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Preface 

Adaptive techniques play a key role in modern wireless communication systems. �e 
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. 

�is 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. �e topics include adaptive channel modeling and identi�cation, 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 so�ware de�ned radio, recon�gurable devices, 
and cognitive radio. �e book is supported by various new analytical, experimental, 
and simulation results and is illustrated by more than 160 �gures, 20 tables, and 800 
references.

I would like to thank all the contributing authors for their patience and excellent work. 
�e 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. �ey 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. 
�e 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. �ere 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. �e 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. �erefore, 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 bene�t. While reliable communication is achieved, the system resources are not 
used e�ciently.

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. 
�erefore, 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 �xed resources to the user. Adaptive 
design methodologies typically identify the user’s requirements and then allocate just 
enough resources, thus enabling more e�cient 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. �ese 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 e�ciency 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. �ese 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 signi�cant amount of research on adaptation 
of wireless communications systems. �is 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. �e transmit-
ted signal reaches the receiver by undergoing many e�ects, corrupting the signal, and 
o�en placing limitations on the performance of the system.

Figure 1.1 illustrates a wireless communications system that includes some of the 
e�ects of the radio channel. �e received signal strength varies depending on the dis-
tance relative to the transmitter, shadowing caused by large obstructions, and fading 
due to re�ection, di�raction, 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 tra�c 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.

�e adaptation strategy can be di�erent depending on the application and ser-
vices. Constant BER constraint for a given �xed 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 de�ned to satisfy the acceptable quality 
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4	 Adaptive Signal Processing in Wireless Communications

of service. �en 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 e�ective 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. �erefore, 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 speci�c user, the user bene�ts 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 

t3t2t1

Time

t3

t2

t1

Mobile user
Receiver

Noise

Interferers

Local scatterers

Transmitter

Remote reflections

Remote reflections

FiGURE 1.1  Illustration of some of the e�ects of a radio channel. Local scatterers cause fading; 
remote re�ectors 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.
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Adaptation Techniques and Enabling Parameter Estimation Algorithms	 5

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 di�erent power levels at the receiver cause 
strong signals to swamp out weaker ones in a phenomenon known as the near–far e�ect. 
Power control mitigates the near–far problem by controlling the transmitted power.

It is possible to trade o� power for bandwidth e�ciency; i.e., a desired BER (or FER) can 
be achieved by increasing the power level or by reducing the bandwidth e�ciency. 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 e�ciency) of the communication. In the same way, high-quality 
links can be obtained by transmitting the signals with spectrally less e�cient modula-
tion schemes, like binary phase shi� keying (BPSK) and quaternary PSK (QPSK). On 
the other hand, new-generation wireless systems aim for higher data rates made possible 
through spectrally e�cient higher-order modulations. �erefore, 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 
shi� keying (GMSK) and 8-PSK modulations with di�erent coding rates through link 
adaptation and hybrid automatic repeat request (ARQ) [5]. �e channel quality is esti-
mated at the receiver, and the information is passed to the transmitter through appro-
priately de�ned messages. �e 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]. �e 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. �is 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 
di�erent �avors of the usage of multiantenna systems have gained signi�cant 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 e�cient 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. �is includes 
adaptive power control, adaptive channel allocation, adaptive cell assignment, adaptive 
resource scheduling, adaptive spectrum management, congestion, hando� (mobility), 
admission, and load control strategies. Adaptive system resource allocation considers 
the current tra�c 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 tra�c 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 e�cient channel utilization and decreased proba-
bility of blocked calls [7]. Unlike �xed 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 tra�c conditions.

Adaptive cell assignment can increase capacity without increasing the hando� rate. 
�e 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 hando�s), 
while slow-moving mobiles are assigned to microcells (to increase capacity) [8].

Recently, research on increasing the average throughput of the system through water-
�lling-based resource allocation has gained signi�cant interest [9–11]. �e main idea is 
to allocate more resources to the users that experience better link quality, resulting in 
very e�cient use of the available resources. �e high-data-rate (HDR) system, which 
is based on a best-e�ort radio packet protocol, uses a water-�lling-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 �xed 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 signi�cant role in receiver 
adaptation. Baseband algorithms used for time and frequency synchronization, baseband 
�ltering, channel estimation and tracking, demodulation and equalization, interference 
cancellation, so� 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 speci�c receiver function that is most appropri-
ate for the current conditions. For example, a speci�c 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 di�erent paths. Multipath propagation causes the signal to be spread in time, fre-
quency, and angle. �ese spreads, which are related to the selectivity of the channel, have 
signi�cant implications on the received signal. A channel is considered to be selective if 
it varies as a function of time, frequency, or space. �e 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 shi� is the frequency shi� 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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broadening caused by the temporal rate of change of the mobile radio channel. �ere-
fore, time-selective fading and Doppler spread are directly related. �e 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 e�ect 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 �xing 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 di�erent mobile speeds, like variable coding and interleaving schemes 
[14]. Also, radio network control algorithms, such as hando�, 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 di�erentials of the 
complex channel estimates [15]. �e di�erentials of the channel estimates are very noisy, 
which require low-pass �ltering. �e bandwidth of the low-pass �lter is also a function 
of the Doppler estimate. �erefore, such approaches require adaptive receivers that con-
tinuously change the �lter 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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Doppler spread of radio channel. (a) Channel time variation for di�erent mobile speeds. (b) Time 
correlation of channel as a function of the time di�erence (separation in time) between the sam-
ples, and the corresponding Doppler spectrum in frequency.
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[17]. Channel autocorrelation is calculated using the channel estimates over the known 
�eld 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 �at 
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 �l-
tered received signal is used to calculate the channel autocorrelation values over each 
slot. �en, the autocorrelation estimate is used for identi�cation 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

�e multipath signals that reach the receiver have di�erent delays as the paths that the 
signals travel through have di�erent lengths. When the relative path delays are on the 
order of a symbol period or more, images of di�erent 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. �e 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. �e coherence 
bandwidth is inversely proportional to the delay spread [24]. Figure 1.3 shows the e�ect 
of time dispersion on channel frequency variation and channel frequency correlation, as 
well as the corresponding power delay pro�les.
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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 �xing 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 �xing 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 di�erent orthogonal carriers. �e OFDM symbols with increased duration might 
still be a�ected by the previous OFDM symbols due to multipath dispersion. Cyclic pre-
�x extension of the OFDM symbol avoids ISI from the previous OFDM symbols if the 
cyclic pre�x length is greater than the maximum excess delay of the channel. Since the 
maximum excess delay depends on the radio environment, the cyclic pre�x length needs 
to be designed for the worst-case channel condition. �is makes the cyclic pre�x a sig-
ni�cant portion of the transmitted data, thereby reducing spectral e�ciency. One way 
to increase spectral e�ciency is to adapt the length of the cyclic pre�x depending on the 
radio environment [28]. �e 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 pre�x 
duration of 800 ns, which is su�cient to allow good performance for channels with delay 
spread up to 250 ns, is used. Optionally, a short cyclic pre�x 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 e�ciency. 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 speci�c multipath power delay pro�le (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 e�ect, but �nding the appropriate �lter 
parameters is an issue. If the �lter 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. �e detected symbols in the frequency domain are used to regenerate the 
time domain signal through inverse fast Fourier transform (IFFT). �is 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.

�e level of time dispersion can be obtained by using known training sequences and a 
maximum likelihood-based algorithm. �e channel can be modeled with di�erent 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. �e 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. �erefore, 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 e�ect of local scattering on angle of arrival. �e local scattering in the vicinity of 
Receiver-2 results in larger angular spreads, as the received signals come from many 
di�erent 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. �e 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 signi�cant amount of work 
in multiantenna systems. With the widespread application of multiantenna systems, it 
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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 signi�cant e�ects 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 e�cient 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 
di�erent 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]. Di�erent 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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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. �erefore, 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. �erefore, depending on the system, a channel quality is related 
to the BER. �en, for a target BER (or FER), a required signal quality threshold can be 
calculated to be used with the adaptation algorithm.

�e measurements can be performed at various points of a receiver, depending on the 
complexity, reliability, and delay requirements. �ere are trade-o�s 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 brie�y.

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 hando�, can use this infor-
mation. �e 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. �erefore, 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 �uctuates 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 �uctuations. �e 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

�e signal-to-interference ratio (SIR), SNR, and SINR are the most common ways of 
measuring the channel quality during (or just a�er) 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.

�ere 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. �ese channel parameter estimates can also be used to calcu-
late the signal power. �e 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 di�erence 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 so� 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. 
�ere are several other ways of SNR measurement that are based on subspace projection 
techniques. �ese approaches can be found in [45] and in the references cited therein.

O�en, 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 a�ected 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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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 hando� 
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 su�cient 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 
signi�cant 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 (a�er 
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. �e 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 a�er 
the decoder. Assuming that the decoder corrects the bit errors that appear before decod-
ing, this di�erence 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. �erefore, 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 di�erent receivers that have di�erent performances will have di�erent BER or FER 
measurements. �erefore, 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

�e 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 o�en related to the other 
measures mentioned above. For example, speech quality for a given speech coder can 
be related to FER of a speci�c system under certain assumptions [49]. However, as dis-
cussed in [49], some frame errors cause more audible damage than others. �erefore, it 
is still desired to �nd 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 a�er listening to the original 
and received speech. �en a mean opinion score (MOS) is obtained from their feedback. 
Although these measurements re�ect 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. �erefore, 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 brie�y. �ese 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 e�ect 
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.

�e estimation of time-varying channel parameters is o�en based on an approximate 
underlying model of the radio channel. In fading environments, the coe�cients of a 
channel model exhibit typical trends or quasi-periodic behavior in time, frequency, and 
space. �e 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 sacri�cing tracking capability [15]. In contrast to the 
algorithms that do not exploit this information, adaptive algorithms provide a means of 
extrapolation of the channel coe�cients 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 �ltering)-based channel tracking algorithm can be adapted depending 
on Doppler spread and SNR information [54]. Wiener �ltering, 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 �lter design requires knowl-
edge of Doppler spread and noise power. In most conventional Wiener �ltering 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 �ltering for OFDM-based wireless communications systems gained 
signi�cant 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. �e receiver includes a parameter measurement block that estimates the neces-
sary parameters for the adaptation of the channel tracker. �e necessary parameters 
can be estimated using the received signal and the output of the detector as described 
before. �e 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, o�en 
severely. Equalization is a technique used to counter the e�ects of ISI. In the Telecom-
munications Industry Association/Electronics Industry Association/Interim Standard 
136 (TIA/EIA/IS-136, or simply IS-136) system, the channel can be assumed to be �at 
(nondispersive) with respect to the symbol duration most of the time. Equalization does 
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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. �erefore, 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]. �is 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 �xing 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.

Known symbols

Adaptive
equalizer

Received signal
Detected
symbols

Dispersion
estimation

FiGURE 1.8  An adaptive receiver that uses the delay spread (time dispersion) estimate to adjust 
the equalizer.

Parameter
estimation

Received signal

Channel 
estimator

Detector
Detected symbols

Decision directed modeTraining or pilot mode

FiGURE 1.7  A simple adaptive channel estimation receiver.
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1.4.1.3 � Adaptive Interference Cancellation Receivers

�e 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. �e statistics of 
these disturbance sources are di�erent. 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.

�e 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 signi�cantly 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 e�cient solution to the above problem is an 
adaptive receiver that adapts the detector to the system conditions. Figure 1.9 illustrates 

Filter 

Rx signal

Joint
acquisition

Joint
demodulation

Conventional
demodulation

Conventional
acquisition

Conventional detector

Control
unit

Joint detector

Rx samples

Desired user data

FiGURE 1.9  Example for adaptive interference cancellation receiver. A complex joint 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. �e control unit makes this decision on the basis of certain informa-
tion obtained from conventional and joint acquisitions. �e demodulator selected by 
the control unit outputs an estimate for the data symbols of the desired user. �e details 
regarding the two demodulators can be found in [58].

�e choice for the demodulator can be based on several criteria. Ideally, one would 
like to know the SNR, SIR, dominant interferer ratio (I1/I – I1, where I1 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. �e 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 so� information for the 
encoded bits. �e better so� information generation schemes require knowledge of the 
noise covariance, and o�en the noise covariance changes across the interleaving length. 
�erefore, a receiver should continuously measure the noise covariance and use these 
estimates for the improvement of so� 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 brie�y. Examples in this area are numerous, and there has been a 
signi�cant 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]. 
Speci�cally, for CDMA-based cellular systems, adaptive power control has a signi�cant 
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 signi�cant 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. �is 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. 
�e 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, di�erent objec-
tives and cost functions to optimize the use of power resources have been developed. In 
mixed-tra�c environments, the cost function for each service will be di�erent, leading 
to di�erent 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-�lling 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 classi�ed 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. �e parameters that are used for them can also be di�erent. 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. �e estimation errors and delays, between measurements 
and adaptation of power, limit the e�cient application of power control schemes. �ere-
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 (HOMs) allow more bits to 
be transmitted for a given symbol rate. On the other hand, HOM is less power e�cient, 
requiring higher energy per bit for a given BER. �erefore, 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 e�ciency, 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 di�erent 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 e�ciencies of di�erent uncoded modulations, where 
an arbitrary packet size of 200 bits is used. Notice that the optimal spectral e�ciency for 
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FiGURE 1.10  llustration of the BER and spectral e�ciency of several modulation options. (a) 
BER plots of di�erent modulations as a function of SNR. (b) Spectral e�ciency of di�erent modu-
lation as a function of SNR.
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di�erent SNR regions can be obtained through the use of di�erent 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 di�erent modulation options 
(GMSK and 8-PSK) along with di�erent coding rates, resulting in nine di�erent modu-
lation/coding options, as shown in Table 1.1 [5, 43]. In addition, EGPRS introduces the 
use of a type II hybrid ARQ system, commonly known within the speci�cation 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 �rst 
sent with low coding power (high coding rate). �is 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. �erefore, 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. �e di�erent initial code rates are obtained 
by puncturing a di�erent number of bits from a common convolution code (rate 1/3). 
Incremental redundancy operation is enabled by puncturing a di�erent 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.

TABLE 1.1  EGPRS Modulation and Coding 
Schemes and Peak Data Rates

Scheme Modulation
Maximum Rate 
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
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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 di�erent modulation options (BPSK, QPSK, 16-QAM, 
and 64-QAM) with di�erent coding rates. �e coding rates are obtained with di�erent 
puncturing patterns to a mother convolutional code, resulting in eight di�erent 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. �erefore, 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 signi�cant 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. E�cient use of 
radio spectrum is very important to maximize the system capacity. �e introduction of 
cellular technology was a major step toward e�cient usage of �nite spectrum through a 
concept called frequency reuse. �e 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 �xed channel allocation. 
�is is o�en achieved by employing higher-frequency reuse and by allowing enough 
carrier spacing between adjacent channels. Both of these reduce the spectral e�ciency. 
Later, more e�cient spectrum usage strategies were developed that dynamically assign 
frequencies relative to current interference, propagation, and tra�c conditions. In tra-
ditional cellular system designs, the allocation of frequency channels to cells is �xed, 
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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CCI and ACI [67]. As a result, for nonuniform tra�c conditions, the available channels 
can be used more e�ciently.

Resource utilization has also evolved by employing a concept called hierarchical cel-
lular structures (HCSs) [68]. �e 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 di�-
cult. �e number of hando�s per cell is increased by an order of magnitude, and the 
time available to make a hando� 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 hando�s [69]. As a result, the risk of call dropping is 
reduced, and there are other bene�ts, like lower handover delays, reduced switching load, 
and increased QoS. �e 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 hando�, tra�c 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.

Overlay macrocell
Microcell 

High speed user

Slow 
speed 
user

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.
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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 e�cient adaptation and parameter esti-
mation algorithms. At the same time, there is a signi�cant amount of e�ort 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 signi�cant factor in e�cient and successful deployment 
of these technologies.

UWB 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. �is 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 signi�cant 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 e�ect 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. �e 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.

�e wide bandwidth of UWB o�ers 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 o� 
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. �erefore, di�erent 
carriers experience di�erent channel qualities. �is leads to adaptation of each subcar-
rier individually. Adaptive bit/power loading can be used as an e�ective 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]. �e modulation 
level on di�erent carriers can be changed depending on the link quality observed at the 
carriers. Transmitting di�erent modulations on each carrier requires a large overhead 
for signaling. �erefore, approaches that group the neighboring carriers into subsets 
and use the same modulation in each subset are preferred. �e 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 di�erent, 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. �erefore, 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. �erefore, 
the observed link qualities would be di�erent 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. �e 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. �e spatial dimension will be used in future communications systems for further 
improvement of the bandwidth and power e�ciency. 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 e�ect of 
mutual coupling between antenna elements, the e�ect of near-�eld 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 a�ect the antenna correlation are the characteristics 
of the scattering environment. �erefore, 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. �is 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. �e 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. �is 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 o�en 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. �e tra�c load and delays are adapted 
by changing the routing tables, by adaptive channel and cell assignment techniques. 
�e 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. �e future 
applications will have di�erent 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-o�s.

1.6 � Conclusion

Recently, the use of adaptation algorithms for better utilization of the available 
resources, like power and spectrum, has grown signi�cantly. 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. �erefore, further research on e�cient parameter 
estimation techniques is still needed.
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�ere is a signi�cant 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. �e �exibility of UWB makes it very attractive for employing 
successful adaptation schemes.
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