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Canwe sense food and liquids in closed containers?

Is it safe?
Is it authentic? 
Has it expired?



Water Contamination
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Airport Security
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LiquID:Wireless SensingLiquids
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LiquID:Wireless SensingLiquids
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Pepsi
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LiquID:Wireless SensingLiquids



Coke
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LiquID:Wireless SensingLiquids



LiquID:Wireless SensingLiquids
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Existing Solutions
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Dipping a Probe: InvasiveExisting Solutions
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Chemical Analysis: Destructive
Expensive ($50k +) and Bulky: Inconvenient



✓ Identify liquids without touching it: Non-invasive
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✓ Using low power, wireless signals: Non-destructive

✓ Small and cheap: IoT



How ?
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Bending

Absorption

Key Properties of Liquid

14



Bending ➔Refractive Index

Absorption ➔ Attenuation Factor

Unique Tuple

Key Properties of Liquid
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β
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β

α

Velocity c Velocity cVelocity v
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β

α

Velocity c Velocity cVelocity v

Measure “slow-down”
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How to measure s low down ?
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In principle, this is simple …



RxTx
𝑇𝑜𝐹airTime of Flight (ToF) in air
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RxTx

Time of Flight (ToF) in liquid

𝑑
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𝑇𝑜𝐹liq
𝑇𝑜𝐹air



RxTx

Time of Flight (ToF) in liquid

𝑇𝑜𝐹l iq − 𝑇𝑜𝐹air =
𝒅 − 𝒅
𝒗 𝒄

𝑑

𝑇𝑜𝐹liq
𝑇𝑜𝐹air
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RxTx

Time of Flight (ToF) in liquid

𝑇𝑜𝐹l iq − 𝑇𝑜𝐹air =
𝒅 − 𝒅
𝒗 𝒄 𝑅𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝐼𝑛𝑑𝑒𝑥 = 𝑐

𝑣

𝑑
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𝑇𝑜𝐹l iq − 𝑇𝑜𝐹air =
𝒅 − 𝒅
𝒗 𝒄

So how can we measure these 2 ToFs?

24

𝑅𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝐼𝑛𝑑𝑒𝑥 = 𝑐
𝑣



𝑇𝑜𝐹l iq − 𝑇𝑜𝐹air =
𝒅 − 𝒅
𝒗 𝒄

Ultra-wideband (UWB) Radios
► Inexpensive

► 1GHzof bandwidth
► Perform signal processing

► Achieves ToFat nanosecond granularity

Current s ta te of the ar t …

Decawave Trek1000

So how can we measure these 2 ToFs?
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𝑅𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝐼𝑛𝑑𝑒𝑥 = 𝑐
𝑣



Is nanosecond good enough ?
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𝑇𝑜𝐹l iq − 𝑇𝑜𝐹air =
𝒅 − 𝒅
𝒗 𝒄

𝑅𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝐼𝑛𝑑𝑒𝑥 = 𝑐
𝑣
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≈ 10picosec. ≈ 1nanosec.

Is nanosecond good enough ?

Absolute ToF difficult a t picoseconds

267.5 GHz

𝑇𝑜𝐹l iq − 𝑇𝑜𝐹air =
𝒅 − 𝒅
𝒗 𝒄

𝑅𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝐼𝑛𝑑𝑒𝑥 = 𝑐
𝑣



Nanosec. gives coarse grained est imate … useful bu t no t sufficient
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RxTx

Time

Phase

Phase
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d = N λ +𝜙Distance

RxTx

Time

Phase

Phase
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d = N λ +𝜙

and 𝝓 measurable in very high resolution …

RxTx

Time

Phase

Distance
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Phase



d = N λ +𝜙

and 𝝓 measurable in very high resolution …

Hence, an opportunity to combine ToF + Phase to estimate s lowdown

RxTx

Time

Phase

Distance
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Phase



But, no free lunch ➔ phase presents 2 key problems

d = N λ +𝜙

RxTx

Time

Phase

Distance
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Phase



But, no free lunch ➔ phase presents 2 key problems

N is unknownInitial phase unknown

d = N λ +𝜙

RxTx

Time

Phase

Distance
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Phase



But, no free lunch ➔ phase presents 2 key problems

N is unknown
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Initial phase unknown



Possible to solve by 
combining with time (ToF)

But, no free lunch ➔ phase presents 2 key problems

N is unknown
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Initial phase unknown



Possible to solve by 
combining with time (ToF)

But, no free lunch ➔ phase presents 2 key problems

Difficult because every transmission has 
arbitrary initial phase

N is unknownInitial phase unknown
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Possible to solve by 
combining with time (ToF)

But, no free lunch ➔ phase presents 2 key problems

Difficult because every transmission has 
arbitrary initial phase

N is unknownInitial phase unknown

RxTx

RxTx
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RxTx

RxTx

But we only care about relative phases = 𝜙𝑙𝑖𝑞 − 𝜙𝑎𝑖𝑟
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But we only care about relative phases = 𝜙𝑙𝑖𝑞 − 𝜙𝑎𝑖𝑟

So, we create a parallel measurement …
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But we only care about relative phases = 𝜙𝑙𝑖𝑞 − 𝜙𝑎𝑖𝑟

So, we create a parallel measurement …

RxTx

41

𝜙𝑙𝑖𝑞

𝜙𝑎𝑖𝑟



But we only care about relative phases = 𝜙𝑙𝑖𝑞 − 𝜙𝑎𝑖𝑟

So, we create a parallel measurement …

RxTx

And cancel the initial phase by subtract ion
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𝜙𝑙𝑖𝑞 − 𝜙𝑎𝑖𝑟



But nearby antennas create cross talk

Tx Rx
43



wired path
Tx Rx
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But nearby antennas create cross talk
So we create a wired pa th as a new baseline
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Summarizing what we have thus far…



Platform

Summarizing what we have thus far…

wired path
Tx Rx
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Platform

Summarizing what we have thus far…

wired path
Tx Rx

47



Fuse time + phase ➔ Refractive index

Platform

wired path
Tx Rx
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We have an idealized sketch of the solution …

Let’s now turn to practice …

with real radios and environments



Ideally, a t the Receiver…

A
m

pl
it

ud
e

50

Wired Signal

Time

Wireless Signal



Practical Hardware causes Distortions

A
m

pl
it

ud
e Wired Signal

Time

Wireless Signal

𝑠𝑖𝑛𝑐 . = sin 𝑥
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𝑥



Multipath causes more Distortions

A
m

pl
it

ud
e Wired Signal

Time

Wireless Signal

𝑠𝑖𝑛𝑐 . = sin 𝑥
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𝑥



This is the received signal at Rx

A
m

pl
it

ud
e Wired Signal

Time

Wireless Signal

53



A
m

pl
it

ud
e Wired Signal

Time

Wireless Signal

Main question: Where are the wired, wireless impulses?
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A
m

pl
it

ud
e Wired Signal

Time

Wireless Signal

Main question: Where are the wired, wireless impulses?

Wired impulse 
is easy
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A
m

pl
it

ud
e Wired Signal

Time

Wireless Signal

Main question: Where are the wired, wireless impulses?

Wired impulse 
is easy

But where is the 
wireless impulse?
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A
m

pl
it

ud
e Wired Signal

Time

Main question: Where are the wired, wireless impulses?

Wired impulse 
is easy

Wireless Signal

Signal Peak ≠Impulse Location

But where is the 
wireless impulse?
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A
m

pl
it

ud
e Wired Signal

Time

Main question: Where are the wired, wireless impulses?

Wired impulse 
is easy

Wireless Signal

Signal Peak ≠Impulse Location

But where is the 
wireless impulse?
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Template Matching

A
m

pl
it

ud
e Wired Signal

Time
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Less polluted & embeds  
hardware distortions



Template Matching

A
m

pl
it

ud
e Wired Signal

Cross Correlate

Time

Less polluted & embeds  
hardware distortions
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Template Matching

A
m

pl
it

ud
e Wired Signal

Cross Correlate

Time

Less polluted & embeds  
hardware distortions

𝑓 ⋆
𝑔
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Approximate 
impulse location



Correct Time Value for Air

A
m

pl
it

ud
e

Time

𝑇air

Wired Signal
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A
m

pl
it

ud
e

Time

𝑇air

Wired Signal

𝑇liq
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A
m

pl
it

ud
e

Time

𝑇air

Wired Signal

𝑇liq
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A
m

pl
it

ud
e

Time

𝑇air

Wired Signal

𝑇liq
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A
m

pl
it

ud
e

𝑇air

Wired Signal

TimTie me

𝑇liq

Gives the 
slowdown 

in time
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Slowdown in 
Time of Flight (ToF)✓



Slowdown in 
Time of Flight (ToF)✓

Slowdown in 
PhaseWe now need s lowdown in phase

ToF + Phase Fusion
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Slowdown in 
Time of Flight (ToF)✓

Slowdown in 
Phase

We now need s lowdown in phase

Key Opportunity:
Phase is stable and undistorted

ToF + Phase Fusion
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Slowdown in 
Time of Flight (ToF)✓

Slowdown in 
Phase

We now need s lowdown in phase

Key Opportunity:
Phase is stable and undistorted

Why? ToF + Phase Fusion
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Slowdown in 
Time of Flight (ToF)✓

Slowdown in 
Phase

Why?

ToF + Phase Fusion

Why is Phase 
undistor ted?
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Slowdown in 
Time of Flight (ToF)✓

Slowdown in 
Phase

Why?

ToF + Phase Fusion

Why is Phase 
undistor ted?
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No CFO
TX & RX Synced



Phase to the Rescue

A
m

pl
it

ud
e
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Time



Phase to the Rescue

A
m

pl
it

ud
e
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Time

1 nanosecond 1 nanosecond



Phase to the Rescue

A
m

pl
it

ud
e

Time

1 nanosecond
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1 nanosecond

P
ha
se



Phase to the Rescue

A
m

pl
it

ud
e

Time

1 nanosecond 1 nanosecond

P
ha
se

3.7°
0.5°
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Phase to the Rescue

A
m

pl
it

ud
e

Time

1 nanosecond 1 nanosecond

P
ha
se

3.7°
0.5°

Phase is undis tor ted and stable
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Double Differencing – Phase

A
m

pl
it

ud
e

Time

Wired Signal

𝜙ref

𝜙 a i r
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𝜙liq



Fuse time + phase ➔ Refractive index
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Bending ➔Refractive Index

Absorption ➔ Attenuation Factor

Unique Tuple

Key Properties of Liquid
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✓



500 1000 1500 20000
CIR Tap

Air CIR
Water CIR

Time

Estimating Attenuation

𝑇air

𝑇liq

Wired Signal

Am
pl
itu
de
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500 1000 1500 20000
CIR Tap

Air CIR
Water CIR

Time

Estimating Attenuation

𝑅𝑆𝑆liq

𝑅𝑆𝑆air

Wired Signal

𝑇air

𝑇liq
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500 1000 1500 20000
CIR Tap

Air CIR
Water CIR

Time

Estimating Attenuation

𝑅𝑆𝑆liq

𝑅𝑆𝑆air

Wired Signal

𝑇air

𝑇liq

95

Am
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de



Obtaining Complex Permittivity

97

𝐶𝑜𝑚𝑝𝑙𝑒𝑥 𝑃𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 = 𝜖′ + 𝑗𝜖′′

𝐶𝑜𝑚𝑝𝑙𝑒𝑥 𝑃𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 = 𝑓(𝑅𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝐼𝑛𝑑𝑒𝑥,𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟)



𝑅𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝐼𝑛𝑑𝑒𝑥
=

1
2 𝜖

2 1 +
𝜖2
2

𝜖2

3
+ 1

𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 =𝜆1
2𝜋

2

𝜖′ 1 + 𝜖′′ 3

𝜖′ − 1

Obtaining Complex Permittivity

Solve for 𝜖* and 𝜖**
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𝐶𝑜𝑚𝑝𝑙𝑒𝑥 𝑃𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 = 𝜖′+ 𝑗𝜖′′



Container Compensat ion
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• Used Decawave Trek1000 UWB 
devices at 4GHz

• 38cm x 36cm liquid container

• 33 liquids spanning a large part of
the refractive index spectrum

Experimental Setup

100



• VNA+Dielectric Probe 
method for creating a 
baseline

• Measures the liquid’s 
complex permittivity

• Published error is 5%

Baseline: Vector Network Analyzer
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Median Error in 𝜖′ is under 9%

Median Error in 𝜖′′ is under 12%

Results – Permittivity
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Results – Liquid Identification

Id
en
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fi

ed
A

s

Ground Truth





Challenge:sensorsfordata-drivenagricultureareexpensive

7

Not reliable, degrade fast

Commercial-grade sensors

Price 
Accuracy

• Neutron probe
• Time domain reflectometry (TDR)
• Ground penetrating radar (GPR)

• Capacitance-based
• Resistivity-based

• Tensiometer

Data-driven agriculture

<20 USD

Hobbyist sensors

>100 USD >1000 USD









Liquid Testing with Your Smartphone



What is Liquid Testing?

Characterization of liquid type or concentration



Application I: Detect Water Contamination



Excess protein in urine is a indicator for kidney 
disease

• Diabetes

• High Blood Pressure

Application II: Detect Proteinuria



Application II: Detect Proteinuria

Excess protein in urine is a indicator for kidney 
disease

• Diabetes

• High Blood Pressure

Can we deliver such applications to a normal user?



Today, liquid testing is done by experts in the lab



Our Goal: Liquid Testing with Smartphone

Almost everyone has a smartphone

Smartphone is portable

We are at MobiSys!



How?

Find a property that changes with liquid type and 

concentration

Find a method to measure this property with a smartphone



Property: Surface Tension

Force that holds surface molecules together



Surface tension characterizes liquid type and concentration

Clean Water:  72 mN/m                15% Alcohol: 42 mN/m

Contamination with bacteria, oil, etc reduces surface tension

Increasing alcohol concentration reduces surface tension

Protein reduces surface tension



How do we measure surface 
tension with a smartphone?

CapCam: First mobile app for measuring surface tension



Measuring surface tension



Measuring surface tension



Measuring surface tension



Measuring surface tension



Measuring surface tension 

• 𝛾 : Surface tension
• 𝜆 : Wavelength
• 𝑓 : Frequency

� / f2 · �3

Measuring surface tension : Capillary Waves



Measuring surface tension 

• 𝛾 : Surface tension
• 𝜆 : Wavelength
• 𝑓 : Frequency

� / f2 · �3

Idea: 
Vibrate the container with phone’s vibro-motor
Use phone’s camera to measure the wavelength

Measuring surface tension : Capillary Waves



Challenge I: Amplitude of wave is small

Problem:
Amplitude is really small (~10#$𝑚)

Solution:
Create lens effects



Create Lens Effect

Air

Liquid
Convex Lens

Concave Lens



Create Lens Effect



Tiny Waves!

Create Lens Effect





Wavelength Inference

𝜆 = ⁄𝑝 r(𝑑)

• 𝑟 𝑥 : Camera’s resolution 
at distance 𝑥

• 𝑑: Distance between 
camera and the surface of 
the liquid

𝑝
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109 111 115

Challenge II: Camera Artifacts

Problem:
Wavelengths along different 

directions are different



Challenge II: Camera Artifacts

Pixels that exposed to light

Reason: Rolling Shutter



Rolling Shutter Demo



109 111 115

Scan Direction

Challenge II: Camera Artifacts

Solution:

• Pick direction that orthogonal to 
the scanning direction 

• Using wavelet filtering to 
automatically detect correct 
location





CapCam - Demo
https://youtu.be/LGBXy6BqIiE



Evaluation

Detect water contamination

Track protein level in urine

Measure alcohol concentration level



Ground Truth - Digital Tensiometer

• Resolution: 0.1 mN/m

• Cost $10,000+

• Complicated to operate



Water Contamination
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Protein Level in Urine
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Alcohol Concentration Level

The absolute error is only 
0.51%.

Resolution of other studies >= 
20%
[Rahman, et al. 2016, Ha, et al. , 2018]
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Conclusion

For the paper, slides and demo:  http://people.csail.mit.edu/scyue/projects/capcam/

•CapCam estimates surface tension with only a phone

•CapCam show its efficacy on multiple applications


