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Outline 

•  Introduction 
–  Radar waveforms and signal processing 

•  Akshay discussion 
•  Closing remarks 
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Radar* and Waveforms 

Radar Goals:  
Detection,  
localization, and tracking 
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<latexit sha1_base64="yhpEMC00r211vkGnztmpcQn2vzE=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomvdOGJpkhyYil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hAln2njel7O2vrG5tV3YKe7u7R8clo6OWzpOFcUmjXmsOiHRyJnEpmGGYydRSETIsR2O7+Z++xGVZrF8MJMEA0GGkkWMEmOlRtQvlb2ql8FdJX5OypCj3i999wYxTQVKQznRuut7iQmmRBlGOc6KvVRjQuiYDLFrqSQCdTDNFp2551YZuFGs7JPGzdTfiSkRWk9EWHnKrEoobEYQM9LLU3PxP6+bmugmmDKZpAYlXXwZpdw1sTu/3x0whdTwiSWEKma3dumIKEKNbalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBYRneIFXxzhvzrvzsRhdc/LMCfyB8/kDnKGQ5A==</latexit><latexit sha1_base64="yhpEMC00r211vkGnztmpcQn2vzE=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomvdOGJpkhyYil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hAln2njel7O2vrG5tV3YKe7u7R8clo6OWzpOFcUmjXmsOiHRyJnEpmGGYydRSETIsR2O7+Z++xGVZrF8MJMEA0GGkkWMEmOlRtQvlb2ql8FdJX5OypCj3i999wYxTQVKQznRuut7iQmmRBlGOc6KvVRjQuiYDLFrqSQCdTDNFp2551YZuFGs7JPGzdTfiSkRWk9EWHnKrEoobEYQM9LLU3PxP6+bmugmmDKZpAYlXXwZpdw1sTu/3x0whdTwiSWEKma3dumIKEKNbalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBYRneIFXxzhvzrvzsRhdc/LMCfyB8/kDnKGQ5A==</latexit><latexit sha1_base64="yhpEMC00r211vkGnztmpcQn2vzE=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomvdOGJpkhyYil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hAln2njel7O2vrG5tV3YKe7u7R8clo6OWzpOFcUmjXmsOiHRyJnEpmGGYydRSETIsR2O7+Z++xGVZrF8MJMEA0GGkkWMEmOlRtQvlb2ql8FdJX5OypCj3i999wYxTQVKQznRuut7iQmmRBlGOc6KvVRjQuiYDLFrqSQCdTDNFp2551YZuFGs7JPGzdTfiSkRWk9EWHnKrEoobEYQM9LLU3PxP6+bmugmmDKZpAYlXXwZpdw1sTu/3x0whdTwiSWEKma3dumIKEKNbalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBYRneIFXxzhvzrvzsRhdc/LMCfyB8/kDnKGQ5A==</latexit><latexit sha1_base64="yhpEMC00r211vkGnztmpcQn2vzE=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomvdOGJpkhyYil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hAln2njel7O2vrG5tV3YKe7u7R8clo6OWzpOFcUmjXmsOiHRyJnEpmGGYydRSETIsR2O7+Z++xGVZrF8MJMEA0GGkkWMEmOlRtQvlb2ql8FdJX5OypCj3i999wYxTQVKQznRuut7iQmmRBlGOc6KvVRjQuiYDLFrqSQCdTDNFp2551YZuFGs7JPGzdTfiSkRWk9EWHnKrEoobEYQM9LLU3PxP6+bmugmmDKZpAYlXXwZpdw1sTu/3x0whdTwiSWEKma3dumIKEKNbalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBYRneIFXxzhvzrvzsRhdc/LMCfyB8/kDnKGQ5A==</latexit>

↵�(f � f0 � ⌫)
<latexit sha1_base64="FKIfbmA2U/54ucR8jl8m5K4h4qw=">AAACEHicbVDLSgMxFM3UV62vqksRgkWoUMuMCLosunFZwT6gMwx30kwbmskMSUYspSv/wL9wqxt34tY/EPwY02kX2nog4XDOPST3BAlnStv2l5VbWl5ZXcuvFzY2t7Z3irt7TRWnktAGiXks2wEoypmgDc00p+1EUogCTlvB4Hrit+6pVCwWd3qYUC+CnmAhI6CN5BcPXeBJH7DbpVxDGYf4FIe+bW5XpCd+sWRX7Qx4kTgzUkIz1P3it9uNSRpRoQkHpTqOnWhvBFIzwum44KaKJkAG0KMdQwVEVHmjbI0xPjZKF4exNEdonKm/EyOIlBpGQeUhsypBZDIR6L6an5qI/3mdVIeX3oiJJNVUkOmTYcqxjvGkHdxlkhLNh4YAkcz8GpM+SCDadFgwdTjzyy+S5lnVsavO7XmpdjUrJo8O0BEqIwddoBq6QXXUQAQ9omf0gl6tJ+vNerc+pqM5a5bZR39gff4Au2SalA==</latexit><latexit sha1_base64="FKIfbmA2U/54ucR8jl8m5K4h4qw=">AAACEHicbVDLSgMxFM3UV62vqksRgkWoUMuMCLosunFZwT6gMwx30kwbmskMSUYspSv/wL9wqxt34tY/EPwY02kX2nog4XDOPST3BAlnStv2l5VbWl5ZXcuvFzY2t7Z3irt7TRWnktAGiXks2wEoypmgDc00p+1EUogCTlvB4Hrit+6pVCwWd3qYUC+CnmAhI6CN5BcPXeBJH7DbpVxDGYf4FIe+bW5XpCd+sWRX7Qx4kTgzUkIz1P3it9uNSRpRoQkHpTqOnWhvBFIzwum44KaKJkAG0KMdQwVEVHmjbI0xPjZKF4exNEdonKm/EyOIlBpGQeUhsypBZDIR6L6an5qI/3mdVIeX3oiJJNVUkOmTYcqxjvGkHdxlkhLNh4YAkcz8GpM+SCDadFgwdTjzyy+S5lnVsavO7XmpdjUrJo8O0BEqIwddoBq6QXXUQAQ9omf0gl6tJ+vNerc+pqM5a5bZR39gff4Au2SalA==</latexit><latexit sha1_base64="FKIfbmA2U/54ucR8jl8m5K4h4qw=">AAACEHicbVDLSgMxFM3UV62vqksRgkWoUMuMCLosunFZwT6gMwx30kwbmskMSUYspSv/wL9wqxt34tY/EPwY02kX2nog4XDOPST3BAlnStv2l5VbWl5ZXcuvFzY2t7Z3irt7TRWnktAGiXks2wEoypmgDc00p+1EUogCTlvB4Hrit+6pVCwWd3qYUC+CnmAhI6CN5BcPXeBJH7DbpVxDGYf4FIe+bW5XpCd+sWRX7Qx4kTgzUkIz1P3it9uNSRpRoQkHpTqOnWhvBFIzwum44KaKJkAG0KMdQwVEVHmjbI0xPjZKF4exNEdonKm/EyOIlBpGQeUhsypBZDIR6L6an5qI/3mdVIeX3oiJJNVUkOmTYcqxjvGkHdxlkhLNh4YAkcz8GpM+SCDadFgwdTjzyy+S5lnVsavO7XmpdjUrJo8O0BEqIwddoBq6QXXUQAQ9omf0gl6tJ+vNerc+pqM5a5bZR39gff4Au2SalA==</latexit><latexit sha1_base64="FKIfbmA2U/54ucR8jl8m5K4h4qw=">AAACEHicbVDLSgMxFM3UV62vqksRgkWoUMuMCLosunFZwT6gMwx30kwbmskMSUYspSv/wL9wqxt34tY/EPwY02kX2nog4XDOPST3BAlnStv2l5VbWl5ZXcuvFzY2t7Z3irt7TRWnktAGiXks2wEoypmgDc00p+1EUogCTlvB4Hrit+6pVCwWd3qYUC+CnmAhI6CN5BcPXeBJH7DbpVxDGYf4FIe+bW5XpCd+sWRX7Qx4kTgzUkIz1P3it9uNSRpRoQkHpTqOnWhvBFIzwum44KaKJkAG0KMdQwVEVHmjbI0xPjZKF4exNEdonKm/EyOIlBpGQeUhsypBZDIR6L6an5qI/3mdVIeX3oiJJNVUkOmTYcqxjvGkHdxlkhLNh4YAkcz8GpM+SCDadFgwdTjzyy+S5lnVsavO7XmpdjUrJo8O0BEqIwddoBq6QXXUQAQ9omf0gl6tJ+vNerc+pqM5a5bZR39gff4Au2SalA==</latexit>

ej2⇡f0t
F ! �(f � f0)

<latexit sha1_base64="Tzd1iJqxe/44rAzlr0WZqOzANtU="></latexit><latexit sha1_base64="Tzd1iJqxe/44rAzlr0WZqOzANtU="></latexit><latexit sha1_base64="Tzd1iJqxe/44rAzlr0WZqOzANtU="></latexit><latexit sha1_base64="Tzd1iJqxe/44rAzlr0WZqOzANtU="></latexit>

Doppler 

•  Ideal Pulsed-Doppler Radar Waveform: 

· · ·<latexit sha1_base64="e7t9ikC52oKTCrxqfCvuwyOEzHo=">AAACDXicbVBNS8MwGE79nPWr6k0vxSF4GKMVQY9DLx4nuA/YykjSdAtLmpKk4igD/4H/wqtevIlXf4PgjzHtetDNBwIPz/N+5UEJo0p73pe1tLyyurZe2bA3t7Z3dp29/bYSqcSkhQUTsougIozGpKWpZqSbSAI5YqSDxte537knUlER3+lJQgIOhzGNKIbaSAPnMOsXQzLEUjK1+4jbfRwKrezpwKl6da+Au0j8klRBiebA+e6HAqecxBozqFTP9xIdZFBqilk+PFUkgXgMh6RnaAw5UUFWrJ+6J0YJ3UhI82LtFurvjgxypSYc1R4Kq4a46eFQj9R8VS7+5/VSHV0GGY2TVJMYz1ZGKXO1cPNo3JBKgjWbGAKxpOZqF4+ghFibAG0Thz//+UXSPqv7Xt2/Pa82rspgKuAIHINT4IML0AA3oAlaAINH8AxewKv1ZL1Z79bHrHTJKnsOwB9Ynz/hD5t+</latexit><latexit sha1_base64="e7t9ikC52oKTCrxqfCvuwyOEzHo=">AAACDXicbVBNS8MwGE79nPWr6k0vxSF4GKMVQY9DLx4nuA/YykjSdAtLmpKk4igD/4H/wqtevIlXf4PgjzHtetDNBwIPz/N+5UEJo0p73pe1tLyyurZe2bA3t7Z3dp29/bYSqcSkhQUTsougIozGpKWpZqSbSAI5YqSDxte537knUlER3+lJQgIOhzGNKIbaSAPnMOsXQzLEUjK1+4jbfRwKrezpwKl6da+Au0j8klRBiebA+e6HAqecxBozqFTP9xIdZFBqilk+PFUkgXgMh6RnaAw5UUFWrJ+6J0YJ3UhI82LtFurvjgxypSYc1R4Kq4a46eFQj9R8VS7+5/VSHV0GGY2TVJMYz1ZGKXO1cPNo3JBKgjWbGAKxpOZqF4+ghFibAG0Thz//+UXSPqv7Xt2/Pa82rspgKuAIHINT4IML0AA3oAlaAINH8AxewKv1ZL1Z79bHrHTJKnsOwB9Ynz/hD5t+</latexit><latexit sha1_base64="e7t9ikC52oKTCrxqfCvuwyOEzHo=">AAACDXicbVBNS8MwGE79nPWr6k0vxSF4GKMVQY9DLx4nuA/YykjSdAtLmpKk4igD/4H/wqtevIlXf4PgjzHtetDNBwIPz/N+5UEJo0p73pe1tLyyurZe2bA3t7Z3dp29/bYSqcSkhQUTsougIozGpKWpZqSbSAI5YqSDxte537knUlER3+lJQgIOhzGNKIbaSAPnMOsXQzLEUjK1+4jbfRwKrezpwKl6da+Au0j8klRBiebA+e6HAqecxBozqFTP9xIdZFBqilk+PFUkgXgMh6RnaAw5UUFWrJ+6J0YJ3UhI82LtFurvjgxypSYc1R4Kq4a46eFQj9R8VS7+5/VSHV0GGY2TVJMYz1ZGKXO1cPNo3JBKgjWbGAKxpOZqF4+ghFibAG0Thz//+UXSPqv7Xt2/Pa82rspgKuAIHINT4IML0AA3oAlaAINH8AxewKv1ZL1Z79bHrHTJKnsOwB9Ynz/hD5t+</latexit><latexit sha1_base64="e7t9ikC52oKTCrxqfCvuwyOEzHo=">AAACDXicbVBNS8MwGE79nPWr6k0vxSF4GKMVQY9DLx4nuA/YykjSdAtLmpKk4igD/4H/wqtevIlXf4PgjzHtetDNBwIPz/N+5UEJo0p73pe1tLyyurZe2bA3t7Z3dp29/bYSqcSkhQUTsougIozGpKWpZqSbSAI5YqSDxte537knUlER3+lJQgIOhzGNKIbaSAPnMOsXQzLEUjK1+4jbfRwKrezpwKl6da+Au0j8klRBiebA+e6HAqecxBozqFTP9xIdZFBqilk+PFUkgXgMh6RnaAw5UUFWrJ+6J0YJ3UhI82LtFurvjgxypSYc1R4Kq4a46eFQj9R8VS7+5/VSHV0GGY2TVJMYz1ZGKXO1cPNo3JBKgjWbGAKxpOZqF4+ghFibAG0Thz//+UXSPqv7Xt2/Pa82rspgKuAIHINT4IML0AA3oAlaAINH8AxewKv1ZL1Z79bHrHTJKnsOwB9Ynz/hD5t+</latexit>· · ·<latexit sha1_base64="e7t9ikC52oKTCrxqfCvuwyOEzHo=">AAACDXicbVBNS8MwGE79nPWr6k0vxSF4GKMVQY9DLx4nuA/YykjSdAtLmpKk4igD/4H/wqtevIlXf4PgjzHtetDNBwIPz/N+5UEJo0p73pe1tLyyurZe2bA3t7Z3dp29/bYSqcSkhQUTsougIozGpKWpZqSbSAI5YqSDxte537knUlER3+lJQgIOhzGNKIbaSAPnMOsXQzLEUjK1+4jbfRwKrezpwKl6da+Au0j8klRBiebA+e6HAqecxBozqFTP9xIdZFBqilk+PFUkgXgMh6RnaAw5UUFWrJ+6J0YJ3UhI82LtFurvjgxypSYc1R4Kq4a46eFQj9R8VS7+5/VSHV0GGY2TVJMYz1ZGKXO1cPNo3JBKgjWbGAKxpOZqF4+ghFibAG0Thz//+UXSPqv7Xt2/Pa82rspgKuAIHINT4IML0AA3oAlaAINH8AxewKv1ZL1Z79bHrHTJKnsOwB9Ynz/hD5t+</latexit><latexit sha1_base64="e7t9ikC52oKTCrxqfCvuwyOEzHo=">AAACDXicbVBNS8MwGE79nPWr6k0vxSF4GKMVQY9DLx4nuA/YykjSdAtLmpKk4igD/4H/wqtevIlXf4PgjzHtetDNBwIPz/N+5UEJo0p73pe1tLyyurZe2bA3t7Z3dp29/bYSqcSkhQUTsougIozGpKWpZqSbSAI5YqSDxte537knUlER3+lJQgIOhzGNKIbaSAPnMOsXQzLEUjK1+4jbfRwKrezpwKl6da+Au0j8klRBiebA+e6HAqecxBozqFTP9xIdZFBqilk+PFUkgXgMh6RnaAw5UUFWrJ+6J0YJ3UhI82LtFurvjgxypSYc1R4Kq4a46eFQj9R8VS7+5/VSHV0GGY2TVJMYz1ZGKXO1cPNo3JBKgjWbGAKxpOZqF4+ghFibAG0Thz//+UXSPqv7Xt2/Pa82rspgKuAIHINT4IML0AA3oAlaAINH8AxewKv1ZL1Z79bHrHTJKnsOwB9Ynz/hD5t+</latexit><latexit sha1_base64="e7t9ikC52oKTCrxqfCvuwyOEzHo=">AAACDXicbVBNS8MwGE79nPWr6k0vxSF4GKMVQY9DLx4nuA/YykjSdAtLmpKk4igD/4H/wqtevIlXf4PgjzHtetDNBwIPz/N+5UEJo0p73pe1tLyyurZe2bA3t7Z3dp29/bYSqcSkhQUTsougIozGpKWpZqSbSAI5YqSDxte537knUlER3+lJQgIOhzGNKIbaSAPnMOsXQzLEUjK1+4jbfRwKrezpwKl6da+Au0j8klRBiebA+e6HAqecxBozqFTP9xIdZFBqilk+PFUkgXgMh6RnaAw5UUFWrJ+6J0YJ3UhI82LtFurvjgxypSYc1R4Kq4a46eFQj9R8VS7+5/VSHV0GGY2TVJMYz1ZGKXO1cPNo3JBKgjWbGAKxpOZqF4+ghFibAG0Thz//+UXSPqv7Xt2/Pa82rspgKuAIHINT4IML0AA3oAlaAINH8AxewKv1ZL1Z79bHrHTJKnsOwB9Ynz/hD5t+</latexit><latexit sha1_base64="e7t9ikC52oKTCrxqfCvuwyOEzHo=">AAACDXicbVBNS8MwGE79nPWr6k0vxSF4GKMVQY9DLx4nuA/YykjSdAtLmpKk4igD/4H/wqtevIlXf4PgjzHtetDNBwIPz/N+5UEJo0p73pe1tLyyurZe2bA3t7Z3dp29/bYSqcSkhQUTsougIozGpKWpZqSbSAI5YqSDxte537knUlER3+lJQgIOhzGNKIbaSAPnMOsXQzLEUjK1+4jbfRwKrezpwKl6da+Au0j8klRBiebA+e6HAqecxBozqFTP9xIdZFBqilk+PFUkgXgMh6RnaAw5UUFWrJ+6J0YJ3UhI82LtFurvjgxypSYc1R4Kq4a46eFQj9R8VS7+5/VSHV0GGY2TVJMYz1ZGKXO1cPNo3JBKgjWbGAKxpOZqF4+ghFibAG0Thz//+UXSPqv7Xt2/Pa82rspgKuAIHINT4IML0AA3oAlaAINH8AxewKv1ZL1Z79bHrHTJKnsOwB9Ynz/hD5t+</latexit>

0
<latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit>

T
<latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit> 2T

<latexit sha1_base64="SK9dNeph7CanOCwZ08EmIIm70tY=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCh1J2i6DHohePVdpaaJeSTbNtaJJdkqxYlv4Dr3rxJl79QYI/xnS7B20dCAwzb3gvE8ScaeO6X05hbX1jc6u4XdrZ3ds/KB8edXSUKELbJOKR6gZYU84kbRtmOO3GimIRcPoQTG7m/sMjVZpFsmWmMfUFHkkWMoKNle7rrUG54tbcDGiVeDmpQI7moPzdH0YkEVQawrHWPc+NjZ9iZRjhdFbqJ5rGmEzwiPYslVhQ7afZpTN0ZpUhCiNlnzQoU38nUiy0noqg+pRZ1UDYjMBmrJen5uJ/Xi8x4ZWfMhknhkqyWBkmHJkIzQtAQ6YoMXxqCSaK2asRGWOFibE1lWwd3vLnV0mnXvPcmnd3UWlc58UU4QRO4Rw8uIQG3EIT2kAghGd4gVcncd6cd+djMVpw8swx/IHz+QPzgZEO</latexit><latexit sha1_base64="SK9dNeph7CanOCwZ08EmIIm70tY=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCh1J2i6DHohePVdpaaJeSTbNtaJJdkqxYlv4Dr3rxJl79QYI/xnS7B20dCAwzb3gvE8ScaeO6X05hbX1jc6u4XdrZ3ds/KB8edXSUKELbJOKR6gZYU84kbRtmOO3GimIRcPoQTG7m/sMjVZpFsmWmMfUFHkkWMoKNle7rrUG54tbcDGiVeDmpQI7moPzdH0YkEVQawrHWPc+NjZ9iZRjhdFbqJ5rGmEzwiPYslVhQ7afZpTN0ZpUhCiNlnzQoU38nUiy0noqg+pRZ1UDYjMBmrJen5uJ/Xi8x4ZWfMhknhkqyWBkmHJkIzQtAQ6YoMXxqCSaK2asRGWOFibE1lWwd3vLnV0mnXvPcmnd3UWlc58UU4QRO4Rw8uIQG3EIT2kAghGd4gVcncd6cd+djMVpw8swx/IHz+QPzgZEO</latexit><latexit sha1_base64="SK9dNeph7CanOCwZ08EmIIm70tY=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCh1J2i6DHohePVdpaaJeSTbNtaJJdkqxYlv4Dr3rxJl79QYI/xnS7B20dCAwzb3gvE8ScaeO6X05hbX1jc6u4XdrZ3ds/KB8edXSUKELbJOKR6gZYU84kbRtmOO3GimIRcPoQTG7m/sMjVZpFsmWmMfUFHkkWMoKNle7rrUG54tbcDGiVeDmpQI7moPzdH0YkEVQawrHWPc+NjZ9iZRjhdFbqJ5rGmEzwiPYslVhQ7afZpTN0ZpUhCiNlnzQoU38nUiy0noqg+pRZ1UDYjMBmrJen5uJ/Xi8x4ZWfMhknhkqyWBkmHJkIzQtAQ6YoMXxqCSaK2asRGWOFibE1lWwd3vLnV0mnXvPcmnd3UWlc58UU4QRO4Rw8uIQG3EIT2kAghGd4gVcncd6cd+djMVpw8swx/IHz+QPzgZEO</latexit><latexit sha1_base64="SK9dNeph7CanOCwZ08EmIIm70tY=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCh1J2i6DHohePVdpaaJeSTbNtaJJdkqxYlv4Dr3rxJl79QYI/xnS7B20dCAwzb3gvE8ScaeO6X05hbX1jc6u4XdrZ3ds/KB8edXSUKELbJOKR6gZYU84kbRtmOO3GimIRcPoQTG7m/sMjVZpFsmWmMfUFHkkWMoKNle7rrUG54tbcDGiVeDmpQI7moPzdH0YkEVQawrHWPc+NjZ9iZRjhdFbqJ5rGmEzwiPYslVhQ7afZpTN0ZpUhCiNlnzQoU38nUiy0noqg+pRZ1UDYjMBmrJen5uJ/Xi8x4ZWfMhknhkqyWBkmHJkIzQtAQ6YoMXxqCSaK2asRGWOFibE1lWwd3vLnV0mnXvPcmnd3UWlc58UU4QRO4Rw8uIQG3EIT2kAghGd4gVcncd6cd+djMVpw8swx/IHz+QPzgZEO</latexit>

t
<latexit sha1_base64="fFyOoWPzm3SXxOUSyy/mfm0Kvv0=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbBfKntVL4O7SvyclCFHvV/67g1imkqmkApiTNf3EgymRCOngs2KvdSwhNAxGbKupYpIZoJptujMPbfKwI1ibZ9CN1N/J6ZEGjORYeUpsyqhtBlJcGSWp+bif143xegmmHKVpMgUXXwZpcLF2J3f7w64ZhTFxBJCNbdbu3RENKFoWyraOvzl41dJ67Lqe1W/cVWu3ebFFOAUzuACfLiGGtxDHZpAgcEzvMCrg86b8+58LEbXnDxzAn/gfP4AsmWQ8g==</latexit><latexit sha1_base64="fFyOoWPzm3SXxOUSyy/mfm0Kvv0=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbBfKntVL4O7SvyclCFHvV/67g1imkqmkApiTNf3EgymRCOngs2KvdSwhNAxGbKupYpIZoJptujMPbfKwI1ibZ9CN1N/J6ZEGjORYeUpsyqhtBlJcGSWp+bif143xegmmHKVpMgUXXwZpcLF2J3f7w64ZhTFxBJCNbdbu3RENKFoWyraOvzl41dJ67Lqe1W/cVWu3ebFFOAUzuACfLiGGtxDHZpAgcEzvMCrg86b8+58LEbXnDxzAn/gfP4AsmWQ8g==</latexit><latexit sha1_base64="fFyOoWPzm3SXxOUSyy/mfm0Kvv0=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbBfKntVL4O7SvyclCFHvV/67g1imkqmkApiTNf3EgymRCOngs2KvdSwhNAxGbKupYpIZoJptujMPbfKwI1ibZ9CN1N/J6ZEGjORYeUpsyqhtBlJcGSWp+bif143xegmmHKVpMgUXXwZpcLF2J3f7w64ZhTFxBJCNbdbu3RENKFoWyraOvzl41dJ67Lqe1W/cVWu3ebFFOAUzuACfLiGGtxDHZpAgcEzvMCrg86b8+58LEbXnDxzAn/gfP4AsmWQ8g==</latexit><latexit sha1_base64="fFyOoWPzm3SXxOUSyy/mfm0Kvv0=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbBfKntVL4O7SvyclCFHvV/67g1imkqmkApiTNf3EgymRCOngs2KvdSwhNAxGbKupYpIZoJptujMPbfKwI1ibZ9CN1N/J6ZEGjORYeUpsyqhtBlJcGSWp+bif143xegmmHKVpMgUXXwZpcLF2J3f7w64ZhTFxBJCNbdbu3RENKFoWyraOvzl41dJ67Lqe1W/cVWu3ebFFOAUzuACfLiGGtxDHZpAgcEzvMCrg86b8+58LEbXnDxzAn/gfP4AsmWQ8g==</latexit>

ej2⇡f0t
1X

n=�1
�(t� nT )

<latexit sha1_base64="/VgJrRni7V1x2/ZRlNt+fT33GxE="></latexit><latexit sha1_base64="/VgJrRni7V1x2/ZRlNt+fT33GxE="></latexit><latexit sha1_base64="/VgJrRni7V1x2/ZRlNt+fT33GxE="></latexit><latexit sha1_base64="/VgJrRni7V1x2/ZRlNt+fT33GxE="></latexit>

*RADAR = RAdio Detection And Ranging 

⌧
<latexit sha1_base64="Czbezl5sYHHuw18OdhQxFeybkoA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclDIjgi6LblxWsA9oh5JJM21okhmSjFqG/oJb3bgTt36P4MeYmc5CWw8EDufcw705QcyZNq775aysrq1vbJa2yts7u3v7lYPDto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5CbzOw9UaRbJezONqS/wSLKQEWwyqW9wMqhU3bqbAy0TryBVKNAcVL77w4gkgkpDONa657mx8VOsDCOczsr9RNMYkwke0Z6lEguq/TS/dYZOrTJEYaTskwbl6u9EioXWUxHUnnKrFgibEdiM9eJUJv7n9RITXvkpk3FiqCTzlWHCkYlQVgEaMkWJ4VNLMFHMXo3IGCtMjC2qbOvwFj+/TNrndc+te3cX1cZ1UUwJjuEEzsCDS2jALTShBQTG8Awv8Oo8Om/Ou/MxH11xiswR/IHz+QP/bJJC</latexit><latexit sha1_base64="Czbezl5sYHHuw18OdhQxFeybkoA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclDIjgi6LblxWsA9oh5JJM21okhmSjFqG/oJb3bgTt36P4MeYmc5CWw8EDufcw705QcyZNq775aysrq1vbJa2yts7u3v7lYPDto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5CbzOw9UaRbJezONqS/wSLKQEWwyqW9wMqhU3bqbAy0TryBVKNAcVL77w4gkgkpDONa657mx8VOsDCOczsr9RNMYkwke0Z6lEguq/TS/dYZOrTJEYaTskwbl6u9EioXWUxHUnnKrFgibEdiM9eJUJv7n9RITXvkpk3FiqCTzlWHCkYlQVgEaMkWJ4VNLMFHMXo3IGCtMjC2qbOvwFj+/TNrndc+te3cX1cZ1UUwJjuEEzsCDS2jALTShBQTG8Awv8Oo8Om/Ou/MxH11xiswR/IHz+QP/bJJC</latexit><latexit sha1_base64="Czbezl5sYHHuw18OdhQxFeybkoA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclDIjgi6LblxWsA9oh5JJM21okhmSjFqG/oJb3bgTt36P4MeYmc5CWw8EDufcw705QcyZNq775aysrq1vbJa2yts7u3v7lYPDto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5CbzOw9UaRbJezONqS/wSLKQEWwyqW9wMqhU3bqbAy0TryBVKNAcVL77w4gkgkpDONa657mx8VOsDCOczsr9RNMYkwke0Z6lEguq/TS/dYZOrTJEYaTskwbl6u9EioXWUxHUnnKrFgibEdiM9eJUJv7n9RITXvkpk3FiqCTzlWHCkYlQVgEaMkWJ4VNLMFHMXo3IGCtMjC2qbOvwFj+/TNrndc+te3cX1cZ1UUwJjuEEzsCDS2jALTShBQTG8Awv8Oo8Om/Ou/MxH11xiswR/IHz+QP/bJJC</latexit><latexit sha1_base64="Czbezl5sYHHuw18OdhQxFeybkoA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclDIjgi6LblxWsA9oh5JJM21okhmSjFqG/oJb3bgTt36P4MeYmc5CWw8EDufcw705QcyZNq775aysrq1vbJa2yts7u3v7lYPDto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5CbzOw9UaRbJezONqS/wSLKQEWwyqW9wMqhU3bqbAy0TryBVKNAcVL77w4gkgkpDONa657mx8VOsDCOczsr9RNMYkwke0Z6lEguq/TS/dYZOrTJEYaTskwbl6u9EioXWUxHUnnKrFgibEdiM9eJUJv7n9RITXvkpk3FiqCTzlWHCkYlQVgEaMkWJ4VNLMFHMXo3IGCtMjC2qbOvwFj+/TNrndc+te3cX1cZ1UUwJjuEEzsCDS2jALTShBQTG8Awv8Oo8Om/Ou/MxH11xiswR/IHz+QP/bJJC</latexit> T

<latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit>

1/(2T )
<latexit sha1_base64="WQ5KgZDaoyjHUMqL+Po2M2LkkCg=">AAAB93icbVDLSgMxFL1TX7W+qi7dBItQodSZIuiy6MZlhb6gHUomzbSxycyQZMQy9B/c6saduPVzBD/GdDoLbT0QOJxzD/fmeBFnStv2l5VbW9/Y3MpvF3Z29/YPiodHbRXGktAWCXkoux5WlLOAtjTTnHYjSbHwOO14k9u533mkUrEwaOppRF2BRwHzGcHaSG3nolxrng+KJbtqp0CrxMlICTI0BsXv/jAksaCBJhwr1XPsSLsJlpoRTmeFfqxohMkEj2jP0AALqtwkvXaGzowyRH4ozQs0StXfiQQLpabCqzylVsUTJiOwHqvlqbn4n9eLtX/tJiyIYk0DsljpxxzpEM1LQEMmKdF8aggmkpmrERljiYk2VRVMHc7y51dJu1Z17Kpzf1mq32TF5OEETqEMDlxBHe6gAS0g8ADP8AKv1tR6s96tj8Vozsoyx/AH1ucPnUiR5w==</latexit><latexit sha1_base64="WQ5KgZDaoyjHUMqL+Po2M2LkkCg=">AAAB93icbVDLSgMxFL1TX7W+qi7dBItQodSZIuiy6MZlhb6gHUomzbSxycyQZMQy9B/c6saduPVzBD/GdDoLbT0QOJxzD/fmeBFnStv2l5VbW9/Y3MpvF3Z29/YPiodHbRXGktAWCXkoux5WlLOAtjTTnHYjSbHwOO14k9u533mkUrEwaOppRF2BRwHzGcHaSG3nolxrng+KJbtqp0CrxMlICTI0BsXv/jAksaCBJhwr1XPsSLsJlpoRTmeFfqxohMkEj2jP0AALqtwkvXaGzowyRH4ozQs0StXfiQQLpabCqzylVsUTJiOwHqvlqbn4n9eLtX/tJiyIYk0DsljpxxzpEM1LQEMmKdF8aggmkpmrERljiYk2VRVMHc7y51dJu1Z17Kpzf1mq32TF5OEETqEMDlxBHe6gAS0g8ADP8AKv1tR6s96tj8Vozsoyx/AH1ucPnUiR5w==</latexit><latexit sha1_base64="WQ5KgZDaoyjHUMqL+Po2M2LkkCg=">AAAB93icbVDLSgMxFL1TX7W+qi7dBItQodSZIuiy6MZlhb6gHUomzbSxycyQZMQy9B/c6saduPVzBD/GdDoLbT0QOJxzD/fmeBFnStv2l5VbW9/Y3MpvF3Z29/YPiodHbRXGktAWCXkoux5WlLOAtjTTnHYjSbHwOO14k9u533mkUrEwaOppRF2BRwHzGcHaSG3nolxrng+KJbtqp0CrxMlICTI0BsXv/jAksaCBJhwr1XPsSLsJlpoRTmeFfqxohMkEj2jP0AALqtwkvXaGzowyRH4ozQs0StXfiQQLpabCqzylVsUTJiOwHqvlqbn4n9eLtX/tJiyIYk0DsljpxxzpEM1LQEMmKdF8aggmkpmrERljiYk2VRVMHc7y51dJu1Z17Kpzf1mq32TF5OEETqEMDlxBHe6gAS0g8ADP8AKv1tR6s96tj8Vozsoyx/AH1ucPnUiR5w==</latexit><latexit sha1_base64="WQ5KgZDaoyjHUMqL+Po2M2LkkCg=">AAAB93icbVDLSgMxFL1TX7W+qi7dBItQodSZIuiy6MZlhb6gHUomzbSxycyQZMQy9B/c6saduPVzBD/GdDoLbT0QOJxzD/fmeBFnStv2l5VbW9/Y3MpvF3Z29/YPiodHbRXGktAWCXkoux5WlLOAtjTTnHYjSbHwOO14k9u533mkUrEwaOppRF2BRwHzGcHaSG3nolxrng+KJbtqp0CrxMlICTI0BsXv/jAksaCBJhwr1XPsSLsJlpoRTmeFfqxohMkEj2jP0AALqtwkvXaGzowyRH4ozQs0StXfiQQLpabCqzylVsUTJiOwHqvlqbn4n9eLtX/tJiyIYk0DsljpxxzpEM1LQEMmKdF8aggmkpmrERljiYk2VRVMHc7y51dJu1Z17Kpzf1mq32TF5OEETqEMDlxBHe6gAS0g8ADP8AKv1tR6s96tj8Vozsoyx/AH1ucPnUiR5w==</latexit>

0
<latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit>

�1/(2T )
<latexit sha1_base64="8k8mjAMzEpG91uMCCLtarppM/7Y=">AAAB+HicbVDLSgMxFL1TX7W+qi7dBItQodaZIuiy6MZlhb6gHUomzbShycyQZMQ69CPc6saduPVvBD/GdDoLrR4IHM65h3tzvIgzpW3708qtrK6tb+Q3C1vbO7t7xf2DtgpjSWiLhDyUXQ8ryllAW5ppTruRpFh4nHa8yc3c79xTqVgYNPU0oq7Ao4D5jGBtpM6Zc16uNU8HxZJdtVOgv8TJSAkyNAbFr/4wJLGggSYcK9Vz7Ei7CZaaEU5nhX6saITJBI9oz9AAC6rcJD13hk6MMkR+KM0LNErVn4kEC6Wmwqs8pFbFEyYjsB6r5am5+J/Xi7V/5SYsiGJNA7JY6ccc6RDNW0BDJinRfGoIJpKZqxEZY4mJNl0VTB3O8uf/knat6thV5+6iVL/OisnDERxDGRy4hDrcQgNaQGACT/AML9aj9Wq9We+L0ZyVZQ7hF6yPbwlTkh4=</latexit><latexit sha1_base64="8k8mjAMzEpG91uMCCLtarppM/7Y=">AAAB+HicbVDLSgMxFL1TX7W+qi7dBItQodaZIuiy6MZlhb6gHUomzbShycyQZMQ69CPc6saduPVvBD/GdDoLrR4IHM65h3tzvIgzpW3708qtrK6tb+Q3C1vbO7t7xf2DtgpjSWiLhDyUXQ8ryllAW5ppTruRpFh4nHa8yc3c79xTqVgYNPU0oq7Ao4D5jGBtpM6Zc16uNU8HxZJdtVOgv8TJSAkyNAbFr/4wJLGggSYcK9Vz7Ei7CZaaEU5nhX6saITJBI9oz9AAC6rcJD13hk6MMkR+KM0LNErVn4kEC6Wmwqs8pFbFEyYjsB6r5am5+J/Xi7V/5SYsiGJNA7JY6ccc6RDNW0BDJinRfGoIJpKZqxEZY4mJNl0VTB3O8uf/knat6thV5+6iVL/OisnDERxDGRy4hDrcQgNaQGACT/AML9aj9Wq9We+L0ZyVZQ7hF6yPbwlTkh4=</latexit><latexit sha1_base64="8k8mjAMzEpG91uMCCLtarppM/7Y=">AAAB+HicbVDLSgMxFL1TX7W+qi7dBItQodaZIuiy6MZlhb6gHUomzbShycyQZMQ69CPc6saduPVvBD/GdDoLrR4IHM65h3tzvIgzpW3708qtrK6tb+Q3C1vbO7t7xf2DtgpjSWiLhDyUXQ8ryllAW5ppTruRpFh4nHa8yc3c79xTqVgYNPU0oq7Ao4D5jGBtpM6Zc16uNU8HxZJdtVOgv8TJSAkyNAbFr/4wJLGggSYcK9Vz7Ei7CZaaEU5nhX6saITJBI9oz9AAC6rcJD13hk6MMkR+KM0LNErVn4kEC6Wmwqs8pFbFEyYjsB6r5am5+J/Xi7V/5SYsiGJNA7JY6ccc6RDNW0BDJinRfGoIJpKZqxEZY4mJNl0VTB3O8uf/knat6thV5+6iVL/OisnDERxDGRy4hDrcQgNaQGACT/AML9aj9Wq9We+L0ZyVZQ7hF6yPbwlTkh4=</latexit><latexit sha1_base64="8k8mjAMzEpG91uMCCLtarppM/7Y=">AAAB+HicbVDLSgMxFL1TX7W+qi7dBItQodaZIuiy6MZlhb6gHUomzbShycyQZMQ69CPc6saduPVvBD/GdDoLrR4IHM65h3tzvIgzpW3708qtrK6tb+Q3C1vbO7t7xf2DtgpjSWiLhDyUXQ8ryllAW5ppTruRpFh4nHa8yc3c79xTqVgYNPU0oq7Ao4D5jGBtpM6Zc16uNU8HxZJdtVOgv8TJSAkyNAbFr/4wJLGggSYcK9Vz7Ei7CZaaEU5nhX6saITJBI9oz9AAC6rcJD13hk6MMkR+KM0LNErVn4kEC6Wmwqs8pFbFEyYjsB6r5am5+J/Xi7V/5SYsiGJNA7JY6ccc6RDNW0BDJinRfGoIJpKZqxEZY4mJNl0VTB3O8uf/knat6thV5+6iVL/OisnDERxDGRy4hDrcQgNaQGACT/AML9aj9Wq9We+L0ZyVZQ7hF6yPbwlTkh4=</latexit>

⌫
<latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit>

Simultaneous 
Resolution in 
Delay and 
Doppler 

Target 
Return 

Target Echo Signal / s(t� ⌧)ej2⇡(f0+⌫)t
<latexit sha1_base64="pxdz8T0rC3PUdSoc/38JUub7ctY=">AAACF3icbVA9SwNBEN3zM8avqKXNYBASxHAngpaijWUEo0Iuhr3NXlzd21t254Rw5F/Y+FdsLBSx1c5/4yam0MQHA4/3ZpiZF2kpLPr+lzc1PTM7N19YKC4uLa+sltbWL2yaGcYbLJWpuYqo5VIo3kCBkl9pw2kSSX4Z3Z0M/Mt7bqxI1Tn2NG8ltKtELBhFJ7VLtVCbVGMKtoKwCyHSrAr8Or+FPQi1gErc9mEHQpVBFbDfLpX9mj8ETJJgRMpkhHq79Bl2UpYlXCGT1Npm4Gts5dSgYJL3i2FmuabsjnZ501FFE25b+fCvPmw7pQNxalwphKH6eyKnibW9JHKdCcUbO+4NxP+8ZobxYSsXSmfIFftZFGcSXA6DkKAjDGcoe45QZoS7FdgNNZShi7LoQgjGX54kF3u1wK8FZ/vlo+NRHAWySbZIhQTkgByRU1InDcLIA3kiL+TVe/SevTfv/ad1yhvNbJA/8D6+AeHKnJI=</latexit><latexit sha1_base64="pxdz8T0rC3PUdSoc/38JUub7ctY=">AAACF3icbVA9SwNBEN3zM8avqKXNYBASxHAngpaijWUEo0Iuhr3NXlzd21t254Rw5F/Y+FdsLBSx1c5/4yam0MQHA4/3ZpiZF2kpLPr+lzc1PTM7N19YKC4uLa+sltbWL2yaGcYbLJWpuYqo5VIo3kCBkl9pw2kSSX4Z3Z0M/Mt7bqxI1Tn2NG8ltKtELBhFJ7VLtVCbVGMKtoKwCyHSrAr8Or+FPQi1gErc9mEHQpVBFbDfLpX9mj8ETJJgRMpkhHq79Bl2UpYlXCGT1Npm4Gts5dSgYJL3i2FmuabsjnZ501FFE25b+fCvPmw7pQNxalwphKH6eyKnibW9JHKdCcUbO+4NxP+8ZobxYSsXSmfIFftZFGcSXA6DkKAjDGcoe45QZoS7FdgNNZShi7LoQgjGX54kF3u1wK8FZ/vlo+NRHAWySbZIhQTkgByRU1InDcLIA3kiL+TVe/SevTfv/ad1yhvNbJA/8D6+AeHKnJI=</latexit><latexit sha1_base64="pxdz8T0rC3PUdSoc/38JUub7ctY=">AAACF3icbVA9SwNBEN3zM8avqKXNYBASxHAngpaijWUEo0Iuhr3NXlzd21t254Rw5F/Y+FdsLBSx1c5/4yam0MQHA4/3ZpiZF2kpLPr+lzc1PTM7N19YKC4uLa+sltbWL2yaGcYbLJWpuYqo5VIo3kCBkl9pw2kSSX4Z3Z0M/Mt7bqxI1Tn2NG8ltKtELBhFJ7VLtVCbVGMKtoKwCyHSrAr8Or+FPQi1gErc9mEHQpVBFbDfLpX9mj8ETJJgRMpkhHq79Bl2UpYlXCGT1Npm4Gts5dSgYJL3i2FmuabsjnZ501FFE25b+fCvPmw7pQNxalwphKH6eyKnibW9JHKdCcUbO+4NxP+8ZobxYSsXSmfIFftZFGcSXA6DkKAjDGcoe45QZoS7FdgNNZShi7LoQgjGX54kF3u1wK8FZ/vlo+NRHAWySbZIhQTkgByRU1InDcLIA3kiL+TVe/SevTfv/ad1yhvNbJA/8D6+AeHKnJI=</latexit><latexit sha1_base64="pxdz8T0rC3PUdSoc/38JUub7ctY=">AAACF3icbVA9SwNBEN3zM8avqKXNYBASxHAngpaijWUEo0Iuhr3NXlzd21t254Rw5F/Y+FdsLBSx1c5/4yam0MQHA4/3ZpiZF2kpLPr+lzc1PTM7N19YKC4uLa+sltbWL2yaGcYbLJWpuYqo5VIo3kCBkl9pw2kSSX4Z3Z0M/Mt7bqxI1Tn2NG8ltKtELBhFJ7VLtVCbVGMKtoKwCyHSrAr8Or+FPQi1gErc9mEHQpVBFbDfLpX9mj8ETJJgRMpkhHq79Bl2UpYlXCGT1Npm4Gts5dSgYJL3i2FmuabsjnZ501FFE25b+fCvPmw7pQNxalwphKH6eyKnibW9JHKdCcUbO+4NxP+8ZobxYSsXSmfIFftZFGcSXA6DkKAjDGcoe45QZoS7FdgNNZShi7LoQgjGX54kF3u1wK8FZ/vlo+NRHAWySbZIhQTkgByRU1InDcLIA3kiL+TVe/SevTfv/ad1yhvNbJA/8D6+AeHKnJI=</latexit>

R(t)
Ṙ(t)

�(t)
F ! 1 8f

<latexit sha1_base64="W88MrEj10Iynhivpw62mlbXOtBc="></latexit><latexit sha1_base64="W88MrEj10Iynhivpw62mlbXOtBc="></latexit><latexit sha1_base64="W88MrEj10Iynhivpw62mlbXOtBc="></latexit><latexit sha1_base64="W88MrEj10Iynhivpw62mlbXOtBc="></latexit>

Delay 

•  Ideal Radar Waveforms: 
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Radar Signal Processing 
•  Basic signal processing for pulsed-Doppler radar: 

0
<latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit>

T
<latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit>

t
<latexit sha1_base64="fFyOoWPzm3SXxOUSyy/mfm0Kvv0=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbBfKntVL4O7SvyclCFHvV/67g1imkqmkApiTNf3EgymRCOngs2KvdSwhNAxGbKupYpIZoJptujMPbfKwI1ibZ9CN1N/J6ZEGjORYeUpsyqhtBlJcGSWp+bif143xegmmHKVpMgUXXwZpcLF2J3f7w64ZhTFxBJCNbdbu3RENKFoWyraOvzl41dJ67Lqe1W/cVWu3ebFFOAUzuACfLiGGtxDHZpAgcEzvMCrg86b8+58LEbXnDxzAn/gfP4AsmWQ8g==</latexit><latexit sha1_base64="fFyOoWPzm3SXxOUSyy/mfm0Kvv0=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbBfKntVL4O7SvyclCFHvV/67g1imkqmkApiTNf3EgymRCOngs2KvdSwhNAxGbKupYpIZoJptujMPbfKwI1ibZ9CN1N/J6ZEGjORYeUpsyqhtBlJcGSWp+bif143xegmmHKVpMgUXXwZpcLF2J3f7w64ZhTFxBJCNbdbu3RENKFoWyraOvzl41dJ67Lqe1W/cVWu3ebFFOAUzuACfLiGGtxDHZpAgcEzvMCrg86b8+58LEbXnDxzAn/gfP4AsmWQ8g==</latexit><latexit sha1_base64="fFyOoWPzm3SXxOUSyy/mfm0Kvv0=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbBfKntVL4O7SvyclCFHvV/67g1imkqmkApiTNf3EgymRCOngs2KvdSwhNAxGbKupYpIZoJptujMPbfKwI1ibZ9CN1N/J6ZEGjORYeUpsyqhtBlJcGSWp+bif143xegmmHKVpMgUXXwZpcLF2J3f7w64ZhTFxBJCNbdbu3RENKFoWyraOvzl41dJ67Lqe1W/cVWu3ebFFOAUzuACfLiGGtxDHZpAgcEzvMCrg86b8+58LEbXnDxzAn/gfP4AsmWQ8g==</latexit><latexit sha1_base64="fFyOoWPzm3SXxOUSyy/mfm0Kvv0=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbBfKntVL4O7SvyclCFHvV/67g1imkqmkApiTNf3EgymRCOngs2KvdSwhNAxGbKupYpIZoJptujMPbfKwI1ibZ9CN1N/J6ZEGjORYeUpsyqhtBlJcGSWp+bif143xegmmHKVpMgUXXwZpcLF2J3f7w64ZhTFxBJCNbdbu3RENKFoWyraOvzl41dJ67Lqe1W/cVWu3ebFFOAUzuACfLiGGtxDHZpAgcEzvMCrg86b8+58LEbXnDxzAn/gfP4AsmWQ8g==</latexit>

· · ·<latexit sha1_base64="cr7kSuTbfDUZkhgkBwqAmaz7GK4=">AAAB/3icbVDLSgMxFM3UVx1fVZdugkVwUcqMCLosunFZwT6gHUsmk2lD8xiSjFiGLvwLt7pxJ279FMGPMZ3OQlsPBA7n3MO9OWHCqDae9+WUVlbX1jfKm+7W9s7uXmX/oK1lqjBpYcmk6oZIE0YFaRlqGOkmiiAeMtIJx9czv/NAlKZS3JlJQgKOhoLGFCNjpfvM7Yfc7eNIGu1OB5WqV/dywGXiF6QKCjQHle9+JHHKiTCYIa17vpeYIEPKUMzI1O2nmiQIj9GQ9CwViBMdZPnVU3hilQjGUtknDMzV34kMca0nPKw95lYt5DbDkRnpxamZ+J/XS018GWRUJKkhAs9XximDRsJZGTCiimDDJpYgrKi9GuIRUggbW5lr6/AXP79M2md136v7t+fVxlVRTBkcgWNwCnxwARrgBjRBC2CgwDN4Aa/Ok/PmvDsf89GSU2QOwR84nz9V6JW6</latexit><latexit sha1_base64="cr7kSuTbfDUZkhgkBwqAmaz7GK4=">AAAB/3icbVDLSgMxFM3UVx1fVZdugkVwUcqMCLosunFZwT6gHUsmk2lD8xiSjFiGLvwLt7pxJ279FMGPMZ3OQlsPBA7n3MO9OWHCqDae9+WUVlbX1jfKm+7W9s7uXmX/oK1lqjBpYcmk6oZIE0YFaRlqGOkmiiAeMtIJx9czv/NAlKZS3JlJQgKOhoLGFCNjpfvM7Yfc7eNIGu1OB5WqV/dywGXiF6QKCjQHle9+JHHKiTCYIa17vpeYIEPKUMzI1O2nmiQIj9GQ9CwViBMdZPnVU3hilQjGUtknDMzV34kMca0nPKw95lYt5DbDkRnpxamZ+J/XS018GWRUJKkhAs9XximDRsJZGTCiimDDJpYgrKi9GuIRUggbW5lr6/AXP79M2md136v7t+fVxlVRTBkcgWNwCnxwARrgBjRBC2CgwDN4Aa/Ok/PmvDsf89GSU2QOwR84nz9V6JW6</latexit><latexit sha1_base64="cr7kSuTbfDUZkhgkBwqAmaz7GK4=">AAAB/3icbVDLSgMxFM3UVx1fVZdugkVwUcqMCLosunFZwT6gHUsmk2lD8xiSjFiGLvwLt7pxJ279FMGPMZ3OQlsPBA7n3MO9OWHCqDae9+WUVlbX1jfKm+7W9s7uXmX/oK1lqjBpYcmk6oZIE0YFaRlqGOkmiiAeMtIJx9czv/NAlKZS3JlJQgKOhoLGFCNjpfvM7Yfc7eNIGu1OB5WqV/dywGXiF6QKCjQHle9+JHHKiTCYIa17vpeYIEPKUMzI1O2nmiQIj9GQ9CwViBMdZPnVU3hilQjGUtknDMzV34kMca0nPKw95lYt5DbDkRnpxamZ+J/XS018GWRUJKkhAs9XximDRsJZGTCiimDDJpYgrKi9GuIRUggbW5lr6/AXP79M2md136v7t+fVxlVRTBkcgWNwCnxwARrgBjRBC2CgwDN4Aa/Ok/PmvDsf89GSU2QOwR84nz9V6JW6</latexit><latexit sha1_base64="cr7kSuTbfDUZkhgkBwqAmaz7GK4=">AAAB/3icbVDLSgMxFM3UVx1fVZdugkVwUcqMCLosunFZwT6gHUsmk2lD8xiSjFiGLvwLt7pxJ279FMGPMZ3OQlsPBA7n3MO9OWHCqDae9+WUVlbX1jfKm+7W9s7uXmX/oK1lqjBpYcmk6oZIE0YFaRlqGOkmiiAeMtIJx9czv/NAlKZS3JlJQgKOhoLGFCNjpfvM7Yfc7eNIGu1OB5WqV/dywGXiF6QKCjQHle9+JHHKiTCYIa17vpeYIEPKUMzI1O2nmiQIj9GQ9CwViBMdZPnVU3hilQjGUtknDMzV34kMca0nPKw95lYt5DbDkRnpxamZ+J/XS018GWRUJKkhAs9XximDRsJZGTCiimDDJpYgrKi9GuIRUggbW5lr6/AXP79M2md136v7t+fVxlVRTBkcgWNwCnxwARrgBjRBC2CgwDN4Aa/Ok/PmvDsf89GSU2QOwR84nz9V6JW6</latexit> · · ·<latexit sha1_base64="cr7kSuTbfDUZkhgkBwqAmaz7GK4=">AAAB/3icbVDLSgMxFM3UVx1fVZdugkVwUcqMCLosunFZwT6gHUsmk2lD8xiSjFiGLvwLt7pxJ279FMGPMZ3OQlsPBA7n3MO9OWHCqDae9+WUVlbX1jfKm+7W9s7uXmX/oK1lqjBpYcmk6oZIE0YFaRlqGOkmiiAeMtIJx9czv/NAlKZS3JlJQgKOhoLGFCNjpfvM7Yfc7eNIGu1OB5WqV/dywGXiF6QKCjQHle9+JHHKiTCYIa17vpeYIEPKUMzI1O2nmiQIj9GQ9CwViBMdZPnVU3hilQjGUtknDMzV34kMca0nPKw95lYt5DbDkRnpxamZ+J/XS018GWRUJKkhAs9XximDRsJZGTCiimDDJpYgrKi9GuIRUggbW5lr6/AXP79M2md136v7t+fVxlVRTBkcgWNwCnxwARrgBjRBC2CgwDN4Aa/Ok/PmvDsf89GSU2QOwR84nz9V6JW6</latexit><latexit sha1_base64="cr7kSuTbfDUZkhgkBwqAmaz7GK4=">AAAB/3icbVDLSgMxFM3UVx1fVZdugkVwUcqMCLosunFZwT6gHUsmk2lD8xiSjFiGLvwLt7pxJ279FMGPMZ3OQlsPBA7n3MO9OWHCqDae9+WUVlbX1jfKm+7W9s7uXmX/oK1lqjBpYcmk6oZIE0YFaRlqGOkmiiAeMtIJx9czv/NAlKZS3JlJQgKOhoLGFCNjpfvM7Yfc7eNIGu1OB5WqV/dywGXiF6QKCjQHle9+JHHKiTCYIa17vpeYIEPKUMzI1O2nmiQIj9GQ9CwViBMdZPnVU3hilQjGUtknDMzV34kMca0nPKw95lYt5DbDkRnpxamZ+J/XS018GWRUJKkhAs9XximDRsJZGTCiimDDJpYgrKi9GuIRUggbW5lr6/AXP79M2md136v7t+fVxlVRTBkcgWNwCnxwARrgBjRBC2CgwDN4Aa/Ok/PmvDsf89GSU2QOwR84nz9V6JW6</latexit><latexit sha1_base64="cr7kSuTbfDUZkhgkBwqAmaz7GK4=">AAAB/3icbVDLSgMxFM3UVx1fVZdugkVwUcqMCLosunFZwT6gHUsmk2lD8xiSjFiGLvwLt7pxJ279FMGPMZ3OQlsPBA7n3MO9OWHCqDae9+WUVlbX1jfKm+7W9s7uXmX/oK1lqjBpYcmk6oZIE0YFaRlqGOkmiiAeMtIJx9czv/NAlKZS3JlJQgKOhoLGFCNjpfvM7Yfc7eNIGu1OB5WqV/dywGXiF6QKCjQHle9+JHHKiTCYIa17vpeYIEPKUMzI1O2nmiQIj9GQ9CwViBMdZPnVU3hilQjGUtknDMzV34kMca0nPKw95lYt5DbDkRnpxamZ+J/XS018GWRUJKkhAs9XximDRsJZGTCiimDDJpYgrKi9GuIRUggbW5lr6/AXP79M2md136v7t+fVxlVRTBkcgWNwCnxwARrgBjRBC2CgwDN4Aa/Ok/PmvDsf89GSU2QOwR84nz9V6JW6</latexit><latexit sha1_base64="cr7kSuTbfDUZkhgkBwqAmaz7GK4=">AAAB/3icbVDLSgMxFM3UVx1fVZdugkVwUcqMCLosunFZwT6gHUsmk2lD8xiSjFiGLvwLt7pxJ279FMGPMZ3OQlsPBA7n3MO9OWHCqDae9+WUVlbX1jfKm+7W9s7uXmX/oK1lqjBpYcmk6oZIE0YFaRlqGOkmiiAeMtIJx9czv/NAlKZS3JlJQgKOhoLGFCNjpfvM7Yfc7eNIGu1OB5WqV/dywGXiF6QKCjQHle9+JHHKiTCYIa17vpeYIEPKUMzI1O2nmiQIj9GQ9CwViBMdZPnVU3hilQjGUtknDMzV34kMca0nPKw95lYt5DbDkRnpxamZ+J/XS018GWRUJKkhAs9XximDRsJZGTCiimDDJpYgrKi9GuIRUggbW5lr6/AXP79M2md136v7t+fVxlVRTBkcgWNwCnxwARrgBjRBC2CgwDN4Aa/Ok/PmvDsf89GSU2QOwR84nz9V6JW6</latexit>

NT
<latexit sha1_base64="kAaBHtbYiz6tcO83IS4KUzWa3Qc=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclDIjgi6LblxJlb6gHUomzbShSWZIMmIZ+gdudeNO3PpBgh9jOp2Fth4IHM65h3tzgpgzbVz3y1lZXVvf2CxsFbd3dvf2SweHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkkG2YSU1/goWQhI9hY6eGu0S+V3aqbAS0TLydlyFHvl757g4gkgkpDONa667mx8VOsDCOcTou9RNMYkzEe0q6lEguq/TS7dIpOrTJAYaTskwZl6u9EioXWExFUnjKrEgibEdiM9OLUTPzP6yYmvPJTJuPEUEnmK8OEIxOhWQFowBQlhk8swUQxezUiI6wwMbamoq3DW/z8MmmdVz236t1flGvXeTEFOIYTOAMPLqEGt1CHJhAI4Rle4NVJnDfn3fmYj644eeYI/sD5/AEfNJEq</latexit><latexit sha1_base64="kAaBHtbYiz6tcO83IS4KUzWa3Qc=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclDIjgi6LblxJlb6gHUomzbShSWZIMmIZ+gdudeNO3PpBgh9jOp2Fth4IHM65h3tzgpgzbVz3y1lZXVvf2CxsFbd3dvf2SweHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkkG2YSU1/goWQhI9hY6eGu0S+V3aqbAS0TLydlyFHvl757g4gkgkpDONa667mx8VOsDCOcTou9RNMYkzEe0q6lEguq/TS7dIpOrTJAYaTskwZl6u9EioXWExFUnjKrEgibEdiM9OLUTPzP6yYmvPJTJuPEUEnmK8OEIxOhWQFowBQlhk8swUQxezUiI6wwMbamoq3DW/z8MmmdVz236t1flGvXeTEFOIYTOAMPLqEGt1CHJhAI4Rle4NVJnDfn3fmYj644eeYI/sD5/AEfNJEq</latexit><latexit sha1_base64="kAaBHtbYiz6tcO83IS4KUzWa3Qc=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclDIjgi6LblxJlb6gHUomzbShSWZIMmIZ+gdudeNO3PpBgh9jOp2Fth4IHM65h3tzgpgzbVz3y1lZXVvf2CxsFbd3dvf2SweHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkkG2YSU1/goWQhI9hY6eGu0S+V3aqbAS0TLydlyFHvl757g4gkgkpDONa667mx8VOsDCOcTou9RNMYkzEe0q6lEguq/TS7dIpOrTJAYaTskwZl6u9EioXWExFUnjKrEgibEdiM9OLUTPzP6yYmvPJTJuPEUEnmK8OEIxOhWQFowBQlhk8swUQxezUiI6wwMbamoq3DW/z8MmmdVz236t1flGvXeTEFOIYTOAMPLqEGt1CHJhAI4Rle4NVJnDfn3fmYj644eeYI/sD5/AEfNJEq</latexit><latexit sha1_base64="kAaBHtbYiz6tcO83IS4KUzWa3Qc=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclDIjgi6LblxJlb6gHUomzbShSWZIMmIZ+gdudeNO3PpBgh9jOp2Fth4IHM65h3tzgpgzbVz3y1lZXVvf2CxsFbd3dvf2SweHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkkG2YSU1/goWQhI9hY6eGu0S+V3aqbAS0TLydlyFHvl757g4gkgkpDONa667mx8VOsDCOcTou9RNMYkzEe0q6lEguq/TS7dIpOrTJAYaTskwZl6u9EioXWExFUnjKrEgibEdiM9OLUTPzP6yYmvPJTJuPEUEnmK8OEIxOhWQFowBQlhk8swUQxezUiI6wwMbamoq3DW/z8MmmdVz236t1flGvXeTEFOIYTOAMPLqEGt1CHJhAI4Rle4NVJnDfn3fmYj644eeYI/sD5/AEfNJEq</latexit>

2T
<latexit sha1_base64="SK9dNeph7CanOCwZ08EmIIm70tY=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCh1J2i6DHohePVdpaaJeSTbNtaJJdkqxYlv4Dr3rxJl79QYI/xnS7B20dCAwzb3gvE8ScaeO6X05hbX1jc6u4XdrZ3ds/KB8edXSUKELbJOKR6gZYU84kbRtmOO3GimIRcPoQTG7m/sMjVZpFsmWmMfUFHkkWMoKNle7rrUG54tbcDGiVeDmpQI7moPzdH0YkEVQawrHWPc+NjZ9iZRjhdFbqJ5rGmEzwiPYslVhQ7afZpTN0ZpUhCiNlnzQoU38nUiy0noqg+pRZ1UDYjMBmrJen5uJ/Xi8x4ZWfMhknhkqyWBkmHJkIzQtAQ6YoMXxqCSaK2asRGWOFibE1lWwd3vLnV0mnXvPcmnd3UWlc58UU4QRO4Rw8uIQG3EIT2kAghGd4gVcncd6cd+djMVpw8swx/IHz+QPzgZEO</latexit><latexit sha1_base64="SK9dNeph7CanOCwZ08EmIIm70tY=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCh1J2i6DHohePVdpaaJeSTbNtaJJdkqxYlv4Dr3rxJl79QYI/xnS7B20dCAwzb3gvE8ScaeO6X05hbX1jc6u4XdrZ3ds/KB8edXSUKELbJOKR6gZYU84kbRtmOO3GimIRcPoQTG7m/sMjVZpFsmWmMfUFHkkWMoKNle7rrUG54tbcDGiVeDmpQI7moPzdH0YkEVQawrHWPc+NjZ9iZRjhdFbqJ5rGmEzwiPYslVhQ7afZpTN0ZpUhCiNlnzQoU38nUiy0noqg+pRZ1UDYjMBmrJen5uJ/Xi8x4ZWfMhknhkqyWBkmHJkIzQtAQ6YoMXxqCSaK2asRGWOFibE1lWwd3vLnV0mnXvPcmnd3UWlc58UU4QRO4Rw8uIQG3EIT2kAghGd4gVcncd6cd+djMVpw8swx/IHz+QPzgZEO</latexit><latexit sha1_base64="SK9dNeph7CanOCwZ08EmIIm70tY=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCh1J2i6DHohePVdpaaJeSTbNtaJJdkqxYlv4Dr3rxJl79QYI/xnS7B20dCAwzb3gvE8ScaeO6X05hbX1jc6u4XdrZ3ds/KB8edXSUKELbJOKR6gZYU84kbRtmOO3GimIRcPoQTG7m/sMjVZpFsmWmMfUFHkkWMoKNle7rrUG54tbcDGiVeDmpQI7moPzdH0YkEVQawrHWPc+NjZ9iZRjhdFbqJ5rGmEzwiPYslVhQ7afZpTN0ZpUhCiNlnzQoU38nUiy0noqg+pRZ1UDYjMBmrJen5uJ/Xi8x4ZWfMhknhkqyWBkmHJkIzQtAQ6YoMXxqCSaK2asRGWOFibE1lWwd3vLnV0mnXvPcmnd3UWlc58UU4QRO4Rw8uIQG3EIT2kAghGd4gVcncd6cd+djMVpw8swx/IHz+QPzgZEO</latexit><latexit sha1_base64="SK9dNeph7CanOCwZ08EmIIm70tY=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCh1J2i6DHohePVdpaaJeSTbNtaJJdkqxYlv4Dr3rxJl79QYI/xnS7B20dCAwzb3gvE8ScaeO6X05hbX1jc6u4XdrZ3ds/KB8edXSUKELbJOKR6gZYU84kbRtmOO3GimIRcPoQTG7m/sMjVZpFsmWmMfUFHkkWMoKNle7rrUG54tbcDGiVeDmpQI7moPzdH0YkEVQawrHWPc+NjZ9iZRjhdFbqJ5rGmEzwiPYslVhQ7afZpTN0ZpUhCiNlnzQoU38nUiy0noqg+pRZ1UDYjMBmrJen5uJ/Xi8x4ZWfMhknhkqyWBkmHJkIzQtAQ6YoMXxqCSaK2asRGWOFibE1lWwd3vLnV0mnXvPcmnd3UWlc58UU4QRO4Rw8uIQG3EIT2kAghGd4gVcncd6cd+djMVpw8swx/IHz+QPzgZEO</latexit>
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⌧
<latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit><latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit><latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit><latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit>T

<latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit>

0
<latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit>

⌧
<latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit><latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit><latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit><latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit>T

<latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit>

0
<latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit>

⌧
<latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit><latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit><latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit><latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit>T

<latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit>

0
<latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit>

···
<latexit sha1_base64="cr7kSuTbfDUZkhgkBwqAmaz7GK4=">AAAB/3icbVDLSgMxFM3UVx1fVZdugkVwUcqMCLosunFZwT6gHUsmk2lD8xiSjFiGLvwLt7pxJ279FMGPMZ3OQlsPBA7n3MO9OWHCqDae9+WUVlbX1jfKm+7W9s7uXmX/oK1lqjBpYcmk6oZIE0YFaRlqGOkmiiAeMtIJx9czv/NAlKZS3JlJQgKOhoLGFCNjpfvM7Yfc7eNIGu1OB5WqV/dywGXiF6QKCjQHle9+JHHKiTCYIa17vpeYIEPKUMzI1O2nmiQIj9GQ9CwViBMdZPnVU3hilQjGUtknDMzV34kMca0nPKw95lYt5DbDkRnpxamZ+J/XS018GWRUJKkhAs9XximDRsJZGTCiimDDJpYgrKi9GuIRUggbW5lr6/AXP79M2md136v7t+fVxlVRTBkcgWNwCnxwARrgBjRBC2CgwDN4Aa/Ok/PmvDsf89GSU2QOwR84nz9V6JW6</latexit><latexit sha1_base64="cr7kSuTbfDUZkhgkBwqAmaz7GK4=">AAAB/3icbVDLSgMxFM3UVx1fVZdugkVwUcqMCLosunFZwT6gHUsmk2lD8xiSjFiGLvwLt7pxJ279FMGPMZ3OQlsPBA7n3MO9OWHCqDae9+WUVlbX1jfKm+7W9s7uXmX/oK1lqjBpYcmk6oZIE0YFaRlqGOkmiiAeMtIJx9czv/NAlKZS3JlJQgKOhoLGFCNjpfvM7Yfc7eNIGu1OB5WqV/dywGXiF6QKCjQHle9+JHHKiTCYIa17vpeYIEPKUMzI1O2nmiQIj9GQ9CwViBMdZPnVU3hilQjGUtknDMzV34kMca0nPKw95lYt5DbDkRnpxamZ+J/XS018GWRUJKkhAs9XximDRsJZGTCiimDDJpYgrKi9GuIRUggbW5lr6/AXP79M2md136v7t+fVxlVRTBkcgWNwCnxwARrgBjRBC2CgwDN4Aa/Ok/PmvDsf89GSU2QOwR84nz9V6JW6</latexit><latexit sha1_base64="cr7kSuTbfDUZkhgkBwqAmaz7GK4=">AAAB/3icbVDLSgMxFM3UVx1fVZdugkVwUcqMCLosunFZwT6gHUsmk2lD8xiSjFiGLvwLt7pxJ279FMGPMZ3OQlsPBA7n3MO9OWHCqDae9+WUVlbX1jfKm+7W9s7uXmX/oK1lqjBpYcmk6oZIE0YFaRlqGOkmiiAeMtIJx9czv/NAlKZS3JlJQgKOhoLGFCNjpfvM7Yfc7eNIGu1OB5WqV/dywGXiF6QKCjQHle9+JHHKiTCYIa17vpeYIEPKUMzI1O2nmiQIj9GQ9CwViBMdZPnVU3hilQjGUtknDMzV34kMca0nPKw95lYt5DbDkRnpxamZ+J/XS018GWRUJKkhAs9XximDRsJZGTCiimDDJpYgrKi9GuIRUggbW5lr6/AXP79M2md136v7t+fVxlVRTBkcgWNwCnxwARrgBjRBC2CgwDN4Aa/Ok/PmvDsf89GSU2QOwR84nz9V6JW6</latexit><latexit sha1_base64="cr7kSuTbfDUZkhgkBwqAmaz7GK4=">AAAB/3icbVDLSgMxFM3UVx1fVZdugkVwUcqMCLosunFZwT6gHUsmk2lD8xiSjFiGLvwLt7pxJ279FMGPMZ3OQlsPBA7n3MO9OWHCqDae9+WUVlbX1jfKm+7W9s7uXmX/oK1lqjBpYcmk6oZIE0YFaRlqGOkmiiAeMtIJx9czv/NAlKZS3JlJQgKOhoLGFCNjpfvM7Yfc7eNIGu1OB5WqV/dywGXiF6QKCjQHle9+JHHKiTCYIa17vpeYIEPKUMzI1O2nmiQIj9GQ9CwViBMdZPnVU3hilQjGUtknDMzV34kMca0nPKw95lYt5DbDkRnpxamZ+J/XS018GWRUJKkhAs9XximDRsJZGTCiimDDJpYgrKi9GuIRUggbW5lr6/AXP79M2md136v7t+fVxlVRTBkcgWNwCnxwARrgBjRBC2CgwDN4Aa/Ok/PmvDsf89GSU2QOwR84nz9V6JW6</latexit>

⌧
<latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit><latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit><latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit><latexit sha1_base64="rx/s5aCvXUP35GpplwAkBrTmD4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyu3fszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxq2zg1jLdYLGPTiajlUmjeQoGSdxLDqYokf4wmt7n/+MSNFbF+wGnCQ0VHWgwFo5hLPaRpv1rz6/4cZJUEBalBgWa/+tUbxCxVXCOT1Npu4CcYZtSgYJLPKr3U8oSyCR3xrqOaKm7DbH7rjJw5ZUCGsXGlkczV3xMZVdZOVeQ6FcWxXfZy8T+vm+LwOsyETlLkmi0WDVNJMCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld485T34r17H4vWklfMHMMfeJ8/IS2OSA==</latexit>T

<latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit>

0
<latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit>

Rearrange 
Data 

⌧
<latexit sha1_base64="Czbezl5sYHHuw18OdhQxFeybkoA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclDIjgi6LblxWsA9oh5JJM21okhmSjFqG/oJb3bgTt36P4MeYmc5CWw8EDufcw705QcyZNq775aysrq1vbJa2yts7u3v7lYPDto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5CbzOw9UaRbJezONqS/wSLKQEWwyqW9wMqhU3bqbAy0TryBVKNAcVL77w4gkgkpDONa657mx8VOsDCOczsr9RNMYkwke0Z6lEguq/TS/dYZOrTJEYaTskwbl6u9EioXWUxHUnnKrFgibEdiM9eJUJv7n9RITXvkpk3FiqCTzlWHCkYlQVgEaMkWJ4VNLMFHMXo3IGCtMjC2qbOvwFj+/TNrndc+te3cX1cZ1UUwJjuEEzsCDS2jALTShBQTG8Awv8Oo8Om/Ou/MxH11xiswR/IHz+QP/bJJC</latexit><latexit sha1_base64="Czbezl5sYHHuw18OdhQxFeybkoA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclDIjgi6LblxWsA9oh5JJM21okhmSjFqG/oJb3bgTt36P4MeYmc5CWw8EDufcw705QcyZNq775aysrq1vbJa2yts7u3v7lYPDto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5CbzOw9UaRbJezONqS/wSLKQEWwyqW9wMqhU3bqbAy0TryBVKNAcVL77w4gkgkpDONa657mx8VOsDCOczsr9RNMYkwke0Z6lEguq/TS/dYZOrTJEYaTskwbl6u9EioXWUxHUnnKrFgibEdiM9eJUJv7n9RITXvkpk3FiqCTzlWHCkYlQVgEaMkWJ4VNLMFHMXo3IGCtMjC2qbOvwFj+/TNrndc+te3cX1cZ1UUwJjuEEzsCDS2jALTShBQTG8Awv8Oo8Om/Ou/MxH11xiswR/IHz+QP/bJJC</latexit><latexit sha1_base64="Czbezl5sYHHuw18OdhQxFeybkoA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclDIjgi6LblxWsA9oh5JJM21okhmSjFqG/oJb3bgTt36P4MeYmc5CWw8EDufcw705QcyZNq775aysrq1vbJa2yts7u3v7lYPDto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5CbzOw9UaRbJezONqS/wSLKQEWwyqW9wMqhU3bqbAy0TryBVKNAcVL77w4gkgkpDONa657mx8VOsDCOczsr9RNMYkwke0Z6lEguq/TS/dYZOrTJEYaTskwbl6u9EioXWUxHUnnKrFgibEdiM9eJUJv7n9RITXvkpk3FiqCTzlWHCkYlQVgEaMkWJ4VNLMFHMXo3IGCtMjC2qbOvwFj+/TNrndc+te3cX1cZ1UUwJjuEEzsCDS2jALTShBQTG8Awv8Oo8Om/Ou/MxH11xiswR/IHz+QP/bJJC</latexit><latexit sha1_base64="Czbezl5sYHHuw18OdhQxFeybkoA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclDIjgi6LblxWsA9oh5JJM21okhmSjFqG/oJb3bgTt36P4MeYmc5CWw8EDufcw705QcyZNq775aysrq1vbJa2yts7u3v7lYPDto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5CbzOw9UaRbJezONqS/wSLKQEWwyqW9wMqhU3bqbAy0TryBVKNAcVL77w4gkgkpDONa657mx8VOsDCOczsr9RNMYkwke0Z6lEguq/TS/dYZOrTJEYaTskwbl6u9EioXWUxHUnnKrFgibEdiM9eJUJv7n9RITXvkpk3FiqCTzlWHCkYlQVgEaMkWJ4VNLMFHMXo3IGCtMjC2qbOvwFj+/TNrndc+te3cX1cZ1UUwJjuEEzsCDS2jALTShBQTG8Awv8Oo8Om/Ou/MxH11xiswR/IHz+QP/bJJC</latexit> T

<latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit><latexit sha1_base64="jDISrZclcYT7v5kiGp14OXXznc8=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGVGBF0W3bhsoS9oh5JJM21okhmSO2IZ+gVudeNO3PpDgh9jOp2Fth4IHM65h9x7glhwA6775RQ2Nre2d4q7pb39g8Oj8vFJx0SJpqxNIxHpXkAME1yxNnAQrBdrRmQgWDeY3i/87iPThkeqBbOY+ZKMFQ85JWClZmtYrrg1NwNeJ15OKihHY1j+HowimkimgApiTN9zY/BTooFTwealQWJYTOiUjFnfUkUkM36aLTrHF1YZ4TDS9inAmfo7kRJpzEwG1afMqgbSZiSBiVmdWoj/ef0Ewls/5SpOgCm6/DJMBIYIL+7HI64ZBTGzhFDN7daYTogmFGxLJVuHt3r8Oulc1Ty35jWvK/W7vJgiOkPn6BJ56AbV0QNqoDaiiKFn9IJeHXDenHfnYzlacPLMKfoD5/MHgKWQ0g==</latexit>

1/(2T )
<latexit sha1_base64="WQ5KgZDaoyjHUMqL+Po2M2LkkCg=">AAAB93icbVDLSgMxFL1TX7W+qi7dBItQodSZIuiy6MZlhb6gHUomzbSxycyQZMQy9B/c6saduPVzBD/GdDoLbT0QOJxzD/fmeBFnStv2l5VbW9/Y3MpvF3Z29/YPiodHbRXGktAWCXkoux5WlLOAtjTTnHYjSbHwOO14k9u533mkUrEwaOppRF2BRwHzGcHaSG3nolxrng+KJbtqp0CrxMlICTI0BsXv/jAksaCBJhwr1XPsSLsJlpoRTmeFfqxohMkEj2jP0AALqtwkvXaGzowyRH4ozQs0StXfiQQLpabCqzylVsUTJiOwHqvlqbn4n9eLtX/tJiyIYk0DsljpxxzpEM1LQEMmKdF8aggmkpmrERljiYk2VRVMHc7y51dJu1Z17Kpzf1mq32TF5OEETqEMDlxBHe6gAS0g8ADP8AKv1tR6s96tj8Vozsoyx/AH1ucPnUiR5w==</latexit><latexit sha1_base64="WQ5KgZDaoyjHUMqL+Po2M2LkkCg=">AAAB93icbVDLSgMxFL1TX7W+qi7dBItQodSZIuiy6MZlhb6gHUomzbSxycyQZMQy9B/c6saduPVzBD/GdDoLbT0QOJxzD/fmeBFnStv2l5VbW9/Y3MpvF3Z29/YPiodHbRXGktAWCXkoux5WlLOAtjTTnHYjSbHwOO14k9u533mkUrEwaOppRF2BRwHzGcHaSG3nolxrng+KJbtqp0CrxMlICTI0BsXv/jAksaCBJhwr1XPsSLsJlpoRTmeFfqxohMkEj2jP0AALqtwkvXaGzowyRH4ozQs0StXfiQQLpabCqzylVsUTJiOwHqvlqbn4n9eLtX/tJiyIYk0DsljpxxzpEM1LQEMmKdF8aggmkpmrERljiYk2VRVMHc7y51dJu1Z17Kpzf1mq32TF5OEETqEMDlxBHe6gAS0g8ADP8AKv1tR6s96tj8Vozsoyx/AH1ucPnUiR5w==</latexit><latexit sha1_base64="WQ5KgZDaoyjHUMqL+Po2M2LkkCg=">AAAB93icbVDLSgMxFL1TX7W+qi7dBItQodSZIuiy6MZlhb6gHUomzbSxycyQZMQy9B/c6saduPVzBD/GdDoLbT0QOJxzD/fmeBFnStv2l5VbW9/Y3MpvF3Z29/YPiodHbRXGktAWCXkoux5WlLOAtjTTnHYjSbHwOO14k9u533mkUrEwaOppRF2BRwHzGcHaSG3nolxrng+KJbtqp0CrxMlICTI0BsXv/jAksaCBJhwr1XPsSLsJlpoRTmeFfqxohMkEj2jP0AALqtwkvXaGzowyRH4ozQs0StXfiQQLpabCqzylVsUTJiOwHqvlqbn4n9eLtX/tJiyIYk0DsljpxxzpEM1LQEMmKdF8aggmkpmrERljiYk2VRVMHc7y51dJu1Z17Kpzf1mq32TF5OEETqEMDlxBHe6gAS0g8ADP8AKv1tR6s96tj8Vozsoyx/AH1ucPnUiR5w==</latexit><latexit sha1_base64="WQ5KgZDaoyjHUMqL+Po2M2LkkCg=">AAAB93icbVDLSgMxFL1TX7W+qi7dBItQodSZIuiy6MZlhb6gHUomzbSxycyQZMQy9B/c6saduPVzBD/GdDoLbT0QOJxzD/fmeBFnStv2l5VbW9/Y3MpvF3Z29/YPiodHbRXGktAWCXkoux5WlLOAtjTTnHYjSbHwOO14k9u533mkUrEwaOppRF2BRwHzGcHaSG3nolxrng+KJbtqp0CrxMlICTI0BsXv/jAksaCBJhwr1XPsSLsJlpoRTmeFfqxohMkEj2jP0AALqtwkvXaGzowyRH4ozQs0StXfiQQLpabCqzylVsUTJiOwHqvlqbn4n9eLtX/tJiyIYk0DsljpxxzpEM1LQEMmKdF8aggmkpmrERljiYk2VRVMHc7y51dJu1Z17Kpzf1mq32TF5OEETqEMDlxBHe6gAS0g8ADP8AKv1tR6s96tj8Vozsoyx/AH1ucPnUiR5w==</latexit>

0
<latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit><latexit sha1_base64="AdwJQE3H0YE0/uywDdEu7o3axMI=">AAAB8nicbVDLSgMxFL3js9ZX1aWbwSK4KGVGBF0W3bhswT6gHUomzbShSWZI7oil9Avc6saduPWHBD/GdDoLbT0QOJxzD7n3hIngBj3vy1lb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmshRsE6iGZGhYO1wfDf3249MGx6rB5wkLJBkqHjEKUErNbx+qexVvQzuKvFzUoYc9X7puzeIaSqZQiqIMV3fSzCYEo2cCjYr9lLDEkLHZMi6lioimQmm2aIz99wqAzeKtX0K3Uz9nZgSacxEhpWnzKqE0mYkwZFZnpqL/3ndFKObYMpVkiJTdPFllAoXY3d+vzvgmlEUE0sI1dxu7dIR0YSibalo6/CXj18lrcuq71X9xlW5dpsXU4BTOIML8OEaanAPdWgCBQbP8AKvDjpvzrvzsRhdc/LMCfyB8/kDSK2Qrg==</latexit>

�1/(2T )
<latexit sha1_base64="8k8mjAMzEpG91uMCCLtarppM/7Y=">AAAB+HicbVDLSgMxFL1TX7W+qi7dBItQodaZIuiy6MZlhb6gHUomzbShycyQZMQ69CPc6saduPVvBD/GdDoLrR4IHM65h3tzvIgzpW3708qtrK6tb+Q3C1vbO7t7xf2DtgpjSWiLhDyUXQ8ryllAW5ppTruRpFh4nHa8yc3c79xTqVgYNPU0oq7Ao4D5jGBtpM6Zc16uNU8HxZJdtVOgv8TJSAkyNAbFr/4wJLGggSYcK9Vz7Ei7CZaaEU5nhX6saITJBI9oz9AAC6rcJD13hk6MMkR+KM0LNErVn4kEC6Wmwqs8pFbFEyYjsB6r5am5+J/Xi7V/5SYsiGJNA7JY6ccc6RDNW0BDJinRfGoIJpKZqxEZY4mJNl0VTB3O8uf/knat6thV5+6iVL/OisnDERxDGRy4hDrcQgNaQGACT/AML9aj9Wq9We+L0ZyVZQ7hF6yPbwlTkh4=</latexit><latexit sha1_base64="8k8mjAMzEpG91uMCCLtarppM/7Y=">AAAB+HicbVDLSgMxFL1TX7W+qi7dBItQodaZIuiy6MZlhb6gHUomzbShycyQZMQ69CPc6saduPVvBD/GdDoLrR4IHM65h3tzvIgzpW3708qtrK6tb+Q3C1vbO7t7xf2DtgpjSWiLhDyUXQ8ryllAW5ppTruRpFh4nHa8yc3c79xTqVgYNPU0oq7Ao4D5jGBtpM6Zc16uNU8HxZJdtVOgv8TJSAkyNAbFr/4wJLGggSYcK9Vz7Ei7CZaaEU5nhX6saITJBI9oz9AAC6rcJD13hk6MMkR+KM0LNErVn4kEC6Wmwqs8pFbFEyYjsB6r5am5+J/Xi7V/5SYsiGJNA7JY6ccc6RDNW0BDJinRfGoIJpKZqxEZY4mJNl0VTB3O8uf/knat6thV5+6iVL/OisnDERxDGRy4hDrcQgNaQGACT/AML9aj9Wq9We+L0ZyVZQ7hF6yPbwlTkh4=</latexit><latexit sha1_base64="8k8mjAMzEpG91uMCCLtarppM/7Y=">AAAB+HicbVDLSgMxFL1TX7W+qi7dBItQodaZIuiy6MZlhb6gHUomzbShycyQZMQ69CPc6saduPVvBD/GdDoLrR4IHM65h3tzvIgzpW3708qtrK6tb+Q3C1vbO7t7xf2DtgpjSWiLhDyUXQ8ryllAW5ppTruRpFh4nHa8yc3c79xTqVgYNPU0oq7Ao4D5jGBtpM6Zc16uNU8HxZJdtVOgv8TJSAkyNAbFr/4wJLGggSYcK9Vz7Ei7CZaaEU5nhX6saITJBI9oz9AAC6rcJD13hk6MMkR+KM0LNErVn4kEC6Wmwqs8pFbFEyYjsB6r5am5+J/Xi7V/5SYsiGJNA7JY6ccc6RDNW0BDJinRfGoIJpKZqxEZY4mJNl0VTB3O8uf/knat6thV5+6iVL/OisnDERxDGRy4hDrcQgNaQGACT/AML9aj9Wq9We+L0ZyVZQ7hF6yPbwlTkh4=</latexit><latexit sha1_base64="8k8mjAMzEpG91uMCCLtarppM/7Y=">AAAB+HicbVDLSgMxFL1TX7W+qi7dBItQodaZIuiy6MZlhb6gHUomzbShycyQZMQ69CPc6saduPVvBD/GdDoLrR4IHM65h3tzvIgzpW3708qtrK6tb+Q3C1vbO7t7xf2DtgpjSWiLhDyUXQ8ryllAW5ppTruRpFh4nHa8yc3c79xTqVgYNPU0oq7Ao4D5jGBtpM6Zc16uNU8HxZJdtVOgv8TJSAkyNAbFr/4wJLGggSYcK9Vz7Ei7CZaaEU5nhX6saITJBI9oz9AAC6rcJD13hk6MMkR+KM0LNErVn4kEC6Wmwqs8pFbFEyYjsB6r5am5+J/Xi7V/5SYsiGJNA7JY6ccc6RDNW0BDJinRfGoIJpKZqxEZY4mJNl0VTB3O8uf/knat6thV5+6iVL/OisnDERxDGRy4hDrcQgNaQGACT/AML9aj9Wq9We+L0ZyVZQ7hF6yPbwlTkh4=</latexit>

⌫
<latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit>

D
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Delay 

Fourier Transform 
Across Slow Time 

Target  
Return 

•  Zak Transform (ZT) formalizes this basic radar processing 
•  ZT and OTFS modulation use ideal pulsed-Doppler waveforms as 

fundamental basis expansion functions 
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Outline 

•  Introduction 
•  Akshay discussion 
•  Closing remarks 
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Outline 

•  Wireless Communications Channel Models 
•  Orthogonal Frequency Division Multiplexing (OFDM) 
•  The Zak Transform  
•  OTFS: Modulation based on the Zak Transform 
•  Summary 
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•  Stationary scatterers introducing different delays  

•  Spreading function  

•   Received signal  

 
 
•  In general  

Delay-Spread Channels 

Transmitted  
signal 
s(t)

<latexit sha1_base64="jJsGgF7AUZQ3o6E6N4TV1KlA39g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpSBT0WvHisYD+gDWWz3bRLd5OwOxFK6V/w4kERr/4hb/4bN20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANlyLiLRQoeTfRnKpA8k4wucv8zhPXRsTRI04T7is6ikQoGMVMMlW8HJQrbs1dgKwTLycVyNEclL/6w5ilikfIJDWm57kJ+jOqUTDJ56V+anhC2YSOeM/SiCpu/Nni1jm5sMqQhLG2FSFZqL8nZlQZM1WB7VQUx2bVy8T/vF6K4a0/E1GSIo/YclGYSoIxyR4nQ6E5Qzm1hDIt7K2EjammDG08JRuCt/ryOmnXa95Vrf5wXWnU8ziKcAbnUAUPbqAB99CEFjAYwzO8wpujnBfn3flYthacfOYU/sD5/AF2pI3O</latexit>

Received  
signal 
r(t) = h(⌧1)s(t� ⌧1)+

h(⌧2)s(t� ⌧2) + h(⌧3)s(t� ⌧3)
<latexit sha1_base64="IyF7Tf1TWq7Krq05ZrEiIs9Q5jg=">AAACM3icbZBdSwJBFIZn+zT7srrsZkgSRZJdDeomELqJrgzyA9xFZsdRB2c/mDkbyOJ/6qY/0kUQXRTRbf+hURcs7cDAw/uew5nzuqHgCkzz1VhZXVvf2Extpbd3dvf2MweHDRVEkrI6DUQgWy5RTHCf1YGDYK1QMuK5gjXd4fXEbz4wqXjg38MoZI5H+j7vcUpAS53MrcxDAeeu8CBvA4k6VkHl4SzBom3jXGKU50a5UEzEylysFDqZrFkyp4WXwUogi5KqdTLPdjegkcd8oIIo1bbMEJyYSOBUsHHajhQLCR2SPmtr9InHlBNPbx7jU610cS+Q+vmAp+rviZh4So08V3d6BAZq0ZuI/3ntCHqXTsz9MALm09miXiQwBHgSIO5yySiIkQZCJdd/xXRAJKGgY07rEKzFk5ehUS5ZlVL57jxbNZM4UugYnaA8stAFqqIbVEN1RNEjekHv6MN4Mt6MT+Nr1rpiJDNH6E8Z3z8LX6ZT</latexit>

Spreading function 

(⌧1, h(⌧1))
<latexit sha1_base64="7vNhpz/KLWVjzBacJDerbuSD6ys=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFaEFKUgVdFty4rGAv0IYwmU7aoZNJmJmIJfRV3LhQxK0v4s63cdpmoa0/DHz85xzOmT9IOFPacb6twsbm1vZOcbe0t39weGQflzsqTiWhbRLzWPYCrChngrY105z2EklxFHDaDSa383r3kUrFYvGgpwn1IjwSLGQEa2P5drk60Dj13YtxDrWab1ecurMQWgc3hwrkavn212AYkzSiQhOOleq7TqK9DEvNCKez0iBVNMFkgke0b1DgiCovW9w+Q+fGGaIwluYJjRbu74kMR0pNo8B0RliP1Wptbv5X66c6vPEyJpJUU0GWi8KUIx2jeRBoyCQlmk8NYCKZuRWRMZaYaBNXyYTgrn55HTqNuntZb9xfVZpOHkcRTuEMquDCNTThDlrQBgJP8Ayv8GbNrBfr3fpYthasfOYE/sj6/AHU75Lz</latexit>

Delay 

(⌧2, h(⌧2))
<latexit sha1_base64="fNz4PYW/gyx6LRTsW6LpmLvGHtQ=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFaEFKUgVdFty4rGAv0IYwmU7aoZNJmJmIJfRV3LhQxK0v4s63cdpmoa0/DHz85xzOmT9IOFPacb6twsbm1vZOcbe0t39weGQflzsqTiWhbRLzWPYCrChngrY105z2EklxFHDaDSa383r3kUrFYvGgpwn1IjwSLGQEa2P5drk60Dj1GxfjHGo13644dWchtA5uDhXI1fLtr8EwJmlEhSYcK9V3nUR7GZaaEU5npUGqaILJBI9o36DAEVVetrh9hs6NM0RhLM0TGi3c3xMZjpSaRoHpjLAeq9Xa3Pyv1k91eONlTCSppoIsF4UpRzpG8yDQkElKNJ8awEQycysiYywx0SaukgnBXf3yOnQadfey3ri/qjSdPI4inMIZVMGFa2jCHbSgDQSe4Ble4c2aWS/Wu/WxbC1Y+cwJ/JH1+QPYBJL1</latexit>

(⌧3, h(⌧3))
<latexit sha1_base64="6ERu3cNp2cOwOaS6cLFC7c7mF9Q=">AAAB+3icbZDNSsNAFIUn9a/Wv1iXbgaL0IKUpBV0WXDjsoKthTaEyXTSDp1MwsyNWEJfxY0LRdz6Iu58G6dtFtp6YODj3Hu5d06QCK7Bcb6twsbm1vZOcbe0t39weGQfl7s6ThVlHRqLWPUCopngknWAg2C9RDESBYI9BJObef3hkSnNY3kP04R5ERlJHnJKwFi+Xa4OgKR+82KcQ63m2xWn7iyE18HNoYJytX37azCMaRoxCVQQrfuuk4CXEQWcCjYrDVLNEkInZMT6BiWJmPayxe0zfG6cIQ5jZZ4EvHB/T2Qk0noaBaYzIjDWq7W5+V+tn0J47WVcJikwSZeLwlRgiPE8CDzkilEQUwOEKm5uxXRMFKFg4iqZENzVL69Dt1F3m/XG3WWl5eRxFNEpOkNV5KIr1EK3qI06iKIn9Ixe0Zs1s16sd+tj2Vqw8pkT9EfW5w/bGZL3</latexit>

h(⌧)
<latexit sha1_base64="TetbfJ44FVGMmWYqOWFK+6vV3zw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBT0WvHisYD+gDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZv7nSeujYjVI04T7kd0pEQoGEUrdcbVPtL0clCuuDV3AbJOvJxUIEdzUP7qD2OWRlwhk9SYnucm6GdUo2CSz0r91PCEsgkd8Z6likbc+Nni3Bm5sMqQhLG2pZAs1N8TGY2MmUaB7Ywojs2qNxf/83ophrd+JlSSIldsuShMJcGYzH8nQ6E5Qzm1hDIt7K2EjammDG1CJRuCt/ryOmnXa95Vrf5wXWnU8ziKcAbnUAUPbqAB99CEFjCYwDO8wpuTOC/Ou/OxbC04+cwp/IHz+QOpwI8T</latexit>

r(t) = h(⌧1)s(t� ⌧1)

+ h(⌧2)s(t� ⌧2) + h(⌧3)s(t� ⌧3)
<latexit sha1_base64="7bKnVNKGKH7EU/zVkepO4n0YCUs="></latexit>

r(t) =

1Z

0

h(⌧)s(t� ⌧)d⌧

<latexit sha1_base64="WTQt5gxoX0l1G0ztMwzZnRZVZPg="></latexit>

LTI system with impulse response  h(⌧)
<latexit sha1_base64="TetbfJ44FVGMmWYqOWFK+6vV3zw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBT0WvHisYD+gDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZv7nSeujYjVI04T7kd0pEQoGEUrdcbVPtL0clCuuDV3AbJOvJxUIEdzUP7qD2OWRlwhk9SYnucm6GdUo2CSz0r91PCEsgkd8Z6likbc+Nni3Bm5sMqQhLG2pZAs1N8TGY2MmUaB7Ywojs2qNxf/83ophrd+JlSSIldsuShMJcGYzH8nQ6E5Qzm1hDIt7K2EjammDG1CJRuCt/ryOmnXa95Vrf5wXWnU8ziKcAbnUAUPbqAB99CEFjCYwDO8wpuTOC/Ou/OxbC04+cwp/IHz+QOpwI8T</latexit>
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Doubly-Spread Channels 

•  Moving scatterers introducing different Doppler shifts 

•  Spreading function  

•  Received signal 

•  Linear Time-Varying (LTV) System with spreading function 

Transmitted  
signal 
s(t)

<latexit sha1_base64="jJsGgF7AUZQ3o6E6N4TV1KlA39g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpSBT0WvHisYD+gDWWz3bRLd5OwOxFK6V/w4kERr/4hb/4bN20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANlyLiLRQoeTfRnKpA8k4wucv8zhPXRsTRI04T7is6ikQoGMVMMlW8HJQrbs1dgKwTLycVyNEclL/6w5ilikfIJDWm57kJ+jOqUTDJ56V+anhC2YSOeM/SiCpu/Nni1jm5sMqQhLG2FSFZqL8nZlQZM1WB7VQUx2bVy8T/vF6K4a0/E1GSIo/YclGYSoIxyR4nQ6E5Qzm1hDIt7K2EjammDG08JRuCt/ryOmnXa95Vrf5wXWnU8ziKcAbnUAUPbqAB99CEFjAYwzO8wpujnBfn3flYthacfOYU/sD5/AF2pI3O</latexit>

Received  
signal 
r(t) = h(⌧1)s(t� ⌧1)+

h(⌧2)s(t� ⌧2) + h(⌧3)s(t� ⌧3)
<latexit sha1_base64="IyF7Tf1TWq7Krq05ZrEiIs9Q5jg=">AAACM3icbZBdSwJBFIZn+zT7srrsZkgSRZJdDeomELqJrgzyA9xFZsdRB2c/mDkbyOJ/6qY/0kUQXRTRbf+hURcs7cDAw/uew5nzuqHgCkzz1VhZXVvf2Extpbd3dvf2MweHDRVEkrI6DUQgWy5RTHCf1YGDYK1QMuK5gjXd4fXEbz4wqXjg38MoZI5H+j7vcUpAS53MrcxDAeeu8CBvA4k6VkHl4SzBom3jXGKU50a5UEzEylysFDqZrFkyp4WXwUogi5KqdTLPdjegkcd8oIIo1bbMEJyYSOBUsHHajhQLCR2SPmtr9InHlBNPbx7jU610cS+Q+vmAp+rviZh4So08V3d6BAZq0ZuI/3ntCHqXTsz9MALm09miXiQwBHgSIO5yySiIkQZCJdd/xXRAJKGgY07rEKzFk5ehUS5ZlVL57jxbNZM4UugYnaA8stAFqqIbVEN1RNEjekHv6MN4Mt6MT+Nr1rpiJDNH6E8Z3z8LX6ZT</latexit>

Spreading function Delay 

(⌧1, ⌫1, h(⌧1, ⌫1))
<latexit sha1_base64="cJOj9S2vyTm/OeJChRBb0J88Iio=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkVoQUpSBV0W3LisYB/QhDCZTtqhk0mYuRFK6M6Nv+LGhSJu/QV3/o2TtgvbemCGM+fcy517goQzBbb9YxTW1jc2t4rbpZ3dvf0D8/CoreJUEtoiMY9lN8CKciZoCxhw2k0kxVHAaScY3eZ+55FKxWLxAOOEehEeCBYygkFLvnlacQGnvnPhivweLjyrVd8s2zV7CmuVOHNSRnM0ffPb7cckjagAwrFSPcdOwMuwBEY4nZTcVNEEkxEe0J6mAkdUedl0j4l1rpW+FcZSHwHWVP3bkeFIqXEU6MoIw1Ate7n4n9dLIbzxMiaSFKggs0Fhyi2IrTwUq88kJcDHmmAimf6rRYZYYgI6upIOwVleeZW06zXnsla/vyo37HkcRXSCzlAFOegaNdAdaqIWIugJvaA39G48G6/Gh/E5Ky0Y855jtADj6xfx8pdh</latexit>

Doppler 

(⌧2, ⌫2, h(⌧2, ⌫2))
<latexit sha1_base64="56C0vgO4vUikAgy0g9wX6q73JqM=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkVoQUpSBV0W3LisYB/QhDCZTtuhk0mYuRFK6M6Nv+LGhSJu/QV3/o2TNgvbemCGM+fcy517gpgzBbb9YxTW1jc2t4rbpZ3dvf0D8/CoraJEEtoiEY9kN8CKciZoCxhw2o0lxWHAaScY32Z+55FKxSLxAJOYeiEeCjZgBIOWfPO04gJO/PqFK7J7tPCsVn2zbNfsGaxV4uSkjHI0ffPb7UckCakAwrFSPceOwUuxBEY4nZbcRNEYkzEe0p6mAodUeelsj6l1rpW+NYikPgKsmfq3I8WhUpMw0JUhhpFa9jLxP6+XwODGS5mIE6CCzAcNEm5BZGWhWH0mKQE+0QQTyfRfLTLCEhPQ0ZV0CM7yyqukXa85l7X6/VW5YedxFNEJOkMV5KBr1EB3qIlaiKAn9ILe0LvxbLwaH8bnvLRg5D3HaAHG1y/4NJdl</latexit>

(⌧3, ⌫3, h(⌧3, ⌫3))
<latexit sha1_base64="XHZkizpBkuJO35iYTDf/QvEvaVs=">AAACB3icbVDLSsNAFL2pr1pfUZeCBIvQgpSkFXRZcOOygq2FJoTJdNIOnUzCzEQopTs3/oobF4q49Rfc+TdO2ixs64EZzpxzL3fuCRJGpbLtH6Owtr6xuVXcLu3s7u0fmIdHHRmnApM2jlksugGShFFO2ooqRrqJICgKGHkIRjeZ//BIhKQxv1fjhHgRGnAaUoyUlnzztOIqlPqNC5dn93DhWa36Ztmu2TNYq8TJSRlytHzz2+3HOI0IV5ghKXuOnShvgoSimJFpyU0lSRAeoQHpacpRRKQ3me0xtc610rfCWOjDlTVT/3ZMUCTlOAp0ZYTUUC57mfif10tVeO1NKE9SRTieDwpTZqnYykKx+lQQrNhYE4QF1X+18BAJhJWOrqRDcJZXXiWdes1p1Op3l+WmncdRhBM4gwo4cAVNuIUWtAHDE7zAG7wbz8ar8WF8zksLRt5zDAswvn4B/naXaQ==</latexit>

h(⌧, ⌫)
<latexit sha1_base64="ba7gWY1aMqSdv/Z9fZshMcDbBqI=">AAAB8nicbVBNS8NAEN34WetX1aOXYBEqSEmqoMeCF48V7AckoWy2m3bpZjfszgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5ccaZBs/7dtbWNza3tks75d29/YPDytFxR0ujCG0TyaXqxVhTzgRtAwNOe5miOI057cbju5nffaJKMykeYZLRKMVDwRJGMFgpGNVCwOYyFOaiX6l6dW8Od5X4BamiAq1+5SscSGJSKoBwrHXgexlEOVbACKfTcmg0zTAZ4yENLBU4pTrK5ydP3XOrDNxEKlsC3Ln6eyLHqdaTNLadKYaRXvZm4n9eYCC5jXImMgNUkMWixHAXpDv73x0wRQnwiSWYKGZvdckIK0zAplS2IfjLL6+STqPuX9UbD9fVZqOIo4RO0RmqIR/doCa6Ry3URgRJ9Ixe0ZsDzovz7nwsWtecYuYE/YHz+QNv0pCm</latexit>

r(t) =

ZZ
h(⌧, ⌫)ej2⇡⌫(t�⌧)s(t� ⌧)d⌧d⌫

<latexit sha1_base64="BhYLQkHJCh6Q1LqLX82hHbc0waY=">AAACJnicbZDNSgMxFIUz9b/+VV26CRahBS0zVdBNQXDjUsG2QmcsmUzaxmYyQ3JHKEOfxo2v4saFIuLORzHTjqDWCwkf5+SSe48fC67Btj+swtz8wuLS8kpxdW19Y7O0td3SUaIoa9JIROrGJ5oJLlkTOAh2EytGQl+wtj88z/z2PVOaR/IaRjHzQtKXvMcpASN1Sw1VgWrD5VwCHlRcIMmBK5Mqu03v6m7MDVfgMJOrY/1NQXbjwHjdUtmu2ZPCs+DkUEZ5XXZLL24Q0SRkEqggWnccOwYvJQo4FWxcdBPNYkKHpM86BiUJmfbSyZpjvG+UAPciZY4Zd6L+7EhJqPUo9M3LkMBA//Uy8T+vk0Dv1Eu5jBNgkk4/6iUCQ4SzzHDAFaMgRgYIVdzMiumAKELBJFs0ITh/V56FVr3mHNXqV8flMzuPYxntoj1UQQ46QWfoAl2iJqLoAT2hF/RqPVrP1pv1Pn1asPKeHfSrrM8vsZ+kqA==</latexit>

*P. Bello, “Characterization of randomly time-variant linear channels”, 
IEEE Trans. on Comm. Syst., vol. 11, no. 4, pp. 360–393, December 1963. 
 

r(t) = h(⌧1, ⌫1)e
j2⇡⌫1(t�⌧1)s(t� ⌧1)

+ h(⌧2, ⌫2)e
j2⇡⌫2(t�⌧2)s(t� ⌧2)

+ h(⌧3, ⌫3)e
j2⇡⌫1(t�⌧3)s(t� ⌧3)

<latexit sha1_base64="AM5KfKBgBt5XJtH1pCkBr0BYYcU="></latexit>

h(⌧, ⌫)
<latexit sha1_base64="ba7gWY1aMqSdv/Z9fZshMcDbBqI=">AAAB8nicbVBNS8NAEN34WetX1aOXYBEqSEmqoMeCF48V7AckoWy2m3bpZjfszgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5ccaZBs/7dtbWNza3tks75d29/YPDytFxR0ujCG0TyaXqxVhTzgRtAwNOe5miOI057cbju5nffaJKMykeYZLRKMVDwRJGMFgpGNVCwOYyFOaiX6l6dW8Od5X4BamiAq1+5SscSGJSKoBwrHXgexlEOVbACKfTcmg0zTAZ4yENLBU4pTrK5ydP3XOrDNxEKlsC3Ln6eyLHqdaTNLadKYaRXvZm4n9eYCC5jXImMgNUkMWixHAXpDv73x0wRQnwiSWYKGZvdckIK0zAplS2IfjLL6+STqPuX9UbD9fVZqOIo4RO0RmqIR/doCa6Ry3URgRJ9Ixe0ZsDzovz7nwsWtecYuYE/YHz+QNv0pCm</latexit>



 9  
 11/08/21 

LTV Channel Representation 

•  Linear time-varying (LTV) channels can be represented using 
the following functions*: 

*P. Bello, “Characterization of randomly time-variant linear channels”, 
IEEE Trans. on Comm. Syst., vol. 11, no. 4, pp. 360–393, December 1963. 
 

Input Doppler Spread  
function 

g̃(f, ⌫)
<latexit sha1_base64="XNmD3CmpJHEW7ZjHk6X8zWYwg0w=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahgpSkCnosePFYwX5AE8pms2mXbjZhd1Moof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1LOlHacb6u0sbm1vVPereztHxwe2ccnHZVkktA2SXgiewFWlDNB25ppTnuppDgOOO0G4/u5351QqVginvQ0pX6Mh4JFjGBtpIFte5rxkObDWS268kR2ObCrTt1ZAK0TtyBVKNAa2F9emJAspkITjpXqu06q/RxLzQins4qXKZpiMsZD2jdU4JgqP19cPkMXRglRlEhTQqOF+nsix7FS0zgwnTHWI7XqzcX/vH6mozs/ZyLNNBVkuSjKONIJmseAQiYp0XxqCCaSmVsRGWGJiTZhVUwI7urL66TTqLvX9cbjTbXpFnGU4QzOoQYu3EITHqAFbSAwgWd4hTcrt16sd+tj2VqyiplT+APr8wf8xZMt</latexit>

Doppler-Delay Spread  
function (Spreading 

Function) 
h(⌧, ⌫)

<latexit sha1_base64="I17ISNmCkdKTeeXtZdKdVv1Gi2c=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJUkJJUQY8FLx4r2A9IQtlsN+3SzSbszgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USa4Btf9dtbWNza3tks75d29/YPDytFxR6dGUdamqUhVLyKaCS5ZGzgI1ssUI0kkWDca38387hNTmqfyESYZCxMylDzmlICV/FEtAGIuA2ku+pWqW3fnwKvEK0gVFWj1K1/BIKUmYRKoIFr7nptBmBMFnAo2LQdGs4zQMRky31JJEqbDfH7yFJ9bZYDjVNmSgOfq74mcJFpPksh2JgRGetmbif95voH4Nsy5zAwwSReLYiMwpHj2Px5wxSiIiSWEKm5vxXREFKFgUyrbELzll1dJp1H3ruqNh+tq0yviKKFTdIZqyEM3qInuUQu1EUUpekav6M0B58V5dz4WrWtOMXOC/sD5/AFvhZCl</latexit>

Time-varying  
Impulse response 

g(⌧, t)
<latexit sha1_base64="uTYXW0EDMagUe8VFKqQg//yxgCU=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQQcJuFPQY8OIxgnlIsoTZyWwyZGZ3mekVQshXePGgiFc/x5t/4yTZgyYWNBRV3XR3BYkUBl3328mtrW9sbuW3Czu7e/sHxcOjpolTzXiDxTLW7YAaLkXEGyhQ8naiOVWB5K1gdDvzW09cGxFHDzhOuK/oIBKhYBSt9Dgod5GmF3jeK5bcijsHWSVeRkqQod4rfnX7MUsVj5BJakzHcxP0J1SjYJJPC93U8ISyER3wjqURVdz4k/nBU3JmlT4JY20rQjJXf09MqDJmrALbqSgOzbI3E//zOimGN/5EREmKPGKLRWEqCcZk9j3pC80ZyrEllGlhbyVsSDVlaDMq2BC85ZdXSbNa8S4r1furUs3L4sjDCZxCGTy4hhrcQR0awEDBM7zCm6OdF+fd+Vi05pxs5hj+wPn8AemQj8U=</latexit>

Frequency-dependent  
modulation function 
(Time-varying frequency  
response)                     h̃(f, t)

<latexit sha1_base64="u7uL1LmVl8CEK4xMAQcg+CWyeOU=">AAAB9XicbVBNS8NAEN34WetX1aOXYBEqSEmqoMeCF48V7Ae0sWw2k3bpZhN2J0oJ/R9ePCji1f/izX/jts1BWx8MPN6bYWaenwiu0XG+rZXVtfWNzcJWcXtnd2+/dHDY0nGqGDRZLGLV8akGwSU0kaOATqKARr6Atj+6mfrtR1Cax/Iexwl4ER1IHnJG0UgPPeQigGw4qYTneNYvlZ2qM4O9TNyclEmORr/01QtilkYgkQmqddd1EvQyqpAzAZNiL9WQUDaiA+gaKmkE2stmV0/sU6MEdhgrUxLtmfp7IqOR1uPIN50RxaFe9Kbif143xfDay7hMUgTJ5ovCVNgY29MI7IArYCjGhlCmuLnVZkOqKEMTVNGE4C6+vExatap7Ua3dXZbrbh5HgRyTE1IhLrkidXJLGqRJGFHkmbySN+vJerHerY9564qVzxyRP7A+fwD9tJIe</latexit> F⌫,t
<latexit sha1_base64="9YIb+pAlzKzWZZakLKn0uYbzQ2E=">AAAB/HicbVDLSsNAFL2pr1pf0S7dBIvgQkpSBV0WBHFZwT6gCWEynbZDJ5MwMxFCiL/ixoUibv0Qd/6NkzYLbT0wcDjnXu6ZE8SMSmXb30ZlbX1jc6u6XdvZ3ds/MA+PejJKBCZdHLFIDAIkCaOcdBVVjAxiQVAYMNIPZjeF338kQtKIP6g0Jl6IJpyOKUZKS75Zd0Okphix7Db3M5cn5yr3zYbdtOewVolTkgaU6PjmlzuKcBISrjBDUg4dO1ZehoSimJG85iaSxAjP0IQMNeUoJNLL5uFz61QrI2scCf24subq740MhVKmYaAni6hy2SvE/7xhosbXXkZ5nCjC8eLQOGGWiqyiCWtEBcGKpZogLKjOauEpEggr3VdNl+Asf3mV9FpN56LZur9stFtlHVU4hhM4AweuoA130IEuYEjhGV7hzXgyXox342MxWjHKnTr8gfH5AyGZlQc=</latexit>

Ff,⌧
<latexit sha1_base64="yImDxunTx6MDVOBZCPdUZ7z9+zQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISWpgi4LgrisYB/QhDCZTtqhkwczN0INwV9x40IRt/6HO//GSZuFth4YOJxzL/fM8RPBFVjWt7G0vLK6tl7ZqG5ube/smnv7HRWnkrI2jUUsez5RTPCItYGDYL1EMhL6gnX98XXhdx+YVDyO7mGSMDckw4gHnBLQkmceOiGBESUiu8m9LDhzgKS5Z9asujUFXiR2SWqoRMszv5xBTNOQRUAFUapvWwm4GZHAqWB51UkVSwgdkyHraxqRkCk3m6bP8YlWBjiIpX4R4Kn6eyMjoVKT0NeTRVY17xXif14/heDKzXiUpMAiOjsUpAJDjIsq8IBLRkFMNCFUcp0V0xGRhIIurKpLsOe/vEg6jbp9Xm/cXdSajbKOCjpCx+gU2egSNdEtaqE2ougRPaNX9GY8GS/Gu/ExG10yyp0D9AfG5w/UhpVq</latexit>

Ff,⌧
<latexit sha1_base64="yImDxunTx6MDVOBZCPdUZ7z9+zQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISWpgi4LgrisYB/QhDCZTtqhkwczN0INwV9x40IRt/6HO//GSZuFth4YOJxzL/fM8RPBFVjWt7G0vLK6tl7ZqG5ube/smnv7HRWnkrI2jUUsez5RTPCItYGDYL1EMhL6gnX98XXhdx+YVDyO7mGSMDckw4gHnBLQkmceOiGBESUiu8m9LDhzgKS5Z9asujUFXiR2SWqoRMszv5xBTNOQRUAFUapvWwm4GZHAqWB51UkVSwgdkyHraxqRkCk3m6bP8YlWBjiIpX4R4Kn6eyMjoVKT0NeTRVY17xXif14/heDKzXiUpMAiOjsUpAJDjIsq8IBLRkFMNCFUcp0V0xGRhIIurKpLsOe/vEg6jbp9Xm/cXdSajbKOCjpCx+gU2egSNdEtaqE2ougRPaNX9GY8GS/Gu/ExG10yyp0D9AfG5w/UhpVq</latexit>

F⌫,t
<latexit sha1_base64="9YIb+pAlzKzWZZakLKn0uYbzQ2E=">AAAB/HicbVDLSsNAFL2pr1pf0S7dBIvgQkpSBV0WBHFZwT6gCWEynbZDJ5MwMxFCiL/ixoUibv0Qd/6NkzYLbT0wcDjnXu6ZE8SMSmXb30ZlbX1jc6u6XdvZ3ds/MA+PejJKBCZdHLFIDAIkCaOcdBVVjAxiQVAYMNIPZjeF338kQtKIP6g0Jl6IJpyOKUZKS75Zd0Okphix7Db3M5cn5yr3zYbdtOewVolTkgaU6PjmlzuKcBISrjBDUg4dO1ZehoSimJG85iaSxAjP0IQMNeUoJNLL5uFz61QrI2scCf24subq740MhVKmYaAni6hy2SvE/7xhosbXXkZ5nCjC8eLQOGGWiqyiCWtEBcGKpZogLKjOauEpEggr3VdNl+Asf3mV9FpN56LZur9stFtlHVU4hhM4AweuoA130IEuYEjhGV7hzXgyXox342MxWjHKnTr8gfH5AyGZlQc=</latexit>

Fx,y
<latexit sha1_base64="QqEiVba9Pp4B2urfzo2XyhPvd/g=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBIvgQkpSBV0WBHFZwT6gDWEynbZDJ5MwM1FDzKe4caGIW7/EnX/jpM1CWw8MHM65l3vm+BGjUtn2t1FaWV1b3yhvVra2d3b3zOp+R4axwKSNQxaKno8kYZSTtqKKkV4kCAp8Rrr+9Cr3u/dESBryO5VExA3QmNMRxUhpyTOrgwCpCUYsvc689PE0yTyzZtftGaxl4hSkBgVanvk1GIY4DghXmCEp+44dKTdFQlHMSFYZxJJECE/RmPQ15Sgg0k1n0TPrWCtDaxQK/biyZurvjRQFUiaBryfzoHLRy8X/vH6sRpduSnkUK8Lx/NAoZpYKrbwHa0gFwYolmiAsqM5q4QkSCCvdVkWX4Cx+eZl0GnXnrN64Pa81G0UdZTiEIzgBBy6gCTfQgjZgeIBneIU348l4Md6Nj/loySh2DuAPjM8foxmUMQ==</latexit>

: Fourier relationship  
  between variables  
      and  x

<latexit sha1_base64="q5z1dDAhzOjWQdqMjEN7gEqKzy8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoMeCF48t2FZoQ9lsJ+3azSbsbsRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG8/7dgpr6xubW8Xt0s7u3v5B+fCopZNMMWyyRCTqPqQaBZfYNNwIvE8V0jgU2A5HNzO//YhK80TemXGKQUwHkkecUWOlxlOvXPFcbw6ySvycVCBHvVf+6vYTlsUoDRNU647vpSaYUGU4EzgtdTONKWUjOsCOpZLGqIPJ/NApObNKn0SJsiUNmau/JyY01noch7Yzpmaol72Z+J/XyUx0HUy4TDODki0WRZkgJiGzr0mfK2RGjC2hTHF7K2FDqigzNpuSDcFffnmVtKquf+FWG5eVmpvHUYQTOIVz8OEKanALdWgCA4RneIU358F5cd6dj0VrwclnjuEPnM8f4YOM7A==</latexit> y
<latexit sha1_base64="97L7dyTErnVE5h7nlcRCT/N5SeI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgadmNgh4DXjwmYB6QLGF20puMmX0wMyssS77AiwdFvPpJ3vwbJ8keNLGgoajqprvLTwRX2nG+rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHs+VSh4BG2NdcCe4lEGvoCu/70bu53n1AqHkcPOkvQC+k44gFnVBuplQ2rNcd2FiDrxC1IDQo0h9WvwShmaYiRZoIq1XedRHs5lZozgbPKIFWYUDalY+wbGtEQlZcvDp2RC6OMSBBLU5EmC/X3RE5DpbLQN50h1RO16s3F/7x+qoNbL+dRkmqM2HJRkAqiYzL/moy4RKZFZghlkptbCZtQSZk22VRMCO7qy+ukU7fdK7veuq417CKOMpzBOVyCCzfQgHtoQhsYIDzDK7xZj9aL9W59LFtLVjFzCn9gff4A4weM7Q==</latexit>

We focus on 
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•  Wireless Communications Channel Models 
•  Orthogonal Frequency Division Multiplexing (OFDM) 
•  The Zak Transform  
•  OTFS: Modulation based on the Zak Transform 
•  Summary 
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Orthogonal Frequency Division 
Multiplexing (OFDM) Review 

•  Discrete-time (DT) LTI channel with impulse response 

 
•                                            QAM symbols placed in Fourier domain   

•  Cyclic prefix of length     (delay spread) 
–  Removes inter-block interference 

•   OFDM        Modulation based on DFT multiplication for LTI   
           channels 

r[n] =
K�1X

k=0

h[k]s[n� k]
<latexit sha1_base64="HN+yDEoC5Qp4ZegJ7VYFBNJnRvw="></latexit>

s[n]
<latexit sha1_base64="vXFFaxhU6EYELhhkWVW4e5qXMco=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48V7AekoWy2m3bp7ibsboQS+he8eFDEq3/Im//GTZqDtj4YeLw3w8y8MOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMSaciZp1zDD6SBRFIuQ0344u8v9/hNVmsXy0cwTGgg8kSxiBJtc0r4MRvWG23QLoHXilaQBJTqj+tdwHJNUUGkIx1r7npuYIMPKMMLpojZMNU0wmeEJ9S2VWFAdZMWtC3RhlTGKYmVLGlSovycyLLSei9B2CmymetXLxf88PzXRbZAxmaSGSrJcFKUcmRjlj6MxU5QYPrcEE8XsrYhMscLE2HhqNgRv9eV10ms1vatm6+G60W6VcVThDM7hEjy4gTbcQwe6QGAKz/AKb45wXpx352PZWnHKmVP4A+fzBwoXji8=</latexit>

h[k]
<latexit sha1_base64="7z0u2iLwZNW4fa9upfp4kdkRwpE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48V7AekoWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikp5NMEdolCU/UIMSaciZp1zDD6SBVFIuQ0344vSv8/hNVmiXy0cxSGgg8kSxiBJtCiv1pMKo33Ka7AFonXkkaUKIzqn8NxwnJBJWGcKy177mpCXKsDCOczmvDTNMUkymeUN9SiQXVQb64dY4urDJGUaJsSYMW6u+JHAutZyK0nQKbWK96hfif52cmug1yJtPMUEmWi6KMI5Og4nE0ZooSw2eWYKKYvRWRGCtMjI2nZkPwVl9eJ71W07tqth6uG+1WGUcVzuAcLsGDG2jDPXSgCwRieIZXeHOE8+K8Ox/L1opTzpzCHzifP/SsjiE=</latexit>

LTI Channel (Delay Spread) 

h[k]
<latexit sha1_base64="7z0u2iLwZNW4fa9upfp4kdkRwpE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48V7AekoWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikp5NMEdolCU/UIMSaciZp1zDD6SBVFIuQ0344vSv8/hNVmiXy0cxSGgg8kSxiBJtCiv1pMKo33Ka7AFonXkkaUKIzqn8NxwnJBJWGcKy177mpCXKsDCOczmvDTNMUkymeUN9SiQXVQb64dY4urDJGUaJsSYMW6u+JHAutZyK0nQKbWK96hfif52cmug1yJtPMUEmWi6KMI5Og4nE0ZooSw2eWYKKYvRWRGCtMjI2nZkPwVl9eJ71W07tqth6uG+1WGUcVzuAcLsGDG2jDPXSgCwRieIZXeHOE8+K8Ox/L1opTzpzCHzifP/SsjiE=</latexit>

S[m]
<latexit sha1_base64="n3BJTAd63t5fukBdR1XGO5rLNpE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2g9IQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfog15UzSjmGG036iKBYhp71wepv7vSeqNIvlo5klNBB4LFnECDa59OCLYFituXV3AbROvILUoEB7WP0ajGKSCioN4Vhr33MTE2RYGUY4nVcGqaYJJlM8pr6lEguqg2xx6xxdWGWEoljZkgYt1N8TGRZaz0RoOwU2E73q5eJ/np+a6CbImExSQyVZLopSjkyM8sfRiClKDJ9Zgoli9lZEJlhhYmw8FRuCt/ryOuk26t5VvXHfrLUaRRxlOINzuAQPrqEFd9CGDhCYwDO8wpsjnBfn3flYtpacYuYU/sD5/AHXo44O</latexit>

R[m] = H[m]S[m]
<latexit sha1_base64="lfHM6w88uUPqJmJnHiHGva6YrQA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQTdCwU2X9dEHTIeSSTNtaJIZk0yhlH6HGxeKuPVj3Pk3pu0stPXADYdz7uXenDDhTBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLyd+a0RVZrF8tGMExoI3JcsYgQbKwX3vghuavZ5sNUtltyyOwdaJV5GSpCh3i1+dXoxSQWVhnCste+5iQkmWBlGOJ0WOqmmCSZD3Ke+pRILqoPJ/OgpOrNKD0WxsiUNmqu/JyZYaD0Woe0U2Az0sjcT//P81ETXwYTJJDVUksWiKOXIxGiWAOoxRYnhY0swUczeisgAK0yMzalgQ/CWv7xKmpWyd1Gu3F2WqpUsjjycwCmcgwdXUIUa1KEBBJ7gGV7hzRk5L86787FozTnZzDH8gfP5A/tikYk=</latexit>

IDFT 

DFT m,n = 0, . . . , N � 1
<latexit sha1_base64="iPZBkG4s0wnPz7d2h4vtjfbxG28=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBRS0zVdCNUHDjSirYB7RDyaSZNjTJDElGqKVf4saFIm79FHf+jWk7C209EDiccw/35oQJZ9p43rezsrq2vrGZ28pv7+zuFdz9g4aOU0VoncQ8Vq0Qa8qZpHXDDKetRFEsQk6b4fBm6jcfqdIslg9mlNBA4L5kESPYWKnrFkRJXnulTi82unR35nfdolf2ZkDLxM9IETLUuu6XzZJUUGkIx1q3fS8xwRgrwwink3wn1TTBZIj7tG2pxILqYDw7fIJOrNJDUazskwbN1N+JMRZaj0RoJwU2A73oTcX/vHZqoqtgzGSSGirJfFGUcmRiNG0B9ZiixPCRJZgoZm9FZIAVJsZ2lbcl+ItfXiaNStk/L1fuL4rVSlZHDo7gGE7Bh0uowi3UoA4EUniGV3hznpwX5935mI+uOFnmEP7A+fwBsnGRww==</latexit>

S[m],m = 0, . . . , N � 1
<latexit sha1_base64="KJqgRXLPlUHlRnOqAL47eUNskM8=">AAAB+3icbVDLSgMxFM3UV62vsS7dDBbBRS0zVdCNUHDjSiraB0yHkknTNjTJDMkdsQz9FTcuFHHrj7jzb0zbWWjrgcDhnHu4NyeMOdPgut9WbmV1bX0jv1nY2t7Z3bP3i00dJYrQBol4pNoh1pQzSRvAgNN2rCgWIaetcHQ99VuPVGkWyQcYxzQQeCBZnxEMRuraxXtfBGVx5ZY7vQh0+fbU69olt+LO4CwTLyMllKHetb9MliSCSiAca+17bgxBihUwwumk0Ek0jTEZ4QH1DZVYUB2ks9snzrFRek4/UuZJcGbq70SKhdZjEZpJgWGoF72p+J/nJ9C/DFIm4wSoJPNF/YQ7EDnTIpweU5QAHxuCiWLmVocMscIETF0FU4K3+OVl0qxWvLNK9e68VKtmdeTRITpCJ8hDF6iGblAdNRBBT+gZvaI3a2K9WO/Wx3w0Z2WZA/QH1ucPxcSS6w==</latexit>

K
<latexit sha1_base64="9auOkfoGqlM5DBcwDSZEhzoG4Es=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgB4DXgQvCZgHJEuYnfQmY2Znl5lZIYR8gRcPinj1k7z5N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Hbut59QaR7LBzNJ0I/oUPKQM2qs1LjvF0tu2V2ArBMvIyXIUO8Xv3qDmKURSsME1brruYnxp1QZzgTOCr1UY0LZmA6xa6mkEWp/ujh0Ri6sMiBhrGxJQxbq74kpjbSeRIHtjKgZ6VVvLv7ndVMT3vhTLpPUoGTLRWEqiInJ/Gsy4AqZERNLKFPc3krYiCrKjM2mYEPwVl9eJ61K2bsqVxrVUq2axZGHMziHS/DgGmpwB3VoAgOEZ3iFN+fReXHenY9la87JZk7hD5zPH58djMU=</latexit>

s[0] s[1] . . .
<latexit sha1_base64="TkuWbuLPSRVseC/13aXUBDHNTX8=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAI4qLMVEHBTcGNywr2Ae1QMmmmDc08SO4IdeiXuHGhiFs/xZ1/Y9rOQlsPBA7n3JPcHD+RQqPjfFuFtfWNza3idmlnd2+/bB8ctnScKsabLJax6vhUcyki3kSBkncSxWnoS972x7czv/3IlRZx9ICThHshHUYiEIyikfp2WXcdr3eju67XG8So+3bFqTpzkFXi5qQCORp9+8vkWBryCJmk2lzkJOhlVKFgkk9LvVTzhLIxHfKuoRENufay+eJTcmqUAQliZU6EZK7+TmQ01HoS+mYypDjSy95M/M/rphhce5mIkhR5xBYPBakkGJNZC2QgFGcoJ4ZQpoTZlbARVZSh6apkSnCXv7xKWrWqe1Gt3V9W6ud5HUU4hhM4AxeuoA530IAmMEjhGV7hzXqyXqx362MxWrDyzBH8gfX5A/dFkpE=</latexit>

. . .
<latexit sha1_base64="9U+4zA5/gKMQIr6WDAY6IzKGd2M=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0UQDyWpgh4LXjxWMG2hDWWz3bRLN5uw+yKU0N/gxYMiXv1B3vw3btsctHVgYZh5w743YSqFQdf9dtbWNza3tks75d29/YPDytFxyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O72Z++4lrIxL1iJOUBzEdKhEJRtFKfm+QoOlXqm7NnYOsEq8gVSjQ7Fe+bI5lMVfIJDWm67kpBjnVKJjk03IvMzylbEyHvGupojE3QT5fdkrOrTIgUaLtU0jm6u9ETmNjJnFoJ2OKI7PszcT/vG6G0W2QC5VmyBVbfBRlkmBCZpeTgdCcoZxYQpkWdlfCRlRThrafsi3BWz55lbTqNe+qVn+4rjYuizpKcApncAEe3EAD7qEJPjAQ8Ayv8OYo58V5dz4Wo2tOkTmBP3A+fwDrfo6u</latexit>

. . .
<latexit sha1_base64="9U+4zA5/gKMQIr6WDAY6IzKGd2M=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0UQDyWpgh4LXjxWMG2hDWWz3bRLN5uw+yKU0N/gxYMiXv1B3vw3btsctHVgYZh5w743YSqFQdf9dtbWNza3tks75d29/YPDytFxyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O72Z++4lrIxL1iJOUBzEdKhEJRtFKfm+QoOlXqm7NnYOsEq8gVSjQ7Fe+bI5lMVfIJDWm67kpBjnVKJjk03IvMzylbEyHvGupojE3QT5fdkrOrTIgUaLtU0jm6u9ETmNjJnFoJ2OKI7PszcT/vG6G0W2QC5VmyBVbfBRlkmBCZpeTgdCcoZxYQpkWdlfCRlRThrafsi3BWz55lbTqNe+qVn+4rjYuizpKcApncAEe3EAD7qEJPjAQ8Ayv8OYo58V5dz4Wo2tOkTmBP3A+fwDrfo6u</latexit> . . .

<latexit sha1_base64="9U+4zA5/gKMQIr6WDAY6IzKGd2M=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0UQDyWpgh4LXjxWMG2hDWWz3bRLN5uw+yKU0N/gxYMiXv1B3vw3btsctHVgYZh5w743YSqFQdf9dtbWNza3tks75d29/YPDytFxyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O72Z++4lrIxL1iJOUBzEdKhEJRtFKfm+QoOlXqm7NnYOsEq8gVSjQ7Fe+bI5lMVfIJDWm67kpBjnVKJjk03IvMzylbEyHvGupojE3QT5fdkrOrTIgUaLtU0jm6u9ETmNjJnFoJ2OKI7PszcT/vG6G0W2QC5VmyBVbfBRlkmBCZpeTgdCcoZxYQpkWdlfCRlRThrafsi3BWz55lbTqNe+qVn+4rjYuizpKcApncAEe3EAD7qEJPjAQ8Ayv8OYo58V5dz4Wo2tOkTmBP3A+fwDrfo6u</latexit>

s[N � 2]
<latexit sha1_base64="qLJkxbF3VRGvOInCkym0RQGA8wY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBBMtuFfRY8OJJKtgP2C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NIyVYQ2ieRSdUKsKWeCNg0znHYSRXEcctoORzdTv/1ElWZSPJhxQoMYDwSLGMHGSi3t353Xgl654lbdGdAy8XJSgRyNXvmr25ckjakwhGOtfc9NTJBhZRjhdFLqppommIzwgPqWChxTHWSzayfoxCp9FEllSxg0U39PZDjWehyHtjPGZqgXvan4n+enJroOMiaS1FBB5ouilCMj0fR11GeKEsPHlmCimL0VkSFWmBgbUMmG4C2+vExatap3Ua3dX1bqZ3kcRTiCYzgFD66gDrfQgCYQeIRneIU3RzovzrvzMW8tOPnMIfyB8/kDs6WOeg==</latexit>

s[N � 1]
<latexit sha1_base64="mDvBJQ2Te6kBS7MEYY0pt9dowS4=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBBMtuFfRY8OJJKtgP2C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NIyVYQ2ieRSdUKsKWeCNg0znHYSRXEcctoORzdTv/1ElWZSPJhxQoMYDwSLGMHGSi3t3517Qa9ccavuDGiZeDmpQI5Gr/zV7UuSxlQYwrHWvucmJsiwMoxwOil1U00TTEZ4QH1LBY6pDrLZtRN0YpU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z/NTE10HGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZfXiatWtW7qNbuLyv1szyOIhzBMZyCB1dQh1toQBMIPMIzvMKbI50X5935mLcWnHzmEP7A+fwBsiCOeQ==</latexit>

s[N � 2]
<latexit sha1_base64="qLJkxbF3VRGvOInCkym0RQGA8wY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBBMtuFfRY8OJJKtgP2C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NIyVYQ2ieRSdUKsKWeCNg0znHYSRXEcctoORzdTv/1ElWZSPJhxQoMYDwSLGMHGSi3t353Xgl654lbdGdAy8XJSgRyNXvmr25ckjakwhGOtfc9NTJBhZRjhdFLqppommIzwgPqWChxTHWSzayfoxCp9FEllSxg0U39PZDjWehyHtjPGZqgXvan4n+enJroOMiaS1FBB5ouilCMj0fR11GeKEsPHlmCimL0VkSFWmBgbUMmG4C2+vExatap3Ua3dX1bqZ3kcRTiCYzgFD66gDrfQgCYQeIRneIU3RzovzrvzMW8tOPnMIfyB8/kDs6WOeg==</latexit>

s[N � 1]
<latexit sha1_base64="mDvBJQ2Te6kBS7MEYY0pt9dowS4=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBBMtuFfRY8OJJKtgP2C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NIyVYQ2ieRSdUKsKWeCNg0znHYSRXEcctoORzdTv/1ElWZSPJhxQoMYDwSLGMHGSi3t3517Qa9ccavuDGiZeDmpQI5Gr/zV7UuSxlQYwrHWvucmJsiwMoxwOil1U00TTEZ4QH1LBY6pDrLZtRN0YpU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z/NTE10HGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZfXiatWtW7qNbuLyv1szyOIhzBMZyCB1dQh1toQBMIPMIzvMKbI50X5935mLcWnHzmEP7A+fwBsiCOeQ==</latexit>

K = 2<latexit sha1_base64="lRe48AFxQ10U92PmFSlvdLS2eOw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsJuFPQiBLwIXiKaByRLmJ1MkiGzs8tMrxCWfIIXD4p49Yu8+TdOkj1oYkFDUdVNd1cQS2HQdb+d3Mrq2vpGfrOwtb2zu1fcP2iYKNGM11kkI90KqOFSKF5HgZK3Ys1pGEjeDEY3U7/5xLURkXrEccz9kA6U6AtG0UoPd9eVbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NTJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+WnQsUJcsXmi/qJJBiR6d+kJzRnKMeWUKaFvZWwIdWUoU2nYEPwFl9eJo1K2TsvV+4vStWzLI48HMExnIIHl1CFW6hBHRgM4Ble4c2Rzovz7nzMW3NONnMIf+B8/gCPA40+</latexit>

Cyclic Prefix 

A. Goldsmith, “Wireless communications”, Cambridge University Press, 2005. 

•  Inter-carrier interference in presence  
                          of significant Doppler spreads for LTV channels    
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The Zak Transform  

•  Fourier transform                                    (Frequency domain) 
•  Zak Transform                                         (Delay-Doppler domain)  

 
 
–  Parameter  
–  Periodic in     with period  
–  Quasi-periodic in    with period 

•  Fourier basis:  Complex Exponentials            , 
•  Zak basis: Doppler shifted and delayed impulse trains  

x(t) ! X(f)
<latexit sha1_base64="KrMx1TGO5xkVmwDBSyfwxxnDYOg=">AAACBnicbVDLSgNBEJyNrxhfUY8iDAYhuYTdKOgx4MVjBPOAZAmzk9nNkNmZZaZXDSEnL/6KFw+KePUbvPk3Th4HTSxoKKq66e4KEsENuO63k1lZXVvfyG7mtrZ3dvfy+wcNo1JNWZ0qoXQrIIYJLlkdOAjWSjQjcSBYMxhcTfzmHdOGK3kLw4T5MYkkDzklYKVu/vihCCXcEUpGgoWgedQHorW6x61iWOrmC27ZnQIvE29OCmiOWjf/1ekpmsZMAhXEmLbnJuCPiAZOBRvnOqlhCaEDErG2pZLEzPij6RtjfGqVHg6VtiUBT9XfEyMSGzOMA9sZE+ibRW8i/ue1Uwgv/RGXSQpM0tmiMBUYFJ5kgntcMwpiaAmhmttbMe0TTSjY5HI2BG/x5WXSqJS9s3Ll5rxQrczjyKIjdIKKyEMXqIquUQ3VEUWP6Bm9ojfnyXlx3p2PWWvGmc8coj9wPn8ARLKYTQ==</latexit>

x(t) ! Zx(⌧, ⌫)
<latexit sha1_base64="37uWebUkRA6BJazJAwgKGJE3t3E=">AAACGXicbVDLSgNBEJz1bXxFPXoZDEIECbtR0KPgxWMEE8VsCL2T2WRwdmaZ6dWEJb/hxV/x4kERj3ryb5zEHHwVNBRV3XR3RakUFn3/w5uanpmdm19YLCwtr6yuFdc3GlZnhvE601Kbywgsl0LxOgqU/DI1HJJI8ovo+mTkX9xwY4VW5zhIeSuBrhKxYIBOahf9fhl3aSi16koeoxHdHoIx+paGCWCPgcyvhu1+OUTI9kKV7baLJb/ij0H/kmBCSmSCWrv4FnY0yxKukEmwthn4KbZyMCiY5MNCmFmeAruGLm86qiDhtpWPPxvSHad0aKyNK4V0rH6fyCGxdpBErnN0rv3tjcT/vGaG8VErFyrNkCv2tSjOJEVNRzHRjjCcoRw4AswIdytlPTDA0IVZcCEEv1/+SxrVSrBfqZ4dlI6rkzgWyBbZJmUSkENyTE5JjdQJI3fkgTyRZ+/ee/RevNev1ilvMrNJfsB7/wTK8KC9</latexit>

F
<latexit sha1_base64="xMEkCO9DS0Ca2EXAPnZoTtb9rRw=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIsgLspMFXRZEMRlBfuA6VAyaaYNzSRDkhHK0M9w40IRt36NO//GTDsLbT0QOJxzLzn3hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp91wcpv73SeqNJPi0UwTGsR4JFjECDZW8vsxNmOCeXY3G1Rrbt2dA60SryA1KNAaVL/6Q0nSmApDONba99zEBBlWhhFOZ5V+qmmCyQSPqG+pwDHVQTaPPENnVhmiSCr7hEFz9fdGhmOtp3FoJ/OIetnLxf88PzXRTZAxkaSGCrL4KEo5MhLl96MhU5QYPrUEE8VsVkTGWGFibEsVW4K3fPIq6TTq3mW98XBVa14UdZThBE7hHDy4hibcQwvaQEDCM7zCm2OcF+fd+ViMlpxi5xj+wPn8AXH9kUg=</latexit>

Z<latexit sha1_base64="Ht397XlmDD+l5KlOk5FHzTB1ZUA=">AAAB8nicbVDLSgMxFM3UV62vqks3wSKIizJTBV0W3LisYB84HUomzbShmWRI7ghl6Ge4caGIW7/GnX9jpp2Fth4IHM65l5x7wkRwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hUU9amSijdC4lhgkvWBg6C9RLNSBwK1g0nt7nffWLacCUfYJqwICYjySNOCVjJ78cExpSI7HE2qNbcujsHXiVeQWqoQGtQ/eoPFU1jJoEKYozvuQkEGdHAqWCzSj81LCF0QkbMt1SSmJkgm0ee4TOrDHGktH0S8Fz9vZGR2JhpHNrJPKJZ9nLxP89PIboJMi6TFJiki4+iVGBQOL8fD7lmFMTUEkI1t1kxHRNNKNiWKrYEb/nkVdJp1L3LeuP+qta8KOoooxN0is6Rh65RE92hFmojihR6Rq/ozQHnxXl3PhajJafYOUZ/4Hz+AJBhkVw=</latexit>

Zx(⌧, ⌫) =
p
T

1X

n=�1
x(⌧ + nT )e�j2⇡n⌫T

<latexit sha1_base64="F9ES9a5qXmJN0YQmjEldZYpHHlU="></latexit>

T > 0
<latexit sha1_base64="kj6Pf1S/BmcYYFvTMcuTrR+Og/g=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePFYoWkLbSib7bZdutmE3YlQQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsbm1vVPcLe3tHxwelY9PWiZONeM+i2WsOyE1XArFfRQoeSfRnEah5O1wcj/3209cGxGrJk4THkR0pMRQMIpW8pvkjrj9csWtuguQdeLlpAI5Gv3yV28QszTiCpmkxnQ9N8EgoxoFk3xW6qWGJ5RN6Ih3LVU04ibIFsfOyIVVBmQYa1sKyUL9PZHRyJhpFNrOiOLYrHpz8T+vm+LwNsiESlLkii0XDVNJMCbzz8lAaM5QTi2hTAt7K2FjqilDm0/JhuCtvrxOWrWqd1WtPV5X6rU8jiKcwTlcggc3UIcHaIAPDAQ8wyu8Ocp5cd6dj2VrwclnTuEPnM8fSeWNog==</latexit>

⌫
<latexit sha1_base64="ChMyTC3X/aFetbNwh8TREba6u/4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD32VDsoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u7rlUY9j6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP1v7jc0=</latexit>

⌧
<latexit sha1_base64="DOgARFAc4Yh6lfSfIMP3pOcI6Gs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJvtpl26m4TdiVBC/4IXD4p49Q9589+4aXPQ1gcDj/dmmJkXJFIYdN1vZ2Nza3tnt7RX3j84PDqunJx2TJxqxtsslrHuBdRwKSLeRoGS9xLNqQok7wbTu9zvPnFtRBw94izhvqLjSISCUcylAdJ0WKm6NXcBsk68glShQGtY+RqMYpYqHiGT1Ji+5yboZ1SjYJLPy4PU8ISyKR3zvqURVdz42eLWObm0yoiEsbYVIVmovycyqoyZqcB2KooTs+rl4n9eP8Xw1s9ElKTII7ZcFKaSYEzyx8lIaM5QziyhTAt7K2ETqilDG0/ZhuCtvrxOOvWad12rPzSqzUYRRwnO4QKuwIMbaMI9tKANDCbwDK/w5ijnxXl3PpatG04xcwZ/4Hz+AB5Fjj4=</latexit>

F = 1/T
<latexit sha1_base64="8gAHZxr+QfCfXUPlOTcuDOHJ+2A=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqe5WQS9CQRCPFbptoV1KNs22odnskmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeUEiuDaO840Ka+sbm1vF7dLO7t7+QfnwqKXjVFHm0VjEqhMQzQSXzDPcCNZJFCNRIFg7GN/N/PYTU5rHsmkmCfMjMpQ85JQYK3n3t+5Fs1+uOFVnDrxK3JxUIEejX/7qDWKaRkwaKojWXddJjJ8RZTgVbFrqpZolhI7JkHUtlSRi2s/mx07xmVUGOIyVLWnwXP09kZFI60kU2M6ImJFe9mbif143NeGNn3GZpIZJulgUpgKbGM8+xwOuGDViYgmhittbMR0RRaix+ZRsCO7yy6ukVau6l9Xa41WlXsvjKMIJnMI5uHANdXiABnhAgcMzvMIbkugFvaOPRWsB5TPH8Afo8weaTY3X</latexit>

T
<latexit sha1_base64="VrKF1GdmI7lTTDGLLShPqKSyvWY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtmsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+sJ4zM</latexit>

ej2⇡ft
<latexit sha1_base64="u5bW1P3TZ7CkbHEPBu6WS6j4SDE=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtLJvtpF272YTdjVBC/4YXD4p49c9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/PbT6g0j+W9mSToR3QoecgZNVbq4UP2WO0lnIRm2i+V3Yo7B1klXk7KkKPRL331BjFLI5SGCap113MT42dUGc4ETou9VGNC2ZgOsWuppBFqP5vfPCXnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhNd+xmWSGpRssShMBTExmQVABlwhM2JiCWWK21sJG1FFmbExFW0I3vLLq6RVrXiXlepdrVyv5XEU4BTO4AI8uII63EIDmsAggWd4hTcndV6cd+dj0brm5DMn8AfO5w+325Fu</latexit>

f 2 R
<latexit sha1_base64="xvL1T/axtHc8BbuGQE56lwmYHxo=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiS1UJcFNy6r2Ac0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0o7zbZW2tnd298r7lYPDo+MT+/Ssq+JUEtohMY9lP8CKciZoRzPNaT+RFEcBp71gepf7vRmVisXiSc8T6kd4LFjICNZGGtp2iDwmkBdhPQmC7HExtKtOzVkCbRK3IFUo0B7aX94oJmlEhSYcKzVwnUT7GZaaEU4XFS9VNMFkisd0YKjAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5gnVupeL/3mDVIe3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZVVMCe76lzdJt15zb2r1h0a11SjqKMMFXMI1uNCEFtxDGzpAYAbP8ApvVma9WO/Wx2q0ZBU75/AH1ucP9JmTLg==</latexit>

p⌧,⌫(t)
<latexit sha1_base64="VXhbDuRgc8BN+fe75lQEWmidmDA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJUkJLUgh4LXjxWsB/QhLDZbtqlm03YnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwlRwDY7zbW1sbm3v7Jb2yvsHh0fH9slpRyeZoqxNE5GoXkg0E1yyNnAQrJcqRuJQsG44vp/73QlTmifyCaYp82MylDzilICRAttOg9wDkl17MptV4QoHdsWpOQvgdeIWpIIKtAL7yxskNIuZBCqI1n3XScHPiQJOBZuVvUyzlNAxGbK+oZLETPv54vIZvjTKAEeJMiUBL9TfEzmJtZ7GoemMCYz0qjcX//P6GUR3fs5lmgGTdLkoygSGBM9jwAOuGAUxNYRQxc2tmI6IIhRMWGUTgrv68jrp1GvuTa3+2Kg0G0UcJXSOLlAVuegWNdEDaqE2omiCntErerNy68V6tz6WrRtWMXOG/sD6/AGx/pL+</latexit>

p0,0(t) =
p
T
X

n

�(t� nT )
<latexit sha1_base64="V0d/bQUiI42DXoIPul56rlZ+X1w=">AAACFXicbVDLSgNBEJz1GeNr1aOXxSAkEMNuFPQiBLx4jJAXZMMyO5kkQ2Zm15leISz5CS/+ihcPingVvPk3Th4HTSxoKKq66e4KY840uO63tbK6tr6xmdnKbu/s7u3bB4cNHSWK0DqJeKRaIdaUM0nrwIDTVqwoFiGnzXB4M/GbD1RpFskajGLaEbgvWY8RDEYK7GIcpG7RHeehcO3rewVpbezrRPicCQY6kH6XcsB5OJO1QmDn3JI7hbNMvDnJoTmqgf3ldyOSCCqBcKx123Nj6KRYASOcjrN+ommMyRD3adtQiQXVnXT61dg5NUrX6UXKlARnqv6eSLHQeiRC0ykwDPSiNxH/89oJ9K46KZNxAlSS2aJewh2InElETpcpSoCPDMFEMXOrQwZYYQImyKwJwVt8eZk0yiXvvFS+u8hVSvM4MugYnaA88tAlqqBbVEV1RNAjekav6M16sl6sd+tj1rpizWeO0B9Ynz/y/56g</latexit>

Doppler 
⌫

<latexit sha1_base64="ChMyTC3X/aFetbNwh8TREba6u/4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD32VDsoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u7rlUY9j6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP1v7jc0=</latexit>

Delay 
⌧

<latexit sha1_base64="DOgARFAc4Yh6lfSfIMP3pOcI6Gs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJvtpl26m4TdiVBC/4IXD4p49Q9589+4aXPQ1gcDj/dmmJkXJFIYdN1vZ2Nza3tnt7RX3j84PDqunJx2TJxqxtsslrHuBdRwKSLeRoGS9xLNqQok7wbTu9zvPnFtRBw94izhvqLjSISCUcylAdJ0WKm6NXcBsk68glShQGtY+RqMYpYqHiGT1Ji+5yboZ1SjYJLPy4PU8ISyKR3zvqURVdz42eLWObm0yoiEsbYVIVmovycyqoyZqcB2KooTs+rl4n9eP8Xw1s9ElKTII7ZcFKaSYEzyx8lIaM5QziyhTAt7K2ETqilDG0/ZhuCtvrxOOvWad12rPzSqzUYRRwnO4QKuwIMbaMI9tKANDCbwDK/w5ijnxXl3PpatG04xcwZ/4Hz+AB5Fjj4=</latexit>

ej2⇡⌫tp0,0(t)
<latexit sha1_base64="I8S8hxO/3gOn0FWU4n0cYcytUSw=">AAACAnicbVDLSgNBEJyNrxhfq57Ey2AQokjYjYIeA148RjAPSGKYnUySMbOzw0yvEJbFi7/ixYMiXv0Kb/6Nk8dBjQUNRVU33V2BEtyA5305mYXFpeWV7GpubX1jc8vd3qmZKNaUVWkkIt0IiGGCS1YFDoI1lGYkDASrB8PLsV+/Z9rwSN7ASLF2SPqS9zglYKWOu8duk7tSS3HckjGGVHUS78RLC3DUcfNe0ZsAzxN/RvJohkrH/Wx1IxqHTAIVxJim7yloJ0QDp4KluVZsmCJ0SPqsaakkITPtZPJCig+t0sW9SNuSgCfqz4mEhMaMwsB2hgQG5q83Fv/zmjH0LtoJlyoGJul0US8WGCI8zgN3uWYUxMgSQjW3t2I6IJpQsKnlbAj+35fnSa1U9E+LpeuzfPl4FkcW7aMDVEA+OkdldIUqqIooekBP6AW9Oo/Os/PmvE9bM85sZhf9gvPxDY1zlig=</latexit>

p⌧,⌫(t) =
p
T
X

n

�(t� ⌧ � nT )ej2⇡⌫nT

<latexit sha1_base64="CXtwTAcMVNaZxT3ntAhm07cxf6w="></latexit>

S.K. Mohammed, “Derivation of OTFS Modulation From First Principles”, IEEE Trans. Veh. Tech., Aug 2021. 
 

p⌧,⌫(t) = ej2⇡⌫(t�⌧)p0,0(t� ⌧)
<latexit sha1_base64="CB7vOL8m3KUE7/UDhB7Gw0wMggY=">AAACHXicbVDLSgMxFM34rPVVdekmWIQWapmpBd0IBTcuK9gHdGrJpGkbm8kMyR2hDPMjbvwVNy4UceFG/BvTh6CtBwIn55xLco8XCq7Btr+speWV1bX11EZ6c2t7Zzezt1/XQaQoq9FABKrpEc0El6wGHARrhooR3xOs4Q0vx37jninNA3kDo5C1fdKXvMcpASN1MuWwE7tAooIroyQH+Qt2G9+V3JBjI+TgZOzlExOyC3byc+9ksnbRngAvEmdGsmiGaifz4XYDGvlMAhVE65Zjh9COiQJOBUvSbqRZSOiQ9FnLUEl8ptvxZLsEHxuli3uBMkcCnqi/J2Liaz3yPZP0CQz0vDcW//NaEfTO2zGXYQRM0ulDvUhgCPC4KtzlilEQI0MIVdz8FdMBUYSCKTRtSnDmV14k9VLROS2WrsvZSnFWRwodoiOUQw46QxV0haqohih6QE/oBb1aj9az9Wa9T6NL1mzmAP2B9fkNo8Kg6w==</latexit>

For a fixed    ⌧<latexit sha1_base64="DOgARFAc4Yh6lfSfIMP3pOcI6Gs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJvtpl26m4TdiVBC/4IXD4p49Q9589+4aXPQ1gcDj/dmmJkXJFIYdN1vZ2Nza3tnt7RX3j84PDqunJx2TJxqxtsslrHuBdRwKSLeRoGS9xLNqQok7wbTu9zvPnFtRBw94izhvqLjSISCUcylAdJ0WKm6NXcBsk68glShQGtY+RqMYpYqHiGT1Ji+5yboZ1SjYJLPy4PU8ISyKR3zvqURVdz42eLWObm0yoiEsbYVIVmovycyqoyZqcB2KooTs+rl4n9eP8Xw1s9ElKTII7ZcFKaSYEzyx8lIaM5QziyhTAt7K2ETqilDG0/ZhuCtvrxOOvWad12rPzSqzUYRRwnO4QKuwIMbaMI9tKANDCbwDK/w5ijnxXl3PpatG04xcwZ/4Hz+AB5Fjj4=</latexit>

x(⌧ + nT ) = x⌧ [n]
<latexit sha1_base64="hEER9yUdHexLv84O+XpzlhX+Dzg=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTNYhIpSkiroRii4cVmhN0hDmEwn7eBkEmYm0hK78FXcuFDEra/hzrdx0mahrT8MfPznHM6Z348Zlcqyvo3C0vLK6lpxvbSxubW9Y+7utWWUCExaOGKR6PpIEkY5aSmqGOnGgqDQZ6Tj399k9c4DEZJGvKnGMXFDNOA0oBgpbXnmwajSUyg55c2T65GXZjxxuOuZZatqTQUXwc6hDHI1PPOr149wEhKuMENSOrYVKzdFQlHMyKTUSySJEb5HA+Jo5Cgk0k2n90/gsXb6MIiEflzBqft7IkWhlOPQ150hUkM5X8vM/2pOooIrN6U8ThTheLYoSBhUEczCgH0qCFZsrAFhQfWtEA+RQFjpyEo6BHv+y4vQrlXt82rt7qJcP8vjKIJDcAQqwAaXoA5uQQO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Znz9uK5Wp</latexit>

Collection of  
DTFTs 

Zx(⌧, ⌫) =
p
T

1X

n=�1
x⌧ [n]e

�j2⇡n⌫T

<latexit sha1_base64="xMGjIhBz11FhyaQXhM3IYEuM3xU="></latexit>

x(t) =

1Z

�1

X(f)ej2⇡ftdt

<latexit sha1_base64="lmuiMGuwKwI3Rzyfc3e4wSQB9Bs="></latexit>
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Zx(⌧, ⌫) =

1Z

�1

x(t)p⇤⌧,⌫(t)dt

<latexit sha1_base64="fWrEPtfcywlNQy8Jk9cJNQmhOIY="></latexit>

 Zak Basis Functions 

S.K. Mohammed, “Derivation of OTFS Modulation From First Principles”, IEEE Trans. Veh. Tech., Aug 2021. 
 

x(t) =

TZ

0

F/2Z

�F/2

Zx(⌧, ⌫)p⌧,⌫(t)d⌧d⌫

<latexit sha1_base64="ICX/XClqhchF/1Yyq8C5486/o/A="></latexit>

x(t) =

1Z

�1

x(⌧)�(t� ⌧)d⌧

<latexit sha1_base64="4vHN3PqP5Rnn3RIG4rFe6PU5pWw=">AAACJnicbVDLSsNAFJ3Ud31FXboJFiEuLEkVdFMQ3LhUsFVoaphMJjp0ZhJmbqQl9Gvc+CtuXCgi7vwUp2kWvg7McO459zJzT5RxpsHzPqzazOzc/MLiUn15ZXVt3d7Y7Oo0V4R2SMpTdR1hTTmTtAMMOL3OFMUi4vQqGpxO/Kt7qjRL5SWMMtoX+FayhBEMRgrt9tCFvXbAJAScCQY6LPZNlcBofFNUZOgGgPO9IKYcsAv7ZRVP7tBueE2vhPOX+BVpoArnof0SxCnJBZVAONa653sZ9AusgBFOx/Ug1zTDZIBvac9QiQXV/aJcc+zsGiV2klSZI8Ep1e8TBRZaj0RkOgWGO/3bm4j/eb0ckuN+wWSWA5Vk+lCScwdSZ5KZEzNFCfCRIZgoZv7qkDusMAGTbN2E4P9e+S/ptpr+QbN1cdg4cas4FtE22kEu8tEROkFn6Bx1EEEP6Am9oFfr0Xq23qz3aWvNqma20A9Yn1+dWKZj</latexit>

Delayed impulse basis             
Parameter: Delay         

Complex Exponential Basis 
    Parameter: Frequency             

 

x(t) =

1Z

�1

X(f)ej2⇡ftdf

<latexit sha1_base64="oyPCdmzfTRarbdsh1p3EHxQD4uk=">AAACHnicbZBPS8MwGMZT/zv/VT16CQ5lHhztVPQiCF48TnA6WLuRZqnGpWlJ3oqj9JN48at48aCI4Em/jdnWg04fCPzyvO9L8j5BIrgGx/myJianpmdm5+ZLC4tLyyv26tqljlNFWYPGIlbNgGgmuGQN4CBYM1GMRIFgV0HvdFC/umNK81heQD9hfkSuJQ85JWCsjn1wX4GdY49L8ASPOOhOtmtuIfTzdlZAsxLusHZ2W/MSjkPIu2HHLjtVZyj8F9wCyqhQvWN/eN2YphGTQAXRuuU6CfgZUcCpYHnJSzVLCO2Ra9YyKEnEtJ8N18vxlnG6OIyVORLw0P05kZFI634UmM6IwI0erw3M/2qtFMIjP+MySYFJOnooTAWGGA+ywl2uGAXRN0Co4uavmN4QRSiYREsmBHd85b9wWau6e9Xa+X75ZLuIYw5toE1UQS46RCfoDNVRA1H0gJ7QC3q1Hq1n6816H7VOWMXMOvol6/MbDvai+Q==</latexit>

Zak Basis, Parameters: Delay    and Doppler        
(Delayed and Doppler shifted impulses) 

T
<latexit sha1_base64="PvzO57OyZMLLDMZFdGOAHn7GjXE=">AAAB6HicbVDLSgNBEOyNrxhfUY9ehgTBU9iNgh4DXjwmkBckS5iddJIxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXEAuujet+O7mt7Z3dvfx+4eDw6PikeHrW1lGiGLZYJCLVDahGwSW2DDcCu7FCGgYCO8H0fuF3nlBpHsmmmcXoh3Qs+YgzaqzUaA6KZbfiLkE2iZeRMmSoD4pf/WHEkhClYYJq3fPc2PgpVYYzgfNCP9EYUzalY+xZKmmI2k+Xh87JpVWGZBQpW9KQpfp7IqWh1rMwsJ0hNRO97i3E/7xeYkZ3fsplnBiUbLVolAhiIrL4mgy5QmbEzBLKFLe3EjahijJjsynYELz1lzdJu1rxrivVxk25VsriyMMFlOAKPLiFGjxAHVrAAOEZXuHNeXRenHfnY9Wac7KZc/gD5/MHp1eMvA==</latexit>

�T
<latexit sha1_base64="G6HGs3quNtgB31d0vIpeY3UMJM4=">AAAB6XicbVDLSgNBEOyNrxhfUY9ehgTBi2E3CnoMePEYJS9IljA7mU2GzM4uM71CCPkDLx4U8eofefNvnCR70MSChqKqm+6uIJHCoOt+O7mNza3tnfxuYW//4PCoeHzSMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2M7+Z++4lrI2LVwEnC/YgOlQgFo2ilx8tGv1h2K+4CZJ14GSlDhnq/+NUbxCyNuEImqTFdz03Qn1KNgkk+K/RSwxPKxnTIu5YqGnHjTxeXzsi5VQYkjLUthWSh/p6Y0siYSRTYzojiyKx6c/E/r5tieOtPhUpS5IotF4WpJBiT+dtkIDRnKCeWUKaFvZWwEdWUoQ2nYEPwVl9eJ61qxbuqVB+uy7VSFkcezqAEF+DBDdTgHurQBAYhPMMrvDlj58V5dz6WrTknmzmFP3A+fwAQq4zz</latexit>

p⌧,⌫(t) =
p
T
X

n

�(t� ⌧ � nT )ej2⇡⌫nT

<latexit sha1_base64="CXtwTAcMVNaZxT3ntAhm07cxf6w="></latexit>

�(t� ⌧)
<latexit sha1_base64="BuMwW3bBjnzhMNyAZ9dAZ8OUmMY=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBalHixJFfRY8OKxgv2AJpbNZtMu3WzC7kQpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM8xPBNdj2t1VYWV1b3yhulra2d3b3yvsHbR2nirIWjUWsuj7RTHDJWsBBsG6iGIl8wTr+6Gbqdx6Z0jyW9zBOmBeRgeQhpwSM9OAGTACpwrkLJD3rlyt2zZ4BLxMnJxWUo9kvf7lBTNOISaCCaN1z7AS8jCjgVLBJyU01SwgdkQHrGSpJxLSXza6e4BOjBDiMlSkJeKb+nshIpPU48k1nRGCoF72p+J/XSyG89jIukxSYpPNFYSowxHgaAQ64YhTE2BBCFTe3YjokilAwQZVMCM7iy8ukXa85F7X63WWlcZrHUURH6BhVkYOuUAPdoiZqIYoUekav6M16sl6sd+tj3lqw8plD9AfW5w+8pZHs</latexit>

⌧
<latexit sha1_base64="ZRlFtY4u+1k5geG3kL2fsV76310=">AAAB63icbVBNS8NAEJ34WetX1aOXxaJ4KkkV9Fjw4rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzqI00Glapbc+cgq8QrSBUKNAeVr/4wYoniGpmk1vY8N0Y/pQYFk3xW7ieWx5RN6Ij3Mqqp4tZP57fOyHmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+qnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPOQvCWX14l7XrNu6rVH66rjYsijhKcwhlcggc30IB7aEILGIzhGV7hzVHOi/PufCxa15xi5gT+wPn8ARoPjjA=</latexit>

ej2⇡ft
<latexit sha1_base64="PFSOxpWwGwjRUAGNzhSmxy0lbkU=">AAAB83icbVBNS8NAEJ34WetX1aOXxaJ4KkkV9Fjw4rGC/YA2ls12067dJMvuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLlBQGXffbWVldW9/YLGwVt3d29/ZLB4dNk6Sa8QZLZKLbATVcipg3UKDkbaU5jQLJW8HoZuq3nrg2Ionvcay4H9FBLELBKFqpyx+yx2pXCRLipFcquxV3BrJMvJyUIUe9V/rq9hOWRjxGJqkxHc9V6GdUo2CST4rd1HBF2YgOeMfSmEbc+Nns5gk5tUqfhIm2FSOZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TMQqRR6z+aIwlQQTMg2A9IXmDOXYEsq0sLcSNqSaMrQxFW0I3uLLy6RZrXgXlerdZbl2lsdRgGM4gXPw4ApqcAt1aAADBc/wCm9O6rw4787HvHXFyWeO4A+czx+zpZFg</latexit>

f
<latexit sha1_base64="6B9m7RlZH2tB9zmCNoGcXxNd51w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbFU0mqoMeCF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1IQ3fsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86pSP8/jKMIJnMIFeHANdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPw9OM0g==</latexit>

. . .
<latexit sha1_base64="GfVAr80yAwYBRvOtJvt6bkfARig=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XxVJIq6LHgxWMF0xbaUDbbTbt0swm7L0IJ/Q1ePCji1R/kzX/jts1BWwcWhpk37HsTplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9wYJmn6l6tbcOcgq8QpShQLNfuXL5lgWc4VMUmO6nptikFONgkk+Lfcyw1PKxnTIu5YqGnMT5PNlp+TcKgMSJdo+hWSu/k7kNDZmEod2MqY4MsveTPzP62YY3Qa5UGmGXLHFR1EmCSZkdjkZCM0ZyokllGlhdyVsRDVlaPsp2xK85ZNXSate865q9YfrauOiqKMEp3AGl+DBDTTgHprgAwMBz/AKb45yXpx352MxuuYUmRP4A+fzB+pKjqo=</latexit>. . .

<latexit sha1_base64="GfVAr80yAwYBRvOtJvt6bkfARig=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XxVJIq6LHgxWMF0xbaUDbbTbt0swm7L0IJ/Q1ePCji1R/kzX/jts1BWwcWhpk37HsTplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9wYJmn6l6tbcOcgq8QpShQLNfuXL5lgWc4VMUmO6nptikFONgkk+Lfcyw1PKxnTIu5YqGnMT5PNlp+TcKgMSJdo+hWSu/k7kNDZmEod2MqY4MsveTPzP62YY3Qa5UGmGXLHFR1EmCSZkdjkZCM0ZyokllGlhdyVsRDVlaPsp2xK85ZNXSate865q9YfrauOiqKMEp3AGl+DBDTTgHprgAwMBz/AKb45yXpx352MxuuYUmRP4A+fzB+pKjqo=</latexit>

. . .
<latexit sha1_base64="GfVAr80yAwYBRvOtJvt6bkfARig=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XxVJIq6LHgxWMF0xbaUDbbTbt0swm7L0IJ/Q1ePCji1R/kzX/jts1BWwcWhpk37HsTplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9wYJmn6l6tbcOcgq8QpShQLNfuXL5lgWc4VMUmO6nptikFONgkk+Lfcyw1PKxnTIu5YqGnMT5PNlp+TcKgMSJdo+hWSu/k7kNDZmEod2MqY4MsveTPzP62YY3Qa5UGmGXLHFR1EmCSZkdjkZCM0ZyokllGlhdyVsRDVlaPsp2xK85ZNXSate865q9YfrauOiqKMEp3AGl+DBDTTgHprgAwMBz/AKb45yXpx352MxuuYUmRP4A+fzB+pKjqo=</latexit>. . .

<latexit sha1_base64="GfVAr80yAwYBRvOtJvt6bkfARig=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XxVJIq6LHgxWMF0xbaUDbbTbt0swm7L0IJ/Q1ePCji1R/kzX/jts1BWwcWhpk37HsTplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9wYJmn6l6tbcOcgq8QpShQLNfuXL5lgWc4VMUmO6nptikFONgkk+Lfcyw1PKxnTIu5YqGnMT5PNlp+TcKgMSJdo+hWSu/k7kNDZmEod2MqY4MsveTPzP62YY3Qa5UGmGXLHFR1EmCSZkdjkZCM0ZyokllGlhdyVsRDVlaPsp2xK85ZNXSate865q9YfrauOiqKMEp3AGl+DBDTTgHprgAwMBz/AKb45yXpx352MxuuYUmRP4A+fzB+pKjqo=</latexit>

. . .
<latexit sha1_base64="GfVAr80yAwYBRvOtJvt6bkfARig=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XxVJIq6LHgxWMF0xbaUDbbTbt0swm7L0IJ/Q1ePCji1R/kzX/jts1BWwcWhpk37HsTplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9wYJmn6l6tbcOcgq8QpShQLNfuXL5lgWc4VMUmO6nptikFONgkk+Lfcyw1PKxnTIu5YqGnMT5PNlp+TcKgMSJdo+hWSu/k7kNDZmEod2MqY4MsveTPzP62YY3Qa5UGmGXLHFR1EmCSZkdjkZCM0ZyokllGlhdyVsRDVlaPsp2xK85ZNXSate865q9YfrauOiqKMEp3AGl+DBDTTgHprgAwMBz/AKb45yXpx352MxuuYUmRP4A+fzB+pKjqo=</latexit>. . .

<latexit sha1_base64="GfVAr80yAwYBRvOtJvt6bkfARig=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XxVJIq6LHgxWMF0xbaUDbbTbt0swm7L0IJ/Q1ePCji1R/kzX/jts1BWwcWhpk37HsTplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9wYJmn6l6tbcOcgq8QpShQLNfuXL5lgWc4VMUmO6nptikFONgkk+Lfcyw1PKxnTIu5YqGnMT5PNlp+TcKgMSJdo+hWSu/k7kNDZmEod2MqY4MsveTPzP62YY3Qa5UGmGXLHFR1EmCSZkdjkZCM0ZyokllGlhdyVsRDVlaPsp2xK85ZNXSate865q9YfrauOiqKMEp3AGl+DBDTTgHprgAwMBz/AKb45yXpx352MxuuYUmRP4A+fzB+pKjqo=</latexit>

. . .
<latexit sha1_base64="GfVAr80yAwYBRvOtJvt6bkfARig=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XxVJIq6LHgxWMF0xbaUDbbTbt0swm7L0IJ/Q1ePCji1R/kzX/jts1BWwcWhpk37HsTplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9wYJmn6l6tbcOcgq8QpShQLNfuXL5lgWc4VMUmO6nptikFONgkk+Lfcyw1PKxnTIu5YqGnMT5PNlp+TcKgMSJdo+hWSu/k7kNDZmEod2MqY4MsveTPzP62YY3Qa5UGmGXLHFR1EmCSZkdjkZCM0ZyokllGlhdyVsRDVlaPsp2xK85ZNXSate865q9YfrauOiqKMEp3AGl+DBDTTgHprgAwMBz/AKb45yXpx352MxuuYUmRP4A+fzB+pKjqo=</latexit>. . .

<latexit sha1_base64="GfVAr80yAwYBRvOtJvt6bkfARig=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XxVJIq6LHgxWMF0xbaUDbbTbt0swm7L0IJ/Q1ePCji1R/kzX/jts1BWwcWhpk37HsTplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9wYJmn6l6tbcOcgq8QpShQLNfuXL5lgWc4VMUmO6nptikFONgkk+Lfcyw1PKxnTIu5YqGnMT5PNlp+TcKgMSJdo+hWSu/k7kNDZmEod2MqY4MsveTPzP62YY3Qa5UGmGXLHFR1EmCSZkdjkZCM0ZyokllGlhdyVsRDVlaPsp2xK85ZNXSate865q9YfrauOiqKMEp3AGl+DBDTTgHprgAwMBz/AKb45yXpx352MxuuYUmRP4A+fzB+pKjqo=</latexit>

. . .
<latexit sha1_base64="GfVAr80yAwYBRvOtJvt6bkfARig=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XxVJIq6LHgxWMF0xbaUDbbTbt0swm7L0IJ/Q1ePCji1R/kzX/jts1BWwcWhpk37HsTplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9wYJmn6l6tbcOcgq8QpShQLNfuXL5lgWc4VMUmO6nptikFONgkk+Lfcyw1PKxnTIu5YqGnMT5PNlp+TcKgMSJdo+hWSu/k7kNDZmEod2MqY4MsveTPzP62YY3Qa5UGmGXLHFR1EmCSZkdjkZCM0ZyokllGlhdyVsRDVlaPsp2xK85ZNXSate865q9YfrauOiqKMEp3AGl+DBDTTgHprgAwMBz/AKb45yXpx352MxuuYUmRP4A+fzB+pKjqo=</latexit>. . .

<latexit sha1_base64="GfVAr80yAwYBRvOtJvt6bkfARig=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XxVJIq6LHgxWMF0xbaUDbbTbt0swm7L0IJ/Q1ePCji1R/kzX/jts1BWwcWhpk37HsTplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9wYJmn6l6tbcOcgq8QpShQLNfuXL5lgWc4VMUmO6nptikFONgkk+Lfcyw1PKxnTIu5YqGnMT5PNlp+TcKgMSJdo+hWSu/k7kNDZmEod2MqY4MsveTPzP62YY3Qa5UGmGXLHFR1EmCSZkdjkZCM0ZyokllGlhdyVsRDVlaPsp2xK85ZNXSate865q9YfrauOiqKMEp3AGl+DBDTTgHprgAwMBz/AKb45yXpx352MxuuYUmRP4A+fzB+pKjqo=</latexit>

⌧ = 0
<latexit sha1_base64="z0U6o6Mdxkprgpw///WPOekUhDU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BKvgqSQq6EUoePFYwX5AG8pmu2nXbnbD7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxPBDXret1NYWV1b3yhulra2d3b3yvsHTaNSTVmDKqF0OySGCS5ZAzkK1k40I3EoWCsc3U791hPThiv5gOOEBTEZSB5xStBKzS6S9MbrlSte1ZvBXSZ+TiqQo94rf3X7iqYxk0gFMabjewkGGdHIqWCTUjc1LCF0RAasY6kkMTNBNrt24p5ape9GStuS6M7U3xMZiY0Zx6HtjAkOzaI3Ff/zOilG10HGZZIik3S+KEqFi8qdvu72uWYUxdgSQjW3t7p0SDShaAMq2RD8xZeXSfO86l9Uz+8vK7WTPI4iHMExnIEPV1CDO6hDAyg8wjO8wpujnBfn3fmYtxacfOYQ/sD5/AEMF46v</latexit>

⌧ = ⌧1
<latexit sha1_base64="0vyw1D3osHFg03lZNOeryzJeVBQ=">AAAB8nicbVDLSgMxFM3UV62vqks3wSq4KjNV0I1QcOOygn3AdCiZNNOGZpIhuSOUoZ/hxoUibv0ad/6NmXYW2nog4XDOvdx7T5gIbsB1v53S2vrG5lZ5u7Kzu7d/UD086hiVasraVAmleyExTHDJ2sBBsF6iGYlDwbrh5C73u09MG67kI0wTFsRkJHnEKQEr+X0g6W3+DbxBtebW3TnwKvEKUkMFWoPqV3+oaBozCVQQY3zPTSDIiAZOBZtV+qlhCaETMmK+pZLEzATZfOUZPrfKEEdK2ycBz9XfHRmJjZnGoa2MCYzNspeL/3l+CtFNkHGZpMAkXQyKUoFB4fx+POSaURBTSwjV3O6K6ZhoQsGmVLEheMsnr5JOo+5d1hsPV7XmWRFHGZ2gU3SBPHSNmugetVAbUaTQM3pFbw44L86787EoLTlFzzH6A+fzB+WNkOc=</latexit>

⌧
<latexit sha1_base64="ZRlFtY4u+1k5geG3kL2fsV76310=">AAAB63icbVBNS8NAEJ34WetX1aOXxaJ4KkkV9Fjw4rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzqI00Glapbc+cgq8QrSBUKNAeVr/4wYoniGpmk1vY8N0Y/pQYFk3xW7ieWx5RN6Ij3Mqqp4tZP57fOyHmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+qnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPOQvCWX14l7XrNu6rVH66rjYsijhKcwhlcggc30IB7aEILGIzhGV7hzVHOi/PufCxa15xi5gT+wPn8ARoPjjA=</latexit>

⌫
<latexit sha1_base64="UquxylGNHJqNOPUAxnFpmUtTjL4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LFbBU0mqoMeCF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxbZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Wa/dXlfpZHkcRTuAULsCDa6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBXK429</latexit>

⌧ = ⌧2
<latexit sha1_base64="MhaVtr3eP2Bt/9O7+Z7kdzsA3mw=">AAAB8nicbVDLSgMxFM3UV62vqks3wSq4KjNV0I1QcOOygn3AdCiZNNOGZpIhuSOUoZ/hxoUibv0ad/6NmXYW2nog4XDOvdx7T5gIbsB1v53S2vrG5lZ5u7Kzu7d/UD086hiVasraVAmleyExTHDJ2sBBsF6iGYlDwbrh5C73u09MG67kI0wTFsRkJHnEKQEr+X0g6W3+DRqDas2tu3PgVeIVpIYKtAbVr/5Q0TRmEqggxviem0CQEQ2cCjar9FPDEkInZMR8SyWJmQmy+cozfG6VIY6Utk8Cnqu/OzISGzONQ1sZExibZS8X//P8FKKbIOMySYFJuhgUpQKDwvn9eMg1oyCmlhCqud0V0zHRhIJNqWJD8JZPXiWdRt27rDcermrNsyKOMjpBp+gCeegaNdE9aqE2okihZ/SK3hxwXpx352NRWnKKnmP0B87nD+cRkOg=</latexit> f = f2

<latexit sha1_base64="dgWx0SqaSOyhdcgGToWlKMTWToU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LFbBU0mqoBeh4MVjBdMW2lI22027dLMJuxOhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2casZ9FstYtwNquBSK+yhQ8naiOY0CyVvB+G7mt564NiJWjzhJeC+iQyVCwShayQ9vw36tX664VXcOskq8nFQgR6Nf/uoOYpZGXCGT1JiO5ybYy6hGwSSflrqp4QllYzrkHUsVjbjpZfNjp+TcKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66QY3vQyoZIUuWKLRWEqCcZk9jkZCM0ZyokllGlhbyVsRDVlaPMp2RC85ZdXSbNW9S6rtYerSv0sj6MIJ3AKF+DBNdThHhrgAwMBz/AKb45yXpx352PRWnDymWP4A+fzBy1Mjiw=</latexit>

f = f1
<latexit sha1_base64="mhQfHFHWmkiYqvrxDBVpQmF8X/w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LFbBU0mqoBeh4MVjBdMW2lA220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48auokUwx9lohEtUOqUXCJvuFGYDtVSONQYCsc3c381hMqzRP5aMYpBjEdSB5xRo2V/Og26nm9csWtunOQVeLlpAI5Gr3yV7efsCxGaZigWnc8NzXBhCrDmcBpqZtpTCkb0QF2LJU0Rh1M5sdOyblV+iRKlC1pyFz9PTGhsdbjOLSdMTVDvezNxP+8Tmaim2DCZZoZlGyxKMoEMQmZfU76XCEzYmwJZYrbWwkbUkWZsfmUbAje8surpFmrepfV2sNVpX6Wx1GEEziFC/DgGupwDw3wgQGHZ3iFN0c6L86787FoLTj5zDH8gfP5AyvIjis=</latexit>

f = 0
<latexit sha1_base64="7/g0IK+YnOKeYQ/FgYPazR84OUc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSp4KkkV9CIUvHisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8NOME/YgOJA85o8ZKD+GN2yuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOiFnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHpFG0I3uLLy6RZrXgXler9Zbl2msdRgGM4gXPw4ApqcAd1aACDATzDK7w5wnlx3p2PeeuKk88cwR84nz+zT41R</latexit>

t
<latexit sha1_base64="SWr19vU5GKaXUrkVUMWvt8IkFW8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LFbBU0mqoMeCF48t2FpoQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqObR4LGPdCZgBKRS0UKCETqKBRYGEh2B8O/MfnkAbEat7nCTgR2yoRCg4Qys1sV+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVUsQiMn80PndJzqwxoGGtbCulc/T2RsciYSRTYzojhyCx7M/E/r5tieONnQiUpguKLRWEqKcZ09jUdCA0c5cQSxrWwt1I+YppxtNmUbAje8surpF2repfVWvOqUj/L4yiSE3JKLohHrkmd3JEGaRFOgDyTV/LmPDovzrvzsWgtOPnMMfkD5/MH2HGM3g==</latexit>

t
<latexit sha1_base64="SWr19vU5GKaXUrkVUMWvt8IkFW8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LFbBU0mqoMeCF48t2FpoQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqObR4LGPdCZgBKRS0UKCETqKBRYGEh2B8O/MfnkAbEat7nCTgR2yoRCg4Qys1sV+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVUsQiMn80PndJzqwxoGGtbCulc/T2RsciYSRTYzojhyCx7M/E/r5tieONnQiUpguKLRWEqKcZ09jUdCA0c5cQSxrWwt1I+YppxtNmUbAje8surpF2repfVWvOqUj/L4yiSE3JKLohHrkmd3JEGaRFOgDyTV/LmPDovzrvzsWgtOPnMMfkD5/MH2HGM3g==</latexit>

t
<latexit sha1_base64="SWr19vU5GKaXUrkVUMWvt8IkFW8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LFbBU0mqoMeCF48t2FpoQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqObR4LGPdCZgBKRS0UKCETqKBRYGEh2B8O/MfnkAbEat7nCTgR2yoRCg4Qys1sV+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVUsQiMn80PndJzqwxoGGtbCulc/T2RsciYSRTYzojhyCx7M/E/r5tieONnQiUpguKLRWEqKcZ09jUdCA0c5cQSxrWwt1I+YppxtNmUbAje8surpF2repfVWvOqUj/L4yiSE3JKLohHrkmd3JEGaRFOgDyTV/LmPDovzrvzsWgtOPnMMfkD5/MH2HGM3g==</latexit>

t
<latexit sha1_base64="SWr19vU5GKaXUrkVUMWvt8IkFW8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LFbBU0mqoMeCF48t2FpoQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqObR4LGPdCZgBKRS0UKCETqKBRYGEh2B8O/MfnkAbEat7nCTgR2yoRCg4Qys1sV+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVUsQiMn80PndJzqwxoGGtbCulc/T2RsciYSRTYzojhyCx7M/E/r5tieONnQiUpguKLRWEqKcZ09jUdCA0c5cQSxrWwt1I+YppxtNmUbAje8surpF2repfVWvOqUj/L4yiSE3JKLohHrkmd3JEGaRFOgDyTV/LmPDovzrvzsWgtOPnMMfkD5/MH2HGM3g==</latexit>

t
<latexit sha1_base64="SWr19vU5GKaXUrkVUMWvt8IkFW8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LFbBU0mqoMeCF48t2FpoQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqObR4LGPdCZgBKRS0UKCETqKBRYGEh2B8O/MfnkAbEat7nCTgR2yoRCg4Qys1sV+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVUsQiMn80PndJzqwxoGGtbCulc/T2RsciYSRTYzojhyCx7M/E/r5tieONnQiUpguKLRWEqKcZ09jUdCA0c5cQSxrWwt1I+YppxtNmUbAje8surpF2repfVWvOqUj/L4yiSE3JKLohHrkmd3JEGaRFOgDyTV/LmPDovzrvzsWgtOPnMMfkD5/MH2HGM3g==</latexit>

t
<latexit sha1_base64="SWr19vU5GKaXUrkVUMWvt8IkFW8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LFbBU0mqoMeCF48t2FpoQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqObR4LGPdCZgBKRS0UKCETqKBRYGEh2B8O/MfnkAbEat7nCTgR2yoRCg4Qys1sV+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVUsQiMn80PndJzqwxoGGtbCulc/T2RsciYSRTYzojhyCx7M/E/r5tieONnQiUpguKLRWEqKcZ09jUdCA0c5cQSxrWwt1I+YppxtNmUbAje8surpF2repfVWvOqUj/L4yiSE3JKLohHrkmd3JEGaRFOgDyTV/LmPDovzrvzsWgtOPnMMfkD5/MH2HGM3g==</latexit>

t
<latexit sha1_base64="SWr19vU5GKaXUrkVUMWvt8IkFW8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LFbBU0mqoMeCF48t2FpoQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqObR4LGPdCZgBKRS0UKCETqKBRYGEh2B8O/MfnkAbEat7nCTgR2yoRCg4Qys1sV+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVUsQiMn80PndJzqwxoGGtbCulc/T2RsciYSRTYzojhyCx7M/E/r5tieONnQiUpguKLRWEqKcZ09jUdCA0c5cQSxrWwt1I+YppxtNmUbAje8surpF2repfVWvOqUj/L4yiSE3JKLohHrkmd3JEGaRFOgDyTV/LmPDovzrvzsWgtOPnMMfkD5/MH2HGM3g==</latexit>

t
<latexit sha1_base64="SWr19vU5GKaXUrkVUMWvt8IkFW8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LFbBU0mqoMeCF48t2FpoQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqObR4LGPdCZgBKRS0UKCETqKBRYGEh2B8O/MfnkAbEat7nCTgR2yoRCg4Qys1sV+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVUsQiMn80PndJzqwxoGGtbCulc/T2RsciYSRTYzojhyCx7M/E/r5tieONnQiUpguKLRWEqKcZ09jUdCA0c5cQSxrWwt1I+YppxtNmUbAje8surpF2repfVWvOqUj/L4yiSE3JKLohHrkmd3JEGaRFOgDyTV/LmPDovzrvzsWgtOPnMMfkD5/MH2HGM3g==</latexit>

t
<latexit sha1_base64="SWr19vU5GKaXUrkVUMWvt8IkFW8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LFbBU0mqoMeCF48t2FpoQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqObR4LGPdCZgBKRS0UKCETqKBRYGEh2B8O/MfnkAbEat7nCTgR2yoRCg4Qys1sV+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVUsQiMn80PndJzqwxoGGtbCulc/T2RsciYSRTYzojhyCx7M/E/r5tieONnQiUpguKLRWEqKcZ09jUdCA0c5cQSxrWwt1I+YppxtNmUbAje8surpF2repfVWvOqUj/L4yiSE3JKLohHrkmd3JEGaRFOgDyTV/LmPDovzrvzsWgtOPnMMfkD5/MH2HGM3g==</latexit>

t
<latexit sha1_base64="SWr19vU5GKaXUrkVUMWvt8IkFW8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LFbBU0mqoMeCF48t2FpoQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqObR4LGPdCZgBKRS0UKCETqKBRYGEh2B8O/MfnkAbEat7nCTgR2yoRCg4Qys1sV+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVUsQiMn80PndJzqwxoGGtbCulc/T2RsciYSRTYzojhyCx7M/E/r5tieONnQiUpguKLRWEqKcZ09jUdCA0c5cQSxrWwt1I+YppxtNmUbAje8surpF2repfVWvOqUj/L4yiSE3JKLohHrkmd3JEGaRFOgDyTV/LmPDovzrvzsWgtOPnMMfkD5/MH2HGM3g==</latexit>

t
<latexit sha1_base64="SWr19vU5GKaXUrkVUMWvt8IkFW8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LFbBU0mqoMeCF48t2FpoQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqObR4LGPdCZgBKRS0UKCETqKBRYGEh2B8O/MfnkAbEat7nCTgR2yoRCg4Qys1sV+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVUsQiMn80PndJzqwxoGGtbCulc/T2RsciYSRTYzojhyCx7M/E/r5tieONnQiUpguKLRWEqKcZ09jUdCA0c5cQSxrWwt1I+YppxtNmUbAje8surpF2repfVWvOqUj/L4yiSE3JKLohHrkmd3JEGaRFOgDyTV/LmPDovzrvzsWgtOPnMMfkD5/MH2HGM3g==</latexit>

ej2⇡ft
<latexit sha1_base64="PFSOxpWwGwjRUAGNzhSmxy0lbkU=">AAAB83icbVBNS8NAEJ34WetX1aOXxaJ4KkkV9Fjw4rGC/YA2ls12067dJMvuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLlBQGXffbWVldW9/YLGwVt3d29/ZLB4dNk6Sa8QZLZKLbATVcipg3UKDkbaU5jQLJW8HoZuq3nrg2Ionvcay4H9FBLELBKFqpyx+yx2pXCRLipFcquxV3BrJMvJyUIUe9V/rq9hOWRjxGJqkxHc9V6GdUo2CST4rd1HBF2YgOeMfSmEbc+Nns5gk5tUqfhIm2FSOZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TMQqRR6z+aIwlQQTMg2A9IXmDOXYEsq0sLcSNqSaMrQxFW0I3uLLy6RZrXgXlerdZbl2lsdRgGM4gXPw4ApqcAt1aAADBc/wCm9O6rw4787HvHXFyWeO4A+czx+zpZFg</latexit>

ej2⇡ft
<latexit sha1_base64="PFSOxpWwGwjRUAGNzhSmxy0lbkU=">AAAB83icbVBNS8NAEJ34WetX1aOXxaJ4KkkV9Fjw4rGC/YA2ls12067dJMvuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLlBQGXffbWVldW9/YLGwVt3d29/ZLB4dNk6Sa8QZLZKLbATVcipg3UKDkbaU5jQLJW8HoZuq3nrg2Ionvcay4H9FBLELBKFqpyx+yx2pXCRLipFcquxV3BrJMvJyUIUe9V/rq9hOWRjxGJqkxHc9V6GdUo2CST4rd1HBF2YgOeMfSmEbc+Nns5gk5tUqfhIm2FSOZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TMQqRR6z+aIwlQQTMg2A9IXmDOXYEsq0sLcSNqSaMrQxFW0I3uLLy6RZrXgXlerdZbl2lsdRgGM4gXPw4ApqcAt1aAADBc/wCm9O6rw4787HvHXFyWeO4A+czx+zpZFg</latexit>

ej2⇡ft
<latexit sha1_base64="PFSOxpWwGwjRUAGNzhSmxy0lbkU=">AAAB83icbVBNS8NAEJ34WetX1aOXxaJ4KkkV9Fjw4rGC/YA2ls12067dJMvuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLlBQGXffbWVldW9/YLGwVt3d29/ZLB4dNk6Sa8QZLZKLbATVcipg3UKDkbaU5jQLJW8HoZuq3nrg2Ionvcay4H9FBLELBKFqpyx+yx2pXCRLipFcquxV3BrJMvJyUIUe9V/rq9hOWRjxGJqkxHc9V6GdUo2CST4rd1HBF2YgOeMfSmEbc+Nns5gk5tUqfhIm2FSOZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TMQqRR6z+aIwlQQTMg2A9IXmDOXYEsq0sLcSNqSaMrQxFW0I3uLLy6RZrXgXlerdZbl2lsdRgGM4gXPw4ApqcAt1aAADBc/wCm9O6rw4787HvHXFyWeO4A+czx+zpZFg</latexit>

�(t� ⌧)
<latexit sha1_base64="BuMwW3bBjnzhMNyAZ9dAZ8OUmMY=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBalHixJFfRY8OKxgv2AJpbNZtMu3WzC7kQpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM8xPBNdj2t1VYWV1b3yhulra2d3b3yvsHbR2nirIWjUWsuj7RTHDJWsBBsG6iGIl8wTr+6Gbqdx6Z0jyW9zBOmBeRgeQhpwSM9OAGTACpwrkLJD3rlyt2zZ4BLxMnJxWUo9kvf7lBTNOISaCCaN1z7AS8jCjgVLBJyU01SwgdkQHrGSpJxLSXza6e4BOjBDiMlSkJeKb+nshIpPU48k1nRGCoF72p+J/XSyG89jIukxSYpPNFYSowxHgaAQ64YhTE2BBCFTe3YjokilAwQZVMCM7iy8ukXa85F7X63WWlcZrHUURH6BhVkYOuUAPdoiZqIYoUekav6M16sl6sd+tj3lqw8plD9AfW5w+8pZHs</latexit>

�(t� ⌧)
<latexit sha1_base64="BuMwW3bBjnzhMNyAZ9dAZ8OUmMY=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBalHixJFfRY8OKxgv2AJpbNZtMu3WzC7kQpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM8xPBNdj2t1VYWV1b3yhulra2d3b3yvsHbR2nirIWjUWsuj7RTHDJWsBBsG6iGIl8wTr+6Gbqdx6Z0jyW9zBOmBeRgeQhpwSM9OAGTACpwrkLJD3rlyt2zZ4BLxMnJxWUo9kvf7lBTNOISaCCaN1z7AS8jCjgVLBJyU01SwgdkQHrGSpJxLSXza6e4BOjBDiMlSkJeKb+nshIpPU48k1nRGCoF72p+J/XSyG89jIukxSYpPNFYSowxHgaAQ64YhTE2BBCFTe3YjokilAwQZVMCM7iy8ukXa85F7X63WWlcZrHUURH6BhVkYOuUAPdoiZqIYoUekav6M16sl6sd+tj3lqw8plD9AfW5w+8pZHs</latexit>

�(t� ⌧)
<latexit sha1_base64="BuMwW3bBjnzhMNyAZ9dAZ8OUmMY=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBalHixJFfRY8OKxgv2AJpbNZtMu3WzC7kQpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM8xPBNdj2t1VYWV1b3yhulra2d3b3yvsHbR2nirIWjUWsuj7RTHDJWsBBsG6iGIl8wTr+6Gbqdx6Z0jyW9zBOmBeRgeQhpwSM9OAGTACpwrkLJD3rlyt2zZ4BLxMnJxWUo9kvf7lBTNOISaCCaN1z7AS8jCjgVLBJyU01SwgdkQHrGSpJxLSXza6e4BOjBDiMlSkJeKb+nshIpPU48k1nRGCoF72p+J/XSyG89jIukxSYpPNFYSowxHgaAQ64YhTE2BBCFTe3YjokilAwQZVMCM7iy8ukXa85F7X63WWlcZrHUURH6BhVkYOuUAPdoiZqIYoUekav6M16sl6sd+tj3lqw8plD9AfW5w+8pZHs</latexit>

p⌧,⌫(t)
<latexit sha1_base64="VXhbDuRgc8BN+fe75lQEWmidmDA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJUkJLUgh4LXjxWsB/QhLDZbtqlm03YnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwlRwDY7zbW1sbm3v7Jb2yvsHh0fH9slpRyeZoqxNE5GoXkg0E1yyNnAQrJcqRuJQsG44vp/73QlTmifyCaYp82MylDzilICRAttOg9wDkl17MptV4QoHdsWpOQvgdeIWpIIKtAL7yxskNIuZBCqI1n3XScHPiQJOBZuVvUyzlNAxGbK+oZLETPv54vIZvjTKAEeJMiUBL9TfEzmJtZ7GoemMCYz0qjcX//P6GUR3fs5lmgGTdLkoygSGBM9jwAOuGAUxNYRQxc2tmI6IIhRMWGUTgrv68jrp1GvuTa3+2Kg0G0UcJXSOLlAVuegWNdEDaqE2omiCntErerNy68V6tz6WrRtWMXOG/sD6/AGx/pL+</latexit>

p⌧,⌫(t)
<latexit sha1_base64="VXhbDuRgc8BN+fe75lQEWmidmDA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJUkJLUgh4LXjxWsB/QhLDZbtqlm03YnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwlRwDY7zbW1sbm3v7Jb2yvsHh0fH9slpRyeZoqxNE5GoXkg0E1yyNnAQrJcqRuJQsG44vp/73QlTmifyCaYp82MylDzilICRAttOg9wDkl17MptV4QoHdsWpOQvgdeIWpIIKtAL7yxskNIuZBCqI1n3XScHPiQJOBZuVvUyzlNAxGbK+oZLETPv54vIZvjTKAEeJMiUBL9TfEzmJtZ7GoemMCYz0qjcX//P6GUR3fs5lmgGTdLkoygSGBM9jwAOuGAUxNYRQxc2tmI6IIhRMWGUTgrv68jrp1GvuTa3+2Kg0G0UcJXSOLlAVuegWNdEDaqE2omiCntErerNy68V6tz6WrRtWMXOG/sD6/AGx/pL+</latexit>

p⌧,⌫(t)
<latexit sha1_base64="VXhbDuRgc8BN+fe75lQEWmidmDA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJUkJLUgh4LXjxWsB/QhLDZbtqlm03YnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwlRwDY7zbW1sbm3v7Jb2yvsHh0fH9slpRyeZoqxNE5GoXkg0E1yyNnAQrJcqRuJQsG44vp/73QlTmifyCaYp82MylDzilICRAttOg9wDkl17MptV4QoHdsWpOQvgdeIWpIIKtAL7yxskNIuZBCqI1n3XScHPiQJOBZuVvUyzlNAxGbK+oZLETPv54vIZvjTKAEeJMiUBL9TfEzmJtZ7GoemMCYz0qjcX//P6GUR3fs5lmgGTdLkoygSGBM9jwAOuGAUxNYRQxc2tmI6IIhRMWGUTgrv68jrp1GvuTa3+2Kg0G0UcJXSOLlAVuegWNdEDaqE2omiCntErerNy68V6tz6WrRtWMXOG/sD6/AGx/pL+</latexit>

p⌧,⌫(t)
<latexit sha1_base64="VXhbDuRgc8BN+fe75lQEWmidmDA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJUkJLUgh4LXjxWsB/QhLDZbtqlm03YnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwlRwDY7zbW1sbm3v7Jb2yvsHh0fH9slpRyeZoqxNE5GoXkg0E1yyNnAQrJcqRuJQsG44vp/73QlTmifyCaYp82MylDzilICRAttOg9wDkl17MptV4QoHdsWpOQvgdeIWpIIKtAL7yxskNIuZBCqI1n3XScHPiQJOBZuVvUyzlNAxGbK+oZLETPv54vIZvjTKAEeJMiUBL9TfEzmJtZ7GoemMCYz0qjcX//P6GUR3fs5lmgGTdLkoygSGBM9jwAOuGAUxNYRQxc2tmI6IIhRMWGUTgrv68jrp1GvuTa3+2Kg0G0UcJXSOLlAVuegWNdEDaqE2omiCntErerNy68V6tz6WrRtWMXOG/sD6/AGx/pL+</latexit>

p⌧,⌫(t)
<latexit sha1_base64="VXhbDuRgc8BN+fe75lQEWmidmDA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJUkJLUgh4LXjxWsB/QhLDZbtqlm03YnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwlRwDY7zbW1sbm3v7Jb2yvsHh0fH9slpRyeZoqxNE5GoXkg0E1yyNnAQrJcqRuJQsG44vp/73QlTmifyCaYp82MylDzilICRAttOg9wDkl17MptV4QoHdsWpOQvgdeIWpIIKtAL7yxskNIuZBCqI1n3XScHPiQJOBZuVvUyzlNAxGbK+oZLETPv54vIZvjTKAEeJMiUBL9TfEzmJtZ7GoemMCYz0qjcX//P6GUR3fs5lmgGTdLkoygSGBM9jwAOuGAUxNYRQxc2tmI6IIhRMWGUTgrv68jrp1GvuTa3+2Kg0G0UcJXSOLlAVuegWNdEDaqE2omiCntErerNy68V6tz6WrRtWMXOG/sD6/AGx/pL+</latexit>

⌧ = ⌧1
<latexit sha1_base64="0vyw1D3osHFg03lZNOeryzJeVBQ=">AAAB8nicbVDLSgMxFM3UV62vqks3wSq4KjNV0I1QcOOygn3AdCiZNNOGZpIhuSOUoZ/hxoUibv0ad/6NmXYW2nog4XDOvdx7T5gIbsB1v53S2vrG5lZ5u7Kzu7d/UD086hiVasraVAmleyExTHDJ2sBBsF6iGYlDwbrh5C73u09MG67kI0wTFsRkJHnEKQEr+X0g6W3+DbxBtebW3TnwKvEKUkMFWoPqV3+oaBozCVQQY3zPTSDIiAZOBZtV+qlhCaETMmK+pZLEzATZfOUZPrfKEEdK2ycBz9XfHRmJjZnGoa2MCYzNspeL/3l+CtFNkHGZpMAkXQyKUoFB4fx+POSaURBTSwjV3O6K6ZhoQsGmVLEheMsnr5JOo+5d1hsPV7XmWRFHGZ2gU3SBPHSNmugetVAbUaTQM3pFbw44L86787EoLTlFzzH6A+fzB+WNkOc=</latexit>

⌧ = ⌧2
<latexit sha1_base64="MhaVtr3eP2Bt/9O7+Z7kdzsA3mw=">AAAB8nicbVDLSgMxFM3UV62vqks3wSq4KjNV0I1QcOOygn3AdCiZNNOGZpIhuSOUoZ/hxoUibv0ad/6NmXYW2nog4XDOvdx7T5gIbsB1v53S2vrG5lZ5u7Kzu7d/UD086hiVasraVAmleyExTHDJ2sBBsF6iGYlDwbrh5C73u09MG67kI0wTFsRkJHnEKQEr+X0g6W3+DRqDas2tu3PgVeIVpIYKtAbVr/5Q0TRmEqggxviem0CQEQ2cCjar9FPDEkInZMR8SyWJmQmy+cozfG6VIY6Utk8Cnqu/OzISGzONQ1sZExibZS8X//P8FKKbIOMySYFJuhgUpQKDwvn9eMg1oyCmlhCqud0V0zHRhIJNqWJD8JZPXiWdRt27rDcermrNsyKOMjpBp+gCeegaNdE9aqE2okihZ/SK3hxwXpx352NRWnKKnmP0B87nD+cRkOg=</latexit>

⌫ = 0
<latexit sha1_base64="Id4NAwi6jFab9bVKPXxehQJz1zM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LFbBU0mqoBeh4MVjBdMW2lA22027dLMJuxOhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2SacZ9lshEt0NquBSK+yhQ8naqOY1DyVvh6G7mt564NiJRjzhOeRDTgRKRYBSt5HdVduv2yhW36s5BVomXkwrkaPTKX91+wrKYK2SSGtPx3BSDCdUomOTTUjczPKVsRAe8Y6miMTfBZH7slJxbpU+iRNtSSObq74kJjY0Zx6HtjCkOzbI3E//zOhlGN8FEqDRDrthiUZRJggmZfU76QnOGcmwJZVrYWwkbUk0Z2nxKNgRv+eVV0qxVvctq7eGqUj/L4yjCCZzCBXhwDXW4hwb4wEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8AUj7jj4=</latexit>

⌫ = 0
<latexit sha1_base64="Id4NAwi6jFab9bVKPXxehQJz1zM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LFbBU0mqoBeh4MVjBdMW2lA22027dLMJuxOhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2SacZ9lshEt0NquBSK+yhQ8naqOY1DyVvh6G7mt564NiJRjzhOeRDTgRKRYBSt5HdVduv2yhW36s5BVomXkwrkaPTKX91+wrKYK2SSGtPx3BSDCdUomOTTUjczPKVsRAe8Y6miMTfBZH7slJxbpU+iRNtSSObq74kJjY0Zx6HtjCkOzbI3E//zOhlGN8FEqDRDrthiUZRJggmZfU76QnOGcmwJZVrYWwkbUk0Z2nxKNgRv+eVV0qxVvctq7eGqUj/L4yjCCZzCBXhwDXW4hwb4wEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8AUj7jj4=</latexit>

⌫ = f1
<latexit sha1_base64="10tEpR47BlRdST90hbTVTIfFl6g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LFbBU0mqoBeh4MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8d3Mbz9xbUSsHnGScD+iQyVCwShaqd1T6W3Y9/rlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/Nz52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLIheMsvr5JWrepdVmsPV5X6WR5HEU7gFC7Ag2uowz00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4Awx+PGA==</latexit>

⌧ = 0
<latexit sha1_base64="z0U6o6Mdxkprgpw///WPOekUhDU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BKvgqSQq6EUoePFYwX5AG8pmu2nXbnbD7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxPBDXret1NYWV1b3yhulra2d3b3yvsHTaNSTVmDKqF0OySGCS5ZAzkK1k40I3EoWCsc3U791hPThiv5gOOEBTEZSB5xStBKzS6S9MbrlSte1ZvBXSZ+TiqQo94rf3X7iqYxk0gFMabjewkGGdHIqWCTUjc1LCF0RAasY6kkMTNBNrt24p5ape9GStuS6M7U3xMZiY0Zx6HtjAkOzaI3Ff/zOilG10HGZZIik3S+KEqFi8qdvu72uWYUxdgSQjW3t7p0SDShaAMq2RD8xZeXSfO86l9Uz+8vK7WTPI4iHMExnIEPV1CDO6hDAyg8wjO8wpujnBfn3fmYtxacfOYQ/sD5/AEMF46v</latexit>

⌫ = f2
<latexit sha1_base64="k1mMyTTuygSyJ56ClvBuEaN7l0g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LFbBU0mqoBeh4MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfy0UwS9CM6lDzkjBortXsyvQ37tX654lbdOcgq8XJSgRyNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n83Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyex3MuAKmRETSyhT3N5K2IgqyoxNqGRD8JZfXiWtWtW7rNYerir1szyOIpzAKVyAB9dQh3toQBMYjOEZXuHNSZwX5935WLQWnHzmGP7A+fwBxKOPGQ==</latexit>

⌧ = ⌧2
<latexit sha1_base64="MhaVtr3eP2Bt/9O7+Z7kdzsA3mw=">AAAB8nicbVDLSgMxFM3UV62vqks3wSq4KjNV0I1QcOOygn3AdCiZNNOGZpIhuSOUoZ/hxoUibv0ad/6NmXYW2nog4XDOvdx7T5gIbsB1v53S2vrG5lZ5u7Kzu7d/UD086hiVasraVAmleyExTHDJ2sBBsF6iGYlDwbrh5C73u09MG67kI0wTFsRkJHnEKQEr+X0g6W3+DRqDas2tu3PgVeIVpIYKtAbVr/5Q0TRmEqggxviem0CQEQ2cCjar9FPDEkInZMR8SyWJmQmy+cozfG6VIY6Utk8Cnqu/OzISGzONQ1sZExibZS8X//P8FKKbIOMySYFJuhgUpQKDwvn9eMg1oyCmlhCqud0V0zHRhIJNqWJD8JZPXiWdRt27rDcermrNsyKOMjpBp+gCeegaNdE9aqE2okihZ/SK3hxwXpx352NRWnKKnmP0B87nD+cRkOg=</latexit>

⌧ = ⌧1
<latexit sha1_base64="0vyw1D3osHFg03lZNOeryzJeVBQ=">AAAB8nicbVDLSgMxFM3UV62vqks3wSq4KjNV0I1QcOOygn3AdCiZNNOGZpIhuSOUoZ/hxoUibv0ad/6NmXYW2nog4XDOvdx7T5gIbsB1v53S2vrG5lZ5u7Kzu7d/UD086hiVasraVAmleyExTHDJ2sBBsF6iGYlDwbrh5C73u09MG67kI0wTFsRkJHnEKQEr+X0g6W3+DbxBtebW3TnwKvEKUkMFWoPqV3+oaBozCVQQY3zPTSDIiAZOBZtV+qlhCaETMmK+pZLEzATZfOUZPrfKEEdK2ycBz9XfHRmJjZnGoa2MCYzNspeL/3l+CtFNkHGZpMAkXQyKUoFB4fx+POSaURBTSwjV3O6K6ZhoQsGmVLEheMsnr5JOo+5d1hsPV7XmWRFHGZ2gU3SBPHSNmugetVAbUaTQM3pFbw44L86787EoLTlFzzH6A+fzB+WNkOc=</latexit>

⌧2
<latexit sha1_base64="FPNnNWwnsMa/Gd9ldE/JUp3yK8U=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BKvgqSRV0GPBi8cK9gPaUDbbTbt2sxt2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmayFGwTqIZiUPB2uH4dua3n5g2XMkHnCQsiMlQ8ohTglZq9ZCk/Vq/XPGq3hzuKvFzUoEcjX75qzdQNI2ZRCqIMV3fSzDIiEZOBZuWeqlhCaFjMmRdSyWJmQmy+bVT99wqAzdS2pZEd67+nshIbMwkDm1nTHBklr2Z+J/XTTG6CTIukxSZpItFUSpcVO7sdXfANaMoJpYQqrm91aUjoglFG1DJhuAvv7xKWrWqf1mt3V9V6md5HEU4gVO4AB+uoQ530IAmUHiEZ3iFN0c5L86787FoLTj5zDH8gfP5A0LJjtM=</latexit>

⌧ = ⌧1
<latexit sha1_base64="0vyw1D3osHFg03lZNOeryzJeVBQ=">AAAB8nicbVDLSgMxFM3UV62vqks3wSq4KjNV0I1QcOOygn3AdCiZNNOGZpIhuSOUoZ/hxoUibv0ad/6NmXYW2nog4XDOvdx7T5gIbsB1v53S2vrG5lZ5u7Kzu7d/UD086hiVasraVAmleyExTHDJ2sBBsF6iGYlDwbrh5C73u09MG67kI0wTFsRkJHnEKQEr+X0g6W3+DbxBtebW3TnwKvEKUkMFWoPqV3+oaBozCVQQY3zPTSDIiAZOBZtV+qlhCaETMmK+pZLEzATZfOUZPrfKEEdK2ycBz9XfHRmJjZnGoa2MCYzNspeL/3l+CtFNkHGZpMAkXQyKUoFB4fx+POSaURBTSwjV3O6K6ZhoQsGmVLEheMsnr5JOo+5d1hsPV7XmWRFHGZ2gU3SBPHSNmugetVAbUaTQM3pFbw44L86787EoLTlFzzH6A+fzB+WNkOc=</latexit>

⌧2
<latexit sha1_base64="FPNnNWwnsMa/Gd9ldE/JUp3yK8U=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BKvgqSRV0GPBi8cK9gPaUDbbTbt2sxt2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmayFGwTqIZiUPB2uH4dua3n5g2XMkHnCQsiMlQ8ohTglZq9ZCk/Vq/XPGq3hzuKvFzUoEcjX75qzdQNI2ZRCqIMV3fSzDIiEZOBZuWeqlhCaFjMmRdSyWJmQmy+bVT99wqAzdS2pZEd67+nshIbMwkDm1nTHBklr2Z+J/XTTG6CTIukxSZpItFUSpcVO7sdXfANaMoJpYQqrm91aUjoglFG1DJhuAvv7xKWrWqf1mt3V9V6md5HEU4gVO4AB+uoQ530IAmUHiEZ3iFN0c5L86787FoLTj5zDH8gfP5A0LJjtM=</latexit>

⌧2
<latexit sha1_base64="FPNnNWwnsMa/Gd9ldE/JUp3yK8U=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BKvgqSRV0GPBi8cK9gPaUDbbTbt2sxt2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmayFGwTqIZiUPB2uH4dua3n5g2XMkHnCQsiMlQ8ohTglZq9ZCk/Vq/XPGq3hzuKvFzUoEcjX75qzdQNI2ZRCqIMV3fSzDIiEZOBZuWeqlhCaFjMmRdSyWJmQmy+bVT99wqAzdS2pZEd67+nshIbMwkDm1nTHBklr2Z+J/XTTG6CTIukxSZpItFUSpcVO7sdXfANaMoJpYQqrm91aUjoglFG1DJhuAvv7xKWrWqf1mt3V9V6md5HEU4gVO4AB+uoQ530IAmUHiEZ3iFN0c5L86787FoLTj5zDH8gfP5A0LJjtM=</latexit>

⌧ = 0
<latexit sha1_base64="z0U6o6Mdxkprgpw///WPOekUhDU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BKvgqSQq6EUoePFYwX5AG8pmu2nXbnbD7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxPBDXret1NYWV1b3yhulra2d3b3yvsHTaNSTVmDKqF0OySGCS5ZAzkK1k40I3EoWCsc3U791hPThiv5gOOEBTEZSB5xStBKzS6S9MbrlSte1ZvBXSZ+TiqQo94rf3X7iqYxk0gFMabjewkGGdHIqWCTUjc1LCF0RAasY6kkMTNBNrt24p5ape9GStuS6M7U3xMZiY0Zx6HtjAkOzaI3Ff/zOilG10HGZZIik3S+KEqFi8qdvu72uWYUxdgSQjW3t7p0SDShaAMq2RD8xZeXSfO86l9Uz+8vK7WTPI4iHMExnIEPV1CDO6hDAyg8wjO8wpujnBfn3fmYtxacfOYQ/sD5/AEMF46v</latexit>

⌫ = 0
<latexit sha1_base64="Id4NAwi6jFab9bVKPXxehQJz1zM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LFbBU0mqoBeh4MVjBdMW2lA22027dLMJuxOhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2SacZ9lshEt0NquBSK+yhQ8naqOY1DyVvh6G7mt564NiJRjzhOeRDTgRKRYBSt5HdVduv2yhW36s5BVomXkwrkaPTKX91+wrKYK2SSGtPx3BSDCdUomOTTUjczPKVsRAe8Y6miMTfBZH7slJxbpU+iRNtSSObq74kJjY0Zx6HtjCkOzbI3E//zOhlGN8FEqDRDrthiUZRJggmZfU76QnOGcmwJZVrYWwkbUk0Z2nxKNgRv+eVV0qxVvctq7eGqUj/L4yjCCZzCBXhwDXW4hwb4wEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8AUj7jj4=</latexit>

Zak Analysis  
and 

Synthesis Equations 
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Comparison with the Fourier Transform 

Fourier Transform Zak Transform 

Domain Frequency Delay-Doppler 

Basis functions  ej2⇡ft
<latexit sha1_base64="u5bW1P3TZ7CkbHEPBu6WS6j4SDE=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtLJvtpF272YTdjVBC/4YXD4p49c9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/PbT6g0j+W9mSToR3QoecgZNVbq4UP2WO0lnIRm2i+V3Yo7B1klXk7KkKPRL331BjFLI5SGCap113MT42dUGc4ETou9VGNC2ZgOsWuppBFqP5vfPCXnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhNd+xmWSGpRssShMBTExmQVABlwhM2JiCWWK21sJG1FFmbExFW0I3vLLq6RVrXiXlepdrVyv5XEU4BTO4AI8uII63EIDmsAggWd4hTcndV6cd+dj0brm5DMn8AfO5w+325Fu</latexit>

p⌧,⌫(t)
<latexit sha1_base64="VXhbDuRgc8BN+fe75lQEWmidmDA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJUkJLUgh4LXjxWsB/QhLDZbtqlm03YnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwlRwDY7zbW1sbm3v7Jb2yvsHh0fH9slpRyeZoqxNE5GoXkg0E1yyNnAQrJcqRuJQsG44vp/73QlTmifyCaYp82MylDzilICRAttOg9wDkl17MptV4QoHdsWpOQvgdeIWpIIKtAL7yxskNIuZBCqI1n3XScHPiQJOBZuVvUyzlNAxGbK+oZLETPv54vIZvjTKAEeJMiUBL9TfEzmJtZ7GoemMCYz0qjcX//P6GUR3fs5lmgGTdLkoygSGBM9jwAOuGAUxNYRQxc2tmI6IIhRMWGUTgrv68jrp1GvuTa3+2Kg0G0UcJXSOLlAVuegWNdEDaqE2omiCntErerNy68V6tz6WrRtWMXOG/sD6/AGx/pL+</latexit>

Analysis Equation Zx(⌧, ⌫) =

1Z

�1

x(t)p⇤⌧,⌫(t)dt

<latexit sha1_base64="fWrEPtfcywlNQy8Jk9cJNQmhOIY="></latexit>

Synthesis Equation 

X(f) =

1Z

�1

x(t)e�j2⇡ftdt

<latexit sha1_base64="kb1XH8LL893Jrj0iMNEJzXoGLRw="></latexit>

x(t) =

1Z

�1

X(f)ej2⇡ftdt

<latexit sha1_base64="lmuiMGuwKwI3Rzyfc3e4wSQB9Bs="></latexit>

f
<latexit sha1_base64="3UFb00sSnCSmkzuYBX4JIm/iWv0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWaob9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMWhjNg=</latexit>

(⌧, ⌫)
<latexit sha1_base64="g2qfVg/+61bDLvZJc2RwTEQEJ+k=">AAAB8XicbVBNSwMxEM3Wr1q/qh69BItQoZTdKuix4MVjBVuL3aVk02wbms0uyUQoS/+FFw+KePXfePPfmLZ70NYHA4/3ZpiZF6aCa3Ddb6ewtr6xuVXcLu3s7u0flA+POjoxirI2TUSiuiHRTHDJ2sBBsG6qGIlDwR7C8c3Mf3hiSvNE3sMkZUFMhpJHnBKw0mPVB2JqvjTn/XLFrbtz4FXi5aSCcrT65S9/kFATMwlUEK17nptCkBEFnAo2LflGs5TQMRmynqWSxEwH2fziKT6zygBHibIlAc/V3xMZibWexKHtjAmM9LI3E//zegai6yDjMjXAJF0siozAkODZ+3jAFaMgJpYQqri9FdMRUYSCDalkQ/CWX14lnUbdu6g37i4rzVoeRxGdoFNURR66Qk10i1qojSiS6Bm9ojdHOy/Ou/OxaC04+cwx+gPn8wenT5Au</latexit>

x(t) =

TZ

0

F/2Z

�F/2

Zx(⌧, ⌫)p⌧,⌫(t)d⌧d⌫

<latexit sha1_base64="ICX/XClqhchF/1Yyq8C5486/o/A="></latexit>
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Outline 

•  Wireless Communications Channel Models 
•  Orthogonal Frequency Division Multiplexing (OFDM) 
•  The Zak Transform  
•  OTFS: Modulation based on the Zak Transform 
•  Summary 
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Underspread LTV Channels 

•  Doppler-delay spreading function 

•  Wireless channels are generally underspread* such that 
–              with compact support                                   such that   

•  A number      exists such that                and  

h(⌧, ⌫)
<latexit sha1_base64="2qV/YNBhmFS/8dO+FT1UfDyF8ik=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahgpTdWtBjwYvHCvYDdpeSTbNtaDZZkolQSn+GFw+KePXXePPfmLZ70NYHA4/3ZpiZF2ecafC8b6ewsbm1vVPcLe3tHxwelY9POloaRWibSC5VL8aaciZoGxhw2ssUxWnMaTce38397hNVmknxCJOMRikeCpYwgsFKwagaAjZXoTCX/XLFq3kLuOvEz0kF5Wj1y1/hQBKTUgGEY60D38sgmmIFjHA6K4VG0wyTMR7SwFKBU6qj6eLkmXthlYGbSGVLgLtQf09Mcar1JI1tZ4phpFe9ufifFxhIbqMpE5kBKshyUWK4C9Kd/+8OmKIE+MQSTBSzt7pkhBUmYFMq2RD81ZfXSade869r9YdGpdnI4yiiM3SOqshHN6iJ7lELtRFBEj2jV/TmgPPivDsfy9aCk8+coj9wPn8AcGyQqA==</latexit>

s(t)
<latexit sha1_base64="Gt9hnZqnZ0jpH2RdAIzFDhyXiR4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkJSBT0WvHisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2njet1Pa2Nza3invVvb2Dw6PqscnHR2nitA2iXmseiHWlDNJ24YZTnuJoliEnHbD6V3ud5+o0iyWj2aW0EDgsWQRI9jkkq6by2G15rneAmid+AWpQYHWsPo1GMUkFVQawrHWfd9LTJBhZRjhdF4ZpJommEzxmPYtlVhQHWSLW+fowiojFMXKljRoof6eyLDQeiZC2ymwmehVLxf/8/qpiW6DjMkkNVSS5aIo5cjEKH8cjZiixPCZJZgoZm9FZIIVJsbGU7Eh+Ksvr5NOw/Wv3MbDda3pFnGU4QzOoQ4+3EAT7qEFbSAwgWd4hTdHOC/Ou/OxbC05xcwp/IHz+QN1cI3K</latexit>

LTV Channel 

h(⌧, ⌫)
<latexit sha1_base64="2qV/YNBhmFS/8dO+FT1UfDyF8ik=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahgpTdWtBjwYvHCvYDdpeSTbNtaDZZkolQSn+GFw+KePXXePPfmLZ70NYHA4/3ZpiZF2ecafC8b6ewsbm1vVPcLe3tHxwelY9POloaRWibSC5VL8aaciZoGxhw2ssUxWnMaTce38397hNVmknxCJOMRikeCpYwgsFKwagaAjZXoTCX/XLFq3kLuOvEz0kF5Wj1y1/hQBKTUgGEY60D38sgmmIFjHA6K4VG0wyTMR7SwFKBU6qj6eLkmXthlYGbSGVLgLtQf09Mcar1JI1tZ4phpFe9ufifFxhIbqMpE5kBKshyUWK4C9Kd/+8OmKIE+MQSTBSzt7pkhBUmYFMq2RD81ZfXSade869r9YdGpdnI4yiiM3SOqshHN6iJ7lELtRFBEj2jV/TmgPPivDsfy9aCk8+coj9wPn8AcGyQqA==</latexit>

r(t) =

1Z

�1

1Z

�1

h(⌧, ⌫)ej2⇡⌫(t�⌧)s(t� ⌧)d⌧d⌫

<latexit sha1_base64="7JXng8jzDVEEs237e/hMqFRvuhY="></latexit>

h(⌧, ⌫)
<latexit sha1_base64="2qV/YNBhmFS/8dO+FT1UfDyF8ik=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahgpTdWtBjwYvHCvYDdpeSTbNtaDZZkolQSn+GFw+KePXXePPfmLZ70NYHA4/3ZpiZF2ecafC8b6ewsbm1vVPcLe3tHxwelY9POloaRWibSC5VL8aaciZoGxhw2ssUxWnMaTce38397hNVmknxCJOMRikeCpYwgsFKwagaAjZXoTCX/XLFq3kLuOvEz0kF5Wj1y1/hQBKTUgGEY60D38sgmmIFjHA6K4VG0wyTMR7SwFKBU6qj6eLkmXthlYGbSGVLgLtQf09Mcar1JI1tZ4phpFe9ufifFxhIbqMpE5kBKshyUWK4C9Kd/+8OmKIE+MQSTBSzt7pkhBUmYFMq2RD81ZfXSade869r9YdGpdnI4yiiM3SOqshHN6iJ7lELtRFBEj2jV/TmgPPivDsfy9aCk8+coj9wPn8AcGyQqA==</latexit>

⌧m · ⌫m < 1
<latexit sha1_base64="pAwIixBwGCR3Od+O1Hbhk+K9Wtw=">AAAB/XicbZDLSsNAFIYn9VbrLV52bgaL4KokVdCFi4IblxXsBZoQJpNJO3QyCTMnQi3FV3HjQhG3voc738Zpm4W2/jDw8Z9zOGf+MBNcg+N8W6WV1bX1jfJmZWt7Z3fP3j9o6zRXlLVoKlLVDYlmgkvWAg6CdTPFSBIK1gmHN9N654EpzVN5D6OM+QnpSx5zSsBYgX3kAcmDxKNRCp40hK+xG9hVp+bMhJfBLaCKCjUD+8uLUponTAIVROue62Tgj4kCTgWbVLxcs4zQIemznkFJEqb98ez6CT41ToTjVJknAc/c3xNjkmg9SkLTmRAY6MXa1Pyv1sshvvLHXGY5MEnni+JcYEjxNAocccUoiJEBQhU3t2I6IIpQMIFVTAju4peXoV2vuee1+t1FteEWcZTRMTpBZ8hFl6iBblETtRBFj+gZvaI368l6sd6tj3lrySpmDtEfWZ8/lB+Ulg==</latexit>

Tm
<latexit sha1_base64="4SjeKFWNMy7r++RS8MIdBLB4tWU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY8FLx4r9gvapWTTbBuaZJckK5SlP8GLB0W8+ou8+W9M2z1o64OBx3szzMwLE8GN9bxvVNjY3NreKe6W9vYPDo/KxydtE6eashaNRay7ITFMcMVallvBuolmRIaCdcLJ3dzvPDFteKyadpqwQJKR4hGnxDrpsTmQg3LFq3oL4HXi56QCORqD8ld/GNNUMmWpIMb0fC+xQUa05VSwWamfGpYQOiEj1nNUEclMkC1OneELpwxxFGtXyuKF+nsiI9KYqQxdpyR2bFa9ufif10ttdBtkXCWpZYouF0WpwDbG87/xkGtGrZg6Qqjm7lZMx0QTal06JReCv/ryOmnXqv5VtfZwXan7eRxFOINzuAQfbqAO99CAFlAYwTO8whsS6AW9o49lawHlM6fwB+jzByv5jas=</latexit>

Tm > ⌧m
<latexit sha1_base64="Chp3/rGDLsD6j6aY5Y9ER7Ds0tM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0JUU3Lis0Bc0IUymk3boTBLmIZTQ33DjQhG3/ow7/8Zpm4W2HrhwOOde7r0nyjhT2nW/ndLG5tb2Tnm3srd/cHhUPT7pqtRIQjsk5ansR1hRzhLa0Uxz2s8kxSLitBdN7ud+74lKxdKkracZDQQeJSxmBGsr+e1QoDvka2xCEVZrbt1dAK0TryA1KNAKq1/+MCVG0EQTjpUaeG6mgxxLzQins4pvFM0wmeARHViaYEFVkC9unqELqwxRnEpbiUYL9fdEjoVSUxHZToH1WK16c/E/b2B0fBvkLMmMpglZLooNRzpF8wDQkElKNJ9agolk9lZExlhiom1MFRuCt/ryOuk26t5VvfF4XWt6RRxlOINzuAQPbqAJD9CCDhDI4Ble4c0xzovz7nwsW0tOMXMKf+B8/gAAHZD1</latexit>

1/Tm = Fm > ⌫m
<latexit sha1_base64="W6xncujGOXeNosG3BQmiOdA7Hw8=">AAAB/HicbVDLSgMxFL3js9ZXtUs3wSK4qjNV0I1SEMRlhb6gHYZMmmlDk8yQZISh1F9x40IRt36IO//G9LHQ1gP3cjjnXnJzwoQzbVz321lZXVvf2Mxt5bd3dvf2CweHTR2nitAGiXms2iHWlDNJG4YZTtuJoliEnLbC4e3Ebz1SpVks6yZLqC9wX7KIEWysFBSK3lk9EOga3dl+g7oyDURQKLlldwq0TLw5KcEctaDw1e3FJBVUGsKx1h3PTYw/wsowwuk43001TTAZ4j7tWCqxoNofTY8foxOr9FAUK1vSoKn6e2OEhdaZCO2kwGagF72J+J/XSU105Y+YTFJDJZk9FKUcmRhNkkA9pigxPLMEE8XsrYgMsMLE2LzyNgRv8cvLpFkpe+flysNFqerN48jBERzDKXhwCVW4hxo0gEAGz/AKb86T8+K8Ox+z0RVnvlOEP3A+fwDmoJL0</latexit>

*W. Kozek, “On the transfer function calculus for underspread LTV channels,” IEEE Trans. Sig. Proc., Jan. 1997. 

[0, ⌧m]⇥ [�⌫m
2
,
⌫m
2
]

<latexit sha1_base64="XmUh+j1py26KzXGqmwqtKoOyPxg=">AAACG3icbVDLSsNAFJ34rPUVdekmWAQXtSRR0GXBjcsK9gFJCJPppB06mYSZG6GE/ocbf8WNC0VcCS78G6dtFtp6YODMOfdy7z1RxpkC2/42VlbX1jc2K1vV7Z3dvX3z4LCj0lwS2iYpT2UvwopyJmgbGHDayyTFScRpNxrdTP3uA5WKpeIexhkNEjwQLGYEg5ZC0/Xsug84D5PAB5ZQ5Z37scSk8IXWJoU7qS/8g9Cs2Q17BmuZOCWpoRKt0Pz0+ynJEyqAcKyU59gZBAWWwAink6qfK5phMsID6mkqsF4jKGa3TaxTrfStOJX6CbBm6u+OAidKjZNIVyYYhmrRm4r/eV4O8XVQMJHlQAWZD4pzbkFqTYOy+kxSAnysCSaS6V0tMsQ6CtBxVnUIzuLJy6TjNpyLhnt3WWs6ZRwVdIxO0Bly0BVqolvUQm1E0CN6Rq/ozXgyXox342NeumKUPUfoD4yvH+3OofE=</latexit>

r(t) =

TmZ

0

Fm/2Z

�Fm/2

h(⌧, ⌫)ej2⇡⌫(t�⌧)s(t� ⌧)d⌧d⌫

<latexit sha1_base64="rNr7hjug66pnaG2lBRb6nbbJHkM="></latexit>

Output signal 
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u(t) =

TmZ

0

Fm/2Z

�Fm/2

h(⌧, ⌫)ej2⇡⌫(t�⌧)p0,0(t� ⌧)d⌧d⌫

<latexit sha1_base64="hWmyQ5vL+hw2ddJgpTUcg2pM9wU="></latexit>

 
•   Consider the input signal as  

Zak Transform and  
Underspread LTV Channels 

s(t) = p0,0(t) =
p
T
X

n

�(t� nT )
<latexit sha1_base64="tw4KrTXC1lj2a0ahef1jv+tlBoo=">AAACGnicbZDLSgMxFIYz9VbrrerSzWARWtAyUwXdCAU3Liv0Bp0yZNK0DU0yY3JGKEOfw42v4saFIu7EjW9j2s5CW38IfPznHE7OH0ScaXCcbyuzsrq2vpHdzG1t7+zu5fcPmjqMFaENEvJQtQOsKWeSNoABp+1IUSwCTlvB6GZabz1QpVko6zCOaFfggWR9RjAYy8+7ugil68hPnFNnMkVP3ytI6hNPx8LjTDDQvvR6lAMuwpmsl/x8wSk7M9nL4KZQQKlqfv7T64UkFlQC4VjrjutE0E2wAkY4neS8WNMIkxEe0I5BiQXV3WR22sQ+MU7P7ofKPAn2zP09kWCh9VgEplNgGOrF2tT8r9aJoX/VTZiMYqCSzBf1Y25DaE9zsntMUQJ8bAATxcxfbTLEChMwaeZMCO7iycvQrJTd83Ll7qJQraRxZNEROkZF5KJLVEW3qIYaiKBH9Ixe0Zv1ZL1Y79bHvDVjpTOH6I+srx8oBaBL</latexit>

p⌧,⌫(t)
<latexit sha1_base64="ULMoTDasArUC7Un4RhYynfc2l2A=">AAAB+HicbVBNS8NAEN34WetHox69BItQQUJSBT0WvHisYD+gCWGz3bZLN5uwOyvU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmxRlnCjzv21pb39jc2i7tlHf39g8q9uFRW6VaEtoiKU9lN8aKciZoCxhw2s0kxUnMaSce3878ziOViqXiASYZDRM8FGzACAYjRXYli/IAsL4IhJ7W4Dyyq57rzeGsEr8gVVSgGdlfQT8lOqECCMdK9XwvgzDHEhjhdFoOtKIZJmM8pD1DBU6oCvP54VPnzCh9Z5BKUwKcufp7IseJUpMkNp0JhpFa9mbif15Pw+AmzJnINFBBFosGmjuQOrMUnD6TlACfGIKJZOZWh4ywxARMVmUTgr/88ipp113/0q3fX1UbbhFHCZ2gU1RDPrpGDXSHmqiFCNLoGb2iN+vJerHerY9F65pVzByjP7A+fwBU9JLO</latexit>

Zak synthesis equation 

The Doppler-delay spread function             is the  
Zak transform of the output signal when the input is the impulse train       

h(⌧, ⌫)
<latexit sha1_base64="2qV/YNBhmFS/8dO+FT1UfDyF8ik=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahgpTdWtBjwYvHCvYDdpeSTbNtaDZZkolQSn+GFw+KePXXePPfmLZ70NYHA4/3ZpiZF2ecafC8b6ewsbm1vVPcLe3tHxwelY9POloaRWibSC5VL8aaciZoGxhw2ssUxWnMaTce38397hNVmknxCJOMRikeCpYwgsFKwagaAjZXoTCX/XLFq3kLuOvEz0kF5Wj1y1/hQBKTUgGEY60D38sgmmIFjHA6K4VG0wyTMR7SwFKBU6qj6eLkmXthlYGbSGVLgLtQf09Mcar1JI1tZ4phpFe9ufifFxhIbqMpE5kBKshyUWK4C9Kd/+8OmKIE+MQSTBSzt7pkhBUmYFMq2RD81ZfXSade869r9YdGpdnI4yiiM3SOqshHN6iJ7lELtRFBEj2jV/TmgPPivDsfy9aCk8+coj9wPn8AcGyQqA==</latexit>

p0,0(t)
<latexit sha1_base64="ZvpRtFHgtSJeXYvKkgMVRpLaZmE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQQcJuFPQY8OIxgnlgsoTZySQZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3328mtrW9sbuW3Czu7e/sHxcOjpokSzXiDRTLS7YAaLoXiDRQoeTvWnIaB5K1gfDvzW09cGxGpB5zE3A/pUImBYBSt9Bj3UvfCnZbxvFcsuRV3DrJKvIyUIEO9V/zq9iOWhFwhk9SYjufG6KdUo2CSTwvdxPCYsjEd8o6liobc+On84ik5s0qfDCJtSyGZq78nUhoaMwkD2xlSHJllbyb+53USHNz4qVBxglyxxaJBIglGZPY+6QvNGcqJJZRpYW8lbEQ1ZWhDKtgQvOWXV0mzWvEuK9X7q1LNy+LIwwmcQhk8uIYa3EEdGsBAwTO8wptjnBfn3flYtOacbOYY/sD5/AE4zI/p</latexit>

u(t) ! Zu(⌧, ⌫) = h(⌧, ⌫)
<latexit sha1_base64="eDDNKtjBaDFRWhvY98/0yobpmOc="></latexit>

Z
<latexit sha1_base64="OzF1T/ZzQL1Z2uyqjyXFS9fp0Fg=">AAAB8nicbVDLSgMxFM3UV62vqks3wSJ0VWaqoMuCG5cV7AOnQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/ndLG5tb2Tnm3srd/cHhUPT7pGpVqyjpUCaX7ITFMcMk6wEGwfqIZiUPBeuH0Nvd7T0wbruQDzBIWxGQsecQpASv5g5jAhBKRPc6H1ZrbcBfA68QrSA0VaA+rX4ORomnMJFBBjPE9N4EgIxo4FWxeGaSGJYROyZj5lkoSMxNki8hzfGGVEY6Utk8CXqi/NzISGzOLQzuZRzSrXi7+5/kpRDdBxmWSApN0+VGUCgwK5/fjEdeMgphZQqjmNiumE6IJBdtSxZbgrZ68TrrNhnfZaN5f1Vr1oo4yOkPnqI48dI1a6A61UQdRpNAzekVvDjgvzrvzsRwtOcXOKfoD5/MHj8eRWg==</latexit>

r(t) =

TmZ

0

Fm/2Z

�Fm/2

h(⌧, ⌫)ej2⇡⌫(t�⌧)s(t� ⌧)d⌧d⌫

<latexit sha1_base64="rNr7hjug66pnaG2lBRb6nbbJHkM="></latexit>

) u(t) =

TmZ

0

Fm/2Z

�Fm/2

h(⌧, ⌫)p⌧,⌫(t)d⌧d⌫

<latexit sha1_base64="13Q5G3kO2Ha0d73wdPl7CH1lkyk="></latexit>

x(t) =

TZ

0

F/2Z

�F/2

Zx(⌧, ⌫)p⌧,⌫(t)d⌧d⌫

<latexit sha1_base64="ICX/XClqhchF/1Yyq8C5486/o/A="></latexit>

 LTV  
Channel 

0
<latexit sha1_base64="Tzr+N3kHtzzvb2dU1T9t3srZZzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSL0VJIq6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelslt1FyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20a1XvqlprXpfrlTyOApzDBVTAgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AcpWMng==</latexit>

. . .
<latexit sha1_base64="f0aaltVD/XEBy3/KyepmchLqlWg=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5JUQY8FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20O2jqwMMy8Yd+bMJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3x8maAbVmlt3FyDrxCtIDQq0BtUvm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZELqwxJlGj7FJKF+juR09iYaRzayZji2Kx6c/E/r5dhdBvkQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk9eJ+1G3buqNx6ua023qKMMZ3AOl+DBDTThHlrgAwMBz/AKb45yXpx352M5WnKKzCn8gfP5A+1MjrQ=</latexit>

DZT 
u[n] ! h[k, l]

<latexit sha1_base64="6QXIaq2mOMLYK+760BY0YxqnR/8=">AAACCnicbVBNS8NAEN34WetX1aOX1SJ4kJJUQY8FLx4r2A9IQ9lsN8nSzW7YnSgl9OzFv+LFgyJe/QXe/DcmbQ/a+mDg8d4MM/P8RHADtv1tLS2vrK6tlzbKm1vbO7uVvf22UammrEWVULrrE8MEl6wFHATrJpqR2Bes4w+vC79zz7ThSt7BKGFeTELJA04J5FK/cpS60sM9oWQoWACahxEQrdUDjtzhmfBwuV+p2jV7ArxInBmpohma/cpXb6BoGjMJVBBjXMdOwMuIBk4FG5d7qWEJoUMSMjenksTMeNnklTE+yZUBDpTOSwKeqL8nMhIbM4r9vDMmEJl5rxD/89wUgisv4zJJgUk6XRSkAoPCRS54wDWjIEY5IVTz/FZMI6IJhTy9IgRn/uVF0q7XnPNa/fai2qjN4iihQ3SMTpGDLlED3aAmaiGKHtEzekVv1pP1Yr1bH9PWJWs2c4D+wPr8AYIlmg0=</latexit>

p
T

<latexit sha1_base64="QznX8gmZ6T583S24sZs0McqmcNM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPiKexGQY8BLx4j5AXJEmYnk2TI7OxmplcIS37CiwdFvPo73vwbJ8keNLGgoajqprsriKUw6LrfTm5jc2t7J79b2Ns/ODwqHp80TZRoxhsskpFuB9RwKRRvoEDJ27HmNAwkbwXj+7nfeuLaiEjVcRpzP6RDJQaCUbRSu2smGtP6rFcsuWV3AbJOvIyUIEOtV/zq9iOWhFwhk9SYjufG6KdUo2CSzwrdxPCYsjEd8o6liobc+Oni3hm5sEqfDCJtSyFZqL8nUhoaMw0D2xlSHJlVby7+53USHNz5qVBxglyx5aJBIglGZP486QvNGcqpJZRpYW8lbEQ1ZWgjKtgQvNWX10mzUvauy5XHm1L1MosjD2dwDlfgwS1U4QFq0AAGEp7hFd6cifPivDsfy9ack82cwh84nz9wnJAk</latexit>

. . .
<latexit sha1_base64="f0aaltVD/XEBy3/KyepmchLqlWg=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5JUQY8FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20O2jqwMMy8Yd+bMJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3x8maAbVmlt3FyDrxCtIDQq0BtUvm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZELqwxJlGj7FJKF+juR09iYaRzayZji2Kx6c/E/r5dhdBvkQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk9eJ+1G3buqNx6ua023qKMMZ3AOl+DBDTThHlrgAwMBz/AKb45yXpx352M5WnKKzCn8gfP5A+1MjrQ=</latexit>

T
<latexit sha1_base64="VrKF1GdmI7lTTDGLLShPqKSyvWY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtmsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+sJ4zM</latexit>�T

<latexit sha1_base64="y5JBKt0ozZpsgaTXbuHjYDrcuIo=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPixbAbBT0GvHiMkhckS5id9CZDZmeXmVkhhPyBFw+KePWPvPk3TpI9aGJBQ1HVTXdXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHsu6GSfoR3QgecgZNVZ6vKz3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mV86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJb/0Jl0lqULLFojAVxMRk9jbpc4XMiLEllClubyVsSBVlxoZTsCF4yy+vkmal7F2VKw/Xpep5FkceTuAULsCDG6jCPdSgAQxCeIZXeHNGzovz7nwsWnNONnMMf+B8/gAR34z3</latexit>

s(t) = p0,0(t) =
p
T
X

n

�(t� nT )
<latexit sha1_base64="tw4KrTXC1lj2a0ahef1jv+tlBoo=">AAACGnicbZDLSgMxFIYz9VbrrerSzWARWtAyUwXdCAU3Liv0Bp0yZNK0DU0yY3JGKEOfw42v4saFIu7EjW9j2s5CW38IfPznHE7OH0ScaXCcbyuzsrq2vpHdzG1t7+zu5fcPmjqMFaENEvJQtQOsKWeSNoABp+1IUSwCTlvB6GZabz1QpVko6zCOaFfggWR9RjAYy8+7ugil68hPnFNnMkVP3ytI6hNPx8LjTDDQvvR6lAMuwpmsl/x8wSk7M9nL4KZQQKlqfv7T64UkFlQC4VjrjutE0E2wAkY4neS8WNMIkxEe0I5BiQXV3WR22sQ+MU7P7ofKPAn2zP09kWCh9VgEplNgGOrF2tT8r9aJoX/VTZiMYqCSzBf1Y25DaE9zsntMUQJ8bAATxcxfbTLEChMwaeZMCO7iycvQrJTd83Ll7qJQraRxZNEROkZF5KJLVEW3qIYaiKBH9Ixe0Zv1ZL1Y79bHvDVjpTOH6I+srx8oBaBL</latexit>

t
<latexit sha1_base64="EnI6Q+va6Sa7IDuWRtjoTiET/xc=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbFU0mqoMeCF48t2FpoQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqObR4LGPdCZgBKRS0UKCETqKBRYGEh2B8O/MfnkAbEat7nCTgR2yoRCg4Qys1sV+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVUsQiMn80PndIzqwxoGGtbCulc/T2RsciYSRTYzojhyCx7M/E/r5tieONnQiUpguKLRWEqKcZ09jUdCA0c5cQSxrWwt1I+YppxtNmUbAje8surpF2repfVWvOqUj/P4yiSE3JKLohHrkmd3JEGaRFOgDyTV/LmPDovzrvzsWgtOPnMMfkD5/MH2QuM4A==</latexit>

s(t) = p0,0(t) =
p
T
X

n

�(t� nT )
<latexit sha1_base64="tw4KrTXC1lj2a0ahef1jv+tlBoo=">AAACGnicbZDLSgMxFIYz9VbrrerSzWARWtAyUwXdCAU3Liv0Bp0yZNK0DU0yY3JGKEOfw42v4saFIu7EjW9j2s5CW38IfPznHE7OH0ScaXCcbyuzsrq2vpHdzG1t7+zu5fcPmjqMFaENEvJQtQOsKWeSNoABp+1IUSwCTlvB6GZabz1QpVko6zCOaFfggWR9RjAYy8+7ugil68hPnFNnMkVP3ytI6hNPx8LjTDDQvvR6lAMuwpmsl/x8wSk7M9nL4KZQQKlqfv7T64UkFlQC4VjrjutE0E2wAkY4neS8WNMIkxEe0I5BiQXV3WR22sQ+MU7P7ofKPAn2zP09kWCh9VgEplNgGOrF2tT8r9aJoX/VTZiMYqCSzBf1Y25DaE9zsntMUQJ8bAATxcxfbTLEChMwaeZMCO7iycvQrJTd83Ll7qJQraRxZNEROkZF5KJLVEW3qIYaiKBH9Ixe0Zv1ZL1Y79bHvDVjpTOH6I+srx8oBaBL</latexit>

Impulse Train 

u(t)
<latexit sha1_base64="3ZzmkysdTqjIVgwWsqk+czKVbag=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJUDyWpgh4LXjxWsB/QhrLZbtqlu5uwOxFK6F/w4kERr/4hb/4b0zYHbX0w8Hhvhpl5QSyFRdf9dtbWNza3tgs7xd29/YPD0tFxy0aJYbzJIhmZTkAtl0LzJgqUvBMbTlUgeTsY38389hM3VkT6EScx9xUdahEKRnEmJRW86JfKbtWdg6wSLydlyNHol756g4glimtkklrb9dwY/ZQaFEzyabGXWB5TNqZD3s2opopbP53fOiXnmTIgYWSy0kjm6u+JlCprJyrIOhXFkV32ZuJ/XjfB8NZPhY4T5JotFoWJJBiR2eNkIAxnKCcZocyI7FbCRtRQhlk8xSwEb/nlVdKqVb2rau3huly/zOMowCmcQQU8uIE63EMDmsBgBM/wCm+Ocl6cd+dj0brm5DMn8AfO5w93So3I</latexit>

h(⌧, ⌫)
<latexit sha1_base64="2qV/YNBhmFS/8dO+FT1UfDyF8ik=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahgpTdWtBjwYvHCvYDdpeSTbNtaDZZkolQSn+GFw+KePXXePPfmLZ70NYHA4/3ZpiZF2ecafC8b6ewsbm1vVPcLe3tHxwelY9POloaRWibSC5VL8aaciZoGxhw2ssUxWnMaTce38397hNVmknxCJOMRikeCpYwgsFKwagaAjZXoTCX/XLFq3kLuOvEz0kF5Wj1y1/hQBKTUgGEY60D38sgmmIFjHA6K4VG0wyTMR7SwFKBU6qj6eLkmXthlYGbSGVLgLtQf09Mcar1JI1tZ4phpFe9ufifFxhIbqMpE5kBKshyUWK4C9Kd/+8OmKIE+MQSTBSzt7pkhBUmYFMq2RD81ZfXSade869r9YdGpdnI4yiiM3SOqshHN6iJ7lELtRFBEj2jV/TmgPPivDsfy9aCk8+coj9wPn8AcGyQqA==</latexit>
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⌧
<latexit sha1_base64="iVfTGhcWScdCfPUX340Bfe5B5HM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2FZoQ9lsN+3S3STsToQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IJHCoOt+O6WNza3tnfJuZW//4PCoenzSNXGqGe+wWMb6MaCGSxHxDgqU/DHRnKpA8l4wvc393hPXRsTRA84S7is6jkQoGMVcGiBNh9Wa23AXIOvEK0gNCrSH1a/BKGap4hEySY3pe26CfkY1Cib5vDJIDU8om9Ix71saUcWNny1unZMLq4xIGGtbEZKF+nsio8qYmQpsp6I4MateLv7n9VMMb/xMREmKPGLLRWEqCcYkf5yMhOYM5cwSyrSwtxI2oZoytPFUbAje6svrpNtseJeN5v1VrVUv4ijDGZxDHTy4hhbcQRs6wGACz/AKb45yXpx352PZWnKKmVP4A+fzBxqpjjI=</latexit>

⌫
<latexit sha1_base64="KwkOw7bRwwUgiSg7nW5nalnNfzc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD32VDsoVt+YuQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+16zbus1e+vKo1qHkcRzuAcquDBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP1hfjcE=</latexit>

. . .
<latexit sha1_base64="3m1eYq0LXFSUb9CYzgeGQVG8Qxo=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XwVJIqqLeCF48VTFtoQ9lsN+3SzSbsvggl9Dd48aCIV3+QN/+N2zYHbR1YGGbesO9NmEph0HW/nbX1jc2t7dJOeXdv/+CwcnTcMkmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fju5nffuLaiEQ94iTlQUyHSkSCUbSS3xskaPqVqltz5yCrxCtIFQo0+5Uvm2NZzBUySY3pem6KQU41Cib5tNzLDE8pG9Mh71qqaMxNkM+XnZJzqwxIlGj7FJK5+juR09iYSRzayZjiyCx7M/E/r5thdBPkQqUZcsUWH0WZJJiQ2eVkIDRnKCeWUKaF3ZWwEdWUoe2nbEvwlk9eJa16zbus1R+uqo3boo4SnMIZXIAH19CAe2iCDwwEPMMrvDnKeXHenY/F6JpTZE7gD5zPH/ABjr0=</latexit>

. . .
<latexit sha1_base64="3m1eYq0LXFSUb9CYzgeGQVG8Qxo=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XwVJIqqLeCF48VTFtoQ9lsN+3SzSbsvggl9Dd48aCIV3+QN/+N2zYHbR1YGGbesO9NmEph0HW/nbX1jc2t7dJOeXdv/+CwcnTcMkmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fju5nffuLaiEQ94iTlQUyHSkSCUbSS3xskaPqVqltz5yCrxCtIFQo0+5Uvm2NZzBUySY3pem6KQU41Cib5tNzLDE8pG9Mh71qqaMxNkM+XnZJzqwxIlGj7FJK5+juR09iYSRzayZjiyCx7M/E/r5thdBPkQqUZcsUWH0WZJJiQ2eVkIDRnKCeWUKaF3ZWwEdWUoe2nbEvwlk9eJa16zbus1R+uqo3boo4SnMIZXIAH19CAe2iCDwwEPMMrvDnKeXHenY/F6JpTZE7gD5zPH/ABjr0=</latexit>

..
.

<latexit sha1_base64="3m1eYq0LXFSUb9CYzgeGQVG8Qxo=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XwVJIqqLeCF48VTFtoQ9lsN+3SzSbsvggl9Dd48aCIV3+QN/+N2zYHbR1YGGbesO9NmEph0HW/nbX1jc2t7dJOeXdv/+CwcnTcMkmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fju5nffuLaiEQ94iTlQUyHSkSCUbSS3xskaPqVqltz5yCrxCtIFQo0+5Uvm2NZzBUySY3pem6KQU41Cib5tNzLDE8pG9Mh71qqaMxNkM+XnZJzqwxIlGj7FJK5+juR09iYSRzayZjiyCx7M/E/r5thdBPkQqUZcsUWH0WZJJiQ2eVkIDRnKCeWUKaF3ZWwEdWUoe2nbEvwlk9eJa16zbus1R+uqo3boo4SnMIZXIAH19CAe2iCDwwEPMMrvDnKeXHenY/F6JpTZE7gD5zPH/ABjr0=</latexit>

..
.

<latexit sha1_base64="3m1eYq0LXFSUb9CYzgeGQVG8Qxo=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XwVJIqqLeCF48VTFtoQ9lsN+3SzSbsvggl9Dd48aCIV3+QN/+N2zYHbR1YGGbesO9NmEph0HW/nbX1jc2t7dJOeXdv/+CwcnTcMkmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fju5nffuLaiEQ94iTlQUyHSkSCUbSS3xskaPqVqltz5yCrxCtIFQo0+5Uvm2NZzBUySY3pem6KQU41Cib5tNzLDE8pG9Mh71qqaMxNkM+XnZJzqwxIlGj7FJK5+juR09iYSRzayZjiyCx7M/E/r5thdBPkQqUZcsUWH0WZJJiQ2eVkIDRnKCeWUKaF3ZWwEdWUoe2nbEvwlk9eJa16zbus1R+uqo3boo4SnMIZXIAH19CAe2iCDwwEPMMrvDnKeXHenY/F6JpTZE7gD5zPH/ABjr0=</latexit>

Tm
<latexit sha1_base64="4SjeKFWNMy7r++RS8MIdBLB4tWU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY8FLx4r9gvapWTTbBuaZJckK5SlP8GLB0W8+ou8+W9M2z1o64OBx3szzMwLE8GN9bxvVNjY3NreKe6W9vYPDo/KxydtE6eashaNRay7ITFMcMVallvBuolmRIaCdcLJ3dzvPDFteKyadpqwQJKR4hGnxDrpsTmQg3LFq3oL4HXi56QCORqD8ld/GNNUMmWpIMb0fC+xQUa05VSwWamfGpYQOiEj1nNUEclMkC1OneELpwxxFGtXyuKF+nsiI9KYqQxdpyR2bFa9ufif10ttdBtkXCWpZYouF0WpwDbG87/xkGtGrZg6Qqjm7lZMx0QTal06JReCv/ryOmnXqv5VtfZwXan7eRxFOINzuAQfbqAO99CAFlAYwTO8whsS6AW9o49lawHlM6fwB+jzByv5jas=</latexit>

h(⌧, ⌫)
<latexit sha1_base64="2qV/YNBhmFS/8dO+FT1UfDyF8ik=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahgpTdWtBjwYvHCvYDdpeSTbNtaDZZkolQSn+GFw+KePXXePPfmLZ70NYHA4/3ZpiZF2ecafC8b6ewsbm1vVPcLe3tHxwelY9POloaRWibSC5VL8aaciZoGxhw2ssUxWnMaTce38397hNVmknxCJOMRikeCpYwgsFKwagaAjZXoTCX/XLFq3kLuOvEz0kF5Wj1y1/hQBKTUgGEY60D38sgmmIFjHA6K4VG0wyTMR7SwFKBU6qj6eLkmXthlYGbSGVLgLtQf09Mcar1JI1tZ4phpFe9ufifFxhIbqMpE5kBKshyUWK4C9Kd/+8OmKIE+MQSTBSzt7pkhBUmYFMq2RD81ZfXSade869r9YdGpdnI4yiiM3SOqshHN6iJ7lELtRFBEj2jV/TmgPPivDsfy9aCk8+coj9wPn8AcGyQqA==</latexit>

Periodically/Quasi- 
Periodically repeating copies 

Impulse response Frequency response 
F

<latexit sha1_base64="uT7ah8L13aoP9UQ+0vedEaXkWrY=">AAAB8nicbVDLSgMxFL3js9ZX1aWbYBFcDTNV0GVBEJcV7AOmQ8mkmTY0kwxJRihDP8ONC0Xc+jXu/Bsz7Sy09UDgcM695NwTpZxp43nfztr6xubWdmWnuru3f3BYOzruaJkpQttEcql6EdaUM0HbhhlOe6miOIk47UaT28LvPlGlmRSPZprSMMEjwWJGsLFS0E+wGRPM87vZoFb3XG8OtEr8ktShRGtQ++oPJckSKgzhWOvA91IT5lgZRjidVfuZpikmEzyigaUCJ1SH+TzyDJ1bZYhiqewTBs3V3xs5TrSeJpGdLCLqZa8Q//OCzMQ3Yc5EmhkqyOKjOOPISFTcj4ZMUWL41BJMFLNZERljhYmxLVVtCf7yyauk03D9S7fxcFVvumUdFTiFM7gAH66hCffQgjYQkPAMr/DmGOfFeXc+FqNrTrlzAn/gfP4AczGRTA==</latexit>

h(t)
<latexit sha1_base64="wjCUU6aYCHrd+DvdxkQYSH7Tzpw=">AAAB63icbVBNS8NAEN3Ur1q/qh69LBahXkJSBT0WvHisYD+gDWWz3TRLdzdhdyKU0r/gxYMiXv1D3vw3btoctPXBwOO9GWbmhangBjzv2yltbG5t75R3K3v7B4dH1eOTjkkyTVmbJiLRvZAYJrhibeAgWC/VjMhQsG44ucv97hPThifqEaYpCyQZKx5xSiCX4jpcDqs1z/UWwOvEL0gNFWgNq1+DUUIzyRRQQYzp+14KwYxo4FSweWWQGZYSOiFj1rdUEclMMFvcOscXVhnhKNG2FOCF+ntiRqQxUxnaTkkgNqteLv7n9TOIboMZV2kGTNHloigTGBKcP45HXDMKYmoJoZrbWzGNiSYUbDwVG4K/+vI66TRc/8ptPFzXmm4RRxmdoXNURz66QU10j1qojSiK0TN6RW+OdF6cd+dj2VpyiplT9AfO5w9ko42/</latexit>

H(f)
<latexit sha1_base64="tAxDIeLTui/2foyNkAwjFtgQAh0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkJSBT0WvPRYwdZCG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0sbm1vVPereztHxweVY9PujpOFaEdEvNY9UKsKWeSdgwznPYSRbEIOX0Mp3e5//hElWaxfDCzhAYCjyWLGMEml1r16HJYrXmutwBaJ35BalCgPax+DUYxSQWVhnCsdd/3EhNkWBlGOJ1XBqmmCSZTPKZ9SyUWVAfZ4tY5urDKCEWxsiUNWqi/JzIstJ6J0HYKbCZ61cvF/7x+aqLbIGMySQ2VZLkoSjkyMcofRyOmKDF8ZgkmitlbEZlghYmx8VRsCP7qy+uk23D9K7dxf11rukUcZTiDc6iDDzfQhBa0oQMEJvAMr/DmCOfFeXc+lq0lp5g5hT9wPn8AHn2NkQ==</latexit>

LTI Systems 

Underspread LTV Systems 

h(⌧, ⌫)
<latexit sha1_base64="2qV/YNBhmFS/8dO+FT1UfDyF8ik=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahgpTdWtBjwYvHCvYDdpeSTbNtaDZZkolQSn+GFw+KePXXePPfmLZ70NYHA4/3ZpiZF2ecafC8b6ewsbm1vVPcLe3tHxwelY9POloaRWibSC5VL8aaciZoGxhw2ssUxWnMaTce38397hNVmknxCJOMRikeCpYwgsFKwagaAjZXoTCX/XLFq3kLuOvEz0kF5Wj1y1/hQBKTUgGEY60D38sgmmIFjHA6K4VG0wyTMR7SwFKBU6qj6eLkmXthlYGbSGVLgLtQf09Mcar1JI1tZ4phpFe9ufifFxhIbqMpE5kBKshyUWK4C9Kd/+8OmKIE+MQSTBSzt7pkhBUmYFMq2RD81ZfXSade869r9YdGpdnI4yiiM3SOqshHN6iJ7lELtRFBEj2jV/TmgPPivDsfy9aCk8+coj9wPn8AcGyQqA==</latexit>

Delay-Doppler response Impulse train 
 response 

u(t)
<latexit sha1_base64="I0kA2Ir0rOwIay6ln2UItxWpLWI=">AAAB63icbVBNS8NAEN3Ur1q/qh69LBahXkJSBT0WvHisYD+gDWWz3bRLdzdhdyKU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhYngBjzv2yltbG5t75R3K3v7B4dH1eOTjolTTVmbxiLWvZAYJrhibeAgWC/RjMhQsG44vcv97hPThsfqEWYJCyQZKx5xSiCX0jpcDqs1z/UWwOvEL0gNFWgNq1+DUUxTyRRQQYzp+14CQUY0cCrYvDJIDUsInZIx61uqiGQmyBa3zvGFVUY4irUtBXih/p7IiDRmJkPbKQlMzKqXi/95/RSi2yDjKkmBKbpcFKUCQ4zzx/GIa0ZBzCwhVHN7K6YTogkFG0/FhuCvvrxOOg3Xv3IbD9e1plvEUUZn6BzVkY9uUBPdoxZqI4om6Bm9ojdHOi/Ou/OxbC05xcwp+gPn8wd4fo3M</latexit>

Z
<latexit sha1_base64="OzF1T/ZzQL1Z2uyqjyXFS9fp0Fg=">AAAB8nicbVDLSgMxFM3UV62vqks3wSJ0VWaqoMuCG5cV7AOnQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/ndLG5tb2Tnm3srd/cHhUPT7pGpVqyjpUCaX7ITFMcMk6wEGwfqIZiUPBeuH0Nvd7T0wbruQDzBIWxGQsecQpASv5g5jAhBKRPc6H1ZrbcBfA68QrSA0VaA+rX4ORomnMJFBBjPE9N4EgIxo4FWxeGaSGJYROyZj5lkoSMxNki8hzfGGVEY6Utk8CXqi/NzISGzOLQzuZRzSrXi7+5/kpRDdBxmWSApN0+VGUCgwK5/fjEdeMgphZQqjmNiumE6IJBdtSxZbgrZ68TrrNhnfZaN5f1Vr1oo4yOkPnqI48dI1a6A61UQdRpNAzekVvDjgvzrvzsRwtOcXOKfoD5/MHj8eRWg==</latexit>

We can interpret the spread function              as the delay-Doppler  
response (or Zak response) of the underspread LTV channel.   

h(⌧, ⌫)
<latexit sha1_base64="2qV/YNBhmFS/8dO+FT1UfDyF8ik=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahgpTdWtBjwYvHCvYDdpeSTbNtaDZZkolQSn+GFw+KePXXePPfmLZ70NYHA4/3ZpiZF2ecafC8b6ewsbm1vVPcLe3tHxwelY9POloaRWibSC5VL8aaciZoGxhw2ssUxWnMaTce38397hNVmknxCJOMRikeCpYwgsFKwagaAjZXoTCX/XLFq3kLuOvEz0kF5Wj1y1/hQBKTUgGEY60D38sgmmIFjHA6K4VG0wyTMR7SwFKBU6qj6eLkmXthlYGbSGVLgLtQf09Mcar1JI1tZ4phpFe9ufifFxhIbqMpE5kBKshyUWK4C9Kd/+8OmKIE+MQSTBSzt7pkhBUmYFMq2RD81ZfXSade869r9YdGpdnI4yiiM3SOqshHN6iJ7lELtRFBEj2jV/TmgPPivDsfy9aCk8+coj9wPn8AcGyQqA==</latexit>

. . .
<latexit sha1_base64="3m1eYq0LXFSUb9CYzgeGQVG8Qxo=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XwVJIqqLeCF48VTFtoQ9lsN+3SzSbsvggl9Dd48aCIV3+QN/+N2zYHbR1YGGbesO9NmEph0HW/nbX1jc2t7dJOeXdv/+CwcnTcMkmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fju5nffuLaiEQ94iTlQUyHSkSCUbSS3xskaPqVqltz5yCrxCtIFQo0+5Uvm2NZzBUySY3pem6KQU41Cib5tNzLDE8pG9Mh71qqaMxNkM+XnZJzqwxIlGj7FJK5+juR09iYSRzayZjiyCx7M/E/r5thdBPkQqUZcsUWH0WZJJiQ2eVkIDRnKCeWUKaF3ZWwEdWUoe2nbEvwlk9eJa16zbus1R+uqo3boo4SnMIZXIAH19CAe2iCDwwEPMMrvDnKeXHenY/F6JpTZE7gD5zPH/ABjr0=</latexit>

. . .
<latexit sha1_base64="3m1eYq0LXFSUb9CYzgeGQVG8Qxo=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XwVJIqqLeCF48VTFtoQ9lsN+3SzSbsvggl9Dd48aCIV3+QN/+N2zYHbR1YGGbesO9NmEph0HW/nbX1jc2t7dJOeXdv/+CwcnTcMkmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fju5nffuLaiEQ94iTlQUyHSkSCUbSS3xskaPqVqltz5yCrxCtIFQo0+5Uvm2NZzBUySY3pem6KQU41Cib5tNzLDE8pG9Mh71qqaMxNkM+XnZJzqwxIlGj7FJK5+juR09iYSRzayZjiyCx7M/E/r5thdBPkQqUZcsUWH0WZJJiQ2eVkIDRnKCeWUKaF3ZWwEdWUoe2nbEvwlk9eJa16zbus1R+uqo3boo4SnMIZXIAH19CAe2iCDwwEPMMrvDnKeXHenY/F6JpTZE7gD5zPH/ABjr0=</latexit>

Fm/2
<latexit sha1_base64="x3VTRr4Y0yx+SPXhLqUsDWoabEk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU02qoMeCIB4rmLbQhrLZbtqlu5uwuxFC6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjto5TRahPYh6rbog15UxS3zDDaTdRFIuQ0044uZ35nSeqNIvlo8kSGgg8kixiBBsr+XcDcdEYVGtu3Z0DrRKvIDUo0BpUv/rDmKSCSkM41rrnuYkJcqwMI5xOK/1U0wSTCR7RnqUSC6qDfH7sFJ1ZZYiiWNmSBs3V3xM5FlpnIrSdApuxXvZm4n9eLzXRTZAzmaSGSrJYFKUcmRjNPkdDpigxPLMEE8XsrYiMscLE2HwqNgRv+eVV0m7Uvct64+Gq1vSKOMpwAqdwDh5cQxPuoQU+EGDwDK/w5kjnxXl3PhatJaeYOYY/cD5/APXOjhI=</latexit>

�Fm/2
<latexit sha1_base64="+TFwKBg6igX9/iSk4licb26V7dI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgxbgbBT0GBPEYwTwgWcLsZJKMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VxZwZ6/vfXm5ldW19I79Z2Nre2d0r7h80jEo0oXWiuNKtCBvKmaR1yyynrVhTLCJOm9HoZuo3n6g2TMkHO45pKPBAsj4j2DqpcXbbFeeVbrHkl/0Z0DIJMlKCDLVu8avTUyQRVFrCsTHtwI9tmGJtGeF0UugkhsaYjPCAth2VWFATprNrJ+jEKT3UV9qVtGim/p5IsTBmLCLXKbAdmkVvKv7ntRPbvw5TJuPEUknmi/oJR1ah6euoxzQllo8dwUQzdysiQ6wxsS6gggshWHx5mTQq5eCiXLm/LFWDLI48HMExnEIAV1CFO6hBHQg8wjO8wpunvBfv3fuYt+a8bOYQ/sD7/AFf3o5J</latexit>

 LTV  
Channel 

0
<latexit sha1_base64="Tzr+N3kHtzzvb2dU1T9t3srZZzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSL0VJIq6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelslt1FyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20a1XvqlprXpfrlTyOApzDBVTAgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AcpWMng==</latexit>

. . .
<latexit sha1_base64="f0aaltVD/XEBy3/KyepmchLqlWg=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5JUQY8FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20O2jqwMMy8Yd+bMJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3x8maAbVmlt3FyDrxCtIDQq0BtUvm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZELqwxJlGj7FJKF+juR09iYaRzayZji2Kx6c/E/r5dhdBvkQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk9eJ+1G3buqNx6ua023qKMMZ3AOl+DBDTThHlrgAwMBz/AKb45yXpx352M5WnKKzCn8gfP5A+1MjrQ=</latexit>

DZT 
u[n] ! h[k, l]

<latexit sha1_base64="6QXIaq2mOMLYK+760BY0YxqnR/8=">AAACCnicbVBNS8NAEN34WetX1aOX1SJ4kJJUQY8FLx4r2A9IQ9lsN8nSzW7YnSgl9OzFv+LFgyJe/QXe/DcmbQ/a+mDg8d4MM/P8RHADtv1tLS2vrK6tlzbKm1vbO7uVvf22UammrEWVULrrE8MEl6wFHATrJpqR2Bes4w+vC79zz7ThSt7BKGFeTELJA04J5FK/cpS60sM9oWQoWACahxEQrdUDjtzhmfBwuV+p2jV7ArxInBmpohma/cpXb6BoGjMJVBBjXMdOwMuIBk4FG5d7qWEJoUMSMjenksTMeNnklTE+yZUBDpTOSwKeqL8nMhIbM4r9vDMmEJl5rxD/89wUgisv4zJJgUk6XRSkAoPCRS54wDWjIEY5IVTz/FZMI6IJhTy9IgRn/uVF0q7XnPNa/fai2qjN4iihQ3SMTpGDLlED3aAmaiGKHtEzekVv1pP1Yr1bH9PWJWs2c4D+wPr8AYIlmg0=</latexit>

p
T

<latexit sha1_base64="QznX8gmZ6T583S24sZs0McqmcNM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPiKexGQY8BLx4j5AXJEmYnk2TI7OxmplcIS37CiwdFvPo73vwbJ8keNLGgoajqprsriKUw6LrfTm5jc2t7J79b2Ns/ODwqHp80TZRoxhsskpFuB9RwKRRvoEDJ27HmNAwkbwXj+7nfeuLaiEjVcRpzP6RDJQaCUbRSu2smGtP6rFcsuWV3AbJOvIyUIEOtV/zq9iOWhFwhk9SYjufG6KdUo2CSzwrdxPCYsjEd8o6liobc+Oni3hm5sEqfDCJtSyFZqL8nUhoaMw0D2xlSHJlVby7+53USHNz5qVBxglyx5aJBIglGZP486QvNGcqpJZRpYW8lbEQ1ZWgjKtgQvNWX10mzUvauy5XHm1L1MosjD2dwDlfgwS1U4QFq0AAGEp7hFd6cifPivDsfy9ack82cwh84nz9wnJAk</latexit>

. . .
<latexit sha1_base64="f0aaltVD/XEBy3/KyepmchLqlWg=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5JUQY8FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20O2jqwMMy8Yd+bMJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3x8maAbVmlt3FyDrxCtIDQq0BtUvm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZELqwxJlGj7FJKF+juR09iYaRzayZji2Kx6c/E/r5dhdBvkQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk9eJ+1G3buqNx6ua023qKMMZ3AOl+DBDTThHlrgAwMBz/AKb45yXpx352M5WnKKzCn8gfP5A+1MjrQ=</latexit>

T
<latexit sha1_base64="VrKF1GdmI7lTTDGLLShPqKSyvWY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtmsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+sJ4zM</latexit>�T

<latexit sha1_base64="y5JBKt0ozZpsgaTXbuHjYDrcuIo=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPixbAbBT0GvHiMkhckS5id9CZDZmeXmVkhhPyBFw+KePWPvPk3TpI9aGJBQ1HVTXdXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHsu6GSfoR3QgecgZNVZ6vKz3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mV86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJb/0Jl0lqULLFojAVxMRk9jbpc4XMiLEllClubyVsSBVlxoZTsCF4yy+vkmal7F2VKw/Xpep5FkceTuAULsCDG6jCPdSgAQxCeIZXeHNGzovz7nwsWnNONnMMf+B8/gAR34z3</latexit>

s(t) = p0,0(t) =
p
T
X

n

�(t� nT )
<latexit sha1_base64="tw4KrTXC1lj2a0ahef1jv+tlBoo=">AAACGnicbZDLSgMxFIYz9VbrrerSzWARWtAyUwXdCAU3Liv0Bp0yZNK0DU0yY3JGKEOfw42v4saFIu7EjW9j2s5CW38IfPznHE7OH0ScaXCcbyuzsrq2vpHdzG1t7+zu5fcPmjqMFaENEvJQtQOsKWeSNoABp+1IUSwCTlvB6GZabz1QpVko6zCOaFfggWR9RjAYy8+7ugil68hPnFNnMkVP3ytI6hNPx8LjTDDQvvR6lAMuwpmsl/x8wSk7M9nL4KZQQKlqfv7T64UkFlQC4VjrjutE0E2wAkY4neS8WNMIkxEe0I5BiQXV3WR22sQ+MU7P7ofKPAn2zP09kWCh9VgEplNgGOrF2tT8r9aJoX/VTZiMYqCSzBf1Y25DaE9zsntMUQJ8bAATxcxfbTLEChMwaeZMCO7iycvQrJTd83Ll7qJQraRxZNEROkZF5KJLVEW3qIYaiKBH9Ixe0Zv1ZL1Y79bHvDVjpTOH6I+srx8oBaBL</latexit>

t
<latexit sha1_base64="EnI6Q+va6Sa7IDuWRtjoTiET/xc=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbFU0mqoMeCF48t2FpoQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqObR4LGPdCZgBKRS0UKCETqKBRYGEh2B8O/MfnkAbEat7nCTgR2yoRCg4Qys1sV+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVUsQiMn80PndIzqwxoGGtbCulc/T2RsciYSRTYzojhyCx7M/E/r5tieONnQiUpguKLRWEqKcZ09jUdCA0c5cQSxrWwt1I+YppxtNmUbAje8surpF2repfVWvOqUj/P4yiSE3JKLohHrkmd3JEGaRFOgDyTV/LmPDovzrvzsWgtOPnMMfkD5/MH2QuM4A==</latexit>

s(t) = p0,0(t) =
p
T
X

n

�(t� nT )
<latexit sha1_base64="tw4KrTXC1lj2a0ahef1jv+tlBoo=">AAACGnicbZDLSgMxFIYz9VbrrerSzWARWtAyUwXdCAU3Liv0Bp0yZNK0DU0yY3JGKEOfw42v4saFIu7EjW9j2s5CW38IfPznHE7OH0ScaXCcbyuzsrq2vpHdzG1t7+zu5fcPmjqMFaENEvJQtQOsKWeSNoABp+1IUSwCTlvB6GZabz1QpVko6zCOaFfggWR9RjAYy8+7ugil68hPnFNnMkVP3ytI6hNPx8LjTDDQvvR6lAMuwpmsl/x8wSk7M9nL4KZQQKlqfv7T64UkFlQC4VjrjutE0E2wAkY4neS8WNMIkxEe0I5BiQXV3WR22sQ+MU7P7ofKPAn2zP09kWCh9VgEplNgGOrF2tT8r9aJoX/VTZiMYqCSzBf1Y25DaE9zsntMUQJ8bAATxcxfbTLEChMwaeZMCO7iycvQrJTd83Ll7qJQraRxZNEROkZF5KJLVEW3qIYaiKBH9Ixe0Zv1ZL1Y79bHvDVjpTOH6I+srx8oBaBL</latexit>

Impulse Train Impulse Train 
Response 

u(t)
<latexit sha1_base64="3ZzmkysdTqjIVgwWsqk+czKVbag=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJUDyWpgh4LXjxWsB/QhrLZbtqlu5uwOxFK6F/w4kERr/4hb/4b0zYHbX0w8Hhvhpl5QSyFRdf9dtbWNza3tgs7xd29/YPD0tFxy0aJYbzJIhmZTkAtl0LzJgqUvBMbTlUgeTsY38389hM3VkT6EScx9xUdahEKRnEmJRW86JfKbtWdg6wSLydlyNHol756g4glimtkklrb9dwY/ZQaFEzyabGXWB5TNqZD3s2opopbP53fOiXnmTIgYWSy0kjm6u+JlCprJyrIOhXFkV32ZuJ/XjfB8NZPhY4T5JotFoWJJBiR2eNkIAxnKCcZocyI7FbCRtRQhlk8xSwEb/nlVdKqVb2rau3huly/zOMowCmcQQU8uIE63EMDmsBgBM/wCm+Ocl6cd+dj0brm5DMn8AfO5w93So3I</latexit>

h(⌧, ⌫)
<latexit sha1_base64="2qV/YNBhmFS/8dO+FT1UfDyF8ik=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahgpTdWtBjwYvHCvYDdpeSTbNtaDZZkolQSn+GFw+KePXXePPfmLZ70NYHA4/3ZpiZF2ecafC8b6ewsbm1vVPcLe3tHxwelY9POloaRWibSC5VL8aaciZoGxhw2ssUxWnMaTce38397hNVmknxCJOMRikeCpYwgsFKwagaAjZXoTCX/XLFq3kLuOvEz0kF5Wj1y1/hQBKTUgGEY60D38sgmmIFjHA6K4VG0wyTMR7SwFKBU6qj6eLkmXthlYGbSGVLgLtQf09Mcar1JI1tZ4phpFe9ufifFxhIbqMpE5kBKshyUWK4C9Kd/+8OmKIE+MQSTBSzt7pkhBUmYFMq2RD81ZfXSade869r9YdGpdnI4yiiM3SOqshHN6iJ7lELtRFBEj2jV/TmgPPivDsfy9aCk8+coj9wPn8AcGyQqA==</latexit>

Delay-Doppler 
(Zak) response 
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Zak Domain Channel Equation for  
Underspread LTV Channels 

•  Time domain equation 

•  Zak domain channel equation 

  

Twisted  
Convolution 

•  Zak domain relationship between input and output of an LTV channel. 

r(t) =

TmZ

0

Fm/2Z

�Fm/2

h(⌧, ⌫)ej2⇡⌫(t�⌧)s(t� ⌧)d⌧d⌫

<latexit sha1_base64="rNr7hjug66pnaG2lBRb6nbbJHkM="></latexit>

Zr(⌧, ⌫) =
p
T

1X

n=�1
r(⌧ + nT )e�j2⇡n⌫T

=
p
T

1X

n=�1

TmZ

0

Fm/2Z

�Fm/2

h(⌧ 0, ⌫0)ej2⇡⌫
0(⌧+nT�⌧ 0)s(⌧ + nT � ⌧ 0)d⌧ 0d⌫0e�j2⇡n⌫T

=

TmZ

0

Fm/2Z

�Fm/2

h(⌧ 0, ⌫0)ej2⇡⌫
0(⌧�⌧ 0)

p
T

1X

n=�1
s(⌧ � ⌧ 0 + nT )e�j2⇡(⌫�⌫0)nT d⌧ 0d⌫0

<latexit sha1_base64="qji4V1qpmV28CKtttm3VnH/xsIY="></latexit>

Zr(⌧, ⌫) =

TmZ

0

Fm/2Z

�Fm/2

h(⌧ 0, ⌫0)Zs(⌧ � ⌧ 0, ⌫ � ⌫0)ej2⇡⌫
0(⌧�⌧ 0)d⌧ 0d⌫0 = h(⌧, ⌫) ⇤� Zs(⌧, ⌫)

<latexit sha1_base64="fUQOteDsYqLME3kXejVU/OR6XKI="></latexit>
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Discrete Zak Transform and  
Discrete LTV Channels  

•  The DZT of an    -length signal                                    is given by* 

–  Delay                           and Doppler 
–  Two parameters     and     which must satisfy  

•  DZT basis functions: 

•  DZT analysis and synthesis equations:  

N
<latexit sha1_base64="0ar0+MuPmc6fz5XhmYkeJeVLGGM=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxZNUsR/QhrLZbtqlm03YnQgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dtbWNza3tgs7xd29/YPD0tFxy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpn57SeujYjVI04S7kd0qEQoGEUrPdyRfqnsVtw5yCrxclKGHI1+6as3iFkacYVMUmO6npugn1GNgkk+LfZSwxPKxnTIu5YqGnHjZ/NLp+TcKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOEUbQje8surpFWteJeV6n2tXK/lcRTgFM7gAjy4gjrcQgOawCCEZ3iFN2fsvDjvzseidc3JZ07gD5zPH/lbjPI=</latexit>

x[n], n = 0, . . . , N � 1
<latexit sha1_base64="bOZomcdTPZs4Ko+tCfOmW4/k67o=">AAAB/HicbVDLSgMxFM34rPVV7dJNsAguapmpBd0IBTeupIJ9wHQomTRtQzOZIbkjDkP9FTcuFHHrh7jzb0zbWWjrgcDhnHu4N8ePBNdg29/Wyura+sZmbiu/vbO7t184OGzpMFaUNWkoQtXxiWaCS9YEDoJ1IsVI4AvW9sfXU7/9wJTmobyHJGJeQIaSDzglYKReofjoSq+M5ZVd7vZD0OXbM6dXKNkVewa8TJyMlFCGRq/wZbI0DpgEKojWrmNH4KVEAaeCTfLdWLOI0DEZMtdQSQKmvXR2/ASfGKWPB6EyTwKeqb8TKQm0TgLfTAYERnrRm4r/eW4Mg0sv5TKKgUk6XzSIBYYQT5vAfa4YBZEYQqji5lZMR0QRCqavvCnBWfzyMmlVK855pXpXK9VrWR05dISO0Sly0AWqoxvUQE1EUYKe0St6s56sF+vd+piPrlhZpoj+wPr8AV0okz4=</latexit>

Zx[k, l] =
1p
L

L�1X

q=0

x[k + qK]e�j2⇡ lq
L

<latexit sha1_base64="v3u0XQU4QeKtRnVWz37CrLN+4pI="></latexit>

k = 0, . . . ,K � 1
<latexit sha1_base64="cxc8F+zBD0yNbnumfWm9fSkGuuU=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8xLAbBb0IAS+ClwjmAckSZiezyZDZhzO9gbDkO7x4UMSrH+PNv3GS7EETCwaKqi66p7xYCo22/W2trK6tb2zmtvLbO7t7+4WDw4aOEsV4nUUyUi2Pai5FyOsoUPJWrDgNPMmb3vB26jdHXGkRhY84jrkb0H4ofMEoGskd3tilTi9CXbo/d7qFol22ZyDLxMlIETLUuoUvk2VJwENkkmrdduwY3ZQqFEzySb6TaB5TNqR93jY0pAHXbjo7ekJOjdIjfqTMC5HM1N+JlAZajwPPTAYUB3rRm4r/ee0E/Ws3FWGcIA/ZfJGfSIIRmTZAekJxhnJsCGVKmFsJG1BFGZqe8qYEZ/HLy6RRKTsX5crDZbHqZHXk4BhO4AwcuIIq3EEN6sDgCZ7hFd6skfVivVsf89EVK8scwR9Ynz/2/5De</latexit>

l = 0, . . . , L� 1
<latexit sha1_base64="PIS5Is12G/Lm9NzTdbcSSSS8ids=">AAAB9HicbVC7SgNBFL3rM8ZX1NJmMAgWMexGQRshYGNhEcE8IFnC7GQ2GTL7cOZuICz5DhsLRWz9GDv/xkmyhSYeGDiccw/3zvFiKTTa9re1srq2vrGZ28pv7+zu7RcODhs6ShTjdRbJSLU8qrkUIa+jQMlbseI08CRvesPbqd8ccaVFFD7iOOZuQPuh8AWjaCRX3tilTi9CXbo/d7qFol22ZyDLxMlIETLUuoUvk2VJwENkkmrdduwY3ZQqFEzySb6TaB5TNqR93jY0pAHXbjo7ekJOjdIjfqTMC5HM1N+JlAZajwPPTAYUB3rRm4r/ee0E/Ws3FWGcIA/ZfJGfSIIRmTZAekJxhnJsCGVKmFsJG1BFGZqe8qYEZ/HLy6RRKTsX5crDZbHqZHXk4BhO4AwcuIIq3EEN6sDgCZ7hFd6skfVivVsf89EVK8scwR9Ynz/6FZDg</latexit>

K
<latexit sha1_base64="n2t4ZymM6QPR0MDOcBSgg2zoDdg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF8FLC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+GbmPzyh0jyW92aSoB/RoeQhZ9RYqXnXL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpF2rehfVWvOyUvfyOIpwAqdwDh5cQR1uoQEtYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A542jMI=</latexit>

L
<latexit sha1_base64="NAT3+g0t8xoRLBebccUml8WI9Kc=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlbqXx1GEEziFc/DgCupwCw1oAQOEZ3iFN+fReXHenY9Fa8HJZ47hD5zPH5+6jMM=</latexit>

KL = N
<latexit sha1_base64="mh5duigDvuSrKR9woegcs5oo+x0=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EghdBkQr2A9qlZNNsG5pklyQrlKV/wYsHRbz6h7z5b8y2e9DWBwOP92aYmRfEnGnjut9OYWV1bX2juFna2t7Z3SvvH7R0lChCmyTikeoEWFPOJG0aZjjtxIpiEXDaDsbXmd9+okqzSD6aSUx9gYeShYxgk0m3d1f3/XLFrbozoGXi5aQCORr98ldvEJFEUGkIx1p3PTc2foqVYYTTaamXaBpjMsZD2rVUYkG1n85unaITqwxQGClb0qCZ+nsixULriQhsp8BmpBe9TPzP6yYmvPRTJuPEUEnmi8KEIxOh7HE0YIoSwyeWYKKYvRWREVaYGBtPyYbgLb68TFq1qndWrT2cV+peHkcRjuAYTsGDC6jDDTSgCQRG8Ayv8OYI58V5dz7mrQUnnzmEP3A+fwBUmI23</latexit>

[1] H. Bolcskei and F. Hlawatsch, “Discrete Zak transforms, polyphase transforms, and applications,” IEEE 
Trans on SP, Apr. 1997. 

pk,l[n] ,
1p
L

L�1X

q=0

�[n� k � qK]ej2⇡(l/L)(q)

<latexit sha1_base64="30xBbpuBVzOu5Iy+g/ZDgCFblA4="></latexit>

Zx[k, l] =
N�1X

n=0

x[n]p⇤k,l[n]

x[n] =
K�1X

k=0

L�1X

l=0

Zx[k, l]pk,l[n]
<latexit sha1_base64="5fYqWRWSJr5nUDJwWsRRZeQc0fo="></latexit>

For a fixed    

Collection of  
DFTs 

k
<latexit sha1_base64="a2psyGY0Qk6/P5Boo/FD6+GDNwk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSL0VJIq6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUnAxKZbfqLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jpp16reVbXWvC7XK3kcBTiHC6iABzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBzAGM2Q==</latexit>

x[k + qK] = xk[q]
<latexit sha1_base64="TntrlyQfFsEU7Rvp31k8i9LVks4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQEEpSBb0IBS+Clwr2A9JYNttNu2SzSXc32hL6P7x4UMSr/8Wb/8Ztm4O2Phh4vDfDzDwvZlQqy/o2ciura+sb+c3C1vbO7l5x/6Apo0Rg0sARi0TbQ5IwyklDUcVIOxYEhR4jLS+4nvqtRyIkjfi9GsfEDVGfU59ipLT0MHKC0+GtezXqBs7Q7RZLVsWawVwmdkZKkKHeLX51ehFOQsIVZkhKx7Zi5aZIKIoZmRQ6iSQxwgHqE0dTjkIi3XR29cQ80UrP9COhiytzpv6eSFEo5Tj0dGeI1EAuelPxP89JlH/pppTHiSIczxf5CTNVZE4jMHtUEKzYWBOEBdW3mniABMJKB1XQIdiLLy+TZrVin1Wqd+elWjmLIw9HcAxlsOECanADdWgABgHP8ApvxpPxYrwbH/PWnJHNHMIfGJ8//12SGg==</latexit>

=
1p
L

L�1X

q=0

xk[q]e
�j2⇡ lq

L

<latexit sha1_base64="y+FFYo++QNE2p7xNOfqjnfCjHYA="></latexit>
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•   Consider the discrete LTV channel given by 

•  For the input                                          , the output       is given 
by:  

  and      : Max. delay 
                 and Doppler 
                 taps  

Discrete LTV Channel and DZT 

r[n] =
Kc�1X

k=0

Lc�1X

l=0

h[k, l]ej2⇡(l/N)(n�k)s[n� k]
<latexit sha1_base64="ssImZlHLcYWwwgRko+SdhgHQoc4="></latexit>

Kc
<latexit sha1_base64="5Y1BM2WhgIUUBGc9u8F74OiMsLI=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4CkkV9FjwInipYD+gDWWznbRLdzdhdyOU0r/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzwkRwYz3v21lb39jc2i7tlHf39g8OK0fHLROnmmGTxSLWnZAaFFxh03IrsJNopDIU2A7Ht7nffkJteKwe7STBQNKh4hFn1ObSfZ+V+5Wq53pzkFXiF6QKBRr9yldvELNUorJMUGO6vpfYYEq15UzgrNxLDSaUjekQuxlVVKIJpvNbZ+Q8UwYkinVWypK5+ntiSqUxExlmnZLakVn2cvE/r5va6CaYcpWkFhVbLIpSQWxM8sfJgGtkVkwyQpnm2a2EjaimzGbx5CH4yy+vklbN9S/d2sNVte4WcZTgFM7gAny4hjrcQQOawGAEz/AKb450Xpx352PRuuYUMyfwB87nD0NRjak=</latexit>

Lc
<latexit sha1_base64="a+LzIaXlF7L9nXkFdfKZD3bobMY=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4CkkV9Fjw4sFDBfsBbSib7aRdursJuxuhlP4FLx4U8eof8ua/MWlz0NYHA4/3ZpiZFyaCG+t5387a+sbm1nZpp7y7t39wWDk6bpk41QybLBax7oTUoOAKm5ZbgZ1EI5WhwHY4vs399hNqw2P1aCcJBpIOFY84ozaX7vus3K9UPdebg6wSvyBVKNDoV756g5ilEpVlghrT9b3EBlOqLWcCZ+VeajChbEyH2M2oohJNMJ3fOiPnmTIgUayzUpbM1d8TUyqNmcgw65TUjsyyl4v/ed3URjfBlKsktajYYlGUCmJjkj9OBlwjs2KSEco0z24lbEQ1ZTaLJw/BX355lbRqrn/p1h6uqnW3iKMEp3AGF+DDNdThDhrQBAYjeIZXeHOk8+K8Ox+L1jWnmDmBP3A+fwBE2I2q</latexit>

s[n] = p0,0[n] =
1p
L

L�1X

q=0

�[n� qK]
<latexit sha1_base64="qSFQOYP779VjNnZjv9QcE8vBl5M="></latexit>

u[n]
<latexit sha1_base64="qktpUCTGP0ATFohg0rratb9oJjY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48V7AekoWy2m3bp7ibsboQS+he8eFDEq3/Im//GTZqDtj4YeLw3w8y8MOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMSaciZp1zDD6SBRFIuQ0344u8v9/hNVmsXy0cwTGgg8kSxiBJtcSn0ZjOoNt+kWQOvEK0kDSnRG9a/hOCapoNIQjrX2PTcxQYaVYYTTRW2YappgMsMT6lsqsaA6yIpbF+jCKmMUxcqWNKhQf09kWGg9F6HtFNhM9aqXi/95fmqi2yBjMkkNlWS5KEo5MjHKH0djpigxfG4JJorZWxGZYoWJsfHUbAje6svrpNdqelfN1sN1o90q46jCGZzDJXhwA224hw50gcAUnuEV3hzhvDjvzseyteKUM6fwB87nDw0ljjE=</latexit>

u[n] =
Kc�1X

k=0

Lc�1X

l=0

h[k, l]pk,l[n]
<latexit sha1_base64="Oh/cPvNICyMvtTzJm3Mogu5msSY="></latexit>

DZT synthesis  
Zx[k, l] =

N�1X

n=0

x[n]p⇤k,l[n]

x[n] =
K�1X

k=0

L�1X

l=0

Zx[k, l]pk,l[n]
<latexit sha1_base64="5fYqWRWSJr5nUDJwWsRRZeQc0fo="></latexit>

Underspread  
LTV  

Channel 
Discrete impulse train 

p0,0[n]
<latexit sha1_base64="aB+1a155uVFgT6pA9jJPvJrAhbQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFYwX5gGspmO22XbjZhdyOU0H/hxYMiXv033vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnZBqFFxi03AjsJMopFEosB2Ob2d++wmV5rF8MJMEg4gOJR9wRo2VHpNe5l64U18GvXLFrbpzkFXi5aQCORq98le3H7M0QmmYoFr7npuYIKPKcCZwWuqmGhPKxnSIvqWSRqiDbH7xlJxZpU8GsbIlDZmrvycyGmk9iULbGVEz0sveTPzP81MzuAkyLpPUoGSLRYNUEBOT2fukzxUyIyaWUKa4vZWwEVWUGRtSyYbgLb+8Slq1qndZrd1fVepeHkcRTuAUzsGDa6jDHTSgCQwkPMMrvDnaeXHenY9Fa8HJZ47hD5zPH8wwkEo=</latexit>

0
<latexit sha1_base64="Tzr+N3kHtzzvb2dU1T9t3srZZzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSL0VJIq6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelslt1FyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20a1XvqlprXpfrlTyOApzDBVTAgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AcpWMng==</latexit>

. . .
<latexit sha1_base64="f0aaltVD/XEBy3/KyepmchLqlWg=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5JUQY8FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20O2jqwMMy8Yd+bMJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3x8maAbVmlt3FyDrxCtIDQq0BtUvm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZELqwxJlGj7FJKF+juR09iYaRzayZji2Kx6c/E/r5dhdBvkQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk9eJ+1G3buqNx6ua023qKMMZ3AOl+DBDTThHlrgAwMBz/AKb45yXpx352M5WnKKzCn8gfP5A+1MjrQ=</latexit>

K(L� 1)
<latexit sha1_base64="wLwlsF+FNr01rdHPwZMz2zPCgbk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahHiy7VdBjwYughwr2A9qlZNNsG5tNliQrlKX/wYsHRbz6f7z5b0zbPWjrg4HHezPMzAtizrRx3W8nt7K6tr6R3yxsbe/s7hX3D5paJorQBpFcqnaANeVM0IZhhtN2rCiOAk5bweh66reeqNJMigczjqkf4YFgISPYWKl5W7478057xZJbcWdAy8TLSAky1HvFr25fkiSiwhCOte54bmz8FCvDCKeTQjfRNMZkhAe0Y6nAEdV+Ort2gk6s0kehVLaEQTP190SKI63HUWA7I2yGetGbiv95ncSEV37KRJwYKsh8UZhwZCSavo76TFFi+NgSTBSztyIyxAoTYwMq2BC8xZeXSbNa8c4r1fuLUq2cxZGHIziGMnhwCTW4gTo0gMAjPMMrvDnSeXHenY95a87JZg7hD5zPH9QZjeY=</latexit>

n
<latexit sha1_base64="KxhGPtwnjgywyIW4jYTaLbjLT9k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSL0VJIq6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUlINS2a26C5B14uWkDDkag9JXfxizNEJpmKBa9zw3MX5GleFM4KzYTzUmlE3oCHuWShqh9rPFoTNyaZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjrZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7atap3Va01r8v1Sh5HAc7hAirgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9YNJ585gz9wPn8A0I2M3A==</latexit>

p0,0[n]
<latexit sha1_base64="aB+1a155uVFgT6pA9jJPvJrAhbQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFYwX5gGspmO22XbjZhdyOU0H/hxYMiXv033vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnZBqFFxi03AjsJMopFEosB2Ob2d++wmV5rF8MJMEg4gOJR9wRo2VHpNe5l64U18GvXLFrbpzkFXi5aQCORq98le3H7M0QmmYoFr7npuYIKPKcCZwWuqmGhPKxnSIvqWSRqiDbH7xlJxZpU8GsbIlDZmrvycyGmk9iULbGVEz0sveTPzP81MzuAkyLpPUoGSLRYNUEBOT2fukzxUyIyaWUKa4vZWwEVWUGRtSyYbgLb+8Slq1qndZrd1fVepeHkcRTuAUzsGDa6jDHTSgCQwkPMMrvDnaeXHenY9Fa8HJZ47hD5zPH8wwkEo=</latexit>

1/
p
L

<latexit sha1_base64="/QDMppdWPc4uuJo48lU0VLbLxnU=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYFA8xd0o6DHgxYOHCOaByRJmJ7PJkNnZdaZXCEv+wosHRbz6N978GyePgyYWNBRV3XR3BYkUBl3321laXlldW89t5De3tnd2C3v7dROnmvEai2WsmwE1XArFayhQ8maiOY0CyRvB4HrsN564NiJW9zhMuB/RnhKhYBSt9OCdtc2jxux21CkU3ZI7AVkk3owUYYZqp/DV7sYsjbhCJqkxLc9N0M+oRsEkH+XbqeEJZQPa4y1LFY248bPJxSNybJUuCWNtSyGZqL8nMhoZM4wC2xlR7Jt5byz+57VSDK/8TKgkRa7YdFGYSoIxGb9PukJzhnJoCWVa2FsJ61NNGdqQ8jYEb/7lRVIvl7zzUvnuolg5mcWRg0M4glPw4BIqcANVqAEDBc/wCm+OcV6cd+dj2rrkzGYO4A+czx9DGpCQ</latexit> u[n] ! h[k, l]
<latexit sha1_base64="6QXIaq2mOMLYK+760BY0YxqnR/8=">AAACCnicbVBNS8NAEN34WetX1aOX1SJ4kJJUQY8FLx4r2A9IQ9lsN8nSzW7YnSgl9OzFv+LFgyJe/QXe/DcmbQ/a+mDg8d4MM/P8RHADtv1tLS2vrK6tlzbKm1vbO7uVvf22UammrEWVULrrE8MEl6wFHATrJpqR2Bes4w+vC79zz7ThSt7BKGFeTELJA04J5FK/cpS60sM9oWQoWACahxEQrdUDjtzhmfBwuV+p2jV7ArxInBmpohma/cpXb6BoGjMJVBBjXMdOwMuIBk4FG5d7qWEJoUMSMjenksTMeNnklTE+yZUBDpTOSwKeqL8nMhIbM4r9vDMmEJl5rxD/89wUgisv4zJJgUk6XRSkAoPCRS54wDWjIEY5IVTz/FZMI6IJhTy9IgRn/uVF0q7XnPNa/fai2qjN4iihQ3SMTpGDLlED3aAmaiGKHtEzekVv1pP1Yr1bH9PWJWs2c4D+wPr8AYIlmg0=</latexit>

DZT 

Discrete impulse  
train response 

u[n] ! h[k, l]
<latexit sha1_base64="6QXIaq2mOMLYK+760BY0YxqnR/8=">AAACCnicbVBNS8NAEN34WetX1aOX1SJ4kJJUQY8FLx4r2A9IQ9lsN8nSzW7YnSgl9OzFv+LFgyJe/QXe/DcmbQ/a+mDg8d4MM/P8RHADtv1tLS2vrK6tlzbKm1vbO7uVvf22UammrEWVULrrE8MEl6wFHATrJpqR2Bes4w+vC79zz7ThSt7BKGFeTELJA04J5FK/cpS60sM9oWQoWACahxEQrdUDjtzhmfBwuV+p2jV7ArxInBmpohma/cpXb6BoGjMJVBBjXMdOwMuIBk4FG5d7qWEJoUMSMjenksTMeNnklTE+yZUBDpTOSwKeqL8nMhIbM4r9vDMmEJl5rxD/89wUgisv4zJJgUk6XRSkAoPCRS54wDWjIEY5IVTz/FZMI6IJhTy9IgRn/uVF0q7XnPNa/fai2qjN4iihQ3SMTpGDLlED3aAmaiGKHtEzekVv1pP1Yr1bH9PWJWs2c4D+wPr8AYIlmg0=</latexit>

u[n] ! h[k, l]
<latexit sha1_base64="6QXIaq2mOMLYK+760BY0YxqnR/8=">AAACCnicbVBNS8NAEN34WetX1aOX1SJ4kJJUQY8FLx4r2A9IQ9lsN8nSzW7YnSgl9OzFv+LFgyJe/QXe/DcmbQ/a+mDg8d4MM/P8RHADtv1tLS2vrK6tlzbKm1vbO7uVvf22UammrEWVULrrE8MEl6wFHATrJpqR2Bes4w+vC79zz7ThSt7BKGFeTELJA04J5FK/cpS60sM9oWQoWACahxEQrdUDjtzhmfBwuV+p2jV7ArxInBmpohma/cpXb6BoGjMJVBBjXMdOwMuIBk4FG5d7qWEJoUMSMjenksTMeNnklTE+yZUBDpTOSwKeqL8nMhIbM4r9vDMmEJl5rxD/89wUgisv4zJJgUk6XRSkAoPCRS54wDWjIEY5IVTz/FZMI6IJhTy9IgRn/uVF0q7XnPNa/fai2qjN4iihQ3SMTpGDLlED3aAmaiGKHtEzekVv1pP1Yr1bH9PWJWs2c4D+wPr8AYIlmg0=</latexit>

Discrete Zak 
response 

Zs[k, l] ! s[n]
<latexit sha1_base64="o3z1j4Zq1u7UjOm0ZYdXAFi5iDA=">AAACCXicbVA9SwNBEN3zM8avqKXNYhAsJNxFQcuAjWUE84GX49jb7CVL9naP3TklhLQ2/hUbC0Vs/Qd2/hs3yRWa+GDg8d4MM/OiVHADrvvtLC2vrK6tFzaKm1vbO7ulvf2mUZmmrEGVULodEcMEl6wBHARrp5qRJBKsFQ2uJn7rnmnDlbyFYcqChPQkjzklYKWwhO9C4w9ORdARSvYEi0HzXh+I1uoBG18GYansVtwp8CLxclJGOeph6avTVTRLmAQqiDG+56YQjIgGTgUbFzuZYSmhA9JjvqWSJMwEo+knY3xslS6OlbYlAU/V3xMjkhgzTCLbmRDom3lvIv7n+RnEl8GIyzQDJulsUZwJDApPYsFdrhkFMbSEUM3trZj2iSYUbHhFG4I3//IiaVYr3lmlenNerlXzOAroEB2hE+ShC1RD16iOGoiiR/SMXtGb8+S8OO/Ox6x1yclnDtAfOJ8/B5uafw==</latexit>

h[k, l]
<latexit sha1_base64="iec3l0mc2cKzFNRbR7CanvoUhEU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFYwX5AGspmu2nXbnbD7kYoof/BiwdFvPp/vPlv3KY5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+POlqmitA2kVyqXog15UzQtmGG016iKI5DTrvh5Hbud5+o0kyKBzNNaBDjkWARI9hYqTP2Jxc8GFRrbt3NgVaJV5AaFGgNql/9oSRpTIUhHGvte25iggwrwwins0o/1TTBZIJH1LdU4JjqIMuvnaEzqwxRJJUtYVCu/p7IcKz1NA5tZ4zNWC97c/E/z09NdBNkTCSpoYIsFkUpR0ai+etoyBQlhk8twUQxeysiY6wwMTagig3BW355lXQade+y3ri/qjUbRRxlOIFTOAcPrqEJd9CCNhB4hGd4hTdHOi/Ou/OxaC05xcwx/IHz+QMoII7N</latexit>

r[n] ! Zr[k, l] =
Lc�1X

l0=0

Kc�1X

k0=0

h[k0, l0]Zs[k � k0, l � l0]ej2⇡
l0(k�k0)

N

<latexit sha1_base64="LEvv2nXwxy9WmoBbbRUZ5Fq3Rp4="></latexit>

(Discrete Twisted Convolution) 

K
<latexit sha1_base64="UJj74Pu/wJ7/FH3SGsNMYmoQ0cg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexGQY8BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJb/wJl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2WK/WrUvU8iyMPJ3AKF+DBNVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP5rnjLc=</latexit>
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DZT and OTFS Modulation 

•  Discrete twisted convolution relation for LTV channel: 

        DZT-based OTFS block diagram 

 
 
 
 
 

 
–  A suitable equalizer required to recover transmitted symbols 

r[n] ! Zr[k, l] =
Lc�1X

l0=0

Kc�1X

k0=0

h[k0, l0]Zs[k � k0, l � l0]ej2⇡
l0(k�k0)

N

<latexit sha1_base64="LEvv2nXwxy9WmoBbbRUZ5Fq3Rp4="></latexit>

Zr[k, l] = h[k, l] ⇤� Zs[k, l]
<latexit sha1_base64="NHzbvTPmyl29RzuPiby/7BJc9Kg=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARVKQkVdCNUHDjsoK90DSEyXTSDp1MwsxEKKHP4MZXceNCEbeu3Pk2TtIstPWHgY//nMOZ8/sxo1JZ1rdRWlpeWV0rr1c2Nre2d8zdvbaMEoFJC0csEl0fScIoJy1FFSPdWBAU+ox0/PFNVu88ECFpxO/VJCZuiIacBhQjpS3PPOl5whmfMRdew9EM4KmX9iUdhmgKYc+TMLcrnlm1alYuuAh2AVVQqOmZX/1BhJOQcIUZktKxrVi5KRKKYkamlX4iSYzwGA2Jo5GjkEg3zU+awiPtDGAQCf24grn7eyJFoZST0NedIVIjOV/LzP9qTqKCKzelPE4U4Xi2KEgYVBHM8oEDKghWbKIBYUH1XyEeIYGw0ilmIdjzJy9Cu16zz2v1u4tqwyriKIMDcAiOgQ0uQQPcgiZoAQwewTN4BW/Gk/FivBsfs9aSUczsgz8yPn8ANsObPA==</latexit>

QAM symbols Zs[k, l]
<latexit sha1_base64="vWwmyvZz4YLuD9fQMFHaGq4AVrk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4kJJUQY8FLx4r2A9MQ9lsp+3SzSbuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6QaBZfYMNwIbCcKaRQKbIWjm6nfekKleSzvzTjBIKIDyfucUWOl9kNX+6NzEXRLZbfizkCWiZeTMuSod0tfnV7M0gilYYJq7XtuYoKMKsOZwEmxk2pMKBvRAfqWShqhDrLZvRNyapUe6cfKljRkpv6eyGik9TgKbWdEzVAvelPxP89PTf86yLhMUoOSzRf1U0FMTKbPkx5XyIwYW0KZ4vZWwoZUUWZsREUbgrf48jJpViveRaV6d1muVfM4CnAMJ3AGHlxBDW6hDg1gIOAZXuHNeXRenHfnY9664uQzR/AHzucPoASPpQ==</latexit>

k
<latexit sha1_base64="7esxsUFxALZU47KS8FxdJg0O6Qc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSrlW9q2qteV2pu3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBzmmM4Q==</latexit>

l
<latexit sha1_base64="fCng/IXc2orRQcZb+BfnMnoIZL4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20a1XvqlprXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Az+2M4g==</latexit>

h[k, l]
<latexit sha1_base64="iec3l0mc2cKzFNRbR7CanvoUhEU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFYwX5AGspmu2nXbnbD7kYoof/BiwdFvPp/vPlv3KY5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+POlqmitA2kVyqXog15UzQtmGG016iKI5DTrvh5Hbud5+o0kyKBzNNaBDjkWARI9hYqTP2Jxc8GFRrbt3NgVaJV5AaFGgNql/9oSRpTIUhHGvte25iggwrwwins0o/1TTBZIJH1LdU4JjqIMuvnaEzqwxRJJUtYVCu/p7IcKz1NA5tZ4zNWC97c/E/z09NdBNkTCSpoYIsFkUpR0ai+etoyBQlhk8twUQxeysiY6wwMTagig3BW355lXQade+y3ri/qjUbRRxlOIFTOAcPrqEJd9CCNhB4hGd4hTdHOi/Ou/OxaC05xcwx/IHz+QMoII7N</latexit>

Inverse  
DZT 

s[n]
<latexit sha1_base64="vXFFaxhU6EYELhhkWVW4e5qXMco=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48V7AekoWy2m3bp7ibsboQS+he8eFDEq3/Im//GTZqDtj4YeLw3w8y8MOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMSaciZp1zDD6SBRFIuQ0344u8v9/hNVmsXy0cwTGgg8kSxiBJtc0r4MRvWG23QLoHXilaQBJTqj+tdwHJNUUGkIx1r7npuYIMPKMMLpojZMNU0wmeEJ9S2VWFAdZMWtC3RhlTGKYmVLGlSovycyLLSei9B2CmymetXLxf88PzXRbZAxmaSGSrJcFKUcmRjlj6MxU5QYPrcEE8XsrYhMscLE2HhqNgRv9eV10ms1vatm6+G60W6VcVThDM7hEjy4gTbcQwe6QGAKz/AKb45wXpx352PZWnHKmVP4A+fzBwoXji8=</latexit>

r[n]
<latexit sha1_base64="+AMUNcOoN4I/lAkAK0SdaWqLcYs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48V7AekoWy2m3bp7ibsboQS+he8eFDEq3/Im//GTZqDtj4YeLw3w8y8MOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMSaciZp1zDD6SBRFIuQ0344u8v9/hNVmsXy0cwTGgg8kSxiBJtcUr4MRvWG23QLoHXilaQBJTqj+tdwHJNUUGkIx1r7npuYIMPKMMLpojZMNU0wmeEJ9S2VWFAdZMWtC3RhlTGKYmVLGlSovycyLLSei9B2CmymetXLxf88PzXRbZAxmaSGSrJcFKUcmRjlj6MxU5QYPrcEE8XsrYhMscLE2HhqNgRv9eV10ms1vatm6+G60XbLOKpwBudwCR7cQBvuoQNdIDCFZ3iFN0c4L86787FsrTjlzCn8gfP5Awf2jiw=</latexit>

DZT 

Zr[k, l] = h[k, l] ⇤� Zs[k, l]
<latexit sha1_base64="mt+726G+HSlMoTAyW6bAvqsgY/E=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2ApiEiZqYJuhIIblxXshU6HIZOmbWiSGZKMUIY+gRtfxY0LRdy6dufbmE5noa0/BD7+cw4n5w9jRpV2nG+rsLK6tr5R3Cxtbe/s7tn7By0VJRKTJo5YJDshUoRRQZqaakY6sSSIh4y0w/HNrN5+IFLRSNzrSUx8joaCDihG2liBXekG0hufMR9ew9EcToO0p+iQoynsBirzArvsVJ1McBncHMogVyOwv3r9CCecCI0ZUspznVj7KZKaYkampV6iSIzwGA2JZ1AgTpSfZudMYcU4fTiIpHlCw8z9PZEirtSEh6aTIz1Si7WZ+V/NS/Tgyk+piBNNBJ4vGiQM6gjOsoF9KgnWbGIAYUnNXyEeIYmwNgmWTAju4snL0KpV3fNq7e6iXK/lcRTBETgGJ8AFl6AObkEDNAEGj+AZvII368l6sd6tj3lrwcpnDsEfWZ8/1cqarA==</latexit>

Zr[k, l] = h[k, l] ⇤� Zs[k, l]
<latexit sha1_base64="mt+726G+HSlMoTAyW6bAvqsgY/E=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2ApiEiZqYJuhIIblxXshU6HIZOmbWiSGZKMUIY+gRtfxY0LRdy6dufbmE5noa0/BD7+cw4n5w9jRpV2nG+rsLK6tr5R3Cxtbe/s7tn7By0VJRKTJo5YJDshUoRRQZqaakY6sSSIh4y0w/HNrN5+IFLRSNzrSUx8joaCDihG2liBXekG0hufMR9ew9EcToO0p+iQoynsBirzArvsVJ1McBncHMogVyOwv3r9CCecCI0ZUspznVj7KZKaYkampV6iSIzwGA2JZ1AgTpSfZudMYcU4fTiIpHlCw8z9PZEirtSEh6aTIz1Si7WZ+V/NS/Tgyk+piBNNBJ4vGiQM6gjOsoF9KgnWbGIAYUnNXyEeIYmwNgmWTAju4snL0KpV3fNq7e6iXK/lcRTBETgGJ8AFl6AObkEDNAEGj+AZvII368l6sd6tj3lrwcpnDsEfWZ8/1cqarA==</latexit>

Received QAM symbols 

Underspread LTV  
Channel 

Discrete Zak domain 
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Connections to OFDM-based 
Implementation of OTFS 

OTFS as an overlay over  
existing OFDM system  

Transmitter 

Receiver 

DZT-based  
interpretation of OTFS 

Zr[k, l] = h[k, l] ⇤� Zs[k, l]
<latexit sha1_base64="mt+726G+HSlMoTAyW6bAvqsgY/E=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2ApiEiZqYJuhIIblxXshU6HIZOmbWiSGZKMUIY+gRtfxY0LRdy6dufbmE5noa0/BD7+cw4n5w9jRpV2nG+rsLK6tr5R3Cxtbe/s7tn7By0VJRKTJo5YJDshUoRRQZqaakY6sSSIh4y0w/HNrN5+IFLRSNzrSUx8joaCDihG2liBXekG0hufMR9ew9EcToO0p+iQoynsBirzArvsVJ1McBncHMogVyOwv3r9CCecCI0ZUspznVj7KZKaYkampV6iSIzwGA2JZ1AgTpSfZudMYcU4fTiIpHlCw8z9PZEirtSEh6aTIz1Si7WZ+V/NS/Tgyk+piBNNBJ4vGiQM6gjOsoF9KgnWbGIAYUnNXyEeIYmwNgmWTAju4snL0KpV3fNq7e6iXK/lcRTBETgGJ8AFl6AObkEDNAEGj+AZvII368l6sd6tj3lrwcpnDsEfWZ8/1cqarA==</latexit>

Zr[k, l] = h[k, l] ⇤� Zs[k, l]
<latexit sha1_base64="mt+726G+HSlMoTAyW6bAvqsgY/E=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2ApiEiZqYJuhIIblxXshU6HIZOmbWiSGZKMUIY+gRtfxY0LRdy6dufbmE5noa0/BD7+cw4n5w9jRpV2nG+rsLK6tr5R3Cxtbe/s7tn7By0VJRKTJo5YJDshUoRRQZqaakY6sSSIh4y0w/HNrN5+IFLRSNzrSUx8joaCDihG2liBXekG0hufMR9ew9EcToO0p+iQoynsBirzArvsVJ1McBncHMogVyOwv3r9CCecCI0ZUspznVj7KZKaYkampV6iSIzwGA2JZ1AgTpSfZudMYcU4fTiIpHlCw8z9PZEirtSEh6aTIz1Si7WZ+V/NS/Tgyk+piBNNBJ4vGiQM6gjOsoF9KgnWbGIAYUnNXyEeIYmwNgmWTAju4snL0KpV3fNq7e6iXK/lcRTBETgGJ8AFl6AObkEDNAEGj+AZvII368l6sd6tj3lrwcpnDsEfWZ8/1cqarA==</latexit>

Zs[k, l]
<latexit sha1_base64="vWwmyvZz4YLuD9fQMFHaGq4AVrk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4kJJUQY8FLx4r2A9MQ9lsp+3SzSbuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6QaBZfYMNwIbCcKaRQKbIWjm6nfekKleSzvzTjBIKIDyfucUWOl9kNX+6NzEXRLZbfizkCWiZeTMuSod0tfnV7M0gilYYJq7XtuYoKMKsOZwEmxk2pMKBvRAfqWShqhDrLZvRNyapUe6cfKljRkpv6eyGik9TgKbWdEzVAvelPxP89PTf86yLhMUoOSzRf1U0FMTKbPkx5XyIwYW0KZ4vZWwoZUUWZsREUbgrf48jJpViveRaV6d1muVfM4CnAMJ3AGHlxBDW6hDg1gIOAZXuHNeXRenHfnY9664uQzR/AHzucPoASPpQ==</latexit>

h[k, l]
<latexit sha1_base64="iec3l0mc2cKzFNRbR7CanvoUhEU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFYwX5AGspmu2nXbnbD7kYoof/BiwdFvPp/vPlv3KY5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+POlqmitA2kVyqXog15UzQtmGG016iKI5DTrvh5Hbud5+o0kyKBzNNaBDjkWARI9hYqTP2Jxc8GFRrbt3NgVaJV5AaFGgNql/9oSRpTIUhHGvte25iggwrwwins0o/1TTBZIJH1LdU4JjqIMuvnaEzqwxRJJUtYVCu/p7IcKz1NA5tZ4zNWC97c/E/z09NdBNkTCSpoYIsFkUpR0ai+etoyBQlhk8twUQxeysiY6wwMTagig3BW355lXQade+y3ri/qjUbRRxlOIFTOAcPrqEJd9CCNhB4hGd4hTdHOi/Ou/OxaC05xcwx/IHz+QMoII7N</latexit>

Transmitter 

Receiver 
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Outline 

•  Wireless Communications Channel Models 
•  Orthogonal Frequency Division Multiplexing (OFDM) 
•  The Zak Transform  
•  OTFS: Modulation based on the Zak Transform 
•  Summary 
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Summary 

•  The spreading function              is the Zak response for an  
     underspread LTV channel 

•  Derived the Zak domain channel equation for LTV channels 

•  Derived the discrete Zak domain channel equation for LTV channels 

•  Derived DZT analysis and synthesis equations 

•  OTFS: Modulation scheme based on DZT twisted convolution relation 

•  DZT-based interpretation can lend insight into OTFS analysis 

h(⌧, ⌫)
<latexit sha1_base64="ba7gWY1aMqSdv/Z9fZshMcDbBqI=">AAAB8nicbVBNS8NAEN34WetX1aOXYBEqSEmqoMeCF48V7AckoWy2m3bpZjfszgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5ccaZBs/7dtbWNza3tks75d29/YPDytFxR0ujCG0TyaXqxVhTzgRtAwNOe5miOI057cbju5nffaJKMykeYZLRKMVDwRJGMFgpGNVCwOYyFOaiX6l6dW8Od5X4BamiAq1+5SscSGJSKoBwrHXgexlEOVbACKfTcmg0zTAZ4yENLBU4pTrK5ydP3XOrDNxEKlsC3Ln6eyLHqdaTNLadKYaRXvZm4n9eYCC5jXImMgNUkMWixHAXpDv73x0wRQnwiSWYKGZvdckIK0zAplS2IfjLL6+STqPuX9UbD9fVZqOIo4RO0RmqIR/doCa6Ry3URgRJ9Ixe0ZsDzovz7nwsWtecYuYE/YHz+QNv0pCm</latexit>
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Outline 

•  Introduction 
•  Akshay discussion 
•  Closing remarks 
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Closing Remarks / Discussion 

•  Zak Transform is natural tool for analysis of OTFS modulation as 
well as multipath channels 

–  Study fundamental tradeoff between mitigating delay-Doppler spread 
and improving spectral efficiency of OTFS transmission. 

–  Study how OTFS impulse response defines a shared secret that would 
enable physical layer security. 
•  Consider MIMO extensions 

•  Can leverage neural network-based methods for OTFS equalization 



 29  
 11/08/21 

Thank You 


