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1 introductionl.1 digital signal processing and its benefts1.2 application areasl.3 key dsp operations1.3.1
convolutionl.3.2 correlationl.3.3 digital fitering1.3.4 discrete transformation1.3.5 modulationl.4 digital signal
processors1.5 overview of real-world applications of dsp1.6 audio applications of dsp1.6.1 digital audio
mixing1.6.2 speech synthesis and recognitionl.6.3 the compact disc digital audio system1.7 telecommunication
applications of dsp1.7.1 digital cellular mobile telephonyl.7.2.set-top box for digital television receptionl.7.3
adaptive telephone echo cancellation1.8 biomedical applications of dsp1.8.1 fetal ecg monitoring1.8.2 dsp-based
closed loop controlled anaesthesial.9 summaryproblemsreferencesbibliography?2 analog i/o interface for real-time
dsp systems2.1 typical real-time dsp systems2.2 analog-to-digital conversion process2.3 sampling- iowpass and
bandpass signals2.3.1 sampling iowpass signals2.3.2 sampling bandpass signals2.4 uniform and non-uniform
guantization and encoding2.4.1 uniform guantization and encoding (linear pulse code modulation (pcm))2.4.2
non-uniform quantization and encoding (nonlinear pcm)2.5 oversampling in aid conversion2.5.1
introduction2.5.20versampling and anti-aliasing fltering2.5.30versampling and adc resolution2.5.4 an application
of oversampling - single-bit (oversampling) adc2.6 digital-to-analog conversion process: signal recovery2.7 the
dac2.8 anti-imaging fltering2.9 oversampling in d/a conversion2.9.10versampling d/a conversion in the cd
player2.10 constraints of real-time signal processing with analog input/output signals2.11 application examples2.12
summaryproblemsreferencesbibliography3 discrete transforms3.1 introduction3.1.1 fourier series3.1.2 the fourier
transform3.2 dft and its inverse3.3 properties of the dft3.4 computational complexity of the dft3.5 the
decimation-in-time fast fourier transform algorithm3.5.1 the butterfly3.5.2 algorithmic development3.5.3
computational advantages of the fft3.6 inverse fast fourier transform3.7 implementation of the fft3.7.1 the
decimation-in-frequency fft3.7.2 comparison of dit and dif algorithms3.7.3 modifications for increased speed3.8
other discrete transforms3.8.1 discrete cosine transform3.8.2 walsh transform3.8.3 hadamard transform3.8.4
wavelet transform3.8.5 multiresolution analysis by the wavelet method3.8.6 signal representation by singularities:
the wavelet transform method3.9 an application of the dct: image compression3.9.1 the discrete cosine
transform3.9.2 2d dct coeffi:ient quantization3.9.3 coding3.10 worked examplesproblemsreferencesappendices3a ¢
language program for direct dft computation3b ¢ program for radix-2 decimation-in-time fft3c dft and fft with
matlab references for appendices4 the z-transform and its applications in signal processing4.1 discrete-time signals
and systems4.2 the z-transform4.3 the inverse z-transform4.3.1 power series method4.3.2 partial fraction expansion
method4.3.3 residue method4.3.4 comparison of the inverse z-transform methods4.4 properties of the
z-transform4.5 some applications of the z-transform in signal processing4.5.1 pole-zero description of
discrete-time systems4.5.2 frequency response estimation4.5.3 geometric evaluation of frequency response4.5.4
direct computer evaluation of frequency response4.5.5 frequency response estimation via fft4.5.6 frequency units
used in discrete-time systems4.5.7 stability considerations4.5.8 difference equations4.5.9 impulse response
estimation4.5.10 applications in digital fiter design4.5.11 realization structures for digital fiters4.6
summaryproblemsreferencesbibliographyappendicesda recursive algorithm for the inverse z-transform4b c
program for evaluating the inverse z-transform and for cascade-to-parallel structure conversion4c ¢ program for
estimating frequency response4d z-transform operations with matlab references for appendices5 correlation and
convolution5.1 introduction5.2 correlation description5.2.1 cross- and autocorrelation5.2.2 applications of
correlation5.2.3 fast correlation5.3 convolution description5.3.1 properties of convolution5.3.2 circular
convolution5.3.3 system identification5.3.4 deconvolution5.3.5 blind deconvolution5.3.6 fast linear
convolution5.3.7 computational advantages of fast linear convolution5.3.8 convolution and correlation by
sectioning5.3.9 overlap-add method5.3.10 overlap-save method5.3.11 computational advantages of fast
convolution by sectioning5.3.12 the relationship between convolution and correlation5.4 implementation of
correlation and convolution5.5 application examples5.5.1 correlation5.5.2 convolution5.6
summaryproblemsreferencesappendix5a ¢ language program for computing cross- and autocorrelation6 a
framework for digital fiter design6.1 introduction to digital fiters6.2 types of digital fiters: fir and iir fiters6.3
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choosing between fir and iir fiters6.4 filter design steps6.4.1 specifcation of the fiter requirements6.4.2 coefficient
calculation6.4.3 representation of a fiter by a suitable structure (realization)6.4.4 analysis of fhite wordlength
effects6.4.5 implementation of a fiter6.5 illustrative examples6.6 summaryproblemsreferencebibliography?7 finite
impulse response (fir) fiter design7.1 introduction7.1.1 summary of key characteristic features of fir filters7.1.2
linear phase response and its implications?7.1.3 types of linear phase fir flters7.2 fir fiter design7.3 fir fiter
specif‘cations?.4 fir coefficient calculation methods7.5 window method7.5.1 some common window functions7.5.2
summary of the window method of calculating fir flter coeffi:ients7.5.3 advantages and disadvantages of the
window method7.6 the optimal method7.6.1 basic concepts7.6.2 parameters required to use the optimal
program?.6.3 relationships for estimating fiter length, n7.6.4 summary of procedure for calculating flter coeffi:ients
by the optimal method7.6.5 illustrative examples7.7 frequency sampling method7.7.1 nonrecursive frequency
sampling flters7.7.2 recursive frequency sampling flters7.7.3 frequency sampling flters with simple coeffi:ients7.7.4
summary of the frequency sampling method7.8 comparison of the window, optimum and frequency sampling
methods7.9 special fir fiter design topics7.9.1 half-band fir fiters7.9.2 frequency transformation7.9.3
computationally efficient fir flters7.10 realization structures for fir fiters7.10.1 transversal structure7.10.2 linear
phase structure7.10.3 other structures7.10.4 choosing between structures7.11 finite wordlength effects in fir digital
fiters7.11.1 coefficient quantization errors7.11.2 roundoff errors7.11.3 overfbw errors7.12 fir implementation
techniques7.13 design example7.14 summary7.15 application examples of fir
fltersproblemsreferencesbibliographyappendices7a ¢ programs for fir flter design7b fir fiter design with matlab8
design of infhite impulse response (iir) digital flters8.1 introduction: summary of the basic features of iir fiters8.2
design stages for digital iir fiters8.3 performance specification8.4 coeff'cient calculation methods for iir fiters8.5
pole-zero placement method of coeffcient calculation8.5.1 basic concepts and illustrative design examples8.6
impulse invariant method of coefficient calculation8.6.1 basic concepts and illustrative design examples8.6.2
summary of the impulse invariant method8.6.3 remarks on the impulse invariant method8.7 matched z-transform
(mzt) method of coeffcient calculation8.7.1 basic concepts and illustrative design examples8.7.2 summary of the
matched z-transform method8.7.3 remarks on the matched z-transform method8.8 bilinear z-transform (bzt)
method of coeffcient calculation8.8.1 basic concepts and illustrative design examples8.8.2 summary of the bzt
method of coeff'cient calculation8.8.3 comments on the bilinear transformation method8.9 use of bzt and classical
analog fiters to design iir fiters8.9.1 characteristic features of classical analog flters8.9.2 the bzt methodology using
classical analog fiters8.9.3 illustrative design examples (iowpass, highpass, bandpass and bandstop fiters)8.10
calculating iir fiter coefircients by mapping s-plane poles and zeros8.10.1 basic concepts8.10.2 illustrative
examples8.11 using iir flter design programs8.12 choice of coeffcient calculation methods for iir flters8.12.1 nyquist
effect8.13 realization structures for iir digital fiters8.13.1 practical building blocks for iir fiters8.13.2 cascade and
parallel realization structures for higher-order iir fiters8.14 finite wordlength effects in iir fiters8.14.1 coefficient
quantization errors8.15 implementation of iir fiters8.16 a detailed design example of an iir digital flter8.17
summary8.18 application examples in digital audio and instrumentation8.18.1 digital audio8.18.2 digital
control8.18.3 digital frequency oscillators8.19 application examples in telecommunication8.19.1 touch-tone
generation and reception for digital telephones8.19.2 digital telephony: dual tone multifrequency (dtmf) detection
using the goertzel algorithm8.19.3 clock recovery for data
communicationproblemsreferencesbibliographyappendices8a ¢ programs for iir digital fiter design8b iir flter design
with matlab8c evaluation of complex square roots using real arithmetic9 multirate digital signal processing9.1
introduction9.1.1 some current uses of multirate processing in industry9.2 concepts of multirate signal
processing9.2.1 sampling rate reduction: decimation by integer factors9.2.2 sampling rate increase: interpolation by
integer factors9.2.3 sampling rate conversion by non-integer factors9.2.4 multistage approach to sampling rate
conversion9.3 design of practical sampling rate converters9.3.1 filter specircation9.3.2 filter requirements for
individual stages9.3.3 determining the number of stages and decimation factors9.3.4 illustrative design examples9.4
software implementation of sampling rate converters-decimators9.4.1 program for multistage decimation9.4.2 test
example for the decimation program9.5 software implementation of interpolators9.5.1 program for multistage
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interpolation9.5.2 test example9.6 sample rate conversion using polyphase flter structure9.6.1 polyphase
implementation of interpolators9.7 application examples9.7.1 high quality analog-to-digital conversion for digital
audio9.7.2 effcient digital-to-analog conversion in compact hi-fisystems9.7.3 application in the acquisition of high
quality data9.7.4 multirate narrowband digital fitering9.7.5 high resolution narrowband spectral analysis9.8
summaryproblemsreferencesbibliographyappendices9a ¢ programs for multirate processing and systems design9b
multirate digital signal processing with matlab10 adaptive digital fiters10.1 when to use adaptive fiters and where
they have been used10.2 concepts of adaptive fitering10.2.1 adaptive fiters as a noise canceller10.2.2 other
configurations of the adaptive flter10.2.3 main components of the adaptive fiter10.2.4 adaptive algorithms10.3 basic
wiener fiter theory10.4 the basic Ims adaptive algorithm10.4.1 implementation of the basic Ims algorithm10.4.2
practical limitations of the basic Ims algorithm10.4.3 other Ims-based algorithms10.5 recursive least squares
algorithm10.5.1 recursive least squares algorithm10.5.2 limitations of the recursive least squares algorithm10.5.3
factorization algorithms10.6 application example 1 - adaptive fltering of ocular artefacts from the human eeg10.6.1
the physiological problem10.6.2 artefact processing algorithm10.6.3 real-time implementation10.7 application
example 2 - adaptive telephone echo cancellation10.8 other applications10.8.1 loudspeaking telephones10.8.2
multipath compensation10.8.3 adaptive jammer suppression10.8.4 radar signal processing10.8.5 separation of
speech signals from background noise10.8.6 fetal monitoring - cancelling of matemal ecg during
labourproblemsreferencesbibliographyappendices10a c language programs for adaptive fltering10b matlab
programs for adaptive fitering11 spectrum estimation and analysis11.1 introduction11.2 principles of spectrum
estimation11.3 traditional methods11.3.1 pitfalls11.3.2 windowing11.3.3 the periodogram method and
periodogram properties11.3.4 modified periodogram methods11.3.5 the blackman-tukey method11.3.6 the fast
correlation method11.3.7 comparison of the power spectral density estimation methods11.4 modern parametric
estimation methods11.5 autoregressive spectrum estimation11.5.1 autoregressive model and flter11.5.2 power
spectrum density of ar series11.5.3 computation of model parameters - yule-walker equations11.5.4 solution of the
yule-walker equations11.5.5 model order11.6 comparison of estimation methods11.7 application examples11.7.1
use of spectral analysis by a dft for differentiating between brain diseases11.7.2 spectral analysis of eegs using
autoregressive modelling11.8 summary11.9 worked exampleproblemsreferencesappendix1la matlab programs for
spectrum estimation and analysis12 general- and special-purpose digital signal processors12.1 introduction12.2
computer architectures for signal processing12.2.1 harvard architecturel2.2.2 pipelining12.2.3 hardware
multiplier-accumulator12.2.4 special instructions12.2.5 replication12.2.6 on-chip memory/cachel2.2.7 extended
parallelism - simd, vliw and static superscalar processing12.3 general-purpose digital signal processors12.3.1
fixed-point digital signal processors12.3.2 floating-point digital signal processors12.4 selecting digital signal
processors12.5 implementation of dsp algorithms on general-purpose digital signal processors12.5.1 fir digital
fltering12.5.2 iir digital fltering12.5.3 fft processing12.5.4 multirate processing12.5.5 adaptive fltering12.6
special-purpose dsp hardware12.6.1 hardware digital fiters12.6.2 hardware fft processors12.7
summaryproblemsreferencesbibliographyappendix12a tms320 assembly language programs for real-time signal
processing and a ¢ language program for constant geometry radix-2 fft13 analysis of fhite wordlength effects in
fixed-point dsp systems13.1 introduction13.2 dsp arithmetic13.2.1 fixed-point arithmetic13.2.2 floating-point
arithmetic13.3 adc quantization noise and signal quality13.4 finite wordlength effects in iir digital flters13.4.1
infljence of fiter structure on fnite wordlensth effects13.4.2 coeffcient quantization errors in iir digital flters13.4.3
coeffcient wordlength requirements for stability and desired frequency responsel13.4.4 addition overfbw errors and
their effects13.4.5 principles of scaling13.4.6 scaling in cascade realization13.4.7 scaling in parallel realization13.4.8
output overflow detection and prevention15.4.9 product roundoff errors in iir digital flters13.4.10 effects of
roundoff errors on flter performancel3,4.11 roundoff noise in cascade and parallel realizations13.4,12 effects of
product roundoff noise in modern dsp systems13.4.13 rouncloff noise reduction schemes13.4,14 determining
practical values for error feedback coefficients13.4.15 limit cycles clue to product roundoff errors13.4.16 other
nonlinear phenomenal3.5 finite wordlength effects in fft algorithms13.5.1 roundoff errors in fft13.5.2 overfow
errors and scaling in fft13.5.3 coeffi:ient quantization in fft13.6
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summaryproblemsreferencesbibliographyappendices13a finite wordlength analysis program for iir flters13b 12
scaling factor equations14 applications and design studies14.1 evaluation boards for real-time signal
processing14.1.] backsround14.1.2 tms320c 10 target board14.1.3 dsp56002 evaluation module for real-time
dsp14.1.4 tms320c54 and dsp56300 evaluation boards14.2 dsp applications14.2.1 detection of fetal heartbeats
during labour14.2.2 adaptive removal of ocular artefacts from human ergs14.2.3 equalization of digital audio
signals14.3 design studies14.4 computer-based multiple choice dsp questions14.5
summaryproblemsreferencesbibliographyappendix14a the modified ud factorization algorithmindex
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