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(57) ABSTRACT

Certain aspects of the present disclosure relate to techniques
for low-complexity encoding (compression) of broad class of
signals, which are typically not well modeled as sparse sig-
nals in either time-domain or frequency-domain. First, the
signal can be split in time-segments that may be either sparse
in time domain or sparse in frequency domain, for example by
using absolute second order differential operator on the input
signal. Next, different encoding strategies can be applied for
each of these time-segments depending in which domain the
sparsity is present.
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1200

Vs 1202

DETECT ONE OR MORE TRANSIENT SEGMENTS OF A SIGNAL

Ve 1204

ESTIMATE A RESIDUAL SEGMENT OF THE SIGNAL BASED ON
THE ONE OR MORE TRANSIENT SEGMENTS

e 1206

ENCODE THE ONE OR MORE TRANSIENT SEGMENTS

Ve 1208

ENCODE THE RESIDUAL SEGMENT

/1210

TRANSMIT THE ONE OR MORE ENCODED TRANSIENT
SEGMENTS AND THE ENCODED RESIDUAL SEGMENT

FIG. 12
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1200A

W

Ve 1202A

A CIRCUIT FOR DETECTING ONE OR MORE TRANSIENT
SEGMENTS OF A SIGNAL

Ve 1204A

A CIRCUIT FOR ESTIMATING A RESIDUAL SEGMENT OF THE SIGNAL
BASED ON THE ONE OR MORE TRANSIENT SEGMENTS

Vs 1206A

A CIRCUIT FOR ENCODING THE ONE OR MORE TRANSIENT SEGMENTS

/1208A

A CIRCUIT FOR ENCODING THE RESIDUAL SEGMENT

/1210A

A CIRCUIT FOR TRANSMITTING THE ONE OR MORE ENCODED
TRANSIENT SEGMENTS AND THE ENCODED RESIDUAL SEGMENT

FIG. 12A
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1300

Vs 1304

MODULE FOR RECEIVING A
SIGNAL WITH A FIRST SET OF
SAMPLES CORRESPONDING
TO ONE OR MORE TRANSIENT
SEGMENTS OF THE SIGNAL
AND WITH A SECOND SET OF
SAMPLES CORRESPONDING
TO ONE OR MORE BAND-
LIMITED SEGMENTS OF THE
SIGNAL

MODULE FOR
RECONSTRUCTING A
VERSION OF THE SIGNAL
TRANSMITTED FROM AN
APPARATUS BASED AT
LEAST IN PART ON THE
FIRST SET OF SAMPLES
AND THE SECOND SET OF
SAMPLES

FIG. 13
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1400

Vs 1402

RECEIVE A SIGNAL WITH A FIRST SET OF SAMPLES CORRESPONDING
TO ONE OR MORE TRANSIENT SEGMENTS OF THE SIGNAL AND WITH A
SECOND SET OF SAMPLES CORRESPONDING TO ONE OR MORE BAND-
LIMITED SEGMENTS OF THE SIGNAL

l Vs 1404

RECONSTRUCT A VERSION OF THE SIGNAL TRANSMITTED FROM AN
APPARATUS BASED AT LEAST IN PART ON THE FIRST SET OF SAMPLES
AND THE SECOND SET OF SAMPLES

FIG. 14
1400A

\\ f 1402A

A CIRCUIT FOR RECEIVING A SIGNAL WITH A FIRST SET OF SAMPLES
CORRESPONDING TO ONE OR MORE TRANSIENT SEGMENTS OF THE
SIGNAL AND WITH A SECOND SET OF SAMPLES CORRESPONDING TO
ONE OR MORE BAND-LIMITED SEGMENTS OF THE SIGNAL

1404A
/

A CIRCUIT FOR RECONSTRUCTING A VERSION OF THE SIGNAL
TRANSMITTED FROM AN APPARATUS BASED AT LEAST IN PART ON THE
FIRST SET OF SAMPLES AND THE SECOND SET OF SAMPLES

FIG. 14A
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METHOD AND APPARATUS FOR LOW
COMPLEXITY COMPRESSION OF SIGNALS
EMPLOYING DIFFERENTIAL OPERATION
FOR TRANSIENT SEGMENT DETECTION

CLAIM OF PRIORITY UNDER 35 U.S.C. §119
AND §120

[0001] This application is a continuation of U.S. Non-Pro-
visional patent application Ser. No. 13/221,633, entitled
“Method and Apparatus for Low Complexity Compression of
Signals,” filed on Aug. 30, 2011 which, in turn, claims the
benefit of the filing date of U.S. Provisional Patent Applica-
tion Ser. No. 61/381,692, entitled, “Method and Apparatus for
Processing and Reconstructing Data”, filed Sep. 10, 2010,
both of which are incorporated by reference herein.

BACKGROUND

[0002] 1. Field

[0003] Certain aspects of the present disclosure generally
relate to communication and, more particularly, to a method
and apparatus for low complexity compression of signals and
its reconstruction.

[0004] 2. Background

[0005] In a Body Area Network (BAN), designing of low
complexity encoders can be desired due to the power con-
straint at each sensor of the BAN, and pushing the computa-
tional load to receivers. Biomedical signals like Electro Car-
diogram (ECG) signal and motion data are typically not well
modeled as sparse signals in either time-domain or fre-
quency-domain due to spike-like short-time components.
Thus, a low-complexity encoder compression strategy may
be required for broader classes of signals. In BAN context,
depending on the radio characteristics (i.e., energy/bit and
reliability), it may be required to take into account the sensor
encoding strategies—implying that it may be required to
consider compression efficiency and desired level of redun-
dancy against channel errors.

SUMMARY

[0006] Certain aspects of the present disclosure provide an
apparatus for communication. The apparatus generally
includes a first circuit configured to detect one or more tran-
sient segments of a signal, a second circuit configured to
estimate a residual segment of the signal based on the one or
more transient segments, a first encoder configured to encode
the one or more transient segments, a second encoder config-
ured to encode the residual segment, and a transmitter con-
figured to transmit the one or more encoded transient seg-
ments and the encoded residual segment.

[0007] Certain aspects of the present disclosure provide a
method for communication. The method generally includes
detecting one or more transient segments of a signal, estimat-
ing a residual segment of the signal based on the one or more
transient segments, encoding the one or more transient seg-
ments, encoding the residual segment, and transmitting the
one or more encoded transient segments and the encoded
residual segment.

[0008] Certain aspects of the present disclosure provide an
apparatus for communication. The apparatus generally
includes means for detecting one or more transient segments
of a signal, means for estimating a residual segment of the
signal based on the one or more transient segments, means for
encoding the one or more transient segments, means for
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encoding the residual segment, and means for transmitting
the one or more encoded transient segments and the encoded
residual segment.

[0009] Certain aspects of the present disclosure provide a
computer-program product for communication. The com-
puter-program product includes a computer-readable
medium comprising instructions executable to detect one or
more transient segments of a signal, estimate a residual seg-
ment of the signal based on the one or more transient seg-
ments, encode the one or more transient segments, encode the
residual segment, and transmit the one or more encoded tran-
sient segments and the encoded residual segment.

[0010] Certain aspects of the present disclosure provide a
sensing device. The sensing device generally includes a sen-
sor configured to sense a signal, a first circuit configured to
detect one or more transient segments of the signal, a second
circuit configured to estimate a residual segment of the signal
based on the one or more transient segments, a first encoder
configured to encode the one or more transient segments, a
second encoder configured to encode the residual segment,
and a transmitter configured to transmit the one or more
encoded transient segments and the encoded residual seg-
ment.

[0011] Certain aspects of the present disclosure provide an
apparatus for communication. The apparatus generally
includes a receiver configured to receive a signal with a first
set of samples corresponding to one or more transient seg-
ments of the signal and with a second set of samples corre-
sponding to one or more band-limited segments of the signal,
and a first circuit configured to reconstruct a version of the
signal transmitted from another apparatus based at least in
part on the first set of samples and the second set of samples.
[0012] Certain aspects of the present disclosure provide a
method for communication. The method generally includes
receiving a signal with a first set of samples corresponding to
one or more transient segments of the signal and with a
second set of samples corresponding to one or more band-
limited segments of the signal, and reconstructing a version of
the signal transmitted from an apparatus based at least in part
on the first set of samples and the second set of samples.
[0013] Certain aspects of the present disclosure provide an
apparatus for communication. The apparatus generally
includes means for receiving a signal with a first set of
samples corresponding to one or more transient segments of
the signal and with a second set of samples corresponding to
one or more band-limited segments of the signal, and means
for reconstructing a version of the signal transmitted from
another apparatus based at least in part on the first set of
samples and the second set of samples.

[0014] Certain aspects of the present disclosure provide a
computer-program product for communication. The com-
puter-program product includes a computer-readable
medium comprising instructions executable to receive a sig-
nal with a first set of samples corresponding to one or more
transient segments of the signal and with a second set of
samples corresponding to one or more band-limited segments
of'the signal, and reconstruct a version of the signal transmit-
ted from an apparatus based at least in part on the first set of
samples and the second set of samples.

[0015] Certain aspects of the present disclosure provide a
headset. The headset generally includes a receiver configured
to receive, from a sensing device over a channel, a signal with
a first set of samples corresponding to one or more transient
segments of the signal and with a second set of samples
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corresponding to one or more band-limited segments of the
signal, a first circuit configured to reconstruct a version of the
signal transmitted from the sensing device based at least in
part on the first set of samples and the second set of samples,
and a transducer configured to provide an audio output based
on the reconstructed version of signal.

[0016] Certain aspects of the present disclosure provide a
watch. The watch generally includes a receiver configured to
receive, from a sensing device over a channel, a signal with a
first set of samples corresponding to one or more transient
segments of the signal and with a second set of samples
corresponding to one or more band-limited segments of the
signal, a first circuit configured to reconstruct a version of the
signal transmitted from the sensing device based at least in
part on the first set of samples and the second set of samples,
and a user interface configured to provide an indication based
on the reconstructed version of signal.

[0017] Certain aspects of the present disclosure provide a
monitoring device. The monitoring device generally includes
a connector, a receiver configured to receive, from a sensing
device via the connector, a signal with a first set of samples
corresponding to one or more transient segments of the signal
and with a second set of samples corresponding to one or
more band-limited segments of the signal, a first circuit con-
figured to reconstruct a version of the signal transmitted from
the sensing device based at least in part on the first set of
samples and the second set of samples, and a user interface
configured to provide an indication based on the recon-
structed version of signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] So that the manner in which the above-recited fea-
tures of the present disclosure can be understood in detail, a
more particular description, briefly summarized above, may
be had by reference to aspects, some of which are illustrated
in the appended drawings. It is to be noted, however, that the
appended drawings illustrate only certain typical aspects of
this disclosure and are therefore not to be considered limiting
of its scope, for the description may admit to other equally
effective aspects.

[0019] FIG. 1 illustrates an example wireless communica-
tion system in accordance with certain aspects of the present
disclosure.

[0020] FIG. 2 illustrates various components that may be
utilized in a wireless device in accordance with certain
aspects of the present disclosure.

[0021] FIG. 3 illustrates an example of a body area network
(BAN) in accordance with certain aspects of the present dis-
closure.

[0022] FIG. 4 illustrates an example of a time-domain pho-
toplethysmograph (PPG) signal in accordance with certain
aspects of the present disclosure.

[0023] FIG. 5illustrates an example of a time-domain elec-
tro-cardiogram (ECG) signal in accordance with certain
aspects of the present disclosure.

[0024] FIG. 6 illustrates an example flowchart for a method
of encoding a signal at a sensor in accordance with certain
aspects of the present disclosure.

[0025] FIG. 7 illustrates an example flowchart for a method
of decoding data at an aggregator (receiver) in accordance
with certain aspects of the present disclosure.

[0026] FIG. 8 illustrates another example flowchart for a
method of encoding a signal at a sensor in accordance with
certain aspects of the present disclosure.
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[0027] FIG. 9 illustrates another example flowchart for a
method of decoding data at an aggregator (receiver) in accor-
dance with certain aspects of the present disclosure.

[0028] FIG. 10 illustrates an example block diagram of an
apparatus of a system for low complexity compression of
signals and/or signal reconstruction in accordance with cer-
tain aspects of the present disclosure.

[0029] FIG. 11 illustrates an example block diagram show-
ing the functionality of an apparatus of a system for low
complexity compression of signals in accordance with certain
aspects of the present disclosure.

[0030] FIG. 12 illustrates example operations that may be
performed at a sender device for low complexity compression
of signals in accordance with certain aspects of the present
disclosure.

[0031] FIG. 12A illustrates example components capable
of performing the operations illustrated in FIG. 12.

[0032] FIG. 13 illustrates an example block diagram show-
ing the functionality of an apparatus of a system for signal
reconstruction in accordance with certain aspects of the
present disclosure.

[0033] FIG. 14 illustrates example operations that may be
performed at a receiver device for signal reconstruction in
accordance with certain aspects of the present disclosure.
[0034] FIG. 14A illustrates example components capable
of performing the operations illustrated in FIG. 14.

DETAILED DESCRIPTION

[0035] Various aspects of the disclosure are described more
fully hereinafter with reference to the accompanying draw-
ings. This disclosure may, however, be embodied in many
different forms and should not be construed as limited to any
specific structure or function presented throughout this dis-
closure. Rather, these aspects are provided so that this disclo-
sure will be thorough and complete, and will fully convey the
scope of the disclosure to those skilled in the art. Based on the
teachings herein one skilled in the art should appreciate that
the scope of the disclosure is intended to cover any aspect of
the disclosure disclosed herein, whether implemented inde-
pendently of or combined with any other aspect of the disclo-
sure. For example, an apparatus may be implemented or a
method may be practiced using any number of the aspects set
forth herein. In addition, the scope of the disclosure is
intended to cover such an apparatus or method which is
practiced using other structure, functionality, or structure and
functionality in addition to or other than the various aspects of
the disclosure set forth herein. It should be understood that
any aspect of the disclosure disclosed herein may be embod-
ied by one or more elements of a claim.

[0036] Theword “exemplary” is used herein to mean “serv-
ing as an example, instance, or illustration.” Any aspect
described herein as “exemplary” is not necessarily to be con-
strued as preferred or advantageous over other aspects.
[0037] Although particular aspects are described herein,
many variations and permutations of these aspects fall within
the scope of the disclosure. Although some benefits and
advantages of the preferred aspects are mentioned, the scope
of the disclosure is not intended to be limited to particular
benefits, uses, or objectives. Rather, aspects of the disclosure
are intended to be broadly applicable to different wireless
technologies, system configurations, networks, and transmis-
sion protocols, some of which are illustrated by way of
example in the figures and in the following description of the
preferred aspects. The detailed description and drawings are
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merely illustrative of the disclosure rather than limiting, the
scope of the disclosure being defined by the appended claims
and equivalents thereof.

An Example Wireless Communication System

[0038] The techniques described herein may be used for
various broadband wireless communication systems, includ-
ing communication systems that are based on an orthogonal
multiplexing scheme and a single carrier transmission.
Examples of such communication systems include Orthogo-
nal Frequency Division Multiple Access (OFDMA) systems,
Single-Carrier Frequency Division Multiple Access (SC-
FDMA) systems, Code Division Multiple Access (CDMA),
and so forth. An OFDMA system utilizes orthogonal fre-
quency division multiplexing (OFDM), which is a modula-
tion technique that partitions the overall system bandwidth
into multiple orthogonal sub-carriers. These sub-carriers may
also be called tones, bins, etc. With OFDM, each sub-carrier
may be independently modulated with data. An SC-FDMA
system may utilize interleaved FDMA (IFDMA) to transmit
on sub-carriers that are distributed across the system band-
width, localized FDMA (LFDMA) to transmit on a block of
adjacent sub-carriers, or enhanced FDMA (EFDMA) to
transmit on multiple blocks of adjacent sub-carriers. In gen-
eral, modulation symbols are sent in the frequency domain
with OFDM and in the time domain with SC-FDMA. A
CDMA system may utilize spread-spectrum technology and a
coding scheme where each transmitter (i.e., user) is assigned
a code in order to allow multiple users to be multiplexed over
the same physical channel.

[0039] The teachings herein may be incorporated into (e.g.,
implemented within or performed by) a variety of wired or
wireless apparatuses (e.g., nodes). In some aspects a node
comprises a wireless node. Such wireless node may provide,
for example, connectivity for or to a network (e.g., awide area
network such as the Internet or a cellular network) via a wired
or wireless communication link. In some aspects, a wireless
node implemented in accordance with the teachings herein
may comprise an access point or an access terminal.

[0040] An access point (“AP”) may comprise, be imple-
mented as, or known as NodeB, Radio Network Controller
(“RNC”), eNodeB, Base Station Controller (“BSC”), Base
Transceiver Station (“BTS”), Base Station (“BS”), Trans-
ceiver Function (“TF”), Radio Router, Radio Transceiver,
Basic Service Set (“BSS”), Extended Service Set (“ESS”),
Radio Base Station (“RBS”), or some other terminology. In
some implementations an access point may comprise a set top
box kiosk, a media center, or any other suitable device that is
configured to communicate via a wireless or wired medium.
[0041] An access terminal (“AT”) may comprise, be imple-
mented as, or known as an access terminal, a subscriber
station, a subscriber unit, a mobile station, a remote station, a
remote terminal, a user terminal, a user agent, a user device,
user equipment, a user station, or some other terminology. In
some implementations an access terminal may comprise a
cellular telephone, a cordless telephone, a Session Initiation
Protocol (“SIP”) phone, a wireless local loop (“WLL”) sta-
tion, a personal digital assistant (“PDA”), a handheld device
having wireless connection capability, a Station (“STA”), or
some other suitable processing device connected to a wireless
modem. Accordingly, one or more aspects taught herein may
be incorporated into a phone (e.g., a cellular phone or smart
phone), a computer (e.g., alaptop), a portable communication
device, a portable computing device (e.g., a personal data
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assistant), a tablet, an entertainment device (e.g., a music or
video device, or a satellite radio), a television display, a flip-
cam, a security video camera, a digital video recorder (DVR),
a global positioning system device, or any other suitable
device that is configured to communicate via a wireless or
wired medium.

[0042] FIG. 1 illustrates an example of a wireless commu-
nication system 100 in which aspects ofthe present disclosure
may be employed. The wireless communication system 100
may be a broadband wireless communication system. The
wireless communication system 100 may provide communi-
cation for a number of cells 102, each of which is serviced by
a base station 104. A base station 104 may be a fixed station
that communicates with user terminals 106. The base station
104 may alternatively be referred to as an access point, a Node
B or some other terminology.

[0043] FIG. 1 depicts various user terminals 106 dispersed
throughout the system 100. The user terminals 106 may be
fixed (i.e., stationary) or mobile. The user terminals 106 may
alternatively be referred to as remote stations, access termi-
nals, terminals, subscriber units, mobile stations, stations,
user equipment, etc. The user terminals 106 may be wireless
devices, such as cellular phones, personal digital assistants
(PDAs), handheld devices, headsets, wireless modems, lap-
top computers, personal computers, etc.

[0044] A variety of processes and methods may be used for
transmissions in the wireless communication system 100
between the base stations 104 and the user terminals 106. For
example, signals may be sent and received between the base
stations 104 and the user terminals 106 in accordance with
OFDM/OFDMA techniques. If this is the case, the wireless
communication system 100 may be referred to as an OFDM/
OFDMA system. Alternatively, signals may be sent and
received between the base stations 104 and the user terminals
106 in accordance with CDMA techniques. If this is the case,
the wireless communication system 100 may be referred to as
a CDMA system.

[0045] A communication link that facilitates transmission
from a base station 104 to a user terminal 106 may be referred
to as a downlink (DL) 108, and a communication link that
facilitates transmission from a user terminal 106 to a base
station 104 may be referred to as an uplink (UL) 110. Alter-
natively, a downlink 108 may be referred to as a forward link
or a forward channel, and an uplink 110 may be referred to as
a reverse link or a reverse channel.

[0046] A cell 102 may be divided into multiple sectors 112.
A sector 112 is a physical coverage area within a cell 102.
Base stations 104 within a wireless communication system
100 may utilize antennas that concentrate the flow of power
within a particular sector 112 of the cell 102. Such antennas
may be referred to as directional antennas.

[0047] FIG. 2 illustrates various components that may be
utilized in a wireless device 202 that may be employed within
the wireless communication system 100. The wireless device
202 is an example of a device that may be configured to
implement the various methods described herein. The wire-
less device 202 may be a base station 104 or a user terminal
106.

[0048] The wireless device 202 may include a processor
204 which controls operation of the wireless device 202. The
processor 204 may also be referred to as a central processing
unit (CPU). Memory 206, which may include both read-only
memory (ROM) and random access memory (RAM), pro-
vides instructions and data to the processor 204. A portion of
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the memory 206 may also include non-volatile random access
memory (NVRAM). The processor 204 typically performs
logical and arithmetic operations based on program instruc-
tions stored within the memory 206. The instructions in the
memory 206 may be executable to implement the methods
described herein.

[0049] The processor 204 may comprise or be a component
of a processing system implemented with one or more pro-
cessors. The one or more processors may be implemented
with any combination of general-purpose microprocessors,
microcontrollers, digital signal processors (DSPs), field pro-
grammable gate array (FPGAs), programmable logic devices
(PLDs), controllers, state machines, gated logic, discrete
hardware components, dedicated hardware finite state
machines, or any other suitable entities that can perform
calculations or other manipulations of information.

[0050] The processing system may also include machine-
readable media for storing software. Software shall be con-
strued broadly to mean any type of instructions, whether
referred to as software, firmware, middleware, microcode,
hardware description language, or otherwise. Instructions
may include code (e.g., in source code format, binary code
format, executable code format, or any other suitable format
of'code). The instructions, when executed by the one or more
processors, cause the processing system to perform the vari-
ous functions described herein.

[0051] The wireless device 202 may also include a housing
208 that may include a transmitter 210 and a receiver 212 to
allow transmission and reception of data between the wireless
device 202 and a remote location. The transmitter 210 and
receiver 212 may be combined into a transceiver 214. An
antenna 216 may be attached to the housing 208 and electri-
cally coupled to the transceiver 214. The wireless device 202
may also include (not shown) multiple transmitters, multiple
receivers, multiple transceivers, and/or multiple antennas.
[0052] The wireless device 202 may also include a signal
detector 218 that may be used in an effort to detect and
quantify the level of signals received by the transceiver 214.
The signal detector 218 may detect such signals as total
energy, energy per subcarrier per symbol, power spectral
density and other signals. The wireless device 202 may also
include a digital signal processor (DSP) 220 for use in pro-
cessing signals.

[0053] The various components of the wireless device 202
may be coupled together by a bus system 222, which may
include a power bus, a control signal bus, and a status signal
bus in addition to a data bus.

[0054] Certain aspects of the present disclosure support a
low-complexity encoder compression for broad class of sig-
nals, which may not be well modeled as sparse signals in
either time-domain or frequency-domain. First, a signal may
be split in time-segments that may be either sparse in time
domain or sparse in frequency domain—for example by mak-
ing use of absolute second order differential operator on the
input signal. Next, different encoding strategies may be
applied for each of these time-segments depending in which
domain the sparsity is present.

[0055] According to certain aspects, methods for signal
compression and reconstruction may be implemented, for
example, at the processor 204 of the wireless device 202 from
FIG. 2. The proposed methods may be suitable for sensor
network applications with power constraints at sensor
nodes—because it may provide with a low-complexity
encoder, and may offload decoder complexity to a receiver,
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specifically for radios such as Bluetooth that has prohibitively
high energy/bit consumption in the context of body area
networks.

An Example Body Area Network

[0056] Certain aspects of the present disclosure may sup-
port methods implemented in body area networks (BANSs).
The BANs represent promising concept for healthcare appli-
cations such as continuous monitoring for diagnostic pur-
poses, effects of medicines on chronic ailments, and alike.
FIG. 3 illustrates an example of a BAN 300 that may comprise
several acquisition circuits 302, 304, 306, 308. Each acquisi-
tion circuit may comprise wireless sensor that senses one or
more vital biophysical signals and communicates them (e.g.,
over a wireless channel) to an aggregator (a receiver) 310 for
processing purposes. In an aspect, the aggregator 310 may
have the same or similar functionality as access points 104
from FIG. 1.

[0057] The BAN 300 may be therefore viewed as a wireless
communication system where various wireless nodes (i.e.,
acquisition circuits and aggregator) communicate using, for
example, either orthogonal multiplexing scheme or a single
carrier transmission. The aggregator 310 may be a mobile
handset, a wireless watch, a headset, a monitoring device, or
a Personal Data Assistant (PDA), and may have the same or
similar functionality as a mobile device 106 from FIG. 1
and/or a wireless device 202 from FIG. 2.

[0058] As illustrated in FIG. 3, in an aspect, an acquisition
circuit 302 may correspond to an ear photoplethysmograph
(PPG) sensor, an acquisition circuit 304 may correspond to a
finger PPG sensor, an acquisition circuit 306 may correspond
to an electrocardiogram (ECG) sensor (or an electroencepha-
logram (EEG) sensor), and an acquisition circuit 308 may
correspond to a 3D-Accelerometer (3D-Accl) sensor. In an
aspect, the acquisition circuits in FIG. 3 may operate in accor-
dance with compressed sensing (CS), where an acquisition
rate may be smaller than a Nyquist rate of signal being
acquired.

[0059] According to certain aspects of the present disclo-
sure, the wireless device 202 from FIG. 2 may be employed
within the BAN 300. The wireless device 202 may corre-
spond to the aggregator 310 or to one of the acquisition
circuits 302, 304, 306, 308.

Sparsity of Signals

[0060] It may be desirable for sensors utilized in the BAN
to be non-intrusive and long lasting. Photoplethysmograph
(PPG) and Electro Cardiogram (ECG) signals and/or activity
may be sensed or monitored for a large percentage of chronic
ailments in a large segment of human population. There can
be significant opportunities for wireless technologies in the
BAN and mobile devices with wireless area network (WAN)
connectivity to improve diagnosis and care of such ailments.
[0061] Pulse oximeter sensors can generate the PPG wave-
form which may enable continuous monitoring of blood oxy-
genation (also called S,0,), a crucial indicator of pulmonary
system including lungs and respiration. Blood carries oxy-
gen, nutrients and chemicals to the body cells in order to
ensure their survival and proper functioning, and to remove
cellular wastes. 5,0, is extensively used in clinical settings
for diagnosis, surgery, long term monitoring, etc. FIG. 4
illustrates an example of a time-domain PPG signal 400 in
accordance with certain aspects of the present disclosure.
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[0062] The ECG is another important vital sign for assess-
ing the cardiovascular system. The heart is one of the most
hard working body parts, pumping about six liters of blood
per minute through the body in humans. Electrical signals
generated during each cardiac cycle form the ECG signal and
can be captured by Ag/ AgCl electrode sensors. The ECG may
be routinely used in clinical settings for diagnosing heart
related problems, and continuous monitoring of the ECG may
enable early diagnosis of many chronic conditions. FIG. 5§
illustrates an example of a time-domain ECG signal 500 in
accordance with certain aspects of the present disclosure.
Blood pressure (BP) is another vital sign with enormous
clinical value. Systolic blood pressure (SBP) and diastolic
blood pressure (DBP) may be estimated using the ECG and
the PPG signals.

[0063] In certain aspects, one or more of the sensors 302,
304, 306, 308 and/or the aggregator 310 described herein
make use of compressed sensing (CS). In CS, signals
acquired at the sensors 302, 304, 306, 308, for example the
PPG signal illustrated in FIG. 4 or the ECG signal illustrated
in FIG. 5, may be compressed during or after acquisition for
more efficient transmission and/or storage. Further, signals
encoded using a CS approach described herein may be
decoded at the aggregator 310. In some aspects, significantly
fewer sensor samples than that suggested by the Shannon/
Nyquist sampling theorem can be used to recover signals with
arbitrarily fine resolution.

[0064] For example, consider a short term segment of a
band-limited signal x(t) of duration T and bandwidth B. Let
x(n), 1=n=N, represent a discrete version of x(t),

x(0)=X(0) =z @

such that T <4B.

[0065] From the Nyquist sampling theorem, it can be rec-
ognized that x(t) can be reconstructed if there are at least
N=T*2B samples, uniformly spaced between 0 and T at every
T.=Y2B seconds. Then, F =2B is the Nyquist sampling fre-
quency. The fact that x(t) can be reconstructed from N
samples stems from the equivalence of continuous and dis-
crete Fourier spectra X(f) and X(w) in the range {-B,B}. If
x(n) is quantized with q bits per sample, the Nyquist rate is
q*F, and provides 6q dB dynamic range in the discrete
domain. In the Fourier space, x can be represented as

X=Wx, ()]

where W is an orthonormal basis set consisting of exponen-
tials and can be written as an NxN matrix

1 pl-i@miN ]

Wl,,, =
Wlnn N

[0066] In CS, the signal samples r(n), 1=<k<K can be math-
ematically represented as

r=Hx, 3)

where H is a KxN matrix. For the Nyquist case, H=I,, an
identity matrix of size N.

[0067] In some aspects, x(t) has a lot of redundancy in the
time domain, such that there are only M components with
magnitude greater than € in X of equation (2), where e<<max
(X), and M<<N. In this case, W may be referred to as the
sparse basis. In a CS paradigm as described herein, if one is
able to construct a sensing matrix H of dimension KxN that is
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statistically incoherent with the sparse basis W, then only K
samples from equation (3) are adequate to estimate x with a
high probability of some small reconstruction error, provided
Kz=M*log(N/M). The elements of H may be generated using
some random process to meet the constraint of statistical
incoherence with the known basis W. One approach to signal
reconstruction from (r, H, W) can be an iterative process
called the gradient-projection based sparse reconstruction
(GPSR), given as

L @
¥ =mi Ly = . .
§ = minl[HW !y =7l +T; AL |
and
=W, ®
[0068] In the optimization process of equation (4), the first

term may enforce sample fidelity and the second term may
enforce signal sparsity. The quantity T is a non-negative
parameter providing relative weight of L,-norm and L, -norm
in the cost function. The terms [f], and [y], denote the i**
element of vectors f and y, respectively. The term f was
introduced to incorporate a priori sparsity information in the
L,-norm during reconstruction. In some aspects, f may be
estimated offline. In one aspect, W can be considered as
Gabor functions, consisting of various cosine waves with
time support limited by Gaussian window functions at differ-
ent scales, such that the (i, j) entry of W is given by

mn] [ mz(n—N/Z)z] ©
Xexp| - ———|,

W], = (2’”
o = COS A

2N

wherem,n=0...N-1. The term w is associated with the width
of the Gaussian kernel. Each row of the matrix W can be
normalized such that its L,-norm is equal to 1.

[0069] Thus, CS as described herein may involve identify-
ing a sparse basis W, designing an appropriate sensing kernel
H in equation (3) that is incoherent with W, and a reconstruc-
tion recipe such as equation (4) that also incorporates a priori
information. Equation (5) can then be used to estimate the
signal with K samples instead of N samples. An under sam-
pling ratio (USR) can then be defined as N/K.

[0070] The reconstruction process may be an iterative
approach, such that X may be defined as in equations (4)-(5),
where the optimization cost function f(r, H, W) can be com-
prised of several additive terms enforcing various constraints
(for example, in a weighted manner similar to a Lagrange
formulation). The various individual components for func-
tion f may include:

[0071] i. L, norm on the sample error=llr-Hx]|,,.
[0072] ii. L, norm on the sparse transformation

§={WX,, where psl.
[0073] iii. L, norm on the smoothness error={|g(r)=X|,,,
where g(r) is the interpolated version using the samples
r, and the interpolation g can be cubic spline based, chirp
based, etc.
[0074] Other approaches to encoding a given class of sig-
nals for transmission and compression may comprise a learn-
ing process based on these signals. In certain cases, the learn-
ing process may provide an optimized representation basis W
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where the optimality criteria can be based on minimizing the
number of coefficients (i.e., M) greater than €. Once the
learning process has been completed for such class of signals,
the input signal x may be modeled as coefficients in the W
projection space, which are then selectively used for gener-
ating the encoded representation.

[0075] Signals such as ECG signals may vary between
individuals, as well as between different times. For example,
an arrhythmia or other heart condition may cause significant
variations in the ECG signal. Due to these variations, the
learning process discussed above may need to be performed
for each signal; a model developed for one signal may not be
appropriate for another signal. Performing a learning process
for each signal may reduce the speed and efficiency of pro-
cessing signals. Attempts to generate a general model that
does not require a learning process have generally been inef-
fective.

[0076] Still other approaches to encoding signals such as
ECG signals may comprise taking samples in a transform
domain. For example, ECG coefficient may be encoded in a
wavelet domain. Such encoding may be highly complex and
may require a large power input.

[0077] In certain aspects, devices described herein and/or
devices implementing methods described herein may encode
and/or decode a broad range of signals, for example including
ECG signals as well other signals that may be generated in a
biomedical or BAN context. The signals may not be limited to
signals that have been learned, nor may be the signals limited
to a class of signals that satisfy a particular model.

[0078] In certain aspects, devices described herein and/or
devices implementing methods described herein may process
data, resulting in reduced power consumption as compared to
previously known devices. For example, one or more of the
methods and/or devices described herein may be utilized to
implement CS as described above to reduce a power at an
encoding device. In addition, devices described herein may
have a lower complexity than previously known devices.
Reducing complexity in this way may reduce costs of manu-
facture, battery usage, and/or memory usage, and may
increase efficiency and speed. In some aspects, data may be
sampled at a rate below the Nyquist sampling rate and com-
pression of the data may be achieved without significant loss.
For example, the PPG signal of FIG. 4 or the ECG signal of
FIG. 5 may be sampled and/or compressed, and may there-
after be packetized, stored, and/or transmitted. Certain
aspects may shift computational complexity from an encoder
with stringent power requirements to a decoder with flexible
power budget, for example in order to increase working life of
sensors employed in the BAN.

[0079] In certain aspects, devices described herein and/or
devices implementing methods described herein may be used
for applications concerning signal detection/classification,
imaging, data compression, and Magnetic Resonance Imag-
ing (MRI), among other applications. Benefits may include
improved signal fidelity and superior recognition perfor-
mance. Data processing pursuant to the present disclosure
may beutilized in low power sensors within the BAN 300 for
healthcare and fitness applications. One aspect of the BAN
300 in healthcare applications is to provide a reliable com-
munication link between sensors (i.e., transmitters and/or
encoders) and an aggregator (i.e., a receiver and/or a
decoder), while reducing sensor power and communication
latency. In other aspects, these benefits are provided between
sensors (i.e., a transmitter and/or encoder) and a remote
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device (i.e., a receiver and/or a decoder), for example a base
station, cell phone, PDA, or computer. Signals transmitted
from the aggregator may be used to track or monitor health,
well-being, and/or fitness. For example, signals from one or
more of the sensors 302, 304, 306, 308 may be transmitted to
the aggregator 310, which may transmit, via a cellular net-
work, information associated with those signals or those sen-
sors to a medical facility where a medical professional may
monitor the signals. In this way, a doctor or nurse, for
example, may be able to detect any abnormal health condi-
tions of an individual wearing the sensors.

[0080] Methods and techniques described herein may com-
prise determining sparsity of a signal or of a signal at a point
therein. As described above, signals may be encoded using a
sensing kernel H that is incoherent with W and using a sparse
basis W. Generally, the more sparse a signal, the more the
signal can be compressed. Most signals, however, are not
sparse in any given domain or basis. As described further
below, however, obtaining one or more samples of a signal at
a point (sample) based on a determined type of sparsity may
be beneficial. Obtaining samples in this way may yield a
low-complexity encoder compression strategy for a broad
class of signals, for example signals that are not modeled well
as sparse in either the time domain or the frequency domain.
[0081] Some signals that are processed and/or encoded, for
example in the BAN 300, may be decomposed primarily into
tones and transient segments. These signals may be efficiently
encoded, thereby reducing the time and power required for
the encoding, by determining a type of sparsity of a signal at
apoint before obtaining samples ofthe signal at that point. An
encoder may thus obtain the sample using the sparsity infor-
mation previously determined.

Low-Complexity Compression of Signals

[0082] FIG. 6 illustrates an aspect of a method 600 for
encoding a signal. The method may be, for example, imple-
mented by the sensors 302, 304, 306, 308 of the BAN 300
from FIG. 3.

[0083] At step 602, samples of a signal of interest may be
identified. As discussed above, the signal may be decomposed
primarily into tones and transient segments. Additionally,
noise may be introduced into the signal during the sensing
process by a transducer or due to many other factors. The
samples may be conceptualized or represented by a vector x.
According to certain aspects, the samples in the signal may be
processed in a plurality of windows. Thus, in some aspects, x
represents the samples identified in a given window of the
signal.

[0084] After the samples are identified at step 602, the
sparsity of the signal at these samples may be determined. In
the aspect illustrated in FIG. 6, it may be determined whether
the signal at each sample in X is sparse in the time domain or
in the frequency domain.

[0085] Inorderto determine whether the signal is sparse at
apoint (sample) in the time or frequency domain, the absolute
second-order differential (ASD) of each sample may be cal-
culated at step 604. For analog or continuous signals x(t), the
absolute second-order differential may be calculated as:

ASD(x(2))=|d?x/de). )
For digital or discrete signals x(n), the absolute second-order
differential may be calculated as:

ASD(x(#))=Ix(n+1)+x(n—1)-2x(m)l. (8)
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[0086] At step 606, it may be determined whether the ASD
of a sample of x is between a first threshold, T,,,.,,» and a
second threshold T,,,... Samples that are between these two
thresholds may be determined to be sparse in neither the time
domain nor the frequency domain, and may be discarded at
step 608. One or both of the thresholds T, ., and T, may
be determined a prior, or one or both of the thresholds T, ,.;;
and T,,,, may be dynamically determined, so as to be adap-
tive to the samples of x.

[0087] Based on the determined sparsity of the samples of
X, the samples may be split into two sets in step 610. As
discussed above, the aspect of the method 600 illustrated in
FIG. 6 may comprise determining whether the samples are
sparse in the time domain or the frequency domain. If the
ASD of a sample is less than or equal to T,,,;, then the
sample may be determined to be sparse in the frequency
domain and the sample may be placed into a set of tones at
step 612. By placing this sample of x into the set of tones
identified as being sparse in the frequency domain, a sensing
matrix H;, may be generated. In the illustrated aspect, the
sampled tones are output as y .

[0088] If the ASD of a sample is greater than or equal to
T 4rge- then the sample may be determined to be sparse in the
time domain and the sample may be identified, at step 614, as
the sample of transient segments (Diracs). By identifying this
sample of x into transient segments identified as being sparse
in the time domain, a sensing matrix H, may be generated. In
the illustrated aspect, the sampled transient segments are
output as ygp,.

[0089] The tones and/or transient segments may be
sampled at fewer points than identified at step 606. For
example, when the number of points that are identified as
being sparse in the time domain or the frequency domain is
higher than a threshold, the number of points or samples may
be randomly selected. Thus, one or more of H, and H, may be
randomly designed. Further, some H, may comprise inflec-
tion point sampling information.

[0090] At step 616, values of the samples obtained at step
610 may be quantized. Locations of these samples may also
be quantized. Inthe illustrated aspect, a value and/or locations
of'the sampled tones and transient segments may be quantized
at step 616 to encode the signal (i.e., to obtain encoded data
618). The value and location of a sample may be represented
in any number of ways and may be quantized using any
number of devices or methods. The location may be quantized
as a tread. In some aspects, the value of the samples may be
quantized with q bits each using a non-uniform quantization
law, and the locations may be quantized with p bits each, for
example using a binary counter. The quantized value and/or
location may be packetized for transmission.

[0091] At step 620, the quantized value and/or the quan-
tized location may be transmitted. In an aspect of the present
disclosure, the quantized value and/or location of the sample
or information indicative thereof may be wirelessly transmit-
ted, for example to the aggregator 310. Before the transmit-
ting, a header identifying the type of sparsity of the signal at
the sample may be appended. In one aspect, information or
data regarding all of the samples that are sparse in the time
domain may be transmitted before information or data regard-
ing all of the samples that are sparse in the frequency domain,
or vice versa.

[0092] Data received from the signal encoded by the sensor
may have certain properties which facilitate the decoding of
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the data and the estimation of the signal, for example by the
aggregator 310 or using a method 700 which will be described
in greater detail below.

[0093] Asdiscussed above, the sampled tones and transient
segments may be output as ys,-and y,,. The matrices used to
sense these samples may be H; and H,, respectively. The set
of such samples can be described as y, where:

[ysr } [Hlx} [Hl } ©)
y= = = x = Hx.
Ysp Hyx Hy

[0094] Further, the tone frequencies can be represented by
{£},_, %" where K, is the number of sampled tones. The tran-
sient segments can be represented by {d,},_, %, where K, is
the number of sampled transient segments. In one aspect, the
number of samples that the encoder obtains ensures accurate
decoding, and may be described by:

N (10)
samples = O(Kl -logK—l) +0(Ky),

where O is the order.
[0095] Therefore, the signal projection space W can be
described as

W = [Wr; Wp] e CVF1k2), an
where
1 (12)
el
Wr(i) =
/N1
and
8(d;) (13)
. 8(d; - 1)
Wp(i) = .
8(di =N + 1)

In some aspects, each column of W, represents a tone fre-
quency vector. In one aspect, each column of W, represents a
transient segment.

[0096] Based on these properties, a signal representation x
can be calculated from

X=Wa, (14)
where o can be estimated using least-squares estimation from
y=(EHW)o. (15)

[0097] The aggregator 310 may be configured to utilize the
equations (9)-(15) to reconstruct a signal. One aspect of a
method that the aggregator 310 may utilize is described
below.

[0098] FIG. 7 illustrates an aspect of the method 700 for
decoding data. The method may be implemented by the
aggregator 310 from FIG. 3, for example. At step 702, data
representative of one or more samples may be received. At
step 704, a type of sparsity of a signal at a sample (point) may
be determined. In the illustrated aspect, determining the type
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of sparsity of a signal at a sample may comprise determining
whether the sample is sparse in the time domain or the fre-
quency domain. For example, samples for which the data was
received at step 702 may be split into samples for tones (ST)
and samples for transient segments (Diracs) (SD) based on
the received data. In some aspects, as aforementioned, the
type may be determined using a header of the received data
packet.

[0099] At step 706, the tone frequencies may be estimated
from yq;. The tone frequencies may be estimated from the
samples that were determined to be sparse in step 704. Step
706 may further comprise generating an estimate of the signal
to be reconstructed. In the illustrated aspect, a time-signal
estimate may be generated using the estimated tone frequen-
cies. For example, the signal may be estimated utilizing the
inverse of a transform used when sampling the signal x(t) or
x(n).

[0100] Atstep 708, the data from the samples determined to
be sparse in the time domain may be compared to the signal
estimated at step 706. In the illustrated aspect, the transient
segments of the samples sparse in the time domain are com-
pared to the estimated signal at corresponding locations. If the
difference is greater than a defined threshold, then the loca-
tion may be identified as a transient location. In this way,
nearby portions of the signal that were identified as transient
segments during encoding may be omitted from the recon-
struction.

[0101] After the tone frequencies and transient segments
are estimated in steps 706 and 708, respectively, the projec-
tion space of the signal may be estimated at step 710. In the
illustrated aspect, a matrix W may be generated using the
estimated tone frequencies and transient segments (Dirac
locations). The construction of matrix W was discussed above
with respect to equations (11)-(13).

[0102] In the illustrated aspect, the step 710 may further
comprise constructing a sensing matrix H using SD and ST
sample locations. The construction of H was discussed above
with respect to equation (9).

[0103] At step 712, the least-squares estimate for a signal
representation o may be estimated based on the projection
space and the sensing matrix constructed at step 710. This
may be accomplished, for example, by solving equation (15)
discussed above.

[0104] At step 714, the estimate of a may be used to recon-
struct the signal x. This may be accomplished, for example,
by solving equation (14) discussed above. In one example, the
samples identified at the Nyquist rate may be reconstructed.
In this way, the method 700 may be used to decode wirelessly
received data, for example to reconstruct a signal encoded by
the sensor.

[0105] Determining the type of sparsity of the signal at a
location before obtaining a sample at that location may also
be beneficial for signals that can’t be decomposed primarily
into tones and transient segments. A more general approachto
encoding such signals may not compress the signals as much
as the apparatuses and methods described above, but can be
used for a broader class of signals while still achieving a
beneficial level of compression. In this way, an apparatus or
method, for example as described below, may be used to
encode any number of signals using determined sparsity
information.

[0106] FIG. 8 illustrates an aspect of a method 800 for
encoding a signal. The method may be implemented by the
sensors 302, 304, 306, 308 of the BAN 300 from FIG. 3, for
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example. Although the method below will be described with
respectto elements of the sensors from the BAN 300, those of
skill in the art will appreciate that other components may be
used to implement one or more of the steps described herein.
[0107] At step 802, points (samples) of a signal of interest
may be identified. In an aspect, the samples in the signal may
be processed in a plurality of windows. The step 802 may be
performed similar to the step 602 illustrated in FIG. 6.
[0108] After the samples are identified at step 802, the
samples may be filtered, for example to de-noise the samples.
Asillustrated in FIG. 8, the filtering may be performed, at step
804, by using a Finite Impulse Response (FIR) filter.

[0109] At step 806, the sparsity of the samples may be
determined. In the aspect illustrated in FIG. 8, it may be
determined whether a sample is sparse in the time domain. In
order to determine whether a sample is sparse in the time
domain, the ASD of the sample may be calculated at step 806,
as described above with respect to the step 604 illustrated in
FIG. 6.

[0110] At step 808, it may be determined whether the ASD
of'a sample is greater than or equal to a threshold, for example
Tj4rge- If the ASD is larger than or equal to the threshold, then
the sample may be determined to be sparse in the time
domain. In some aspects, an ASD of any sample within a
region may be determined to be greater than or equal to the
threshold to determine that the region is sparse in the time
domain.

[0111] At step 810, a small window around every large
ASD sample locations may be selected. These windows may
correspond to transients of the signal x(t) or x(n). Following
this, inflection point sensing may be performed at step 812
with respect to a window selected at the step 810.

[0112] Atstep 814, samples in each window selected at the
step 810 may be replaced with samples of defined values to
form a residual signal. In the illustrated aspect, all samples in
that window may be replaced with zeros in order to form the
residual signal. In some aspects, the samples in that window
may be replaced with samples having values that are similar
to values of a portion of the signal that is outside of the range.
Those of skill in the art will appreciate that other values may
be also used to replace the values of the samples in the
selected window.

[0113] At step 816, it may be determined whether the
residual signal is a low-pass signal. If the residual signal is
determined not to be a low-pass signal, then the residual
signal may be randomly sampled at step 818. Those of skill in
the art will appreciate various methods of performing the
random sampling.

[0114] On the other hand, if the residual signal is deter-
mined to be a low-pass signal at the step 816, then the residual
signal may be filtered at step 820, for example using FIR
filtering. Decimation of the filtered residual signal may there-
after be performed at step 822, for example using low rate
uniform sampling or downconverting the filtered residual
signal.

[0115] At step 824, coefficients of the samples obtained at
steps 812, 818, and 822 may be quantized. Locations of these
samples may also be quantized. In the illustrated aspect, a
value and/or locations of the samples may be quantized at step
824 to encode the signal. In an aspect, the step 824 may be
performed similar to the step 616 illustrated in FIG. 6.
[0116] At step 826, the quantized value and/or the quan-
tized location may be transmitted wirelessly, for example to
the aggregator 310. Before the transmission, a header identi-



US 2015/0171998 Al

fying the type of sparsity of the sample may be appended. The
header may additionally or in the alternative identify whether
the sample was obtained from the residual signal, and
whether the residual signal was a low-pass signal. In one
aspect, information or data regarding all of the samples
obtained from points that are sparse in the time domain is
transmitted before information or data regarding all of the
samples obtained from the residual signal, or vice versa. The
step 826 may otherwise be performed similar to the step 620
illustrated in FIG. 6.

[0117] FIG. 9 illustrates an aspect of a method 900 for
decoding data. The method may be implemented by the
aggregator 310, for example. At step 902, data representative
of one or more samples may be received. In one aspect, the
data may be wirelessly received. The data may comprise
information representative of samples obtained from loca-
tions within a range of a signal or from a residual signal, for
example.

[0118] At step 904, a type of sparsity of a sample may be
determined. In the illustrated aspect, depending on whether
the sample was sparse in the time domain, a sample is deter-
mined to correspond to a transient or to a band-limited seg-
ment at the step 904. In this way, the data or information
representing the samples may be split between transients and
band-limited segments. In some aspects, this splitting may be
accomplished using a header of the received data packet. In
the illustrated aspect, values of each sample corresponding to
transients or band-limited segments may be stored in respec-
tive vectors yd and ys, and time locations of each of those
samples may be stored in respective vectors td and ts.
[0119] At step 906 in the illustrated aspect, the vectors
representing the values and time locations of the samples
corresponding to transients may be used to reconstruct at least
aportion of a signal. In an aspect, the reconstructed portion of
the signal may comprise reconstructions of the transients, for
example obtained by using spline interpolation on the vec-
tors.

[0120] At step 908 in the illustrated aspect, the vector rep-
resenting the values and/or the vector representing the time
locations of the samples corresponding to band-limited seg-
ments may be used to reconstruct at least another portion of
the signal. This reconstructed portion of the signal may com-
prise reconstructions of the band-limited segments. For
points or samples that were uniformly sampled, band-limited
segments may be reconstructed using Shannon interpolation
on the vector of values. For points or samples that were
randomly sampled, band-limited segments may be recon-
structed using sparse reconstruction on the vector of values
and the vector of locations. In an aspect, a header of the
received data packet may be used to determine whether the
points or samples were randomly or uniformly sampled. In
some aspects, the locations of the points may be compared to
determine whether the points or samples were randomly or
uniformly sampled.

[0121] Atstep 910, estimates or reconstructions obtained at
the steps 906 and 908 may be combined into a reconstruction
of the signal. In one example, the samples identified at the
Nyquist rate may be reconstructed. In this way, the method
900 may be used to decode wirelessly received data, for
example to reconstruct a signal encoded by the sensors of the
BAN 300.

[0122] FIG. 10 illustrates an example of hardware configu-
ration for a processing system 1000 in a sensing circuit (or in
a reconstruction circuit) that may implement the methods
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described herein. In this example, the processing system 1000
may be implemented with a bus architecture represented gen-
erally by bus 1002. The bus 1002 may comprise any number
of interconnecting buses and bridges depending on the spe-
cific application of the processing system 1000 and the over-
all design constraints. The bus links together various circuits
including a processor 1004, computer-readable media 1006,
and a bus interface 1008. The bus interface 1008 may be used
to connect a network adapter 1010, among other things, to the
processing system 1000 via the bus 1002. The network inter-
face 1010 may be used to implement the signal processing
functions of the PHY layer. A user interface 1012 (e.g., key-
pad, display, mouse, joystick, etc.) may also be connected to
the bus via the bus interface 1008. The bus 1002 may also link
various other circuits such as timing sources, peripherals,
voltage regulators, power management circuits, and the like,
which are well known in the art, and therefore, will not be
described any further.

[0123] The processor 1004 may be responsible for manag-
ing the bus and general processing, including the execution of
software stored on the computer-readable media 1008. The
processor 1004 may be implemented with one or more gen-
eral-purpose and/or special-purpose processors. Examples
include microprocessors, microcontrollers, digital signal pro-
cessors (DSPs), field programmable gate arrays (FPGAs),
programmable logic devices (PLDs), state machines, gated
logic, discrete hardware circuits, and other suitable hardware
configured to perform the various functionality described
throughout this disclosure.

[0124] One or more processors in the processing system
1000 may execute software. Software shall be construed
broadly to mean instructions, instruction sets, code, code
segments, program code, programs, subprograms, software
modules, applications, software applications, software pack-
ages, routines, subroutines, objects, executables, threads of
execution, procedures, functions, etc., whether referred to as
software, firmware, middleware, microcode, hardware
description language, or otherwise.

[0125] The software may reside on a computer-readable
medium. A computer-readable medium may comprise, by
way of example, a magnetic storage device (e.g., hard disk,
floppy disk, magnetic strip), an optical disk (e.g., compact
disk (CD), digital versatile disk (DVD)), a smart card, a flash
memory device (e.g., card, stick, key drive), random access
memory (RAM), read only memory (ROM), programmable
ROM (PROM), erasable PROM (EPROM), electrically eras-
able PROM (EEPROM), a register, a removable disk, a carrier
wave, a transmission line, or any other suitable medium for
storing or transmitting software. The computer-readable
medium may be resident in the processing system, external to
the processing system, or distributed across multiple entities
including the processing system. Computer-readable
medium may be embodied in a computer-program product.
By way of example, a computer-program product may com-
prise a computer-readable medium in packaging materials.
[0126] In the hardware implementation illustrated in FIG.
10, the computer-readable media 1006 is illustrated as part of
the processing system 1000 separate from the processor 1004.
However, as those skilled in the art will readily appreciate, the
computer-readable media 1006, or any portion thereof, may
be external to the processing system 1000. By way of
example, the computer-readable media 1006 may comprise a
transmission line, a carrier wave modulated by data, and/or a
computer product separate from the wireless node, all which
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may be accessed by the processor 1004 through the bus inter-
face 1008. Alternatively, or in addition to, the computer read-
able media 1006, or any portion thereof, may be integrated
into the processor 1004, such as the case may be with cache
and/or general register files.

[0127] FIG.11 is an example diagram illustrating the func-
tionality of an apparatus 1100 in accordance with one aspect
of'the present disclosure. Modules of the apparatus 1100 may
perform operations of the method 800 from FIG. 8, for
example. The apparatus 1100 may comprise a module 1102
for detecting one or more transient segments of a signal; a
module 1104 for estimating a residual segment of the signal
based on the one or more transient segments; a module 1106
for encoding the one or more transient segments; a module
1108 for encoding the residual segment; and a module 1110
for transmitting the one or more encoded transient segments
and the encoded residual segment.

[0128] FIG. 12 illustrates example operations 1200 for sig-
nal compression that may be performed at a sender device of
a system (e.g., at one of the sensors 302, 304, 306, 308 from
FIG. 3, the processing system 1000 from FIG. 10, or the
apparatus 1100 from FIG. 11) in accordance with certain
aspects of the present disclosure. At 1202, the sender device
may detect one or more transient segments of a signal. At
1204, a residual segment of the signal may be estimated based
on the one or more transient segments. At 1206, the one or
more transient segments may be encoded. At 1208, the
residual segment may be encoded. At 1210, the sender device
may transmit the one or more encoded transient segments and
the encoded residual segment to a receiver device (e.g., to the
aggregator 310).

[0129] FIG.13 is an example diagram illustrating the func-
tionality of an apparatus 1300 in accordance with one aspect
of'the present disclosure. Modules of the apparatus 1300 may
perform operations of the method 900 from FIG. 9, for
example. The apparatus 1300 may comprise a module 1302
for receiving a signal with a first set of samples corresponding
to one or more transient segments of the signal and with a
second set of samples corresponding to one or more band-
limited segments of the signal; and a module 1304 for recon-
structing a version of the signal transmitted from another
apparatus based at least in part on the first set of samples and
the second set of samples.

[0130] FIG. 14 illustrates example operations 1400 for sig-
nal reconstruction that may be performed at a receiving
device of asystem (e.g., atthe aggregator 310 from FIG. 3, the
processing system 1000 from FIG. 10, or the apparatus 1300
from FIG. 13) in accordance with certain aspects of the
present disclosure. At 1402, the device may receive a signal
with a first set of samples corresponding to one or more
transient segments of the signal and with a second set of
samples corresponding to one or more band-limited segments
of'the signal. At 1404, a version of the signal transmitted from
another apparatus (e.g., from one of the sensors 302,304, 306,
308 from FIG. 3, or the apparatus 1100 from FIG. 11) may be
reconstructed based at least in part on the first set of samples
and the second set of samples.

[0131] The various operations of methods described above
may be performed by any suitable means capable of perform-
ing the corresponding functions. The means may include
various hardware and/or software component(s) and/or mod-
ule(s), including, but not limited to a circuit, an application
specific integrated circuit (ASIC), or processor. Generally,
where there are operations illustrated in Figures, those opera-
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tions may have corresponding counterpart means-plus-func-
tion components with similar numbering. For example,
operations 1200 and 1400 illustrated in FIG. 12 and FIG. 14
correspond to components 1200A and 1400A illustrated in
FIG. 12A and FIG. 14A.

[0132] For example, the means for detecting may comprise
an application specific integrated circuit, e.g., the processor
204 of the wireless device 202 from FIG. 2, the processor
1004 from FIG. 10, or the module 1102 from FIG. 11. The
means for estimating may comprise an application specific
integrated circuit, e.g., the processor 204, the processor 1004,
or the module 1104 from FIG. 11. The means for encoding
may comprise an encoder, e.g., the processor 204, the proces-
sor 1004, the module 1106 from FIG. 11, or the module 1108
from FIG. 11. The means for transmitting may comprise a
transmitter, e.g., the transmitter 210 of the wireless device
202 from FIG. 2, the user interface 1012 from FIG. 10, or the
module 1110 from FIG. 11. The means for applying may
comprise an application specific integrated circuit, e.g., the
processor 204, the processor 1004, or the module 1102. The
means for indentifying may comprise an application specific
integrated circuit, e.g., the processor 204, the processor 1004,
orthe module 1102. The means for selecting may comprise an
application specific integrated circuit, e.g., the processor 204,
the processor 1004, or the module 1102. The means for
replacing may comprise an application specific integrated
circuit, e.g., the processor 204, the processor 1004, or the
module 1104. The means for performing may comprise an
application specific integrated circuit, e.g., the processor 204,
the processor 1004, or the module 1108. The means for deter-
mining may comprise an application specific integrated cir-
cuit, e.g., the processor 204, the processor 1004, the module
1108, or the module 1304 from FIG. 13. The means for
filtering may comprise a filter, e.g., the processor 204, or the
processor 1004. The means for receiving may comprise a
receiver, e.g., the receiver 212 ofthe wireless device 202 from
FIG. 2, the user interface 1012 from FIG. 10, or the module
1302 from FIG. 13. The means for reconstructing may com-
prise an application specific integrated circuit, e.g., the pro-
cessor 204, the processor 1004, or the module 1304. The
means for combining may comprise an application specific
integrated circuit, e.g., the processor 204, the processor 1004,
or the module 1304.

[0133] As used herein, the term “determining” encom-
passes a wide variety of actions. For example, “determining”
may include calculating, computing, processing, deriving,
investigating, looking up (e.g., looking up in a table, a data-
base or another data structure), ascertaining and the like.
Also, “determining” may include receiving (e.g., receiving
information), accessing (e.g., accessing data in a memory)
and the like. Also, “determining” may include resolving,
selecting, choosing, establishing and the like.

[0134] Asusedherein, a phrase referring to “at least one of”
a list of items refers to any combination of those items,
including single members. As an example, “at least one of: a,
b, or ¢” is intended to cover: a, b, ¢, a-b, a-c, b-c, and a-b-c.
[0135] The various illustrative logical blocks, modules and
circuits described in connection with the present disclosure
may be implemented or performed with a general purpose
processor, a digital signal processor (DSP), an application
specific integrated circuit (ASIC), a field programmable gate
array signal (FPGA) or other programmable logic device
(PLD), discrete gate or transistor logic, discrete hardware
components or any combination thereof designed to perform
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the functions described herein. A general purpose processor
may be a microprocessor, but in the alternative, the processor
may be any commercially available processor, controller,
microcontroller or state machine. A processor may also be
implemented as a combination of computing devices, e.g., a
combination of a DSP and a microprocessor, a plurality of
microprocessors, one or more MiCroprocessors in conjunc-
tion with a DSP core, or any other such configuration.

[0136] The steps of a method or algorithm described in
connection with the present disclosure may be embodied
directly in hardware, in a software module executed by a
processor, or in a combination of the two. A software module
may reside in any form of storage medium that is known in the
art. Some examples of storage media that may be used include
random access memory (RAM), read only memory (ROM),
flash memory, EPROM memory, EEPROM memory, regis-
ters, a hard disk, a removable disk, a CD-ROM and so forth.
A software module may comprise a single instruction, or
many instructions, and may be distributed over several dif-
ferent code segments, among different programs, and across
multiple storage media. A storage medium may be coupled to
a processor such that the processor can read information
from, and write information to, the storage medium. In the
alternative, the storage medium may be integral to the pro-
Cessor.

[0137] The methods disclosed herein comprise one or more
steps or actions for achieving the described method. The
method steps and/or actions may be interchanged with one
another without departing from the scope of the claims. In
other words, unless a specific order of steps or actions is
specified, the order and/or use of specific steps and/or actions
may be modified without departing from the scope of the
claims.

[0138] The functions described may be implemented in
hardware, software, firmware, or any combination thereof. If
implemented in software, the functions may be stored or
transmitted over as one or more instructions or code on a
computer-readable medium. Computer-readable media
include both computer storage media and communication
media including any medium that facilitates transfer of a
computer program from one place to another. A storage
medium may be any available medium that can be accessed
by a computer. By way of example, and not limitation, such
computer-readable media can comprise RAM, ROM,
EEPROM, CD-ROM or other optical disk storage, magnetic
disk storage or other magnetic storage devices, or any other
medium that can be used to carry or store desired program
code in the form of instructions or data structures and that can
be accessed by a computer. Also, any connection is properly
termed a computer-readable medium. For example, if the
software is transmitted from a website, server, or other remote
source using a coaxial cable, fiber optic cable, twisted pair,
digital subscriber line (DSL), or wireless technologies such as
infrared (IR), radio, and microwave, then the coaxial cable,
fiber optic cable, twisted pair, DSL, or wireless technologies
such as infrared, radio, and microwave are included in the
definition of medium. Disk and disc, as used herein, include
compact disc (CD), laser disc, optical disc, digital versatile
disc (DVD), floppy disk, and Blu-ray® disc where disks
usually reproduce data magnetically, while discs reproduce
data optically with lasers. Thus, in some aspects computer-
readable media may comprise non-transitory computer-read-
able media (e.g., tangible media). In addition, for other
aspects computer-readable media may comprise transitory
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computer-readable media (e.g., a signal). Combinations of
the above should also be included within the scope of com-
puter-readable media.

[0139] Thus, certain aspects may comprise a computer pro-
gram product for performing the operations presented herein.
For example, such a computer program product may com-
prise a computer readable medium having instructions stored
(and/or encoded) thereon, the instructions being executable
by one or more processors to perform the operations
described herein. For certain aspects, the computer program
product may include packaging material.

[0140] Software or instructions may also be transmitted
over a transmission medium. For example, if the software is
transmitted from a website, server, or other remote source
using a coaxial cable, fiber optic cable, twisted pair, digital
subscriber line (DSL), or wireless technologies such as infra-
red, radio, and microwave, then the coaxial cable, fiber optic
cable, twisted pair, DSL, or wireless technologies such as
infrared, radio, and microwave are included in the definition
of transmission medium.

[0141] Further, it should be appreciated that modules and/
or other appropriate means for performing the methods and
techniques described herein can be downloaded and/or oth-
erwise obtained by a user terminal and/or base station as
applicable. For example, such a device can be coupled to a
server to facilitate the transfer of means for performing the
methods described herein. Alternatively, various methods
described herein can be provided via storage means (e.g.,
RAM, ROM, a physical storage medium such as a compact
disc (CD) or floppy disk, etc.), such that a user terminal and/or
base station can obtain the various methods upon coupling or
providing the storage means to the device. Moreover, any
other suitable technique for providing the methods and tech-
niques described herein to a device can be utilized.

[0142] Itis to be understood that the claims are not limited
to the precise configuration and components illustrated
above. Various modifications, changes and variations may be
made in the arrangement, operation and details of the meth-
ods and apparatus described above without departing from
the scope of the claims.

[0143] A wireless device in the present disclosure may
include various components that perform functions based on
signals that are transmitted by or received at the wireless
device. A wireless device may also refer to a wearable wire-
less device. In some aspects the wearable wireless device may
comprise a wireless headset or a wireless watch. For example,
a wireless headset may include a transducer adapted to pro-
vide audio output based on data received via a receiver. A
wireless watch may include a user interface adapted to pro-
vide an indication based on data received via a receiver. A
wireless sensing device may include a sensor adapted to
provide data to be transmitted via a transmitter.

[0144] A wireless device may communicate via one or
more wireless communication links that are based on or oth-
erwise support any suitable wireless communication technol-
ogy. For example, in some aspects a wireless device may
associate with a network. In some aspects the network may
comprise a personal area network (e.g., supporting a wireless
coverage area on the order of 30 meters) or a body area
network (e.g., supporting a wireless coverage area on the
order of 10 meters) implemented using ultra-wideband tech-
nology or some other suitable technology. In some aspects the
network may comprise a local area network or a wide area
network. A wireless device may support or otherwise use one
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or more of a variety of wireless communication technologies,
protocols, or standards such as, for example, CDMA, TDMA,
OFDM, OFDMA, WiMAX, and Wi-Fi. Similarly, a wireless
device may support or otherwise use one or more of a variety
of corresponding modulation or multiplexing schemes. A
wireless device may thus include appropriate components
(e.g., air interfaces) to establish and communicate via one or
more wireless communication links using the above or other
wireless communication technologies. For example, a device
may comprise a wireless transceiver with associated trans-
mitter and receiver components (e.g., transmitter 210 and
receiver 212) that may include various components (e.g.,
signal generators and signal processors) that facilitate com-
munication over a wireless medium.

[0145] The teachings herein may be incorporated into (e.g.,
implemented within or performed by) a variety of apparatuses
(e.g., devices). For example, one or more aspects taught
herein may be incorporated into a phone (e.g., a cellular
phone), a personal data assistant (“PDA”) or so-called smart-
phone, an entertainment device (e.g., a portable media device,
including music and video players), a headset (e.g., head-
phones, an earpiece, etc.), a microphone, a medical sensing
device (e.g., abiometric sensor, a heart rate monitor, a pedom-
eter, an EKG device, a smart bandage, etc.), a user I/O device
(e.g., a watch, a remote control, a light switch, a keyboard, a
mouse, etc.), an environment sensing device (e.g., a tire pres-
sure monitor), a monitoring device that may receive data from
the medical or environment sensing device (e.g., a desktop, a
mobile computer, etc.), a point-of-care device, a hearing aid,
a set-top box, or any other suitable device. The monitoring
device may also have access to data from different sensing
devices via connection with a network.

[0146] These devices may have different power and data
requirements. In some aspects, the teachings herein may be
adapted for use in low power applications (e.g., through the
use of an impulse-based signaling scheme and low duty cycle
modes) and may support a variety of data rates including
relatively high data rates (e.g., through the use of high-band-
width pulses).

[0147] Insome aspects a wireless device may comprise an
access device (e.g., an access point) for a communication
system. Such an access device may provide, for example,
connectivity to another network (e.g., a wide area network
such as the Internet or a cellular network) via a wired or
wireless communication link. Accordingly, the access device
may enable another device (e.g., a wireless station) to access
the other network or some other functionality. In addition, it
should be appreciated that one or both of the devices may be
portable or, in some cases, relatively non-portable. Also, it
should be appreciated that a wireless device also may be
capable of transmitting and/or receiving information in a
non-wireless manner (e.g., via a wired connection) via an
appropriate communication interface.

[0148] While the foregoing is directed to aspects of the
present disclosure, other and further aspects of the disclosure
may be devised without departing from the basic scope
thereof, and the scope thereofis determined by the claims that
follow.

1. An apparatus for communication, comprising:

afirst circuit configured to perform a differential operation
on a signal to detect one or more transient segments of
the signal;
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a second circuit configured to estimate a residual segment
of the signal based on the one or more transient seg-
ments;

a first encoder configured to encode the one or more tran-
sient segments;

a second encoder configured to encode the residual seg-
ment; and

a transmitter configured to transmit the one or more
encoded transient segments and the encoded residual
segment.

2. The apparatus of claim 1, wherein the differential opera-
tion on the signal comprises a second-order differential on the
signal to detect the one or more transient segments.

3. The apparatus of claim 2, wherein the first circuit is also
configured to:

identify at least one sample of the signal having a value of
the second-order differential larger than a threshold; and

select a window of samples of the signal around each of the
at least one sample to detect the one or more transient
segments.

4. The apparatus of claim 1, wherein the first encoder is
also configured to encode the transient segments by encoding
segments of the signal being sparse in time domain.

5. The apparatus of claim 4, wherein encoding the seg-
ments of signal being sparse in time domain comprises sens-
ing inflection points of the signal.

6. The apparatus of claim 1, wherein the second circuit is
also configured to:

replace, in the signal, samples of the transient segments
with values to estimate the residual segment.

7. The apparatus of claim 1, wherein the second encoder is

also configured to:

perform, in time domain, random sampling of the residual
segment to encode the residual segment.

8. The apparatus of claim 1, wherein the second encoder is

also configured to:

determine whether the residual segment comprises a low-
pass signal; and

perform decimation on the residual segment, if the residual
segment comprises the low-pass signal.

9. The apparatus of claim 8, further comprising:

afinite impulse response (FIR) filter configured to filter the
residual segment prior to the decimation.

10. The apparatus of claim 1, wherein the second encoder

is also configured to:

determine whether the residual segment comprises a low-
pass signal; and

perform random sampling of the residual segment, if the
residual segment does not comprise the low-pass signal.

11. A method for communication, comprising:

performing a differential operation on a signal to detect one
or more transient segments of the signal;

estimating a residual segment of the signal based on the one
or more transient segments;

encoding the one or more transient segments;

encoding the residual segment; and

transmitting the one or more encoded transient segments
and the encoded residual segment.

12. The method of claim 11, wherein performing the dif-
ferential operation on the signal comprises applying a sec-
ond-order differential on the signal to detect the one or more
transient segments.
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13. The method of claim 12, further comprising:

identifying at least one sample of the signal having a value

of the second-order differential larger than a threshold;
and

selecting a window of samples of the signal around each of

the at least one sample to detect the one or more transient
segments.

14. The method of claim 11, wherein encoding the transient
segments comprises:

encoding segments of the signal being sparse in time

domain.

15. The method of claim 14, wherein encoding the seg-
ments of signal being sparse in time domain comprises sens-
ing inflection points of the signal.

16. The method of claim 11, further comprising:

replacing, in the signal, samples of the transient segments

with values to estimate the residual segment.

17. The method of claim 11, wherein encoding the residual
segment comprises:

performing, in time domain, random sampling of the

residual segment.

18. The method of claim 11, wherein encoding the residual
segment comprises:

determining whether the residual segment comprises a

low-pass signal; and

performing decimation on the residual segment, if the

residual segment comprises the low-pass signal.

19. The method of claim 18, further comprising:

finite impulse response (FIR) filtering of the residual seg-

ment prior to the decimation.

20. The method of claim 11, wherein encoding the residual
segment comprises:

determining whether the residual segment comprises a

low-pass signal; and

performing random sampling of the residual segment, if

the residual segment does not comprise the low-pass
signal.

21. An apparatus for communication, comprising:

means for performing a differential operation on a signal to

detect one or more transient segments of the signal;
means for estimating a residual segment of the signal based
on the one or more transient segments;

means for encoding the one or more transient segments;

means for encoding the residual segment; and

means for transmitting the one or more encoded transient

segments and the encoded residual segment.

22. The apparatus of claim 21, wherein the means for
performing the differential operation comprises means for
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applying a second-order differential on the signal to detect the
one or more transient segments.

23. The apparatus of claim 22, further comprising:

means for identifying at least one sample of the signal

having a value of the second-order differential larger
than a threshold; and

means for selecting a window of samples of the signal

around each of the at least one sample to detect the one
or more transient segments.

24. The apparatus of claim 21, wherein the means for
encoding the transient segments comprises:

means for encoding segments of the signal being sparse in

time domain.

25. The apparatus of claim 24, wherein the means for
encoding the segments of signal being sparse in time domain
comprises:

means for sensing inflection points of the signal.

26. The apparatus of claim 21, further comprising:

means for replacing, in the signal, samples of the transient

segments with values to estimate the residual segment.

27. The apparatus of claim 21, wherein the means for
encoding the residual segment comprises:

means for performing, in time domain, random sampling

of the residual segment.

28. The apparatus of claim 21, wherein the means for
encoding the residual segment comprises:

means for determining whether the residual segment com-

prises a low-pass signal; and

means for performing decimation on the residual segment,

if the residual segment comprises the low-pass signal.

29. The apparatus of claim 21, wherein the means for
encoding the residual segment comprises:

means for determining whether the residual segment com-

prises a low-pass signal; and

means for performing random sampling of the residual

segment, if the residual segment does not comprise the
low-pass signal.

30. A computer-program product for communication,
comprising acomputer-readable medium comprising instruc-
tions executable to:

perform a differential operation on a signal to detect one or

more transient segments of the signal;

estimate a residual segment of the signal based on the one

or more transient segments;

encode the one or more transient segments;

encode the residual segment; and

transmit the one or more encoded transient segments and

the encoded residual segment.
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