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DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSP DSPFundamentals of Signal Processing (18-491)
 Spring Semester, 2020
 Problem Set 6
 Issued: 2/21/20
 Due: 2/28/20 at midnight via Gradescope
 Reading: During the past week we discussed change of discrete-time sampling rate, introducingthe techniques of decimation and interpolation, which is covered in OSYP 4.6. During the comingweek we will begin a discussion of the spectral representation of discrete-time periodic and finite-duration signals, leading to the discrete Fourier transform (DFT) and the fast Fourier transform(FFT).
 Note: Quiz 1 will be on March 4. The exam will be closed book, but you may bring in one sheetof 8.5” x 11” or A4 paper with notes on both sides. There will be a review session before the exam,most likely to be scheduled during the Monday evening preceding the exam. Final time and placeTBA. Most of the time will be spend answering questions and working problems .... come withquestions or the review will be short and boring! The exam will cover through this problem set, orin other words the material we have discussed in OSYP Chapters 1-5.
 Problem 6.1:
 x[n]<latexit sha1_base64="TCvxdFAqb+bt70MlnUQyV0yi+rA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN4KXjxWMLaQhrLZbtqlu5uwuxFL6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8KOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoQSeZItQnCU9UL8Kaciapb5jhtJcqikXEaTea3BR+95EqzRJ5b6YpDQUeSRYzgk0hPQUyHNQbbtOdA60SryQNKNEZ1L/6w4RkgkpDONY68NzUhDlWhhFOZ7V+pmmKyQSPaGCpxILqMJ/fOkNnVhmiOFG2pEFz9fdEjoXWUxHZToHNWC97hfifF2QmvgpzJtPMUEkWi+KMI5Og4nE0ZIoSw6eWYKKYvRWRMVaYGBtPzYbgLb+8SvyL5nXTvbtstN0yjSqcwCmcgwctaMMtdMAHAmN4hld4c4Tz4rw7H4vWilPOHMMfOJ8/fK6OAQ==</latexit><latexit sha1_base64="TCvxdFAqb+bt70MlnUQyV0yi+rA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN4KXjxWMLaQhrLZbtqlu5uwuxFL6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8KOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoQSeZItQnCU9UL8Kaciapb5jhtJcqikXEaTea3BR+95EqzRJ5b6YpDQUeSRYzgk0hPQUyHNQbbtOdA60SryQNKNEZ1L/6w4RkgkpDONY68NzUhDlWhhFOZ7V+pmmKyQSPaGCpxILqMJ/fOkNnVhmiOFG2pEFz9fdEjoXWUxHZToHNWC97hfifF2QmvgpzJtPMUEkWi+KMI5Og4nE0ZIoSw6eWYKKYvRWRMVaYGBtPzYbgLb+8SvyL5nXTvbtstN0yjSqcwCmcgwctaMMtdMAHAmN4hld4c4Tz4rw7H4vWilPOHMMfOJ8/fK6OAQ==</latexit><latexit sha1_base64="TCvxdFAqb+bt70MlnUQyV0yi+rA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN4KXjxWMLaQhrLZbtqlu5uwuxFL6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8KOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoQSeZItQnCU9UL8Kaciapb5jhtJcqikXEaTea3BR+95EqzRJ5b6YpDQUeSRYzgk0hPQUyHNQbbtOdA60SryQNKNEZ1L/6w4RkgkpDONY68NzUhDlWhhFOZ7V+pmmKyQSPaGCpxILqMJ/fOkNnVhmiOFG2pEFz9fdEjoXWUxHZToHNWC97hfifF2QmvgpzJtPMUEkWi+KMI5Og4nE0ZIoSw6eWYKKYvRWRMVaYGBtPzYbgLb+8SvyL5nXTvbtstN0yjSqcwCmcgwctaMMtdMAHAmN4hld4c4Tz4rw7H4vWilPOHMMfOJ8/fK6OAQ==</latexit>
 xe[n]<latexit sha1_base64="B59j6MwuvWj6dwgFGBRHV9Cgpao=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3gxWMF0xbSUDbbSbt2swm7G7GU/gcvHlS8+oO8+W/ctjlo64OBx3szzMyLMsG1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZorhj5LRaraEdUouETfcCOwnSmkSSSwFQ1vpn7rEZXmqbw3owzDhPYljzmjxkrNpy4GMuxWqm7NnYEsE68gVSjQ6Fa+Or2U5QlKwwTVOvDczIRjqgxnAiflTq4xo2xI+xhYKmmCOhzPrp2QU6v0SJwqW9KQmfp7YkwTrUdJZDsTagZ60ZuK/3lBbuKrcMxllhuUbL4ozgUxKZm+TnpcITNiZAllittbCRtQRZmxAZVtCN7iy8vEP69d19y7i2rdLdIowTGcwBl4cAl1uIUG+MDgAZ7hFd6c1Hlx3p2PeeuKU8wcwR84nz/yeI7Z</latexit><latexit sha1_base64="B59j6MwuvWj6dwgFGBRHV9Cgpao=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3gxWMF0xbSUDbbSbt2swm7G7GU/gcvHlS8+oO8+W/ctjlo64OBx3szzMyLMsG1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZorhj5LRaraEdUouETfcCOwnSmkSSSwFQ1vpn7rEZXmqbw3owzDhPYljzmjxkrNpy4GMuxWqm7NnYEsE68gVSjQ6Fa+Or2U5QlKwwTVOvDczIRjqgxnAiflTq4xo2xI+xhYKmmCOhzPrp2QU6v0SJwqW9KQmfp7YkwTrUdJZDsTagZ60ZuK/3lBbuKrcMxllhuUbL4ozgUxKZm+TnpcITNiZAllittbCRtQRZmxAZVtCN7iy8vEP69d19y7i2rdLdIowTGcwBl4cAl1uIUG+MDgAZ7hFd6c1Hlx3p2PeeuKU8wcwR84nz/yeI7Z</latexit><latexit sha1_base64="B59j6MwuvWj6dwgFGBRHV9Cgpao=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3gxWMF0xbSUDbbSbt2swm7G7GU/gcvHlS8+oO8+W/ctjlo64OBx3szzMyLMsG1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZorhj5LRaraEdUouETfcCOwnSmkSSSwFQ1vpn7rEZXmqbw3owzDhPYljzmjxkrNpy4GMuxWqm7NnYEsE68gVSjQ6Fa+Or2U5QlKwwTVOvDczIRjqgxnAiflTq4xo2xI+xhYKmmCOhzPrp2QU6v0SJwqW9KQmfp7YkwTrUdJZDsTagZ60ZuK/3lBbuKrcMxllhuUbL4ozgUxKZm+TnpcITNiZAllittbCRtQRZmxAZVtCN7iy8vEP69d19y7i2rdLdIowTGcwBl4cAl1uIUG+MDgAZ7hFd6c1Hlx3p2PeeuKU8wcwR84nz/yeI7Z</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><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="dCrH1DqhgqwH8amnYoH0kflvRXE=">AAAB6XicbZDNTgIxFIXv4B8iKrp100hMcENm3Kg7EzcsMXGEBAbSKXeg0plO2o6GTHgPNy7U+ELufBvLz0LBkzT5ck6be3vCVHBtXPfbKWxsbm3vFHdLe+X9g8PKUflBy0wx9JkUUrVDqlHwBH3DjcB2qpDGocBWOL6d5a0nVJrL5N5MUgxiOkx4xBk11uo1atjLH7syxiGdnvcrVbfuzkXWwVtCFZZq9itf3YFkWYyJYYJq3fHc1AQ5VYYzgdNSN9OYUjamQ+xYTGiMOsjnW0/JmXUGJJLKnsSQufv7RU5jrSdxaG/G1Iz0ajYz/8s6mYmugpwnaWYwYYtBUSaIkWRWARlwhcyIiQXKFLe7EjaiijJjiyrZErzVL6+Df1G/rrt3LhThBE6hBh5cwg00oAk+MFDwAm/w7jw7r87Hoq2Cs6ztGP7I+fwBGqWQnQ==</latexit><latexit sha1_base64="dCrH1DqhgqwH8amnYoH0kflvRXE=">AAAB6XicbZDNTgIxFIXv4B8iKrp100hMcENm3Kg7EzcsMXGEBAbSKXeg0plO2o6GTHgPNy7U+ELufBvLz0LBkzT5ck6be3vCVHBtXPfbKWxsbm3vFHdLe+X9g8PKUflBy0wx9JkUUrVDqlHwBH3DjcB2qpDGocBWOL6d5a0nVJrL5N5MUgxiOkx4xBk11uo1atjLH7syxiGdnvcrVbfuzkXWwVtCFZZq9itf3YFkWYyJYYJq3fHc1AQ5VYYzgdNSN9OYUjamQ+xYTGiMOsjnW0/JmXUGJJLKnsSQufv7RU5jrSdxaG/G1Iz0ajYz/8s6mYmugpwnaWYwYYtBUSaIkWRWARlwhcyIiQXKFLe7EjaiijJjiyrZErzVL6+Df1G/rrt3LhThBE6hBh5cwg00oAk+MFDwAm/w7jw7r87Hoq2Cs6ztGP7I+fwBGqWQnQ==</latexit><latexit sha1_base64="Noah0KGk3jn3+i4cF/W5IqH79SM=">AAAB9HicbVA9TwJBEN3DL8Qv1NJmIzHBhtzZqB2JDSUmnpDAQfaWOVjZ273s7mnIhf9hY6HG1h9j579xgSsUfMkkL+/NZGZemHCmjet+O4W19Y3NreJ2aWd3b/+gfHh0r2WqKPhUcqnaIdHAmQDfMMOhnSggccihFY5vZn7rEZRmUtyZSQJBTIaCRYwSY6Veowq97KErYxiS6Xm/XHFr7hx4lXg5qaAczX75qzuQNI1BGMqJ1h3PTUyQEWUY5TAtdVMNCaFjMoSOpYLEoINsfvUUn1llgCOpbAmD5+rviYzEWk/i0HbGxIz0sjcT//M6qYmugoyJJDUg6GJRlHJsJJ5FgAdMATV8YgmhitlbMR0RRaixQZVsCN7yy6vEv6hd19xbt1J38zSK6ASdoiry0CWqowZqIh9RpNAzekVvzpPz4rw7H4vWgpPPHKM/cD5/AF1DkeY=</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><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>
 ye[n]<latexit sha1_base64="D+0d7CqiKggPG/2H9Bqn7YGFHsc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx4rmLaQhrLZbtq1m92wuxFC6H/w4kHFqz/Im//GbZuDtj4YeLw3w8y8KOVMG9f9dipr6xubW9Xt2s7u3v5B/fCoo2WmCPWJ5FL1IqwpZ4L6hhlOe6miOIk47UaT25nffaJKMykeTJ7SMMEjwWJGsLFSJx/QQISDesNtunOgVeKVpAEl2oP6V38oSZZQYQjHWgeem5qwwMowwum01s80TTGZ4BENLBU4oTos5tdO0ZlVhiiWypYwaK7+nihwonWeRLYzwWasl72Z+J8XZCa+Dgsm0sxQQRaL4owjI9HsdTRkihLDc0swUczeisgYK0yMDahmQ/CWX14l/kXzpuneXzZabplGFU7gFM7BgytowR20wQcCj/AMr/DmSOfFeXc+Fq0Vp5w5hj9wPn8A9ACO2g==</latexit><latexit sha1_base64="D+0d7CqiKggPG/2H9Bqn7YGFHsc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx4rmLaQhrLZbtq1m92wuxFC6H/w4kHFqz/Im//GbZuDtj4YeLw3w8y8KOVMG9f9dipr6xubW9Xt2s7u3v5B/fCoo2WmCPWJ5FL1IqwpZ4L6hhlOe6miOIk47UaT25nffaJKMykeTJ7SMMEjwWJGsLFSJx/QQISDesNtunOgVeKVpAEl2oP6V38oSZZQYQjHWgeem5qwwMowwum01s80TTGZ4BENLBU4oTos5tdO0ZlVhiiWypYwaK7+nihwonWeRLYzwWasl72Z+J8XZCa+Dgsm0sxQQRaL4owjI9HsdTRkihLDc0swUczeisgYK0yMDahmQ/CWX14l/kXzpuneXzZabplGFU7gFM7BgytowR20wQcCj/AMr/DmSOfFeXc+Fq0Vp5w5hj9wPn8A9ACO2g==</latexit><latexit sha1_base64="D+0d7CqiKggPG/2H9Bqn7YGFHsc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx4rmLaQhrLZbtq1m92wuxFC6H/w4kHFqz/Im//GbZuDtj4YeLw3w8y8KOVMG9f9dipr6xubW9Xt2s7u3v5B/fCoo2WmCPWJ5FL1IqwpZ4L6hhlOe6miOIk47UaT25nffaJKMykeTJ7SMMEjwWJGsLFSJx/QQISDesNtunOgVeKVpAEl2oP6V38oSZZQYQjHWgeem5qwwMowwum01s80TTGZ4BENLBU4oTos5tdO0ZlVhiiWypYwaK7+nihwonWeRLYzwWasl72Z+J8XZCa+Dgsm0sxQQRaL4owjI9HsdTRkihLDc0swUczeisgYK0yMDahmQ/CWX14l/kXzpuneXzZabplGFU7gFM7BgytowR20wQcCj/AMr/DmSOfFeXc+Fq0Vp5w5hj9wPn8A9ACO2g==</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>
 L M
 Consider the multi-rate discrete-time system shown in the figure above. We know that:
 • L and M are positive integers
 • xe[n] = x[n/L] for n = rL and zero otherwise
 • y[n] = ye[nM ]
 • H(ejω) =
 L, |ω| ≤ π/40, π/4 < |ω| ≤ π
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 X(ej!)<latexit sha1_base64="bWPVRezUrqbyjjxpB9f6XkgWjEY=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BItQLyURQb0VvHisYGyhTctmO2nX7kfY3Sgl9H948aDi1R/jzX/jts1BWx8MPN6bYWZelDCqjed9O4WV1bX1jeJmaWt7Z3evvH9wr2WqCAREMqlaEdbAqIDAUMOglSjAPGLQjEbXU7/5CEpTKe7MOIGQ44GgMSXYWKnbqkI3e+hIDgM8Oe2VK17Nm8FdJn5OKihHo1f+6vQlSTkIQxjWuu17iQkzrAwlDCalTqohwWSEB9C2VGAOOsxmV0/cE6v03VgqW8K4M/X3RIa51mMe2U6OzVAvelPxP6+dmvgyzKhIUgOCzBfFKXONdKcRuH2qgBg2tgQTRe2tLhlihYmxQZVsCP7iy8skOKtd1bzb80rdy9MooiN0jKrIRxeojm5QAwWIIIWe0St6c56cF+fd+Zi3Fpx85hD9gfP5A3eDkfo=</latexit><latexit sha1_base64="bWPVRezUrqbyjjxpB9f6XkgWjEY=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BItQLyURQb0VvHisYGyhTctmO2nX7kfY3Sgl9H948aDi1R/jzX/jts1BWx8MPN6bYWZelDCqjed9O4WV1bX1jeJmaWt7Z3evvH9wr2WqCAREMqlaEdbAqIDAUMOglSjAPGLQjEbXU7/5CEpTKe7MOIGQ44GgMSXYWKnbqkI3e+hIDgM8Oe2VK17Nm8FdJn5OKihHo1f+6vQlSTkIQxjWuu17iQkzrAwlDCalTqohwWSEB9C2VGAOOsxmV0/cE6v03VgqW8K4M/X3RIa51mMe2U6OzVAvelPxP6+dmvgyzKhIUgOCzBfFKXONdKcRuH2qgBg2tgQTRe2tLhlihYmxQZVsCP7iy8skOKtd1bzb80rdy9MooiN0jKrIRxeojm5QAwWIIIWe0St6c56cF+fd+Zi3Fpx85hD9gfP5A3eDkfo=</latexit><latexit sha1_base64="bWPVRezUrqbyjjxpB9f6XkgWjEY=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BItQLyURQb0VvHisYGyhTctmO2nX7kfY3Sgl9H948aDi1R/jzX/jts1BWx8MPN6bYWZelDCqjed9O4WV1bX1jeJmaWt7Z3evvH9wr2WqCAREMqlaEdbAqIDAUMOglSjAPGLQjEbXU7/5CEpTKe7MOIGQ44GgMSXYWKnbqkI3e+hIDgM8Oe2VK17Nm8FdJn5OKihHo1f+6vQlSTkIQxjWuu17iQkzrAwlDCalTqohwWSEB9C2VGAOOsxmV0/cE6v03VgqW8K4M/X3RIa51mMe2U6OzVAvelPxP6+dmvgyzKhIUgOCzBfFKXONdKcRuH2qgBg2tgQTRe2tLhlihYmxQZVsCP7iy8skOKtd1bzb80rdy9MooiN0jKrIRxeojm5QAwWIIIWe0St6c56cF+fd+Zi3Fpx85hD9gfP5A3eDkfo=</latexit>
 <latexit sha1_base64="8dGu1U4EWyiBjR8oZvXhTgrs3ic=">AAAB6nicbVBNSwMxEJ31s9avqkcvwSJ4seyKoN4KXjxWcG2hXUo2zbahSTYkWaEs/QtePKh49Rd589+YbfegrQ8GHu/NMDMvVpwZ6/vf3srq2vrGZmWrur2zu7dfOzh8NGmmCQ1JylPdibGhnEkaWmY57ShNsYg5bcfj28JvP1FtWCof7ETRSOChZAkj2BbSeU+xfq3uN/wZ0DIJSlKHEq1+7as3SEkmqLSEY2O6ga9slGNtGeF0Wu1lhipMxnhIu45KLKiJ8tmtU3TqlAFKUu1KWjRTf0/kWBgzEbHrFNiOzKJXiP953cwm11HOpMoslWS+KMk4sikqHkcDpimxfOIIJpq5WxEZYY2JdfFUXQjB4svLJLxo3DT8+8t60y/TqMAxnMAZBHAFTbiDFoRAYATP8ApvnvBevHfvY9664pUzR/AH3ucPIR2NxQ==</latexit><latexit sha1_base64="8dGu1U4EWyiBjR8oZvXhTgrs3ic=">AAAB6nicbVBNSwMxEJ31s9avqkcvwSJ4seyKoN4KXjxWcG2hXUo2zbahSTYkWaEs/QtePKh49Rd589+YbfegrQ8GHu/NMDMvVpwZ6/vf3srq2vrGZmWrur2zu7dfOzh8NGmmCQ1JylPdibGhnEkaWmY57ShNsYg5bcfj28JvP1FtWCof7ETRSOChZAkj2BbSeU+xfq3uN/wZ0DIJSlKHEq1+7as3SEkmqLSEY2O6ga9slGNtGeF0Wu1lhipMxnhIu45KLKiJ8tmtU3TqlAFKUu1KWjRTf0/kWBgzEbHrFNiOzKJXiP953cwm11HOpMoslWS+KMk4sikqHkcDpimxfOIIJpq5WxEZYY2JdfFUXQjB4svLJLxo3DT8+8t60y/TqMAxnMAZBHAFTbiDFoRAYATP8ApvnvBevHfvY9664pUzR/AH3ucPIR2NxQ==</latexit><latexit sha1_base64="8dGu1U4EWyiBjR8oZvXhTgrs3ic=">AAAB6nicbVBNSwMxEJ31s9avqkcvwSJ4seyKoN4KXjxWcG2hXUo2zbahSTYkWaEs/QtePKh49Rd589+YbfegrQ8GHu/NMDMvVpwZ6/vf3srq2vrGZmWrur2zu7dfOzh8NGmmCQ1JylPdibGhnEkaWmY57ShNsYg5bcfj28JvP1FtWCof7ETRSOChZAkj2BbSeU+xfq3uN/wZ0DIJSlKHEq1+7as3SEkmqLSEY2O6ga9slGNtGeF0Wu1lhipMxnhIu45KLKiJ8tmtU3TqlAFKUu1KWjRTf0/kWBgzEbHrFNiOzKJXiP953cwm11HOpMoslWS+KMk4sikqHkcDpimxfOIIJpq5WxEZYY2JdfFUXQjB4svLJLxo3DT8+8t60y/TqMAxnMAZBHAFTbiDFoRAYATP8ApvnvBevHfvY9664pUzR/AH3ucPIR2NxQ==</latexit>
 1<latexit sha1_base64="hT6VrbGZsemQROzeZkrJhsoGEkE=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx5bMLbQhrLZTtq1m03Y3Qgl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genj0oJNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8O/PbT6g0T+S9maQYxHQoecQZNVZqef1qza27c5BV4hWkBgWa/epXb5CwLEZpmKBadz03NUFOleFM4LTSyzSmlI3pELuWShqjDvL5oVNyZpUBiRJlSxoyV39P5DTWehKHtjOmZqSXvZn4n9fNTHQd5FymmUHJFouiTBCTkNnXZMAVMiMmllCmuL2VsBFVlBmbTcWG4C2/vEr8i/pN3W1d1hpukUYZTuAUzsGDK2jAHTTBBwYIz/AKb86j8+K8Ox+L1pJTzBzDHzifP+N/jHY=</latexit><latexit sha1_base64="hT6VrbGZsemQROzeZkrJhsoGEkE=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx5bMLbQhrLZTtq1m03Y3Qgl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genj0oJNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8O/PbT6g0T+S9maQYxHQoecQZNVZqef1qza27c5BV4hWkBgWa/epXb5CwLEZpmKBadz03NUFOleFM4LTSyzSmlI3pELuWShqjDvL5oVNyZpUBiRJlSxoyV39P5DTWehKHtjOmZqSXvZn4n9fNTHQd5FymmUHJFouiTBCTkNnXZMAVMiMmllCmuL2VsBFVlBmbTcWG4C2/vEr8i/pN3W1d1hpukUYZTuAUzsGDK2jAHTTBBwYIz/AKb86j8+K8Ox+L1pJTzBzDHzifP+N/jHY=</latexit><latexit sha1_base64="hT6VrbGZsemQROzeZkrJhsoGEkE=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx5bMLbQhrLZTtq1m03Y3Qgl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genj0oJNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8O/PbT6g0T+S9maQYxHQoecQZNVZqef1qza27c5BV4hWkBgWa/epXb5CwLEZpmKBadz03NUFOleFM4LTSyzSmlI3pELuWShqjDvL5oVNyZpUBiRJlSxoyV39P5DTWehKHtjOmZqSXvZn4n9fNTHQd5FymmUHJFouiTBCTkNnXZMAVMiMmllCmuL2VsBFVlBmbTcWG4C2/vEr8i/pN3W1d1hpukUYZTuAUzsGDK2jAHTTBBwYIz/AKb86j8+K8Ox+L1pJTzBzDHzifP+N/jHY=</latexit>
 /2<latexit sha1_base64="YdRXCI60bC8dhwTi37/Bs1TF2IA=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRdwlJOqNxItHTFwggQ3pli5Uuu2m7ZqQDf/Biwc1Xv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWal30EnZZ65crbtWdA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10HGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiV+rXpTde/rlYabp1GEEziFc/DgChpwB03wgcAjPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwCWjjo=</latexit><latexit sha1_base64="YdRXCI60bC8dhwTi37/Bs1TF2IA=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRdwlJOqNxItHTFwggQ3pli5Uuu2m7ZqQDf/Biwc1Xv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWal30EnZZ65crbtWdA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10HGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiV+rXpTde/rlYabp1GEEziFc/DgChpwB03wgcAjPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwCWjjo=</latexit><latexit sha1_base64="YdRXCI60bC8dhwTi37/Bs1TF2IA=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRdwlJOqNxItHTFwggQ3pli5Uuu2m7ZqQDf/Biwc1Xv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWal30EnZZ65crbtWdA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10HGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiV+rXpTde/rlYabp1GEEziFc/DgChpwB03wgcAjPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwCWjjo=</latexit>
 /2<latexit sha1_base64="6ceHHfGRNocln4EZ9MWHHjP3Gok=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU02KoN4KXjxWMLbQhrLZTtqlm03Y3Qgl9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genj0qJNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8O/PbT6g0T+SDmaQYxHQoecQZNVbyeym/aPSrNbfuzkFWiVeQGhRo9atfvUHCshilYYJq3fXc1AQ5VYYzgdNKL9OYUjamQ+xaKmmMOsjnx07JmVUGJEqULWnIXP09kdNY60kc2s6YmpFe9mbif143M9F1kHOZZgYlWyyKMkFMQmafkwFXyIyYWEKZ4vZWwkZUUWZsPhUbgrf88irxG/Wbunt/WWu6RRplOIFTOAcPrqAJd9ACHxhweIZXeHOk8+K8Ox+L1pJTzBzDHzifP5a0jgM=</latexit><latexit sha1_base64="6ceHHfGRNocln4EZ9MWHHjP3Gok=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU02KoN4KXjxWMLbQhrLZTtqlm03Y3Qgl9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genj0qJNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8O/PbT6g0T+SDmaQYxHQoecQZNVbyeym/aPSrNbfuzkFWiVeQGhRo9atfvUHCshilYYJq3fXc1AQ5VYYzgdNKL9OYUjamQ+xaKmmMOsjnx07JmVUGJEqULWnIXP09kdNY60kc2s6YmpFe9mbif143M9F1kHOZZgYlWyyKMkFMQmafkwFXyIyYWEKZ4vZWwkZUUWZsPhUbgrf88irxG/Wbunt/WWu6RRplOIFTOAcPrqAJd9ACHxhweIZXeHOk8+K8Ox+L1pJTzBzDHzifP5a0jgM=</latexit><latexit sha1_base64="6ceHHfGRNocln4EZ9MWHHjP3Gok=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU02KoN4KXjxWMLbQhrLZTtqlm03Y3Qgl9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genj0qJNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8O/PbT6g0T+SDmaQYxHQoecQZNVbyeym/aPSrNbfuzkFWiVeQGhRo9atfvUHCshilYYJq3fXc1AQ5VYYzgdNKL9OYUjamQ+xaKmmMOsjnx07JmVUGJEqULWnIXP09kdNY60kc2s6YmpFe9mbif143M9F1kHOZZgYlWyyKMkFMQmafkwFXyIyYWEKZ4vZWwkZUUWZsPhUbgrf88irxG/Wbunt/WWu6RRplOIFTOAcPrqAJd9ACHxhweIZXeHOk8+K8Ox+L1pJTzBzDHzifP5a0jgM=</latexit>
 <latexit sha1_base64="sW/BFaX3EPoF8rTfuNjz6snt5pE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN4KXjxWNLbQhrLZTtqlm03Y3Qgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genj0qJNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8M/PbT6g0T+SDmaQYxHQoecQZNVa676W8X625dXcOskq8gtSgQKtf/eoNEpbFKA0TVOuu56YmyKkynAmcVnqZxpSyMR1i11JJY9RBPj91Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zupmJroKcyzQzKNliUZQJYhIy+5sMuEJmxMQSyhS3txI2oooyY9Op2BC85ZdXiX9Rv667d5e1plukUYYTOIVz8KABTbiFFvjAYAjP8ApvjnBenHfnY9FacoqZY/gD5/MHt5mNjg==</latexit><latexit sha1_base64="sW/BFaX3EPoF8rTfuNjz6snt5pE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN4KXjxWNLbQhrLZTtqlm03Y3Qgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genj0qJNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8M/PbT6g0T+SDmaQYxHQoecQZNVa676W8X625dXcOskq8gtSgQKtf/eoNEpbFKA0TVOuu56YmyKkynAmcVnqZxpSyMR1i11JJY9RBPj91Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zupmJroKcyzQzKNliUZQJYhIy+5sMuEJmxMQSyhS3txI2oooyY9Op2BC85ZdXiX9Rv667d5e1plukUYYTOIVz8KABTbiFFvjAYAjP8ApvjnBenHfnY9FacoqZY/gD5/MHt5mNjg==</latexit><latexit sha1_base64="sW/BFaX3EPoF8rTfuNjz6snt5pE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN4KXjxWNLbQhrLZTtqlm03Y3Qgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genj0qJNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8M/PbT6g0T+SDmaQYxHQoecQZNVa676W8X625dXcOskq8gtSgQKtf/eoNEpbFKA0TVOuu56YmyKkynAmcVnqZxpSyMR1i11JJY9RBPj91Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zupmJroKcyzQzKNliUZQJYhIy+5sMuEJmxMQSyhS3txI2oooyY9Op2BC85ZdXiX9Rv667d5e1plukUYYTOIVz8KABTbiFFvjAYAjP8ApvjnBenHfnY9FacoqZY/gD5/MHt5mNjg==</latexit>
 !<latexit sha1_base64="WXHv4XjeZC9HRP07k8KMgybpsBE=">AAAB7HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN4CXjxGcJNAsoTZSW8yZh7LzKwQlvyDFw8qXv0gb/6Nk2QPmljQUFR1090Vp5wZ6/vfXmltfWNzq7xd2dnd2z+oHh61jMo0hZAqrnQnJgY4kxBaZjl0Ug1ExBza8fh25refQBum5IOdpBAJMpQsYZRYJ7V6SsCQ9Ks1v+7PgVdJUJAaKtDsV796A0UzAdJSTozpBn5qo5xoyyiHaaWXGUgJHZMhdB2VRICJ8vm1U3zmlAFOlHYlLZ6rvydyIoyZiNh1CmJHZtmbif953cwm11HOZJpZkHSxKMk4tgrPXscDpoFaPnGEUM3crZiOiCbUuoAqLoRg+eVVEl7Ub+r+/WWt4RdplNEJOkXnKEBXqIHuUBOFiKJH9Ixe0ZunvBfv3ftYtJa8YuYY/YH3+QP22o7c</latexit><latexit sha1_base64="WXHv4XjeZC9HRP07k8KMgybpsBE=">AAAB7HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN4CXjxGcJNAsoTZSW8yZh7LzKwQlvyDFw8qXv0gb/6Nk2QPmljQUFR1090Vp5wZ6/vfXmltfWNzq7xd2dnd2z+oHh61jMo0hZAqrnQnJgY4kxBaZjl0Ug1ExBza8fh25refQBum5IOdpBAJMpQsYZRYJ7V6SsCQ9Ks1v+7PgVdJUJAaKtDsV796A0UzAdJSTozpBn5qo5xoyyiHaaWXGUgJHZMhdB2VRICJ8vm1U3zmlAFOlHYlLZ6rvydyIoyZiNh1CmJHZtmbif953cwm11HOZJpZkHSxKMk4tgrPXscDpoFaPnGEUM3crZiOiCbUuoAqLoRg+eVVEl7Ub+r+/WWt4RdplNEJOkXnKEBXqIHuUBOFiKJH9Ixe0ZunvBfv3ftYtJa8YuYY/YH3+QP22o7c</latexit><latexit sha1_base64="WXHv4XjeZC9HRP07k8KMgybpsBE=">AAAB7HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN4CXjxGcJNAsoTZSW8yZh7LzKwQlvyDFw8qXv0gb/6Nk2QPmljQUFR1090Vp5wZ6/vfXmltfWNzq7xd2dnd2z+oHh61jMo0hZAqrnQnJgY4kxBaZjl0Ug1ExBza8fh25refQBum5IOdpBAJMpQsYZRYJ7V6SsCQ9Ks1v+7PgVdJUJAaKtDsV796A0UzAdJSTozpBn5qo5xoyyiHaaWXGUgJHZMhdB2VRICJ8vm1U3zmlAFOlHYlLZ6rvydyIoyZiNh1CmJHZtmbif953cwm11HOZJpZkHSxKMk4tgrPXscDpoFaPnGEUM3crZiOiCbUuoAqLoRg+eVVEl7Ub+r+/WWt4RdplNEJOkXnKEBXqIHuUBOFiKJH9Ixe0ZunvBfv3ftYtJa8YuYY/YH3+QP22o7c</latexit>
 (a) Assume that L = 2 and M = 4 and that X(ejω), the DTFT of x[n], is real and is as shown inthe figure above. Sketch and dimension the functions Xe(e
 jω), Ye(ejω), and Y (ejω), the DTFTs of
 xe[n], ye[n], and y[n], respectively. Be sure to label clearly all important magnitudes and frequencies.
 (b) Now assume that L = 2 and M = 8. Determine y[n] for this case. Hint: See which diagramsin your answer to part (a) change.
 Problem 6.2:
 x[n] w[n]v[n] y[n]
 H(ejω)5 4
 In the system above, the input signal is x[n] = sin (0.2πn+ π/4)
 The system decimates the input by a factor of 5, and then upsamples the result by a factor of 4 (i.e.places three zeros between each successive sample of v[n]), and finally passes the system throughthe ideal lowpass filter H(ejω) with frequency response
 H(ejω) =
 4, |ω| ≤ 0.3π0, 0.3π < |ω| ≤ π
 As it turns out, this system is not particularly well designed, but do not let that bother you.
 (a) Sketch and dimension the following DTFTs:
 1. V (ejω), the DTFT of v[n]
 2. W (ejω), the DTFT of w[n]
 3. Y (ejω), the DTFT of y[n]
 (b) It is claimed that the output y[n] can be expressed in the following form:
 A cos(ω0n+ φ)]
 Copyright 2020, Richard M. Stern

Page 3
                        
                        

18-491 Problem Set 6 Page 3 Spring, 2020
 Find numerical values for the coefficients A, ω0, and φ.
 Note: in obtaining the answer to this problem, please keep in mind that δ(at) = 1|a|δ(t) in the
 distributional sense. This should be taken into consideration whenever you are working with adelta function of a continuous argument, and the scale of the horizontal axis is changed.
 Problem 6.3 (an old quiz problem)
 33 z-1LPFx[n]
 <latexit sha1_base64="vGivaPVT4BNZ21AnIwTUg2uiu5Q=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY8FLx4r2A9IQ9lsN+3S3U3Y3Ygl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfog15UzSjmGG036iKBYhp71wepv7vUeqNIvlg5klNBB4LFnECDa59OTLYFituXV3AbROvILUoEB7WP0ajGKSCioN4Vhr33MTE2RYGUY4nVcGqaYJJlM8pr6lEguqg2xx6xxdWGWEoljZkgYt1N8TGRZaz0RoOwU2E73q5eJ/np+a6CbImExSQyVZLopSjkyM8sfRiClKDJ9Zgoli9lZEJlhhYmw8FRuCt/ryOuk26l6zfnXfrLUaRRxlOINzuAQPrqEFd9CGDhCYwDO8wpsjnBfn3flYtpacYuYU/sD5/AETBI44</latexit>
 xs[n]
 <latexit sha1_base64="FS2V88LpdAZV95BdksxbdC1IK3Q=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktLXosePFYwX7AdinZNNvGZpMlyYpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpapIrRNJJeqF2JNORO0bZjhtJcoiuOQ0244uZn73UeqNJPi3kwTGsR4JFjECDZW6jwNtC+CQbniVt0F0DrxclKBHK1B+as/lCSNqTCEY619z01MkGFlGOF0VuqnmiaYTPCI+pYKHFMdZItrZ+jCKkMUSWVLGLRQf09kONZ6Goe2M8ZmrFe9ufif56cmug4yJpLUUEGWi6KUIyPR/HU0ZIoSw6eWYKKYvRWRMVaYGBtQyYbgrb68Tjq1qlevNu7qlWYtj6MIZ3AOl+DBFTThFlrQBgIP8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwCe9o8e</latexit>
 xi[n]
 <latexit sha1_base64="hjPhsrS15aZ+b7sysqgVfMU2UTo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktLXosePFYwX7AdinZNNvGZpMlyYpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpapIrRNJJeqF2JNORO0bZjhtJcoiuOQ0244uZn73UeqNJPi3kwTGsR4JFjECDZW6jwNmC+CQbniVt0F0DrxclKBHK1B+as/lCSNqTCEY619z01MkGFlGOF0VuqnmiaYTPCI+pYKHFMdZItrZ+jCKkMUSWVLGLRQf09kONZ6Goe2M8ZmrFe9ufif56cmug4yJpLUUEGWi6KUIyPR/HU0ZIoSw6eWYKKYvRWRMVaYGBtQyYbgrb68Tjq1qlevNu7qlWYtj6MIZ3AOl+DBFTThFlrQBgIP8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwCPsI8U</latexit>
 xi[n 1]
 <latexit sha1_base64="e31g1lqTxwq7tHuIUrZNGT7WaD4=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBi2W3VPRY8OKxgv2A7VKyabYNzSZrkhXL0j/hxYMiXv073vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wfDPzO49UaSbFvZkkNIjxULCIEWys1H3qM19ceEG/XHGr7hxolXg5qUCOZr/81RtIksZUGMKx1r7nJibIsDKMcDot9VJNE0zGeEh9SwWOqQ6y+b1TdGaVAYqksiUMmqu/JzIcaz2JQ9sZYzPSy95M/M/zUxNdBxkTSWqoIItFUcqRkWj2PBowRYnhE0swUczeisgIK0yMjahkQ/CWX14l7VrVq1cv7+qVRi2PowgncArn4MEVNOAWmtACAhye4RXenAfnxXl3PhatBSefOYY/cD5/AGyyj4Y=</latexit>
 xr[n]
 <latexit sha1_base64="o5EJrdC5mV6Rnf7OZEsN+4fgqNY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktLXosePFYwX7AdinZNNvGZpMlyYpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpapIrRNJJeqF2JNORO0bZjhtJcoiuOQ0244uZn73UeqNJPi3kwTGsR4JFjECDZW6jwNlC+CQbniVt0F0DrxclKBHK1B+as/lCSNqTCEY619z01MkGFlGOF0VuqnmiaYTPCI+pYKHFMdZItrZ+jCKkMUSWVLGLRQf09kONZ6Goe2M8ZmrFe9ufif56cmug4yJpLUUEGWi6KUIyPR/HU0ZIoSw6eWYKKYvRWRMVaYGBtQyYbgrb68Tjq1qlevNu7qlWYtj6MIZ3AOl+DBFTThFlrQBgIP8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwCdb48d</latexit>
 The block diagram above depicts a system that is designed to delay the input signal (or at leastits envelope) by 1/3 of a sample.
 In the diagram above, the signal xs[n] is obtained by inserting two zeros between successive samplesof the input x[n] so that xs[n] = x[n/3] for n = 3r and zero otherwise. The ideal lowpass filter hasa gain of 3 and a cutoff frequency of π/3. The final output xr[n] is obtained by decimating xi[n−1]such that xr[n] = xi[3n− 1].
 –π/3
 1
 π/3ω
 X(ejω)
 (a) The input signal x[n] has the DTFT X(ejω) depicted above. Sketch and dimension carefullythe magnitude and phase of the following spectra:
 1. Sketch and dimension Xs(ejω), the DTFT of xs[n]
 2. Sketch and dimension Xi(ejω), the DTFT of xi[n]
 3. Sketch and dimension Xr(ejω), the DTFT of xr[n]
 (b) Now suppose that the input to the system is changed to xb[n] = cos(0.4πn). It is claimedthat the overall system output can now be expressed in the form yb[n] = A cos(ωn + φ). Obtainnumerical values for the parameters A, ω, and φ.
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 Problem 6.4:
 Introduction: Commercial CD players routinely employ upsampling, although this fact is nolonger as heavily advertised as it was during the early days of compact disks when this featureprovided some competitive advantage. In this problem we discuss one of the reasons why upsam-pling is commonly used in commercial digital audio systems. Although digital sound reproductionsystems (like compact discs) nominally store and process sound “without distortion,” the signalstill has to be converted back to a continuous-time waveform (formerly called an “analog” wave-form) before it reaches the listener. While rapidly declining hardware costs make it practical toimplement discrete-time filters with very sharp skirts, it is still difficult and expensive to designhigh-performance continuous-time filters. In this problem we will demonstrate how the use ofupsampling enables us to obtain better sound reproduction with very non-ideal continuous-timelowpass filtering.
 Assume that an arbitrary audio signal with a bandwidth of 20 kHz (or (2π)(20)(103) radians/sec)is sampled at a sampling frequency of 44.1 kHz (the standard sampling rate for commercial digitalaudio). As you learned in lectures and from the text, this means that the upper discrete-time cutofffrequency of the digitized audio signal is 2.85 or 0.907π radians.
 Assume also that a third-order Butterworth filter is used for the continuous-time lowpass anti-aliasing filter. (This is not necessarily the type of filter that is actually used in commercial digitalaudio systems, but its a simple design that is easy to apply to this problem.) We will study But-terworth filters later in the semester. The magnitude of the (continuous-time) frequency responsefor a third-order Butterworth filter is
 |H(jΩ)| = 1[1 + (Ω/Ωc)6]1/2
 where Ωc is the cutoff frequency of the filter. Note that this filter has a gain of 1 at very lowfrequencies.
 Following common practice, we will compare the magnitudes of the frequency response of thecontinuous- time filter at different frequencies in decibels. As you may recall, the ratio in decibels(dB) of the magnitudes of a filters transfer function at a given frequency to that at a referencefrequency is
 20 log10
 [∣∣∣∣∣ H(jΩ)
 H(jΩref )
 ∣∣∣∣∣]
 We will use an arbitrary low frequency at which the magnitude of the filter transfer function is 1as our reference frequency.
 (a) Now we are ready to consider a simple discrete-time playback system without upsampling.Consider the system shown in block diagram form in Fig 6.4a. Assume that X(ejω), the DTFT ofthe digitized signal x[n], is as shown in Fig 6.4b.
 Copyright 2020, Richard M. Stern
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 Convert from sequence to impulse train Reconstruction filter
 x[n]
 <latexit sha1_base64="Q7PZtMXJ7uzy7AWhErxN9tMk2GE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FLx4r2A9IQ9lsN+3S3U3Y3Ygl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfog15UzSjmGG036iKBYhp71wepv7vUeqNIvlg5klNBB4LFnECDa59OTLYFituXV3AbROvILUoEB7WP0ajGKSCioN4Vhr33MTE2RYGUY4nVcGqaYJJlM8pr6lEguqg2xx6xxdWGWEoljZkgYt1N8TGRZaz0RoOwU2E73q5eJ/np+a6CbImExSQyVZLopSjkyM8sfRiClKDJ9Zgoli9lZEJlhhYmw8FRuCt/ryOule1b1GvXnfqLXcIo4ynME5XIIH19CCO2hDBwhM4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gASao42</latexit>
 T
 <latexit sha1_base64="jO2/tJazYm61ZcsPjD4ZzC7Q2bE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cW+gVtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5n/udJ1Sax7Jppgn6ER1JHnJGjZUazUG54lbdBcg68XJSgRz1QfmrP4xZGqE0TFCte56bGD+jynAmcFbqpxoTyiZ0hD1LJY1Q+9ni0Bm5sMqQhLGyJQ1ZqL8nMhppPY0C2xlRM9ar3lz8z+ulJrzzMy6T1KBky0VhKoiJyfxrMuQKmRFTSyhT3N5K2JgqyozNpmRD8FZfXiftq6p3Xb1pXFdqbh5HEc7gHC7Bg1uowQPUoQUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8ArNeMzg==</latexit>
 ys(t)
 <latexit sha1_base64="DjDaY41iKXaw6XcJKEAuC0UJW00=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBahXkoiFT0WvHisYGuhDWWz3bZrN5uwOxFC6H/w4kERr/4fb/4bt20O2vpg4PHeDDPzglgKg6777RTW1jc2t4rbpZ3dvf2D8uFR20SJZrzFIhnpTkANl0LxFgqUvBNrTsNA8odgcjPzH564NiJS95jG3A/pSImhYBSt1E77porn/XLFrblzkFXi5aQCOZr98ldvELEk5AqZpMZ0PTdGP6MaBZN8WuolhseUTeiIdy1VNOTGz+bXTsmZVQZkGGlbCslc/T2R0dCYNAxsZ0hxbJa9mfif101weO1nQsUJcsUWi4aJJBiR2etkIDRnKFNLKNPC3krYmGrK0AZUsiF4yy+vkvZFzavXLu/qlYabx1GEEziFKnhwBQ24hSa0gMEjPMMrvDmR8+K8Ox+L1oKTzxzDHzifPwyBjrw=</latexit>
 xc(t)
 <latexit sha1_base64="DelVdmTaSjmjY5tsmy0V+mXhZxI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoMQL2FXInoMePEYwTwgWcLsZDYZMzuzzPSKIeQfvHhQxKv/482/cZLsQRMLGoqqbrq7wkRwg5737eTW1jc2t/LbhZ3dvf2D4uFR06hUU9agSijdDolhgkvWQI6CtRPNSBwK1gpHNzO/9ci04Ure4zhhQUwGkkecErRS86lHy3jeK5a8ijeHu0r8jJQgQ71X/Or2FU1jJpEKYkzH9xIMJkQjp4JNC93UsITQERmwjqWSxMwEk/m1U/fMKn03UtqWRHeu/p6YkNiYcRzazpjg0Cx7M/E/r5NidB1MuExSZJIuFkWpcFG5s9fdPteMohhbQqjm9laXDokmFG1ABRuCv/zyKmleVPxq5fKuWqp5WRx5OIFTKIMPV1CDW6hDAyg8wDO8wpujnBfn3flYtOacbOYY/sD5/AHyeY6r</latexit>
 Figure 6.4a
 -.907! .907!"
 X(ej")A
 Figure 6.4b
 ys(t) =∞∑
 n=−∞x[n]δ(t− nT )
 where the sampling period is T = 1/(44.1)(103), which corresponds to a sampling frequency of 44.1kHz.
 H(jΩ) is a three-pole Butterworth filter, and the magnitude of its transfer function was givenabove. (Please note: this is not the ideal reconstruction filter discussed in Sec. 4.3 (cf. Fig.4.9a) of OSYP!) The function y(t) is the output of the filter.
 1. Sketch and dimension Ys(jΩ), the (continuous-time) Fourier transform of ys(t).
 2. What is the lowest frequency (in rad/sec) at which unwanted upper frequency componentsof ys(t) appear that were introduced by the sampling of the original audio signal? (In otherwords, determine the lowest frequency of the first periodic repetition of the spectrum that iscentered at 2π/T rad/sec.)
 3. Assume that Ωc, the cutoff frequency of the continuous-time lowpass filter H(jΩ) is set tothe Nyquist frequency, (2π)(22.05)(103) rad/sec. Relative to its response at low frequencies,by how much does the continuous-time lowpass filter attenuate the magnitude of the originalaudio signal at its upper cutoff frequency (2π)(20)(103) rad/sec)? By how much does thecontinuous-time lowpass filter attenuate the magnitude of the lowest unwanted frequencycomponent that was your answer to part (a2) of this question? Express your answers to thesequestions in decibels.
 Copyright 2020, Richard M. Stern
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 (b) Now we’ll consider a similar system, but with upsampling by a factor of 4 : 1. In Figure 6.4c,xi[n] is an upsampled or interpolated version of x[n].
 4 Discrete-timelowpass filter
 Convert from sequence to impulse train Reconstruction filter
 x[n]
 <latexit sha1_base64="EGxkutrd/x8CQAD/DRRiH8voxdY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REKnosePFYwX5AGspmu2mX7m7C7kYsoX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9UKsKWeStg0znPYSRbEIOe2Gk9vc7z5SpVksH8w0oYHAI8kiRrDJpSdfBoNqza27c6BV4hWkBgVag+pXfxiTVFBpCMda+56bmCDDyjDC6azSTzVNMJngEfUtlVhQHWTzW2fozCpDFMXKljRorv6eyLDQeipC2ymwGetlLxf/8/zURDdBxmSSGirJYlGUcmRilD+OhkxRYvjUEkwUs7ciMsYKE2PjqdgQvOWXV0nnsu416lf3jVrzooijDCdwCufgwTU04Q5a0AYCY3iGV3hzhPPivDsfi9aSU8wcwx84nz8RNo4y</latexit>
 T
 <latexit sha1_base64="TirN98OQm6wvo4den7YdFyeaVpA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY8OIxgbwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpTkA1Ci6xabgR2IkV0jAQ2A4m93O//YRK80g2zDRGP6QjyYecUWOleqNfLLlldwGyTryMlCBDrV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO881Mu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWtdlr1K+qVdK1assjjycwTlcgge3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AKujjMo=</latexit>
 ys(t)
 <latexit sha1_base64="TYvp9VlE+JW0mIe0keubdvUbqgU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdqeix4MVjBfsB7VKyabaNzSZLkhWWpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2lomitAWkVyqboA15UzQlmGG026sKI4CTjvB5Hbmd56o0kyKB5PG1I/wSLCQEWys1E4HumrOB+WKW3PnQKvEy0kFcjQH5a/+UJIkosIQjrXueW5s/Awrwwin01I/0TTGZIJHtGepwBHVfja/dorOrDJEoVS2hEFz9fdEhiOt0yiwnRE2Y73szcT/vF5iwhs/YyJODBVksShMODISzV5HQ6YoMTy1BBPF7K2IjLHCxNiASjYEb/nlVdK+rHn12tV9vdK4yOMowgmcQhU8uIYG3EETWkDgEZ7hFd4c6bw4787HorXg5DPH8AfO5w8LTY64</latexit>
 yu(t)
 <latexit sha1_base64="C15LWWzio3h3Wz3Exp/xR1ySmn4=">AAAB7XicbVBNSwMxEM3Wr1q/qh69BItQQcquVPRY8OKxgv2AdinZNNvGZpMlmRWWpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LBDbjut1NYW9/Y3Cpul3Z29/YPyodHbaMSTVmLKqF0NyCGCS5ZCzgI1o01I1EgWCeY3M78zhPThiv5AGnM/IiMJA85JWCldjpIqnA+KFfcmjsHXiVeTiooR3NQ/uoPFU0iJoEKYkzPc2PwM6KBU8GmpX5iWEzohIxYz1JJImb8bH7tFJ9ZZYhDpW1JwHP190RGImPSKLCdEYGxWfZm4n9eL4Hwxs+4jBNgki4WhYnAoPDsdTzkmlEQqSWEam5vxXRMNKFgAyrZELzll1dJ+7Lm1WtX9/VK4yKPo4hO0CmqIg9dowa6Q03UQhQ9omf0it4c5bw4787HorXg5DPH6A+czx8OW466</latexit>
 xi[n]
 <latexit sha1_base64="sJcWupl4Xlkg/xT0pc2HUMPXc78=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5RdadFjwYvHCvYDtkvJptk2NpssSVYsS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etbVMFaEtIrlU3RBrypmgLcMMp91EURyHnHbC8c3M7zxSpZkU92aS0CDGQ8EiRrCxUvupz3wR9MsVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvte25iggwrwwin01Iv1TTBZIyH1LdU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/PD810XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK+rHq1av2uVmlc5HEU4QRO4Rw8uIIG3EITWkDgAZ7hFd4c6bw4787HorXg5DPH8AfO5w+N4o8O</latexit>
 xi[n]
 <latexit sha1_base64="sJcWupl4Xlkg/xT0pc2HUMPXc78=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5RdadFjwYvHCvYDtkvJptk2NpssSVYsS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etbVMFaEtIrlU3RBrypmgLcMMp91EURyHnHbC8c3M7zxSpZkU92aS0CDGQ8EiRrCxUvupz3wR9MsVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvte25iggwrwwin01Iv1TTBZIyH1LdU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/PD810XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK+rHq1av2uVmlc5HEU4QRO4Rw8uIIG3EITWkDgAZ7hFd4c6bw4787HorXg5DPH8AfO5w+N4o8O</latexit>
 xe[n]
 <latexit sha1_base64="MMABf9V3UkGyVNJgWt3PKHJAK9g=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8SEmkoseCF48V7Ae0oWy2k3btZjfsbsQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MOFMG8/7dlZW19Y3Ngtbxe2d3b390sFhU8tUUWxQyaVqh0QjZwIbhhmO7UQhiUOOrXB0M/Vbj6g0k+LejBMMYjIQLGKUGCs1n3rYEUGvVPYq3gzuMvFzUoYc9V7pq9uXNI1RGMqJ1h3fS0yQEWUY5TgpdlONCaEjMsCOpYLEqINsdu3EPbVK342ksiWMO1N/T2Qk1noch7YzJmaoF72p+J/XSU10HWRMJKlBQeeLopS7RrrT190+U0gNH1tCqGL2VpcOiSLU2ICKNgR/8eVl0ryo+NXK5V21XDvP4yjAMZzAGfhwBTW4hTo0gMIDPMMrvDnSeXHenY9564qTzxzBHzifP4fGjwo=</latexit>
 H(j)
 <latexit sha1_base64="ck0s5mpPMIgJH1zRyfM61FASiTI=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahgpRdqeix4KU3K9gPbJeSTbNtbJJdkqxQlv4LLx4U8eq/8ea/MW33oNUHA4/3ZpiZF8ScaeO6X05uZXVtfSO/Wdja3tndK+4ftHSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxtczv/1IlWaRvDOTmPoCDyULGcHGSvf18kPvRtAhPu0XS27FnQP9JV5GSpCh0S9+9gYRSQSVhnCsdddzY+OnWBlGOJ0WeommMSZjPKRdSyUWVPvp/OIpOrHKAIWRsiUNmqs/J1IstJ6IwHYKbEZ62ZuJ/3ndxIRXfspknBgqyWJRmHBkIjR7Hw2YosTwiSWYKGZvRWSEFSbGhlSwIXjLL/8lrfOKV61c3FZLtbMsjjwcwTGUwYNLqEEdGtAEAhKe4AVeHe08O2/O+6I152Qzh/ALzsc3gIyQGA==</latexit>
 Figure 6.4c
 To obtain xi[n] we first construct xe[n], an “expanded” version of x[n]:
 xe[n] =
 x[n/4], n = rN
 0, otherwise
 xi[n] is obtained by passing xe[n] through an ideal discrete-time lowpass filter with transfer functionHI(ejω) defined as
 HI(ejω) =
 1, |ω| < π/40, otherwise
 The ideal D/C converter works as described above, except that the sampling period has beendecreased by a factor of 4 so that now T = 1/(4)(44.1)(103) . ys(t) is the train of continuous-timeimpulses and yu(t) is the final output of the D/C converter of this second system after lowpassfiltering. As before, we will assume that H(jΩ) is a third-order Butterworth lowpass filter.
 1. Sketch and dimension Xe(ejω) and Xi(e
 jω), the DTFTs of xe[n] and xi[n], respectively, andYs(jΩ), the CTFT of ys(t).
 2. What is the lowest frequency (in rad/sec) at which unwanted components of ys(t) (not in theoriginal audio signal) appear in this second system with upsampling?
 3. Again assume that the cutoff frequency of the continuous-time lowpass filter H(jΩ) is setto (2π)(22.05)(103) rad/sec. Relative to its response at low frequencies, by how much doesthe continuous-time lowpass filter attenuate the magnitude of the original audio signal at itsupper cutoff frequency, (2π)(20(103) rad/sec? By how much does the continuous-time lowpassfilter attenuate the magnitude of the lowest unwanted frequency component? Express youranswers to these questions in decibels. Compare this answer to your result in part (a).
 Copyright 2020, Richard M. Stern
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 MATLAB Problems
 For the MATLAB questions this week and in the future, please submit the following components ofyour answer to the written component of your homework submission on Gradescope. An easy wayto handle the code part of this is to use the publish feature in MATLAB and submit the output.pdf to the Written assignment on gradescope.
 • Answers to the written portions of the problems
 • Your plots
 • A pdf copy of your code
 The MATLAB component of your submission should contain only your .m files. We appreciate yourhelp in complying with these formatting requests as it makes your work much easier to grade. Andyes, we will deduct points for noncompliant submissions.
 Problem C6.1:
 In this problem, we will explore how the application of an anti-aliasing filter before downsam-pling can affect a downsampled signal. To accomplish this, we will utilize the MATLAB routinesdecimate and downsample. The function decimate passes the input signal through an anti-aliasingfilter before downsampling, while the function downsample does not include an anti-aliasing filter.
 You will be provided with a main file main 6 1.m that you must complete.
 (a) [Downsampling by 2 without an anti-aliasing filter]
 The wrapper file main 6 1.m begins with a script that generates a time-domain function thatproduces a rectangularly-shaped DTFT. Using this function, complete the following:
 1. Compute the DTFT of the function x provided using either freqz, the function dtft 491.m
 that you developed in a problem set in a previous week, or the script for dtft 491.m that isprovided by us. Plot the magnitude of the DTFT.
 2. Now, downsample the time-domain function by a factor of 2 using the downsample routine.Plot the magnitude of the DTFT of the downsampled signal. Use the hold on keyphrase tooverlay the two plots.
 3. Write a few sentences describing any changes you notice between the two DTFTs. Whatcould be the cause of the changes, if any? Is there any aliasing in this case?
 (b) [Downsampling by 5 without an anti-aliasing filter]
 Using the original time-domain function x that we provided, complete the following.
 1. Repeat steps 1 and 2 from part (a), this time downsampling by a factor of 5. Again, use thedownsample routine.
 Copyright 2020, Richard M. Stern
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 2. Write a few sentences describing any changes you notice between the two DTFTs. Whatcould be the cause of the changes, if any? Is there any aliasing in this case?
 (c) [Downsampling with an anti-aliasing filter]
 Again using the original time-domain function that we provided you, complete the following.
 1. Repeat steps 1 and 2 from part (a), this time downsampling by a factor of 5. This time, usethe decimate routine instead of downsample; the difference being that decimate will pass ananti-aliasing filter over the signal before downsampling whereas downsample does not.
 2. Write a few sentences describing any changes you notice between the two DTFTs. What couldbe the cause of the changes, if any? How does the DTFT of this anti-aliased downsampledsignal compare to the DTFT of the downsampled signal from part (b)?
 Problem C6.2: The MATLAB routines decimate, interp, and resample are used to accomplishdecimation, interpolation, and general change of sampling rate, respectively.
 You will be provided with a main file main 6 2.m that you must complete.
 In MATLAB, enter load mtlb, to load a pre-recorded segment of a genuine Mathworks employeeuttering the word “MATLAB”. The signal is sampled at 7000 Hz.
 (a) Let the sequence x represent samples 1000 through 1127 of the waveform mtlb. Plot x and itsDTFT (perhaps using the DTFT routine that you wrote for Problem Set 2).
 (b) Upsample the sequence x by a factor of 3. Plot the new sequence and its DTFT. Compare toyour plots in (a).
 (c) Downsample the original sequence x by a factor of 2. Plot the new sequence and its DTFT.Compare to your plots in (a) and (b).
 (d) Plot the sequence that is derived from the original sequence x by increasing its sampling rateby a factor of 1.5. Again plot the new sequence and its DTFT.
 Problem C6.3:
 As we discussed this week, a common operation in digital signal processing is interpolation orupsampling, where we begin with a discrete-time signal and “stuff” zeros between the samplepoints of the original function lowpass filter the result, to obtain a new function with a greaterdensity of sample points with respect to time. While we typically used ideal lowpass filters in theexamples discussed in class, we will consider in this problem the properties of the filter that isimplied by the common operation of linear interpolation. This topic is discussed in some detail inOSYP Sec. 4.6.3.
 You will be provided with a file main 6 3.m that you must complete.
 Copyright 2020, Richard M. Stern
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 (a) For our example of linear interpolation, we will consider interpolation by a factor of 5, in whichwe begin by inserting 4 samples between a series of original sample points.
 xi[n] = x [bn/5c] + (x [(bn/5c+ 1)]− x [bn/5c]) ((1/5)((n))5)
 In the difficult-to-read expression above, bsc refers to the greatest integer that is less than or equalto s and the expression ((n))m refers to “n mod m”, or the remainder that is obtained when n isdivided by m.
 A more transparent but less compact description of the expression above is the following sequenceof operations:
 1. Let xe[n] be equal to x[n/5] for integer values of n/5, and zero otherwise.
 2. The function xi[n] defined above is obtained the convolution of xe[n] and the non-causal finiteimpulse response filter defined by
 h[n] =
 (1− |n|5
 ), |n| ≤ 4
 0, otherwise
 Consider the (arbitrary) discrete-time sequence x[n] = [1, 4,−1,−3]
 1. Obtain the corresponding sequence xi[n] which is obtained by linearly interpolating the se-quence x[n] by a factor of 5 according to the linear interpolation equation that is stated atthe beginning of this problem. Implement the interpolation in the function interp 491.m
 that is provided.
 2. Use the MATLAB function conv to show that the same interpolated result is indeed obtainedby convolving the sequences xe[n] and h[n] defined immediately above.
 (b) Sketch h[n] in the time domain. Obtain an analytical expression for H(ejω), the DTFT of h[n]by expressing h[n] as the convolution of two finite-duration rectangular functions. Obtain sketchesof H(ejω) both using the MATLAB function dtft that you developed for Problem Set 2, and usingthe freqz function that is built into MATLAB.
 (c) Note that the function h[n] is zero for values of n that are integer multiples of 5 and that H(ejω)is lowpass in nature. As we will see, the lowpass filter for interpolation by a factor of 5 (as is beingdone here) is an ideal lowpass filter with cutoff frequency π/5. Compare the H(ejω) implied bylinear interpolation of the time functions to this ideal lowpass filter.
 Please turn in the following to Gradescope, following the general instructions above:
 • main 6 1.m, main 6 2.m, main 6 3.m, and interp 491.m
 • Answers to all the questions
 • All plots that are requested
 Copyright 2020, Richard M. Stern
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