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Backscatter & MIMO
• Backscatter

– Consume little energy
– Enable lots of IOT applications

Ambient Reflected
Signal Signal

Logic

• MIMO
– Widely used
– More reliable and faster



Backscatter X MIMO

• Related work (MOXcatter [Mobisys’18])

– Reflect MIMO signals

– Conventional backscatter techniques

System FreeRider MOXcatter
Non-MIMO MIMO

BER 0.002 0.0095
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VMscatter
• A versatile MIMO backscatter

– Leverage MIMO technique on backscatter tags

– Support space-time coding, spatial diversity, and generic design

– Dramatically decrease BER (862x) and increase throughput
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• C1: Modulation
– How to implement space-time coding

by only turning on/off switches

• C2: Demodulation
– How to deal with pre-scatter 

channels and post-scatter channels

• C3: Extend to M×K × N
– How to support any number of antennas on sender, tag, and receiver
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Challenges
• C1: Modulation

– How to implement space-time coding
by only turning on/off switches

• C2: Demodulation
– How to deal with pre-scatter 

channels and post-scatter channels

• C3: Extend to M×K × N
– How to support any number of antennas on sender, tag, and receiver

Tx Rx
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Outline

1. Modulation
2. Demodulation
3. Extend to M×K × N
4. Evaluation



Outline

1. Modulation
1. Reducing BER
2. Improving Throughput

2. Demodulation
3. Extend to M×K × N
4. Evaluation



ψa = ej0 

T1 T2

T3 T4

-ψb* = -e-jπ 

ψa = ej0 ψb* = e-jπ ψb = ejπ 

T1 T2

T3 T4

ψa* = e-j0 

ψb = ejπ ψa* = e-j0 

2

Antenna
1

Reducing BER

Data = ‘01’
At T1, we transmit from antenna 1 and from antenna 2eja
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ejb
<latexit sha1_base64="D07Ps2mJ5oPhBjoHjqWtJouBmEE=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaWDbbSbvtZhN2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8H4dua3nlBpHssHM0nQj+hA8pAzaqzUxMdsFEx75Ypbdecgq8TLSQVy1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBpqZtqTCgb0wF2LJU0Qu1n82un5MwqfRLGypY0ZK7+nshopPUkCmxnRM1QL3sz8T+vk5rw2s+4TFKDki0WhakgJiaz10mfK2RGTCyhTHF7K2FDqigzNqCSDcFbfnmVNC+qnlv17i8rtZs8jiKcwCmcgwdXUIM7qEMDGIzgGV7hzYmdF+fd+Vi0Fpx85hj+wPn8AcPRjz0=</latexit><latexit sha1_base64="D07Ps2mJ5oPhBjoHjqWtJouBmEE=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaWDbbSbvtZhN2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8H4dua3nlBpHssHM0nQj+hA8pAzaqzUxMdsFEx75Ypbdecgq8TLSQVy1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBpqZtqTCgb0wF2LJU0Qu1n82un5MwqfRLGypY0ZK7+nshopPUkCmxnRM1QL3sz8T+vk5rw2s+4TFKDki0WhakgJiaz10mfK2RGTCyhTHF7K2FDqigzNqCSDcFbfnmVNC+qnlv17i8rtZs8jiKcwCmcgwdXUIM7qEMDGIzgGV7hzYmdF+fd+Vi0Fpx85hj+wPn8AcPRjz0=</latexit><latexit sha1_base64="D07Ps2mJ5oPhBjoHjqWtJouBmEE=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaWDbbSbvtZhN2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8H4dua3nlBpHssHM0nQj+hA8pAzaqzUxMdsFEx75Ypbdecgq8TLSQVy1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBpqZtqTCgb0wF2LJU0Qu1n82un5MwqfRLGypY0ZK7+nshopPUkCmxnRM1QL3sz8T+vk5rw2s+4TFKDki0WhakgJiaz10mfK2RGTCyhTHF7K2FDqigzNqCSDcFbfnmVNC+qnlv17i8rtZs8jiKcwCmcgwdXUIM7qEMDGIzgGV7hzYmdF+fd+Vi0Fpx85hj+wPn8AcPRjz0=</latexit><latexit sha1_base64="D07Ps2mJ5oPhBjoHjqWtJouBmEE=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaWDbbSbvtZhN2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8H4dua3nlBpHssHM0nQj+hA8pAzaqzUxMdsFEx75Ypbdecgq8TLSQVy1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBpqZtqTCgb0wF2LJU0Qu1n82un5MwqfRLGypY0ZK7+nshopPUkCmxnRM1QL3sz8T+vk5rw2s+4TFKDki0WhakgJiaz10mfK2RGTCyhTHF7K2FDqigzNqCSDcFbfnmVNC+qnlv17i8rtZs8jiKcwCmcgwdXUIM7qEMDGIzgGV7hzYmdF+fd+Vi0Fpx85hj+wPn8AcPRjz0=</latexit>
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Antenna
1

Reducing BER

Data = ‘01’
At T2, we transmit from antenna 1 and from antenna 2�e�jb

<latexit sha1_base64="8jaukrg16WDqGUDqEuCQHxNpO6s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgJWFXBD0GvXiMYB6QrGF20knGzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj66nffEKleSTvzDhGP6QDyfucUWOlVhnv0/JDMOkWS27FnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/O7p2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6POlxhcyIsSWUKW5vJWxIFWXGRlSwIXiLLy+TxlnFcyve7XmpepXFkYcjOIZT8OACqnADNagDAwHP8ApvzqPz4rw7H/PWnJPNHMIfOJ8/mSaPqw==</latexit><latexit sha1_base64="8jaukrg16WDqGUDqEuCQHxNpO6s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgJWFXBD0GvXiMYB6QrGF20knGzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj66nffEKleSTvzDhGP6QDyfucUWOlVhnv0/JDMOkWS27FnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/O7p2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6POlxhcyIsSWUKW5vJWxIFWXGRlSwIXiLLy+TxlnFcyve7XmpepXFkYcjOIZT8OACqnADNagDAwHP8ApvzqPz4rw7H/PWnJPNHMIfOJ8/mSaPqw==</latexit><latexit sha1_base64="8jaukrg16WDqGUDqEuCQHxNpO6s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgJWFXBD0GvXiMYB6QrGF20knGzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj66nffEKleSTvzDhGP6QDyfucUWOlVhnv0/JDMOkWS27FnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/O7p2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6POlxhcyIsSWUKW5vJWxIFWXGRlSwIXiLLy+TxlnFcyve7XmpepXFkYcjOIZT8OACqnADNagDAwHP8ApvzqPz4rw7H/PWnJPNHMIfOJ8/mSaPqw==</latexit><latexit sha1_base64="8jaukrg16WDqGUDqEuCQHxNpO6s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgJWFXBD0GvXiMYB6QrGF20knGzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj66nffEKleSTvzDhGP6QDyfucUWOlVhnv0/JDMOkWS27FnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/O7p2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6POlxhcyIsSWUKW5vJWxIFWXGRlSwIXiLLy+TxlnFcyve7XmpepXFkYcjOIZT8OACqnADNagDAwHP8ApvzqPz4rw7H/PWnJPNHMIfOJ8/mSaPqw==</latexit>

e�ja
<latexit sha1_base64="Dk0UkAhuvGn0Nbq1QS7cZQIkD3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2A9oY9lsJ+3azSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJb3ZpygH9GB5CFn1FiphQ/Z2SOd9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2bnTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCJRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwTO8wpuTOC/Ou/Mxby04+cwh/IHz+QMtQo9z</latexit><latexit sha1_base64="Dk0UkAhuvGn0Nbq1QS7cZQIkD3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2A9oY9lsJ+3azSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJb3ZpygH9GB5CFn1FiphQ/Z2SOd9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2bnTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCJRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwTO8wpuTOC/Ou/Mxby04+cwh/IHz+QMtQo9z</latexit><latexit sha1_base64="Dk0UkAhuvGn0Nbq1QS7cZQIkD3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2A9oY9lsJ+3azSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJb3ZpygH9GB5CFn1FiphQ/Z2SOd9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2bnTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCJRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwTO8wpuTOC/Ou/Mxby04+cwh/IHz+QMtQo9z</latexit><latexit sha1_base64="Dk0UkAhuvGn0Nbq1QS7cZQIkD3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2A9oY9lsJ+3azSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJb3ZpygH9GB5CFn1FiphQ/Z2SOd9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2bnTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCJRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwTO8wpuTOC/Ou/Mxby04+cwh/IHz+QMtQo9z</latexit>
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Antenna
1

Reducing BER

Data = ‘01’
At T2, we transmit from antenna 1 and from antenna 2�e�jb

<latexit sha1_base64="8jaukrg16WDqGUDqEuCQHxNpO6s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgJWFXBD0GvXiMYB6QrGF20knGzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj66nffEKleSTvzDhGP6QDyfucUWOlVhnv0/JDMOkWS27FnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/O7p2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6POlxhcyIsSWUKW5vJWxIFWXGRlSwIXiLLy+TxlnFcyve7XmpepXFkYcjOIZT8OACqnADNagDAwHP8ApvzqPz4rw7H/PWnJPNHMIfOJ8/mSaPqw==</latexit><latexit sha1_base64="8jaukrg16WDqGUDqEuCQHxNpO6s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgJWFXBD0GvXiMYB6QrGF20knGzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj66nffEKleSTvzDhGP6QDyfucUWOlVhnv0/JDMOkWS27FnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/O7p2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6POlxhcyIsSWUKW5vJWxIFWXGRlSwIXiLLy+TxlnFcyve7XmpepXFkYcjOIZT8OACqnADNagDAwHP8ApvzqPz4rw7H/PWnJPNHMIfOJ8/mSaPqw==</latexit><latexit sha1_base64="8jaukrg16WDqGUDqEuCQHxNpO6s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgJWFXBD0GvXiMYB6QrGF20knGzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj66nffEKleSTvzDhGP6QDyfucUWOlVhnv0/JDMOkWS27FnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/O7p2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6POlxhcyIsSWUKW5vJWxIFWXGRlSwIXiLLy+TxlnFcyve7XmpepXFkYcjOIZT8OACqnADNagDAwHP8ApvzqPz4rw7H/PWnJPNHMIfOJ8/mSaPqw==</latexit><latexit sha1_base64="8jaukrg16WDqGUDqEuCQHxNpO6s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgJWFXBD0GvXiMYB6QrGF20knGzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj66nffEKleSTvzDhGP6QDyfucUWOlVhnv0/JDMOkWS27FnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/O7p2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6POlxhcyIsSWUKW5vJWxIFWXGRlSwIXiLLy+TxlnFcyve7XmpepXFkYcjOIZT8OACqnADNagDAwHP8ApvzqPz4rw7H/PWnJPNHMIfOJ8/mSaPqw==</latexit>

e�ja
<latexit sha1_base64="Dk0UkAhuvGn0Nbq1QS7cZQIkD3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2A9oY9lsJ+3azSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJb3ZpygH9GB5CFn1FiphQ/Z2SOd9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2bnTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCJRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwTO8wpuTOC/Ou/Mxby04+cwh/IHz+QMtQo9z</latexit><latexit sha1_base64="Dk0UkAhuvGn0Nbq1QS7cZQIkD3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2A9oY9lsJ+3azSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJb3ZpygH9GB5CFn1FiphQ/Z2SOd9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2bnTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCJRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwTO8wpuTOC/Ou/Mxby04+cwh/IHz+QMtQo9z</latexit><latexit sha1_base64="Dk0UkAhuvGn0Nbq1QS7cZQIkD3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2A9oY9lsJ+3azSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJb3ZpygH9GB5CFn1FiphQ/Z2SOd9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2bnTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCJRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwTO8wpuTOC/Ou/Mxby04+cwh/IHz+QMtQo9z</latexit><latexit sha1_base64="Dk0UkAhuvGn0Nbq1QS7cZQIkD3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2A9oY9lsJ+3azSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJb3ZpygH9GB5CFn1FiphQ/Z2SOd9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2bnTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCJRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwTO8wpuTOC/Ou/Mxby04+cwh/IHz+QMtQo9z</latexit>



ψa = ej0 

T1 T2

T3 T4

-ψb* = -e-jπ 

ψa = ej0 ψb* = e-jπ ψb = ejπ 

T1 T2

T3 T4

ψa* = e-j0 

ψb = ejπ ψa* = e-j0 

2

Antenna
1

Reducing BER

Data = ‘01’
At T2, we transmit from antenna 1 and from antenna 2�e�jb

<latexit sha1_base64="8jaukrg16WDqGUDqEuCQHxNpO6s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgJWFXBD0GvXiMYB6QrGF20knGzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj66nffEKleSTvzDhGP6QDyfucUWOlVhnv0/JDMOkWS27FnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/O7p2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6POlxhcyIsSWUKW5vJWxIFWXGRlSwIXiLLy+TxlnFcyve7XmpepXFkYcjOIZT8OACqnADNagDAwHP8ApvzqPz4rw7H/PWnJPNHMIfOJ8/mSaPqw==</latexit><latexit sha1_base64="8jaukrg16WDqGUDqEuCQHxNpO6s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgJWFXBD0GvXiMYB6QrGF20knGzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj66nffEKleSTvzDhGP6QDyfucUWOlVhnv0/JDMOkWS27FnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/O7p2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6POlxhcyIsSWUKW5vJWxIFWXGRlSwIXiLLy+TxlnFcyve7XmpepXFkYcjOIZT8OACqnADNagDAwHP8ApvzqPz4rw7H/PWnJPNHMIfOJ8/mSaPqw==</latexit><latexit sha1_base64="8jaukrg16WDqGUDqEuCQHxNpO6s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgJWFXBD0GvXiMYB6QrGF20knGzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj66nffEKleSTvzDhGP6QDyfucUWOlVhnv0/JDMOkWS27FnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/O7p2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6POlxhcyIsSWUKW5vJWxIFWXGRlSwIXiLLy+TxlnFcyve7XmpepXFkYcjOIZT8OACqnADNagDAwHP8ApvzqPz4rw7H/PWnJPNHMIfOJ8/mSaPqw==</latexit><latexit sha1_base64="8jaukrg16WDqGUDqEuCQHxNpO6s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgJWFXBD0GvXiMYB6QrGF20knGzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj66nffEKleSTvzDhGP6QDyfucUWOlVhnv0/JDMOkWS27FnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/O7p2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6POlxhcyIsSWUKW5vJWxIFWXGRlSwIXiLLy+TxlnFcyve7XmpepXFkYcjOIZT8OACqnADNagDAwHP8ApvzqPz4rw7H/PWnJPNHMIfOJ8/mSaPqw==</latexit>

e�ja
<latexit sha1_base64="Dk0UkAhuvGn0Nbq1QS7cZQIkD3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2A9oY9lsJ+3azSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJb3ZpygH9GB5CFn1FiphQ/Z2SOd9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2bnTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCJRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwTO8wpuTOC/Ou/Mxby04+cwh/IHz+QMtQo9z</latexit><latexit sha1_base64="Dk0UkAhuvGn0Nbq1QS7cZQIkD3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2A9oY9lsJ+3azSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJb3ZpygH9GB5CFn1FiphQ/Z2SOd9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2bnTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCJRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwTO8wpuTOC/Ou/Mxby04+cwh/IHz+QMtQo9z</latexit><latexit sha1_base64="Dk0UkAhuvGn0Nbq1QS7cZQIkD3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2A9oY9lsJ+3azSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJb3ZpygH9GB5CFn1FiphQ/Z2SOd9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2bnTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCJRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwTO8wpuTOC/Ou/Mxby04+cwh/IHz+QMtQo9z</latexit><latexit sha1_base64="Dk0UkAhuvGn0Nbq1QS7cZQIkD3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2A9oY9lsJ+3azSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJb3ZpygH9GB5CFn1FiphQ/Z2SOd9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2bnTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCJRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwTO8wpuTOC/Ou/Mxby04+cwh/IHz+QMtQo9z</latexit>

Implement the space-
time coding by only
using the two states of 
switch (on and off)



Reducing BER

Data = ‘01’

ψa = ej0

T1 T2

T3 T4

-ψb* = -e-jπ 

ψb = ej0 ψa* = e-jπ ψb = ejπ 

T1 T2

T3 T4

ψa* = e-j0 

ψa = ejπ -ψb* = -e-j0 

b

Antenna
a ψa = ej0

ψb = ej0

-ψb* = -e-j0 

ψa* = e-j0 

ψa = ejπ

ψb = ejπ

-ψb* = -e-jπ 

ψa* = e-jπ 

Data = ‘10’ Data = ‘00’ Data = ’11’



Improving Throughput

With two antennas, the throughput is doubled

ψa+ψb = ej0 

T1 T2 T3 T4

ψa+ψb = ej2π ψa+ψb = ejπ ψa+ψb = ejπ 

T1 T2 T3 T4

ψa-ψb = ej0 ψa-ψb = e-jπ ψa-ψb = ejπ

data=’00’ data=’11’ data=’01’ data=’10’

2

Antenna
1

ψa-ψb =  e-j2π 



Outline

1. Modulation
2. Demodulation
3. Extend to M×K × N
4. Evaluation



Demodulation

HR HT

1. Pre-scatter Channel 2. Post-scatter Channel

3. Backscatter

The MIMO backscatter contains three stages



Eliminate Pre-scatter Channel

Preamble
Long TrainingAmbient Signal

Backscatter

Received Signal 
Packet

Packet
Data  

Symbols…

Packet

Reference…
Symbols

Continuous ‘0’

Reference Data ‘1101…’

Symbols
Hybrid

Fields

Long Training
Fields

Structure

a

b

…

…
1
1

1
0

0 0
1 0

‘0’ Sequence

Data  
Symbols

HR HT

HR can be eliminate by the 
existing channel estimator



Eliminate Post-scatter Channel

Preamble
Long TrainingAmbient Signal

Backscatter

Received Signal 
Packet

Packet
Data  

Symbols…

Packet

Reference…
Symbols

Continuous ‘0’

Reference Data ‘1101…’

Symbols
Hybrid

Fields

Long Training
Fields

Structure

a

b

…

…
1
1

1
0

0 0
1 0

‘0’ Sequence

Data  
Symbols

HR HT

HT can be eliminate by
using reference symbols



Decode Backscatter Data

Preamble
Long TrainingAmbient Signal

Backscatter

Received Signal 
Packet

Packet
Data  

Symbols…

Packet

Reference…
Symbols

Continuous ‘0’

Reference Data ‘1101…’

Symbols
Hybrid

Fields

Long Training
Fields

Structure

a

b

…

…
1
1

1
0

0 0
1 0

‘0’ Sequence

Data  
Symbols

HT HR

Decode by
using maximum 
likelihood 
estimation



Example of Demodulation Stages
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(c) Equalized Signal 
(HR Eliminated) 

(d) Final Signal 
(H’T  Resolved) 

(a) Expected 
signal shifted by π 
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Example of Demodulation Stages
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-1 1

I

-1

1 Q
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(HR Eliminated) 
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Example of Demodulation Stages

-1 1

I

-1

1 Q

-1 1

I

-1

1 Q

-1 1

I

-1

1 Q

-1 1

I

-1

1 Q

(b) Received       
Signal 

(c) Equalized Signal 
(HR Eliminated) 

(d) Final Signal 
(H’T  Resolved) 

(a) Expected 
signal shifted by π 

is correctly demodulated⇡
<latexit sha1_base64="7YlkrurOAYOv+Ch30L7WpchFVys=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99FLed6tezZuDrBK/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4HTSi/TmFI2pkPsWippjDrI56dOyZlVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eNzPRdZBzmWYGJVssijJBTEJmf5MBV8iMmFhCmeL2VsJGVFFmbDoVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AU+9jc0=</latexit><latexit sha1_base64="7YlkrurOAYOv+Ch30L7WpchFVys=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99FLed6tezZuDrBK/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4HTSi/TmFI2pkPsWippjDrI56dOyZlVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eNzPRdZBzmWYGJVssijJBTEJmf5MBV8iMmFhCmeL2VsJGVFFmbDoVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AU+9jc0=</latexit><latexit sha1_base64="7YlkrurOAYOv+Ch30L7WpchFVys=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99FLed6tezZuDrBK/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4HTSi/TmFI2pkPsWippjDrI56dOyZlVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eNzPRdZBzmWYGJVssijJBTEJmf5MBV8iMmFhCmeL2VsJGVFFmbDoVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AU+9jc0=</latexit><latexit sha1_base64="7YlkrurOAYOv+Ch30L7WpchFVys=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99FLed6tezZuDrBK/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4HTSi/TmFI2pkPsWippjDrI56dOyZlVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eNzPRdZBzmWYGJVssijJBTEJmf5MBV8iMmFhCmeL2VsJGVFFmbDoVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AU+9jc0=</latexit>

Eliminated)
Signal



Outline

1. Modulation
2. Demodulation
3. Extend to M×K × N
4. Evaluation



Backscatter  
Tag

. . .1 K

1

Sender M

...

1

N

...
Receiver

Extend to M×K × N
�(✓a, ✓b) =


ej✓a ej✓b

�e�j✓b e�j✓a

�

<latexit sha1_base64="dDAt9+iZcmF4MdZBDqx+mbVbzTM="></latexit><latexit sha1_base64="dDAt9+iZcmF4MdZBDqx+mbVbzTM="></latexit><latexit sha1_base64="dDAt9+iZcmF4MdZBDqx+mbVbzTM="></latexit><latexit sha1_base64="dDAt9+iZcmF4MdZBDqx+mbVbzTM="></latexit>

K=2



Backscatter  
Tag

. . .1 K

1

Sender M

...

1

N

...
Receiver

Extend to M×K × N
�(✓a, ✓b) =


ej✓a ej✓b

�e�j✓b e�j✓a

�

<latexit sha1_base64="dDAt9+iZcmF4MdZBDqx+mbVbzTM="></latexit><latexit sha1_base64="dDAt9+iZcmF4MdZBDqx+mbVbzTM="></latexit><latexit sha1_base64="dDAt9+iZcmF4MdZBDqx+mbVbzTM="></latexit><latexit sha1_base64="dDAt9+iZcmF4MdZBDqx+mbVbzTM="></latexit>

K=2

�(✓a, ✓b, ✓c, ✓d) =


�(✓a, ✓b) �(✓c, ✓d)

��⇤(✓c, ✓d) �⇤(✓a, ✓b)

�

<latexit sha1_base64="v6a8f+flRunPA7vCcPDv0jk/9Io="></latexit><latexit sha1_base64="v6a8f+flRunPA7vCcPDv0jk/9Io="></latexit><latexit sha1_base64="v6a8f+flRunPA7vCcPDv0jk/9Io="></latexit><latexit sha1_base64="v6a8f+flRunPA7vCcPDv0jk/9Io="></latexit>

K=22



Backscatter  
Tag

. . .1 K

1

Sender M

...

1

N

...
Receiver

Extend to M×K × N
�(✓a, ✓b) =


ej✓a ej✓b

�e�j✓b e�j✓a

�

<latexit sha1_base64="dDAt9+iZcmF4MdZBDqx+mbVbzTM="></latexit><latexit sha1_base64="dDAt9+iZcmF4MdZBDqx+mbVbzTM="></latexit><latexit sha1_base64="dDAt9+iZcmF4MdZBDqx+mbVbzTM="></latexit><latexit sha1_base64="dDAt9+iZcmF4MdZBDqx+mbVbzTM="></latexit>

K=2

�(✓a, ✓b, ✓c, ✓d) =


�(✓a, ✓b) �(✓c, ✓d)

��⇤(✓c, ✓d) �⇤(✓a, ✓b)

�

<latexit sha1_base64="v6a8f+flRunPA7vCcPDv0jk/9Io="></latexit><latexit sha1_base64="v6a8f+flRunPA7vCcPDv0jk/9Io="></latexit><latexit sha1_base64="v6a8f+flRunPA7vCcPDv0jk/9Io="></latexit><latexit sha1_base64="v6a8f+flRunPA7vCcPDv0jk/9Io="></latexit>

K=22

K=2n �(✓1, . . . , ✓K)=

"
�(✓1, . . . , ✓K

2
) �(✓1+K

2
, . . . , ✓K)

��⇤(✓1+K
2
, . . . , ✓K) �⇤(✓1, . . . , ✓K

2
)

#
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Our design is
generic



Outline

1. Modulation
2. Demodulation
3. Extend to M×K × N
4. Evaluation



Experiment Setup
140 feet

ReceiverTagSender

Sender: A B210 USRP + 2 Antennas
Receiver: Two X310 USRPs + 4 Antennas
Tag: Low power FPGA + 4 Antennas

RF Front

Antenna A Antenna B

Antenna C

Antenna D
Clock

Processor
Baseband

Support 2×4 × 4 MIMO

Real-world scenarios:
1. SIMO and MIMO
2. BER, PRR, and throughput
3. Sender-to-tag distance, tag-to-receiver
distance, and sender-to-receiver distance
4. SNR, packet length, oscillator accuracy



BER
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BER 0.0095 0.000011

BER is reduced by 
a factor of 862



Packet Reception Ratio
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VMscatter is more reliable



Throughput
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The throughput of VMscatter with four antennas is 
around 4 times as high as that of related work



Conclusion
• The first versatile MIMO backscatter system
• Address special design challenges
• A generic design
• Build a hardware platform
• Extensively evaluated under multiple real-world scenarios


