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AoA tracking System

Angle of arrival (AoA) of a signal is the direction from 
which an RF signal is propagated.
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RF Source

Antenna Array



AoA tracking System

AoA Systems facilitate a wide range of wireless applications 
like localization and sensing.
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Localization and tracking Activity Recognition Wi-Fi Imaging



AoA tracking System

Number of antenna elements in a AoA System determine 
the resolution and accuracy.
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Antenna Array

AoA tracking System

Estimation 
Uncertainty
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Antenna Array

AoA tracking System

More Antenna
Less Uncertainty
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Antenna Array

AoA tracking System
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Antenna Array

AoA tracking System

…… 

Not Practical!



“
Challenge: 
How to cut the number of antenna array 
but keep the performance?
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State-of-the-art Solutions
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◦ RF Switches

◦ Virtual Linear/Circular Array

◦ Sparse Array



State-of-the-art Solutions
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◦ RF Switches

Switch

ADC

FPGA

• Cutting the cost of frontend and ADC
• Low temporal efficiency



State-of-the-art Solutions
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◦ Virtual Linear/Circular Array

Moving at v
Rx/Tx at interval t

Virtual Antenna Array spaced vt

• Cutting the cost of more components
• Low temporal efficiency and movement error



State-of-the-art Solutions
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◦ Sparse Array
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State-of-the-art Solutions
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Advantage Disadvantage

RF Switches Cutting the cost of 
frontend and ADC

Low temporal efficiency
and high cost on 

antenna elements
Virtual 

Linear/Circular 
Array

Cutting the cost of all 
other components

Low temporal efficiency
and movement error

Sparse Array Cutting cost with high 
temporal efficiency

Lack of research in 2-D 
aspects

Sparse Array Cutting cost with high 
temporal efficiency

Lack of research in 2-D 
aspects
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Our Solution

Log-sp
ira

l belt

Antenna

Log-Spiral Antenna Belt 

◦ 2D sparse array
◦ Decrease antenna number 
◦ Keep high accuracy and 

temporal efficiency



“
Key Idea:
To evaluate redundancy in an antenna array 
by the placements of antenna elements
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Example: Antenna Array of two elements

Antenna Ai
Distance = D

Antenna Aj

Target S

Φ
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AoA Estimation Model

Aj
<latexit sha1_base64="pn9+aikz+5qIbuS5e+6ZT60A+OM=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjx4rGi/YA2lM12067dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrp/rr32CuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTSrFe+8Ur27KNeqeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QMKyI2W</latexit>

S
<latexit sha1_base64="RNwatc7bUtmRSMq2NRVym9FAjHw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaRRI8kXjxClEcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSwfzCRBP6JDyUPOqLFS475fLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1440+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtCpl76pcaVRLtWoWRx7O4BwuwYNrqMEd1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKs9jM0=</latexit>

�
<latexit sha1_base64="Jw6KXhk53OI343f8976nbOCoVOo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqoR4LXjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7C73+09UaRbLRzNPqC/wVLKQEWxyaZREbFytuXV3CbRJvILUoEBnXP0aTWKSCioN4Vjroecmxs+wMoxwuqiMUk0TTGZ4SoeWSiyo9rPlrQt0ZZUJCmNlSxq0VH9PZFhoPReB7RTYRHrdy8X/vGFqwls/YzJJDZVktShMOTIxyh9HE6YoMXxuCSaK2VsRibDCxNh4KjYEb/3lTdJr1L2beuOhWWs3izjKcAGXcA0etKAN99CBLhCI4Ble4c0Rzovz7nysWktOMXMOf+B8/gAQoI41</latexit>

D
<latexit sha1_base64="ENvA0y99GvAhXlnsX8zlF34qhYk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCHjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmrf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9VoeRxFO4BTOwYMrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AJPnjLw=</latexit>

ds,i
<latexit sha1_base64="XVVDWOyhnAYZGmvF4HTGLU4+BCs=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4kJJUQY8FLx4r2A9oQ9lsJu3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBVcG9f9dtbWNza3tks75d29/YPDytFxWyeZYthiiUhUN6AaBZfYMtwI7KYKaRwI7ATju5nfeUKleSIfzSRFP6ZDySPOqLFSJxzk+pJPB5WqW3PnIKvEK0gVCjQHla9+mLAsRmmYoFr3PDc1fk6V4UzgtNzPNKaUjekQe5ZKGqP28/m5U3JulZBEibIlDZmrvydyGms9iQPbGVMz0sveTPzP62UmuvVzLtPMoGSLRVEmiEnI7HcScoXMiIkllClubyVsRBVlxiZUtiF4yy+vkna95l3V6g/X1Ua9iKMEp3AGF+DBDTTgHprQAgZjeIZXeHNS58V5dz4WrWtOMXMCf+B8/gBCXY93</latexit> ds,j

<latexit sha1_base64="sMhumc4jFMz7mwhMAuOCaowRL3M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFYwX5AG8pmM23XbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJR9wRo2V2mE/0xeP03654lbdOcgq8XJSgRyNfvmrF8YsjVAaJqjWXc9NjJ9RZTgTOC31Uo0JZWM6xK6lkkao/Wx+7pScWSUkg1jZkobM1d8TGY20nkSB7YyoGellbyb+53VTM7jxMy6T1KBki0WDVBATk9nvJOQKmRETSyhT3N5K2IgqyoxNqGRD8JZfXiWtWtW7rNburyr1Wh5HEU7gFM7Bg2uowx00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AQ+KPeA==</latexit>

✓i
<latexit sha1_base64="wYsExFpDshlnciI8J+J6HzEyXnY=">AAAB73icbVBNS8NAEJ34WetX1aOXYBE8laQKeix48VjBfkAbymY7bZduNnF3IpTQP+HFgyJe/Tve/Ddu2xy09cHA470ZZuaFiRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNE6eaY4PHMtbtkBmUQmGDBElsJxpZFEpshePbmd96Qm1ErB5okmAQsaESA8EZWandpRES64leqexVvDncVeLnpAw56r3SV7cf8zRCRVwyYzq+l1CQMU2CS5wWu6nBhPExG2LHUsUiNEE2v3fqnlul7w5ibUuRO1d/T2QsMmYShbYzYjQyy95M/M/rpDS4CTKhkpRQ8cWiQSpdit3Z825faOQkJ5YwroW91eUjphknG1HRhuAvv7xKmtWKf1mp3l+Va9U8jgKcwhlcgA/XUIM7qEMDOEh4hld4cx6dF+fd+Vi0rjn5zAn8gfP5Ax7Uj/g=</latexit>

✓j
<latexit sha1_base64="XpNUKifln8PUtDHCTyDdwTAUvWo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48V7Ae0oWy2m3btZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//cS1EbG6x0nC/YgOlQgFo2ilTg9HHGn/oV+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmnVqt5FtXZ3WanX8jiKcAKncA4eXEEdbqEBTWAg4Rle4c15dF6cd+dj0Vpw8plj+APn8wcgWI/5</latexit>

�di,j = ��✓i,j/2⇡ + k�
<latexit sha1_base64="9uJXiw17yb6H9olZ6G872MHPCj4=">AAACIXicbVDLSgNBEJz1bXxFPXoZDIKgxN0omIsg6MGjglEhG0LvbMeMmX0w0yuEJb/ixV/x4kERb+LPOEn24KtgoKiqpqcrSJU05LofzsTk1PTM7Nx8aWFxaXmlvLp2ZZJMC2yIRCX6JgCDSsbYIEkKb1KNEAUKr4PeydC/vkdtZBJfUj/FVgS3sexIAWSldrnun6Ii4GE7l7t3gyNf2dkQeCH71EWCsbdX81O50ysS7XLFrboj8L/EK0iFFThvl9/9MBFZhDEJBcY0PTelVg6apFA4KPmZwRRED26xaWkMEZpWPrpwwLesEvJOou2LiY/U7xM5RMb0o8AmI6Cu+e0Nxf+8ZkadeiuXcZoRxmK8qJMpTgkf1sVDqVGQ6lsCQkv7Vy66oEGQLbVkS/B+n/yXXNWq3n61dnFQOa4VdcyxDbbJtpnHDtkxO2PnrMEEe2BP7IW9Oo/Os/PmvI+jE04xs85+wPn8AprkoyA=</latexit>

Ai
<latexit sha1_base64="8STUuDPFpSHSTtdA94QkEvy8wQY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeKF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cNPn/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8Slq1qndRrd1fVuq1PI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAJRI2V</latexit>
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K and Estimation Ambiguity

Considering 

If                       then:
Aj

<latexit sha1_base64="pn9+aikz+5qIbuS5e+6ZT60A+OM=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjx4rGi/YA2lM12067dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrp/rr32CuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTSrFe+8Ur27KNeqeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QMKyI2W</latexit>

S
<latexit sha1_base64="RNwatc7bUtmRSMq2NRVym9FAjHw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaRRI8kXjxClEcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSwfzCRBP6JDyUPOqLFS475fLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1440+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtCpl76pcaVRLtWoWRx7O4BwuwYNrqMEd1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKs9jM0=</latexit>

�
<latexit sha1_base64="Jw6KXhk53OI343f8976nbOCoVOo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqoR4LXjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7C73+09UaRbLRzNPqC/wVLKQEWxyaZREbFytuXV3CbRJvILUoEBnXP0aTWKSCioN4Vjroecmxs+wMoxwuqiMUk0TTGZ4SoeWSiyo9rPlrQt0ZZUJCmNlSxq0VH9PZFhoPReB7RTYRHrdy8X/vGFqwls/YzJJDZVktShMOTIxyh9HE6YoMXxuCSaK2VsRibDCxNh4KjYEb/3lTdJr1L2beuOhWWs3izjKcAGXcA0etKAN99CBLhCI4Ble4c0Rzovz7nysWktOMXMOf+B8/gAQoI41</latexit>

D
<latexit sha1_base64="ENvA0y99GvAhXlnsX8zlF34qhYk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCHjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmrf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9VoeRxFO4BTOwYMrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AJPnjLw=</latexit>

ds,i
<latexit sha1_base64="XVVDWOyhnAYZGmvF4HTGLU4+BCs=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4kJJUQY8FLx4r2A9oQ9lsJu3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBVcG9f9dtbWNza3tks75d29/YPDytFxWyeZYthiiUhUN6AaBZfYMtwI7KYKaRwI7ATju5nfeUKleSIfzSRFP6ZDySPOqLFSJxzk+pJPB5WqW3PnIKvEK0gVCjQHla9+mLAsRmmYoFr3PDc1fk6V4UzgtNzPNKaUjekQe5ZKGqP28/m5U3JulZBEibIlDZmrvydyGms9iQPbGVMz0sveTPzP62UmuvVzLtPMoGSLRVEmiEnI7HcScoXMiIkllClubyVsRBVlxiZUtiF4yy+vkna95l3V6g/X1Ua9iKMEp3AGF+DBDTTgHprQAgZjeIZXeHNS58V5dz4WrWtOMXMCf+B8/gBCXY93</latexit> ds,j

<latexit sha1_base64="sMhumc4jFMz7mwhMAuOCaowRL3M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFYwX5AG8pmM23XbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJR9wRo2V2mE/0xeP03654lbdOcgq8XJSgRyNfvmrF8YsjVAaJqjWXc9NjJ9RZTgTOC31Uo0JZWM6xK6lkkao/Wx+7pScWSUkg1jZkobM1d8TGY20nkSB7YyoGellbyb+53VTM7jxMy6T1KBki0WDVBATk9nvJOQKmRETSyhT3N5K2IgqyoxNqGRD8JZfXiWtWtW7rNburyr1Wh5HEU7gFM7Bg2uowx00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AQ+KPeA==</latexit>

✓i
<latexit sha1_base64="wYsExFpDshlnciI8J+J6HzEyXnY=">AAAB73icbVBNS8NAEJ34WetX1aOXYBE8laQKeix48VjBfkAbymY7bZduNnF3IpTQP+HFgyJe/Tve/Ddu2xy09cHA470ZZuaFiRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNE6eaY4PHMtbtkBmUQmGDBElsJxpZFEpshePbmd96Qm1ErB5okmAQsaESA8EZWandpRES64leqexVvDncVeLnpAw56r3SV7cf8zRCRVwyYzq+l1CQMU2CS5wWu6nBhPExG2LHUsUiNEE2v3fqnlul7w5ibUuRO1d/T2QsMmYShbYzYjQyy95M/M/rpDS4CTKhkpRQ8cWiQSpdit3Z825faOQkJ5YwroW91eUjphknG1HRhuAvv7xKmtWKf1mp3l+Va9U8jgKcwhlcgA/XUIM7qEMDOEh4hld4cx6dF+fd+Vi0rjn5zAn8gfP5Ax7Uj/g=</latexit>

✓j
<latexit sha1_base64="XpNUKifln8PUtDHCTyDdwTAUvWo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48V7Ae0oWy2m3btZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//cS1EbG6x0nC/YgOlQgFo2ilTg9HHGn/oV+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmnVqt5FtXZ3WanX8jiKcAKncA4eXEEdbqEBTWAg4Rle4c15dF6cd+dj0Vpw8plj+APn8wcgWI/5</latexit>

�di,j = ��✓i,j/2⇡ + k�
<latexit sha1_base64="9uJXiw17yb6H9olZ6G872MHPCj4=">AAACIXicbVDLSgNBEJz1bXxFPXoZDIKgxN0omIsg6MGjglEhG0LvbMeMmX0w0yuEJb/ixV/x4kERb+LPOEn24KtgoKiqpqcrSJU05LofzsTk1PTM7Nx8aWFxaXmlvLp2ZZJMC2yIRCX6JgCDSsbYIEkKb1KNEAUKr4PeydC/vkdtZBJfUj/FVgS3sexIAWSldrnun6Ii4GE7l7t3gyNf2dkQeCH71EWCsbdX81O50ysS7XLFrboj8L/EK0iFFThvl9/9MBFZhDEJBcY0PTelVg6apFA4KPmZwRRED26xaWkMEZpWPrpwwLesEvJOou2LiY/U7xM5RMb0o8AmI6Cu+e0Nxf+8ZkadeiuXcZoRxmK8qJMpTgkf1sVDqVGQ6lsCQkv7Vy66oEGQLbVkS/B+n/yXXNWq3n61dnFQOa4VdcyxDbbJtpnHDtkxO2PnrMEEe2BP7IW9Oo/Os/PmvI+jE04xs85+wPn8AprkoyA=</latexit>

Ai
<latexit sha1_base64="8STUuDPFpSHSTtdA94QkEvy8wQY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeKF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cNPn/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8Slq1qndRrd1fVuq1PI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAJRI2V</latexit>

Aj
<latexit sha1_base64="pn9+aikz+5qIbuS5e+6ZT60A+OM=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjx4rGi/YA2lM12067dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrp/rr32CuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTSrFe+8Ur27KNeqeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QMKyI2W</latexit>

asymptote

�
<latexit sha1_base64="Jw6KXhk53OI343f8976nbOCoVOo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqoR4LXjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7C73+09UaRbLRzNPqC/wVLKQEWxyaZREbFytuXV3CbRJvILUoEBnXP0aTWKSCioN4Vjroecmxs+wMoxwuqiMUk0TTGZ4SoeWSiyo9rPlrQt0ZZUJCmNlSxq0VH9PZFhoPReB7RTYRHrdy8X/vGFqwls/YzJJDZVktShMOTIxyh9HE6YoMXxuCSaK2VsRibDCxNh4KjYEb/3lTdJr1L2beuOhWWs3izjKcAGXcA0etKAN99CBLhCI4Ble4c0Rzovz7nysWktOMXMOf+B8/gAQoI41</latexit>

S
<latexit sha1_base64="RNwatc7bUtmRSMq2NRVym9FAjHw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaRRI8kXjxClEcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSwfzCRBP6JDyUPOqLFS475fLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1440+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtCpl76pcaVRLtWoWRx7O4BwuwYNrqMEd1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKs9jM0=</latexit>

o
<latexit sha1_base64="ibMSxPISrh8yHnctmugd9j/clYs=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUjAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt1sr1Wh5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4A1a2M6Q==</latexit>

a
<latexit sha1_base64="gc+rg3jPUzlC3H59YAkf++YWk2g=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GmaJWW4BLx4TMAskQ+jp1CRteha6e4Qw5Au8eFDEq5/kzb+xswgq+qDg8V4VVfX8hDOpLOvDyG1sbm3v5HcLe/sHh0fF45OOjFNBoU1jHoueTyRwFkFbMcWhlwggoc+h60+vF373HoRkcXSrZgl4IRlHLGCUKC21yLBYskyrXHHtOrZMt+qUXVuTer1iX9WwbVpLlNAazWHxfTCKaRpCpCgnUvZtK1FeRoRilMO8MEglJIROyRj6mkYkBOlly0Pn+EIrIxzEQlek8FL9PpGRUMpZ6OvOkKiJ/O0txL+8fqqCmpexKEkVRHS1KEg5VjFefI1HTABVfKYJoYLpWzGdEEGo0tkUdAhfn+L/Sccxbdd0WuVSw1nHkUdn6BxdIhtVUQPdoCZqI4oAPaAn9GzcGY/Gi/G6as0Z65lT9APG2yc0oo0q</latexit>

b
<latexit sha1_base64="kjBp+9dWRK4ZkPY08sy7Dumx9/w=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSaJxbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZS0x8US8QmVafsXmBiV2o1p+Ia4rqXxCHYsckCJbRCY1B87w9jloYQaSaoUj2HJNrLqNScCZgV+qmChLIJHUHP0IiGoLxscegMnxlliINYmoo0XqjfJzIaKjUNfdMZUj1Wv725+JfXS3Vw5WU8SlINEVsuClKBdYznX+Mhl8C0mBpCmeTmVszGVFKmTTYFE8LXp/h/0i7bTsUuN6ulenkVRx6doFN0jhxUQ3V0gxqohRgC9ICe0LN1Zz1aL9brsjVnrWaO0Q9Yb58vU40m</latexit>

c
<latexit sha1_base64="kn+nQFrfY39cezOP/s6jVboKxaM=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiSxmnZXcOOyBfuANpTJdNqOnUzCzEQooV/gxoUibv0kd/6N04egogcuHM65l3vvCRPOlHacDyu3tr6xuZXfLuzs7u0fFA+PWipOJaFNEvNYdkKsKGeCNjXTnHYSSXEUctoOJ9dzv31PpWKxuNXThAYRHgk2ZARrIzVIv1hybMfz3csKcuwL3/fKZUOq1SvH85BrOwuUYIV6v/jeG8QkjajQhGOluq6T6CDDUjPC6azQSxVNMJngEe0aKnBEVZAtDp2hM6MM0DCWpoRGC/X7RIYjpaZRaDojrMfqtzcX//K6qR5WgoyJJNVUkOWiYcqRjtH8azRgkhLNp4ZgIpm5FZExlphok03BhPD1KfqftDzbvbC9RrlU81Zx5OEETuEcXPChBjdQhyYQoPAAT/Bs3VmP1ov1umzNWauZY/gB6+0TM7aNKQ==</latexit>

Ai
<latexit sha1_base64="8STUuDPFpSHSTtdA94QkEvy8wQY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeKF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cNPn/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8Slq1qndRrd1fVuq1PI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAJRI2V</latexit>

X

Y

Distance              results in K possible results,
◦ denoted as K Ambiguity 
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K and Resolution Degree

If we consider a phase noise in AoA estimation:

RD =1 

True AoA

RD = 2

RD = 3

Distance                 decreases phase noise by K times,
Denoted as K Resolution Degree
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K and Antenna Array

Different element pairs in an antenna array cover 
different Ambiguities and Resolution degrees.

RD =1 RD = 2

RD =1 

RD = 2

RD = 3

True AoA True AoA

True AoA True AoA

RD = 3
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Minimal-resolution-redundancy
and Sparse Linear Array
Covering all Ambiguity and Resolution Degree, 
Antenna Array share similar estimation results.

RD =1 RD = 2

RD =1 

RD = 2

RD = 3

True AoA True AoA

True AoA True AoA

RD = 3

0

30

60
90

120

150

180
M=4 M=3

Uniform Linear Array
(4 elements)

Sparse Linear Array 
(3 elements)
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Other Sparse Antenna Arrays

M Deployment Degrees

(1,2)

(1,2,3)

(1,2,3,4)

(1,2,3,…,8,9)

(1,2,3,….,13)

2

3

4

5

6

7 (1,2,3,…,17)

2

3

5

10

14

N

18

Sparse Linear Arrays ● !"#$%"&'#%"##'&"(")"#%*&
○ !"#$%"*&")+%,&*+'-"

1
2
3
4
5
6
7
8
9

● ● ● ○ ○ ○ ● ○ ○ ●
● ● ● ○ ○ ○ ● ○ ○ ●
● ● ● ○ ○ ○ ● ○ ○ ●
● ● ● ○ ○ ○ ● ○ ○ ●
● ● ● ○ ○ ○ ● ○ ○ ●
● ● ● ○ ○ ○ ● ○ ○ ●
● ● ● ○ ○ ○ ● ○ ○ ●
● ● ● ○ ○ ○ ● ○ ○ ●
● ● ● ○ ○ ○ ● ○ ○ ●
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Sparse Linear Array to LSAB

X

Y
Fibonacci Spiral

λ/2

8 λ/2

2 λ/2

3 λ/2

5 λ/2
●

●

●
●●

●

●
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Sparse Linear Array to LSAB

Fibonacci Spiral

X

Y
●

●

●
●●

●

●

● ○ ○ ○ ○ ○ ○ ○ ● ● ● ○ ○ ●●
○
○
○
○
●
●
○
●

K=(1,2,3,4,5, , ,8,9,10, , ,13)

K=(1,2,3, ,5,6, ,8)
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Sparse Linear Array to LSAB

X

Y

Projections on X-axis

Projections on Y-axis

0 1 2 3 4 5 6 7 8 9 10 11 12 13

0
1
2
3
4
5

6
7

8

Log-Spiral Antenna Belt
● ○ ○ ○ ○ ○ ○ ● ● ● ● ● ● ●

●
○
●
●
○
○
●
●
● Additional

Antenna

K=
(1,2,3,4,5,6,7,8)

K=(1,2,3,4,5,6,7,8,9,10,11,12,13)

Ambiguity and Resolution degree K is fully covered 



Implementation and Evaluation
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Implementation
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Antenna

Antenna Array

USRP

• 8 x 8 Antenna Array:
• Substrate of RT/duroid

5880
• High-speed RF switches

BGS18GA14

• NI USRP 2950 software-
defined radio (SDR)

• PC equipped with Intel CPU
Xeon E5-2620



Evaluation
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Schematic of the UPA

LSA

CSA

Snap to LSAB

RSA

1

2

3

4

5

6

7

8
ADC

9

150 cm

150 cm

12 cm
Switch

FPGA

Logical SPAs



Accuracy of angle estimation
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LSAB can achieve median errors of 3.12◦ and 1.11◦, and the 90th 
percentiles of 8.04◦ and 2.24◦ in the two angles. 
Close to UPA and better than other SPAs.
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Elevation AngleAzimuthal Angle



Conclusion
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◦ Estimating the direction of an RF source as 
accurately as a conventional UPA 

◦ Enhancing the spatio-temporal efficiency of AoA
based systems 



Thank you!
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