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COMPRESSIVE SENSING SPARSE
SAMPLING PHOTOPLETHYSMOGRAM
(PPG) MEASUREMENT

FIELD

[0001] The descriptions are generally related to sensor
devices, and more particular descriptions are related to a
wearable PPG (photoplethysmogram) system that operates
based on compressive sensing sparse sampling.

COPYRIGHT NOTICE/PERMISSION

[0002] Portions of the disclosure of this patent document
may contain material that is subject to copyright protection.
The copyright owner has no objection to the reproduction by
anyone of the patent document or the patent disclosure as it
appears in the Patent and Trademark Office patent file or
records, but otherwise reserves all copyright rights whatso-
ever. The copyright notice applies to all data as described
below, and in the accompanying drawings hereto, as well as
to any software described below: Copyright © 2016, Intel
Corporation, All Rights Reserved.

BACKGROUND

[0003] Advances in computing technologies and sensor
devices encourages the incorporation of more technology in
wearable sensors and personal computing systems. Such
technologies offer the hope of obtaining reasonably accurate
biometric data from devices that are small and unobtrusive
enough to be carried and/or worn. Biometric data has
particular interest in health and well-being monitoring, as
well as sports performance monitoring. Biometric data is
also useful for identity verification, such as data to imple-
ment two-factor authentication. However, there are tradi-
tionally many limitations encountered in designing and
implementing actual systems that generate usable biometric
data.

[0004] For example, a pulse oximeter is a device that
measures a plethysmogram using an optical pulse, or a
photoplethysmogram (PPG). A pulse oximeter pulses an
LED (light emitting diode) to measure blood pulsation. The
blood pulsation offers a good heart rate measurement alter-
native to an electrocardiogram (or electrokardiogram
(EKG)). A pulse oximeter can also provide a blood pressure
estimate, as well as a blood oxygen saturation level estimate.
Thus, continuous PPG signal sensing in a wearable sensor
can enable realtime monitoring of heartrate, blood pressure,
and/or oxygen saturation in free-living conditions. Free
living conditions refer to the real life scenarios encountered
as a subject goes about his or her activities, instead of only
obtaining measurements in controlled environments. PPG
signal sensing in a non-continuous manner does not offer the
information available from continuous monitoring.

[0005] However, traditional approaches to designing
wearable pulse oximeters result in systems with power
consumption requirements that result in poor battery life.
With such traditional approaches, there is a tradeoff between
extending battery life and recovering an accurate PPG
signal. Typically, techniques to extend the battery life sac-
rifice PPG signal accuracy, and attempts to obtain better
PPG signal accuracy leads to battery drain that makes PPG
unsuitable for continuous sensing over a prolonged period.
The LED pulsing consumes approximately 80% of system
power in a conventional 32 Hz PPG design.
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[0006] Thus, traditional PPG systems that run continu-
ously at 32 Hz have unacceptable battery life. One proposal
to save power is to sample at a lower rate with an intelligent
sampling algorithm. However, traditional intelligent sam-
pling algorithms require the use of an on-board random
number generator, and therefore consume considerable
power. Intelligent sampling saves LED power, but increases
other power usage, which limits the amount of overall
system power saved. The result is a system that still has poor
battery performance.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The following description includes discussion of
figures having illustrations given by way of example of
implementations of embodiments of the invention. The
drawings should be understood by way of example, and not
by way of limitation. As used herein, references to one or
more “embodiments” are to be understood as describing a
particular feature, structure, and/or characteristic included in
at least one implementation of the invention. Thus, phrases
such as “in one embodiment” or “in an alternate embodi-
ment” appearing herein describe various embodiments and
implementations of the invention, and do not necessarily all
refer to the same embodiment. However, they are also not
necessarily mutually exclusive.

[0008] FIG. 1 is a block diagram of an embodiment of a
system with a PPG system that performs sampling and PPG
signal reconstruction based on a sparse measurement pat-
tern.

[0009] FIG. 2 is a block diagram of an embodiment of a
system for PPG signal reconstruction from a sparse mea-
surement matrix.

[0010] FIG. 3A is a representation of an embodiment of a
compressive sensing reconstruction matrix, with a mapping
of the sampling sequence.

[0011] FIG. 3B is a representation of an embodiment of a
zero-padded compressive sensing reconstruction matrix.
[0012] FIGS. 4A-4C are diagrammatic representations of
an embodiment of a recovered PPG signal in accordance
with compressive sensing reconstruction in a controlled
environment.

[0013] FIGS. SA-5C are diagrammatic representations of
an embodiment of a recovered PPG signal in accordance
with compressive sensing reconstruction in a noisy environ-
ment.

[0014] FIGS. 6A-6D are diagrammatic representations of
power savings obtained by a PPG measurement system in
accordance with an embodiment of compressive sensing
PPG signal reconstruction.

[0015] FIG. 7A is a flow diagram of an embodiment of a
process for generating a sparse measurement matrix for
compressive sensing PPG signal reconstruction.

[0016] FIG. 7B is a flow diagram of an embodiment of a
process for applying compressive sensing to a sparse mea-
surement matrix for PPG signal reconstruction.

[0017] FIG. 8 is a block diagram of an embodiment of a
computing system in which a compressive sensing PPG
signal reconstruction system can be implemented.

[0018] FIG. 9 is a block diagram of an embodiment of a
mobile device in which a compressive sensing PPG signal
reconstruction system be implemented.

[0019] Descriptions of certain details and implementations
follow, including a description of the figures, which may
depict some or all of the embodiments described below, as
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well as discussing other potential embodiments or imple-
mentations of the inventive concepts presented herein.

DETAILED DESCRIPTION

[0020] As described herein, a pulse oximeter system gen-
erates photoplethysmogram (PPG) signal samples in accor-
dance with a fixed pattern. The pulse oximeter system
applies compressive sensing based on a sparse matrix of the
samples generated. Compressive sensing refers to data com-
pression in a sampling system, where an input signal is
subsampled with sufficient data to perform signal recovery
with acceptable accuracy. Subsampling refers to sampling
an input signal at lower than the Nyquist rate. It will be
understood that the Nyquist rate refers to a sampling rate for
sampling an input signal at a frequency of at least twice the
frequency of data desired to be recovered. With Nyquist
sampling, a system can reconstruct a signal with minimal
loss below the frequency of the data desired to be recovered.
[0021] Compressive sensing can provide highly power-
efficient sampling and reconstruction by toggling the LED
(light emitting diode) of the pulse oximeter at a rate slower
than the traditional 32 Hz continuous sampling. Based on the
use of compressive sensing, a pulse oximeter system can
subsample PPG measurements and recover a 32 Hz PPG
signal. More specifically, in one embodiment, a pulse oxi-
meter circuit can drive an LED according to a fixed pattern
to create a compressive sensing sample matrix of sparse
measurements. In one embodiment, the pulse oximeter sys-
tem is separated into separate sensor and processor elements,
and the compressive sensing can control the power effi-
ciency of the sensor.

[0022] Traditional PPG measurement involves the use of
continuous sampling. One approach designed to save power
compared to continuous sampling involves the use of ran-
dom sampling. A random sampling matrix can satisfy suf-
ficient mathematical properties of compressive sensing to
enable signal recovery. However, random sampling is not a
good match for wearable devices. Random sampling
requires an on-board random number generator at the sensor,
which has a lot of inefficiency and consumes significant
amounts of power. As described herein, a pulse oximeter
system can apply a fixed sampling schedule for compressive
sensing reconstruction of the PPG signal. In one embodi-
ment, the pulse oximeter circuit generates PPG measure-
ment samples in accordance with a toggling schedule that
exploits the inherent sparsity in a PPG signal.

[0023] The toggling schedule or toggling sequence or
pattern refers to a series of pulses by the LED of the pulse
oximeter. It will be understood that the photodetector detects
light interference with the target in response to the pulse of
light by the LED. Reference to interference with the target
or interfering with the target refers to the fact that light from
the LED will be absorbed and/or scattered by the subject,
and light detection at the photodetector can measure how
much light from the LED light pulse reaches the photode-
tector. Thus, the photodetector generates measurements that
represent samples of PPG information. Based on the pulsa-
tion of blood through the subject’s tissue, the light detection
will vary even from the same LED pulse output. Thus,
consistent power output from the LED on each pulse will
result in different light detection at the photodetector based
on different interference with the subject because of blood
pulsation. The light detection can therefore represent a
sampling sequence corresponding to the toggling sequence.
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The photodetector measurements provide data for a sparse
measurement or sample matrix from which the system can
compute a PPG signal reconstruction.

[0024] In one embodiment, the sampling sequence is in
accordance with a power law. For example, in one embodi-
ment, the pulse oximeter pulses the LED on a binary
progression schedule, which generates a sample matrix with
measurements spaced in accordance with a binary geometric
progression. The use of the binary sequence generates the
fewest number of samples possible. The binary sequence
provides a fixed pattern with low sample coherence, and
without requiring the use of a random number generator.
While a binary sequence is discussed herein, it will be
understood that another fixed sequence could alternatively
be used that does not require random number generation,
and that also satisfies the mathematical properties for com-
pressive sensing. It is believed that a binary sequence
provides the sparsest sample matrix, but a sample matrix that
is less sparse could also save significant power over the
traditional methods used. Thus, the binary sequence will be
understood as a non-limiting example. In general the pulse
oximeter system generates sparse samples based on a fixed
schedule for compressive sensing reconstruction.

[0025] In one embodiment, the fixed schedule is a binary
progression in accordance with 2/, where i is the sample
number {0, 1,2, ... }. In addition to satisfying the properties
of compressive sensing, such a sampling sequence provides
improved recovery. In one embodiment, the compressive
sensing signal recovery or reconstruction performs compu-
tations based on a discrete transform sparse basis represen-
tation, such as a discrete Fourier transform representation, a
discrete cosine transform, or other transform. The binary
pattern in the sample matrix enables a binary-based recovery
in the frequency domain. In one embodiment, the PPG
signal reconstruction processing can include zero padding
the sample matrix. More detail of zero padding is provided
below, but briefly, the zero padding provides a more accurate
recovery at the expense of more processing. However, the
simplification of a binary-based frequency domain recovery
can justify the additional processing from the zero padding.

[0026] The pulse oximeter based on a fixed sequence
sparse sample matrix for compressive sensing PPG signal
recovery provides an architecture suited for PPG monitoring
in on the go or free living systems. The sparse sampling
significantly reduces the sampling requirements, and saves
enough power to prevent draining the battery too fast. In one
embodiment, the architecture includes a separation of the
wearable sensor that generates the measurement samples
and the computing or processing element that performs
signal recovery. The two elements can be combined via
wired and/or wireless communication. Such an architecture
can provide a simple sensing node that can be implemented
on a system on a chip (SOC) design. The SOC can inter-
connect with a local or remote processor to perform signal
processing on the samples.

[0027] FIG. 1 is a block diagram of an embodiment of a
system with a PPG system that performs sampling and PPG
signal reconstruction based on a sparse measurement pat-
tern. System 100 provides one example of a pulse oximeter
or a PPG monitoring system. Subject 102 represents a
human target of the PPG monitoring. System 100 can
monitor by pulsing LED light on subject 102 and measuring
light from the subject in a photodetector.
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[0028] System 100 includes sensor component 110, which
includes one or more LEDs 112 and one or more photode-
tectors (PDs) 114. Tt will be understood that LED 112 can
represent different types of LED that emit different types of
light, depending on the application of system 100. For
example, for certain systems, LED 112 emits green light that
will be reflected off of subject 102. Thus, PD 114 could
detect reflected light. In another example, LED 112 can emit
red and/or infrared light that will penetrate the skin of
subject 102. Thus, PD 114 could detect light that penetrates
through subject 102. Either the scattering off the surface of
subject 102 or the penetration of light through 102 can be
referred to as interference of the light pulses with subject
102. If there are multiple LEDs 112, the LEDs can be of
different types from each other. Different PD types can also
be used to complement different LED types, depending on
the implementation of system 100.

[0029] Sensor 110 represents hardware components that
interface directly with subject 102. Frontend 120 represents
a circuit or SOC components that drive LED 112 and receive
the input signals from PD 114. Frontend 120 can be referred
to as an analog frontend or AFE, in one embodiment.
Frontend 120 can be referred to as an interface circuit,
referring to the interfacing of the sensors with backend 150
or other processing unit. In one embodiment, frontend 120
includes transmit (TX) path 130 and receive (RX) path 140.
[0030] In one embodiment, TX path 130 includes pulse
control 132, which specifically refers to pulse control cir-
cuitry and/or logic that causes LED 112 to emit light pulses
in accordance with a pattern for compressive sensing (CS)
reconstruction. In one embodiment, pulse control 132
includes logic and/or storage on frontend 120 necessary to
perform the pulse scheduling. In one embodiment, pulse
control 132 receives data and/or commands from backend
150 via communication (comm) interface 122. For example,
the backend may provide the pulse sequence to pulse control
132 in one implementation. TX path 130 includes driver 134
to generate the voltage and/or current necessary to cause
LED 112 to emit its light. Pulse control 132 causes driver
134 to operate to pulse LED 112 in accordance with a fixed
pattern for PPG measurement.

[0031] In one embodiment, RX path 140 includes ampli-
fier (amp) 142 to receive and amplify an analog signal from
PD 114. When PD 114 detects light, it generates an output.
Typically PD 114 outputs a signal that varies in current
based on the intensity of light received at the detector. Thus,
amplifier 142 can typically be or include a transimpedance
amplifier (TIA) that converts an input signal that varies in
current output into a signal that varies in voltage level. In
one embodiment, RX path 140 includes analog to digital
converter (ADC) 144, which can convert an analog signal
into a digital representation (1s and Os representation). In
one embodiment, ADC 144 converts the output of amplifier
142 into a digital representation. The digital samples can be
considered data points or measurement data for signal
recovery.

[0032] With sensor devices, it is common to make a
distinction between a “raw” signal or “raw data,” and data
that is not “raw.” Raw data refers to data that is a pure
representation of a measurement. Raw data can thus refer to
the actual analog voltage and/or current level generated by
a sensor device or sensor circuit. However, raw data can also
refer to a digital representation of that data, if the analog
version is simply converted into a digital representation of

Oct. 5, 2017

the measurement. It will be understood that processors or
controllers cannot process analog signals, but use a binary
digital representation for computations. Thus, while signals
that are converted into a digital representation could from
one perspective be considered to be processed in the sense
that circuit equipment operated on the data to convert it to
digital form, it is common to still think of data as raw that
has only been converted to digital representation. Data that
is not raw has been interpreted or interpolated through some
computation or processing, and is a representation of some-
thing other than pure measurement data.

[0033] In one embodiment, frontend 120 provides raw
measurement data to backend 150 for processing. While not
specifically shown in system 100, frontend 120 includes a
buffer or storage to store a series of measurement data. The
implementation of system 100 will determine the size of the
measurement buffer. In one embodiment, frontend 120
stores only measurements, which can then be interpreted for
timing by backend 150. Thus, in an implementation where
pulse control 132 causes LED 112 via driver 134 to generate
pulses separated in time by a binary geometric progression,
PD 114 can measure a reflection from each pulse generated
by LED 112, which can then be converted to a digital
representation by amplifier 142 and ADC 144. Each digital
measurement can be stored in a subsequent buffer entry,
even if separated by differing amounts of time between
samples. Backend 150 knows the sampling pattern used by
frontend 120 and sensor 110, and can perform computations
knowing the timing of each successive sample of the series
of samples.

[0034] In one embodiment, backend 150 interfaces with
frontend 120 via communication interface 152, which com-
municatively couples to communication interface 122. Com-
municative coupling refers to exchanging of information
between the components over a communication link. In one
embodiment, the communication link includes a wired con-
nection. In one embodiment, the communication link
includes a wireless connection. In one embodiment, com-
munication interface 122 is or includes a transmitter or a
transceiver or other communication circuit. In one embodi-
ment, communication interface 122 is or includes a radio
circuit, which generates a wireless signal to corresponding
communication interface 152. Such a radio circuit could
include, for example, a Bluetooth signal or other RF (radio
frequency) signal.

[0035] In one embodiment, backend 150 is a separate
physical devices from a device that houses frontend 120 and
sensor 110. For example, in one embodiment, frontend 120
and sensor 110 are implemented on an SOC that straps to a
wrist, arm, chest, or other portion of subject 102 with LED
112 and PD 114 facing the subject’s skin. Backend 150 can
include processing equipment in another device, such as a
watch, phone, or other processing unit or device with a
processing unit. Such a processing unit can be part of a
personal area network of subject 102. In one embodiment,
sensor 110 generates measurement information, which fron-
tend 120 buffers and sends to backend 150. Backend 150 can
then process the measurement information to extract PPG
signal information.

[0036] Pulse control 132 non-uniformly toggles one or
more LEDs 112 via driver 134. In one embodiment, LED
112 pulses at approximately 5-6 Hz on average, from which
PD 114 and RX path 140 generate corresponding measure-
ments. Based on the 5-6 Hz pulsation of LED 112, system
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100 applies compressive sensing reconstruction at processor
160 to recover the PPG signal as if it ware sampled at 32 Hz.
However, rather than using as much power as a traditional
system that monitors continuously at 32 Hz (e.g., a fixed
schedule for pulsing the LED that generates 32 samples per
second), LED power consumption for system 100 is corre-
spondingly reduced and the overall system power consump-
tion of the edge-node (e.g., frontend 120 and sensor 110) can
be reduced by approximately 68%, as described in more
detail below with respect to FIGS. 6A-6D. It will be under-
stood that with fewer measurements in system 100 relative
to a traditional system, transmission power for communica-
tion interface 122 can be reduces by approximately 5x (e.g.,
5 to 6 samples instead of 32 samples).

[0037] Backend 150 includes processor 160, which is
illustrated as including sampling control 162 and CS recon-
struction logic 164. Processor 160 can be or include any type
of processing unit to perform reconstruction computations.
In one embodiment, processor 160 includes a digital signal
processor. In one embodiment, processor 160 includes a
microcontroller. In one embodiment, processor 160 includes
a central processing unit. Processor 160 can be part of a
dedicated processing device, or the processor of a multipur-
pose or general purpose device.

[0038] Sampling control 162 represents logic within pro-
cessor 160 and/or another component of backend 150 that
knows the sampling schedule for sensor 110. In one embodi-
ment, sampling control 162 can provide one or more com-
mands or signals to frontend 120 to enable the frontend to
drive sensor 110 in accordance with the schedule. In one
embodiment, sampling control 162 merely represents
knowledge at the processor of the sampling schedule, which
enables processor 160 to compute a PPG signal from mea-
surements received from frontend 120.

[0039] Reconstruction logic 164 represents logic within
processor 160 to perform PPG signal recovery from the
received samples. In one embodiment, frontend 120 gener-
ates and sends a series of measurements to backend 150.
Even as a series of samples, when the sampling schedule is
known, the series of measurements indicated by the samples
represents a sparse measurement matrix. Thus, while a
matrix used for PPG signal reconstruction will necessarily
include zeros in areas not populated in accordance with the
sparse sampling (e.g., each bin of the 32 Hz signal for which
there is no measurement data), the data transmitted by
frontend 120 can be considered the sampling matrix. In one
embodiment, there is not considered to be any matrix until
processor 160 (or another component of backend 150)
generates a matrix from the received sample data, such as by
representing the measurement data as a sparse measurement
matrix based on the sampling schedule.

[0040] In one embodiment, system 100 is implemented
with a computationally weak but energy efficient sensor
node that includes sensor 100 and frontend 120, and a
computationally stronger processor node that includes back-
end 150. The sensor node generates measurements for
compressive sensing reconstructions. The processor node
recovers the original signal completely, and is not necessar-
ily designed to be as low power as the sensor node. Typi-
cally, the processor node or gateway device will include a
larger battery. In one embodiment, reconstruction logic 164
implements CS-based signal reconstruction algorithms. In
one embodiment, the sensor node implements a non-uniform
toggling measurement sequence in the time-domain and
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processor 160 reconstructs the PPG signal information in a
sparse Fourier basis via CS-based signal reconstruction
algorithms with reconstruction logic 164. When the sensor
node captures measurements with time intervals between
samples based on a powers of 2 sequence, system 100
requires fewer samples than other techniques. System 100
can everl implement a signal recovery with approximately Y4
to Y2 the number of samples required by other standard
compressive sensing sampling encoding schemes, such as
random sampling. In one embodiment, system 100 applies
the same LED toggling/sampling pattern or schedule across
all sampling windows. Such fixed pattern sampling is in
contrast to dynamically varying the sampling for each
window with special embedded logic as in a traditional
CS-based approach.

[0041] FIG. 2 is a block diagram of an embodiment of a
system for PPG signal reconstruction from a sparse mea-
surement matrix. System 200 provides one example of a
pulse oximeter system in accordance with an embodiment of
system 100 of FIG. 1. Whereas system 100 provided one
representation of simplified system hardware, system 200
illustrates a simplified representation of the data processing
pipeline of a PPG measurement system in accordance with
any embodiment described herein. System 200 specifically
illustrates sensor node 202 and gateway 204. Sensor node
202 refers to hardware elements that generate measurement
data through interaction with a subject. Gateway 204 refers
to a processing unit that receives the measurement data and
performs PPG signal recovery from the measurement data.
In one embodiment, sensor node 202 and gateway 204 are
part of the same physical device. In one embodiment, sensor
node 202 and gateway 204 are part of two separate physical
devices, and are communicatively coupled.

[0042] Sensor node 202 can be considered the “acquisi-
tion” side of the data processing, referring to the fact that it
generates the measurement data used to recover the PPG
signal. Gateway 204 can be considered the “processing” side
or the reconstruction side of the data processing. In one
embodiment, system 200 represents an asymmetric system
architecture. In an asymmetric architecture, sensor node 202
is computationally constrained, by having low computa-
tional capability to save power. Gateway 204 is not com-
putationally constrained, and can perform the computations
necessary for signal reconstruction.

[0043] In one embodiment, sensor node 202 includes
performs an LED toggling sequence, 212, to produce a
non-uniform toggling of the acquisition LED(s). The LED
toggling sequence can be or include logic or an encoder to
capture most of the principal frequencies in the bandlimited
PPG signal. In one embodiment, the LED toggling sequence
causes an LED to emit light pulses in accordance with the
toggling sequence, which generates a series of measurement
data in accordance with the timing of the toggling sequence.
Thus, in a compressive sensing analysis, the LED toggling
sequence can be considered encoder logic or a sparse
measurement matrix. FIG. 3A provides one example of a
toggling sequence matrix that can be implemented as the
LED toggling sequence.

[0044] Sensor node 202 pulses the LED according to the
sequence, 214. The light pulses interfere with the subject,
216, and a photodetector measures the light, 218. Based on
the timing of the LED pulses (data in the time domain), the
photodetector correspondingly generates measurement data
in the time domain. The measurements represent data to fill
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the sparse measurement matrix. In one embodiment, an AFE
of sensor node 202 converts the measurements into digital
data samples, 220, for sending to gateway 204.

[0045] In one embodiment of system 200, all data pro-
cessing is handled by gateway 204. Thus, sensor node 202
may convert the measurement data into digital format, but
does not perform any pre-processing on the data. Thus,
sensor node 202 can send raw data to gateway 202. The raw
data is not processed for purposes of filtering, correcting for
noise, or other processing operations. With a small number
of raw data samples, the transmission from sensor node 202
to gateway 204 is lower power and simplified. Additionally,
the buffering and pipelining of data at gateway 204 can be
simplified. In one embodiment, sensor node 202 sends every
measurement as it is obtained and converted to digital
representation. In one embodiment, sensor node 202 buffers
data and sends it to gateway 204 in a batch.

[0046] At gateway 204, in one embodiment, the gateway
performs L1-norm-based reconstruction. In one embodi-
ment, gateway 204 zero-pads the data measurements
received from sensor node 202. Such an operation can be
considered as gateway 202 applying a zero padded decoder,
222. Gateway 202 can thus include padding logic to enhance
bin resolution for an L.1-norm recovery algorithm. The zero
padding can enable processing or computation logic (e.g., a
processor or processing unit) on gateway 204 to more
accurately localize frequency coeflicients during reconstruc-
tion. In one embodiment, the processor performs an
L1-norm sparse matrix reconstruction, 224, to recover the
PPG signal. Through reconstruction, the processor generates
a Nyquist PPG signal, 226, referring to a PPG signal
representation that has the data of or nearly identical data to
a PPG signal generated based on Nyquist sampling.
[0047] The reconstruction of the PPG signal or recovery of
the signal refer to computing frequency coefficients. In one
embodiment the PPG signal reconstruction includes perfor-
mance of computations based on a Fourier transform, such
as an FFT (fast Fourier transform) for the measurement
matrix. The reconstruction of the PPG signal is understood
to include computations based on the sparse basis represen-
tation of the signal as indicated by the sparsely spaced signal
measurements. The signal measurements should include
enough frequency information to recover the frequency
coeflicients to generate a representation of the signal. The
zero padding can be padding of the sparse basis represen-
tation measurements.

[0048] To compute the correct coeflicients for the fre-
quency components to obtain an accurate representation of
the signal, the processor needs the placement of the mea-
surement data localized to the right bin, or the right column
within the matrix. It will be understood that a “Nyquist”
representation of a PPG signal includes a 32 Hz signal,
which typically includes 32 frequency bands, or 32 bins with
1 Hz spacing. Computation on non-zero-padded measure-
ment data provides adequate placement, but does not have
very good granularity. The zero padding causes the proces-
sor to increase the number of bins, which in turn increases
the bin spacing for the same signal, or produces a wider
range of computation for recovering the signal information.
The increased number of bins increases the computational
cost of the L1-norm computations, but provides a more
accurate end result.

[0049] Thus, system 200 can recover the original PPG
signal with high reconstruction accuracy from sparse mea-
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surements in a highly power efficient manner. The LED
toggling schedule is easily embeddable on a resource-
constrained sensor node 202 and is also highly power-
efficient.

[0050] FIG. 3A is a representation of an embodiment of a
compressive sensing reconstruction matrix, with a mapping
of the sampling sequence. In one embodiment, matrix 310
(matrix ¢) can be referred to as encoder logic represented as
a sparse measurement matrix. X represents the notional
continuous time-domain PPG signal. The columns of matrix
310 represent the time instant of sampling (and correspond
to exciting or pulsing the LED). The number of rows in
matrix 310 represent number of samples taken in accordance
with the compressive sensing logic. The number of samples
taken is significantly reduced relative to other approaches.
The rows in measurement matrix 310 are populated with
only a single ‘1°, to indicate that each measured raw PPG
sample is directly used as an encoded value. Therefore,
matrix 310 can be considered the sparsest encoder that can
be used to recover the PPG signal. In one embodiment, to
capture the most information possible, matrix 310 allocates
a single ‘1’ in each row to specific columns of the measure-
ment matrix, where the column indices form a geometric
progression.

[0051] As represented in matrix 310, the temporal spacing
of individual measurements corresponds to a binary-se-
quence (powers of 2). The spacing is more explicitly pointed
out by sampling sequence 320. Sampling sequence 320
represents a fixed schedule for generating measurements. In
one embodiment, the fixed schedule is adjustable in accor-
dance with the subject or the person whose measurements
will be taken and the purpose for the measurements. The
schedule or sequence 320 can be adjustable by adjusting
how many measurements or how many elements will be
generated, depending on what measurements are made and
what the subject of the measurement is. When the schedule
can be adjusted, a system can be preconfigured with the
appropriate schedule based on the subject and the imple-
mentation of the system.

[0052] In one embodiment, sampling sequence 320 is 2/,
where 1 is the sample number. Samples 330 illustrate the
samples acquired in accordance with sampling sequence
320, with samples s, separated by a number of zeros equal to
2¢-D_1 from the previous sample. Thus, in one embodiment
for a 1-second support window, the order of samples
acquired is 1, 2, 4, 8, 16, . . . . As illustrated, sample s, is
separated from sample s, by 1 zero ((2°(2-1))-1), sample s,
is separated from sample s, by 3 zeros ((2°(3-1))-1), and so
forth. In one embodiment, sampling schedule 320 is fixed
across all sampling windows (e.g., every 10-second sam-
pling window, or other sampling window).

[0053] In one embodiment, Y represents the sub-sampled
LED measurements. In one embodiment, a sensor node AFE
transmits Y directly to a gateway device via Bluetooth LE,
and the gateway reconstructs the entire PPG signal. A
conventional L1-norm recovery algorithm can be repre-
sented as: min {|x||;: ¢y~'x=y}, where ¢ represents the
sparse measurement matrix or signal decoder matrix (e.g.,
matrix 310), ¢! represents the sparse basis representation
matrix (e.g., the inverse of the discrete Fourier transform
(DFT) representation matrix), y represents the encoded
signal, and x represents a corresponding recovered signal in
the sparse basis.
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[0054] FIG. 3B is a representation of an embodiment of a
zero-padded compressive sensing reconstruction matrix. In
one embodiment, the gateway cannot recover the entire PPG
signal with required accuracy from an extremely sparse
matrix such as matrix 310 by use of a conventional I.1-norm
recovery algorithm. Matrix 340 represents an augmented or
zero padded decoding matrix. Matrix 340 can be generated
from matrix 310 by padding logic that will improve the
accuracy with which the undersampled signal can be recon-
structed in the discrete Fourier basis. As illustrated, matrix
340 includes the sensor node measurement matrix portion
342, and includes augmented zero padding portion 344.
While eight zeros are shown, it will be understood that zero
padding 344 can include any number of zeros.

[0055] Matrix 340 represents an augmented sparse mea-
surement matrix that provides increased bin resolution dur-
ing recovery, and can significantly reduce reconstruction
error. Matrix 340 could be represented as ¢', referring to the
mathematical representation for matrix 310 above. In one
embodiment, the processor on the gateway side implements
the conventional recovery algorithm as set out above, but
with ¢' instead of ¢. Experimentation has shown that pad-
ding size ranges from 100-400 padded elements for a 32 Hz
PPG (with window support=105) offer best performance.
The extent of padding required increases with the sampling
frequency for a similar performance improvement.

[0056] Both the encoder matrix 310 of FIG. 3A and zero
padded encoder matrix 340 of FIG. 3B are highly incoherent
with the DFT (discrete Fourier transform) representation
matrix 1)). Coherency refers to a measure of how much
redundancy in information exists in the sample points or
measurements. Low coherency indicates that more of the
measurement signal information is actual data, rather than
redundant information. The below table indicates the matrix
dimensions, and indicates a coherency value of “1” for the
matrices.

Oct. 5, 2017

the x-axis measured at amplitude points along the y-axis.
The measurements of diagram 420 and the reconstruction of
diagram 430 were performed by a prototype of the system in
accordance with an embodiment of what is described herein.
As illustrated, the reconstruction processor applied zero
padding to the undersampled data.

[0059] Diagram 420 of FIG. 4B illustrates an undersam-
pling representation of the signal. Undersampled curve 422
is a graphing of sample points connected by lines. Diagram
420 also illustrates the number of samples on the x-axis
plotted against amplitude on the y-axis. It will be observed
that diagram 420 includes 5 times fewer samples than
diagram 410, illustrating the fact that it is 5x undersampled.
It will also be observed from the sample points on curve 422
that the PPG signal has been non-uniformly under-sampled
by toggling one or more LEDs via a sampling schedule in
accordance with a CS-based measurement matrix, as
described above.

[0060] Diagram 430 of FIG. 4C illustrates signal 432,
which represents a reconstructed signal obtained by process-
ing the measurement data of curve 422. More specifically,
signal 432 is plotted overlaying the plot of signal 412 of
diagram 410. There are a few areas of separation between
signals 412 and 432 (the white space between the two signal
lines), but it will be observed how closely signal 432 tracks
to signal 412. Whereas signal 412 was obtained by sampling
at 32 Hz, signal 432 was obtained by 5X undersampling,
with a nearly identical reconstructed signal representation as
signal 412, showing the recovery accuracy of the system as
described herein.

[0061] FIGS. 5A-5C are diagrammatic representations of
an embodiment of a recovered PPG signal in accordance
with compressive sensing reconstruction in a noisy environ-
ment. It will be understood that the signal processing pipe-
line described should reproduce the morphology of the input
signal even if operated in noisy conditions. In the noisy

Encoding matrix  Decoding matrix ~ Acceptable  Coherence for  Coherence for
Compression dimensions dimensions after Coherence Encoding Decoding
ratio (m x m) padding Range (1, Vn) Matrix Matrix
CR=2to 160 x 320 to 160 % 520 to 1, 22.8) 1
CR =10 32 % 320 32 % 520
[0057] It will be understood that the padding refers to environment, the PPG signal is recovered from a noisy

inserting zero values into the sparse measurement matrix.
Inserting the zeros increases the number of bins in the
decoding process. The number of bins refers to a bin width
or integration range, which refers to a number of elements
to be used in computation. Increasing the bin spacing
provides finer grain computation for recovering signal infor-
mation outside the main lobe of the bin. Increasing the bin
spacing results in a higher computational requirement, but
provides more accurate signal recovery.

[0058] FIGS. 4A-4C are diagrammatic representations of
an embodiment of a recovered PPG signal in accordance
with compressive sensing reconstruction in a controlled
environment. In the controlled environment, the PPG signal
is recovered in a “clean” environment, or an environment
controlled for noise. Diagram 410 of FIG. 4A includes signal
412, which represent an input 32 Hz Nyquist PPG signal,
which is the shape of a PPG signal as sampled at 32 Hz.
Signal 412 is generated from the number of samples along

signal. Diagram 510 of FIG. 5A includes signal 512, which
represent an input 32 Hz Nyquist PPG signal, which is the
shape of a PPG signal as sampled at 32 Hz. Signal 512 is
generated from the number of samples along the x-axis
measured at amplitude points along the y-axis. The mea-
surements of diagram 520 and the reconstruction of diagram
530 were performed by a prototype of the system in accor-
dance with an embodiment of what is described herein. As
illustrated, the reconstruction processor applied zero pad-
ding to the undersampled data.

[0062] Diagram 520 of FIG. 5B illustrates an undersam-
pling representation of the signal. Undersampled plot points
522 is a plotting of measurement sample points. Diagram
520 also illustrates the number of samples on the x-axis
plotted against amplitude on the y-axis. It will be observed
that diagram 520 includes 5 times fewer samples than
diagram 510, illustrating the fact that it is 5x undersampled.
It will also be observed from plot points 522 that the PPG
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signal has been non-uniformly under-sampled by toggling
one or more LEDs via a sampling schedule in accordance
with a CS-based measurement matrix, as described above.
[0063] Diagram 530 of FIG. 5C illustrates signal 532,
which represents a reconstructed signal obtained by process-
ing the measurement data of plot points 522. More specifi-
cally, signal 532 is plotted overlaying the plot of signal 512
of diagram 510. As with the “clean” PPG signal referred to
above with respect to FIG. 4C, in diagram 530 there are
areas of separation between signals 512 and 532 (the white
space between the two signal lines), but it will be observed
how closely signal 532 tracks to signal 512. Whereas signal
512 was obtained by sampling at 32 Hz, signal 532 was
obtained by 5X undersampling, with a nearly identical
reconstructed signal representation as signal 512, showing
the recovery accuracy of the system as described herein,
even when sampling a noisy signal.

[0064] FIGS. 6A-6D are diagrammatic representations of
power savings obtained by a PPG measurement system in
accordance with an embodiment of compressive sensing
PPG signal reconstruction. Diagram 610 of FIG. 6A illus-
trates a comparison of the LED undersampling ratio (x-axis)
versus the number of errors (y-axis). More specifically,
curve 612 illustrates the number of errors versus undersam-
pling ratio for the compressive sensing PPG signal recon-
struction described herein. Curve 614 illustrates the number
of errors versus undersampling ratio for a prior compressive
sensing recovery technique that used random sampling
instead of fixed pattern sampling as described. The specific
curve in diagram 610 was generated by a system that also
used a binary sampling sequence and applied zero padding
to the signal reconstruction. It will be observed that despite
obtaining fewer samples, the fixed pattern sampling
described herein provided improved error performance.
[0065] Table 620 of FIG. 6B illustrates tabular results to
support graphical diagram 610. Two different signal require-
ments were used as test conditions. In the first, the systems
were required to reconstruct a 32 Hz PPG signal, and in the
second were required to reconstruct a 100 Hz PPG signal.
For the 32 Hz PPG signal, one embodiment of a system in
accordance with what is described herein was able to
reconstruct the signal from 6 LED samples per second for a
2% error in heartrate data. To obtain a signal that provided
only 2% error in heartrate data for the traditional CS
technique, the other system required 12 samples per second,
or twice as much sampling.

[0066] The 100 Hz PPG signal reconstruction illustrates
that the technique scales to higher frequencies. As illus-
trated, for a signal reconstruction with 98% heartrate extrac-
tion accuracy, the traditional system required 22 samples per
second, while an embodiment of a system in accordance
with what is described herein required only 11 samples per
second. In general, compared to the traditional system, the
system described herein can reduce LED toggling rates by as
much as 2x-4x under constraints of both reconstruction error
(PRD % such as illustrated in diagram 610 of FIG. 6A) and
98% heartrate extraction accuracy (HR % such as illustrated
in table 620 of FIG. 6B).

[0067] Diagram 630 of FIG. 6C illustrates power savings
as compared between an embodiment of a system in accor-
dance with what is described herein, and a traditional 32 Hz
sampling system. The power characterization of diagram
630 illustrates actual results of test systems. Bar graph 632
illustrates total power usage, and power usage broken down
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by PPG system component, for an embodiment of a system
in accordance with what is described herein. Bar graph 634
illustrates total power usage, and power usage broken down
by PPG system component, for a traditional continuous
sampling system.

[0068] BTLE (Bluetooth LE) represents the power usage
for a radio component to send from a sensor node to a
computing gateway, which for the illustrations provided in
diagram 630 included a wristband sensor implementation to
a laptop computer gateway. Compute power represents the
power for computational components (e.g., a microcon-
troller) of the sensor system. AFE power represents the
power for driving the LED and converting detected signals
into digital representation. LED power represents the
amount of power consumed by the LED.

[0069] Table 650 of FIG. 6D illustrates tabular informa-
tion corresponding to diagram 630. As illustrated, LED
power reduction for a system described herein was 80% over
the traditional system. Total sensor node system power
saving of 68% compared to a standard 32 Hz PPG acquisi-
tion system. Thus, it will be understood that a PPG acqui-
sition system can have significantly reduced data acquisition
power without loss of heartrate estimation accuracy.
[0070] FIG. 7A is a flow diagram of an embodiment of a
process for generating a sparse measurement matrix for
compressive sensing PPG signal reconstruction. Process 700
illustrates operations for PPG signal measurement by a
sensor node in accordance with an embodiment of a sensor
system described herein. In one embodiment, the sensor
system obtains an LED toggle sequence, 702. In one
embodiment, the sensor node is preprogrammed with the
toggle sequence. For example, the sensor node may include
one or more computing components that trigger an LED
driver to operate in accordance with a fixed LED toggle
sequence.

[0071] The driver drives the LED to emit light pulses in
accordance with the fixed pattern, 704. The light pulses from
the LED interfere with a subject for PPG measurement, 706.
In one embodiment, light pulses penetrate the subject’s skin.
In one embodiment, light pulses reflect off the surface of the
subject’s skin. A photodetector measures the light from the
subject, 708. In one embodiment, an AFE receives signals
from the photodetector and amplifies the signal and converts
them to a digital representation, 710. It will be understood
that the sensor node acquires PPG measurements over a
measurement window, which generates a series of measure-
ment data corresponding to the fixed toggling schedule. The
series of measurement data can be non-uniform in the
time-domain, with different timing delays between samples.
The series of samples correspond to a sparse sample matrix
to be used in reconstruction.

[0072] In one embodiment, the AFE transmits signals one
at a time to a processing unit. In one embodiment, the AFE
buffers multiple measurements and transmits them in a
batch. In either case the AFE transmits the measurements to
a processor component for compressive sensing reconstruc-
tion of the PPG signal from the measurement matrix data,
712. In one embodiment, the AFE transmits raw measure-
ment data to the processor. In one embodiment, the AFE
generates the measurement matrix prior to sending the data
to the processor. In one embodiment, the processor generates
the measurement matrix from measurement data sent by the
sensor node. In one embodiment, the sensor node and the
processor node are in separate devices.
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[0073] FIG. 7B is a flow diagram of an embodiment of a
process for applying compressive sensing to a sparse mea-
surement matrix for PPG signal reconstruction. Process 720
represents operations for PPG signal reconstruction that can
be performed by a processor node of a PPG system. The
processor node receives measurement data from a sensor
node, 722. In one embodiment, the processor node generates
a measurement matrix from the received data. In one
embodiment, the processor node performs zero padding on
the measurement matrix, 724. The zero padding can be in
accordance with what is described above, which can
improve the quality of the recovered PPG signal.

[0074] In one embodiment, the processor node performs
computations based on a discrete transform sparse basis
representation, 726. For example, the transform can be or
include a discrete Fourier transform, a discrete cosine trans-
form, or other transform. The processor node performs
computations based on the transform for reconstruction and
signal estimation. The transform can be part of an L1-norm
reconstruction. The processor performs [L1-norm reconstruc-
tion computations to generate frequency coeflicients to
specify the PPG signal, 728.

[0075] FIG. 8 is a block diagram of an embodiment of a
computing system in which a compressive sensing PPG
signal reconstruction system can be implemented. System
800 represents a computing device in accordance with any
embodiment described herein, which can provide a process-
ing unit or a gateway in accordance with any embodiment
described herein. System 800 can be a laptop computer, a
desktop computer, a server, a gaming or entertainment
control system, a scanner, copier, printer, routing or switch-
ing device, or other electronic device. System 800 includes
processor 820, which provides processing, operation man-
agement, and execution of instructions for system 800.
Processor 820 can include any type of microprocessor,
central processing unit (CPU), processing core, or other
processing hardware to provide processing for system 800.
Processor 820 controls the overall operation of system 800,
and can be or include, one or more programmable general-
purpose or special-purpose microprocessors, digital signal
processors (DSPs), programmable controllers, application
specific integrated circuits (ASICs), programmable logic
devices (PLDs), or the like, or a combination of such
devices. Processor 820 can execute data stored in memory
832 and/or write or edit data stored in memory 832.

[0076] Memory subsystem 830 represents the main
memory of system 800, and provides temporary storage for
code to be executed by processor 820, or data values to be
used in executing a routine. Memory subsystem 830 can
include one or more memory devices such as read-only
memory (ROM), flash memory, one or more varieties of
random access memory (RAM), or other memory devices,
or a combination of such devices. Memory subsystem 830
stores and hosts, among other things, operating system (OS)
836 to provide a software platform for execution of instruc-
tions in system 800. Additionally, other instructions 838 are
stored and executed from memory subsystem 830 to provide
the logic and the processing of system 800. OS 836 and
instructions 838 are executed by processor 820. Memory
subsystem 830 includes memory device 832 where it stores
data, instructions, programs, or other items. In one embodi-
ment, memory subsystem includes memory controller 8§34,
which is a memory controller to generate and issue com-
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mands to memory device 832. It will be understood that
memory controller 834 could be a physical part of processor
820.

[0077] Processor 820 and memory subsystem 830 are
coupled to bus/bus system 810. Bus 810 is an abstraction
that represents any one or more separate physical buses,
communication lines/interfaces, and/or point-to-point con-
nections, connected by appropriate bridges, adapters, and/or
controllers. Therefore, bus 810 can include, for example,
one or more of a system bus, a Peripheral Component
Interconnect (PCI) bus, a HyperTransport or industry stan-
dard architecture (ISA) bus, a small computer system inter-
face (SCSI) bus, a universal serial bus (USB), or an Institute
of Electrical and Electronics Engineers (IEEE) standard
1394 bus (commonly referred to as “Firewire”). The buses
of bus 810 can also correspond to interfaces in network
interface 850.

[0078] Power source 812 couples to bus 810 to provide
power to the components of system 800. In one embodi-
ment, power source 812 includes an AC to DC (alternating
current to direct current) adapter to plug into a wall outlet.
Such AC power can be renewable energy (e.g., solar power).
In one embodiment, power source 812 includes only DC
powet, which can be provided by a DC power source, such
as an external AC to DC converter. In one embodiment,
power source 812 includes wireless charging hardware to
charge via proximity to a charging field. In one embodiment,
power source 812 can include an internal battery or fuel cell
source.

[0079] System 800 also includes one or more input/output
(I/O) interface(s) 840, network interface 850, one or more
internal mass storage device(s) 860, and peripheral interface
870 coupled to bus 810. 1/O interface 840 can include one
or more interface components through which a user interacts
with system 800 (e.g., video, audio, and/or alphanumeric
interfacing). In one embodiment, I/O interface 840 generates
a display based on data stored in memory and/or operations
executed by processor 820. Network interface 850 provides
system 800 the ability to communicate with remote devices
(e.g., servers, other computing devices) over one or niore
networks. Network interface 850 can include an Ethernet
adapter, wireless interconnection components, USB (univer-
sal serial bus), or other wired or wireless standards-based or
proprietary interfaces. Network interface 850 can exchange
data with a remote device, which can include sending data
stored in memory and/or receive data to be stored in
memory.

[0080] Storage 860 can be or include any conventional
medium for storing large amounts of data in a nonvolatile
manner, such as one or more magnetic, solid state, or optical
based disks, or a combination. Storage 860 holds code or
instructions and data 862 in a persistent state (i.e., the value
is retained despite interruption of power to system 800).
Storage 860 can be generically considered to be a
“memory,” although memory 830 is the executing or opet-
ating memory to provide instructions to processor 8§20.
Whereas storage 860 is nonvolatile, memory 830 can
include volatile memory (i.e., the value or state of the data
is indeterminate if power is interrupted to system 800).

[0081] Peripheral interface 870 can include any hardware
interface not specifically mentioned above. Peripherals refer
generally to devices that connect dependently to system §00.
A dependent connection is one where system 800 provides
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the software and/or hardware platform on which operation
executes, and with which a user interacts.

[0082] In one embodiment, system 800 includes an inter-
face to PPG sensor 880. In one embodiment, PPG sensor 880
couples directly to processor 820. In one embodiment, PPG
sensor 880 couples to processor 820 via peripheral interface
870 or other connection of system 800. PPG sensor 880
generates sparse measurement matrix data samples in accor-
dance with any embodiment described herein. PPG sensor
880 measures data in accordance with a fixed pattern. The
pattern can be non-uniform. The pattern can be a binary
progression sequence. The sensor transmits the measure-
ment data to processor 820 for PPG signal recovery based on
compressive sensing reconstruction computations. System
800 can operate as a gateway device to perform the com-
putations based on the sparse matrix. In one embodiment,
processor 820 performs zero padding of the measurement
data from PPG sensor 880.

[0083] FIG. 9 is a block diagram of an embodiment of a
mobile device in which a compressive sensing PPG signal
reconstruction system be implemented. Device 900 repre-
sents a mobile computing device, such as a computing
tablet, a mobile phone or smartphone. a wireless-enabled
e-reader, wearable computing device, or other mobile
device. It will be understood that certain of the components
are shown generally, and not all components of such a
device are shown in device 900.

[0084] Device 900 includes processor 910, which per-
forms the primary processing operations of device 900.
Processor 910 can include one or more physical devices,
such as microprocessors, application processors, microcon-
trollers, programmable logic devices, or other processing
means. The processing operations performed by processor
910 include the execution of an operating platform or
operating system on which applications and/or device func-
tions are executed. The processing operations include opera-
tions related to /O (input/output) with a human user or with
other devices, operations related to power management,
and/or operations related to connecting device 900 to
another device. The processing operations can also include
operations related to audio 1/O and/or display L/O. Processor
910 can execute data stored in memory and/or write or edit
data stored in memory.

[0085] In one embodiment, device 900 includes audio
subsystem 920, which represents hardware (e.g., audio hard-
ware and audio circuits) and software (e.g., drivers, codecs)
components associated with providing audio functions to the
computing device. Audio functions can include speaker
and/or headphone output, as well as microphone input.
Devices for such functions can be integrated into device 900,
or connected to device 900. In one embodiment, a user
interacts with device 900 by providing audio commands that
are received and processed by processor 910.

[0086] Display subsystem 930 represents hardware (e.g.,
display devices) and software (e.g., drivers) components that
provide a visual and/or tactile display for a user to interact
with the computing device. Display subsystem 930 includes
display interface 932, which includes the particular screen or
hardware device used to provide a display to a user. In one
embodiment, display interface 932 includes logic separate
from processor 910 to perform at least some processing
related to the display. In one embodiment, display subsystem
930 includes a touchscreen device that provides both output
and input to a user. In one embodiment, display subsystem
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930 includes a high definition (HD) display that provides an
output to a user. High definition can refer to a display having
a pixel density of approximately 90 PPI (pixels per inch) or
greater, and can include formats such as full HD (e.g., 980p),
retina displays, 4K (ultra high definition or UHD), or others.
In one embodiment, display subsystem 930 generates dis-
play information based on data stored in memory and/or
operations executed by processor 910.

[0087] 1/O controller 940 represents hardware devices and
software components related to interaction with a user. [/O
controller 940 can operate to manage hardware that is part
of audio subsystem 920 and/or display subsystem 930.
Additionally, I/O controller 940 illustrates a connection
point for additional devices that connect to device 900
through which a user might interact with the system. For
example, devices that can be attached to device 900 might
include microphone devices, speaker or stereo systems,
video systems or other display device, keyboard or keypad
devices, or other I[/O devices for use with specific applica-
tions such as card readers or other devices.

[0088] As mentioned above, /O controller 940 can inter-
act with audio subsystem 920 and/or display subsystem 930.
For example, input through a microphone or other audio
device can provide input or commands for one or more
applications or functions of device 900. Additionally, audio
output can be provided instead of or in addition to display
output. In another example, if display subsystem includes a
touchscreen, the display device also acts as an input device,
which can be at least partially managed by I/O controller
940. There can also be additional buttons or switches on
device 900 to provide I/O functions managed by 1/O con-
troller 940.

[0089] In one embodiment, /O controller 940 manages
devices such as accelerometers, cameras, light sensors or
other environmental sensors, gyroscopes, global positioning
system (GPS), or other hardware that can be included in
device 900. The input can be part of direct user interaction,
as well as providing environmental input to the system to
influence its operations (such as filtering for noise, adjusting
displays for brightness detection, applying a flash for a
camera, or other features).

[0090] In one embodiment, device 900 includes power
management 950 that manages battery power usage, charg-
ing of the battery, and features related to power saving
operation. Power management 950 manages power from
power source 952, which provides power to the components
of system 900. In one embodiment, power source 952
includes an AC to DC (alternating current to direct current)
adapter to plug into a wall outlet. Such AC power can be
renewable energy (e.g., solar power). In one embodiment,
power source 952 includes only DC power, which can be
provided by a DC power source, such as an external AC to
DC converter. In one embodiment, power source 952
includes wireless charging hardware to charge via proximity
to a charging field. In one embodiment, power source 952
can include an internal battery or fuel cell source.

[0091] Memory subsystem 960 includes memory device
(s) 962 for storing information in device 900. Memory
subsystem 960 can include nonvolatile (state does not
change if power to the memory device is interrupted) and/or
volatile (state is indeterminate if power to the memory
device is interrupted) memory devices. Memory 960 can
store application data, user data, music, photos, documents,
or other data, as well as system data (whether long-term or
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temporary) related to the execution of the applications and
functions of system 900. In one embodiment, memory
subsystem 960 includes memory controller 964 (which
could also be considered part of the control of system 900,
and could potentially be considered part of processor 910).
Memory controller 964 includes a scheduler to generate and
issue commands to memory device 962.

[0092] Connectivity 970 includes hardware devices (e.g.,
wireless and/or wired connectors and communication hard-
ware) and software components (e.g., drivers, protocol
stacks) to enable device 900 to communicate with external
devices. The external device could be separate devices, such
as other computing devices, wireless access points or base
stations, as well as peripherals such as headsets, printers, or
other devices. In one embodiment, system 900 exchanges
data with an external device for storage in memory and/or
for display on a display device. The exchanged data can
include data to be stored in memory and/or data already
stored in memory, to read, write, or edit data.

[0093] Connectivity 970 can include multiple different
types of connectivity. To generalize, device 900 is illustrated
with cellular connectivity 972 and wireless connectivity
974. Cellular connectivity 972 refers generally to cellular
network connectivity provided by wireless carriers, such as
provided via GSM (global system for mobile communica-
tions) or variations or derivatives, CDMA (code division
multiple access) or variations or derivatives, TDM (time
division multiplexing) or variations or derivatives, LTE
(long term evolution—also referred to as “4G”), or other
cellular service standards. Wireless connectivity 974 refers
to wireless connectivity that is not cellular, and can include
personal area networks (such as Bluetooth), local area
networks (such as WiFi), and/or wide area networks (such as
WiMax), or other wireless communication. Wireless com-
munication refers to transfer of data through the use of
modulated electromagnetic radiation through a non-solid
medium. Wired communication occurs through a solid com-
munication medium.

[0094] Peripheral connections 980 include hardware inter-
faces and connectors, as well as software components (e.g.,
drivers, protocol stacks) to make peripheral connections. It
will be understood that device 900 could both be a peripheral
device (“to” 982) to other computing devices, as well as
have peripheral devices (“from” 984) connected to it. Device
900 commonly has a “docking” connector to connect to
other computing devices for purposes such as managing
(e.g., downloading and/or uploading, changing, synchroniz-
ing) content on device 900. Additionally, a docking connec-
tor can allow device 900 to connect to certain peripherals
that allow device 900 to control content output, for example,
to audiovisual or other systems.

[0095] In addition to a proprietary docking connector or
other proprietary connection hardware, device 900 can make
peripheral connections 980 via common or standards-based
connectors. Common types can include a Universal Serial
Bus (USB) connector (which can include any of a number of
different hardware interfaces), DisplayPort including
MiniDisplayPort (MDP), High Definition Multimedia Inter-
face (HDMI), Firewire, or other type.

[0096] In one embodiment, system 900 includes an inter-
face to PPG sensor 990. In one embodiment, PPG sensor 990
couples directly to processor 910. In one embodiment, PPG
sensor 990 couples to processor 910 via connectivity 970,
peripheral connections 980, or other connection of system
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900. PPG sensor 990 generates sparse measurement matrix
data samples in accordance with any embodiment described
herein. PPG sensor 990 measures data in accordance with a
fixed pattern. The pattern can be non-uniform. The pattern
can be a binary progression sequence. The sensor transmits
the measurement data to processor 910 for PPG signal
recovery based on compressive sensing reconstruction com-
putations. System 900 can operate as a gateway device to
perform the computations based on the sparse matrix. In one
embodiment, processor 910 performs zero padding of the
measurement data from PPG sensor 990.

[0097] In one aspect, a pulse oximeter system includes: a
light emitting diode (LED) to emit light pulses for a pho-
toplethysmogram (PPG) measurement; a photodetector to
generate measurements based on detection of light interfer-
ence of the LED light pulses with a subject; and an interface
circuit to control toggling of the light pulses for the LED in
accordance with a fixed schedule to cause the photodetector
to generate measurements for PPG signal reconstruction
based on compressive sensing of the fixed schedule light
pulses.

[0098] In one embodiment, the fixed schedule capable to
be selectable to generate different numbers of samples for
different subjects, and the interface circuit to be preconfig-
ured with a selected fixed schedule. In one embodiment, the
interface circuit is to control toggling of the light pulses
including toggle the LED light pulses in accordance with a
binary based geometric progression schedule based on the
subject. In one embodiment, the interface circuit is to toggle
the LED light pulses in accordance with the same binary
based geometric progression for every sampling window
sampled by the photodetector. In one embodiment, the PPG
signal reconstruction further comprises a signal processor to
represent the fixed schedule as a sparse measurement matrix.
In one embodiment, the PPG signal reconstruction further
comprises a signal processor to perform reconstruction
based on a discrete Fourier transform sparse basis represen-
tation. In one embodiment, the PPG signal reconstruction
further comprises a signal processor to perform reconstruc-
tion based on a discrete cosine transform sparse basis
representation. In one embodiment, the PPG signal recon-
struction further comprises a signal processor to perform an
L1-norm recovery based on a sparse basis representation. In
one embodiment, the PPG signal reconstruction further
comprises a signal processor to perform zero padding of a
sparse measurement matrix prior to performance of the
L1-norm recovery. In one embodiment, further comprising a
processor coupled to the interface circuit, the processor to
perform the PPG signal reconstruction. In one embodiment,
the pulse oximeter circuit comprises a circuit on a sensor
device, and further comprising a processor on a gateway
device separate from the sensor device, wherein the sensor
device and the gateway device communicatively coupled
together. In one embodiment, the sensor circuit further
comprising a communication circuit to pass raw measure-
ment data to the gateway device from the photodetector for
the gateway device to perform PPG signal reconstruction. In
one embodiment, the gateway device comprises a mobile
computing device.

[0099] In one aspect, a pulse oximeter circuit includes: a
driver to couple to a light emitting diode (LED), and cause
the LED to emit light pulses for photoplethysmogram (PPG)
measurement, including to control toggling of the light
pulses in accordance with a fixed schedule; and an analog to
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digital converter (ADC) to couple to a photodetector to
generate a series of digital measurement data based on
detection by the photodetector of light interference of the
LED light pulses with a subject; wherein the photodetector
to generate the series of digital measurement data in accor-
dance with the fixed schedule, and the series of digital
measurement data for compressive sensing reconstruction of
a PPG signal.

[0100] In one embodiment, the fixed schedule capable to
be selectable to generate different numbers of samples for
different subjects, and the interface circuit to be preconfig-
ured with a selected fixed schedule. In one embodiment, the
driver to control toggling of the light pulses including toggle
the LED light pulses in accordance with a binary based
geometric progression schedule based on the subject. In one
embodiment, the interface circuit is to toggle the LED light
pulses in accordance with the same binary based geometric
progression for every sampling window sampled by the
photodetector. In one embodiment, the PPG signal recon-
struction further comprises a signal processor to represent
the fixed schedule as a sparse measurement matrix. In one
embodiment, the PPG signal reconstruction further com-
prises a signal processor to perform reconstruction based on
a discrete Fourier transform sparse basis representation. In
one embodiment, the PPG signal reconstruction further
comprises a signal processor to perform reconstruction
based on a discrete cosine transform sparse basis represen-
tation. In one embodiment, the compressive sensing recon-
struction of the PPG signal further comprises an L1-norm
recovery based on a sparse basis representation of the PPG
signal. In one embodiment, the compressive sensing recon-
struction of the PPG signal further comprises zero padding
a measurement matrix prior to performance of the L1-norm
recovery. In one embodiment, further comprising a trans-
mitter to send the series of measurement data to a processor
to perform the compressive sensing reconstruction of the
PPG signal, wherein the processor is located in a separate
circuit device from the driver, ADC, and transmitter. In one
embodiment, further comprising a processor coupled to the
interface circuit, the processor to perform the PPG signal
reconstruction. In one embodiment, the sensor circuit further
comprising a communication circuit to pass raw measure-
ment data to the gateway device from the photodetector for
the gateway device to perform PPG signal reconstruction. In
one embodiment, the gateway device comprises a mobile
computing device.

[0101] In one aspect, a method for photoplethysmogram
(PPG) measurement, comprising: toggling a light emitting
diode (LED) in accordance with a fixed schedule to cause
the LED to emit light pulses to a subject for PPG measure-
ment; measuring light interference of the LED light pulses
with the subject; generating a series of measurement data
corresponding to the fixed schedule, the series of measure-
ments corresponding to entries in a sparse sample matrix;
transmitting the series of measurements for compressive
sensing reconstruction of a PPG signal. In one embodiment,
toggling the LED in accordance with the fixed schedule
comprises toggling the LED in accordance with a selectable
fixed schedule, preconfigured to generate different numbers
of samples for different subjects. In one embodiment, tog-
gling the LED in accordance with the fixed schedule com-
prises toggling the LED in accordance with a binary based
geometric progression. In one embodiment, toggling the
LED in accordance with a binary based geometric progres-
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sion comprises applying the same binary based geometric
progression for every sampling window. In one embodi-
ment, transmitting the series of measurements comprises
sending the series of measurements to a signal processor to
represent the fixed schedule as a sparse measurement matrix.
In one embodiment, transmitting the series of measurements
comprises a sending the series of measurements to a signal
processor to perform reconstruction based on a discrete
Fourier transform sparse basis representation. In one
embodiment, transmitting the series of measurements com-
prises a sending the series of measurements to a signal
processor to perform reconstruction based on a discrete
cosine transform sparse basis representation. In one embodi-
ment, transmitting the series of measurements further com-
prises transmitting a sparse sample matrix to a processor for
an L1-norm recovery based on a sparse basis representation
of the PPG signal. In one embodiment, further comprising
zero padding the sparse sampling matrix prior to perfor-
mance of the L1-norm recovery. In one embodiment, trans-
mitting the sparse sample matrix for compressive sensing
reconstruction of the PPG signal further comprises trans-
mitting the sparse sample matrix to a processor located in a
separate circuit device. In one embodiment, transmitting the
series of measurements further comprises transmitting raw
measurement data to the separate circuit device. In one
embodiment, the separate circuit device comprises a mobile
computing device.

[0102] In one aspect, an article of manufacture comprising
a computer readable storage medium having content stored
thereon to cause execution of operations to execute a method
for photoplethysmogram (PPG) measurement in accordance
with any embodiment of the aspect of the above method. In
one aspect, an apparatus for photoplethysmogram (PPG)
measurement includes means for performing operations to
execute a method in accordance with any embodiment of the
aspect of the above method.

[0103] Flow diagrams as illustrated herein provide
examples of sequences of various process actions. The flow
diagrams can indicate operations to be executed by a soft-
ware or firmware routine, as well as physical operations. In
one embodiment, a flow diagram can illustrate the state of a
finite state machine (FSM), which can be implemented in
hardware and/or software. Although shown in a particular
sequence or order, unless otherwise specified, the order of
the actions can be modified. Thus, the illustrated embodi-
ments should be understood only as an example, and the
process can be performed in a different order, and some
actions can be performed in parallel. Additionally, one or
more actions can be omitted in various embodiments; thus,
not all actions are required in every embodiment. Other
process flows are possible.

[0104] To the extent various operations or functions are
described herein, they can be described or defined as soft-
ware code, instructions, configuration, and/or data. The
content can be directly executable (“object” or “executable”
form), source code, or difference code (“delta™ or “patch”
code). The software content of the embodiments described
herein can be provided via an article of manufacture with the
content stored thereon, or via a method of operating a
commuication interface to send data via the communica-
tion interface. A machine readable storage medium can
cause a machine to perform the functions or operations
described, and includes any mechanism that stores informa-
tion in a form accessible by a machine (e.g., computing
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device, electronic system, etc.), such as recordable/non-
recordable media (e.g., read only memory (ROM), random
access memory (RAM), magnetic disk storage media, opti-
cal storage media, flash memory devices, etc.). A commu-
nication interface includes any mechanism that interfaces to
any of a hardwired, wireless, optical, etc., medium to
communicate to another device, such as a memory bus
interface, a processor bus interface, an Internet connection,
a disk controller, etc. The communication interface can be
configured by providing configuration parameters and/or
sending signals to prepare the communication interface to
provide a data signal describing the software content. The
communication interface can be accessed via one or more
commands or signals sent to the communication interface.
[0105] Various components described herein can be a
means for performing the operations or functions described.
Each component described herein includes software, hard-
ware, or a combination of these. The components can be
implemented as software modules, hardware modules, spe-
cial-purpose hardware (e.g., application specific hardware,
application specific integrated circuits (ASICs), digital sig-
nal processors (DSPs), etc.), embedded controllers, hard-
wired circuitry, efc.

[0106] Besides what is described herein, various modifi-
cations can be made to the disclosed embodiments and
implementations of the invention without departing from
their scope. Therefore, the illustrations and examples herein
should be construed in an illustrative, and not a restrictive
sense. The scope of the invention should be measured solely
by reference to the claims that follow.

What is claimed is:

1. A pulse oximeter system, comprising:

a light emitting diode (LED) to emit light pulses for a
photoplethysmogram (PPG) measurement;

a photodetector to generate measurements based on detec-
tion of light interference of the LED light pulses with
a subject; and

an interface circuit to control toggling of the light pulses
for the LED in accordance with a fixed schedule to
cause the photodetector to generate measurements for
PPG signal reconstruction based on compressive sens-
ing of the fixed schedule light pulses.

2. The pulse oximeter system of claim 1, wherein the fixed
schedule capable to be selectable to generate different num-
bers of samples for different subjects, and the interface
circuit to be preconfigured with a selected fixed schedule.

3. The pulse oximeter system of claim 2, wherein the
interface circuit is to control toggling of the light pulses
including toggle the LED light pulses in accordance with a
binary based geometric progression schedule based on the
subject.

4. The pulse oximeter system of claim 3, wherein the
interface circuit is to toggle the LED light pulses in accor-
dance with the same binary based geometric progression for
every sampling window sampled by the photodetector.

5. The pulse oximeter system of claim 2, wherein the PPG
signal reconstruction further comprises a signal processor to
represent the fixed schedule as a sparse measurement matrix.

6. The pulse oximeter system of claim 1, wherein the PPG
signal reconstruction further comprises a signal processor to
perform reconstruction based on a discrete Fourier transform
sparse basis representation.
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7. The pulse oximeter system of claim 1, wherein the PPG
signal reconstruction further comprises a signal processor to
perform reconstruction based on a discrete cosine transform
sparse basis representation.

8. The pulse oximeter system of claim 1, wherein the PPG
signal reconstruction further comprises a signal processor to
perform an L1l-norm recovery based on a sparse basis
representation.

9. The pulse oximeter system of claim 7, wherein the PPG
signal reconstruction further comprises a signal processor to
perform zero padding of a sparse measurement matrix prior
to performance of the L1-norm recovery.

10. The pulse oximeter system of claim 1, further com-
prising a processor coupled to the interface circuit, the
processor to perform the PPG signal reconstruction.

11. The pulse oximeter system of claim 1, wherein the
pulse oximeter circuit comprises a circuit on a sensor device,
and further comprising a processor on a gateway device
separate from the sensor device, wherein the sensor device
and the gateway device communicatively coupled together.

12. The pulse oximeter system of claim 11, wherein the
sensor circuit further comprising a communication circuit to
pass raw measurement data to the gateway device from the
photodetector for the gateway device to perform PPG signal
reconstruction.

13. The pulse oximeter system of claim 11, wherein the
gateway device comprises a mobile computing device.

14. A pulse oximeter circuit, comprising:

a driver to couple to a light emitting diode (LED), and
cause the LED to emit light pulses for photoplethys-
mogram (PPG) measurement, including to control tog-
gling of the light pulses in accordance with a fixed
schedule; and

an analog to digital converter (ADC) to couple to a
photodetector to generate a series of digital measure-
ment data based on detection by the photodetector of
light interference of the LED light pulses with a sub-
ject;

wherein the photodetector to generate the series of digital
measurement data in accordance with the fixed sched-
ule, and the series of digital measurement data for
compressive sensing reconstruction of a PPG signal.

15. The pulse oximeter circuit of claim 14, wherein the
driver to control toggling of the light pulses including toggle
the LED light pulses in accordance with a binary based
geometric progression, with the same binary based geomet-
ric progression for every sampling window of the photode-
tector.

16. The pulse oximeter circuit of claim 14, wherein the
compressive sensing reconstruction of the PPG signal fur-
ther comprises an L.1-norm recovery based on a sparse basis
representation of the PPG signal.

17. The pulse oximeter circuit of claim 16, wherein the
compressive sensing reconstruction of the PPG signal fur-
ther comprises zero padding a measurement matrix prior to
performance of the L1-norm recovery.

18. The pulse oximeter circuit of claim 14, further com-
prising a transmitter to send the series of measurement data
to a processor to perform the compressive sensing recon-
struction of the PPG signal, wherein the processor is located
in a separate circuit device from the driver, ADC, and
transmitter.
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19. A method for photoplethysmogram (PPG) measure-
ment, comprising:

toggling a light emitting diode (LED) in accordance with
a fixed schedule to cause the LED to emit light pulses
to a subject for PPG measurement;

measuring light interference of the LED light pulses with
the subject;

generating a series of measurement data corresponding to
the fixed schedule, the series of measurements corre-
sponding to entries in a sparse sample matrix;

transmitting the series of measurements for compressive
sensing reconstruction of a PPG signal.

20. The method of claim 19, wherein toggling the LED
comprises toggling the LED in accordance with a binary
based geometric progression.
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21. The method of claim 20, wherein toggling the LED in
accordance with a binary based geometric progression com-
prises applying the same binary based geometric progression
for every sampling window.

22. The method of claim 19, wherein transmitting the
sparse sample matrix for compressive sensing reconstruc-
tion of the PPG signal further comprises transmitting the
sparse sample matrix to a processor for an [.1-norm recovery
based on a sparse basis representation of the PPG signal.

23. The method of claim 22, further comprising zero
padding the sparse sampling matrix prior to performance of
the L1-norm recovery.

24. The method of claim 19, wherein transmitting the
sparse sample matrix for compressive sensing reconstruc-
tion of the PPG signal further comprises transmitting the
sparse sample matrix to a processor located in a separate
circuit device.
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