com-
ponents have strong correlation, and it is inversely proportional to the Doppler spread.
Figure 1.2 shows the effect of mobile speed on channel variation and channel correlation
in time, as well as the corresponding Doppler spread values in frequency domain.

In an adaptive receiver, Doppler information can be used to improve performance
or reduce complexity. For example, in channel estimation algorithms, whether using
channel trackers or channel interpolators, instead of fixing the tracker or interpolation
parameters for the worst-case Doppler spread value (as commonly done in practice),
the parameters can be optimized adaptively based on Doppler spread information [12,
13]. Similarly, Doppler information could be used to control the receiver or transmitter
adaptively for different mobile speeds, like variable coding and interleaving schemes
[14]. Also, radio network control algorithms, such as handoff, cell assignment, and chan-
nel allocation in cellular systems, can utilize the Doppler information [8]. For example,
as will be described later, in a hierarchical cell structure, the users are assigned to cells
based on their speeds (mobility).

Doppler spread estimation has been studied for several applications in wireless
mobile radio systems. Correlation and variation of channel estimates as well as cor-
relation and variation of the signal envelope have been used for Doppler spread estima-
tion [12]. One simple method for Doppler spread estimation is to use differentials of the
complex channel estimates [15]. The differentials of the channel estimates are very noisy,
which require low-pass filtering. The bandwidth of the low-pass filter is also a function
of the Doppler estimate. Therefore, such approaches require adaptive receivers that con-
tinuously change the filter bandwidth depending on the previously obtained Doppler
value. A Doppler estimation scheme based on the autocorrelation of complex channel
estimates is described in [16]. Also, a maximum likelihood estimation-based approach,
given the channel autocorrelation estimate, is utilized for Doppler spread estimation in
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[17]. Channel autocorrelation is calculated using the channel estimates over the known
field of the transmitted data.

Instead of using channel estimates, the received signal can also be used directly in
estimating Doppler spread information. In [18], the Doppler frequency is extracted
from the samples of the received signal envelope. Doppler information is calculated as
a function of the squared deviation of the signal envelope. Similarly, in [19] the mobile
speed is estimated as a function of the deviation of the averaged signal envelope in flat
fading channels. For dispersive channels, pattern recognition, using the variation of
pattern mean, can be used to quantify the deviation of signal envelope. In [20], the fil-
tered received signal is used to calculate the channel autocorrelation values over each
slot. Then, the autocorrelation estimate is used for identification of high- and low-speed
mobiles. In [21], multiple antennas are exploited, where a linear relation between the
switching rate of the antenna branches and Doppler frequency is given. Also, the level
crossing rate of the average signal level has been used in estimating velocity [22, 23].

1.3.1.2 Frequency Selectivity Measure: Delay Spread

The multipath signals that reach the receiver have different delays as the paths that the
signals travel through have different lengths. When the relative path delays are on the
order of a symbol period or more, images of different transmitted symbols arrive at
the same time, causing intersymbol interference (ISI). Delay spread is one of the most
commonly used parameters that describes the time dispersiveness of the channel, and
it is related to frequency selectivity of the channel. The frequency selectivity can be
described in terms of coherence bandwidth, which is a measure of range of frequen-
cies over which the two frequency components have a strong correlation. The coherence
bandwidth is inversely proportional to the delay spread [24]. Figure 1.3 shows the effect
of time dispersion on channel frequency variation and channel frequency correlation, as
well as the corresponding power delay profiles.
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FIGURE 1.3 Illustration of the effect of time dispersion on channel frequency variation, chan-
nel frequency correlation, and delay spread. (a) Channel frequency variation for different delay
spread values. (b) Channel frequency correlation as a function of separation in frequency and the
corresponding power delay profiles.
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Like time selectivity, the information about the frequency selectivity of the channel
can be very useful for improving the performance of adaptive wireless radio systems. For
example, in a time division multiple-access (TDMA)-based Global System for Mobile
Communications (GSM), the number of channel taps needed for equalization might
vary depending on channel dispersion. Instead of fixing the number of channel taps for
the worst-case channel condition, we can change them adaptively [25], allowing simpler
receivers with reduced battery consumption and improved performance. Similarly, in
[26], a TDMA receiver with adaptive demodulator is proposed, using the measurement
about the dispersiveness of the channel. Dispersion estimation can also be used for other
parts of transmitters and receivers. For example, in frequency domain channel estima-
tion using channel interpolators, instead of fixing the interpolation parameters for the
worst expected channel dispersion, we can change the parameters adaptively depending
on the dispersion information [27].

Although dispersion estimation can be very useful for many wireless communica-
tions systems, it is particularly crucial for orthogonal frequency division multiplexing
(OFDM)-based wireless communications systems. OFDM, which is a multicarrier mod-
ulation technique, handles the ISI problem due to high-bit-rate communication by split-
ting the high-rate symbol stream into several lower-rate streams and transmitting them
on different orthogonal carriers. The OFDM symbols with increased duration might
still be affected by the previous OFDM symbols due to multipath dispersion. Cyclic pre-
fix extension of the OFDM symbol avoids ISI from the previous OFDM symbols if the
cyclic prefix length is greater than the maximum excess delay of the channel. Since the
maximum excess delay depends on the radio environment, the cyclic prefix length needs
to be designed for the worst-case channel condition. This makes the cyclic prefix a sig-
nificant portion of the transmitted data, thereby reducing spectral efficiency. One way
to increase spectral efficiency is to adapt the length of the cyclic prefix depending on the
radio environment [28]. The adaptation requires estimation of maximum excess delay
of the radio channel, which is also related to the frequency selectivity of the channel. In
HiperLAN2, which is a wireless local area network (WLAN) standard, a cyclic prefix
duration of 800 ns, which is sufficient to allow good performance for channels with delay
spread up to 250 ns, is used. Optionally, a short cyclic prefix with 400 ns duration may
be used for short-range indoor applications. Delay spread estimation allows adaptation
of these various options to optimize the spectral efficiency. Other OFDM parameters
that could be changed adaptively using the knowledge of the dispersion include OFDM
symbol duration and OFDM subcarrier bandwidth.

Characterization of the frequency selectivity of the radio channel is studied in [29-31]
using the level crossing rate (LCR) of the channel in frequency domain. Frequency
domain LCR gives the average number of crossings per Hertz at which the measured
amplitude crosses a threshold level. An analytical expression between LCR and the time
domain parameters corresponding to a specific multipath power delay profile (PDP)
is given. LCR is very sensitive to noise, which increases the number of level crossings
and severely deteriorates the performance of the LCR measurement [31]. Filtering the
channel frequency response reduces the noise effect, but finding the appropriate filter
parameters is an issue. If the filter is not designed properly, one might end up smoothing
the actual variation of frequency domain channel response. In [27], instantaneous root
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mean square (rms) delay spread, which provides information about local (small-scale)
channel dispersion, is obtained by estimating the channel impulse response (CIR) in the
time domain. The detected symbols in the frequency domain are used to regenerate the
time domain signal through inverse fast Fourier transform (IFFT). This signal is then
used to correlate the actual received signal to obtain CIR, which is then used for delay
spread estimation. Since the detected symbols are random, they might not have good
autocorrelation properties, which can be a problem, especially when the number of car-
riers is low. In addition, the use of detected symbols for correlating the received samples
to obtain CIR provides poor results for low SNR values. In [28], the delay spread is also
calculated from the instantaneous time domain CIR, wherein the CIR is obtained by
taking IFFT of the frequency domain channel estimate. Channel frequency selectiv-
ity and delay spread information are calculated using the channel frequency correla-
tion estimates in [24, 32]. An analytical expression between delay spread and coherence
bandwidth is also given.

The level of time dispersion can be obtained by using known training sequences and a
maximum likelihood-based algorithm. The channel can be modeled with different levels
of dispersion. Using these various channel models, the corresponding channel estimates
and the residual error can be calculated. From these residual error terms, a decision can
be made about the level of dispersion. Note that when the channel is overmodeled, the
residual error also becomes smaller. Hence, it is not necessarily true that the model that
provides the smaller residual error is the most suitable one. The most appropriate model
can be found by several information criteria algorithms, like Bayesian information cri-
teria (BIC) or Akaike information criteria (AIC) [33].

1.3.1.3 Spatial Selectivity Measure: Angle Spread

Angle spread is a measure of how multipath signals are arriving (or departing) with
respect to the mean arrival (departure) angle. Therefore, angle spread refers to the
spread of angles of arrival (or departure) of the multipaths at the receiving (transmit-
ting) antenna array [34]. Angle spread is related to the spatial selectivity of the channel,
which is measured by coherence distance. Like coherence time and frequency, coherence
distance provides the measure of the maximum spatial separation over which the signal
amplitudes have strong correlation, and it is inversely proportional to angular spread,
i.e., the larger the angle spread, the shorter the coherence distance. Figure 1.4 shows
the effect of local scattering on angle of arrival. The local scattering in the vicinity of
Receiver-2 results in larger angular spreads, as the received signals come from many
different directions due to a richer local scattering environment. For a given receiver
antenna spacing, this leads to less antenna correlations between the received antenna
elements than in Receiver-1. Note that although the angular spread is described inde-
pendent of the other channel selectivity values for the sake of simplicity, in reality the
angle of arrival can be related to the path delay. The multipath components that arrive
at the receiver earlier (with shorter delays) are expected to have similar angles of arrival
(lower angle spread values).

Compared to time and frequency selectivity, spatial selectivity has not been stud-
ied widely in the past. However, recently there has been a significant amount of work
in multiantenna systems. With the widespread application of multiantenna systems, it
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FIGURE 1.4 Illustration of the effect of different local scattering in angle of arrivals. Receiver-1
observes less angle spread than Receiver-2. Therefore, receiver antennas in Receiver-1 will have
more correlations.

is expected that the need for understanding spatial selectivity and related parameter
estimation techniques will gain momentum. Spatial selectivity will especially be useful
when the requirement for placing antennas close to each other increases, as in the case
of multiple antennas at the mobile units.

Spatial correlation between multiple-antenna elements is related to the spatial selec-
tivity, antenna distance, mutual coupling between antenna elements, antenna patterns,
etc. [35, 36]. Spatial correlation has significant effects on multiantenna systems. Full
capacity and performance gains of multiantenna systems can only be achieved with low
antenna correlation values. However, when this is not possible, maximum capacity can
be achieved by employing efficient adaptation techniques. Adaptive power allocation is
one way to exploit the knowledge of the spatial correlation to improve the performance
of multiantenna systems [37]. Similarly, adaptive modulation and coding, which employs
different modulation and coding schemes across multiantenna elements depending on
the channel correlation, is possible [38, 39]. In MIMO systems, adaptive power alloca-
tion has been studied by using the knowledge of channel matrix estimate and eigenvalue
analysis [40, 41].

1.3.2 Channel Quality Measurements

Channel quality estimation is by far the most important measurement that can be used
in adaptive receivers and transmitters [3]. Different ways of measuring the quality of
radio channel are possible, and many of these measurements are done in the physical
layer using baseband signal processing techniques. In most of the adaptation algorithms,
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FIGURE 1.5 A simple wireless receiver that shows the estimation points of commonly used
parameters.

the target quality measure is the FER or BER, as these are closely related to higher-level
quality-of-service parameters like speech and video quality. However, reliable mea-
surement of these qualities requires many measurements, and this causes delays in the
adaptation as the process could be very long. Therefore, other types of channel quality
measurements that are related to these might be preferred. When the received signal
is impaired only by white Gaussian noise, analytical expressions can be found relating
the BER to other measurements. For other impairment cases, like colored interferers,
numerical calculations and computer simulations that relate these measurements to
BER can be performed. Therefore, depending on the system, a channel quality is related
to the BER. Then, for a target BER (or FER), a required signal quality threshold can be
calculated to be used with the adaptation algorithm.

The measurements can be performed at various points of a receiver, depending on the
complexity, reliability, and delay requirements. There are trade-offs in achieving these
requirements at the same time. Figure 1.5 shows a simple example where some of these
measurements can take place. In the following sections, these measurements will be
discussed briefly.

1.3.2.1 Measures before Demodulation

Received signal strength (RSS) estimation provides a simple indication of the fading and
path loss, and provides the information about how strong the signal is at the receiver front
end. If the received signal strength is stronger than the threshold value, then the link is
considered to be good. Measuring the signal strength of the available radio channels
can be used as part of the scanning and intelligent roaming process in cellular systems.
Also, other adaptation algorithms, like power control and handoff, can use this infor-
mation. The RSS measurement is simply done by reading samples from a channel and
averaging them [42]. Compared to other measurements, RSS estimation is simple and
computationally less complex, as it does not require the processing and demodulation of
the received samples. However, the received signal includes noise, interference, and other
channel impairments. Therefore, receiving a good signal strength does not tell much
about the channel and signal quality. Instead, it gives an indication of whether a strong
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signal is present in the channel of interest. For the measurement of RSS, the transmitter
might send a pilot signal continuously, as in the WCDMA cellular system, or a link layer
beacon can be transmitted at discrete time intervals, as in IEEE 802.11 WLANS.

Since the received signal power fluctuates rapidly due to fading, in order to obtain
reliable estimates, the signal needs to be averaged over a time window to compensate for
short-term fluctuations. The averaging window size depends on the system, application,
variation of the channel, etc. For example, if multiple receiver antennas are involved at
the receiver, the window can be shorter than that for a single-antenna receiver.

1.3.2.2 Measures during and after Demodulation

The signal-to-interference ratio (SIR), SNR, and SINR are the most common ways of
measuring the channel quality during (or just after) the demodulation of the received
signal. SIR (or SNR or SINR) provides information on how strong the desired signal is
compared to the interferer (or noise or interference plus noise). Most wireless commu-
nications systems are interference limited; therefore, SIR and SINR are more commonly
used. Compared to RSS, these measurements provide more accurate and reliable esti-
mates at the expense of computational complexity and with additional delay.

There are many adaptation schemes where these measurements can be exploited.
Link adaptation (adaptive modulation and coding, rate adaptation, etc.), adaptive chan-
nel assignment, power control, adaptive channel estimation, and adaptive demodulation
are only a few of many applications.

SIR estimation can be employed by estimating signal power and interference power
separately and then taking the ratio of these two. In many new-generation wireless
communications systems, coherent detection, which requires estimation of channel
parameters, is employed. These channel parameter estimates can also be used to calcu-
late the signal power. The training (or pilot) sequences can be used to obtain the estimate
of SIR. Instead of the training sequences, the data symbols can also be used for this pur-
pose. For example, in [43], where SNR information is used as a channel quality indicator
for rate adaptation, the cumulative Euclidean metric corresponding to the decoded trel-
lis path is exploited for channel quality information. Another method for channel quality
measurement is the use of the difference between the maximum likelihood decoder met-
rics for the best path and second-best path, as described in [44]. In a sense, in this tech-
nique, some sort of soft information is used for the channel quality indicator. However,
this approach does not tell much about the strength of the interferer or the desired signal.
There are several other ways of SNR measurement that are based on subspace projection
techniques. These approaches can be found in [45] and in the references cited therein.

Often, in obtaining the estimates, the impairment (noise or interference) is assumed
to be white and Gaussian distributed to simplify the estimation process. However, in
wireless communications systems, the impairment might be caused by a strong inter-
ferer, which is colored. For example, in OFDM systems, where the channel bandwidth is
wide and the interference is not constant over the whole band, it is very likely that some
part of the spectrum is affected more by the interferer than the other parts. Figure 1.6
shows the OFDM frequency spectrum and two types of noise over this spectrum: col-
ored and white. Hence, when the impairment is colored, estimates that take the color of
the impairment into account might be needed [46].
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FIGURE 1.6 Representation of OFDM frequency channel response and noise spectrum. Spec-
trums for both white and colored noise are shown.

Note that since both the desired signal’s channel and interferer conditions change
rapidly, depending on the application, both short-term and long-term estimates are
desirable. Long-term estimates provide information on long-term fading statistics due
to shadowing and lognormal fading as well as average interference conditions. On the
other hand, short-term estimates provide measurements of instantaneous channel and
interference conditions. Applications like adaptive channel assignment and handoff
prefer long-term statistics, whereas applications like adaptive demodulation, adaptive
interference cancellation, etc., prefer short-term statistics.

For some applications, a direct measure of channel quality from channel estimates
would be sufficient for adaptation. As mentioned above, channel estimates only provide
information about the desired signal’s power. It is a much more reliable estimate than
RSS information, as it does not include the other impairments as part of the desired
signal power. However, it is less reliable than SNR (or SINR) estimates, since it does not
provide information about the noise or interference powers with respect to the desired
signal’s power.

Channel estimation for wireless communications systems has a very rich history. A
significant amount of work has been done for various systems. In many systems, known
information (like pilot symbols, pilot channels, pilot tones, training sequences, etc.) is
transmitted along with the unknown data to help the channel estimation process. Blind
channel estimation techniques that do not require known information transmission
have also been studied extensively. For details on channel estimation for wireless com-
munications systems, refer to [47, 48] and the references listed therein.

1.3.2.3 Measures after Channel Decoding

Channel quality measurements can also be based on postprocessing of the data (after
demodulation and decoding). BER, symbol error rate (SER), FER, and CRC information
are some of the examples of the measurements in this category. BER (or FER) is the ratio
of the bits (or frames) that have errors relative to the total number of bits (or frames)
received during the transmission. The CRC indicates the quality of a frame, which can
be calculated using parity check bits through a known cyclic generator polynomial. FER
can be obtained by averaging the CRC information over a number of frames. In order to
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calculate the BER, the receiver needs to know the actual transmitted bits, which is not
possible in practice. Instead, BER can be calculated by comparing the bits before and after
the decoder. Assuming that the decoder corrects the bit errors that appear before decod-
ing, this difference can be related to BER. Note that the comparison makes sense only if
the frame is error-free (good frame), which is obtained from the CRC information.

As mentioned earlier, although these estimates provide excellent link quality mea-
sures, reliable estimates of these parameters require observations over a large number
of frames. Especially for low BER and FER measurements, extremely long transmission
intervals will be needed. Therefore, for some applications these measures might not be
appropriate. Note also that these measurements provide information about the actual
operating condition of the receiver. For example, for a given RSS or SINR measure,
two different receivers that have different performances will have different BER or FER
measurements. Therefore, BER and FER measurements also provide information on the
receiver capability as well as the link quality.

1.3.2.4 Measures after Speech or Video Decoding

The speech and video quality, the delays on data reception, and network congestion are
some of the parameters that are related to the user’s perception. Essentially, these are
the ultimate quality measures that need to be used for adaptive algorithms. However,
these parameters are not easy to measure, and in many cases, real-time measurement
might not be possible. On the other hand, these measures are often related to the other
measures mentioned above. For example, speech quality for a given speech coder can
be related to FER of a specific system under certain assumptions [49]. However, as dis-
cussed in [49], some frame errors cause more audible damage than others. Therefore, it
is still desired to find ways to measure the speech quality more reliably (and timely) and
adapt the system parameters accordingly. Speech (or video) quality measures that take
the human perception of the speech (or video) into account are highly desirable.
Perceptual speech quality measurements have been studied in the past. Both subjective
and objective measurements are available [50]. Subjective measurements are obtained
from a group of people who rate the quality of the speech after listening to the original
and received speech. Then a mean opinion score (MOS) is obtained from their feedback.
Although these measurements reflect the exact human perception that is desired for
adaptation, they are not suitable for adaptation purposes because the measurements are
not obtained in real time. On the other hand, the objective measurements can be imple-
mented at the receiver in real time [51]. However, these measurements require a sample
of the original speech at the receiver to compare the received voice with the original,
undistorted voice. Therefore, they are also not applicable for many scenarios.

1.4 Applications of Adaptive Algorithms: Case Studies

1.4.1 Examples for Adaptive Receiver Algorithms

In this section, some representative examples for adaptive receiver algorithms will be
discussed briefly. These algorithms can be employed in both base stations and mobile
terminals, as well as in many other wireless receivers.
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1.4.1.1 Channel Estimation with A Priori Information

Channel estimation is an integral part of standard adaptive receiver designs used in dig-
ital wireless communications systems. For conventional, coherent receivers, the effect
of the channel on the transmitted signal must be estimated to recover the transmitted
information. As long as the receiver estimates what the channel did to the transmitted
signal, it can accurately recover the information sent.

The estimation of time-varying channel parameters is often based on an approximate
underlying model of the radio channel. In fading environments, the coefficients of a
channel model exhibit typical trends or quasi-periodic behavior in time, frequency, and
space. The ability to track channel variation depends on how fast the channel changes in
time, frequency, and space. As mentioned before, this is related to Doppler spread (time
variation), delay spread (frequency variation), and angle spread (space variation). By uti-
lizing a priori information about the channel variation, adaptive algorithms with larger
memories can be designed without sacrificing tracking capability [15]. In contrast to the
algorithms that do not exploit this information, adaptive algorithms provide a means of
extrapolation of the channel coefficients in time, frequency, and space [13, 52]. For exam-
ple, in [53], the step size of a simple least mean square (LMS) channel tracker is changed
using the Doppler spread information. Similarly, the window size of a sliding window
(moving average filtering)-based channel tracking algorithm can be adapted depending
on Doppler spread and SNR information [54]. Wiener filtering, which is one of the most
popular techniques for channel estimation using interpolation, is an excellent example
in exploiting a priori information, as the optimal Wiener filter design requires knowl-
edge of Doppler spread and noise power. In most conventional Wiener filtering designs,
the worst-case expected Doppler spread values are used, degrading the performance of
the algorithm for other Doppler spread values [55]. Recently, two-dimensional interpo-
lation using Wiener filtering for OFDM-based wireless communications systems gained
significant interest [28]. In this case, both Doppler spread and delay spread information,
as well as noise variance estimates, can be used to optimize the channel tracker perfor-
mance. Although we have mentioned a few examples, the usage of a priori information
in channel estimation has been considered by many other authors. Further information
can be found in [47, 48].

Figure 1.7 shows a simple coherent receiver structure with an adaptive channel
tracker. The receiver includes a parameter measurement block that estimates the neces-
sary parameters for the adaptation of the channel tracker. The necessary parameters
can be estimated using the received signal and the output of the detector as described
before. The detector requires the channel estimates that can be obtained from the chan-
nel tracker.

1.4.1.2 Adaptive Channel Length Truncation for Equalization

Time dispersion in wireless systems can cause ISI, which degrades the performance, often
severely. Equalization is a technique used to counter the effects of ISI. In the Telecom-
munications Industry Association/Electronics Industry Association/Interim Standard
136 (TTIA/EIA/IS-136, or simply IS-136) system, the channel can be assumed to be flat
(nondispersive) with respect to the symbol duration most of the time. Equalization does
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FIGURE 1.7 A simple adaptive channel estimation receiver.

not help much in nondispersive environments, and in fact hurts performance by trying
to model dispersion that does not exist. However, in hilly terrain channel conditions, the
channel is dispersive and requires equalization. Therefore, to design the receiver for the
worst-case condition, equalization needs to be used for all the geographical conditions
unnecessarily, resulting in a loss due to the mismatch of the implemented receiver to
the fading scenario. An adaptive receiver, on the other hand, can have an algorithm that
measures the dispersiveness of the channel and uses the appropriate demodulator based
on the measurement [26]. This also results in conserving battery power.

In another cellular communications system, GSM, the symbol duration is relatively
short compared to that in IS-136. Also, the pulse shaping itself introduces intentional ISI,
so that equalization is required even in nondispersive channels. However, the number of
channel taps needed for equalization might vary depending on the dispersion (the geo-
graphical area). Instead of fixing the number of channel taps for the worst-case condition,
the number can be made adaptive [25], allowing simpler receivers with reduced battery
consumption and improved performance. Again, the point emphasized here is to avoid
overmodeling the signal. Figure 1.8 shows a simple example of an adaptive receiver that
measures the level of dispersion and adapts the equalizer number of taps accordingly.

/l

Received signal Adaptive
. f—
equalizer Detected
symbols

Known symbols
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FIGURE 1.8 An adaptive receiver that uses the delay spread (time dispersion) estimate to adjust
the equalizer.
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1.4.1.3 Adaptive Interference Cancellation Receivers

The impairment sources in wireless mobile radio systems are numerous. Co-channel
interference, which is caused by the reuse of carrier frequencies in nearby cells, is one
of the major contributors. Another major interference source is adjacent channel inter-
ference, which is caused by the spectral overlap between adjacent channel users. Also,
thermal noise and other impairment sources that are commonly modeled as additive
white Gaussian noise (AWGN) degrade the performance of a receiver. The statistics of
these disturbance sources are different. Conventional receivers commonly assume that
the impairment at the receiver is white, which causes performance loss if the actual
impairment is colored. By exploiting the statistics of the impairments, better receivers
can be designed. For example, interference whitening is one such technique that partially
suppresses the interference and optimizes the demodulator performance. However, at
any given time, the kind of disturbance that is dominant at the receiver is not known
before. In order to achieve the best possible performance in all situations, the receiver
should estimate the possible disturbance source and adapt the receiver to the second-
order statistics of the impairment. Such an adaptive receiver described in [56] improves
the performance of the maximum likelihood-based receiver.

The interference can also be suppressed by employing interference cancellation tech-
niques in the receivers. For example, joint demodulation (JD) of co-channel signals is
a powerful technique for cancelling co-channel interference. In [57], it was shown that
the capacity of the IS-136 system can be increased significantly by using a JD receiver.
However, the JD receiver given in [57] works well only when there is a single dominant
interferer, the mobile speed is low, and the channel is nondispersive. Otherwise, the
conventional single-user demodulator (CD) works better than joint demodulation at the
targeted operating SINR level. A simple and efficient solution to the above problem is an
adaptive receiver that adapts the detector to the system conditions. Figure 1.9 illustrates

Conventional detector

Rx signal Conventional Conventional :
\ acquisition demodulation L
Control -
Filter 7 unit o Desired user data
N , Joint Joint
X samples : acquisition demodulation :

Joint detector

FIGURE 1.9 Exampleforadaptiveinterference cancellation receiver. A complexjoint demodulation
and a less complex single-user demodulation used adaptively based on the measured parameters.
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the schematic of such an adaptive receiver. It contains the conventional detector, the
joint detector, and a control unit to control the two detectors. For each slot, the control
unit determines which of the two demodulators to use to recover the data symbols of
the desired user. The control unit makes this decision on the basis of certain informa-
tion obtained from conventional and joint acquisitions. The demodulator selected by
the control unit outputs an estimate for the data symbols of the desired user. The details
regarding the two demodulators can be found in [58].

The choice for the demodulator can be based on several criteria. Ideally, one would
like to know the SNR, SIR, dominant interferer ratio (I,/I - I,, where I, is the dominant
interferer and I is the total impairment, including the dominant interferer), and extent
of ISI present in the system, among other parameters. Although these quantities are
not generally available at the receiver, they can be estimated. For example, carrier and
dominant interferer powers are estimated by averaging the corresponding channel tap
strengths over multiple slots. The unmodeled impairment power is estimated from the
accumulated Euclidean distance metric during the acquisition process (joint or conven-
tional) over the training sequence of the desired signal.

1.4.1.4 Adaptive Soft Information Generation and Decoding

In digital wireless communications systems, forward error correction encoding is
commonly used to provide a robust communication link. At the receiver, the decoder
performance is optimized when the demodulator provides soft information for the
encoded bits. The better soft information generation schemes require knowledge of the
noise covariance, and often the noise covariance changes across the interleaving length.
Therefore, a receiver should continuously measure the noise covariance and use these
estimates for the improvement of soft bit values.

1.4.2 Examples for Link Adaptation and Adaptive
Resource Allocation

In this section, some examples for adaptation of radio link and adaptive resource alloca-
tion will be discussed briefly. Examples in this area are numerous, and there has been a
significant amount of research in this area.

1.4.2.1 Adaptive Power Control

Power control has a long and rich history in wireless communications systems [59-61].
Specifically, for CDMA-based cellular systems, adaptive power control has a significant
role, as the performance and capacity of the CDMA systems are normally interference
limited. Without power control, an interfering transmitter that is closer to the receiver
than the desired signal’s transmitter will cause a significant degradation, and this phe-
nomenon is commonly referred to as the near—far problem. Power control handles this
problem by adaptively controlling the user’s power depending on the link quality and
desired quality of service (QoS). As a result, the interference observed by other users
due to this user will be less, which in turn reduces the average interference observed at
the receivers. This results in a high-capacity system with improved battery life for the
mobile terminals.
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In voice-dominated cellular systems, the objective of the power control was mainly
to maintain the minimal (target) link quality at a constant level for individual users.
The data rates for all users are constant in this case, and each user experiences roughly
the same quality of service. While this was appropriate for voice, recently, with the
increased demand for multimedia services and high-speed data access, different objec-
tives and cost functions to optimize the use of power resources have been developed. In
mixed-traffic environments, the cost function for each service will be different, leading
to different power allocation strategies [62]. Use of constant power along with variable
coding, modulation, and spreading that adapts the data rate to the channel variations
is one objective that some new-generation wireless systems have been adopting (rate
control or rate adaptation) [43]. Also, water-filling types of power assignments, which
assign more power to the users that have favorable channels, are being studied exten-
sively [63].

In adaptive power control mechanisms, estimation of the link quality parameters is
the key factor. Typical parameters used for adaptation include SIR, FER, and RSS. Dop-
pler spread estimate can also be used to adjust the adaptation rate. Depending on the
adaptation rate, power control can be classified as fast power control and slow power con-
trol. Fast power control compensates the changes in power level due to Rayleigh fading
(small-scale fading), while slow power control is used for lognormal fading (shadowing)
and path loss. The parameters that are used for them can also be different. For example,
for fast power control, instantaneous SIR, SNR, SINR, and RSS can be more suitable
than FER and BER, which might better suit slow power control. As mentioned in the
parameter estimation section, parameter selection depends on the delay, complexity,
and accuracy requirements. The estimation errors and delays, between measurements
and adaptation of power, limit the efficient application of power control schemes. There-
fore, more accurate and practical algorithms that estimate and predict the parameters to
be used in adaptation are needed.

1.4.2.2 Adaptive Modulation and Channel Coding

Given the high price of spectrum and its scarcity, it is in the interest of operators to
continue evolving their networks toward higher capacity and quality. Adaptive modula-
tion and coding provide a framework to adjust modulation level and FEC coding rate
depending on the link quality. Higher-order modulations (HOM:s) allow more bits to
be transmitted for a given symbol rate. On the other hand, HOM is less power efficient,
requiring higher energy per bit for a given BER. Therefore, HOMs should be used only
when the link quality is high, as they are less robust to channel impairments. Similarly,
strong FEC and interleaving provide robustness against channel impairments at the
expense of lower data rate and spectral efficiency, suggesting adaptation of coding rate
based on the link quality. Figure 1.10 illustrates the capacity gain that can be achieved
by employing adaptive modulation only. First, the BER performances of different modu-
lations as a function of SNR are given in Figure 1.10(a). As can be seen, a desired BER
can be achieved with low-order modulations for lower SNRs. Higher-order modulations
need better link quality (higher SNRs) in order to obtain the same BER performance.
Figure 1.10(b) shows the spectral efficiencies of different uncoded modulations, where
an arbitrary packet size of 200 bits is used. Notice that the optimal spectral efficiency for
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FIGURE 1.10 llustration of the BER and spectral efficiency of several modulation options. (a)
BER plots of different modulations as a function of SNR. (b) Spectral efficiency of different modu-
lation as a function of SNR.
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TABLE 1.1 EGPRS Modulation and Coding
Schemes and Peak Data Rates

Maximum Rate
Scheme  Modulation per Slot (kb/s) Code Rate

MCS-1 GMSK 8.8 0.53
MCS-2 GMSK 11.2 0.66
MCS-3 GMSK 14.8 0.80
MCS-4 GMSK 17.6 1.00
MCS-5 8-PSK 22.4 0.37
MCS-7 8-PSK 44.8 0.76
MCS-6 8-PSK 29.6 0.49
MCS-8 8-PSK 54.5 0.92
MCS-9 8-PSK 59.2 1.00

different SNR regions can be obtained through the use of different modulations depend-
ing on the SNR.

Link adaptation using adaptive coding and modulation is deployed in some of the
new-generation wireless communications systems. For example, EGPRS, which is the
evolution of the second-generation GSM, employs two different modulation options
(GMSK and 8-PSK) along with different coding rates, resulting in nine different modu-
lation/coding options, as shown in Table 1.1 [5, 43]. In addition, EGPRS introduces the
use of a type IT hybrid ARQ system, commonly known within the specification as incre-
mental redundancy. In link adaptation, the link quality is measured regularly and the
most appropriate modulation and coding scheme is assigned for the next transmission
interval. On the other hand, in the incremental redundancy scheme, information is first
sent with low coding power (high coding rate). This results in a high bit rate if decoding
is successful with this rate. However, if decoding fails with such a high rate, additional
coded bits (redundancy) should be sent so that the transmitted bits can be decoded suc-
cessfully. However, sending extra coded bits incrementally reduces the resulting bit rate
and introduces undesired extra delay. Therefore, the initial code rate and modulation for
the incremental redundancy scheme should be based on measurements of the link qual-
ity, instead of starting with any arbitrary rate [5]. As a result, by combining incremental
redundancy with adaptive initial code rate, lower delays with lower memory require-
ments, and high data rates can be achieved. The different initial code rates are obtained
by puncturing a different number of bits from a common convolution code (rate 1/3).
Incremental redundancy operation is enabled by puncturing a different set of bits each
time a block is retransmitted, whereby the code rate is gradually decreased toward one-
third for every new transmission of the block.

Recent studies introduce new modulation and coding options together with other
capacity enhancement techniques to further increase the data rate and throughput of
EGPRS [64, 65]. Higher-order modulations like 16-QAM and 64-QAM are being pro-
posed along with some more coding options to optimize the performance.*

*16-QAM and64-QAM stand for 16-level and 64-level quadrature amplitude modulation,
respectively.
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Adaptive modulation and coding are also successfully employed for new-generation
WLAN systems. HiperLAN2 and IEEE 802.11a, both of which use OFDM technology
at the physical layer, allow four different modulation options (BPSK, QPSK, 16-QAM,
and 64-QAM) with different coding rates. The coding rates are obtained with different
puncturing patterns to a mother convolutional code, resulting in eight different modu-
lation and coding options [66]. Similar to link adaptation in EGPRS, an appropriate
modulation and coding scheme is used depending on the link quality. Therefore, a data
rate ranging from 6 to 54 Mbit/s can be obtained by using various modes. BPSK, QPSK,
and 16-QAM are used as mandatory modulation formats, whereas 64-QAM is applied
as an optional mode.

Although only a couple of cases are given above, adaptive modulation and coding
have attracted many new-generation wireless standards to consider them as options
to increase the data rates, and there has been a significant amount of research in this
area. Especially in conjunction with the advanced receiver algorithms that reduce the
required SINR to lower values, the better link quality values can be exploited to increase
the data rates further. Combining adaptive modulation with multiantenna transmitter
and MIMO schemes based on the feedback-related channel estimates, channel quality,
channel correlation, etc., is one of these interesting research areas. Based on the channel
feedback information, the modulation type on multiantenna transmitters can be varied.
Similarly, adapting the source coding with the channel coding or modulation is another
interesting area of focus for link adaptation. For example, adaptive multirate (AMR)
codec allows changing of the compression rate of speech depending on the link quality,
as in GSM AMR. For weak link conditions, where heavy FEC is required, AMR has the
ability to decrease the codec rate (more speech compression) to allocate more bits for
FEC [49].

1.4.2.3 Adaptive Cell and Frequency Assignment

As mentioned before, radio spectrum is very expensive and limited. Efficient use of
radio spectrum is very important to maximize the system capacity. The introduction of
cellular technology was a major step toward efficient usage of finite spectrum through a
concept called frequency reuse. The capacity of cellular systems is interference limited,
dominated by co-channel interference (CCI) and adjacent channel interference (ACI).
Early cellular systems aimed to avoid these major interference sources by designing
systems for the worst-case interference conditions along with fixed channel allocation.
This is often achieved by employing higher-frequency reuse and by allowing enough
carrier spacing between adjacent channels. Both of these reduce the spectral efficiency.
Later, more efficient spectrum usage strategies were developed that dynamically assign
frequencies relative to current interference, propagation, and traffic conditions. In tra-
ditional cellular system designs, the allocation of frequency channels to cells is fixed,
which means that each cell can use only a set of frequencies. Even if the other cells are
not fully loaded, the cell that does not have any available frequency (fully loaded cell)
cannot take advantage of it. In dynamic channel allocation, all the channels belong to a
global pool and the channels are assigned according to a cost function that considers the
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FIGURE 1.11 Illustration of two-layer hierarchical cell structure. High-speed mobiles are
assigned to large cells, and low-speed mobiles are assigned to smaller cells.

CCI and ACI [67]. As a result, for nonuniform traffic conditions, the available channels
can be used more efficiently.

Resource utilization has also evolved by employing a concept called hierarchical cel-
lular structures (HCSs) [68]. The use of HCS has become a major component in third-
generation mobile systems such as UMTS and IMT-2000. In an HCS, various cell sizes
are deployed and small cell clusters are overlaid by larger cells. For example, Figure 1.11
shows a two-layer (e.g., microcell and macrocell) hierarchical system. Microcells increase
capacity within a coverage area, but radio resource management becomes more diffi-
cult. The number of handoffs per cell is increased by an order of magnitude, and the
time available to make a handoff is decreased. HCSs handle this by assigning cells to
the mobiles depending on their speeds (Doppler spread estimate). For example, in the
two-layer structure given in Figure 1.11, low-speed mobiles are assigned to microcells,
whereas high-speed mobiles are assigned to macrocells. Hence, the macrocell-microcell
overlay architecture provides a balance between maximizing the capacity per unit area
and minimizing the number of handoffs [69]. As a result, the risk of call dropping is
reduced, and there are other benefits, like lower handover delays, reduced switching load,
and increased QoS. The HCS can be more than two layers (multilayer HCS). For example,
picocellular layers can also be included in multilayer HCS. Similarly, communication
satellite beams can overlay all the terrestrial layers at the highest hierarchical level.

Recently, dynamic allocation and multitiered design strategies are further general-
ized to take power control, cell handoff, traffic classes (like multimedia), and user pri-
orities into account. Also, there are several studies toward combining link adaptation
schemes with adaptive resource allocation. For example, adaptive modulation (and cod-
ing) can be combined with dynamic channel allocation. Similarly, adaptive modulation
(and coding) can be combined with handover algorithms to introduce more intelligent
handover strategies. All these developments require more sophisticated adaptation of
the network, and they are based on many parameter measurements.
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1.5 Future Research for Adaptation

Most of the techniques and issues that were described in the previous sections still need
further research for the development of more efficient adaptation and parameter esti-
mation algorithms. At the same time, there is a significant amount of effort in evolving
current wireless communications systems to provide higher data rates, higher capacity,
and better performance. New technologies are being introduced to accommodate these
goals, like multicarrier wireless communications, MIMO, and ultrawideband (UWB).
Adaptation techniques will be a significant factor in efficient and successful deployment
of these technologies.

UWRB is a promising technology for future data communications systems, high-
accuracy (indoor) geolocation devices, sensor applications, etc. Any signal that occupies
more than 500 MHz of bandwidth and meets the spectrum mask requirements enforced
by spectrum regulation agencies is considered a UWB signal [70]. For example, in the
United States, the Federal Communications Commission (FCC) has allocated 7.5 GHz
of spectrum (between 3.1 and 10.6 GHz) for unlicensed use of UWB devices. One of
the most popular UWB systems, which is based on impulse radio (IR), utilizes car-
rierless transmission with very low-power spectral density. IR-based UWB techniques
are based on the transmission of nanosecond-level short pulses that generate extremely
wide spectrums. This results in a covert noise-like signal in a radio channel. Note that
within the transmission band of UWB, other technologies also coexist. For example, the
OFDM-based WLAN technology at the 5 GHz U-NII band is a big concern for UWB
signals, as it might create significant interference for UWB signals. In order to provide
robustness against narrowband interference, adaptive implementation of UWB systems
is very important. For this purpose, several strategies have been developed recently.
Multiband UWB is one of the techniques proposed to reduce the effect of narrowband
interference. In such techniques, the whole 7.5 GHz bandwidth is divided into several
narrower bands that are still wider than 500 MHz. The information is transmitted in
these bands depending on the narrowband interference situation. Several versions of
multiband schemes are available, some of which can be found in [70]. Estimations of the
existence and level of narrowband interference are interesting research topics that fall
under the parameter estimation algorithms described before.

The wide bandwidth of UWB offers a capacity much higher than the current narrow-
band systems. Short-range data transmission rates of over 500 Mbps have been theoreti-
cally shown [71, 72]. However, these high data rates are only possible with excellent signal
quality values and for short-range communications. High data rates can be traded off
with longer ranges and for lower link quality values. Depending on the link quality and
distance between transmitter and receiver, the rate can be changed through adaptation
of the processing gain. UWB achieves processing gain due to pulse repetition, i.e., trans-
mitting more than one pulse within a bit. For example, by transmitting 100 pulses per
bit, a processing gain of 20 dB is obtained. Additional processing gain is obtained due
to the low duty cycle, which is the ratio of the pulse repetition interval and the pulse
width. Adaptation of processing gain is a research topic that needs to be explored for
UWB systems. Similarly, multiple-access capability of UWB systems, which is primarily
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determined by the processing gain, needs to be explored. Adaptive multiaccess code
design depending on delay spread of the channel is one of the interesting research areas.
Also, adaptive multiuser detection techniques need to be studied for cancelling multi-
access interference. In summary, adaptation algorithms and related parameter estima-
tion techniques for jointly optimizing the multiaccess capability, power consumption,
data rate, and range of UWB systems are needed.

Adaptation of multicarrier systems has already gained some momentum. In multicar-
rier systems, the transmission bandwidth is much wider than the coherence bandwidth
of the channel, resulting in frequency-selective fading channels. Therefore, different
carriers experience different channel qualities. This leads to adaptation of each subcar-
rier individually. Adaptive bit/power loading can be used as an effective tool to get the
highest capacity from a multicarrier system provided that the transmitter has the link
quality information for each carrier. For example, adaptation of the modulation level
for OFDM-based multicarrier systems has been studied recently [73]. The modulation
level on different carriers can be changed depending on the link quality observed at the
carriers. Transmitting different modulations on each carrier requires a large overhead
for signaling. Therefore, approaches that group the neighboring carriers into subsets
and use the same modulation in each subset are preferred. The signaling can also be
avoided in time division duplexing (TDD) systems under certain assumptions. Unlike
frequency division duplexing (FDD) systems, where the channels on the downlink and
uplink are different, in TDD systems, using the assumption of the reciprocal and slowly
varying channel, the transmitter and receiver can be assumed to experience the same
channel response. Therefore, this might eliminate the need for signaling of the channel
state information to the transmitter, if the channel estimates are used as the link quality
measures. However, in this case, the receiver needs to know which modulation is used
at the transmitter for each group. Blind modulation detection techniques can be used
for this purpose [74]. Note that although the channels could be the same, the interfer-
ences observed in the transmitter and receiver are not necessarily the same. Therefore,
the observed link qualities would be different at each end. Issues like these need to be
studied further for successful implementation of adaptation techniques in multicarrier
systems. Multicarrier CDMA (MC-CDMA), which combines OFDM modulation with
CDMA-type multiple accessing, is a technology that is being pushed for fourth-gener-
ation cellular networks. The previous adaptation algorithms proposed for CDMA and
OFDM technologies need to be revisited and optimized, and new adaptation algorithms
need to be developed for MC-CDMA.

MIMO and multiantenna systems bring about a new dimension to wireless chan-
nels. The spatial dimension will be used in future communications systems for further
improvement of the bandwidth and power efficiency. However, this dimension and
the related parameter estimates need to be understood better. Research on param-
eter estimation for fast and accurate calculation of spatial selectivity, angular spread,
antenna correlation, etc., is needed. Also, further research is required on the effect of
mutual coupling between antenna elements, the effect of near-field scatterers on antenna
patterns and antenna correlations, the exploitation of pattern selectivity when the spa-
tial selectivity is not enough, and the generation of a desired pattern selectivity between
antenna elements adaptively.
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As described earlier, MIMO systems, which employ multiple-transmit and multi-
ple-receive antennas, can provide huge capacity and improved performance gains by
exploiting spatial selectivity of the channel. However, these gains, in reality, depend
heavily on the statistical properties of the channel and the correlations between antenna
elements. Among the factors that affect the antenna correlation are the characteristics
of the scattering environment. Therefore, an optimal way of using multiple-antenna sys-
tems depends on the situation awareness. If the transmitter knows the instantaneous
channel gains (the MIMO channel matrix), it can adapt the transmission to maximize
the capacity of the MIMO system [40, 41]. Similarly, the instantaneous antenna correla-
tion values can be exploited to adapt the transmission. In many cases, estimating the
perfect instantaneous channel state and antenna correlation information and feeding
this information back to the transmitter might not be possible. This is the case especially
when the mobility is high. Instead, other parameter measures like partial (statistical)
channel information, average channel selectivity, or angular spread would be useful for
adapting the transmitter and receiver. Advanced signal processing techniques to calcu-
late this partial channel and correlation information are needed.

Most of the previous adaptation techniques take place in physical and medium access
control (MAC) layers. Future-generation wireless systems will also allow adaptive strat-
egies at the higher networking layers. The higher layers will be more aware of the situa-
tion in lower layers. Cross-layer optimization algorithms and cost functions that involve
many layers will be developed. This will also create the need for the development of new
adaptation parameters and algorithms for the estimation of these parameters.

Current wireless communications systems are based on layered protocol design,
and each layer is often designed and operated independently. For example, the chan-
nel variation is addressed by adapting the link in the physical or MAC layer using sig-
nal processing techniques as described before. The traffic load and delays are adapted
by changing the routing tables, by adaptive channel and cell assignment techniques.
The layered structure and adaptation of layers locally (and independently) simplify the
network design. But the performance and capacity of the network is suboptimal, espe-
cially for addressing the requirements of future multimedia wireless services. The future
applications will have different data rate, delay, power, and QoS requirements. Cross-
layer adaptation could address these requirements by jointly optimizing multidimen-
sional cost functions that involve all protocol layers [75-77]. As a result, networks with
improved end-to-end performance subject to constraints in link quality and available
network resources can be obtained, while being aware of application trade-offs.

1.6 Conclusion

Recently, the use of adaptation algorithms for better utilization of the available
resources, like power and spectrum, has grown significantly. Several adaptation strate-
gies to increase performance, data rate, capacity, and QoS of wireless communications
systems have been introduced. Many of these adaptation techniques depend on accurate
estimation of the various parameters. Therefore, further research on efficient parameter
estimation techniques is still needed.
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There is a significant amount of work needed for the evolution of the current wire-
less communications systems to accommodate the future demands. Ultrawideband,
MIMO, and multicarrier wireless communications are some of the technologies that are
being studied extensively. All of them have a common point: their capability to adapt the
changing radio channel conditions. Adaptation of multicarrier communications and
MIMO schemes has already gained some momentum. Adaptation algorithms for UWB
still need to be explored. The flexibility of UWB makes it very attractive for employing
successful adaptation schemes.

Acknowledgment

The author thanks T. Yiicek for his help and the anonymous reviewers for their comments.

References

[1] S. Sampei. 1997. Applications of digital wireless technologies to global wireless com-
munications. Englewood Cliffs, NJ: Prentice Hall.

[2] T. Ikeda, S. Sampei, and N. Morinaga. 2000. TDMA-based adaptive modulation
with dynamic channel assignment for high-capacity communication systems.
IEEE Transactions on Communications 49:404-12.

[3] S. Nanda, K. Balachandran, and S. Kumar. 2000. Adaptation techniques in wire-
less packet data services. IEEE Transactions on Communications 38:54-64.

[4] R. V. Nobelen, N. Seshadri, J. Whitehead, and S. Timiri. 1999. An adaptive radio
link protocol with enhanced data rates for GSM evolution. IEEE Communications
Magazine 54-63.

[5] A. Furuskar, S. Mazur, F. Muller, and H. Olofsson. 1999. EDGE: Enhanced data
rates for GSM and TDMA/136 evolution. IEEE Personal Communications Maga-
zine 6:56-66.

[6] S. Anderson, H. Dam, U. Forssen, J. Karlsson, F. Kronestedt, S. Mazur, and K.
J. Molnar. 1999. Adaptive antennas for GSM and TDMA systems. IEEE Personal
Communications Magazine 6:74-86.

[7]1 W. C. Lee. 1995. Mobile cellular telecommunications. New York: McGraw-Hill.

[8] G. Pollini. 1996. Trends in handover design. IEEE Communications Magazine
34:82-90.

[9] P. Bender, P. Black, M. Grob, R. Padavoni, N. Sindhushayana, and S. Viterbi. 2000.
CDMA/HDR: A bandwidth efficient high speed wireless data service for nomadic
users. IEEE Communications Magazine 38:70-77.

[10] A. Jalali, R. Padovani, and R. Pankaj. 2000. Data throughput of CDMA-HDR: A
high efficiency-high data rate personal communication wireless system. In Pro-
ceedings of the IEEE Vehicular Technology Conference, Tokyo, vol. 3, pp. 1854-58.

[11] J. Holtzman. 2000. CDMA forward link waterfilling power control. In Proceedings
of the IEEE Vehicular Technology Conference, Tokyo, vol. 3, pp. 1663-67.

GOGO EX2003, Page 44 of 129



30 Adaptive Signal Processing in Wireless Communications

[12] H. Arslan, L. Krasny, D. Koilpillai, and S. Channakeshu. 2000. Doppler spread
estimation for wireless mobile radio systems. In Proceedings of the IEEE WCNC
Conference, Chicago, vol. 3, pp. 1075-79.

[13] M. Sakamoto, ]. Huoponen, and I. Niva. 2000. Adaptive channel estimation with
velocity estimator for W-CDMA receiver. In Proceedings of the IEEE Vehicular
Technology Conference, Tokyo, vol. 3, pp. 2024-28.

[14] D. Mottier and D. Castelain. 1999. A Doppler estimation for UMTS-FDD based on
channel power statistics. In Proceedings of the IEEE Vehicular Technology Confer-
ence, Amsterdam, vol. 5, pp. 3052-56.

[15] L. Lindbom. 1992. Adaptive equalization for fading mobile radio channels. Licen-
tiate thesis, Technology Department, Uppasala University, Uppasala, Sweden.

[16] M. Morelli, U. Mengali, and G. Vitetta. 1998. Further results in carrier frequency
estimation for transmissions over flat fading channels. IEEE Communications Let-
ters 2:327-30.

[17] L. Krasny, H. Arslan, D. Koilpillai, and S. Channakeshu. 2001. Doppler spread
estimation in mobile radio systems. In Proceedings of the IEEE WCNC Conference,
vol. 5, pp. 197-99.

[18] J. H. A. Sampath. 1993. Estimation of maximum Doppler frequency for handoff
decisions. In Proceedings of the IEEE Vehicular Technology Conference, Secaucus,
NJ, pp. 859-62.

[19] L. Wang, M. Silventoinen, and Z. Honkasalo. 1996. A new algorithm for estimat-
ing mobile speed at the TDMA-based cellular system. In Proceedings of the IEEE
Vehicular Technology Conference, Atlanta, GA, vol. 2, pp. 1145-49.

[20] C. Xiao, K. Mann, and J. Olivier. 1999. Mobile speed estimation for TDMA-based
hierarchical cellular systems. In Proceedings of the IEEE Vehicular Technology
Conference, Amsterdam, vol. 2, pp. 2456-60.

[21] K. Kawabata, T. Nakamura, and E. Fukuda. 1994. Estimating velocity using diver-
sity reception. In Proceedings of the IEEE Vehicular Technology Conference, Stock-
holm, vol. 1, pp. 371-74.

[22] W. Lee. 1998. Mobile communications engineering. New York: McGraw-Hill.

[23] M. Austin and G. Stiiber. 1994. Eigen-based Doppler estimation for differentially
coherent CPM. IEEE Transactions on Vehicular Technology 43:781-85.

[24] H. Arslan and T. Yiicek. 2003. Delay spread estimation for wireless communi-
cation systems. In Proceedings of the Eighth IEEE Symposium on Computers and
Communications (ISCC 2003), Antalya, Turkey, pp. 282-87.

[25] J.-T. Chen, J. Liang, H.-S. Tsai, and Y.-K. Chen. 1998. Joint MLSE receiver with
dynamic channel description. Journal on Selected Areas in Communications
16:1604-15.

[26] L. Husson and J.-C. Dany. 1999. A new method for reducing the power consump-
tion of portable handsets in TDMA mobile systems: Conditional equalization.
IEEE Transactions on Vehicular Technology 48:1936-45.

[27] H. Schober and F. Jondral. 2002. Delay spread estimation for OFDM based mobile
communication systems. In Proceedings of the European Wireless Conference, Flor-
ence, Italy, pp. 625-28.

GOGO EX2003, Page 45 of 129



Adaptation Techniques and Enabling Parameter Estimation Algorithms 31

[28] F. Sanzi and J. Speidel. 2000. An adaptive two-dimensional channel estimator for
wireless OFDM with application to mobile DVB-T. IEEE Transactions on Broad-
casting 46:128-33.

[29] K. Witrisal, Y.-H. Kim, and R. Prasad. 1998. RMS delay spread estimation technique
using non-coherent channel measurements. IEE Electronics Letters 34:1918-19.

[30] K. Witrisal, Y.-H. Kim, and R. Prasad. 2001. A new method to measure parameters
of frequency selective radio channel using power measurements. IEEE Transac-
tions on Communications 49:1788-1800.

[31] K. Witrisal and A. Bohdanowicz. 2000. Influence of noise on a novel RMS delay
spread estimation method. In Proceedings of the IEEE PIMRC Conference, London,
vol. 1, pp. 560-66.

[32] H. Arslan and T. Yiicek. 2003. Estimation of frequency selectivity for OFDM based
new generation wireless communication systems. In Proceedings of the 2003 World
Wireless Congress, San Francisco.

[33] T. Soderstrom and P. Stoica. 1997. Applications of digital wireless technologies to
global wireless communications. Englewood Cliffs, NJ: Prentice Hall.

[34] A. Paulraj and B. Ng. 1998. Space-time modems for wireless personal communica-
tions. IEEE Personal Communications Magazine 5:36-48.

[35] M. K. Ozdemir, H. Arslan, and E. Arvas. 2003. Mutual coupling effect in multi-
antenna wireless communication systems. In IEEE Globecom Conference, San Fran-
cisco, vol. 2, pp. 829-833.

[36] M. K. Ozdemir, H. Arslan, and E. Arvas. 2004. Dynamics of spatial correlation
and implications on MIMO systems. IEEE Communications Magazine.

[37] D. S. Shiu, G. J. Foschini, M. J. Gans, and J. M. Kahn. 2000. Fading correlation and
its effects on the capacity of multielement antenna systems. IEEE Transactions on
Communications 48:502-13.

[38] M. Ivrlac, T. Kurpjuhn, C. Brunner, and W. Utschick. 2001. Efficient use of fading
correlations in MIMO systems. In Proceedings of the IEEE Vehicular Technology
Conference, Atlantic City, NJ, vol. 4, pp. 2763-67.

[39] S. Catreux, V. Erceg, D. Gesbert, and ]J. Heath. 2002. Adaptive modulation and
MIMO coding for broadband wireless data networks. IEEE Communications Mag-
azine 40:108-15.

[40] E. Telatar. 1995. Capacity of multiantenna Gaussian channels. Technical report.
AT&T Bell Laboratories.

[41] G. J. Foschini and M. J. Gans. 1998. On limits of wireless communications in a
fading environment when using multiple antennas. Wireless Personal Communi-
cations 6:311-35.

[42] TTA/EIA. 2000. TDMA third generation wireless: Digital traffic channel layer 1.
TIA/EIA 136-131-B.

[43] K. Balachandran, S. Kabada, and S. Nanda. 1998. Rate adaptation over mobile
radio channels using channel quality information. In Proceedings of the IEEE
Globecom’98 Communication Theory Mini Conference Record, pp. 46-52.

[44] ]. Jacobsmeyer. 1996. Adaptive data rate modem. U.S. Patent 5541955.

GOGO EX2003, Page 46 of 129



32 Adaptive Signal Processing in Wireless Communications

[45] M. Tirkboylari and G. L. Stiiber. 1998. An efficient algorithm for estimating the
signal-to-interference ratio in TDMA cellular systems. IEEE Transactions on Com-
munications 46:728-31.

[46] H. Arslan and S. Reddy. 2003. Noise variance and SNR estimation for OFDM
based wireless communication systems. In Proceedings of the 3rd International
Conference on Wireless and Optical Communications, Banff, Alberta, Canada.

[47] G. B. H. Arslan. 2001. Channel estimation in narrowband wireless communica-
tion systems. Wireless Communications and Mobile Computing (WCMC) Journal
1:201-19.

[48] G. Bottomley and H. Arslan. 2003. Channel estimation for time-varying channels
in wireless communication systems. In The Wiley encyclopedia of telecommunica-
tions. New York: Wiley.

[49] K. Homayounfar. 2003. Rate adaptive speech coding for universal multimedia
access. IEEE Signal Processing Magazine 20:30-39.

[50] S. Wolf, C. Dvorak, R. Kubichek, and C. South. 1991. How will we rate telecom-
munications system performance? IEEE Communications Magazine 29:23-29.

[51] S. Voran. 1999. Objective estimation of perceived speech quality: Part II. IEEE
Transactions on Speech and Audio Processing 7:383-90.

[52] H. Arslan, R. Ramesh, and A. Mostafa. 1999. Interpolation and channel tracking
based receivers for coherent Mary-PSK modulations. In Proceedings of the IEEE
Vehicular Technology Conference, Houston, TX, vol. 3, pp. 2194-99.

[53] W. Liu. 1994. Performance of joint data and channel estimation using tap variable
step size LMS for multipath fast fading channel. In Proceedings of the IEEE Globe-
com Conference, San Francisco, vol. 2, pp. 973-78.

[54] M. Benthin and K.-D. Kammeyer. 1997. Influence of channel estimation on the
performance of a coherent DS-CDMA system. IEEE Transactions on Vehicular
Technology 46:262-68.

[55] P. Schramm. 1999. Differentially coherent demodulation for differential BPSK
in spread spectrum systems. IEEE Transactions on Vehicular Technology
48:1650-56.

[56] D. Hui and K. Zangi. 2001. An adaptive maximum-likelihood receiver for colored
noise and interference. In Proceedings of the IEEE Vehicular Technology Confer-
ence, Atlantic City, NJ, vol. 4, pp. 2257-61.

[57] A. Hafeez, K. Molnar, and G. Bottomley. 1999. Co-channel interference cancella-
tion for D-AMPS handsets. In Proceedings of the IEEE Vehicular Technology Con-
ference, Houston, TX, vol. 2, pp. 1026-30.

[58] A. Hafeez, H. Arslan, and K. Molnar. 2001. Adaptive joint detection of co-channel
signals for ANSI-136 handsets. In Proceedings of the IEEE PIMRC Conference, San
Diego, vol. 2, pp. E-105-10.

[59] J. Zander. 1992. Performance of optimum transmitter power control in cellular
radio systems. IEEE Transactions on Vehicular Technology 41:57-62.

[60] Z. Rosberg and J. Zander. 1998. Toward a framework for power control in cellular
systems. Wireless Networks 4:215-22.

[61] S. Ulukus and R. D. Yates. 1998. Stochastic power control for cellular radio sys-
tems. IEEE Transactions on Communications 46:784-98.

GOGO EX2003, Page 47 of 129



Adaptation Techniques and Enabling Parameter Estimation Algorithms 33

[62] S. V. Hanly and D. N. Tse. 1999. Power control and capacity of spread-spectrum
wireless networks. Automatica 35:1987-2012.

[63] A. Goldsmith. 1997. The capacity of downlink fading channels with variable rate
and power. IEEE Transactions on Vehicular Technology 46:569-80.

[64] H. Arslan, T. J.-F. Cheng, and K. Balachandran. 2001. Physical layer evolution for
GSM/EDGE. In Proceedings of the IEEE Globecom Conference, San Antonio, TX,
vol. 5, pp. 8-27.

[65] H. Arslan, T. J.-F. Cheng, and K. Balachandran. 2001. Evolution of EDGE to higher
data rates using QAM. In Proceedings of the IEEE Vehicular Technology Confer-
ence, Atlantic City, NJ, vol. 4, pp. 2267-71.

[66] A. Doufexi, S. Armour, M. Butler, A. Nix, D. Bull, J. McGeehan, and P. Karlsson.
2002. A comparison of the HIPERLAN/2 and IEEE 802.11a wireless LAN stan-
dards. IEEE Communications Magazine 40:172-80.

[67] 1. Katzela and M. Naghshineh. 1996. Channel assignment schemes for cellular
mobile telecommunication systems: A comprehensive survey. IEEE Personal Com-
munications Magazine 3:10-31.

[68] N. D. Tripathi, N. J. H. Reed, and H. F. V. Landingham. 1998. Handoff in cellular
systems. IEEE Personal Communications Magazine 5:26-37.

[69] G. Pollini. 1996. Trends in handover design. IEEE Communications Magazine
3:82-90.

[70] G. Aiello and G. Rogerson. 2003. Ultrawideband wireless systems. IEEE Micro-
wave Magazine 4(2):36-47.

[71] J. Forrester, G. Evan, D. Leeper, and S. Srinivasa. 2001. Ultra-wideband technol-
ogy for short or medium-range wireless communications. Intel Technology Journal
1-7.

[72] P. Mannion. 2002. Ultrawideband radio set to redefine wireless signaling. EE
Times, pp. 71-84.

[73] L. Hanzo, C. H. Wong, and M. S. Yee. 2002. Adaptive wireless transceivers: Turbo-
coded, turbo-equalized and space-time coded TDMA, CDMA, and OFDM systems.
New York: John Wiley & Sons.

[74] S. Reddy, T. Yucek, and H. Arslan. 2003. An efficient blind modulation detection
algorithm for adaptive OFDM systems. In Proceedings of the IEEE Vehicular Tech-
nology Conference, Orlando, FL, vol. 6, pp. 8-27.

[75] A. Goldsmith and S. Wicker. 2002. Design challenges for energy-constrained ad
hoc wireless networks. IEEE Wireless Communications 9(4):8-27.

[76] T. Rappaport, A. Annamalai, R. Buehrer, and W. Tranter. 2002. Wireless commu-
nications: Past events and a future perspective. IEEE Communications Magazine
40:148-61.

[77] Z. Haas. 2001. Design methodologies for adaptive and multimedia networks. IEEE
Communications Magazine 39:106-7.

GOGO EX2003, Page 48 of 129



GOGO EX2003, Page 49 of 129



Feferences

1 Chapter 1. Adaptation Technigues and
Enabling Parameter Estimation Algorithms
for Wireless Communications Systems

[1] 5. Sampei. 1997. Applications of digital wireless
technologies to global wireless communications. Englewood
Clifs, NJ: Prentice Hall.

[2] T. Ikeda, 5. Sampei, and M. Morinaga. 2e66. TDMA-based
adaptive modulation with dynamic channel assignment for
high-capacity communication systems. IEEE Transactions on
Communications 49:484-12.

[3] 5. Manda, K. Balachandran, and 5. Kumar. 2668,
Adaptation technigues in wireless packet data services.
IEEE Transactions on Communications 38:54-64.

[4] R. V. Mobelen, M. Seshadri, J. Whitehead, and S.
Timiri. 1999. An adaptive radio link protocol with
enhanced data rates for GSM evolution. IEEE Communications
Magazine 54-63.

[5] A. Furuskar, 5. Mazur, F. HMuller, and H. Olofsson.
1993. EDGE: Enhanced data rates for GEM and TOMAS 136
evolution. IEEE Personal Communications Magazine 6:56-66.

[6] 5. Anderson, H. Dam, U. Forssen, J. Karlsson, F.
Kronestedt, 5. Mazur, and K. J. Molnar. 1999. Adaptive
antennas for GSM and TDMA sustems. IEEE Personal
Communications Magazine 6:74-86.

[71 W. C. Lee. 1995. Mobile cellular telecommunications.
New York: McGraw-Hill.

[B] G. Pollini. 1996. Trends in handover design. IEEE
Communications Magazine 34:82-94.

[9]1 P. Bender, P. Black, M. Groh, R. Padawvoni, M.
Sindhushayana, and 5. Viterbi. 2o, CDOMASHDR: A bandwidth
eficient high speed wireless data service for nomadic
users. IEEE Communications Magazine 38:76-77.

[18] A. Jalali, R. Padovani, and R. Pankaj. Z666. Data
throughput of COMA-HDR: A high eBciency-high data rate
personal communication wireless system. In Proceedings of
the IEEE ¥ehicular Technology Conference, Tokyo, wvol. 3,
pp. 1854-58.

GOGO EX2003, Page 50 of 129



[11] T. Holtzman. 2666. COMA forward link waterBlling power
control. In Proceedings of the IEEE Wehicular Technology
Conference, Tokyo, wol. 3, pp. 1663-67.

[12] H. Arslan, L. Krasny, D. kKoilpillai, and S.
Channakeshu. 2666, Doppler spread estimation for wireless
mobile radio systems. In Proceedings of the IEEE HWCMC
Conference, Chicago, wol. 3, pp. 18675-79.

[13] M. Sakamoto, J. Huoponen, and I. Niva. 2666. Adaptive
channel estimation with wvelocity estimator for W-COMA
receiver. In Proceedings of the IEEE Wehicular Technology
Conference, Tokyo, wol. 3, pp. 2624-23.

[14] D. Mottier and D. Castelain. 1999. A Doppler
estimation for UMTS-FDD based on channel power statistics.
In Proceedings of the IEEE wehicular Technology Conference,
Amsterdam, vol. 5, pp. 3852-56.

[15] L. Lindbom. 1992. Adaptive egualization for fading
mobile radio channels. Licentiate thesis, Technology
Department, Uppasala University, Uppasala, Sweden.

[16] M. Morelli, U. Mengali, and G. ¥itetta. 1998. Further
results in carrier freguency estimation for transmissions
over Bat fading channels. IEEE Communications Letters
2:327-38.

[17] L. Krasny, H. Arslan, D. Koilpillai, and S.
Channakeshu. 2861, Doppler spread estimation in mobile
radio systems. In Proceedings of the IEEE WCNC Conference,
vol., 5, pp. 197-99.

[18] JT. H. A. Sampath. 1993. Estimation of maximum Doppler
freguency for handoB decisions. In Proceedings of the IEEE
vWehicular Technology Conference, Secaucus, MNJ, pp. 859-62.

[19] L. HWang, M. Silventoinen, and 2. Honkasalo. 1996. A
new algorithm for estimating mobile speed at the TDOMA-based
cellular system. In Proceedings of the IEEE Wehicular
Technology Conference, Atlanta, GA, wol. 2, pp. 1145-49,

[2z6] C. ¥iao, K. Mann, and J. 0livier. 1999. Mobhile speed
estimation for TOMA-hased hierarchical cellular systems.
In Proceedings of the IEEE wehicular Technology
Conference, Amsterdam, wvol. 2, pp. 2456-68.

[21] K. Kawabata, T. Makamura, and E. Fukuda. 1994.
Estimating velocity using diversity reception. In
Proceedings of the IEEE “ehicular Technology Conference,

GOGO EX2003, Page 51 of 129



Stockholm, wol. 1, pp. 371-74.

[22] W. Lee. 1998. HMobile communications engineering. New
York: McGraw-Hill.

[23] M. Austin and G. Stdber. 1994, Eigen-hased Doppler
estimation for diBerentially coherent CPM. IEEE
Transactions on Vehicular Technology 43:781-85.

[24] H. @rslan and T. ¥Yicek. 2863. Delay spread estimation
for wireless communication systems. In Proceedings of the
Eighth IEEE Symposium on Computers and Communications
(ISCC 26@3), Antalya, Turkey, pp. 282-87.

[25] I.-T. Chen, J. Liang, H.-5. Tsai, and ¥.-K. Chen.
1998. Joint MLSE receiwver with dunamic channel
description. Journal on Selected Areas in Communications
16:1684-15,

[26] L. Husson and J.-C. Dany. 1999. A new method for
reducing the power consumption of portable handsets in TOMA
mobile systems: Conditional egualization. IEEE

Transactions on Vehicular Technology 48:1936-45.

[27] H. Schober and F. Jondral. 2e62. Delay spread
estimation for OFDM hased mobile communication suystems. In
Proceedings of the European HWireless Conference, Florence,
Italy, pp. B625-28.

[2z8] F. Sanzi and J. Speidel. 2666, An adaptive
two-dimensional channel estimator for wireless OFDM with
application to mobile DVB-T. IEEE Transactions on
Broadcasting 46:128-33.

[29] K. HWitrisal, ¥.-H. Kim, and R. Prasad. 1993. REMS delay
spread estimation technigue using non-coherent channel
measurements. IEE Electronics Letters 34:1918-19.

[36] K. Witrisal, ¥.-H. Kim, and R. Prasad. 2e6l. A new
method to measure parameters of freguency selective radio
channel using power measurements. IEEE Transactions on
Communications 49:1788-1866.

[31] K. Hitrisal and A. Bohdanowicz. 2666. InBuence of
noise on a novel RMS delay spread estimation method. In
Proceedings of the IEEE PIMRC Conference, London, wol. 1,
pp. S568-66.

[32] H. @rslan and T. ¥Yicek. 2863. Estimation of freguency
selectivity for OFDM hased new generation wireless

GOGO EX2003, Page 52 of 129



communication systems. In Proceedings of the 2683 HWorld
Wireless Congress, San Francisco.

[33] T. sdderstrdm and P. Stoica. 1997. Applications of
digital wireless technologies to global wireless
communications. Englewood Clifls, WJ: Prentice Hall.

[34] A. Paulraj and B. Mg. 1998. Space-time modems for
wireless personal communications. IEEE Personal
Communications Magazine 5:36-48.

[35] M. K. Ozdemir, H. Arslan, and E. Arvas. 2083. Mutual
coupling efBect in multiantenna wireless communication
systems. In IEEE Glohecom Conference, San Francisco, vol.
2, pp. B829-833.

[36] M. K. Ozdemir, H. @rslan, and E. Arvas. 2084. Dynamics
of spatial correlation and implications on MIMO sustems.
IEEE Communications Magazine.

[37] D. 5. Shiu, G. J. Foschini, M. J. Gans, and J. M.
kahn. 288a, Fading correlation and its ellects on the
capacity of multielement antenna systems. IEEE Transactions
on Communications 48:582-13.

[38] M. Ivrlac, T. kKurpjuhn, C. Brunner, and W. Utschick.
2681, EBcient use of fading correlations in MIMO sustems.
In Proceedings of the IEEE wehicular Technology
Conference, Atlantic City, NJ, vol. 4, pp. 2763-67.

[39] S. Catreux, ¥. Erceg, D. Geshert, and J. Heath. 286z,
Adaptive modulation and MIMO coding for hroadband wireless
data networks. IEEE Communications Magazine 46:188-15.

[46] E. Telatar. 1995. Capacity of multiantenna Gaussian
channels. Technical report. AT&T Bell Laboratories.

[41] G. J. Foschini and M. J. Gans. 1998. On limits of
wireless communications in a fading environment when using
multiple antennas. Wireless Personal Communications
f:311-35.

[42] TIASEIA. 2806, TOMA third generation wireless: Digital
trafic channel layer 1. TIASEIA 136-131-B.

[43] K. Balachandran, 5. Kabada, and 5. MNanda. 1998. Rate
adaptation over mobile radio channels using channel
guality information. In Proceedings of the IEEE
Globecom’98 Communication Beory Mini Conference Record, pp.
46-52.

GOGO EX2003, Page 53 of 129



[44] T. Jacobsmeyer. 1996. Adaptive data rate modem. U.S.
Fatent 5541955,

[45] M. Tirkboulari and G. L. Stiber. 1998. An eBcient
algorithm for estimating the signal-to-interference ratio
in TDMA cellular systems. IEEE Transactions on
Communications 46:728-31.

[46] H. Arslan and 5. Reddy. 2663. Noise wariance and SNR
estimation for OFDM hased wireless communication sustems.
In Proceedings of the 3rd International Conference on

Wireless and Optical Communications, BanB, Alberta, Canada.

[47] G. B. H. Arslan. 2881. Channel estimation in
narrowband wireless communication systems. Wireless
Communications and Mobile Computing (WCMC) Journal
1:261-19.

[48] G. Bottomley and H. Arslan. 2663. Channel estimation
for time-varying channels in wireless communication
systems. In Be Wiley encyclopedia of telecommunications.
New York: Wiley.

[49] K. Homayounfar. 2663. Rate adaptive speech coding for
universal multimedia access. IEEE Signal Processing
Magazine 2@:36-39.

[56] 5. Wolf, C. Dvorak, R. Kubichek, and C. South. 1991.
How will we rate telecommunications system performance?
IEEE Communications Magazine 29:23-29.

[51] 5. Voran. 1999. Objective estimation of perceived
speech guality: Part II. IEEE Transactions on Speech and
Audio Processing 7:383-96.

[52] H. Arslan, R. Ramesh, and A. Mostafa. 1999.
Interpolation and channel tracking based receivers for
coherent Mary-PSK modulations. In Proceedings of the IEEE
vehicular Technology Conference, Houston, TX, wol. 3, pp.
2194-99.

[53] W. Liu. 1994. Performance of Jjoint data and channel
estimation using tap wvariable step size LMS for multipath
fast fading channel. In Proceedings of the IEEE Globecom
Conference, San Francisco, wvol. 2, pp. 973-78.

[54] M. Benthin and K.-D. Kammeyer. 1997. InBuence of
channel estimation on the performance of a coherent
DS-COMA system. IEEE Transactions on Wehicular Technology

GOGO EX2003, Page 54 of 129



46:262-685.

[55] P. Schramm. 1999. DiBerentially coherent demodulation
for diflerential BPSK in spread spectrum systems. IEEE
Transactions on Vehicular Technology 48:1656-56.

[56] D. Hui and K. Zangi. 2681. An adaptive
maximum-1likelihood receiver for colored noise and
interference. In Proceedings of the IEEE WYehicular
Technology Conference, Atlantic City, WJ, wvol. 4, pp.
2257-61.

[57] A. Hafeez, K. Molnar, and G. Bottomley. 1999.
Co-channel interference cancellation for D-AMPS handsets.
In Proceedings of the IEEE wehicular Technology Conference,
Houston, T#¥, wol. 2, pp. 1826-36.

[58] A. Hafeez, H. Arslan, and K. Molnar. 2661, Adaptive
joint detection of co-channel signals for ANSI-136
handsets. In Proceedings of the IEEE PIMRC Conference, San
Diego, wol. 2, pp. E-165-18.

[59] T. Zander. 1992. Performance of optimum transmitter
power control in cellular radio systems. IEEE Transactions
on “ehicular Technology 41:57-62.

[66] Z. Rosherg and J. Zander. 1998. Toward a framework for
power control in cellular systems. Wireless Networks
4:215-22.

[61] 5. Ulukus and R. D. Yates. 1998. Stochastic power
control for cellular radio systems. IEEE Transactions on
Communications 46:784-98.

[62] 5. V. Hanly and D. M. Tse. 1999. Power control and
capacity of spread-spectrum wireless networks. Automatica
35:1987-2012.

[63] A. Goldsmith. 1997. Be capacity of downlink fading
channels with vwariahle rate and power. IEEE Transactions
on “ehicular Technology 46:569-86.

[64] H. Arslan, T. J.-F. Cheng, and K. Balachandran. 2ae1.
Physical layer ewolution for GSM/EDGE. In Proceedings of
the IEEE Globecom Conference, San Antonio, TX, wol. 5, pp.
g-27.

[65] H. Arslan, T. J.-F. Cheng, and K. Balachandran. 2ea1.
Evolution of EDGE to higher data rates using QAM. In
Proceedings of the IEEE “ehicular Technology Conference,

GOGO EX2003, Page 55 of 129



Atlantic City, WJ, wvol. 4, pp. 2267-71.

[66] A. Doufexi, 5. Armour, M. Butler, A. MNix, D. Bull, I.
McGeehan, and P. Karlsson. 2882. A comparison of the
HIPERLAN/2 and IEEE 862.11a wireless LAN standards. IEEE
Communications Magazine 48:172-86.

[67] I. Katzela and M. Maghshineh. 1996. Channel assignment
schemes for cellular mobile telecommunication systems: A
comprehensive survey. IEEE Personal Communications Magazine
3:18-31.

[68] M. D. Tripathi, M. J. H. Reed, and H. F. V.
Landingham. 1998. HandoB in cellular systems. IEEE
Personal Communications Magazine 5:26-37.

[69] G. Pollini. 1996. Trends in handover design. IEEE
Communications Magazine 3:82-9@.

[78] G. Alello and G. Rogerson. 2863, Ultrawideband
wireless systems. IEEE Microwave Magazine 4(2):36-47.

[71] I. Farrester, G. Evan, D. Leeper, and 5. Srinivasa.
2e81, Ultra-wideband technology for short or medium-range
wireless communications. Intel Technology Journal 1-7.

[72] P. Mannion. 2662. Ultrawideband radio set to rede@ine
wireless signaling. EE Times, pp. 71-84.

[73] L. Hanzo, C. H. Wong, and M. 5. Yee. 2862, Adaptive
wireless transceivers: Turbocoded, turbo-equalized and
space-time coded TDMA, CDMA, and OFODM systems. New York:
John Wiley & Sons.

[74] 5. Reddy, T. Yucek, and H. Arslan. 2683. An eBcient
blind modulation detection algorithm for adaptive OFDM
systems. In Proceedings of the IEEE Wehicular Technology
Conference, Orlando, FL, wvol. 6, pp. 8-27.

[75] A. Goldsmith and 5. Wicker. 2862, Design challenges
for energy-constrained ad hoc wireless networks. IEEE
Hireless Communications 9(4):8-27.

[T6] T. Rappaport, A. Annamalai, R. Buehrer, and H.
Tranter. 2862. HWireless communications: Past events and a
future perspective. IEEE Communications Magazine
46:148-61.

[77] Z. Haas. 26@1. Design methodologies for adaptive and
multimedia networks. IEEE Communications Magazine

GOGO EX2003, Page 56 of 129



39:186-7.

GOGO EX2003, Page 57 of 129



2 Chapter 2. Adaptive Channel Estimation
in Wireless Communications

[1] M.-A. R. Baissas and A. M. Sayeed. 2662. Pilot-hased
estimation of time-wvarying multipath channels for coherent
CDOMA receivers. IEEE Trans. Signal Processing 58:2837-49.

[2] P. A. Bello. 1963. Characterization of randomly
time-variant channels. IEEE Trans. Commun. Syst.
11:368-93.

[3] D. K. Borah and B. Hart. 1999. Receiver structures for
time-varuying freguencyselective fading channels. IEEE J.
Selected Areas Commun. 17:1863-75.

[4] T. K. Cavers. 1995. Pilot symbol assisted modulation
and difBlerential detection in fading and delay spread. IEEE
Trans. Commun. 43:2286-12.

[5] K. M. Chugg. 1998. Blind acquisition characteristics of
PSP-based seguence detectors. IEEE J. Selected Areas
Commun. 16:1518-29.

[6] H. A. Cirpan and M. K. Tsatsanis. 1998. Stochastic
maximum likelihood methods for semi-blind channel
estimation. IEEE Signal Processing Lett. 5:21-24.

[7] E. de Carvalho and D. T. M. Slock. 26@&1. Semi-hlind
methods for FIR multichannel estimation. In Signal
processing advances in wireless and mobile communications,
ed. G. B. Giannakis, ¥. Hua, P. Stoica, and L. Tong, chap.
7. wol. I. Upper Saddle River, WJ: Prentice Hall.

[B] M. Dong, L. Tong, and B. M. Sadler. 2663. Optimal
insertion of pilot symbols for transmissions owver
time-varuying Bat fading channels. In Proceedings of the
2683 IEEE Workshop on Signal Processing Advances in
Wireless Communications, Rome, pp. 472-76.

[9] W. A. Gardner. 1989. Introduction to random processes:
With applications to signals and systems. 2nd ed. New
York: McGraw-Hill.

[18] M. Ghogho, D. McLernon, E. Alamdea-Hernandez, and A.
Swami. 2885, Channel estimation and symbol detection for
block transmission using data-dependent superimposed
training. IEEE Signal Processing Lett. 12:226-29.

[11] M. Ghogho, D. McLernon, E. Alamdea-Hernandez, and A.
Swami. 2885, SIS0 and MIMO channel estimation and sumbol

GOGO EX2003, Page 58 of 129



detection using data-dependent superimposed training. In
Proceedings of the 2665 IEEE ICASSP, FPhiladelphia, pp.
III-461-64.

[12] M. Ghosh and C. L. Weher. 1992. Maximum-1likelihood
blind equalization. Optical Eng. 31:1224-28.

[13] G. B. Giannakis and C. Tepedelenlio2lu. 1998. Basis
expansion models and diversity technigues for blind
identiBication and equalization of time-warying channels.
Froc. IEEE 86:1969-8A.

[14] G. B. Giannakis, ¥. Hua, P. Stoica, and L. Tong, eds.
201, Signal processing advances in wireless and mobile
communications: Trends in channel estimation and
equalization, ed. G. B. Giannakis, ¥. Hua, P. Stoica, and
L. Tong. %ol. 1. Upper Saddle River, WNJ: Prentice Hall.

[15] R. D. Gitlin and 5. B. Weinstein. 1981.
Fractionally-spaced equalization: An improved digital
transversal egualizer. Bell Syst. Tech. J. 66:275-96.

[16] A Gorokhov and P. Loubaton. 1997. Semi-blind second
order identiBcation of convolutive channels. In Proceedings
of the IEEE International Conference on Acoustics, Speech,
Signal Processing, Munich, Germany, pp. 3965-8.

[17] D. Hatzinakos and C. L. Wikias. 1991. Blind
egualization using a tricepstrum based algorithm. IEEE
Trans. Commun. 39:669-81.

[18] 5. He and JT. K. Tugnait. 2686, On bias-variance
trade-ofl in superimposed training-based doubly selective
channel estimation. In Proceedings of the 2666 Conference
on Information Systems and Sciences, Princeton, NJ, pp.
13688-1313.

[19] P. Hoeher and F. Tufwesson. 1999. Channel estimation
with superimposed pilot seguence. In Proceedings of the
IEEE GLOBECOM Conference, Rio de Janeiro, pp. 2162-66.

[26] T. P. Holden and K. Feher. 1996. A spread spectrum
hased system technigue for sunchronization of digital
mobile communication systems. IEEE Trans. Broadcasting
3J6:185- 94,

[21] H. Holma and A. Toskala, eds. 2662, WCDMA for UMTS:
Radio access for third generation mobile communications.
2nd ed. Mew York: Hiley.

GOGO EX2003, Page 59 of 129



[22] W. C. Jakes. 1974. Microwave mobile communications.
New York: Wiley.

[23] G. K. Kaleh and R. Vvallet. 1994. Joint parameter
estimation and symbol detection for linear or nonlinear
unknown dispersive channels. IEEE Trans. Commun.
42:2486-13.

[24] A. P. Kannu and P. Schniter. 2665. MSE-optimal
training for linear time-wvarying channels. In Proceedings
of ICASSP, wol. 3, pp. 789-92.

[25] A. P. Kannu and P. Schniter. 2665. Capacity analuysis
of MMSE pilot-aided transmission for doubly selective
channels. In Proceedings of the IEEE 6th Workshop on
SPAWC, pp. 881-5.

[26] A. P. Kannu and P. Schniter. 2é66. Minimum
mean-squared error pilot-aided transmission for MIMO
doubly selective channels. In Proceedings of the 28@6
Conference on Information Systems and Sciences, Princeton
University, MJ.

[27] C. Komninakis, C. Fragouli, A. H. Sayed, and R. D.
HWesel., zaaz2, Multi-input multi-output fading channel
tracking and egualization using Kalman estimation. IEEE
Trans. Signal Processing 58:1865-76.

[2z8] ¥. Krishnamurthy and J. B. Moore. 1993. On-line
estimation of hidden Markov model parameters based on
Kullback-Leibler information measure. IEEE Trans. Signal
Processing 41:2557-73.

[29] S. Lasaulce, P. Loubaton, and E. Moulines. 2863. A
semi-blind channel estimation technigue hased on
second-order blind method for COMA systems. IEEE Trans.
Signal Processing 51:1894-964.

[36] J. Laurila, K. Kopsa, and E. Bonek. 1999, Semi-hlind
signal estimation for smart antennas using subspace
tracking. In Proceedings of the 1999 IEEE MWorkshop on
Signal Processing: Advances in Wireless Communications,
fAnnapolis, MD, pp. 271-274.

[31] G. Leus, 5. Zhou, and G. B. Giannakis. 2683.
Orthogonal multiple access over time- and
freguency-selective channels. IEEE Trans. Inf. Beory
49:1942-58,

[32] G. Leus. 26@4. On the estimation of rapidly

GOGO EX2003, Page 60 of 129



time-varying channels. In Proceedings of the European
Signal Processing Conference, VWienna, pp. 2227-3@.

[33] G. Leus. 2665. Semi-blind channel estimation for
rapidly time-varying channels. In Proceedings of the zeas
IEEE International Conference on Acoustics, Speech, Signal
Processing, Philadelphia, wol. III, pp. 773-76.

[34] ¥. Li and T. F. Wong. 2667. Turho egualization with
nonlinear Kalman Bltering for time-varying
freguency-selective fading channels. IEEE Trans. HWireless
Commun. 6:691-788.

[35] Z. Liu, ¥. Ma, and G. B. Glannakis. 2862, Space-time
coding and (Kalman) Bltering for time-selective fading
channels. IEEE Trans. Commun. S&:183-86.

[36] ¥. Ma, G. B. Giannakis, and 5. 0Ohno. 2863, Optimal
training for block transmissions over doubly selective
wireless fading channels. IEEE Trans. Signal Processing
51:1351-66A.

[37] M. Martone. 2666, Wavelet-hased separating kernels for
array processing of cellular DS/COMA signals in fast
fading. IEEE Trans. Commun. 48:979-95.

[38] F. Mazzenga. 2668. Channel estimation and equalization
for M-0AM transmission with a hidden pilot seguence. IEEE
Trans. Broadcasting 46:178-76.

[39] ¥. Meng and J. K. Tugnait. 2664. Superimposed
training-based doubly-selective channel estimation using
exponential and polynomial bases models. In Proceedings of
the 2884 Conference on Information Sciences and Sustems,
Princeton University, NJ, pp. 621-626.

[46] M. Wiedzwiecki. 2e66. IdentiBication of time-wvarying
processes. Mew York: Wiley.

[41] A. G. Orozco-Lugo, M. M. Lara, and D. C. McLernan.
2684, Channel estimation using implicit training. IEEE

Trans. Signal Processing 52:246-54,

[42] JT. G. Proakis. 2ea1. Digital communications. 4th ed.
New York: McGraw-Hill.

[43] J. G. Proakis and D. G. Manolaks. 1996. Digital signal
processing. 3rd ed. Englewood CliBs, WJ: Prentice-Hall.

[44] R. Raheli, A. Polydoros, and C. K. Tzou. 1995.

GOGO EX2003, Page 61 of 129



Per-survivor processing: A general approach to MLSE in
uncertain environments. IEEE Trans. Commun. 43:354-64.

[45] A. M. Sayeed, A. Sendonaris, and B. Aazhang. 1998.
Multiuser detection in fastfading multipath environment.
IEEE J. Selected Areas Commun. 16:1691-7@1.

[46] A. M. Sayeed and B. Aazhang. 1999. Joint
multipath-Doppler diversity in mobile wireless
communications. IEEE Trans. Commun. 47:123-32.

[47] M. Seshadri. 1994, Joint data and channel estimation
using blind trellis search technigues. IEEE Trans. Commun.
4z2:1806-11.

[48] D. Slepian. 1978. Prolate spheroidal wave functions,
Fourier analysis, and uncertainty. V. Be discrete case.
Bell Syst. Tech. J. 57:1371-43a.

[49] M. D. Srinath, P. K. Rajasekaran, and R. Viswanathen.
1996. Introduction to statistical signal processing with
applications. Upper Saddle River, WJ: Prentice-Hall.

[58] L. Tong and 5. Perreau. 1998. Multichannel blind
channel estimation: From subspace to maximum likelihood
methods. Proc. IEEE 86:1951-68.

[51] L. Tong, G. #¥u, and T. Kailath. 1994. A new approach
to blind identiBcation and egualization of multipath
channels. IEEE Trans. Inform. Beory 46:346-49,

[52] T. K. Tugnait. 1987. IdentiBication of linear
stochastic systems wvia second- and fourth-order cumulant
matching. IEEE Trans. Inform. Beory 33:393-487.

[53] J. K. Tugnait. 1995. 0On blind identiBability of
multipath channels using fractional sampling and
second-order cyclostationary statistics. IEEE Trans.
Inform. Beory 41:3858-11.

[54] T. K. Tugnait. 1995. Blind estimation and equalization
of digital communication FIR channels using cumulant
matching. IEEE Trans. Commun. 43:1246-45.

[55] J. K. Tugnait. 1996. Blind egualization and estimation
of FIR communications channels using fractional sampling.
IEEE Trans. Commun. 44:324-36.

[56] J. K. Tugnait. 28@1. Channel estimation and
egualization using higher-order statistics. In Signal

GOGO EX2003, Page 62 of 129



processing advances in wireless and mobile communications:
Trends in channel estimation and equalization, ed. G. B.
Giannakis, %. Hua, P. Stoica, and L. Tong, chap. 1, pp.
1-39. wol. 1. Upper Saddle River, WJ: Prentice Hall.

[57] J. K. Tugnait and W. Luo. 28663, 0On channel estimation
using superimposed training and Brst-order statistics. In
Proceedings of the 2663 IEEE International Conference on
Acoustics, Speech, Signal Processing, Hong Kong, wol. 4,
pp. 624-627.

[58] J. K. Tugnait and W. Luo. 28663, 0On channel estimation
using superimposed training and Brst-order statistics. IEEE
Commun. Lett. 8:413-15.

[59] T. K. Tugnait and 5. He. 2686, Doubly-selective
channel estimation using datadependent superimposed
training and exponential bases models. In Proceedings of
the 2886 Conference on Information Systems and Sciences,
Princeton University, NIT.

[6e] T. vidal and J. A. R. Fonollosa. 1996. Adaptive blind
egualization using weighted cumulant slices. Int. TJ.
Adaptive Control Signal Processing 16:213-38.

[61] T. Zemen and C. F. Mecklenbrauker. 2@85. Time-variant
channel estimation using discrete prolate spheroidal
seguences. IEEE Trans. Signal Processing 53:3597-687.

[62] %. R. Zheng and C. Xiao. 2663. Simulation models with
correct statistical properties for Rayleigh fading
channels. IEEE Trans. Commun. 51:926-28.

[63] G. T. Zhou, M. ¥iberg, and T. McKelvey. 2663. A
rst-order statistical method for channel estimation. IEEE
Signal Processing Lett. 18:57-606,

GOGO EX2003, Page 63 of 129



3 Chapter 3. Adaptive Coded Modulation
for Transmission over Fading Channels

[1] 5. Alamouti and 5. Kallel. 1994. Adaptive trellis-coded
multiple-phase-shiB keying for Rayleigh fading channels.
IEEE Transactions on Communications 42:2365-14.

[2] B. Bannister and J. Zeidler. 2663. Feedback assisted
transmission subspace tracking for MIMOD systems. Journal
on Selected Areas in Communications, 21:452-463.

[31 P. Bello. 1963. Characterization of randomly
time-variant linear channels. IEEE Transactions aon
Communications Systems 11:368-93.

[4] C. Berrou, A. Glavieux, and P. Bitimajshima. 1993. MNear
Shannon limit errorcorrecting coding and decoding:
Turbo-codes. In Proceedings of the International

Conference on Communications, 1664-1676.

[5] E. Biglieri, G. Caire, and G. Taricco. 2661. Limiting
performance of block-fading channels with multiple
antennas. IEEE Transactions on Information Beory
47:1273-89.

[6] T. Bingham. 199&. Multicarrier modulation for data
transmission: An idea whose time has come. IEEE
Communications Magazine 28(5):5-14.

[71 %. Cai and G. Giannakis. 2663. Adaptive modulation with
adaptive pilot symbol assisted estimation and prediction

of rapidly fading channels. In Proceedings of the
Conference on Information Sciences and Systems.

[8] G. Caire, G. Taricco, and E. Biglieri. 1999. Optimal
power control for the fading channel. IEEE Transactions on
Information Beory 45:1468-89.

[9] G. Caire and 5. Shamai. 2¢6&. On achievable rates in a
multi-antenna broadcast downlink. In Proceedings of the
38th annual Allerton Conference on Communication, Control,
and Computing, pp. 1188-93.

[18] G. Caire and 5. Shamal. On the achiewvable throughput
of a multi-antenna Gaussian broadcast channel. IEEE
Transactions on Information Beory 49(7):1691-1706.

[11] T. Cawvers. 1972. Variable-rate transmission for
Rayleigh fading channels. IEEE Transactions on
Communications 26:15-22.

GOGO EX2003, Page 64 of 129



[12] T. Cavers. 1991. An analysis of pilot symhol assisted
modulation for Rayleigh fading channels. IEEE Transactions
on “ehicular Technology 48:686-93.

[13] C. Chuah, D. Tse, J. Kahn, and R. Valenzuela. 2662.
Capacity scaling in MIMO wireless systems under correlated
fading. IEEE Transactions on Information Beory

48(3) :637-51.

[14] L. Cimini, Jr. 1995. Performance studies for
high-speed indoor wireless communications. Wireless
Personal Communications 2:67-85.

[15] M. Costa. 1983. HWriting on dirty paper. IEEE
Transactions on Information Beory 29(3):439-441.

[16] T. Cover and J. Bomas. 1991. Elements of information
theory. Mew York: Hiley.

[17] L. Ding and J. 5. Lehnert. 2e6&. Performance analuysis
of an uplink power control using truncated channel
inversion for data tralic in a cellular COMA system. In
Proceedings of the IEEE “ehicular Technology Conference,
1673-1677.

[18] A. Duel-Hallen, S. Hu, and H. Hallen. 2866. Long-range
prediction of fading signals: Enabling adaptive
transmission for mobile radio channels. IEEE Signal
Processing Magazine 17:62-75.

[19] T. Eyceoz, A. Duel-Hallen, and H. Hallen. 1998.
Deterministic channel modeling and long range prediction
of fast fading mobile radio channels. IEEE Communication
Letters 2:254-56.

[z6] E. Feig. 1996. Practical aspects of DFT-hased
freguency division multiplexing for data transmission.
IEEE Transactions on Communications 38:929-32.

[21] G. Foschini. 1996. Layered space-time architecture for
wireless communication in a fading environment when using
multi-element antennas. Bell Labs Technical Journal 41-59.

[22] G. Foschini and M. Gans. 1998. 0On limits of wireless
communications in a fading environment when using multiple
antennas. Wireless Personal Communications 6:311-35.

[23] R. Gallager. 1963. Low density parity-check codes.
Cambridge, MA: MIT Press.

GOGO EX2003, Page 65 of 129



[24] D. Goeckel. 1997. Rohust adaptive coded modulation for
time-varying channels with delayed feedback. In

Proceedings of the Birty-Fiflh Annual Allerton Conference on
Communication, Control, and Computing, pp. 378-79.

[25] D. Goeckel. 1998. Adaptive coding for fading channels
using outdated fading estimates. In Proceedings of the IEEE
vehicular Technology Conference, pp. 1925-29.

[26] D. Goeckel. 1998. Strongly robust adaptive signaling
for time-varying channels. In Proceedings of the 1998
International Conference on Communications, pp. 454-58.

[27] D. Goeckel. 1999. Adaptive coding for time-varying
channels using outdated fading estimates. IEEE Transactions
on Communications 47:844-55.

[2z8] A. Goldsmith, L. Greenstein, and G. Foschini. 1994.
Error statistics of real-time power measurements in
cellular channels with multipath and shadowing. IEEE
Transactions on Yehicular Technology 43:439-46.

[29] A. Goldsmith. 1994. VYariable-rate coded MOAM for
fading channels. In Proceedings of the IEEE Global
Communications Conference: Communication Beory
Miniconference, pp. 186-98.

[36] A. Goldsmith. 1995, Capacity and dynamic resource
allocation in broadcast fading channels. In Proceedings of
the Allerton Conference on Communications, Control, and
Computing, pp. 915-24.

[31] A. Goldsmith and 5. Chua. 1997. variable-rate
variahle-power MOAM for fading channels. IEEE Transactions
on Communications 45:1218-36.

[32] A. Goldsmith and 5. Chua. 1998. Adaptive coded
modulation for fading channels. IEEE Transactions on
Communications 46:595-682.

[33] A. Goldsmith, 5. Jafar, WN. Jindal, and 5. Vishwanath.
2683, Capacity limits of MIMO channels. IEEE Journal on
selected Areas in Communications 21(5):684-782.

[34] I. Gradshteyn and I. Rhyzhik. 1986. Table of
integrals, series, and products. Mew York: Academic Press.

[35] M. Gudmundson. 1991. Correlation model for shadow
fading in mobile radio sustems. Electronics Letters

GOGO EX2003, Page 66 of 129



27:2145-46.

[36] 5. Hanly and D. Tse. 1998. Multi-access fading
channels. Part II. Delay-limited capacities. IEEE
Transactions on Information Beory 44:2516-31.

[37] J. Hayes. 1968. Adaptive feedback communications. IEEE
Transactions on Communications Technology 16:29-34.

[38] ¥. Hentinen. 1974. Error performance for adaptive
transmission on fading channels. IEEE Transactions on
Communications 22:1331-37.

[39] 5. Hu and A. Duel-Hallen. 2861. Combined adaptive
modulation and transmit diversity using long range
prediction for Bat mobile radio channels. In Proceedings
of the Global Communications Conference, 1257-1262.

[46] 5. Jafar and A. Goldsmith. Transmitter optimization
and optimality of heamforming for multiple antenna sustems
with imperfect feedhack. IEEE Transactions on Wireless
Communications.

[41] W. Jakes, Jr. 1974. Microwave mobile communications.
New York: Wiley.

[42] E. Jorswieck and H. Boche. 2@é@d. Channel capacity and
capacity-range of heamforming in MIMO wireless suystems
under correlated fading with covariance feedback. IEEE
Transactions on Hireless Communications 3(5): 1543-1553.

[43] K. Kamath and D. Goeckel. 2864, Adaptive modulation
schemes for minimum outage probability in wireless
systems. IEEE Transactions on Communications 52(18):
1632-1635.

[44] ¥. Lau and M. Macleod. 1998. Variable rate adaptive
trellis coded GAM for high bandwidth eBiciency applications
in Rayleigh fading channels. In Proceedings of the
vehicular Technology Conference, pp. 348-52.

[45] ¥. Lau and M. Macleod. 2661. Variable-rate trellis
coded QAM for Bat-fading channels. IEEE Transactions on
Communications 49:1556-66,

[46] D. MacKay. 1999. Good error-correcting codes based on
very sparse matrices. IEEE Transactions on Information

Beory 45:399-431.

[47] A. Monk and L. Milstein. 1995. Open-loop power control

GOGO EX2003, Page 67 of 129



error in a land mobile satellite system. Journal on
Selected Areas in Communications 13:265-12.

[48] 5. Wanda, K. Balachandran, and 5. Kumar. 2684,
Adaptation technigues in wireless packet data services.
IEEE Communications Magazine 38(1): 54-64.

[49] R. MWegi and J. CioB. 2662. Delay-constrained capacity
with causal feedback. IEEE Transactions on Information
Beory 458:2478-94.

[5a] P. Ormeci, ¥. Liu, D. Goeckel, and R. D. Wesel. 2@@1.
Adaptive bit-interleaved coded modulation. IEEE
Transactions on Communications 49:1572-81.

[51] K. Pahlavan and A. Levesgue. 1995. HWireless
information networks. Wew York: John Wiley & Sons.

[52] A. Papoulis. 1991. Probability, random variables, and
stochastic processes. 3rd ed. New York: McGraw-Hill.

[53] J. Proakis. 2661, Digital communications. 4th ed. New
York: McGraw-Hill.

[54] M. Pursley and C. Wilkins. 1999. Adaptive-rate coding
for freguency-hop communications over Rayleigh fading
channels. Journal on Selected Areas in Communications
17:1224-32.

[55] M. Pursley and J. Shea. 2666, Channel guality
estimation with channel error counters for adaptive
signaling in wireless communications. In Proceedings of the
International Sumposium on Information Beory, 169.

[S6] T. Rappaport and C. McGillen. 1989. UHF fading in
factories. Journal on Selected Areas in Communications
T:40-43.

[57] T. Rappaport. 1996. Wireless communications. Mew York:
Prentice Hall.

[58] C. Schlegel and D. Costello, Jr. 1989. Bandwidth
eficient coding for fading channels: Code construction and
performance analysis. Journal on Selected Areas in
Communications 7:1356-68.

[59] C. Shannon. 1948. A mathematical theory of
communications. Bell Systems Technical Journal 27:379-423,
h23-56.

GOGO EX2003, Page 68 of 129



[6B] D. Shiu, G. Foschini, M. Gans, and J. Kahn. 2666,
Fading correlation and its ef@lect on the capacity of
multielement antenna systems. IEEE Transactions on
Communications 48:562-13.

[61] 5. Simon and A. Moustakas. 2863, Optimizing MIMO
antenna systems with channel covariance feedback. Journal
on Selected Areas in Communications 21(3):486-417.

[62] I. Telatar. 1999. Capacity of multi-antenna Gaussian
channels. European Transactions on Telecommunications
18:586-95.

[63] G. Ungerhoeck. 1982. Channel coding with
multilevels/phase signals. IEEE Transactions on Information
Beory 28:55-67.

[64] E. Wisotsky and U. Madhow. 2861. Space-time transmit
precoding with imperfect feedback. IEEE Transactions on
Information Beory 47:2632-39.

[65] B. “ucetic. 1991. An adaptive coding scheme for
time-varying channels. IEEE Transactions on Communications
39:653-63.

[66] 5. Wel and D. Goeckel. 2862, Error statistics for
average power measurements in wireless communication
systems. IEEE Transactions on Communications 56:1535-46.

[67] 5. Wel, D. Goeckel, and R. Janaswamy. 28665. 0On the
asymptotic capacity of MIMO systems with antenna arrays of
=<ed length. IEEE Transactions on Wireless Communications
4(4):1608-1621.

[6B] R. ¥Yates. 1995. A framework for uplink power control
in cellular radio systems. Journal on Selected Areas in
Communications 13:1341-47.

[69] W. Yu and J. Cioll. 2681. Trellis precoding for the
broadcast channel. In Proceedings of the Glohal
Communications Conference, pp. 1344-43.

[Ta] J. Zander. 1992. Performance of optimum transmitter
power control in cellular radio systems. IEEE Transactions

on “ehicular Technology 41:57-62.

[71] R. wan Mee and R. Prasad. 2666, OFDM for wireless
multimedia communications. Morwood, MA: Artech House.

[72] H. Van Trees. 1968. Detection, estimation, and

GOGO EX2003, Page 69 of 129



modulation theory. Yol. I. New York: Wiley.

[73] 5. Zhou and G. Glannakis. 2862, Optimal transmitter
eigen-beamforming and space-time block coding based on
channel mean feedback. IEEE Transactions on Signal
Processing 56(16):2599-2613.

GOGO EX2003, Page 70 of 129



4 Chapter 4. MIMO Systems: Principles,
Iterative Technigues, and Adwvanced
Polarization

[1] E. Telatar. 1999. Capacity of multi-antenna Gaussian
channels. Eur. Trans. Telecommun. 16:585-95.

[2] P. Bello. 1963. Characterization of randomly
time-variant linear channels. IEEE Trans. Commun. Sust.
11:366-93.

[3] J. D. Parsons. 268a, Be mobile radio propagation
channel. New York: Wiley.

[4] G. Matz. 2665. 0n non-WSSUS wireless fading channels.
IEEE Trans. Wireless Commun. 4:2465-78.

[E] J. W. McJown and R. L. Hamilton. 1991. Ray tracing as a
design tool for radio networks. IEEE Network Mag.
S(R):27-34.

[6] T. Kurner, D. J. Cichon, and W. Wiesheck. 1993.
Concepts and results for 30 digital terrain-based wave
propagation models: An overview. IEEE J. Selected Areas
Commun. 11:1882-12.

[7] R. Kouyoumjian and P. Pathak. 1974. A uniform
geometrical theory of diBraction for an edge in a
perfectly conducting surface. Proc. IEEE 62:1448-61.

[B] A. R. M. G. E. Athanasiadou and J. P. McGeehan. 2@@a. A
microcellular ray-tracing prop agation model and evaluation
of its narrowband and wideband. IEEE J. Selected Areas
Commun. 18:322-35.

[9] P. Petrus, J. Reed, and T. Rappaport. 2082,
Geometrical-based statistical macrocell channel model for
mobile environments. IEEE Trans. Commun. 56:495-562.

[18] J. C. Liberti and T. Rappaport. 1996. A geometrically
based model for line-of-sight multipath radio channels. In
Proceedings of WTC, pp. 844-48.

[11] C. Oestges, Y. Erceg, and A. Paulraj. 2883, A physical
scattering model for MIMO macro-cellular broadband

wireless channels. IEEE J. Selected Areas Commun.
21:721-29.

[12] A. F. Molisch, A. Kuchar, J. Laurila, K. Hugl, and R.
Schmalenberger. 2663, Geometry-based directional model for

GOGO EX2003, Page 71 of 129



mobile radio channels—Principles and implementation. Eur.
Trans. Telecommun. 14:351-59.

[13] K. Raoof and M. Prayongpun. 2665. Channel capacity
performance for MIMO polarized diversity systems. In
Proceedings of WCNM, pp. 1-4.

[14] G. J. Foschini and M. J. Gans. 1998. 0On limits of
wireless communications in a fading environment when using
multiple antennas. Wireless Personal Commun. 6:311-35.

[15] M. A. Khalighi, K. Raoof, and G. Jourdain. 2862.
Capacity of wireless communication sys tems emplovying
antenna arrays, a tutorial study. Wireless Personal Commun.
23:321-52.

[16] D. Shiu, G. J. Foschini, M. J. Gans, and J. M. Kahn.
2600, Fading correlation and its eBect on the capacity of
multi-element antenna systems. IEEE Trans. Commun.
48:562-13.

[17] T. Kermoal et al. 2662. A stochastic MIMO radio
channel model with experimental valida tion. IEEE T.
Selected Areas Commun. 26:1211-26.

[18] H. Ozcelik et al. 2e93. DeBciencies of the “Kronecker”
MIMO radio channel model. In Elec. Lett. 39(16):1269-1216.

[19] A. Saleh and R. valenzuela. 1987. A statistical model
for indoor multipath propagation. IEEE J. Selected Areas
Commun. 5:128-37.

[2z6] D. Geshert et al. 2662. Outdoor MIMO wireless
channels: Models and performance predic tion. IEEE Trans.
Commun. 56:1926-34.

[21] A. Burr. 2683, Capacity bounds and estimates for the
nite scatterers MIMO wireless chan nel. IEEE J. Selected
Areas Commun. 21:812-18.

[22] M. Debbah and R. Muller. 26@65. MIMO channel modeling
and the principle of max<imum entropy. IEEE Trans. Inf.
Beory 51(5).

[23] A. Sayeed. 2662. Deconstructing multiantenna fading
channels. IEEE Trans. Signal Process ing 56:2563-79.

[24] L. M. Correia. 2861, Hireless Bexible personalised
communication. COST 259 Final Re port. New York: Hiley.

GOGO EX2003, Page 72 of 129



[25] L. M. Correia. 2866, Mobile broadband multimedia
networks. COST 273 Final Report. London: Elsevier.

[26] 3GPP. ze63. Spatial channel model for multiple input
multiple output (MIMO) simulations. 3GPPZ TR 25.996.

[27] G. J. Foschini. 1996. Layered space-time architecture
for wireless communication in a fading environment when
using multi-element antennas. Bell Labs Tech. J. 1:41-59.

[28] G. D. Golden, G. J. Foschini, R. A. Valenzuela, and P.
W. Wolniansky. 1999. Detection algorithm and initial
lahoratory results using W-BLAST space-time communication
ar chitecture. Electronic Lett. 35:14-16.

[29] G. G. Raleigh and V. K. Jones. 19939. HMultivariate
modulation and coding for wireless com munication. IEEE J.
Selected Areas Commun. 17:851-66.

[38] E. Biglieri, J. Proakis, and 5. 5. Shitz. 1998. Fading
channels, information-theoretic and communications
aspects. IEEE Trans. Inf. Beory 44:2619-92.

[31] W. C. Jakes. 1998. Microwave mobile communications.
New York: John Wiley & Sons.

[32] H. Hashemi. 1993. Be indoor radio propagation channel.
Proc. IEEE 81:943-68.

[33] M. A. Khalighi, J. M. Brossier, G. Jourdain, and K.
Raoof. z8al. Water Blling capacity of Rayleigh MIMO
channels. In Proceedings of PIMRC, San Diego, wol. A, pp.
155-58.

[34] JT. B. Anderson. 2866. Array gain and capacity for
known random channels with multiple element arraus at both
ends. IEEE J. Selected Areas Commun. 18:2172-78.

[35] G. G. Raleigh and J. M. Cioll. 1998. Spatio-temporal
coding for wireless communication. IEEE Trans. Commun.
46:357-66.

[36] T. L. Marzetta and B. M. Hochwald. 1999. Capacity of a
mobile multiple-antenna communi cation link in Rauleigh
Bat fading. IEEE Trans. Inf. Beory 45:139-57.

[37] L. Zheng and D. N. C. Tse. 2862. Communication on the
Grassmann manifold: A geomet ric approach to the
noncoherent multiple-antenna channel. IEEE Trans. Inf.
Beory 45:359-83.

GOGO EX2003, Page 73 of 129



[38] B. Sklar. 1997. Rayleigh fading channels in mohile
digital communication systems. Part I. Characterization.
Part II. Mitigation. IEEE Commun. Mag. 35:96-189.

[39] T. Salz and J. H. Winters. 1994. EBect of fading
correlation on adaptive arrays in digital mobile radio.
IEEE Trans. ¥eh. Technol. 43:1649-57.

[46] P. F. Driessen and G. J. Foschini. 1999. 0On the
capacity formula for multiple inputmultiple output wireless
channels: A geometric interpretation. IEEE Trans. Commun.
47:173-76.

[41] M. A. Khalighi, J. M. Brossier, G. Jourdain, and K.
Raoof. 28@1. On capacity of Ricean MIMO channels. In
Proceedings of PIMRC, San Diego, wol. A, pp. 158-54.

[42] C. Berrou and A. Glavieux. 1996. Near optimum error
correcting coding and decoding: Turbo-codes. IEEE Trans.
Commun. 44:1261-71.

[43] C. Douillard, M. Jézéquel, C. Berrou, A. Picart, P.
Didier, and A. Glavieux. 1995, Iterative correction of
intersumbol interference: Turbo-equalization. Eur. Trans.
Telecommun. 6:567-11.

[44] M. A. Khalighi and J. J. Boutros. 2666. Semi-blind
channel estimation using EM algorithm in iterative MIMO
AFF detectors. IEEE Trans. Wireless Commun. 5:3165-73.

[45] M. Moels, C. Herzet, A. Dejonghe, V. Lottici, H.
Steendam, M. Moeneclaey, M. Luise, and L. Vandendorpe.
2683, Turbo synchronization: an EM algorithm
interpretation. In Proceedings of ICC, Anchorage, AK, wvol.
4, pp. 2933-37.

[46] ¥. Wang and H. ¥. Poor. 1999, Iterative (turbo) sof
interference cancellation and decoding for coded CDMA.
IEEE Trans. Commun. 47:1846-61.

[47] H. El Gamal and E. Geraniotis. 2666, Iterative
multiuser detection for coded COMA signals in AKWGN and
fading channels. IEEE J. Selected Areas Commun. 18:38-41.

[48] M. Sellathurai and 5. Haykin. 2662. Turbo-BLAST for
wireless communications: Beory and experiments. IEEE

Trans. Signal Processing 58:2538-46.

[49] B. Vucetic and J. Yuan. 2663. Space-time coding.

GOGO EX2003, Page 74 of 129



Chichester, England: John Wiley & Sons Ltd.

[58] ¥. Tarokh, H. Jafarkhani, and A. R. Calderhank. 1999.
Space-time block codes from orthog onal designs. IEEE
Trans. Inf. Beory 45:1456-67.

[51] 5. M. Alamouti. 1998. A simple transmit diversity
technigue for wireless communications. IEEE J. Selected
Areas Commun. 16:1451-58.

[52] ¥. Tarokh, M. Seshadri, and A. R. Calderbank. 1998.
Space-time codes for high data rate wireless

communication: Performance criterion and code construction.
IEEE Trans. Inf. Beory 44:744-g5.

[53] ¥. ®in, 2. Wang, and G. B. Giannakis. 28663. Space-time
diversity systems bhased on linear constellation precoding.
IEEE Trans. HWireless Commun. 2:294-369.

[54] B. Hassibhi and B. M. Hochwald. 2862, High-rate codes
that are linear in space and time. IEEE Trans. Inf. Beory
45:1804-24.

[55] E. ¥iterbo and J. J. Boutros. 1999. A universal
lattice code decoder for fading channels. IEEE Trans. Inf.
Beory 45:1639-42.

[56] G. Caire, G. Taricco, and E. Biglieri. 1998.
Bit-interleaved coded modulation. IEEE Trans. Inf. Beory
44:927-46,

[57] L. Bahl, T. Cocke, F. Jelinek, and J. Rawviwv. 1974.
Optimal decoding of linear codes for minimizing sumbol
error rate. IEEE Trans. Inf. Beory 26:284-87.

[58] J. Hagenauer, E. OBer, and L. Papke. 1996. Iterative
decoding of binary hlock and convolutional codes. IEEE
Trans. Inf. Beory 42:429-45,

[59] P. Robertson, P. Hoeher, and E. ¥illebrun. 1997.
Optimal and sub-optimal maximum a posteriori algorithms
suitable for turbo decoding. Eur. Trans. Telecommun.
g:119-25.

[6B] J. J. Boutros, M. Gresset, and L. Brunel. 2863, Turho
coding and decoding for multiple antenna channels. In
Proceedings of the International Sumposium on Turbo Codes
and Related Topics, Brest, France, pp. 1-8..

[61] B. Hassibhi and H. Vikalo. 2865, 0On the sphere-decoding

GOGO EX2003, Page 75 of 129



algorithm I. Expected complexity. IEEE Trans. Signal
Processing 53:2866-15.

[62] M. A. Khalighi and J. J. Boutros. 26865. Channel
estimation in turbo-BLAST detectors using EM algorithm. In
Proceedings of ICASSP, Philadelphia, wol. III, pp.
1837-48.

[63] M. &. Khalighi, J. J. Boutros, and J.-F. Hélard. 2806,
Data-alded channel estimation for turbo-PIC MIMO detectors.
IEEE Commun. Lett. 1@:358-52.

[64] M. A. Khalighi and J.-F. Helard. 2865. Should MIMO
orthogonal space-time coding be preferred to non-orthogonal
coding with iterative detection? In Proceedings of ISSPIT,
Athens, pp. 346-45.

[65] M. &. kKhalighi, J.-F. Hélard, and 5. Bourennane. 2806,
Choice of appropriate space-time coding scheme for MIMO
systems employing channel coding under BICHM. In
Proceedings of SPAWC, Cannes, France, pp. 1-5.

[66] M. A. Khalighi, J.-F. Hélard, and 5. Bourennane. 2806,
Contrasting orthogonal and non-orthogonal space-time
schemes for perfectly-known and estimated MIMO channels.

In Proceedings of ICCS, Singapore, pp. 1-5.

[67] ¥. Le Nir, J.-M. AuBray, M. HEélard, J.-F. Hélard, and
R. Le Gouable. 2663. Combination of space-time block coding
with MC-COMA technigque for MIMO systems with two, three

and four transmit antennas. In Proceedings of the IST
Mobile Communications Summit Conference, fAwveiro, Portugal.

[68] JT.-C. BelBore, G. Rekaya, and E. Viterbo. 2865, e
golden code: A 2 = 2 fullrate space-time code with
nonvanishing determinants. IEEE Trans. Inf. Beory
51:1432-36.

[69] R. G. Vaughan. 1998. Beam spacing for angle diversity.
In Proceedings of Globecom, wol. 2, pp. 928-33.

[Ta] P. kKyritsi et al. 2662. EBect of antenna polarization
on the capacity of a multiple element system in an indoor
environment. IEEE J. Selected Areas Commun. 26:1227-39.

[71] ¥. Eiceg, H. Sampath, and Catreux-Erceg, 5. 2666,
Dual-polarization versus single-polarization MIMO channel
measurement results and modeling. IEEE Trans. Wireless
Commun. 5:28-33.

GOGO EX2003, Page 76 of 129



[72] T. Swantesson. 2866, 0On the potential of multimode
antenna diversity. In Proceedings of WTC, pp. 2368-2372.

[73] M. A. J. T. Swantesson and J. W. Hallace. 2664,
fAnalysis of electromagnetic Beld polariza tions in
multiantenna systems. IEEE Trans. Wireless Commun.
3:641-46.

[74] JT. B. Andersen and B. N. Getu. 2662. Be MIMO cube-A
compact MIMO antenna. Wireless Personal Multimedia Commun.
1:112-14,

[75] C. A. Balanis. 1997. Antenna theory. New York: John
HWiley & Sons.

[T6] P. Soma, D. 5. Baum, ¥. Ercegl, R. Krishnamoorthyl,
and A. J. Paulraj. 2662. Analusis and modeling of
multiple-input multiple-output (MIMO) radio channel based
on outdoor measurements conducted at 2.5 GHz for Bxed EHA
applications. In Proceedings of ICC, pp. 272-76.

[77] R. G. Vaughan. 199¢. Polarization diversity in mobile
communications. IEEE Trans. YWeh. Technol. 39(3).

[78] J. Lempiainen, T. K. Laiho-SteBens, and A. F. HWacker.
1997. Experimental results of cross polarization
discrimination and signal correlation walues for a
polarization diversity scheme. In Proceedings of YTC, pp.
1498-562.

[79] T. Swantesson. 2862, Correlation and channel capacity
of MIMO sustems employing multi-mode antennas. IEEE Trans.
veh. Technol. 51(6).

[Be] A. F. Molisch. 2684, A generic model for the MIMO
wireless propagation channels in macro- and microcells.
IEEE Trans. Signal Processing 52:61-71.

[B1] 5. K. ¥ong and J. S. Bompson. 2883. A
three-dimensional spatial fading correlation model for
uniform rectangular arrays. IEEE Antennas Wireless
Propagation Lett. 2.

[B2] M. R. Andrews, P. P. Mitra, and R. de Carvalho. 2861,
Tripling the capacity of wireless communication using
electromagnetic polarization. Mature 469:316-18.

[83] M. Prayongpun and K. Raoof. 2866. MIMO channel
capacities in presence of polarization diversity with and
without line-of-sight path. J. WSEAS Trans. Commun.

GOGO EX2003, Page 77 of 129



5:1744-58@,

[B4] I. E. Akyildiz et al. 2662. A survey on sensor
networks. IEEE Commun. Mag. 4@(8):182-14,

[B5] C. ¥. Chong and 5. P. Kumar. 2663. Sensor networks:
Evolution, opportunities, and chal lenges. Proc. IEEE
91:1247-56.

[B6] J. Burdin and J. Dunyak. 2686. Cohesion of wireless
sensor networks with MIMO commu nications. Technical
report. MITRE Corp.

[87] L. Godard, J. Lienard, and K. Raoof. 2686,
Localisation des ohjets communicants. Technical report.
Laboratoire LIS.

[88] @. Jiang and D. Manivarman. 2664. Routing protocols
for sensor networks. In Consumer Com munications and
Networking Conference, pp. 93-98.

[89] J. Burdin and J. Dunyak. 2686, Enhancing the
performance of wireless sensor networks with MIMO
communications. Technical report. MITRE Corp.

[96] 5. Cul, A. J. Goldsmith, and A. Bahai. 2664,
Energy-efliciency of MIMO and cooperative MIMO technigues in
sensor networks. IEEE J. Selected Areas Commun
22(6):1889-1898.

GOGO EX2003, Page 78 of 129



5 Chapter 5. Adaptive Modeling and
Identificaion of Monlinear MIMO Channels
Using MNeural Hetworks

[1] H. Bolcskei. 2684, MIMO systems: Principles and trends.
In Signal processing for mobile communications handbook,
ed. M. Ibnkahla, chap. 12. Boca Raton, FL: CRC Press.

[2] S. Haykin. 1999. Neural networks: A& comprehensive
foundation. Englewood CLliBs, NJ: Prentice Hall.

[3] S. Haykin. 1996. Adaptive Blter theory. Englewood
Clifls, NJ: Prentice Hall.

[41 M. Ibnkahla, M. J. Bershad, J. Sombrin, and F.
Castanié. 1998. Meural network modeling and ident ification
of non-linear channels with memory: Algorithms,
applications and analytic models. IEEE Trans. Signal
Processing 46(5):1268-1224.

FIGURE 5.18 LMS-NN equalizer. % 1 in) = 1 (n) h LM h LM
hltithi1t g1 (g1 ) NMn)yln) N1 inhyH
Ny » M (n) TS mode NNCE Learning algorithm DD mode £ Z
Bx1in) BH-1NN-11(R)NHN-11(I)NN-1MI(R)

NN -1 M (I}

[51 M. Ibnkahla, Q. Rahman, A. Sulyman, H. Al-Asady, Y.
Jurn, and A. Safwat. 2664. High speed satellite mobile
communications: Technologies and challenges. Proc. IEEE
92(2)1:312-39.

[6] M. Ibnkahla. 26@a. applications of neural networks to
digital communications: A surved. Signal Processing
8@:1185-215.

[71 T. Javornik, G. Kandus, S. Plevel, G. HWhite, and A.
Burr. 28a3,. V-BLAST algorithm performance in non-linear
channel. In IEEE Computer as a Tool Conference (EUROCOM),
vol., 1, pp. 183-87.

[B] L. Ljung. 1999. Suystem identiBication: Beory for the
user. Englewood Clifls, NJ: Prentice Hall.

[9] K. S. Narendra and K. Parthasarathy. 1994.
IdentiBication and control of dunamical systems using neural
networks. IEEE Trans. Meural Networks 1:4-27.

[18] J. Pedro and S. Maas. 2885, A comparative overview of
microwave and wireless power ampliBer behavioral modeling
approaches. IEEE Trans. Microwave Beory Tech. 53:1158-63.

GOGO EX2003, Page 79 of 129



[11] G. Poitau and A. Kouki. 2664, Impact of realistic
amplification models on dynamic VBLAST optimization. In
Proceedings of the IEEE “ehicular Technology Conference,
pp. 894-97.

[12] A. Saleh. 1981. Freguency-independent and
freguency-dependent nonlinear models of TWT ampliBlers. IEEE
Trans. Commun. 29(117).

[13] TJ. Sjoberg et al. 1995. Wonlinear black hox modeling
in system identiBcation: A uniBed overwview. Automatica
31:1691-724.

[14] A. I. Sulyman and M. Ibnkahla. 2864, Performance

analysis of nonlinearly amplifBled M-0AM signals in MIMO
channels. In Proceedings of IEEE ICASSP’64, Montreal,

Canada.

[15] A. I. Sulyman and M. Ibnkahla. 2665, Performance of
space-time codes over nonlinear MIMO channels. In
Proceedings of the International Sumposium on Signal
Processing and Its @pplications (ISSPAT@S), Sudney,
Australia.

[16] S. HWoo, D. Lee, K. Kim, H. Hur, C. Lee, and J. Laskar.
2685, Combined eBects of RF impairments in the future IEEE
g62.11n HWLAM systems. In Proceedings of the IEEE wehicular
Technology Conference, wol. 2, pp. 1346-49.

[17] 5. ¥Yang, J. #®i, and X. Mu. 2865. Decision aided joint
compensation of clipping noise and nonlinearity for
MIMO-0FDM systems. In Proceedings of the IEEE
International Symposium on Communications and Information
Technology ISCIT 2665, wol. 1, pp. 725-28.

[18] 5. ¥Yang, J. ¥i, F. Wang, ¥. Mu, and H. Kobayashi.
2685, Decision aided compensation of residual freguency
oflset for MIMO-OFDM systems with nonlinear channel. In
Proceedings of the International Symposium on Intelligent
Signal Processing and Communication Systems ISPACS 28@5,
pp. 113-16.

GOGO EX2003, Page 80 of 129



& Chapter 6. Joint Adaptive Transmission
and Switched Diversity Reception

[1] A. J. Goldsmith and 5.-G. Chua. 1998. Adaptive coded
modulation for fading channels. IEEE Trans. Commun.
46:595-662.

[2] M.-5. Alouini and A. J. Goldsmith. 2666. Adaptive
modulation over Wakagami fading channels. Kluwer TJ.

HWireless Commun. 13:119-43.

[3] K. J. Hole, H. Holm, and G. E. @ien. 2666, Adaptive

multidimensional coded modulation over Bat fading channels.

IEEE J. Select. Areas Commun. 18:1153-58.

[4] G. L. Stlber. 2006, Principles of mobile
communications. 2nd ed. Morwell, MA: Kluwer Academic
Publishers.

[5] R. Prasad. 1998. Universal wireless personal
communications. Boston: Artech House.

[6] M. Kong and L. B. Milstein. 1999. Average SNR of a
generalized diversity selection combining scheme. IEEE
Commun. Lett. 3:57-59.

[71 M. 2. Win and J. H. Winters. 1999. Analysis of hybrid
selections/maximal-ratio combining in Rayleigh fading. IEEE
Trans. Commun. 47:1773-76.

[B] M.-5. Alouini and M. K. Simon. 2686. An MGF-based
performance analysis of generalized selective combining
over Rayleigh fading channels. IEEE Trans. Commun.
48:461-15.

[9]1 A. Annamalal and C. Tellambura. 2662, Analysis of
hybrid selectionsmaximalratio diversity combiner with
Gaussian errors. IEEE Trans. Wireless Commun. 1:498-512.

[18] ¥. Ma and 5. Pasupathy. 2664, EBcient performance
evaluation for generalized selection combining on
generalized fading channels. IEEE Trans. Wireless Commun.
3:29-34.

[11] 5. W. Kim, ¥. G. Kim, and M. K. Simon. 2664,
Generalized selection combining based on the

log-1likelihood ratio. IEEE Trans. Commun. 52:521-24.

[12] 5. W. Kim, D. 5. Ha, and J. H. Reed. 2883, Minimum

selection GSC and adaptive low-power RAKE combining scheme.

GOGO EX2003, Page 81 of 129



In Proceedings of the IEEE International Symposium on
Circuits and Sustems (ISCAS’®3), Bangkok, Bailand, wvol. 4,
pp. 357-66.

[13] P. Gupta, M. Bansal, and R. K. Mallik. 2665. Analuysis
of minimum selection H-5/ MRC in Rayleigh fading. IEEE
Trans. Commun. 53:786-84.

[14] H.-C. Yang. 2666. Mew results on ordered statistics
and analusis of minimumselection generalized selection
combining (GSC). IEEE Trans. Wireless Commun. 5:1876-85.

[15] R. K. Mallik, P. Gupta, and Q. T. Zhang. 26@5. Minimum
selection GSC in independent Rauleigh fading. IEEE Trans.
vVeh. Technol. S4:1813-21.

[16] M.-5. Alouini and H.-C. Yang. 2665, Minimum estimation
and combining generalized selection combining (MEC-GSC). In
Proceedings of the IEEE International Symposium an
Information Beory (ISIT'95), adelaide, Australia, pp.
578-82.

[17] H.-C. Yang and M.-5. Alouini. 2665. MRC and GSC
diversity combining with an output threshold. IEEE Trans.
Veh. Technol. S4:1881-96.

[18] H.-C. Yang, W. Belhaj, and M.-5. Alouini. 2866,
Bandwidth-efBcient-power-greedy joint adaptive modulation
and diversity combining. In Proceedings of the
International Symposium on Information Beory (ISIT "20606),
Seattle, WA, pp. 937-941.

[19] ¥.-C. Ko, H.-C. ¥Yang, and M.-5. Alouini. 2666,
Adaptive modulation and diversity combining based on
output-threshold MRC. In Proceedings of the 63rd IEEE
Semiannual vehicular Technology Conference (WTC'2666),
Melbourne, Australia, pp. 1693-97.

[26] W. C. Jakes. 1994. Microwave mobile communication. 2nd
ed. Piscataway, WJ: IEEE Press.

[21] H. A. Blanco and K. J. Zdunek. 1979. Performance and
optimization of switched diversity systems for the
detection of signals with Rayleigh fading. IEEE Trans.
Commun. 27:1887-95.

[22] M. A. Blanco. 1983. Diversity receiver performance in
MNakagami fading. In Proceedings of the IEEE Southeastern
Conference, Orlando, FL, pp. 529-3Z2.

GOGO EX2003, Page 82 of 129



[23] A. A. Abu-Dayya and N. C. Beaulieu. 1994, Analysis of
switched diversity systems on generalized-fading channels.
IEEE Trans. Commun. 42:2959-66.

[24] A. A. Abu-Dayya and N. C. Beaulieu. 1994, Switched
diversity on microcellular Ricean channels. IEEE Trans.
veh. Technol. 43:976-76.

[25] G. Femenias and I. Furid. 1997. Analysis of switched
diversity TCM-MPSK systems on Nakagami fading channels.
IEEE Trans. Weh. Technol. 46:162-7.

[26] ¥.-C. Ko, M.-5. Alouini, and M. K. Simon. 2866,
Analysis and optimization of switched diversity sustems.
IEEE Trans. Yeh. Technol. 49:1569-74.

[27] C. Tellambura, A. Annamalai, and V. K. Bhargava. 2861,

UniBled analusis of switched diversity systems in
independent and correlated fading channel. IEEE Trans.
Commun. 49:1955-65.

[28] H.-C. Yang and M.-5. Alouini. 2663. Performance
analysis of multibranch switched diversity systems. IEEE
Trans. Commun. 51:782-94.

[29] H.-C. Yang and H.-5. Alouini. 2666, Improving the
performance of switched diversity with post-examining
selection. IEEE Trans. HWireless Commun. S5:67-71.

[38] K. Cho and D. ¥Yoon. 2682. On the general BER
expression of one- and two-dimensional amplitude
modulation. IEEE Trans. Commun. S@:1674-86.

[31] I. 5. Gradshteyn and I. M. Ryzhik. 1994. Table of
integrals, series, and products. 5th ed. San Diego:
Academic Press.

[32] A. H. Nuttall. 1975. Some integrals involving the @ M
function. IEEE Trans. Information Beory 1:95-96.

GOGO EX2003, Page 83 of 129



7 Chapter 7 . Adaptive Opportunistic
Beamforming in Ricean Fading Channels

[1] G. K. Kaleh. 1996. Freguency-diversity spread-spectrum
communication system to counter bandlimited Gaussian
interference. IEEE Trans. Commun. 44:886-93.

[2] ¥. E. Dallal and 5. Shamai. 1992. Time diversity in
DPSK noisy phase channels. IEEE Trans. Commun. 48:1783-15.

[3] L. C. Godara. 1997. fApplications of antenna arrays to
mobile communications. Part I. Performance improvement,
feasibility, and system considerations. Proc. IEEE
85:1631-68.

[4] L. C. Godara. 1997. fApplications of antenna arrays to
mobile communications. Part II. Beamforming and
direction-of-arrival considerations. Proc. IEEE
85:1195-245.

[5] ¥. Tarokh, M. Seshadri, and A. R. Calderbank. 1998.
Space-time codes for high data rate wireless

communication: Performance criterion and code construction.
IEEE Trans. Inform. Beory 44:744-g5.

[6] T. H. Winters. 1998. Smart antennas for wireless
systems. IEEE Personal Commun. 5:23-27.

[71 R. Knopp and P. Humblet. 1995. Information capacity and
power control in single cell multiuser communications. In
Proceedings of the IEEE International Computer Conference
(ICC’95), Seattle, WA, pp. 331-339.

[B] D. M. C. Tse. 1997. Optimal power allocation over
parallel Gaussian channels. In Proceedings of the
International Sumposium on Information Beory, Ulm, Germany,
p. 27.

[9] R. Gozali, R. M. Buehrer, and B. D. Woerner. 2663. Be
impact of multiuser diversity on space-time block coding.
IEEE Commun. Lett. 7:213-15.

[18] T. Jiang, R. M. Buehrer, and W. H. Tranter. 2664,
Antenna diversity in multiuser data networks. IEEE Trans.
Commun. 52:496-97.

[11] E. G. Larsson. 2864, 0On the combination of spatial
diversity and multiuser diversity. IEEE Commun. Lett.
g8:517-19.

GOGO EX2003, Page 84 of 129



[12] D. WM. C. Tse. 2662. Transmitter directed, multiple
receiver system using path diversity to equitably maximize
throughput. U.5. Patent 644949a,

[13] P. Viswanath, D. N. C. Tse, and R. Laroia. 2862.
Opportunistic beamforming using dumb antennas. IEEE Trans.
Inform. Beory 48:1277-94.

[14] I.-M. Kim, 5.-C. Hong, 5. 5. Chassemzadeh, and ¥.
Tarokh. zea5. Opportunistic beamforming hased on multiple
weighting vectors. IEEE Trans. Wireless Commun. 4:2683-87.

[15] J. Chung, C.-5. Hwang, K. Kim, and ¥. K. Kim. 2683. A
random beamforming technigue in MIMOD systems exploiting
multiuser diversity. IEEE J. Selected Areas Commun.
21:848-55.

[16] M. Sharma and L. H. Qzarow. 2665. A study of
opportunism for multiple-antenna sustems. IEEE Trans.
Inform. Beory S51:1868-14.

[17] I.-M. Kim, Z. ¥i, D. Kim, and W. Chung. 2686. Improved
opportunistic beamforming in Ricean fading channels. IEEE
Trans. Commun. 54:2199-211.

[18] P. Bender, P. Black, M. Grob, R. Padowvani, M.
Sindhushayana, and A. Viterbi. 2ees., COMAAHDR: A bandwidth
eficient high speed wireless data service for nomadic
users. IEEE Commun. HMag. 38:76-73.

[19] D. Tse and P. Viswanath. 2665. Fundamentals of
wireless communication. Cambridge: Cambridge University
Press.

[2z6] R. 0. Schmidt. 1986. Multiple emitter location and
signal parameter estimation. IEEE Trans. Antennas
Propagation 34:276-86.

[21] A. Barabell. 1983. Improving the resolution of
eigenstructured based direction Bnding algorithms. In
Proceedings of IEEE ICASSP' 83, pp. 336-39.

[22] R. Roy and T. Kailath. 1989. ESPRIT-Estimation of
signal parameters wvia rotational invariance technigues. In

IEEE Trans. Acoustics Speech Signal Processing 37:984-95.

[23] 5. M. Kay. 1993. Fundamentals of statistical signal
processing. Upper Saddle River, NJ: Prentice-Hall PTR.

[24] A. Ahdi, C. Tepedelenlioglu, M. Kaveh, and G.

GOGO EX2003, Page 85 of 129



Giannakis. 2e@l. On the estimation of the K parameters for
the Rice fading distribution. IEEE Commun. Lett. 5:92-94,

[25] C. Tepedelenlioglu, A. Abdi, and G. B. Giannakis.
2683, Be Ricean K factor: Estimation and performance
analysis. IEEE Trans. Wireless Commun. 2:799-81@.

GOGO EX2003, Page 86 of 129



8 Chapter 8. Adaptive Beamforming for
Multiantenna Communications

[1] B. D. %an ¥een and K. M. Buckley. 1988. Beamforming: A
versatile approach to spatial Bltering. IEEE Acoust.
Speech Signal Processing Mag. S5:4-24.

[2] T. Maghan. 1976. Nulling limitations for a
multiple-beam antenna. IEEE Trans. Antennas Propagation
24:769-79.

[3] R. T. Compton. 1978. An adaptive array in a spread
spectrum communication system. Proc. IEEE 66:289-98.

[4] T. Winters. 1982. Spread spectrum in a four-phase
communication system employing adaptive antennas. IEEE
Trans. Commun. 38:929-36.

[5] G. J. Foschini. 1996. Layered space-time architecture
for wireless communication in a fading environment when
using multielement antennas. Bell Labs Tech. J. 1:41-59.

[6] L. C. Godara. 1997. Application of antenna arrays to
mobile communications. II. Beam-forming and
direction-of-arrival considerations. Proc. IEEE
85:1195-245.

[71 T. 5. Rapapport, ed. 1998. Smart antennas: Adaptive
arrays, algorithms, and wireless position location.
Piscataway, NJ: IEEE Press.

[B] 5. M. Alamouti. 1998. A simple transmit diversity
technigue for wireless communications. IEEE J. Selected
Areas Commun. 45:1451-58.

[9]1 ¥. Tarokh, M. Seshadri, and A. R. Calderbank. 1998.
Space-time codes for high data rate wireless

communication: Performance criterion and code construction.

IEEE Trans. Inform. Beory 44:744-g5.

[18] I. E. Telatar. 1999. Capacity of multi-antenna
Gaussian channels. Eur. Trans. Telecommun. 18:585-96.

[11] F. Rashid-Farrokhi, K. J. R. Liu, and L. Tassiulas.
1998. Transmit beamforming and power control for cellular
wireless systems. IEEE J. Selected Areas Commun.
16:1437-58.

[12] S. Kapoor, D. J. Marchok, and ¥.-F. Huang. 1999.
Adaptive interference suppression in multiuser wireless

GOGO EX2003, Page 87 of 129



OFDM systems using antenna arraus. IEEE Trans. Signal
Processing 47:3381-91.

[13] T. Razavilar, F. Rashid-Farrokhi, and K. J. R. Liu.
200, Traflc improvements in wireless communication
networks using antenna arrays. IEEE J. Selected Areas
Commun. 18:458-71.

[14] M. Bengtsson and B. Ottersten. 2861, Optimal and
suboptimal transmit beamforming. In Handhook of antennas in
wireless communications, ed. L. Godara. Boca Raton, FL:

CRC Press, chapter 18.

[15] C. Farsakh and J. A. Mossek. 1998. Spatial covariance
bhased downlink beamforming in an SOMA mobile radio sustem.
IEEE Trans. Commun. 46:1497-5686.

[16] E. G. Larsson and P. Stoica. 2663. Space-time hlock
coding for wireless communications. Cambridge, UK:
Cambridge University Press.

[17] A. Paulraj, R. Nabar, and D. Gore. 2663. Introduction
to space-time wireless communications. Cambridge, UK:
Cambridge University Press.

[18] A. B. Gershman and M. D. Sidiropoulos, eds. 2665,
Space-time processing for MIMO communications. New York:
John Wiley & Sons.

[19] T. Kaiser, A. Boudroux, H. Boche, J. R. Fonollosa, J.
B. Andersen, and W. Utschick, eds. 28665, Smart
antennas—-5tate-of-the-art. EURASIF Book Series on Signal
Processing and Communications. Mew York: Hindawi.

[28] H. Bolcskei, D. Geshert, C. B. Papadias, and A. J. van
der W“een, eds. 2666. Spacetime wireless systems—From array
processing to MIMO communications. Cambridge, UK: Cambridge
University Press.

[21] 5. 5. Jeng, H. P. Lin, G. Xu, and W. J. Yogel. 1995.
Measurements of spatial signature of an antenna arraud. In
Proceedings of PIMRC'9S, Toronto, wol. 2, pp. 669-72.

[22] A. J. HWeiss and B. Friedlander. 1996. Almost blind
steering vector estimation using second-order moments.
IEEE Trans. Signal Processing 44:1824-27.

[23] A. L. Swindlehurst. 1998. Time delay and spatial
signature estimation using known asynchronous signals.
IEEE Trans. Signal Processing 46:449-62.

GOGO EX2003, Page 88 of 129



[24] D. Astely, A. L. Swindlehurst, and B. Ottersten. 1999.
Spatial signature estimation for uniform linear arraus
with unknown receiver gains and phases. IEEE Trans. Signal
Processing 47:2128-35.

[25] ¥. Rong, 5. A. Vorohyow, A. B. Gershman, and M. D.
Sidiropoulos. 2865, Blind spatial signature estimation wia
time-varying user power loading and parallel factor
analysis. IEEE Trans. Signal Processing 53:1697-718.

[26] H. L. %an Trees. 2862. Optimum array processing. New
York: Hiley.

[27] A. B. Gershman. 2863. Robustness issues in adaptive
bheamforming and high resolution direction Bnding. In
High-resolution and robust signal processing, ed. Y. Hua,
A. B. Gershman, and G. Cheng. Mew York: Marcel Dekker.

[2z8] I. S. Reed, J. D. Mallett, and L. E. Brennan. 1974.
Rapid convergence rate in adaptive arrays. IEEE Trans.
ferospace Electronics Syst. 18:853-63.

[29] D. D. Feldman and L. J. Grifths. 1994. A projection
approach to robust adaptive beamforming. IEEE Trans.
Signal Processing 42:867-76.

[38] A. B. Gershman. 1999. Robust adaptive beamforming in
sensor arrays. AEU Int. J. Electronics Commun. 53:385-14.

[31] T. Riba, 7. Goldherg, and G. Vazguez. 1997. Robust
heamforming for interference rejection in mobile
communications. IEEE Trans. Signal Processing 45:271-75.

[32] 5. P. Applebaum and D. J. Chapman. 1976. Adaptive
arrays with main beam constraints. IEEE Trans. Antennas
Propagation 24:658-62.

[33] K. Takao, M. Fujita, and T. MNishi. 1976. An adaptive
antenna array under directional constraint. IEEE Trans.
Antennas Propagation 24:662-69.

[34] K. I. Pedersen, P. E. Mogensen, and B. H. Fleury.
2608, A stochastic model of the temporal and azimuthal
dispersion seen at the base station in outdoor propagation
environments. IEEE Trans. VYehicular Technol. 49:437-47.

[35] ¥. I. Abramovich. 1981. Controlled method for adaptive
optimization of Blters using the criterion of maximum SHRE.
Radio Eng. Electronic Physics 26:87-95.

GOGO EX2003, Page 89 of 129



[36] H. Cox, R. M. Zeskind, and M. H. Owen. 1987. Robust
adaptive beamforming. IEEE Trans. Acoust. Speech Signal
Processing 35:1365-76.

[37] B. D. Carlson. 1988. Covariance matrix estimation
errors and diagonal loading in adaptive arrays. IEEE
Trans. Aerospace Electronic Syst. 24:397-481.

[38] S. “orobyow, A. B. Gershman, and 2.-0. Luo. 2883,
Robust adaptive beamforming using worst-case performance
optimization: A solution to the signal mismatch problem.
IEEE Trans. Signal Processing 51:313-24.

[39] L. Chang and C. C. Yeh. 1992. Performance of DMI and
eigenspace-based beamformers. IEEE Trans. Antennas
Propagation 46:1336-47.

[46] R. J. Mailloux. 1995. Covariance matrix augmentation
to produce adaptive array pattern troughs. IEE Electronics
Lett. 31:771-72.

[41] A. B. Gershman, U. Nickel, and J. F. Bohme. 1997.
Adaptive beamforming algorithms with robustness against
Jammer motion. IEEE Trans. Signal Processing 45:1878-85.

[42] JT. R. Guerci. 2666, Beory and application of
covariance matrix tapers to robust adaptive beamforming.
IEEE Trans. Signal Processing 47:977-85.

[43] M. &. Zatman. 26@6. Comment on “Beory and application
of covariance matrix tapers for robust adaptive
bheamforming.” IEEE Trans. Signal Processing 48:1796-866.

[44] S. Shahbazpanahi, A. B. Gershman, 2.-8. Luo, and K. M.

Wong. 2883, Robust adaptive beamforming for general-rank
signal models. IEEE Trans. Signal Processing 51:2257-69.

[45] S. “orohyow, A. B. Gershman, Z2.-0. Luo, and M. Ma.
2684, Adaptive beamforming with joint robustness against
mismatched signal steering wvector and interference
nonstationarity. IEEE Signal Processing Lett. 11:188-11.

[46] R. G. Lorenz and 5. P. Boyd. 2665. Robust minimum
variance beamforming. IEEE Trans. Signal Processing
53:1684-96.

[47] M. Lobo, L. Vandenberghe, 5. P. Boyd, and H. Lehret.
1998. Applications of second-order cone programming. Lin.
Algebra Appl. 284:193-228.

GOGO EX2003, Page 90 of 129



[48] Z.-0. Luo. 2663, Applications of convex optimization
in signal processing and digital communication. Math.
Programming 97B:177-267.

[49] Z.-0. Luo and W. Yu. 2886. An introduction to convex
optimization for communications and signal processing. IEEE
J. Selected Areas Commun. 24:1426-38.

[58] J. F. Sturm. 1999. Using SeDuMi 1.2, a MATLAE toolbox
for optimization over symmetric cones. Optim. Meth.
SoBuware 11/12:625-53.

[51] K. ZariB, 5. Shahbazpanahi, A. B. Gershman, and Z2.-0.
Luo. 2685. Robust blind multiuser detection based on the
worst-case performance optimization of the MMSE receiver.
IEEE Trans. Signal Processing 53:295-365.

[52] P. Stoica and J. Li, eds. 2686. Robust adaptive
bheamforming. Hoboken, NJ: John Wiley & Sons.

[53] ¥. Rong, 5. A. Vorohyow, and A. B. Gershman. 2665,
Robust adaptive beamforming using probability-constrained
optimization. In Proceedings of the IEEE MWorkshop on
Statistical Signal Processing, Bordeaux, France, pp.
934-39.

[54] 5. A. Vorobyow, Y. Rong, and A. B. Gershman. Z2666.
Robust minimum wariance adaptive beamformers and multiuser
MIMO receivers: From worst-case to probabilistically
constrained designs. In Proceedings of ICASSP’ @6, Toulouse,
France, wol. 5, pp. 977-86.

[55] 5. A. Vorobyow, A. B. Gershman, and ¥. Rong. 2667. 0On
the relationship hetween the worst-case optimization-based
and probability-constrained approaches to robust adaptive
bheamforming. In Proceedings of ICASSP’ @7, Honolulu, HI,
vol., 2, pp. 977-986.

[56] A. Prékopa. 1995. Stochastic programming. Dordrecht,
Netherlands: Kluwer Academic Publishers.

[57] H. Li, ®. Lu, and G. B. Giannakis. 2662. Capon
multiuser receiver for CDMA systems with space-time coding.
IEEE Trans. Signal Processing 58:1193 -264,

[58] D. Reynolds, ®. Wang, and H. V. Poor. 2862. Blind
adaptive space-time multiuser detection with multiple
transmitter and receiver antennas. IEEE Trans. Signal
Processing S6:1261-76.

GOGO EX2003, Page 91 of 129



[59] 5. Shahbazpanahi, M. Beheshti, A. B. Gershman, M.
Gharavi-Alkhansari, and K. M. Wong. 2664, Minimum variance
linear receivers for multiaccess MIMO wireless systems

with space-time block coding. IEEE Trans. Signal Processing
52:3386-13.

[66] A. Mordio and G. Taricco. 2866, Linear receivers for
the multiple-input multipleoutput multiple-access channel.
IEEE Trans. Commun. 54:1446-56.

[61] B. Hassihi and B. M. Hochwald. 2862, High-rate codes
that are linear in space and time. IEEE Trans. Inform.
Beory 48:1804-24.

[62] M. Gharavi-Alkhansari and A. B. Gershman. 2865,
Constellation space inwvariance of orthogonal space-time
block codes. IEEE Trans. Inform. Beory 51:331-34.

[63] %. Rong, 5. Shahbazpanahi, and A. B. Gershman. 2865,
Robust linear receivers for space-time block coded
multi-access MIMO systems with imperfect channel state
information. IEEE Trans. Signal Processing 53:3681-94.

[64] ¥. Rong, 5. A. Vorobyowv, and A. B. Gershman. 2664, A
robust linear receiver for multi-access space-time block
coded MIMO systems hased on probability constrained
optimization. In Proceedings of IEEE WTC'@4, Milan, Italu,
vol., 1, pp. 118-22.

[65] %. Rong, 5. A. Vorohyow, and A. B. Gershman. 2665,
Robust linear receiver design for multi-access space-time
block coded MIMO systems using stochastic optimization. In
Proceedings of the IEEE HWorkshop on Statistical Signal
Processing, Bordeaux, France, pp. 65-76.

[66] R. Wang, H. Li, and T. Li. 2886. Robust multiuser
detection for multicarrier COMA systems. IEEE J. Selected
Areas Commun. 24:673-83.

[67] %. Rong, 5. A. Vorohyow, and A. B. Gershman. 2666,
Robust linear receivers for multi-access space-time block
coded MIMO systems: A probabilistically constrained
approach. IEEE J. Selected Areas Commun. 24:15668-78.

[68] G. Jongren, M. Skoglund, and B. Ottersten. 2602,
Combining beamforming and space-time block coding. IEEE

Trans. Inform. Beory 48:611-27.

[69] &. Zhou and G. B. Giannakis. 2662. Optimal transmitter

GOGO EX2003, Page 92 of 129



eigen-beamforming and space-time block coding based on
channel mean feedback. IEEE Trans. Signal Processing
58:2599-613.

[7e] E. Visotsky and U. Madhow. 1999. Optimum heamforming
using transmit antenna arrays. In Proceedings of IEEE
YTC'99, Houston, T¥, wol. 1, pp. 851-56.

[71] M. Bengtsson and B. Ottersten. 1999. 0Optimal downlink
bheamforming using semide@inite optimization. In Proceedings
of the 37th Annual Allerton Conference on Communications,
Control, and Computing, pp. 987-96.

[72] E. Matskani, N. D. Sidiropoulos, 2.-8. Luo, and L.
Tassiulas. Submitted. Convex approximation technigues for
joint multiuser downlink beamforming and admission control.
IEEE Trans. HWireless Commun.

[73] E. Matskani, M. D. Sidiropoulos, 2.-8. Luo, and L.
Tassiulas. 2ea7. Joint multiuser downlink beamforming and
admission control: A semidef@inite relaxation approach. In
Proceedings of ICASSP'67, Honolulu, HI, wol. 3, pp.
585-588.

[74] E. Matskani, N. D. Sidiropoulos, 2.-8. Luo, and L.
Tassiulas. 2867, A second-order cone deBation approach to
joint multiuser downlink beamforming and admission
control. In Proceedings of the IEEE Workshop on Signal
Processing Advances in Wireless Communications, Helsinki,
Finland, pp. 1-5.

[75] G. Caire and 5. Shamail. 2663. 0On the achiewvable
throughput of a multi-antenna Gaussian broadcast channel.
IEEE Trans. Inform. Beory 49:1691-786.

[76] 5. Vishwanath, M. Jindal, and A. Goldsmith. 2663,
Duality, achievable rates, and sum-rate capacity of
Gaussian MIMO broadcast channels. IEEE Trans. Inform.
Beory 49:2658-68.

[77] 2. Tu and R. 5. Blum. 2863. Multiuser diversity for a
dirty paper approach. IEEE Commun. Lett. 7:378-72.

[78] @. H. Spencer, A. L. Swindlehurst, and M. Haardt.
2684, Zero-forcing methods for downlink spatial
multiplexing in multi-user MIMO channels. IEEE Trans.
Signal Processing 52:461-71.

[79] G. Dimit and M. D. Sidiropoulos. 2865. On downlink
bheamforming with greedy user selection: Performance

GOGO EX2003, Page 93 of 129



analysis and a simple new algorithm. IEEE Trans. Signal
Processing 53:3857-65.

[B6] M. Bengtsson. 2686, Robust and constrained downlink
beamforming. In Proceedings of EUSIPCO’ @6, Tampere,
Finland, pp. 1433-36.

[81] M. Biguesh, 5. Shahbazpanahi, and A. B. Gershman.
2684, Robust downlink power control in wireless cellular
systems. EURASIFP J. Wireless Commun. MNetworking 2:261-72.

[82] H. Boche and M. Schubert. 2861. A new approach to
power adjustment for spatial covariance hased downlink
bheamforming. In Proceedings of ICASSP’ @1, Salt Lake City,
UT, wol. 5, pp. 2957-64.

[83] W. D. Sidiropoulos, T. M. Davidson, and Z.-0. Luo.
2686, Transmit beamforming for phuysical-layer
multicasting. IEEE Trans. Signal Processing 54:2239-51.

[84] E. Karipidis, N. D. Sidiropoulos, and Z.-Q0. Luo. 2666.
Conwvex transmit beamforming for downlink multicasting to
multiple co-channel groups. In Proceedings of ICASSP’ 66,
Toulouse, France, wvol. 5, pp. 973-76.

[B5] I. HWajid, A. B. Gershman, 5. A. Vorobhyow, and Y. A.
kKaranouh. 2867. Robust multiantenna broadcasting with
imperfect channel state information. In Proceedings of the
IEEE HWorkshop on Computer Advances in Multi-Sensor Adaptive
Processing, U.5. Virgin Islands.

[B6] E. Karipidis, N. D. Sidiropoulos, and Z.-Q0. Luo. 2665.
Submitted. Quality of service and max-min fair transmit
bheamforming to multiple co-channel multicast groups. IEEE
Trans. Signal Processing 56:1268-1279.

[87] E. Karipidis, N. D. Sidiropoulos, and Z.-Q0. Luo. 2665,
Transmit beamforming to multiple co-channel multicast
groups. In Proceedings of the IEEE Workshop on Computer
Advances in Multi-Sensor Adaptive Processing, Puerto
Vallarta, Mexico, pp. 189-1Z2.

GOGO EX2003, Page 94 of 129



9 Chapter 9. Adaptive Equalization for
Hireless Channels=x

[1] Schniter, P. 2664, Low-complexity egualization of OFDM
in doubly-selective channels. IEEE Trans. Signal
Processing S52:1662-11.

[2] Witerhi, A. J. 1967. Error bounds for convolutional
codes and an asymptotically optimal decoding algorithm.
IEEE Trans. Inf. Beory 13:266-/9.

[3] Tong, L., ¥u, G., and Kailath, T. 1994. Blind
identiBication and equalization based on second-order
statistics: A time domain approach. IEEE Trans. Inf. Beory
46:348-49.

[4] Moulines, E., Duhamel, P., Cardoso, J., and Mayrargue,
5. 1995, Subspace methods for the blind identiBication of
multichannel FIR Blters. IEEE Trans. Signal Processing
43:516-25.

[5] Widrow, B., and HoB, Jr., M. E. 1966. Adaptive
switching circuits. In Proceedings of the WESCON
Conference Recordings, Part 4, pp. 96-164.

[6] Lucky, R. W. 1965. Automatic egualization for digital
communication. Bell Syst. Tech. J. 44:547-88.

[7] Widrow, B., et al. 1976. Stationary and nonstationary
learning characteristics of the LMS adaptive Blter. Proc.
IEEE 64:1151-62.

[8] Gitlin, R. D., and Mazo, J. E. 1973. Comparison of some
cost functions for automatic egualization. IEEE Trans.
Commun. 21:233-37.

[9] Qureshi, 5., and Newhall, E. 1973. An adaptive receiver
for data transmission over time-dispersive channels. IEEE
Trans. Inf. Beory 19:448-57.

[18] Falconer, D. D., and Magee, F. R. 1973. Adaptive
channel memory truncation for maximum likelihood segquence
estimation. Bell Syst. Tech. J. 1541-62.

[11] Sato, ¥. 1975. A method of self-recowvering
equalization for multilevel amplitudemodulation sustems.
IEEE Trans. Commun. 23:679-82.

[12] Godard, D. N. 1986. Self-recovering eqgualization and
carrier tracking in twodimensional data communication

GOGO EX2003, Page 95 of 129



systems. IEEE Trans. Commun. 28:1867-75.

[13] Treichler, J. R., and Agee, B. G. 1983. A new approach
to multipath correction of constant modulus signals. IEEE
Trans. Acoustics Speech Signal Processing 31:459-72.

[14] Foschini, G. J. 1985. Egualizing without altering or
detecting data. AT&ET Tech. J. 64:1885-911.

[15] Treichler, J. R., Larimore, M. G., and Harp, J. C.
1998. Practical blind demodulators for high-order QAM
signals. Proc. IEEE 86:1987-26.

[16] Qureshi, 5. 1985. Adaptive egualization. Proc. IEEE
73:1349-87.

[17] Sethares, W. A. 1992. Adaptive algorithms with
nonlinear data and error functions. IEEE Trans. Signal
Processing 46:2199-266.

[18] Duttweiler, D. L. 2668. Proportionate normalized
least-mean-sguares adaptation in echo cancellers. IEEE
Trans. Speech Audio Processing §:568-13.

[19] HWalach, E., and HWidrow, B. 1984. Be least mean fourth
(LMF} adaptive algorithm and its family. IEEE Trans. Inf.
Beory 3@:275-83.

[28] Hibscher, P. I., Nascimento, V. H., and Bermudez, J.
C. M. 2883, New results on the stability analusis of the
LMF (least mean fourth) adaptive algorithm. In Proceedings
of the International Conference on Acoustics, Speech, and
Signal Processing, wol. ¥I, pp. 369-72.

[21] Sethares, W. A., Rey, G. A., and Johnson, Jr., C. R.
1989. Approaches to hlind egualization of signals with
multiple modulus. In Proceedings of the International
Conference on Acoustics, Speech, and Signal Processing,
vol., 2, pp. 972-75.

[22] Banowvic, K., Abdel-Raheem, E., and Khalid, M. A. 5.
2685, Hybrid methods for blind adaptive equalization: MNew
results and comparisons. In Proceedings of the IEEE
Symposium on Computers and Communications, pp. 275-84.

[23] Baiupathump, T., and Kassam, 5. A. 2683, Sguare
contour algorithm: A& new algorithm for blind egualization
and carrier phase recovery. In Proceedings of the 37th
fAsilomar Conference on Signals, Sustems, and Computers,
vol., 1, pp. 647-51.

GOGO EX2003, Page 96 of 129



[24] Goupil, A., and Palicot, J. 2667. New algorithms for
blind equalization: Be constant norm algorithm family. IEEE
Trans. Signal Processing 55:1436-44.,

[25] Li, %.-L., and Zhang, ¥.-D. 2866. A family of
generalized constant modulus algorithms for blind
egualization. IEEE Trans. Commun. S54:1913-17.

[2z6] Abrar, 5., and Qureshi, I. M. 2686, Blind equalization
of cross-G0AM signals. IEEE Signal Processing Lett.
13:745-48.

[27] Johnson, JIr., C. R., et al. 1998. BElind equalization
using the constant modulus criterion: A review. Proc. IEEE
86:1927-54.

[2z8] Johnson, JIr., C. R., et al. 2666. Be core of FSE-CHMA
bhehavior theory. In Unsupervised adaptive Bltering: Blind
deconvolution, ed. 5. Haukin, pp. 13-112. vol. II. Mew
York: Hiley.

[29] Haykin, 5. 2862. Adaptive Blter theory. 4th ed. Upper
Saddle River, NJ: Prentice-Hall.

[36] Stamoulis, A., Digegavi, 5. M., and Al-Dhahir, M. 2862,
Intercarrier interference in MIMO OFCM. IEEE Trans. Signal
Processing S6:2451-64.

[31] Cai, ®., and Giannakis, G. B. 2662. Low-complexity ICI
suppression for OFDM owver time- and freguency-selective
Rayleigh fading channels. In Proceedings of the Asilomar
Conference on Signals, Sustems, and Computers, pp.
1822-1826.

[32] Barhumi, I., Leus, G., and Moonen, M. 2865.
Time-varying FIR equalization for doubly selective
channels. IEEE Trans. Wireless Commun. 4:262-14.

[33] Ahmed, 5., Sellathurai, M., Lambothoran, 5., and
Chambers, J. 2866, Low complexity iterative method of
equalization for single carrier with cyclic prefix in doubly
selective channels. IEEE Signal Processing Lett. 13:5-8.

[34] verhoeckx, N. A. M., ¥an dem Elzer, H., Snijders, F.
A. M., and Van Gerwer, P. J. 1979, Digital echo
cancellation for baseband data transmission. IEEE Trans.
Acoust. Speech Signal Processing 27:768-81.

[35] Bellini, 5. 1986. Bussgang technigues for hlind

GOGO EX2003, Page 97 of 129



egualization. In Proceedings of the IEEE Glohal
Telecommunications Conference, pp. 1634-46.

[36] De, P., Bao, J., and Poon, T. 19939. A
calculation-eBcient algorithm for decision feedback
equalizers. IEEE Trans. Consumer Electronics 45:526-632.

[37] Chen, Z., Haykin, 5., and Gay, 5. L. 2863,
Proportionate adaptation: New paradigms in adaptive Blters.
In Least-mean-sguare adaptive Blters, ed. 5. Haukin and B.
Widrow. MNew York: John Wiley & Sons, pp. 293-334.

[38] Martin, R. K., Sethares, W. A., Williamson, R. C., and
Johnson, Jr., C. R. 2682, Exploiting sparsity in adaptive
Blters. IEEE Trans. Signal Processing 56:1883-94.

[39] Deng, H., and Doroslovacki, M. 2@66. Proportionate
adaptive algorithms for network echo cancellation. IEEE
Trans. Signal Processing 54:1794-863.

[46] Gay, S. L. 1998. An elBcient, fast converging adaptive
lter for network echo cancellation. In Proceedings of the
Asilomar Conference on Signals, Suystems, and Computers, pp.
394-93.

[41] Mekuii, M., and Atarodi, M. 2664. A fast converging
algorithm for network echo cancellation. IEEE Signal
Process. Lett. 11:427-38.

[42] Benesty, J., and Gay, 5. L. 2862. An improved PHNLMS
algorithm. In Proceedings of the IEEE International
Conference on Acoustics, Speech, and Signal Processing,
vol., 2, pp. 1881-84.

[43] Douglas, 5. C. 1997. Adaptive Blters employing partial
updates. IEEE Trans. Circuits Syst. II 44:289-16.

[44] Douglas, 5. C. 1995. Analysis and implementation of
the max-MLMS adaptive Blter. In Proceedings of the 29th

fAsilomar Conference on Signals, Sustems, and Computers,

Pacific Grove, CA, wvol. 1, pp. 659-63.

[45] Aboulnasr, T., and Mayyas, K. 1999. Complexity
reduction of the WLMS algorithm via selective coeficient
update. IEEE Trans. Signal Processing 47:1421-24.

[46] Schertler, T. 1998. Selective hlock update of HNLMS
type algorithms. In Proceedings of the IEEE International
Conference on Acoustics, Speech, and Signal Processing,
Seattle, vol. 3, pp. 1717-28.

GOGO EX2003, Page 98 of 129



[47] Maylaor, P., and Sherliker, H. 2663. A short-sort M-max
NLMS partial update adaptive Blter with applications to
echo cancellation. In Proceedings of the IEEE International
Conference on Acoustics, Speech, and Signal Processing,
Hong Kong, wol. 5, pp. 373-76.

[48] Homer, J. 1998. Detection guided LMS estimation of
sparse channels. In Proceedings of the IEEE Global
Communications Conference, Sudney, wol. 6, pp. 3784-9.

[49] European Telecommunications Standards Institute. 2eeil.
Digital video broadcasting (DVE); Framing structure,
channel coding and modulation for digital terrestrial
television. ETSI EN 386 744 vi1.4.1.

[58] Martin, R. K. 2667. Fast-converging hlind adaptive
channel shortening and freguency-domain equalization. IEEE
Trans. Signal Processing 54:182-16,

[51] Yap, K. 5., and McCanny, J. ¥. 2682, Improved
time-domain egualizer initialization algorithm for ADSL
modems. In Proceedings of the 6th International Sumposium
on DSP for Communication Systems, Sudney-Manly, Australia,
pp. 253-58.

[52] Al-Dhahir, M., and Ciod, J. M. 1996. Elciently
computed reduced-parameter input-aided MMSE egualizers for
ML detection: A uniBled approach. IEEE Trans. Inf. Beory
42:963-15.

[53] wan de Beek, J.-J., Sandell, M., and Borjesson, P. O.
1997. ML estimation of time and freguency oflset in OFDM
systems. IEEE Trans. Signal Processing 45:1888-5.

[54] Choi, ¥., woltz, P. J., and Cassara, F. A. 2861, ML
estimation of carrier freguency oBiset for multicarrier
signals in Rayleigh fading channels. IEEE Trans. Yeh.
Technol. S56:644-54,

[55] de Courville, M., Duhamel, P., Madec, F., and Palicot,
J. 1996. Blind equalization of OFDM systems based on the
minimization of a qguadratic criterion. In Proceedings of
the IEEE International Conference on Communications,
Dallas, T#, pp. 1318-21.

[S6] Romano, F., and Barbarossa, 5. 20663, Non-data aided
adaptive channel shortening for eBcient multi-carrier
systems. In Proceedings of the IEEE International
Conference on Acoustics, Speech, and Signal Processing,

GOGO EX2003, Page 99 of 129



Hong Kong, wol. 4, pp. 233-36.

[57] Klein, A. G., Johnson, Jr., C. R., and Duhamel, P.
2685, 0On blind egualization of M-ary bi-orthogonal
signaling. In Proceedings of the IEEE International
Conference on Acoustics, Speech, and Signal Processing.

[58] Klein, A. G., Johnson, Jr., C. R., and Duhamel, P.
2687, 0n blind egualization of biorthogonal signaling.
IEEE Trans. Signal Processing 55:1421-35.

[59] Barry, J. R. 1994. Seguence detection and equalization
for pulse-position modulation. In Proceedings of the IEEE
International Conference on Communications, wol. 3, pp.
1561-A5A.

[68] varanasi, M. K. 1997. Egualization for multipulse
modulation. In Proceedings of the IEEE International
Conference on Personal Wireless Communications, pp. 48-51.

[61] Shalwi, 0., and Heinstein, E. 1994. New criteria for
blind deconvolution of nonminimum phase systems (channels).
IEEE Trans. Inf. Beory 36:312-21.

[62] Klein, A. G., Johnson, Jr., C. R., and Duhamel, P.
206, A blind algorithm based on diBerence of norms for
egualization of biorthogonal signals. In Proceedings of the
IEEE International Conference on Acoustics, Speech, and
Signal Processing.

[63] Martin, R. K. 2686, Joint hlind adaptive
synchronization and channel shortening. IEEE Trans. Signal
Processing 54:4194-263.

[64] Liu, 2., and Weng, B. 26683. Finite-alphabet based
blind carrier freqguency ollset estimation for diBerentially
coded OFDM. In Proceedings of the IEEE Glohal
Telecommunications Conference, wol. 1, pp. 327-31.

[65] Chow, J. 5., Cioll, J. M., and Bingham, J. A. C. 1993.
Equalizer training algorithms for multicarrier modulation
systems. In Proceedings of the IEEE International
Conference on Communications, pp. 761-65.

GOGO EX2003, Page 100 of 129



16 Chapter 18. Adaptive Multicarrier CDMA
Spacec-Time Receiwvers

[1] L. Hanzo, T. Killer, M. S. Munster, and B. J. Choi.
2663, OFDM and MC-CDMA for broadband multiuser
communications, WLANS and broadcasting. New York: John
HWiley & Sons.

[2] 5. Hata and R. Prasad. 1997. Overview of multicarrier
CDMA. IEEE Commun. Mag. 35:126-33.

[3] L. Hanzo, L.-L. Yang, E.-L. Kuan, and K. Yen. 2663.
Single- and multi-carrier COMA multi-user detection,
space-time spreading, synchronisation and standards. New
York: John Wiley & Sons.

[4] ¥. Lie-Liang and L. Hanzo. 2862. Performance of
generalized multicarrier DS-COMA over Wakagami-m fading
channels. IEEE Trans. Commun. S56:956-66.

[5] H. Steendam and M. Moeneclaey. 2661. Be eBect of
carrier freguency oflsets on downlink and uplink MC-DS-CDMA.
IEEE J. Selected Areas Commun. 19:2528-36.

[6] B. Smida, 5. ABes, K. Jamaoui, and P. Mermelstein.
2688, A multicarrier-CDMA space-time receiver with full
interference suppression capabilities. IEEE Trans. Yeh.
Technol. 57(1):363-379.

[71 M. ¥ee, J. P. Linnarz, and G. Fettweis. 1993.
Multi-carrier COMA in indoor wireless radio networks. In
Proceedings of the IEEE International Symposium an
Personal, Indoor and Mobile Radio Communications (PIMRC
1993}, pp. 169-13.

[8] A. Chouly, A. Brajal, and 5. Jourdan. 1993. Orthogonal
multicarrier technigues applied to direct seguence spread
spectrum COMA systems. In Proceedings of the IEEE Global
Telecommunications Conference (GLOBECOM 1993), wol. 3, pp.
1723-28.

[9] K. Fazel and L. Papke. 1993. On the performance of
convolutionally-coded CDMASOFDM for mobile communication
system. In Proceedings of the IEEE Personal, Indoor and
Mobile Radio Communications Sumposium (PIMRC 19930, pp.
468-72.

[18] A. Chouly, A. Brajal, and 5. Jourdan. 1993. Orthogonal

multicarrier technigue applied to direct seguence spread
spectrum COMA systems. In Proceedings of the IEEE GLOBECOM

GOGO EX2003, Page 101 of 129



33, pp. 1723-28.

[11] ¥. DaSilva and E. 5. Sousa. 1993. Performance of
orthogonal COMA codes for guasi-synchronous communication
systems. In Proceedings of the IEEE International
Conference on Universal Personal Communications (ICUPC
1993), wol. 2, pp. 995-99.

[12] S. Kondo and L. B. Milstein. 1993. 0On the use of
multicarrier direct seqguence spread spectrum systems. In
Proceedings of the IEEE Military Communinations Conference
(MILCOM 15993), wol. 1, pp. 52-56.

[13] E. A. Sourour and M. Makagawa. 1996. Performance of
orthogonal multicarrier COMA in a multipath fading
channel. IEEE Trans. Commun. 44:356-67.

[14] ¥. Gui and T. 5. Ng. 1999. Performance of asynchronous
orthogonal multicarrier COMA sustem in freqguency selective
fading channel. IEEE Trans. Commun. 47:1884-91.

[15] L. L. Yang and L. Hanzo. 2662. Broadhand MC DS-CDMA
using space-time and freguency-domain spreading. In
Proceedings of the IEEE WTC'20@2, pp. 1632-36.

[16] Z. Luo, J. Liu, M. Zhao, ¥. Liu, and J. Gao. Z26686.
Double-orthogonal coded spacetime-freguency spreading COMA
scheme. IEEE J. Selected Areas Commun. 24:1244-55.

[17] L. Vandendorpe. 1993. Multitone direct sequence CDMA
system in an indoor wireless environment. In Proceedings

of the IEEE First Symposium on Communications and wehicular
Technology in the Beneluz, pp. 4.1.1-4.1.8.

[18] L. Vandendorpe. 1995. Multitone spread spectrum
multiple access communications system in a multipath Rician
fading channel. IEEE Trans. %“eh. Technol. 44:327-37.

[19] 5. Kaiser. 1995. OFDM-CDMA versus DS-CDMA: Performance
evaluation for fading channels. In Proceedings of the IEEE
International Conference on Communications (ICC 1995), wvol.
3, pp. 1722-2hA.

[26] JT.-%. 0Oh and M.-5. Lim. 1999. Be bandwidth eBciency
increasing method of multicarrier COMA and its performance
evaluation in comparison with DS-COMA with RAKE receivers.
In Proceedings of the IEEE wehicular Technology Conference
(YTC 1999), wol. 1, pp. 561-65.

[21] 5. B. Slimane. 1999. Bandwidth el@iciency of MC-CDMA

GOGO EX2003, Page 102 of 129



signals. IEEE Electronics Lett. 35:1797-98.

[22] ®. Zhang, T.-5. Mg, and J. Wang. 1999. Capacity
comparison of single-tone and multitone COMA sustems. In
Proceedings of the IEEE “ehicular Technology Conference
(WTC 1999), wol. 1, pp. 243-47.

[23] S. Hata and R. Prasad. 1996. An overview of
multi-carrier COMA. In Proceedings of the IEEE
International Suymposium on Spread Spectrum Technigues and
fpplications, wol. 1, pp. 187-14.

[24] L. L. Yang and L. Hanzo. 2683. Multicarrier DS-CDMA: A
multiple access scheme for ubiguitous broadband wireless
communications. IEEE Commun. Mag. 41:116-24.

[25] 5. ABes and P. Mermelstein. 2663. Adaptive space-time
processing for wireless CDOMA. In Adaptive signal
processing: Application to real-world problems, ed. J.
Benesty and A. H. Huang. Berlin: Springer, chapter 1&.

[26] 3GPP. 1997. Universal Mobile Telecommunications System
(UMTS); Selection procedures for the choice of radio
transmission technologies of the UMTS. 3GPP TR 181 112
YW3.1.8.

[27] 5. ABes, D. Feng, L. Ge, and P. Mermelstein. 2662.
Does direction-of-arrival estimation help channel
identiBlcation in multi-antenna COMA receiwvers? In IEEE
ISHC 2862, pp. 167-68.

[28] W. C. Jakes, ed. 1974. Microwave mobile
communications. New York: Hiley.

[29] B. MWatarajan, C. R. Nassar, and V. Chandrasekhar.
2608, Generation of correlated Rayleigh fading envelopes
for spread spectrum applications. IEEE Commun. Lett.
4:9-11.

[38] R. B. Ertel and J. H. Reed. 1998. Generation of two
equal power correlated Rayleigh fading envelopes. IEEE
Commun. Lett. 2:276-78.

[31] 5. ABes and P. Mermelstein. 1998. A new receiver
structure for asynchronous COMA: STAR the spatio-temporal
array-receiver. IEEE J. Selected Areas Commun. 16:1411
-22.

[32] B. Smida, 5. ABes, J. Li, and P. Mermelstein. 2665.
Multicarrier-COMA STAR with time and freguency

GOGO EX2003, Page 103 of 129



synchronization. In IEEE ICC 28a5, wol. 4, pp. 2493-99.

[33] 5. Verdu. 1986. Minimum probability of erraor for
asynchronous Gaussian multiple access channels. IEEE
Trans. Information Beory 32:85-96.

[34] ¥. Welping and L. B. Milstein. 1998. MMSE interference
suppression for multicarrier DS-COMA in freguency selective
channels. In IEEE GLOBECOM 1998, wol. 1, pp. 259-64.

[35] H. Lie-Liang, H. HWei, and L. Hanzo. 2663. Multiuser
detection in multicarrier COMA suystems employing both
time-domain and freguency-domain spreading. In IEEE PIMRC
2083, vol. 2, pp. 1848-44.

[36] F. Lin and L. B. Milstein. 2866. Successive
interference cancellation in multicarrier DS/COMA. IEEE
Trans. Commun. 48:1536-46.

[37] W. Huahui, K. W. Ang, K. Yen, and %. H. Chew. 2683. An
adaptive PIC receiver with diversity combining for
MC-D5-COMA system. In IEEE WTC 2683, wol. 2, pp. 1655-59.

[38] W. Huahui, K. W. Ang, K. Yen, and %. H. Chew. 2668,
Performance analysis of an adaptive PIC receiver for
asynchronous multicarrier DS-CDOMA system. In IEEE PIMRC
2083, vol. 2, pp. 1835-39.

[39] W. Wabhane and H. V. Poor. Blind joint egualization
and multiuser detection in dispersive
MCCDOMAAMC-DS-COMAAMT-COMA channels. In Proceedings of the
2662 IEEE Military Communications Conference, Anaheim, CA,
vol., 2, pp. 814-819.

[46] JT. MWamgoong, T. F. Wong, and J. 5. Lehnert. 2662,
Subspace multiuser detection for multicarrier DS-CDMA.
IEEE Trans. Commun. 48:1892-963.

[41] M. Peng, ¥. J. Guo, and 5. K. Barton. 2861. Multiuser
detection of asynchronous COMA with freguency oflset. IEEE
Trans. Commun. 49:952-66.

[42] 5. ABes, H. Hansen, and P. Mermelstein. 2662.
Interference subspace rejection: A framework for multiuser
detection in wideband COMA. IEEE J. Selected Areas Commun.
20:287-302.

[43] B. Smida, 5. ABes, J. Li, and P. Mermelstein. 2687. A

spectrum-eBcient multicarrier COMA array-receiver with
diversity-based enhanced time and freguency

GOGO EX2003, Page 104 of 129



synchronization. IEEE Trans. HWireless Commun. 6:2315-27.

[44] 5. Jomphe, K. Cheikhrouhou, J. Belzile, S. ABes, and
J.-C. Bibault. 2865. AreaeBcient advanced multiuser HWCDMA
receiver. In IEEE MWortheast HWorkshop on Circuits and
Systems MEWCAS'65, pp. 296-99.

[45] H. Hansen, 5. ABes, and P. Mermelstein. 2665.
Mathematical derivation of interference suhbspace rejection.
Technical Report INRS-EMT, EMT-614-6165.

[46] B. Smida and 5. ABes. 2665. On the performance of
interference subspace rejection for next generation
multicarrier COMA. In IEEE ISSPA’2065.

[47] T. S. Rappaport. 1999. Wireless commmunications:
Principles and practice. Upper Saddle Riwver, NJ: Prentice
Hall PTR, pp. 417-435.

[48] B. Smida, 5. ABes, and P. Mermelstein. 2663. Joint
time-delay and freqguency oflset sunchronization for COMA
array-receivers. In IEEE SPAWC 2663, pp. 499-584.

[49] 3rd Generation Partnership Project (3GPP). Z2aez.
Technical speciBication group (TSG), radio access network
(RAN), UE radio transmission and reception (FDD). 3GPF TS
25.181 ¥5.4.8.

[56] B. Smida, 5. ABes, K. Jamaoui, and P. Mermelstein.
2065, A multicarrier-COMA receiver with full interference
suppression and carrier freguency oBset recowvery. In IEEE
SPAKWC 85, pp. 435-439.

[51] A. Ahbrardo and D. Sennati. 2e66. On the analytical
evaluation of closed-loop power-control error statistics
in DS-CDMA cellular systems. IEEE Trans. Weh. Technol.
49:2671-80.

[52] ¥. Lie-Liang and L. Hanzo. 2883. Performance of
generalized multicarrier DSCOMA using warious chip
wavetorms. IEEE Trans. Commun. 51:748-52.

[53] @. M. Rahman and A. B. Sesay. 2661. Performance
analysis of MT-COMA system with diversity combining. In
IEEE MILCOM 2881, wol. 2, pp. 1368-1364.

[54] 5. Kondo and B. Milstein. 1996. Performance of
multicarrier DS COMA systems. IEEE Trans. Commun.
44:238-246.

GOGO EX2003, Page 105 of 129



11 Chapter 11. Cooperative Communications
in Random Access Metworks

[1] T. H. HWinters. 1987. 0On the capacity of
radio-communication systems with diversity in a Rauleigh
fading environment. IEEE J. Selected Areas Commun.
5:871-78.

[2] . Tarokh, M. Seshadri, and A. R. Calderbank. 1998.
Space-time codes for high data rate wireless
communication: Performance analusis and code construction.
IEEE Trans. Inf. Beory 44:744-g5.

[3] G. J. Foschini. 1996. Layered space-time architecture
for wireless communication in fading enwvironments when
using multi-element antennas. Bell Syst. Tech. J. 1:44-59,

[4] A. Goldsmith. 2665. HWireless communications. Cambridge:

Cambridge University Press.

[5] L. Zheng and D. N. C. Tse. 2863, Diversity and
multiplexing: A fundamental tradecB in multiple-antenna
channels. IEEE Trans. Inf. Beory 49:1673-96.

[6] T. Cowver and A. El Gamal. 1979. Capacity theorems for
the relay channel. IEEE Trans. Inf. Beory 25:572-84.

[71 T. M. Laneman, D. M. C. Tse, and G. W. Hornell. 2a64.
Cooperative diversity in wireless networks: EBcient
protocols and outage behavior. IEEE Trans. Inf. Beory
56:3062-80.

[8] A. Sendonaris, E. Erkip, and B. Aazhang. 2663. User
cooperation diversity. Part I. System description. Part
II. Implementation aspects and performance analusis. IEEE
Trans. Commun. S1(11).

[9] A. Scaglione and ¥Y.-W. Hong. 2663. Opportunistic large
arrays: Cooperative transmission in wireless multi-hop ad
hoc networks for the reach back channel. IEEE Trans.
Signal Processing 51(8).

[18] A. MWosratinia, T. E. Hunter, and A. Hedayat. 2664,
Cooperative communication in wireless networks. IEEE
Commun. HMag. 42:74-86,

[11] ¥.-W. Hong, W.-J. Huang, F.-H. Chiu, and C.-C. J. Kuo.

2667, Cooperative communications in resource-constrained
wireless networks. IEEE Signal Processing Mag., 24:47-57.

GOGO EX2003, Page 106 of 129



[12] K. Azarian, H. El Gamal, and P. Schniter. 28685, 0On the
achievable diversity-multiplexing tradeoB in half-duplex
cooperative channels. IEEE Trans. Inf. Beory 51:4152-72.

[13] ¥.-W. Hong, C.-K. Lin, and S.-H. HWang. 2667. On the
stability of two-user slotted ALOHA with channel-aware and
cooperative users. In Proceedings of the IEEE HWorkshop on
HWireless Metworks: Communication, Cooperation and
Competition (WNC3).

[14] %.-W. Hong, C.-K. Lin, and 5. H. HWang. 2667. On the
stability region of Bnite-user slotted ALOHA with
cooperative relays. In Proceedings of the International
sumposium on Information Beory (ISIT).

[15] P. Liu, 2. Tao, and 5. Panwar. 26@5. A cooperative MAC
protocol for wireless local area networks. In Proceedings
of the IEEE International Conference on Communications
(ICC), wol. 5, pp. 2962-29648.

[16] P. Liu, 2. Tao, 2. Lin, E. Erkip, and 5. Panwar. 2866.
Cooperative wireless communications: A cross-laver
approach. IEEE Wireless Commun. Mag. 13:84-92.

[17] R. Lin and A. P. Petropulu. 2665. A new wireless
network medium access protocol based on cooperation. IEEE
Trans. Signal Processing 53:4675-84.

[18] M. K. Tsatsanis, R. Zhang, and 5. Banerjee. 2660,
Network-assisted diversity for random access wireless
networks. IEEE Trans. Commun. 48:782-11.

[19] ¥.-W. Hong and A. Scaglione. 2666. Energy-elicient
broadcasting with cooperative transmission in wireless ad
hoc networks. IEEE Trans. HWireless Commun. S5(18).

[26] 5. Wel, D. L. Goeckel, and M. Valenti. Z2666.
Asynchronous cooperative diversity. IEEE Trans. Hireless
Commun. 5:1547-57.

[21] M. Janani, A. Hedayat, T. E. Hunter, and A.
Nosratinia. 2e6d. Coded cooperation in wireless
communications: Space-time transmission and iterative
decoding. IEEE Trans. Signal Processing 52:362-71.

[22] G. Kramer, M. Gastpar, and P. Gupta. 2685, Cooperative
strategies and capacity theorems for relay networks. IEEE

Trans. Inf. Beory 51:3637-63.

[23] J. M. Laneman and G. W. Wornell. 2663. Distributed

GOGO EX2003, Page 107 of 129



space-time-coded protocols for exploiting cooperative
diversity in wireless networks. IEEE Trans. Inf. Beory
49:2415-25.

[24] %.-W. P. Hong and A. Scaglione. 2868. Group testing
for binary Markow sources: Data-driven group gueries for
cooperative sensor networks. IEEE Trans. Inf. Beory.

[25] %.-W. Hong and A. Scaglione. 2664, On multiple access
for distributed dependent sources: A content-based group
testing approach. In Proceedings of the IEEE Information
Beory HWorkshop, San Antonio, T¥, pp. 298-383.

[26] F. H. P. Fitzek and M. D. Katz, eds. 2886, Cooperation
in wireless networks: Principles and applications: Real
egoistic behavior is to cooperate. Be Netherlands:
Springer.

[27] R. Rao and A. Ephremides. 1988. 0On a stability of
interacting gueues in multiaccess system. IEEE Trans. Inf.
Beory 34:918-36.

[28] W. Szpankowski. 1994. Stability conditions for some
multigueue distributed sustems: BuBered random access
systems. Adv. Appl. Probability 26:4953-515.

[29] R. Loynes. 1962. Be stability of a queue with
non-independent inter-arrival and serwvice times. Proc.
Cambridge Philos. Soc. 58:497-526.

[36] D. Gross and C. M. Harris. 1998. Fundamentals of
gueueing theory. 3rd ed. New York: John Wiley & Sons.

[31] R. Knopp and P. A. Humblet. 1995. Information capacity
and power control in single-cell multiuser communications.
In IEEE International Conference on Communications, wol. 1,
pp. 331-335.

[32] 5. Adireddy and L. Tong. 2685. Exploiting
decentralized channel state information for random access.
IEEE Trans. Inf. Beory 51:537-61.

[33] ¥. Qin and R. A. Berry. 2666, Distributed approaches
for exploiting multiuser diversity in wireless networks.
IEEE Trans. Inf. Beory 52:392-413.

[34] C.-K. Lin and ¥.-W. P. Hong. 2668. On the Bnite-user

stability region of slotted ALOHA with cooperative users.
In International Conference on Communications (ICC).

GOGO EX2003, Page 108 of 129



[35] ¥. E. Sagduyu and A. Ephremides. 2686. A
game-theoretic look at throughput and stability in random
access. In Proceedings of the Military Communications
Conference (MILCOM), pp. 1-7.

[36] E. Bonabeau, M. Dorigo, and G. Beraulaz. 1999. Swarm
intelligence: From natural to artiBcial systems. Oxford:
Oxford University Press.

[37] ¥.-W. Hong and A. Scaglione. 2663. Swarming activities

to distribute information in large sensor networks. In
Proceedings of the Military Communications Conference
(MILCOM), Boston, pp. GB2-687.

GOGO EX2003, Page 109 of 129



12 Chapter 12. Cooperative Diversity:
Capacity Bounds and Code Designs

[1] A. Sendonaris, E. Erkip, and B. Aazhang. 2663. User
cooperation diversity part I and part II. IEEE Trans.
Commun. 51:1927-48.

[2] T. Laneman, D. Tse, and G. Wornell. 2664. Cooperative
diversity in wireless networks: EBcient protocols and
outage behavior. IEEE Trans. Inform. Beory 56:3862-8@.

[3] D. Tse and P. Viswanath. 2665. Fundamentals of wireless
communications. Cambridge: Cambridge University Press.

[4] A. Goldsmith. 2665. HWireless communications. Cambridge:
Cambridge University Press.

[5] E. wan der Meulen. 1971. Bree-terminal communication
channels. Adv. Appl. Probability 3:126-54.

[6] T. Proakis. 2egé. Digital communications. New York:
McGraw-Hill.

[71 G. Caire and 5. Shamai (Shitz). 2663. 0On the achievable
throughput of a multiantenna Gaussian broadcast channel.
IEEE Trans. Inform. Beory 49:1691-786.

[B] T. Cover and J. Bomas. 1991. Elements of information
theory. Mew York: Hiley.

[9]1 A. Carleial. 1978. Interference channels. IEEE Trans.
Inform. Beory 24:66-76.

[18] L. Zheng and D. Tse. 2863, Diversity and multiplexing:
A fundamental tradeocB in multiple antenna channels. IEEE
Trans. Inform. Beory 49:1873-96.

[11] . Shamai (Shitz) and 5. Verdu. 2661. Be impact of
freguency-Bat fading on the spectral eBciency of CDMA.
IEEE Trans. Inform. Beory 47:1382-27.

[12] A. Lozano, A. Tulino, and 5. Verdu. 2685, High-SNR
power oflset in multi-antenna communication. IEEE Trans.
Inform. Beory 51:4134-51.

[13] A. HWyner and J. Ziv. 1976. Be rate-distortion function
for source coding with side information at the decoder.

IEEE Trans. Inform. Beory 22:1-18.

[14] M. Costa. 1983. HWriting on dirty paper. IEEE Trans.

GOGO EX2003, Page 110 of 129



Inform. Beory 29:439-41.

[15] D. Slepian and J. Wolf. 1973. Noiseless coding of
correlated information sources. IEEE Trans. Inform. Beory
19:471-88.

[16] T. Berger. 1977. Multiterminal source coding. In Be
information theory approach to communications, ed. G.
Longo. MNew York: Springer-verlag, pp. 173-231.

[17] &. Pradhan, J. Chou, and K. Ramchandran. 2683. Duality
between source coding and channel coding and its extension
to the side information case. IEEE Trans. Inform. Beory
49:1181-2a3.

[18] S. Gelfand and M. Pinsker. 1986. Coding for channel
with random parameters. Probl. Contr. Inform. Beory
9:19-31.

[19] Z. ¥iong, A. Liveris, and 5. Cheng. 2684, Distributed
source coding for sensor networks. IEEE Signal Processing
Mag. 21:86-94.

[26] U. Erez and 5. ten Brink. 2865, A close to capacity
dirty paper coding scheme. IEEE Trans. Inform. Beory
51:3417-32.

[21] A. Bennatan, D. Burshtein, G. Caire, and 5. Shamai.
2686, Superposition coding for side-information channels.
IEEE Trans. Inform. Beory 52:1872-89.

[22] Y. Sun, A. Liveris, V. Stankovic, and 2. ¥iong. 20@5,
Near-capacity dirty-paper code designs hased on TCE and
IRA codes. In Proceedings of the ISIT-Z2665 IEEE
International Sumposium on Information Beory, Adelaide,
Australia, pp. 184-188.

[23] T. Cover and A. El Gamal. 1979. Capacity theorems for
the relay channel. IEEE Trans. Inform. Beory 25:572-84.

[24] A. H@st-Madsen and J. Zhang. 2665. Capacity bounds and
power allocation for the wireless relay channel. IEEE
Trans. Inform. Beory 51:2828-4@,

[25] G. Kramer, M. Gastpar, and P. Gupta. 2885, Cooperative
strategies and capacity theorems for relay networks. IEEE

Trans. Inform. Beory 51:3837-63.

[26] 2. Zhang and T. Duman. 2865. Capacity approaching
turbo coding and iterative decoding for relay channels.

GOGO EX2003, Page 111 of 129



IEEE Trans. Commun. 53:1895-9685.

[27] M. kKhojastepour, A. Sabharwal, and B. Aazhang. 2863,
On capacity of Gaussian “cheap™ relay channel. In
Proceedings of IEEE Globecom-2883, San Francisco, wvol. 3,
pp. 1776-1786.

[28] H. valenti and B. Zhao. 26@3. Distributed turbo codes:
Towards the capacity of the relay channel. In Proceedings
of the WTC-2Zee3 IEEE Vehicular Technology Conference,
Orlando, FL, pp. 322-326.

[29] 2. Zhang and T. Duman. 2865. Capacity approaching
turbo coding for half-duplex relaying. In Proceedings of
the ISIT-zea5 IEEE International Sumposium on Information
Beory, Adelaide, Australia, pp. 1888-1892.

[38] ¥. Liang and V. Veerawvalli. 2665. Gaussian orthogonal
relay channel: Optimal resource allocation and capacity.
IEEE Trans. Inform. Beory 51:3284-89.

[31] C. Zeng, F. Kuhlmann, and A. Buzo. 1989. Achievahility
proof of some multiuser channel coding theorems using
backward decoding. IEEE Trans. Inform. Beory 35:1168-65.

[32] J. Laneman and G. Wornell. 26&3. Distributed
space-time coding protocols for exploiting cooperative
diversity in wireless networks. IEEE Trans. Inform. Beory
49:2415-25.

[33] L. Ozarow, 5. Shamai, and A. Wyner. 1994. Information
theoretic consideration for cellular mobile radio. IEEE
Trans. V¥eh. Technol. 43:359-77.

[34] I. Telater. 1999. Capacity of multi-antenna Gaussian
channels. Eur. Trans. Telecommun. 16:585-95.

[35] R. Mahar, H. Bdlcskei, and F. Kneublhler. 2804, Fading
relay channels: Performance limits and space-time signal
design. IEEE J. Select. Areas Commun. 22:1899-189.

[36] A. H@st-Madsen. 2666. Capacity hounds for cooperative
diversity. IEEE Trans. Inform. Beory 52:1522-44.

[37] C. Mg and A. Goldsmith. 2665, Capacity gains fraom
transmitter and receiver cooperation. In Proceedings of the
ISIT-2685 IEEE International Sumposium on Information
Beory, Adelaide, Australia, pp. 397-461.

[38] H. Weingarten, ¥. Steinberg, and 5. Shamai. 2666. Be

GOGO EX2003, Page 112 of 129



capacity region of the Gaussian multiple-input
multiple-output broadcast channel. IEEE Trans. Inform.
Beory 52:3936-64.

[39] M. Jindal, U. Mitra, and A. Goldsmith. 2664. Capacity
of ad-hoc networks with node cooperation. In Proceedings
of the ISIT-Ze6d4 IEEE International Sumposium on
Information Beory, Chicago, pp. 271-275.

[48] M. Uppal, V. Stankovic, A. Hést-Madsen, and 2. ¥iong.
2686, Code design for transmitter cooperation. In
Proceedings of the M3SRI HWorkshop on Mathematics of
Relaying and Cooperation in Communication MWetworks,
Berkeley, CA.

[41] T. Laneman and G. W. Wornell. 2666, Energy-eBcient
antenna sharing and relaying for wireless networks. In
Proceedings of the WCNC-28668 IEEE Wireless Communications
and Metworking Conference, wvol. 1, pp. 7-12.

[42] A. Chakrabarti, A. de Baynast, A. Sabharwal, and B.
fazhang. 2ea7. Low density parity check codes for the relay
channel. IEEE J. Selected Areas Commun. 25:286-91.

[43] R. G. Gallager. 1963. Low density parity check codes.
Cambridge, MA: MIT Press.

[44] M. ¥Yuksel and E. Erkip. 2667. Diversity-multiplexing
tradeol in half-duplex relay systems. In Proceedings of
the ICC-26@7 IEEE International Conference on
Communications, Glasgow, UK, pp. 689-694.

[45] A. Chakrahbarti, A. de Baynast, A. Sabharwal, and B.
fazhang. 2e@6. Half-duplex estimate-and-forward relaying:
Bounds and code design. In Proceedings of the ISIT-Z866
IEEE International Symposium on Information Beory, Seattle,
HA, pp. 1239-1243.

[46] R. Hu and J. Li. 2866. Practical compress-forward in
user cooperation: WynerZiv cooperation. In Proceedings of
the ISIT-za@6 IEEE International Sumposium on Information
Beory, Seattle, WA, pp. 489-493.

[47] 2. Liu. 2667. Slepian-Holf coded nested lattice
guantization for Wyner-Ziv coding: High-rate performance
analysis, code designs, and application to cooperative
networks. PhD thesis, Texas A&M University.

[48] R. Zamir, 5. Shamai, and U. Erez. 2662. Nested
linear/lattice codes for structured multiterminal binning.

GOGO EX2003, Page 113 of 129



IEEE Trans. Inform. Beory 48:1258-76.

[49] Z. Liu, 5. Cheng, A. Liveris, and 2. Xiong. 2666,
Slepian-HWolf coded nested guantization for Wyner-zZiwv
coding: High-rate performance analusis and code design.
IEEE Trans. Inform. Beory 52:4358-4379.

[58] Q. Xu, ¥. Stankovic, and 2. Xiong. 2886. Layered
HWyner-Ziv video coding for transmission over unreliable
channels. Signal Processing 86:3112-25.

[51] H. Jin, A. Khandekar, and R. McEliece. 2&6&. Irregular
repeat-accumulate codes. In Proceedings of the 2nd
International Suymposium on Turbo Codes and Related Topics,
1-8.

[52] T. Hunter and A. Mosratinia. 2666. Diversity through
coded cooperation. IEEE Trans. Wireless Commun. 5:283-89.

[53] M. Janani, A. Hedayat, T. Hunter, and A. Nosratinia.
2684, Coded cooperative in wireless communications:
Space-time transmission and iterative decoding. IEEE
Trans. Signal Processing 52:362-71.

[54] A. Stefanov and E. Erkip. 2864, Cooperative coding for
wireless networks. IEEE Trans. Commun. 52:1683-12.

[55] M. Souryal and B. Vojcic. 2864, Cooperative turho
coding with time-varying Rauleigh channels. In Proceedings
of the ICC-z@&4 IEEE International Conference on
Communications, Paris, pp. 356-6@.

[56] D. Gunduz, C. T. K. Mg, E. Erkip, and A. J. Goldsmith.
2687, Source transmission over relay channels with
correlated side information. In Proceedings of the
ISIT-2667 IEEE International Sumposium on Information
Beory, Nice, France.

[57] ¥. Fan, H. %. Poor, and J. Bompson. 2687, Cooperative
multiplexing in a halfduplex relay network: Performance and
constraints. In Proceedings of the 45th Annual Allerton
Conference on Communications, Control and Computing,
Monticello, IL.

[58] R. Ahlswede, M. Cai, 5.-%¥.R. Li, and R. W. Yeung.
2e86, Network information Bow. IEEE Transactions on

Information Beory 46:1264-14.

[59] M. %u, J. Li, and R. Blum. 2867. User cooperation
through network coding. In Proceedings of the ICC-Z@@a7 IEEE

GOGO EX2003, Page 114 of 129



International Conference on Communications, Glasgow, UK,
pp. 4864-4869.

GOGO EX2003, Page 115 of 129



13 Chapter 13. Time Synchronization for
Hireless Sensor Networks

[1] I. F. Akyildiz, W. Su, ¥. Sankarasubramaniam, and E.
Cayirci. 2oz, Wireless sensor networks: A survey. Comput.
Networks 38:393-422.

[2] N. Bulusu and 5. JTha. 2865. Hireless sensor networks: A
systems perspective. Norwood, MA: Artech House.

[3] D. L. Mills. 1991. Internet time suynchronization: Be
network time protocol. IEEE Trans. Commun. 39:1482-93.

[4] B. Sundararaman et al. 2665. Clock synchronization for
wireless sensor networks: A survey. Ad Hoc Networks
3:281-323.

[5] T. Elson and K. Romer. 2663. Wireless sensor networks:
A new regime for time synchronization. In ACHM SIGCOMM
Comput. Commun. Rev. (CCR) 33(1):149-154,

[6] F. Sivrikaya and B. Yener. 2864, Time suynchronization
in sensor networks: A& survey. IEEE Metworks 18:45-5@.

[71 W. Su. 2865, Overview of time synchronization issues in
sensor networks. In Embedded suystems, ed. R. Zurawski.
Boca Raton, FL: CRC Press, pp. 35-35-18.

[B] 5. Ganeriwal, J. Elson, and M. B. Srivastava. 2665.
Time Sunchronization. In Hireless sensor networks: A
systems perspective, ed. N Bulusu and 5. Jha. Norwood, MA:
Artech House, pp. 59-74.

[9] B. M. Sadler and A. Swami. 2866. Synchronization in
sensor networks: An overwview. In Proceedings of the
Military Communications Conference 2ee6, Washington, DC,
pp. 1-6.

[18] J. R. ¥ig. 1992. Introduction to guartz freguency
standards. Technical Report SLCETTR-92-1. Armd Research
Laboratory Electronics and Power Sources Directorate.

[11] D. A. Howe, D. W. Alan, and J. A. Barnes. 1981.
Properties of signal sources and measurements methods. In
e 35th Annual Symposium on Freguency Control,
Philadelphia, PA, pp. 669-T716.

[12] T. Van Greunen and J. Rabaey. 2683. Lightweight time

synchronization for sensor networks. In Proceedings of the
2nd ACM International Conference on Wireless Sensor

GOGO EX2003, Page 116 of 129



Networks and Applications (WSMA), pp. 11-19.

[13] G. J. Pottie and W. T. Kaiser. 2666, Hireless
integrated network sensors. Commun. ACM 43:51-58.

[14] H. Kopetz and W. Ochsenreiter. 1987. Clock
synchronization in distributed realtime systems. IEEE
Trans. Comput. 36:933-39.

[15] Mica? and MicaZDot. Accessed January 2867 from
http: s/ Awww, xbow. coms Productss/Hireless_Sensor_
Networks.htm.

[16] M. Maroti, B. Kusy, G. Simon, and A. Ledeczi. 2664. He
ooding time synchronization protocol. In Proceedings of the
2nd International Conference on Embedded Metworked Sensor
Systems 2684, pp. 39-49.

[17] 5. Ganeriwal, R. Kumar, and M. B. Srivastava. 2663.
Timing-sunc protocol for sensor networks. In SenSus @3, pp.
138-149.

[18] T. Elson, L. Girod, and D. Estrin. 2662. Fine-g¢rained
network time synchronization using reference broadcasts. In
Proceedings of the FiBh Sumposium on Operating Sustem
Design and Implementation, Boston, MA, pp. 147-163.

[19] K.-L. Noh and E. Serpedin. 2867. Pairwise broadcast
synchronization for wireless sensor networks. In
Proceedings of IEEE International Workshop: From 8eory to
Practice in Wireless Sensor Networks (T2PWSHN 2667,
Helsinki, pp. 1-6.

[2z6] A. Papoulis. 1991. Probability, random variables and
stochastic processes. 3rd ed. New York: McGraw-Hill.

[21] A. Leon-Garcia. 1993. Probability and random processes
for electrical engineering. 2nd ed. Reading, MA:
Addison-Hesley.

[22] H. 5. Abdel-GhalBlar. 2662. Analysis of synchronization
algorithm with time-out control over networks with
exponentially symmetric delays. IEEE Trans. Commun.
56:1652-61.

[23] D. R. Jeske. 2665, On the maximum likelihood
estimation of clock oflset. IEEE Trans. Commun. 53:53-54.

[24] ¥. Paxson. 1998. 0On calibrating measurements of packet
transit times. In Proceedings of the ¥th ACHM Sigmetrics

GOGO EX2003, Page 117 of 129



Conference, wol. 26, pp. 11-21.

[25] K.-L. Noh, @. Chaudhari, E. Serpedin, and B. Suter.
2687, Novel clock phase ollset and skew estimation using
two-way timing message exchanges for wireless sensor
networks. IEEE Trans. Commun. 55:766-77.

[26] 5. M. Kay. 1993. Fundamentals of statistical signal
processing: Estimation theory. Wol. I. Englewood Clifls,
NI: Prentice Hall.

[27] @. Chaudhari and E. Serpedin. 2667. 0On maximum
likelihood estimation of clock ollset and skew in wireless
sensor networks with exponential delays. IEEE Trans.
Signal Processing, S56(4):1685-1697.

[28] M. L. Sichitiu and C. Veerarittiphan. 2863. Simple,
accurate time synchronization for wireless sensor
networks. In Proceedings of the IEEE WCNC 2663, pp.
1266-73.

[29] M. Lemmon, J. Ganguly, and L. Xia. 2686, Model-hased
clock sunchronization in networks with driBing clocks. In
Proceedings of the 2666 Pacific Rim International Sumposium
on Dependable Computing, Los Angeles, pp. 177-85.

[36] B. M. Sadler. 2686. Local and broadcast clock
synchronization in a sensor node. IEEE Signal Proc. Lett.
13:9-12.

[31] I. Sari, E. Serpedin, and B. Suter. 2686, 0On the joint
synchronization of clock ofiset and skew in RBS-protocol.

In Proceedings of the Military Communications Conference
2686, HWashington, DC, 1-4.

[32] W. Su and I. F. Akyildiz. 2e65. Time-diBusion
synchronization protocol for wireless sensor networks.
IEEE/ACHM Trans. Metworking 13:384-97.

[33] @. Li and D. Rus. 2666. Global clock suynchronization
in sensor networks. IEEE Trans. Comput. 55:214-26.

[34] %.-W. Hong and A. Scaglione. 2665. A scalahle
synchronization protocol for large scale sensor networks
and its applications. J. Selected Areas Commun. 23:1885-99.

[35] A.-5. Hu and 5. D. Servetto. 2686. On the scalability
of cooperative time synchronization in pulse-connected
networks. IEEE Trans. Information Beory S52:2725-48.

GOGO EX2003, Page 118 of 129



[36] A.-5. Hu and 5. D. Servetto. 2663. Asymptotically
optimal time synchronization in dense sensor networks. In
Proceedings of the 2nd ACM International Conference on

HWireless Sensor Wetworks and Applications (WSNAY, pp. 1-18.

[37] 2. Tian, ¥. Luo, and G. B. Giannakis. 2864,
Cross-layer sensor network sunchronization. In Proceedings
of the 38th Asilomar Conference on Signals, Sustems and
Computers, wol. 1, pp. 1276-8@.

[38] 5. Ganeriwal, D. Ganesan, H. Shim, V. Tsiatsis, and M.

B. Srivastava. 2665. Estimating clock uncertainty for
eficient duty-cycling in sensor networks. In Proceedings of
SensSys @5, San Diego, pp. 131-141.

[39] S5. PalChaudhuri, A. K. Saha, and D. B. Johnson. 2864,
Adaptive clock synchronization in sensor networks. In IPSNH
84, Berkeley, CA, pp. 348-348.

[46] K.-L. Noh and E. Serpedin. 2867. Adaptive multi-hop
timing sunchronization for wireless sensor networks. In
Proceedings of ISSPAZG67T, Sharjah, UAE, pp. 1-6.

GOGO EX2003, Page 119 of 129



14 Chapter 14. Adaptive Interference
Mulling and Direction of Arrival
Estimation in GPS Dual-Polarized Antenna
Receiver

[1] Zoltowski, M. D., and Gecan, A. 5. 1995. Adwvanced
adaptive null steering concepts for GPS. In Proceedings of
the 1995 Military Communications Conference (MILCOM 19957,
vol., 3, p. 1214.

[2] wan Veen, B., and Buckley, K. 1988. Beamforming: A
versatile approach to spatial Bltering. IEEE ASSP Mag.
5:4.

[3] Sun, W., and Amin, M. 2885, A self-coherence based
anti-jam GPS receiver. IEEE Trans. Signal Processing
53:391a.

[4] Trinkle, M., and Cheuk, W. C. 2883. Null-steering GPS
dual-polarized antenna arrays. In 6th International
Symposium on Satellite Navigation Technology.

[5] Fante, F. L., and “accaro, J. J. 2681. Jammer
cancellation performance of a fullypolarimetric GPS array.
MITRE technical report.

[6] GMSS. 2066. GNSS album images and spectral signatures
of the new GHNSS signals. In GNSS: Engineering solutions for
the global navigation satellite system, pp. 46-56.

[7] Kaplan, E. D. 1996. Understanding GPS, principles and
application. Morwood, MA: Artech House Publishers.

[B] Grewal, M. 5., Heill, L. R., and Andrews, A. P. 2061,
Global positioning systems, inertial nawvigation, and
integration. Mew York: Wiley.

[9] Ketchum, J. W., and Proakis, J. G. 1982. Adaptive
algorithms for estimating and suppressing narrow-band
interference in PN spread-sprectrum systems. IEEE Trans.
Commun. 3@:913.

[18] Milstein, L. B. 1988. Interference rejection
technigues in spread spectrum communications. Proc. IEEE
Te:65T.

[11] Amin, M. G., and Zhang, ¥. 2662. Interference
suppression in spread spectrum communication sustems. In
e Wiley encyclopedia of telecommunications, ed. J. G.
Proakis. MNew York: John HWiley.

GOGO EX2003, Page 120 of 129



[12] Badke, B., and Spanias, A. 2862. Partial hand
interference excisions for GPS using freguency-domain
exponents. In IEEE International Conference on Acoustics,
Speech, and Signal Processing (ICASSP 2e62), wvol. 4, p.
3936.

[13] Capozza, P. T., Holland, B. J., Hopkinson, T. M., and
Landrau, R. L. 2666. A singlechip narrow-hand freguency
domain excisor for a g£lobal positioning system (GPS)
receiver. IEEE J. Solid State Circuits 35:461.

[14] DiPietro, R. C. 1989. An FFT based technigue for
suppressing narrow-hand interference in PN spread spectrum
communications systems. In IEEE International Conference on
Acoustics, Speech, and Signal Processing (ICASSP 1989),
vol., 2, p. 1366,

[15] Amin, M. G., Zhao, L., and Lindsey, A. R. 2864,
Subspace array processing for the suppression of FM jamming
in GPS receivers. IEEE Trans. Aerosp. Electronics Suyst.
4p:80,

[16] Subbaram, H., and Abend, K. 1993. Interference
suppression via orthogonal projections: A& performance
analysis. IEEE Trans. Antennas Propagation 41:1187.

[17] Fante, R. L., and Vaccaro, J. J. 2866. Wideband
cancellation of interference in a GPS receiwve arrauy. IEEE
Trans. Aerosp. Electronic Sust. 36:549.

[18] Zhang, ¥., Amin, M. G., and Lindsey, A. R. 2861,
Anti-jamming GPS receivers based on bilinear signal
distributions. In Proceedings of the 2661 Military
Communications Conference (MILCOM 2eé1), wol. 2, p. 1674,

[19] HXiong, P., Medley, M. J., and Batalama, 5. M. 2663.
Spatial and temporal processing for global nawvigation
satellite systems: Be GPS receiver paradigm. IEEE Trans.
ferosp. Electronics Syst. 39:1471.

[26] Myrick, W. L., Goldstein, J. 5., and Zoltowski, M. D.
2681, Low complexity anti-jam space-time processing for
GPS. In International Conference on Acoustics, Speech, and
Signal Processing, wvol. 4, p. 2233.

[21] vaccaro, F. R. 2862, Evaluation of adaptive
space-time-polarization cancellation of hroadband
interference. In Proceedings of the IEEE Precision Location
and Mavigation Symposium, p. 1.

GOGO EX2003, Page 121 of 129



[22] GMNSS. 2666. GNSS solutions: Adaptive antenna arrays,
multi-GNSS tropospheric monitoring, and high-dunamic
receivers. In GNSS: Engineering solutions for the global
navigation satellite system.

[23] Seco, G., Fernandez-Rubio, J. A., and
Fernandez-Prades, C. 2685. ML estimator and hybrid
bheamformer for multipath and interference mitigation in
GNSS receivers. IEEE Trans. Signal Processing 53:1194-12685.

[24] Moelker, D., wan der Pol, E., and Bar-Ness, ¥. 1996.
Adaptive antenna arrays for interference cancellation in
GPS and GLOMASS receiwvers. In Proceedings of the IEEE
Position Location MWawvigation Sumposium, p. 191.

[25] Hatke, G. 1998. Adaptive array processing for wideband
nulling in GPS systems. In Proceedings of the 32nd

fAsilomar Conference on Signals, Sustems, and Computers,
vol., 2, p. 1332.

[26] Gecan, A., and Flikkema, P. 1996. Jammer cancellation
with adaptive arrays for GPS signals. In Proceedings of
the IEEE Southeast Conference: Bringing Together
Education, Science, and Technology, p. 326.

[27] Mingjie, D., ®injian, P., Fang, %., and Jianghong, L.
2681, Research on the technology of adaptive nulling
antenna used in anti-jam GPS. In Proceedings of the CIE
International Conference on Radar, Beijing, p. 1178.

[2z8] Zoltowski, M. D., and Gecan, A. 5. 1995. Advanced
adaptive null steering concepts for GPS. In Proceedings of
the Military Communication Conference, wol. 3, p. 1214.

[29] Moelker, D., wan der Pol, E., and Bar-Ness, ¥. 1996.
Adaptive antenna arrays for interference cancellation in
GPS and GLOMASS receiwvers. In Proceedings of the IEEE
Position Location Wavigation Sumposium, pp. 191-98.

[38] Hatke, G. 1998. Adaptive array processing for wideband
nulling in GPS systems. In Proceedings of the 32nd

fAsilomar Conference on Signals, Sustems, and Computers,
vol., 2, p. 1332.

[31] Schmidt, R. 0. 1986. Multiple emitter location and
signal parameter estimation. IEEE Trans. Antennas

Propagation 34:276.

[32] Schweppe, F. C. 1968. Sensor array data processing for

GOGO EX2003, Page 122 of 129



multiple signal sources. IEEE Trans. Inform. Beory 14:294,

[33] Krim, J., and Viberg, M. 1996. Two decades of array
signal processing research: Be parametric approach. IEEE
Signal Processing Mag. 13:67.

[34] Kumaresan, R., and Tulls, D. W. 1983. Estimating the
angles of arrival of multiple plane waves. IEEE Trans.
ferosp. Electronics Syst. 19:134.

[35] Grover, R., Pados, D. A., and Medley, M. J. 2667,
Subspace direction Bnding with an auxiliary-wvector basis.
IEEE Trans. Signal Processing 55:758.

[36] Roy, R., and Kailath, T. 1989. ESPRIT-Estimation of
signal parameters wia rotational invariance technigues.
IEEE Trans. Acoust. Speech Signal Processing 37:984.

[37] Swindlehurst, A., Ottersten, B., Roy, R., and Kailath,
T. 1992. Multiple invariance ESPRIT. IEEE Trans. Signal
Processing 4@:867.

[38] Yu, 5. J., and Lee, J. H. 1999. EBcient
eigenspace-based array signal processing using multiple
shill- invariant subarrays. IEEE Trans. Antennas Propagation
47:186.

[39] Fuchs, J. JI. 1996. Rectangular Pisarenko method
applied to source localization. IEEE Trans. Signal
Processing 44:2377.

[46] Frost, 0. L., III. 1972. An algorithm for linearly
constrained adaptive array processing. Proc. IEEE 68:926.

[41] GriBths, L. J. 1969. A simple adaptive algorithm for
real-time processing in antenna arrays. Proc. IEEE
57:1696.

[42] Widrow, B., Mantey, P. E., GriBths, L. J., and Goode,
B. B. 1967. Adaptive antenna systems. Proc. IEEE 55:2143.

[43] Amin, M. G. 1992. Concurrent nulling and locations of
multiple interferences in adaptive antenna array. IEEE
Trans. Signal Processing 48:2658.

[44] Ercek, R., De Doncker, P., and Grenez, F. 2865, Study
of pseudo-range error due to non-line-of-sight-multipath
in urban canyons. In Proceedings of IONW GNSS 2685, Long
Beach, CA, pp. 18683-1694.

GOGO EX2003, Page 123 of 129



[45] X¥u, ¥., and Buckley, K. 1993. fAnalysis of beam-space
source localization. IEEE Trans. Signal Processing
41:581-569,

GOGO EX2003, Page 124 of 129



15 Chapter 15. Reconfigurable Basehand
Processing for Wireless Communications

[1] 3rd Generation Partnership Project. 2664, Base station
(BS) radio transmission and reception (FDD). 3GPP TS
25.164 va.4.68,

[2] 3rd Generation Partnership Project. 2664, Physical
layer—General description. 3GPP TS 25.2681 v6.6.

[3] A. Abnous, H. Zhang, M. HWan, G. Varghese, V. Prabhu,
and J. Rabaey. 2662. Be Pleiades architecture. In #e
application of programmable DSPs in mobile communications,
ed. A. Gatherer and A. Auslander, 327-66. New York: Hiley.

[4] ¥. Baumgarte, G. Ehlers, F. May, A. Nuckel, M. ‘“orbach,
and M. HWeinhardt. 2663. Pact xpp-A self-reconBigurable data
processing architecture. J. Supercomputing 266:167-84.

[5] L. Bissi, P. Placidi, G. BaruBla, and A. Scorzoni. 2866.
A multi-standard reconBigurable VYiterbi decoder using
embedded FPGA blocks. In Proceedings of the 9th Euromicro
Conference on Digital Systems Design: Architectures Methods
and Tools (DSDZ6@6), pp. 146-54.

[6] B. Mei, 5. ¥wernalde, D. Verkest, H. D. Man, and R.
Lauwereins. 2863, Adres: An architecture with tightly
coupled YLIW processor and coarse-grained reconfBigurable
matrix. In Field-Programmable Logic and Applications, pp.
61-78.

[71 TI. Chandran, R. Kaluri, J. Singh, ¥. Owall, and R.
veljanovski, 2eed, Xilinx virtex ii pro implementation of a
reconfigurable UMTS digital channel Blter. In Proceedings of
the Second IEEE International HWorkshop on Electronic
Design, Test and Applications, pp. 77-82.

[B] C. Chang, J. Wawrzuynek, and R. W. Brodersen. 2665,
Bee2: A high-end reconBgurable computing system. IEEE Des.
Test. Comput. 226:114-25.

[9] R. W. Chang. 1966. Synthesis of hand-limited orthogonal
signals for multi-channel data transmission. Bell Sust.
Tech. J. 46:1775-96.

[18] C. J. Rieser. 2684, Biologically inspired cognitive
radio engine model utilizing distributed genetic algorithms
for secure and robust wireless communications and
networking. PhD thesis, Wirginia Tech.

GOGO EX2003, Page 125 of 129



[11] K. Compton and 5. Hauck. 2662. ReconBgurable
computing: A survey of systems and soBware. ACHM Comput.
Surwy, 348:171-216,

[12] European Telecommunication Standards Institute (ETSI).
2o86, Broadband radio access networks (BRAN); HiperLAN
type 2; Data link control (DLC) layer. Part 1. Basic data
transport functions. ETSI 75 181 761-1 wi.1.1.

[13] European Telecommunication Standards Institute (ETSI).
2oa1, Broadband radio access networks (BRAN); HiperLAN
type 2; Physical (PHY) layer. ETSI TS 181 475 v1.2.Z2.

[14] European Telecommunication Standards Institute (ETSI).
2681, Digital Radio Mondiale (DRM); System speciBication.
ETSI TS 161 98a w1.1.1.

[15] European Telecommunication Standards Institute (ETSI).
2681, Radio broadcasting systems; Digital Audio
Broadcasting (DAB) to mobile, portable and Bxed receivers.
ETSI EN 386 481 w1.3.3.

[16] European Telecommunication Standards Institute (ETSI).
2ead4, Digital Video Broadcasting (DVB); Framing structure,
channel coding and modulation for digital terrestrial
television. ETSI EN 366 744 wi1.5.1.

[17] European Telecommunication Standards Institute (ETSI).
2683, Digital Radio Mondial (DREM); System speciBcation.
ETSI ES 261 98a w1.2.2.

[18] Federal Communication Commision. 2862. Spectrum policy
task force. Technical report 82-135.

[19] W. Gardner. 1988. Signal interception: A unifying
theorectical framework for feature detection. IEEE Trans.
Commun. 36:897-986.

[26] W. Gardner and C. M. Spooner. 1992. Signal
interception: Performance advantages of cyclic-feature
detectors. IEEE Trans. Commun. 46:149-159,

[21] 5. C. Goldstein, H. Schmit, M. Budiu, 5. Cadambi, M.
Moe, and R. R. Taylor. 2688, Piperench: & reconfigurable
architecture and compiler. IEEE Comput. 33:78-77.

[22] K. Goossens, J. wvan Meerbergen, A. Peeters, and P.
Wielage. 2662. Networks on silicon: Combining best-eBort
and guaranteed services. In Proceedings of the Design,
Automation and Test in Europe Conference and Exhibition

GOGO EX2003, Page 126 of 129



(DATE), pp. 423-25.

[23] K. Goossens, J. Dielissen, and A. Radulescu. 2695. Be
ffthereal network on chip: Concepts, architectures, and
implementations. IEEE Des. Test Comput. 226:414-21.

[24] 5. Hauck, T. W. Fry, M. M. Hosler, and J. P. Kao.
2684, Be Chimaera reconBigurable functional unit. IEEE
Trans. YL5I Syst. 126:286-17.

[25] G. Heidari and K. Lane. 2661. Introducing a paradigm
shill in the design and implementation of wireless devices.
In Proceedings of Wireless Personal Multimedia
Communications, Aalborg, Denmark, pp. 225-38.

[26] P. M. Heysters. 2664. Coarse-grained reconfigurable
processors—Flexibility meets eBciency. PhD thesis,
University of Twente, Enschede, Be Wetherlands.

[27] P. M. Heysters, G. K. Rauwerda, and G. J. M. Smit.
2684, Implementation of a HiperLAW/Z receiver on the
reconfigurable Montium architecture. In Proceedings of the
11th ReconBgurable Architectures Workshop (RAW 26840, Santa
FE, NM, p. 1476.

[28] P. M. Heysters, G. J. M. Smit, and E. Molenkamp. 2863.
A Bexible and energyelicient coarse-grained reconfigurable
architecture for mobile systems. J. Supercomputing
268:283-308.

[29] H. Peter Hofstee. Power eBcient processor architecture
and the cell processor. In Proceedings of the 11th
International Sumposium on High-Performance Computer
Architecture, pp. 258-262.

[36] H. Holma and A. Toskala. 2661. WCOMA for UMTS: Radio
access for third generation mobile communications. Mew
York: John Wiley & Sons.

[31] J. Mitola III. Z88@. Cognitive radio: An integrated
agent architecture for soBware defned radio. PhD thesis,
Royal Institute of Technology, Sweden.

[32] G. Kahn. 1974. Be semantics of simple language for
parallel programming. In IFIF Congress, pp. 471-75.

[33] M. K. Kavaldjiev. 2667. A run-time reconBgurable
network-on-chip for streaming DSP applications. PhD
thesis, University of Twente, Enschede, Be Netherlands.

GOGO EX2003, Page 127 of 129



[34] I. 0. Kennedy and F. J. Mullany. 2664. Design of a
reconfigurable UMTS channel processing engine. In
Proceedings of the 59th IEEE Wehicular Technology
Conference (YTC 2@é4), wol. 3, pp. 1366-4.

[35] A. B. J. Kokkeler, G. J. M. Smit, and T. Krol. 28a7.
Cyclostationary feature detection on a tiled-SoC. In
DATEZ®A7T Proceedings, pp. 171-176.

[36] E. A. Lee and D. G. Messerschmitt. 1987. Synchronous
data Bow: Describing signal processing algorithm for
parallel computation. In COMPCOM, pp. 316-15.

[37] K. Masselos and M. 5. Voros. 2667. Implementation of
wireless communications sustems on FPGA-based platforms.
EURASIF J. Embedded Syst., article ID 12192,
doi:1@.1155/2687/12192.

[38] M. Millberg, E. Milsson, R. Bid, and A. Jantsch. Z2agd.

Guaranteed bandwidth using looped containers in temporally
disjoint networks within the Nostrum network on chip. In
Proceedings of Design Automation and Test Europe
Conference, p. 26896,

[39] 5. M. Mishra, A. Sahal, and R. Brodersen. 2866,
Cooperative sensing among cognitive radios. In Proceedings
of IEEE ICC, pp. 1658-1663.

[48] J. Mitola. 1999. Cognitive radio: Making soBware
radios more personal. IEEE Pers. Commun. 6:13-18.

[41] T. Potman, F. Hoeksema, and K. Slump. 2663. TradeoBs
bhetween spreading factor, sumbol constellation size and
Rake Bngers in UMTS. In Proceedings of ProRISC 2883,
veldhoven, Be Netherlands, pp. 543-48.

[42] T. Rexford and K. G. Shin. 1994. Support for multiple
classes of traBc in multicomputer routers. In Proceedings
of the First International Workshop on Parallel Computer
Routing and Communication, pp. 116-36.

[43] A. La Rosa, L. Lavagno, and C. Passerone. 2865,
Implementation of a UMTS turbo decoder on a dynamically
reconfigurable platform. IEEE Trans. Computer-Aided Des.
246:106-6,

[44] D. Stiliadis and A. Varma. 1998. Latency-rate servers:

A general model for analusis of traBc scheduling
algorithms. IEEE/ACHM Trans. MNetw. 66:611-24.

GOGO EX2003, Page 128 of 129



[45] T. J. Todman, G. A. Constantinides, 5. J. E. Wilton,
0. Mencer, W. Luk, and P. %. K. Cheung. 2885,
Reconfigurable computing: Architectures and design methods.
IEE Proc. Comput. Digital Tech. 152@:193-267.

[46] H. Urkowitz. 1967. Energy detection of unknown
deterministic signals. Proc. IEEE, 55(4):523-531.

[47] 5. vangal, J. Howard, G. Ruhl, 5. Dighe, H. HWilsaon, J.
Tschanz, 0. Finan, P. Iyer, A. Sing, T. Jacoh, 5. Jain, S.
Venkataraman, Y. Hoskote, and M. Borkar. 2667. an 88-tile
1.28 t8ops network-on-chip in 65 nm cmos. In Proceedings of
the ISSCC, pp. 98-99.

[48] J. won Meumann. 1993. First drall of a report on the
edvac. IEEE Ann. Hist. Comput. 15:11-21.

[49] E. Waingold, M. Taylor, V. Sarkar, W. Lee, ¥. Lee, J.
kim, M. Frank, P. Finch, 5. Devabhaktuni, R. Barua, J.
Babb, 5. Amarasinghe, and A. Agarwal. 1997. Baring it all
to soflware: Raw machines. Computer. 36:86-93.

[58] T. A. Heiss and F. K. Jondral. 2664. Spectrum pooling:
An innovative strategy for the enhancement of spectrum
eficiency. IEEE Commun. Mag. 24:58-14.

[51] P. T. HWolkotte, G. J. M. Smit, G. K. Rauwerda, and L.
T. Smit. 2865, An energy-efllcient reconBgurable circuit
switched network-on-chip. In Proceedings of the 19th IEEE
International Parallel and Distributed Processing Sumposium
{IPDPS’@5)—12th ReconBgurable architecture Workshop (RAW
2685), Los Alamitos, CA, p. 155.

[52] H. Zhang, M. HWan, V. George, and J. Rabaey. 1999.
Interconnect architecture exploration for low-energy
reconfBigurable single-chip dsps. In WYLSI'99: Proceedings of
the IEEE Computer Society Workshop on YLSI'99, HWashington,
DC, pp. 2-8.

[53] @. Zhang, A. B. J. Kokkeler, and G. J. M. Smit. 2866,
A reconfigurable radio architecture for cognitive radio in
emergency networks. In Proceedings of European Conference
on Wireless Technology, pp. 35-38.

[54] L. Zhigang and G. Luoning. 266d. Design and

implementation of umts-fddshsdpa baseband. In Proceedings
ICSP @4, wol. 3, pp. 1857-66.

GOGO EX2003, Page 129 of 129



	Front cover
	Contents
	Preface
	Editor
	Contributors
	Chapter 1. Adaptation Techniques and Enabling Parameter Estimation Algorithms for Wireless Communications Systems
	References



