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pring Semester, 20S  25Fall

Problem Set 4

Issued: 9/18/25

Due: 9/26/25 at 0100 via Gradescope.

Important note: Quiz 1 will be in class on Wednesday, October 8, during regular class hours.
It will be based on material through Problem Set 5. There will be a review session before the
exam, most likely to be scheduled during the Monday evening preceding the exam or the Sunday
afternoon or evening before then. Final time and place TBA. Most of the time will be spent
answering questions and working problems .... come with questions or the review will be short
and boring! The exam will cover through this problem set, or in other words the material we have
discussed in OSYP Chapters 1-5, along with associated notes that have been passed out in class.

Reading: We began our discussions of the past week or so with the computation of inverse z-
transforms using the partial fraction method and linear constant-coefficient difference equations,
and the development of the magnitude and phase of the DTFT from the locations of poles and
zeros in the z-plane. We continued our discussion of the impact of pole/zero locations on frequency
response, focusing on allpass systems, minimum and maximum-phase systems, zero-phase systems,
and linear-phase systems. This material is discussed in OSYP Secs. 3.3-3.5 and 5.5-5.7, as well as
the lecture notes on frequency response from pole/zero locations.

Next week we will discuss continuous–time sampling and decimation and interpolation (aka down-
sampling and upsampling), following material in OSYP Secs. 4.0 through 4.6. We warmly rec-
ommend the discussion of sampling, decimation, and interpolation (Chapter 1) in the notes from
18-792 ADSP, which presents the same material in a form that more closely follows the sampling
lecture of the past week.

Note: We have also posted notes on how to solve difference equations analytically, how to perform
inverse z-transforms using contour integration in the complex z plane, and how to calculate inverse
z-transforms for systems with multiple poles in the same location. We provide notes on these
techniques for your reference only, and you will not be asked questions on these techniques in your
homework or for the exams.

Problem 4.1: Listed below are two z-transforms:

1. X1(z) =
1− 3z−1(

1 + 1
2z
−1
) (

1− 1
4z
−1
) for |z| < 1

4
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2. X2(z) =
1 + 2z−1 + z−2

1− 0.5z−1 + 0.125z−2
for |z| >

√
2

4

For each of the z-transforms above, determine the inverse z-transform using partial fraction expan-
sion, as well as the first three nonzero terms of the inverse z-transform using the “long-division”
method. Convince yourself that the two methods produce equivalent answers.

(You can check your answer using the transform pairs in OSYP Table 3.1, but to obtain full credit
you must derive your answer using partial fractions, showing all work.)

Problem 4.2:

In Problem 1.4c and again in Problems 2.2 and 3.3 (!) we considered the convolution of the following
two functions:

x[n] = (1/3)n−1u[n− 1] with h[n] = (1/3)−n+1u[−n+ 1]

As you know from the homework solutions, the result of this convolution is

y[n] =


(
1
8

) (
1
3

)−n
, < 2(

81
8

) (
1
3

)n
, n ≥ 2

(a) Write the z-transforms X(z) and H(z) for the time functions x[n] and h[n] along with the
corresponding regions of convergence. (You already did this in Problem 3.3.)

(b) Is the system specified by h[n] causal and stable? Relate your answer to the nature of the ROC.

(c) Obtain y[n], the output of the system (i.e. the result of the convolution) using z-transform tech-
niques with partial fraction expansion to compute the inverse z-transform. Compare your result
to the answer you obtained for Problem 1.4(c), which you obtained via direct convolution. Which
approach is easier?

Problem 4.3: Figure 4.3-1 below depicts the pole-zero plots for five different discrete-time LSI
systems. While the axes are not labelled, the magnitudes of the pole and zero locations are all 1/4,
1/2, 0.9, 1, 1.1, and 2, while the phase angles of the pole and zero locations are 0, π, and ±π/4.

(a) Figures 4.3-2 and 4.3-3 on the subsequent pages depict four possible transfer-function magni-
tudes (labelled A through D) and eight possible transfer-function phases (labeled E through L)
that correspond to the LSI systems. The horizontal axis in all plots represents discrete-time fre-
quency, plotted linearly. The vertical axis of the magnitude plots is also plotted linearly (i.e. not
in decibels) with the minimum value equal to zero. The vertical axis of the phase plots is linear as
well, running from −π to π radians.

For each of the five pole-zero plots labelled System 1 through System 5, identify the corresponding
magnitude and phase responses, again without using MATLAB. Please provide ample justification
for your choices, as you will not receive any credit for this question without explaining your rea-
soning. Note: The magnitude plots can be multiplied by an arbitrary constant, which is why the
vertical axes are not scaled.
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Figure 4.3-1. Pole-zero diagrams of LSI systems.
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Figure 4.3-2. Potential magnitudes of frequency response of LSI systems.
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Figure 4.3-3. Potential phases of frequency response of LSI systems.

(b) Now consider the pole-zero patterns in Figure 4.3-1 once again.

1. For each of the five pole-zero patterns, sketch the pole-zero patterns of the corresponding
inverse system. In each case, indicate whether the inverse system can be causal and stable.
You must explain your answer to receive full credit.

2. For each of the five pole-zero patterns, sketch the pole-zero pattern of a second system that if
cascaded with the original system would produce a composite system that is allpass. Indicate
if the required second system does not exist, explaining your reasoning.

3. For each of the five pole-zero patterns, sketch the pole-zero pattern of a second system that
if cascaded with the original system would produce a composite system that is minimum
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phase, without changing the magnitude of the original frequency response. Indicate if the
required second system does not exist, explaining your reasoning.

4. For each of the five pole-zero patterns, sketch the pole-zero pattern of a second system that if
cascaded with the original system would produce a composite system that is linear phase,
without changing the magnitude of the original frequency response. Indicate if the required
second system does not exist, explaining your reasoning.

Problem 4.4: This problem addresses an additional method of obtaining inverse z-transforms
that can be helpful when working with z-transforms that are not rational ratios of polynomials in
z−1.

Obtain the inverse z-transform of

X(z) = ln(1− 2z), |z| < 1

2

(a) by using the power series

ln(1− x) = −
∞∑

m=1

xm

m
, |z| < 1,

(b) by first differentiating X(z) and then using the derivative to recover x[n]
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Problem 4.5:

A causal LSI system has system function H(z) and areal unit sample response h[n]. The magnitude
of H(z) evaluated along the contour z = ejω is shown in the figure above.

(a) Carefully sketch a pole-zero plot for H(z) showing all information about the pole and zero
locations that can be inferred from he figure above.

(b) What can be said about the length of the unit sample response?

(c) Specify whether or not the system is stable. You must explain your reasoning to receive full
credit.

Copyright 2025, Richard M. Stern
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Problem 4.6:

h[n]
<latexit sha1_base64="QD2wMWiBW6eW4TIirNRZbpvaMhE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx4rGFtIQ9lsN83S3U3Y3Qgl9C948aDi1V/kzX/jps1BWx8MPN6bYWZelHGmjet+O7W19Y3Nrfp2Y2d3b/+geXj0qNNcEeqTlKeqH2FNOZPUN8xw2s8UxSLitBdNbku/90SVZql8MNOMhgKPJYsZwaaUkkCGw2bLbbtzoFXiVaQFFbrD5tdglJJcUGkIx1oHnpuZsMDKMMLprDHINc0wmeAxDSyVWFAdFvNbZ+jMKiMUp8qWNGiu/p4osNB6KiLbKbBJ9LJXiv95QW7i67BgMssNlWSxKM45MikqH0cjpigxfGoJJorZWxFJsMLE2HgaNgRv+eVV4l+0b9ru/WWr41Zp1OEETuEcPLiCDtxBF3wgkMAzvMKbI5wX5935WLTWnGrmGP7A+fwBZE6N8Q==</latexit><latexit sha1_base64="QD2wMWiBW6eW4TIirNRZbpvaMhE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx4rGFtIQ9lsN83S3U3Y3Qgl9C948aDi1V/kzX/jps1BWx8MPN6bYWZelHGmjet+O7W19Y3Nrfp2Y2d3b/+geXj0qNNcEeqTlKeqH2FNOZPUN8xw2s8UxSLitBdNbku/90SVZql8MNOMhgKPJYsZwaaUkkCGw2bLbbtzoFXiVaQFFbrD5tdglJJcUGkIx1oHnpuZsMDKMMLprDHINc0wmeAxDSyVWFAdFvNbZ+jMKiMUp8qWNGiu/p4osNB6KiLbKbBJ9LJXiv95QW7i67BgMssNlWSxKM45MikqH0cjpigxfGoJJorZWxFJsMLE2HgaNgRv+eVV4l+0b9ru/WWr41Zp1OEETuEcPLiCDtxBF3wgkMAzvMKbI5wX5935WLTWnGrmGP7A+fwBZE6N8Q==</latexit><latexit sha1_base64="QD2wMWiBW6eW4TIirNRZbpvaMhE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx4rGFtIQ9lsN83S3U3Y3Qgl9C948aDi1V/kzX/jps1BWx8MPN6bYWZelHGmjet+O7W19Y3Nrfp2Y2d3b/+geXj0qNNcEeqTlKeqH2FNOZPUN8xw2s8UxSLitBdNbku/90SVZql8MNOMhgKPJYsZwaaUkkCGw2bLbbtzoFXiVaQFFbrD5tdglJJcUGkIx1oHnpuZsMDKMMLprDHINc0wmeAxDSyVWFAdFvNbZ+jMKiMUp8qWNGiu/p4osNB6KiLbKbBJ9LJXiv95QW7i67BgMssNlWSxKM45MikqH0cjpigxfGoJJorZWxFJsMLE2HgaNgRv+eVV4l+0b9ru/WWr41Zp1OEETuEcPLiCDtxBF3wgkMAzvMKbI5wX5935WLTWnGrmGP7A+fwBZE6N8Q==</latexit>

H(ej!)
<latexit sha1_base64="3QelqKCAhfd/Dwg/JNx2ayI7tJo=">AAAB9HicbVBNS8NAEN34WetX1aOXYBHqpSQiqLeClx4rGFto07LZTtq1+xF2N0oJ/R9ePKh49cd489+4bXPQ1gcDj/dmmJkXJYxq43nfzsrq2vrGZmGruL2zu7dfOji81zJVBAIimVStCGtgVEBgqGHQShRgHjFoRqObqd98BKWpFHdmnEDI8UDQmBJsrNStV6CbPXQkhwGenPVKZa/qzeAuEz8nZZSj0St9dfqSpByEIQxr3fa9xIQZVoYSBpNiJ9WQYDLCA2hbKjAHHWazqyfuqVX6biyVLWHcmfp7IsNc6zGPbCfHZqgXvan4n9dOTXwVZlQkqQFB5ovilLlGutMI3D5VQAwbW4KJovZWlwyxwsTYoIo2BH/x5WUSnFevq97tRbnm5WkU0DE6QRXko0tUQ3XUQAEiSKFn9IrenCfnxXl3PuatK04+c4T+wPn8AV6Dkeo=</latexit><latexit sha1_base64="3QelqKCAhfd/Dwg/JNx2ayI7tJo=">AAAB9HicbVBNS8NAEN34WetX1aOXYBHqpSQiqLeClx4rGFto07LZTtq1+xF2N0oJ/R9ePKh49cd489+4bXPQ1gcDj/dmmJkXJYxq43nfzsrq2vrGZmGruL2zu7dfOji81zJVBAIimVStCGtgVEBgqGHQShRgHjFoRqObqd98BKWpFHdmnEDI8UDQmBJsrNStV6CbPXQkhwGenPVKZa/qzeAuEz8nZZSj0St9dfqSpByEIQxr3fa9xIQZVoYSBpNiJ9WQYDLCA2hbKjAHHWazqyfuqVX6biyVLWHcmfp7IsNc6zGPbCfHZqgXvan4n9dOTXwVZlQkqQFB5ovilLlGutMI3D5VQAwbW4KJovZWlwyxwsTYoIo2BH/x5WUSnFevq97tRbnm5WkU0DE6QRXko0tUQ3XUQAEiSKFn9IrenCfnxXl3PuatK04+c4T+wPn8AV6Dkeo=</latexit><latexit sha1_base64="3QelqKCAhfd/Dwg/JNx2ayI7tJo=">AAAB9HicbVBNS8NAEN34WetX1aOXYBHqpSQiqLeClx4rGFto07LZTtq1+xF2N0oJ/R9ePKh49cd489+4bXPQ1gcDj/dmmJkXJYxq43nfzsrq2vrGZmGruL2zu7dfOji81zJVBAIimVStCGtgVEBgqGHQShRgHjFoRqObqd98BKWpFHdmnEDI8UDQmBJsrNStV6CbPXQkhwGenPVKZa/qzeAuEz8nZZSj0St9dfqSpByEIQxr3fa9xIQZVoYSBpNiJ9WQYDLCA2hbKjAHHWazqyfuqVX6biyVLWHcmfp7IsNc6zGPbCfHZqgXvan4n9dOTXwVZlQkqQFB5ovilLlGutMI3D5VQAwbW4KJovZWlwyxwsTYoIo2BH/x5WUSnFevq97tRbnm5WkU0DE6QRXko0tUQ3XUQAEiSKFn9IrenCfnxXl3PuatK04+c4T+wPn8AV6Dkeo=</latexit>

H(z)
<latexit sha1_base64="DugOX8Cc5rJ1qkXNwsKvtCfxeQE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoignoreOmxgrGFNpTNdtMu3d2E3Y1QQ/+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHDzpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5Db3O49UaRbLezNNaCDwSLKIEWxyqVV/Oh9Ua27DnQOtEq8gNSjQHlS/+sOYpIJKQzjWuue5iQkyrAwjnM4q/VTTBJMJHtGepRILqoNsfusMnVlliKJY2ZIGzdXfExkWWk9FaDsFNmO97OXif14vNdF1kDGZpIZKslgUpRyZGOWPoyFTlBg+tQQTxeytiIyxwsTYeCo2BG/55VXiXzRuGu7dZa3pFmmU4QROoQ4eXEETWtAGHwiM4Rle4c0Rzovz7nwsWktOMXMMf+B8/gCplI12</latexit><latexit sha1_base64="DugOX8Cc5rJ1qkXNwsKvtCfxeQE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoignoreOmxgrGFNpTNdtMu3d2E3Y1QQ/+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHDzpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5Db3O49UaRbLezNNaCDwSLKIEWxyqVV/Oh9Ua27DnQOtEq8gNSjQHlS/+sOYpIJKQzjWuue5iQkyrAwjnM4q/VTTBJMJHtGepRILqoNsfusMnVlliKJY2ZIGzdXfExkWWk9FaDsFNmO97OXif14vNdF1kDGZpIZKslgUpRyZGOWPoyFTlBg+tQQTxeytiIyxwsTYeCo2BG/55VXiXzRuGu7dZa3pFmmU4QROoQ4eXEETWtAGHwiM4Rle4c0Rzovz7nwsWktOMXMMf+B8/gCplI12</latexit><latexit sha1_base64="DugOX8Cc5rJ1qkXNwsKvtCfxeQE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoignoreOmxgrGFNpTNdtMu3d2E3Y1QQ/+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHDzpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5Db3O49UaRbLezNNaCDwSLKIEWxyqVV/Oh9Ua27DnQOtEq8gNSjQHlS/+sOYpIJKQzjWuue5iQkyrAwjnM4q/VTTBJMJHtGepRILqoNsfusMnVlliKJY2ZIGzdXfExkWWk9FaDsFNmO97OXif14vNdF1kDGZpIZKslgUpRyZGOWPoyFTlBg+tQQTxeytiIyxwsTYeCo2BG/55VXiXzRuGu7dZa3pFmmU4QROoQ4eXEETWtAGHwiM4Rle4c0Rzovz7nwsWktOMXMMf+B8/gCplI12</latexit>
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<latexit sha1_base64="dis8kM1wd/oqaZEtLeVUtsSsyqw=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSQiqAeh4MVjBWMLbSyb7aRdux9xd1Ooob/DiwcVr/4Zb/4bt20O2vpg4PHeDDPzooRRbTzv2yksLa+srhXXSxubW9s75d29Oy1TRSAgkknVjLAGRgUEhhoGzUQB5hGDRjS4mviNIShNpbg1owRCjnuCxpRgY6Xw6RLus4e25NDD40654lW9KdxF4uekgnLUO+WvdleSlIMwhGGtW76XmDDDylDCYFxqpxoSTAa4By1LBeagw2x69Ng9skrXjaWyJYw7VX9PZJhrPeKR7eTY9PW8NxH/81qpic/DjIokNSDIbFGcMtdId5KA26UKiGEjSzBR1N7qkj5WmBibU8mG4M+/vEiCk+pF1bs5rdS8PI0iOkCH6Bj56AzV0DWqowAR9Iie0St6c4bOi/PufMxaC04+s4/+wPn8AWUnkf4=</latexit><latexit sha1_base64="dis8kM1wd/oqaZEtLeVUtsSsyqw=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSQiqAeh4MVjBWMLbSyb7aRdux9xd1Ooob/DiwcVr/4Zb/4bt20O2vpg4PHeDDPzooRRbTzv2yksLa+srhXXSxubW9s75d29Oy1TRSAgkknVjLAGRgUEhhoGzUQB5hGDRjS4mviNIShNpbg1owRCjnuCxpRgY6Xw6RLus4e25NDD40654lW9KdxF4uekgnLUO+WvdleSlIMwhGGtW76XmDDDylDCYFxqpxoSTAa4By1LBeagw2x69Ng9skrXjaWyJYw7VX9PZJhrPeKR7eTY9PW8NxH/81qpic/DjIokNSDIbFGcMtdId5KA26UKiGEjSzBR1N7qkj5WmBibU8mG4M+/vEiCk+pF1bs5rdS8PI0iOkCH6Bj56AzV0DWqowAR9Iie0St6c4bOi/PufMxaC04+s4/+wPn8AWUnkf4=</latexit><latexit sha1_base64="dis8kM1wd/oqaZEtLeVUtsSsyqw=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSQiqAeh4MVjBWMLbSyb7aRdux9xd1Ooob/DiwcVr/4Zb/4bt20O2vpg4PHeDDPzooRRbTzv2yksLa+srhXXSxubW9s75d29Oy1TRSAgkknVjLAGRgUEhhoGzUQB5hGDRjS4mviNIShNpbg1owRCjnuCxpRgY6Xw6RLus4e25NDD40654lW9KdxF4uekgnLUO+WvdleSlIMwhGGtW76XmDDDylDCYFxqpxoSTAa4By1LBeagw2x69Ng9skrXjaWyJYw7VX9PZJhrPeKR7eTY9PW8NxH/81qpic/DjIokNSDIbFGcMtdId5KA26UKiGEjSzBR1N7qkj5WmBibU8mG4M+/vEiCk+pF1bs5rdS8PI0iOkCH6Bj56AzV0DWqowAR9Iie0St6c4bOi/PufMxaC04+s4/+wPn8AWUnkf4=</latexit>
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x[n] = �[n]
<latexit sha1_base64="RrpN9pX5gQymM+vPB+8P6XOHiFM=">AAAB9HicbZBNS8NAEIYnftb6VfXoJVgED1ISEdSDUPDisYKxhTSWzWbSLt1swu5GLaH/w4sHFa/+GG/+G7cfB219YeHhnRlm9g0zzpR2nG9rYXFpeWW1tFZe39jc2q7s7N6pNJcUPZryVLZCopAzgZ5mmmMrk0iSkGMz7F+N6s0HlIql4lYPMgwS0hUsZpRoY90/+SK4bEfINTHUqVSdmjOWPQ/uFKowVaNT+WpHKc0TFJpyopTvOpkOCiI1oxyH5XauMCO0T7roGxQkQRUU46uH9qFxIjtOpXlC22P390RBEqUGSWg6E6J7arY2Mv+r+bmOz4OCiSzXKOhkUZxzW6f2KAI7YhKp5gMDhEpmbrVpj0hCtQmqbEJwZ788D95J7aLm3JxW68fTNEqwDwdwBC6cQR2uoQEeUJDwDK/wZj1aL9a79TFpXbCmM3vwR9bnD8awkio=</latexit><latexit sha1_base64="RrpN9pX5gQymM+vPB+8P6XOHiFM=">AAAB9HicbZBNS8NAEIYnftb6VfXoJVgED1ISEdSDUPDisYKxhTSWzWbSLt1swu5GLaH/w4sHFa/+GG/+G7cfB219YeHhnRlm9g0zzpR2nG9rYXFpeWW1tFZe39jc2q7s7N6pNJcUPZryVLZCopAzgZ5mmmMrk0iSkGMz7F+N6s0HlIql4lYPMgwS0hUsZpRoY90/+SK4bEfINTHUqVSdmjOWPQ/uFKowVaNT+WpHKc0TFJpyopTvOpkOCiI1oxyH5XauMCO0T7roGxQkQRUU46uH9qFxIjtOpXlC22P390RBEqUGSWg6E6J7arY2Mv+r+bmOz4OCiSzXKOhkUZxzW6f2KAI7YhKp5gMDhEpmbrVpj0hCtQmqbEJwZ788D95J7aLm3JxW68fTNEqwDwdwBC6cQR2uoQEeUJDwDK/wZj1aL9a79TFpXbCmM3vwR9bnD8awkio=</latexit><latexit sha1_base64="RrpN9pX5gQymM+vPB+8P6XOHiFM=">AAAB9HicbZBNS8NAEIYnftb6VfXoJVgED1ISEdSDUPDisYKxhTSWzWbSLt1swu5GLaH/w4sHFa/+GG/+G7cfB219YeHhnRlm9g0zzpR2nG9rYXFpeWW1tFZe39jc2q7s7N6pNJcUPZryVLZCopAzgZ5mmmMrk0iSkGMz7F+N6s0HlIql4lYPMgwS0hUsZpRoY90/+SK4bEfINTHUqVSdmjOWPQ/uFKowVaNT+WpHKc0TFJpyopTvOpkOCiI1oxyH5XauMCO0T7roGxQkQRUU46uH9qFxIjtOpXlC22P390RBEqUGSWg6E6J7arY2Mv+r+bmOz4OCiSzXKOhkUZxzW6f2KAI7YhKp5gMDhEpmbrVpj0hCtQmqbEJwZ788D95J7aLm3JxW68fTNEqwDwdwBC6cQR2uoQEeUJDwDK/wZj1aL9a79TFpXbCmM3vwR9bnD8awkio=</latexit>

Figure 4.6-1. Summary of relationships between discrete-time representations.

Figure 4.6-1 above summarizes the five complementary representations that we have learned to
characterize discrete-time signals and systems. As you know, the unit sample response is used to
characterize time-domain qualities, the DTFT is the basic frequency representation, the z-transform
provides greater insight into stability, causality, and an easier approach to inverse transforms, the
difference equations are used to actually implement digital filters, and the pole/zero locations
provide valuable design insight.

This problem is a drill that addresses these relationships between the various representations. Feel
free to use MATLAB to facilitate your solutions to the problem (but be sure to tell us how you use
it), unless stated otherwise.

We know the following facts about a stable LSI system under consideration:

• The system has three poles located at z = (−1± j)/2 and z = 1
2

• The system has one zero located at z = −1

• H
(
ejω
)∣∣∣

ω=0
= 1

(a) Write the z-transform H(z) that represents the transfer function of the system including all
multiplicative constants.

(b) Write the difference equation characterizing the system, including the initial conditions that
would be required if an input were first applied to the system at n = 0.

(c) Determine h[n], the unit sample response of the system. (Again, feel free to use MATLAB

liberally here.)

(d) Is the system causal? Is it linear phase? Why or why not?
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MATLAB Problems

In working the MATLAB problems, turn in your results, a copy of the MATLAB code you devel-
oped to work the problem, as well as any additional comments you’d like to add to the MATLAB

Gradescope submissions.

Reading: The MATLAB functions roots, poly, and residuez are especially useful in dealing with
some of the issues addressed in this weeks problem set. Look over the help files associated with
these functions. Look over the help files for more information on the other MATLAB commands
cited in the problems below, as well.

For Python users: The recommended general local Python configuration is

- Python Version: v3.10.x

- Libraries & Recommended Versions

- SciPy: 1.10.0

- NumPy: 1.24.1

- Matplotlib: 3.6.3

Some general recommendations for Python users include:

• Store signals as numpy arrays

• Read the online documentations of the functions we use to understand the differences between
the MATLAB and Python implementations (although they are mostly like-for-like, nuanced
differences may exist for a few of these functions)

• You would be able to find Python equivalents for most MATLAB functions by searching for
Python equivalent for <MATLAB function name> online. Stack overflow often helps as
well.

Some important reminders: You are reminded that you must submit the code for your MATLABassignments
to avoid losing partial credit for your work.

Instructions for MATLAB and Python users are in separate pinned posts here (on Piazza), but
the general idea is we expect a printout of code text and output, including all plots (generated
as described in the posts) to be included with the rest of the written submission on Gradescope
(Problem Set X submission). Code files (either .m or .py, but NOT .mlx, .asv, or .ipynb)
should be submitted to the MATLAB submission on Gradescope (Problem Set X - MATLAB).

Regarding page assignments for the coding questions, there are two categories of page assignments:
one that references a filename (such as “main 2 1.m (Published Matlab Code)”) should be assigned
to every page of the printout of that code file, including all outputs (eg. plots). Page assignments
that reference a specific question or sub-part [such as “a) Frequency Response Plot & Written

Copyright 2025, Richard M. Stern



18-491/691 Problem Set 4 Page 10 Fall, 2025

Response”)] should be assigned to pages containing the response a question asks, such as plots
and written analysis. This system allows us to look through the entire program files and outputs
for completion and correctness, as well as grade specific question sub-parts, and as with the whole
assignment we may deduct points for incorrect page assignments, although well be more lenient
especially with the code-file assignment ones.

For those of you using Python, we still would like you to include a published version in the written
handout, and a plain-text code (.py) file for the MATLAB gradescope submission.

To generate the PDF, the only reasonably straightforward way is using jupyter notebooks, which
you can convert to a pdf using File -> Print and then saving as a PDF, or using the com-
mand jupyter nbconvert --execute --to pdf file.ipynb (replacing file.ipynb with your
notebook file). If youd prefer to use normal python to write your solution, use # %% to split cells
(where you’d like a sub-parts output and graphs to show up), and use the command jupytext

--from py:percent --to notebook file.py to convert a python file to a jupyter notebook.

To generate a .py file for the MATLAB submission (which we expect - don’t submit .ipynb files,
please), use the command jupytext --to py file.ipynb, which will convert your notebook into
a Python file for submission.

As with MATLAB code, attach the PDF to your written submission (see that announcement for
pdf merging tools), assigning pages correctly, and submit all .py files to the “Problem Set X -
MATLAB” submission on Gradescope.

Problem C4.1: In main 4 1.m, Use the MATLAB function residuez to verify the partial fraction
expansions you obtained in Problem 4.1.

For Python users: Suggested Python equivalent of residuez: scipy.signal.residuez

Problem C4.2:

In main 4 2.m use the MATLAB function freqz to verify the magnitudes and phases of the DTFTs
that you obtained in Problem 4.3.

For Python users: Suggested Python equivalent of freqz: scipy.signal.freqz
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Problem C4.3: In this problem you will design a simple lowpass filter from scratch based on pole
and zero locations. While your filter will need to meet a set of typical specifications, do not expect
it to be the best possible filter that could be designed. We will discuss filter design procedures
extensively later in the course.

The specifications of your lowpass filter will be rather casual as these things go. You must design
the filter so that its transfer function satisfies the following constraints:

1. −10 dB <
∣∣∣H(ejω)

∣∣∣ < 10 dB for |ω| < 0.3π

2.
∣∣∣H(ejω)

∣∣∣ < −50 dB for 0.55π < |ω| ≤ π

To constrain the design a bit, you are required to realize your filter with only four complex poles
and four complex zeros. Keep in mind that the poles and zeros must occur in complex conjugate
pairs for the unit sample response to remain real.

In main 4 3.m, do the following:

(a) Select a set of four pole and four zero locations by trial and error that enable you to satisfy
the specifications above. This is probably most easily accomplished by guessing the pole and zero
locations based on your knowledge and intuition about their impact on the frequency response,
converting the pole and zero locations into the numerator and denominator polynomials of the
transfer function using poly, and then using freqz to verify your selection. Please use the following
MATLAB statements to generate normalized plots that have the same format (which facilitates
grading):

[h,w] = freqz(b,a);

plot(w/pi,20*log10(sqrt(10)*abs(h)/max(abs(h))));

axis([0 1 -80 10])

where b and a are the numerator and denominator polynomials of the transfer function, respectively.
When you are satisfied with your pole and zero locations, print the frequency response curve and
turn it in with your written solutions. Be sure to indicate your choice of pole and zero locations.

(b) Write the transfer function of your filter as a z-transform. You may limit the coefficients to
three significant figures.

(c) Obtain a closed-form analytical expression for the impulse response of your filter using any
method with the aid of MATLAB. (The command residuez will be very useful.) Write the equation
that specifies the unit sample response, limiting your coefficients to three significant figures.

(d) Obtain the linear constant-coefficient difference equation that characterizes your filter. Write
this equation out, again using three significant figures for the coefficients.
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(e) Read in the PSO B1short.wav musical file that you used in Problem Set 2.1 As in Problem
C2.2, create a monophonic version of the audio file by averaging the left and right channel inputs.
Using MATLAB, calculate the output of the filter when the input is the monophonic version of the
audio. Use the the difference equation you developed in part (d) to obtain the output. Listen to
the input and output using soundsc to hear the effects of the lowpass filtering.

(f) Now repeat part (e) but use the the MATLAB command filter to obtain the audio output.
(See the help file for information on how to implement this.) Compare the resulting audio with
your result from part (e).

Hints for Python users: Suggested Python equivalents of MATLAB functions:

poly -> numpy.poly

freqz -> scipy.signal.freqz

residuez -> scipy.signal.residuez

filter -> scipy.signal.lfilter

audiowrite(output.wav,y/max(abs(y)),fs) -> scipy.io.wavfile.write(’output.wav’,x/numpy.abs(x).max(),fs)

Code to generate normalized plots:

import numpy as np

from matplotlib import pyplot as plt

w,h = scipy.signal.freqz(b,a);

plt.xlim(0, 1)

plt.ylim(-80 10)

plt.plot(w/np.pi,20*np.log10(np.sqrt(10)*np.abs(h)/np.abs(h).max()))

plt.show()

What to turn in for your MATLAB Gradescope submission: Submit your program code
for all three MATLAB questions, the frequency response curve, and the audio that is output from
the filter, converting it to a .wav file using the command

audiowrite(’output.wav’,y/max(abs(y)),fs);

Include with your written solutions a printed program listing generated using the MATLAB publish

command, a printed frequency response curve, plus your answers to the questions in parts (a)
through (d).

Combine all these files, along with the (trivial) code from Questions C4.1 and C4.2 into a single
.zip file archive. Upload the .zip archive to the Gradescope assignment “Problem Set 4 MATLAB.”

1The music is the opening bars from a performance of Bach’s first Brandenburg concerto that I was part of many
years ago.
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