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Digital Signal Processing (18-491/18-691)

pring Semester, 20S  23

QUIZ 1

Two hours Closed book
March 1, 2023 One sheet of notes

We list below the ground rules governing the quiz:

• The exam is open book, and you can refer to your own class notes as well, as well as the
class notes and text for 18-290 (or a similar pre-requiste signals and systems course taken
elsewhere). Reading notes from the screen is also permitted. You are not allowed to search
the internet for help in answering the questions. While this is difficult to enforce, the internet
is unlikely to be helpful on this exam, and you will be given no credit for insights that appear
to come from sources other than the course materials.

• Similarly, you are not allowed to use MATLAB to obtain your solutions, and it will not
be helpful in any case. You may use the calculator on your telephone if you wish. Please
keep your phones on airplane mode. Texting and phone calls during the exam are strictly
prohibited.

Reminder: Be sure to think about ways of answering the questions using reasoning, transform
properties, etc., before resorting to brute-force solutions. Please note that the questions are ordered
more or less in the sequence that the topics appeared in the course, and they may not be in order
of difficulty. In addition, to the greatest extent possible subparts of the questions will be graded
independently based on your prior answers to the question.
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Question 1: (30%):

h[n]
y[n]x[n]

An LSI system with unit sample response h[n] has input x[n] and output y[n]. We know the
following facts about the system and its inputs and outputs:

• The system h[n] is stable.

• The transfer function of the system is

H(z) =
z−3

1− 1
2z
−1

• The input function x[n] has finite energy, or

∞∑

n=−∞
|x[n]|2 <∞

• Y (z), the z-transform of the output function y[n] is

Y (z) =
z−3

(
1 + 1

2z
−1
)

(
1− 1

2z
−1
)

(1 + 3z−1)
=

z−3
(
1 + 1

2z
−1
)

1 + 5
2z
−1 − 3

2z
−2

(a) Obtain a closed-form expression for the unit sample response h[n] using any means you
wish.

(b) Obtain a closed-form expression for the input function x[n] using any means you wish.

(c) Obtain a closed-form expression for the output function y[n] using any means you wish.
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Question 2: (35%):

Delay N 
samples G

<latexit sha1_base64="4KF/XtLDniDZdGWTN3Jl6rZp2/w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKX8eCF48VTFtIQ9lsN+3SzSbsbsQS+hu8eFDEqz/Im//GTZqDtj4YeLw3w8y8IOFMadv+tipr6xubW9Xt2s7u3v5B/fCoq+JUEuqSmMeyH2BFORPU1Uxz2k8kxVHAaS+Y3uZ+75FKxWLxoGcJ9SM8FixkBGsjuU+e8GvDesNu2gXQKnFK0oASnWH9azCKSRpRoQnHSnmOnWg/w1Izwum8NkgVTTCZ4jH1DBU4osrPimPn6MwoIxTG0pTQqFB/T2Q4UmoWBaYzwnqilr1c/M/zUh3e+BkTSaqpIItFYcqRjlH+ORoxSYnmM0MwkczcisgES0y0yScPwVl+eZV0W03nqnl5f9Fot8o4qnACp3AODlxDG+6gAy4QYPAMr/BmCevFerc+Fq0Vq5w5hj+wPn8ASVyOTg==</latexit>

x[n]
<latexit sha1_base64="Fh6+rRdVqOABf487Y4WbzE1oBwc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVY8FLx4rmLaQhrLZbtqlm03Y3Qgh9Dd48aCIV3+QN/+NmzYHbX0w8Hhvhpl5QcKZ0rb9bVU2Nre2d6q7tb39g8Oj+vFJT8WpJNQlMY/lIMCKciaoq5nmdJBIiqOA034wuyv8/hOVisXiUWcJ9SM8ESxkBGsjuZkn/Nqo3rCb9gJonTglaUCJ7qj+NRzHJI2o0IRjpTzHTrSfY6kZ4XReG6aKJpjM8IR6hgocUeXni2Pn6MIoYxTG0pTQaKH+nshxpFQWBaYzwnqqVr1C/M/zUh3e+jkTSaqpIMtFYcqRjlHxORozSYnmmSGYSGZuRWSKJSba5FOE4Ky+vE56raZz3Ww/XDU6rTKOKpzBOVyCAzfQgXvoggsEGDzDK7xZwnqx3q2PZWvFKmdO4Q+szx9K5I5P</latexit>

y[n]

Figure 2.1. Block diagram of a simple system to implement comb filtering.

The diagram above depicts a form of comb filter. The comb filter has multiple uses and is part
of systems used to implement popular audio processing algorithms such as flanging and chorus.

The comb filter implementation consists of an ideal delay of N samples, an ideal linear amplifier
with gain G, and a summer which simply adds its two inputs.

(a) Sketch and dimension the unit sample response of the system depicted in Fig. 2.1.

(b) Write the difference equation that expresses y[n] as a function of x[n].

(c) Using any method, obtain a closed-form expression for H(eJω), the DTFT of the unit sample
response h[n]

(d)

1. Using any method obtain a closed-form expression for H(z), the z-transform of h[n].

2. Sketch the locations of the poles and zeros of the system depicted in Fig. 2.1. You may wish
to make use of the relationship that the solution to the equation zN = G is z = G1/Nej2πk/N

for 0 ≤ k ≤ N − 1.

3. For what values of G is the system H(z) stable?

4. Now consider the locations of the poles and zeros of the inverse system HI(z) = X(z)
Y (z) . For

what values of G is the inverse system HI(z) stable?
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Figure 2.2. Potential comb filter frequency responses.

(e) Figure 2.2 depicts two functions, one of which is the magnitude of H(ejω), the DTFT of the
unit sample response h[n]. In answering the questions of this section, assume that G = 1.

1. Which of the panels (upper or lower) in Fig. 2.2 accurately depicts |H(ejω)|, the magnitude
of H)(ejω)? You must explain your reasoning to obtain full credit.

2. From examining Fig. 2.2, what do you believe is the value of the parameter N , the num
ber of samples by which the input is delayed in the upper branch? You must explain your
reasoning to receive full credit.

Sketch the locations of the poles and zeros of the system depicted in Fig. 2.1. You may wish to make
use of the relationship that the solution to the equation zN = 1 is z = ej2πk/N for 0 ≤ k ≤ N − 1.
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Question 3: (35%):

Convert to
Discrete Time LSI system Convert to

Continuous Time
Continuous-
Time Filter

xc(t)
<latexit sha1_base64="n94gQraO4E1UmnqqtrifhQz1FcI=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBHqpaQiqLeCF48VTFtoQ9lsN+3azW7YnYgl9D948aDi1R/kzX/jts1BWx8MPN6bYWZemAhu0PO+nZXVtfWNzcJWcXtnd2+/dHDYNCrVlPlUCaXbITFMcMl85ChYO9GMxKFgrXB0M/Vbj0wbruQ9jhMWxGQgecQpQSs1n3q0gme9UtmrejO4y6SWkzLkaPRKX92+omnMJFJBjOnUvASDjGjkVLBJsZsalhA6IgPWsVSSmJkgm107cU+t0ncjpW1JdGfq74mMxMaM49B2xgSHZtGbiv95nRSjqyDjMkmRSTpfFKXCReVOX3f7XDOKYmwJoZrbW106JJpQtAEVbQi1xZeXiX9eva56dxflupenUYBjOIEK1OAS6nALDfCBwgM8wyu8Ocp5cd6dj3nripPPHMEfOJ8/XGmOdg==</latexit><latexit sha1_base64="n94gQraO4E1UmnqqtrifhQz1FcI=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBHqpaQiqLeCF48VTFtoQ9lsN+3azW7YnYgl9D948aDi1R/kzX/jts1BWx8MPN6bYWZemAhu0PO+nZXVtfWNzcJWcXtnd2+/dHDYNCrVlPlUCaXbITFMcMl85ChYO9GMxKFgrXB0M/Vbj0wbruQ9jhMWxGQgecQpQSs1n3q0gme9UtmrejO4y6SWkzLkaPRKX92+omnMJFJBjOnUvASDjGjkVLBJsZsalhA6IgPWsVSSmJkgm107cU+t0ncjpW1JdGfq74mMxMaM49B2xgSHZtGbiv95nRSjqyDjMkmRSTpfFKXCReVOX3f7XDOKYmwJoZrbW106JJpQtAEVbQi1xZeXiX9eva56dxflupenUYBjOIEK1OAS6nALDfCBwgM8wyu8Ocp5cd6dj3nripPPHMEfOJ8/XGmOdg==</latexit><latexit sha1_base64="n94gQraO4E1UmnqqtrifhQz1FcI=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBHqpaQiqLeCF48VTFtoQ9lsN+3azW7YnYgl9D948aDi1R/kzX/jts1BWx8MPN6bYWZemAhu0PO+nZXVtfWNzcJWcXtnd2+/dHDYNCrVlPlUCaXbITFMcMl85ChYO9GMxKFgrXB0M/Vbj0wbruQ9jhMWxGQgecQpQSs1n3q0gme9UtmrejO4y6SWkzLkaPRKX92+omnMJFJBjOnUvASDjGjkVLBJsZsalhA6IgPWsVSSmJkgm107cU+t0ncjpW1JdGfq74mMxMaM49B2xgSHZtGbiv95nRSjqyDjMkmRSTpfFKXCReVOX3f7XDOKYmwJoZrbW106JJpQtAEVbQi1xZeXiX9eva56dxflupenUYBjOIEK1OAS6nALDfCBwgM8wyu8Ocp5cd6dj3nripPPHMEfOJ8/XGmOdg==</latexit>

xs(t)
<latexit sha1_base64="spUj1GFycgy3F2ZUssRktUks4BQ=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBHqpaQiqLeCF48VTFtoQ9lsN+3azW7YnYgl9D948aDi1R/kzX/jts1BWx8MPN6bYWZemAhu0PO+nZXVtfWNzcJWcXtnd2+/dHDYNCrVlPlUCaXbITFMcMl85ChYO9GMxKFgrXB0M/Vbj0wbruQ9jhMWxGQgecQpQSs1n3qmgme9UtmrejO4y6SWkzLkaPRKX92+omnMJFJBjOnUvASDjGjkVLBJsZsalhA6IgPWsVSSmJkgm107cU+t0ncjpW1JdGfq74mMxMaM49B2xgSHZtGbiv95nRSjqyDjMkmRSTpfFKXCReVOX3f7XDOKYmwJoZrbW106JJpQtAEVbQi1xZeXiX9eva56dxflupenUYBjOIEK1OAS6nALDfCBwgM8wyu8Ocp5cd6dj3nripPPHMEfOJ8/dMmOhg==</latexit><latexit sha1_base64="spUj1GFycgy3F2ZUssRktUks4BQ=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBHqpaQiqLeCF48VTFtoQ9lsN+3azW7YnYgl9D948aDi1R/kzX/jts1BWx8MPN6bYWZemAhu0PO+nZXVtfWNzcJWcXtnd2+/dHDYNCrVlPlUCaXbITFMcMl85ChYO9GMxKFgrXB0M/Vbj0wbruQ9jhMWxGQgecQpQSs1n3qmgme9UtmrejO4y6SWkzLkaPRKX92+omnMJFJBjOnUvASDjGjkVLBJsZsalhA6IgPWsVSSmJkgm107cU+t0ncjpW1JdGfq74mMxMaM49B2xgSHZtGbiv95nRSjqyDjMkmRSTpfFKXCReVOX3f7XDOKYmwJoZrbW106JJpQtAEVbQi1xZeXiX9eva56dxflupenUYBjOIEK1OAS6nALDfCBwgM8wyu8Ocp5cd6dj3nripPPHMEfOJ8/dMmOhg==</latexit><latexit sha1_base64="spUj1GFycgy3F2ZUssRktUks4BQ=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBHqpaQiqLeCF48VTFtoQ9lsN+3azW7YnYgl9D948aDi1R/kzX/jts1BWx8MPN6bYWZemAhu0PO+nZXVtfWNzcJWcXtnd2+/dHDYNCrVlPlUCaXbITFMcMl85ChYO9GMxKFgrXB0M/Vbj0wbruQ9jhMWxGQgecQpQSs1n3qmgme9UtmrejO4y6SWkzLkaPRKX92+omnMJFJBjOnUvASDjGjkVLBJsZsalhA6IgPWsVSSmJkgm107cU+t0ncjpW1JdGfq74mMxMaM49B2xgSHZtGbiv95nRSjqyDjMkmRSTpfFKXCReVOX3f7XDOKYmwJoZrbW106JJpQtAEVbQi1xZeXiX9eva56dxflupenUYBjOIEK1OAS6nALDfCBwgM8wyu8Ocp5cd6dj3nripPPHMEfOJ8/dMmOhg==</latexit>

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>

y[n]
<latexit sha1_base64="tBOaJ04VZdbiaANelnQkkcK/frQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx4rGFtIQ9lsN+3S3U3Y3Qgh9C948aDi1V/kzX/jps1BWx8MPN6bYWZelHKmjet+O7W19Y3Nrfp2Y2d3b/+geXj0qJNMEeqThCeqH2FNOZPUN8xw2k8VxSLitBdNb0u/90SVZol8MHlKQ4HHksWMYFNKeSDDYbPltt050CrxKtKCCt1h82swSkgmqDSEY60Dz01NWGBlGOF01hhkmqaYTPGYBpZKLKgOi/mtM3RmlRGKE2VLGjRXf08UWGidi8h2Cmwmetkrxf+8IDPxdVgwmWaGSrJYFGccmQSVj6MRU5QYnluCiWL2VkQmWGFibDwNG4K3/PIq8S/aN233/rLVcas06nACp3AOHlxBB+6gCz4QmMAzvMKbI5wX5935WLTWnGrmGP7A+fwBfjSOAg==</latexit><latexit sha1_base64="tBOaJ04VZdbiaANelnQkkcK/frQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx4rGFtIQ9lsN+3S3U3Y3Qgh9C948aDi1V/kzX/jps1BWx8MPN6bYWZelHKmjet+O7W19Y3Nrfp2Y2d3b/+geXj0qJNMEeqThCeqH2FNOZPUN8xw2k8VxSLitBdNb0u/90SVZol8MHlKQ4HHksWMYFNKeSDDYbPltt050CrxKtKCCt1h82swSkgmqDSEY60Dz01NWGBlGOF01hhkmqaYTPGYBpZKLKgOi/mtM3RmlRGKE2VLGjRXf08UWGidi8h2Cmwmetkrxf+8IDPxdVgwmWaGSrJYFGccmQSVj6MRU5QYnluCiWL2VkQmWGFibDwNG4K3/PIq8S/aN233/rLVcas06nACp3AOHlxBB+6gCz4QmMAzvMKbI5wX5935WLTWnGrmGP7A+fwBfjSOAg==</latexit><latexit sha1_base64="tBOaJ04VZdbiaANelnQkkcK/frQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx4rGFtIQ9lsN+3S3U3Y3Qgh9C948aDi1V/kzX/jps1BWx8MPN6bYWZelHKmjet+O7W19Y3Nrfp2Y2d3b/+geXj0qJNMEeqThCeqH2FNOZPUN8xw2k8VxSLitBdNb0u/90SVZol8MHlKQ4HHksWMYFNKeSDDYbPltt050CrxKtKCCt1h82swSkgmqDSEY60Dz01NWGBlGOF01hhkmqaYTPGYBpZKLKgOi/mtM3RmlRGKE2VLGjRXf08UWGidi8h2Cmwmetkrxf+8IDPxdVgwmWaGSrJYFGccmQSVj6MRU5QYnluCiWL2VkQmWGFibDwNG4K3/PIq8S/aN233/rLVcas06nACp3AOHlxBB+6gCz4QmMAzvMKbI5wX5935WLTWnGrmGP7A+fwBfjSOAg==</latexit>

yc(t)
<latexit sha1_base64="I3XPQGknIlj9gQFZSbIoCuFzyug=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkoignorePFYwbSFNpTNdtOu3eyG3Y0QQv+DFw8qXv1B3vw3btsctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbS1TRahPJJeqG2JNORPUN8xw2k0UxXHIaSec3M78zhNVmknxYLKEBjEeCRYxgo2V2tmA1M35oFpzG+4caJV4BalBgdag+tUfSpLGVBjCsdY9z01MkGNlGOF0WumnmiaYTPCI9iwVOKY6yOfXTtGZVYYoksqWMGiu/p7Icax1Foe2M8ZmrJe9mfif10tNdB3kTCSpoYIsFkUpR0ai2etoyBQlhmeWYKKYvRWRMVaYGBtQxYbgLb+8SvyLxk3Dvb+sNd0ijTKcwCnUwYMraMIdtMAHAo/wDK/w5kjnxXl3PhatJaeYOYY/cD5/AF3xjnc=</latexit><latexit sha1_base64="I3XPQGknIlj9gQFZSbIoCuFzyug=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkoignorePFYwbSFNpTNdtOu3eyG3Y0QQv+DFw8qXv1B3vw3btsctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbS1TRahPJJeqG2JNORPUN8xw2k0UxXHIaSec3M78zhNVmknxYLKEBjEeCRYxgo2V2tmA1M35oFpzG+4caJV4BalBgdag+tUfSpLGVBjCsdY9z01MkGNlGOF0WumnmiaYTPCI9iwVOKY6yOfXTtGZVYYoksqWMGiu/p7Icax1Foe2M8ZmrJe9mfif10tNdB3kTCSpoYIsFkUpR0ai2etoyBQlhmeWYKKYvRWRMVaYGBtQxYbgLb+8SvyLxk3Dvb+sNd0ijTKcwCnUwYMraMIdtMAHAo/wDK/w5kjnxXl3PhatJaeYOYY/cD5/AF3xjnc=</latexit><latexit sha1_base64="I3XPQGknIlj9gQFZSbIoCuFzyug=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkoignorePFYwbSFNpTNdtOu3eyG3Y0QQv+DFw8qXv1B3vw3btsctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbS1TRahPJJeqG2JNORPUN8xw2k0UxXHIaSec3M78zhNVmknxYLKEBjEeCRYxgo2V2tmA1M35oFpzG+4caJV4BalBgdag+tUfSpLGVBjCsdY9z01MkGNlGOF0WumnmiaYTPCI9iwVOKY6yOfXTtGZVYYoksqWMGiu/p7Icax1Foe2M8ZmrJe9mfif10tNdB3kTCSpoYIsFkUpR0ai2etoyBQlhmeWYKKYvRWRMVaYGBtQxYbgLb+8SvyLxk3Dvb+sNd0ijTKcwCnUwYMraMIdtMAHAo/wDK/w5kjnxXl3PhatJaeYOYY/cD5/AF3xjnc=</latexit>

Ideal C/D Conversion, Sample time 1/T1 Ideal D/C Conversion, Sample time 1/T2

s(t) =

1X

n=�1
�(t � nT1)

<latexit sha1_base64="WyYJU2CVVQ0xsqJB2s3WQgMLsZE=">AAACFXicbZDLSsNAFIYn9VbrrerSTbAILdiSSEU3hYIblxV6g6aGyXTSDp1MwsyJUEJfwo2v4saFIm4Fd76N0zYLbf1h4OM/53Dm/F7EmQLL+jYya+sbm1vZ7dzO7t7+Qf7wqK3CWBLaIiEPZdfDinImaAsYcNqNJMWBx2nHG9/M6p0HKhULRRMmEe0HeCiYzwgGbbn5c1WEUs1RceAmolZ2mPBhMr1PUnAGlAMuQlk0Xbvk5gtWxZrLXAU7hQJK1XDzX84gJHFABRCOlerZVgT9BEtghNNpzokVjTAZ4yHtaRQ4oKqfzK+ammfaGZh+KPUTYM7d3xMJDpSaBJ7uDDCM1HJtZv5X68XgX/cTJqIYqCCLRX7MTQjNWUTmgElKgE80YCKZ/qtJRlhiAjrInA7BXj55FdoXFbtaubyrFupWGkcWnaBTVEQ2ukJ1dIsaqIUIekTP6BW9GU/Gi/FufCxaM0Y6c4z+yPj8ARutnro=</latexit>

x[n] = xc(nT1)

<latexit sha1_base64="6rJaKLqtBMTQlEqiSjaZvNQfHqk=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahXkoiFb0IBS8eK/QL0hg22027dLMJuxttKf0fXjwo4tX/4s1/47bNQVsfDDzem2FmXpBwprRtf1u5tfWNza38dmFnd2//oHh41FJxKgltkpjHshNgRTkTtKmZ5rSTSIqjgNN2MLyd+e1HKhWLRUOPE+pFuC9YyAjWRnoYucK7GfmkLBq+c+4XS3bFngOtEicjJchQ94tf3V5M0ogKTThWynXsRHsTLDUjnE4L3VTRBJMh7lPXUIEjqrzJ/OopOjNKD4WxNCU0mqu/JyY4UmocBaYzwnqglr2Z+J/npjq89iZMJKmmgiwWhSlHOkazCFCPSUo0HxuCiWTmVkQGWGKiTVAFE4Kz/PIqaV1UnGrl8r5aqtlZHHk4gVMogwNXUIM7qEMTCEh4hld4s56sF+vd+li05qxs5hj+wPr8AVcRkbQ=</latexit>

ys(t) =

1X

n=�1
y[n]�(t � nT2)

<latexit sha1_base64="RWSgfySEEQKKa4Opd6dZa7wJXkE=">AAACHXicbZDLSsNAFIYn9VbrrerSzWAR6qIlKRXdFApuXCpYLTQxTKaTduhkEmZOhBD6Im58FTcuFHHhRnwbpzULbz8MfPznHM6cP0gE12DbH1ZpYXFpeaW8Wllb39jcqm7vXOk4VZT1aCxi1Q+IZoJL1gMOgvUTxUgUCHYdTE5n9etbpjSP5SVkCfMiMpI85JSAsfxqO/N1HQ5xB7s6jfxcdhoulyFk05u8gGwgPXfIBJA6NOSl3zr0qzW7ac+F/4JTQA0VOverb+4wpmnEJFBBtB44dgJeThRwKti04qaaJYROyIgNDEoSMe3l8+um+MA4QxzGyjwJeO5+n8hJpHUWBaYzIjDWv2sz87/aIIXwxMu5TFJgkn4tClOBIcazqPCQK0ZBZAYIVdz8FdMxUYSCCbRiQnB+n/wXrlpNp908umjXunYRRxntoX1URw46Rl10hs5RD1F0hx7QE3q27q1H68V6/WotWcXMLvoh6/0T5kyhwg==</latexit>

Hr(j⌦)

<latexit sha1_base64="0KsSu2O5AaEgbjDhmA0RFl9ND6s=">AAAB83icbVBNSwMxEM36WetX1aOXYBHqpexKRY8FL71ZwX5AdynZdLaNTbJLkhXK0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhQln2rjut7O2vrG5tV3YKe7u7R8clo6O2zpOFYUWjXmsuiHRwJmElmGGQzdRQETIoROOb2d+5wmUZrF8MJMEAkGGkkWMEmMlv9FXlUf/TsCQXPRLZbfqzoFXiZeTMsrR7Je+/EFMUwHSUE607nluYoKMKMMoh2nRTzUkhI7JEHqWSiJAB9n85ik+t8oAR7GyJQ2eq78nMiK0nojQdgpiRnrZm4n/eb3URDdBxmSSGpB0sShKOTYxngWAB0wBNXxiCaGK2VsxHRFFqLExFW0I3vLLq6R9WfVq1av7Wrnu5nEU0Ck6QxXkoWtURw3URC1EUYKe0St6c1LnxXl3Phata04+c4L+wPn8ARDYkQE=</latexit>

In this problem we reconsider some aspects of bandpass sampling. The system block diagram
above depicts a fairly straightforward sampling system. Note that T1, the sampling period for C/D
conversion, may be different from T2, the sampling period for D/C conversion.

Consider a bandpass signal with the spectrum depicted below:

⌦

<latexit sha1_base64="zxgWLDoJdb/+MMI63HNh4ciNon4=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8SNiViB4DXrwZwTwgWcLspDcZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVFBpUcaXbETHAmYSGZZZDO9FARMShFY1upn7rCbRhSj7YcQKhIAPJYkaJdVKzeydgQHqlsl/xZ8DLJMhJGeWo90pf3b6iqQBpKSfGdAI/sWFGtGWUw6TYTQ0khI7IADqOSiLAhNns2gk+dUofx0q7khbP1N8TGRHGjEXkOgWxQ7PoTcX/vE5q4+swYzJJLUg6XxSnHFuFp6/jPtNALR87Qqhm7lZMh0QTal1ARRdCsPjyMmleVIJq5fK+Wq6d53EU0DE6QWcoQFeohm5RHTUQRY/oGb2iN095L9679zFvXfHymSP0B97nD1srju0=</latexit>

<latexit sha1_base64="GcBjJOSOH1bzSVkpIe3KyrRb9wI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBg5Rs0eqx4MVjBfsh7VKyabYNTbJLkhVK6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYzH+9nJr6xubW/ntws7u3v5B8fCoaeJUU9agsYh1OySGCa5Yw3IrWDvRjMhQsFY4up35rSemDY/Vgx0nLJBkoHjEKbFOeqx0E46qGONesYTLeA60SvyMlCBDvVf86vZjmkqmLBXEmI6PExtMiLacCjYtdFPDEkJHZMA6jioimQkm84On6MwpfRTF2pWyaK7+npgQacxYhq5TEjs0y95M/M/rpDa6CSZcJallii4WRalANkaz71Gfa0atGDtCqObuVkSHRBNqXUYFF4K//PIqaVbKfrV8dX9Zql1kceThBE7hHHy4hhrcQR0aQEHCM7zCm6e9F+/d+1i05rxs5hj+wPv8Adu2jxU=</latexit>

2⇡6000
<latexit sha1_base64="uLB9DvH1uHIK/XUpayf7mQR31/8=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgQkqm1Mey4MZlBfuQdiiZNNOGJpkhyQil9CvcuFDErZ/jzr8xbWehrQcuHM65l3vvCRPBjcX428utrW9sbuW3Czu7e/sHxcOjpolTTVmDxiLW7ZAYJrhiDcutYO1EMyJDwVrh6Hbmt56YNjxWD3acsECSgeIRp8Q66bHSTTiqYox7xRIu4znQKvEzUoIM9V7xq9uPaSqZslQQYzo+TmwwIdpyKti00E0NSwgdkQHrOKqIZCaYzA+eojOn9FEUa1fKorn6e2JCpDFjGbpOSezQLHsz8T+vk9roJphwlaSWKbpYFKUC2RjNvkd9rhm1YuwIoZq7WxEdEk2odRkVXAj+8surpFkp+1fly/tqqXaRxZGHEziFc/DhGmpwB3VoAAUJz/AKb572Xrx372PRmvOymWP4A+/zB9iojxM=</latexit>

2⇡4000
<latexit sha1_base64="zL48sMWyezDiKZkWpAi7Zvi06qY=">AAAB8XicbVDLSgNBEOyNrxgfiXr0MhgEDxpmQ3wcA148RjAPTJYwO5lNhszOLjOzQljyF148KOLVv/Hm3zhJ9qCJBQ1FVTfdXX4suDYYfzu5tfWNza38dmFnd2+/WDo4bOkoUZQ1aSQi1fGJZoJL1jTcCNaJFSOhL1jbH9/O/PYTU5pH8sFMYuaFZCh5wCkxVnq8qPZijmoY436pjCt4DrRK3IyUIUOjX/rqDSKahEwaKojWXRfHxkuJMpwKNi30Es1iQsdkyLqWShIy7aXzi6fo1CoDFETKljRorv6eSEmo9ST0bWdIzEgvezPxP6+bmODGS7mME8MkXSwKEoFMhGbvowFXjBoxsYRQxe2tiI6IItTYkAo2BHf55VXSqlbcq8rlfa1cP8/iyMMxnMAZuHANdbiDBjSBgoRneIU3RzsvzrvzsWjNOdnMEfyB8/kDQ3SPSg==</latexit>�2⇡4000

<latexit sha1_base64="Vi2C8vNJhxQKlXtTi4xgm/lx5fg=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBg5ZsqdVjwYvHCvYD26Vk02wbms0uSVYoS/+FFw+KePXfePPfmLZ70NYHA4/3ZpiZ58eCa4Pxt5NbW9/Y3MpvF3Z29/YPiodHLR0lirImjUSkOj7RTHDJmoYbwTqxYiT0BWv749uZ335iSvNIPphJzLyQDCUPOCXGSo+XlV7MUQ1j3C+WcBnPgVaJm5ESZGj0i1+9QUSTkElDBdG66+LYeClRhlPBpoVeollM6JgMWddSSUKmvXR+8RSdWWWAgkjZkgbN1d8TKQm1noS+7QyJGellbyb+53UTE9x4KZdxYpiki0VBIpCJ0Ox9NOCKUSMmlhCquL0V0RFRhBobUsGG4C6/vEpalbJbK1/dV0v1iyyOPJzAKZyDC9dQhztoQBMoSHiGV3hztPPivDsfi9ack80cwx84nz9Ggo9M</latexit>�2⇡6000

Xc(j⌦)

<latexit sha1_base64="bIhOa6aoFb6YD8dnkYlYZYl3UHc=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQQcquVPRY8OLNCvYDukvJprNtNMkuSVYoS/+GFw+KePXPePPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8ftHWcKgotGvNYdUOigTMJLcMMh26igIiQQyd8vJ76nSdQmsXy3owTCAQZShYxSoyV/G6fVh/8WwFDctovV9yaOwNeJl5OKihHs1/+8gcxTQVIQznRuue5iQkyogyjHCYlP9WQEPpIhtCzVBIBOshmN0/wiVUGOIqVLWnwTP09kRGh9ViEtlMQM9KL3lT8z+ulJroKMiaT1ICk80VRyrGJ8TQAPGAKqOFjSwhVzN6K6YgoQo2NqWRD8BZfXibt85pXr13c1SuNszyOIjpCx6iKPHSJGugGNVELUZSgZ/SK3pzUeXHenY95a8HJZw7RHzifPxFRkP4=</latexit>

1

<latexit sha1_base64="lRLUBA48tYBo14Hc6f1DSQ4kG2g=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJJIRY8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlhtcvld2KOwdZJV5OypCj3i999QYxSyOUhgmqdddzE+NnVBnOBE6LvVRjQtmYDrFrqaQRaj+bHzol51YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1IS3fsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2RRtCN7yy6ukdVXxqpXrRrVcu8zjKMApnMEFeHADNbiHOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fdpeMpw==</latexit>

Note that the input xc(t) has a spectrum Xc(jΩ) that is zero for |Ω| < 2π4000 and for |Ω| > 2π6000,
with continuous-time frequencies specified in radians per second. Because x[n] has a bandpass
rather than lowpass spectrum, we can use a lower sampling frequency than we would have needed
if the function were lowpass in nature with the same maximum frequency.

Let us begin by assuming that the transfer function of the LSI system,

H(ejω) =
Y (ejω)

X(ejω)
= 1

(a) What is the largest value of T1 in seconds for which xc(t) can be sampled and reconstructed
without distortion, so that yc(t) = xc(t)?

(b) Sketch and dimension Xs(jΩ) the continuous-time Fourier transform of xs(t) as depicted in the
system block diagram above using the value of T1 you selected in part(a).

(c) Sketch and dimension X(ejω) the discrete-time Fourier transform of x[n] as depicted in the
system block diagram above using the value of T1 you selected in part(a).

(d) Sketch and dimension Hr(jΩ), the transfer function of the continuous-time reconstruction filter
that would be used to recover the original signal given the value of T1 that you specified in part
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(a), assuming that T2 = T1.

Now assume that the H(ejω), the transfer function of the LSI system, is unspecified but not
necessarily equal to 1.

(e) Express your answers to the questions below in terms of H(ejω).

1. What is the transfer function of the complete continuous-time systemHeff (jΩ) = Yc(jΩ)/Xc(jΩ)
for T2 = T1?

2. What is the transfer function of the complete continuous-time systemHeff (jΩ) = Yc(jΩ)/Xc(jΩ)
for T2 = 2T1?
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