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Objectives
A variety of interesting waveforms can be expressed as sums of complex exponentials of different frequencies.  The pulse trains used in communication systems, speech waveforms, and the waveforms produced by musical instruments can be modeled in this way.  In this lab we will explore some analytical techniques for generating waveforms by summing complex exponentials.

The two main objectives of this lab are:

1. Improve your knowledge of programs and functions in Matlab, and

2. Write a function that will sum several complex exponential terms.

Background
A single sinusoid can be written as the sum of two complex exponentials using Euler’s identity:
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 MACROBUTTON MTPlaceRef \* MERGEFORMAT (1.1)

In many problems we have encountered in classes, a signal is modeled as a simple sinusoid as above. When only a single frequency is involved, it is convenient to drop the time-varying exponential term, and work only with the phasor 
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.  To recover the original signal, the time-varying exponential term is reinserted, and the real part is taken, i.e.
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In this lab we will synthesize more complicated waveforms composed of sums of complex exponential signals, each with a different frequency 
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where 
[image: image6.wmf]k

j

kk

cAe

f

=

 is a complex phasor amplitude.  In this case we cannot drop the time-varying terms 
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, since they are each a different frequency.  If f-k = -fk , and 
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, (which will prove true if the waveform x(t) is real-valued), then pairs of complex exponentials combine to give sinusoids:
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In this case x(t) will be a real-valued signal, and can be written as a sum similar to (1.3)

:
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Harmonically Related Sinusoids:  Fourier Series
There is an important special case where 
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 is the sum of 2N + 1 complex exponentials whose frequencies 
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 are all multiples of one “fundamental” frequency 
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   (“kth-order” harmonic frequencies).

In this case, the sum of 2N + 1 complex exponentials given by Eq. (1.3)

 becomes
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If 
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, then each positive-frequency complex exponential combines with the corresponding negative-frequency complex exponential to give a sinusoid.  Then x(t) will be the sum of a constant (DC or f=0 term) and N harmonically related sinusoids.  In general, a signal 
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 is periodic with period  GOTOBUTTON ZEqnNum401722  \* MERGEFORMAT .  The frequency 
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 is called the fundamental frequency, and 
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 is called the fundamental period.  The right hand side of Eq. (1.5)

 is called a Fourier series representation of the signal x(t).
Pre-Lab
Read the “Matrix Programming Tips” (available from web page) and then do the following before coming to lab.  Record the results in your lab notebook and hand in a photocopy of your pre-lab at the start of the class before lab.

a) Work the following matrix algebra problems by hand:

1. 
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2. 
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b) In Matlab, a process called implicit type assignment can automatically create a matrix when it is called for in a computation.  For example, in the computation below, Matlab would understand that the result of the command cos(x) results in a matrix as shown.  Find the result of the commands listed by hand.
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1. 
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c) In this lab we will be generating a sequence of coefficients. One way to do this is with a for loop. This is very inefficient with Matlab (which is very fast with matrices and vectors), but is also very straightforward, and great for novices. Let’s assume we want to generate the set of coefficients
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One way to accomplish this is with the following sequence of code. First we set the value of N to 6; The we set the coefficient array c to all zeros. Next we find the mid point of the sequence (zero_index). Since Matlab starts it indexing at 1, our coefficient array is actually indexed from 1 to 2N+1. The mid point (middle index) is then at N+1. We then loop n through a sequence of values, from -N to –N by increments of 1. We then want to set the value of 
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. We have the correspondence 
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 correspondes to c(zero_index), 
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corresponds to c(zero_index+1), 
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 corresponds to c(zero_index -1), etc.

N = 6;

c = zeros(1,2*N+1);        

zero_index = N+1                        

for n = -N:1:N              

  c(zero_index+n) = 1/(n*n+1);

end;

A slightly different method  would be to have n go from 1 to N, and then set the value of 
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 (or c(zero_index)) explicitly.

N = 6;

c = zeros(1,2*N+1);

zero_index = N+1

for n = 1:1:N

c(zero_index+n) = 1/(n*n+1);

c(zero_index-n) = 1/(n*n+1);

end;

c(zero_index) = 1;
1. Type both of these routines into an m-file, and run it. Write out the responses.
2. Assume we wanted to generate the sequence
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and all other 
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 are zero. Modify the above code to generate this sequence for
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. Put the code in your m-file and compare the results with what you expect.

d) Write a function that performs the same task as the following without using a for loop, and paste the code and verification that it works in your notebook.
function Z=replacez(A)

%REPLACEZ Function that replaces the positive elements of a matrix with 1

%  usage:

%    Z=replacez(A)

%    A=input matrix whose positive elements are to be replaced with 1

%

[M,N]=size(A);

for i=1:M

  for j=1:N

    if A(i,j)>0

      Z(i,j)=1;

    else

      Z(i,j)=A(i,j);

    end

  end

end

Matlab hint:  The Matlab logical operators may be helpful in completing this exercise.  Use help to understand what these commands do.

Procedure

1. Synthesis of Waveforms I
Write a function m-file that will synthesize a waveform in the form of Eq. (1.3)

.  Write the function either with or without using for loops.  If you choose to write with for loops now, you must write the function without later. The first few statements of the m-file should look like:

function [x,t]=sumexp(f,c,fs,dur)

%SUMEXP Function to synthesize a sum of complex exponentials

%  usage:

%    [x,t]=sumexp(f,c,fs,dur)

%    f=vector of frequencies (values can be negative or positive)

%    c=vector of complex amplitudes (phasors):  Amp*e^(j*phase)

%    fs=the sampling rate in Hz

%    dur=total time duration of signal

%    x=the returned waveform x(t)

%    t=the time array, returned to facilitate plotting

%

%    Note:  f and c must be the same length.  c(1) corresponds to

%      frequency f(1), c(2) corresponds to frequency f(2), etc.

%
Paste your code in your lab notebook.
2. Test of Function sumexp
Next, create a main program which controls the operation of the sumexp function.  (First, write down exactly what functions this program should perform.) The main program gathers the necessary variable information and then calls the function m-file you just wrote.  Running the main program will then produce the desired Fourier Series representation of a waveform. In order to use this m-file to synthesize a Fourier series, you would simply choose the entries in the frequency vector to be integer multiples of the desired fundamental frequency.  
Record your code in your lab notebook. Verify operation by performing the following test and including the results and your comments in your lab notebook:

[x,t]=sumexp([-60 -40 -20 20 40 60],[-1 1 -1 -1 1 -1],2000,0.25);

plot(t,[real(x);imag(x)])    % is imaginary part zero?

legend(‘real’,’imag’)
Your plot should look remarkably similar to this:
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3. Test Waveforms
Each of the following waveforms can be synthesized with a simple call to the function sumexp.  Plot a short section of the signal to observe its characteristic shape.  If your computer can play sounds, change the fundamental to 1 kHz and listen to 0.8 seconds of each test waveform using soundsc(x,fs) with fs=8192. (Make sure the vector x is a real vector when it is sent to the soundsc function.)
a. Waveform 1
Try your m-file with the fundamental 
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Specify the duration to get three periods of the waveform.

Make plots for three different cases:  N=5, 10, and 25, where there are 2N  + 1 complex exponentials (including terms of zero amplitude).  Since this operation is to be done using three different values of N, consider creating a function to create your c and f vectors. Use a three-panel subplot to show all three signals together.  
· What should your sampling frequency be?

· Explain how the period of the synthesized waveform is related to the fundamental frequency.

· Verify the imaginary part of the waveform is zero.

· What wave shape is approximated with this sum of complex exponentials as you add more terms?  
· Explain what happens as 
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.  
· Do you notice anything unusual about the waveform as it converges?

Instructor Verification (see last page)

b. Waveform 2
Now try the coefficients
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Choose the fundamental frequency to be 
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.  Compute the signal for three cases:  N=5, 10, and 25, and plot all three functions together using a three-panel subplot.  What wave shape is approximated with this sum of complex exponentials?  Explain how the period of the synthesized waveform is related to the fundamental frequency.

Instructor Verification (see last page)

4. Synthesis of Waveforms II
Write your sumexp m-file without using for loops.  Repeat each of the two test waveform exercises of Part 3 and verify correct operation.

Report
Record the results of all of your work in one partner’s lab notebook.  Tape any printout (graphs, for example) into the notebook as specified in the Lab Manual for the course.  (You must provide your own tape.)  Be sure that all members of your lab group sign the lab notebook, and hand the notebook in at the end of lab.





    Lab 04
Instructor Verification Sheet

Turn this page in to your Professor

Name ___________________________________________  
Date of Lab: __________________

Waveform 1
Verified:_____________________________________  

Waveform 2

Verified:_____________________________________  
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