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Performance guarantees
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System model
§ 𝑁 = 64	uniform linear array of antennas 

at the TX and the RX
§ 3-bit phase shifters in the transceiver
§ Root of the ZC sequence = 	11
§ 38	GHz carrier, 100	MHz bandwidth
§ Narrowband channel model
§ NYUSIM channel, UMi-LoS setting
§ SNR of channel measurements	= 	0	dB
§ Max. CFO	= 	40 ppm, Δ = 0.096 rad 
§ Off-grid CFO = 	20.5579	ppm
§ 𝑀 = 126, Subsampling rate of ~3%
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Compressed sensing-based beam alignment

Simulation settings

Simulation results

our design requires 𝑂( 𝑁4) times the samples required by standard CS for robustness to CFO     . 

In the worst case, 

Antenna domain channel |𝐇|
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Beamspace |𝐗|

Standard CS

Carrier frequency offset (CFO)

Objective: Design a compressed sensing (CS) strategy that is robust to CFO

Exhaustive beam search can result in a lot of training overhead [1]

Phase perturbed CS model
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Determined by the
sampling locations in G

CS matrix

Sparse vector vec(S) 

Vector of 𝑀 channel 
measurements 

Regime of interest: 𝑀 ≪ 𝑁4

Goal: Identify a class of CS matrices that achieve robustness to CFO 

X = UNHUN
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Robust CS in the context of beam alignment

Localized random sampling: A space time game Result [9]: On an average, the proposed CS matrix satisfies the restricted isometry property (RIP) 
of order 𝐾 > 1	with parameter 𝛿= if

CFO

Channel 
measurement

AWGN

y[m] = w⇤[m]Hf [m]ej✏m + v[m]
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Symbol 
duration

Masked beamspace |𝐒|

2D-DFT

Shifted Zadoff-Chu projections of H 
≡ Canonical projections of G

Spectral mask concept [6] Phase modulation
with ZC sequence

S = ⇤zX⇤z
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: Zadoff-Chu(ZC)-based 
circulant matrix 

Pseudo-channel |𝐆|

S = UNGUN
<latexit sha1_base64="uq9gAml+ZyQzun6rrNraOkgeY2I=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdCMUXehKKpq20IYwmU7aoZNJmJkIJeQv3Pgrblwo4lZ3/o2TNoXaemDgzDn3cu89fsyoVJb1Y5SWlldW18rrlY3Nre0dc3evKaNEYOLgiEWi7SNJGOXEUVQx0o4FQaHPSMsfXuV+65EISSP+oEYxcUPU5zSgGCkteWatGyI18IP0PruYUifzbuH0c53Nyp5ZtWrWGHCR2AWpggINz/zu9iKchIQrzJCUHduKlZsioShmJKt0E0lihIeoTzqachQS6abjuzJ4pJUeDCKhH1dwrM52pCiUchT6ujLfUc57ufif10lUcO6mlMeJIhxPBgUJgyqCeUiwRwXBio00QVhQvSvEAyQQVjrKig7Bnj95kTRParZVs+9Oq/XLIo4yOACH4BjY4AzUwQ1oAAdg8ARewBt4N56NV+PD+JyUloyiZx/8gfH1Cy0QoIo=</latexit><latexit sha1_base64="uq9gAml+ZyQzun6rrNraOkgeY2I=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdCMUXehKKpq20IYwmU7aoZNJmJkIJeQv3Pgrblwo4lZ3/o2TNoXaemDgzDn3cu89fsyoVJb1Y5SWlldW18rrlY3Nre0dc3evKaNEYOLgiEWi7SNJGOXEUVQx0o4FQaHPSMsfXuV+65EISSP+oEYxcUPU5zSgGCkteWatGyI18IP0PruYUifzbuH0c53Nyp5ZtWrWGHCR2AWpggINz/zu9iKchIQrzJCUHduKlZsioShmJKt0E0lihIeoTzqachQS6abjuzJ4pJUeDCKhH1dwrM52pCiUchT6ujLfUc57ufif10lUcO6mlMeJIhxPBgUJgyqCeUiwRwXBio00QVhQvSvEAyQQVjrKig7Bnj95kTRParZVs+9Oq/XLIo4yOACH4BjY4AzUwQ1oAAdg8ARewBt4N56NV+PD+JyUloyiZx/8gfH1Cy0QoIo=</latexit><latexit sha1_base64="uq9gAml+ZyQzun6rrNraOkgeY2I=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdCMUXehKKpq20IYwmU7aoZNJmJkIJeQv3Pgrblwo4lZ3/o2TNoXaemDgzDn3cu89fsyoVJb1Y5SWlldW18rrlY3Nre0dc3evKaNEYOLgiEWi7SNJGOXEUVQx0o4FQaHPSMsfXuV+65EISSP+oEYxcUPU5zSgGCkteWatGyI18IP0PruYUifzbuH0c53Nyp5ZtWrWGHCR2AWpggINz/zu9iKchIQrzJCUHduKlZsioShmJKt0E0lihIeoTzqachQS6abjuzJ4pJUeDCKhH1dwrM52pCiUchT6ujLfUc57ufif10lUcO6mlMeJIhxPBgUJgyqCeUiwRwXBio00QVhQvSvEAyQQVjrKig7Bnj95kTRParZVs+9Oq/XLIo4yOACH4BjY4AzUwQ1oAAdg8ARewBt4N56NV+PD+JyUloyiZx/8gfH1Cy0QoIo=</latexit><latexit sha1_base64="uq9gAml+ZyQzun6rrNraOkgeY2I=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdCMUXehKKpq20IYwmU7aoZNJmJkIJeQv3Pgrblwo4lZ3/o2TNoXaemDgzDn3cu89fsyoVJb1Y5SWlldW18rrlY3Nre0dc3evKaNEYOLgiEWi7SNJGOXEUVQx0o4FQaHPSMsfXuV+65EISSP+oEYxcUPU5zSgGCkteWatGyI18IP0PruYUifzbuH0c53Nyp5ZtWrWGHCR2AWpggINz/zu9iKchIQrzJCUHduKlZsioShmJKt0E0lihIeoTzqachQS6abjuzJ4pJUeDCKhH1dwrM52pCiUchT6ujLfUc57ufif10lUcO6mlMeJIhxPBgUJgyqCeUiwRwXBio00QVhQvSvEAyQQVjrKig7Bnj95kTRParZVs+9Oq/XLIo4yOACH4BjY4AzUwQ1oAAdg8ARewBt4N56NV+PD+JyUloyiZx/8gfH1Cy0QoIo=</latexit>

Sh
ift

 in
de

x 
(R

X
)

Shift index (TX)

𝐒ABeam alignment
procedure

y[m]
<latexit sha1_base64="8IqBF/uKyPgiC1Hv2o/yoNf4sJ8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7AekoWy2m3bp7ibsboQQ+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMSaciZp1zDD6SBRFIuQ0344uyv8/hNVmsXy0WQJDQSeSBYxgk0hZb4IRvWG23QXQOvEK0kDSnRG9a/hOCapoNIQjrX2PTcxQY6VYYTTeW2YappgMsMT6lsqsaA6yBe3ztGFVcYoipUtadBC/T2RY6F1JkLbKbCZ6lWvEP/z/NREN0HOZJIaKslyUZRyZGJUPI7GTFFieGYJJorZWxGZYoWJsfHUbAje6svrpHfV9Nym93DdaN+WcVThDM7hEjxoQRvuoQNdIDCFZ3iFN0c4L86787FsrTjlzCn8gfP5AxU+jkA=</latexit><latexit sha1_base64="8IqBF/uKyPgiC1Hv2o/yoNf4sJ8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7AekoWy2m3bp7ibsboQQ+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMSaciZp1zDD6SBRFIuQ0344uyv8/hNVmsXy0WQJDQSeSBYxgk0hZb4IRvWG23QXQOvEK0kDSnRG9a/hOCapoNIQjrX2PTcxQY6VYYTTeW2YappgMsMT6lsqsaA6yBe3ztGFVcYoipUtadBC/T2RY6F1JkLbKbCZ6lWvEP/z/NREN0HOZJIaKslyUZRyZGJUPI7GTFFieGYJJorZWxGZYoWJsfHUbAje6svrpHfV9Nym93DdaN+WcVThDM7hEjxoQRvuoQNdIDCFZ3iFN0c4L86787FsrTjlzCn8gfP5AxU+jkA=</latexit><latexit sha1_base64="8IqBF/uKyPgiC1Hv2o/yoNf4sJ8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7AekoWy2m3bp7ibsboQQ+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMSaciZp1zDD6SBRFIuQ0344uyv8/hNVmsXy0WQJDQSeSBYxgk0hZb4IRvWG23QXQOvEK0kDSnRG9a/hOCapoNIQjrX2PTcxQY6VYYTTeW2YappgMsMT6lsqsaA6yBe3ztGFVcYoipUtadBC/T2RY6F1JkLbKbCZ6lWvEP/z/NREN0HOZJIaKslyUZRyZGJUPI7GTFFieGYJJorZWxGZYoWJsfHUbAje6svrpHfV9Nym93DdaN+WcVThDM7hEjxoQRvuoQNdIDCFZ3iFN0c4L86787FsrTjlzCn8gfP5AxU+jkA=</latexit><latexit sha1_base64="8IqBF/uKyPgiC1Hv2o/yoNf4sJ8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7AekoWy2m3bp7ibsboQQ+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMSaciZp1zDD6SBRFIuQ0344uyv8/hNVmsXy0WQJDQSeSBYxgk0hZb4IRvWG23QXQOvEK0kDSnRG9a/hOCapoNIQjrX2PTcxQY6VYYTTeW2YappgMsMT6lsqsaA6yBe3ztGFVcYoipUtadBC/T2RY6F1JkLbKbCZ6lWvEP/z/NREN0HOZJIaKslyUZRyZGJUPI7GTFFieGYJJorZWxGZYoWJsfHUbAje6svrpHfV9Nym93DdaN+WcVThDM7hEjxoQRvuoQNdIDCFZ3iFN0c4L86787FsrTjlzCn8gfP5AxU+jkA=</latexit>

fc � fe
<latexit sha1_base64="/VOgpi9YPRAFcjnEeS+YwiXSVzA=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSSi6LLoxmUF+4AmhMnkph06eTAzEUrIl7jxV9y4UERwpX/jJM2ith4YOJxzX3O8hFEhTfNHq62srq1v1DcbW9s7u3v6/kFPxCkn0CUxi/nAwwIYjaArqWQwSDjg0GPQ9ya3hd9/BC5oHD3IaQJOiEcRDSjBUkmufhm4mR1iOeZhRvL8zC5HZhz8fM6BPK8Mj2EyyV29abbMEsYysSrSRBU6rv5l+zFJQ4gkYViIoWUm0skwl5QwyBt2KiBRk/EIhopGOAThZOXK3DhRim8EMVcvkkapzndkOBRiGnqqsrhXLHqF+J83TGVw7WQ0SlIJEZktClJmyNgosjJ8yoFINlUEE07VrQYZY46JVIk2VAjW4peXSe+8ZZkt6/6i2b6p4qijI3SMTpGFrlAb3aEO6iKCntALekPv2rP2qn1on7PSmlb1HKI/0L5/ATompQQ=</latexit><latexit sha1_base64="/VOgpi9YPRAFcjnEeS+YwiXSVzA=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSSi6LLoxmUF+4AmhMnkph06eTAzEUrIl7jxV9y4UERwpX/jJM2ith4YOJxzX3O8hFEhTfNHq62srq1v1DcbW9s7u3v6/kFPxCkn0CUxi/nAwwIYjaArqWQwSDjg0GPQ9ya3hd9/BC5oHD3IaQJOiEcRDSjBUkmufhm4mR1iOeZhRvL8zC5HZhz8fM6BPK8Mj2EyyV29abbMEsYysSrSRBU6rv5l+zFJQ4gkYViIoWUm0skwl5QwyBt2KiBRk/EIhopGOAThZOXK3DhRim8EMVcvkkapzndkOBRiGnqqsrhXLHqF+J83TGVw7WQ0SlIJEZktClJmyNgosjJ8yoFINlUEE07VrQYZY46JVIk2VAjW4peXSe+8ZZkt6/6i2b6p4qijI3SMTpGFrlAb3aEO6iKCntALekPv2rP2qn1on7PSmlb1HKI/0L5/ATompQQ=</latexit><latexit sha1_base64="/VOgpi9YPRAFcjnEeS+YwiXSVzA=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSSi6LLoxmUF+4AmhMnkph06eTAzEUrIl7jxV9y4UERwpX/jJM2ith4YOJxzX3O8hFEhTfNHq62srq1v1DcbW9s7u3v6/kFPxCkn0CUxi/nAwwIYjaArqWQwSDjg0GPQ9ya3hd9/BC5oHD3IaQJOiEcRDSjBUkmufhm4mR1iOeZhRvL8zC5HZhz8fM6BPK8Mj2EyyV29abbMEsYysSrSRBU6rv5l+zFJQ4gkYViIoWUm0skwl5QwyBt2KiBRk/EIhopGOAThZOXK3DhRim8EMVcvkkapzndkOBRiGnqqsrhXLHqF+J83TGVw7WQ0SlIJEZktClJmyNgosjJ8yoFINlUEE07VrQYZY46JVIk2VAjW4peXSe+8ZZkt6/6i2b6p4qijI3SMTpGFrlAb3aEO6iKCntALekPv2rP2qn1on7PSmlb1HKI/0L5/ATompQQ=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="OJrUcqJwY3vuZlgGTGSXZBw5QIE=">AAACE3icbVDLSsNAFL2pr1qrRrduBovgxpIIokvBjcsK9gFNKZPJTTt08mBmIpSQL3Hjr7hxoYjgzr9x2mZRWw9cOJwzcx/HTwVX2nF+rMrG5tb2TnW3tlffPzi0j+odlWSSYZslIpE9nyoUPMa25lpgL5VII19g15/czfzuE0rFk/hRT1McRHQU85Azqo00tK/CYe5FVI9llLOiuPDmLXOJQbHkYFGUhi8omxRDu+E0nTnIOnFL0oASraH97QUJyyKMNRNUqb7rpHqQU6k5E1jUvExhajrTEfYNjWmEapDPRxbkzCgBCRNpKtZkri7/yGmk1DTyzcvZvmrVm4n/ef1MhzeDnMdppjFmi0FhJohOyCwrEnCJTIupIZRJbnYlbEwlZdokWjMhuKsnr5POZdN1mu6DA1U4gVM4Bxeu4RbuoQVtYPAMr/AOH9aL9WZ9LuKqWGVux/AH1tcvJs2jew==</latexit><latexit sha1_base64="OJrUcqJwY3vuZlgGTGSXZBw5QIE=">AAACE3icbVDLSsNAFL2pr1qrRrduBovgxpIIokvBjcsK9gFNKZPJTTt08mBmIpSQL3Hjr7hxoYjgzr9x2mZRWw9cOJwzcx/HTwVX2nF+rMrG5tb2TnW3tlffPzi0j+odlWSSYZslIpE9nyoUPMa25lpgL5VII19g15/czfzuE0rFk/hRT1McRHQU85Azqo00tK/CYe5FVI9llLOiuPDmLXOJQbHkYFGUhi8omxRDu+E0nTnIOnFL0oASraH97QUJyyKMNRNUqb7rpHqQU6k5E1jUvExhajrTEfYNjWmEapDPRxbkzCgBCRNpKtZkri7/yGmk1DTyzcvZvmrVm4n/ef1MhzeDnMdppjFmi0FhJohOyCwrEnCJTIupIZRJbnYlbEwlZdokWjMhuKsnr5POZdN1mu6DA1U4gVM4Bxeu4RbuoQVtYPAMr/AOH9aL9WZ9LuKqWGVux/AH1tcvJs2jew==</latexit><latexit sha1_base64="b3LQzQOhQyvkEFXp4tLFAHuRiUE=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSSC6LLoxmUF+4A2hMnkph06eTAzEUqYL3Hjr7hxoYjgSv/GSZqFth4YOJxzX3P8lFEhbfvbqK2srq1v1DcbW9s7u3vm/kFPJBkn0CUJS/jAxwIYjaErqWQwSDngyGfQ96c3hd9/AC5oEt/LWQpuhMcxDSnBUkueeRF6+SjCcsKjnCh1NipH5hwC9csBpSrDZ5hMlWc27ZZdwlomTkWaqELHMz9HQUKyCGJJGBZi6NipdHPMJSUMVGOUCUj1ZDyGoaYxjkC4eblSWSdaCaww4frF0irV3x05joSYRb6uLO4Vi14h/ucNMxleuTmN00xCTOaLwoxZMrGKrKyAciCSzTTBhFN9q0UmmGMidaINHYKz+OVl0jtvOXbLubOb7esqjjo6QsfoFDnoErXRLeqgLiLoET2jV/RmPBkvxrvxMS+tGVXPIfoD4+sHOOalAA==</latexit><latexit sha1_base64="/VOgpi9YPRAFcjnEeS+YwiXSVzA=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSSi6LLoxmUF+4AmhMnkph06eTAzEUrIl7jxV9y4UERwpX/jJM2ith4YOJxzX3O8hFEhTfNHq62srq1v1DcbW9s7u3v6/kFPxCkn0CUxi/nAwwIYjaArqWQwSDjg0GPQ9ya3hd9/BC5oHD3IaQJOiEcRDSjBUkmufhm4mR1iOeZhRvL8zC5HZhz8fM6BPK8Mj2EyyV29abbMEsYysSrSRBU6rv5l+zFJQ4gkYViIoWUm0skwl5QwyBt2KiBRk/EIhopGOAThZOXK3DhRim8EMVcvkkapzndkOBRiGnqqsrhXLHqF+J83TGVw7WQ0SlIJEZktClJmyNgosjJ8yoFINlUEE07VrQYZY46JVIk2VAjW4peXSe+8ZZkt6/6i2b6p4qijI3SMTpGFrlAb3aEO6iKCntALekPv2rP2qn1on7PSmlb1HKI/0L5/ATompQQ=</latexit><latexit sha1_base64="/VOgpi9YPRAFcjnEeS+YwiXSVzA=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSSi6LLoxmUF+4AmhMnkph06eTAzEUrIl7jxV9y4UERwpX/jJM2ith4YOJxzX3O8hFEhTfNHq62srq1v1DcbW9s7u3v6/kFPxCkn0CUxi/nAwwIYjaArqWQwSDjg0GPQ9ya3hd9/BC5oHD3IaQJOiEcRDSjBUkmufhm4mR1iOeZhRvL8zC5HZhz8fM6BPK8Mj2EyyV29abbMEsYysSrSRBU6rv5l+zFJQ4gkYViIoWUm0skwl5QwyBt2KiBRk/EIhopGOAThZOXK3DhRim8EMVcvkkapzndkOBRiGnqqsrhXLHqF+J83TGVw7WQ0SlIJEZktClJmyNgosjJ8yoFINlUEE07VrQYZY46JVIk2VAjW4peXSe+8ZZkt6/6i2b6p4qijI3SMTpGFrlAb3aEO6iKCntALekPv2rP2qn1on7PSmlb1HKI/0L5/ATompQQ=</latexit><latexit sha1_base64="/VOgpi9YPRAFcjnEeS+YwiXSVzA=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSSi6LLoxmUF+4AmhMnkph06eTAzEUrIl7jxV9y4UERwpX/jJM2ith4YOJxzX3O8hFEhTfNHq62srq1v1DcbW9s7u3v6/kFPxCkn0CUxi/nAwwIYjaArqWQwSDjg0GPQ9ya3hd9/BC5oHD3IaQJOiEcRDSjBUkmufhm4mR1iOeZhRvL8zC5HZhz8fM6BPK8Mj2EyyV29abbMEsYysSrSRBU6rv5l+zFJQ4gkYViIoWUm0skwl5QwyBt2KiBRk/EIhopGOAThZOXK3DhRim8EMVcvkkapzndkOBRiGnqqsrhXLHqF+J83TGVw7WQ0SlIJEZktClJmyNgosjJ8yoFINlUEE07VrQYZY46JVIk2VAjW4peXSe+8ZZkt6/6i2b6p4qijI3SMTpGFrlAb3aEO6iKCntALekPv2rP2qn1on7PSmlb1HKI/0L5/ATompQQ=</latexit><latexit sha1_base64="/VOgpi9YPRAFcjnEeS+YwiXSVzA=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSSi6LLoxmUF+4AmhMnkph06eTAzEUrIl7jxV9y4UERwpX/jJM2ith4YOJxzX3O8hFEhTfNHq62srq1v1DcbW9s7u3v6/kFPxCkn0CUxi/nAwwIYjaArqWQwSDjg0GPQ9ya3hd9/BC5oHD3IaQJOiEcRDSjBUkmufhm4mR1iOeZhRvL8zC5HZhz8fM6BPK8Mj2EyyV29abbMEsYysSrSRBU6rv5l+zFJQ4gkYViIoWUm0skwl5QwyBt2KiBRk/EIhopGOAThZOXK3DhRim8EMVcvkkapzndkOBRiGnqqsrhXLHqF+J83TGVw7WQ0SlIJEZktClJmyNgosjJ8yoFINlUEE07VrQYZY46JVIk2VAjW4peXSe+8ZZkt6/6i2b6p4qijI3SMTpGFrlAb3aEO6iKCntALekPv2rP2qn1on7PSmlb1HKI/0L5/ATompQQ=</latexit><latexit sha1_base64="/VOgpi9YPRAFcjnEeS+YwiXSVzA=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSSi6LLoxmUF+4AmhMnkph06eTAzEUrIl7jxV9y4UERwpX/jJM2ith4YOJxzX3O8hFEhTfNHq62srq1v1DcbW9s7u3v6/kFPxCkn0CUxi/nAwwIYjaArqWQwSDjg0GPQ9ya3hd9/BC5oHD3IaQJOiEcRDSjBUkmufhm4mR1iOeZhRvL8zC5HZhz8fM6BPK8Mj2EyyV29abbMEsYysSrSRBU6rv5l+zFJQ4gkYViIoWUm0skwl5QwyBt2KiBRk/EIhopGOAThZOXK3DhRim8EMVcvkkapzndkOBRiGnqqsrhXLHqF+J83TGVw7WQ0SlIJEZktClJmyNgosjJ8yoFINlUEE07VrQYZY46JVIk2VAjW4peXSe+8ZZkt6/6i2b6p4qijI3SMTpGFrlAb3aEO6iKCntALekPv2rP2qn1on7PSmlb1HKI/0L5/ATompQQ=</latexit><latexit sha1_base64="/VOgpi9YPRAFcjnEeS+YwiXSVzA=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSSi6LLoxmUF+4AmhMnkph06eTAzEUrIl7jxV9y4UERwpX/jJM2ith4YOJxzX3O8hFEhTfNHq62srq1v1DcbW9s7u3v6/kFPxCkn0CUxi/nAwwIYjaArqWQwSDjg0GPQ9ya3hd9/BC5oHD3IaQJOiEcRDSjBUkmufhm4mR1iOeZhRvL8zC5HZhz8fM6BPK8Mj2EyyV29abbMEsYysSrSRBU6rv5l+zFJQ4gkYViIoWUm0skwl5QwyBt2KiBRk/EIhopGOAThZOXK3DhRim8EMVcvkkapzndkOBRiGnqqsrhXLHqF+J83TGVw7WQ0SlIJEZktClJmyNgosjJ8yoFINlUEE07VrQYZY46JVIk2VAjW4peXSe+8ZZkt6/6i2b6p4qijI3SMTpGFrlAb3aEO6iKCntALekPv2rP2qn1on7PSmlb1HKI/0L5/ATompQQ=</latexit>

✏ = 2⇡feT
<latexit sha1_base64="xdiigVWpZG7CRRKcPauESKXyCjY=">AAACOnicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QhFNy5b6AuaUibTm3boZBJmJkIJ+S43foU7F25cKOLWD3DaZtGHFwYO55z7mOPHnCntOG/WxubW9s5uYa+4f3B4dGyfnLZUlEgKTRrxSHZ8ooAzAU3NNIdOLIGEPoe2P36Y6u0nkIpFoqEnMfRCMhQsYJRoQ/XtujebkUoYZNiDWDEeCZyTPid0nN1VsBczvGAM+qkXEj2SYQpZtmTGjb5dcsrOrPA6cHNQQnnV+varN4hoEoLQlBOluq4T615KpGaUQ1b0EgWxmU2G0DVQkBBUL50tzfClYQY4iKR5QuMZu9iRklCpSegb5/RitapNyf+0bqKD217KRJxoEHS+KEg41hGe5ogHTALVfGIAoZKZWzEdEUmoNmkXTQju6pfXQatSdp2yW78uVe/zOAroHF2gK+SiG1RFj6iGmoiiZ/SOPtGX9WJ9WN/Wz9y6YeU9Z2iprN8/EQav/g==</latexit><latexit sha1_base64="xdiigVWpZG7CRRKcPauESKXyCjY=">AAACOnicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QhFNy5b6AuaUibTm3boZBJmJkIJ+S43foU7F25cKOLWD3DaZtGHFwYO55z7mOPHnCntOG/WxubW9s5uYa+4f3B4dGyfnLZUlEgKTRrxSHZ8ooAzAU3NNIdOLIGEPoe2P36Y6u0nkIpFoqEnMfRCMhQsYJRoQ/XtujebkUoYZNiDWDEeCZyTPid0nN1VsBczvGAM+qkXEj2SYQpZtmTGjb5dcsrOrPA6cHNQQnnV+varN4hoEoLQlBOluq4T615KpGaUQ1b0EgWxmU2G0DVQkBBUL50tzfClYQY4iKR5QuMZu9iRklCpSegb5/RitapNyf+0bqKD217KRJxoEHS+KEg41hGe5ogHTALVfGIAoZKZWzEdEUmoNmkXTQju6pfXQatSdp2yW78uVe/zOAroHF2gK+SiG1RFj6iGmoiiZ/SOPtGX9WJ9WN/Wz9y6YeU9Z2iprN8/EQav/g==</latexit><latexit sha1_base64="xdiigVWpZG7CRRKcPauESKXyCjY=">AAACOnicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QhFNy5b6AuaUibTm3boZBJmJkIJ+S43foU7F25cKOLWD3DaZtGHFwYO55z7mOPHnCntOG/WxubW9s5uYa+4f3B4dGyfnLZUlEgKTRrxSHZ8ooAzAU3NNIdOLIGEPoe2P36Y6u0nkIpFoqEnMfRCMhQsYJRoQ/XtujebkUoYZNiDWDEeCZyTPid0nN1VsBczvGAM+qkXEj2SYQpZtmTGjb5dcsrOrPA6cHNQQnnV+varN4hoEoLQlBOluq4T615KpGaUQ1b0EgWxmU2G0DVQkBBUL50tzfClYQY4iKR5QuMZu9iRklCpSegb5/RitapNyf+0bqKD217KRJxoEHS+KEg41hGe5ogHTALVfGIAoZKZWzEdEUmoNmkXTQju6pfXQatSdp2yW78uVe/zOAroHF2gK+SiG1RFj6iGmoiiZ/SOPtGX9WJ9WN/Wz9y6YeU9Z2iprN8/EQav/g==</latexit><latexit sha1_base64="xdiigVWpZG7CRRKcPauESKXyCjY=">AAACOnicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QhFNy5b6AuaUibTm3boZBJmJkIJ+S43foU7F25cKOLWD3DaZtGHFwYO55z7mOPHnCntOG/WxubW9s5uYa+4f3B4dGyfnLZUlEgKTRrxSHZ8ooAzAU3NNIdOLIGEPoe2P36Y6u0nkIpFoqEnMfRCMhQsYJRoQ/XtujebkUoYZNiDWDEeCZyTPid0nN1VsBczvGAM+qkXEj2SYQpZtmTGjb5dcsrOrPA6cHNQQnnV+varN4hoEoLQlBOluq4T615KpGaUQ1b0EgWxmU2G0DVQkBBUL50tzfClYQY4iKR5QuMZu9iRklCpSegb5/RitapNyf+0bqKD217KRJxoEHS+KEg41hGe5ogHTALVfGIAoZKZWzEdEUmoNmkXTQju6pfXQatSdp2yW78uVe/zOAroHF2gK+SiG1RFj6iGmoiiZ/SOPtGX9WJ9WN/Wz9y6YeU9Z2iprN8/EQav/g==</latexit>

H
<latexit sha1_base64="9TUsnKEFmhqDtHQV8mmpxV3vMfk=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSiKCLotuuqxgH9CEMpnctEMnD2YmQgn5ATf+ihsXirh1786/cZJmoa0HBg7n3NccL+FMKsv6NlZW19Y3Nmtb9e2d3b198+CwJ+NUUOjSmMdi4BEJnEXQVUxxGCQCSOhx6HvT28LvP4CQLI7u1SwBNyTjiAWMEqWlkXnqlDMyAX6OnZCoiRdkbU3nsscJneYjs2E1rRJ4mdgVaaAKnZH55fgxTUOIFOVEyqFtJcrNiFCMcsjrTioh0ZPJGIaaRiQE6WblyhyfacXHQSz0ixQu1d8dGQmlnIWerizulYteIf7nDVMVXLsZi5JUQUTni4KUYxXjIhrsMwFU8ZkmhAqmb8V0QgShSgdY1yHYi19eJr2Lpm017bvLRuumiqOGjtEJOkc2ukIt1EYd1EUUPaJn9IrejCfjxXg3PualK0bVc4T+wPj8AZMAnH8=</latexit><latexit sha1_base64="9TUsnKEFmhqDtHQV8mmpxV3vMfk=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSiKCLotuuqxgH9CEMpnctEMnD2YmQgn5ATf+ihsXirh1786/cZJmoa0HBg7n3NccL+FMKsv6NlZW19Y3Nmtb9e2d3b198+CwJ+NUUOjSmMdi4BEJnEXQVUxxGCQCSOhx6HvT28LvP4CQLI7u1SwBNyTjiAWMEqWlkXnqlDMyAX6OnZCoiRdkbU3nsscJneYjs2E1rRJ4mdgVaaAKnZH55fgxTUOIFOVEyqFtJcrNiFCMcsjrTioh0ZPJGIaaRiQE6WblyhyfacXHQSz0ixQu1d8dGQmlnIWerizulYteIf7nDVMVXLsZi5JUQUTni4KUYxXjIhrsMwFU8ZkmhAqmb8V0QgShSgdY1yHYi19eJr2Lpm017bvLRuumiqOGjtEJOkc2ukIt1EYd1EUUPaJn9IrejCfjxXg3PualK0bVc4T+wPj8AZMAnH8=</latexit><latexit sha1_base64="9TUsnKEFmhqDtHQV8mmpxV3vMfk=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSiKCLotuuqxgH9CEMpnctEMnD2YmQgn5ATf+ihsXirh1786/cZJmoa0HBg7n3NccL+FMKsv6NlZW19Y3Nmtb9e2d3b198+CwJ+NUUOjSmMdi4BEJnEXQVUxxGCQCSOhx6HvT28LvP4CQLI7u1SwBNyTjiAWMEqWlkXnqlDMyAX6OnZCoiRdkbU3nsscJneYjs2E1rRJ4mdgVaaAKnZH55fgxTUOIFOVEyqFtJcrNiFCMcsjrTioh0ZPJGIaaRiQE6WblyhyfacXHQSz0ixQu1d8dGQmlnIWerizulYteIf7nDVMVXLsZi5JUQUTni4KUYxXjIhrsMwFU8ZkmhAqmb8V0QgShSgdY1yHYi19eJr2Lpm017bvLRuumiqOGjtEJOkc2ukIt1EYd1EUUPaJn9IrejCfjxXg3PualK0bVc4T+wPj8AZMAnH8=</latexit><latexit sha1_base64="9TUsnKEFmhqDtHQV8mmpxV3vMfk=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSiKCLotuuqxgH9CEMpnctEMnD2YmQgn5ATf+ihsXirh1786/cZJmoa0HBg7n3NccL+FMKsv6NlZW19Y3Nmtb9e2d3b198+CwJ+NUUOjSmMdi4BEJnEXQVUxxGCQCSOhx6HvT28LvP4CQLI7u1SwBNyTjiAWMEqWlkXnqlDMyAX6OnZCoiRdkbU3nsscJneYjs2E1rRJ4mdgVaaAKnZH55fgxTUOIFOVEyqFtJcrNiFCMcsjrTioh0ZPJGIaaRiQE6WblyhyfacXHQSz0ixQu1d8dGQmlnIWerizulYteIf7nDVMVXLsZi5JUQUTni4KUYxXjIhrsMwFU8ZkmhAqmb8V0QgShSgdY1yHYi19eJr2Lpm017bvLRuumiqOGjtEJOkc2ukIt1EYd1EUUPaJn9IrejCfjxXg3PualK0bVc4T+wPj8AZMAnH8=</latexit>
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shifters

fc
<latexit sha1_base64="ApfTzeaaxFpQ5wGOc/EheWr7nD0=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ae0Y8mkmTY0yQxJRinD/IcbF4q49V/c+Tdm2llo64HA4Zx7uScniDnTxnW/ndLa+sbmVnm7srO7t39QPTzq6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtMb3K/+0iVZpG8N7OY+gKPJQsZwcZKD+EwHQhsJkqkJMuG1Zpbd+dAq8QrSA0KtIbVr8EoIomg0hCOte57bmz8FCvDCKdZZZBoGmMyxWPat1RiQbWfzlNn6MwqIxRGyj5p0Fz9vZFiofVMBHYyj6iXvVz8z+snJrzyUybjxFBJFofChCMTobwCNGKKEsNnlmCimM2KyAQrTIwtqmJL8Ja/vEo6F3XPrXt3l7XmdVFHGU7gFM7BgwY04RZa0AYCCp7hFd6cJ+fFeXc+FqMlp9g5hj9wPn8ASkCTAw==</latexit><latexit sha1_base64="ApfTzeaaxFpQ5wGOc/EheWr7nD0=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ae0Y8mkmTY0yQxJRinD/IcbF4q49V/c+Tdm2llo64HA4Zx7uScniDnTxnW/ndLa+sbmVnm7srO7t39QPTzq6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtMb3K/+0iVZpG8N7OY+gKPJQsZwcZKD+EwHQhsJkqkJMuG1Zpbd+dAq8QrSA0KtIbVr8EoIomg0hCOte57bmz8FCvDCKdZZZBoGmMyxWPat1RiQbWfzlNn6MwqIxRGyj5p0Fz9vZFiofVMBHYyj6iXvVz8z+snJrzyUybjxFBJFofChCMTobwCNGKKEsNnlmCimM2KyAQrTIwtqmJL8Ja/vEo6F3XPrXt3l7XmdVFHGU7gFM7BgwY04RZa0AYCCp7hFd6cJ+fFeXc+FqMlp9g5hj9wPn8ASkCTAw==</latexit><latexit sha1_base64="ApfTzeaaxFpQ5wGOc/EheWr7nD0=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ae0Y8mkmTY0yQxJRinD/IcbF4q49V/c+Tdm2llo64HA4Zx7uScniDnTxnW/ndLa+sbmVnm7srO7t39QPTzq6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtMb3K/+0iVZpG8N7OY+gKPJQsZwcZKD+EwHQhsJkqkJMuG1Zpbd+dAq8QrSA0KtIbVr8EoIomg0hCOte57bmz8FCvDCKdZZZBoGmMyxWPat1RiQbWfzlNn6MwqIxRGyj5p0Fz9vZFiofVMBHYyj6iXvVz8z+snJrzyUybjxFBJFofChCMTobwCNGKKEsNnlmCimM2KyAQrTIwtqmJL8Ja/vEo6F3XPrXt3l7XmdVFHGU7gFM7BgwY04RZa0AYCCp7hFd6cJ+fFeXc+FqMlp9g5hj9wPn8ASkCTAw==</latexit><latexit sha1_base64="ApfTzeaaxFpQ5wGOc/EheWr7nD0=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ae0Y8mkmTY0yQxJRinD/IcbF4q49V/c+Tdm2llo64HA4Zx7uScniDnTxnW/ndLa+sbmVnm7srO7t39QPTzq6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtMb3K/+0iVZpG8N7OY+gKPJQsZwcZKD+EwHQhsJkqkJMuG1Zpbd+dAq8QrSA0KtIbVr8EoIomg0hCOte57bmz8FCvDCKdZZZBoGmMyxWPat1RiQbWfzlNn6MwqIxRGyj5p0Fz9vZFiofVMBHYyj6iXvVz8z+snJrzyUybjxFBJFofChCMTobwCNGKKEsNnlmCimM2KyAQrTIwtqmJL8Ja/vEo6F3XPrXt3l7XmdVFHGU7gFM7BgwY04RZa0AYCCp7hFd6cJ+fFeXc+FqMlp9g5hj9wPn8ASkCTAw==</latexit>

f [m]
<latexit sha1_base64="5qE2144DF+vBFot13DRYienM8Eo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7AOmQ8mkmTY0yUyTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaScc3+d+Z0qVZrF8MrOEBgIPJYsYwcZKQU9gMwqjLJr7IuhXa27dXQCtE68gNSjQ7Fe/eoOYpIJKQzjW2vfcxAQZVoYRTueVXqppgskYD6lvqcSC6iBbhJ6jC6sMUBQr+6RBC/X3RoaF1jMR2sk8pF71cvE/z09NdBtkTCapoZIsD0UpRyZGeQNowBQlhs8swUQxmxWREVaYGNtTxZbgrX55nbSv6p5b9x6va427oo4ynME5XIIHN9CAB2hCCwhM4Ble4c2ZOi/Ou/OxHC05xc4p/IHz+QMar5JN</latexit><latexit sha1_base64="5qE2144DF+vBFot13DRYienM8Eo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7AOmQ8mkmTY0yUyTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaScc3+d+Z0qVZrF8MrOEBgIPJYsYwcZKQU9gMwqjLJr7IuhXa27dXQCtE68gNSjQ7Fe/eoOYpIJKQzjW2vfcxAQZVoYRTueVXqppgskYD6lvqcSC6iBbhJ6jC6sMUBQr+6RBC/X3RoaF1jMR2sk8pF71cvE/z09NdBtkTCapoZIsD0UpRyZGeQNowBQlhs8swUQxmxWREVaYGNtTxZbgrX55nbSv6p5b9x6va427oo4ynME5XIIHN9CAB2hCCwhM4Ble4c2ZOi/Ou/OxHC05xc4p/IHz+QMar5JN</latexit><latexit sha1_base64="5qE2144DF+vBFot13DRYienM8Eo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7AOmQ8mkmTY0yUyTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaScc3+d+Z0qVZrF8MrOEBgIPJYsYwcZKQU9gMwqjLJr7IuhXa27dXQCtE68gNSjQ7Fe/eoOYpIJKQzjW2vfcxAQZVoYRTueVXqppgskYD6lvqcSC6iBbhJ6jC6sMUBQr+6RBC/X3RoaF1jMR2sk8pF71cvE/z09NdBtkTCapoZIsD0UpRyZGeQNowBQlhs8swUQxmxWREVaYGNtTxZbgrX55nbSv6p5b9x6va427oo4ynME5XIIHN9CAB2hCCwhM4Ble4c2ZOi/Ou/OxHC05xc4p/IHz+QMar5JN</latexit><latexit sha1_base64="5qE2144DF+vBFot13DRYienM8Eo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7AOmQ8mkmTY0yUyTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaScc3+d+Z0qVZrF8MrOEBgIPJYsYwcZKQU9gMwqjLJr7IuhXa27dXQCtE68gNSjQ7Fe/eoOYpIJKQzjW2vfcxAQZVoYRTueVXqppgskYD6lvqcSC6iBbhJ6jC6sMUBQr+6RBC/X3RoaF1jMR2sk8pF71cvE/z09NdBtkTCapoZIsD0UpRyZGeQNowBQlhs8swUQxmxWREVaYGNtTxZbgrX55nbSv6p5b9x6va427oo4ynME5XIIHN9CAB2hCCwhM4Ble4c2ZOi/Ou/OxHC05xc4p/IHz+QMar5JN</latexit>

𝑁×1
array

DAC

Single iteration of 
matching pursuit

DFT codebook-
based beamforming

Implementation available at https://github.com/nitinjmyers/ICASSP2019RobustCSCode

Assumption: Maximum carrier frequency offset = Δ rad. Define  𝑢 = 𝑁Δ/2𝜋.

Acceptable set: Set of matrices around S that differ from S by a maximum shift of (𝑢, 𝑢)

Zero CFO

CFO
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o

(�,S)
<latexit sha1_base64="2AIeT7mlQQvJ8NpTFtvB2iJM5Jo=">AAACIXicbVBNS8NAEN3U7/oV9ehlsQgVpCQi2GNRDx4VbSs0pWy2E7t0swm7E6GE/BUv/hUvHhTxJv4Zt7Xg54OFN+/NsDMvTKUw6HlvTmlmdm5+YXGpvLyyurbubmy2TJJpDk2eyERfh8yAFAqaKFDCdaqBxaGEdjg8GfvtW9BGJOoKRyl0Y3ajRCQ4Qyv13HqAQvYhD2KGgzDKL4siEIpOSs6krXtJNQ9OQSIr9r+69npuxat5E9C/xJ+SCpnivOe+Bv2EZzEo5JIZ0/G9FLs50yi4hKIcZAZSxofsBjqWKhaD6eaTCwu6a5U+jRJtn0I6Ub9P5Cw2ZhSHtnO8ovntjcX/vE6GUb2bC5VmCIp/fhRlkmJCx3HRvtDAUY4sYVwLuyvlA6YZRxtq2Ybg/z75L2kd1Hyv5l8cVhrH0zgWyTbZIVXikyPSIGfknDQJJ3fkgTyRZ+feeXRenNfP1pIzndkiP+C8fwBWXKTQ</latexit><latexit sha1_base64="2AIeT7mlQQvJ8NpTFtvB2iJM5Jo=">AAACIXicbVBNS8NAEN3U7/oV9ehlsQgVpCQi2GNRDx4VbSs0pWy2E7t0swm7E6GE/BUv/hUvHhTxJv4Zt7Xg54OFN+/NsDMvTKUw6HlvTmlmdm5+YXGpvLyyurbubmy2TJJpDk2eyERfh8yAFAqaKFDCdaqBxaGEdjg8GfvtW9BGJOoKRyl0Y3ajRCQ4Qyv13HqAQvYhD2KGgzDKL4siEIpOSs6krXtJNQ9OQSIr9r+69npuxat5E9C/xJ+SCpnivOe+Bv2EZzEo5JIZ0/G9FLs50yi4hKIcZAZSxofsBjqWKhaD6eaTCwu6a5U+jRJtn0I6Ub9P5Cw2ZhSHtnO8ovntjcX/vE6GUb2bC5VmCIp/fhRlkmJCx3HRvtDAUY4sYVwLuyvlA6YZRxtq2Ybg/z75L2kd1Hyv5l8cVhrH0zgWyTbZIVXikyPSIGfknDQJJ3fkgTyRZ+feeXRenNfP1pIzndkiP+C8fwBWXKTQ</latexit><latexit sha1_base64="2AIeT7mlQQvJ8NpTFtvB2iJM5Jo=">AAACIXicbVBNS8NAEN3U7/oV9ehlsQgVpCQi2GNRDx4VbSs0pWy2E7t0swm7E6GE/BUv/hUvHhTxJv4Zt7Xg54OFN+/NsDMvTKUw6HlvTmlmdm5+YXGpvLyyurbubmy2TJJpDk2eyERfh8yAFAqaKFDCdaqBxaGEdjg8GfvtW9BGJOoKRyl0Y3ajRCQ4Qyv13HqAQvYhD2KGgzDKL4siEIpOSs6krXtJNQ9OQSIr9r+69npuxat5E9C/xJ+SCpnivOe+Bv2EZzEo5JIZ0/G9FLs50yi4hKIcZAZSxofsBjqWKhaD6eaTCwu6a5U+jRJtn0I6Ub9P5Cw2ZhSHtnO8ovntjcX/vE6GUb2bC5VmCIp/fhRlkmJCx3HRvtDAUY4sYVwLuyvlA6YZRxtq2Ybg/z75L2kd1Hyv5l8cVhrH0zgWyTbZIVXikyPSIGfknDQJJ3fkgTyRZ+feeXRenNfP1pIzndkiP+C8fwBWXKTQ</latexit><latexit sha1_base64="2AIeT7mlQQvJ8NpTFtvB2iJM5Jo=">AAACIXicbVBNS8NAEN3U7/oV9ehlsQgVpCQi2GNRDx4VbSs0pWy2E7t0swm7E6GE/BUv/hUvHhTxJv4Zt7Xg54OFN+/NsDMvTKUw6HlvTmlmdm5+YXGpvLyyurbubmy2TJJpDk2eyERfh8yAFAqaKFDCdaqBxaGEdjg8GfvtW9BGJOoKRyl0Y3ajRCQ4Qyv13HqAQvYhD2KGgzDKL4siEIpOSs6krXtJNQ9OQSIr9r+69npuxat5E9C/xJ+SCpnivOe+Bv2EZzEo5JIZ0/G9FLs50yi4hKIcZAZSxofsBjqWKhaD6eaTCwu6a5U+jRJtn0I6Ub9P5Cw2ZhSHtnO8ovntjcX/vE6GUb2bC5VmCIp/fhRlkmJCx3HRvtDAUY4sYVwLuyvlA6YZRxtq2Ybg/z75L2kd1Hyv5l8cVhrH0zgWyTbZIVXikyPSIGfknDQJJ3fkgTyRZ+feeXRenNfP1pIzndkiP+C8fwBWXKTQ</latexit>

G̃
<latexit sha1_base64="f2eW4+g/SFYo51BhX0z4Dy8NiGI=">AAAB+3icbVDLSsNAFL2pr1pftS7dDBbBVUlE0GXRhS4r2Ac0oUwmk3boZBJmJmIJ+RU3LhRx64+482+ctFlo64GBwzn3cs8cP+FMadv+tipr6xubW9Xt2s7u3v5B/bDRU3EqCe2SmMdy4GNFORO0q5nmdJBIiiOf074/vSn8/iOVisXiQc8S6kV4LFjICNZGGtUbrmY8oJkbYT3xw+w2z0f1pt2y50CrxClJE0p0RvUvN4hJGlGhCcdKDR070V6GpWaE07zmpoommEzxmA4NFTiiysvm2XN0apQAhbE0T2g0V39vZDhSahb5ZrKIqJa9QvzPG6Y6vPIyJpJUU0EWh8KUIx2joggUMEmJ5jNDMJHMZEVkgiUm2tRVMyU4y19eJb3zlmO3nPuLZvu6rKMKx3ACZ+DAJbThDjrQBQJP8Ayv8Gbl1ov1bn0sRitWuXMEf2B9/gCmUJTS</latexit><latexit sha1_base64="f2eW4+g/SFYo51BhX0z4Dy8NiGI=">AAAB+3icbVDLSsNAFL2pr1pftS7dDBbBVUlE0GXRhS4r2Ac0oUwmk3boZBJmJmIJ+RU3LhRx64+482+ctFlo64GBwzn3cs8cP+FMadv+tipr6xubW9Xt2s7u3v5B/bDRU3EqCe2SmMdy4GNFORO0q5nmdJBIiiOf074/vSn8/iOVisXiQc8S6kV4LFjICNZGGtUbrmY8oJkbYT3xw+w2z0f1pt2y50CrxClJE0p0RvUvN4hJGlGhCcdKDR070V6GpWaE07zmpoommEzxmA4NFTiiysvm2XN0apQAhbE0T2g0V39vZDhSahb5ZrKIqJa9QvzPG6Y6vPIyJpJUU0EWh8KUIx2joggUMEmJ5jNDMJHMZEVkgiUm2tRVMyU4y19eJb3zlmO3nPuLZvu6rKMKx3ACZ+DAJbThDjrQBQJP8Ayv8Gbl1ov1bn0sRitWuXMEf2B9/gCmUJTS</latexit><latexit sha1_base64="f2eW4+g/SFYo51BhX0z4Dy8NiGI=">AAAB+3icbVDLSsNAFL2pr1pftS7dDBbBVUlE0GXRhS4r2Ac0oUwmk3boZBJmJmIJ+RU3LhRx64+482+ctFlo64GBwzn3cs8cP+FMadv+tipr6xubW9Xt2s7u3v5B/bDRU3EqCe2SmMdy4GNFORO0q5nmdJBIiiOf074/vSn8/iOVisXiQc8S6kV4LFjICNZGGtUbrmY8oJkbYT3xw+w2z0f1pt2y50CrxClJE0p0RvUvN4hJGlGhCcdKDR070V6GpWaE07zmpoommEzxmA4NFTiiysvm2XN0apQAhbE0T2g0V39vZDhSahb5ZrKIqJa9QvzPG6Y6vPIyJpJUU0EWh8KUIx2joggUMEmJ5jNDMJHMZEVkgiUm2tRVMyU4y19eJb3zlmO3nPuLZvu6rKMKx3ACZ+DAJbThDjrQBQJP8Ayv8Gbl1ov1bn0sRitWuXMEf2B9/gCmUJTS</latexit><latexit sha1_base64="f2eW4+g/SFYo51BhX0z4Dy8NiGI=">AAAB+3icbVDLSsNAFL2pr1pftS7dDBbBVUlE0GXRhS4r2Ac0oUwmk3boZBJmJmIJ+RU3LhRx64+482+ctFlo64GBwzn3cs8cP+FMadv+tipr6xubW9Xt2s7u3v5B/bDRU3EqCe2SmMdy4GNFORO0q5nmdJBIiiOf074/vSn8/iOVisXiQc8S6kV4LFjICNZGGtUbrmY8oJkbYT3xw+w2z0f1pt2y50CrxClJE0p0RvUvN4hJGlGhCcdKDR070V6GpWaE07zmpoommEzxmA4NFTiiysvm2XN0apQAhbE0T2g0V39vZDhSahb5ZrKIqJa9QvzPG6Y6vPIyJpJUU0EWh8KUIx2joggUMEmJ5jNDMJHMZEVkgiUm2tRVMyU4y19eJb3zlmO3nPuLZvu6rKMKx3ACZ+DAJbThDjrQBQJP8Ayv8Gbl1ov1bn0sRitWuXMEf2B9/gCmUJTS</latexit>

G̃ 2 G
o

(�,S)
<latexit sha1_base64="QkByn0ZlBYMO0wnAlkvoKpDxf+E=">AAACH3icbVBNSwMxEM36WetX1aOXYBEUpOyKqEdRQY8VrRa6pWTT2TaYzS7JrFCW/Sde/CtePCgi3vpvTD8ErT4IvHlvhsy8IJHCoOv2nanpmdm5+cJCcXFpeWW1tLZ+a+JUc6jxWMa6HjADUiiooUAJ9UQDiwIJd8H92cC/ewBtRKxusJdAM2IdJULBGVqpVTr0Ucg2ZH7EsBuE2UWe+0LRYcmZtHUr3vHPQSLb++65zndbpbJbcYegf4k3JmUyRrVV+vTbMU8jUMglM6bhuQk2M6ZRcAl50U8NJIzfsw40LFUsAtPMhvfldNsqbRrG2j6FdKj+nMhYZEwvCmznYEUz6Q3E/7xGiuFxMxMqSREUH30UppJiTAdh0bbQwFH2LGFcC7sr5V2mGUcbadGG4E2e/Jfc7lc8t+JdHZRPTsdxFMgm2SI7xCNH5IRckiqpEU4eyTN5JW/Ok/PivDsfo9YpZzyzQX7B6X8BPn2jrA==</latexit><latexit sha1_base64="QkByn0ZlBYMO0wnAlkvoKpDxf+E=">AAACH3icbVBNSwMxEM36WetX1aOXYBEUpOyKqEdRQY8VrRa6pWTT2TaYzS7JrFCW/Sde/CtePCgi3vpvTD8ErT4IvHlvhsy8IJHCoOv2nanpmdm5+cJCcXFpeWW1tLZ+a+JUc6jxWMa6HjADUiiooUAJ9UQDiwIJd8H92cC/ewBtRKxusJdAM2IdJULBGVqpVTr0Ucg2ZH7EsBuE2UWe+0LRYcmZtHUr3vHPQSLb++65zndbpbJbcYegf4k3JmUyRrVV+vTbMU8jUMglM6bhuQk2M6ZRcAl50U8NJIzfsw40LFUsAtPMhvfldNsqbRrG2j6FdKj+nMhYZEwvCmznYEUz6Q3E/7xGiuFxMxMqSREUH30UppJiTAdh0bbQwFH2LGFcC7sr5V2mGUcbadGG4E2e/Jfc7lc8t+JdHZRPTsdxFMgm2SI7xCNH5IRckiqpEU4eyTN5JW/Ok/PivDsfo9YpZzyzQX7B6X8BPn2jrA==</latexit><latexit sha1_base64="QkByn0ZlBYMO0wnAlkvoKpDxf+E=">AAACH3icbVBNSwMxEM36WetX1aOXYBEUpOyKqEdRQY8VrRa6pWTT2TaYzS7JrFCW/Sde/CtePCgi3vpvTD8ErT4IvHlvhsy8IJHCoOv2nanpmdm5+cJCcXFpeWW1tLZ+a+JUc6jxWMa6HjADUiiooUAJ9UQDiwIJd8H92cC/ewBtRKxusJdAM2IdJULBGVqpVTr0Ucg2ZH7EsBuE2UWe+0LRYcmZtHUr3vHPQSLb++65zndbpbJbcYegf4k3JmUyRrVV+vTbMU8jUMglM6bhuQk2M6ZRcAl50U8NJIzfsw40LFUsAtPMhvfldNsqbRrG2j6FdKj+nMhYZEwvCmznYEUz6Q3E/7xGiuFxMxMqSREUH30UppJiTAdh0bbQwFH2LGFcC7sr5V2mGUcbadGG4E2e/Jfc7lc8t+JdHZRPTsdxFMgm2SI7xCNH5IRckiqpEU4eyTN5JW/Ok/PivDsfo9YpZzyzQX7B6X8BPn2jrA==</latexit><latexit sha1_base64="QkByn0ZlBYMO0wnAlkvoKpDxf+E=">AAACH3icbVBNSwMxEM36WetX1aOXYBEUpOyKqEdRQY8VrRa6pWTT2TaYzS7JrFCW/Sde/CtePCgi3vpvTD8ErT4IvHlvhsy8IJHCoOv2nanpmdm5+cJCcXFpeWW1tLZ+a+JUc6jxWMa6HjADUiiooUAJ9UQDiwIJd8H92cC/ewBtRKxusJdAM2IdJULBGVqpVTr0Ucg2ZH7EsBuE2UWe+0LRYcmZtHUr3vHPQSLb++65zndbpbJbcYegf4k3JmUyRrVV+vTbMU8jUMglM6bhuQk2M6ZRcAl50U8NJIzfsw40LFUsAtPMhvfldNsqbRrG2j6FdKj+nMhYZEwvCmznYEUz6Q3E/7xGiuFxMxMqSREUH30UppJiTAdh0bbQwFH2LGFcC7sr5V2mGUcbadGG4E2e/Jfc7lc8t+JdHZRPTsdxFMgm2SI7xCNH5IRckiqpEU4eyTN5JW/Ok/PivDsfo9YpZzyzQX7B6X8BPn2jrA==</latexit>

Subsampled G
2D-DFT CS

Partial

Design a subsampling technique

Generic random subsampling of G may result in an estimate outside S
o

(�,S)
<latexit sha1_base64="Mt3FJqWVJBtTrtQ5KAiYwqlASwE=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARKkhJRNBlURcuK9oLNKFMppN26GQmzEyEErp146u4caGIW9/AnW/jJM1CW38Y+PnOOcw5fxAzqrTjfFulpeWV1bXyemVjc2t7x97dayuRSExaWDAhuwFShFFOWppqRrqxJCgKGOkE46us3nkgUlHB7/UkJn6EhpyGFCNtUN+GXoT0CCOW3k37ouZdE6bRSQ6D0LDjvl116k4uuGjcwlRBoWbf/vIGAicR4RozpFTPdWLtp0hqihmZVrxEkRjhMRqSnrEcRUT5aX7JFB4ZMoChkOZxDXP6eyJFkVKTKDCd2YpqvpbB/2q9RIcXfkp5nGjC8eyjMGFQC5jFAgdUEqzZxBiEJTW7QjxCEmFtwquYENz5kxdN+7TuOnX39qzauCziKIMDcAhqwAXnoAFuQBO0AAaP4Bm8gjfryXqx3q2PWWvJKmb2wR9Znz9XuJoW</latexit><latexit sha1_base64="Mt3FJqWVJBtTrtQ5KAiYwqlASwE=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARKkhJRNBlURcuK9oLNKFMppN26GQmzEyEErp146u4caGIW9/AnW/jJM1CW38Y+PnOOcw5fxAzqrTjfFulpeWV1bXyemVjc2t7x97dayuRSExaWDAhuwFShFFOWppqRrqxJCgKGOkE46us3nkgUlHB7/UkJn6EhpyGFCNtUN+GXoT0CCOW3k37ouZdE6bRSQ6D0LDjvl116k4uuGjcwlRBoWbf/vIGAicR4RozpFTPdWLtp0hqihmZVrxEkRjhMRqSnrEcRUT5aX7JFB4ZMoChkOZxDXP6eyJFkVKTKDCd2YpqvpbB/2q9RIcXfkp5nGjC8eyjMGFQC5jFAgdUEqzZxBiEJTW7QjxCEmFtwquYENz5kxdN+7TuOnX39qzauCziKIMDcAhqwAXnoAFuQBO0AAaP4Bm8gjfryXqx3q2PWWvJKmb2wR9Znz9XuJoW</latexit><latexit sha1_base64="Mt3FJqWVJBtTrtQ5KAiYwqlASwE=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARKkhJRNBlURcuK9oLNKFMppN26GQmzEyEErp146u4caGIW9/AnW/jJM1CW38Y+PnOOcw5fxAzqrTjfFulpeWV1bXyemVjc2t7x97dayuRSExaWDAhuwFShFFOWppqRrqxJCgKGOkE46us3nkgUlHB7/UkJn6EhpyGFCNtUN+GXoT0CCOW3k37ouZdE6bRSQ6D0LDjvl116k4uuGjcwlRBoWbf/vIGAicR4RozpFTPdWLtp0hqihmZVrxEkRjhMRqSnrEcRUT5aX7JFB4ZMoChkOZxDXP6eyJFkVKTKDCd2YpqvpbB/2q9RIcXfkp5nGjC8eyjMGFQC5jFAgdUEqzZxBiEJTW7QjxCEmFtwquYENz5kxdN+7TuOnX39qzauCziKIMDcAhqwAXnoAFuQBO0AAaP4Bm8gjfryXqx3q2PWWvJKmb2wR9Znz9XuJoW</latexit><latexit sha1_base64="Mt3FJqWVJBtTrtQ5KAiYwqlASwE=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARKkhJRNBlURcuK9oLNKFMppN26GQmzEyEErp146u4caGIW9/AnW/jJM1CW38Y+PnOOcw5fxAzqrTjfFulpeWV1bXyemVjc2t7x97dayuRSExaWDAhuwFShFFOWppqRrqxJCgKGOkE46us3nkgUlHB7/UkJn6EhpyGFCNtUN+GXoT0CCOW3k37ouZdE6bRSQ6D0LDjvl116k4uuGjcwlRBoWbf/vIGAicR4RozpFTPdWLtp0hqihmZVrxEkRjhMRqSnrEcRUT5aX7JFB4ZMoChkOZxDXP6eyJFkVKTKDCd2YpqvpbB/2q9RIcXfkp5nGjC8eyjMGFQC5jFAgdUEqzZxBiEJTW7QjxCEmFtwquYENz5kxdN+7TuOnX39qzauCziKIMDcAhqwAXnoAFuQBO0AAaP4Bm8gjfryXqx3q2PWWvJKmb2wR9Znz9XuJoW</latexit>

2D-DFT

Channel measurements 
with the proposed training

Single iteration of 
matching pursuit

Estimate beams

Beam alignment using
broadened beams

CAN algorithm [7]

for 𝑚 = 0 to 𝑀 − 1 do 
1. Sample a coordinate at random from

{(a, b) : a+ b = m, a 2 IN , b 2 IN}
<latexit sha1_base64="vmoqF3Ji6V6UIPklIp6gjHWa97Y=">AAACInicbVDLSgNBEJz1GeMr6tHLYBAihrArgg8Qgl70IhHMA7Ih9E4myZDZ2WVmVghLvsWLv+LFg6KeBD/G2WQPmljQUFR1093lhZwpbdtf1tz8wuLScmYlu7q2vrGZ29quqSCShFZJwAPZ8EBRzgStaqY5bYSSgu9xWvcGV4lff6BSsUDc62FIWz70BOsyAtpI7dyZGxeg6B2cw6F34RcxYJcJ7Pqg+wR4fDNq3xaxNyu6o3Yub5fsMfAscVKSRykq7dyH2wlI5FOhCQelmo4d6lYMUjPC6SjrRoqGQAbQo01DBfhUteLxiyO8b5QO7gbSlNB4rP6eiMFXauh7pjM5U017ifif14x097QVMxFGmgoyWdSNONYBTvLCHSYp0XxoCBDJzK2Y9EEC0SbVrAnBmX55ltSOSo5dcu6O8+XLNI4M2kV7qIAcdILK6BpVUBUR9Iie0St6s56sF+vd+py0zlnpzA76A+v7BwgwojA=</latexit><latexit sha1_base64="vmoqF3Ji6V6UIPklIp6gjHWa97Y=">AAACInicbVDLSgNBEJz1GeMr6tHLYBAihrArgg8Qgl70IhHMA7Ih9E4myZDZ2WVmVghLvsWLv+LFg6KeBD/G2WQPmljQUFR1093lhZwpbdtf1tz8wuLScmYlu7q2vrGZ29quqSCShFZJwAPZ8EBRzgStaqY5bYSSgu9xWvcGV4lff6BSsUDc62FIWz70BOsyAtpI7dyZGxeg6B2cw6F34RcxYJcJ7Pqg+wR4fDNq3xaxNyu6o3Yub5fsMfAscVKSRykq7dyH2wlI5FOhCQelmo4d6lYMUjPC6SjrRoqGQAbQo01DBfhUteLxiyO8b5QO7gbSlNB4rP6eiMFXauh7pjM5U017ifif14x097QVMxFGmgoyWdSNONYBTvLCHSYp0XxoCBDJzK2Y9EEC0SbVrAnBmX55ltSOSo5dcu6O8+XLNI4M2kV7qIAcdILK6BpVUBUR9Iie0St6s56sF+vd+py0zlnpzA76A+v7BwgwojA=</latexit><latexit sha1_base64="vmoqF3Ji6V6UIPklIp6gjHWa97Y=">AAACInicbVDLSgNBEJz1GeMr6tHLYBAihrArgg8Qgl70IhHMA7Ih9E4myZDZ2WVmVghLvsWLv+LFg6KeBD/G2WQPmljQUFR1093lhZwpbdtf1tz8wuLScmYlu7q2vrGZ29quqSCShFZJwAPZ8EBRzgStaqY5bYSSgu9xWvcGV4lff6BSsUDc62FIWz70BOsyAtpI7dyZGxeg6B2cw6F34RcxYJcJ7Pqg+wR4fDNq3xaxNyu6o3Yub5fsMfAscVKSRykq7dyH2wlI5FOhCQelmo4d6lYMUjPC6SjrRoqGQAbQo01DBfhUteLxiyO8b5QO7gbSlNB4rP6eiMFXauh7pjM5U017ifif14x097QVMxFGmgoyWdSNONYBTvLCHSYp0XxoCBDJzK2Y9EEC0SbVrAnBmX55ltSOSo5dcu6O8+XLNI4M2kV7qIAcdILK6BpVUBUR9Iie0St6s56sF+vd+py0zlnpzA76A+v7BwgwojA=</latexit><latexit sha1_base64="vmoqF3Ji6V6UIPklIp6gjHWa97Y=">AAACInicbVDLSgNBEJz1GeMr6tHLYBAihrArgg8Qgl70IhHMA7Ih9E4myZDZ2WVmVghLvsWLv+LFg6KeBD/G2WQPmljQUFR1093lhZwpbdtf1tz8wuLScmYlu7q2vrGZ29quqSCShFZJwAPZ8EBRzgStaqY5bYSSgu9xWvcGV4lff6BSsUDc62FIWz70BOsyAtpI7dyZGxeg6B2cw6F34RcxYJcJ7Pqg+wR4fDNq3xaxNyu6o3Yub5fsMfAscVKSRykq7dyH2wlI5FOhCQelmo4d6lYMUjPC6SjrRoqGQAbQo01DBfhUteLxiyO8b5QO7gbSlNB4rP6eiMFXauh7pjM5U017ifif14x097QVMxFGmgoyWdSNONYBTvLCHSYp0XxoCBDJzK2Y9EEC0SbVrAnBmX55ltSOSo5dcu6O8+XLNI4M2kV7qIAcdILK6BpVUBUR9Iie0St6s56sF+vd+py0zlnpzA76A+v7BwgwojA=</latexit>

2. Define the sampled coordinate as (`
rx

[m], `
tx

[m])
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w[m] = Ze`
rx

[m]
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f [m] = Ze`
tx

[m]
<latexit sha1_base64="Jn0MzSaMU//Rr6Yk9DW4xLFksSI=">AAACGnicbVDLSsNAFJ34rPUVdekmWARXJRFBN0LRjcsK9oFpCJPpTTt0JgkzE7GEfIcbf8WNC0XciRv/xkkbQVsPzHDm3HOZe0+QMCqVbX8ZC4tLyyurlbXq+sbm1ra5s9uWcSoItEjMYtENsARGI2gpqhh0EwGYBww6weiyqHfuQEgaRzdqnIDH8SCiISVYack3nR7HahiEWZi73Dv/ed1C7mc9YEzfhSR4pu7zwpL7Zs2u2xNY88QpSQ2VaPrmR68fk5RDpAjDUrqOnSgvw0JRwiCv9lIJCSYjPABX0whzkF42WS23DrXSt8JY6BMpa6L+7sgwl3LMA+0s5pSztUL8r+amKjzzMholqYKITD8KU2ap2CpysvpUAFFsrAkmgupZLTLEAhOl06zqEJzZledJ+7ju2HXn+qTWuCjjqKB9dICOkINOUQNdoSZqIYIe0BN6Qa/Go/FsvBnvU+uCUfbsoT8wPr8BPGui3Q==</latexit><latexit sha1_base64="Jn0MzSaMU//Rr6Yk9DW4xLFksSI=">AAACGnicbVDLSsNAFJ34rPUVdekmWARXJRFBN0LRjcsK9oFpCJPpTTt0JgkzE7GEfIcbf8WNC0XciRv/xkkbQVsPzHDm3HOZe0+QMCqVbX8ZC4tLyyurlbXq+sbm1ra5s9uWcSoItEjMYtENsARGI2gpqhh0EwGYBww6weiyqHfuQEgaRzdqnIDH8SCiISVYack3nR7HahiEWZi73Dv/ed1C7mc9YEzfhSR4pu7zwpL7Zs2u2xNY88QpSQ2VaPrmR68fk5RDpAjDUrqOnSgvw0JRwiCv9lIJCSYjPABX0whzkF42WS23DrXSt8JY6BMpa6L+7sgwl3LMA+0s5pSztUL8r+amKjzzMholqYKITD8KU2ap2CpysvpUAFFsrAkmgupZLTLEAhOl06zqEJzZledJ+7ju2HXn+qTWuCjjqKB9dICOkINOUQNdoSZqIYIe0BN6Qa/Go/FsvBnvU+uCUfbsoT8wPr8BPGui3Q==</latexit><latexit sha1_base64="Jn0MzSaMU//Rr6Yk9DW4xLFksSI=">AAACGnicbVDLSsNAFJ34rPUVdekmWARXJRFBN0LRjcsK9oFpCJPpTTt0JgkzE7GEfIcbf8WNC0XciRv/xkkbQVsPzHDm3HOZe0+QMCqVbX8ZC4tLyyurlbXq+sbm1ra5s9uWcSoItEjMYtENsARGI2gpqhh0EwGYBww6weiyqHfuQEgaRzdqnIDH8SCiISVYack3nR7HahiEWZi73Dv/ed1C7mc9YEzfhSR4pu7zwpL7Zs2u2xNY88QpSQ2VaPrmR68fk5RDpAjDUrqOnSgvw0JRwiCv9lIJCSYjPABX0whzkF42WS23DrXSt8JY6BMpa6L+7sgwl3LMA+0s5pSztUL8r+amKjzzMholqYKITD8KU2ap2CpysvpUAFFsrAkmgupZLTLEAhOl06zqEJzZledJ+7ju2HXn+qTWuCjjqKB9dICOkINOUQNdoSZqIYIe0BN6Qa/Go/FsvBnvU+uCUfbsoT8wPr8BPGui3Q==</latexit><latexit sha1_base64="Jn0MzSaMU//Rr6Yk9DW4xLFksSI=">AAACGnicbVDLSsNAFJ34rPUVdekmWARXJRFBN0LRjcsK9oFpCJPpTTt0JgkzE7GEfIcbf8WNC0XciRv/xkkbQVsPzHDm3HOZe0+QMCqVbX8ZC4tLyyurlbXq+sbm1ra5s9uWcSoItEjMYtENsARGI2gpqhh0EwGYBww6weiyqHfuQEgaRzdqnIDH8SCiISVYack3nR7HahiEWZi73Dv/ed1C7mc9YEzfhSR4pu7zwpL7Zs2u2xNY88QpSQ2VaPrmR68fk5RDpAjDUrqOnSgvw0JRwiCv9lIJCSYjPABX0whzkF42WS23DrXSt8JY6BMpa6L+7sgwl3LMA+0s5pSztUL8r+amKjzzMholqYKITD8KU2ap2CpysvpUAFFsrAkmgupZLTLEAhOl06zqEJzZledJ+7ju2HXn+qTWuCjjqKB9dICOkINOUQNdoSZqIYIe0BN6Qa/Go/FsvBnvU+uCUfbsoT8wPr8BPGui3Q==</latexit>

3. Set and

end for

Define IN = {0, 1, 2, · · · , N � 1}
<latexit sha1_base64="4uLr0Gvs+9xIWq4HxxWxrXQ+A3k=">AAACC3icbVDLSsNAFJ3UV62vqEs3oUVwEUumCLoRim50UyrYBzQhTCaTdujkwcxEKCF7N/6KGxeKuPUH3Pk3TtoutPXAhcM593LvPV7CqJCW9a2VVlbX1jfKm5Wt7Z3dPX3/oCvilGPSwTGLed9DgjAakY6kkpF+wgkKPUZ63vi68HsPhAsaR/dykhAnRMOIBhQjqSRXr9ohkiOMWHabu61LO7NMaDZMG/uxFGbrFNq5q9esujWFsUzgnNTAHG1X/7L9GKchiSRmSIgBtBLpZIhLihnJK3YqSILwGA3JQNEIhUQ42fSX3DhWim8EMVcVSWOq/p7IUCjEJPRUZ3G5WPQK8T9vkMrgwslolKSSRHi2KEiZIWOjCMbwKSdYsokiCHOqbjXwCHGEpYqvokKAiy8vk26jDq06vDurNa/mcZTBEaiCEwDBOWiCG9AGHYDBI3gGr+BNe9JetHftY9Za0uYzh+APtM8fm/iZeA==</latexit><latexit sha1_base64="4uLr0Gvs+9xIWq4HxxWxrXQ+A3k=">AAACC3icbVDLSsNAFJ3UV62vqEs3oUVwEUumCLoRim50UyrYBzQhTCaTdujkwcxEKCF7N/6KGxeKuPUH3Pk3TtoutPXAhcM593LvPV7CqJCW9a2VVlbX1jfKm5Wt7Z3dPX3/oCvilGPSwTGLed9DgjAakY6kkpF+wgkKPUZ63vi68HsPhAsaR/dykhAnRMOIBhQjqSRXr9ohkiOMWHabu61LO7NMaDZMG/uxFGbrFNq5q9esujWFsUzgnNTAHG1X/7L9GKchiSRmSIgBtBLpZIhLihnJK3YqSILwGA3JQNEIhUQ42fSX3DhWim8EMVcVSWOq/p7IUCjEJPRUZ3G5WPQK8T9vkMrgwslolKSSRHi2KEiZIWOjCMbwKSdYsokiCHOqbjXwCHGEpYqvokKAiy8vk26jDq06vDurNa/mcZTBEaiCEwDBOWiCG9AGHYDBI3gGr+BNe9JetHftY9Za0uYzh+APtM8fm/iZeA==</latexit><latexit sha1_base64="4uLr0Gvs+9xIWq4HxxWxrXQ+A3k=">AAACC3icbVDLSsNAFJ3UV62vqEs3oUVwEUumCLoRim50UyrYBzQhTCaTdujkwcxEKCF7N/6KGxeKuPUH3Pk3TtoutPXAhcM593LvPV7CqJCW9a2VVlbX1jfKm5Wt7Z3dPX3/oCvilGPSwTGLed9DgjAakY6kkpF+wgkKPUZ63vi68HsPhAsaR/dykhAnRMOIBhQjqSRXr9ohkiOMWHabu61LO7NMaDZMG/uxFGbrFNq5q9esujWFsUzgnNTAHG1X/7L9GKchiSRmSIgBtBLpZIhLihnJK3YqSILwGA3JQNEIhUQ42fSX3DhWim8EMVcVSWOq/p7IUCjEJPRUZ3G5WPQK8T9vkMrgwslolKSSRHi2KEiZIWOjCMbwKSdYsokiCHOqbjXwCHGEpYqvokKAiy8vk26jDq06vDurNa/mcZTBEaiCEwDBOWiCG9AGHYDBI3gGr+BNe9JetHftY9Za0uYzh+APtM8fm/iZeA==</latexit><latexit sha1_base64="4uLr0Gvs+9xIWq4HxxWxrXQ+A3k=">AAACC3icbVDLSsNAFJ3UV62vqEs3oUVwEUumCLoRim50UyrYBzQhTCaTdujkwcxEKCF7N/6KGxeKuPUH3Pk3TtoutPXAhcM593LvPV7CqJCW9a2VVlbX1jfKm5Wt7Z3dPX3/oCvilGPSwTGLed9DgjAakY6kkpF+wgkKPUZ63vi68HsPhAsaR/dykhAnRMOIBhQjqSRXr9ohkiOMWHabu61LO7NMaDZMG/uxFGbrFNq5q9esujWFsUzgnNTAHG1X/7L9GKchiSRmSIgBtBLpZIhLihnJK3YqSILwGA3JQNEIhUQ42fSX3DhWim8EMVcVSWOq/p7IUCjEJPRUZ3G5WPQK8T9vkMrgwslolKSSRHi2KEiZIWOjCMbwKSdYsokiCHOqbjXwCHGEpYqvokKAiy8vk26jDq06vDurNa/mcZTBEaiCEwDBOWiCG9AGHYDBI3gGr+BNe9JetHftY9Za0uYzh+APtM8fm/iZeA==</latexit>

Channel measurements with the proposed training

Performance with CFO

Beam misalignment induced by CFO

Virtual angle of departure
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Sparse
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Maximally off-grid CFO

CFO compensation can be hard due to low SNR prior to beamforming [5]

[8]

Beam

2

4
G11 G12ej✏ G13ej2✏

G21ej✏ G22ej2✏ G23ej3✏

G31ej2✏ G32ej3✏ G33ej4✏

3

5

<latexit sha1_base64="TdCfGJFbEN2padtpNLaXzYBKANw="></latexit><latexit sha1_base64="TdCfGJFbEN2padtpNLaXzYBKANw="></latexit><latexit sha1_base64="TdCfGJFbEN2padtpNLaXzYBKANw="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="LntDH0aXtjSpt6+tVkebJFjtaZY="></latexit><latexit sha1_base64="LntDH0aXtjSpt6+tVkebJFjtaZY="></latexit><latexit sha1_base64="iUtLDWKDsseCEwcvI4MAAodS0Gg="></latexit><latexit sha1_base64="TdCfGJFbEN2padtpNLaXzYBKANw="></latexit><latexit sha1_base64="TdCfGJFbEN2padtpNLaXzYBKANw="></latexit><latexit sha1_base64="TdCfGJFbEN2padtpNLaXzYBKANw="></latexit><latexit sha1_base64="TdCfGJFbEN2padtpNLaXzYBKANw="></latexit><latexit sha1_base64="TdCfGJFbEN2padtpNLaXzYBKANw="></latexit><latexit sha1_base64="TdCfGJFbEN2padtpNLaXzYBKANw="></latexit>

𝑚 = 0 𝑚 = 1 𝑚 = 2

𝑚 = 3

𝑚 = 4

2

4
G11 G12 G13

G21 G22 G23

G31 G32 G33

3

5

<latexit sha1_base64="PcQUqmWlgVQssSB7QPB2gWCkWUg="></latexit><latexit sha1_base64="PcQUqmWlgVQssSB7QPB2gWCkWUg="></latexit><latexit sha1_base64="PcQUqmWlgVQssSB7QPB2gWCkWUg="></latexit><latexit sha1_base64="PcQUqmWlgVQssSB7QPB2gWCkWUg="></latexit>

2

4
G11 G13ej2✏

G21ej✏

G32ej3✏ G33ej4✏

3

5

<latexit sha1_base64="z58RLZzhrKlB01YZpXd/zSNlS9A="></latexit><latexit sha1_base64="z58RLZzhrKlB01YZpXd/zSNlS9A="></latexit><latexit sha1_base64="z58RLZzhrKlB01YZpXd/zSNlS9A="></latexit><latexit sha1_base64="z58RLZzhrKlB01YZpXd/zSNlS9A="></latexit>

Subsample

CFO = 𝜖

Standard compressed sensing is sensitive to carrier frequency offset [2-4]

Partial 2D-DFT-based
compressed sensing

G�AN (✏)
<latexit sha1_base64="vlO6wZDj6Xp3fZ6HeEYolavm6EA=">AAACDnicbVDLSgMxFL1TX7W+Rl26GVoKFaHMuNFl1YWupIJ9QKeUTJppQzPJkGSEMvQL3PgJ/oIbF4q4de3OvzF9CNp6IHByzr3ce08QM6q0635ZmaXlldW17HpuY3Nre8fe3asrkUhMalgwIZsBUoRRTmqaakaasSQoChhpBIOLsd+4I1JRwW/1MCbtCPU4DSlG2kgdu+hHSPeDML0c+aIr9M/3bNS5LvkkVpQJftixC27ZncBZJN6MFCp5/+gRAKod+9PvCpxEhGvMkFItz411O0VSU8zIKOcnisQID1CPtAzlKCKqnU7OGTlFo3SdUEjzuHYm6u+OFEVKDaPAVI63VfPeWPzPayU6PG2nlMeJJhxPB4UJc7Rwxtk4XSoJ1mxoCMKSml0d3EcSYW0SzJkQvPmTF0n9uOy5Ze/GpHEOU2ThAPJQAg9OoAJXUIUaYLiHJ3iBV+vBerberPdpacaa9ezDH1gf3+3vnhw=</latexit><latexit sha1_base64="/XOzh/u6ZUWbN459fVvdpTBAC6c=">AAACDnicbVDLSgMxFM34rPU16tJNaClUhDLjRpdVF7qSCvYBnTJk0kwbmkmGJCOUYb7AjQt/xI0LRdy6dte/MX0I2nogcHLOvdx7TxAzqrTjjKyl5ZXVtfXcRn5za3tn197bbyiRSEzqWDAhWwFShFFO6ppqRlqxJCgKGGkGg8ux37wnUlHB7/QwJp0I9TgNKUbaSL5d8iKk+0GYXmWe6Ar98z3P/JuyR2JFmeBHvl10Ks4EcJG4M1KsFrzjp1F1WPPtL68rcBIRrjFDSrVdJ9adFElNMSNZ3ksUiREeoB5pG8pRRFQnnZyTwZJRujAU0jyu4UT93ZGiSKlhFJjK8bZq3huL/3ntRIdnnZTyONGE4+mgMGFQCzjOBnapJFizoSEIS2p2hbiPJMLaJJg3IbjzJy+SxknFdSrurUnjAkyRA4egAMrABaegCq5BDdQBBg/gGbyCN+vRerHerY9p6ZI16zkAf2B9fgP3WZ+i</latexit><latexit sha1_base64="/XOzh/u6ZUWbN459fVvdpTBAC6c=">AAACDnicbVDLSgMxFM34rPU16tJNaClUhDLjRpdVF7qSCvYBnTJk0kwbmkmGJCOUYb7AjQt/xI0LRdy6dte/MX0I2nogcHLOvdx7TxAzqrTjjKyl5ZXVtfXcRn5za3tn197bbyiRSEzqWDAhWwFShFFO6ppqRlqxJCgKGGkGg8ux37wnUlHB7/QwJp0I9TgNKUbaSL5d8iKk+0GYXmWe6Ar98z3P/JuyR2JFmeBHvl10Ks4EcJG4M1KsFrzjp1F1WPPtL68rcBIRrjFDSrVdJ9adFElNMSNZ3ksUiREeoB5pG8pRRFQnnZyTwZJRujAU0jyu4UT93ZGiSKlhFJjK8bZq3huL/3ntRIdnnZTyONGE4+mgMGFQCzjOBnapJFizoSEIS2p2hbiPJMLaJJg3IbjzJy+SxknFdSrurUnjAkyRA4egAMrABaegCq5BDdQBBg/gGbyCN+vRerHerY9p6ZI16zkAf2B9fgP3WZ+i</latexit><latexit sha1_base64="qbAEVl7Lw45nVy4a/F4xBpRCYaw=">AAACDnicbVC7TsMwFHV4lvIKMLJEVJXKUiUsMBYYYEJFog+piSLHcVqrjh3ZDlIV5QtY+BUWBhBiZWbjb3DaIEHLkSwdn3Ov7r0nSCiRyra/jKXlldW19cpGdXNre2fX3NvvSp4KhDuIUy76AZSYEoY7iiiK+4nAMA4o7gXjy8Lv3WMhCWd3apJgL4ZDRiKCoNKSb9bdGKpREGVXuctDrn6+57l/03BxIgnl7Ng3a3bTnsJaJE5JaqBE2zc/3ZCjNMZMIQqlHDh2orwMCkUQxXnVTSVOIBrDIR5oymCMpZdNz8mtulZCK+JCP6asqfq7I4OxlJM40JXFtnLeK8T/vEGqojMvIyxJFWZoNihKqaW4VWRjhURgpOhEE4gE0btaaAQFREonWNUhOPMnL5LuSdOxm86tXWtdlHFUwCE4Ag3ggFPQAtegDToAgQfwBF7Aq/FoPBtvxvusdMkoew7AHxgf39twnJM=</latexit>

“The’’ matrix that is consistent with the channel 
measurements and has a sparse 2D-DFT.G�A

N

(✏) 2 G
o

(�,S)
<latexit sha1_base64="IoLJkdzfPVEG2NcPCxwJ+5CG1Zo="></latexit><latexit sha1_base64="IoLJkdzfPVEG2NcPCxwJ+5CG1Zo="></latexit><latexit sha1_base64="IoLJkdzfPVEG2NcPCxwJ+5CG1Zo="></latexit><latexit sha1_base64="IoLJkdzfPVEG2NcPCxwJ+5CG1Zo="></latexit>

Restricting randomness in CS can help achieve robustness to structured errors

y =

2

666664

1
ej✏

ej2✏

. . .

ej(M�1)✏

3

777775
As+ v

<latexit sha1_base64="0tBDaf6V+liMQGSVPbIoNbW1khs="></latexit><latexit sha1_base64="0tBDaf6V+liMQGSVPbIoNbW1khs="></latexit><latexit sha1_base64="0tBDaf6V+liMQGSVPbIoNbW1khs="></latexit><latexit sha1_base64="0tBDaf6V+liMQGSVPbIoNbW1khs="></latexit>

w[m]
<latexit sha1_base64="sN9wD5JH8W84wrtf2+UyQ+ehpRU=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7AOmQ8mkmTY0yYxJplKGfocbF4q49WPc+Tdm2llo64HA4Zx7uScnTDjTxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBOOb3O/M6FKs1g+mGlCA4GHkkWMYGOloCewGYVR9jTzRdCv1ty6OwdaJV5BalCg2a9+9QYxSQWVhnCste+5iQkyrAwjnM4qvVTTBJMxHlLfUokF1UE2Dz1DZ1YZoChW9kmD5urvjQwLracitJN5SL3s5eJ/np+a6DrImExSQyVZHIpSjkyM8gbQgClKDJ9agoliNisiI6wwMbanii3BW/7yKmlf1D237t1f1ho3RR1lOIFTOAcPrqABd9CEFhB4hGd4hTdn4rw4787HYrTkFDvH8AfO5w80t5Je</latexit><latexit sha1_base64="sN9wD5JH8W84wrtf2+UyQ+ehpRU=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7AOmQ8mkmTY0yYxJplKGfocbF4q49WPc+Tdm2llo64HA4Zx7uScnTDjTxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBOOb3O/M6FKs1g+mGlCA4GHkkWMYGOloCewGYVR9jTzRdCv1ty6OwdaJV5BalCg2a9+9QYxSQWVhnCste+5iQkyrAwjnM4qvVTTBJMxHlLfUokF1UE2Dz1DZ1YZoChW9kmD5urvjQwLracitJN5SL3s5eJ/np+a6DrImExSQyVZHIpSjkyM8gbQgClKDJ9agoliNisiI6wwMbanii3BW/7yKmlf1D237t1f1ho3RR1lOIFTOAcPrqABd9CEFhB4hGd4hTdn4rw4787HYrTkFDvH8AfO5w80t5Je</latexit><latexit sha1_base64="sN9wD5JH8W84wrtf2+UyQ+ehpRU=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7AOmQ8mkmTY0yYxJplKGfocbF4q49WPc+Tdm2llo64HA4Zx7uScnTDjTxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBOOb3O/M6FKs1g+mGlCA4GHkkWMYGOloCewGYVR9jTzRdCv1ty6OwdaJV5BalCg2a9+9QYxSQWVhnCste+5iQkyrAwjnM4qvVTTBJMxHlLfUokF1UE2Dz1DZ1YZoChW9kmD5urvjQwLracitJN5SL3s5eJ/np+a6DrImExSQyVZHIpSjkyM8gbQgClKDJ9agoliNisiI6wwMbanii3BW/7yKmlf1D237t1f1ho3RR1lOIFTOAcPrqABd9CEFhB4hGd4hTdn4rw4787HYrTkFDvH8AfO5w80t5Je</latexit><latexit sha1_base64="sN9wD5JH8W84wrtf2+UyQ+ehpRU=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7AOmQ8mkmTY0yYxJplKGfocbF4q49WPc+Tdm2llo64HA4Zx7uScnTDjTxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBOOb3O/M6FKs1g+mGlCA4GHkkWMYGOloCewGYVR9jTzRdCv1ty6OwdaJV5BalCg2a9+9QYxSQWVhnCste+5iQkyrAwjnM4qvVTTBJMxHlLfUokF1UE2Dz1DZ1YZoChW9kmD5urvjQwLracitJN5SL3s5eJ/np+a6DrImExSQyVZHIpSjkyM8gbQgClKDJ9agoliNisiI6wwMbanii3BW/7yKmlf1D237t1f1ho3RR1lOIFTOAcPrqABd9CEFhB4hGd4hTdn4rw4787HYrTkFDvH8AfO5w80t5Je</latexit>
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<latexit sha1_base64="Y9nGAVbHipIGcrTLz8891uKS6Ik=">AAACE3icbVDLSsNAFJ34rPUVdelmsAgiWBIRdFl0I64q9gVtDJPppB06mYSZiVBC/sGNv+LGhSJu3bjzb5ykEbX1wMCZc+7l3nu8iFGpLOvTmJtfWFxaLq2UV9fWNzbNre2WDGOBSROHLBQdD0nCKCdNRRUjnUgQFHiMtL3RRea374iQNOQNNY6IE6ABpz7FSGnJNQ97AVJDz0+uUjc5itPv7036Y9w2css1K1bVygFniV2QCihQd82PXj/EcUC4wgxJ2bWtSDkJEopiRtJyL5YkQniEBqSrKUcBkU6S35TCfa30oR8K/biCufq7I0GBlOPA05XZonLay8T/vG6s/DMnoTyKFeF4MsiPGVQhzAKCfSoIVmysCcKC6l0hHiKBsNIxlnUI9vTJs6R1XLWtqn19UqmdF3GUwC7YAwfABqegBi5BHTQBBvfgETyDF+PBeDJejbdJ6ZxR9OyAPzDevwCF5p8s</latexit><latexit sha1_base64="Y9nGAVbHipIGcrTLz8891uKS6Ik=">AAACE3icbVDLSsNAFJ34rPUVdelmsAgiWBIRdFl0I64q9gVtDJPppB06mYSZiVBC/sGNv+LGhSJu3bjzb5ykEbX1wMCZc+7l3nu8iFGpLOvTmJtfWFxaLq2UV9fWNzbNre2WDGOBSROHLBQdD0nCKCdNRRUjnUgQFHiMtL3RRea374iQNOQNNY6IE6ABpz7FSGnJNQ97AVJDz0+uUjc5itPv7036Y9w2css1K1bVygFniV2QCihQd82PXj/EcUC4wgxJ2bWtSDkJEopiRtJyL5YkQniEBqSrKUcBkU6S35TCfa30oR8K/biCufq7I0GBlOPA05XZonLay8T/vG6s/DMnoTyKFeF4MsiPGVQhzAKCfSoIVmysCcKC6l0hHiKBsNIxlnUI9vTJs6R1XLWtqn19UqmdF3GUwC7YAwfABqegBi5BHTQBBvfgETyDF+PBeDJejbdJ6ZxR9OyAPzDevwCF5p8s</latexit><latexit sha1_base64="Y9nGAVbHipIGcrTLz8891uKS6Ik=">AAACE3icbVDLSsNAFJ34rPUVdelmsAgiWBIRdFl0I64q9gVtDJPppB06mYSZiVBC/sGNv+LGhSJu3bjzb5ykEbX1wMCZc+7l3nu8iFGpLOvTmJtfWFxaLq2UV9fWNzbNre2WDGOBSROHLBQdD0nCKCdNRRUjnUgQFHiMtL3RRea374iQNOQNNY6IE6ABpz7FSGnJNQ97AVJDz0+uUjc5itPv7036Y9w2css1K1bVygFniV2QCihQd82PXj/EcUC4wgxJ2bWtSDkJEopiRtJyL5YkQniEBqSrKUcBkU6S35TCfa30oR8K/biCufq7I0GBlOPA05XZonLay8T/vG6s/DMnoTyKFeF4MsiPGVQhzAKCfSoIVmysCcKC6l0hHiKBsNIxlnUI9vTJs6R1XLWtqn19UqmdF3GUwC7YAwfABqegBi5BHTQBBvfgETyDF+PBeDJejbdJ6ZxR9OyAPzDevwCF5p8s</latexit><latexit sha1_base64="Y9nGAVbHipIGcrTLz8891uKS6Ik=">AAACE3icbVDLSsNAFJ34rPUVdelmsAgiWBIRdFl0I64q9gVtDJPppB06mYSZiVBC/sGNv+LGhSJu3bjzb5ykEbX1wMCZc+7l3nu8iFGpLOvTmJtfWFxaLq2UV9fWNzbNre2WDGOBSROHLBQdD0nCKCdNRRUjnUgQFHiMtL3RRea374iQNOQNNY6IE6ABpz7FSGnJNQ97AVJDz0+uUjc5itPv7036Y9w2css1K1bVygFniV2QCihQd82PXj/EcUC4wgxJ2bWtSDkJEopiRtJyL5YkQniEBqSrKUcBkU6S35TCfa30oR8K/biCufq7I0GBlOPA05XZonLay8T/vG6s/DMnoTyKFeF4MsiPGVQhzAKCfSoIVmysCcKC6l0hHiKBsNIxlnUI9vTJs6R1XLWtqn19UqmdF3GUwC7YAwfABqegBi5BHTQBBvfgETyDF+PBeDJejbdJ6ZxR9OyAPzDevwCF5p8s</latexit>
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<latexit sha1_base64="ojGlfStDmQIBlcEtP0k5RQA40jo=">AAACEXicbVDLSsNAFL2pr1pfUZduBovQVUlE0GXRjbiq2Be0NUymk3bo5MHMRCghv+DGX3HjQhG37tz5N07aiNp6YODMOfdy7z1uxJlUlvVpFJaWV1bXiuuljc2t7R1zd68lw1gQ2iQhD0XHxZJyFtCmYorTTiQo9l1O2+74IvPbd1RIFgYNNYlo38fDgHmMYKUlx6z0fKxGrpdcpU4Sp9+/m/RHv21kjmOWrao1BVokdk7KkKPumB+9QUhinwaKcCxl17Yi1U+wUIxwmpZ6saQRJmM8pF1NA+xT2U+mF6XoSCsD5IVCv0Chqfq7I8G+lBPf1ZXZnnLey8T/vG6svLN+woIoVjQgs0FezJEKURYPGjBBieITTTARTO+KyAgLTJQOsaRDsOdPXiSt46ptVe3rk3LtPI+jCAdwCBWw4RRqcAl1aAKBe3iEZ3gxHown49V4m5UWjLxnH/7AeP8CmN2evg==</latexit><latexit sha1_base64="ojGlfStDmQIBlcEtP0k5RQA40jo=">AAACEXicbVDLSsNAFL2pr1pfUZduBovQVUlE0GXRjbiq2Be0NUymk3bo5MHMRCghv+DGX3HjQhG37tz5N07aiNp6YODMOfdy7z1uxJlUlvVpFJaWV1bXiuuljc2t7R1zd68lw1gQ2iQhD0XHxZJyFtCmYorTTiQo9l1O2+74IvPbd1RIFgYNNYlo38fDgHmMYKUlx6z0fKxGrpdcpU4Sp9+/m/RHv21kjmOWrao1BVokdk7KkKPumB+9QUhinwaKcCxl17Yi1U+wUIxwmpZ6saQRJmM8pF1NA+xT2U+mF6XoSCsD5IVCv0Chqfq7I8G+lBPf1ZXZnnLey8T/vG6svLN+woIoVjQgs0FezJEKURYPGjBBieITTTARTO+KyAgLTJQOsaRDsOdPXiSt46ptVe3rk3LtPI+jCAdwCBWw4RRqcAl1aAKBe3iEZ3gxHown49V4m5UWjLxnH/7AeP8CmN2evg==</latexit><latexit sha1_base64="ojGlfStDmQIBlcEtP0k5RQA40jo=">AAACEXicbVDLSsNAFL2pr1pfUZduBovQVUlE0GXRjbiq2Be0NUymk3bo5MHMRCghv+DGX3HjQhG37tz5N07aiNp6YODMOfdy7z1uxJlUlvVpFJaWV1bXiuuljc2t7R1zd68lw1gQ2iQhD0XHxZJyFtCmYorTTiQo9l1O2+74IvPbd1RIFgYNNYlo38fDgHmMYKUlx6z0fKxGrpdcpU4Sp9+/m/RHv21kjmOWrao1BVokdk7KkKPumB+9QUhinwaKcCxl17Yi1U+wUIxwmpZ6saQRJmM8pF1NA+xT2U+mF6XoSCsD5IVCv0Chqfq7I8G+lBPf1ZXZnnLey8T/vG6svLN+woIoVjQgs0FezJEKURYPGjBBieITTTARTO+KyAgLTJQOsaRDsOdPXiSt46ptVe3rk3LtPI+jCAdwCBWw4RRqcAl1aAKBe3iEZ3gxHown49V4m5UWjLxnH/7AeP8CmN2evg==</latexit><latexit sha1_base64="ojGlfStDmQIBlcEtP0k5RQA40jo=">AAACEXicbVDLSsNAFL2pr1pfUZduBovQVUlE0GXRjbiq2Be0NUymk3bo5MHMRCghv+DGX3HjQhG37tz5N07aiNp6YODMOfdy7z1uxJlUlvVpFJaWV1bXiuuljc2t7R1zd68lw1gQ2iQhD0XHxZJyFtCmYorTTiQo9l1O2+74IvPbd1RIFgYNNYlo38fDgHmMYKUlx6z0fKxGrpdcpU4Sp9+/m/RHv21kjmOWrao1BVokdk7KkKPumB+9QUhinwaKcCxl17Yi1U+wUIxwmpZ6saQRJmM8pF1NA+xT2U+mF6XoSCsD5IVCv0Chqfq7I8G+lBPf1ZXZnnLey8T/vG6svLN+woIoVjQgs0FezJEKURYPGjBBieITTTARTO+KyAgLTJQOsaRDsOdPXiSt46ptVe3rk3LtPI+jCAdwCBWw4RRqcAl1aAKBe3iEZ3gxHown49V4m5UWjLxnH/7AeP8CmN2evg==</latexit>

S
<latexit sha1_base64="a0vIHozkj3MebWDDSZECQ8FkwMY=">AAAB8XicbVBNS8NAFHypX7V+VT16WSyCp5KIoMeiF48VbS22oWy2L+3SzSbsboQS+i+8eFDEq//Gm//GTZuDtg4sDDPvsfMmSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4OvcfnlBpHst7M0nQj+hQ8pAzaqz02IuoGQVhdjftV2tu3Z2BLBOvIDUo0OxXv3qDmKURSsME1brruYnxM6oMZwKnlV6qMaFsTIfYtVTSCLWfzRJPyYlVBiSMlX3SkJn6eyOjkdaTKLCTeUK96OXif143NeGln3GZpAYlm38UpoKYmOTnkwFXyIyYWEKZ4jYrYSOqKDO2pIotwVs8eZm0z+qeW/duz2uNq6KOMhzBMZyCBxfQgBtoQgsYSHiGV3hztPPivDsf89GSU+wcwh84nz/FAJD3</latexit><latexit sha1_base64="a0vIHozkj3MebWDDSZECQ8FkwMY=">AAAB8XicbVBNS8NAFHypX7V+VT16WSyCp5KIoMeiF48VbS22oWy2L+3SzSbsboQS+i+8eFDEq//Gm//GTZuDtg4sDDPvsfMmSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4OvcfnlBpHst7M0nQj+hQ8pAzaqz02IuoGQVhdjftV2tu3Z2BLBOvIDUo0OxXv3qDmKURSsME1brruYnxM6oMZwKnlV6qMaFsTIfYtVTSCLWfzRJPyYlVBiSMlX3SkJn6eyOjkdaTKLCTeUK96OXif143NeGln3GZpAYlm38UpoKYmOTnkwFXyIyYWEKZ4jYrYSOqKDO2pIotwVs8eZm0z+qeW/duz2uNq6KOMhzBMZyCBxfQgBtoQgsYSHiGV3hztPPivDsf89GSU+wcwh84nz/FAJD3</latexit><latexit sha1_base64="a0vIHozkj3MebWDDSZECQ8FkwMY=">AAAB8XicbVBNS8NAFHypX7V+VT16WSyCp5KIoMeiF48VbS22oWy2L+3SzSbsboQS+i+8eFDEq//Gm//GTZuDtg4sDDPvsfMmSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4OvcfnlBpHst7M0nQj+hQ8pAzaqz02IuoGQVhdjftV2tu3Z2BLBOvIDUo0OxXv3qDmKURSsME1brruYnxM6oMZwKnlV6qMaFsTIfYtVTSCLWfzRJPyYlVBiSMlX3SkJn6eyOjkdaTKLCTeUK96OXif143NeGln3GZpAYlm38UpoKYmOTnkwFXyIyYWEKZ4jYrYSOqKDO2pIotwVs8eZm0z+qeW/duz2uNq6KOMhzBMZyCBxfQgBtoQgsYSHiGV3hztPPivDsf89GSU+wcwh84nz/FAJD3</latexit><latexit sha1_base64="a0vIHozkj3MebWDDSZECQ8FkwMY=">AAAB8XicbVBNS8NAFHypX7V+VT16WSyCp5KIoMeiF48VbS22oWy2L+3SzSbsboQS+i+8eFDEq//Gm//GTZuDtg4sDDPvsfMmSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4OvcfnlBpHst7M0nQj+hQ8pAzaqz02IuoGQVhdjftV2tu3Z2BLBOvIDUo0OxXv3qDmKURSsME1brruYnxM6oMZwKnlV6qMaFsTIfYtVTSCLWfzRJPyYlVBiSMlX3SkJn6eyOjkdaTKLCTeUK96OXif143NeGln3GZpAYlm38UpoKYmOTnkwFXyIyYWEKZ4jYrYSOqKDO2pIotwVs8eZm0z+qeW/duz2uNq6KOMhzBMZyCBxfQgBtoQgsYSHiGV3hztPPivDsf89GSU+wcwh84nz/FAJD3</latexit>
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<latexit sha1_base64="Mt3FJqWVJBtTrtQ5KAiYwqlASwE=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARKkhJRNBlURcuK9oLNKFMppN26GQmzEyEErp146u4caGIW9/AnW/jJM1CW38Y+PnOOcw5fxAzqrTjfFulpeWV1bXyemVjc2t7x97dayuRSExaWDAhuwFShFFOWppqRrqxJCgKGOkE46us3nkgUlHB7/UkJn6EhpyGFCNtUN+GXoT0CCOW3k37ouZdE6bRSQ6D0LDjvl116k4uuGjcwlRBoWbf/vIGAicR4RozpFTPdWLtp0hqihmZVrxEkRjhMRqSnrEcRUT5aX7JFB4ZMoChkOZxDXP6eyJFkVKTKDCd2YpqvpbB/2q9RIcXfkp5nGjC8eyjMGFQC5jFAgdUEqzZxBiEJTW7QjxCEmFtwquYENz5kxdN+7TuOnX39qzauCziKIMDcAhqwAXnoAFuQBO0AAaP4Bm8gjfryXqx3q2PWWvJKmb2wR9Znz9XuJoW</latexit><latexit sha1_base64="Mt3FJqWVJBtTrtQ5KAiYwqlASwE=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARKkhJRNBlURcuK9oLNKFMppN26GQmzEyEErp146u4caGIW9/AnW/jJM1CW38Y+PnOOcw5fxAzqrTjfFulpeWV1bXyemVjc2t7x97dayuRSExaWDAhuwFShFFOWppqRrqxJCgKGOkE46us3nkgUlHB7/UkJn6EhpyGFCNtUN+GXoT0CCOW3k37ouZdE6bRSQ6D0LDjvl116k4uuGjcwlRBoWbf/vIGAicR4RozpFTPdWLtp0hqihmZVrxEkRjhMRqSnrEcRUT5aX7JFB4ZMoChkOZxDXP6eyJFkVKTKDCd2YpqvpbB/2q9RIcXfkp5nGjC8eyjMGFQC5jFAgdUEqzZxBiEJTW7QjxCEmFtwquYENz5kxdN+7TuOnX39qzauCziKIMDcAhqwAXnoAFuQBO0AAaP4Bm8gjfryXqx3q2PWWvJKmb2wR9Znz9XuJoW</latexit><latexit sha1_base64="Mt3FJqWVJBtTrtQ5KAiYwqlASwE=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARKkhJRNBlURcuK9oLNKFMppN26GQmzEyEErp146u4caGIW9/AnW/jJM1CW38Y+PnOOcw5fxAzqrTjfFulpeWV1bXyemVjc2t7x97dayuRSExaWDAhuwFShFFOWppqRrqxJCgKGOkE46us3nkgUlHB7/UkJn6EhpyGFCNtUN+GXoT0CCOW3k37ouZdE6bRSQ6D0LDjvl116k4uuGjcwlRBoWbf/vIGAicR4RozpFTPdWLtp0hqihmZVrxEkRjhMRqSnrEcRUT5aX7JFB4ZMoChkOZxDXP6eyJFkVKTKDCd2YpqvpbB/2q9RIcXfkp5nGjC8eyjMGFQC5jFAgdUEqzZxBiEJTW7QjxCEmFtwquYENz5kxdN+7TuOnX39qzauCziKIMDcAhqwAXnoAFuQBO0AAaP4Bm8gjfryXqx3q2PWWvJKmb2wR9Znz9XuJoW</latexit><latexit sha1_base64="Mt3FJqWVJBtTrtQ5KAiYwqlASwE=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARKkhJRNBlURcuK9oLNKFMppN26GQmzEyEErp146u4caGIW9/AnW/jJM1CW38Y+PnOOcw5fxAzqrTjfFulpeWV1bXyemVjc2t7x97dayuRSExaWDAhuwFShFFOWppqRrqxJCgKGOkE46us3nkgUlHB7/UkJn6EhpyGFCNtUN+GXoT0CCOW3k37ouZdE6bRSQ6D0LDjvl116k4uuGjcwlRBoWbf/vIGAicR4RozpFTPdWLtp0hqihmZVrxEkRjhMRqSnrEcRUT5aX7JFB4ZMoChkOZxDXP6eyJFkVKTKDCd2YpqvpbB/2q9RIcXfkp5nGjC8eyjMGFQC5jFAgdUEqzZxBiEJTW7QjxCEmFtwquYENz5kxdN+7TuOnX39qzauCziKIMDcAhqwAXnoAFuQBO0AAaP4Bm8gjfryXqx3q2PWWvJKmb2wR9Znz9XuJoW</latexit>

Set of acceptable pseudo-
channel matrices
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<latexit sha1_base64="tSBtLXJwN6h+MAp/ONYhRwdrlrk=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVpCQi6LKooMuK9gFNCJPppB06yYSZiVBCtm78FTcuFHHrH7jzb5ykWWjrgQuHc+7l3nv8mFGpLOvbWFhcWl5ZraxV1zc2t7bNnd2O5InApI0546LnI0kYjUhbUcVILxYEhT4jXX98mfvdByIk5dG9msTEDdEwogHFSGnJM6ETIjXCiKXXmcfrzhVhCh0Xoh+kd9mRZ9ashlUAzhO7JDVQouWZX86A4yQkkcIMSdm3rVi5KRKKYkayqpNIEiM8RkPS1zRCIZFuWnySwUOtDGDAha5IwUL9PZGiUMpJ6OvO/EQ56+Xif14/UcG5m9IoThSJ8HRRkDCoOMxjgQMqCFZsognCgupbIR4hgbDS4VV1CPbsy/Okc9KwrYZ9e1prXpRxVMA+OAB1YIMz0AQ3oAXaAINH8AxewZvxZLwY78bHtHXBKGf2wB8Ynz9EgJoK</latexit><latexit sha1_base64="tSBtLXJwN6h+MAp/ONYhRwdrlrk=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVpCQi6LKooMuK9gFNCJPppB06yYSZiVBCtm78FTcuFHHrH7jzb5ykWWjrgQuHc+7l3nv8mFGpLOvbWFhcWl5ZraxV1zc2t7bNnd2O5InApI0546LnI0kYjUhbUcVILxYEhT4jXX98mfvdByIk5dG9msTEDdEwogHFSGnJM6ETIjXCiKXXmcfrzhVhCh0Xoh+kd9mRZ9ashlUAzhO7JDVQouWZX86A4yQkkcIMSdm3rVi5KRKKYkayqpNIEiM8RkPS1zRCIZFuWnySwUOtDGDAha5IwUL9PZGiUMpJ6OvO/EQ56+Xif14/UcG5m9IoThSJ8HRRkDCoOMxjgQMqCFZsognCgupbIR4hgbDS4VV1CPbsy/Okc9KwrYZ9e1prXpRxVMA+OAB1YIMz0AQ3oAXaAINH8AxewZvxZLwY78bHtHXBKGf2wB8Ynz9EgJoK</latexit><latexit sha1_base64="tSBtLXJwN6h+MAp/ONYhRwdrlrk=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVpCQi6LKooMuK9gFNCJPppB06yYSZiVBCtm78FTcuFHHrH7jzb5ykWWjrgQuHc+7l3nv8mFGpLOvbWFhcWl5ZraxV1zc2t7bNnd2O5InApI0546LnI0kYjUhbUcVILxYEhT4jXX98mfvdByIk5dG9msTEDdEwogHFSGnJM6ETIjXCiKXXmcfrzhVhCh0Xoh+kd9mRZ9ashlUAzhO7JDVQouWZX86A4yQkkcIMSdm3rVi5KRKKYkayqpNIEiM8RkPS1zRCIZFuWnySwUOtDGDAha5IwUL9PZGiUMpJ6OvO/EQ56+Xif14/UcG5m9IoThSJ8HRRkDCoOMxjgQMqCFZsognCgupbIR4hgbDS4VV1CPbsy/Okc9KwrYZ9e1prXpRxVMA+OAB1YIMz0AQ3oAXaAINH8AxewZvxZLwY78bHtHXBKGf2wB8Ynz9EgJoK</latexit><latexit sha1_base64="tSBtLXJwN6h+MAp/ONYhRwdrlrk=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVpCQi6LKooMuK9gFNCJPppB06yYSZiVBCtm78FTcuFHHrH7jzb5ykWWjrgQuHc+7l3nv8mFGpLOvbWFhcWl5ZraxV1zc2t7bNnd2O5InApI0546LnI0kYjUhbUcVILxYEhT4jXX98mfvdByIk5dG9msTEDdEwogHFSGnJM6ETIjXCiKXXmcfrzhVhCh0Xoh+kd9mRZ9ashlUAzhO7JDVQouWZX86A4yQkkcIMSdm3rVi5KRKKYkayqpNIEiM8RkPS1zRCIZFuWnySwUOtDGDAha5IwUL9PZGiUMpJ6OvO/EQ56+Xif14/UcG5m9IoThSJ8HRRkDCoOMxjgQMqCFZsognCgupbIR4hgbDS4VV1CPbsy/Okc9KwrYZ9e1prXpRxVMA+OAB1YIMz0AQ3oAXaAINH8AxewZvxZLwY78bHtHXBKGf2wB8Ynz9EgJoK</latexit> G
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Small global shiftDistorted Large global shift
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