Chapter 5
BIOMEDICAL SIGNAL PROCESSING


The main objective of this section of the book is to introduce the fundamentals of discrete-time signals and systems and to provide a working knowledge necessary for performing signal processing of common signals derived from the human body.  Ultimately, any engineering analysis must be compared with  experimental data both for validation and for estimating the sensitivity of the system to  small changes in parameter values. Modern Biomedical Instrumentation predominantly produces electrical signals as outputs, no matter what physical variable is being measured. Also, data acquisition is invariably linked to the digital computer. This section, therefore, presents the elements of signal processing necessary for a biomedical engineer, both from a theoretical as well as from a practical point of view. A review of Fourier series, transforms, and spectral analysis is followed by a discussion of techniques relevant to data acquisition by a digital computer. Digital filtering and other signal processing techniques are next presented, including such modern techniques as time - frequency analysis. Examples are included illustrating the techniques from such research areas as bioelectric signal analysis and image processing.


In this chapter, we will first examine sequences and how to represent them mathematically. We will next examine  the frequency content of a signal. We will begin by considering periodic functions and discuss the Fourier series which provides a representation of the power of the signal at each frequency. We will then make a transition to non-periodic functions and derive the Fourier transform from the Fourier series. This will show that the same concepts of frequency content can be applied to both periodic as well as non-periodic functions.  The concepts of power spectrum and periodogram will be introduced and examples of biomedical signals will be discussed. We will begin by considering continuous (analog) signals and then shift over to discrete time signal. This will necessitate a discussion of the discrete Fourier transform. We will conclude with a discussion of the fast Fourier transform.

5.1 INTRODUCTION TO SIGNAL PROCESSING


Biological signals, such as the electrocardiogram (ECG), electroencephalogram (EEG), and electromyogram (EMG) are produced in analog form. In this form, the signal is defined over a continuum of both time and amplitude. Figure 5.1 is an example of an analog electrocardiogram signal. In order to analyze such signals on a digital computer, the signal must be transformed into a signal that is defined only at a particular set of values of time and amplitude. Such a signal is called a digital signal. Figure 5.2 shows examples of a signal defined for continuous amplitude but discrete time (discrete time signal) and a signal defined for both discrete time and amplitude (digital signal). In this chapter, we will present the basic concepts of analog and digital signals. The operations necessary to convert an analog signal into a discrete time (sampling) and discrete amplitude (quantization) signal will be presented in chapter 15. We will also discuss in this chapter the origins and characteristics of three common bioelectric signals, the ECG, EEG, and EMG.



Figure 5.1  Analog Electrocardiogram Signal



Figure 5.2  Examples of a sampled signal


(a)  continuous ampitude but discrete time


(b)  discrete time and discrete amplitude

5.2 SEQUENCES

We will now consider signals that are defined only at discrete values of the independent variable which we will assume is time. We will also assume that the dependent variable is continuous. Such a signal can be obtained by sampling a continuous signal, such as an electrocardiogram. Assume that the sampling is performed at uniform intervals t=nT where T is the interval between time samples and n is an integer. Such a sequence of numbers can be denoted as 
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Figure 5.3 is an example of such a sequence. The sequence may also be written as
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The process of generating the values in figure 5.3a is as shown in figure 5.3b  where we assume that the sampling device is the exact value of the input at the sampling instant.



Figure 5.3   Illustration of the sampling process


It is common practice to abbreviate the notation x(nT) by x(n) where it is assumed that the sampling is performed every T seconds. Such abbreviations are common in signal processing and should not be confusing once the reader has become sufficiently familiar with the material.


Following are examples of several common sequences used in signal processing theory.

a. Unit impulse sequence- This is the most fundamental sequence and is defined by 
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Figure 5.4  is an example of a unit impulse sequence.



Figure 5.4  Unit impulse sequence
b. Constant sequence- This sequence has the same real value for all values of n  and is defined by
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with the graphical description in figure 13.5.


Figure 13.5  Constant Sequence
c. Unit step sequence- The unit step sequence is defined by
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and is shown in figure 5.6. Notice that u(n) is defined to be 1 at t=0 whereas the continuous function u(t) is not defined at t=0.



Figure 5.6  Unit Step Sequence
d. Shifted sequences- Just as continuous signals can be shifted in time, so sequences can be shifted. For example, a shifted unit impulse sequence is given by
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and is shown in figure 5.7. Similarly, a shifted unit step sequence is given by
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and is shown in figure 5.8.



Figure 5.7  Shifted Unit Impulse Sequence



Figure 5.8  Shifted Unit Step Sequence
e. General description of any sequence- Since each point in a sequence x(n) can be considered as a shifted impulse sequence, any sequence can be written as a weighted sum of shifted unit impulses. The relationship is given by
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where x(m) gives the weight (amplitude) of the sample located at n=m, the location specified by the shifted impulse 
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. As an example, the sequence shown in figure 5.9 may be expressed as 
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Figure 5.9  General Example of a Sequence

5.3   BIOELECTRIC SIGNALS


Throughout this section of the book, we will be using three signals as examples to illustrate the concepts of signal processing. In this section, we will briefly discuss the production of these signals as well as their characteristics. We will concentrate on the time domain representation of the signals as well as their frequency characteristics. For a more complete discussion of the physiology relative to the production of these signals, consult any text on human physiology. 


The three signals, the elctrocardiogram (ECG), the electroencephalogram (EEG) and the electromyogram (EMG) are all produced as electrical signals and can be acquired at the body surface through the use of surface electrodes. The instrumentation used to acquire the signals is similar for the three except for changes in required amplification and filter settings. Figure 5.1 shows a normal electrocardiogram which is produced at the body surface to the contraction of the heart. When the heart (cardiac muscle) contracts and relaxes, ionic currents are produced at the surface of the heart which in turn produce a voltage at the body surface. The peaks (or waves) in the signal can be related to the contraction and relaxation of the atria and ventricles. The amplitude of the largest peak (R wave) is approximately one millivolt and the accepted frequency range for the ECG is between 0.05 Hz and 100 Hz.


The electroencephalogram (EEG) is produced at the surface of the scalp due to the nerve cell activity in the brain and shows a continuous oscillating electrical activity. The EEG has an amplitude of approximately 100 microvolts and a frequency range of 0.5 Hz. and 100 Hz. The state of brain activity can be assessed by examining the energy in the EEG in four frequency ranges: the beta range (13 - 30 Hz.), the alpha range (8 - 13 Hz.), the theta range (4 - 7 Hz.) and the delta range (below 3.5 Hz.). This will be discussed in more detail later in this section of the book. Figure 5.10 is an example of a normal EEG.



Figure 5.10  Example of a normal electroencephalogram showing 

the components in the alpha, beta, theta and delta frequency bands


The electromyogram (EMG) is produced at the body surface due to the electrical activity of contracting muscles immediately beneath the surface. The EMG amplitude can be as high as five millivolts and can have frequency content as high as 10,000 Hz. Figure 5.11 is an example of an EMG signal.



Figure 5.11  Normal Electromyogram
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