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What is Backscatter?
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Tx Rx

Backscatter device

Backscatter is the manipulation of reflected signals in the environment

❖ Encode data by reflection

❖ Change RF signal properties



Current usage of Backscatter: RFID tags
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RFID tags

❖ RFID is passive

❖ Easy to maintain



High data rate: Cornerstone of modern applications
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Virtual Reality Online Gaming



The promise of MIMO 802.11ac
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Wireless communication applications
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Streaming IoT devices 

Low-power & Long-

Range Connectivity
High Throughput

Short rangePoor wireless channel



ScatterMIMO: Enabling Virtual 
MIMO with Smart Surfaces

Manideep Dunna, Chi Zhang, Daniel Sievenpiper, Dinesh Bharadia
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The promise of MIMO 802.11ac
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Why don't we get advertised Gbps data-rates?
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Weak Multipath (Low MIMO rank)

Wall

LOS path blockage

Wall



Distributed MIMO
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Can we do it passively??

Wall



ScatterMIMO: Overview 

Virtual AP
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❖ Passive

❖ 2x throughput gain

❖ 1.5x coverage
improvement



ScatterMIMO: Overview 

Virtual AP
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❖ Passive

❖ 2x throughput 
gain

❖ 1.5x coverage 
improvement

❖ Supports user 
mobility

❖ Seamless 
integration



How does the smart surface work? 
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Challenge 1: How to achieve comparable power?
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𝑃𝑙𝑜𝑠 ∝

𝑃𝑟𝑒𝑓𝑙 ∝

𝑑𝑙𝑜𝑠

𝑑1 𝑑2

❖ Minimize the product 𝑑1𝑑2 (i.e., 
𝑑1𝑑2 → 0)

𝑃𝑟𝑒𝑓𝑙

𝑑1𝑑2



Challenge 1: How to achieve comparable power?
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❖ Make 𝑑2 → 0

❖ Keep smart surface close to the user 

❖ But if the user moves, the smart 
surface must move

𝑑𝑙𝑜𝑠

𝑑1
𝑑2

Impractical to move smart surface with mobile user



Challenge 1: How to achieve comparable power?
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❖ Make 𝑑1 → 0

❖ Keep the smart surface close to the access point

❖ Backscattered power is still not high enough

❖ To have good spatial diversity, place the smart 
surface in the far field.

𝑑𝑙𝑜𝑠

𝑑1 𝑑2

𝑁 Antennas

x 𝑁2𝑃𝑟𝑒𝑓𝑙 ∝
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Challenge 1: How to achieve comparable power?

𝑁 = 50 𝑁 = 400
❖ 𝑑1= 50 cm is in far-field. 

❖ 𝑁 = 50 provides comparable reflected power.

x 𝑁2𝑃𝑟𝑒𝑓𝑙 ∝



Challenge2: How to constructively combine?
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+

=

2-bit phase shifters 

❖ 50 antennas => 
450 phase combinations

+

=



Novel approach: Geometric channel model
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𝑑

𝑑sin(𝜃1)
𝜃1 𝜃1 𝜃2



❖ Path lengths:

❖ For nth antenna, path length = 

Novel approach: geometric channel model

20

𝑑1 + 𝑑2 − 𝑑sin(𝜃2)+ 𝑑sin(𝜃1)

𝑑1 + 𝑑2 − 2𝑑sin(𝜃2)+ 2𝑑sin(𝜃1)

𝑑1 + 𝑑2 − 3𝑑sin(𝜃2)+ 3𝑑sin(𝜃1)

𝑑1+𝑑2+𝑛(𝑑𝑠𝑖𝑛 𝜃1 −𝑑𝑠𝑖𝑛(𝜃2))

𝑑1 + 𝑑2

𝑑1 𝑑2



Optimal phase for constructive combining
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❖ Phase difference

❖ Channel response

[𝑎0 𝑎1 𝑎2 𝑎3]

choose 𝑎𝑛 = exp(+𝑗𝑛𝛼)

ℎ𝑙𝑜𝑠



Finding α in 3 easy steps 

22

Applied Phases Channel Response

[1 1 1 1 ]

[1 − 1 1 − 1 ]

[−1 1 − 1 1 ]

ℎ1 = ℎ𝑙𝑜𝑠 + ℎ𝑟𝑒𝑓𝑙 1+ 𝑒−𝑗𝛼 + 𝑒−2𝑗𝛼 + 𝑒−3𝑗𝛼

ℎ2 = ℎ𝑙𝑜𝑠 + ℎ𝑟𝑒𝑓𝑙 1 − 𝑒−𝑗𝛼 + 𝑒−2𝑗𝛼 − 𝑒−3𝑗𝛼

ℎ3 = ℎ𝑙𝑜𝑠 + ℎ𝑟𝑒𝑓𝑙 −1+ 𝑒−𝑗𝛼 − 𝑒−2𝑗𝛼 + 𝑒−3𝑗𝛼

ℎ1 − ℎ3 ℎ1 − ℎ2 = 4𝑒𝑗𝛼 1 + 𝑒−2𝑗𝛼
2
ℎ𝑟𝑒𝑓𝑙

2

1.

2.

3.

❖ Just 3 CSI measurements sufficient to optimize the surface.



Smart surface implementation
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❖ Array of 5 GHz patch antennas on a PCB.

❖ 2-bit phase shifter − 4:1 RF switch to select one of 
the 0°, 90°, 180°, 270° transmission lines.

❖ Smart surface costs less than $5

4 x 4 scatterMIMO tile



Experimental Setup

24

Client

AP

10m

Quantenna

WiFi AP

ScatterMIMO



SNR improvement of spatial streams
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❖ Improves signal power of both primary
and secondary streams

❖ Secondary stream's SNR improved by 
4.5 dB



Throughput Improvement over baseline
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Dead 

Spots

2x



Summary

27

❖ Low latency algorithm

❖ COTS compatibility

❖ 2x throughput and 45m 
coverage



SyncScatter: Enabling Wi-Fi like Synchronization 
and range for Wi-Fi backscatter communication

Manideep Dunna, Miao Meng, Po-Han Wang, Chi Zhang, 
Patrick Mercier, Dinesh Bharadia

NSDI 2021



Codeword translation1

1) HitchHike: Practical Backscatter Using Commodity Wi-Fi (Sensys 2016 )

Low power Wi-Fi connectivity
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Backscatter Tag

IoT devices

Wi-Fi Tx Wi-Fi Rx



Code-Word Translation
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Wi-Fi Tx Wi-Fi Rx

Backscatter Tag

code 0 code 0

code 1 code 1

1 0 10 code 1

code 0 

code 1

code 0 

Tag bits

Decoding on the cloud

IoT devices



Code-word translation: Closer look
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Wi-Fi Tx Wi-Fi Rx

Backscatter Tag

Incident packet

Tag bits 1 0 10

Symbol Boundary Misalignment

1 0 10
= Interference

Can we synchronize to the incident Wi-Fi packets?



SyncScatter: Contributions
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❖ Stringent synchronization requirements

❖ Hierarchical wake-up architecture

❖ 7.6 𝜇𝑊 low power Integrated circuit for Synchronized backscatter

❖ 100x lower Bit error rate

❖ 4x Range improvement

Wi-Fi Tx SyncScatter Tag

20 m 



Synchronization Requirements 
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Wi-Fi Tx Wi-Fi Rx

Backscatter Tag

Incident packet

Tag bits 1 0 10

Synchronization Delay

1µs



Synchronization Requirements
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Requirement for long backscatter range
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Max
Tx Power

Distance

Min
Rx Power

-40 dBm

Max Range 
20 m

-40 dBm sensitivity needed with 150ns synchronization accuracy

Tag

Wi-Fi Tx

Wi-Fi Rx

d

d



How to Synchronize Incident signal with backscatter tag?
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Envelope 

Detector
Comparator

Incident signal Rising edge

>6.67 MHz

Envelope Detector (ED) Bandwidth

<150 ns

Synchronization accuracy

ED Bandwidth ∝
1

Synchronization accuracy

Backscatter Tag
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Challenge: How to enable long backscatter range? 
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-20 dBm

∝ ED Bandwidth

Noise power
Incident 

signal power 
>

WiFi Tx Tag

(Very close) 6.67MHz



Improving the Tag sensitivity
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Achieving low power operation
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Hierarchical wake-up receiver 
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Hierarchical Wakeup

Stage1 -Wakeup
(Low bandwidth-

no gain)

Stage2 -Synchronize
(High bandwidth-

high gain)

SyncScatter Tag

WiFi Tx WiFi Rx

Backscatter



Hierarchical Wake-up receiver: Timing
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Packet to be backscattered

Special pattern

𝑇0 𝑇1
Incoming

Wi-Fi packets

ON OFF

Wake-up

Gain OFF

Sync pulse

Tag data Special pattern provides identity to the tag



Overall tag Design
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Gain
Envelope 

Detector(6.67 MHz)

Backscatter
circuit

Stage-1

Stage-2

Packet rising edge

Envelope 
Detector(40 kHz)

Wakeup antenna

Backscatter

antenna

State 
Machine

Wake-up



Integrated Circuit development
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Integrated Circuit (IC)

PCB Tiny Chip – 1.5 mm2



Evaluation setup
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5 m
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30 m

1
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NLoS Rx

Tx LoS Rx

NLoS Tag

Tag

Tag
20 m 8 m

9 m

35 m
WiFi Rx

PC running

wireshark

• TP-link WiFi access points

• 24dBm transmit power



BER improvement
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BER > 0.2 for 70 % of 

packets
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BER < 10-3 for 70 % of 

packets



Range improvement
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Summary

• Hierarchical wake-up receiver design to achieve synchronization for 

Wi-Fi backscatter tags

• Extends the backscatter tag range for wide-area deployment

• Supports multi-tag operation



Press Coverage
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