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This week in IoT
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How does a PPG (Photoplethysmography) sensor work?

Sanjeev Kumar, et al, Sensors 2020 
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www.ee.columbia.edu/~kinget/EE6350_S14

The Oximeter at hospital
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The PPG accuracy is impacted by motion and location of sensing

• Avoid sampling when accelerometer detects activity. 

• Correlate accelerometer data to filter out motion artifacts. 
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The Surge of Hearable Devices

● Hearables are estimated to double the shipment volume than the sum of all other wearables in

2027

# of Hearable devices:

over 300 millions

# of all the other

wearables: less than

200 millions



2023 Google Proprietary

The Surge of Hearable Devices

● Hearables are estimated to double the shipment volume than the sum of all other wearables in

2027

# of Hearable devices:

over 300 millions

# of all the other

wearables: less than

200 millions
20 millions

40 millions
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Hearable Health Is Still An Uncharted Territory

● Manufactures like Apple, Samsung, and Google have nearly zero health features in their

earbuds

○ Focus more on user experience, such as interactions, comfortableness, battery-life, etc.

Is it possible to bring health features such as heart rate

monitoring to hearable devices?

We focus on Active Noise Cancellation (ANC) Earbuds
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How does an Active Noise Canceling headphone work?
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An Overview of Existing Hearable Health Solutions

● Active sensing using PPG sensors

Blood vessel

PPG sensor

Soundcore Liberty 4 Earbuds are equipped with PPG sensors for heart rate tracking

https://us.soundcore.com/products/liberty-4-a3953z11
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An Overview of Existing Hearable Health Solutions

● Active sensing using PPG sensors
○ Drawback: high power consumption, sensitive to skin tones, complicate the hearable acoustic design

Blood vessel

PPG sensor

Soundcore Liberty 4 Earbuds are equipped with PPG sensors for heart rate tracking

Drawback: high power consumption, sensitive to skin tones,

complicate the hearable acoustic design

https://us.soundcore.com/products/liberty-4-a3953z11


2023 Google Proprietary

An Overview of Existing Hearable Health Solutions

● Passive sensing using in-ear microphone
○ Rationale: heartbeat vibrations propagate along the human body, arriving at the ear canal, which can be

captured by an in-ear microphone

■ Representative works: [OESense, MobiSys’21], [hEARt, Percom’23], [EarAce, Ubicomp’23]
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An Overview of Existing Hearable Health Solutions

● Passive sensing using in-ear microphone
○ May not be a good solution to ANC earbuds:

■ Sensitive to earbud sealing conditions;

■ The high-pass filter bult in the earbud’s analog front-end would filter out low-frequency

With 50Hz high pass filter on

the digital domain

With 50Hz high pass filter on

the analog domain (most

ANC earbuds)

heartbeat

Cannot detect heartbeat signals
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An Overview of Existing Hearable Health Solutions

● Passive sensing using in-ear microphone
○ May not be a good solution to ANC earbuds:

■ Sensitive to earbud sealing conditions;

■ The high-pass filter bult in the earbud’s analog front-end would filter out low-frequency

■ Suffer from music interference, due to music harmonics

With 50Hz high pass filter on

the digital domain

CEB earbud in the presence of music



2023 Google Proprietary

APG - A New Design Paradigm for Heart Rate Monitoring

● Basic Principle:
○ Physiological observation: the deformation of blood vessels→ the tissues encircling the ear canal 

undergo a minor constriction→ a subtle compression of the ear canal cavity

○ Detect heart rate: send a low intensity ultrasound probing signal using an ANC headphone’s speakers and 

receives the echoes via the on-board feedback microphones.
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APG – How to Realize This Idea?

● The alteration in volume within the ear canal due to heartbeat is subtle

The Raw ultrasound receptions (by

feedback microphone)

Cannot detect heartbeat signals

from the raw receptions

Coherent

detection
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APG – How to Realize This Idea?

● How to handle user diversity?

Phase

Amplitude

Phase variation (due to compression of the 

ear canal cavity) is not strong enough for

heartbeat signal detection.
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APG – How to Realize This Idea?

● How to handle user diversity?
○ Solution: Sending multiple APG signals at different frequency bands concurrently, using peak-to-average

ratio to measure the quality of the detected heartbeat signal

Low PAR Low PARHigh PAR
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APG – How to Realize This Idea?

● How to handle user diversity?
○ Solution: Sending multiple APG signals at different frequency bands concurrently, using peak-to-average

ratio to measure the quality of the detected heartbeat signal

○ Once the optimal frequency is determined, we send APG signal on that specific frequency for a better

signal quality
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APG – How to Realize This Idea?

● How to handle body motion artifacts?
○ Challenge: body motion also squeezes ear canal; they are hundreds of magnitude stronger than the

heartbeat signals
APG receptions on three different frequency

bands (after coherent detection)

Head motions

dominate
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APG – How to Realize This Idea?

● How to handle body motion artifacts?
○ Challenge: body motion also squeezes ear canal; they are hundreds of magnitude stronger than the

heartbeat signals

○ Solution: model it as a blind source separation (BSS) problem

○ Opportunity: the frequency bands of probing signals are statistically decorrelated due to the channel 

frequency diversity 

ICA
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