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Interest in Sensing the Human Body
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Locations Gestures

Breathing



On-body sensors can be cumbersome

Heart Rate Locations GesturesBreathing

Not suitable for elderly & babies



On-body sensors can be cumbersome

Heart Rate Locations GesturesBreathing

Not suitable for elderly & babies

Imagine enabling these applications 

without sensors on the human body



Operates through occlusions

• Location

• Vital Signs

• Imaging



Measuring Distances
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Distance = Reflection time x speed of light



Mapping Distance to Location

Person can be anywhere on an ellipse whose foci are (Tx,Rx) 

By adding another antenna and intersecting the ellipses, we can 

localize the person
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Dealing with multi-path when there is one 

moving user
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Direct furniture reflection:

eliminated by subtracting consecutive measurements

Needs User to Move





Challenge: Dynamic Multipath
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The direct reflection arrives before dynamic multipath!
Fails for multiple people in the environment, and we 

need a more comprehensive solution



How can we deal with multi-path

 reflections when there are multiple persons 

in the environment?



Idea: Person is consistent across different 

vantage points while multi-path is different 

from different vantage points



Combining across Multiple Vantage Points

Experiment: Two users walking

Setup Single Vantage Point

Mathematically: each round-trip distance can be mapped 

to an ellipse whose foci are the transmitter and the 

receiver



Experiment: Two users walking

Setup Two Vantage Points

Combining across Multiple Vantage Points



Experiment: Two users walking

Setup 16 Vantage Points

Localize the two users

Combining across Multiple Vantage Points



How can we obtain 16 vantage points?



Achieving 16 vantage points

• Naïve solution: 1 Transmitter and 16 Receivers
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• Ideally: 4 Transmitters and 4 Receivers

Rx Rx

Rx Rx

Tx Tx

Tx Tx

Cost scales with the square root of the number of 

vantage points 
Problem: Different transmitters interfere with 

each other!



Let us look at standard mechanisms that are 

used to deal with interference
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FDMA: Divide the spectrum between transmitters
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Transmitter N

FDMA: Divide the spectrum between transmittersWould require N times the bandwidth!
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TDMA: Transmitters take turns transmitting
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TDMA: Transmitters take turns transmittingWould require N more time to localize



TDMA: Transmitters take turns transmitting
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Ideally: Transmit in the same time and in the 

same frequency band without interfering
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TDMA?Ideally: Transmit in the same time and in the 

same frequency band without interfering
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Objective: Transmit and Get Reflection

Largest possible reflection time

Reflection of 1

• Largest reflection time indoors: 100ns

Transmitter 2



• Largest reflection time indoors: 100ns

Objective: Transmit and Get Reflection
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Multi-shift FMCW enables multiple 

transmissions at the same time and in the 

same frequency band without interference



How can we localize static users?



Dealing with multi-path when there is one 

moving user
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1. Direct furniture reflection:

eliminated by subtracting 

consecutive measurements

Needs User to Move



Dealing with multi-path when there is one 

moving user

Rx

Tx

1. Direct furniture reflection:

eliminated by subtracting 

consecutive measurements

Needs User to Move

STATIC



Exploit breathing motion for localize 

static users

• Breathing and walking happen at 

different time scales
–A user that is pacing moves at 1m/s

–When you breathe, chest moves by few mm/s

• Cannot use the same subtraction 

window to eliminate multi-path



User Walking at 1m/s

30ms subtraction window 3s subtraction window

Localize the 

person

Person appears in two 

locations



User Sitting Still (Breathing)

Cannot localize

Localize the 

person

30ms subtraction window 3s subtraction window



User Sitting Still (Breathing)

Cannot localize

Localize the 
person

30ms subtraction window 3s subtraction window

Use multi-resolution subtraction window to 

eliminate multi-path while being able to localize 

both static and moving users







Wireless device

dexhale

Device analyzes the wireless reflections to 

compute distance to the body



Wireless device

dexhale

dinhale

Device analyzes the wireless reflections to 

compute distance to the body

Problem: Localization accuracy is only 12cm and 

cannot capture vital signs



• Phase of peak = f0τi

• Phase wraps around 2pi

• Use peak position ΔF= alpha x τi for course estimate of τi 

• Use peak phase f0τi  for fine estimate of τi 



Exhale

Inhale

Heartbeats























Putting It Together

Step 1: Transmit a wireless signal and capture its 
reflection

Step 2: Isolate reflections from different objects 
based on their positions

Step 3: Zoom in on each object’s reflection to obtain 
phase variations due to vital signs

Step 4: Use frequency analysis to separate 
breathing and heart rate signals

50



Through-wall breath monitoring of 
multiple users

51

Device is behind 
the wall



Baby Monitoring
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