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VISION FOR 5G COMMUNICATIONS

Sustainable Data Rate        100 Mb/s

Latency        < 1ms

Data Traffic        50 Exabytes/Month (2021)

Peak Data Rates         20 Gb/s

Connection Density           1M Connections/km2

4G 5G

10 ms Latency

7.2 Exabytes/Month          Data Traffic

1 Gb/s        Peak Data Rates

10 Mb/s        Sustainable Data Rate 

100k Connections/km2 Connection Density

[2017 Qorvo Inc.] + Energy Efficiency

[https://www.qorvo.com/design-hub/blog/getting-to-5g-comparing-4g-and-5g-system-requirements]
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OVERVIEW

Millimeter wave channelUser devices Base station (BS)

ü High frequency: 30 – 300 GHz
ü Large bandwidth: 100MHz – 1GHz
ü Sparse in angular (beam) domain
ü Severe large scale fading (pathloss & shadowing)

ü Multiple users
ü Single antenna
ü Low-resolution ADCs

ü Many antennas (64+)
ü Hybrid analog/digital BF*
ü Low-resolution ADCs

User scheduling Advanced BS design

*BF: beamforming

BACKGROUND9/10/19

[Pi&Khan11, Akdeniz&Rappaport14]

[Andrews14]

3



Ph.D. Defense  Jinseok Choi

CHALLENGE IN MILLIMETER WAVE COMMUNICATION

Conventional MIMO receiver

• Full-resolution ADC (12 – 16 bits)
• Full RF chains (𝑁"# = 𝑁%)

Baseband
Combiner

AADC

AADC

AADC

WBB
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BACKGROUND

: caused by large number of antennas/RF components and high sampling rate of mmWave systems 
§ Excessive power consumption

$$$$$

• Low-resolution ADC (<<12bits) 
• Full RF chains (𝑁"# = 𝑁%)

Low-resolution ADC receiver
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Conventional Solution (A)

Hybrid beamforming receiver

• Full-resolution ADC (12 – 16 bits)
• Fewer RF chains (NRF << Nr) 

Conventional Solution (B)
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WBB
<latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="POEpvwL6Fj2LVmOJAQ/FhaRIQq0=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbzIvHCdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2alvbO7t79f3GQfPw6Ng9aT7rrFCEBiTjmeonWFPOJA0MM5z2c0WxSDjtJZP7ed6bUqVZJp/MLKeRwCPJUkawsVbsumWYpKhXxWWoBOp0qthteW1vIbQJ/gpasFI3dr/CYUYKQaUhHGs98L3cRCVWhhFOq0ZYaJpjMsEjOrAosaA6KhebV+jCOkOUZsoeadDC/f2ixELrmUjsTYHNWK9nc/O/bFCY9CYqmcwLQyVZDkoLjkyG5jWgIVOUGD6zgIlidldExlhhYmxZDVuCv/7lTQiu2rdt/9GDOpzBOVyCD9dwBw/QhQAITOEF3uDdKZ1X52PZVs1Z1XYKf+R8/gDag5GF</latexit><latexit sha1_base64="POEpvwL6Fj2LVmOJAQ/FhaRIQq0=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbzIvHCdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2alvbO7t79f3GQfPw6Ng9aT7rrFCEBiTjmeonWFPOJA0MM5z2c0WxSDjtJZP7ed6bUqVZJp/MLKeRwCPJUkawsVbsumWYpKhXxWWoBOp0qthteW1vIbQJ/gpasFI3dr/CYUYKQaUhHGs98L3cRCVWhhFOq0ZYaJpjMsEjOrAosaA6KhebV+jCOkOUZsoeadDC/f2ixELrmUjsTYHNWK9nc/O/bFCY9CYqmcwLQyVZDkoLjkyG5jWgIVOUGD6zgIlidldExlhhYmxZDVuCv/7lTQiu2rdt/9GDOpzBOVyCD9dwBw/QhQAITOEF3uDdKZ1X52PZVs1Z1XYKf+R8/gDag5GF</latexit><latexit sha1_base64="wSaY6os6u1YXGoeGDoq6ttWdTnw=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0m8qLdSLx4rGFtoQthsN+3S3STsbgol5J948aDi1Z/izX/jts1BWx8MPN6bYWZelHGmtON8W7WNza3tnfpuY2//4PDIPj55UmkuCfVIylPZj7CinCXU00xz2s8kxSLitBdN7uZ+b0qlYmnyqGcZDQQeJSxmBGsjhbZd+FGMemVY+FKgTqcM7abTchZA68StSBMqdEP7yx+mJBc00YRjpQauk+mgwFIzwmnZ8HNFM0wmeEQHhiZYUBUUi8tLdGGUIYpTaSrRaKH+niiwUGomItMpsB6rVW8u/ucNch3fBAVLslzThCwXxTlHOkXzGNCQSUo0nxmCiWTmVkTGWGKiTVgNE4K7+vI68a5aty33wWm2O1UadTiDc7gEF66hDffQBQ8ITOEZXuHNKqwX6936WLbWrGrmFP7A+vwBLAaS5A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit>

. . .  
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NRF
<latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="aRAS/+LzrFlE0HyllF1WlfCoYzk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiIJ6kirHFNpTNdtMu3d2E3Y1QQv6FFw8qXv053vw3btsctPXBwOO9GWbmhQln2rjut1NaWl5ZXSuvVzY2t7Z3qrt7DzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6HLit56o0iyW92ac0EDggWQRI9hY6fGml3WVQHdXea9ac+vuFGiReAWpQYFmr/rV7cckFVQawrHWHc9NTJBhZRjhNK90U00TTEZ4QDuWSiyoDrLpxTk6skofRbGyJQ2aqr8nMiy0HovQdgpshnrem4j/eZ3URGdBxmSSGirJbFGUcmRiNHkf9ZmixPCxJZgoZm9FZIgVJsaGVLEhePMvLxL/pH5ed2/dWuOiSKMMB3AIx+DBKTTgGprgAwEJz/AKb452Xpx352PWWnKKmX34A+fzB2l9kEU=</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit>

. . .  

Analog 
Combiner

WRF
<latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="1SAzrUniFlwu8LzEIIOOOBlXvR4=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbIIjHKdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2ahubW9s79d3GXnP/4NA9aj7rrFCEBiTjmeolWFPOJA0MM5z2ckWxSDjtJuPbWd6dUKVZJp/MNKeRwEPJUkawsVbsumWYpKhbxWWoBHq8q2K35bW9udA6+EtowVKd2P0KBxkpBJWGcKx13/dyE5VYGUY4rRphoWmOyRgPad+ixILqqJxvXqEz6wxQmil7pEFz9/eLEgutpyKxNwU2I72azcz/sn5h0quoZDIvDJVkMSgtODIZmtWABkxRYvjUAiaK2V0RGWGFibFlNWwJ/uqX1yG4aF+3vQcP6nACp3AOPlzCDdxDBwIgMIEXeIN3p3RenY9FWzVnWdsx/JHz+QP3wJGY</latexit><latexit sha1_base64="1SAzrUniFlwu8LzEIIOOOBlXvR4=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbIIjHKdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2ahubW9s79d3GXnP/4NA9aj7rrFCEBiTjmeolWFPOJA0MM5z2ckWxSDjtJuPbWd6dUKVZJp/MNKeRwEPJUkawsVbsumWYpKhbxWWoBHq8q2K35bW9udA6+EtowVKd2P0KBxkpBJWGcKx13/dyE5VYGUY4rRphoWmOyRgPad+ixILqqJxvXqEz6wxQmil7pEFz9/eLEgutpyKxNwU2I72azcz/sn5h0quoZDIvDJVkMSgtODIZmtWABkxRYvjUAiaK2V0RGWGFibFlNWwJ/uqX1yG4aF+3vQcP6nACp3AOPlzCDdxDBwIgMIEXeIN3p3RenY9FWzVnWdsx/JHz+QP3wJGY</latexit><latexit sha1_base64="bhbS0Qck0WRy5m+lKFIVE8jVNwM=">AAAB+HicbVBNS8NAEJ34WetX1KOXxSJ4KokX9VYUxGMVYwtNCJvtpl26m4TdTaGE/BMvHlS8+lO8+W/ctjlo64OBx3szzMyLMs6Udpxva2V1bX1js7ZV397Z3du3Dw6fVJpLQj2S8lR2I6woZwn1NNOcdjNJsYg47USjm6nfGVOpWJo86klGA4EHCYsZwdpIoW0XfhSjThkWvhTo4bYM7YbTdGZAy8StSAMqtEP7y++nJBc00YRjpXquk+mgwFIzwmlZ93NFM0xGeEB7hiZYUBUUs8tLdGqUPopTaSrRaKb+niiwUGoiItMpsB6qRW8q/uf1ch1fBgVLslzThMwXxTlHOkXTGFCfSUo0nxiCiWTmVkSGWGKiTVh1E4K7+PIy8c6bV03n3mm0rqs0anAMJ3AGLlxAC+6gDR4QGMMzvMKbVVgv1rv1MW9dsaqZI/gD6/MHShSS9w==</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit>

AADC

AADC

AADC

. . .  
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Ph.D. Defense  Jinseok Choi

LOW POWER RECEIVER ARCHITECTURE

+

Hybrid beamforming receiver

Baseband
Combiner

Nr
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<latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="POEpvwL6Fj2LVmOJAQ/FhaRIQq0=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbzIvHCdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2alvbO7t79f3GQfPw6Ng9aT7rrFCEBiTjmeonWFPOJA0MM5z2c0WxSDjtJZP7ed6bUqVZJp/MLKeRwCPJUkawsVbsumWYpKhXxWWoBOp0qthteW1vIbQJ/gpasFI3dr/CYUYKQaUhHGs98L3cRCVWhhFOq0ZYaJpjMsEjOrAosaA6KhebV+jCOkOUZsoeadDC/f2ixELrmUjsTYHNWK9nc/O/bFCY9CYqmcwLQyVZDkoLjkyG5jWgIVOUGD6zgIlidldExlhhYmxZDVuCv/7lTQiu2rdt/9GDOpzBOVyCD9dwBw/QhQAITOEF3uDdKZ1X52PZVs1Z1XYKf+R8/gDag5GF</latexit><latexit sha1_base64="POEpvwL6Fj2LVmOJAQ/FhaRIQq0=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbzIvHCdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2alvbO7t79f3GQfPw6Ng9aT7rrFCEBiTjmeonWFPOJA0MM5z2c0WxSDjtJZP7ed6bUqVZJp/MLKeRwCPJUkawsVbsumWYpKhXxWWoBOp0qthteW1vIbQJ/gpasFI3dr/CYUYKQaUhHGs98L3cRCVWhhFOq0ZYaJpjMsEjOrAosaA6KhebV+jCOkOUZsoeadDC/f2ixELrmUjsTYHNWK9nc/O/bFCY9CYqmcwLQyVZDkoLjkyG5jWgIVOUGD6zgIlidldExlhhYmxZDVuCv/7lTQiu2rdt/9GDOpzBOVyCD9dwBw/QhQAITOEF3uDdKZ1X52PZVs1Z1XYKf+R8/gDag5GF</latexit><latexit sha1_base64="wSaY6os6u1YXGoeGDoq6ttWdTnw=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0m8qLdSLx4rGFtoQthsN+3S3STsbgol5J948aDi1Z/izX/jts1BWx8MPN6bYWZelHGmtON8W7WNza3tnfpuY2//4PDIPj55UmkuCfVIylPZj7CinCXU00xz2s8kxSLitBdN7uZ+b0qlYmnyqGcZDQQeJSxmBGsjhbZd+FGMemVY+FKgTqcM7abTchZA68StSBMqdEP7yx+mJBc00YRjpQauk+mgwFIzwmnZ8HNFM0wmeEQHhiZYUBUUi8tLdGGUIYpTaSrRaKH+niiwUGomItMpsB6rVW8u/ucNch3fBAVLslzThCwXxTlHOkXzGNCQSUo0nxmCiWTmVkTGWGKiTVgNE4K7+vI68a5aty33wWm2O1UadTiDc7gEF66hDffQBQ8ITOEZXuHNKqwX6936WLbWrGrmFP7A+vwBLAaS5A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit>

. . .  

RF 
chain

RF 
chain

RF 
chain

NRF
<latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="aRAS/+LzrFlE0HyllF1WlfCoYzk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiIJ6kirHFNpTNdtMu3d2E3Y1QQv6FFw8qXv053vw3btsctPXBwOO9GWbmhQln2rjut1NaWl5ZXSuvVzY2t7Z3qrt7DzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6HLit56o0iyW92ac0EDggWQRI9hY6fGml3WVQHdXea9ac+vuFGiReAWpQYFmr/rV7cckFVQawrHWHc9NTJBhZRjhNK90U00TTEZ4QDuWSiyoDrLpxTk6skofRbGyJQ2aqr8nMiy0HovQdgpshnrem4j/eZ3URGdBxmSSGirJbFGUcmRiNHkf9ZmixPCxJZgoZm9FZIgVJsaGVLEhePMvLxL/pH5ed2/dWuOiSKMMB3AIx+DBKTTgGprgAwEJz/AKb452Xpx352PWWnKKmX34A+fzB2l9kEU=</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit>
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Analog 
Combiner

WRF
<latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="1SAzrUniFlwu8LzEIIOOOBlXvR4=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbIIjHKdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2ahubW9s79d3GXnP/4NA9aj7rrFCEBiTjmeolWFPOJA0MM5z2ckWxSDjtJuPbWd6dUKVZJp/MNKeRwEPJUkawsVbsumWYpKhbxWWoBHq8q2K35bW9udA6+EtowVKd2P0KBxkpBJWGcKx13/dyE5VYGUY4rRphoWmOyRgPad+ixILqqJxvXqEz6wxQmil7pEFz9/eLEgutpyKxNwU2I72azcz/sn5h0quoZDIvDJVkMSgtODIZmtWABkxRYvjUAiaK2V0RGWGFibFlNWwJ/uqX1yG4aF+3vQcP6nACp3AOPlzCDdxDBwIgMIEXeIN3p3RenY9FWzVnWdsx/JHz+QP3wJGY</latexit><latexit sha1_base64="1SAzrUniFlwu8LzEIIOOOBlXvR4=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbIIjHKdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2ahubW9s79d3GXnP/4NA9aj7rrFCEBiTjmeolWFPOJA0MM5z2ckWxSDjtJuPbWd6dUKVZJp/MNKeRwEPJUkawsVbsumWYpKhbxWWoBHq8q2K35bW9udA6+EtowVKd2P0KBxkpBJWGcKx13/dyE5VYGUY4rRphoWmOyRgPad+ixILqqJxvXqEz6wxQmil7pEFz9/eLEgutpyKxNwU2I72azcz/sn5h0quoZDIvDJVkMSgtODIZmtWABkxRYvjUAiaK2V0RGWGFibFlNWwJ/uqX1yG4aF+3vQcP6nACp3AOPlzCDdxDBwIgMIEXeIN3p3RenY9FWzVnWdsx/JHz+QP3wJGY</latexit><latexit sha1_base64="bhbS0Qck0WRy5m+lKFIVE8jVNwM=">AAAB+HicbVBNS8NAEJ34WetX1KOXxSJ4KokX9VYUxGMVYwtNCJvtpl26m4TdTaGE/BMvHlS8+lO8+W/ctjlo64OBx3szzMyLMs6Udpxva2V1bX1js7ZV397Z3du3Dw6fVJpLQj2S8lR2I6woZwn1NNOcdjNJsYg47USjm6nfGVOpWJo86klGA4EHCYsZwdpIoW0XfhSjThkWvhTo4bYM7YbTdGZAy8StSAMqtEP7y++nJBc00YRjpXquk+mgwFIzwmlZ93NFM0xGeEB7hiZYUBUUs8tLdGqUPopTaSrRaKb+niiwUGoiItMpsB6qRW8q/uf1ch1fBgVLslzThMwXxTlHOkXTGFCfSUo0nxiCiWTmVkSGWGKiTVh1E4K7+PIy8c6bV03n3mm0rqs0anAMJ3AGLlxAC+6gDR4QGMMzvMKbVVgv1rv1MW9dsaqZI/gD6/MHShSS9w==</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit>
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AADC

WBB
<latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="POEpvwL6Fj2LVmOJAQ/FhaRIQq0=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbzIvHCdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2alvbO7t79f3GQfPw6Ng9aT7rrFCEBiTjmeonWFPOJA0MM5z2c0WxSDjtJZP7ed6bUqVZJp/MLKeRwCPJUkawsVbsumWYpKhXxWWoBOp0qthteW1vIbQJ/gpasFI3dr/CYUYKQaUhHGs98L3cRCVWhhFOq0ZYaJpjMsEjOrAosaA6KhebV+jCOkOUZsoeadDC/f2ixELrmUjsTYHNWK9nc/O/bFCY9CYqmcwLQyVZDkoLjkyG5jWgIVOUGD6zgIlidldExlhhYmxZDVuCv/7lTQiu2rdt/9GDOpzBOVyCD9dwBw/QhQAITOEF3uDdKZ1X52PZVs1Z1XYKf+R8/gDag5GF</latexit><latexit sha1_base64="POEpvwL6Fj2LVmOJAQ/FhaRIQq0=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbzIvHCdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2alvbO7t79f3GQfPw6Ng9aT7rrFCEBiTjmeonWFPOJA0MM5z2c0WxSDjtJZP7ed6bUqVZJp/MLKeRwCPJUkawsVbsumWYpKhXxWWoBOp0qthteW1vIbQJ/gpasFI3dr/CYUYKQaUhHGs98L3cRCVWhhFOq0ZYaJpjMsEjOrAosaA6KhebV+jCOkOUZsoeadDC/f2ixELrmUjsTYHNWK9nc/O/bFCY9CYqmcwLQyVZDkoLjkyG5jWgIVOUGD6zgIlidldExlhhYmxZDVuCv/7lTQiu2rdt/9GDOpzBOVyCD9dwBw/QhQAITOEF3uDdKZ1X52PZVs1Z1XYKf+R8/gDag5GF</latexit><latexit sha1_base64="wSaY6os6u1YXGoeGDoq6ttWdTnw=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0m8qLdSLx4rGFtoQthsN+3S3STsbgol5J948aDi1Z/izX/jts1BWx8MPN6bYWZelHGmtON8W7WNza3tnfpuY2//4PDIPj55UmkuCfVIylPZj7CinCXU00xz2s8kxSLitBdN7uZ+b0qlYmnyqGcZDQQeJSxmBGsjhbZd+FGMemVY+FKgTqcM7abTchZA68StSBMqdEP7yx+mJBc00YRjpQauk+mgwFIzwmnZ8HNFM0wmeEQHhiZYUBUUi8tLdGGUIYpTaSrRaKH+niiwUGomItMpsB6rVW8u/ucNch3fBAVLslzThCwXxTlHOkXzGNCQSUo0nxmCiWTmVkTGWGKiTVgNE4K7+vI68a5aty33wWm2O1UadTiDc7gEF66hDffQBQ8ITOEZXuHNKqwX6936WLbWrGrmFP7A+vwBLAaS5A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit>
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<latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YPjYUY6mZl+PMGQzSIXrq/Vl55M=">AAAB3nicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnuHElFR1baIeSSe+0oZnMkNwRSukjuHGh4mO5821MfxbaeiDwcU5C7j1xrqQl3//21tY3Nre2Szvl3cre/kH1sPJks8IIDEWmMtOKuUUlNYYkSWErN8jTWGEzHt5M8+YzGisz/UijHKOU97VMpODkrIe7rulWa37dn4mtQrCAGizU6Fa/Or1MFClqEopb2w78nKIxNySFwkm5U1jMuRjyPrYdap6ijcazUSfs1Dk9lmTGHU1s5v5+MeaptaM0djdTTgO7nE3N/7J2QcllNJY6Lwi1mH+UFIpRxqZ7s540KEiNHHBhpJuViQE3XJBrp+xKCJZXXoXwvH5V9+99KMExnMAZBHAB13ALDQhBQB9e4A3ePeW9eh/ztta8RW1H8Efe5w+BOIw2</latexit><latexit sha1_base64="YPjYUY6mZl+PMGQzSIXrq/Vl55M=">AAAB3nicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnuHElFR1baIeSSe+0oZnMkNwRSukjuHGh4mO5821MfxbaeiDwcU5C7j1xrqQl3//21tY3Nre2Szvl3cre/kH1sPJks8IIDEWmMtOKuUUlNYYkSWErN8jTWGEzHt5M8+YzGisz/UijHKOU97VMpODkrIe7rulWa37dn4mtQrCAGizU6Fa/Or1MFClqEopb2w78nKIxNySFwkm5U1jMuRjyPrYdap6ijcazUSfs1Dk9lmTGHU1s5v5+MeaptaM0djdTTgO7nE3N/7J2QcllNJY6Lwi1mH+UFIpRxqZ7s540KEiNHHBhpJuViQE3XJBrp+xKCJZXXoXwvH5V9+99KMExnMAZBHAB13ALDQhBQB9e4A3ePeW9eh/ztta8RW1H8Efe5w+BOIw2</latexit><latexit sha1_base64="FEsCQ60M+cu7oMmKnzg6WRcFBXY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiF09S0dhCG8pmu2mXbjZhdyKU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dkorq2vrG+XNytb2zu5edf/g0SSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqd+64lrIxL1gOOUBzEdKBEJRtFK97c93avW3Lo7A1kmXkFqUKDZq351+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oScWKVPokTbUkhm6u+JnMbGjOPQdsYUh2bRm4r/eZ0Mo4sgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3x5mfhn9cu6e+fWGldFGmU4gmM4BQ/OoQE30AQfGAzgGV7hzZHOi/PufMxbS04xcwh/4Hz+AJpUjYY=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YPjYUY6mZl+PMGQzSIXrq/Vl55M=">AAAB3nicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnuHElFR1baIeSSe+0oZnMkNwRSukjuHGh4mO5821MfxbaeiDwcU5C7j1xrqQl3//21tY3Nre2Szvl3cre/kH1sPJks8IIDEWmMtOKuUUlNYYkSWErN8jTWGEzHt5M8+YzGisz/UijHKOU97VMpODkrIe7rulWa37dn4mtQrCAGizU6Fa/Or1MFClqEopb2w78nKIxNySFwkm5U1jMuRjyPrYdap6ijcazUSfs1Dk9lmTGHU1s5v5+MeaptaM0djdTTgO7nE3N/7J2QcllNJY6Lwi1mH+UFIpRxqZ7s540KEiNHHBhpJuViQE3XJBrp+xKCJZXXoXwvH5V9+99KMExnMAZBHAB13ALDQhBQB9e4A3ePeW9eh/ztta8RW1H8Efe5w+BOIw2</latexit><latexit sha1_base64="YPjYUY6mZl+PMGQzSIXrq/Vl55M=">AAAB3nicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnuHElFR1baIeSSe+0oZnMkNwRSukjuHGh4mO5821MfxbaeiDwcU5C7j1xrqQl3//21tY3Nre2Szvl3cre/kH1sPJks8IIDEWmMtOKuUUlNYYkSWErN8jTWGEzHt5M8+YzGisz/UijHKOU97VMpODkrIe7rulWa37dn4mtQrCAGizU6Fa/Or1MFClqEopb2w78nKIxNySFwkm5U1jMuRjyPrYdap6ijcazUSfs1Dk9lmTGHU1s5v5+MeaptaM0djdTTgO7nE3N/7J2QcllNJY6Lwi1mH+UFIpRxqZ7s540KEiNHHBhpJuViQE3XJBrp+xKCJZXXoXwvH5V9+99KMExnMAZBHAB13ALDQhBQB9e4A3ePeW9eh/ztta8RW1H8Efe5w+BOIw2</latexit><latexit sha1_base64="FEsCQ60M+cu7oMmKnzg6WRcFBXY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiF09S0dhCG8pmu2mXbjZhdyKU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dkorq2vrG+XNytb2zu5edf/g0SSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqd+64lrIxL1gOOUBzEdKBEJRtFK97c93avW3Lo7A1kmXkFqUKDZq351+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oScWKVPokTbUkhm6u+JnMbGjOPQdsYUh2bRm4r/eZ0Mo4sgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3x5mfhn9cu6e+fWGldFGmU4gmM4BQ/OoQE30AQfGAzgGV7hzZHOi/PufMxbS04xcwh/4Hz+AJpUjYY=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit>
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Naïve combination of low-resolution ADCs and hybrid beamforming
: applying techniques for hybrid BF with perfect quantization does not work well
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Hybrid beamforming with low-resolution ADC receiver

Considered receiver (BS) architecture
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ŝ1
<latexit sha1_base64="1gmWXp+o9FN4u29MEWNsLahEpN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqp3R1SJKbn9ao1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Ac4Cj1k=</latexit><latexit sha1_base64="1gmWXp+o9FN4u29MEWNsLahEpN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqp3R1SJKbn9ao1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Ac4Cj1k=</latexit><latexit sha1_base64="1gmWXp+o9FN4u29MEWNsLahEpN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqp3R1SJKbn9ao1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Ac4Cj1k=</latexit>

ŝ2
<latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="cE8bpjQP6BAVMoiHpdwRsVVxhOE=">AAAB43icbZDNSgMxFIXv+Ftr1erWTbAIrspMN+pOcOOygrWFdih30kwbmsmMyR2hDH0JNy5UfCd3vo3pz0JbDwQ+zknIvSfKlLTk+9/exubW9s5uaa+8Xzk4PKoeVx5tmhsuWjxVqelEaIWSWrRIkhKdzAhMIiXa0fh2lrefhbEy1Q80yUSY4FDLWHIkZ3V6IyRm+41+tebX/bnYOgRLqMFSzX71qzdIeZ4ITVyhtd3Azygs0JDkSkzLvdyKDPkYh6LrUGMibFjM552yc+cMWJwadzSxufv7RYGJtZMkcjcTpJFdzWbmf1k3p/gqLKTOchKaLz6Kc8UoZbPl2UAawUlNHCA30s3K+AgNcnIVlV0JwerK69Bq1K/r/r0PJTiFM7iAAC7hBu6gCS3goOAF3uDde/JevY9FWxvesrYT+CPv8weiH44B</latexit><latexit sha1_base64="cE8bpjQP6BAVMoiHpdwRsVVxhOE=">AAAB43icbZDNSgMxFIXv+Ftr1erWTbAIrspMN+pOcOOygrWFdih30kwbmsmMyR2hDH0JNy5UfCd3vo3pz0JbDwQ+zknIvSfKlLTk+9/exubW9s5uaa+8Xzk4PKoeVx5tmhsuWjxVqelEaIWSWrRIkhKdzAhMIiXa0fh2lrefhbEy1Q80yUSY4FDLWHIkZ3V6IyRm+41+tebX/bnYOgRLqMFSzX71qzdIeZ4ITVyhtd3Azygs0JDkSkzLvdyKDPkYh6LrUGMibFjM552yc+cMWJwadzSxufv7RYGJtZMkcjcTpJFdzWbmf1k3p/gqLKTOchKaLz6Kc8UoZbPl2UAawUlNHCA30s3K+AgNcnIVlV0JwerK69Bq1K/r/r0PJTiFM7iAAC7hBu6gCS3goOAF3uDde/JevY9FWxvesrYT+CPv8weiH44B</latexit><latexit sha1_base64="u/1MnWxlwn7OcIcGffOn4rIX/gA=">AAAB7nicbVBNT8JAEJ3iF+IX6tHLRmLiibRc1BvRi0dMrJBAQ7bLFjZst3V3akIa/oQXD2q8+nu8+W9coAcFXzLJy3szmZkXplIYdN1vp7S2vrG5Vd6u7Ozu7R9UD48eTJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4Zua3n7g2IlH3OEl5ENOhEpFgFK3U6Y0oEtNv9Ks1t+7OQVaJV5AaFGj1q1+9QcKymCtkkhrT9dwUg5xqFEzyaaWXGZ5SNqZD3rVU0ZibIJ/fOyVnVhmQKNG2FJK5+nsip7Exkzi0nTHFkVn2ZuJ/XjfD6DLIhUoz5IotFkWZJJiQ2fNkIDRnKCeWUKaFvZWwEdWUoY2oYkPwll9eJX6jflV379xa87pIowwncArn4MEFNOEWWuADAwnP8ApvzqPz4rw7H4vWklPMHMMfOJ8/zkWPVg==</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit>

ŝNu
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<latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="dRsAMiDxs5ciVXGmnQ0d9WsFlaY=">AAAB7nicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XvQo8+JxgvsDaylplm5hSVqSdDBKv4kXD4r4cbz5bUy3HXTzgcCP50l43zxxxpk2nvft1HZ29/YP6oeNo+bxyal71uzrNFeE9kjKUzWMsaacSdozzHA6zBTFIuZ0EM8eqnwwp0qzVD6bRUZDgSeSJYxgY63IdYsgTtCgjIpACdTplJHb8treUmgb/DW0YK1u5H4F45TkgkpDONZ65HuZCQusDCOclo0g1zTDZIYndGRRYkF1WCw3L9GVdcYoSZU90qCl+/tFgYXWCxHbmwKbqd7MKvO/bJSb5C4smMxyQyVZDUpyjkyKqhrQmClKDF9YwEQxuysiU6wwMbashi3B3/zyNvRv2r7X9p88qMMFXMI1+HAL9/AIXegBgTm8wBu8O4Xz6nys6qo5697O4Y+czx9vv5Gw</latexit><latexit sha1_base64="dRsAMiDxs5ciVXGmnQ0d9WsFlaY=">AAAB7nicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XvQo8+JxgvsDaylplm5hSVqSdDBKv4kXD4r4cbz5bUy3HXTzgcCP50l43zxxxpk2nvft1HZ29/YP6oeNo+bxyal71uzrNFeE9kjKUzWMsaacSdozzHA6zBTFIuZ0EM8eqnwwp0qzVD6bRUZDgSeSJYxgY63IdYsgTtCgjIpACdTplJHb8treUmgb/DW0YK1u5H4F45TkgkpDONZ65HuZCQusDCOclo0g1zTDZIYndGRRYkF1WCw3L9GVdcYoSZU90qCl+/tFgYXWCxHbmwKbqd7MKvO/bJSb5C4smMxyQyVZDUpyjkyKqhrQmClKDF9YwEQxuysiU6wwMbashi3B3/zyNvRv2r7X9p88qMMFXMI1+HAL9/AIXegBgTm8wBu8O4Xz6nys6qo5697O4Y+czx9vv5Gw</latexit><latexit sha1_base64="eQIWCopRw8W/wefPrx+fRvNynqY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0m86LHUi8cK9gOaUDbbTbt0dxN2N4US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8KOVMG8/7dipb2zu7e9X92sHh0fGJe3rW1UmmCO2QhCeqH2FNOZO0Y5jhtJ8qikXEaS+a3i/83owqzRL5ZOYpDQUeSxYzgo2Vhq6bB1GMesUwD5RArVYxdOtew1sCbRK/JHUo0R66X8EoIZmg0hCOtR74XmrCHCvDCKdFLcg0TTGZ4jEdWCqxoDrMl5cX6MoqIxQnypY0aKn+nsix0HouItspsJnodW8h/ucNMhPfhTmTaWaoJKtFccaRSdAiBjRiihLD55Zgopi9FZEJVpgYG1bNhuCvv7xJujcN32v4j1692SrjqMIFXMI1+HALTXiANnSAwAye4RXenNx5cd6dj1VrxSlnzuEPnM8fwx+TEA==</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit>

Low Resolution 

…

Analog 
Combiner

WRF
<latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="1SAzrUniFlwu8LzEIIOOOBlXvR4=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbIIjHKdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2ahubW9s79d3GXnP/4NA9aj7rrFCEBiTjmeolWFPOJA0MM5z2ckWxSDjtJuPbWd6dUKVZJp/MNKeRwEPJUkawsVbsumWYpKhbxWWoBHq8q2K35bW9udA6+EtowVKd2P0KBxkpBJWGcKx13/dyE5VYGUY4rRphoWmOyRgPad+ixILqqJxvXqEz6wxQmil7pEFz9/eLEgutpyKxNwU2I72azcz/sn5h0quoZDIvDJVkMSgtODIZmtWABkxRYvjUAiaK2V0RGWGFibFlNWwJ/uqX1yG4aF+3vQcP6nACp3AOPlzCDdxDBwIgMIEXeIN3p3RenY9FWzVnWdsx/JHz+QP3wJGY</latexit><latexit sha1_base64="1SAzrUniFlwu8LzEIIOOOBlXvR4=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbIIjHKdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2ahubW9s79d3GXnP/4NA9aj7rrFCEBiTjmeolWFPOJA0MM5z2ckWxSDjtJuPbWd6dUKVZJp/MNKeRwEPJUkawsVbsumWYpKhbxWWoBHq8q2K35bW9udA6+EtowVKd2P0KBxkpBJWGcKx13/dyE5VYGUY4rRphoWmOyRgPad+ixILqqJxvXqEz6wxQmil7pEFz9/eLEgutpyKxNwU2I72azcz/sn5h0quoZDIvDJVkMSgtODIZmtWABkxRYvjUAiaK2V0RGWGFibFlNWwJ/uqX1yG4aF+3vQcP6nACp3AOPlzCDdxDBwIgMIEXeIN3p3RenY9FWzVnWdsx/JHz+QP3wJGY</latexit><latexit sha1_base64="bhbS0Qck0WRy5m+lKFIVE8jVNwM=">AAAB+HicbVBNS8NAEJ34WetX1KOXxSJ4KokX9VYUxGMVYwtNCJvtpl26m4TdTaGE/BMvHlS8+lO8+W/ctjlo64OBx3szzMyLMs6Udpxva2V1bX1js7ZV397Z3du3Dw6fVJpLQj2S8lR2I6woZwn1NNOcdjNJsYg47USjm6nfGVOpWJo86klGA4EHCYsZwdpIoW0XfhSjThkWvhTo4bYM7YbTdGZAy8StSAMqtEP7y++nJBc00YRjpXquk+mgwFIzwmlZ93NFM0xGeEB7hiZYUBUUs8tLdGqUPopTaSrRaKb+niiwUGoiItMpsB6qRW8q/uf1ch1fBgVLslzThMwXxTlHOkXTGFCfSUo0nxiCiWTmVkSGWGKiTVh1E4K7+PIy8c6bV03n3mm0rqs0anAMJ3AGLlxAC+6gDR4QGMMzvMKbVVgv1rv1MW9dsaqZI/gD6/MHShSS9w==</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit>

Reduced number of ADC bits+
$$

[Mo&Heath17] 
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Contribution 2 Contribution 3Contribution 1

ADC

ADC

ADC

Two-stage analog combiner

Contribution 4

(i) W?
RF1

= [U1:NuU?]
<latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="0T5Vih5w4O5vkoK5q6cLvmiHOUA=">AAACHnicbZDLSgMxGIX/qbdaq45u3QSLUDdlxo0iCAVBXEkVe4HOOGTSTBuauZBkhDKMj+PGV3GjoKhPY3oRtPVA4Ms5Ccl//IQzqSzr0ygsLa+srhXXSxvlza1tc6fcknEqCG2SmMei42NJOYtoUzHFaScRFIc+p21/eD7O2/dUSBZHt2qUUDfE/YgFjGClLc+sV9nhQ+b4AWrnXpY5IkQ3F7ln53eOVFigM9SdpE2d2qdXXpqjn72TUJG4nlmxatZEaBHsGVRgpoZnvjq9mKQhjRThWMqubSXKzbBQjHCal5xU0gSTIe7TrsYIh1S62WTSHB1op4eCWOgVKTRxf9/IcCjlKPT1yRCrgZzPxuZ/WTdVwYmbsShJFY3I9KEg5UjFaFwb6jFBieIjDZgIpv+KyAALTJQut6RLsOdHXoTWUc3WfG1BEfZgH6pgwzHU4RIa0AQCj/AMb/BuPBkvxse0roIx620X/sj4+gYpZ6R1</latexit><latexit sha1_base64="0T5Vih5w4O5vkoK5q6cLvmiHOUA=">AAACHnicbZDLSgMxGIX/qbdaq45u3QSLUDdlxo0iCAVBXEkVe4HOOGTSTBuauZBkhDKMj+PGV3GjoKhPY3oRtPVA4Ms5Ccl//IQzqSzr0ygsLa+srhXXSxvlza1tc6fcknEqCG2SmMei42NJOYtoUzHFaScRFIc+p21/eD7O2/dUSBZHt2qUUDfE/YgFjGClLc+sV9nhQ+b4AWrnXpY5IkQ3F7ln53eOVFigM9SdpE2d2qdXXpqjn72TUJG4nlmxatZEaBHsGVRgpoZnvjq9mKQhjRThWMqubSXKzbBQjHCal5xU0gSTIe7TrsYIh1S62WTSHB1op4eCWOgVKTRxf9/IcCjlKPT1yRCrgZzPxuZ/WTdVwYmbsShJFY3I9KEg5UjFaFwb6jFBieIjDZgIpv+KyAALTJQut6RLsOdHXoTWUc3WfG1BEfZgH6pgwzHU4RIa0AQCj/AMb/BuPBkvxse0roIx620X/sj4+gYpZ6R1</latexit><latexit sha1_base64="/RSSw20FgIfUTenSEzYDqNbmWOI="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit>

…

(ii) W?
RF2

<latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="YEHk54xd3yQnO3+GI/ynFrpyjWU=">AAAB/nicbZDNS8MwGMbfzq85p1avXoJDmJfR7qJHQRCPU9wHrLWkWbqFpWlJUmGUevTiv+LFgyL+Gd78b8w+Drr5QODH8yS8eZ8w5Uxpx/m2SmvrG5tb5e3KTnV3b98+qHZUkklC2yThieyFWFHOBG1rpjntpZLiOOS0G44vp3n3gUrFEnGnJyn1YzwULGIEa2MFNqozdvqYe2GEukWQ556M0e1VETSLe09pLFFg15yGMxNaBXcBNVioFdhf3iAhWUyFJhwr1XedVPs5lpoRTouKlymaYjLGQ9o3KHBMlZ/PNinQiXEGKEqkOUKjmfv7RY5jpSZxaG7GWI/UcjY1/8v6mY7O/ZyJNNNUkPmgKONIJ2haCxowSYnmEwOYSGb+isgIS0y0Ka9iSnCXV16FTrPhGr5xoAxHcAx1cOEMLuAaWtAGAk/wAm/wbj1br9bHvK6StejtEP7I+vwB14WYEg==</latexit><latexit sha1_base64="YEHk54xd3yQnO3+GI/ynFrpyjWU=">AAAB/nicbZDNS8MwGMbfzq85p1avXoJDmJfR7qJHQRCPU9wHrLWkWbqFpWlJUmGUevTiv+LFgyL+Gd78b8w+Drr5QODH8yS8eZ8w5Uxpx/m2SmvrG5tb5e3KTnV3b98+qHZUkklC2yThieyFWFHOBG1rpjntpZLiOOS0G44vp3n3gUrFEnGnJyn1YzwULGIEa2MFNqozdvqYe2GEukWQ556M0e1VETSLe09pLFFg15yGMxNaBXcBNVioFdhf3iAhWUyFJhwr1XedVPs5lpoRTouKlymaYjLGQ9o3KHBMlZ/PNinQiXEGKEqkOUKjmfv7RY5jpSZxaG7GWI/UcjY1/8v6mY7O/ZyJNNNUkPmgKONIJ2haCxowSYnmEwOYSGb+isgIS0y0Ka9iSnCXV16FTrPhGr5xoAxHcAx1cOEMLuAaWtAGAk/wAm/wbj1br9bHvK6StejtEP7I+vwB14WYEg==</latexit><latexit sha1_base64="2jZ25m3ccX07CKscTFdWf5kGC+c=">AAACCXicbZC7TsMwFIYdrqXcAowsFhVSWaqkC4wVSIixIHqRmhA5rtNatZ3IdpCqKIwsvAoLAwix8gZsvA1umwFafsnSp/+co+PzhwmjSjvOt7W0vLK6tl7aKG9ube/s2nv7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0cWk3rknUtFY3OpxQnyOBoJGFCNtrMCGVUpPHjIvjGAnD7LMkxzeXOZBPb/zlEYSBnbFqTlTwUVwC6iAQs3A/vL6MU45ERozpFTPdRLtZ0hqihnJy16qSILwCA1Iz6BAnCg/m16Sw2Pj9GEUS/OEhlP390SGuFJjHppOjvRQzdcm5n+1XqqjMz+jIkk1EXi2KEoZ1DGcxAL7VBKs2dgAwpKav0I8RBJhbcIrmxDc+ZMXoV2vuYavnUrjvIijBA7BEagCF5yCBrgCTdACGDyCZ/AK3qwn68V6tz5mrUtWMXMA/sj6/AFu+pmC</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit>

Analog combiner 

ADC…

MAC perspective PHY perspective

Optimize: set of users Optimize: ADC bits Optimize: analog beamformer

ADC

RF 
chain

RF 
chain

RF 
chain

Nr
<latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YPjYUY6mZl+PMGQzSIXrq/Vl55M=">AAAB3nicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnuHElFR1baIeSSe+0oZnMkNwRSukjuHGh4mO5821MfxbaeiDwcU5C7j1xrqQl3//21tY3Nre2Szvl3cre/kH1sPJks8IIDEWmMtOKuUUlNYYkSWErN8jTWGEzHt5M8+YzGisz/UijHKOU97VMpODkrIe7rulWa37dn4mtQrCAGizU6Fa/Or1MFClqEopb2w78nKIxNySFwkm5U1jMuRjyPrYdap6ijcazUSfs1Dk9lmTGHU1s5v5+MeaptaM0djdTTgO7nE3N/7J2QcllNJY6Lwi1mH+UFIpRxqZ7s540KEiNHHBhpJuViQE3XJBrp+xKCJZXXoXwvH5V9+99KMExnMAZBHAB13ALDQhBQB9e4A3ePeW9eh/ztta8RW1H8Efe5w+BOIw2</latexit><latexit sha1_base64="YPjYUY6mZl+PMGQzSIXrq/Vl55M=">AAAB3nicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnuHElFR1baIeSSe+0oZnMkNwRSukjuHGh4mO5821MfxbaeiDwcU5C7j1xrqQl3//21tY3Nre2Szvl3cre/kH1sPJks8IIDEWmMtOKuUUlNYYkSWErN8jTWGEzHt5M8+YzGisz/UijHKOU97VMpODkrIe7rulWa37dn4mtQrCAGizU6Fa/Or1MFClqEopb2w78nKIxNySFwkm5U1jMuRjyPrYdap6ijcazUSfs1Dk9lmTGHU1s5v5+MeaptaM0djdTTgO7nE3N/7J2QcllNJY6Lwi1mH+UFIpRxqZ7s540KEiNHHBhpJuViQE3XJBrp+xKCJZXXoXwvH5V9+99KMExnMAZBHAB13ALDQhBQB9e4A3ePeW9eh/ztta8RW1H8Efe5w+BOIw2</latexit><latexit sha1_base64="FEsCQ60M+cu7oMmKnzg6WRcFBXY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiF09S0dhCG8pmu2mXbjZhdyKU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dkorq2vrG+XNytb2zu5edf/g0SSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqd+64lrIxL1gOOUBzEdKBEJRtFK97c93avW3Lo7A1kmXkFqUKDZq351+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oScWKVPokTbUkhm6u+JnMbGjOPQdsYUh2bRm4r/eZ0Mo4sgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3x5mfhn9cu6e+fWGldFGmU4gmM4BQ/OoQE30AQfGAzgGV7hzZHOi/PufMxbS04xcwh/4Hz+AJpUjYY=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YPjYUY6mZl+PMGQzSIXrq/Vl55M=">AAAB3nicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnuHElFR1baIeSSe+0oZnMkNwRSukjuHGh4mO5821MfxbaeiDwcU5C7j1xrqQl3//21tY3Nre2Szvl3cre/kH1sPJks8IIDEWmMtOKuUUlNYYkSWErN8jTWGEzHt5M8+YzGisz/UijHKOU97VMpODkrIe7rulWa37dn4mtQrCAGizU6Fa/Or1MFClqEopb2w78nKIxNySFwkm5U1jMuRjyPrYdap6ijcazUSfs1Dk9lmTGHU1s5v5+MeaptaM0djdTTgO7nE3N/7J2QcllNJY6Lwi1mH+UFIpRxqZ7s540KEiNHHBhpJuViQE3XJBrp+xKCJZXXoXwvH5V9+99KMExnMAZBHAB13ALDQhBQB9e4A3ePeW9eh/ztta8RW1H8Efe5w+BOIw2</latexit><latexit sha1_base64="YPjYUY6mZl+PMGQzSIXrq/Vl55M=">AAAB3nicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnuHElFR1baIeSSe+0oZnMkNwRSukjuHGh4mO5821MfxbaeiDwcU5C7j1xrqQl3//21tY3Nre2Szvl3cre/kH1sPJks8IIDEWmMtOKuUUlNYYkSWErN8jTWGEzHt5M8+YzGisz/UijHKOU97VMpODkrIe7rulWa37dn4mtQrCAGizU6Fa/Or1MFClqEopb2w78nKIxNySFwkm5U1jMuRjyPrYdap6ijcazUSfs1Dk9lmTGHU1s5v5+MeaptaM0djdTTgO7nE3N/7J2QcllNJY6Lwi1mH+UFIpRxqZ7s540KEiNHHBhpJuViQE3XJBrp+xKCJZXXoXwvH5V9+99KMExnMAZBHAB13ALDQhBQB9e4A3ePeW9eh/ztta8RW1H8Efe5w+BOIw2</latexit><latexit sha1_base64="FEsCQ60M+cu7oMmKnzg6WRcFBXY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiF09S0dhCG8pmu2mXbjZhdyKU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dkorq2vrG+XNytb2zu5edf/g0SSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqd+64lrIxL1gOOUBzEdKBEJRtFK97c93avW3Lo7A1kmXkFqUKDZq351+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oScWKVPokTbUkhm6u+JnMbGjOPQdsYUh2bRm4r/eZ0Mo4sgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3x5mfhn9cu6e+fWGldFGmU4gmM4BQ/OoQE30AQfGAzgGV7hzZHOi/PufMxbS04xcwh/4Hz+AJpUjYY=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit>

NRF
<latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="aRAS/+LzrFlE0HyllF1WlfCoYzk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiIJ6kirHFNpTNdtMu3d2E3Y1QQv6FFw8qXv053vw3btsctPXBwOO9GWbmhQln2rjut1NaWl5ZXSuvVzY2t7Z3qrt7DzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6HLit56o0iyW92ac0EDggWQRI9hY6fGml3WVQHdXea9ac+vuFGiReAWpQYFmr/rV7cckFVQawrHWHc9NTJBhZRjhNK90U00TTEZ4QDuWSiyoDrLpxTk6skofRbGyJQ2aqr8nMiy0HovQdgpshnrem4j/eZ3URGdBxmSSGirJbFGUcmRiNHkf9ZmixPCxJZgoZm9FZIgVJsaGVLEhePMvLxL/pH5ed2/dWuOiSKMMB3AIx+DBKTTgGprgAwEJz/AKb452Xpx352PWWnKKmX34A+fzB2l9kEU=</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit>

Analog combiner

. . .  . . .  

. . .  

Switch-based Phase shifter-based

MAC: medium access control layer PHY: physical layer
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q Multi-user MIMO uplink system
§ Single cell environment with K users with single antenna
§ Selects 𝑁& ≤ 𝑁"# users to serve
§ Uniform linear array (ULA) antennas
§ DFT-based analog combining 
§ Zero-forcing digital equalizer

q Millimeter wave channel model with limited scattering

A =
⇥
a(✓1), · · · ,a(✓Nr )
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array response vector (ARV)
angle of arrival (AoA)

channel path gain

q Beam domain projection by using 𝑾"# path gains

§

hb = WH

DFTh
<latexit sha1_base64="xtLXdHBBNidtlnJUEWafHrY4VLM=">AAACE3icbVDLSsNAFJ34rPUVdelmsAiCUBIR1IVQVKTLCo0tNLFMppN26GQSZiZCCfkIN/6KGxcqbt2482+cphG09cDAuefcy517/JhRqSzry5ibX1hcWi6tlFfX1jc2za3tWxklAhMHRywSbR9JwignjqKKkXYsCAp9Rlr+8HLst+6JkDTiTTWKiReiPqcBxUhpqWsepq4fwEHWTV0RQj87z+tWUV9dN7O7OvzpMStW1coBZ4ldkAoo0Oian24vwklIuMIMSdmxrVh5KRKKYkaysptIEiM8RH3S0ZSjkEgvzY/K4L5WejCIhH5cwVz9PZGiUMpR6OvOEKmBnPbG4n9eJ1HBqZdSHieKcDxZFCQMqgiOE4I9KghWbKQJwoLqv0I8QAJhpXMs6xDs6ZNniXNUPavaN8eV2kWRRgnsgj1wAGxwAmqgDhrAARg8gCfwAl6NR+PZeDPeJ61zRjGzA/7A+PgG7m2drw==</latexit><latexit sha1_base64="xtLXdHBBNidtlnJUEWafHrY4VLM=">AAACE3icbVDLSsNAFJ34rPUVdelmsAiCUBIR1IVQVKTLCo0tNLFMppN26GQSZiZCCfkIN/6KGxcqbt2482+cphG09cDAuefcy517/JhRqSzry5ibX1hcWi6tlFfX1jc2za3tWxklAhMHRywSbR9JwignjqKKkXYsCAp9Rlr+8HLst+6JkDTiTTWKiReiPqcBxUhpqWsepq4fwEHWTV0RQj87z+tWUV9dN7O7OvzpMStW1coBZ4ldkAoo0Oian24vwklIuMIMSdmxrVh5KRKKYkaysptIEiM8RH3S0ZSjkEgvzY/K4L5WejCIhH5cwVz9PZGiUMpR6OvOEKmBnPbG4n9eJ1HBqZdSHieKcDxZFCQMqgiOE4I9KghWbKQJwoLqv0I8QAJhpXMs6xDs6ZNniXNUPavaN8eV2kWRRgnsgj1wAGxwAmqgDhrAARg8gCfwAl6NR+PZeDPeJ61zRjGzA/7A+PgG7m2drw==</latexit><latexit sha1_base64="xtLXdHBBNidtlnJUEWafHrY4VLM=">AAACE3icbVDLSsNAFJ34rPUVdelmsAiCUBIR1IVQVKTLCo0tNLFMppN26GQSZiZCCfkIN/6KGxcqbt2482+cphG09cDAuefcy517/JhRqSzry5ibX1hcWi6tlFfX1jc2za3tWxklAhMHRywSbR9JwignjqKKkXYsCAp9Rlr+8HLst+6JkDTiTTWKiReiPqcBxUhpqWsepq4fwEHWTV0RQj87z+tWUV9dN7O7OvzpMStW1coBZ4ldkAoo0Oian24vwklIuMIMSdmxrVh5KRKKYkaysptIEiM8RH3S0ZSjkEgvzY/K4L5WejCIhH5cwVz9PZGiUMpR6OvOEKmBnPbG4n9eJ1HBqZdSHieKcDxZFCQMqgiOE4I9KghWbKQJwoLqv0I8QAJhpXMs6xDs6ZNniXNUPavaN8eV2kWRRgnsgj1wAGxwAmqgDhrAARg8gCfwAl6NR+PZeDPeJ61zRjGzA/7A+PgG7m2drw==</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="8huNxm1YPSoYSoFDe2Idcnoq79o=">AAACCHicbVDLSsNAFL3xWWvV6NbNYBEEoSRu1IUgKNJlhcYWmlgm00k7dPJgZiKUkI9w46+4caHiF7jzb5ymEbT1wIVzz7nD3Hv8hDOpLOvLWFpeWV1br2xUN2tb2zvmbu1Oxqkg1CExj0XXx5JyFlFHMcVpNxEUhz6nHX98NfU7D1RIFkdtNUmoF+JhxAJGsNJS3zzOXD9Ao7yfuSJEfn5R9J2yv75p5/dN9DNj1q2GVQAtErskdSjR6puf7iAmaUgjRTiWsmdbifIyLBQjnOZVN5U0wWSMh7SnaYRDKr2sOCpHh1oZoCAWuiKFCvX3iwyHUk5CX0+GWI3kvDcV//N6qQrOvIxFSapoRGYfBSlHKkbThNCACUoUn2iCiWB6V0RGWGCidI5VHYI9f/IicU4a5w371oIK7MMBHIENp3AJTWiBAwQe4Rle4c14Ml6M91laS0YZ2x78gfHxDSoGnDE=</latexit><latexit sha1_base64="8huNxm1YPSoYSoFDe2Idcnoq79o=">AAACCHicbVDLSsNAFL3xWWvV6NbNYBEEoSRu1IUgKNJlhcYWmlgm00k7dPJgZiKUkI9w46+4caHiF7jzb5ymEbT1wIVzz7nD3Hv8hDOpLOvLWFpeWV1br2xUN2tb2zvmbu1Oxqkg1CExj0XXx5JyFlFHMcVpNxEUhz6nHX98NfU7D1RIFkdtNUmoF+JhxAJGsNJS3zzOXD9Ao7yfuSJEfn5R9J2yv75p5/dN9DNj1q2GVQAtErskdSjR6puf7iAmaUgjRTiWsmdbifIyLBQjnOZVN5U0wWSMh7SnaYRDKr2sOCpHh1oZoCAWuiKFCvX3iwyHUk5CX0+GWI3kvDcV//N6qQrOvIxFSapoRGYfBSlHKkbThNCACUoUn2iCiWB6V0RGWGCidI5VHYI9f/IicU4a5w371oIK7MMBHIENp3AJTWiBAwQe4Rle4c14Ml6M91laS0YZ2x78gfHxDSoGnDE=</latexit><latexit sha1_base64="p5GCuMK/YMyvJkH5mJEnaJ4rY6g=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQhJK4URdCUZEuKzS20MQymU7aoTNJmJkIJeQj3PgrblyouHXjzr9xmkbQ1gMD555zL3fu8WNGpbKsL6O0sLi0vFJeraytb2xumds7tzJKBCYOjlgkOj6ShNGQOIoqRjqxIIj7jLT90eXEb98TIWkUttQ4Jh5Hg5AGFCOlpZ55lLp+AIdZL3UFh352ntftor66bmV3DfjTY1atmpUDzhO7IFVQoNkzP91+hBNOQoUZkrJrW7HyUiQUxYxkFTeRJEZ4hAakq2mIOJFemh+VwQOt9GEQCf1CBXP190SKuJRj7utOjtRQznoT8T+vm6jg1EtpGCeKhHi6KEgYVBGcJAT7VBCs2FgThAXVf4V4iATCSudY0SHYsyfPE+e4dlazb6xq/aJIowz2wD44BDY4AXXQAE3gAAwewBN4Aa/Go/FsvBnv09aSUczsgj8wPr4B7S2dqw==</latexit><latexit sha1_base64="xtLXdHBBNidtlnJUEWafHrY4VLM=">AAACE3icbVDLSsNAFJ34rPUVdelmsAiCUBIR1IVQVKTLCo0tNLFMppN26GQSZiZCCfkIN/6KGxcqbt2482+cphG09cDAuefcy517/JhRqSzry5ibX1hcWi6tlFfX1jc2za3tWxklAhMHRywSbR9JwignjqKKkXYsCAp9Rlr+8HLst+6JkDTiTTWKiReiPqcBxUhpqWsepq4fwEHWTV0RQj87z+tWUV9dN7O7OvzpMStW1coBZ4ldkAoo0Oian24vwklIuMIMSdmxrVh5KRKKYkaysptIEiM8RH3S0ZSjkEgvzY/K4L5WejCIhH5cwVz9PZGiUMpR6OvOEKmBnPbG4n9eJ1HBqZdSHieKcDxZFCQMqgiOE4I9KghWbKQJwoLqv0I8QAJhpXMs6xDs6ZNniXNUPavaN8eV2kWRRgnsgj1wAGxwAmqgDhrAARg8gCfwAl6NR+PZeDPeJ61zRjGzA/7A+PgG7m2drw==</latexit><latexit sha1_base64="xtLXdHBBNidtlnJUEWafHrY4VLM=">AAACE3icbVDLSsNAFJ34rPUVdelmsAiCUBIR1IVQVKTLCo0tNLFMppN26GQSZiZCCfkIN/6KGxcqbt2482+cphG09cDAuefcy517/JhRqSzry5ibX1hcWi6tlFfX1jc2za3tWxklAhMHRywSbR9JwignjqKKkXYsCAp9Rlr+8HLst+6JkDTiTTWKiReiPqcBxUhpqWsepq4fwEHWTV0RQj87z+tWUV9dN7O7OvzpMStW1coBZ4ldkAoo0Oian24vwklIuMIMSdmxrVh5KRKKYkaysptIEiM8RH3S0ZSjkEgvzY/K4L5WejCIhH5cwVz9PZGiUMpR6OvOEKmBnPbG4n9eJ1HBqZdSHieKcDxZFCQMqgiOE4I9KghWbKQJwoLqv0I8QAJhpXMs6xDs6ZNniXNUPavaN8eV2kWRRgnsgj1wAGxwAmqgDhrAARg8gCfwAl6NR+PZeDPeJ61zRjGzA/7A+PgG7m2drw==</latexit><latexit sha1_base64="xtLXdHBBNidtlnJUEWafHrY4VLM=">AAACE3icbVDLSsNAFJ34rPUVdelmsAiCUBIR1IVQVKTLCo0tNLFMppN26GQSZiZCCfkIN/6KGxcqbt2482+cphG09cDAuefcy517/JhRqSzry5ibX1hcWi6tlFfX1jc2za3tWxklAhMHRywSbR9JwignjqKKkXYsCAp9Rlr+8HLst+6JkDTiTTWKiReiPqcBxUhpqWsepq4fwEHWTV0RQj87z+tWUV9dN7O7OvzpMStW1coBZ4ldkAoo0Oian24vwklIuMIMSdmxrVh5KRKKYkaysptIEiM8RH3S0ZSjkEgvzY/K4L5WejCIhH5cwVz9PZGiUMpR6OvOEKmBnPbG4n9eJ1HBqZdSHieKcDxZFCQMqgiOE4I9KghWbKQJwoLqv0I8QAJhpXMs6xDs6ZNniXNUPavaN8eV2kWRRgnsgj1wAGxwAmqgDhrAARg8gCfwAl6NR+PZeDPeJ61zRjGzA/7A+PgG7m2drw==</latexit><latexit sha1_base64="xtLXdHBBNidtlnJUEWafHrY4VLM=">AAACE3icbVDLSsNAFJ34rPUVdelmsAiCUBIR1IVQVKTLCo0tNLFMppN26GQSZiZCCfkIN/6KGxcqbt2482+cphG09cDAuefcy517/JhRqSzry5ibX1hcWi6tlFfX1jc2za3tWxklAhMHRywSbR9JwignjqKKkXYsCAp9Rlr+8HLst+6JkDTiTTWKiReiPqcBxUhpqWsepq4fwEHWTV0RQj87z+tWUV9dN7O7OvzpMStW1coBZ4ldkAoo0Oian24vwklIuMIMSdmxrVh5KRKKYkaysptIEiM8RH3S0ZSjkEgvzY/K4L5WejCIhH5cwVz9PZGiUMpR6OvOEKmBnPbG4n9eJ1HBqZdSHieKcDxZFCQMqgiOE4I9KghWbKQJwoLqv0I8QAJhpXMs6xDs6ZNniXNUPavaN8eV2kWRRgnsgj1wAGxwAmqgDhrAARg8gCfwAl6NR+PZeDPeJ61zRjGzA/7A+PgG7m2drw==</latexit><latexit sha1_base64="xtLXdHBBNidtlnJUEWafHrY4VLM=">AAACE3icbVDLSsNAFJ34rPUVdelmsAiCUBIR1IVQVKTLCo0tNLFMppN26GQSZiZCCfkIN/6KGxcqbt2482+cphG09cDAuefcy517/JhRqSzry5ibX1hcWi6tlFfX1jc2za3tWxklAhMHRywSbR9JwignjqKKkXYsCAp9Rlr+8HLst+6JkDTiTTWKiReiPqcBxUhpqWsepq4fwEHWTV0RQj87z+tWUV9dN7O7OvzpMStW1coBZ4ldkAoo0Oian24vwklIuMIMSdmxrVh5KRKKYkaysptIEiM8RH3S0ZSjkEgvzY/K4L5WejCIhH5cwVz9PZGiUMpR6OvOEKmBnPbG4n9eJ1HBqZdSHieKcDxZFCQMqgiOE4I9KghWbKQJwoLqv0I8QAJhpXMs6xDs6ZNniXNUPavaN8eV2kWRRgnsgj1wAGxwAmqgDhrAARg8gCfwAl6NR+PZeDPeJ61zRjGzA/7A+PgG7m2drw==</latexit><latexit sha1_base64="xtLXdHBBNidtlnJUEWafHrY4VLM=">AAACE3icbVDLSsNAFJ34rPUVdelmsAiCUBIR1IVQVKTLCo0tNLFMppN26GQSZiZCCfkIN/6KGxcqbt2482+cphG09cDAuefcy517/JhRqSzry5ibX1hcWi6tlFfX1jc2za3tWxklAhMHRywSbR9JwignjqKKkXYsCAp9Rlr+8HLst+6JkDTiTTWKiReiPqcBxUhpqWsepq4fwEHWTV0RQj87z+tWUV9dN7O7OvzpMStW1coBZ4ldkAoo0Oian24vwklIuMIMSdmxrVh5KRKKYkaysptIEiM8RH3S0ZSjkEgvzY/K4L5WejCIhH5cwVz9PZGiUMpR6OvOEKmBnPbG4n9eJ1HBqZdSHieKcDxZFCQMqgiOE4I9KghWbKQJwoLqv0I8QAJhpXMs6xDs6ZNniXNUPavaN8eV2kWRRgnsgj1wAGxwAmqgDhrAARg8gCfwAl6NR+PZeDPeJ61zRjGzA/7A+PgG7m2drw==</latexit>

DFT matrix

[Akdeniz&Rappaport14]
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<latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="aRAS/+LzrFlE0HyllF1WlfCoYzk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiIJ6kirHFNpTNdtMu3d2E3Y1QQv6FFw8qXv053vw3btsctPXBwOO9GWbmhQln2rjut1NaWl5ZXSuvVzY2t7Z3qrt7DzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6HLit56o0iyW92ac0EDggWQRI9hY6fGml3WVQHdXea9ac+vuFGiReAWpQYFmr/rV7cckFVQawrHWHc9NTJBhZRjhNK90U00TTEZ4QDuWSiyoDrLpxTk6skofRbGyJQ2aqr8nMiy0HovQdgpshnrem4j/eZ3URGdBxmSSGirJbFGUcmRiNHkf9ZmixPCxJZgoZm9FZIgVJsaGVLEhePMvLxL/pH5ed2/dWuOiSKMMB3AIx+DBKTTgGprgAwEJz/AKb452Xpx352PWWnKKmX34A+fzB2l9kEU=</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit>

. . .  

. . .  WBB
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. . .  

+

+

WRF
<latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="1SAzrUniFlwu8LzEIIOOOBlXvR4=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbIIjHKdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2ahubW9s79d3GXnP/4NA9aj7rrFCEBiTjmeolWFPOJA0MM5z2ckWxSDjtJuPbWd6dUKVZJp/MNKeRwEPJUkawsVbsumWYpKhbxWWoBHq8q2K35bW9udA6+EtowVKd2P0KBxkpBJWGcKx13/dyE5VYGUY4rRphoWmOyRgPad+ixILqqJxvXqEz6wxQmil7pEFz9/eLEgutpyKxNwU2I72azcz/sn5h0quoZDIvDJVkMSgtODIZmtWABkxRYvjUAiaK2V0RGWGFibFlNWwJ/uqX1yG4aF+3vQcP6nACp3AOPlzCDdxDBwIgMIEXeIN3p3RenY9FWzVnWdsx/JHz+QP3wJGY</latexit><latexit sha1_base64="1SAzrUniFlwu8LzEIIOOOBlXvR4=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbIIjHKdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2ahubW9s79d3GXnP/4NA9aj7rrFCEBiTjmeolWFPOJA0MM5z2ckWxSDjtJuPbWd6dUKVZJp/MNKeRwEPJUkawsVbsumWYpKhbxWWoBHq8q2K35bW9udA6+EtowVKd2P0KBxkpBJWGcKx13/dyE5VYGUY4rRphoWmOyRgPad+ixILqqJxvXqEz6wxQmil7pEFz9/eLEgutpyKxNwU2I72azcz/sn5h0quoZDIvDJVkMSgtODIZmtWABkxRYvjUAiaK2V0RGWGFibFlNWwJ/uqX1yG4aF+3vQcP6nACp3AOPlzCDdxDBwIgMIEXeIN3p3RenY9FWzVnWdsx/JHz+QP3wJGY</latexit><latexit sha1_base64="bhbS0Qck0WRy5m+lKFIVE8jVNwM=">AAAB+HicbVBNS8NAEJ34WetX1KOXxSJ4KokX9VYUxGMVYwtNCJvtpl26m4TdTaGE/BMvHlS8+lO8+W/ctjlo64OBx3szzMyLMs6Udpxva2V1bX1js7ZV397Z3du3Dw6fVJpLQj2S8lR2I6woZwn1NNOcdjNJsYg47USjm6nfGVOpWJo86klGA4EHCYsZwdpIoW0XfhSjThkWvhTo4bYM7YbTdGZAy8StSAMqtEP7y++nJBc00YRjpXquk+mgwFIzwmlZ93NFM0xGeEB7hiZYUBUUs8tLdGqUPopTaSrRaKb+niiwUGoiItMpsB6qRW8q/uf1ch1fBgVLslzThMwXxTlHOkXTGFCfSUo0nxiCiWTmVkSGWGKiTVh1E4K7+PIy8c6bV03n3mm0rqs0anAMJ3AGLlxAC+6gDR4QGMMzvMKbVVgv1rv1MW9dsaqZI/gD6/MHShSS9w==</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit>

Low resolution

DFT submatrix 

Considered receiver architecture
sparse in beam domain
small Lk:

§ Beam domain projection:

Beam domain channel

ULAhk =

r
Nr

Lk

LkX

`=1

g`,ka(✓`,k)
<latexit sha1_base64="SIdlysTVLaA/jxDNvDtArHjXfG8="></latexit>

A : matrix

a : column vector
<latexit sha1_base64="ZRiwPvLAZwI4hHpEjsgnj1okQc0=">AAACIXicbVDLSgMxFM34rPVVdekmWBRXZaYKFldVNy4r2Ad0SsmkmTY0kxmSO6VlmF9x46+4caFId+LPmD4QbT0QOJxzLzfneJHgGmz701pZXVvf2MxsZbd3dvf2cweHNR3GirIqDUWoGh7RTHDJqsBBsEakGAk8wepe/27i1wdMaR7KRxhFrBWQruQ+pwSM1M6VzhLX8/FNeo1dYENIAgKKD1PXzc4c8uOYY3Eg8YBRCFXazuXtgj0FXibOnOTRHJV2bux2QhoHTAIVROumY0fQSogCTgVLs26sWURon3RZ01BJAqZbyTRhik+N0sF+qMyTgKfq742EBFqPAs9MmgA9vehNxP+8Zgx+qZVwGcXAJJ0d8mOBIcSTunCHK5NXjAwhVHHzV0x7RBEKptSsKcFZjLxMasWCc1EoPlzmy7fzOjLoGJ2gc+SgK1RG96iCqoiiJ/SC3tC79Wy9Wh/WeDa6Ys13jtAfWF/fe8Wjww==</latexit>

Notations



Ph.D. Defense  Jinseok Choi

MOTIVATION & PROBLEM FORMULATION

rk(Hb) = log2

 
1 +

↵2pu
↵2kwzf,kk2 +w

H

zf,kRqq(Hb)wzf,k

!

<latexit sha1_base64="VzYZ+Tmhxum00PMxRsWjCBehxhc="></latexit><latexit sha1_base64="VzYZ+Tmhxum00PMxRsWjCBehxhc="></latexit><latexit sha1_base64="VzYZ+Tmhxum00PMxRsWjCBehxhc="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="65Gev5I9nJOgMPul9Ac7gZtpszA="></latexit><latexit sha1_base64="65Gev5I9nJOgMPul9Ac7gZtpszA="></latexit><latexit sha1_base64="0zlB5aWw1frjWXIABR/8JmTV4Xw="></latexit><latexit sha1_base64="VzYZ+Tmhxum00PMxRsWjCBehxhc="></latexit><latexit sha1_base64="VzYZ+Tmhxum00PMxRsWjCBehxhc="></latexit><latexit sha1_base64="VzYZ+Tmhxum00PMxRsWjCBehxhc="></latexit><latexit sha1_base64="VzYZ+Tmhxum00PMxRsWjCBehxhc="></latexit><latexit sha1_base64="VzYZ+Tmhxum00PMxRsWjCBehxhc="></latexit><latexit sha1_base64="VzYZ+Tmhxum00PMxRsWjCBehxhc="></latexit>

§ Achievable rate of user k

AWGN
(1), (2) cannot minimize quantization error

AWGN: minimized by previous criteria
hb,k?hb,k0 , k 6= k0

<latexit sha1_base64="LUfyJeFxy4Q8gg4ntDYbq3joIC0=">AAACJnicbVDLSgMxFM3UV62vqks30SJ1UcqMCOpGim5cVrC20Cklk95pw2QyY5IRyjB/48ZfcSP4QNz5KaaPhbYeuNzDOfeS3OPFnClt219WbmFxaXklv1pYW9/Y3Cpu79ypKJEUGjTikWx5RAFnAhqaaQ6tWAIJPQ5NL7ga+c0HkIpF4lYPY+iEpC+YzyjRRuoWL1LX8/Eg66apK0PsZZUgc/exG4OMTZ93y1nFxQF2BdzjoNwtluyqPQaeJ86UlNAU9W7x1e1FNAlBaMqJUm3HjnUnJVIzyiEruImCmNCA9KFtqCAhqE46vjPDh0bpYT+SpoTGY/X3RkpCpYahZyZDogdq1huJ/3ntRPtnnZSJONEg6OQhP+FYR3gUGu4xCVTzoSGESmb+iumASEK1ibZgQnBmT54njePqedW+OSnVLqdp5NEeOkBHyEGnqIauUR01EEWP6Bm9oXfryXqxPqzPyWjOmu7soj+wvn8ALCmkcQ==</latexit><latexit sha1_base64="LUfyJeFxy4Q8gg4ntDYbq3joIC0=">AAACJnicbVDLSgMxFM3UV62vqks30SJ1UcqMCOpGim5cVrC20Cklk95pw2QyY5IRyjB/48ZfcSP4QNz5KaaPhbYeuNzDOfeS3OPFnClt219WbmFxaXklv1pYW9/Y3Cpu79ypKJEUGjTikWx5RAFnAhqaaQ6tWAIJPQ5NL7ga+c0HkIpF4lYPY+iEpC+YzyjRRuoWL1LX8/Eg66apK0PsZZUgc/exG4OMTZ93y1nFxQF2BdzjoNwtluyqPQaeJ86UlNAU9W7x1e1FNAlBaMqJUm3HjnUnJVIzyiEruImCmNCA9KFtqCAhqE46vjPDh0bpYT+SpoTGY/X3RkpCpYahZyZDogdq1huJ/3ntRPtnnZSJONEg6OQhP+FYR3gUGu4xCVTzoSGESmb+iumASEK1ibZgQnBmT54njePqedW+OSnVLqdp5NEeOkBHyEGnqIauUR01EEWP6Bm9oXfryXqxPqzPyWjOmu7soj+wvn8ALCmkcQ==</latexit><latexit sha1_base64="LUfyJeFxy4Q8gg4ntDYbq3joIC0=">AAACJnicbVDLSgMxFM3UV62vqks30SJ1UcqMCOpGim5cVrC20Cklk95pw2QyY5IRyjB/48ZfcSP4QNz5KaaPhbYeuNzDOfeS3OPFnClt219WbmFxaXklv1pYW9/Y3Cpu79ypKJEUGjTikWx5RAFnAhqaaQ6tWAIJPQ5NL7ga+c0HkIpF4lYPY+iEpC+YzyjRRuoWL1LX8/Eg66apK0PsZZUgc/exG4OMTZ93y1nFxQF2BdzjoNwtluyqPQaeJ86UlNAU9W7x1e1FNAlBaMqJUm3HjnUnJVIzyiEruImCmNCA9KFtqCAhqE46vjPDh0bpYT+SpoTGY/X3RkpCpYahZyZDogdq1huJ/3ntRPtnnZSJONEg6OQhP+FYR3gUGu4xCVTzoSGESmb+iumASEK1ibZgQnBmT54njePqedW+OSnVLqdp5NEeOkBHyEGnqIauUR01EEWP6Bm9oXfryXqxPqzPyWjOmu7soj+wvn8ALCmkcQ==</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="RweP0xa5OTVHiB8vNmJwwXMGnLA=">AAACG3icbZBLS8QwFIVvfY7jq7p1ExXRhQwdN+pGBDcuR7COMC1Dmrl1QtO0JqkwlP4bN/4VN4IPxH9j5rFQxwMhH+ckJPdEueDaeN6XMzM7N7+wWFuqL6+srq27Gys3OisUQ59lIlO3EdUouETfcCPwNldI00hgO0ouhnn7AZXmmbw2gxzDlN5JHnNGjbW67lkZRDHpV92yDFRKouowqYJtEuSocrtPp/vVYUASEki8J8l+1931Gt5IZBqaE9iFiVpd9zXoZaxIURomqNadppebsKTKcCawqgeFxpyyhN5hx6KkKeqwHM1ZkT3r9EicKbukISP3542SploP0sieTKnp67/Z0Pwv6xQmPglLLvPCoGTjh+JCEJORYWmkxxUyIwYWKFPc/pWwPlWUGVtt3ZbQ/DvyNPhHjdOGd+VBDbZgBw6gCcdwDpfQAh8YPMIzvMG78+S8OB/jtmacSW2b8EvO5zcgx6Lg</latexit><latexit sha1_base64="RweP0xa5OTVHiB8vNmJwwXMGnLA=">AAACG3icbZBLS8QwFIVvfY7jq7p1ExXRhQwdN+pGBDcuR7COMC1Dmrl1QtO0JqkwlP4bN/4VN4IPxH9j5rFQxwMhH+ckJPdEueDaeN6XMzM7N7+wWFuqL6+srq27Gys3OisUQ59lIlO3EdUouETfcCPwNldI00hgO0ouhnn7AZXmmbw2gxzDlN5JHnNGjbW67lkZRDHpV92yDFRKouowqYJtEuSocrtPp/vVYUASEki8J8l+1931Gt5IZBqaE9iFiVpd9zXoZaxIURomqNadppebsKTKcCawqgeFxpyyhN5hx6KkKeqwHM1ZkT3r9EicKbukISP3542SploP0sieTKnp67/Z0Pwv6xQmPglLLvPCoGTjh+JCEJORYWmkxxUyIwYWKFPc/pWwPlWUGVtt3ZbQ/DvyNPhHjdOGd+VBDbZgBw6gCcdwDpfQAh8YPMIzvMG78+S8OB/jtmacSW2b8EvO5zcgx6Lg</latexit><latexit sha1_base64="Sas3Pmkpm991+m4JhCKbEPHmASs=">AAACJnicbVDLSsNAFJ34rPVVdelmtEhdlJK6UTdSdOOygrGFppTJ9KYdMpnEmYlQQv7Gjb/iRvCBuPNTnLZZaOuByz2ccy8z93gxZ0rb9pe1sLi0vLJaWCuub2xubZd2du9UlEgKDo14JNseUcCZAEczzaEdSyChx6HlBVdjv/UAUrFI3OpRDN2QDATzGSXaSL3SRep6Ph5mvTR1ZYi9rBpk7gF2Y5Cx6fNuJau6OMCugHscVHqlsl2zJ8DzpJ6TMsrR7JVe3X5EkxCEppwo1anbse6mRGpGOWRFN1EQExqQAXQMFSQE1U0nd2b4yCh97EfSlNB4ov7eSEmo1Cj0zGRI9FDNemPxP6+TaP+smzIRJxoEnT7kJxzrCI9Dw30mgWo+MoRQycxfMR0SSag20RZNCPXZk+eJc1I7r9k3drlxmadRQPvoEB2jOjpFDXSNmshBFD2iZ/SG3q0n68X6sD6nowtWvrOH/sD6/gEq6aRt</latexit><latexit sha1_base64="LUfyJeFxy4Q8gg4ntDYbq3joIC0=">AAACJnicbVDLSgMxFM3UV62vqks30SJ1UcqMCOpGim5cVrC20Cklk95pw2QyY5IRyjB/48ZfcSP4QNz5KaaPhbYeuNzDOfeS3OPFnClt219WbmFxaXklv1pYW9/Y3Cpu79ypKJEUGjTikWx5RAFnAhqaaQ6tWAIJPQ5NL7ga+c0HkIpF4lYPY+iEpC+YzyjRRuoWL1LX8/Eg66apK0PsZZUgc/exG4OMTZ93y1nFxQF2BdzjoNwtluyqPQaeJ86UlNAU9W7x1e1FNAlBaMqJUm3HjnUnJVIzyiEruImCmNCA9KFtqCAhqE46vjPDh0bpYT+SpoTGY/X3RkpCpYahZyZDogdq1huJ/3ntRPtnnZSJONEg6OQhP+FYR3gUGu4xCVTzoSGESmb+iumASEK1ibZgQnBmT54njePqedW+OSnVLqdp5NEeOkBHyEGnqIauUR01EEWP6Bm9oXfryXqxPqzPyWjOmu7soj+wvn8ALCmkcQ==</latexit><latexit sha1_base64="LUfyJeFxy4Q8gg4ntDYbq3joIC0=">AAACJnicbVDLSgMxFM3UV62vqks30SJ1UcqMCOpGim5cVrC20Cklk95pw2QyY5IRyjB/48ZfcSP4QNz5KaaPhbYeuNzDOfeS3OPFnClt219WbmFxaXklv1pYW9/Y3Cpu79ypKJEUGjTikWx5RAFnAhqaaQ6tWAIJPQ5NL7ga+c0HkIpF4lYPY+iEpC+YzyjRRuoWL1LX8/Eg66apK0PsZZUgc/exG4OMTZ93y1nFxQF2BdzjoNwtluyqPQaeJ86UlNAU9W7x1e1FNAlBaMqJUm3HjnUnJVIzyiEruImCmNCA9KFtqCAhqE46vjPDh0bpYT+SpoTGY/X3RkpCpYahZyZDogdq1huJ/3ntRPtnnZSJONEg6OQhP+FYR3gUGu4xCVTzoSGESmb+iumASEK1ibZgQnBmT54njePqedW+OSnVLqdp5NEeOkBHyEGnqIauUR01EEWP6Bm9oXfryXqxPqzPyWjOmu7soj+wvn8ALCmkcQ==</latexit><latexit sha1_base64="LUfyJeFxy4Q8gg4ntDYbq3joIC0=">AAACJnicbVDLSgMxFM3UV62vqks30SJ1UcqMCOpGim5cVrC20Cklk95pw2QyY5IRyjB/48ZfcSP4QNz5KaaPhbYeuNzDOfeS3OPFnClt219WbmFxaXklv1pYW9/Y3Cpu79ypKJEUGjTikWx5RAFnAhqaaQ6tWAIJPQ5NL7ga+c0HkIpF4lYPY+iEpC+YzyjRRuoWL1LX8/Eg66apK0PsZZUgc/exG4OMTZ93y1nFxQF2BdzjoNwtluyqPQaeJ86UlNAU9W7x1e1FNAlBaMqJUm3HjnUnJVIzyiEruImCmNCA9KFtqCAhqE46vjPDh0bpYT+SpoTGY/X3RkpCpYahZyZDogdq1huJ/3ntRPtnnZSJONEg6OQhP+FYR3gUGu4xCVTzoSGESmb+iumASEK1ibZgQnBmT54njePqedW+OSnVLqdp5NEeOkBHyEGnqIauUR01EEWP6Bm9oXfryXqxPqzPyWjOmu7soj+wvn8ALCmkcQ==</latexit><latexit sha1_base64="LUfyJeFxy4Q8gg4ntDYbq3joIC0=">AAACJnicbVDLSgMxFM3UV62vqks30SJ1UcqMCOpGim5cVrC20Cklk95pw2QyY5IRyjB/48ZfcSP4QNz5KaaPhbYeuNzDOfeS3OPFnClt219WbmFxaXklv1pYW9/Y3Cpu79ypKJEUGjTikWx5RAFnAhqaaQ6tWAIJPQ5NL7ga+c0HkIpF4lYPY+iEpC+YzyjRRuoWL1LX8/Eg66apK0PsZZUgc/exG4OMTZ93y1nFxQF2BdzjoNwtluyqPQaeJ86UlNAU9W7x1e1FNAlBaMqJUm3HjnUnJVIzyiEruImCmNCA9KFtqCAhqE46vjPDh0bpYT+SpoTGY/X3RkpCpYahZyZDogdq1huJ/3ntRPtnnZSJONEg6OQhP+FYR3gUGu4xCVTzoSGESmb+iumASEK1ibZgQnBmT54njePqedW+OSnVLqdp5NEeOkBHyEGnqIauUR01EEWP6Bm9oXfryXqxPqzPyWjOmu7soj+wvn8ALCmkcQ==</latexit><latexit sha1_base64="LUfyJeFxy4Q8gg4ntDYbq3joIC0=">AAACJnicbVDLSgMxFM3UV62vqks30SJ1UcqMCOpGim5cVrC20Cklk95pw2QyY5IRyjB/48ZfcSP4QNz5KaaPhbYeuNzDOfeS3OPFnClt219WbmFxaXklv1pYW9/Y3Cpu79ypKJEUGjTikWx5RAFnAhqaaQ6tWAIJPQ5NL7ga+c0HkIpF4lYPY+iEpC+YzyjRRuoWL1LX8/Eg66apK0PsZZUgc/exG4OMTZ93y1nFxQF2BdzjoNwtluyqPQaeJ86UlNAU9W7x1e1FNAlBaMqJUm3HjnUnJVIzyiEruImCmNCA9KFtqCAhqE46vjPDh0bpYT+SpoTGY/X3RkpCpYahZyZDogdq1huJ/3ntRPtnnZSJONEg6OQhP+FYR3gUGu4xCVTzoSGESmb+iumASEK1ibZgQnBmT54njePqedW+OSnVLqdp5NEeOkBHyEGnqIauUR01EEWP6Bm9oXfryXqxPqzPyWjOmu7soj+wvn8ALCmkcQ==</latexit>

(1)

(2) maximize khb,kk2
<latexit sha1_base64="dFQoZA2g+u7bAkN/cPjfVHwNNJ0=">AAACEXicbVA9SwNBEN3zM8avqKXNYhAUJFyCoHZBG8sIRoVcDHubuWTJ7t2xOyeJ5/0GG/+KjYWKrZ2d/8ZNTKHRBwOP92aYmefHUhh03U9nanpmdm4+t5BfXFpeWS2srV+YKNEc6jySkb7ymQEpQqijQAlXsQamfAmXfu9k6F/egDYiCs9xEENTsU4oAsEZWqlV2PUQ+pgq1hdK3ALNvLvU8wPazVpp6mlF/WyvZ8XrSqtQdEvuCPQvKY9JkYxRaxU+vHbEEwUhcsmMaZTdGJsp0yi4hCzvJQZixnusAw1LQ6bANNPRSxndtkqbBpG2FSIdqT8nUqaMGSjfdiqGXTPpDcX/vEaCwWEzFWGcIIT8e1GQSIoRHeZD20IDRzmwhHEt7K2Ud5lmHG2KeRtCefLlv6ReKR2V3LP9YvV4nEaObJItskPK5IBUySmpkTrh5J48kmfy4jw4T86r8/bdOuWMZzbILzjvX5jwnjw=</latexit><latexit sha1_base64="dFQoZA2g+u7bAkN/cPjfVHwNNJ0=">AAACEXicbVA9SwNBEN3zM8avqKXNYhAUJFyCoHZBG8sIRoVcDHubuWTJ7t2xOyeJ5/0GG/+KjYWKrZ2d/8ZNTKHRBwOP92aYmefHUhh03U9nanpmdm4+t5BfXFpeWS2srV+YKNEc6jySkb7ymQEpQqijQAlXsQamfAmXfu9k6F/egDYiCs9xEENTsU4oAsEZWqlV2PUQ+pgq1hdK3ALNvLvU8wPazVpp6mlF/WyvZ8XrSqtQdEvuCPQvKY9JkYxRaxU+vHbEEwUhcsmMaZTdGJsp0yi4hCzvJQZixnusAw1LQ6bANNPRSxndtkqbBpG2FSIdqT8nUqaMGSjfdiqGXTPpDcX/vEaCwWEzFWGcIIT8e1GQSIoRHeZD20IDRzmwhHEt7K2Ud5lmHG2KeRtCefLlv6ReKR2V3LP9YvV4nEaObJItskPK5IBUySmpkTrh5J48kmfy4jw4T86r8/bdOuWMZzbILzjvX5jwnjw=</latexit><latexit sha1_base64="dFQoZA2g+u7bAkN/cPjfVHwNNJ0=">AAACEXicbVA9SwNBEN3zM8avqKXNYhAUJFyCoHZBG8sIRoVcDHubuWTJ7t2xOyeJ5/0GG/+KjYWKrZ2d/8ZNTKHRBwOP92aYmefHUhh03U9nanpmdm4+t5BfXFpeWS2srV+YKNEc6jySkb7ymQEpQqijQAlXsQamfAmXfu9k6F/egDYiCs9xEENTsU4oAsEZWqlV2PUQ+pgq1hdK3ALNvLvU8wPazVpp6mlF/WyvZ8XrSqtQdEvuCPQvKY9JkYxRaxU+vHbEEwUhcsmMaZTdGJsp0yi4hCzvJQZixnusAw1LQ6bANNPRSxndtkqbBpG2FSIdqT8nUqaMGSjfdiqGXTPpDcX/vEaCwWEzFWGcIIT8e1GQSIoRHeZD20IDRzmwhHEt7K2Ud5lmHG2KeRtCefLlv6ReKR2V3LP9YvV4nEaObJItskPK5IBUySmpkTrh5J48kmfy4jw4T86r8/bdOuWMZzbILzjvX5jwnjw=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="fwusfpTwsXXG9l8nVO24NdKVxxU=">AAACBnicbZDNSgMxFIXv+G+tWt26CRZBQcrUjboT3LhUsCp0asmkd2xoMjMkd8Q6zjO48VXcuFDxEdz5Nqa1C209EPg4J+HmnjBV0pLvf3lT0zOzc/MLi6Wl8vLKamWtfGGTzAhsiEQl5irkFpWMsUGSFF6lBrkOFV6GveNBfnmLxsokPqd+ii3Nb2IZScHJWe3KTkB4R7nmd1LLe2RF8JAHYcS6RTvPA6NZWOz2nHm9165U/Zo/FJuE+giqMNJpu/IZdBKRaYxJKG5ts+6n1Mq5ISkUFqUgs5hy0eM32HQYc422lQ9XKtiWczosSow7MbGh+/tFzrW1fR26m5pT145nA/O/rJlRdNDKZZxmhLH4GRRlilHCBv2wjjQoSPUdcGGk+ysTXW64INdiyZVQH195Ehp7tcOaf+bDAmzAJmxDHfbhCE7gFBog4BGe4RXevCfvxXv/aWvKG9W2Dn/kfXwDzg+cwA==</latexit><latexit sha1_base64="fwusfpTwsXXG9l8nVO24NdKVxxU=">AAACBnicbZDNSgMxFIXv+G+tWt26CRZBQcrUjboT3LhUsCp0asmkd2xoMjMkd8Q6zjO48VXcuFDxEdz5Nqa1C209EPg4J+HmnjBV0pLvf3lT0zOzc/MLi6Wl8vLKamWtfGGTzAhsiEQl5irkFpWMsUGSFF6lBrkOFV6GveNBfnmLxsokPqd+ii3Nb2IZScHJWe3KTkB4R7nmd1LLe2RF8JAHYcS6RTvPA6NZWOz2nHm9165U/Zo/FJuE+giqMNJpu/IZdBKRaYxJKG5ts+6n1Mq5ISkUFqUgs5hy0eM32HQYc422lQ9XKtiWczosSow7MbGh+/tFzrW1fR26m5pT145nA/O/rJlRdNDKZZxmhLH4GRRlilHCBv2wjjQoSPUdcGGk+ysTXW64INdiyZVQH195Ehp7tcOaf+bDAmzAJmxDHfbhCE7gFBog4BGe4RXevCfvxXv/aWvKG9W2Dn/kfXwDzg+cwA==</latexit><latexit sha1_base64="ZxD1PsOoJMaqU3PnWr0Zql3XfPQ=">AAACEXicbVC7TsNAEDzzDOEVoKQ5ESGBhCKbBugiaCiDRAhSHKLzZU1OubOtuzUiGH8DDb9CQwGIlo6Ov+ESXPAaaaXRzK52d4JECoOu++FMTE5Nz8yW5srzC4tLy5WV1TMTp5pDk8cy1ucBMyBFBE0UKOE80cBUIKEVDI5GfusKtBFxdIrDBDqKXUYiFJyhlbqVbR/hGjPFroUSN0Bz/zbzg5D2826W+VrRIN8ZWPFit1upujV3DPqXeAWpkgKNbuXd78U8VRAhl8yYtucm2MmYRsEl5GU/NZAwPmCX0LY0YgpMJxu/lNNNq/RoGGtbEdKx+n0iY8qYoQpsp2LYN7+9kfif104x3O9kIkpShIh/LQpTSTGmo3xoT2jgKIeWMK6FvZXyPtOMo02xbEPwfr/8lzR3awc198St1g+LNEpknWyQLeKRPVInx6RBmoSTO/JAnsizc+88Oi/O61frhFPMrJEfcN4+AZewnjg=</latexit><latexit sha1_base64="dFQoZA2g+u7bAkN/cPjfVHwNNJ0=">AAACEXicbVA9SwNBEN3zM8avqKXNYhAUJFyCoHZBG8sIRoVcDHubuWTJ7t2xOyeJ5/0GG/+KjYWKrZ2d/8ZNTKHRBwOP92aYmefHUhh03U9nanpmdm4+t5BfXFpeWS2srV+YKNEc6jySkb7ymQEpQqijQAlXsQamfAmXfu9k6F/egDYiCs9xEENTsU4oAsEZWqlV2PUQ+pgq1hdK3ALNvLvU8wPazVpp6mlF/WyvZ8XrSqtQdEvuCPQvKY9JkYxRaxU+vHbEEwUhcsmMaZTdGJsp0yi4hCzvJQZixnusAw1LQ6bANNPRSxndtkqbBpG2FSIdqT8nUqaMGSjfdiqGXTPpDcX/vEaCwWEzFWGcIIT8e1GQSIoRHeZD20IDRzmwhHEt7K2Ud5lmHG2KeRtCefLlv6ReKR2V3LP9YvV4nEaObJItskPK5IBUySmpkTrh5J48kmfy4jw4T86r8/bdOuWMZzbILzjvX5jwnjw=</latexit><latexit sha1_base64="dFQoZA2g+u7bAkN/cPjfVHwNNJ0=">AAACEXicbVA9SwNBEN3zM8avqKXNYhAUJFyCoHZBG8sIRoVcDHubuWTJ7t2xOyeJ5/0GG/+KjYWKrZ2d/8ZNTKHRBwOP92aYmefHUhh03U9nanpmdm4+t5BfXFpeWS2srV+YKNEc6jySkb7ymQEpQqijQAlXsQamfAmXfu9k6F/egDYiCs9xEENTsU4oAsEZWqlV2PUQ+pgq1hdK3ALNvLvU8wPazVpp6mlF/WyvZ8XrSqtQdEvuCPQvKY9JkYxRaxU+vHbEEwUhcsmMaZTdGJsp0yi4hCzvJQZixnusAw1LQ6bANNPRSxndtkqbBpG2FSIdqT8nUqaMGSjfdiqGXTPpDcX/vEaCwWEzFWGcIIT8e1GQSIoRHeZD20IDRzmwhHEt7K2Ud5lmHG2KeRtCefLlv6ReKR2V3LP9YvV4nEaObJItskPK5IBUySmpkTrh5J48kmfy4jw4T86r8/bdOuWMZzbILzjvX5jwnjw=</latexit><latexit sha1_base64="dFQoZA2g+u7bAkN/cPjfVHwNNJ0=">AAACEXicbVA9SwNBEN3zM8avqKXNYhAUJFyCoHZBG8sIRoVcDHubuWTJ7t2xOyeJ5/0GG/+KjYWKrZ2d/8ZNTKHRBwOP92aYmefHUhh03U9nanpmdm4+t5BfXFpeWS2srV+YKNEc6jySkb7ymQEpQqijQAlXsQamfAmXfu9k6F/egDYiCs9xEENTsU4oAsEZWqlV2PUQ+pgq1hdK3ALNvLvU8wPazVpp6mlF/WyvZ8XrSqtQdEvuCPQvKY9JkYxRaxU+vHbEEwUhcsmMaZTdGJsp0yi4hCzvJQZixnusAw1LQ6bANNPRSxndtkqbBpG2FSIdqT8nUqaMGSjfdiqGXTPpDcX/vEaCwWEzFWGcIIT8e1GQSIoRHeZD20IDRzmwhHEt7K2Ud5lmHG2KeRtCefLlv6ReKR2V3LP9YvV4nEaObJItskPK5IBUySmpkTrh5J48kmfy4jw4T86r8/bdOuWMZzbILzjvX5jwnjw=</latexit><latexit sha1_base64="dFQoZA2g+u7bAkN/cPjfVHwNNJ0=">AAACEXicbVA9SwNBEN3zM8avqKXNYhAUJFyCoHZBG8sIRoVcDHubuWTJ7t2xOyeJ5/0GG/+KjYWKrZ2d/8ZNTKHRBwOP92aYmefHUhh03U9nanpmdm4+t5BfXFpeWS2srV+YKNEc6jySkb7ymQEpQqijQAlXsQamfAmXfu9k6F/egDYiCs9xEENTsU4oAsEZWqlV2PUQ+pgq1hdK3ALNvLvU8wPazVpp6mlF/WyvZ8XrSqtQdEvuCPQvKY9JkYxRaxU+vHbEEwUhcsmMaZTdGJsp0yi4hCzvJQZixnusAw1LQ6bANNPRSxndtkqbBpG2FSIdqT8nUqaMGSjfdiqGXTPpDcX/vEaCwWEzFWGcIIT8e1GQSIoRHeZD20IDRzmwhHEt7K2Ud5lmHG2KeRtCefLlv6ReKR2V3LP9YvV4nEaObJItskPK5IBUySmpkTrh5J48kmfy4jw4T86r8/bdOuWMZzbILzjvX5jwnjw=</latexit><latexit sha1_base64="dFQoZA2g+u7bAkN/cPjfVHwNNJ0=">AAACEXicbVA9SwNBEN3zM8avqKXNYhAUJFyCoHZBG8sIRoVcDHubuWTJ7t2xOyeJ5/0GG/+KjYWKrZ2d/8ZNTKHRBwOP92aYmefHUhh03U9nanpmdm4+t5BfXFpeWS2srV+YKNEc6jySkb7ymQEpQqijQAlXsQamfAmXfu9k6F/egDYiCs9xEENTsU4oAsEZWqlV2PUQ+pgq1hdK3ALNvLvU8wPazVpp6mlF/WyvZ8XrSqtQdEvuCPQvKY9JkYxRaxU+vHbEEwUhcsmMaZTdGJsp0yi4hCzvJQZixnusAw1LQ6bANNPRSxndtkqbBpG2FSIdqT8nUqaMGSjfdiqGXTPpDcX/vEaCwWEzFWGcIIT8e1GQSIoRHeZD20IDRzmwhHEt7K2Ud5lmHG2KeRtCefLlv6ReKR2V3LP9YvV4nEaObJItskPK5IBUySmpkTrh5J48kmfy4jw4T86r8/bdOuWMZzbILzjvX5jwnjw=</latexit>

QN: requires additional condition

Rqq(Hb) = ↵� diag(puHbH
H

b + INRF)
<latexit sha1_base64="Fc/v/vBOSXPLoQyCDEp1OJTItxI="></latexit><latexit sha1_base64="Fc/v/vBOSXPLoQyCDEp1OJTItxI="></latexit><latexit sha1_base64="Fc/v/vBOSXPLoQyCDEp1OJTItxI="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="cju3W0HtUszGihLdf58Z9rgH+L0="></latexit><latexit sha1_base64="cju3W0HtUszGihLdf58Z9rgH+L0="></latexit><latexit sha1_base64="wdei3D66da7wOAdQgcAlcNaDfAg="></latexit><latexit sha1_base64="Fc/v/vBOSXPLoQyCDEp1OJTItxI="></latexit><latexit sha1_base64="Fc/v/vBOSXPLoQyCDEp1OJTItxI="></latexit><latexit sha1_base64="Fc/v/vBOSXPLoQyCDEp1OJTItxI="></latexit><latexit sha1_base64="Fc/v/vBOSXPLoQyCDEp1OJTItxI="></latexit><latexit sha1_base64="Fc/v/vBOSXPLoQyCDEp1OJTItxI="></latexit><latexit sha1_base64="Fc/v/vBOSXPLoQyCDEp1OJTItxI="></latexit>

Quantization noise (QN)

q Non-negligible quantization error

q Maximum sum rate and fairness problems

§ Maximum sum rate user scheduling

P1 : S? = argmax
S⇢{1,...,K}:|S|Nu

X

k2S
rk(Hb(S))

<latexit sha1_base64="9SXM98WAdYwhLeR3Lahcmez+uTI="></latexit>

set of scheduled users

beam domain channel of users in S

§ Proportional fairness (PF) scheduling 

P2 : k? = argmax
k

rk(t)/µk(t)
<latexit sha1_base64="YcnxeUHRAduBTNUbdKP3WZHBexI="></latexit>

where µk(t+ 1) = (1� �)µk(t) + �rk(t)1{k2St}
<latexit sha1_base64="680iZ+wQ0NNK6WEKwYs+hkpq08U="></latexit>

: first-order auto-regressive filter

weight of user k at time t

regression rate parameter in (0, 1)

indicator function
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Fig. 1: Rate vs. Tx power

Fig. 2: Rate vs. User index

MS scheduling

NEW SCHEDUILNG CRITERIA & SIMULATIONS
q New scheduling criteria

1. Unique *AoAs for channel paths:
LS(k) \ LS(k0) = ; if k 6= k0.

<latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="EVmOQt2b+1RA1GlW5s27ZeelYvA="></latexit><latexit sha1_base64="EVmOQt2b+1RA1GlW5s27ZeelYvA="></latexit><latexit sha1_base64="JSLCmw8OsC/ijF0Yp4O+P99HkiI="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit>

2. Equal power spread within each channel:

|hb,i,S(k)| =
q

�S(k)/LS(k) for i 2 LS(k).
<latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="kCXRMYO/vl+DEJ8LBxM/fhyT4Z8="></latexit><latexit sha1_base64="kCXRMYO/vl+DEJ8LBxM/fhyT4Z8="></latexit><latexit sha1_base64="pQp3QFxLu5Q7rF3kGYBZN7B7NCQ="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit>

index set of nonzero channel gains

total channel gain for user S(k)
number of nonzero channel gains for user S(k)

*AoA: angle of arrivals

9/10/19

q Proposed user scheduling methods

Ki+1 =

⇢
k 2 Ki \ {S(i)} |

|fHS(i)
hb,k|

kfS(i)kkhb,kk
< ✏, |BS(i) \ Bk|  NOL

�
.

<latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="7JXQsTyW6TlH5MbhVbt+f5LeCAI="></latexit><latexit sha1_base64="7JXQsTyW6TlH5MbhVbt+f5LeCAI="></latexit><latexit sha1_base64="lFhqmcG6HFq+k7Hozj7KFYjqjLc="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit>

Semi-orthogonality

Spatial orthogonality

Set Filtering Selection

Ki+1 =

⇢
k 2 Ki \ {S(i)} |

|fHS(i)
hb,k|

kfS(i)kkhb,kk
< ✏, |BS(i) \ Bk|  NOL

�
.

<latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="7JXQsTyW6TlH5MbhVbt+f5LeCAI="></latexit><latexit sha1_base64="7JXQsTyW6TlH5MbhVbt+f5LeCAI="></latexit><latexit sha1_base64="lFhqmcG6HFq+k7Hozj7KFYjqjLc="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit>

max
k

SINRk

�
Hb(S [ {k})

�
<latexit sha1_base64="jw1StOIKklC3p9s5WM31iVBrQ9s="></latexit>

Update

Approximated SINR

max
k

log2(1 + SINRk(Hb(St [ {k})))
µk(t)

<latexit sha1_base64="n1XnWVLBTXRFx0IyusE441GfHjI="></latexit>

Approximated weighted rate
µk(t+ 1), 8k 2 St

<latexit sha1_base64="qaZlOYPhX3KNfATAGt18mDz8ud0=">AAACEnicbVDLSgMxFM3UV62vqks3wSK0KGWmCrosunFZ0T6gMwyZNG1DM5khuSOUod/gxl9x40IRt67c+Tdm2i60eiBwOOdecu4JYsE12PaXlVtaXlldy68XNja3tneKu3stHSWKsiaNRKQ6AdFMcMmawEGwTqwYCQPB2sHoKvPb90xpHsk7GMfMC8lA8j6nBIzkFytumPijMhw7lRPsYrcfKSIEHmGXS+yGBIaUiPR24oNfLNlVewr8lzhzUkJzNPzip9uLaBIyCVQQrbuOHYOXEgWcCjYpuIlmMaEjMmBdQyUJmfbS6UkTfGSUHjZpzJOAp+rPjZSEWo/DwExmIfWil4n/ed0E+hdeymWcAJN09lE/ERginPWDe1wxCmJsCKGKm6yYDokiFEyLBVOCs3jyX9KqVZ3Tau3mrFS/nNeRRwfoEJWRg85RHV2jBmoiih7QE3pBr9aj9Wy9We+z0Zw139lHv2B9fAPoTZxo</latexit>

µk(t+ 1), 8k 2 St
<latexit sha1_base64="qaZlOYPhX3KNfATAGt18mDz8ud0=">AAACEnicbVDLSgMxFM3UV62vqks3wSK0KGWmCrosunFZ0T6gMwyZNG1DM5khuSOUod/gxl9x40IRt67c+Tdm2i60eiBwOOdecu4JYsE12PaXlVtaXlldy68XNja3tneKu3stHSWKsiaNRKQ6AdFMcMmawEGwTqwYCQPB2sHoKvPb90xpHsk7GMfMC8lA8j6nBIzkFytumPijMhw7lRPsYrcfKSIEHmGXS+yGBIaUiPR24oNfLNlVewr8lzhzUkJzNPzip9uLaBIyCVQQrbuOHYOXEgWcCjYpuIlmMaEjMmBdQyUJmfbS6UkTfGSUHjZpzJOAp+rPjZSEWo/DwExmIfWil4n/ed0E+hdeymWcAJN09lE/ERginPWDe1wxCmJsCKGKm6yYDokiFEyLBVOCs3jyX9KqVZ3Tau3mrFS/nNeRRwfoEJWRg85RHV2jBmoiih7QE3pBr9aj9Wy9We+z0Zw139lHv2B9fAPoTZxo</latexit>

Max 
Sum

Prop
Fair

:

:
AR filter

SINRk

�
Hb(S [ {k})

�
⇡ ↵pukhb,kk4

(1� ↵)hH

b,k D
�
Hb(S [ {k})

�
hb,k

<latexit sha1_base64="ASRB3dqMI9kqpPnoEX4pmmfDK1g="></latexit><latexit sha1_base64="ASRB3dqMI9kqpPnoEX4pmmfDK1g="></latexit><latexit sha1_base64="ASRB3dqMI9kqpPnoEX4pmmfDK1g="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="THoG39mZcnIMs9SCW3gCiA9Cq1M="></latexit><latexit sha1_base64="THoG39mZcnIMs9SCW3gCiA9Cq1M="></latexit><latexit sha1_base64="LaPMoV8nkHA6mPKSZPT/ZNcKglI="></latexit><latexit sha1_base64="ASRB3dqMI9kqpPnoEX4pmmfDK1g="></latexit><latexit sha1_base64="ASRB3dqMI9kqpPnoEX4pmmfDK1g="></latexit><latexit sha1_base64="ASRB3dqMI9kqpPnoEX4pmmfDK1g="></latexit><latexit sha1_base64="ASRB3dqMI9kqpPnoEX4pmmfDK1g="></latexit><latexit sha1_base64="ASRB3dqMI9kqpPnoEX4pmmfDK1g="></latexit><latexit sha1_base64="ASRB3dqMI9kqpPnoEX4pmmfDK1g="></latexit>

where

[Lee&Sung16] 

[Yoo&Goldsmith06] 
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Chordal distance-based scheduling

Channel structural scheduling criteria

Channel structure-based scheduling

1. Unique *AoAs for channel paths:

LS(k) \ LS(k0) = ; if k 6= k0.
<latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="EVmOQt2b+1RA1GlW5s27ZeelYvA="></latexit><latexit sha1_base64="EVmOQt2b+1RA1GlW5s27ZeelYvA="></latexit><latexit sha1_base64="JSLCmw8OsC/ijF0Yp4O+P99HkiI="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit><latexit sha1_base64="IyPLjoSgba2yVHHOL/QfamRGV9U="></latexit>

II. Equal power spread within each channel:

|hb,i,S(k)| =
q

�S(k)/LS(k) for i 2 LS(k).
<latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="kCXRMYO/vl+DEJ8LBxM/fhyT4Z8="></latexit><latexit sha1_base64="kCXRMYO/vl+DEJ8LBxM/fhyT4Z8="></latexit><latexit sha1_base64="pQp3QFxLu5Q7rF3kGYBZN7B7NCQ="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit><latexit sha1_base64="Lyt2jImdFfjNvuDrf45LCpeu5F0="></latexit>

Ki+1 =

⇢
k 2 Ki \ {S(i)} |

|fHS(i)
hb,k|

kfS(i)kkhb,kk
< ✏, |BS(i) \ Bk|  NOL

�
.

<latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="7JXQsTyW6TlH5MbhVbt+f5LeCAI="></latexit><latexit sha1_base64="7JXQsTyW6TlH5MbhVbt+f5LeCAI="></latexit><latexit sha1_base64="lFhqmcG6HFq+k7Hozj7KFYjqjLc="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit>

Ki+1 =

⇢
k 2 Ki \ {S(i)} |

|fHS(i)
hb,k|

kfS(i)kkhb,kk
< ✏, |BS(i) \ Bk|  NOL

�
.

<latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="7JXQsTyW6TlH5MbhVbt+f5LeCAI="></latexit><latexit sha1_base64="7JXQsTyW6TlH5MbhVbt+f5LeCAI="></latexit><latexit sha1_base64="lFhqmcG6HFq+k7Hozj7KFYjqjLc="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit><latexit sha1_base64="tdW3s7qOgXgOj7bYh97fubwHa/4="></latexit>

Semi-orthogonality

Spatial orthogonality
Ki

<latexit sha1_base64="A5EgbHBsFqMU24ur5RvbbXWWh1A=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorehG8VHBtoV1KNs22odlkTbKFsvR3ePGg4tU/481/Y7bdg7YOBIaZ93iTCRPOtHHdb6e0srq2vlHerGxt7+zuVfcPHrVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdJP7rTFVmknxYCYJDWI8ECxiBBsrBd0YmyHBPLub9livWnPr7gxomXgFqUGBZq/61e1LksZUGMKx1h3PTUyQYWUY4XRa6aaaJpiM8IB2LBU4pjrIZqGn6MQqfRRJZZ8waKb+3shwrPUkDu1kHlIvern4n9dJTXQZZEwkqaGCzA9FKUdGorwB1GeKEsMnlmCimM2KyBArTIztqWJL8Ba/vEz8s/pV3bs/rzWuizbKcATHcAoeXEADbqEJPhB4gmd4hTdn7Lw4787HfLTkFDuH8AfO5w9rg5IR</latexit><latexit sha1_base64="A5EgbHBsFqMU24ur5RvbbXWWh1A=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorehG8VHBtoV1KNs22odlkTbKFsvR3ePGg4tU/481/Y7bdg7YOBIaZ93iTCRPOtHHdb6e0srq2vlHerGxt7+zuVfcPHrVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdJP7rTFVmknxYCYJDWI8ECxiBBsrBd0YmyHBPLub9livWnPr7gxomXgFqUGBZq/61e1LksZUGMKx1h3PTUyQYWUY4XRa6aaaJpiM8IB2LBU4pjrIZqGn6MQqfRRJZZ8waKb+3shwrPUkDu1kHlIvern4n9dJTXQZZEwkqaGCzA9FKUdGorwB1GeKEsMnlmCimM2KyBArTIztqWJL8Ba/vEz8s/pV3bs/rzWuizbKcATHcAoeXEADbqEJPhB4gmd4hTdn7Lw4787HfLTkFDuH8AfO5w9rg5IR</latexit><latexit sha1_base64="A5EgbHBsFqMU24ur5RvbbXWWh1A=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorehG8VHBtoV1KNs22odlkTbKFsvR3ePGg4tU/481/Y7bdg7YOBIaZ93iTCRPOtHHdb6e0srq2vlHerGxt7+zuVfcPHrVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdJP7rTFVmknxYCYJDWI8ECxiBBsrBd0YmyHBPLub9livWnPr7gxomXgFqUGBZq/61e1LksZUGMKx1h3PTUyQYWUY4XRa6aaaJpiM8IB2LBU4pjrIZqGn6MQqfRRJZZ8waKb+3shwrPUkDu1kHlIvern4n9dJTXQZZEwkqaGCzA9FKUdGorwB1GeKEsMnlmCimM2KyBArTIztqWJL8Ba/vEz8s/pV3bs/rzWuizbKcATHcAoeXEADbqEJPhB4gmd4hTdn7Lw4787HfLTkFDuH8AfO5w9rg5IR</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="Veoarjl5O71W/DE0J3+r2+FM3tw=">AAAB6HicbVBNS8NAFHypX7VWjV69LBbBU0m8qDfBi+ClgrGFNpTN9qVdutnE3U2hhP4OLx5U/EXe/Ddu2h60dWBhmHmPNztRJrg2nvftVDY2t7Z3qru1vfr+waF7VH/Saa4YBiwVqepEVKPgEgPDjcBOppAmkcB2NL4t/fYEleapfDTTDMOEDiWPOaPGSmEvoWbEqCjuZ33edxte05uDrBN/SRqwRKvvfvUGKcsTlIYJqnXX9zITFlQZzgTOar1cY0bZmA6xa6mkCeqwmIeekTOrDEicKvukIXP190ZBE62nSWQny5B61SvF/7xubuKrsOAyyw1KtjgU54KYlJQNkAFXyIyYWkKZ4jYrYSOqKDO2p5otwV/98joJLprXTf/BgyqcwCmcgw+XcAN30IIAGDzDC7zBuzNxXp2PRVsVZ1nbMfyB8/kDISaQsw==</latexit><latexit sha1_base64="Veoarjl5O71W/DE0J3+r2+FM3tw=">AAAB6HicbVBNS8NAFHypX7VWjV69LBbBU0m8qDfBi+ClgrGFNpTN9qVdutnE3U2hhP4OLx5U/EXe/Ddu2h60dWBhmHmPNztRJrg2nvftVDY2t7Z3qru1vfr+waF7VH/Saa4YBiwVqepEVKPgEgPDjcBOppAmkcB2NL4t/fYEleapfDTTDMOEDiWPOaPGSmEvoWbEqCjuZ33edxte05uDrBN/SRqwRKvvfvUGKcsTlIYJqnXX9zITFlQZzgTOar1cY0bZmA6xa6mkCeqwmIeekTOrDEicKvukIXP190ZBE62nSWQny5B61SvF/7xubuKrsOAyyw1KtjgU54KYlJQNkAFXyIyYWkKZ4jYrYSOqKDO2p5otwV/98joJLprXTf/BgyqcwCmcgw+XcAN30IIAGDzDC7zBuzNxXp2PRVsVZ1nbMfyB8/kDISaQsw==</latexit><latexit sha1_base64="lozierVIkoUazDJQSMzkeXizGZU=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5J4UW9FL4KXCkYLbSib7bZdutnE3ZdCCf0dXjyoePXPePPfuGlz0NaBhWHmPd7shIkUBl332ymtrK6tb5Q3K1vbO7t71f2DBxOnmnGfxTLWrZAaLoXiPgqUvJVoTqNQ8sdwdJ37j2OujYjVPU4SHkR0oERfMIpWCjoRxSGjMruddkW3WnPr7gxkmXgFqUGBZrf61enFLI24QiapMW3PTTDIqEbBJJ9WOqnhCWUjOuBtSxWNuAmyWegpObFKj/RjbZ9CMlN/b2Q0MmYShXYyD2kWvVz8z2un2L8IMqGSFLli80P9VBKMSd4A6QnNGcqJJZRpYbMSNqSaMrQ9VWwJ3uKXl4l/Vr+se3durXFVtFGGIziGU/DgHBpwA03wgcETPMMrvDlj58V5dz7moyWn2DmEP3A+fwBqQ5IN</latexit><latexit sha1_base64="A5EgbHBsFqMU24ur5RvbbXWWh1A=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorehG8VHBtoV1KNs22odlkTbKFsvR3ePGg4tU/481/Y7bdg7YOBIaZ93iTCRPOtHHdb6e0srq2vlHerGxt7+zuVfcPHrVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdJP7rTFVmknxYCYJDWI8ECxiBBsrBd0YmyHBPLub9livWnPr7gxomXgFqUGBZq/61e1LksZUGMKx1h3PTUyQYWUY4XRa6aaaJpiM8IB2LBU4pjrIZqGn6MQqfRRJZZ8waKb+3shwrPUkDu1kHlIvern4n9dJTXQZZEwkqaGCzA9FKUdGorwB1GeKEsMnlmCimM2KyBArTIztqWJL8Ba/vEz8s/pV3bs/rzWuizbKcATHcAoeXEADbqEJPhB4gmd4hTdn7Lw4787HfLTkFDuH8AfO5w9rg5IR</latexit><latexit sha1_base64="A5EgbHBsFqMU24ur5RvbbXWWh1A=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorehG8VHBtoV1KNs22odlkTbKFsvR3ePGg4tU/481/Y7bdg7YOBIaZ93iTCRPOtHHdb6e0srq2vlHerGxt7+zuVfcPHrVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdJP7rTFVmknxYCYJDWI8ECxiBBsrBd0YmyHBPLub9livWnPr7gxomXgFqUGBZq/61e1LksZUGMKx1h3PTUyQYWUY4XRa6aaaJpiM8IB2LBU4pjrIZqGn6MQqfRRJZZ8waKb+3shwrPUkDu1kHlIvern4n9dJTXQZZEwkqaGCzA9FKUdGorwB1GeKEsMnlmCimM2KyBArTIztqWJL8Ba/vEz8s/pV3bs/rzWuizbKcATHcAoeXEADbqEJPhB4gmd4hTdn7Lw4787HfLTkFDuH8AfO5w9rg5IR</latexit><latexit sha1_base64="A5EgbHBsFqMU24ur5RvbbXWWh1A=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorehG8VHBtoV1KNs22odlkTbKFsvR3ePGg4tU/481/Y7bdg7YOBIaZ93iTCRPOtHHdb6e0srq2vlHerGxt7+zuVfcPHrVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdJP7rTFVmknxYCYJDWI8ECxiBBsrBd0YmyHBPLub9livWnPr7gxomXgFqUGBZq/61e1LksZUGMKx1h3PTUyQYWUY4XRa6aaaJpiM8IB2LBU4pjrIZqGn6MQqfRRJZZ8waKb+3shwrPUkDu1kHlIvern4n9dJTXQZZEwkqaGCzA9FKUdGorwB1GeKEsMnlmCimM2KyBArTIztqWJL8Ba/vEz8s/pV3bs/rzWuizbKcATHcAoeXEADbqEJPhB4gmd4hTdn7Lw4787HfLTkFDuH8AfO5w9rg5IR</latexit><latexit sha1_base64="A5EgbHBsFqMU24ur5RvbbXWWh1A=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorehG8VHBtoV1KNs22odlkTbKFsvR3ePGg4tU/481/Y7bdg7YOBIaZ93iTCRPOtHHdb6e0srq2vlHerGxt7+zuVfcPHrVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdJP7rTFVmknxYCYJDWI8ECxiBBsrBd0YmyHBPLub9livWnPr7gxomXgFqUGBZq/61e1LksZUGMKx1h3PTUyQYWUY4XRa6aaaJpiM8IB2LBU4pjrIZqGn6MQqfRRJZZ8waKb+3shwrPUkDu1kHlIvern4n9dJTXQZZEwkqaGCzA9FKUdGorwB1GeKEsMnlmCimM2KyBArTIztqWJL8Ba/vEz8s/pV3bs/rzWuizbKcATHcAoeXEADbqEJPhB4gmd4hTdn7Lw4787HfLTkFDuH8AfO5w9rg5IR</latexit><latexit sha1_base64="A5EgbHBsFqMU24ur5RvbbXWWh1A=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorehG8VHBtoV1KNs22odlkTbKFsvR3ePGg4tU/481/Y7bdg7YOBIaZ93iTCRPOtHHdb6e0srq2vlHerGxt7+zuVfcPHrVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdJP7rTFVmknxYCYJDWI8ECxiBBsrBd0YmyHBPLub9livWnPr7gxomXgFqUGBZq/61e1LksZUGMKx1h3PTUyQYWUY4XRa6aaaJpiM8IB2LBU4pjrIZqGn6MQqfRRJZZ8waKb+3shwrPUkDu1kHlIvern4n9dJTXQZZEwkqaGCzA9FKUdGorwB1GeKEsMnlmCimM2KyBArTIztqWJL8Ba/vEz8s/pV3bs/rzWuizbKcATHcAoeXEADbqEJPhB4gmd4hTdn7Lw4787HfLTkFDuH8AfO5w9rg5IR</latexit><latexit sha1_base64="A5EgbHBsFqMU24ur5RvbbXWWh1A=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorehG8VHBtoV1KNs22odlkTbKFsvR3ePGg4tU/481/Y7bdg7YOBIaZ93iTCRPOtHHdb6e0srq2vlHerGxt7+zuVfcPHrVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdJP7rTFVmknxYCYJDWI8ECxiBBsrBd0YmyHBPLub9livWnPr7gxomXgFqUGBZq/61e1LksZUGMKx1h3PTUyQYWUY4XRa6aaaJpiM8IB2LBU4pjrIZqGn6MQqfRRJZZ8waKb+3shwrPUkDu1kHlIvern4n9dJTXQZZEwkqaGCzA9FKUdGorwB1GeKEsMnlmCimM2KyBArTIztqWJL8Ba/vEz8s/pV3bs/rzWuizbKcATHcAoeXEADbqEJPhB4gmd4hTdn7Lw4787HfLTkFDuH8AfO5w9rg5IR</latexit>
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q Multi-user MIMO uplink system
§ Single cell environment
§ Serve 𝑁& ≤ 𝑁"# users with single antenna
§ Uniform linear array (ULA) antennas
§ DFT-based analog combining 
§ Resolution-adaptive ADCs

q Millimeter wave channel model with limited scattering
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DFT matrix

[Akdeniz&Rappaport14]
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<latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="aRAS/+LzrFlE0HyllF1WlfCoYzk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiIJ6kirHFNpTNdtMu3d2E3Y1QQv6FFw8qXv053vw3btsctPXBwOO9GWbmhQln2rjut1NaWl5ZXSuvVzY2t7Z3qrt7DzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6HLit56o0iyW92ac0EDggWQRI9hY6fGml3WVQHdXea9ac+vuFGiReAWpQYFmr/rV7cckFVQawrHWHc9NTJBhZRjhNK90U00TTEZ4QDuWSiyoDrLpxTk6skofRbGyJQ2aqr8nMiy0HovQdgpshnrem4j/eZ3URGdBxmSSGirJbFGUcmRiNHkf9ZmixPCxJZgoZm9FZIgVJsaGVLEhePMvLxL/pH5ed2/dWuOiSKMMB3AIx+DBKTTgGprgAwEJz/AKb452Xpx352PWWnKKmX34A+fzB2l9kEU=</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit>

. . .  

. . .  WBB
<latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="POEpvwL6Fj2LVmOJAQ/FhaRIQq0=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbzIvHCdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2alvbO7t79f3GQfPw6Ng9aT7rrFCEBiTjmeonWFPOJA0MM5z2c0WxSDjtJZP7ed6bUqVZJp/MLKeRwCPJUkawsVbsumWYpKhXxWWoBOp0qthteW1vIbQJ/gpasFI3dr/CYUYKQaUhHGs98L3cRCVWhhFOq0ZYaJpjMsEjOrAosaA6KhebV+jCOkOUZsoeadDC/f2ixELrmUjsTYHNWK9nc/O/bFCY9CYqmcwLQyVZDkoLjkyG5jWgIVOUGD6zgIlidldExlhhYmxZDVuCv/7lTQiu2rdt/9GDOpzBOVyCD9dwBw/QhQAITOEF3uDdKZ1X52PZVs1Z1XYKf+R8/gDag5GF</latexit><latexit sha1_base64="POEpvwL6Fj2LVmOJAQ/FhaRIQq0=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbzIvHCdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2alvbO7t79f3GQfPw6Ng9aT7rrFCEBiTjmeonWFPOJA0MM5z2c0WxSDjtJZP7ed6bUqVZJp/MLKeRwCPJUkawsVbsumWYpKhXxWWoBOp0qthteW1vIbQJ/gpasFI3dr/CYUYKQaUhHGs98L3cRCVWhhFOq0ZYaJpjMsEjOrAosaA6KhebV+jCOkOUZsoeadDC/f2ixELrmUjsTYHNWK9nc/O/bFCY9CYqmcwLQyVZDkoLjkyG5jWgIVOUGD6zgIlidldExlhhYmxZDVuCv/7lTQiu2rdt/9GDOpzBOVyCD9dwBw/QhQAITOEF3uDdKZ1X52PZVs1Z1XYKf+R8/gDag5GF</latexit><latexit sha1_base64="wSaY6os6u1YXGoeGDoq6ttWdTnw=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0m8qLdSLx4rGFtoQthsN+3S3STsbgol5J948aDi1Z/izX/jts1BWx8MPN6bYWZelHGmtON8W7WNza3tnfpuY2//4PDIPj55UmkuCfVIylPZj7CinCXU00xz2s8kxSLitBdN7uZ+b0qlYmnyqGcZDQQeJSxmBGsjhbZd+FGMemVY+FKgTqcM7abTchZA68StSBMqdEP7yx+mJBc00YRjpQauk+mgwFIzwmnZ8HNFM0wmeEQHhiZYUBUUi8tLdGGUIYpTaSrRaKH+niiwUGomItMpsB6rVW8u/ucNch3fBAVLslzThCwXxTlHOkXzGNCQSUo0nxmCiWTmVkTGWGKiTVgNE4K7+vI68a5aty33wWm2O1UadTiDc7gEF66hDffQBQ8ITOEZXuHNKqwX6936WLbWrGrmFP7A+vwBLAaS5A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit><latexit sha1_base64="+fsD88OtNfHZYVBUQ35DHEpntWA=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEUG+lXjxWMLbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDVh8MPN6bYWZelHGmtON8WbW19Y3Nrfp2Y2d3b//APjx6VGkuCfVIylPZj7CinAnqaaY57WeS4iTitBdNbud+b0qlYql40LOMBgkeCRYzgrWRQtsu/ChGvTIsfJmgTqcM7abTchZAf4lbkSZU6Ib2pz9MSZ5QoQnHSg1cJ9NBgaVmhNOy4eeKZphM8IgODBU4oSooFpeX6MwoQxSn0pTQaKH+nChwotQsiUxngvVYrXpz8T9vkOv4OiiYyHJNBVkuinOOdIrmMaAhk5RoPjMEE8nMrYiMscREm7AaJgR39eW/xLto3bTc+8tmu1OlUYcTOIVzcOEK2nAHXfCAwBSe4AVercJ6tt6s92VrzapmjuEXrI9vLUaS6A==</latexit>
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. . .  

+

+

WRF
<latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="1SAzrUniFlwu8LzEIIOOOBlXvR4=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbIIjHKdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2ahubW9s79d3GXnP/4NA9aj7rrFCEBiTjmeolWFPOJA0MM5z2ckWxSDjtJuPbWd6dUKVZJp/MNKeRwEPJUkawsVbsumWYpKhbxWWoBHq8q2K35bW9udA6+EtowVKd2P0KBxkpBJWGcKx13/dyE5VYGUY4rRphoWmOyRgPad+ixILqqJxvXqEz6wxQmil7pEFz9/eLEgutpyKxNwU2I72azcz/sn5h0quoZDIvDJVkMSgtODIZmtWABkxRYvjUAiaK2V0RGWGFibFlNWwJ/uqX1yG4aF+3vQcP6nACp3AOPlzCDdxDBwIgMIEXeIN3p3RenY9FWzVnWdsx/JHz+QP3wJGY</latexit><latexit sha1_base64="1SAzrUniFlwu8LzEIIOOOBlXvR4=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbIIjHKdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2ahubW9s79d3GXnP/4NA9aj7rrFCEBiTjmeolWFPOJA0MM5z2ckWxSDjtJuPbWd6dUKVZJp/MNKeRwEPJUkawsVbsumWYpKhbxWWoBHq8q2K35bW9udA6+EtowVKd2P0KBxkpBJWGcKx13/dyE5VYGUY4rRphoWmOyRgPad+ixILqqJxvXqEz6wxQmil7pEFz9/eLEgutpyKxNwU2I72azcz/sn5h0quoZDIvDJVkMSgtODIZmtWABkxRYvjUAiaK2V0RGWGFibFlNWwJ/uqX1yG4aF+3vQcP6nACp3AOPlzCDdxDBwIgMIEXeIN3p3RenY9FWzVnWdsx/JHz+QP3wJGY</latexit><latexit sha1_base64="bhbS0Qck0WRy5m+lKFIVE8jVNwM=">AAAB+HicbVBNS8NAEJ34WetX1KOXxSJ4KokX9VYUxGMVYwtNCJvtpl26m4TdTaGE/BMvHlS8+lO8+W/ctjlo64OBx3szzMyLMs6Udpxva2V1bX1js7ZV397Z3du3Dw6fVJpLQj2S8lR2I6woZwn1NNOcdjNJsYg47USjm6nfGVOpWJo86klGA4EHCYsZwdpIoW0XfhSjThkWvhTo4bYM7YbTdGZAy8StSAMqtEP7y++nJBc00YRjpXquk+mgwFIzwmlZ93NFM0xGeEB7hiZYUBUUs8tLdGqUPopTaSrRaKb+niiwUGoiItMpsB6qRW8q/uf1ch1fBgVLslzThMwXxTlHOkXTGFCfSUo0nxiCiWTmVkSGWGKiTVh1E4K7+PIy8c6bV03n3mm0rqs0anAMJ3AGLlxAC+6gDR4QGMMzvMKbVVgv1rv1MW9dsaqZI/gD6/MHShSS9w==</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit>

Resolution adaptive

DFT submatrix 

Considered receiver architecture
sparse in beam domain
small Lk:

§ Beam domain projection:

Beam domain channel

ULA

A : matrix

a : column vector
<latexit sha1_base64="ZRiwPvLAZwI4hHpEjsgnj1okQc0=">AAACIXicbVDLSgMxFM34rPVVdekmWBRXZaYKFldVNy4r2Ad0SsmkmTY0kxmSO6VlmF9x46+4caFId+LPmD4QbT0QOJxzLzfneJHgGmz701pZXVvf2MxsZbd3dvf2cweHNR3GirIqDUWoGh7RTHDJqsBBsEakGAk8wepe/27i1wdMaR7KRxhFrBWQruQ+pwSM1M6VzhLX8/FNeo1dYENIAgKKD1PXzc4c8uOYY3Eg8YBRCFXazuXtgj0FXibOnOTRHJV2bux2QhoHTAIVROumY0fQSogCTgVLs26sWURon3RZ01BJAqZbyTRhik+N0sF+qMyTgKfq742EBFqPAs9MmgA9vehNxP+8Zgx+qZVwGcXAJJ0d8mOBIcSTunCHK5NXjAwhVHHzV0x7RBEKptSsKcFZjLxMasWCc1EoPlzmy7fzOjLoGJ2gc+SgK1RG96iCqoiiJ/SC3tC79Wy9Wh/WeDa6Ys13jtAfWF/fe8Wjww==</latexit>

Notations
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MOTIVATION & PROBLEM FORMULATION

q Selective bit allocation
§ Sparse beam domain mmWave channel

real number relaxation

Convex optimization

q Minimizing quantization error
§ Mean squared quantization error (MSQE)

[Gersho&Gray12]

quantized desired signal
desired signal 

Exi(bi) = E[|xi � xq,i|2] ⇡
⇡
p
3

2
puk[Hb]i,:k22�2bi

<latexit sha1_base64="lzkeBD0xbEQcXdXb+Wsyw/avfQE="></latexit><latexit sha1_base64="lzkeBD0xbEQcXdXb+Wsyw/avfQE="></latexit><latexit sha1_base64="lzkeBD0xbEQcXdXb+Wsyw/avfQE="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="IWe12DRXYA66YvzVsLc04Gj1ztQ="></latexit><latexit sha1_base64="IWe12DRXYA66YvzVsLc04Gj1ztQ="></latexit><latexit sha1_base64="NVR7FC3FnEU4Tfrfoj+xZ3Z8zZU="></latexit><latexit sha1_base64="lzkeBD0xbEQcXdXb+Wsyw/avfQE="></latexit><latexit sha1_base64="lzkeBD0xbEQcXdXb+Wsyw/avfQE="></latexit><latexit sha1_base64="lzkeBD0xbEQcXdXb+Wsyw/avfQE="></latexit><latexit sha1_base64="lzkeBD0xbEQcXdXb+Wsyw/avfQE="></latexit><latexit sha1_base64="lzkeBD0xbEQcXdXb+Wsyw/avfQE="></latexit><latexit sha1_base64="lzkeBD0xbEQcXdXb+Wsyw/avfQE="></latexit> quantization bits

: ADC total power constraint

§ Relaxed minimum MSQE problem in high SNR

P1 : b?
1 = argmin

b2RNRF

NRFX

i=1

Exi(bi) s.t.
NRFX

i=1

PADC(bi)  NRFPADC(b̄)
<latexit sha1_base64="Hsz4BvWv2tGotwqCyXmJGeqAy5E="></latexit>

9/10/19 14
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more bits
less bits

ADC

ADC

ADC

ex.
1 bit

2 bits

3 bits
More quantization bits 
to larger channel gain

fewer quantization bits 
to smaller channel gain

maintain similar quantization error over all ADCs

CONTRIBUTION 2: ADAPTIVE ADC
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Infinite Resolution
Fixed ADC
revMMSQE-BA
revMMSQE-BA (slow)
Mixed ADC

Power waste
due to PSW

RrevMMSQE−BA ≈ R∞

Fig. 4: Energy efficiency vs. Constraint bits
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Fig. 3: Rate vs. Constraint bits
BIT ALLOCATION SOLUTION & SIMULATIONS
q Near optimal bit allocation (solution for 𝒫1)

b?i = b̄+ log2

 
NRFk[Hb]i,:k

2
3

PNRF

j=1 k[Hb]j,:k
2
3

!
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§ Minimizes total MSQE in high SNR
associated channel gain

channel gain for all RF chains

§ Minimizes generalized mutual information in low SNR

R̃n = log2
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where

q Worst case analysis
§ Approximated lower bound of achievable rate

: more bit to larger channel
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q System parameters

Cell radius 200 m Noise figure 5 dB # User 8

Min. distance 30 m Equalizer MRC Tx power 20 dBm

Carrier freq. 28 GHz # Antennas 256

Bandwidth 1 GHz # RF chains 128

[Akdeniz&Rappaport14]

CONTRIBUTION 2: ADAPTIVE ADC
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Resolution adaptive

DFT submatrix 

ULA

Adaptive Bit Allocation

Selective bit allocation achieves high SE* and EE*

ü Main assumption

ü Takeaway Message

ü Main results

ADC changes its resolution depending on channel

High SNR: minimizes mean 
squared quantization error

Resolution-adaptive ADC 
with bit-allocation solution

Performance analysis: 
lower bound

Low SNR: maximizes 
generalized MI

*SE: spectral efficiency *EE: energy efficiency

CONTRIBUTION 2: ADAPTIVE ADC
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BASE STATION ANTENNA-SELECTION FOR
LOW-RESOLUTION ADC SYSTEMS

Contribution 3

Partially Discussed in the PhD Qualifying Exam

Related publications:
[1] Jinseok Choi, Junmo Sung, Narayan Prasad, Xiao-Feng Qi, Brian L. Evans, and Alan Gatherer, "Base Station Antenna Selection for Low-
Resolution ADC Systems", IEEE Transactions on Communications (submitted).

[2] Jinseok Choi, Brian L. Evans, and Alan Gatherer, "Antenna Selection for Large-Scale MIMO Systems with Low-Resolution ADCs", IEEE Int. 
Conf. on Acoustics, Speech, and Signal Processing, Apr. 15-20, 2018, Calgary, Alberta, Canada,
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MOTIVATION & UPLINK SYSTEM MODEL

CONTRIBUTION 3: ANTENNA SELECTION

q Uplink system model

Considered uplink communication

9/10/19 18

§ Lower implementation cost and complexity compared to phase shifters
§ Moderate performance in reducing the number of RF chains with small loss

q Switch-based analog beamforming

RF 
chain

RF 
chain

RF 
chain

Nr
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New design/analysis is necessary due to coarse quantization

quantization error

. . .  

[Méndez-Rial16]

[Gao15]

RF 
chain

Baseband
Processor

RF 
chain

Baseband
Processor

Mobile station 1

Mobile station NMS

. .
 . 

 

H

§ NMS users are equipped with single antenna
§ BS selects antenna subset with known CSI
§ BS employs low-resolution ADCs
§ Narrowband channel assumption
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PROBLEM FORMULATION

*BS: base station

q Uplink maximum mutual-information problem

§ Maximum mutual-information selection for narrowband system 

§ Challenges

(1) Large number of antennas at BS*: Exhaustive search (X) vs. Greedy search (O)

(2) Greedy is suboptimal: performance bound is necessary 

P1 : R(HK?) = max
K

log2

���INRF + pu↵
2
�
↵2

INRF +Rqq

��1
HKH

H

K

���
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set of selected antennas quantization noise covariance matrix

R(HK) = log2

���INRF + pu↵
2
�
↵2

INRF +Rqq

��1
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H

K

���
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q Mutual information with selected antennas under additive quantization noise model (AQNM)

Rqq = ↵(1� ↵) diag(puHKH
H

K + INRF)
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[Fletcher07]

CONTRIBUTION 3: ANTENNA SELECTION
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UPLINK BS ANTENNA SELECTION METHOD

q Decomposition of mutual information

§ At (𝑛 + 1)th antenna selection stage

matrix determinant lemma

# Generalized greedy selection criterion

gain
tradeoff

penalty
J = argmax

j

cj,n
dj
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R(Hn+1) = R(Hn) + log2
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◆
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Quantization-aware fast antenna selection (QFAS)

cj,n = f
H

j

⇣
I+pu↵H

H

n
D

�1
n

Hn

⌘�1
fj
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§ Matrix inversion in gain computation

q Computational complexity reduction

cj,n+1 = fH
j
Qn+1fj = fH

j

�
Qn � aa

�H
fj

= cj,n � |fH
j
a|2
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# Simplified gain update

reuse previous gain
vector inner product

matrix 
inversion 
lemma

scalar

Qn+1 =
⇣
I+pu↵H

H

n+1D
�1
n+1Hn+1

⌘�1

<latexit sha1_base64="nKGLfV+D+3gN++8UVlkJZ+9ccu0="></latexit>

Qn+1 = Qn � aaH
<latexit sha1_base64="0AiO5fuLm9/uAVJ/4dlK/APsG4E=">AAACFXicdVDLSgMxFM3UV62vqks3wSIIaplpC7YLoeimyxbsA9pxyKSZNjSTGZKMUIb5CTf+ihsXirgV3Pk3pi/weSDk5Jx7ubnHDRmVyjQ/jNTS8srqWno9s7G5tb2T3d1rySASmDRxwALRcZEkjHLSVFQx0gkFQb7LSNsdXU389i0Rkgb8Wo1DYvtowKlHMVJacrKncc/1YCNxYn5iJfACLt4cns04SubXTc3J5sx8qVI2ixX4m1h5c4ocmKPuZN97/QBHPuEKMyRl1zJDZcdIKIoZSTK9SJIQ4REakK6mHPlE2vF0qwQeaaUPvUDowxWcql87YuRLOfZdXekjNZQ/vYn4l9eNlFe2Y8rDSBGOZ4O8iEEVwElEsE8FwYqNNUFYUP1XiIdIIKx0kBkdwmJT+D9pFfJWMV9olHLVy3kcaXAADsExsMA5qIIaqIMmwOAOPIAn8GzcG4/Gi/E6K00Z85598A3G2ycrQZ2c</latexit>

a =
�
cJ,n +

dJ
pu↵

��1/2
QnfJ

<latexit sha1_base64="tkKGpXodm0qb6qTXgf3+bVEcyIw="></latexit>

Q0 = INu
<latexit sha1_base64="9dMY2A//L+VfMZmoKhZ4FzNtHhY=">AAACBHicdVDLSsNAFJ34rPUVddnNYBFchaQt2C6EohvdSAv2AW0Ik+mkHTqZhJmJUEIWbvwVNy4UcetHuPNvnD4EnwcGzj3nXu7c48eMSmXb78bS8srq2npuI7+5tb2za+7tt2WUCExaOGKR6PpIEkY5aSmqGOnGgqDQZ6Tjj8+nfueGCEkjfq0mMXFDNOQ0oBgpLXlmIe37AWxmXmpn8BTOqktdXXlJ5plF26rUqna5Bn8Tx7JnKIIFGp751h9EOAkJV5ghKXuOHSs3RUJRzEiW7yeSxAiP0ZD0NOUoJNJNZ0dk8EgrAxhEQj+u4Ez9OpGiUMpJ6OvOEKmR/OlNxb+8XqKCqptSHieKcDxfFCQMqghOE4EDKghWbKIJwoLqv0I8QgJhpXPL6xA+L4X/k3bJcspWqVkp1s8WceRAARyCY+CAE1AHF6ABWgCDW3APHsGTcWc8GM/Gy7x1yVjMHIBvMF4/APMdl68=</latexit>

where
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PERFORMANCE ANALYSIS: LOWER BOUND
q Submodular function

Definition

Theorem
f(A [ {v})� f(A) � f(B [ {v})� f(B)

<latexit sha1_base64="RZEEcRmOIah2rmS2ZYQaQOwmOak=">AAACQ3icfVDLSsNAFJ34rPUVdelmsAjtwpJUQZe1blxWsA9sQplMJ+3QycOZSaGE/Jsbf8CdP+DGhSJuBSdtFn2IBwYO55zLvXOckFEhDeNVW1ldW9/YzG3lt3d29/b1g8OmCCKOSQMHLOBtBwnCqE8akkpG2iEnyHMYaTnDm9RvjQgXNPDv5Tgktof6PnUpRlJJXf3BLVoekgOMWHydQAtHIbTikZWU4Bmc80rQ6pPHWa32T76WlLp6wSgbE8BlYmakADLUu/qL1Qtw5BFfYoaE6JhGKO0YcUkxI0neigQJER6iPuko6iOPCDuedJDAU6X0oBtw9XwJJ+rsRIw8Icaeo5LpjWLRS8W/vE4k3Ss7pn4YSeLj6SI3YlAGMC0U9ignWLKxIghzqm6FeIA4wlLVnlclmItfXibNStk8L1fuLgrVWlZHDhyDE1AEJrgEVXAL6qABMHgCb+ADfGrP2rv2pX1PoytaNnME5qD9/AKzQa+U</latexit>

where A ✓ B
<latexit sha1_base64="K082Eob6cdAthEhlI2v+LhYYOPo=">AAACF3icbVDJSgNBEO1xjXGLevTSGARPYSYKeozx4jGCWSATQk+nkjTpWeyuUcMwf+HFX/HiQRGvevNv7CyIJj4oeLxXRVU9L5JCo21/WQuLS8srq5m17PrG5tZ2bme3psNYcajyUIaq4TENUgRQRYESGpEC5nsS6t7gYuTXb0FpEQbXOIyg5bNeILqCMzRSO1dwEe4xueuDApq6PsM+ZzI5T6mrY08Dwg39UctpO5e3C/YYdJ44U5InU1TauU+3E/LYhwC5ZFo3HTvCVsIUCi4hzbqxhojxAetB09CA+aBbyfivlB4apUO7oTIVIB2rvycS5ms99D3TOTpRz3oj8T+vGWP3rJWIIIoRAj5Z1I0lxZCOQqIdoYCjHBrCuBLmVsr7TDGOJsqsCcGZfXme1IoF57hQvDrJl8rTODJknxyQI+KQU1Iil6RCqoSTB/JEXsir9Wg9W2/W+6R1wZrO7JE/sD6+AXNAoLY=</latexit>

- Normalized nonnegative and monotone submodular function f
- : set obtained by selecting one at a time with largest marginal increase
- : optimal set with same size as 

AG
<latexit sha1_base64="1F6hcRHLMDxse+MdmWNCxnXXZOQ=">AAAB/HicbVDLSsNAFJ34rPVV7dLNYBFclaQKuqy60GUF+4AmhMl00g6dmYSZiRBC/BU3LhRx64e482+ctFlo64GBwzn3cs+cIGZUadv+tlZW19Y3Nitb1e2d3b392sFhT0WJxKSLIxbJQYAUYVSQrqaakUEsCeIBI/1gelP4/UciFY3Eg05j4nE0FjSkGGkj+bW6y5GeYMSyq9zPXMnhbe7XGnbTngEuE6ckDVCi49e+3FGEE06ExgwpNXTsWHsZkppiRvKqmygSIzxFYzI0VCBOlJfNwufwxCgjGEbSPKHhTP29kSGuVMoDM1lEVYteIf7nDRMdXnoZFXGiicDzQ2HCoI5g0QQcUUmwZqkhCEtqskI8QRJhbfqqmhKcxS8vk16r6Zw1W/fnjfZ1WUcFHIFjcAoccAHa4A50QBdgkIJn8ArerCfrxXq3PuajK1a5Uwd/YH3+AMHYlNU=</latexit>

A?
<latexit sha1_base64="HzaNGZ7TETFb22a7vwsari7IorY=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5UUJBgLLIxFog+pDZXjOq1Vx4lsB1SFfgoLAwix8iVs/A1OmwFajmTp6Jx7dY+PH3OmtON8W4WV1bX1jeJmaWt7Z3fPLu+3VJRIQpsk4pHs+FhRzgRtaqY57cSS4tDntO2PrzO//UClYpG405OYeiEeChYwgrWR+na5F2I9Ipinl9P7ntJY9u2KU3VmQMvEzUkFcjT69ldvEJEkpEITjpXquk6svRRLzQin01IvUTTGZIyHtGuowCFVXjqLPkXHRhmgIJLmCY1m6u+NFIdKTULfTGZB1aKXif953UQHF17KRJxoKsj8UJBwpCOU9YAGTFKi+cQQTCQzWREZYYmJNm2VTAnu4peXSatWdU+rtduzSv0qr6MIh3AEJ+DCOdThBhrQBAKP8Ayv8GY9WS/Wu/UxHy1Y+c4B/IH1+QOgGpQ8</latexit>

- Function with diminishing return property :

AG
<latexit sha1_base64="1F6hcRHLMDxse+MdmWNCxnXXZOQ=">AAAB/HicbVDLSsNAFJ34rPVV7dLNYBFclaQKuqy60GUF+4AmhMl00g6dmYSZiRBC/BU3LhRx64e482+ctFlo64GBwzn3cs+cIGZUadv+tlZW19Y3Nitb1e2d3b392sFhT0WJxKSLIxbJQYAUYVSQrqaakUEsCeIBI/1gelP4/UciFY3Eg05j4nE0FjSkGGkj+bW6y5GeYMSyq9zPXMnhbe7XGnbTngEuE6ckDVCi49e+3FGEE06ExgwpNXTsWHsZkppiRvKqmygSIzxFYzI0VCBOlJfNwufwxCgjGEbSPKHhTP29kSGuVMoDM1lEVYteIf7nDRMdXnoZFXGiicDzQ2HCoI5g0QQcUUmwZqkhCEtqskI8QRJhbfqqmhKcxS8vk16r6Zw1W/fnjfZ1WUcFHIFjcAoccAHa4A50QBdgkIJn8ArerCfrxXq3PuajK1a5Uwd/YH3+AMHYlNU=</latexit>

(Lower bound)

f(AG) � (1� 1/e)f(A?)
<latexit sha1_base64="lH2woC/HZaF2iXH/hMmhR7PqDFg=">AAACInicbVDLSgMxFM3UV62vqks3wSK0C+tMFdRd1YUuK9gHdGrJpHfa0MzDJCOUYb7Fjb/ixoWirgQ/xvSxsK0HAodzziX3HifkTCrT/DZSC4tLyyvp1cza+sbmVnZ7pyaDSFCo0oAHouEQCZz5UFVMcWiEAojncKg7/auhX38EIVng36lBCC2PdH3mMkqUltrZczdve0T1KOHxRdKObeHh66SA7S484Lx1aB3FkBSmQve2VEQU2tmcWTRHwPPEmpAcmqDSzn7anYBGHviKciJl0zJD1YqJUIxySDJ2JCEktE+60NTUJx7IVjw6McEHWulgNxD6+QqP1L8TMfGkHHiOTg43lbPeUPzPa0bKPWvFzA8jBT4df+RGHKsAD/vCHSaAKj7QhFDB9K6Y9oggVOlWM7oEa/bkeVIrFa3jYun2JFe+nNSRRntoH+WRhU5RGd2gCqoiip7QC3pD78az8Wp8GF/jaMqYzOyiKRg/v0mJouc=</latexit>

# Lower bound of f with AG
<latexit sha1_base64="cIYYAF/s4KKDJwuIVg1QPzZZLeQ=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiRtoXVXdaHLCvYBTQiT6aQdOnkwMxFCiL/ixoUibv0Qd/6Nk7aIWg8MHM65l3vmeDGjQprmp1ZaW9/Y3CpvV3Z29/YP9MOjvogSjkkPRyziQw8JwmhIepJKRoYxJyjwGBl4s6vCH9wTLmgU3sk0Jk6AJiH1KUZSSa5etQMkpxix7CJ3M5sH8Dp39ZppmM32udmGptGoN1pNC1qGOcc3qYEluq7+YY8jnAQklJghIUaWGUsnQ1xSzEhesRNBYoRnaEJGioYoIMLJ5uFzeKqUMfQjrl4o4Vz9uZGhQIg08NRkEVX89QrxP2+USL/tZDSME0lCvDjkJwzKCBZNwDHlBEuWKoIwpyorxFPEEZaqr4oqYeXLq6RfN6yGUb9t1jqXyzrK4BicgDNggRbogBvQBT2AQQoewTN40R60J+1Ve1uMlrTlThX8gvb+BQs2lQc=</latexit>

[Nemhauser78]

q Performance lower bound of proposed greedy selection 

Proof sketch

Mutual information achieved by proposed greedy-based antenna selection is lower bounded by

R(Kqfas) �
✓
1� 1

e

◆
R(K?)

<latexit sha1_base64="FRFXpeleDTuJqas4+Idk/Fa93kE="></latexit>

ü Define
ü Use submodularity of entropy function w.r.t. selected antennas
ü Show submodular, normalized, nonnegative, and monotone function

optimal antenna subset

���K = INr + ⇢↵2
b

�
↵2
b
INr +Rqulqul

��1/2
H

ul
KH

ulH
K

�
↵2
b
INr +Rqulqul

��1/2

<latexit sha1_base64="+QMSZyp4lC1MagRbb3HyjNgDaO0="></latexit>

and xK ⇠ CN (0,���K)
<latexit sha1_base64="i8RsupPRWegB0Y0QpDX87L2VOZg="></latexit>

h(xK) = ln |⇡e���K| = Nr ln(⇡e) +R(K) ln 2
<latexit sha1_base64="sMnBWad/sZHO29pZT8O4aYw0I/o="></latexit>

Corollary 1 (Lower bound of QFAS)
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WIDEBAND UPLINK ANTENNA SELECTION
q Uplink wideband OFDM* system

§ Quantized signal for subcarrier n under AQNM*

*OFDM: orthogonal frequency-division multiplexing

§ Mutual-information for subcarrier n

zn = ↵b
p
⇢GK,nsn + vn.

<latexit sha1_base64="cec95x7SeZ/7pBxQAJvBV3HPzPw="></latexit>

Rn(K) = log2

���INr + ⇢↵2
b
(↵2

b
INr +Rqnqn)

�1GK,nG
H

K,n

���
<latexit sha1_base64="rHJ4i97MevTFjr6/rRvgw4auP08="></latexit>

*AQNM: additive quantization noise model

thermal noise + quantization noisequantization gain < 1

gain update w/o matrix inversion

Rqnqn = ↵b(1� ↵b)diag
�
⇢BKB

H

K + INr

 
<latexit sha1_base64="rZ+MQWtdyK8g4nuU9JO2nhI1mG4="></latexit>

BK = [HK,0,0, · · · ,0,HK,L�1, · · · ,HK,1]
<latexit sha1_base64="70QzvdsFaeHSMXm6x1zAmRGcOu0="></latexit>

GK,n =
L�1X

`=0

HK,`e
� j2⇡(n�1)`

Nsc

<latexit sha1_base64="RVU/VU63iMbwRUuEugAq1AzGhZ4="></latexit>

Frequency domain channel

Quantization noise variance

all subcarriers share same antenna subset

q Greedy antenna selection and performance bound
§ Maximum mutual-information problem for OFDM system

P2 : K?
ofdm = argmax

K✓S:|K|=Nr�NMS

NscX

n=1

Rn(K)
<latexit sha1_base64="IdavZtWDnFpEGZqtyQoTWXLtjU0="></latexit>

§ Simplified greedy antenna selection method without matrix inversion

J = argmax
j2S\Kt

NscX

n=1

log2

✓
1 +

⇢↵b

dj
cn,t(j)

◆

<latexit sha1_base64="H8j9qXVrYkOWZFRjPo6V/fS1IvQ="></latexit>

Proof: submodularity is closed under addition

NscX

n=1

Rn(Kqfas) �
✓
1� 1

e

◆ NscX

n=1

Rn(K?
ofdm)

<latexit sha1_base64="u7PSBvTAw1h9NMP3CxN29QP/6qE="></latexit>

Corollary 2 (Lower bound of QFAS)

9/10/19

[Fletcher07]
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Fig. 6: MI vs. # selected antennas

Fig. 5: MI vs. Tx power
SIMULATION RESUTLS: UPLINK OFDM SYSTEM

*MCMC: Markov chain Monte Carlo

§ QMCMC-AS: quantization-aware adaptive-MCMC* based on MIS*
- Near numerical upper bound
- High complexity: iterations with multiple sampling (ex. 60, 120)

*MIS: metropolized independence sampler

q System parameters

q Simulated algorithms
§ QFAS: quantization-aware fast antenna selection (proposed)

§ FAS: fast antenna selection without quantization

§ NBS: norm-based selection
k? = max

k
k[H]k,:k

<latexit sha1_base64="eGiMvDE4Xik3OAGbx2TZMEVveBc=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwISWpgiIIRTddVrAPaGKYTCftkMmDmYlY0vyAG3/FjQtF3Lp35984bbPQ1gMXDufcy733uDGjQhrGt1ZYWFxaXimultbWNza39O2dlogSjkkTRyziHRcJwmhImpJKRjoxJyhwGWm7/vXYb98TLmgU3sphTOwA9UPqUYykkhz9wL+zhEQcXkIrQA+OD61RN7VcD9Yz20n944vMGjl62agYE8B5YuakDHI0HP3L6kU4CUgoMUNCdE0jlnaKuKSYkaxkJYLECPuoT7qKhiggwk4n32TwUCk96EVcVSjhRP09kaJAiGHgqs4AyYGY9cbif143kd65ndIwTiQJ8XSRlzAoIziOBvYoJ1iyoSIIc6puhXiAOMJSBVhSIZizL8+TVrVinlSqN6fl2lUeRxHsgX1wBExwBmqgDhqgCTB4BM/gFbxpT9qL9q59TFsLWj6zC/5A+/wBTPObEw==</latexit>

Cell radius 200 m Noise figure 5 dB

Min. distance 20 m # channel paths 3

Carrier freq. 28 GHz # channel delay taps 4

Bandwidth 100MHz # subcarriers 64

BS antenna gain 15 dBi # ADC bits 3

Fig. 5 Fig. 6

𝑁/0 = 32 𝑁/0 = 128

𝑁40 = 8 𝑁40 = 12

𝑁% = 8 𝜌 = 30 dBm

[Akdeniz&Rappaport14]

Effective in low-resolution ADC system with high performance
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DOWNLINK BS ANTENNA SELECTION

q System model
§ Zero-forcing (ZF) precoder with CSI known at BS
§ Equal power allocation (EPA)
§ Users employ low-resolution ADCs
§ Achievable sum rate:

ZF 
Precoding

+
equal 
power 

allocation

RF 
chain

RF 
chain

RF 
chain

. .
 . 

 

. .
 . 

 

. .
 . 

 

NBS
<latexit sha1_base64="ev778YbjI4Yo23fBMC35hHQeuVo=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT2WevEkFe0HtkvJptk2NMkuSVYoS/+FFw+KePXfePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etXSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxtczv/1ElWaRfDCTmPoCDyULGcHGSo+3/bSnBKrfT/vFklt250CrxMtICTI0+sWv3iAiiaDSEI617npubPwUK8MIp9NCL9E0xmSMh7RrqcSCaj+dXzxFZ1YZoDBStqRBc/X3RIqF1hMR2E6BzUgvezPxP6+bmPDKT5mME0MlWSwKE45MhGbvowFTlBg+sQQTxeytiIywwsTYkAo2BG/55VXSqpS9i3Llrlqq1bM48nACp3AOHlxCDW6gAU0gIOEZXuHN0c6L8+58LFpzTjZzDH/gfP4A/IGQdw==</latexit>

RF 
chain

Baseband
ProcessorAADC 

s1
<latexit sha1_base64="PCqqUAAUmpa6X7s0JITrBoBCz6M=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZV83c+9ab9SdWvuHGSVeAWpQoFmv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+7JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY5GXCFzIiJJZQpbm8lbEQVZcbmU7YheMsvr5JWveZd1uoPV9XGbRFHCU7hDC7Ag2towD00wQcGHJ7hFd4c6bw4787HonXNKWZO4A+czx/J7I6r</latexit>

RF 
chain

Baseband
ProcessorAADC 

. .
 . 

 

sNMS
<latexit sha1_base64="+Ny4wpLeo70BF44az+I6DXJnoqg=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiFy9KRfsBbQyb7aZdupuE3Y1SQv6HFw+KePW/ePPfuG1z0NYHA4/3ZpiZ58ecKW3b31ZhaXllda24XtrY3NreKe/utVSUSEKbJOKR7PhYUc5C2tRMc9qJJcXC57Ttjy4nfvuRSsWi8F6PY+oKPAhZwAjWRnpQXnrjpT0p0PVdlnnlil21p0CLxMlJBXI0vPJXrx+RRNBQE46V6jp2rN0US80Ip1mplygaYzLCA9o1NMSCKjedXp2hI6P0URBJU6FGU/X3RIqFUmPhm06B9VDNexPxP6+b6ODcTVkYJ5qGZLYoSDjSEZpEgPpMUqL52BBMJDO3IjLEEhNtgiqZEJz5lxdJq1Z1Tqq129NK/SKPowgHcAjH4MAZ1OEKGtAEAhKe4RXerCfrxXq3PmatBSuf2Yc/sD5/AGq/knQ=</latexit>

Mobile station 1

Mobile station NMS

Base station

ŝ1
<latexit sha1_base64="1gmWXp+o9FN4u29MEWNsLahEpN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqp3R1SJKbn9ao1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Ac4Cj1k=</latexit><latexit sha1_base64="1gmWXp+o9FN4u29MEWNsLahEpN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqp3R1SJKbn9ao1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Ac4Cj1k=</latexit><latexit sha1_base64="1gmWXp+o9FN4u29MEWNsLahEpN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqp3R1SJKbn9ao1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Ac4Cj1k=</latexit>

ŝNMS
<latexit sha1_base64="JV4G+cc8anNSl1RIfZWzxHkSWr0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0GXRjRulon1AE8JkOm2HzkzCzEQIIf6KGxeKuPVD3Pk3TtsstPXAhcM593LvPWHMqNKO822VVlbX1jfKm5Wt7Z3dPXv/oKOiRGLSxhGLZC9EijAqSFtTzUgvlgTxkJFuOLma+t1HIhWNxINOY+JzNBJ0SDHSRgrsqjdGGqoguw0yT3J4c5/ngV1z6s4McJm4BamBAq3A/vIGEU44ERozpFTfdWLtZ0hqihnJK16iSIzwBI1I31CBOFF+Njs+h8dGGcBhJE0JDWfq74kMcaVSHppOjvRYLXpT8T+vn+jhhZ9RESeaCDxfNEwY1BGcJgEHVBKsWWoIwpKaWyEeI4mwNnlVTAju4svLpNOou6f1xt1ZrXlZxFEGh+AInAAXnIMmuAYt0AYYpOAZvII368l6sd6tj3lrySpmquAPrM8fVJaUkA==</latexit>

. .
 . 

 

Nt
<latexit sha1_base64="O59czYKmhY87CreQyoHJs74ehzU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kkq2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqEccJ9yM6UCIUjKKVHu562CuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTSrFe+8Ur2/KNeu8zgKcAwncAYeXEINbqEODWAwgGd4hTdHOi/Ou/Mxb11x8pkj+APn8wcyjo29</latexit>

s2
<latexit sha1_base64="Qbt6d+csUNs49FGehjHzaQjR7/M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPu1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAG5I2g</latexit>

Low resolution

Considered downlink communicationset of selected antennas

R(T ) = NMS log2

✓
1 +

↵bpT
1 + (1� ↵b)pT

◆

<latexit sha1_base64="WAe0hG+W7yvSo8YKjlOabJ0pjcc="></latexit>

Tx symbol power

q Antenna selection problem 
§ Maximum rate antenna selection problem

P3 : max
T ✓S:NMS|T |Nt

R(T )
<latexit sha1_base64="wWQvM1Ls0o+STwbTvCLNxZ0+k+k="></latexit>

max
T

pT =
P

tr
�
W

H

BB(T )WBB(T )
� =

P

tr
�
(HT H

H

T )�1
�

<latexit sha1_base64="+2zDmYJNaL4D/hWaZRYy3W/xbs4="></latexit>

total transmit power

Equivalent to antenna selection in perfect quantization system

: needs to be large and orthogonal
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SUM RATE ANALYSIS

q How many antennas?
§ More antennas do not always provide higher rate due to limited transmit power 

# In perfect quantization system 𝑏 = ∞
[Lin&Tsai12]

: higher maximum rate with more antennas for ZF precoding with equal power allocation

R(Topt1;1) < R(Topt2;1), if |Topt1| < |Topt2|
<latexit sha1_base64="n79IPahkAreOlBmfmUq2ZJJjauM="></latexit>

# In coarse quantization system 𝑏 ≠ ∞

Proof sketch

Higher maximum rate with more antennas for ZF-EPAHigher rate with more antennas for ZF-EPA*

(a) Define                                           where                        and   
(b) Show                     by using matrix inversion lemma and [Lemma 2, Lin&Tsai12]
(c) Show                                                  where                    and   

R(Topt1; b) < R(Topt2; b), if |Topt1| < |Topt2|
<latexit sha1_base64="gvuiGXoZZnm/n1zT4xyZNJLPiao="></latexit>

RD(T̄ ) = R(T2)�R(T1)
<latexit sha1_base64="OouBoQE2S4EWhgwwSmrdNTfYj3o=">AAACQ3icdVDLSsNAFJ3UV62vqEs3g0VoF5akCroRirpwWaUPsQlhMp22QycPZiZCCfk3N/6AO3/AjQtF3ApO2iC11QMDh3PO5d45bsiokIbxrOUWFpeWV/KrhbX1jc0tfXunJYKIY9LEAQv4rYsEYdQnTUklI7chJ8hzGWm7w4vUb98TLmjgN+QoJLaH+j7tUYykkhz9zvKQHGDE4pvEuSxZLuLxj9RIkjI8g1OR0pTnVMvw8F/TLDt60agYY8B5YmakCDLUHf3J6gY48ogvMUNCdEwjlHaMuKSYkaRgRYKECA9Rn3QU9ZFHhB2PO0jggVK6sBdw9XwJx+r0RIw8IUaeq5LplWLWS8W/vE4ke6d2TP0wksTHk0W9iEEZwLRQ2KWcYMlGiiDMqboV4gHiCEtVe0GVYM5+eZ60qhXzqFK9Pi7WzrM68mAP7IMSMMEJqIErUAdNgMEDeAFv4F171F61D+1zEs1p2cwu+AXt6xvR6bFj</latexit>

T1 ⇢ T2 ✓ S
<latexit sha1_base64="pjG4SO32b3FnIOPUzWk0lT58HTY=">AAACInicbZDLSgMxFIYzXtt6q7p0EyyCqzJTBXVXdOOyYm/QlpJJz7ShmcyYZIQyzLO48VXcuFDUleDDmGmr1NYfAj/fOYec87shZ0rb9qe1tLyyuraeyeY2Nre2d/K7e3UVRJJCjQY8kE2XKOBMQE0zzaEZSiC+y6HhDq/SeuMepGKBqOpRCB2f9AXzGCXaoG7+ou0TPaCEx9Wk6+C2ilwFOjtLSz8U7vAvv026+YJdtMfCi8aZmgKaqtLNv7d7AY18EJpyolTLsUPdiYnUjHJIcu1IQUjokPShZawgPqhOPD4xwUeG9LAXSPOExmM6OxETX6mR75rOdEU1X0vhf7VWpL3zTsxEGGkQdPKRF3GsA5zmhXtMAtV8ZAyhkpldMR0QSag2qeZMCM78yYumXio6J8XSzWmhfDmNI4MO0CE6Rg46Q2V0jSqohih6QE/oBb1aj9az9WZ9TFqXrOnMPvoj6+sbMOuksg==</latexit>

T̄ = T2 � T1
<latexit sha1_base64="yl5Pp9a9reDN8pZ+xdlD1pjr/wM=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VwY0mqoBuh6MZlhb6gCWEynbRDJ5MwMxFKyHe48VfcuFDEnbjxb5y0WfThgYFzz7mXuff4MaNSWdavUVpb39jcKm9Xdnb39g/Mw6OOjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3xfe53n4iQNOItNYmJG6IhpwHFSGnJM23HRyJ1QqRGGLG0lWXwFs6VXh1eLNS2Z1atmjUFXCV2QaqgQNMzv51BhJOQcIUZkrJvW7FyUyQUxYxkFSeRJEZ4jIakrylHIZFuOj0tg2daGcAgEvpxBafq/ESKQiknoa878yXlspeL/3n9RAU3bkp5nCjC8eyjIGFQRTDPCQ6oIFixiSYIC6p3hXiEBMJKp1nRIdjLJ6+STr1mX9bqj1fVxl0RRxmcgFNwDmxwDRrgATRBG2DwDF7BO/gwXow349P4mrWWjGLmGCzA+PkDz5Kgsw==</latexit>

RD(T̄ ) > 0
<latexit sha1_base64="Ndv3V7d4fuv8fc5H2cYRscSvns4=">AAACDXicbVDLSsNAFJ34rPUVdelmsAp1U5Iq6EqKunBZpS9oQphMp+3QySTMTIQS8gNu/BU3LhRx696df+OkDaKtBy4czrmXe+/xI0alsqwvY2FxaXlltbBWXN/Y3No2d3ZbMowFJk0cslB0fCQJo5w0FVWMdCJBUOAz0vZHV5nfvidC0pA31DgiboAGnPYpRkpLnnnoBEgNMWLJXepdlx0fieRHaqTpMbyAlmeWrIo1AZwndk5KIEfdMz+dXojjgHCFGZKya1uRchMkFMWMpEUnliRCeIQGpKspRwGRbjL5JoVHWunBfih0cQUn6u+JBAVSjgNfd2aHylkvE//zurHqn7sJ5VGsCMfTRf2YQRXCLBrYo4JgxcaaICyovhXiIRIIKx1gUYdgz748T1rVin1Sqd6elmqXeRwFsA8OQBnY4AzUwA2ogybA4AE8gRfwajwaz8ab8T5tXTDymT3wB8bHN6o8m0Q=</latexit>

R(Topt1) < R(T2)  R(Topt2)
<latexit sha1_base64="1inQYLjK+Y4xTSgJJZ/18kENo5M=">AAACUnicdVJNS8MwGE7n15xTqx69BIewXUY7BT14GHrxOGVfsJaSZukWln6YpMIo/Y2CePGHePGgplsV3dwLgYfned7kzZO4EaNCGsarVlhb39jcKm6Xdsq7e/v6wWFXhDHHpINDFvK+iwRhNCAdSSUj/YgT5LuM9NzJTab3HgkXNAzachoR20ejgHoUI6koR6eWj+QYI5bcp9Uf3E6dxOI+DCNppjV4BVe5GjVoMfKwUv/epZHWHL1i1I1ZwWVg5qAC8mo5+rM1DHHsk0BihoQYmEYk7QRxSTEjacmKBYkQnqARGSgYIJ8IO5lFksJTxQyhF3K1Agln7O+OBPlCTH1XObNxxaKWkf9pg1h6l3ZCgyiWJMDzg7yYQRnCLF84pJxgyaYKIMypmhXiMeIIS/UKJRWCuXjlZdBt1M2zeuPuvNK8zuMogmNwAqrABBegCW5BC3QABk/gDXyAT+1Fey+oXzK3FrS85wj8qUL5CziEtR0=</latexit>

Topt1 ⇢ T2
<latexit sha1_base64="rWAI/1dVVJNnjfaM5Y05noYD89Q=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISWpgi6LblxW6AuaECbTaTt08mDmRighP+HGX3HjQhG3gjv/xkmbRW09cOFwzr3ce48fC67Asn6M0tr6xuZWebuys7u3f2AeHnVUlEjK2jQSkez5RDHBQ9YGDoL1YslI4AvW9Sd3ud99ZFLxKGzBNGZuQEYhH3JKQEueeeEEBMaUiLSVeakjAxzFYGfYUYmvGOBFu+6ZVatmzYBXiV2QKirQ9MxvZxDRJGAhUEGU6ttWDG5KJHAqWFZxEsViQidkxPqahiRgyk1nX2X4TCsDPIykrhDwTF2cSEmg1DTwdWd+pFr2cvE/r5/A8MZNeRgnwEI6XzRMBIYI5xHhAZeMgphqQqjk+lZMx0QSCjrIig7BXn55lXTqNfuyVn+4qjZuizjK6ASdonNko2vUQPeoidqIoif0gt7Qu/FsvBofxue8tWQUM8foD4yvXxoan2Q=</latexit>

|Topt1| < |T2| = |Topt2|
<latexit sha1_base64="aorweuJLwzE2fBAl9W89ZhdOsPw=">AAACLnicbVDLSsNAFJ34rPUVdelmsAiuSlIFXSgURXBZoS9oQphMJ+3QyYOZiVCSfJEbf0UXgoq49TOctFnYx4GBwznnMvceN2JUSMP40FZW19Y3Nktb5e2d3b19/eCwLcKYY9LCIQt510WCMBqQlqSSkW7ECfJdRjru6C73O0+ECxoGTTmOiO2jQUA9ipFUkqPfp5aP5BAjljQzJ7G4D8NImlkKr+GMVUvhDVwarmWpo1eMqjEBXCRmQSqgQMPR36x+iGOfBBIzJETPNCJpJ4hLihnJylYsSITwCA1IT9EA+UTYyeTcDJ4qpQ+9kKsXSDhR/08kyBdi7Lsqma8r5r1cXOb1Yuld2QkNoliSAE8/8mIGZQjz7mCfcoIlGyuCMKdqV4iHiCMsVcNlVYI5f/Iiadeq5nm19nhRqd8WdZTAMTgBZ8AEl6AOHkADtAAGz+AVfIIv7UV71761n2l0RStmjsAMtN8/F7Cpxg==</latexit>

from (a), (b)

R(T1; b) < R(T2; b), if T1 ⇢ T2
<latexit sha1_base64="cPfMYrB32gIUpABjVAk18RDMJSg="></latexit>

*ZF-EPA: zero-forcing precoding and equal power allocation

Corollary 3 (Monotonicity) Theorem 1
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SUM RATE ANALYSIS

q How much transmit power?
§ More power provides higher rate, but maybe less efficient

Similar analysis also holds for downlink OFDM systems 

§ Tx power can compensate for rate loss due to using less antennas
§ can be good reference point

# In coarse quantization system 𝑏 ≠ ∞

Rate loss converges to zero with tx power:  Maximum rate loss occurs at following tx power:  

RD(T̄ ) ! 0 as P ! 1
<latexit sha1_base64="I8jdRq1N/1vwKL+uZwe/JKuzE1s="></latexit>

Pmax
D

=

s
tr((HT2H

H

T2
)�1)tr((HT1H

H

T1
)�1)

1� ↵b
<latexit sha1_base64="cB2j4HGONdo9cw5R4JmwuvwsHw0="></latexit>

Pmax
D

<latexit sha1_base64="6LS93cvE5eBmPGjTqyPWdikZINI=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LevBYwX5Au5Zsmm1Dk+yaZItl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SRWidRDxSrQBrypmkdcMMp61YUSwCTpvB8HrqN0dUaRbJezOOqS9wX7KQEWys5Ne6Nw9pRwkk8NOkWyy5ZXcGtEy8jJQgQ61b/Or0IpIIKg3hWOu258bGT7EyjHA6KXQSTWNMhrhP25ZKLKj209nRE3RilR4KI2VLGjRTf0+kWGg9FoHtFNgM9KI3Ff/z2okJL/2UyTgxVJL5ojDhyERomgDqMUWJ4WNLMFHM3orIACtMjM2pYEPwFl9eJo1K2TsrV+7OS9WrLI48HMExnIIHF1CFW6hBHQg8wjO8wpszcl6cd+dj3ppzsplD+APn8wd7/5Hq</latexit>

Corollary 4 (Vanishing loss) Corollary 5 (Maximum loss)

9/10/19

# In perfect quantization system 𝑏 = ∞

RD(T̄ )  Nt log

 
1 +

tr(⇤⇤⇤T̄ )

tr(HT2H
H

T2
)�1

!

<latexit sha1_base64="gE3iV8tmdokJcKYawsYVdeLIHwY="></latexit>

matrix of channel eigenvalues

T1 ⇢ T2 ✓ S
<latexit sha1_base64="yHygdftZsK2/0eS9r9wheXcbhzk=">AAACH3icbZDLSsNAFIYnXmu9RV26GSyCq5JUUZdFNy4r9gZNKZPpSTt0cnFmIpSQN3Hjq7hxoYi469s4aYPU1h8Gfr5zDnPO70acSWVZE2NldW19Y7OwVdze2d3bNw8OmzKMBYUGDXko2i6RwFkADcUUh3YkgPguh5Y7us3qrScQkoVBXY0j6PpkEDCPUaI06pmXjk/UkBKe1NOe7cjYlaDmWSVn8Ih/8UPaM0tW2ZoKLxs7NyWUq9Yzv51+SGMfAkU5kbJjW5HqJkQoRjmkRSeWEBE6IgPoaBsQH2Q3md6X4lNN+tgLhX6BwlM6P5EQX8qx7+rObEW5WMvgf7VOrLzrbsKCKFYQ0NlHXsyxCnEWFu4zAVTxsTaECqZ3xXRIBKFKR1rUIdiLJy+bZqVsn5cr9xel6k0eRwEdoxN0hmx0haroDtVQA1H0jF7RO/owXow349P4mrWuGPnMEfojY/IDLoOkSw==</latexit>

where T̄ = T2 � T1
<latexit sha1_base64="yl5Pp9a9reDN8pZ+xdlD1pjr/wM=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VwY0mqoBuh6MZlhb6gCWEynbRDJ5MwMxFKyHe48VfcuFDEnbjxb5y0WfThgYFzz7mXuff4MaNSWdavUVpb39jcKm9Xdnb39g/Mw6OOjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3xfe53n4iQNOItNYmJG6IhpwHFSGnJM23HRyJ1QqRGGLG0lWXwFs6VXh1eLNS2Z1atmjUFXCV2QaqgQNMzv51BhJOQcIUZkrJvW7FyUyQUxYxkFSeRJEZ4jIakrylHIZFuOj0tg2daGcAgEvpxBafq/ESKQiknoa878yXlspeL/3n9RAU3bkp5nCjC8eyjIGFQRTDPCQ6oIFixiSYIC6p3hXiEBMJKp1nRIdjLJ6+STr1mX9bqj1fVxl0RRxmcgFNwDmxwDRrgATRBG2DwDF7BO/gwXow349P4mrWWjGLmGCzA+PkDz5Kgsw==</latexit>

and 

: rate loss                                       increases with tx power and upper bounded byRD(T̄ ) = R(T2)�R(T1)
<latexit sha1_base64="OouBoQE2S4EWhgwwSmrdNTfYj3o=">AAACQ3icdVDLSsNAFJ3UV62vqEs3g0VoF5akCroRirpwWaUPsQlhMp22QycPZiZCCfk3N/6AO3/AjQtF3ApO2iC11QMDh3PO5d45bsiokIbxrOUWFpeWV/KrhbX1jc0tfXunJYKIY9LEAQv4rYsEYdQnTUklI7chJ8hzGWm7w4vUb98TLmjgN+QoJLaH+j7tUYykkhz9zvKQHGDE4pvEuSxZLuLxj9RIkjI8g1OR0pTnVMvw8F/TLDt60agYY8B5YmakCDLUHf3J6gY48ogvMUNCdEwjlHaMuKSYkaRgRYKECA9Rn3QU9ZFHhB2PO0jggVK6sBdw9XwJx+r0RIw8IUaeq5LplWLWS8W/vE4ke6d2TP0wksTHk0W9iEEZwLRQ2KWcYMlGiiDMqboV4gHiCEtVe0GVYM5+eZ60qhXzqFK9Pi7WzrM68mAP7IMSMMEJqIErUAdNgMEDeAFv4F171F61D+1zEs1p2cwu+AXt6xvR6bFj</latexit>

[Lin&Tsai12]
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SIMULATION RESUTLS: DOWNLINK OFDM SYSTEM

Cell radius 200 m

Min. distance 20 m

Carrier freq. 28 GHz

Bandwidth 100MHz

BS antenna gain 15 dBi

Noise figure 5 dB

# channel paths 3

# channel delay taps 4

# subcarriers 64

Fig. 5 Fig. 6

𝑁/0 = 64 𝑁/0 = 128

𝑁40 = 8 𝑁40 = 12

𝑃 = 50 dB 𝑁A = 16

𝑏 = 3, 4, 5 𝑏 = 3

q System parameters

q Validations
§ Non-decreasing property w.r.t number of selected antennas Nt
§ Presence of maximum rate loss and rate convergence

More antennas vs. more tx power
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Fig. 7: Rate vs. # selected antennas Fig. 8: Rate vs.Tx power

lower rate  
less gap

higher rate  
less gap

9/10/19

[Akdeniz&Rappaport14]

27CONTRIBUTION 3: ANTENNA SELECTION



Ph.D. Defense  Jinseok Choi

SUMMARY
Uplink BS antenna selection Downlink BS antenna selection

J = argmax
j

cj,n
dj
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Algorithm

R(Kqfas) �
✓
1� 1

e

◆
R(K?)

<latexit sha1_base64="FRFXpeleDTuJqas4+Idk/Fa93kE="></latexit>

ü Main assumption

Performance lower bound

ü Takeaway Message

Extension to wideband OFDM system

ü Main results

BS selects rx antenna subset depending on channels

K?
ofdm = argmax

K✓S:|K|=Nr�NMS

NscX

n=1

Rn(K)
<latexit sha1_base64="nMmpckN6kOs6fh9OSDpO3P0mZaY="></latexit>

More antennas always provide higher rate

Tx power can fully compensate reduced # antennas

Quantization error needs to be considered

Greedy choice is suboptimal but efficient

ü Main assumption

ü Takeaway Message

ü Main results

BS selects tx antenna subset depending on channels

Pmax
D

=

s
tr((HT2H

H

T2
)�1)tr((HT1H

H

T1
)�1)

1� ↵b
<latexit sha1_base64="cB2j4HGONdo9cw5R4JmwuvwsHw0="></latexit>

R(Topt1; b) < R(Topt2; b)
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R(T1; b) < R(T2; b)
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Monotonicity Max loss

Equivalent problem to 
perfect quantization

Extension to wideband 
OFDM system
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TWO-STAGE ANALOG COMBINING IN
HYBRID BEAMFORMING SYSTEMS WITH

LOW-RESOLUTION ADCS

Contribution 4
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large gap

MOTIVATION

CONTRIBUTION 4:TWO-STAGE COMBINING

q Optimal analog combiner design
§ If feasible, is SVD* analog combiner optimal? 

*SVD: singular value decomposition

# In perfect quantization system:  Yes! 

Nu
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large gain

: collects all of the channel gains onto reduced number of RF chains

…

Nr
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NRF
<latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="aRAS/+LzrFlE0HyllF1WlfCoYzk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiIJ6kirHFNpTNdtMu3d2E3Y1QQv6FFw8qXv053vw3btsctPXBwOO9GWbmhQln2rjut1NaWl5ZXSuvVzY2t7Z3qrt7DzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6HLit56o0iyW92ac0EDggWQRI9hY6fGml3WVQHdXea9ac+vuFGiReAWpQYFmr/rV7cckFVQawrHWHc9NTJBhZRjhNK90U00TTEZ4QDuWSiyoDrLpxTk6skofRbGyJQ2aqr8nMiy0HovQdgpshnrem4j/eZ3URGdBxmSSGirJbFGUcmRiNHkf9ZmixPCxJZgoZm9FZIgVJsaGVLEhePMvLxL/pH5ed2/dWuOiSKMMB3AIx+DBKTTgGprgAwEJz/AKb452Xpx352PWWnKKmX34A+fzB2l9kEU=</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit>
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WRF
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AADC

AADC

AADC

…

# In coarse quantization system: Maybe not.. 
: too large signal power experiences large quantization error

quantization error

large quantization error

small quantization error
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SYSTEM MODEL & PROBLEM FORMULATION
q Proposed two-stage analog combining architecture

§ Single cell environment
§ Phase shifter-based two-stage analog combining 
§ Uniform linear array (ULA)
§ Serve 𝑁& ≤ 𝑁"# users with single antenna
§ MmWave narrowband channel [Akdeniz&Rappaport14]

…

+

+
Nr
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NRF
<latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="aRAS/+LzrFlE0HyllF1WlfCoYzk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiIJ6kirHFNpTNdtMu3d2E3Y1QQv6FFw8qXv053vw3btsctPXBwOO9GWbmhQln2rjut1NaWl5ZXSuvVzY2t7Z3qrt7DzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6HLit56o0iyW92ac0EDggWQRI9hY6fGml3WVQHdXea9ac+vuFGiReAWpQYFmr/rV7cckFVQawrHWHc9NTJBhZRjhNK90U00TTEZ4QDuWSiyoDrLpxTk6skofRbGyJQ2aqr8nMiy0HovQdgpshnrem4j/eZ3URGdBxmSSGirJbFGUcmRiNHkf9ZmixPCxJZgoZm9FZIgVJsaGVLEhePMvLxL/pH5ed2/dWuOiSKMMB3AIx+DBKTTgGprgAwEJz/AKb452Xpx352PWWnKKmX34A+fzB2l9kEU=</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit>
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ŝ1
<latexit sha1_base64="1gmWXp+o9FN4u29MEWNsLahEpN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqp3R1SJKbn9ao1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Ac4Cj1k=</latexit><latexit sha1_base64="1gmWXp+o9FN4u29MEWNsLahEpN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqp3R1SJKbn9ao1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Ac4Cj1k=</latexit><latexit sha1_base64="1gmWXp+o9FN4u29MEWNsLahEpN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqp3R1SJKbn9ao1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Ac4Cj1k=</latexit>

ŝ2
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…
…

…

… …

… …

WRF1
<latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="1ncff6iVFvtQizXg4pY4iAw9xvM=">AAAB8HicbZBLSwMxFIXv1FetVcdu3QSL4KrMuNFlQRCXVewDOsOQSTNtaJIZkoxYhvkrblwo4q9x578xfSy09UDg45yEe3PijDNtPO/bqWxt7+zuVfdrB/XDo2P3pN7Taa4I7ZKUp2oQY005k7RrmOF0kCmKRcxpP57ezPP+E1WapfLRzDIaCjyWLGEEG2tFbqMI4gT1y6gIlEAPt5FfRm7Ta3kLoU3wV9CElTqR+xWMUpILKg3hWOuh72UmLLAyjHBa1oJc0wyTKR7ToUWJBdVhsdi9ROfWGaEkVfZIgxbu7xcFFlrPRGxvCmwmej2bm/9lw9wk12HBZJYbKslyUJJzZFI0LwKNmKLE8JkFTBSzuyIywQoTY+uq2RL89S9vQu+y5Xst/96DKpzCGVyAD1fQhjvoQBcIPMMLvMG7Uzqvzseyroqz6q0Bf+R8/gC26ZJm</latexit><latexit sha1_base64="1ncff6iVFvtQizXg4pY4iAw9xvM=">AAAB8HicbZBLSwMxFIXv1FetVcdu3QSL4KrMuNFlQRCXVewDOsOQSTNtaJIZkoxYhvkrblwo4q9x578xfSy09UDg45yEe3PijDNtPO/bqWxt7+zuVfdrB/XDo2P3pN7Taa4I7ZKUp2oQY005k7RrmOF0kCmKRcxpP57ezPP+E1WapfLRzDIaCjyWLGEEG2tFbqMI4gT1y6gIlEAPt5FfRm7Ta3kLoU3wV9CElTqR+xWMUpILKg3hWOuh72UmLLAyjHBa1oJc0wyTKR7ToUWJBdVhsdi9ROfWGaEkVfZIgxbu7xcFFlrPRGxvCmwmej2bm/9lw9wk12HBZJYbKslyUJJzZFI0LwKNmKLE8JkFTBSzuyIywQoTY+uq2RL89S9vQu+y5Xst/96DKpzCGVyAD1fQhjvoQBcIPMMLvMG7Uzqvzseyroqz6q0Bf+R8/gC26ZJm</latexit><latexit sha1_base64="aAyKNHUEhy7dZsKV24hq6wW7Mds=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5J40WNREI9V7Ac0IWy2m3bpZhN2N2IJ+StePCji1T/izX/jts1BWx8MPN6bYWZemHKmtON8W5W19Y3Nrep2bWd3b//APqx3VZJJQjsk4Ynsh1hRzgTtaKY57aeS4jjktBdOrmd+75FKxRLxoKcp9WM8EixiBGsjBXY998II9Yog92SM7m8CtwjshtN05kCrxC1JA0q0A/vLGyYki6nQhGOlBq6Taj/HUjPCaVHzMkVTTCZ4RAeGChxT5efz2wt0apQhihJpSmg0V39P5DhWahqHpjPGeqyWvZn4nzfIdHTp50ykmaaCLBZFGUc6QbMg0JBJSjSfGoKJZOZWRMZYYqJNXDUTgrv88irpnjddp+neOY3WVRlHFY7hBM7AhQtowS20oQMEnuAZXuHNKqwX6936WLRWrHLmCP7A+vwBEeSTyA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit>

+

+

NRF
<latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="aRAS/+LzrFlE0HyllF1WlfCoYzk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiIJ6kirHFNpTNdtMu3d2E3Y1QQv6FFw8qXv053vw3btsctPXBwOO9GWbmhQln2rjut1NaWl5ZXSuvVzY2t7Z3qrt7DzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6HLit56o0iyW92ac0EDggWQRI9hY6fGml3WVQHdXea9ac+vuFGiReAWpQYFmr/rV7cckFVQawrHWHc9NTJBhZRjhNK90U00TTEZ4QDuWSiyoDrLpxTk6skofRbGyJQ2aqr8nMiy0HovQdgpshnrem4j/eZ3URGdBxmSSGirJbFGUcmRiNHkf9ZmixPCxJZgoZm9FZIgVJsaGVLEhePMvLxL/pH5ed2/dWuOiSKMMB3AIx+DBKTTgGprgAwEJz/AKb452Xpx352PWWnKKmX34A+fzB2l9kEU=</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit>
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1st Analog Combiner 

2nd Analog Combiner

WBB
<latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="dRsAMiDxs5ciVXGmnQ0d9WsFlaY=">AAAB7nicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XvQo8+JxgvsDaylplm5hSVqSdDBKv4kXD4r4cbz5bUy3HXTzgcCP50l43zxxxpk2nvft1HZ29/YP6oeNo+bxyal71uzrNFeE9kjKUzWMsaacSdozzHA6zBTFIuZ0EM8eqnwwp0qzVD6bRUZDgSeSJYxgY63IdYsgTtCgjIpACdTplJHb8treUmgb/DW0YK1u5H4F45TkgkpDONZ65HuZCQusDCOclo0g1zTDZIYndGRRYkF1WCw3L9GVdcYoSZU90qCl+/tFgYXWCxHbmwKbqd7MKvO/bJSb5C4smMxyQyVZDUpyjkyKqhrQmClKDF9YwEQxuysiU6wwMbashi3B3/zyNvRv2r7X9p88qMMFXMI1+HAL9/AIXegBgTm8wBu8O4Xz6nys6qo5697O4Y+czx9vv5Gw</latexit><latexit sha1_base64="dRsAMiDxs5ciVXGmnQ0d9WsFlaY=">AAAB7nicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XvQo8+JxgvsDaylplm5hSVqSdDBKv4kXD4r4cbz5bUy3HXTzgcCP50l43zxxxpk2nvft1HZ29/YP6oeNo+bxyal71uzrNFeE9kjKUzWMsaacSdozzHA6zBTFIuZ0EM8eqnwwp0qzVD6bRUZDgSeSJYxgY63IdYsgTtCgjIpACdTplJHb8treUmgb/DW0YK1u5H4F45TkgkpDONZ65HuZCQusDCOclo0g1zTDZIYndGRRYkF1WCw3L9GVdcYoSZU90qCl+/tFgYXWCxHbmwKbqd7MKvO/bJSb5C4smMxyQyVZDUpyjkyKqhrQmClKDF9YwEQxuysiU6wwMbashi3B3/zyNvRv2r7X9p88qMMFXMI1+HAL9/AIXegBgTm8wBu8O4Xz6nys6qo5697O4Y+czx9vv5Gw</latexit><latexit sha1_base64="eQIWCopRw8W/wefPrx+fRvNynqY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0m86LHUi8cK9gOaUDbbTbt0dxN2N4US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8KOVMG8/7dipb2zu7e9X92sHh0fGJe3rW1UmmCO2QhCeqH2FNOZO0Y5jhtJ8qikXEaS+a3i/83owqzRL5ZOYpDQUeSxYzgo2Vhq6bB1GMesUwD5RArVYxdOtew1sCbRK/JHUo0R66X8EoIZmg0hCOtR74XmrCHCvDCKdFLcg0TTGZ4jEdWCqxoDrMl5cX6MoqIxQnypY0aKn+nsix0HouItspsJnodW8h/ucNMhPfhTmTaWaoJKtFccaRSdAiBjRiihLD55Zgopi9FZEJVpgYG1bNhuCvv7xJujcN32v4j1692SrjqMIFXMI1+HALTXiANnSAwAye4RXenNx5cd6dj1VrxSlnzuEPnM8fwx+TEA==</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit>

Low Resolution 

ULA

q Maximizing mutual information
§ Mutual information

P1 : Wopt
RF = argmax

WRF

C(WRF), s.t. WH

RFWRF = I.
<latexit sha1_base64="rw7NqPR3imgJP6SpIm2SBfdtzDY="></latexit><latexit sha1_base64="rw7NqPR3imgJP6SpIm2SBfdtzDY="></latexit><latexit sha1_base64="rw7NqPR3imgJP6SpIm2SBfdtzDY="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="19ZRl5pcLWGNdlsKhzGen/YeBkA="></latexit><latexit sha1_base64="19ZRl5pcLWGNdlsKhzGen/YeBkA="></latexit><latexit sha1_base64="2LyEISNoLLRCYHcLHbOtXgr8kNU="></latexit><latexit sha1_base64="rw7NqPR3imgJP6SpIm2SBfdtzDY="></latexit><latexit sha1_base64="rw7NqPR3imgJP6SpIm2SBfdtzDY="></latexit><latexit sha1_base64="rw7NqPR3imgJP6SpIm2SBfdtzDY="></latexit><latexit sha1_base64="rw7NqPR3imgJP6SpIm2SBfdtzDY="></latexit><latexit sha1_base64="rw7NqPR3imgJP6SpIm2SBfdtzDY="></latexit><latexit sha1_base64="rw7NqPR3imgJP6SpIm2SBfdtzDY="></latexit>

§ Relaxation: no constant modulus constraint on elements of analog combiner matrix
§ Relaxed maximum mutual-information problem

C(WRF) = log2
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<latexit sha1_base64="3f8lKg0/ti5ZRpaKZ+XyDGJqkJ8="></latexit>

WRF = WRF1WRF2
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Analog combiner
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Covariance matrix of quantization noise

: key role in changing quantization distribution

9/10/19

array response vector (ARV)
angle of arrival 

channel path gain
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Ph.D. Defense  Jinseok Choi

OPTIMAL SCALING LAW & TWO-STAGE SOLUTION

q Optimal scaling law with respect to number of RF chains NRF

Theorem 2 (Optimal scaling law)

C(Wopt
RF ) ⇠ Nu log2 NRF
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Optimal solution to achieves following scaling law w.r.t. number of RF chains:P1 : Wopt
RF = argmax

WRF

C(WRF), s.t. WH

RFWRF = I.
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Intuition

Moderate and even 
quantization noise distribution
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<latexit sha1_base64="+cSeEljK7bENxdjFiUS6rP3oBzI="></latexit><latexit sha1_base64="+cSeEljK7bENxdjFiUS6rP3oBzI="></latexit><latexit sha1_base64="+cSeEljK7bENxdjFiUS6rP3oBzI="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="5UpQI3BYGH/NQh9SW6vueq3cxEw=">AAACIXicbZBLSwMxFIXv+La+RrdugkXQTZlxo0uhIK5ExT6gU4dMmmlDk8mQZIQyzA9y418RxIVF/C9m2graeiHwcc4NyTlRypk2njd2lpZXVtfWNzYrW9s7u3vu/nZTy0wR2iCSS9WOsKacJbRhmOG0nSqKRcRpKxrWS7/1RJVmMnkwo5R2Be4nLGYEGyuFbh0FApsBwTyvFyd5EMWoVYR5oAS6vyoeJyBTU5yiQDOBbsIMBVz2wzOLP1uhW/Vq3mTQIvgzqMJsbkP3LehJkgmaGMKx1h3fS003x8owwmlRCTJNU0yGuE87FhMsqO7mk7AFOrZKD8VS2ZMYNFF/38ix0HokIrtZJtPzXin+53UyE190c5akmaEJmT4UZxwZicrmUI8pSgwfWcBEMftXRAZYYWJsvxVbgj8feRGaZzXf8p0HG3AIR3ACPpzDJVzDLTSAwDO8wgeMnRfn3fmc1rXkzHo7gD/jfH0DVmClgw==</latexit><latexit sha1_base64="5UpQI3BYGH/NQh9SW6vueq3cxEw=">AAACIXicbZBLSwMxFIXv+La+RrdugkXQTZlxo0uhIK5ExT6gU4dMmmlDk8mQZIQyzA9y418RxIVF/C9m2graeiHwcc4NyTlRypk2njd2lpZXVtfWNzYrW9s7u3vu/nZTy0wR2iCSS9WOsKacJbRhmOG0nSqKRcRpKxrWS7/1RJVmMnkwo5R2Be4nLGYEGyuFbh0FApsBwTyvFyd5EMWoVYR5oAS6vyoeJyBTU5yiQDOBbsIMBVz2wzOLP1uhW/Vq3mTQIvgzqMJsbkP3LehJkgmaGMKx1h3fS003x8owwmlRCTJNU0yGuE87FhMsqO7mk7AFOrZKD8VS2ZMYNFF/38ix0HokIrtZJtPzXin+53UyE190c5akmaEJmT4UZxwZicrmUI8pSgwfWcBEMftXRAZYYWJsvxVbgj8feRGaZzXf8p0HG3AIR3ACPpzDJVzDLTSAwDO8wgeMnRfn3fmc1rXkzHo7gD/jfH0DVmClgw==</latexit><latexit sha1_base64="ZcJ5dL2f98d8ajN03aL2PaNZH00="></latexit><latexit sha1_base64="+cSeEljK7bENxdjFiUS6rP3oBzI="></latexit><latexit sha1_base64="+cSeEljK7bENxdjFiUS6rP3oBzI="></latexit><latexit sha1_base64="+cSeEljK7bENxdjFiUS6rP3oBzI="></latexit><latexit sha1_base64="+cSeEljK7bENxdjFiUS6rP3oBzI="></latexit><latexit sha1_base64="+cSeEljK7bENxdjFiUS6rP3oBzI="></latexit><latexit sha1_base64="+cSeEljK7bENxdjFiUS6rP3oBzI="></latexit>

Optimal scaling law can be also achieved by using following two-stage combiners:

(i) W?
RF1

= [U1:NuU?]
<latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="0T5Vih5w4O5vkoK5q6cLvmiHOUA=">AAACHnicbZDLSgMxGIX/qbdaq45u3QSLUDdlxo0iCAVBXEkVe4HOOGTSTBuauZBkhDKMj+PGV3GjoKhPY3oRtPVA4Ms5Ccl//IQzqSzr0ygsLa+srhXXSxvlza1tc6fcknEqCG2SmMei42NJOYtoUzHFaScRFIc+p21/eD7O2/dUSBZHt2qUUDfE/YgFjGClLc+sV9nhQ+b4AWrnXpY5IkQ3F7ln53eOVFigM9SdpE2d2qdXXpqjn72TUJG4nlmxatZEaBHsGVRgpoZnvjq9mKQhjRThWMqubSXKzbBQjHCal5xU0gSTIe7TrsYIh1S62WTSHB1op4eCWOgVKTRxf9/IcCjlKPT1yRCrgZzPxuZ/WTdVwYmbsShJFY3I9KEg5UjFaFwb6jFBieIjDZgIpv+KyAALTJQut6RLsOdHXoTWUc3WfG1BEfZgH6pgwzHU4RIa0AQCj/AMb/BuPBkvxse0roIx620X/sj4+gYpZ6R1</latexit><latexit sha1_base64="0T5Vih5w4O5vkoK5q6cLvmiHOUA=">AAACHnicbZDLSgMxGIX/qbdaq45u3QSLUDdlxo0iCAVBXEkVe4HOOGTSTBuauZBkhDKMj+PGV3GjoKhPY3oRtPVA4Ms5Ccl//IQzqSzr0ygsLa+srhXXSxvlza1tc6fcknEqCG2SmMei42NJOYtoUzHFaScRFIc+p21/eD7O2/dUSBZHt2qUUDfE/YgFjGClLc+sV9nhQ+b4AWrnXpY5IkQ3F7ln53eOVFigM9SdpE2d2qdXXpqjn72TUJG4nlmxatZEaBHsGVRgpoZnvjq9mKQhjRThWMqubSXKzbBQjHCal5xU0gSTIe7TrsYIh1S62WTSHB1op4eCWOgVKTRxf9/IcCjlKPT1yRCrgZzPxuZ/WTdVwYmbsShJFY3I9KEg5UjFaFwb6jFBieIjDZgIpv+KyAALTJQut6RLsOdHXoTWUc3WfG1BEfZgH6pgwzHU4RIa0AQCj/AMb/BuPBkvxse0roIx620X/sj4+gYpZ6R1</latexit><latexit sha1_base64="/RSSw20FgIfUTenSEzYDqNbmWOI="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit>

(ii) W?
RF2

<latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="YEHk54xd3yQnO3+GI/ynFrpyjWU=">AAAB/nicbZDNS8MwGMbfzq85p1avXoJDmJfR7qJHQRCPU9wHrLWkWbqFpWlJUmGUevTiv+LFgyL+Gd78b8w+Drr5QODH8yS8eZ8w5Uxpx/m2SmvrG5tb5e3KTnV3b98+qHZUkklC2yThieyFWFHOBG1rpjntpZLiOOS0G44vp3n3gUrFEnGnJyn1YzwULGIEa2MFNqozdvqYe2GEukWQ556M0e1VETSLe09pLFFg15yGMxNaBXcBNVioFdhf3iAhWUyFJhwr1XedVPs5lpoRTouKlymaYjLGQ9o3KHBMlZ/PNinQiXEGKEqkOUKjmfv7RY5jpSZxaG7GWI/UcjY1/8v6mY7O/ZyJNNNUkPmgKONIJ2haCxowSYnmEwOYSGb+isgIS0y0Ka9iSnCXV16FTrPhGr5xoAxHcAx1cOEMLuAaWtAGAk/wAm/wbj1br9bHvK6StejtEP7I+vwB14WYEg==</latexit><latexit sha1_base64="YEHk54xd3yQnO3+GI/ynFrpyjWU=">AAAB/nicbZDNS8MwGMbfzq85p1avXoJDmJfR7qJHQRCPU9wHrLWkWbqFpWlJUmGUevTiv+LFgyL+Gd78b8w+Drr5QODH8yS8eZ8w5Uxpx/m2SmvrG5tb5e3KTnV3b98+qHZUkklC2yThieyFWFHOBG1rpjntpZLiOOS0G44vp3n3gUrFEnGnJyn1YzwULGIEa2MFNqozdvqYe2GEukWQ556M0e1VETSLe09pLFFg15yGMxNaBXcBNVioFdhf3iAhWUyFJhwr1XedVPs5lpoRTouKlymaYjLGQ9o3KHBMlZ/PNinQiXEGKEqkOUKjmfv7RY5jpSZxaG7GWI/UcjY1/8v6mY7O/ZyJNNNUkPmgKONIJ2haCxowSYnmEwOYSGb+isgIS0y0Ka9iSnCXV16FTrPhGr5xoAxHcAx1cOEMLuAaWtAGAk/wAm/wbj1br9bHvK6StejtEP7I+vwB14WYEg==</latexit><latexit sha1_base64="2jZ25m3ccX07CKscTFdWf5kGC+c=">AAACCXicbZC7TsMwFIYdrqXcAowsFhVSWaqkC4wVSIixIHqRmhA5rtNatZ3IdpCqKIwsvAoLAwix8gZsvA1umwFafsnSp/+co+PzhwmjSjvOt7W0vLK6tl7aKG9ube/s2nv7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0cWk3rknUtFY3OpxQnyOBoJGFCNtrMCGVUpPHjIvjGAnD7LMkxzeXOZBPb/zlEYSBnbFqTlTwUVwC6iAQs3A/vL6MU45ERozpFTPdRLtZ0hqihnJy16qSILwCA1Iz6BAnCg/m16Sw2Pj9GEUS/OEhlP390SGuFJjHppOjvRQzdcm5n+1XqqjMz+jIkk1EXi2KEoZ1DGcxAL7VBKs2dgAwpKav0I8RBJhbcIrmxDc+ZMXoV2vuYavnUrjvIijBA7BEagCF5yCBrgCTdACGDyCZ/AK3qwn68V6tz5mrUtWMXMA/sj6/AFu+pmC</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit>

: any NRF x NRF unitary matrix with constant modulus C(W?
RF1

W?
RF2

) ⇠ Nu log2 NRF
<latexit sha1_base64="Iq1wlavLuKvcj8iWb06AfvKnYDY="></latexit>

: SVD combiner
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BOUNDED MI FOR CONVENTIONAL OPTIMAL SOLUTION

q Mutual information achieved by SVD analog combining

Corollary 6 (Upper bound for SVD analog combining)

C
�
Wcv

RF

�
< Cub

svd = Nu log2

✓
1 +

↵b

1� ↵b

◆

<latexit sha1_base64="OKjd/2DQ06/T6YTc+4mJMn/CUeg="></latexit><latexit sha1_base64="OKjd/2DQ06/T6YTc+4mJMn/CUeg="></latexit><latexit sha1_base64="OKjd/2DQ06/T6YTc+4mJMn/CUeg="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="Tufp0RW8TfLEDr72fxbNJVNTYi0="></latexit><latexit sha1_base64="Tufp0RW8TfLEDr72fxbNJVNTYi0="></latexit><latexit sha1_base64="AGhyatvXzFLBX8i9gIkPYwTwL40="></latexit><latexit sha1_base64="OKjd/2DQ06/T6YTc+4mJMn/CUeg="></latexit><latexit sha1_base64="OKjd/2DQ06/T6YTc+4mJMn/CUeg="></latexit><latexit sha1_base64="OKjd/2DQ06/T6YTc+4mJMn/CUeg="></latexit><latexit sha1_base64="OKjd/2DQ06/T6YTc+4mJMn/CUeg="></latexit><latexit sha1_base64="OKjd/2DQ06/T6YTc+4mJMn/CUeg="></latexit><latexit sha1_base64="OKjd/2DQ06/T6YTc+4mJMn/CUeg="></latexit>

Wcv
RF = [U1:NuU?]

<latexit sha1_base64="/O0tR6ZdN+8/goD49w2WY96ATkQ=">AAACJnicbZBdS8MwFIbT+TXnV9VLb4JD8Gq0IijCYCiIVzLFboO1ljRLt7D0gyQdjNJf441/xRsvJiLe+VPMugq6eSDw5H3PITmvFzMqpGF8aqWl5ZXVtfJ6ZWNza3tH391riSjhmFg4YhHveEgQRkNiSSoZ6cScoMBjpO0Nr6Z+e0S4oFH4IMcxcQLUD6lPMZJKcvV6ans+bGdumto8gPfXWfaYEx5lsA67uW0p27y4dZMM/tztmPDYcfWqUTPygotgFlAFRTVdfWL3IpwEJJSYISG6phFLJ0VcUsxIVrETQWKEh6hPugpDFBDhpPmaGTxSSg/6EVcnlDBXf0+kKBBiHHiqM0ByIOa9qfif102kf+6kNIwTSUI8e8hPGJQRnGYGe5QTLNlYAcKcqr9CPEAcYamSragQzPmVF6F1UjMV351WG5dFHGVwAA7BMTDBGWiAG9AEFsDgCbyACXjTnrVX7V37mLWWtGJmH/wp7esbmnClOQ==</latexit><latexit sha1_base64="/O0tR6ZdN+8/goD49w2WY96ATkQ=">AAACJnicbZBdS8MwFIbT+TXnV9VLb4JD8Gq0IijCYCiIVzLFboO1ljRLt7D0gyQdjNJf441/xRsvJiLe+VPMugq6eSDw5H3PITmvFzMqpGF8aqWl5ZXVtfJ6ZWNza3tH391riSjhmFg4YhHveEgQRkNiSSoZ6cScoMBjpO0Nr6Z+e0S4oFH4IMcxcQLUD6lPMZJKcvV6ans+bGdumto8gPfXWfaYEx5lsA67uW0p27y4dZMM/tztmPDYcfWqUTPygotgFlAFRTVdfWL3IpwEJJSYISG6phFLJ0VcUsxIVrETQWKEh6hPugpDFBDhpPmaGTxSSg/6EVcnlDBXf0+kKBBiHHiqM0ByIOa9qfif102kf+6kNIwTSUI8e8hPGJQRnGYGe5QTLNlYAcKcqr9CPEAcYamSragQzPmVF6F1UjMV351WG5dFHGVwAA7BMTDBGWiAG9AEFsDgCbyACXjTnrVX7V37mLWWtGJmH/wp7esbmnClOQ==</latexit><latexit sha1_base64="/O0tR6ZdN+8/goD49w2WY96ATkQ=">AAACJnicbZBdS8MwFIbT+TXnV9VLb4JD8Gq0IijCYCiIVzLFboO1ljRLt7D0gyQdjNJf441/xRsvJiLe+VPMugq6eSDw5H3PITmvFzMqpGF8aqWl5ZXVtfJ6ZWNza3tH391riSjhmFg4YhHveEgQRkNiSSoZ6cScoMBjpO0Nr6Z+e0S4oFH4IMcxcQLUD6lPMZJKcvV6ans+bGdumto8gPfXWfaYEx5lsA67uW0p27y4dZMM/tztmPDYcfWqUTPygotgFlAFRTVdfWL3IpwEJJSYISG6phFLJ0VcUsxIVrETQWKEh6hPugpDFBDhpPmaGTxSSg/6EVcnlDBXf0+kKBBiHHiqM0ByIOa9qfif102kf+6kNIwTSUI8e8hPGJQRnGYGe5QTLNlYAcKcqr9CPEAcYamSragQzPmVF6F1UjMV351WG5dFHGVwAA7BMTDBGWiAG9AEFsDgCbyACXjTnrVX7V37mLWWtGJmH/wp7esbmnClOQ==</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="vZuL1/3vRU+tlOtbxxr29OcjFdo=">AAACG3icbZBNS8MwHMb/nW9zTq1evQSH4Gm0XhRhIAjiSaa4F1hrSbN0C0tfSNLBKP00XvwqXjxMRPw2Zt0E3Xwg8MvzJCT/x084k8qyvozS2vrG5lZ5u7JT3d3bNw+qbRmngtAWiXksuj6WlLOIthRTnHYTQXHoc9rxR9ezvDOmQrI4elSThLohHkQsYAQrbXlmI3P8AHVyL8scEaKHmzx/KoiMc9RAvSJu6di+vPPSHP3snYSKxPXMmlW3CqFVsBdQg4Wanjl1+jFJQxopwrGUPdtKlJthoRjhNK84qaQJJiM8oD2NEQ6pdLNizBydaKePgljoFSlUuL9vZDiUchL6+mSI1VAuZzPzv6yXquDCzViUpIpGZP5QkHKkYjTrDPWZoETxiQZMBNN/RWSIBSZKN1vRJdjLI69C+6xua763oAxHcAynYMM5XMEtNKEFBJ7hFabwbrwYb8bHvK6SsejtEP7I+PwGhkCjqA==</latexit><latexit sha1_base64="vZuL1/3vRU+tlOtbxxr29OcjFdo=">AAACG3icbZBNS8MwHMb/nW9zTq1evQSH4Gm0XhRhIAjiSaa4F1hrSbN0C0tfSNLBKP00XvwqXjxMRPw2Zt0E3Xwg8MvzJCT/x084k8qyvozS2vrG5lZ5u7JT3d3bNw+qbRmngtAWiXksuj6WlLOIthRTnHYTQXHoc9rxR9ezvDOmQrI4elSThLohHkQsYAQrbXlmI3P8AHVyL8scEaKHmzx/KoiMc9RAvSJu6di+vPPSHP3snYSKxPXMmlW3CqFVsBdQg4Wanjl1+jFJQxopwrGUPdtKlJthoRjhNK84qaQJJiM8oD2NEQ6pdLNizBydaKePgljoFSlUuL9vZDiUchL6+mSI1VAuZzPzv6yXquDCzViUpIpGZP5QkHKkYjTrDPWZoETxiQZMBNN/RWSIBSZKN1vRJdjLI69C+6xua763oAxHcAynYMM5XMEtNKEFBJ7hFabwbrwYb8bHvK6SsejtEP7I+PwGhkCjqA==</latexit><latexit sha1_base64="ylr3Ji+FEKQwk6l4IkA1A12xstw=">AAACJnicbZBNS8MwGMfT+TbnW9Wjl+AQPI3WiyIMhoJ4kinWDdpa0izdwtIXknQwSj+NF7+KFw8TEW9+FLOugm4+EPjl/38ekufvJ4wKaRifWmVpeWV1rbpe29jc2t7Rd/ceRJxyTCwcs5h3fSQIoxGxJJWMdBNOUOgz0vGHl1O/MyJc0Di6l+OEuCHqRzSgGEkleXozc/wAdnIvyxwewrurPH8sCI9y2IR2YVvKNs9vvDSHP3cnITxxPb1uNIyi4CKYJdRBWW1Pnzi9GKchiSRmSAjbNBLpZohLihnJa04qSILwEPWJrTBCIRFuVqyZwyOl9GAQc3UiCQv190SGQiHGoa86QyQHYt6biv95diqDMzejUZJKEuHZQ0HKoIzhNDPYo5xgycYKEOZU/RXiAeIIS5VsTYVgzq+8CA8nDVPxrVFvXZRxVMEBOATHwASnoAWuQRtYAIMn8AIm4E171l61d+1j1lrRypl98Ke0r2+ZMKU1</latexit><latexit sha1_base64="/O0tR6ZdN+8/goD49w2WY96ATkQ=">AAACJnicbZBdS8MwFIbT+TXnV9VLb4JD8Gq0IijCYCiIVzLFboO1ljRLt7D0gyQdjNJf441/xRsvJiLe+VPMugq6eSDw5H3PITmvFzMqpGF8aqWl5ZXVtfJ6ZWNza3tH391riSjhmFg4YhHveEgQRkNiSSoZ6cScoMBjpO0Nr6Z+e0S4oFH4IMcxcQLUD6lPMZJKcvV6ans+bGdumto8gPfXWfaYEx5lsA67uW0p27y4dZMM/tztmPDYcfWqUTPygotgFlAFRTVdfWL3IpwEJJSYISG6phFLJ0VcUsxIVrETQWKEh6hPugpDFBDhpPmaGTxSSg/6EVcnlDBXf0+kKBBiHHiqM0ByIOa9qfif102kf+6kNIwTSUI8e8hPGJQRnGYGe5QTLNlYAcKcqr9CPEAcYamSragQzPmVF6F1UjMV351WG5dFHGVwAA7BMTDBGWiAG9AEFsDgCbyACXjTnrVX7V37mLWWtGJmH/wp7esbmnClOQ==</latexit><latexit sha1_base64="/O0tR6ZdN+8/goD49w2WY96ATkQ=">AAACJnicbZBdS8MwFIbT+TXnV9VLb4JD8Gq0IijCYCiIVzLFboO1ljRLt7D0gyQdjNJf441/xRsvJiLe+VPMugq6eSDw5H3PITmvFzMqpGF8aqWl5ZXVtfJ6ZWNza3tH391riSjhmFg4YhHveEgQRkNiSSoZ6cScoMBjpO0Nr6Z+e0S4oFH4IMcxcQLUD6lPMZJKcvV6ans+bGdumto8gPfXWfaYEx5lsA67uW0p27y4dZMM/tztmPDYcfWqUTPygotgFlAFRTVdfWL3IpwEJJSYISG6phFLJ0VcUsxIVrETQWKEh6hPugpDFBDhpPmaGTxSSg/6EVcnlDBXf0+kKBBiHHiqM0ByIOa9qfif102kf+6kNIwTSUI8e8hPGJQRnGYGe5QTLNlYAcKcqr9CPEAcYamSragQzPmVF6F1UjMV351WG5dFHGVwAA7BMTDBGWiAG9AEFsDgCbyACXjTnrVX7V37mLWWtGJmH/wp7esbmnClOQ==</latexit><latexit sha1_base64="/O0tR6ZdN+8/goD49w2WY96ATkQ=">AAACJnicbZBdS8MwFIbT+TXnV9VLb4JD8Gq0IijCYCiIVzLFboO1ljRLt7D0gyQdjNJf441/xRsvJiLe+VPMugq6eSDw5H3PITmvFzMqpGF8aqWl5ZXVtfJ6ZWNza3tH391riSjhmFg4YhHveEgQRkNiSSoZ6cScoMBjpO0Nr6Z+e0S4oFH4IMcxcQLUD6lPMZJKcvV6ans+bGdumto8gPfXWfaYEx5lsA67uW0p27y4dZMM/tztmPDYcfWqUTPygotgFlAFRTVdfWL3IpwEJJSYISG6phFLJ0VcUsxIVrETQWKEh6hPugpDFBDhpPmaGTxSSg/6EVcnlDBXf0+kKBBiHHiqM0ByIOa9qfif102kf+6kNIwTSUI8e8hPGJQRnGYGe5QTLNlYAcKcqr9CPEAcYamSragQzPmVF6F1UjMV351WG5dFHGVwAA7BMTDBGWiAG9AEFsDgCbyACXjTnrVX7V37mLWWtGJmH/wp7esbmnClOQ==</latexit><latexit sha1_base64="/O0tR6ZdN+8/goD49w2WY96ATkQ=">AAACJnicbZBdS8MwFIbT+TXnV9VLb4JD8Gq0IijCYCiIVzLFboO1ljRLt7D0gyQdjNJf441/xRsvJiLe+VPMugq6eSDw5H3PITmvFzMqpGF8aqWl5ZXVtfJ6ZWNza3tH391riSjhmFg4YhHveEgQRkNiSSoZ6cScoMBjpO0Nr6Z+e0S4oFH4IMcxcQLUD6lPMZJKcvV6ans+bGdumto8gPfXWfaYEx5lsA67uW0p27y4dZMM/tztmPDYcfWqUTPygotgFlAFRTVdfWL3IpwEJJSYISG6phFLJ0VcUsxIVrETQWKEh6hPugpDFBDhpPmaGTxSSg/6EVcnlDBXf0+kKBBiHHiqM0ByIOa9qfif102kf+6kNIwTSUI8e8hPGJQRnGYGe5QTLNlYAcKcqr9CPEAcYamSragQzPmVF6F1UjMV351WG5dFHGVwAA7BMTDBGWiAG9AEFsDgCbyACXjTnrVX7V37mLWWtGJmH/wp7esbmnClOQ==</latexit><latexit sha1_base64="/O0tR6ZdN+8/goD49w2WY96ATkQ=">AAACJnicbZBdS8MwFIbT+TXnV9VLb4JD8Gq0IijCYCiIVzLFboO1ljRLt7D0gyQdjNJf441/xRsvJiLe+VPMugq6eSDw5H3PITmvFzMqpGF8aqWl5ZXVtfJ6ZWNza3tH391riSjhmFg4YhHveEgQRkNiSSoZ6cScoMBjpO0Nr6Z+e0S4oFH4IMcxcQLUD6lPMZJKcvV6ans+bGdumto8gPfXWfaYEx5lsA67uW0p27y4dZMM/tztmPDYcfWqUTPygotgFlAFRTVdfWL3IpwEJJSYISG6phFLJ0VcUsxIVrETQWKEh6hPugpDFBDhpPmaGTxSSg/6EVcnlDBXf0+kKBBiHHiqM0ByIOa9qfif102kf+6kNIwTSUI8e8hPGJQRnGYGe5QTLNlYAcKcqr9CPEAcYamSragQzPmVF6F1UjMV351WG5dFHGVwAA7BMTDBGWiAG9AEFsDgCbyACXjTnrVX7V37mLWWtGJmH/wp7esbmnClOQ==</latexit><latexit sha1_base64="/O0tR6ZdN+8/goD49w2WY96ATkQ=">AAACJnicbZBdS8MwFIbT+TXnV9VLb4JD8Gq0IijCYCiIVzLFboO1ljRLt7D0gyQdjNJf441/xRsvJiLe+VPMugq6eSDw5H3PITmvFzMqpGF8aqWl5ZXVtfJ6ZWNza3tH391riSjhmFg4YhHveEgQRkNiSSoZ6cScoMBjpO0Nr6Z+e0S4oFH4IMcxcQLUD6lPMZJKcvV6ans+bGdumto8gPfXWfaYEx5lsA67uW0p27y4dZMM/tztmPDYcfWqUTPygotgFlAFRTVdfWL3IpwEJJSYISG6phFLJ0VcUsxIVrETQWKEh6hPugpDFBDhpPmaGTxSSg/6EVcnlDBXf0+kKBBiHHiqM0ByIOa9qfif102kf+6kNIwTSUI8e8hPGJQRnGYGe5QTLNlYAcKcqr9CPEAcYamSragQzPmVF6F1UjMV351WG5dFHGVwAA7BMTDBGWiAG9AEFsDgCbyACXjTnrVX7V37mLWWtGJmH/wp7esbmnClOQ==</latexit>

MI for conventional optimal solution                                for perfect quantization systems is bounded by

Second analog combiner WRF2 in Theorem 2 addresses quantization noise enhancement

as ⇢ ! 1
<latexit sha1_base64="f+OGgAd/zwJvPDZr9fo1yqLxxRQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KkkVdFl047KCfUATymQ6aYdOJmHmRgyh4MZfceNCEbf+hDv/xmmbhbYeuHA4515mzgkSwTU4zre1tLyyurZe2ihvbm3v7Np7+y0dp4qyJo1FrDoB0UxwyZrAQbBOohiJAsHaweh64rfvmdI8lneQJcyPyEDykFMCRurZhx6wB8iJxmPsqWGMPTDDZQhZz644VWcKvEjcglRQgUbP/vL6MU0jJoEKonXXdRLwc6KAU8HGZS/VLCF0RAasa6gkEdN+Ps0wxidG6eMwVmYk4Kn6+yInkdZZFJjNiMBQz3sT8T+vm0J46edcJikwSWcPhanAJuekENznilEQmSGEKm7+iumQKELB1FY2JbjzkRdJq1Z1z6q12/NK/aqoo4SO0DE6RS66QHV0gxqoiSh6RM/oFb1ZT9aL9W59zFaXrOLmAP2B9fkDrhSXig==</latexit>

Proof
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<latexit sha1_base64="s5ZFglsNAGhsRU+Lk4oTnvtTqSA="></latexit>

matrix of channel eigenvalues

collects all channel gains:
Nu eigenvalues 

:

increases effective quantization noise:
large gains on a few ADCs

:

Quantization error term
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MAXIMUM MUTUAL INFORMATION – SPECIAL CASE

q Maximizing MI for special case: homogeneous channel singular values

Theorem 3 (Maximum Mutual Information)

W?
RF = argmax

WRF

C(WRF)
<latexit sha1_base64="0WW3gE+HFo4g+yG58HBDebx3nbA="></latexit><latexit sha1_base64="0WW3gE+HFo4g+yG58HBDebx3nbA="></latexit><latexit sha1_base64="0WW3gE+HFo4g+yG58HBDebx3nbA="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="p464sK3UMfGUZjBVNGEWrkzfBgk=">AAACL3icbZA9SwNBEIbn4leMUU9bm8UgxCbc2WgjCAGxjGJMIBePuc1esmTvg909MRz3u2z8FXYWNhaK+CfcxBQaHVh4eN9ZZuYNUsGVdpxnq7S0vLK6Vl6vbFQ3t7btneqNSjJJWZsmIpHdABUTPGZtzbVg3VQyjALBOsG4OfU7d0wqnsTXepKyfoTDmIecojaSb1/mXhCSTuHnnozI1Xlx6ymNkpwSD+XQi/DezxdbCiPrEUWRN4v6onno2zWn4cyK/AV3DjWYV8u3n7xBQrOIxZoKVKrnOqnu5yg1p4IVFS9TLEU6xiHrGYwxYqqfz04vyIFRBiRMpHmxJjP1548cI6UmUWA6p0urRW8q/uf1Mh2e9HMep5lmMf0eFGaC6IRMcyQDLhnVYmIAqeRmV0JHKJFqk3bFhOAunvwXbo4aruFLB8qwB/tQBxeO4QwuoAVtoPAAL/AG79aj9Wp9fMdVsua57cKvsj6/ANKKrAk=</latexit><latexit sha1_base64="p464sK3UMfGUZjBVNGEWrkzfBgk=">AAACL3icbZA9SwNBEIbn4leMUU9bm8UgxCbc2WgjCAGxjGJMIBePuc1esmTvg909MRz3u2z8FXYWNhaK+CfcxBQaHVh4eN9ZZuYNUsGVdpxnq7S0vLK6Vl6vbFQ3t7btneqNSjJJWZsmIpHdABUTPGZtzbVg3VQyjALBOsG4OfU7d0wqnsTXepKyfoTDmIecojaSb1/mXhCSTuHnnozI1Xlx6ymNkpwSD+XQi/DezxdbCiPrEUWRN4v6onno2zWn4cyK/AV3DjWYV8u3n7xBQrOIxZoKVKrnOqnu5yg1p4IVFS9TLEU6xiHrGYwxYqqfz04vyIFRBiRMpHmxJjP1548cI6UmUWA6p0urRW8q/uf1Mh2e9HMep5lmMf0eFGaC6IRMcyQDLhnVYmIAqeRmV0JHKJFqk3bFhOAunvwXbo4aruFLB8qwB/tQBxeO4QwuoAVtoPAAL/AG79aj9Wp9fMdVsua57cKvsj6/ANKKrAk=</latexit><latexit sha1_base64="y/Civ8SWHYUO6rt3dv/Jah3ngZM=">AAACOnicbVC7SgNBFJ31GeMramkzGITYhF0bbYRgQCwTMQ/IrsvdyWwyZPbBzKwYlv0uG7/CzsLGQhFbP8BJsoUmHhg4nHMuc+/xYs6kMs0XY2l5ZXVtvbBR3Nza3tkt7e23ZZQIQlsk4pHoeiApZyFtKaY47caCQuBx2vFG9YnfuadCsii8VeOYOgEMQuYzAkpLbqmZ2p6PO5mb2iLAN1fZnS0VCHyBbRADO4AHN52PZFpWQwI8rWeVefPELZXNqjkFXiRWTsooR8MtPdv9iCQBDRXhIGXPMmPlpCAUI5xmRTuRNAYyggHtaRpCQKWTTk/P8LFW+tiPhH6hwlP190QKgZTjwNPJydJy3puI/3m9RPnnTsrCOFE0JLOP/IRjFeFJj7jPBCWKjzUBIpjeFZMhCCBKt13UJVjzJy+S9mnV0rxplmuXeR0FdIiOUAVZ6AzV0DVqoBYi6BG9onf0YTwZb8an8TWLLhn5zAH6A+P7Bz74rao=</latexit><latexit sha1_base64="0WW3gE+HFo4g+yG58HBDebx3nbA="></latexit><latexit sha1_base64="0WW3gE+HFo4g+yG58HBDebx3nbA="></latexit><latexit sha1_base64="0WW3gE+HFo4g+yG58HBDebx3nbA="></latexit><latexit sha1_base64="0WW3gE+HFo4g+yG58HBDebx3nbA="></latexit><latexit sha1_base64="0WW3gE+HFo4g+yG58HBDebx3nbA="></latexit><latexit sha1_base64="0WW3gE+HFo4g+yG58HBDebx3nbA="></latexit>

s.t. WH

RFWRF = INRF and �1 = · · · = �Nu = �
<latexit sha1_base64="6fGcfR7zdWjjCfQGMgooigEnPPI="></latexit><latexit sha1_base64="6fGcfR7zdWjjCfQGMgooigEnPPI="></latexit><latexit sha1_base64="6fGcfR7zdWjjCfQGMgooigEnPPI="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="NLJkmuzYldxqBPxGeO4aOYgWCS4="></latexit><latexit sha1_base64="NLJkmuzYldxqBPxGeO4aOYgWCS4="></latexit><latexit sha1_base64="P1mJ+WtGAgFwRDkU45GhHJAZ4Nw="></latexit><latexit sha1_base64="6fGcfR7zdWjjCfQGMgooigEnPPI="></latexit><latexit sha1_base64="6fGcfR7zdWjjCfQGMgooigEnPPI="></latexit><latexit sha1_base64="6fGcfR7zdWjjCfQGMgooigEnPPI="></latexit><latexit sha1_base64="6fGcfR7zdWjjCfQGMgooigEnPPI="></latexit><latexit sha1_base64="6fGcfR7zdWjjCfQGMgooigEnPPI="></latexit><latexit sha1_base64="6fGcfR7zdWjjCfQGMgooigEnPPI="></latexit>

Copt , C(W?
RF) = Nu log2

✓
1 +

↵b�NRF

�Nu(1� ↵b) +NRF/⇢

◆

<latexit sha1_base64="kb92u31YrLsTz1bNl+LVw0Ka8dQ="></latexit><latexit sha1_base64="kb92u31YrLsTz1bNl+LVw0Ka8dQ="></latexit><latexit sha1_base64="kb92u31YrLsTz1bNl+LVw0Ka8dQ="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="EZIOIaegXBEiVmQ6ikwu7+W65CU="></latexit><latexit sha1_base64="EZIOIaegXBEiVmQ6ikwu7+W65CU="></latexit><latexit sha1_base64="2cHASqHyZUgJPNaie+bgNWv3QWY="></latexit><latexit sha1_base64="kb92u31YrLsTz1bNl+LVw0Ka8dQ="></latexit><latexit sha1_base64="kb92u31YrLsTz1bNl+LVw0Ka8dQ="></latexit><latexit sha1_base64="kb92u31YrLsTz1bNl+LVw0Ka8dQ="></latexit><latexit sha1_base64="kb92u31YrLsTz1bNl+LVw0Ka8dQ="></latexit><latexit sha1_base64="kb92u31YrLsTz1bNl+LVw0Ka8dQ="></latexit><latexit sha1_base64="kb92u31YrLsTz1bNl+LVw0Ka8dQ="></latexit>

Two-stage analog combining solution in Theorem 2,                               , is solution for:W?
RF = W?

RF1
W?

RF2
<latexit sha1_base64="9PcxQW85/3FOkOzLBsBWzvMl7jc=">AAACNnicbZDLSgMxFIYzXmu9jbp0EyyCqzJTBN0IRUHcCFXsBTrjkEkzbWiSGZKMUIY+lRufw103LhRx6yOYtqNo64HAz/+dw8n5w4RRpR1nZC0sLi2vrBbWiusbm1vb9s5uQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI82wfzHmzQciFY3FnR4kxOeoK2hEMdLGCuzrzAsj2BwGmSc5vL0c3ntKIwnP4A/4JoGbw3lSyUlgl5yyMyk4L9xclEBetcB+9joxTjkRGjOkVNt1Eu1nSGqKGRkWvVSRBOE+6pK2kQJxovxscvYQHhqnA6NYmic0nLi/JzLElRrw0HRypHtqlo3N/1g71dGpn1GRpJoIPF0UpQzqGI4zhB0qCdZsYATCkpq/QtxDEmFtki6aENzZk+dFo1J2jb45LlXP8zgKYB8cgCPgghNQBVegBuoAg0cwAq/gzXqyXqx362PaumDlM3vgT1mfXx2ZrC4=</latexit><latexit sha1_base64="9PcxQW85/3FOkOzLBsBWzvMl7jc=">AAACNnicbZDLSgMxFIYzXmu9jbp0EyyCqzJTBN0IRUHcCFXsBTrjkEkzbWiSGZKMUIY+lRufw103LhRx6yOYtqNo64HAz/+dw8n5w4RRpR1nZC0sLi2vrBbWiusbm1vb9s5uQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI82wfzHmzQciFY3FnR4kxOeoK2hEMdLGCuzrzAsj2BwGmSc5vL0c3ntKIwnP4A/4JoGbw3lSyUlgl5yyMyk4L9xclEBetcB+9joxTjkRGjOkVNt1Eu1nSGqKGRkWvVSRBOE+6pK2kQJxovxscvYQHhqnA6NYmic0nLi/JzLElRrw0HRypHtqlo3N/1g71dGpn1GRpJoIPF0UpQzqGI4zhB0qCdZsYATCkpq/QtxDEmFtki6aENzZk+dFo1J2jb45LlXP8zgKYB8cgCPgghNQBVegBuoAg0cwAq/gzXqyXqx362PaumDlM3vgT1mfXx2ZrC4=</latexit><latexit sha1_base64="9PcxQW85/3FOkOzLBsBWzvMl7jc=">AAACNnicbZDLSgMxFIYzXmu9jbp0EyyCqzJTBN0IRUHcCFXsBTrjkEkzbWiSGZKMUIY+lRufw103LhRx6yOYtqNo64HAz/+dw8n5w4RRpR1nZC0sLi2vrBbWiusbm1vb9s5uQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI82wfzHmzQciFY3FnR4kxOeoK2hEMdLGCuzrzAsj2BwGmSc5vL0c3ntKIwnP4A/4JoGbw3lSyUlgl5yyMyk4L9xclEBetcB+9joxTjkRGjOkVNt1Eu1nSGqKGRkWvVSRBOE+6pK2kQJxovxscvYQHhqnA6NYmic0nLi/JzLElRrw0HRypHtqlo3N/1g71dGpn1GRpJoIPF0UpQzqGI4zhB0qCdZsYATCkpq/QtxDEmFtki6aENzZk+dFo1J2jb45LlXP8zgKYB8cgCPgghNQBVegBuoAg0cwAq/gzXqyXqx362PaumDlM3vgT1mfXx2ZrC4=</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="Hp7ikJUiGJ5VFsjYdMROTRX8LGg=">AAACK3icbZBPS8MwGMbfzn9zTq1evQSH4Gm0u+hFEATxIkxxm7DWkmbpFpa0JUmFUfapvPg5vO3iQRG/htlWRTcfCDw8v4Q37xOmnCntOBOrtLK6tr5R3qxsVbd3du29alslmSS0RRKeyPsQK8pZTFuaaU7vU0mxCDnthMOLKe88UqlYEt/pUUp9gfsxixjB2kSBfZ17YYQ64yD3pEC3l+MHT2ks0Rn6Ad8kcAu4TBoFCeyaU3dmQsvGLUwNCjUD+8XrJSQTNNaEY6W6rpNqP8dSM8LpuOJliqaYDHGfdo2NsaDKz2drj9GRSXooSqQ5sUaz9PeLHAulRiI0NwXWA7XIpuF/rJvp6NTPWZxmmsZkPijKONIJmnaIekxSovnIGEwkM39FZIAlJto0XTEluIsrL5t2o+4af+NAGQ7gEI7BhRM4hytoQgsIPMEE3uDderZerY95XSWr6G0f/sj6/AK/s6qN</latexit><latexit sha1_base64="Hp7ikJUiGJ5VFsjYdMROTRX8LGg=">AAACK3icbZBPS8MwGMbfzn9zTq1evQSH4Gm0u+hFEATxIkxxm7DWkmbpFpa0JUmFUfapvPg5vO3iQRG/htlWRTcfCDw8v4Q37xOmnCntOBOrtLK6tr5R3qxsVbd3du29alslmSS0RRKeyPsQK8pZTFuaaU7vU0mxCDnthMOLKe88UqlYEt/pUUp9gfsxixjB2kSBfZ17YYQ64yD3pEC3l+MHT2ks0Rn6Ad8kcAu4TBoFCeyaU3dmQsvGLUwNCjUD+8XrJSQTNNaEY6W6rpNqP8dSM8LpuOJliqaYDHGfdo2NsaDKz2drj9GRSXooSqQ5sUaz9PeLHAulRiI0NwXWA7XIpuF/rJvp6NTPWZxmmsZkPijKONIJmnaIekxSovnIGEwkM39FZIAlJto0XTEluIsrL5t2o+4af+NAGQ7gEI7BhRM4hytoQgsIPMEE3uDderZerY95XSWr6G0f/sj6/AK/s6qN</latexit><latexit sha1_base64="jPfZX/uVHAhkYPd0MSV2JvXzVNY=">AAACNnicbZDLSgMxFIYz9VbrbdSlm2ARXJWZbnQjFAVxI1SxF+iMQybNtKFJZkgyQhn6VG58DnfduFDErY9g2o6irQcCP/93DifnDxNGlXacsVVYWl5ZXSuulzY2t7Z37N29popTiUkDxyyW7RApwqggDU01I+1EEsRDRlrh4GLCWw9EKhqLOz1MiM9RT9CIYqSNFdjXmRdGsDUKMk9yeHs5uveURhKewR/wTQI3h4ukmpPALjsVZ1pwUbi5KIO86oH97HVjnHIiNGZIqY7rJNrPkNQUMzIqeakiCcID1CMdIwXiRPnZ9OwRPDJOF0axNE9oOHV/T2SIKzXkoenkSPfVPJuY/7FOqqNTP6MiSTUReLYoShnUMZxkCLtUEqzZ0AiEJTV/hbiPJMLaJF0yIbjzJy+KZrXiGn3jlGvneRxFcAAOwTFwwQmogStQBw2AwSMYg1fwZj1ZL9a79TFrLVj5zD74U9bnFxxZrCo=</latexit><latexit sha1_base64="9PcxQW85/3FOkOzLBsBWzvMl7jc=">AAACNnicbZDLSgMxFIYzXmu9jbp0EyyCqzJTBN0IRUHcCFXsBTrjkEkzbWiSGZKMUIY+lRufw103LhRx6yOYtqNo64HAz/+dw8n5w4RRpR1nZC0sLi2vrBbWiusbm1vb9s5uQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI82wfzHmzQciFY3FnR4kxOeoK2hEMdLGCuzrzAsj2BwGmSc5vL0c3ntKIwnP4A/4JoGbw3lSyUlgl5yyMyk4L9xclEBetcB+9joxTjkRGjOkVNt1Eu1nSGqKGRkWvVSRBOE+6pK2kQJxovxscvYQHhqnA6NYmic0nLi/JzLElRrw0HRypHtqlo3N/1g71dGpn1GRpJoIPF0UpQzqGI4zhB0qCdZsYATCkpq/QtxDEmFtki6aENzZk+dFo1J2jb45LlXP8zgKYB8cgCPgghNQBVegBuoAg0cwAq/gzXqyXqx362PaumDlM3vgT1mfXx2ZrC4=</latexit><latexit sha1_base64="9PcxQW85/3FOkOzLBsBWzvMl7jc=">AAACNnicbZDLSgMxFIYzXmu9jbp0EyyCqzJTBN0IRUHcCFXsBTrjkEkzbWiSGZKMUIY+lRufw103LhRx6yOYtqNo64HAz/+dw8n5w4RRpR1nZC0sLi2vrBbWiusbm1vb9s5uQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI82wfzHmzQciFY3FnR4kxOeoK2hEMdLGCuzrzAsj2BwGmSc5vL0c3ntKIwnP4A/4JoGbw3lSyUlgl5yyMyk4L9xclEBetcB+9joxTjkRGjOkVNt1Eu1nSGqKGRkWvVSRBOE+6pK2kQJxovxscvYQHhqnA6NYmic0nLi/JzLElRrw0HRypHtqlo3N/1g71dGpn1GRpJoIPF0UpQzqGI4zhB0qCdZsYATCkpq/QtxDEmFtki6aENzZk+dFo1J2jb45LlXP8zgKYB8cgCPgghNQBVegBuoAg0cwAq/gzXqyXqx362PaumDlM3vgT1mfXx2ZrC4=</latexit><latexit sha1_base64="9PcxQW85/3FOkOzLBsBWzvMl7jc=">AAACNnicbZDLSgMxFIYzXmu9jbp0EyyCqzJTBN0IRUHcCFXsBTrjkEkzbWiSGZKMUIY+lRufw103LhRx6yOYtqNo64HAz/+dw8n5w4RRpR1nZC0sLi2vrBbWiusbm1vb9s5uQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI82wfzHmzQciFY3FnR4kxOeoK2hEMdLGCuzrzAsj2BwGmSc5vL0c3ntKIwnP4A/4JoGbw3lSyUlgl5yyMyk4L9xclEBetcB+9joxTjkRGjOkVNt1Eu1nSGqKGRkWvVSRBOE+6pK2kQJxovxscvYQHhqnA6NYmic0nLi/JzLElRrw0HRypHtqlo3N/1g71dGpn1GRpJoIPF0UpQzqGI4zhB0qCdZsYATCkpq/QtxDEmFtki6aENzZk+dFo1J2jb45LlXP8zgKYB8cgCPgghNQBVegBuoAg0cwAq/gzXqyXqx362PaumDlM3vgT1mfXx2ZrC4=</latexit><latexit sha1_base64="9PcxQW85/3FOkOzLBsBWzvMl7jc=">AAACNnicbZDLSgMxFIYzXmu9jbp0EyyCqzJTBN0IRUHcCFXsBTrjkEkzbWiSGZKMUIY+lRufw103LhRx6yOYtqNo64HAz/+dw8n5w4RRpR1nZC0sLi2vrBbWiusbm1vb9s5uQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI82wfzHmzQciFY3FnR4kxOeoK2hEMdLGCuzrzAsj2BwGmSc5vL0c3ntKIwnP4A/4JoGbw3lSyUlgl5yyMyk4L9xclEBetcB+9joxTjkRGjOkVNt1Eu1nSGqKGRkWvVSRBOE+6pK2kQJxovxscvYQHhqnA6NYmic0nLi/JzLElRrw0HRypHtqlo3N/1g71dGpn1GRpJoIPF0UpQzqGI4zhB0qCdZsYATCkpq/QtxDEmFtki6aENzZk+dFo1J2jb45LlXP8zgKYB8cgCPgghNQBVegBuoAg0cwAq/gzXqyXqx362PaumDlM3vgT1mfXx2ZrC4=</latexit><latexit sha1_base64="9PcxQW85/3FOkOzLBsBWzvMl7jc=">AAACNnicbZDLSgMxFIYzXmu9jbp0EyyCqzJTBN0IRUHcCFXsBTrjkEkzbWiSGZKMUIY+lRufw103LhRx6yOYtqNo64HAz/+dw8n5w4RRpR1nZC0sLi2vrBbWiusbm1vb9s5uQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI82wfzHmzQciFY3FnR4kxOeoK2hEMdLGCuzrzAsj2BwGmSc5vL0c3ntKIwnP4A/4JoGbw3lSyUlgl5yyMyk4L9xclEBetcB+9joxTjkRGjOkVNt1Eu1nSGqKGRkWvVSRBOE+6pK2kQJxovxscvYQHhqnA6NYmic0nLi/JzLElRrw0HRypHtqlo3N/1g71dGpn1GRpJoIPF0UpQzqGI4zhB0qCdZsYATCkpq/QtxDEmFtki6aENzZk+dFo1J2jb45LlXP8zgKYB8cgCPgghNQBVegBuoAg0cwAq/gzXqyXqx362PaumDlM3vgT1mfXx2ZrC4=</latexit><latexit sha1_base64="9PcxQW85/3FOkOzLBsBWzvMl7jc=">AAACNnicbZDLSgMxFIYzXmu9jbp0EyyCqzJTBN0IRUHcCFXsBTrjkEkzbWiSGZKMUIY+lRufw103LhRx6yOYtqNo64HAz/+dw8n5w4RRpR1nZC0sLi2vrBbWiusbm1vb9s5uQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI82wfzHmzQciFY3FnR4kxOeoK2hEMdLGCuzrzAsj2BwGmSc5vL0c3ntKIwnP4A/4JoGbw3lSyUlgl5yyMyk4L9xclEBetcB+9joxTjkRGjOkVNt1Eu1nSGqKGRkWvVSRBOE+6pK2kQJxovxscvYQHhqnA6NYmic0nLi/JzLElRrw0HRypHtqlo3N/1g71dGpn1GRpJoIPF0UpQzqGI4zhB0qCdZsYATCkpq/QtxDEmFtki6aENzZk+dFo1J2jb45LlXP8zgKYB8cgCPgghNQBVegBuoAg0cwAq/gzXqyXqx362PaumDlM3vgT1mfXx2ZrC4=</latexit>

and achieves maximum mutual information:

Proof sketch

9/10/19

(a) Show                                                    is upper bounded by

(b) Then,                      

(c) Find upper bound of C(WRF) by using Jensen’s inequality with (b)

(d) Show upper bound of C(WRF)  can be achieved with                                    by replacing                 in Proof of Theorem 2                                                                     

⇤̄⇤⇤ = diag{�̄1, · · · , �̄m, 0, · · · , 0}
<latexit sha1_base64="GCDBMkjxPoGsSmviFEUtcgzStno="></latexit>

�I
<latexit sha1_base64="ZTufDYWCQG+ojG6dcU9jFzxUUz0=">AAAB9HicbVDLSsNAFL2pr1pfUZduBovgqiRV0GXRje4q2Ac0oUwmk3boZBJnJoUS+h1uXCji1o9x5984bbPQ1gMDh3PO5d45QcqZ0o7zbZXW1jc2t8rblZ3dvf0D+/CorZJMEtoiCU9kN8CKciZoSzPNaTeVFMcBp51gdDvzO2MqFUvEo56k1I/xQLCIEayN5HvcREOMvCBC93276tScOdAqcQtShQLNvv3lhQnJYio04Vipnuuk2s+x1IxwOq14maIpJiM8oD1DBY6p8vP50VN0ZpQQRYk0T2g0V39P5DhWahIHJhljPVTL3kz8z+tlOrr2cybSTFNBFouijCOdoFkDKGSSEs0nhmAimbkVkSGWmGjTU8WU4C5/eZW06zX3olZ/uKw2boo6ynACp3AOLlxBA+6gCS0g8ATP8Apv1th6sd6tj0W0ZBUzx/AH1ucPusKRag==</latexit>
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: achieves optimal scaling
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TWO-STAGE ANALOG COMBINING ALGORITHM 

q Implementation of two-stage analog combiner under practical constraints
§ Key constraints:  (1) Constant modulus condition on elements of analog combining matrix

(2) Finite resolution of phase shifters

Two-stage analog combining architecture provides favorable structure for implementation 

1st analog combiner 

2nd analog combiner 

: capture max channel gain

: null space projection (for orthogonality)

: AoA codebook

*ARV: array response vector *TSAC: two-stage analog combiner
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- Closely meets first condition in Theorem 2
: left eigenvectors (channel gain aggregation) 

- Perfectly meets second condition in Theorem 2
: unitary with constant modulus (spreading) 

§ First analog combiner

§ Second analog combiner

ARVs collect most sparse beam-domain channel gain 

DFT matrix or Hadamard matrix can be used

- Low cost; negligible power consumption once configured
: independent to channel condition

implemented with fixed phase shifters

CONTRIBUTION 4:TWO-STAGE COMBINING
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PERFORMANCE ANALYSIS

q Ergodic rate of ARV-TSAC method with maximum ratio combining (MRC)

Theorem 4 (Ergodic rate of two-stage combining)

For MRC digital combining, ergodic rate of ARV-TSAC is approximated as 

 = NRF/Nr
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R̄mrc ⇡ Nu log2

 
1 +

⇢↵bNRF(1 + 1/L)

+ ⇢(Nu � 1) + 2⇢(1� ↵b)

!
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where 

§ Two-stage analog combining

§ One-stage analog combining

Corollary 7 (Ergodic rate of one-stage combining)

R̄mrc
one⇡Nulog2

 
1+

⇢↵bNRF(1 + 1/L)

+⇢(Nu�1)+2⇢(1�↵b)NRF/L

!
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For MRC digital combining, ergodic rate of one-stage analog combining is approximated as 

 = NRF/Nr
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where 

Two-stage analog combining achieves optimal scaling law with linear receiver

: achieves optimal scaling

: cannot achieve optimal scaling

9/10/19 36CONTRIBUTION 4:TWO-STAGE COMBINING



Ph.D. Defense  Jinseok Choi

Fig. 12: Mutual information vs. SNR
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Fig. 13: Signal power on each RF chainFig. 11: Mutual information vs. # RF chains

§ ARV-TSAC: proposed two-stage analog combining
§ SVD+DFT:                           

§ ARV:                        designed from ARV-TSAC
§ Greedy-MI:  greedy maximization based on ARVs 
§ SVD:

Infeasible

Infeasible

and                          (Theorem 2)

SIMULATION RESULTS 1
q Simulated algorithms

WRF = WRF1
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WRF1 = U1:NRF
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WRF2 = WDFT
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WRF1 = U1:NRF
<latexit sha1_base64="3jnKi4Xl0ulzqsAZFJ/cXkKX824=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARBKEkVVAEoSiIK6li2kITwmQ6aYdOLsxMhBLyEG58FTcuFHHrwp1v4zSNoK0HBn6+/xzOnN+LGRXSML600tz8wuJSebmysrq2vqFvbrVElHBMLByxiHc8JAijIbEklYx0Yk5Q4DHS9oYXY799T7igUXgnRzFxAtQPqU8xkgq5+kFqez5sZ25q8wDeXrpmBs9gDi0FzdPrHyfLXL1q1Iy84KwwC1EFRTVd/dPuRTgJSCgxQ0J0TSOWToq4pJiRrGIngsQID1GfdJUMUUCEk+ZHZXBPkR70I65eKGFOf0+kKBBiFHiqM0ByIKa9MfzP6ybSP3FSGsaJJCGeLPITBmUExwnBHuUESzZSAmFO1V8hHiCOsFQ5VlQI5vTJs6JVr5mHtfrNUbVxXsRRBjtgF+wDExyDBrgCTWABDB7AE3gBr9qj9qy9ae+T1pJWzGyDP6V9fAN0qJ0y</latexit>

Two-
stage

One-
stage

Fig. 11 Fig. 12 Fig. 13

𝑁% = 256 𝑁% = 128 𝑁% = 128

𝑁& = 8 𝑁& = 8 𝑁& = 4

# paths = 4 # paths = 3 # paths = 3

𝑏 = 2 𝑏 = 2 𝑁"# = 16

SNR = 0 dB 𝑁"# = 43, 64 SNR = 10 dB

C(Wopt
RF ) ⇠ Nu log2 NRF
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3 ~ 6 dB gain
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SIMULATION RESULTS 2

Low resolution regime

§ (Figure 14) NRF/Nr = 1/3, Nu = 8, b = 2, # paths = 3, and SNR = 0 dB
q Linear digital equalizer: maximum ratio combiner 

Fig. 14: Rate vs. # RF chains Fig. 15: Rate vs. Quantization bits

§ (Figure 15) Nr = 128, NRF = 43, Nu = 8, b = 2, # paths = 3

Two-stage analog combining is effective in low-resolution ADC regime 

C(Wopt
RF ) ⇠ Nu log2 NRF
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: due to increasing Nr
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SPECTRAL VS ENERGY EFFICIENCYTRADE-OFF

§ Two-stage analog combining receiver (contribution 4)
§ Resolution-adaptive ADC receiver (contribution 2)
§ Conventional one-stage analog combining receiver
§ Fully digital receiver 

q Simulated algorithms in low-resolution ADC system

*SE: spectral efficiency *EE: energy efficiency

9/10/19 39

Bandwidth 1 GHz # users 4

SNR 10 dB # channel paths 2

q System parameters
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SUMMARY

…

+

+

Nr
<latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YPjYUY6mZl+PMGQzSIXrq/Vl55M=">AAAB3nicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnuHElFR1baIeSSe+0oZnMkNwRSukjuHGh4mO5821MfxbaeiDwcU5C7j1xrqQl3//21tY3Nre2Szvl3cre/kH1sPJks8IIDEWmMtOKuUUlNYYkSWErN8jTWGEzHt5M8+YzGisz/UijHKOU97VMpODkrIe7rulWa37dn4mtQrCAGizU6Fa/Or1MFClqEopb2w78nKIxNySFwkm5U1jMuRjyPrYdap6ijcazUSfs1Dk9lmTGHU1s5v5+MeaptaM0djdTTgO7nE3N/7J2QcllNJY6Lwi1mH+UFIpRxqZ7s540KEiNHHBhpJuViQE3XJBrp+xKCJZXXoXwvH5V9+99KMExnMAZBHAB13ALDQhBQB9e4A3ePeW9eh/ztta8RW1H8Efe5w+BOIw2</latexit><latexit sha1_base64="YPjYUY6mZl+PMGQzSIXrq/Vl55M=">AAAB3nicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnuHElFR1baIeSSe+0oZnMkNwRSukjuHGh4mO5821MfxbaeiDwcU5C7j1xrqQl3//21tY3Nre2Szvl3cre/kH1sPJks8IIDEWmMtOKuUUlNYYkSWErN8jTWGEzHt5M8+YzGisz/UijHKOU97VMpODkrIe7rulWa37dn4mtQrCAGizU6Fa/Or1MFClqEopb2w78nKIxNySFwkm5U1jMuRjyPrYdap6ijcazUSfs1Dk9lmTGHU1s5v5+MeaptaM0djdTTgO7nE3N/7J2QcllNJY6Lwi1mH+UFIpRxqZ7s540KEiNHHBhpJuViQE3XJBrp+xKCJZXXoXwvH5V9+99KMExnMAZBHAB13ALDQhBQB9e4A3ePeW9eh/ztta8RW1H8Efe5w+BOIw2</latexit><latexit sha1_base64="FEsCQ60M+cu7oMmKnzg6WRcFBXY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiF09S0dhCG8pmu2mXbjZhdyKU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dkorq2vrG+XNytb2zu5edf/g0SSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqd+64lrIxL1gOOUBzEdKBEJRtFK97c93avW3Lo7A1kmXkFqUKDZq351+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oScWKVPokTbUkhm6u+JnMbGjOPQdsYUh2bRm4r/eZ0Mo4sgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3x5mfhn9cu6e+fWGldFGmU4gmM4BQ/OoQE30AQfGAzgGV7hzZHOi/PufMxbS04xcwh/4Hz+AJpUjYY=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YPjYUY6mZl+PMGQzSIXrq/Vl55M=">AAAB3nicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnuHElFR1baIeSSe+0oZnMkNwRSukjuHGh4mO5821MfxbaeiDwcU5C7j1xrqQl3//21tY3Nre2Szvl3cre/kH1sPJks8IIDEWmMtOKuUUlNYYkSWErN8jTWGEzHt5M8+YzGisz/UijHKOU97VMpODkrIe7rulWa37dn4mtQrCAGizU6Fa/Or1MFClqEopb2w78nKIxNySFwkm5U1jMuRjyPrYdap6ijcazUSfs1Dk9lmTGHU1s5v5+MeaptaM0djdTTgO7nE3N/7J2QcllNJY6Lwi1mH+UFIpRxqZ7s540KEiNHHBhpJuViQE3XJBrp+xKCJZXXoXwvH5V9+99KMExnMAZBHAB13ALDQhBQB9e4A3ePeW9eh/ztta8RW1H8Efe5w+BOIw2</latexit><latexit sha1_base64="YPjYUY6mZl+PMGQzSIXrq/Vl55M=">AAAB3nicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnuHElFR1baIeSSe+0oZnMkNwRSukjuHGh4mO5821MfxbaeiDwcU5C7j1xrqQl3//21tY3Nre2Szvl3cre/kH1sPJks8IIDEWmMtOKuUUlNYYkSWErN8jTWGEzHt5M8+YzGisz/UijHKOU97VMpODkrIe7rulWa37dn4mtQrCAGizU6Fa/Or1MFClqEopb2w78nKIxNySFwkm5U1jMuRjyPrYdap6ijcazUSfs1Dk9lmTGHU1s5v5+MeaptaM0djdTTgO7nE3N/7J2QcllNJY6Lwi1mH+UFIpRxqZ7s540KEiNHHBhpJuViQE3XJBrp+xKCJZXXoXwvH5V9+99KMExnMAZBHAB13ALDQhBQB9e4A3ePeW9eh/ztta8RW1H8Efe5w+BOIw2</latexit><latexit sha1_base64="FEsCQ60M+cu7oMmKnzg6WRcFBXY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiF09S0dhCG8pmu2mXbjZhdyKU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dkorq2vrG+XNytb2zu5edf/g0SSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqd+64lrIxL1gOOUBzEdKBEJRtFK97c93avW3Lo7A1kmXkFqUKDZq351+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oScWKVPokTbUkhm6u+JnMbGjOPQdsYUh2bRm4r/eZ0Mo4sgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3x5mfhn9cu6e+fWGldFGmU4gmM4BQ/OoQE30AQfGAzgGV7hzZHOi/PufMxbS04xcwh/4Hz+AJpUjYY=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit><latexit sha1_base64="xOwMelBCcefmfw9B9hS0sQMQJys=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKdzc93avW3Lo7A/lLvILUoECzV/3s9hOWxVwhk9SYjuemGORUo2CSTyrdzPCUshEd8I6lisbcBPns1Ak5skqfRIm2pZDM1J8TOY2NGceh7YwpDs2iNxX/8zoZRudBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06FRuCt/jyX+Kf1C/q7u1prXFZpFGGAziEY/DgDBpwDU3wgcEAnuAFXh3pPDtvzvu8teQUM/vwC87HN5uUjYo=</latexit>

NRF
<latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="aRAS/+LzrFlE0HyllF1WlfCoYzk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiIJ6kirHFNpTNdtMu3d2E3Y1QQv6FFw8qXv053vw3btsctPXBwOO9GWbmhQln2rjut1NaWl5ZXSuvVzY2t7Z3qrt7DzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6HLit56o0iyW92ac0EDggWQRI9hY6fGml3WVQHdXea9ac+vuFGiReAWpQYFmr/rV7cckFVQawrHWHc9NTJBhZRjhNK90U00TTEZ4QDuWSiyoDrLpxTk6skofRbGyJQ2aqr8nMiy0HovQdgpshnrem4j/eZ3URGdBxmSSGirJbFGUcmRiNHkf9ZmixPCxJZgoZm9FZIgVJsaGVLEhePMvLxL/pH5ed2/dWuOiSKMMB3AIx+DBKTTgGprgAwEJz/AKb452Xpx352PWWnKKmX34A+fzB2l9kEU=</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit>
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ŝ1
<latexit sha1_base64="1gmWXp+o9FN4u29MEWNsLahEpN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqp3R1SJKbn9ao1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Ac4Cj1k=</latexit><latexit sha1_base64="1gmWXp+o9FN4u29MEWNsLahEpN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqp3R1SJKbn9ao1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Ac4Cj1k=</latexit><latexit sha1_base64="1gmWXp+o9FN4u29MEWNsLahEpN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKLucZzyIKYDJSLBKFqp3R1SJKbn9ao1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrT8dwUg5xqFEzySaWbGZ5SNqID3rFU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfGEh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8Ac4Cj1k=</latexit>

ŝ2
<latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="cE8bpjQP6BAVMoiHpdwRsVVxhOE=">AAAB43icbZDNSgMxFIXv+Ftr1erWTbAIrspMN+pOcOOygrWFdih30kwbmsmMyR2hDH0JNy5UfCd3vo3pz0JbDwQ+zknIvSfKlLTk+9/exubW9s5uaa+8Xzk4PKoeVx5tmhsuWjxVqelEaIWSWrRIkhKdzAhMIiXa0fh2lrefhbEy1Q80yUSY4FDLWHIkZ3V6IyRm+41+tebX/bnYOgRLqMFSzX71qzdIeZ4ITVyhtd3Azygs0JDkSkzLvdyKDPkYh6LrUGMibFjM552yc+cMWJwadzSxufv7RYGJtZMkcjcTpJFdzWbmf1k3p/gqLKTOchKaLz6Kc8UoZbPl2UAawUlNHCA30s3K+AgNcnIVlV0JwerK69Bq1K/r/r0PJTiFM7iAAC7hBu6gCS3goOAF3uDde/JevY9FWxvesrYT+CPv8weiH44B</latexit><latexit sha1_base64="cE8bpjQP6BAVMoiHpdwRsVVxhOE=">AAAB43icbZDNSgMxFIXv+Ftr1erWTbAIrspMN+pOcOOygrWFdih30kwbmsmMyR2hDH0JNy5UfCd3vo3pz0JbDwQ+zknIvSfKlLTk+9/exubW9s5uaa+8Xzk4PKoeVx5tmhsuWjxVqelEaIWSWrRIkhKdzAhMIiXa0fh2lrefhbEy1Q80yUSY4FDLWHIkZ3V6IyRm+41+tebX/bnYOgRLqMFSzX71qzdIeZ4ITVyhtd3Azygs0JDkSkzLvdyKDPkYh6LrUGMibFjM552yc+cMWJwadzSxufv7RYGJtZMkcjcTpJFdzWbmf1k3p/gqLKTOchKaLz6Kc8UoZbPl2UAawUlNHCA30s3K+AgNcnIVlV0JwerK69Bq1K/r/r0PJTiFM7iAAC7hBu6gCS3goOAF3uDde/JevY9FWxvesrYT+CPv8weiH44B</latexit><latexit sha1_base64="u/1MnWxlwn7OcIcGffOn4rIX/gA=">AAAB7nicbVBNT8JAEJ3iF+IX6tHLRmLiibRc1BvRi0dMrJBAQ7bLFjZst3V3akIa/oQXD2q8+nu8+W9coAcFXzLJy3szmZkXplIYdN1vp7S2vrG5Vd6u7Ozu7R9UD48eTJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4Zua3n7g2IlH3OEl5ENOhEpFgFK3U6Y0oEtNv9Ks1t+7OQVaJV5AaFGj1q1+9QcKymCtkkhrT9dwUg5xqFEzyaaWXGZ5SNqZD3rVU0ZibIJ/fOyVnVhmQKNG2FJK5+nsip7Exkzi0nTHFkVn2ZuJ/XjfD6DLIhUoz5IotFkWZJJiQ2fNkIDRnKCeWUKaFvZWwEdWUoY2oYkPwll9eJX6jflV379xa87pIowwncArn4MEFNOEWWuADAwnP8ApvzqPz4rw7H4vWklPMHMMfOJ8/zkWPVg==</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit>

ŝNu
<latexit sha1_base64="a8QNwroln7lenXMQzLPV4D6KZ6k=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FL56kgrGFNoTNdtMu3Xy4OymUkN/hxYOKV/+MN/+N2zYHbX0w8Hhvhpl5fiKFRtv+tkorq2vrG+XNytb2zu5edf/gUcepYtxhsYxVx6eaSxFxBwVK3kkUp6Evedsf3Uz99pgrLeLoAScJd0M6iEQgGEUjub0hxUznXnbnpblXrdl1ewayTBoFqUGBllf96vVjloY8Qiap1t2GnaCbUYWCSZ5XeqnmCWUjOuBdQyMacu1ms6NzcmKUPgliZSpCMlN/T2Q01HoS+qYzpDjUi95U/M/rphhcupmIkhR5xOaLglQSjMk0AdIXijOUE0MoU8LcStiQKsrQ5FQxITQWX14mzln9qm7fn9ea10UaZTiCYziFBlxAE26hBQ4weIJneIU3a2y9WO/Wx7y1ZBUzh/AH1ucPxwCSTA==</latexit><latexit sha1_base64="a8QNwroln7lenXMQzLPV4D6KZ6k=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FL56kgrGFNoTNdtMu3Xy4OymUkN/hxYOKV/+MN/+N2zYHbX0w8Hhvhpl5fiKFRtv+tkorq2vrG+XNytb2zu5edf/gUcepYtxhsYxVx6eaSxFxBwVK3kkUp6Evedsf3Uz99pgrLeLoAScJd0M6iEQgGEUjub0hxUznXnbnpblXrdl1ewayTBoFqUGBllf96vVjloY8Qiap1t2GnaCbUYWCSZ5XeqnmCWUjOuBdQyMacu1ms6NzcmKUPgliZSpCMlN/T2Q01HoS+qYzpDjUi95U/M/rphhcupmIkhR5xOaLglQSjMk0AdIXijOUE0MoU8LcStiQKsrQ5FQxITQWX14mzln9qm7fn9ea10UaZTiCYziFBlxAE26hBQ4weIJneIU3a2y9WO/Wx7y1ZBUzh/AH1ucPxwCSTA==</latexit><latexit sha1_base64="a8QNwroln7lenXMQzLPV4D6KZ6k=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FL56kgrGFNoTNdtMu3Xy4OymUkN/hxYOKV/+MN/+N2zYHbX0w8Hhvhpl5fiKFRtv+tkorq2vrG+XNytb2zu5edf/gUcepYtxhsYxVx6eaSxFxBwVK3kkUp6Evedsf3Uz99pgrLeLoAScJd0M6iEQgGEUjub0hxUznXnbnpblXrdl1ewayTBoFqUGBllf96vVjloY8Qiap1t2GnaCbUYWCSZ5XeqnmCWUjOuBdQyMacu1ms6NzcmKUPgliZSpCMlN/T2Q01HoS+qYzpDjUi95U/M/rphhcupmIkhR5xOaLglQSjMk0AdIXijOUE0MoU8LcStiQKsrQ5FQxITQWX14mzln9qm7fn9ea10UaZTiCYziFBlxAE26hBQ4weIJneIU3a2y9WO/Wx7y1ZBUzh/AH1ucPxwCSTA==</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="jIhsAxq4yjTwbEeJQ0O31FU731A=">AAAB6HicbZDNSgMxFIXv1L9aq1a3boJFcFVm3Kg7wY0rqeDYQjsMmTTThmYyY3KnUIZ5DjcuVHwid76N6c9CWw8EPs5JuDcnyqQw6LrfTmVjc2t7p7pb26vvHxw2jupPJs014z5LZaq7ETVcCsV9FCh5N9OcJpHknWh8O8s7E66NSNUjTjMeJHSoRCwYRWsF/RHFwpRhcR/mZdhoui13LrIO3hKasFQ7bHz1BynLE66QSWpMz3MzDAqqUTDJy1o/NzyjbEyHvGdR0YSboJgvXZIz6wxInGp7FJK5+/tFQRNjpklkbyYUR2Y1m5n/Zb0c46ugECrLkSu2GBTnkmBKZg2QgdCcoZxaoEwLuythI6opQ9tTzZbgrX55HfyL1nXLfXChCidwCufgwSXcwB20wQcGz/ACb/DuTJxX52PRVsVZ1nYMf+R8/gB6GpDu</latexit><latexit sha1_base64="jIhsAxq4yjTwbEeJQ0O31FU731A=">AAAB6HicbZDNSgMxFIXv1L9aq1a3boJFcFVm3Kg7wY0rqeDYQjsMmTTThmYyY3KnUIZ5DjcuVHwid76N6c9CWw8EPs5JuDcnyqQw6LrfTmVjc2t7p7pb26vvHxw2jupPJs014z5LZaq7ETVcCsV9FCh5N9OcJpHknWh8O8s7E66NSNUjTjMeJHSoRCwYRWsF/RHFwpRhcR/mZdhoui13LrIO3hKasFQ7bHz1BynLE66QSWpMz3MzDAqqUTDJy1o/NzyjbEyHvGdR0YSboJgvXZIz6wxInGp7FJK5+/tFQRNjpklkbyYUR2Y1m5n/Zb0c46ugECrLkSu2GBTnkmBKZg2QgdCcoZxaoEwLuythI6opQ9tTzZbgrX55HfyL1nXLfXChCidwCufgwSXcwB20wQcGz/ACb/DuTJxX52PRVsVZ1nYMf+R8/gB6GpDu</latexit><latexit sha1_base64="YBsZh/NNrfaDGZyycrpt+MKgN34=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSRe1FvRiyepYLTQhrDZbtqlm03cnRRKyO/w4kHFq3/Gm//GbZuDtj4YeLw3w8y8MBVco+N8W5WV1bX1jepmbWt7Z3evvn/woJNMUebRRCSqExLNBJfMQ46CdVLFSBwK9hiOrqf+45gpzRN5j5OU+TEZSB5xStBIfm9IMNdFkN8GWRHUG07TmcFeJm5JGlCiHdS/ev2EZjGTSAXRuus6Kfo5UcipYEWtl2mWEjoiA9Y1VJKYaT+fHV3YJ0bp21GiTEm0Z+rviZzEWk/i0HTGBId60ZuK/3ndDKMLP+cyzZBJOl8UZcLGxJ4mYPe5YhTFxBBCFTe32nRIFKFocqqZENzFl5eJd9a8bDp3TqN1VaZRhSM4hlNw4RxacANt8IDCEzzDK7xZY+vFerc+5q0Vq5w5hD+wPn8AxcCSSA==</latexit><latexit sha1_base64="a8QNwroln7lenXMQzLPV4D6KZ6k=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FL56kgrGFNoTNdtMu3Xy4OymUkN/hxYOKV/+MN/+N2zYHbX0w8Hhvhpl5fiKFRtv+tkorq2vrG+XNytb2zu5edf/gUcepYtxhsYxVx6eaSxFxBwVK3kkUp6Evedsf3Uz99pgrLeLoAScJd0M6iEQgGEUjub0hxUznXnbnpblXrdl1ewayTBoFqUGBllf96vVjloY8Qiap1t2GnaCbUYWCSZ5XeqnmCWUjOuBdQyMacu1ms6NzcmKUPgliZSpCMlN/T2Q01HoS+qYzpDjUi95U/M/rphhcupmIkhR5xOaLglQSjMk0AdIXijOUE0MoU8LcStiQKsrQ5FQxITQWX14mzln9qm7fn9ea10UaZTiCYziFBlxAE26hBQ4weIJneIU3a2y9WO/Wx7y1ZBUzh/AH1ucPxwCSTA==</latexit><latexit sha1_base64="a8QNwroln7lenXMQzLPV4D6KZ6k=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FL56kgrGFNoTNdtMu3Xy4OymUkN/hxYOKV/+MN/+N2zYHbX0w8Hhvhpl5fiKFRtv+tkorq2vrG+XNytb2zu5edf/gUcepYtxhsYxVx6eaSxFxBwVK3kkUp6Evedsf3Uz99pgrLeLoAScJd0M6iEQgGEUjub0hxUznXnbnpblXrdl1ewayTBoFqUGBllf96vVjloY8Qiap1t2GnaCbUYWCSZ5XeqnmCWUjOuBdQyMacu1ms6NzcmKUPgliZSpCMlN/T2Q01HoS+qYzpDjUi95U/M/rphhcupmIkhR5xOaLglQSjMk0AdIXijOUE0MoU8LcStiQKsrQ5FQxITQWX14mzln9qm7fn9ea10UaZTiCYziFBlxAE26hBQ4weIJneIU3a2y9WO/Wx7y1ZBUzh/AH1ucPxwCSTA==</latexit><latexit sha1_base64="a8QNwroln7lenXMQzLPV4D6KZ6k=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FL56kgrGFNoTNdtMu3Xy4OymUkN/hxYOKV/+MN/+N2zYHbX0w8Hhvhpl5fiKFRtv+tkorq2vrG+XNytb2zu5edf/gUcepYtxhsYxVx6eaSxFxBwVK3kkUp6Evedsf3Uz99pgrLeLoAScJd0M6iEQgGEUjub0hxUznXnbnpblXrdl1ewayTBoFqUGBllf96vVjloY8Qiap1t2GnaCbUYWCSZ5XeqnmCWUjOuBdQyMacu1ms6NzcmKUPgliZSpCMlN/T2Q01HoS+qYzpDjUi95U/M/rphhcupmIkhR5xOaLglQSjMk0AdIXijOUE0MoU8LcStiQKsrQ5FQxITQWX14mzln9qm7fn9ea10UaZTiCYziFBlxAE26hBQ4weIJneIU3a2y9WO/Wx7y1ZBUzh/AH1ucPxwCSTA==</latexit><latexit sha1_base64="a8QNwroln7lenXMQzLPV4D6KZ6k=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FL56kgrGFNoTNdtMu3Xy4OymUkN/hxYOKV/+MN/+N2zYHbX0w8Hhvhpl5fiKFRtv+tkorq2vrG+XNytb2zu5edf/gUcepYtxhsYxVx6eaSxFxBwVK3kkUp6Evedsf3Uz99pgrLeLoAScJd0M6iEQgGEUjub0hxUznXnbnpblXrdl1ewayTBoFqUGBllf96vVjloY8Qiap1t2GnaCbUYWCSZ5XeqnmCWUjOuBdQyMacu1ms6NzcmKUPgliZSpCMlN/T2Q01HoS+qYzpDjUi95U/M/rphhcupmIkhR5xOaLglQSjMk0AdIXijOUE0MoU8LcStiQKsrQ5FQxITQWX14mzln9qm7fn9ea10UaZTiCYziFBlxAE26hBQ4weIJneIU3a2y9WO/Wx7y1ZBUzh/AH1ucPxwCSTA==</latexit><latexit sha1_base64="a8QNwroln7lenXMQzLPV4D6KZ6k=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FL56kgrGFNoTNdtMu3Xy4OymUkN/hxYOKV/+MN/+N2zYHbX0w8Hhvhpl5fiKFRtv+tkorq2vrG+XNytb2zu5edf/gUcepYtxhsYxVx6eaSxFxBwVK3kkUp6Evedsf3Uz99pgrLeLoAScJd0M6iEQgGEUjub0hxUznXnbnpblXrdl1ewayTBoFqUGBllf96vVjloY8Qiap1t2GnaCbUYWCSZ5XeqnmCWUjOuBdQyMacu1ms6NzcmKUPgliZSpCMlN/T2Q01HoS+qYzpDjUi95U/M/rphhcupmIkhR5xOaLglQSjMk0AdIXijOUE0MoU8LcStiQKsrQ5FQxITQWX14mzln9qm7fn9ea10UaZTiCYziFBlxAE26hBQ4weIJneIU3a2y9WO/Wx7y1ZBUzh/AH1ucPxwCSTA==</latexit>
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<latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="1ncff6iVFvtQizXg4pY4iAw9xvM=">AAAB8HicbZBLSwMxFIXv1FetVcdu3QSL4KrMuNFlQRCXVewDOsOQSTNtaJIZkoxYhvkrblwo4q9x578xfSy09UDg45yEe3PijDNtPO/bqWxt7+zuVfdrB/XDo2P3pN7Taa4I7ZKUp2oQY005k7RrmOF0kCmKRcxpP57ezPP+E1WapfLRzDIaCjyWLGEEG2tFbqMI4gT1y6gIlEAPt5FfRm7Ta3kLoU3wV9CElTqR+xWMUpILKg3hWOuh72UmLLAyjHBa1oJc0wyTKR7ToUWJBdVhsdi9ROfWGaEkVfZIgxbu7xcFFlrPRGxvCmwmej2bm/9lw9wk12HBZJYbKslyUJJzZFI0LwKNmKLE8JkFTBSzuyIywQoTY+uq2RL89S9vQu+y5Xst/96DKpzCGVyAD1fQhjvoQBcIPMMLvMG7Uzqvzseyroqz6q0Bf+R8/gC26ZJm</latexit><latexit sha1_base64="1ncff6iVFvtQizXg4pY4iAw9xvM=">AAAB8HicbZBLSwMxFIXv1FetVcdu3QSL4KrMuNFlQRCXVewDOsOQSTNtaJIZkoxYhvkrblwo4q9x578xfSy09UDg45yEe3PijDNtPO/bqWxt7+zuVfdrB/XDo2P3pN7Taa4I7ZKUp2oQY005k7RrmOF0kCmKRcxpP57ezPP+E1WapfLRzDIaCjyWLGEEG2tFbqMI4gT1y6gIlEAPt5FfRm7Ta3kLoU3wV9CElTqR+xWMUpILKg3hWOuh72UmLLAyjHBa1oJc0wyTKR7ToUWJBdVhsdi9ROfWGaEkVfZIgxbu7xcFFlrPRGxvCmwmej2bm/9lw9wk12HBZJYbKslyUJJzZFI0LwKNmKLE8JkFTBSzuyIywQoTY+uq2RL89S9vQu+y5Xst/96DKpzCGVyAD1fQhjvoQBcIPMMLvMG7Uzqvzseyroqz6q0Bf+R8/gC26ZJm</latexit><latexit sha1_base64="aAyKNHUEhy7dZsKV24hq6wW7Mds=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5J40WNREI9V7Ac0IWy2m3bpZhN2N2IJ+StePCji1T/izX/jts1BWx8MPN6bYWZemHKmtON8W5W19Y3Nrep2bWd3b//APqx3VZJJQjsk4Ynsh1hRzgTtaKY57aeS4jjktBdOrmd+75FKxRLxoKcp9WM8EixiBGsjBXY998II9Yog92SM7m8CtwjshtN05kCrxC1JA0q0A/vLGyYki6nQhGOlBq6Taj/HUjPCaVHzMkVTTCZ4RAeGChxT5efz2wt0apQhihJpSmg0V39P5DhWahqHpjPGeqyWvZn4nzfIdHTp50ykmaaCLBZFGUc6QbMg0JBJSjSfGoKJZOZWRMZYYqJNXDUTgrv88irpnjddp+neOY3WVRlHFY7hBM7AhQtowS20oQMEnuAZXuHNKqwX6936WLRWrHLmCP7A+vwBEeSTyA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit><latexit sha1_base64="KhWUzAp/N+6JgMqoiu8Pqbs0t/E=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dvH9Q6KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H11O/+0ilYkn8oCcp9QUexixiBGsjBXYt98IIdYsg96RA9zeBWwR23Wk4M6Bl4pakDiVagf3lDRKSCRprwrFSfddJtZ9jqRnhtKh6maIpJmM8pH1DYyyo8vPZ7QU6McoARYk0FWs0U39P5FgoNRGh6RRYj9SiNxX/8/qZji79nMVppmlM5ouijCOdoGkQaMAkJZpPDMFEMnMrIiMsMdEmrqoJwV18eZl0zhqu03DvzuvNqzKOChzBMZyCCxfQhFtoQRsIPMEzvMKbVVgv1rv1MW9dscqZQ/gD6/MHEySTzA==</latexit>

+

+

NRF
<latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="YcdVFt98ot6yyYbd7DE1gzjDpd0=">AAAB5XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnCOJKqji22A4lk95pQ5PMkGSEMvQt3LhQ8ZXc+TamPwttPRD4OCch9544E9xY3//2VlbX1jc2S1vl7crO7l51v/Jo0lwzDFkqUt2KqUHBFYaWW4GtTCOVscBmPLya5M1n1Ian6sGOMowk7SuecEats55uu0VHS3J/Pe5Wa37dn4osQzCHGszV6Fa/Or2U5RKVZYIa0w78zEYF1ZYzgeNyJzeYUTakfWw7VFSiiYrpxGNy7JweSVLtjrJk6v5+UVBpzEjG7qakdmAWs4n5X9bObXIeFVxluUXFZh8luSA2JZP1SY9rZFaMHFCmuZuVsAHVlFlXUtmVECyuvAzhaf2i7t/5UIJDOIITCOAMLuEGGhACAwUv8AbvnvFevY9ZWyvevLYD+CPv8wczbo7u</latexit><latexit sha1_base64="aRAS/+LzrFlE0HyllF1WlfCoYzk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8qLeiIJ6kirHFNpTNdtMu3d2E3Y1QQv6FFw8qXv053vw3btsctPXBwOO9GWbmhQln2rjut1NaWl5ZXSuvVzY2t7Z3qrt7DzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6HLit56o0iyW92ac0EDggWQRI9hY6fGml3WVQHdXea9ac+vuFGiReAWpQYFmr/rV7cckFVQawrHWHc9NTJBhZRjhNK90U00TTEZ4QDuWSiyoDrLpxTk6skofRbGyJQ2aqr8nMiy0HovQdgpshnrem4j/eZ3URGdBxmSSGirJbFGUcmRiNHkf9ZmixPCxJZgoZm9FZIgVJsaGVLEhePMvLxL/pH5ed2/dWuOiSKMMB3AIx+DBKTTgGprgAwEJz/AKb452Xpx352PWWnKKmX34A+fzB2l9kEU=</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit><latexit sha1_base64="e9YoNMr24iEmWeDVUokT11KrR5M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXorCuJJqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305haXllda24XtrY3NreKe/uPeg4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw8uJ33yiSrNY3ptRQgOB+5JFjGBjpcebbtZRAt1djbvlilt1p0CLxMtJBXI0uuWvTi8mqaDSEI61bntuYoIMK8MIp+NSJ9U0wWSI+7RtqcSC6iCbXjxGR1bpoShWtqRBU/X3RIaF1iMR2k6BzUDPexPxP6+dmugsyJhMUkMlmS2KUo5MjCbvox5TlBg+sgQTxeytiAywwsTYkEo2BG/+5UXin1TPq+7taaV+kadRhAM4hGPwoAZ1uIYG+EBAwjO8wpujnRfn3fmYtRacfGYf/sD5/AFqvZBJ</latexit>

…
…

…

…

…

WRF2
<latexit sha1_base64="9wHO6zjByWrH1JEQEOEjKlQavW0=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IUQY9FQTxWsR/QhLDZbtqlu0nY3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0rb9bZXW1jc2t8rblZ3dvf2D6mGtq+JUEtohMY9lP8CKchbRjmaa034iKRYBp71gcj3ze49UKhZHD3qaUE/gUcRCRrA2kl+tZW4Qol7uZ64U6P7Gb+Z+tW437DnQKnEKUocCbb/65Q5jkgoaacKxUgPHTrSXYakZ4TSvuKmiCSYTPKIDQyMsqPKy+e05OjXKEIWxNBVpNFd/T2RYKDUVgekUWI/VsjcT//MGqQ4vvYxFSappRBaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjLDHRJq6KCcFZfnmVdJsNx244d+f11lURRxmO4QTOwIELaMEttKEDBJ7gGV7hzcqtF+vd+li0lqxi5gj+wPr8ARSpk80=</latexit><latexit sha1_base64="9wHO6zjByWrH1JEQEOEjKlQavW0=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IUQY9FQTxWsR/QhLDZbtqlu0nY3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0rb9bZXW1jc2t8rblZ3dvf2D6mGtq+JUEtohMY9lP8CKchbRjmaa034iKRYBp71gcj3ze49UKhZHD3qaUE/gUcRCRrA2kl+tZW4Qol7uZ64U6P7Gb+Z+tW437DnQKnEKUocCbb/65Q5jkgoaacKxUgPHTrSXYakZ4TSvuKmiCSYTPKIDQyMsqPKy+e05OjXKEIWxNBVpNFd/T2RYKDUVgekUWI/VsjcT//MGqQ4vvYxFSappRBaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjLDHRJq6KCcFZfnmVdJsNx244d+f11lURRxmO4QTOwIELaMEttKEDBJ7gGV7hzcqtF+vd+li0lqxi5gj+wPr8ARSpk80=</latexit><latexit sha1_base64="9wHO6zjByWrH1JEQEOEjKlQavW0=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IUQY9FQTxWsR/QhLDZbtqlu0nY3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0rb9bZXW1jc2t8rblZ3dvf2D6mGtq+JUEtohMY9lP8CKchbRjmaa034iKRYBp71gcj3ze49UKhZHD3qaUE/gUcRCRrA2kl+tZW4Qol7uZ64U6P7Gb+Z+tW437DnQKnEKUocCbb/65Q5jkgoaacKxUgPHTrSXYakZ4TSvuKmiCSYTPKIDQyMsqPKy+e05OjXKEIWxNBVpNFd/T2RYKDUVgekUWI/VsjcT//MGqQ4vvYxFSappRBaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjLDHRJq6KCcFZfnmVdJsNx244d+f11lURRxmO4QTOwIELaMEttKEDBJ7gGV7hzcqtF+vd+li0lqxi5gj+wPr8ARSpk80=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="sgAlkIUhGA2QF4tZLgtZjtnRaIA=">AAAB8HicbZBLSwMxFIXv1FetVcdu3QSL4KrMdKNLQRCXVewDOsOQSTNtaJIZkoxYhvkrblwo4q9x578xfSy09UDg45yEe3PijDNtPO/bqWxt7+zuVfdrB/XDo2P3pN7Taa4I7ZKUp2oQY005k7RrmOF0kCmKRcxpP57ezPP+E1WapfLRzDIaCjyWLGEEG2tFbqMI4gT1y6gIlEAPt1G7jNym1/IWQpvgr6AJK3Ui9ysYpSQXVBrCsdZD38tMWGBlGOG0rAW5phkmUzymQ4sSC6rDYrF7ic6tM0JJquyRBi3c3y8KLLSeidjeFNhM9Ho2N//LhrlJrsKCySw3VJLloCTnyKRoXgQaMUWJ4TMLmChmd0VkghUmxtZVsyX461/ehF675Xst/96DKpzCGVyAD5dwDXfQgS4QeIYXeIN3p3RenY9lXRVn1VsD/sj5/AG4Y5Jn</latexit><latexit sha1_base64="sgAlkIUhGA2QF4tZLgtZjtnRaIA=">AAAB8HicbZBLSwMxFIXv1FetVcdu3QSL4KrMdKNLQRCXVewDOsOQSTNtaJIZkoxYhvkrblwo4q9x578xfSy09UDg45yEe3PijDNtPO/bqWxt7+zuVfdrB/XDo2P3pN7Taa4I7ZKUp2oQY005k7RrmOF0kCmKRcxpP57ezPP+E1WapfLRzDIaCjyWLGEEG2tFbqMI4gT1y6gIlEAPt1G7jNym1/IWQpvgr6AJK3Ui9ysYpSQXVBrCsdZD38tMWGBlGOG0rAW5phkmUzymQ4sSC6rDYrF7ic6tM0JJquyRBi3c3y8KLLSeidjeFNhM9Ho2N//LhrlJrsKCySw3VJLloCTnyKRoXgQaMUWJ4TMLmChmd0VkghUmxtZVsyX461/ehF675Xst/96DKpzCGVyAD5dwDXfQgS4QeIYXeIN3p3RenY9lXRVn1VsD/sj5/AG4Y5Jn</latexit><latexit sha1_base64="ossnSFo/cDzLT/2YSR1Npl+GWLY=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJJe9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1tr6xubWdmWnuru3f3BoH9W6KskkoR2S8ET2Q6woZzHtaKY57aeSYhFy2gsn1zO/90ilYkn8oKcp9QUexSxiBGsjBXYt98II9Yog96RA9zdBswjsutNw5kCrxC1JHUq0A/vLGyYkEzTWhGOlBq6Taj/HUjPCaVH1MkVTTCZ4RAeGxlhQ5efz2wt0ZpQhihJpKtZorv6eyLFQaipC0ymwHqtlbyb+5w0yHV36OYvTTNOYLBZFGUc6QbMg0JBJSjSfGoKJZOZWRMZYYqJNXFUTgrv88irpNhuu03DvnHrrqoyjAidwCufgwgW04Bba0AECT/AMr/BmFdaL9W59LFrXrHLmGP7A+vwBE2mTyQ==</latexit><latexit sha1_base64="9wHO6zjByWrH1JEQEOEjKlQavW0=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IUQY9FQTxWsR/QhLDZbtqlu0nY3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0rb9bZXW1jc2t8rblZ3dvf2D6mGtq+JUEtohMY9lP8CKchbRjmaa034iKRYBp71gcj3ze49UKhZHD3qaUE/gUcRCRrA2kl+tZW4Qol7uZ64U6P7Gb+Z+tW437DnQKnEKUocCbb/65Q5jkgoaacKxUgPHTrSXYakZ4TSvuKmiCSYTPKIDQyMsqPKy+e05OjXKEIWxNBVpNFd/T2RYKDUVgekUWI/VsjcT//MGqQ4vvYxFSappRBaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjLDHRJq6KCcFZfnmVdJsNx244d+f11lURRxmO4QTOwIELaMEttKEDBJ7gGV7hzcqtF+vd+li0lqxi5gj+wPr8ARSpk80=</latexit><latexit sha1_base64="9wHO6zjByWrH1JEQEOEjKlQavW0=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IUQY9FQTxWsR/QhLDZbtqlu0nY3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0rb9bZXW1jc2t8rblZ3dvf2D6mGtq+JUEtohMY9lP8CKchbRjmaa034iKRYBp71gcj3ze49UKhZHD3qaUE/gUcRCRrA2kl+tZW4Qol7uZ64U6P7Gb+Z+tW437DnQKnEKUocCbb/65Q5jkgoaacKxUgPHTrSXYakZ4TSvuKmiCSYTPKIDQyMsqPKy+e05OjXKEIWxNBVpNFd/T2RYKDUVgekUWI/VsjcT//MGqQ4vvYxFSappRBaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjLDHRJq6KCcFZfnmVdJsNx244d+f11lURRxmO4QTOwIELaMEttKEDBJ7gGV7hzcqtF+vd+li0lqxi5gj+wPr8ARSpk80=</latexit><latexit sha1_base64="9wHO6zjByWrH1JEQEOEjKlQavW0=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IUQY9FQTxWsR/QhLDZbtqlu0nY3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0rb9bZXW1jc2t8rblZ3dvf2D6mGtq+JUEtohMY9lP8CKchbRjmaa034iKRYBp71gcj3ze49UKhZHD3qaUE/gUcRCRrA2kl+tZW4Qol7uZ64U6P7Gb+Z+tW437DnQKnEKUocCbb/65Q5jkgoaacKxUgPHTrSXYakZ4TSvuKmiCSYTPKIDQyMsqPKy+e05OjXKEIWxNBVpNFd/T2RYKDUVgekUWI/VsjcT//MGqQ4vvYxFSappRBaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjLDHRJq6KCcFZfnmVdJsNx244d+f11lURRxmO4QTOwIELaMEttKEDBJ7gGV7hzcqtF+vd+li0lqxi5gj+wPr8ARSpk80=</latexit><latexit sha1_base64="9wHO6zjByWrH1JEQEOEjKlQavW0=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IUQY9FQTxWsR/QhLDZbtqlu0nY3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0rb9bZXW1jc2t8rblZ3dvf2D6mGtq+JUEtohMY9lP8CKchbRjmaa034iKRYBp71gcj3ze49UKhZHD3qaUE/gUcRCRrA2kl+tZW4Qol7uZ64U6P7Gb+Z+tW437DnQKnEKUocCbb/65Q5jkgoaacKxUgPHTrSXYakZ4TSvuKmiCSYTPKIDQyMsqPKy+e05OjXKEIWxNBVpNFd/T2RYKDUVgekUWI/VsjcT//MGqQ4vvYxFSappRBaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjLDHRJq6KCcFZfnmVdJsNx244d+f11lURRxmO4QTOwIELaMEttKEDBJ7gGV7hzcqtF+vd+li0lqxi5gj+wPr8ARSpk80=</latexit><latexit sha1_base64="9wHO6zjByWrH1JEQEOEjKlQavW0=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IUQY9FQTxWsR/QhLDZbtqlu0nY3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0rb9bZXW1jc2t8rblZ3dvf2D6mGtq+JUEtohMY9lP8CKchbRjmaa034iKRYBp71gcj3ze49UKhZHD3qaUE/gUcRCRrA2kl+tZW4Qol7uZ64U6P7Gb+Z+tW437DnQKnEKUocCbb/65Q5jkgoaacKxUgPHTrSXYakZ4TSvuKmiCSYTPKIDQyMsqPKy+e05OjXKEIWxNBVpNFd/T2RYKDUVgekUWI/VsjcT//MGqQ4vvYxFSappRBaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjLDHRJq6KCcFZfnmVdJsNx244d+f11lURRxmO4QTOwIELaMEttKEDBJ7gGV7hzcqtF+vd+li0lqxi5gj+wPr8ARSpk80=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="sgAlkIUhGA2QF4tZLgtZjtnRaIA=">AAAB8HicbZBLSwMxFIXv1FetVcdu3QSL4KrMdKNLQRCXVewDOsOQSTNtaJIZkoxYhvkrblwo4q9x578xfSy09UDg45yEe3PijDNtPO/bqWxt7+zuVfdrB/XDo2P3pN7Taa4I7ZKUp2oQY005k7RrmOF0kCmKRcxpP57ezPP+E1WapfLRzDIaCjyWLGEEG2tFbqMI4gT1y6gIlEAPt1G7jNym1/IWQpvgr6AJK3Ui9ysYpSQXVBrCsdZD38tMWGBlGOG0rAW5phkmUzymQ4sSC6rDYrF7ic6tM0JJquyRBi3c3y8KLLSeidjeFNhM9Ho2N//LhrlJrsKCySw3VJLloCTnyKRoXgQaMUWJ4TMLmChmd0VkghUmxtZVsyX461/ehF675Xst/96DKpzCGVyAD5dwDXfQgS4QeIYXeIN3p3RenY9lXRVn1VsD/sj5/AG4Y5Jn</latexit><latexit sha1_base64="sgAlkIUhGA2QF4tZLgtZjtnRaIA=">AAAB8HicbZBLSwMxFIXv1FetVcdu3QSL4KrMdKNLQRCXVewDOsOQSTNtaJIZkoxYhvkrblwo4q9x578xfSy09UDg45yEe3PijDNtPO/bqWxt7+zuVfdrB/XDo2P3pN7Taa4I7ZKUp2oQY005k7RrmOF0kCmKRcxpP57ezPP+E1WapfLRzDIaCjyWLGEEG2tFbqMI4gT1y6gIlEAPt1G7jNym1/IWQpvgr6AJK3Ui9ysYpSQXVBrCsdZD38tMWGBlGOG0rAW5phkmUzymQ4sSC6rDYrF7ic6tM0JJquyRBi3c3y8KLLSeidjeFNhM9Ho2N//LhrlJrsKCySw3VJLloCTnyKRoXgQaMUWJ4TMLmChmd0VkghUmxtZVsyX461/ehF675Xst/96DKpzCGVyAD5dwDXfQgS4QeIYXeIN3p3RenY9lXRVn1VsD/sj5/AG4Y5Jn</latexit><latexit sha1_base64="ossnSFo/cDzLT/2YSR1Npl+GWLY=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJJe9FgUxGMV+wFNCJvtpl26m4TdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1tr6xubWdmWnuru3f3BoH9W6KskkoR2S8ET2Q6woZzHtaKY57aeSYhFy2gsn1zO/90ilYkn8oKcp9QUexSxiBGsjBXYt98II9Yog96RA9zdBswjsutNw5kCrxC1JHUq0A/vLGyYkEzTWhGOlBq6Taj/HUjPCaVH1MkVTTCZ4RAeGxlhQ5efz2wt0ZpQhihJpKtZorv6eyLFQaipC0ymwHqtlbyb+5w0yHV36OYvTTNOYLBZFGUc6QbMg0JBJSjSfGoKJZOZWRMZYYqJNXFUTgrv88irpNhuu03DvnHrrqoyjAidwCufgwgW04Bba0AECT/AMr/BmFdaL9W59LFrXrHLmGP7A+vwBE2mTyQ==</latexit><latexit sha1_base64="9wHO6zjByWrH1JEQEOEjKlQavW0=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IUQY9FQTxWsR/QhLDZbtqlu0nY3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0rb9bZXW1jc2t8rblZ3dvf2D6mGtq+JUEtohMY9lP8CKchbRjmaa034iKRYBp71gcj3ze49UKhZHD3qaUE/gUcRCRrA2kl+tZW4Qol7uZ64U6P7Gb+Z+tW437DnQKnEKUocCbb/65Q5jkgoaacKxUgPHTrSXYakZ4TSvuKmiCSYTPKIDQyMsqPKy+e05OjXKEIWxNBVpNFd/T2RYKDUVgekUWI/VsjcT//MGqQ4vvYxFSappRBaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjLDHRJq6KCcFZfnmVdJsNx244d+f11lURRxmO4QTOwIELaMEttKEDBJ7gGV7hzcqtF+vd+li0lqxi5gj+wPr8ARSpk80=</latexit><latexit sha1_base64="9wHO6zjByWrH1JEQEOEjKlQavW0=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IUQY9FQTxWsR/QhLDZbtqlu0nY3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0rb9bZXW1jc2t8rblZ3dvf2D6mGtq+JUEtohMY9lP8CKchbRjmaa034iKRYBp71gcj3ze49UKhZHD3qaUE/gUcRCRrA2kl+tZW4Qol7uZ64U6P7Gb+Z+tW437DnQKnEKUocCbb/65Q5jkgoaacKxUgPHTrSXYakZ4TSvuKmiCSYTPKIDQyMsqPKy+e05OjXKEIWxNBVpNFd/T2RYKDUVgekUWI/VsjcT//MGqQ4vvYxFSappRBaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjLDHRJq6KCcFZfnmVdJsNx244d+f11lURRxmO4QTOwIELaMEttKEDBJ7gGV7hzcqtF+vd+li0lqxi5gj+wPr8ARSpk80=</latexit><latexit sha1_base64="9wHO6zjByWrH1JEQEOEjKlQavW0=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IUQY9FQTxWsR/QhLDZbtqlu0nY3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0rb9bZXW1jc2t8rblZ3dvf2D6mGtq+JUEtohMY9lP8CKchbRjmaa034iKRYBp71gcj3ze49UKhZHD3qaUE/gUcRCRrA2kl+tZW4Qol7uZ64U6P7Gb+Z+tW437DnQKnEKUocCbb/65Q5jkgoaacKxUgPHTrSXYakZ4TSvuKmiCSYTPKIDQyMsqPKy+e05OjXKEIWxNBVpNFd/T2RYKDUVgekUWI/VsjcT//MGqQ4vvYxFSappRBaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjLDHRJq6KCcFZfnmVdJsNx244d+f11lURRxmO4QTOwIELaMEttKEDBJ7gGV7hzcqtF+vd+li0lqxi5gj+wPr8ARSpk80=</latexit><latexit sha1_base64="9wHO6zjByWrH1JEQEOEjKlQavW0=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IUQY9FQTxWsR/QhLDZbtqlu0nY3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0rb9bZXW1jc2t8rblZ3dvf2D6mGtq+JUEtohMY9lP8CKchbRjmaa034iKRYBp71gcj3ze49UKhZHD3qaUE/gUcRCRrA2kl+tZW4Qol7uZ64U6P7Gb+Z+tW437DnQKnEKUocCbb/65Q5jkgoaacKxUgPHTrSXYakZ4TSvuKmiCSYTPKIDQyMsqPKy+e05OjXKEIWxNBVpNFd/T2RYKDUVgekUWI/VsjcT//MGqQ4vvYxFSappRBaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjLDHRJq6KCcFZfnmVdJsNx244d+f11lURRxmO4QTOwIELaMEttKEDBJ7gGV7hzcqtF+vd+li0lqxi5gj+wPr8ARSpk80=</latexit><latexit sha1_base64="9wHO6zjByWrH1JEQEOEjKlQavW0=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IUQY9FQTxWsR/QhLDZbtqlu0nY3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0rb9bZXW1jc2t8rblZ3dvf2D6mGtq+JUEtohMY9lP8CKchbRjmaa034iKRYBp71gcj3ze49UKhZHD3qaUE/gUcRCRrA2kl+tZW4Qol7uZ64U6P7Gb+Z+tW437DnQKnEKUocCbb/65Q5jkgoaacKxUgPHTrSXYakZ4TSvuKmiCSYTPKIDQyMsqPKy+e05OjXKEIWxNBVpNFd/T2RYKDUVgekUWI/VsjcT//MGqQ4vvYxFSappRBaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjLDHRJq6KCcFZfnmVdJsNx244d+f11lURRxmO4QTOwIELaMEttKEDBJ7gGV7hzcqtF+vd+li0lqxi5gj+wPr8ARSpk80=</latexit><latexit sha1_base64="9wHO6zjByWrH1JEQEOEjKlQavW0=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IUQY9FQTxWsR/QhLDZbtqlu0nY3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0rb9bZXW1jc2t8rblZ3dvf2D6mGtq+JUEtohMY9lP8CKchbRjmaa034iKRYBp71gcj3ze49UKhZHD3qaUE/gUcRCRrA2kl+tZW4Qol7uZ64U6P7Gb+Z+tW437DnQKnEKUocCbb/65Q5jkgoaacKxUgPHTrSXYakZ4TSvuKmiCSYTPKIDQyMsqPKy+e05OjXKEIWxNBVpNFd/T2RYKDUVgekUWI/VsjcT//MGqQ4vvYxFSappRBaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjLDHRJq6KCcFZfnmVdJsNx244d+f11lURRxmO4QTOwIELaMEttKEDBJ7gGV7hzcqtF+vd+li0lqxi5gj+wPr8ARSpk80=</latexit>

1st Analog Combiner 

2nd Analog Combiner

WBB
<latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="dRsAMiDxs5ciVXGmnQ0d9WsFlaY=">AAAB7nicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XvQo8+JxgvsDaylplm5hSVqSdDBKv4kXD4r4cbz5bUy3HXTzgcCP50l43zxxxpk2nvft1HZ29/YP6oeNo+bxyal71uzrNFeE9kjKUzWMsaacSdozzHA6zBTFIuZ0EM8eqnwwp0qzVD6bRUZDgSeSJYxgY63IdYsgTtCgjIpACdTplJHb8treUmgb/DW0YK1u5H4F45TkgkpDONZ65HuZCQusDCOclo0g1zTDZIYndGRRYkF1WCw3L9GVdcYoSZU90qCl+/tFgYXWCxHbmwKbqd7MKvO/bJSb5C4smMxyQyVZDUpyjkyKqhrQmClKDF9YwEQxuysiU6wwMbashi3B3/zyNvRv2r7X9p88qMMFXMI1+HAL9/AIXegBgTm8wBu8O4Xz6nys6qo5697O4Y+czx9vv5Gw</latexit><latexit sha1_base64="dRsAMiDxs5ciVXGmnQ0d9WsFlaY=">AAAB7nicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XvQo8+JxgvsDaylplm5hSVqSdDBKv4kXD4r4cbz5bUy3HXTzgcCP50l43zxxxpk2nvft1HZ29/YP6oeNo+bxyal71uzrNFeE9kjKUzWMsaacSdozzHA6zBTFIuZ0EM8eqnwwp0qzVD6bRUZDgSeSJYxgY63IdYsgTtCgjIpACdTplJHb8treUmgb/DW0YK1u5H4F45TkgkpDONZ65HuZCQusDCOclo0g1zTDZIYndGRRYkF1WCw3L9GVdcYoSZU90qCl+/tFgYXWCxHbmwKbqd7MKvO/bJSb5C4smMxyQyVZDUpyjkyKqhrQmClKDF9YwEQxuysiU6wwMbashi3B3/zyNvRv2r7X9p88qMMFXMI1+HAL9/AIXegBgTm8wBu8O4Xz6nys6qo5697O4Y+czx9vv5Gw</latexit><latexit sha1_base64="eQIWCopRw8W/wefPrx+fRvNynqY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0m86LHUi8cK9gOaUDbbTbt0dxN2N4US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8KOVMG8/7dipb2zu7e9X92sHh0fGJe3rW1UmmCO2QhCeqH2FNOZO0Y5jhtJ8qikXEaS+a3i/83owqzRL5ZOYpDQUeSxYzgo2Vhq6bB1GMesUwD5RArVYxdOtew1sCbRK/JHUo0R66X8EoIZmg0hCOtR74XmrCHCvDCKdFLcg0TTGZ4jEdWCqxoDrMl5cX6MoqIxQnypY0aKn+nsix0HouItspsJnodW8h/ucNMhPfhTmTaWaoJKtFccaRSdAiBjRiihLD55Zgopi9FZEJVpgYG1bNhuCvv7xJujcN32v4j1692SrjqMIFXMI1+HALTXiANnSAwAye4RXenNx5cd6dj1VrxSlnzuEPnM8fwx+TEA==</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit><latexit sha1_base64="HXWwp6C60mKNvleclsrbAhaNTjg=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokIeiz14rGC/YAmhM120y7d3YTdTaGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nY3Nre2d3cpedf/g8OjYPTnt6DRXhLZJylPVi7GmnEnaNsxw2ssUxSLmtBuP7+d+d0KVZql8MtOMhgIPJUsYwcZKkesWQZyg7iwqAiVQszmL3JpX9xZA68QvSQ1KtCL3KxikJBdUGsKx1n3fy0xYYGUY4XRWDXJNM0zGeEj7lkosqA6LxeUzdGmVAUpSZUsatFB/TxRYaD0Vse0U2Iz0qjcX//P6uUnuwoLJLDdUkuWiJOfIpGgeAxowRYnhU0swUczeisgIK0yMDatqQ/BXX14nneu679X9x5tao1nGUYFzuIAr8OEWGvAALWgDgQk8wyu8OYXz4rw7H8vWDaecOYM/cD5/AMRfkxQ=</latexit>

Low Resolution 

Proposed two-stage analog combining receiver

Optimality

Optimal scaling law
Maximum mutual information

(i) W?
RF1

= [U1:NuU?]
<latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="0T5Vih5w4O5vkoK5q6cLvmiHOUA=">AAACHnicbZDLSgMxGIX/qbdaq45u3QSLUDdlxo0iCAVBXEkVe4HOOGTSTBuauZBkhDKMj+PGV3GjoKhPY3oRtPVA4Ms5Ccl//IQzqSzr0ygsLa+srhXXSxvlza1tc6fcknEqCG2SmMei42NJOYtoUzHFaScRFIc+p21/eD7O2/dUSBZHt2qUUDfE/YgFjGClLc+sV9nhQ+b4AWrnXpY5IkQ3F7ln53eOVFigM9SdpE2d2qdXXpqjn72TUJG4nlmxatZEaBHsGVRgpoZnvjq9mKQhjRThWMqubSXKzbBQjHCal5xU0gSTIe7TrsYIh1S62WTSHB1op4eCWOgVKTRxf9/IcCjlKPT1yRCrgZzPxuZ/WTdVwYmbsShJFY3I9KEg5UjFaFwb6jFBieIjDZgIpv+KyAALTJQut6RLsOdHXoTWUc3WfG1BEfZgH6pgwzHU4RIa0AQCj/AMb/BuPBkvxse0roIx620X/sj4+gYpZ6R1</latexit><latexit sha1_base64="0T5Vih5w4O5vkoK5q6cLvmiHOUA=">AAACHnicbZDLSgMxGIX/qbdaq45u3QSLUDdlxo0iCAVBXEkVe4HOOGTSTBuauZBkhDKMj+PGV3GjoKhPY3oRtPVA4Ms5Ccl//IQzqSzr0ygsLa+srhXXSxvlza1tc6fcknEqCG2SmMei42NJOYtoUzHFaScRFIc+p21/eD7O2/dUSBZHt2qUUDfE/YgFjGClLc+sV9nhQ+b4AWrnXpY5IkQ3F7ln53eOVFigM9SdpE2d2qdXXpqjn72TUJG4nlmxatZEaBHsGVRgpoZnvjq9mKQhjRThWMqubSXKzbBQjHCal5xU0gSTIe7TrsYIh1S62WTSHB1op4eCWOgVKTRxf9/IcCjlKPT1yRCrgZzPxuZ/WTdVwYmbsShJFY3I9KEg5UjFaFwb6jFBieIjDZgIpv+KyAALTJQut6RLsOdHXoTWUc3WfG1BEfZgH6pgwzHU4RIa0AQCj/AMb/BuPBkvxse0roIx620X/sj4+gYpZ6R1</latexit><latexit sha1_base64="/RSSw20FgIfUTenSEzYDqNbmWOI="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit>

(ii) W?
RF2

<latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="YEHk54xd3yQnO3+GI/ynFrpyjWU=">AAAB/nicbZDNS8MwGMbfzq85p1avXoJDmJfR7qJHQRCPU9wHrLWkWbqFpWlJUmGUevTiv+LFgyL+Gd78b8w+Drr5QODH8yS8eZ8w5Uxpx/m2SmvrG5tb5e3KTnV3b98+qHZUkklC2yThieyFWFHOBG1rpjntpZLiOOS0G44vp3n3gUrFEnGnJyn1YzwULGIEa2MFNqozdvqYe2GEukWQ556M0e1VETSLe09pLFFg15yGMxNaBXcBNVioFdhf3iAhWUyFJhwr1XedVPs5lpoRTouKlymaYjLGQ9o3KHBMlZ/PNinQiXEGKEqkOUKjmfv7RY5jpSZxaG7GWI/UcjY1/8v6mY7O/ZyJNNNUkPmgKONIJ2haCxowSYnmEwOYSGb+isgIS0y0Ka9iSnCXV16FTrPhGr5xoAxHcAx1cOEMLuAaWtAGAk/wAm/wbj1br9bHvK6StejtEP7I+vwB14WYEg==</latexit><latexit sha1_base64="YEHk54xd3yQnO3+GI/ynFrpyjWU=">AAAB/nicbZDNS8MwGMbfzq85p1avXoJDmJfR7qJHQRCPU9wHrLWkWbqFpWlJUmGUevTiv+LFgyL+Gd78b8w+Drr5QODH8yS8eZ8w5Uxpx/m2SmvrG5tb5e3KTnV3b98+qHZUkklC2yThieyFWFHOBG1rpjntpZLiOOS0G44vp3n3gUrFEnGnJyn1YzwULGIEa2MFNqozdvqYe2GEukWQ556M0e1VETSLe09pLFFg15yGMxNaBXcBNVioFdhf3iAhWUyFJhwr1XedVPs5lpoRTouKlymaYjLGQ9o3KHBMlZ/PNinQiXEGKEqkOUKjmfv7RY5jpSZxaG7GWI/UcjY1/8v6mY7O/ZyJNNNUkPmgKONIJ2haCxowSYnmEwOYSGb+isgIS0y0Ka9iSnCXV16FTrPhGr5xoAxHcAx1cOEMLuAaWtAGAk/wAm/wbj1br9bHvK6StejtEP7I+vwB14WYEg==</latexit><latexit sha1_base64="2jZ25m3ccX07CKscTFdWf5kGC+c=">AAACCXicbZC7TsMwFIYdrqXcAowsFhVSWaqkC4wVSIixIHqRmhA5rtNatZ3IdpCqKIwsvAoLAwix8gZsvA1umwFafsnSp/+co+PzhwmjSjvOt7W0vLK6tl7aKG9ube/s2nv7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0cWk3rknUtFY3OpxQnyOBoJGFCNtrMCGVUpPHjIvjGAnD7LMkxzeXOZBPb/zlEYSBnbFqTlTwUVwC6iAQs3A/vL6MU45ERozpFTPdRLtZ0hqihnJy16qSILwCA1Iz6BAnCg/m16Sw2Pj9GEUS/OEhlP390SGuFJjHppOjvRQzdcm5n+1XqqjMz+jIkk1EXi2KEoZ1DGcxAL7VBKs2dgAwpKav0I8RBJhbcIrmxDc+ZMXoV2vuYavnUrjvIijBA7BEagCF5yCBrgCTdACGDyCZ/AK3qwn68V6tz5mrUtWMXMA/sj6/AFu+pmC</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit>

Two-stage combining solution
: unitary

Second analog combiner is essential in reducing effective quantization error

Algorithm

ARV-TSAC algorithm 
W̃?

RF = WAoAWDFT
<latexit sha1_base64="eTdH00rh91pnzzFp7I4K3bWTw+c=">AAACK3icbZDJSgNBEIZ74hbjNurRS2MQPIUZEfQiJFGCxyjZIBNDT6cnadKz0F0jhGHex4uv4kEPLnj1PewsB5NY0PDx/1VU1+9GgiuwrE8js7K6tr6R3cxtbe/s7pn7Bw0VxpKyOg1FKFsuUUzwgNWBg2CtSDLiu4I13eH12G8+Mql4GNRgFLGOT/oB9zgloKWuWXaAix5LHNfDzbSbONLH95X0wVFAJL7Cc0YpLKXzyk2llnbNvFWwJoWXwZ5BHs2q2jVfnV5IY58FQAVRqm1bEXQSIoFTwdKcEysWETokfdbWGBCfqU4yuTXFJ1rpYS+U+gWAJ+rfiYT4So18V3f6BAZq0RuL/3ntGLzLTsKDKAYW0OkiLxYYQjwODve4ZBTESAOhkuu/YjogklDQ8eZ0CPbiycvQOCvYmu/O88XyLI4sOkLH6BTZ6AIV0S2qojqi6Am9oHf0YTwbb8aX8T1tzRizmUM0V8bPLx/ypvQ=</latexit><latexit sha1_base64="eTdH00rh91pnzzFp7I4K3bWTw+c=">AAACK3icbZDJSgNBEIZ74hbjNurRS2MQPIUZEfQiJFGCxyjZIBNDT6cnadKz0F0jhGHex4uv4kEPLnj1PewsB5NY0PDx/1VU1+9GgiuwrE8js7K6tr6R3cxtbe/s7pn7Bw0VxpKyOg1FKFsuUUzwgNWBg2CtSDLiu4I13eH12G8+Mql4GNRgFLGOT/oB9zgloKWuWXaAix5LHNfDzbSbONLH95X0wVFAJL7Cc0YpLKXzyk2llnbNvFWwJoWXwZ5BHs2q2jVfnV5IY58FQAVRqm1bEXQSIoFTwdKcEysWETokfdbWGBCfqU4yuTXFJ1rpYS+U+gWAJ+rfiYT4So18V3f6BAZq0RuL/3ntGLzLTsKDKAYW0OkiLxYYQjwODve4ZBTESAOhkuu/YjogklDQ8eZ0CPbiycvQOCvYmu/O88XyLI4sOkLH6BTZ6AIV0S2qojqi6Am9oHf0YTwbb8aX8T1tzRizmUM0V8bPLx/ypvQ=</latexit><latexit sha1_base64="eTdH00rh91pnzzFp7I4K3bWTw+c=">AAACK3icbZDJSgNBEIZ74hbjNurRS2MQPIUZEfQiJFGCxyjZIBNDT6cnadKz0F0jhGHex4uv4kEPLnj1PewsB5NY0PDx/1VU1+9GgiuwrE8js7K6tr6R3cxtbe/s7pn7Bw0VxpKyOg1FKFsuUUzwgNWBg2CtSDLiu4I13eH12G8+Mql4GNRgFLGOT/oB9zgloKWuWXaAix5LHNfDzbSbONLH95X0wVFAJL7Cc0YpLKXzyk2llnbNvFWwJoWXwZ5BHs2q2jVfnV5IY58FQAVRqm1bEXQSIoFTwdKcEysWETokfdbWGBCfqU4yuTXFJ1rpYS+U+gWAJ+rfiYT4So18V3f6BAZq0RuL/3ntGLzLTsKDKAYW0OkiLxYYQjwODve4ZBTESAOhkuu/YjogklDQ8eZ0CPbiycvQOCvYmu/O88XyLI4sOkLH6BTZ6AIV0S2qojqi6Am9oHf0YTwbb8aX8T1tzRizmUM0V8bPLx/ypvQ=</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="XTfC9OHwnPWxBZj5opQcVfzuKDw=">AAACIHicbZBLSwMxFIXv1HetOrp1ExTBVZlxoxvBqojLKq0VOuOQSTNtaOZBckcow/wfN/4VF7rwgT/GtHZh1QOBj3MSbu4JMyk0Os67VZmbX1hcWl6prtbW1jfszdqNTnPFeJulMlW3IdVcioS3UaDkt5niNA4l74TDs3HeuedKizRp4Sjjfkz7iYgEo2iswD71UMgeL7wwIp0yKDwVk+uL8s7TSBU5JjNBI22Us875RasM7F2n7kxE/oI7hV2YqhnYz14vZXnME2SSat11nQz9gioUTPKy6uWaZ5QNaZ93DSY05tovJruWZM84PRKlypwEycT9+aKgsdajODQ3Y4oD/Tsbm/9l3RyjI78QSZYjT9j3oCiXBFMyLo70hOIM5cgAZUqYvxI2oIoyNPVWTQnu75X/ws1B3TV85cAybMMO7IMLh3ACl9CENjB4gCd4hTfr0XqxPr7rqljT3rZgRtbnF/mQpV4=</latexit><latexit sha1_base64="XTfC9OHwnPWxBZj5opQcVfzuKDw=">AAACIHicbZBLSwMxFIXv1HetOrp1ExTBVZlxoxvBqojLKq0VOuOQSTNtaOZBckcow/wfN/4VF7rwgT/GtHZh1QOBj3MSbu4JMyk0Os67VZmbX1hcWl6prtbW1jfszdqNTnPFeJulMlW3IdVcioS3UaDkt5niNA4l74TDs3HeuedKizRp4Sjjfkz7iYgEo2iswD71UMgeL7wwIp0yKDwVk+uL8s7TSBU5JjNBI22Us875RasM7F2n7kxE/oI7hV2YqhnYz14vZXnME2SSat11nQz9gioUTPKy6uWaZ5QNaZ93DSY05tovJruWZM84PRKlypwEycT9+aKgsdajODQ3Y4oD/Tsbm/9l3RyjI78QSZYjT9j3oCiXBFMyLo70hOIM5cgAZUqYvxI2oIoyNPVWTQnu75X/ws1B3TV85cAybMMO7IMLh3ACl9CENjB4gCd4hTfr0XqxPr7rqljT3rZgRtbnF/mQpV4=</latexit><latexit sha1_base64="g1jc9Gi41WBqQ2itWCbW9qdjIQk=">AAACK3icbZDJSgNBEIZ74hbjNurRS2MQPIUZL3oRkijBY5RskBlDT6cnadKz0F0jhGHex4uv4kEPLnj1PewsBxMtaPj4/yqq6/diwRVY1oeRW1ldW9/Ibxa2tnd298z9g5aKEklZk0Yikh2PKCZ4yJrAQbBOLBkJPMHa3uhq4rcfmFQ8ChswjpkbkEHIfU4JaKlnVh3gos9Sx/NxO+uljgzwXS27dxQQiS/xglGJKtmicl1rZD2zaJWsaeG/YM+hiOZV75kvTj+iScBCoIIo1bWtGNyUSOBUsKzgJIrFhI7IgHU1hiRgyk2nt2b4RCt97EdSvxDwVP09kZJAqXHg6c6AwFAtexPxP6+bgH/hpjyME2AhnS3yE4EhwpPgcJ9LRkGMNRAquf4rpkMiCQUdb0GHYC+f/BdaZyVb861VLFfnceTRETpGp8hG56iMblAdNRFFj+gZvaF348l4NT6Nr1lrzpjPHKKFMr5/AB6ypvA=</latexit><latexit sha1_base64="eTdH00rh91pnzzFp7I4K3bWTw+c=">AAACK3icbZDJSgNBEIZ74hbjNurRS2MQPIUZEfQiJFGCxyjZIBNDT6cnadKz0F0jhGHex4uv4kEPLnj1PewsB5NY0PDx/1VU1+9GgiuwrE8js7K6tr6R3cxtbe/s7pn7Bw0VxpKyOg1FKFsuUUzwgNWBg2CtSDLiu4I13eH12G8+Mql4GNRgFLGOT/oB9zgloKWuWXaAix5LHNfDzbSbONLH95X0wVFAJL7Cc0YpLKXzyk2llnbNvFWwJoWXwZ5BHs2q2jVfnV5IY58FQAVRqm1bEXQSIoFTwdKcEysWETokfdbWGBCfqU4yuTXFJ1rpYS+U+gWAJ+rfiYT4So18V3f6BAZq0RuL/3ntGLzLTsKDKAYW0OkiLxYYQjwODve4ZBTESAOhkuu/YjogklDQ8eZ0CPbiycvQOCvYmu/O88XyLI4sOkLH6BTZ6AIV0S2qojqi6Am9oHf0YTwbb8aX8T1tzRizmUM0V8bPLx/ypvQ=</latexit><latexit sha1_base64="eTdH00rh91pnzzFp7I4K3bWTw+c=">AAACK3icbZDJSgNBEIZ74hbjNurRS2MQPIUZEfQiJFGCxyjZIBNDT6cnadKz0F0jhGHex4uv4kEPLnj1PewsB5NY0PDx/1VU1+9GgiuwrE8js7K6tr6R3cxtbe/s7pn7Bw0VxpKyOg1FKFsuUUzwgNWBg2CtSDLiu4I13eH12G8+Mql4GNRgFLGOT/oB9zgloKWuWXaAix5LHNfDzbSbONLH95X0wVFAJL7Cc0YpLKXzyk2llnbNvFWwJoWXwZ5BHs2q2jVfnV5IY58FQAVRqm1bEXQSIoFTwdKcEysWETokfdbWGBCfqU4yuTXFJ1rpYS+U+gWAJ+rfiYT4So18V3f6BAZq0RuL/3ntGLzLTsKDKAYW0OkiLxYYQjwODve4ZBTESAOhkuu/YjogklDQ8eZ0CPbiycvQOCvYmu/O88XyLI4sOkLH6BTZ6AIV0S2qojqi6Am9oHf0YTwbb8aX8T1tzRizmUM0V8bPLx/ypvQ=</latexit><latexit sha1_base64="eTdH00rh91pnzzFp7I4K3bWTw+c=">AAACK3icbZDJSgNBEIZ74hbjNurRS2MQPIUZEfQiJFGCxyjZIBNDT6cnadKz0F0jhGHex4uv4kEPLnj1PewsB5NY0PDx/1VU1+9GgiuwrE8js7K6tr6R3cxtbe/s7pn7Bw0VxpKyOg1FKFsuUUzwgNWBg2CtSDLiu4I13eH12G8+Mql4GNRgFLGOT/oB9zgloKWuWXaAix5LHNfDzbSbONLH95X0wVFAJL7Cc0YpLKXzyk2llnbNvFWwJoWXwZ5BHs2q2jVfnV5IY58FQAVRqm1bEXQSIoFTwdKcEysWETokfdbWGBCfqU4yuTXFJ1rpYS+U+gWAJ+rfiYT4So18V3f6BAZq0RuL/3ntGLzLTsKDKAYW0OkiLxYYQjwODve4ZBTESAOhkuu/YjogklDQ8eZ0CPbiycvQOCvYmu/O88XyLI4sOkLH6BTZ6AIV0S2qojqi6Am9oHf0YTwbb8aX8T1tzRizmUM0V8bPLx/ypvQ=</latexit><latexit sha1_base64="eTdH00rh91pnzzFp7I4K3bWTw+c=">AAACK3icbZDJSgNBEIZ74hbjNurRS2MQPIUZEfQiJFGCxyjZIBNDT6cnadKz0F0jhGHex4uv4kEPLnj1PewsB5NY0PDx/1VU1+9GgiuwrE8js7K6tr6R3cxtbe/s7pn7Bw0VxpKyOg1FKFsuUUzwgNWBg2CtSDLiu4I13eH12G8+Mql4GNRgFLGOT/oB9zgloKWuWXaAix5LHNfDzbSbONLH95X0wVFAJL7Cc0YpLKXzyk2llnbNvFWwJoWXwZ5BHs2q2jVfnV5IY58FQAVRqm1bEXQSIoFTwdKcEysWETokfdbWGBCfqU4yuTXFJ1rpYS+U+gWAJ+rfiYT4So18V3f6BAZq0RuL/3ntGLzLTsKDKAYW0OkiLxYYQjwODve4ZBTESAOhkuu/YjogklDQ8eZ0CPbiycvQOCvYmu/O88XyLI4sOkLH6BTZ6AIV0S2qojqi6Am9oHf0YTwbb8aX8T1tzRizmUM0V8bPLx/ypvQ=</latexit><latexit sha1_base64="eTdH00rh91pnzzFp7I4K3bWTw+c=">AAACK3icbZDJSgNBEIZ74hbjNurRS2MQPIUZEfQiJFGCxyjZIBNDT6cnadKz0F0jhGHex4uv4kEPLnj1PewsB5NY0PDx/1VU1+9GgiuwrE8js7K6tr6R3cxtbe/s7pn7Bw0VxpKyOg1FKFsuUUzwgNWBg2CtSDLiu4I13eH12G8+Mql4GNRgFLGOT/oB9zgloKWuWXaAix5LHNfDzbSbONLH95X0wVFAJL7Cc0YpLKXzyk2llnbNvFWwJoWXwZ5BHs2q2jVfnV5IY58FQAVRqm1bEXQSIoFTwdKcEysWETokfdbWGBCfqU4yuTXFJ1rpYS+U+gWAJ+rfiYT4So18V3f6BAZq0RuL/3ntGLzLTsKDKAYW0OkiLxYYQjwODve4ZBTESAOhkuu/YjogklDQ8eZ0CPbiycvQOCvYmu/O88XyLI4sOkLH6BTZ6AIV0S2qojqi6Am9oHf0YTwbb8aX8T1tzRizmUM0V8bPLx/ypvQ=</latexit><latexit sha1_base64="eTdH00rh91pnzzFp7I4K3bWTw+c=">AAACK3icbZDJSgNBEIZ74hbjNurRS2MQPIUZEfQiJFGCxyjZIBNDT6cnadKz0F0jhGHex4uv4kEPLnj1PewsB5NY0PDx/1VU1+9GgiuwrE8js7K6tr6R3cxtbe/s7pn7Bw0VxpKyOg1FKFsuUUzwgNWBg2CtSDLiu4I13eH12G8+Mql4GNRgFLGOT/oB9zgloKWuWXaAix5LHNfDzbSbONLH95X0wVFAJL7Cc0YpLKXzyk2llnbNvFWwJoWXwZ5BHs2q2jVfnV5IY58FQAVRqm1bEXQSIoFTwdKcEysWETokfdbWGBCfqU4yuTXFJ1rpYS+U+gWAJ+rfiYT4So18V3f6BAZq0RuL/3ntGLzLTsKDKAYW0OkiLxYYQjwODve4ZBTESAOhkuu/YjogklDQ8eZ0CPbiycvQOCvYmu/O88XyLI4sOkLH6BTZ6AIV0S2qojqi6Am9oHf0YTwbb8aX8T1tzRizmUM0V8bPLx/ypvQ=</latexit>

Ergodic rate analysis with MRC receiver

Sparse channel assumption
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optimize ADC resolution optimize analog combiner

optimize set of users

SUMMARY AND CONCLUSION

MAC Layer Perspective

PHY Layer Perspective

User scheduling

Optimizations for mitigating quantization error

§ Considered system: hybrid beamforming with low-resolution ADC system for high energy efficiency

Antenna selectionAdaptive ADC Two-stage combining

- switch based - - phase shifter based -

Advanced architectures and techniques at different parts of wireless systems can significantly increase spectral and energy efficiency
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FUTURE WORK

q Channel estimation in two-stage analog combining system

FUTURE WORK

q Extension of receiver design work into wideband communications

q Cooperation of multiple base stations under limited total power consumption

§ Use estimation techniques for hybrid system after multiplying inverse matrix of second combiner
: Less performance degradation thanks to even distribution of quantization error (QE)

§ Develop new estimation technique by estimating quantization noise level
: Maybe easier to estimate quantization error thanks to even distribution of QE under same total QE

§ Base station antenna selection: similar results both in narrowband and wideband OFDM 
: It is not proved for two-stage analog combining system and resolution-adaptive ADC system

§ Optimization of ADC resolution over multiple BSs in multiple cells 
: It can be jointly optimized with user transmit power 
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NEW USER SCHEDULING CRITERIA

§ For total # of channel paths ≤ 𝑁"#

q Solution of 𝒫2: structural scheduling criteria

1. Unique *AoAs at receiver for channel paths of each scheduled user: 
LS(k) \ LS(k0) = ; if k 6= k0.
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II. Equal power spread across beamspace complex gains within each channel:

|hb,i,S(k)| =
q

�S(k)/LS(k) for i 2 LS(k).
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Lk: index set of nonzero elements
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ŝ2
<latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="cE8bpjQP6BAVMoiHpdwRsVVxhOE=">AAAB43icbZDNSgMxFIXv+Ftr1erWTbAIrspMN+pOcOOygrWFdih30kwbmsmMyR2hDH0JNy5UfCd3vo3pz0JbDwQ+zknIvSfKlLTk+9/exubW9s5uaa+8Xzk4PKoeVx5tmhsuWjxVqelEaIWSWrRIkhKdzAhMIiXa0fh2lrefhbEy1Q80yUSY4FDLWHIkZ3V6IyRm+41+tebX/bnYOgRLqMFSzX71qzdIeZ4ITVyhtd3Azygs0JDkSkzLvdyKDPkYh6LrUGMibFjM552yc+cMWJwadzSxufv7RYGJtZMkcjcTpJFdzWbmf1k3p/gqLKTOchKaLz6Kc8UoZbPl2UAawUlNHCA30s3K+AgNcnIVlV0JwerK69Bq1K/r/r0PJTiFM7iAAC7hBu6gCS3goOAF3uDde/JevY9FWxvesrYT+CPv8weiH44B</latexit><latexit sha1_base64="cE8bpjQP6BAVMoiHpdwRsVVxhOE=">AAAB43icbZDNSgMxFIXv+Ftr1erWTbAIrspMN+pOcOOygrWFdih30kwbmsmMyR2hDH0JNy5UfCd3vo3pz0JbDwQ+zknIvSfKlLTk+9/exubW9s5uaa+8Xzk4PKoeVx5tmhsuWjxVqelEaIWSWrRIkhKdzAhMIiXa0fh2lrefhbEy1Q80yUSY4FDLWHIkZ3V6IyRm+41+tebX/bnYOgRLqMFSzX71qzdIeZ4ITVyhtd3Azygs0JDkSkzLvdyKDPkYh6LrUGMibFjM552yc+cMWJwadzSxufv7RYGJtZMkcjcTpJFdzWbmf1k3p/gqLKTOchKaLz6Kc8UoZbPl2UAawUlNHCA30s3K+AgNcnIVlV0JwerK69Bq1K/r/r0PJTiFM7iAAC7hBu6gCS3goOAF3uDde/JevY9FWxvesrYT+CPv8weiH44B</latexit><latexit sha1_base64="u/1MnWxlwn7OcIcGffOn4rIX/gA=">AAAB7nicbVBNT8JAEJ3iF+IX6tHLRmLiibRc1BvRi0dMrJBAQ7bLFjZst3V3akIa/oQXD2q8+nu8+W9coAcFXzLJy3szmZkXplIYdN1vp7S2vrG5Vd6u7Ozu7R9UD48eTJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4Zua3n7g2IlH3OEl5ENOhEpFgFK3U6Y0oEtNv9Ks1t+7OQVaJV5AaFGj1q1+9QcKymCtkkhrT9dwUg5xqFEzyaaWXGZ5SNqZD3rVU0ZibIJ/fOyVnVhmQKNG2FJK5+nsip7Exkzi0nTHFkVn2ZuJ/XjfD6DLIhUoz5IotFkWZJJiQ2fNkIDRnKCeWUKaFvZWwEdWUoY2oYkPwll9eJX6jflV379xa87pIowwncArn4MEFNOEWWuADAwnP8ApvzqPz4rw7H4vWklPMHMMfOJ8/zkWPVg==</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit><latexit sha1_base64="ag+BoAFNoBmXSBcsFyApB62LAr8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxhbaUDbbTbt0s4m7E6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlH3OE55ENOBEpFgFK3U7g4pEtOr9ypVt+bOQJaJV5AqFGj2Kl/dfsKymCtkkhrT8dwUg5xqFEzySbmbGZ5SNqID3rFU0ZibIJ/dOyGnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XifD6DLIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2obEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDCQ8wyu8OY/Oi/PufMxbV5xi5gj+wPn8Ac+Fj1o=</latexit>

WRF
<latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="1SAzrUniFlwu8LzEIIOOOBlXvR4=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbIIjHKdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2ahubW9s79d3GXnP/4NA9aj7rrFCEBiTjmeolWFPOJA0MM5z2ckWxSDjtJuPbWd6dUKVZJp/MNKeRwEPJUkawsVbsumWYpKhbxWWoBHq8q2K35bW9udA6+EtowVKd2P0KBxkpBJWGcKx13/dyE5VYGUY4rRphoWmOyRgPad+ixILqqJxvXqEz6wxQmil7pEFz9/eLEgutpyKxNwU2I72azcz/sn5h0quoZDIvDJVkMSgtODIZmtWABkxRYvjUAiaK2V0RGWGFibFlNWwJ/uqX1yG4aF+3vQcP6nACp3AOPlzCDdxDBwIgMIEXeIN3p3RenY9FWzVnWdsx/JHz+QP3wJGY</latexit><latexit sha1_base64="1SAzrUniFlwu8LzEIIOOOBlXvR4=">AAAB7XicbZBPS8MwGMbfzn9zTq1evQSH4Gm0XtSbIIjHKdYN1lLSLN3CkrQk6WCUfhMvHlT8Ot78NmZ/Drr5QODH8yS8b54k50wbz/t2ahubW9s79d3GXnP/4NA9aj7rrFCEBiTjmeolWFPOJA0MM5z2ckWxSDjtJuPbWd6dUKVZJp/MNKeRwEPJUkawsVbsumWYpKhbxWWoBHq8q2K35bW9udA6+EtowVKd2P0KBxkpBJWGcKx13/dyE5VYGUY4rRphoWmOyRgPad+ixILqqJxvXqEz6wxQmil7pEFz9/eLEgutpyKxNwU2I72azcz/sn5h0quoZDIvDJVkMSgtODIZmtWABkxRYvjUAiaK2V0RGWGFibFlNWwJ/uqX1yG4aF+3vQcP6nACp3AOPlzCDdxDBwIgMIEXeIN3p3RenY9FWzVnWdsx/JHz+QP3wJGY</latexit><latexit sha1_base64="bhbS0Qck0WRy5m+lKFIVE8jVNwM=">AAAB+HicbVBNS8NAEJ34WetX1KOXxSJ4KokX9VYUxGMVYwtNCJvtpl26m4TdTaGE/BMvHlS8+lO8+W/ctjlo64OBx3szzMyLMs6Udpxva2V1bX1js7ZV397Z3du3Dw6fVJpLQj2S8lR2I6woZwn1NNOcdjNJsYg47USjm6nfGVOpWJo86klGA4EHCYsZwdpIoW0XfhSjThkWvhTo4bYM7YbTdGZAy8StSAMqtEP7y++nJBc00YRjpXquk+mgwFIzwmlZ93NFM0xGeEB7hiZYUBUUs8tLdGqUPopTaSrRaKb+niiwUGoiItMpsB6qRW8q/uf1ch1fBgVLslzThMwXxTlHOkXTGFCfSUo0nxiCiWTmVkSGWGKiTVh1E4K7+PIy8c6bV03n3mm0rqs0anAMJ3AGLlxAC+6gDR4QGMMzvMKbVVgv1rv1MW9dsaqZI/gD6/MHShSS9w==</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit><latexit sha1_base64="Qjc5Daw8ed+rwgYvPWpSIvtj+YM=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FQTxWMbbQhLDZbtqlm03Y3RRKyD/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5tiorq2vrG9XN2tb2zu6evX/wpJJMEuqShCeyG2JFORPU1Uxz2k0lxXHIaScc3Uz9zphKxRLxqCcp9WM8ECxiBGsjBbade2GEOkWQezJGD7dFYNedhjMDWibNktShRDuwv7x+QrKYCk04VqrXdFLt51hqRjgtal6maIrJCA9oz1CBY6r8fHZ5gU6M0kdRIk0JjWbq74kcx0pN4tB0xlgP1aI3Ff/zepmOLv2ciTTTVJD5oijjSCdoGgPqM0mJ5hNDMJHM3IrIEEtMtAmrZkJoLr68TNyzxlXDuT+vt67LNKpwBMdwCk24gBbcQRtcIDCGZ3iFNyu3Xqx362PeWrHKmUP4A+vzB0tUkvs=</latexit>
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WBB
<latexit sha1_base64="UxftotvJzu5cCfrzl3m5CMGYFOA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWMLbQxLLZbtqlu5uwu1FK6P/w4kHFqz/Gm//GbZuDtj4YeLw3w8y8KOVMG9f9dkorq2vrG+XNytb2zu5edf/gXieZItQnCU9UJ8Kaciapb5jhtJMqikXEaTsaXU/99iNVmiXyzoxTGgo8kCxmBBsrPQRRjNq9PFACNZuTXrXm1t0Z0DLxClKDAq1e9SvoJyQTVBrCsdZdz01NmGNlGOF0UgkyTVNMRnhAu5ZKLKgO89nVE3RilT6KE2VLGjRTf0/kWGg9FpHtFNgM9aI3Ff/zupmJL8OcyTQzVJL5ojjjyCRoGgHqM0WJ4WNLMFHM3orIECtMjA2qYkPwFl9eJv5Z/aru3Z7XGs0ijTIcwTGcggcX0IAbaIEPBBQ8wyu8OU/Oi/PufMxbS04xcwh/4Hz+AOdLkas=</latexit><latexit sha1_base64="UxftotvJzu5cCfrzl3m5CMGYFOA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWMLbQxLLZbtqlu5uwu1FK6P/w4kHFqz/Gm//GbZuDtj4YeLw3w8y8KOVMG9f9dkorq2vrG+XNytb2zu5edf/gXieZItQnCU9UJ8Kaciapb5jhtJMqikXEaTsaXU/99iNVmiXyzoxTGgo8kCxmBBsrPQRRjNq9PFACNZuTXrXm1t0Z0DLxClKDAq1e9SvoJyQTVBrCsdZdz01NmGNlGOF0UgkyTVNMRnhAu5ZKLKgO89nVE3RilT6KE2VLGjRTf0/kWGg9FpHtFNgM9aI3Ff/zupmJL8OcyTQzVJL5ojjjyCRoGgHqM0WJ4WNLMFHM3orIECtMjA2qYkPwFl9eJv5Z/aru3Z7XGs0ijTIcwTGcggcX0IAbaIEPBBQ8wyu8OU/Oi/PufMxbS04xcwh/4Hz+AOdLkas=</latexit><latexit sha1_base64="UxftotvJzu5cCfrzl3m5CMGYFOA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWMLbQxLLZbtqlu5uwu1FK6P/w4kHFqz/Gm//GbZuDtj4YeLw3w8y8KOVMG9f9dkorq2vrG+XNytb2zu5edf/gXieZItQnCU9UJ8Kaciapb5jhtJMqikXEaTsaXU/99iNVmiXyzoxTGgo8kCxmBBsrPQRRjNq9PFACNZuTXrXm1t0Z0DLxClKDAq1e9SvoJyQTVBrCsdZdz01NmGNlGOF0UgkyTVNMRnhAu5ZKLKgO89nVE3RilT6KE2VLGjRTf0/kWGg9FpHtFNgM9aI3Ff/zupmJL8OcyTQzVJL5ojjjyCRoGgHqM0WJ4WNLMFHM3orIECtMjA2qYkPwFl9eJv5Z/aru3Z7XGs0ijTIcwTGcggcX0IAbaIEPBBQ8wyu8OU/Oi/PufMxbS04xcwh/4Hz+AOdLkas=</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="SMMttl1BwKwIKecJTNh3TTtlBDo=">AAAB6XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UndeOygmML7VgyaaYNTTJDckcpQ9/DjQsVX8idb2P6s9DWA4GPcxLuzYkzKSz6/re3tr6xubVd2invVvb2D6qHlQeb5obxkKUyNe2YWi6F5iEKlLydGU5VLHkrHt1M89YTN1ak+h7HGY8UHWiRCEbRWY/dOCGtXtE1ijQak1615tf9mcgqBAuowULNXvWr209ZrrhGJqm1ncDPMCqoQcEkn5S7ueUZZSM64B2Hmipuo2K29YScOqdPktS4o5HM3N8vCqqsHavY3VQUh3Y5m5r/ZZ0ck8uoEDrLkWs2H5TkkmBKphWQvjCcoRw7oMwItythQ2ooQ1dU2ZUQLH95FcLz+lU9uPOhBMdwAmcQwAVcwy00IQQGBl7gDd69Z+/V+5i3teYtajuCP/I+fwChfpBM</latexit><latexit sha1_base64="SMMttl1BwKwIKecJTNh3TTtlBDo=">AAAB6XicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UndeOygmML7VgyaaYNTTJDckcpQ9/DjQsVX8idb2P6s9DWA4GPcxLuzYkzKSz6/re3tr6xubVd2invVvb2D6qHlQeb5obxkKUyNe2YWi6F5iEKlLydGU5VLHkrHt1M89YTN1ak+h7HGY8UHWiRCEbRWY/dOCGtXtE1ijQak1615tf9mcgqBAuowULNXvWr209ZrrhGJqm1ncDPMCqoQcEkn5S7ueUZZSM64B2Hmipuo2K29YScOqdPktS4o5HM3N8vCqqsHavY3VQUh3Y5m5r/ZZ0ck8uoEDrLkWs2H5TkkmBKphWQvjCcoRw7oMwItythQ2ooQ1dU2ZUQLH95FcLz+lU9uPOhBMdwAmcQwAVcwy00IQQGBl7gDd69Z+/V+5i3teYtajuCP/I+fwChfpBM</latexit><latexit sha1_base64="PmNN0NcFL78170XVyz4iGTSkl7A=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRmLiibRexBvBi0dMrJDQSrbLFjbsbpvdrYY0/A8vHtR49cd489+4QA8KvmSSl/dmMjMvSjnTxnW/ndLa+sbmVnm7srO7t39QPTy610mmCPVJwhPVjbCmnEnqG2Y47aaKYhFx2onG1zO/80iVZom8M5OUhgIPJYsZwcZKD0EUo04/D5RArda0X625dXcOtEq8gtSgQLtf/QoGCckElYZwrHXPc1MT5lgZRjidVoJM0xSTMR7SnqUSC6rDfH71FJ1ZZYDiRNmSBs3V3xM5FlpPRGQ7BTYjvezNxP+8XmbiRpgzmWaGSrJYFGccmQTNIkADpigxfGIJJorZWxEZYYWJsUFVbAje8surxL+oX9W9W7fWbBVplOEETuEcPLiEJtxAG3wgoOAZXuHNeXJenHfnY9FacoqZY/gD5/MH5guRpw==</latexit><latexit sha1_base64="UxftotvJzu5cCfrzl3m5CMGYFOA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWMLbQxLLZbtqlu5uwu1FK6P/w4kHFqz/Gm//GbZuDtj4YeLw3w8y8KOVMG9f9dkorq2vrG+XNytb2zu5edf/gXieZItQnCU9UJ8Kaciapb5jhtJMqikXEaTsaXU/99iNVmiXyzoxTGgo8kCxmBBsrPQRRjNq9PFACNZuTXrXm1t0Z0DLxClKDAq1e9SvoJyQTVBrCsdZdz01NmGNlGOF0UgkyTVNMRnhAu5ZKLKgO89nVE3RilT6KE2VLGjRTf0/kWGg9FpHtFNgM9aI3Ff/zupmJL8OcyTQzVJL5ojjjyCRoGgHqM0WJ4WNLMFHM3orIECtMjA2qYkPwFl9eJv5Z/aru3Z7XGs0ijTIcwTGcggcX0IAbaIEPBBQ8wyu8OU/Oi/PufMxbS04xcwh/4Hz+AOdLkas=</latexit><latexit sha1_base64="UxftotvJzu5cCfrzl3m5CMGYFOA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWMLbQxLLZbtqlu5uwu1FK6P/w4kHFqz/Gm//GbZuDtj4YeLw3w8y8KOVMG9f9dkorq2vrG+XNytb2zu5edf/gXieZItQnCU9UJ8Kaciapb5jhtJMqikXEaTsaXU/99iNVmiXyzoxTGgo8kCxmBBsrPQRRjNq9PFACNZuTXrXm1t0Z0DLxClKDAq1e9SvoJyQTVBrCsdZdz01NmGNlGOF0UgkyTVNMRnhAu5ZKLKgO89nVE3RilT6KE2VLGjRTf0/kWGg9FpHtFNgM9aI3Ff/zupmJL8OcyTQzVJL5ojjjyCRoGgHqM0WJ4WNLMFHM3orIECtMjA2qYkPwFl9eJv5Z/aru3Z7XGs0ijTIcwTGcggcX0IAbaIEPBBQ8wyu8OU/Oi/PufMxbS04xcwh/4Hz+AOdLkas=</latexit><latexit sha1_base64="UxftotvJzu5cCfrzl3m5CMGYFOA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWMLbQxLLZbtqlu5uwu1FK6P/w4kHFqz/Gm//GbZuDtj4YeLw3w8y8KOVMG9f9dkorq2vrG+XNytb2zu5edf/gXieZItQnCU9UJ8Kaciapb5jhtJMqikXEaTsaXU/99iNVmiXyzoxTGgo8kCxmBBsrPQRRjNq9PFACNZuTXrXm1t0Z0DLxClKDAq1e9SvoJyQTVBrCsdZdz01NmGNlGOF0UgkyTVNMRnhAu5ZKLKgO89nVE3RilT6KE2VLGjRTf0/kWGg9FpHtFNgM9aI3Ff/zupmJL8OcyTQzVJL5ojjjyCRoGgHqM0WJ4WNLMFHM3orIECtMjA2qYkPwFl9eJv5Z/aru3Z7XGs0ijTIcwTGcggcX0IAbaIEPBBQ8wyu8OU/Oi/PufMxbS04xcwh/4Hz+AOdLkas=</latexit><latexit sha1_base64="UxftotvJzu5cCfrzl3m5CMGYFOA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWMLbQxLLZbtqlu5uwu1FK6P/w4kHFqz/Gm//GbZuDtj4YeLw3w8y8KOVMG9f9dkorq2vrG+XNytb2zu5edf/gXieZItQnCU9UJ8Kaciapb5jhtJMqikXEaTsaXU/99iNVmiXyzoxTGgo8kCxmBBsrPQRRjNq9PFACNZuTXrXm1t0Z0DLxClKDAq1e9SvoJyQTVBrCsdZdz01NmGNlGOF0UgkyTVNMRnhAu5ZKLKgO89nVE3RilT6KE2VLGjRTf0/kWGg9FpHtFNgM9aI3Ff/zupmJL8OcyTQzVJL5ojjjyCRoGgHqM0WJ4WNLMFHM3orIECtMjA2qYkPwFl9eJv5Z/aru3Z7XGs0ijTIcwTGcggcX0IAbaIEPBBQ8wyu8OU/Oi/PufMxbS04xcwh/4Hz+AOdLkas=</latexit><latexit sha1_base64="UxftotvJzu5cCfrzl3m5CMGYFOA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWMLbQxLLZbtqlu5uwu1FK6P/w4kHFqz/Gm//GbZuDtj4YeLw3w8y8KOVMG9f9dkorq2vrG+XNytb2zu5edf/gXieZItQnCU9UJ8Kaciapb5jhtJMqikXEaTsaXU/99iNVmiXyzoxTGgo8kCxmBBsrPQRRjNq9PFACNZuTXrXm1t0Z0DLxClKDAq1e9SvoJyQTVBrCsdZdz01NmGNlGOF0UgkyTVNMRnhAu5ZKLKgO89nVE3RilT6KE2VLGjRTf0/kWGg9FpHtFNgM9aI3Ff/zupmJL8OcyTQzVJL5ojjjyCRoGgHqM0WJ4WNLMFHM3orIECtMjA2qYkPwFl9eJv5Z/aru3Z7XGs0ijTIcwTGcggcX0IAbaIEPBBQ8wyu8OU/Oi/PufMxbS04xcwh/4Hz+AOdLkas=</latexit><latexit sha1_base64="UxftotvJzu5cCfrzl3m5CMGYFOA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWMLbQxLLZbtqlu5uwu1FK6P/w4kHFqz/Gm//GbZuDtj4YeLw3w8y8KOVMG9f9dkorq2vrG+XNytb2zu5edf/gXieZItQnCU9UJ8Kaciapb5jhtJMqikXEaTsaXU/99iNVmiXyzoxTGgo8kCxmBBsrPQRRjNq9PFACNZuTXrXm1t0Z0DLxClKDAq1e9SvoJyQTVBrCsdZdz01NmGNlGOF0UgkyTVNMRnhAu5ZKLKgO89nVE3RilT6KE2VLGjRTf0/kWGg9FpHtFNgM9aI3Ff/zupmJL8OcyTQzVJL5ojjjyCRoGgHqM0WJ4WNLMFHM3orIECtMjA2qYkPwFl9eJv5Z/aru3Z7XGs0ijTIcwTGcggcX0IAbaIEPBBQ8wyu8OU/Oi/PufMxbS04xcwh/4Hz+AOdLkas=</latexit>

Aggregated channel gain at ADC

• Unique AoAs
• Equal power spread

minimize error here

minimize k[Hb]i,:k2
<latexit sha1_base64="DJhLIb9TilasECmCXmSieoBbrtY="></latexit><latexit sha1_base64="DJhLIb9TilasECmCXmSieoBbrtY="></latexit><latexit sha1_base64="DJhLIb9TilasECmCXmSieoBbrtY="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="OvI7vfzhXc1ccfgHLAM3x+SYqmM=">AAACC3icbZDNTtwwFIVvBmhhCu2ULRsLVKmLKkpm059VpW5mCRIDSEmIHM8NWNhOZN9UnWbyFt30Vbph0SL27HgbPMMs+OmRLH06x9b1PUWtpKMoug16K6trL16ub/RfbW69fjN4u3nkqsYKHItKVfak4A6VNDgmSQpPaotcFwqPi4tv8/z4O1onK3NI0xozzc+MLKXg5K18EKaEP6jV0kgtfyLrWDpL2rQo2ajL29RqVnRZ3soPX7p0djrMB3tRGC3EnkO8hD1Yaj8f3KSTSjQaDQnFnUviqKas5ZakUNj108ZhzcUFP8PEo+EaXdYu9urYO+9MWFlZfwyxhfvwRcu1c1Nd+Jua07l7ms3N/2VJQ+WnrJWmbgiNuB9UNopRxeYlsYm0KEhNPXBhpf8rE+fcckG+yr4vIX668nMYD8PPYXwQwTrswC68hxg+wlcYwT6MQcAv+AN/4V/wO7gMru7b6gXL2rbhkYLrO7l0njs=</latexit><latexit sha1_base64="t3n41QhL4S51O+vnVD319p1IeTs="></latexit><latexit sha1_base64="W7X2NnkhuhZxkh0ftDLUcJ/O9RI="></latexit><latexit sha1_base64="DJhLIb9TilasECmCXmSieoBbrtY="></latexit><latexit sha1_base64="DJhLIb9TilasECmCXmSieoBbrtY="></latexit><latexit sha1_base64="DJhLIb9TilasECmCXmSieoBbrtY="></latexit><latexit sha1_base64="DJhLIb9TilasECmCXmSieoBbrtY="></latexit><latexit sha1_base64="DJhLIb9TilasECmCXmSieoBbrtY="></latexit><latexit sha1_base64="DJhLIb9TilasECmCXmSieoBbrtY="></latexit>

Theorem A-1

Channel Hb

hb,1
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hb,3
<latexit sha1_base64="LxC+YteVM10jPVIQpKdfpUq7F70=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICVRQb0VvXisYGyhCWGz3bRLdzdhdyOEEP+KFw8qXv0j3vw3btsctPXBwOO9GWbmRSmjSjvOt7W0vLK6tl7bqG9ube/s2nv7DyrJJCYeTlgiexFShFFBPE01I71UEsQjRrrR+Gbidx+JVDQR9zpPScDRUNCYYqSNFNqNwo9iOCrDovAlh1F5claGdtNpOVPAReJWpAkqdEL7yx8kOONEaMyQUn3XSXVQIKkpZqSs+5kiKcJjNCR9QwXiRAXF9PgSHhllAONEmhIaTtXfEwXiSuU8Mp0c6ZGa9ybif14/0/FlUFCRZpoIPFsUZwzqBE6SgAMqCdYsNwRhSc2tEI+QRFibvOomBHf+5UXinbauWu7debN9XaVRAwfgEBwDF1yANrgFHeABDHLwDF7Bm/VkvVjv1sesdcmqZhrgD6zPH56NlEw=</latexit><latexit sha1_base64="LxC+YteVM10jPVIQpKdfpUq7F70=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICVRQb0VvXisYGyhCWGz3bRLdzdhdyOEEP+KFw8qXv0j3vw3btsctPXBwOO9GWbmRSmjSjvOt7W0vLK6tl7bqG9ube/s2nv7DyrJJCYeTlgiexFShFFBPE01I71UEsQjRrrR+Gbidx+JVDQR9zpPScDRUNCYYqSNFNqNwo9iOCrDovAlh1F5claGdtNpOVPAReJWpAkqdEL7yx8kOONEaMyQUn3XSXVQIKkpZqSs+5kiKcJjNCR9QwXiRAXF9PgSHhllAONEmhIaTtXfEwXiSuU8Mp0c6ZGa9ybif14/0/FlUFCRZpoIPFsUZwzqBE6SgAMqCdYsNwRhSc2tEI+QRFibvOomBHf+5UXinbauWu7debN9XaVRAwfgEBwDF1yANrgFHeABDHLwDF7Bm/VkvVjv1sesdcmqZhrgD6zPH56NlEw=</latexit><latexit sha1_base64="LxC+YteVM10jPVIQpKdfpUq7F70=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICVRQb0VvXisYGyhCWGz3bRLdzdhdyOEEP+KFw8qXv0j3vw3btsctPXBwOO9GWbmRSmjSjvOt7W0vLK6tl7bqG9ube/s2nv7DyrJJCYeTlgiexFShFFBPE01I71UEsQjRrrR+Gbidx+JVDQR9zpPScDRUNCYYqSNFNqNwo9iOCrDovAlh1F5claGdtNpOVPAReJWpAkqdEL7yx8kOONEaMyQUn3XSXVQIKkpZqSs+5kiKcJjNCR9QwXiRAXF9PgSHhllAONEmhIaTtXfEwXiSuU8Mp0c6ZGa9ybif14/0/FlUFCRZpoIPFsUZwzqBE6SgAMqCdYsNwRhSc2tEI+QRFibvOomBHf+5UXinbauWu7debN9XaVRAwfgEBwDF1yANrgFHeABDHLwDF7Bm/VkvVjv1sesdcmqZhrgD6zPH56NlEw=</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="qaD6oLD1End9HOlPr+iVn+43r7s=">AAAB8HicbZBPS8MwGMbf+nfOqVWPXoJD8CCj1YN6E7x4nGDdYC0lzdItLElLkgqj1K/ixYOKn8ab38bsz0E3Hwj8eJ6E982T5Jxp43nfzsrq2vrGZm2rvt3Y2d1z9xuPOisUoQHJeKa6CdaUM0kDwwyn3VxRLBJOO8nodpJ3nqjSLJMPZpzTSOCBZCkj2Fgrdg/LMEnRsIrLMlQCJdXZRRW7Ta/lTYWWwZ9DE+Zqx+5X2M9IIag0hGOte76Xm6jEyjDCaVUPC01zTEZ4QHsWJRZUR+V0+QqdWKeP0kzZIw2aur9flFhoPRaJvSmwGerFbGL+l/UKk15FJZN5Yagks0FpwZHJ0KQJ1GeKEsPHFjBRzO6KyBArTIztq25L8Be/vAzBeeu65d97UIMjOIZT8OESbuAO2hAAgTG8wBu8O8/Oq/Mxa2vFmdd2AH/kfP4APReS5g==</latexit><latexit sha1_base64="qaD6oLD1End9HOlPr+iVn+43r7s=">AAAB8HicbZBPS8MwGMbf+nfOqVWPXoJD8CCj1YN6E7x4nGDdYC0lzdItLElLkgqj1K/ixYOKn8ab38bsz0E3Hwj8eJ6E982T5Jxp43nfzsrq2vrGZm2rvt3Y2d1z9xuPOisUoQHJeKa6CdaUM0kDwwyn3VxRLBJOO8nodpJ3nqjSLJMPZpzTSOCBZCkj2Fgrdg/LMEnRsIrLMlQCJdXZRRW7Ta/lTYWWwZ9DE+Zqx+5X2M9IIag0hGOte76Xm6jEyjDCaVUPC01zTEZ4QHsWJRZUR+V0+QqdWKeP0kzZIw2aur9flFhoPRaJvSmwGerFbGL+l/UKk15FJZN5Yagks0FpwZHJ0KQJ1GeKEsPHFjBRzO6KyBArTIztq25L8Be/vAzBeeu65d97UIMjOIZT8OESbuAO2hAAgTG8wBu8O8/Oq/Mxa2vFmdd2AH/kfP4APReS5g==</latexit><latexit sha1_base64="Ld4PJe/yP9720zu9ejG9d5JewPc=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSyCBymJHtRb0YvHCsYWmhA22027dHcTdjdCCPGvePGg4tU/4s1/47bNQVsfDDzem2FmXpQyqrTjfFu1ldW19Y36ZmNre2d3z94/eFBJJjHxcMIS2Y+QIowK4mmqGemnkiAeMdKLJjdTv/dIpKKJuNd5SgKORoLGFCNtpNBuFn4Uw3EZFoUvOYzK0/MytFtO25kBLhO3Ii1QoRvaX/4wwRknQmOGlBq4TqqDAklNMSNlw88USRGeoBEZGCoQJyooZseX8NgoQxgn0pTQcKb+nigQVyrnkenkSI/VojcV//MGmY4vg4KKNNNE4PmiOGNQJ3CaBBxSSbBmuSEIS2puhXiMJMLa5NUwIbiLLy8T76x91XbvnFbnukqjDg7BETgBLrgAHXALusADGOTgGbyCN+vJerHerY95a82qZprgD6zPH51NlEg=</latexit><latexit sha1_base64="LxC+YteVM10jPVIQpKdfpUq7F70=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICVRQb0VvXisYGyhCWGz3bRLdzdhdyOEEP+KFw8qXv0j3vw3btsctPXBwOO9GWbmRSmjSjvOt7W0vLK6tl7bqG9ube/s2nv7DyrJJCYeTlgiexFShFFBPE01I71UEsQjRrrR+Gbidx+JVDQR9zpPScDRUNCYYqSNFNqNwo9iOCrDovAlh1F5claGdtNpOVPAReJWpAkqdEL7yx8kOONEaMyQUn3XSXVQIKkpZqSs+5kiKcJjNCR9QwXiRAXF9PgSHhllAONEmhIaTtXfEwXiSuU8Mp0c6ZGa9ybif14/0/FlUFCRZpoIPFsUZwzqBE6SgAMqCdYsNwRhSc2tEI+QRFibvOomBHf+5UXinbauWu7debN9XaVRAwfgEBwDF1yANrgFHeABDHLwDF7Bm/VkvVjv1sesdcmqZhrgD6zPH56NlEw=</latexit><latexit sha1_base64="LxC+YteVM10jPVIQpKdfpUq7F70=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICVRQb0VvXisYGyhCWGz3bRLdzdhdyOEEP+KFw8qXv0j3vw3btsctPXBwOO9GWbmRSmjSjvOt7W0vLK6tl7bqG9ube/s2nv7DyrJJCYeTlgiexFShFFBPE01I71UEsQjRrrR+Gbidx+JVDQR9zpPScDRUNCYYqSNFNqNwo9iOCrDovAlh1F5claGdtNpOVPAReJWpAkqdEL7yx8kOONEaMyQUn3XSXVQIKkpZqSs+5kiKcJjNCR9QwXiRAXF9PgSHhllAONEmhIaTtXfEwXiSuU8Mp0c6ZGa9ybif14/0/FlUFCRZpoIPFsUZwzqBE6SgAMqCdYsNwRhSc2tEI+QRFibvOomBHf+5UXinbauWu7debN9XaVRAwfgEBwDF1yANrgFHeABDHLwDF7Bm/VkvVjv1sesdcmqZhrgD6zPH56NlEw=</latexit><latexit sha1_base64="LxC+YteVM10jPVIQpKdfpUq7F70=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICVRQb0VvXisYGyhCWGz3bRLdzdhdyOEEP+KFw8qXv0j3vw3btsctPXBwOO9GWbmRSmjSjvOt7W0vLK6tl7bqG9ube/s2nv7DyrJJCYeTlgiexFShFFBPE01I71UEsQjRrrR+Gbidx+JVDQR9zpPScDRUNCYYqSNFNqNwo9iOCrDovAlh1F5claGdtNpOVPAReJWpAkqdEL7yx8kOONEaMyQUn3XSXVQIKkpZqSs+5kiKcJjNCR9QwXiRAXF9PgSHhllAONEmhIaTtXfEwXiSuU8Mp0c6ZGa9ybif14/0/FlUFCRZpoIPFsUZwzqBE6SgAMqCdYsNwRhSc2tEI+QRFibvOomBHf+5UXinbauWu7debN9XaVRAwfgEBwDF1yANrgFHeABDHLwDF7Bm/VkvVjv1sesdcmqZhrgD6zPH56NlEw=</latexit><latexit sha1_base64="LxC+YteVM10jPVIQpKdfpUq7F70=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICVRQb0VvXisYGyhCWGz3bRLdzdhdyOEEP+KFw8qXv0j3vw3btsctPXBwOO9GWbmRSmjSjvOt7W0vLK6tl7bqG9ube/s2nv7DyrJJCYeTlgiexFShFFBPE01I71UEsQjRrrR+Gbidx+JVDQR9zpPScDRUNCYYqSNFNqNwo9iOCrDovAlh1F5claGdtNpOVPAReJWpAkqdEL7yx8kOONEaMyQUn3XSXVQIKkpZqSs+5kiKcJjNCR9QwXiRAXF9PgSHhllAONEmhIaTtXfEwXiSuU8Mp0c6ZGa9ybif14/0/FlUFCRZpoIPFsUZwzqBE6SgAMqCdYsNwRhSc2tEI+QRFibvOomBHf+5UXinbauWu7debN9XaVRAwfgEBwDF1yANrgFHeABDHLwDF7Bm/VkvVjv1sesdcmqZhrgD6zPH56NlEw=</latexit><latexit sha1_base64="LxC+YteVM10jPVIQpKdfpUq7F70=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICVRQb0VvXisYGyhCWGz3bRLdzdhdyOEEP+KFw8qXv0j3vw3btsctPXBwOO9GWbmRSmjSjvOt7W0vLK6tl7bqG9ube/s2nv7DyrJJCYeTlgiexFShFFBPE01I71UEsQjRrrR+Gbidx+JVDQR9zpPScDRUNCYYqSNFNqNwo9iOCrDovAlh1F5claGdtNpOVPAReJWpAkqdEL7yx8kOONEaMyQUn3XSXVQIKkpZqSs+5kiKcJjNCR9QwXiRAXF9PgSHhllAONEmhIaTtXfEwXiSuU8Mp0c6ZGa9ybif14/0/FlUFCRZpoIPFsUZwzqBE6SgAMqCdYsNwRhSc2tEI+QRFibvOomBHf+5UXinbauWu7debN9XaVRAwfgEBwDF1yANrgFHeABDHLwDF7Bm/VkvVjv1sesdcmqZhrgD6zPH56NlEw=</latexit><latexit sha1_base64="LxC+YteVM10jPVIQpKdfpUq7F70=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICVRQb0VvXisYGyhCWGz3bRLdzdhdyOEEP+KFw8qXv0j3vw3btsctPXBwOO9GWbmRSmjSjvOt7W0vLK6tl7bqG9ube/s2nv7DyrJJCYeTlgiexFShFFBPE01I71UEsQjRrrR+Gbidx+JVDQR9zpPScDRUNCYYqSNFNqNwo9iOCrDovAlh1F5claGdtNpOVPAReJWpAkqdEL7yx8kOONEaMyQUn3XSXVQIKkpZqSs+5kiKcJjNCR9QwXiRAXF9PgSHhllAONEmhIaTtXfEwXiSuU8Mp0c6ZGa9ybif14/0/FlUFCRZpoIPFsUZwzqBE6SgAMqCdYsNwRhSc2tEI+QRFibvOomBHf+5UXinbauWu7debN9XaVRAwfgEBwDF1yANrgFHeABDHLwDF7Bm/VkvVjv1sesdcmqZhrgD6zPH56NlEw=</latexit>

hb,4
<latexit sha1_base64="H2pdC/6ytUQWGychPl7L1GQtdqU=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICWRgnorevFYwdhCE8Jmu2mX7m7C7kYIIf4VLx5UvPpHvPlv3LY5aOuDgcd7M8zMi1JGlXacb2tldW19Y7O2Vd/e2d3btw8OH1SSSUw8nLBE9iOkCKOCeJpqRvqpJIhHjPSiyc3U7z0SqWgi7nWekoCjkaAxxUgbKbQbhR/FcFyGReFLDqPyrF2GdtNpOTPAZeJWpAkqdEP7yx8mOONEaMyQUgPXSXVQIKkpZqSs+5kiKcITNCIDQwXiRAXF7PgSnhhlCONEmhIaztTfEwXiSuU8Mp0c6bFa9Kbif94g0/FlUFCRZpoIPF8UZwzqBE6TgEMqCdYsNwRhSc2tEI+RRFibvOomBHfx5WXinbeuWu5du9m5rtKogSNwDE6BCy5AB9yCLvAABjl4Bq/gzXqyXqx362PeumJVMw3wB9bnD6ARlE0=</latexit><latexit sha1_base64="H2pdC/6ytUQWGychPl7L1GQtdqU=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICWRgnorevFYwdhCE8Jmu2mX7m7C7kYIIf4VLx5UvPpHvPlv3LY5aOuDgcd7M8zMi1JGlXacb2tldW19Y7O2Vd/e2d3btw8OH1SSSUw8nLBE9iOkCKOCeJpqRvqpJIhHjPSiyc3U7z0SqWgi7nWekoCjkaAxxUgbKbQbhR/FcFyGReFLDqPyrF2GdtNpOTPAZeJWpAkqdEP7yx8mOONEaMyQUgPXSXVQIKkpZqSs+5kiKcITNCIDQwXiRAXF7PgSnhhlCONEmhIaztTfEwXiSuU8Mp0c6bFa9Kbif94g0/FlUFCRZpoIPF8UZwzqBE6TgEMqCdYsNwRhSc2tEI+RRFibvOomBHfx5WXinbeuWu5du9m5rtKogSNwDE6BCy5AB9yCLvAABjl4Bq/gzXqyXqx362PeumJVMw3wB9bnD6ARlE0=</latexit><latexit sha1_base64="H2pdC/6ytUQWGychPl7L1GQtdqU=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICWRgnorevFYwdhCE8Jmu2mX7m7C7kYIIf4VLx5UvPpHvPlv3LY5aOuDgcd7M8zMi1JGlXacb2tldW19Y7O2Vd/e2d3btw8OH1SSSUw8nLBE9iOkCKOCeJpqRvqpJIhHjPSiyc3U7z0SqWgi7nWekoCjkaAxxUgbKbQbhR/FcFyGReFLDqPyrF2GdtNpOTPAZeJWpAkqdEP7yx8mOONEaMyQUgPXSXVQIKkpZqSs+5kiKcITNCIDQwXiRAXF7PgSnhhlCONEmhIaztTfEwXiSuU8Mp0c6bFa9Kbif94g0/FlUFCRZpoIPF8UZwzqBE6TgEMqCdYsNwRhSc2tEI+RRFibvOomBHfx5WXinbeuWu5du9m5rtKogSNwDE6BCy5AB9yCLvAABjl4Bq/gzXqyXqx362PeumJVMw3wB9bnD6ARlE0=</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="lN/5H6A+h2EPj7ihs9oKYBHnxJE=">AAAB8HicbZBPS8MwGMbf+nfOqVWPXoJD8CCjFUG9CV48TrBusJaSZukWlqQlSYVR6lfx4kHFT+PNb2P256CbDwR+PE/C++ZJcs608bxvZ2V1bX1js7ZV327s7O65+41HnRWK0IBkPFPdBGvKmaSBYYbTbq4oFgmnnWR0O8k7T1RplskHM85pJPBAspQRbKwVu4dlmKRoWMVlGSqBkursoordptfypkLL4M+hCXO1Y/cr7GekEFQawrHWPd/LTVRiZRjhtKqHhaY5JiM8oD2LEguqo3K6fIVOrNNHaabskQZN3d8vSiy0HovE3hTYDPViNjH/y3qFSa+iksm8MFSS2aC04MhkaNIE6jNFieFjC5goZndFZIgVJsb2Vbcl+ItfXobgvHXd8u89qMERHMMp+HAJN3AHbQiAwBhe4A3enWfn1fmYtbXizGs7gD9yPn8APpCS5w==</latexit><latexit sha1_base64="lN/5H6A+h2EPj7ihs9oKYBHnxJE=">AAAB8HicbZBPS8MwGMbf+nfOqVWPXoJD8CCjFUG9CV48TrBusJaSZukWlqQlSYVR6lfx4kHFT+PNb2P256CbDwR+PE/C++ZJcs608bxvZ2V1bX1js7ZV327s7O65+41HnRWK0IBkPFPdBGvKmaSBYYbTbq4oFgmnnWR0O8k7T1RplskHM85pJPBAspQRbKwVu4dlmKRoWMVlGSqBkursoordptfypkLL4M+hCXO1Y/cr7GekEFQawrHWPd/LTVRiZRjhtKqHhaY5JiM8oD2LEguqo3K6fIVOrNNHaabskQZN3d8vSiy0HovE3hTYDPViNjH/y3qFSa+iksm8MFSS2aC04MhkaNIE6jNFieFjC5goZndFZIgVJsb2Vbcl+ItfXobgvHXd8u89qMERHMMp+HAJN3AHbQiAwBhe4A3enWfn1fmYtbXizGs7gD9yPn8APpCS5w==</latexit><latexit sha1_base64="G9SGGlxPKazfXvTZI/CswjYntUE=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSyCBymJCOqt6MVjBWMLTQib7aZdursJuxshhPhXvHhQ8eof8ea/cdvmoK0PBh7vzTAzL0oZVdpxvq3ayura+kZ9s7G1vbO7Z+8fPKgkk5h4OGGJ7EdIEUYF8TTVjPRTSRCPGOlFk5up33skUtFE3Os8JQFHI0FjipE2Umg3Cz+K4bgMi8KXHEbl6XkZ2i2n7cwAl4lbkRao0A3tL3+Y4IwToTFDSg1cJ9VBgaSmmJGy4WeKpAhP0IgMDBWIExUUs+NLeGyUIYwTaUpoOFN/TxSIK5XzyHRypMdq0ZuK/3mDTMeXQUFFmmki8HxRnDGoEzhNAg6pJFiz3BCEJTW3QjxGEmFt8mqYENzFl5eJd9a+art3TqtzXaVRB4fgCJwAF1yADrgFXeABDHLwDF7Bm/VkvVjv1se8tWZVM03wB9bnD57RlEk=</latexit><latexit sha1_base64="H2pdC/6ytUQWGychPl7L1GQtdqU=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICWRgnorevFYwdhCE8Jmu2mX7m7C7kYIIf4VLx5UvPpHvPlv3LY5aOuDgcd7M8zMi1JGlXacb2tldW19Y7O2Vd/e2d3btw8OH1SSSUw8nLBE9iOkCKOCeJpqRvqpJIhHjPSiyc3U7z0SqWgi7nWekoCjkaAxxUgbKbQbhR/FcFyGReFLDqPyrF2GdtNpOTPAZeJWpAkqdEP7yx8mOONEaMyQUgPXSXVQIKkpZqSs+5kiKcITNCIDQwXiRAXF7PgSnhhlCONEmhIaztTfEwXiSuU8Mp0c6bFa9Kbif94g0/FlUFCRZpoIPF8UZwzqBE6TgEMqCdYsNwRhSc2tEI+RRFibvOomBHfx5WXinbeuWu5du9m5rtKogSNwDE6BCy5AB9yCLvAABjl4Bq/gzXqyXqx362PeumJVMw3wB9bnD6ARlE0=</latexit><latexit sha1_base64="H2pdC/6ytUQWGychPl7L1GQtdqU=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICWRgnorevFYwdhCE8Jmu2mX7m7C7kYIIf4VLx5UvPpHvPlv3LY5aOuDgcd7M8zMi1JGlXacb2tldW19Y7O2Vd/e2d3btw8OH1SSSUw8nLBE9iOkCKOCeJpqRvqpJIhHjPSiyc3U7z0SqWgi7nWekoCjkaAxxUgbKbQbhR/FcFyGReFLDqPyrF2GdtNpOTPAZeJWpAkqdEP7yx8mOONEaMyQUgPXSXVQIKkpZqSs+5kiKcITNCIDQwXiRAXF7PgSnhhlCONEmhIaztTfEwXiSuU8Mp0c6bFa9Kbif94g0/FlUFCRZpoIPF8UZwzqBE6TgEMqCdYsNwRhSc2tEI+RRFibvOomBHfx5WXinbeuWu5du9m5rtKogSNwDE6BCy5AB9yCLvAABjl4Bq/gzXqyXqx362PeumJVMw3wB9bnD6ARlE0=</latexit><latexit sha1_base64="H2pdC/6ytUQWGychPl7L1GQtdqU=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICWRgnorevFYwdhCE8Jmu2mX7m7C7kYIIf4VLx5UvPpHvPlv3LY5aOuDgcd7M8zMi1JGlXacb2tldW19Y7O2Vd/e2d3btw8OH1SSSUw8nLBE9iOkCKOCeJpqRvqpJIhHjPSiyc3U7z0SqWgi7nWekoCjkaAxxUgbKbQbhR/FcFyGReFLDqPyrF2GdtNpOTPAZeJWpAkqdEP7yx8mOONEaMyQUgPXSXVQIKkpZqSs+5kiKcITNCIDQwXiRAXF7PgSnhhlCONEmhIaztTfEwXiSuU8Mp0c6bFa9Kbif94g0/FlUFCRZpoIPF8UZwzqBE6TgEMqCdYsNwRhSc2tEI+RRFibvOomBHfx5WXinbeuWu5du9m5rtKogSNwDE6BCy5AB9yCLvAABjl4Bq/gzXqyXqx362PeumJVMw3wB9bnD6ARlE0=</latexit><latexit sha1_base64="H2pdC/6ytUQWGychPl7L1GQtdqU=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICWRgnorevFYwdhCE8Jmu2mX7m7C7kYIIf4VLx5UvPpHvPlv3LY5aOuDgcd7M8zMi1JGlXacb2tldW19Y7O2Vd/e2d3btw8OH1SSSUw8nLBE9iOkCKOCeJpqRvqpJIhHjPSiyc3U7z0SqWgi7nWekoCjkaAxxUgbKbQbhR/FcFyGReFLDqPyrF2GdtNpOTPAZeJWpAkqdEP7yx8mOONEaMyQUgPXSXVQIKkpZqSs+5kiKcITNCIDQwXiRAXF7PgSnhhlCONEmhIaztTfEwXiSuU8Mp0c6bFa9Kbif94g0/FlUFCRZpoIPF8UZwzqBE6TgEMqCdYsNwRhSc2tEI+RRFibvOomBHfx5WXinbeuWu5du9m5rtKogSNwDE6BCy5AB9yCLvAABjl4Bq/gzXqyXqx362PeumJVMw3wB9bnD6ARlE0=</latexit><latexit sha1_base64="H2pdC/6ytUQWGychPl7L1GQtdqU=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICWRgnorevFYwdhCE8Jmu2mX7m7C7kYIIf4VLx5UvPpHvPlv3LY5aOuDgcd7M8zMi1JGlXacb2tldW19Y7O2Vd/e2d3btw8OH1SSSUw8nLBE9iOkCKOCeJpqRvqpJIhHjPSiyc3U7z0SqWgi7nWekoCjkaAxxUgbKbQbhR/FcFyGReFLDqPyrF2GdtNpOTPAZeJWpAkqdEP7yx8mOONEaMyQUgPXSXVQIKkpZqSs+5kiKcITNCIDQwXiRAXF7PgSnhhlCONEmhIaztTfEwXiSuU8Mp0c6bFa9Kbif94g0/FlUFCRZpoIPF8UZwzqBE6TgEMqCdYsNwRhSc2tEI+RRFibvOomBHfx5WXinbeuWu5du9m5rtKogSNwDE6BCy5AB9yCLvAABjl4Bq/gzXqyXqx362PeumJVMw3wB9bnD6ARlE0=</latexit><latexit sha1_base64="H2pdC/6ytUQWGychPl7L1GQtdqU=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICWRgnorevFYwdhCE8Jmu2mX7m7C7kYIIf4VLx5UvPpHvPlv3LY5aOuDgcd7M8zMi1JGlXacb2tldW19Y7O2Vd/e2d3btw8OH1SSSUw8nLBE9iOkCKOCeJpqRvqpJIhHjPSiyc3U7z0SqWgi7nWekoCjkaAxxUgbKbQbhR/FcFyGReFLDqPyrF2GdtNpOTPAZeJWpAkqdEP7yx8mOONEaMyQUgPXSXVQIKkpZqSs+5kiKcITNCIDQwXiRAXF7PgSnhhlCONEmhIaztTfEwXiSuU8Mp0c6bFa9Kbif94g0/FlUFCRZpoIPF8UZwzqBE6TgEMqCdYsNwRhSc2tEI+RRFibvOomBHfx5WXinbeuWu5du9m5rtKogSNwDE6BCy5AB9yCLvAABjl4Bq/gzXqyXqx362PeumJVMw3wB9bnD6ARlE0=</latexit>

*Angle of arrivals
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Ph.D. Defense  Jinseok Choi

PROOF OF THEOREM A-1

(a-c): sufficient conditions for maximizing sum rate

§ Two-stage maximization approach

1. Minimize kwzf,kk2
<latexit sha1_base64="2QvSCGo6v0ReYewgjvXJT7+1fxQ=">AAACAnicbVBNS8NAEN34WetX1JteFovgQUpSBPVW9OKxgrGFJobNdtMu3U3C7kapacCLf8WLBxWv/gpv/hu3bQ7a+mDg8d4MM/OChFGpLOvbmJtfWFxaLq2UV9fWNzbNre0bGacCEwfHLBatAEnCaEQcRRUjrUQQxANGmkH/YuQ374iQNI6u1SAhHkfdiIYUI6Ul39x1h5kbhPA+97PMFRw+hPlRP3eHtzXfrFhVaww4S+yCVECBhm9+uZ0Yp5xECjMkZdu2EuVlSCiKGcnLbipJgnAfdUlb0whxIr1s/EMOD7TSgWEsdEUKjtXfExniUg54oDs5Uj057Y3E/7x2qsJTL6NRkioS4cmiMGVQxXAUCOxQQbBiA00QFlTfCnEPCYSVjq2sQ7CnX54lTq16VrWvjiv18yKNEtgD++AQ2OAE1MElaAAHYPAInsEreDOejBfj3fiYtM4ZxcwO+APj8wdy0JeX</latexit><latexit sha1_base64="2QvSCGo6v0ReYewgjvXJT7+1fxQ=">AAACAnicbVBNS8NAEN34WetX1JteFovgQUpSBPVW9OKxgrGFJobNdtMu3U3C7kapacCLf8WLBxWv/gpv/hu3bQ7a+mDg8d4MM/OChFGpLOvbmJtfWFxaLq2UV9fWNzbNre0bGacCEwfHLBatAEnCaEQcRRUjrUQQxANGmkH/YuQ374iQNI6u1SAhHkfdiIYUI6Ul39x1h5kbhPA+97PMFRw+hPlRP3eHtzXfrFhVaww4S+yCVECBhm9+uZ0Yp5xECjMkZdu2EuVlSCiKGcnLbipJgnAfdUlb0whxIr1s/EMOD7TSgWEsdEUKjtXfExniUg54oDs5Uj057Y3E/7x2qsJTL6NRkioS4cmiMGVQxXAUCOxQQbBiA00QFlTfCnEPCYSVjq2sQ7CnX54lTq16VrWvjiv18yKNEtgD++AQ2OAE1MElaAAHYPAInsEreDOejBfj3fiYtM4ZxcwO+APj8wdy0JeX</latexit><latexit sha1_base64="2QvSCGo6v0ReYewgjvXJT7+1fxQ=">AAACAnicbVBNS8NAEN34WetX1JteFovgQUpSBPVW9OKxgrGFJobNdtMu3U3C7kapacCLf8WLBxWv/gpv/hu3bQ7a+mDg8d4MM/OChFGpLOvbmJtfWFxaLq2UV9fWNzbNre0bGacCEwfHLBatAEnCaEQcRRUjrUQQxANGmkH/YuQ374iQNI6u1SAhHkfdiIYUI6Ul39x1h5kbhPA+97PMFRw+hPlRP3eHtzXfrFhVaww4S+yCVECBhm9+uZ0Yp5xECjMkZdu2EuVlSCiKGcnLbipJgnAfdUlb0whxIr1s/EMOD7TSgWEsdEUKjtXfExniUg54oDs5Uj057Y3E/7x2qsJTL6NRkioS4cmiMGVQxXAUCOxQQbBiA00QFlTfCnEPCYSVjq2sQ7CnX54lTq16VrWvjiv18yKNEtgD++AQ2OAE1MElaAAHYPAInsEreDOejBfj3fiYtM4ZxcwO+APj8wdy0JeX</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="SV00xaMmQPcYb5lgLl7/SLT490E=">AAAB93icbZC9TsMwFIVvyl8pBQIjLBYIiQFVSRdgQ2JhLBKhlZoSOa7TWrWTyHZAJY3EwquwMADiTdh4G9yfAVqOZOnTObau7wlTzpR2nG+rtLS8srpWXq9sVDe3tu2d6q1KMkmoRxKeyFaIFeUspp5mmtNWKikWIafNcHA5zpv3VCqWxDd6mNKOwL2YRYxgbazA3vNHuR9G6KEI8tyXAj1Gxcmg8Ed39cA+dGrORGgR3BkcwkyNwP7yuwnJBI014ViptuukupNjqRnhtKj4maIpJgPco22DMRZUdfLJDgU6Mk4XRYk0J9Zo4v5+kWOh1FCE5qbAuq/ms7H5X9bOdHTWyVmcZprGZDooyjjSCRoXgrpMUqL50AAmkpm/ItLHEhNtaquYEtz5lRfBq9fOa+61A2XYhwM4BhdO4QKuoAEeEHiCF3iDd+vZerU+pm2VrFltu/BH1ucP7lSWKg==</latexit><latexit sha1_base64="SV00xaMmQPcYb5lgLl7/SLT490E=">AAAB93icbZC9TsMwFIVvyl8pBQIjLBYIiQFVSRdgQ2JhLBKhlZoSOa7TWrWTyHZAJY3EwquwMADiTdh4G9yfAVqOZOnTObau7wlTzpR2nG+rtLS8srpWXq9sVDe3tu2d6q1KMkmoRxKeyFaIFeUspp5mmtNWKikWIafNcHA5zpv3VCqWxDd6mNKOwL2YRYxgbazA3vNHuR9G6KEI8tyXAj1Gxcmg8Ed39cA+dGrORGgR3BkcwkyNwP7yuwnJBI014ViptuukupNjqRnhtKj4maIpJgPco22DMRZUdfLJDgU6Mk4XRYk0J9Zo4v5+kWOh1FCE5qbAuq/ms7H5X9bOdHTWyVmcZprGZDooyjjSCRoXgrpMUqL50AAmkpm/ItLHEhNtaquYEtz5lRfBq9fOa+61A2XYhwM4BhdO4QKuoAEeEHiCF3iDd+vZerU+pm2VrFltu/BH1ucP7lSWKg==</latexit><latexit sha1_base64="YfIeVmpMebU9DsepZyOfD3BV+Eg=">AAACAnicbVA9T8MwEHXKVylfATZYLCokBlQlXYCtgoWxSIRWakLkuE5r1U4i2wGVNBILf4WFARArv4KNf4PbZoCWJ5309N6d7u4FCaNSWda3UVpYXFpeKa9W1tY3NrfM7Z0bGacCEwfHLBbtAEnCaEQcRRUj7UQQxANGWsHgYuy37oiQNI6u1TAhHke9iIYUI6Ul39xzR5kbhPA+97PMFRw+hPnxIHdHt3XfrFo1awI4T+yCVEGBpm9+ud0Yp5xECjMkZce2EuVlSCiKGckrbipJgvAA9UhH0whxIr1s8kMOD7XShWEsdEUKTtTfExniUg55oDs5Un05643F/7xOqsJTL6NRkioS4emiMGVQxXAcCOxSQbBiQ00QFlTfCnEfCYSVjq2iQ7BnX54nTr12VrOvrGrjvEijDPbBATgCNjgBDXAJmsABGDyCZ/AK3own48V4Nz6mrSWjmNkFf2B8/gBxkJeT</latexit><latexit sha1_base64="2QvSCGo6v0ReYewgjvXJT7+1fxQ=">AAACAnicbVBNS8NAEN34WetX1JteFovgQUpSBPVW9OKxgrGFJobNdtMu3U3C7kapacCLf8WLBxWv/gpv/hu3bQ7a+mDg8d4MM/OChFGpLOvbmJtfWFxaLq2UV9fWNzbNre0bGacCEwfHLBatAEnCaEQcRRUjrUQQxANGmkH/YuQ374iQNI6u1SAhHkfdiIYUI6Ul39x1h5kbhPA+97PMFRw+hPlRP3eHtzXfrFhVaww4S+yCVECBhm9+uZ0Yp5xECjMkZdu2EuVlSCiKGcnLbipJgnAfdUlb0whxIr1s/EMOD7TSgWEsdEUKjtXfExniUg54oDs5Uj057Y3E/7x2qsJTL6NRkioS4cmiMGVQxXAUCOxQQbBiA00QFlTfCnEPCYSVjq2sQ7CnX54lTq16VrWvjiv18yKNEtgD++AQ2OAE1MElaAAHYPAInsEreDOejBfj3fiYtM4ZxcwO+APj8wdy0JeX</latexit><latexit sha1_base64="2QvSCGo6v0ReYewgjvXJT7+1fxQ=">AAACAnicbVBNS8NAEN34WetX1JteFovgQUpSBPVW9OKxgrGFJobNdtMu3U3C7kapacCLf8WLBxWv/gpv/hu3bQ7a+mDg8d4MM/OChFGpLOvbmJtfWFxaLq2UV9fWNzbNre0bGacCEwfHLBatAEnCaEQcRRUjrUQQxANGmkH/YuQ374iQNI6u1SAhHkfdiIYUI6Ul39x1h5kbhPA+97PMFRw+hPlRP3eHtzXfrFhVaww4S+yCVECBhm9+uZ0Yp5xECjMkZdu2EuVlSCiKGcnLbipJgnAfdUlb0whxIr1s/EMOD7TSgWEsdEUKjtXfExniUg54oDs5Uj057Y3E/7x2qsJTL6NRkioS4cmiMGVQxXAUCOxQQbBiA00QFlTfCnEPCYSVjq2sQ7CnX54lTq16VrWvjiv18yKNEtgD++AQ2OAE1MElaAAHYPAInsEreDOejBfj3fiYtM4ZxcwO+APj8wdy0JeX</latexit><latexit sha1_base64="2QvSCGo6v0ReYewgjvXJT7+1fxQ=">AAACAnicbVBNS8NAEN34WetX1JteFovgQUpSBPVW9OKxgrGFJobNdtMu3U3C7kapacCLf8WLBxWv/gpv/hu3bQ7a+mDg8d4MM/OChFGpLOvbmJtfWFxaLq2UV9fWNzbNre0bGacCEwfHLBatAEnCaEQcRRUjrUQQxANGmkH/YuQ374iQNI6u1SAhHkfdiIYUI6Ul39x1h5kbhPA+97PMFRw+hPlRP3eHtzXfrFhVaww4S+yCVECBhm9+uZ0Yp5xECjMkZdu2EuVlSCiKGcnLbipJgnAfdUlb0whxIr1s/EMOD7TSgWEsdEUKjtXfExniUg54oDs5Uj057Y3E/7x2qsJTL6NRkioS4cmiMGVQxXAUCOxQQbBiA00QFlTfCnEPCYSVjq2sQ7CnX54lTq16VrWvjiv18yKNEtgD++AQ2OAE1MElaAAHYPAInsEreDOejBfj3fiYtM4ZxcwO+APj8wdy0JeX</latexit><latexit sha1_base64="2QvSCGo6v0ReYewgjvXJT7+1fxQ=">AAACAnicbVBNS8NAEN34WetX1JteFovgQUpSBPVW9OKxgrGFJobNdtMu3U3C7kapacCLf8WLBxWv/gpv/hu3bQ7a+mDg8d4MM/OChFGpLOvbmJtfWFxaLq2UV9fWNzbNre0bGacCEwfHLBatAEnCaEQcRRUjrUQQxANGmkH/YuQ374iQNI6u1SAhHkfdiIYUI6Ul39x1h5kbhPA+97PMFRw+hPlRP3eHtzXfrFhVaww4S+yCVECBhm9+uZ0Yp5xECjMkZdu2EuVlSCiKGcnLbipJgnAfdUlb0whxIr1s/EMOD7TSgWEsdEUKjtXfExniUg54oDs5Uj057Y3E/7x2qsJTL6NRkioS4cmiMGVQxXAUCOxQQbBiA00QFlTfCnEPCYSVjq2sQ7CnX54lTq16VrWvjiv18yKNEtgD++AQ2OAE1MElaAAHYPAInsEreDOejBfj3fiYtM4ZxcwO+APj8wdy0JeX</latexit><latexit sha1_base64="2QvSCGo6v0ReYewgjvXJT7+1fxQ=">AAACAnicbVBNS8NAEN34WetX1JteFovgQUpSBPVW9OKxgrGFJobNdtMu3U3C7kapacCLf8WLBxWv/gpv/hu3bQ7a+mDg8d4MM/OChFGpLOvbmJtfWFxaLq2UV9fWNzbNre0bGacCEwfHLBatAEnCaEQcRRUjrUQQxANGmkH/YuQ374iQNI6u1SAhHkfdiIYUI6Ul39x1h5kbhPA+97PMFRw+hPlRP3eHtzXfrFhVaww4S+yCVECBhm9+uZ0Yp5xECjMkZdu2EuVlSCiKGcnLbipJgnAfdUlb0whxIr1s/EMOD7TSgWEsdEUKjtXfExniUg54oDs5Uj057Y3E/7x2qsJTL6NRkioS4cmiMGVQxXAUCOxQQbBiA00QFlTfCnEPCYSVjq2sQ7CnX54lTq16VrWvjiv18yKNEtgD++AQ2OAE1MElaAAHYPAInsEreDOejBfj3fiYtM4ZxcwO+APj8wdy0JeX</latexit><latexit sha1_base64="2QvSCGo6v0ReYewgjvXJT7+1fxQ=">AAACAnicbVBNS8NAEN34WetX1JteFovgQUpSBPVW9OKxgrGFJobNdtMu3U3C7kapacCLf8WLBxWv/gpv/hu3bQ7a+mDg8d4MM/OChFGpLOvbmJtfWFxaLq2UV9fWNzbNre0bGacCEwfHLBatAEnCaEQcRRUjrUQQxANGmkH/YuQ374iQNI6u1SAhHkfdiIYUI6Ul39x1h5kbhPA+97PMFRw+hPlRP3eHtzXfrFhVaww4S+yCVECBhm9+uZ0Yp5xECjMkZdu2EuVlSCiKGcnLbipJgnAfdUlb0whxIr1s/EMOD7TSgWEsdEUKjtXfExniUg54oDs5Uj057Y3E/7x2qsJTL6NRkioS4cmiMGVQxXAUCOxQQbBiA00QFlTfCnEPCYSVjq2sQ7CnX54lTq16VrWvjiv18yKNEtgD++AQ2OAE1MElaAAHYPAInsEreDOejBfj3fiYtM4ZxcwO+APj8wdy0JeX</latexit>

: channels have to be orthogonal rk(Hb|hb,k?hb,k0)
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II. Maximize under orthogonal condition

: max rate for single user case

Non-overlap of channel gains

KKT condition: equal power spread
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q Case: total # of channel paths ≤ NRF
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Ph.D. Defense  Jinseok Choi

PARTIAL CSI-BASED USER SCHEDULING

3. Max # of  AoAs (+ max. chordal distance)2. Chordal distance filtering1. RF chain angle filtering

q Alternative to instantaneous full CSI 

§ *Angles of arrival (AoA): slowly-varying channel characteristics
: reduces burden of estimating instantaneous full CSI at every channel coherence time

q Chordal distance-based user scheduling 

hk =

r
Nr

Lk
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`=1

gk,`a(�k,`)
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§ Steps

Ak = [a(�k,1), . . . ,a(�k,|Vk|)]
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Qk = column basis of Ak
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Filter users: 
no AoAs in reduced range 
of angles of RF chains

Filter users: 
dcd (Scd(i� 1), k)/

p
Lmin < dth
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Select user with max. # of AoAs. 

If many: Scd(i) = argmax
k2U

dcd (Scd(i� 1), k)
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measure separation between channel subspaces§ Key idea

Channel
Vector

Chordal
Distance

dcd (k, k
0) =

q
Lmin � tr

�
QH

k
Qk0QH

k0Qk

�
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q Ergodic sum rate analysis for single path
§ Exact AoA alignment 

§ Arbitrary AoA

Proposition 1

R̄1 =
Nu

ln 2
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Ergodic rate without quantization rate loss due to quantization error

�(a, z): incomplete gamma function
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SIMULATION – PERFORMANCEVALIDATION
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Sub-optimality

More beneficial
when SNR is high

Quantization error dominates thermal noise
: CSS is effective under coarse quantization

Why? As NRF increases, channels become more orthogonal
: quantization error becomes major bottleneck Why?

Marginal gain

Sub-optimality

Sum Rate  vs.  Transmit power Sum Rate  vs.  # of RF chains

(40 RF chains) (6 dB Tx power)

128 antennas, 200 candidate users, 12 scheduled users, 3 ADC bits, 3 average channel pathsSettings

Greedy: schedules user who provides maximum sum rate (sub-optimal performance with prohibitively high complexity)

NRF

Figure 1 Figure 2
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Sum Rate  vs.  Transmit power Sum Rate  vs.  # of ADC bits

128 antennas, 128 RF chains, 200 candidate users, 12 scheduled users, single channel pathSettings

SIMULATION – ANALYSISVALIDATION
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Channel leakage reduces quantization error
: equal power spread in Theorem 1

Why?

Figure 3 Figure 4
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EXTENSION TO RECEIVER POWER CONSTRAINT

q Joint binary search algorithm

: solves total power constrained MMSQE bit allocation problem

P2 : b?
2 = arg min

b2RNRF

NRFX

i=1

Exi(bi) s.t. Ptot  p
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Ptot = NrPLNA +Nact(NrPPS + PRFchain) + 2
NRFX
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PADC(bi) + PSW(bi)
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+ PBB
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# of active RF chains
: function of ADC bits (0-bit: inactive)

Resolution-switching power consumption
: function of previous bits and current bits

3. Total MSQE computation & comparison2. BA solution for fixed Nact1. Offline PSW estimation

Training and modeling 
avg. PSW as function of 

power constraint

§ Challenges in total receiver power 

§ Steps
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Case: (Nact + 1)(Nact )(Nact - 1)

Joint binary search for Nact & b

MSQE:
Nact�1X

i=1

Exi(b
l
i)

<latexit sha1_base64="KqV8msPqig3SdRLuX9gnvMZ0UM0=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoC0sigroQiiK4kgrGFpo2TKbTdujkwcxELEN+w42/4saFitvu/BsnbRbaeuDC4Zx7ufceP2ZUSMv6NgoLi0vLK8XV0tr6xuaWub3zIKKEY+LgiEW86SNBGA2JI6lkpBlzggKfkYY/vMr8xiPhgkbhvRzFpB2gfkh7FCOpJc+0XJEEnqIXdtpRt55CWKZHdgqhGyA5wIip69RTTx5NK36HefTQM8tW1ZoAzhM7J2WQo+6ZY7cb4SQgocQMCdGyrVi2FeKSYkbSkpsIEiM8RH3S0jREARFtNfkshQda6cJexHWFEk7U3xMKBUKMAl93ZveKWS8T//NaieydtRUN40SSEE8X9RIGZQSzmGCXcoIlG2mCMKf6VogHiOt4dJglHYI9+/I8cY6r51X77qRcu8zTKII9sA8qwAanoAZuQB04AINn8ArewYfxYrwZn8bXtLVg5DO74A+M8Q/Kq6Be</latexit><latexit sha1_base64="KqV8msPqig3SdRLuX9gnvMZ0UM0=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoC0sigroQiiK4kgrGFpo2TKbTdujkwcxELEN+w42/4saFitvu/BsnbRbaeuDC4Zx7ufceP2ZUSMv6NgoLi0vLK8XV0tr6xuaWub3zIKKEY+LgiEW86SNBGA2JI6lkpBlzggKfkYY/vMr8xiPhgkbhvRzFpB2gfkh7FCOpJc+0XJEEnqIXdtpRt55CWKZHdgqhGyA5wIip69RTTx5NK36HefTQM8tW1ZoAzhM7J2WQo+6ZY7cb4SQgocQMCdGyrVi2FeKSYkbSkpsIEiM8RH3S0jREARFtNfkshQda6cJexHWFEk7U3xMKBUKMAl93ZveKWS8T//NaieydtRUN40SSEE8X9RIGZQSzmGCXcoIlG2mCMKf6VogHiOt4dJglHYI9+/I8cY6r51X77qRcu8zTKII9sA8qwAanoAZuQB04AINn8ArewYfxYrwZn8bXtLVg5DO74A+M8Q/Kq6Be</latexit><latexit sha1_base64="KqV8msPqig3SdRLuX9gnvMZ0UM0=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoC0sigroQiiK4kgrGFpo2TKbTdujkwcxELEN+w42/4saFitvu/BsnbRbaeuDC4Zx7ufceP2ZUSMv6NgoLi0vLK8XV0tr6xuaWub3zIKKEY+LgiEW86SNBGA2JI6lkpBlzggKfkYY/vMr8xiPhgkbhvRzFpB2gfkh7FCOpJc+0XJEEnqIXdtpRt55CWKZHdgqhGyA5wIip69RTTx5NK36HefTQM8tW1ZoAzhM7J2WQo+6ZY7cb4SQgocQMCdGyrVi2FeKSYkbSkpsIEiM8RH3S0jREARFtNfkshQda6cJexHWFEk7U3xMKBUKMAl93ZveKWS8T//NaieydtRUN40SSEE8X9RIGZQSzmGCXcoIlG2mCMKf6VogHiOt4dJglHYI9+/I8cY6r51X77qRcu8zTKII9sA8qwAanoAZuQB04AINn8ArewYfxYrwZn8bXtLVg5DO74A+M8Q/Kq6Be</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="nF/Z4YC5yzo/iBajPhGXApzAG0Q=">AAACDXicbZBLSwMxFIXv1FetVUe3boJFqAvLjBt1IQgiuJIK1hY60yGTpm1o5kGSEUuYv+HGv+LGhYpbd/4b08dCWw8EDuck5N4vTDmTynG+rcLS8srqWnG9tFHe3Nq2d8r3MskEoQ2S8ES0QiwpZzFtKKY4baWC4ijktBkOL8d984EKyZL4To1S6ke4H7MeI1iZKLAdT2ZRoNm5m3f0TaAxUfmRmyPkRVgNCOb6Kg/0Y8DyatjhATsM7IpTcyZCi8admQrMVA/sL6+bkCyisSIcS9l2nVT5GgvFCKd5ycskTTEZ4j5tGxvjiEpfTzbL0YFJuqiXCHNihSbp7xcaR1KOotDcHM8r57tx+F/XzlTv1NcsTjNFYzL9qJdxpBI0xoS6TFCi+MgYTAQzsyIywMLgMTBLBoI7v/KiaRzXzmrurQNF2IN9qIILJ3AB11CHBhB4ghd4g3fr2Xq1Pqa0CtYM2y78kfX5A+mWnts=</latexit><latexit sha1_base64="nF/Z4YC5yzo/iBajPhGXApzAG0Q=">AAACDXicbZBLSwMxFIXv1FetVUe3boJFqAvLjBt1IQgiuJIK1hY60yGTpm1o5kGSEUuYv+HGv+LGhYpbd/4b08dCWw8EDuck5N4vTDmTynG+rcLS8srqWnG9tFHe3Nq2d8r3MskEoQ2S8ES0QiwpZzFtKKY4baWC4ijktBkOL8d984EKyZL4To1S6ke4H7MeI1iZKLAdT2ZRoNm5m3f0TaAxUfmRmyPkRVgNCOb6Kg/0Y8DyatjhATsM7IpTcyZCi8admQrMVA/sL6+bkCyisSIcS9l2nVT5GgvFCKd5ycskTTEZ4j5tGxvjiEpfTzbL0YFJuqiXCHNihSbp7xcaR1KOotDcHM8r57tx+F/XzlTv1NcsTjNFYzL9qJdxpBI0xoS6TFCi+MgYTAQzsyIywMLgMTBLBoI7v/KiaRzXzmrurQNF2IN9qIILJ3AB11CHBhB4ghd4g3fr2Xq1Pqa0CtYM2y78kfX5A+mWnts=</latexit><latexit sha1_base64="PFUASjA/B81rYj8IDnhfrluhKeU=">AAACGHicbVDLSsNAFJ34rPUVdelmsAh1YUncqAuhKIIrqWBsoUnDZDpth04ezEzEMuQ33PgrblyouO3Ov3HSZqGtBy4czrmXe+8JEkaFtKxvY2FxaXlltbRWXt/Y3No2d3YfRJxyTBwcs5i3AiQIoxFxJJWMtBJOUBgw0gyGV7nffCRc0Di6l6OEeCHqR7RHMZJa8k3LFWnoK3phZx116yuEZXZsZxC6IZIDjJi6znz15NOsGnSYT498s2LVrAngPLELUgEFGr45drsxTkMSScyQEG3bSqSnEJcUM5KV3VSQBOEh6pO2phEKifDU5LMMHmqlC3sx1xVJOFF/TygUCjEKA92Z3ytmvVz8z2unsnfmKRolqSQRni7qpQzKGOYxwS7lBEs20gRhTvWtEA8Q1/HoMMs6BHv25XninNTOa/adValfFmmUwD44AFVgg1NQBzegARyAwTN4Be/gw3gx3oxP42vaumAUM3vgD4zxD8lroFo=</latexit><latexit sha1_base64="KqV8msPqig3SdRLuX9gnvMZ0UM0=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoC0sigroQiiK4kgrGFpo2TKbTdujkwcxELEN+w42/4saFitvu/BsnbRbaeuDC4Zx7ufceP2ZUSMv6NgoLi0vLK8XV0tr6xuaWub3zIKKEY+LgiEW86SNBGA2JI6lkpBlzggKfkYY/vMr8xiPhgkbhvRzFpB2gfkh7FCOpJc+0XJEEnqIXdtpRt55CWKZHdgqhGyA5wIip69RTTx5NK36HefTQM8tW1ZoAzhM7J2WQo+6ZY7cb4SQgocQMCdGyrVi2FeKSYkbSkpsIEiM8RH3S0jREARFtNfkshQda6cJexHWFEk7U3xMKBUKMAl93ZveKWS8T//NaieydtRUN40SSEE8X9RIGZQSzmGCXcoIlG2mCMKf6VogHiOt4dJglHYI9+/I8cY6r51X77qRcu8zTKII9sA8qwAanoAZuQB04AINn8ArewYfxYrwZn8bXtLVg5DO74A+M8Q/Kq6Be</latexit><latexit sha1_base64="KqV8msPqig3SdRLuX9gnvMZ0UM0=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoC0sigroQiiK4kgrGFpo2TKbTdujkwcxELEN+w42/4saFitvu/BsnbRbaeuDC4Zx7ufceP2ZUSMv6NgoLi0vLK8XV0tr6xuaWub3zIKKEY+LgiEW86SNBGA2JI6lkpBlzggKfkYY/vMr8xiPhgkbhvRzFpB2gfkh7FCOpJc+0XJEEnqIXdtpRt55CWKZHdgqhGyA5wIip69RTTx5NK36HefTQM8tW1ZoAzhM7J2WQo+6ZY7cb4SQgocQMCdGyrVi2FeKSYkbSkpsIEiM8RH3S0jREARFtNfkshQda6cJexHWFEk7U3xMKBUKMAl93ZveKWS8T//NaieydtRUN40SSEE8X9RIGZQSzmGCXcoIlG2mCMKf6VogHiOt4dJglHYI9+/I8cY6r51X77qRcu8zTKII9sA8qwAanoAZuQB04AINn8ArewYfxYrwZn8bXtLVg5DO74A+M8Q/Kq6Be</latexit><latexit sha1_base64="KqV8msPqig3SdRLuX9gnvMZ0UM0=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoC0sigroQiiK4kgrGFpo2TKbTdujkwcxELEN+w42/4saFitvu/BsnbRbaeuDC4Zx7ufceP2ZUSMv6NgoLi0vLK8XV0tr6xuaWub3zIKKEY+LgiEW86SNBGA2JI6lkpBlzggKfkYY/vMr8xiPhgkbhvRzFpB2gfkh7FCOpJc+0XJEEnqIXdtpRt55CWKZHdgqhGyA5wIip69RTTx5NK36HefTQM8tW1ZoAzhM7J2WQo+6ZY7cb4SQgocQMCdGyrVi2FeKSYkbSkpsIEiM8RH3S0jREARFtNfkshQda6cJexHWFEk7U3xMKBUKMAl93ZveKWS8T//NaieydtRUN40SSEE8X9RIGZQSzmGCXcoIlG2mCMKf6VogHiOt4dJglHYI9+/I8cY6r51X77qRcu8zTKII9sA8qwAanoAZuQB04AINn8ArewYfxYrwZn8bXtLVg5DO74A+M8Q/Kq6Be</latexit><latexit sha1_base64="KqV8msPqig3SdRLuX9gnvMZ0UM0=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoC0sigroQiiK4kgrGFpo2TKbTdujkwcxELEN+w42/4saFitvu/BsnbRbaeuDC4Zx7ufceP2ZUSMv6NgoLi0vLK8XV0tr6xuaWub3zIKKEY+LgiEW86SNBGA2JI6lkpBlzggKfkYY/vMr8xiPhgkbhvRzFpB2gfkh7FCOpJc+0XJEEnqIXdtpRt55CWKZHdgqhGyA5wIip69RTTx5NK36HefTQM8tW1ZoAzhM7J2WQo+6ZY7cb4SQgocQMCdGyrVi2FeKSYkbSkpsIEiM8RH3S0jREARFtNfkshQda6cJexHWFEk7U3xMKBUKMAl93ZveKWS8T//NaieydtRUN40SSEE8X9RIGZQSzmGCXcoIlG2mCMKf6VogHiOt4dJglHYI9+/I8cY6r51X77qRcu8zTKII9sA8qwAanoAZuQB04AINn8ArewYfxYrwZn8bXtLVg5DO74A+M8Q/Kq6Be</latexit><latexit sha1_base64="KqV8msPqig3SdRLuX9gnvMZ0UM0=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoC0sigroQiiK4kgrGFpo2TKbTdujkwcxELEN+w42/4saFitvu/BsnbRbaeuDC4Zx7ufceP2ZUSMv6NgoLi0vLK8XV0tr6xuaWub3zIKKEY+LgiEW86SNBGA2JI6lkpBlzggKfkYY/vMr8xiPhgkbhvRzFpB2gfkh7FCOpJc+0XJEEnqIXdtpRt55CWKZHdgqhGyA5wIip69RTTx5NK36HefTQM8tW1ZoAzhM7J2WQo+6ZY7cb4SQgocQMCdGyrVi2FeKSYkbSkpsIEiM8RH3S0jREARFtNfkshQda6cJexHWFEk7U3xMKBUKMAl93ZveKWS8T//NaieydtRUN40SSEE8X9RIGZQSzmGCXcoIlG2mCMKf6VogHiOt4dJglHYI9+/I8cY6r51X77qRcu8zTKII9sA8qwAanoAZuQB04AINn8ArewYfxYrwZn8bXtLVg5DO74A+M8Q/Kq6Be</latexit><latexit sha1_base64="KqV8msPqig3SdRLuX9gnvMZ0UM0=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoC0sigroQiiK4kgrGFpo2TKbTdujkwcxELEN+w42/4saFitvu/BsnbRbaeuDC4Zx7ufceP2ZUSMv6NgoLi0vLK8XV0tr6xuaWub3zIKKEY+LgiEW86SNBGA2JI6lkpBlzggKfkYY/vMr8xiPhgkbhvRzFpB2gfkh7FCOpJc+0XJEEnqIXdtpRt55CWKZHdgqhGyA5wIip69RTTx5NK36HefTQM8tW1ZoAzhM7J2WQo+6ZY7cb4SQgocQMCdGyrVi2FeKSYkbSkpsIEiM8RH3S0jREARFtNfkshQda6cJexHWFEk7U3xMKBUKMAl93ZveKWS8T//NaieydtRUN40SSEE8X9RIGZQSzmGCXcoIlG2mCMKf6VogHiOt4dJglHYI9+/I8cY6r51X77qRcu8zTKII9sA8qwAanoAZuQB04AINn8ArewYfxYrwZn8bXtLVg5DO74A+M8Q/Kq6Be</latexit>

Nact+1X

i=1

Exi(b
r
i )

<latexit sha1_base64="PsdV5+punjbgmg69pRIz5pTsSh8=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoCCURQV0IRRFcSQVjC00bJtNpO3TyYGYiliG/4cZfceNCxW13/o2TNgttPXDhcM693HuPHzMqpGV9G4WFxaXlleJqaW19Y3PL3N55EFHCMXFwxCLe9JEgjIbEkVQy0ow5QYHPSMMfXmV+45FwQaPwXo5i0g5QP6Q9ipHUkmdarkgCT9ELO+2oW08hLNMjO4XQDZAcYMTUdeqpJ4+mFb/DPXromWWrak0A54mdkzLIUffMsduNcBKQUGKGhGjZVizbCnFJMSNpyU0EiREeoj5paRqigIi2mnyWwgOtdGEv4rpCCSfq7wmFAiFGga87s3vFrJeJ/3mtRPbO2oqGcSJJiKeLegmDMoJZTLBLOcGSjTRBmFN9K8QDxHU8OsySDsGefXmeOMfV86p9d1KuXeZpFMEe2AcVYINTUAM3oA4cgMEzeAXv4MN4Md6MT+Nr2low8pld8AfG+AfQkaBi</latexit><latexit sha1_base64="PsdV5+punjbgmg69pRIz5pTsSh8=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoCCURQV0IRRFcSQVjC00bJtNpO3TyYGYiliG/4cZfceNCxW13/o2TNgttPXDhcM693HuPHzMqpGV9G4WFxaXlleJqaW19Y3PL3N55EFHCMXFwxCLe9JEgjIbEkVQy0ow5QYHPSMMfXmV+45FwQaPwXo5i0g5QP6Q9ipHUkmdarkgCT9ELO+2oW08hLNMjO4XQDZAcYMTUdeqpJ4+mFb/DPXromWWrak0A54mdkzLIUffMsduNcBKQUGKGhGjZVizbCnFJMSNpyU0EiREeoj5paRqigIi2mnyWwgOtdGEv4rpCCSfq7wmFAiFGga87s3vFrJeJ/3mtRPbO2oqGcSJJiKeLegmDMoJZTLBLOcGSjTRBmFN9K8QDxHU8OsySDsGefXmeOMfV86p9d1KuXeZpFMEe2AcVYINTUAM3oA4cgMEzeAXv4MN4Md6MT+Nr2low8pld8AfG+AfQkaBi</latexit><latexit sha1_base64="PsdV5+punjbgmg69pRIz5pTsSh8=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoCCURQV0IRRFcSQVjC00bJtNpO3TyYGYiliG/4cZfceNCxW13/o2TNgttPXDhcM693HuPHzMqpGV9G4WFxaXlleJqaW19Y3PL3N55EFHCMXFwxCLe9JEgjIbEkVQy0ow5QYHPSMMfXmV+45FwQaPwXo5i0g5QP6Q9ipHUkmdarkgCT9ELO+2oW08hLNMjO4XQDZAcYMTUdeqpJ4+mFb/DPXromWWrak0A54mdkzLIUffMsduNcBKQUGKGhGjZVizbCnFJMSNpyU0EiREeoj5paRqigIi2mnyWwgOtdGEv4rpCCSfq7wmFAiFGga87s3vFrJeJ/3mtRPbO2oqGcSJJiKeLegmDMoJZTLBLOcGSjTRBmFN9K8QDxHU8OsySDsGefXmeOMfV86p9d1KuXeZpFMEe2AcVYINTUAM3oA4cgMEzeAXv4MN4Md6MT+Nr2low8pld8AfG+AfQkaBi</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="LCm70CAidDpYE69VrCNkexvi97Y=">AAACDXicbZBLSwMxFIXv1FetVUe3boJFqAhlxo26EAQRXEkFawud6ZBJ0zY08yDJiCXM33DjX3HjQsWtO/+N6WOhrQcCh3MScu8XppxJ5TjfVmFpeWV1rbhe2ihvbm3bO+V7mWSC0AZJeCJaIZaUs5g2FFOctlJBcRRy2gyHl+O++UCFZEl8p0Yp9SPcj1mPEaxMFNiOJ7Mo0OzczTv6JtCYqPzIzRHyIqwGBHN9lQf6MWB5NeyIgB0GdsWpOROhRePOTAVmqgf2l9dNSBbRWBGOpWy7Tqp8jYVihNO85GWSppgMcZ+2jY1xRKWvJ5vl6MAkXdRLhDmxQpP09wuNIylHUWhujueV8904/K9rZ6p36msWp5miMZl+1Ms4UgkaY0JdJihRfGQMJoKZWREZYGHwGJglA8GdX3nRNI5rZzX31oEi7ME+VMGFE7iAa6hDAwg8wQu8wbv1bL1aH1NaBWuGbRf+yPr8Ae9Qnt8=</latexit><latexit sha1_base64="LCm70CAidDpYE69VrCNkexvi97Y=">AAACDXicbZBLSwMxFIXv1FetVUe3boJFqAhlxo26EAQRXEkFawud6ZBJ0zY08yDJiCXM33DjX3HjQsWtO/+N6WOhrQcCh3MScu8XppxJ5TjfVmFpeWV1rbhe2ihvbm3bO+V7mWSC0AZJeCJaIZaUs5g2FFOctlJBcRRy2gyHl+O++UCFZEl8p0Yp9SPcj1mPEaxMFNiOJ7Mo0OzczTv6JtCYqPzIzRHyIqwGBHN9lQf6MWB5NeyIgB0GdsWpOROhRePOTAVmqgf2l9dNSBbRWBGOpWy7Tqp8jYVihNO85GWSppgMcZ+2jY1xRKWvJ5vl6MAkXdRLhDmxQpP09wuNIylHUWhujueV8904/K9rZ6p36msWp5miMZl+1Ms4UgkaY0JdJihRfGQMJoKZWREZYGHwGJglA8GdX3nRNI5rZzX31oEi7ME+VMGFE7iAa6hDAwg8wQu8wbv1bL1aH1NaBWuGbRf+yPr8Ae9Qnt8=</latexit><latexit sha1_base64="tPnYRYEJQvnd0ujkU6eVFA2ar9Q=">AAACGHicbVDLSsNAFJ34rPUVdelmsAgVoSRu1IVQFMGVVDC20KRhMp22QycPZiZiGfIbbvwVNy5U3Hbn3zhps9DWAxcO59zLvfcECaNCWta3sbC4tLyyWlorr29sbm2bO7sPIk45Jg6OWcxbARKE0Yg4kkpGWgknKAwYaQbDq9xvPhIuaBzdy1FCvBD1I9qjGEkt+ablijT0Fb2ws4669RXCMju2MwjdEMkBRkxdZ7568mlWDTrcp0e+WbFq1gRwntgFqYACDd8cu90YpyGJJGZIiLZtJdJTiEuKGcnKbipIgvAQ9Ulb0wiFRHhq8lkGD7XShb2Y64oknKi/JxQKhRiFge7M7xWzXi7+57VT2TvzFI2SVJIITxf1UgZlDPOYYJdygiUbaYIwp/pWiAeI63h0mGUdgj378jxxTmrnNfvOqtQvizRKYB8cgCqwwSmogxvQAA7A4Bm8gnfwYbwYb8an8TVtXTCKmT3wB8b4B89RoF4=</latexit><latexit sha1_base64="PsdV5+punjbgmg69pRIz5pTsSh8=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoCCURQV0IRRFcSQVjC00bJtNpO3TyYGYiliG/4cZfceNCxW13/o2TNgttPXDhcM693HuPHzMqpGV9G4WFxaXlleJqaW19Y3PL3N55EFHCMXFwxCLe9JEgjIbEkVQy0ow5QYHPSMMfXmV+45FwQaPwXo5i0g5QP6Q9ipHUkmdarkgCT9ELO+2oW08hLNMjO4XQDZAcYMTUdeqpJ4+mFb/DPXromWWrak0A54mdkzLIUffMsduNcBKQUGKGhGjZVizbCnFJMSNpyU0EiREeoj5paRqigIi2mnyWwgOtdGEv4rpCCSfq7wmFAiFGga87s3vFrJeJ/3mtRPbO2oqGcSJJiKeLegmDMoJZTLBLOcGSjTRBmFN9K8QDxHU8OsySDsGefXmeOMfV86p9d1KuXeZpFMEe2AcVYINTUAM3oA4cgMEzeAXv4MN4Md6MT+Nr2low8pld8AfG+AfQkaBi</latexit><latexit sha1_base64="PsdV5+punjbgmg69pRIz5pTsSh8=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoCCURQV0IRRFcSQVjC00bJtNpO3TyYGYiliG/4cZfceNCxW13/o2TNgttPXDhcM693HuPHzMqpGV9G4WFxaXlleJqaW19Y3PL3N55EFHCMXFwxCLe9JEgjIbEkVQy0ow5QYHPSMMfXmV+45FwQaPwXo5i0g5QP6Q9ipHUkmdarkgCT9ELO+2oW08hLNMjO4XQDZAcYMTUdeqpJ4+mFb/DPXromWWrak0A54mdkzLIUffMsduNcBKQUGKGhGjZVizbCnFJMSNpyU0EiREeoj5paRqigIi2mnyWwgOtdGEv4rpCCSfq7wmFAiFGga87s3vFrJeJ/3mtRPbO2oqGcSJJiKeLegmDMoJZTLBLOcGSjTRBmFN9K8QDxHU8OsySDsGefXmeOMfV86p9d1KuXeZpFMEe2AcVYINTUAM3oA4cgMEzeAXv4MN4Md6MT+Nr2low8pld8AfG+AfQkaBi</latexit><latexit sha1_base64="PsdV5+punjbgmg69pRIz5pTsSh8=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoCCURQV0IRRFcSQVjC00bJtNpO3TyYGYiliG/4cZfceNCxW13/o2TNgttPXDhcM693HuPHzMqpGV9G4WFxaXlleJqaW19Y3PL3N55EFHCMXFwxCLe9JEgjIbEkVQy0ow5QYHPSMMfXmV+45FwQaPwXo5i0g5QP6Q9ipHUkmdarkgCT9ELO+2oW08hLNMjO4XQDZAcYMTUdeqpJ4+mFb/DPXromWWrak0A54mdkzLIUffMsduNcBKQUGKGhGjZVizbCnFJMSNpyU0EiREeoj5paRqigIi2mnyWwgOtdGEv4rpCCSfq7wmFAiFGga87s3vFrJeJ/3mtRPbO2oqGcSJJiKeLegmDMoJZTLBLOcGSjTRBmFN9K8QDxHU8OsySDsGefXmeOMfV86p9d1KuXeZpFMEe2AcVYINTUAM3oA4cgMEzeAXv4MN4Md6MT+Nr2low8pld8AfG+AfQkaBi</latexit><latexit sha1_base64="PsdV5+punjbgmg69pRIz5pTsSh8=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoCCURQV0IRRFcSQVjC00bJtNpO3TyYGYiliG/4cZfceNCxW13/o2TNgttPXDhcM693HuPHzMqpGV9G4WFxaXlleJqaW19Y3PL3N55EFHCMXFwxCLe9JEgjIbEkVQy0ow5QYHPSMMfXmV+45FwQaPwXo5i0g5QP6Q9ipHUkmdarkgCT9ELO+2oW08hLNMjO4XQDZAcYMTUdeqpJ4+mFb/DPXromWWrak0A54mdkzLIUffMsduNcBKQUGKGhGjZVizbCnFJMSNpyU0EiREeoj5paRqigIi2mnyWwgOtdGEv4rpCCSfq7wmFAiFGga87s3vFrJeJ/3mtRPbO2oqGcSJJiKeLegmDMoJZTLBLOcGSjTRBmFN9K8QDxHU8OsySDsGefXmeOMfV86p9d1KuXeZpFMEe2AcVYINTUAM3oA4cgMEzeAXv4MN4Md6MT+Nr2low8pld8AfG+AfQkaBi</latexit><latexit sha1_base64="PsdV5+punjbgmg69pRIz5pTsSh8=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoCCURQV0IRRFcSQVjC00bJtNpO3TyYGYiliG/4cZfceNCxW13/o2TNgttPXDhcM693HuPHzMqpGV9G4WFxaXlleJqaW19Y3PL3N55EFHCMXFwxCLe9JEgjIbEkVQy0ow5QYHPSMMfXmV+45FwQaPwXo5i0g5QP6Q9ipHUkmdarkgCT9ELO+2oW08hLNMjO4XQDZAcYMTUdeqpJ4+mFb/DPXromWWrak0A54mdkzLIUffMsduNcBKQUGKGhGjZVizbCnFJMSNpyU0EiREeoj5paRqigIi2mnyWwgOtdGEv4rpCCSfq7wmFAiFGga87s3vFrJeJ/3mtRPbO2oqGcSJJiKeLegmDMoJZTLBLOcGSjTRBmFN9K8QDxHU8OsySDsGefXmeOMfV86p9d1KuXeZpFMEe2AcVYINTUAM3oA4cgMEzeAXv4MN4Md6MT+Nr2low8pld8AfG+AfQkaBi</latexit><latexit sha1_base64="PsdV5+punjbgmg69pRIz5pTsSh8=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoCCURQV0IRRFcSQVjC00bJtNpO3TyYGYiliG/4cZfceNCxW13/o2TNgttPXDhcM693HuPHzMqpGV9G4WFxaXlleJqaW19Y3PL3N55EFHCMXFwxCLe9JEgjIbEkVQy0ow5QYHPSMMfXmV+45FwQaPwXo5i0g5QP6Q9ipHUkmdarkgCT9ELO+2oW08hLNMjO4XQDZAcYMTUdeqpJ4+mFb/DPXromWWrak0A54mdkzLIUffMsduNcBKQUGKGhGjZVizbCnFJMSNpyU0EiREeoj5paRqigIi2mnyWwgOtdGEv4rpCCSfq7wmFAiFGga87s3vFrJeJ/3mtRPbO2oqGcSJJiKeLegmDMoJZTLBLOcGSjTRBmFN9K8QDxHU8OsySDsGefXmeOMfV86p9d1KuXeZpFMEe2AcVYINTUAM3oA4cgMEzeAXv4MN4Md6MT+Nr2low8pld8AfG+AfQkaBi</latexit>

NactX

i=1

Exi(bi)
<latexit sha1_base64="GfnI8p2Ok2mXNO3tAZJ59bpJazc=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVpCQiqAuhKIIrqWBtoYlhMp20QycPZiZiGfITbvwVNy5U3Lpw5984abPQ1gMXDufcy733+AmjQlrWtzEzOze/sFhaKi+vrK6tmxubtyJOOSZNHLOYt30kCKMRaUoqGWknnKDQZ6TlD85zv3VPuKBxdCOHCXFD1ItoQDGSWvLMfUekoafoqZ3dqStPISyzDEInRLKPEVMXmacePJpVfY/ueWbFqlkjwGliF6QCCjQ888vpxjgNSSQxQ0J0bCuRrkJcUsxIVnZSQRKEB6hHOppGKCTCVaOvMrirlS4MYq4rknCk/p5QKBRiGPq6M79WTHq5+J/XSWVw7CoaJakkER4vClIGZQzziGCXcoIlG2qCMKf6Voj7iOtodJBlHYI9+fI0aR7UTmr29WGlflakUQLbYAdUgQ2OQB1cggZoAgwewTN4BW/Gk/FivBsf49YZo5jZAn9gfP4AOeCfDg==</latexit><latexit sha1_base64="GfnI8p2Ok2mXNO3tAZJ59bpJazc=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVpCQiqAuhKIIrqWBtoYlhMp20QycPZiZiGfITbvwVNy5U3Lpw5984abPQ1gMXDufcy733+AmjQlrWtzEzOze/sFhaKi+vrK6tmxubtyJOOSZNHLOYt30kCKMRaUoqGWknnKDQZ6TlD85zv3VPuKBxdCOHCXFD1ItoQDGSWvLMfUekoafoqZ3dqStPISyzDEInRLKPEVMXmacePJpVfY/ueWbFqlkjwGliF6QCCjQ888vpxjgNSSQxQ0J0bCuRrkJcUsxIVnZSQRKEB6hHOppGKCTCVaOvMrirlS4MYq4rknCk/p5QKBRiGPq6M79WTHq5+J/XSWVw7CoaJakkER4vClIGZQzziGCXcoIlG2qCMKf6Voj7iOtodJBlHYI9+fI0aR7UTmr29WGlflakUQLbYAdUgQ2OQB1cggZoAgwewTN4BW/Gk/FivBsf49YZo5jZAn9gfP4AOeCfDg==</latexit><latexit sha1_base64="GfnI8p2Ok2mXNO3tAZJ59bpJazc=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVpCQiqAuhKIIrqWBtoYlhMp20QycPZiZiGfITbvwVNy5U3Lpw5984abPQ1gMXDufcy733+AmjQlrWtzEzOze/sFhaKi+vrK6tmxubtyJOOSZNHLOYt30kCKMRaUoqGWknnKDQZ6TlD85zv3VPuKBxdCOHCXFD1ItoQDGSWvLMfUekoafoqZ3dqStPISyzDEInRLKPEVMXmacePJpVfY/ueWbFqlkjwGliF6QCCjQ888vpxjgNSSQxQ0J0bCuRrkJcUsxIVnZSQRKEB6hHOppGKCTCVaOvMrirlS4MYq4rknCk/p5QKBRiGPq6M79WTHq5+J/XSWVw7CoaJakkER4vClIGZQzziGCXcoIlG2qCMKf6Voj7iOtodJBlHYI9+fI0aR7UTmr29WGlflakUQLbYAdUgQ2OQB1cggZoAgwewTN4BW/Gk/FivBsf49YZo5jZAn9gfP4AOeCfDg==</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="l+Xep+hx8XWpLuEQgbwB/QyA1GE=">AAACCXicbZDNSgMxFIXv+Ftr1erWTbAIFaTMuFEXgiCCK6ng2EJnHDJp2oZmfkgyYgnzEm58FTcuVHwBd76NmbYLbT0QOJyTkHu/MOVMKtv+thYWl5ZXVktr5fXKxuZWdbtyJ5NMEOqShCeiHWJJOYupq5jitJ0KiqOQ01Y4vCj61gMVkiXxrRql1I9wP2Y9RrAyUVA99GQWBZqdOfm9vg40JirPEfIirAYEc32ZB/oxYHk9DNhBUK3ZDXssNG+cqanBVM2g+uV1E5JFNFaEYyk7jp0qX2OhGOE0L3uZpCkmQ9ynHWNjHFHp6/FWOdo3SRf1EmFOrNA4/f1C40jKURSam8W0crYrwv+6TqZ6J75mcZopGpPJR72MI5WgAhHqMkGJ4iNjMBHMzIrIAAuDxoAsGwjO7Mrzxj1qnDacGxtKsAt7UAcHjuEcrqAJLhB4ghd4g3fr2Xq1Pia0Fqwpth34I+vzB2aDnY8=</latexit><latexit sha1_base64="l+Xep+hx8XWpLuEQgbwB/QyA1GE=">AAACCXicbZDNSgMxFIXv+Ftr1erWTbAIFaTMuFEXgiCCK6ng2EJnHDJp2oZmfkgyYgnzEm58FTcuVHwBd76NmbYLbT0QOJyTkHu/MOVMKtv+thYWl5ZXVktr5fXKxuZWdbtyJ5NMEOqShCeiHWJJOYupq5jitJ0KiqOQ01Y4vCj61gMVkiXxrRql1I9wP2Y9RrAyUVA99GQWBZqdOfm9vg40JirPEfIirAYEc32ZB/oxYHk9DNhBUK3ZDXssNG+cqanBVM2g+uV1E5JFNFaEYyk7jp0qX2OhGOE0L3uZpCkmQ9ynHWNjHFHp6/FWOdo3SRf1EmFOrNA4/f1C40jKURSam8W0crYrwv+6TqZ6J75mcZopGpPJR72MI5WgAhHqMkGJ4iNjMBHMzIrIAAuDxoAsGwjO7Mrzxj1qnDacGxtKsAt7UAcHjuEcrqAJLhB4ghd4g3fr2Xq1Pia0Fqwpth34I+vzB2aDnY8=</latexit><latexit sha1_base64="r5xCiZRGIRIro5YvC/XmJkORKUI=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0WoICVxoy6EogiupIKxhSaGyXTaDp08mJmIZchPuPFX3LhQcevCnX/jpM1CWw9cOJxzL/feEySMCmlZ30Zpbn5hcam8XFlZXVvfMDe3bkWcckwcHLOYtwMkCKMRcSSVjLQTTlAYMNIKhue537onXNA4upGjhHgh6ke0RzGSWvLNA1ekoa/oqZ3dqStfISyzDEI3RHKAEVMXma8efJrVAp/u+2bVqltjwFliF6QKCjR988vtxjgNSSQxQ0J0bCuRnkJcUsxIVnFTQRKEh6hPOppGKCTCU+OvMrinlS7sxVxXJOFY/T2hUCjEKAx0Z36tmPZy8T+vk8resadolKSSRHiyqJcyKGOYRwS7lBMs2UgThDnVt0I8QFxHo4Os6BDs6ZdniXNYP6nb11a1cVakUQY7YBfUgA2OQANcgiZwAAaP4Bm8gjfjyXgx3o2PSWvJKGa2wR8Ynz84oJ8K</latexit><latexit sha1_base64="GfnI8p2Ok2mXNO3tAZJ59bpJazc=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVpCQiqAuhKIIrqWBtoYlhMp20QycPZiZiGfITbvwVNy5U3Lpw5984abPQ1gMXDufcy733+AmjQlrWtzEzOze/sFhaKi+vrK6tmxubtyJOOSZNHLOYt30kCKMRaUoqGWknnKDQZ6TlD85zv3VPuKBxdCOHCXFD1ItoQDGSWvLMfUekoafoqZ3dqStPISyzDEInRLKPEVMXmacePJpVfY/ueWbFqlkjwGliF6QCCjQ888vpxjgNSSQxQ0J0bCuRrkJcUsxIVnZSQRKEB6hHOppGKCTCVaOvMrirlS4MYq4rknCk/p5QKBRiGPq6M79WTHq5+J/XSWVw7CoaJakkER4vClIGZQzziGCXcoIlG2qCMKf6Voj7iOtodJBlHYI9+fI0aR7UTmr29WGlflakUQLbYAdUgQ2OQB1cggZoAgwewTN4BW/Gk/FivBsf49YZo5jZAn9gfP4AOeCfDg==</latexit><latexit sha1_base64="GfnI8p2Ok2mXNO3tAZJ59bpJazc=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVpCQiqAuhKIIrqWBtoYlhMp20QycPZiZiGfITbvwVNy5U3Lpw5984abPQ1gMXDufcy733+AmjQlrWtzEzOze/sFhaKi+vrK6tmxubtyJOOSZNHLOYt30kCKMRaUoqGWknnKDQZ6TlD85zv3VPuKBxdCOHCXFD1ItoQDGSWvLMfUekoafoqZ3dqStPISyzDEInRLKPEVMXmacePJpVfY/ueWbFqlkjwGliF6QCCjQ888vpxjgNSSQxQ0J0bCuRrkJcUsxIVnZSQRKEB6hHOppGKCTCVaOvMrirlS4MYq4rknCk/p5QKBRiGPq6M79WTHq5+J/XSWVw7CoaJakkER4vClIGZQzziGCXcoIlG2qCMKf6Voj7iOtodJBlHYI9+fI0aR7UTmr29WGlflakUQLbYAdUgQ2OQB1cggZoAgwewTN4BW/Gk/FivBsf49YZo5jZAn9gfP4AOeCfDg==</latexit><latexit sha1_base64="GfnI8p2Ok2mXNO3tAZJ59bpJazc=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVpCQiqAuhKIIrqWBtoYlhMp20QycPZiZiGfITbvwVNy5U3Lpw5984abPQ1gMXDufcy733+AmjQlrWtzEzOze/sFhaKi+vrK6tmxubtyJOOSZNHLOYt30kCKMRaUoqGWknnKDQZ6TlD85zv3VPuKBxdCOHCXFD1ItoQDGSWvLMfUekoafoqZ3dqStPISyzDEInRLKPEVMXmacePJpVfY/ueWbFqlkjwGliF6QCCjQ888vpxjgNSSQxQ0J0bCuRrkJcUsxIVnZSQRKEB6hHOppGKCTCVaOvMrirlS4MYq4rknCk/p5QKBRiGPq6M79WTHq5+J/XSWVw7CoaJakkER4vClIGZQzziGCXcoIlG2qCMKf6Voj7iOtodJBlHYI9+fI0aR7UTmr29WGlflakUQLbYAdUgQ2OQB1cggZoAgwewTN4BW/Gk/FivBsf49YZo5jZAn9gfP4AOeCfDg==</latexit><latexit sha1_base64="GfnI8p2Ok2mXNO3tAZJ59bpJazc=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVpCQiqAuhKIIrqWBtoYlhMp20QycPZiZiGfITbvwVNy5U3Lpw5984abPQ1gMXDufcy733+AmjQlrWtzEzOze/sFhaKi+vrK6tmxubtyJOOSZNHLOYt30kCKMRaUoqGWknnKDQZ6TlD85zv3VPuKBxdCOHCXFD1ItoQDGSWvLMfUekoafoqZ3dqStPISyzDEInRLKPEVMXmacePJpVfY/ueWbFqlkjwGliF6QCCjQ888vpxjgNSSQxQ0J0bCuRrkJcUsxIVnZSQRKEB6hHOppGKCTCVaOvMrirlS4MYq4rknCk/p5QKBRiGPq6M79WTHq5+J/XSWVw7CoaJakkER4vClIGZQzziGCXcoIlG2qCMKf6Voj7iOtodJBlHYI9+fI0aR7UTmr29WGlflakUQLbYAdUgQ2OQB1cggZoAgwewTN4BW/Gk/FivBsf49YZo5jZAn9gfP4AOeCfDg==</latexit><latexit sha1_base64="GfnI8p2Ok2mXNO3tAZJ59bpJazc=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVpCQiqAuhKIIrqWBtoYlhMp20QycPZiZiGfITbvwVNy5U3Lpw5984abPQ1gMXDufcy733+AmjQlrWtzEzOze/sFhaKi+vrK6tmxubtyJOOSZNHLOYt30kCKMRaUoqGWknnKDQZ6TlD85zv3VPuKBxdCOHCXFD1ItoQDGSWvLMfUekoafoqZ3dqStPISyzDEInRLKPEVMXmacePJpVfY/ueWbFqlkjwGliF6QCCjQ888vpxjgNSSQxQ0J0bCuRrkJcUsxIVnZSQRKEB6hHOppGKCTCVaOvMrirlS4MYq4rknCk/p5QKBRiGPq6M79WTHq5+J/XSWVw7CoaJakkER4vClIGZQzziGCXcoIlG2qCMKf6Voj7iOtodJBlHYI9+fI0aR7UTmr29WGlflakUQLbYAdUgQ2OQB1cggZoAgwewTN4BW/Gk/FivBsf49YZo5jZAn9gfP4AOeCfDg==</latexit><latexit sha1_base64="GfnI8p2Ok2mXNO3tAZJ59bpJazc=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVpCQiqAuhKIIrqWBtoYlhMp20QycPZiZiGfITbvwVNy5U3Lpw5984abPQ1gMXDufcy733+AmjQlrWtzEzOze/sFhaKi+vrK6tmxubtyJOOSZNHLOYt30kCKMRaUoqGWknnKDQZ6TlD85zv3VPuKBxdCOHCXFD1ItoQDGSWvLMfUekoafoqZ3dqStPISyzDEInRLKPEVMXmacePJpVfY/ueWbFqlkjwGliF6QCCjQ888vpxjgNSSQxQ0J0bCuRrkJcUsxIVnZSQRKEB6hHOppGKCTCVaOvMrirlS4MYq4rknCk/p5QKBRiGPq6M79WTHq5+J/XSWVw7CoaJakkER4vClIGZQzziGCXcoIlG2qCMKf6Voj7iOtodJBlHYI9+fI0aR7UTmr29WGlflakUQLbYAdUgQ2OQB1cggZoAgwewTN4BW/Gk/FivBsf49YZo5jZAn9gfP4AOeCfDg==</latexit>

vs vs

Go to smaller half

*Channel gains are sorted in descending order

PADC(b) = cfs2
b
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PSW(b) = csw|2b � 2bp |
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Proposed resolution-adaptive ADC receiver

Near optimal bit-allocation 

Selective bit allocation works for sparse channel with limited power consumption

Worst case analysis
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Resolution adaptive

ULA

. . .  

High SNR: minimizes mean 
squared quantization error

Low SNR: maximizes 
generalized mutual information 

Lower bound of Ergodic rate for 
proposed receiver architecture
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SYMBOL ERROR RATE (SER)

§ Achieves SER comparable to infinite-resolution 
case at around Ptot = 120 W 

§ 30 % total receiver power saving from 4~5-bit 
ADC system

§ 80 % total receiver power saving from *infinite-
bit (b = 12) ADC system

Proposed Method

*Power consumption of infinite-bit ADC system = 689 W80 100 120 140 160 180 200
Total Receiver Power Constraint [Watt]

0
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SE
R

Symbol Error Rate w. ZF equalizer

Proposed BA algorithm
Fixed ADC
Inifinite-resolution ADC

b = 7b = 4

b = 1
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CONTRIBUTION 3

ANTENNA SELECTION

APPENDIX

9/10/19
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GREEDY MI-MAXIMIZING ANTENNA SELECTION

Here, (a) comes from matrix determinant lemma |A+ uvH | = |A|(1 + vHA�1u)
<latexit sha1_base64="27HCp1y4yNnxmF6hpcM3p7wcung=">AAACMHicbVBLSwMxGMzWV62vVY9egkWoFMuuCOpBqHrpsYJrC32RTbNtaPZBki2U7f4lL/4T8dKDild/hel2FW0dCBlmviH5xg4YFdIwJlpmaXlldS27ntvY3Nre0Xf3HoQfckws7DOf120kCKMesSSVjNQDTpBrM1KzB7dTvzYkXFDfu5ejgLRc1POoQzGSSurolXHUtB14HcMiTFgYJ9cwblfG8Ap+2+OCWfwxUq0dnZhxGjru6HmjZCSAi8RMSR6kqHb052bXx6FLPIkZEqJhGoFsRYhLihmJc81QkADhAeqRhqIecoloRcnGMTxSShc6PlfHkzBRfyci5Aoxcm016SLZF/PeVPzPa4TSuWhF1AtCSTw8e8gJGZQ+nNYHu5QTLNlIEYQ5VX+FuI84wlKVnFMlmPMrLxLrtHRZMu/O8uWbtI0sOACHoABMcA7KoAKqwAIYPIIX8AretCdtor1rH7PRjJZm9sEfaJ9fSKmoEQ==</latexit><latexit sha1_base64="27HCp1y4yNnxmF6hpcM3p7wcung=">AAACMHicbVBLSwMxGMzWV62vVY9egkWoFMuuCOpBqHrpsYJrC32RTbNtaPZBki2U7f4lL/4T8dKDild/hel2FW0dCBlmviH5xg4YFdIwJlpmaXlldS27ntvY3Nre0Xf3HoQfckws7DOf120kCKMesSSVjNQDTpBrM1KzB7dTvzYkXFDfu5ejgLRc1POoQzGSSurolXHUtB14HcMiTFgYJ9cwblfG8Ap+2+OCWfwxUq0dnZhxGjru6HmjZCSAi8RMSR6kqHb052bXx6FLPIkZEqJhGoFsRYhLihmJc81QkADhAeqRhqIecoloRcnGMTxSShc6PlfHkzBRfyci5Aoxcm016SLZF/PeVPzPa4TSuWhF1AtCSTw8e8gJGZQ+nNYHu5QTLNlIEYQ5VX+FuI84wlKVnFMlmPMrLxLrtHRZMu/O8uWbtI0sOACHoABMcA7KoAKqwAIYPIIX8AretCdtor1rH7PRjJZm9sEfaJ9fSKmoEQ==</latexit><latexit sha1_base64="27HCp1y4yNnxmF6hpcM3p7wcung=">AAACMHicbVBLSwMxGMzWV62vVY9egkWoFMuuCOpBqHrpsYJrC32RTbNtaPZBki2U7f4lL/4T8dKDild/hel2FW0dCBlmviH5xg4YFdIwJlpmaXlldS27ntvY3Nre0Xf3HoQfckws7DOf120kCKMesSSVjNQDTpBrM1KzB7dTvzYkXFDfu5ejgLRc1POoQzGSSurolXHUtB14HcMiTFgYJ9cwblfG8Ap+2+OCWfwxUq0dnZhxGjru6HmjZCSAi8RMSR6kqHb052bXx6FLPIkZEqJhGoFsRYhLihmJc81QkADhAeqRhqIecoloRcnGMTxSShc6PlfHkzBRfyci5Aoxcm016SLZF/PeVPzPa4TSuWhF1AtCSTw8e8gJGZQ+nNYHu5QTLNlIEYQ5VX+FuI84wlKVnFMlmPMrLxLrtHRZMu/O8uWbtI0sOACHoABMcA7KoAKqwAIYPIIX8AretCdtor1rH7PRjJZm9sEfaJ9fSKmoEQ==</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="WdDH73JmZwCFim7tBMcx2ptb6Ss=">AAACJXicbZDLSgMxFIbP1FutVatbN8EiVIplxo26EBQ3XVawttAbmTTThmYuJJlCmc4rufFNxE0XKr6J6XQUbT0Q8vH/OZyc3w44k8o0Z0ZmbX1jcyu7ndvJ7+7tFw7yj9IPBaF14nNfNG0sKWcerSumOG0GgmLX5rRhj+7mfmNMhWS+96AmAe24eOAxhxGstNQrVKdR23bQbYzKKKEwTq5x3K1O0TX6tqclq/xjpFo3OrPitOm0VyiaFTMptApWCkVIq9YrvLT7Pgld6inCsZQtywxUJ8JCMcJpnGuHkgaYjPCAtjR62KWyEyUbx+hEK33k+EIfT6FE/d0RYVfKiWvrly5WQ7nszcX/vFaonMtOxLwgVNQji0FOyJHy0Tw+1GeCEsUnGjARTP8VkSEWmCgdck6HYC2vvAr188pVxbo3IQtHcAwlsOACbqAKNagDgSd4hTd4N56NmfGxSCtjpLEdwp8yPr8AFzOmdg==</latexit><latexit sha1_base64="WdDH73JmZwCFim7tBMcx2ptb6Ss=">AAACJXicbZDLSgMxFIbP1FutVatbN8EiVIplxo26EBQ3XVawttAbmTTThmYuJJlCmc4rufFNxE0XKr6J6XQUbT0Q8vH/OZyc3w44k8o0Z0ZmbX1jcyu7ndvJ7+7tFw7yj9IPBaF14nNfNG0sKWcerSumOG0GgmLX5rRhj+7mfmNMhWS+96AmAe24eOAxhxGstNQrVKdR23bQbYzKKKEwTq5x3K1O0TX6tqclq/xjpFo3OrPitOm0VyiaFTMptApWCkVIq9YrvLT7Pgld6inCsZQtywxUJ8JCMcJpnGuHkgaYjPCAtjR62KWyEyUbx+hEK33k+EIfT6FE/d0RYVfKiWvrly5WQ7nszcX/vFaonMtOxLwgVNQji0FOyJHy0Tw+1GeCEsUnGjARTP8VkSEWmCgdck6HYC2vvAr188pVxbo3IQtHcAwlsOACbqAKNagDgSd4hTd4N56NmfGxSCtjpLEdwp8yPr8AFzOmdg==</latexit><latexit sha1_base64="wPUjMUYojk3OM9YpYlq/HwHe+6s=">AAACMHicbVBLTwIxGOz6RHytevTSSEwwRLLrRT2YoF44YuIKCSykW7rQ0H2k7ZKQZf+SF/+J8cJBjVd/hWVZjYKTNJ3MfJP2GydkVEjDmGhLyyura+u5jfzm1vbOrr63/yCCiGNi4YAFvOEgQRj1iSWpZKQRcoI8h5G6M7id+vUh4YIG/r0chcT2UM+nLsVIKqmjV8dxy3HhdQJLMGVRkl7DpF0dwyv4bY+LZunHyLR2fGomWeikoxeMspECLhIzIwWQodbRn1vdAEce8SVmSIimaYTSjhGXFDOS5FuRICHCA9QjTUV95BFhx+nGCTxWShe6AVfHlzBVfydi5Akx8hw16SHZF/PeVPzPa0bSvbBj6oeRJD6ePeRGDMoATuuDXcoJlmykCMKcqr9C3EccYalKzqsSzPmVF4l1Vr4sm3dGoXKTtZEDh+AIFIEJzkEFVEENWACDR/ACXsGb9qRNtHftYza6pGWZA/AH2ucXR2moDQ==</latexit><latexit sha1_base64="27HCp1y4yNnxmF6hpcM3p7wcung=">AAACMHicbVBLSwMxGMzWV62vVY9egkWoFMuuCOpBqHrpsYJrC32RTbNtaPZBki2U7f4lL/4T8dKDild/hel2FW0dCBlmviH5xg4YFdIwJlpmaXlldS27ntvY3Nre0Xf3HoQfckws7DOf120kCKMesSSVjNQDTpBrM1KzB7dTvzYkXFDfu5ejgLRc1POoQzGSSurolXHUtB14HcMiTFgYJ9cwblfG8Ap+2+OCWfwxUq0dnZhxGjru6HmjZCSAi8RMSR6kqHb052bXx6FLPIkZEqJhGoFsRYhLihmJc81QkADhAeqRhqIecoloRcnGMTxSShc6PlfHkzBRfyci5Aoxcm016SLZF/PeVPzPa4TSuWhF1AtCSTw8e8gJGZQ+nNYHu5QTLNlIEYQ5VX+FuI84wlKVnFMlmPMrLxLrtHRZMu/O8uWbtI0sOACHoABMcA7KoAKqwAIYPIIX8AretCdtor1rH7PRjJZm9sEfaJ9fSKmoEQ==</latexit><latexit sha1_base64="27HCp1y4yNnxmF6hpcM3p7wcung=">AAACMHicbVBLSwMxGMzWV62vVY9egkWoFMuuCOpBqHrpsYJrC32RTbNtaPZBki2U7f4lL/4T8dKDild/hel2FW0dCBlmviH5xg4YFdIwJlpmaXlldS27ntvY3Nre0Xf3HoQfckws7DOf120kCKMesSSVjNQDTpBrM1KzB7dTvzYkXFDfu5ejgLRc1POoQzGSSurolXHUtB14HcMiTFgYJ9cwblfG8Ap+2+OCWfwxUq0dnZhxGjru6HmjZCSAi8RMSR6kqHb052bXx6FLPIkZEqJhGoFsRYhLihmJc81QkADhAeqRhqIecoloRcnGMTxSShc6PlfHkzBRfyci5Aoxcm016SLZF/PeVPzPa4TSuWhF1AtCSTw8e8gJGZQ+nNYHu5QTLNlIEYQ5VX+FuI84wlKVnFMlmPMrLxLrtHRZMu/O8uWbtI0sOACHoABMcA7KoAKqwAIYPIIX8AretCdtor1rH7PRjJZm9sEfaJ9fSKmoEQ==</latexit><latexit sha1_base64="27HCp1y4yNnxmF6hpcM3p7wcung=">AAACMHicbVBLSwMxGMzWV62vVY9egkWoFMuuCOpBqHrpsYJrC32RTbNtaPZBki2U7f4lL/4T8dKDild/hel2FW0dCBlmviH5xg4YFdIwJlpmaXlldS27ntvY3Nre0Xf3HoQfckws7DOf120kCKMesSSVjNQDTpBrM1KzB7dTvzYkXFDfu5ejgLRc1POoQzGSSurolXHUtB14HcMiTFgYJ9cwblfG8Ap+2+OCWfwxUq0dnZhxGjru6HmjZCSAi8RMSR6kqHb052bXx6FLPIkZEqJhGoFsRYhLihmJc81QkADhAeqRhqIecoloRcnGMTxSShc6PlfHkzBRfyci5Aoxcm016SLZF/PeVPzPa4TSuWhF1AtCSTw8e8gJGZQ+nNYHu5QTLNlIEYQ5VX+FuI84wlKVnFMlmPMrLxLrtHRZMu/O8uWbtI0sOACHoABMcA7KoAKqwAIYPIIX8AretCdtor1rH7PRjJZm9sEfaJ9fSKmoEQ==</latexit><latexit sha1_base64="27HCp1y4yNnxmF6hpcM3p7wcung=">AAACMHicbVBLSwMxGMzWV62vVY9egkWoFMuuCOpBqHrpsYJrC32RTbNtaPZBki2U7f4lL/4T8dKDild/hel2FW0dCBlmviH5xg4YFdIwJlpmaXlldS27ntvY3Nre0Xf3HoQfckws7DOf120kCKMesSSVjNQDTpBrM1KzB7dTvzYkXFDfu5ejgLRc1POoQzGSSurolXHUtB14HcMiTFgYJ9cwblfG8Ap+2+OCWfwxUq0dnZhxGjru6HmjZCSAi8RMSR6kqHb052bXx6FLPIkZEqJhGoFsRYhLihmJc81QkADhAeqRhqIecoloRcnGMTxSShc6PlfHkzBRfyci5Aoxcm016SLZF/PeVPzPa4TSuWhF1AtCSTw8e8gJGZQ+nNYHu5QTLNlIEYQ5VX+FuI84wlKVnFMlmPMrLxLrtHRZMu/O8uWbtI0sOACHoABMcA7KoAKqwAIYPIIX8AretCdtor1rH7PRjJZm9sEfaJ9fSKmoEQ==</latexit><latexit sha1_base64="27HCp1y4yNnxmF6hpcM3p7wcung=">AAACMHicbVBLSwMxGMzWV62vVY9egkWoFMuuCOpBqHrpsYJrC32RTbNtaPZBki2U7f4lL/4T8dKDild/hel2FW0dCBlmviH5xg4YFdIwJlpmaXlldS27ntvY3Nre0Xf3HoQfckws7DOf120kCKMesSSVjNQDTpBrM1KzB7dTvzYkXFDfu5ejgLRc1POoQzGSSurolXHUtB14HcMiTFgYJ9cwblfG8Ap+2+OCWfwxUq0dnZhxGjru6HmjZCSAi8RMSR6kqHb052bXx6FLPIkZEqJhGoFsRYhLihmJc81QkADhAeqRhqIecoloRcnGMTxSShc6PlfHkzBRfyci5Aoxcm016SLZF/PeVPzPa4TSuWhF1AtCSTw8e8gJGZQ+nNYHu5QTLNlIEYQ5VX+FuI84wlKVnFMlmPMrLxLrtHRZMu/O8uWbtI0sOACHoABMcA7KoAKqwAIYPIIX8AretCdtor1rH7PRjJZm9sEfaJ9fSKmoEQ==</latexit><latexit sha1_base64="27HCp1y4yNnxmF6hpcM3p7wcung=">AAACMHicbVBLSwMxGMzWV62vVY9egkWoFMuuCOpBqHrpsYJrC32RTbNtaPZBki2U7f4lL/4T8dKDild/hel2FW0dCBlmviH5xg4YFdIwJlpmaXlldS27ntvY3Nre0Xf3HoQfckws7DOf120kCKMesSSVjNQDTpBrM1KzB7dTvzYkXFDfu5ejgLRc1POoQzGSSurolXHUtB14HcMiTFgYJ9cwblfG8Ap+2+OCWfwxUq0dnZhxGjru6HmjZCSAi8RMSR6kqHb052bXx6FLPIkZEqJhGoFsRYhLihmJc81QkADhAeqRhqIecoloRcnGMTxSShc6PlfHkzBRfyci5Aoxcm016SLZF/PeVPzPa4TSuWhF1AtCSTw8e8gJGZQ+nNYHu5QTLNlIEYQ5VX+FuI84wlKVnFMlmPMrLxLrtHRZMu/O8uWbtI0sOACHoABMcA7KoAKqwAIYPIIX8AretCdtor1rH7PRjJZm9sEfaJ9fSKmoEQ==</latexit>

q Decomposition of mutual information

where

(n+1) th row of Hn+1

Diagonal entry of D corresponding to fK(n+1)

§ At (n+1)th selection stage  

(a)

§ Mutual information 
quantization noise covariance
Rqq = ↵(1� ↵) diag(⇢HKH

H

K + I)
<latexit sha1_base64="u8MJoijtjr5lyfbAm7AvmXJzEoE="></latexit><latexit sha1_base64="u8MJoijtjr5lyfbAm7AvmXJzEoE="></latexit><latexit sha1_base64="u8MJoijtjr5lyfbAm7AvmXJzEoE="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="0FX6HK8GVY5vsGXWM36LG25Hvx8="></latexit><latexit sha1_base64="0FX6HK8GVY5vsGXWM36LG25Hvx8="></latexit><latexit sha1_base64="MZolpUS/JtFBkDRRB/VjYCyMjf4="></latexit><latexit sha1_base64="u8MJoijtjr5lyfbAm7AvmXJzEoE="></latexit><latexit sha1_base64="u8MJoijtjr5lyfbAm7AvmXJzEoE="></latexit><latexit sha1_base64="u8MJoijtjr5lyfbAm7AvmXJzEoE="></latexit><latexit sha1_base64="u8MJoijtjr5lyfbAm7AvmXJzEoE="></latexit><latexit sha1_base64="u8MJoijtjr5lyfbAm7AvmXJzEoE="></latexit><latexit sha1_base64="u8MJoijtjr5lyfbAm7AvmXJzEoE="></latexit>

where
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COMPLEXITY OF QFAS ALGORITHM

Quantization-Aware Fast Antenna Selection (QAFAS)

Complexity O(K Nr Nu)

§ Complexity for step 5: O(𝐾𝑁&E)

• 𝐾 iterations x Inner product 𝑸𝒇H

§ Complexity for step 6: O(𝐾𝑁%𝑁&)

• 𝐾 iterations 

x 𝑁% updates 

x Inner product 𝒇IJ𝒂

§ Large antenna arrays (𝑁% ≫ 𝑁&) 

q Complexity analysis

Overall complexity becomes O(K Nr Nu)

same as FAS [Gharavi-Alkhansari04]

q Proposed algorithm
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CONTRIBUTION 4

TWO-STAGE 
ANALOG COMBINING

APPENDIX

9/10/19
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C(WRF) = log2

����Im +
↵b

�b

GH

subdiag
�1

⇢
k[Gsub]i,:k2 +

1

�b⇢

�
Gsub

����

= log2

����Im +
↵b

�b

G̃H

subG̃sub

����

=
mX

i=1

log2

✓
1 +

↵b

�b

�i{G̃H

subG̃sub}
◆

(a)
 m log2

 
1 +

↵b

�bm

mX

i=1

�i{G̃H

subG̃sub}
!

(b)
= m log2

 
1 +

↵b

�bm

NRFX

i=1

k[Gsub]i,:k2

k[Gsub]i,:k2 + 1
�b⇢

!

< m log2

✓
1 +

↵bNRF

�bm

◆
 Nu log2

✓
1 +

↵bNRF

�bNu

◆
⇠ Nu log2(NRF)

<latexit sha1_base64="2pB1qEMXwOSorUqikiVnFUhl1oM="></latexit>

PROOF OF THEOREM 2 - SCALING LAW

CONTRIBUTION 4

C(WRF) = log2

���INRF+⇢↵2
b

�
↵2
b
W

H

RFWRF+Rqq

��1
W

H

RFHH
H
WRF

���
<latexit sha1_base64="3f8lKg0/ti5ZRpaKZ+XyDGJqkJ8="></latexit>

• Rewrite mutual information

9/10/19

=log2

����I+
↵b

�b

diag�1

⇢
W

H

RF⇤̄⇤⇤WRF+
1

�b⇢
I

�
W

H

RF⇤̄⇤⇤WRF

���� .
<latexit sha1_base64="j83shakyT/pZytSjId1/gkX+yws="></latexit>

G = W
H

RF⇤̄⇤⇤
1/2

= [Gsub 0]
<latexit sha1_base64="5NKUMSZI9MBhfzv7xNkbEAmkCaE="></latexit>

• Define                                      and rewrite mutual information

WRF : NRF ⇥NRF unitary matrix
<latexit sha1_base64="SUWSV8sHAtK/kuGGBMhy3DNyRgU="></latexit>

⇤̄⇤⇤ = diag{�̄1, · · · , �̄m, 0, · · · , 0}
<latexit sha1_base64="GCDBMkjxPoGsSmviFEUtcgzStno="></latexit>

1  m  Nu
<latexit sha1_base64="4jyhcZa/S+zLiO6DF99Ycfmpz/Y=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZIq6LLoxpVUsA9oQ5hMb9qhM0mcmRRK6J+4caGIW//EnX/jNM1CWw9c7uGce5k7J0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YB8etVWcSgotGvNYdgOigLMIWpppDt1EAhEBh04wvp37nQlIxeLoUU8T8AQZRixklGgj+bbt9jk8YYHzdu+nvl11ak4OvErcglRRgaZvf/UHMU0FRJpyolTPdRLtZURqRjnMKv1UQULomAyhZ2hEBCgvyy+f4TOjDHAYS1ORxrn6eyMjQqmpCMykIHqklr25+J/XS3V47WUsSlINEV08FKYc6xjPY8ADJoFqPjWEUMnMrZiOiCRUm7AqJgR3+curpF2vuRe1+sNltXFTxFFGJ+gUnSMXXaEGukNN1EIUTdAzekVvVma9WO/Wx2K0ZBU7x+gPrM8fGvGSqw==</latexit>

mX

i=1

�i{G̃H

subG̃sub}=Tr{G̃H

subG̃sub}=
NRFX

i=1

k[Gsub]i,:k2

k[Gsub]i,:k2+ 1
�b⇢

<latexit sha1_base64="KHq57ZQYMV1u60AhuvCZYdqYHcE="></latexit>

Jensen’s inequality

66
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PROOF OF THEOREM 2 –TWO-STAGE SOLUTION

CONTRIBUTION 49/10/19

• With two-stage solution in Theorem 2:

C(W?

RF) = log2

����INRF +
↵b

�b

diag�1
n
W

?H

RFHH
H
W

?

RF + 1
�b⇢

INRF

o
W

?H

RFHH
H
W

?

RF

����

(a)
= log2

������
I+

↵b

�b

 P
Nu

i=1 �i

NRF
+

1

�b⇢

!�1

W
?H

RF2
⇤⇤⇤NRFW

?

RF2

������

=
NuX

k=1

log2

 
1 +

↵b⇢NRF�k

NRF + (1� ↵b)⇢
P

Nu

i=1 �i

!

=
NuX

k=1

log2

 
1 +

↵b⇢NRF�k/Nr

+ (1� ↵b)⇢
P

Nu

i=1 �i/Nr

!

(b)⇠ Nu log2 NRF, as NRF ! 1.
<latexit sha1_base64="z6/+n0ATWzMQ7exRbxHu9NeTMbk="></latexit>

W?
RF = W?

RF1
W?

RF2
<latexit sha1_base64="zT2PTbFCAyh0l/Y33CTkz/PnNwI=">AAACMnicbZDLSsNAFIYn9VbrLerSzWARXJWkCroRioLoroq9QBPDZDpph84kYWYilJBncuOTCC50oYhbH8Jpm4WmHhj4+f5zOHN+P2ZUKst6NUoLi0vLK+XVytr6xuaWub3TllEiMGnhiEWi6yNJGA1JS1HFSDcWBHGfkY4/upj4nQciJI3COzWOicvRIKQBxUhp5JnXqeMHsJN5qSM4vL3M7h2pkIBnsGB4dm4VeT3nnlm1ata04Lywc1EFeTU989npRzjhJFSYISl7thUrN0VCUcxIVnESSWKER2hAelqGiBPpptOTM3igSR8GkdAvVHBKf0+kiEs55r7u5EgNZdGbwP+8XqKCUzelYZwoEuLZoiBhUEVwkh/sU0GwYmMtEBZU/xXiIRIIK51yRYdgF0+eF+16zT6q1W+Oq43zPI4y2AP74BDY4AQ0wBVoghbA4BG8gHfwYTwZb8an8TVrLRn5zC74U8b3DyCjqho=</latexit>

(i) W?
RF1

= [U1:NuU?]
<latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="0T5Vih5w4O5vkoK5q6cLvmiHOUA=">AAACHnicbZDLSgMxGIX/qbdaq45u3QSLUDdlxo0iCAVBXEkVe4HOOGTSTBuauZBkhDKMj+PGV3GjoKhPY3oRtPVA4Ms5Ccl//IQzqSzr0ygsLa+srhXXSxvlza1tc6fcknEqCG2SmMei42NJOYtoUzHFaScRFIc+p21/eD7O2/dUSBZHt2qUUDfE/YgFjGClLc+sV9nhQ+b4AWrnXpY5IkQ3F7ln53eOVFigM9SdpE2d2qdXXpqjn72TUJG4nlmxatZEaBHsGVRgpoZnvjq9mKQhjRThWMqubSXKzbBQjHCal5xU0gSTIe7TrsYIh1S62WTSHB1op4eCWOgVKTRxf9/IcCjlKPT1yRCrgZzPxuZ/WTdVwYmbsShJFY3I9KEg5UjFaFwb6jFBieIjDZgIpv+KyAALTJQut6RLsOdHXoTWUc3WfG1BEfZgH6pgwzHU4RIa0AQCj/AMb/BuPBkvxse0roIx620X/sj4+gYpZ6R1</latexit><latexit sha1_base64="0T5Vih5w4O5vkoK5q6cLvmiHOUA=">AAACHnicbZDLSgMxGIX/qbdaq45u3QSLUDdlxo0iCAVBXEkVe4HOOGTSTBuauZBkhDKMj+PGV3GjoKhPY3oRtPVA4Ms5Ccl//IQzqSzr0ygsLa+srhXXSxvlza1tc6fcknEqCG2SmMei42NJOYtoUzHFaScRFIc+p21/eD7O2/dUSBZHt2qUUDfE/YgFjGClLc+sV9nhQ+b4AWrnXpY5IkQ3F7ln53eOVFigM9SdpE2d2qdXXpqjn72TUJG4nlmxatZEaBHsGVRgpoZnvjq9mKQhjRThWMqubSXKzbBQjHCal5xU0gSTIe7TrsYIh1S62WTSHB1op4eCWOgVKTRxf9/IcCjlKPT1yRCrgZzPxuZ/WTdVwYmbsShJFY3I9KEg5UjFaFwb6jFBieIjDZgIpv+KyAALTJQut6RLsOdHXoTWUc3WfG1BEfZgH6pgwzHU4RIa0AQCj/AMb/BuPBkvxse0roIx620X/sj4+gYpZ6R1</latexit><latexit sha1_base64="/RSSw20FgIfUTenSEzYDqNbmWOI="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit><latexit sha1_base64="t/oIaXbWcqdTlQhhKjerdZ83IhM="></latexit>

(ii) W?
RF2

<latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="YEHk54xd3yQnO3+GI/ynFrpyjWU=">AAAB/nicbZDNS8MwGMbfzq85p1avXoJDmJfR7qJHQRCPU9wHrLWkWbqFpWlJUmGUevTiv+LFgyL+Gd78b8w+Drr5QODH8yS8eZ8w5Uxpx/m2SmvrG5tb5e3KTnV3b98+qHZUkklC2yThieyFWFHOBG1rpjntpZLiOOS0G44vp3n3gUrFEnGnJyn1YzwULGIEa2MFNqozdvqYe2GEukWQ556M0e1VETSLe09pLFFg15yGMxNaBXcBNVioFdhf3iAhWUyFJhwr1XedVPs5lpoRTouKlymaYjLGQ9o3KHBMlZ/PNinQiXEGKEqkOUKjmfv7RY5jpSZxaG7GWI/UcjY1/8v6mY7O/ZyJNNNUkPmgKONIJ2haCxowSYnmEwOYSGb+isgIS0y0Ka9iSnCXV16FTrPhGr5xoAxHcAx1cOEMLuAaWtAGAk/wAm/wbj1br9bHvK6StejtEP7I+vwB14WYEg==</latexit><latexit sha1_base64="YEHk54xd3yQnO3+GI/ynFrpyjWU=">AAAB/nicbZDNS8MwGMbfzq85p1avXoJDmJfR7qJHQRCPU9wHrLWkWbqFpWlJUmGUevTiv+LFgyL+Gd78b8w+Drr5QODH8yS8eZ8w5Uxpx/m2SmvrG5tb5e3KTnV3b98+qHZUkklC2yThieyFWFHOBG1rpjntpZLiOOS0G44vp3n3gUrFEnGnJyn1YzwULGIEa2MFNqozdvqYe2GEukWQ556M0e1VETSLe09pLFFg15yGMxNaBXcBNVioFdhf3iAhWUyFJhwr1XedVPs5lpoRTouKlymaYjLGQ9o3KHBMlZ/PNinQiXEGKEqkOUKjmfv7RY5jpSZxaG7GWI/UcjY1/8v6mY7O/ZyJNNNUkPmgKONIJ2haCxowSYnmEwOYSGb+isgIS0y0Ka9iSnCXV16FTrPhGr5xoAxHcAx1cOEMLuAaWtAGAk/wAm/wbj1br9bHvK6StejtEP7I+vwB14WYEg==</latexit><latexit sha1_base64="2jZ25m3ccX07CKscTFdWf5kGC+c=">AAACCXicbZC7TsMwFIYdrqXcAowsFhVSWaqkC4wVSIixIHqRmhA5rtNatZ3IdpCqKIwsvAoLAwix8gZsvA1umwFafsnSp/+co+PzhwmjSjvOt7W0vLK6tl7aKG9ube/s2nv7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0cWk3rknUtFY3OpxQnyOBoJGFCNtrMCGVUpPHjIvjGAnD7LMkxzeXOZBPb/zlEYSBnbFqTlTwUVwC6iAQs3A/vL6MU45ERozpFTPdRLtZ0hqihnJy16qSILwCA1Iz6BAnCg/m16Sw2Pj9GEUS/OEhlP390SGuFJjHppOjvRQzdcm5n+1XqqjMz+jIkk1EXi2KEoZ1DGcxAL7VBKs2dgAwpKav0I8RBJhbcIrmxDc+ZMXoV2vuYavnUrjvIijBA7BEagCF5yCBrgCTdACGDyCZ/AK3qwn68V6tz5mrUtWMXMA/sj6/AFu+pmC</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit><latexit sha1_base64="ddujz6aN1c3VrlGWqDMR/dBG/xI=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFEGXRUFcVrEX6IxDJs20oUlmSDJCGcalG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw4txvX1PpKKxuNWjhPgc9QWNKEbaWIENK5QeP2ReGMF2HmSZJzm8ucyDWn7nKY0kDOyyU3UmgovgzqAMZmoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvJSRRKEh6hPugYF4kT52eSSHB4ZpwejWJonNJy4vycyxJUa8dB0cqQHar42Nv+rdVMdnfkZFUmqicDTRVHKoI7hOBbYo5JgzUYGEJbU/BXiAZIIaxNeyYTgzp+8CK1a1TV8fVKun8/iKIIDcAgqwAWnoA6uQAM0AQaP4Bm8gjfryXqx3q2PaWvBms3sgz+yPn8AcDqZhg==</latexit>

: NRF x NRF unitary matrix with constant modulus

Condition (i) and (ii)

1

Nr

H
H
H ! diag{ 1

L1

L1X

`=1

|g`,1|2, · · · ,
1

LNu

LNuX

`=1

|g`,Nu |2}
<latexit sha1_base64="ih4gm8QmmVZ/zrrOslmjFC7NeFM="></latexit>

Recall channel model:

�i

Nr
! 1

Li

LiX

`=1

|g`,i|2 < 1
<latexit sha1_base64="PyZguTseEihqfB9iPc+dEw8O0qU="></latexit>

hk =

r
Nr

Lk

LkX

`=1

g`,ka(✓`,k)
<latexit sha1_base64="lpbytdpLHO7PjC3OQabGOHf7fEY="></latexit>

As                                         ,  we have: NRF ! 1 i.e., Nr ! 1
<latexit sha1_base64="IxPFNVFAMhQkyIvZOEwEe1KnDs0=">AAACHHicbVDLSsNAFJ34tr6qLt0MtoILCYkKuhQFcSUq1gpNCZPpTTt0MgkzN2IJ/RA3/oobF4q4cSH4N05rF74ODBzOuZc750SZFAY978MZG5+YnJqemS3NzS8sLpWXV65MmmsONZ7KVF9HzIAUCmooUMJ1poElkYR61D0a+PUb0Eak6hJ7GTQT1lYiFpyhlcLyzmlYBDqhF8d9GmBKA6Fi7AUIt1hQ4YK7Raunof7mVfthueK53hD0L/FHpEJGOAvLb0Er5XkCCrlkxjR8L8NmwTQKLqFfCnIDGeNd1oaGpYolYJrFMFyfblilReNU26eQDtXvGwVLjOklkZ1MGHbMb28g/uc1coz3m4VQWY6g+NehOJfUJh00RVtCA0fZs4RxLexfKe8wzTjaPku2BP935L/katv1d9zt893KweGojhmyRtbJJvHJHjkgJ+SM1Agnd+SBPJFn5955dF6c16/RMWe0s0p+wHn/BIfqoGU=</latexit>

 = NRF/Nr < 1
<latexit sha1_base64="lL3yAexwhtcqreiLK9FFq4s//CU=">AAACBHicbVDLSgMxFM34rPU16rKbYBFc1Zkq6EKhKIirUsU+oDMMmTTThiaZIckIZejCjb/ixoUibv0Id/6N6WOhrQcuHM65l3vvCRNGlXacb2thcWl5ZTW3ll/f2Nzatnd2GypOJSZ1HLNYtkKkCKOC1DXVjLQSSRAPGWmG/auR33wgUtFY3OtBQnyOuoJGFCNtpMAueH2UJAhewGqQeZLDu+vhUTWQ8By6gV10Ss4YcJ64U1IEU9QC+8vrxDjlRGjMkFJt10m0nyGpKWZkmPdSRRKE+6hL2oYKxInys/ETQ3hglA6MYmlKaDhWf09kiCs14KHp5Ej31Kw3Ev/z2qmOzvyMiiTVRODJoihlUMdwlAjsUEmwZgNDEJbU3ApxD0mEtcktb0JwZ1+eJ41yyT0ulW9PipXLaRw5UAD74BC44BRUwA2ogTrA4BE8g1fwZj1ZL9a79TFpXbCmM3vgD6zPH7ufljY=</latexit>

and 
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Ph.D. Defense  Jinseok Choi

SIMULATION RESULTS 3

§ Nr = 128, NRF = 43, Nu = 8, b = 2, and # paths = 3 

CONTRIBUTION 4

q Linear digital equalizers

Fig. 14: Rate vs. SNR

§ Proposed algorithm provides higher rates than one-stage algorithms
§ Proposed algorithm achieves MMSE performance with ZF whereas one-stage algorithms cannot achieve it

– one-stage algorithms suffer from large quantization errors 

Simple equalizer can achieve high rate with two-stage analog combining 
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Ph.D. Defense  Jinseok Choi

ANALOG BEAMFORMING IN OFDMWITH LOW-RESOLUTION ADCS

699/10/19

§ Mutual Information for subcarrier n

Rqnqn = ↵b(1� ↵b)diag{E[rnrHn ]}
= ↵b(1� ↵b)diag

�
⇢WH

RFBBHWRF + INr

 
<latexit sha1_base64="nh7Q82BRpqNObyXFfF/bOsVNzAY="></latexit>

Rn = log2

���INr + ⇢↵2
b
(↵2

b
INr +Rqnqn)

�1WH

RFGnG
H

n
WRF

���
<latexit sha1_base64="83ppF6Fk6/zLj/bcwG9Vfr2ZVuk="></latexit>

B = [H0,0, · · · ,0,HL�1, · · · ,H1]
<latexit sha1_base64="XF91/orl+vu/sL2ZyNMxLYTBejg="></latexit>

Gn =
L�1X

`=0

H`e
� j2⇡(n�1)`

Nsc

<latexit sha1_base64="wNOtIFMPYZsS0ecBfg+ozlDFMs4="></latexit>

Quantization noise covariance matrix Quantization noise covariance matrix

Maximize gain by capturing frequency domain channel gain

Minimize quantization error by manipulating time domain delay channels

VS


