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to calibrate and/or recalibrate sensors based on calibration parameters re-
. ceived from secure cloud storage. A plurality of calibration parameter sets for
a plurality of sensors may be received from the secure cloud storage and suc-
cessively transmitted to each of the plurality of sensors using a calibration
. system bus interface. Calibration output data generated by the sensors using

RN the calibration parameters is received and used to create new, optimized cal-
ibration parameters sets.
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SYSTEM AND METHOD FOR SCALABLE CLOUD-
BASED SENSOR CALIBRATION

FIELD OF THE DISCLOSURE

[0001] This application claims priority to U.S. Non-provisional Patent
Application No. 14/946121, entitled “SYSTEM AND METHOD FOR SCALABLE
CLOUD-BASED SENSOR CALIBRATION,” filed November 19, 2015, the

entirety of which is incorporated herein by reference.

[0002] The present disclosure relates to configuring sensors, and, more
specifically, to the calibration and/or re-calibration of sensors utilizing one or

more calibration parameter settings obtained from a computing network.

BACKGROUND

[0003] Sensor devices, and/or more particularly “smart” sensor systems,
typically combine a sensing element, analog interface circuit, an analog-to-
digital converter (ADC), and a bus interface, all-in-one housing, and may
include additional functionality, such as self-testing, self-identification, self-
validation, or self-adaptation, by way of example. The single-housing sensor
system may also be configured to perform signal processing and multi-sensing
capabilities. Typical configurations of these sensors may include an analog
front end (AFE), analog-to-digital converter (ADC), and digital signal processing

(DSP) circuit and control.
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[0004] The AFE module typically includes a front-end signal conditioning
circuit, a programmable gain amplifier (PGA) and an analog filter. A post-
processing DSP circuit may include different types of digital filters. Due to
silicon deep sub-micron manufacturing process limitations for devices (e.g.,
sensors), and the precision requirements of the circuit design specifications for
different industry standards, the analog and digital circuits implemented into
these sensor devices or smart sensor system modules often include dedicated

calibration circuits and common system interfaces for calibration purposes.

[0005] Conventional sensor calibration at a circuit level may typically
require a dedicated memory component, such as a non-volatile EEPROM, to
store predefined calibration coefficients, and/or other calibration parameters.
These calibration parameters may also include AFE programmable gain
coefficients, as well as calibration configuration and calibration output data.
Some analog filters may also be calibrated with predefined coefficient settings
through the system calibration interface. Similarly, DSP circuits may include
different digital filters such as a finite impulse response (FIR) or Infinite Impulse
Response (IIR) circuits, which can also be implemented with the system
calibration interface. Using this configuration, calibration coefficient settings can

thus be loaded into the dedicated memory storage.

[0006] Calibration of specific-use sensors may be costly and inefficient,
as it may typically require individual calibration of each sensor geared to the
specific use. A generic sensor calibration platform may be advantageous for

accommodating various types of calibration parameters, particularly in cases
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where large quantities of sensor devices are produced in a manufacturing
process. However, calibration platforms may involve the calibration of multiple
different types of sensors, wherein each type of sensor may require multiple
different predefined calibration coefficient settings, calibration configurations,
and calibration output. Such manufacturing process configurations may require
very large amounts of dedicated sensor calibration parameter settings and
storage areas. Furthermore, incremental accumulation and periodic updates of
the sensor calibration parameter settings back to the calibration system would
be costly to implement using strictly conventional manufacturing calibration
systems. As such, apparatuses, systems and methods are needed to improve
the effectiveness and efficiency of programming and updating calibration

parameters for sensors in a scalable environment.

SUMMARY

[0007] In illustrative embodiments, computer systems are disclosed for
calibrating one or more sensors, comprising: a processor; a communication
interface, operatively coupled to the processor, the communication interface
configured to receive a calibration parameter set from a computer network; a
calibration system bus interface, operatively coupled to the processor, the
calibration system bus interface being configured to transmit the received
calibration parameter set to the one or more sensors, wherein the calibration
bus interface is further configured to receive calibration output data from the

sensors in response to the calibration parameter set, and wherein the
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communications interface is configured to transmit the calibration output data to

the computer network for generating a new calibration parameter set.

[0008] In the illustrative embodiments, methods are disclosed for
calibrating one or more sensors in a system, comprising: receiving a calibration
parameter set for the one or more sensors from a computer network;
transmitting the received calibration parameter set to the one or more sensors
using a calibration system bus interface; receiving calibration output data from
the sensors in response to the calibration parameter set; transmitting the
calibration output data to the computer network; and receiving a new calibration
parameter set for the one or more sensors in response to the calibration output

data.

[0009] In further illustrative embodiments, methods are disclosed for
calibrating one or more sensors in a system, comprising: receiving a plurality of
calibration parameter sets for a plurality sensors from a computer network;
successively transmitting each of the received calibration parameter sets to
each of the plurality of sensors using a calibration system bus interface;
successively receiving and storing calibration output data from each of the
plurality of sensors in response to each calibration parameter set transmitted;
transmitting the calibration output data to the computer network; and receiving
a new calibration parameter set for the one or more sensors in response to the

calibration output data.
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BRIEF DESCRIPTION OF THE FIGURES

[0010] The present disclosure will become more fully understood from
the detailed description given herein below and the accompanying drawings,
which are given by way of illustration only and which thus do not limit the

present disclosure, and wherein:

[0011] FIG. 1A shows a computing device for facilitating sensor
calibration setup/update in a sensor system, where the computing device
includes a communication interface and a calibration system bus for
communicating with sensors and/or a computer network in an illustrative

embodiment;

[0012] FIG. 1B shows a simplified sensor arrangement having a plurality
of sensors that are coupled to the computing device of the sensor system of

FIG. 1A under an illustrative embodiment;

[0013] FIG. 1C shows a sensor calibration parameter database

configured in a computer network under an illustrative embodiment;

[0014] FIG. 1D shows the overall architecture including the computing
system and computer network of FIG. 1A, the simplified sensor arrangement of

FIG. 1B, and the sensor calibration parameter database of FIG. 1C.

[0015] FIG. 2 shows a sensor arrangement having a plurality of sensors
that are coupled to the computing device of the sensor system of FIG. 1A via a

device calibration module under an illustrative embodiment;
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[0016] FIG. 3 shows a process for obtaining initial sensor calibration
parameters and incrementally calibrating one or more sensors and storing

calibration output data to a computer network under an illustrative embodiment;

[0017] FIG. 4A shows a sensor system including a plurality of computing
devices at a plurality of respective sites for facilitating sensor calibration
setup/update in a sensor system, wherein each of the computing devices
includes a communication interface and a calibration system bus for
communicating with respective sensors and/or a computer network under an

illustrative embodiment; and

[0018] FIG. 4B shows a simplified sensor arrangement having a plurality
of sensors that are coupled to the computing device of a second site of the

sensor system of FIG. 4A under an illustrative embodiment.

[0019] FIG. 4C shows the overall architecture including the multi-site of
sensor calibration system implementation of FIG. 4A, the simplified sensor
arrangement of FIG. 4B, and the sensor calibration parameter database

implementation.

DETAILED DESCRIPTION

[0020] The figures and descriptions provided herein may have been
simplified to illustrate aspects that are relevant for a clear understanding of the
herein described devices, systems, and methods, while eliminating, for the
purposes of brevity and clarity, other aspects that may be found in typical

similar devices, systems, and methods. Those of ordinary skill may thus



WO 2017/087953 PCT/US2016/063108

recognize that other elements and/or operations may be desirable and/or
necessary to implement the devices, systems, and methods described herein.
But because such elements and operations are known in the art, and because
they do not facilitate a better understanding of the present disclosure, a
discussion of such elements and operations may not be provided herein.
However, the present disclosure is deemed to inherently include all such
elements, variations, and modifications to the described aspects that would be

known to those of ordinary skill in the art in light of the discussion herein.

[0021] Exemplary embodiments are provided throughout so that this
disclosure is sufficiently thorough and fully conveys the scope of the disclosed
embodiments to those who are skilled in the art. Numerous specific details are
set forth, such as examples of specific components, devices, and methods, to
provide this thorough understanding of embodiments of the present disclosure.
Nevertheless, it will be apparent to those skilled in the art that specific
disclosed details need not be employed, and that exemplary embodiments may
be embodied in different forms. As such, the exemplary embodiments should
not be construed to limit the scope of the disclosure. In some exemplary
embodiments, well-known processes, well-known device structures, and well-

known technologies may not be described in detail.

[0022] The terminology used herein is provided for the purpose of
describing particular exemplary embodiments only and is not intended to be

limiting. Accordingly, as used herein, the singular forms "a", "an" and "the" may

be intended to include the plural forms as well, unless the context clearly



WO 2017/087953 PCT/US2016/063108

indicates otherwise. The terms "comprises,” "comprising,” "including,” and
"having," are inclusive and therefore specify the presence of stated features,
integers, steps, operations, elements, and/or components, but do not preclude
the presence or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof. The steps,
processes, and operations described herein are not to be construed as
necessarily requiring their respective performance in the particular order

discussed or illustrated, unless specifically identified as a required order of

performance. It is also to be understood that additional or alternative steps may

be employed.
[0023] Moreover, if an element or layer is referred to as being "on,"
"engaged to," "connected to," or "coupled to" another element or layer, it may

be directly on, engaged, connected or coupled to the other element or layer, or
intervening elements or layers may be present. In contrast, when an element is
referred to as being "directly on," "directly engaged to," "directly connected to,"
or "directly coupled to" another element or layer, there may be no intervening
elements or layers present. Other words used to describe the relationship
between elements may be interpreted in a like fashion {e.g., "oetween" versus

"directly between,"” "adjacent” versus "directly adjacent,"” etc.). Further, as used
herein, the term "and/or" includes any and all combinations of one or more of

the associated listed items.

[0024] Although the terms first, second, third, etc. may be used herein to

describe various elements, components, regions, layers and/or sections, these
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elements, components, regions, layers and/or sections should not be limited or
subjected to a particular order by these terms. These terms may be used only
to distinguish one element, component, region, layer or section from another

element, component, region, layer or section. Terms such as "first,” "second,"
and other numerical terms when used herein do not imply a sequence or order
unless clearly indicated by the context. Thus, a first element, component,
region, layer or section discussed below could be termed a second element,

component, region, layer or section without departing from the teachings of the

exemplary embodiments.

[0025] Various apparatuses, systems and methods may be provided for
a cloud-based calibration storage and distribution platform. Such apparatuses,
systems and methods can be used to store, download, upload and share
multiple device calibration data, at the time of manufacturing, and/or for use
after a calibrated device is out in the field, for example. A sensor device or
smart sensor module, for example, may be configured to receive, transmit
and/or update calibration parameter data stored in a secure cloud environment,
and the device and/or its data may be made available for cloud-based analytics
processing. Embodiments of the invention may be adapted to cover a wide

range of sensor device types or smart sensor system modules, for example.

[0026] By arranging sensors in a sensor system to be scalable, each
sensor device or smart sensor module subjected to calibration setup and/or
update may have multiple predefined calibration parameter settings recalled

and/or downloaded from a computer network and applied to individual sensor



WO 2017/087953 PCT/US2016/063108

devices or smart sensor modules. The calibration parameters may further be
managed by a system calibration operations programming sequence, such as

from a calibration system computer.

[0027] Once calibration parameters are downloaded and tested, final
device unique calibration data can be uploaded and stored in the computer
network (e.g., cloud) for any number of applications including, but not limited to,
future referencing in analytics processing of data across multiple manufacturing
sites, comparing updated calibration data to original sensor manufacturer data,
and/or for optimization in the field once the device becomes commercially
available. lllustrative sensor calibration parameter settings may include, but are
not limited to, in-circuit sensor calibration coefficient settings, calibration
configuration settings, calibration output, and other calibration related
parameters. Identical or similar stored sensor implementation circuit calibration
parameters may also be shared in real-time through computer network storage
across multiple manufacturing sites, and for post-manufacturing data and

analytics processing.

[0028] A sensor system 100 is shown in FIGS. 1A-1D of an illustrative
embodiment. Sensor system 100 may be configured as a generic calibration
parameter system, including secure cloud storage for storing calibration
parameters (see FIG. 1C), for example. With reference specifically to FIG. 1A,
a system computer or computing device 101 is shown in an illustrative
embodiment, wherein computing device 101 includes a communication

interface 102, a calibration system bus 103, a memory 104, a peripheral

10



WO 2017/087953 PCT/US2016/063108

interface 105 and one or more processors 106, including, but not limited to, a
central processing unit (CPU), co-processor(s), graphics processing unit
(GPU), digital signal processor (DSP) and microcontrollers. Communication
interface 102 may include any suitable interface (e.g., TCP/IP) allowing
communication to/from computer 101 to a computer network (“B”) and to
sensors (“A”) via Calibration System Bus 103.

[0029] System bus 103 may be configured to pass communication and
data to/from sensors (“A”) and may be based on any suitable platform,
including, but not limited to, Inter-IC bus (I°C), serial peripheral interface (SPI),
the IEEE 1461 standard (e.g., IEEE1451.2, and IEEE1451.3), and the
Universal Micro-Sensor Interface (UMSI), that may include an Intra-Module
Multi-element (IM?) interface. In some illustrative embodiments, sensor system
100 may be configured to have platform-specific communications to
accommodate platform-specific sensors (e.g., I°C). In some illustrative
embodiments, sensor system 100 may be configured to accommodate multiple
platform-specific sensors in a plug-and-play environment {e.g., UMSI).

[0030] With reference now alsg o Fis. 1B, a simplified sensor
arrangement is shown having a plurality of sensors that are coupled to the
computing device 101 of FIG. 1A according to an illustrative embodiment. in
this example, the sensor arrangement may be configured as ong or more
sensor devices and/or smart sensor modules arranged for calibration in g
manufacturing setup. Each of the sensor devices and/or smart sensor modules
may include sensor elements {SE) 110-112 and calibration modules 107-108

arranged as two portions. Those skilled in the art should readily recognize that

11
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in certain Hustrative embodiments, sach SE (110-112) and respeciive
calibration module (107-108) may be integrated together as a single urdl, 1t will
be understood that the term “module” as used herein does not limit the
functionality to particuiar physical modules, but may include any number of

software and/or hardware components.

[0031] in general, a computer program product in accordance  with
certain embodiments may include a tangible computer usable medium {s.g.,
RARM, ROM, an oplical dise, a USB drive, or the ke having compuier-readable
program code embodied therein, wherein the computer-readable program cods
is adapted {0 be executsd by a processor {working in connection with an
operating system and/or execudable software) o implement one of mors
functions and methods as described below,  In this regard, the program code
may be implemented in any desired language, and may be implemenied as
machine code, assermbly code, byvie code, interpretable source onde or the like
{e.g., via ©, C+, C#, Java, Actionscript, Oblettive-C, Javascripgt, C88, XML,

aic.).

[0032] The sensor circult arrangemaent of FIG 1B may further includs
front end sensing element(s), {e.g., resistors formed In a2 Whealstone bridge
configuration for a2 pressurs sensor), followsd by an analog front end (AFE)
signal condifioning circull, which may include prograrmmable galn amplifier{(s)
and analog filters, followed by the analog-io-digiial converter (ADG). Such an
arrangemsnt may further include digital signal processing (DSP) clrcuitry for

post-processing operations, for example,  In certain Hustrative embodiments,

12
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gach sensor slement {e.g., 110) may communicate with a respective calibration
module {8.q., 107 to sendireceive data including, but not imited to, calinration
paramsier daty. Each calibration module (2.g., 167-109) may be connecied (o
a common bus (a8 shown in FIG, 18} through a devics calibration station (114
to couple to computing device 161 {"A”) for recsiving such data, in fllusirative
smbodiments, the calibration modules may connedt 1o a plurality of buses for
communicating with computing device 101, In such a configuration, computing

davice 101 may include a plurality of system buses (103} for facilitating such

commmunication.

[0033] With reference now also to FIG. 10, a computer network
arrangement s shown for sensor systerm 100 according 1o an Hiusirative
smbodiment.  In such an exemplary embodiment, a cloud storage system 113
may be arranged 10 receive, distribuie, update and/or otherwise process and
communicate calibration parameters for sensor modules, such as those
Hustrated in the exampls of FIG. 1B, It should be understood by those skilled
irt the art that the term “cloud” as used herein refers 1o a cloud infrastructure
that may be generally detined as a collection of hardware and tangibly-
smbodied software that enables characteristics of cloud computing. By way of
non-timiting examples, Hustrative cloud characteristics may include on-demand
self-service {e.g., 8 user may unilaterally provision computing capabilifies, such
as server fime and network storage, as needed automatiosally without requiring
human interaction with each sewvice provider); broad nelwork access (2.4,

capabiliies are available over the network and accessed through standard

mechanisms that promote use by heterogensous thin or thick chent platforms);

13
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resourcs pooling (e.q., the provider's compuling resourees, such a8 processing,
memory, and network bandwidth, may be pooled v serve multipls users using
a muilti-lenant model, with different physical and virtual resources dynamically
assigned and reassigned according to consumer demandy; rapid slasticity (8.9,
capabiliies can be slastically provisioned and released, In some casses
atomatically, 1o scale rapidly outward and inward commensurate  with
demand}; and measwed sewvice {(2.g., automatically controlling and optimizing
resource use by leveraging metering capabilities at some level of abstraction

approwriate o the type of service).

[0034] In certain Bustrative embodiments, cloud infrastructure 113 of
sensor systermn 100 may be viewed as containing a physical layer and an
absiraction laysr. The physical laver may include hardwars resources 1o
support the cowd services being provided, and may typically include server,
storage and network components, The abstraction laysr may ncluds software
deployved across the physical fayer, which manifests the cloud characieristics
such as those discusssd above, Conceptually, the abstraction laysr sits above
the physical taver. The cloud infrastruciure may be deploved as a private cloud
{e.g., provisionsd for exclusive use by a single organizalion), a community
cloud {2.q., provisioned for exclusive use by a specitic community of users from
organizations having shared interests), a public cloud {2.q., provisiched for
open use by the general public, or a hybrid cloud {e.g., a composition of two or
more distinet cloud infrastructures). Of course, these are just a few examples

in which calibration parameter storage, processing and distibution for sensor

systern 100 may be implemented. In certain iHustrative embodiments, one or

14
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more networked servers (e.g., via the irtermnet) may be utliized for this purpose.
in other dustrative embodiments, a private server coupled [0 computing device
101 may be used. For purposss of brevily only, the individual devices and
componenis of calibration paramesier storage 1138 are not illustrated in the
figures. in an iHusiralive embodiment, calibration parametsr storags 113 also
inciudes security profocols, such as encryplion, for providing 2 sscure
cormmnunication platform. A data analylics engine may also be provided as part

of calibration parameter storage 113 in some llustrative embodiments.

[0035] As can be seen by way of example in FIG. 1C, calibration
parameter storage 113 includes one or more databases 110A, 111A, and
112A, (or 110B, 111B, and 112B in FIG. 4C) relating to individual sensor
modules 110-112. In an illustrative embodiment, the one or more databases
configured for each sensor module 110-112 may be configured to store a
plurality (1-m) of sensor calibration parameters (“sensor calibration parameter
set 1-m”), which may be uploaded, modified and transmitted to and from sensor
system 100, for example. In certain illustrative embodiments, different
calibration parameter settings may be applied to the analog/or and digital
implementation circuits of a sensor through the system calibration bus interface
103. A generic sensor calibration cloud based platform may support multiple
calibration parameter settings for multiple different types of sensors, as will be
apparent to those skilled in the pertinent arts in light of the disclosure herein,
wherein each individual sensor device calibration output may be accumulated
together with the calibration parameters and stored back into calibration

parameter storage 113.

15
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[0036] Referring now also to FIG. 2, a sensor arrangement for a generic
calibration platform is shown having a plurality of sensors that may be coupled
(“A”) to the computing device 101 of the sensor system of FIG. 1A via a device
calibration station 230, in an illustrative embodiment. The embodiment in FIG.
1B may be configured to represent the embodiment illustrated in FIG. 2, for
example. As can be seen in Fig. 2, a plurality of devices 200-202 having
respective sensor elements (203, 208, 223) are coupled to a device calibration
station 230, which may be configured to load and/or provide (see 217-219)
device calibration configuration data to circuitry of each sensor in the sensor
arrangement. Device calibration station 230 may also be configured to receive
sensor readings (220-222) for transmission to the computing device 101 via a

calibration system bus and further to calibration parameter storage 113.

[0037] Each of the sensor devices or smart sensor modules of the
sensor arrangement of FIG. 2 may include a sensor front-end for signal
conditioning, wherein each front end may include an analog front end (AFE)
(204, 209, 213), a digital end portion (207, 212, 216) an analog-to-digital
converter (ADC) (205, 210, 214), and a digital signal processing (DSP) unit
(206, 211, 215). The sensor calibration interface for the sensor arrangement
may be configured to couple the AFE block and the digital end to the sensor
device calibration station 230. In an illustrative embodiment, the sensor devices
or smart sensor modules may be configured in a single channel arrangement
for a respective sensor device or smart sensor module calibration, as shown in
FIG. 2. In other illustrative embodiments, shared buses/channels may be

utilized as well. Such arrangements advantageously allow scalability of

16
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multiple sensor devices or smart sensor modules, replicated into scalable

multiple channels as illustrated in FIG. 2 (devices 2-n).

[0038] Scalable multi-site sensor calibration configurations may be also
advantageous when a generic sensor calibration platform is to be replicated
and operated in a concurrent fashion. In an illustrative embodiment, the
calibration parameter storage 113 may be accessed, in a synchronous,
simultaneous, and/or ad-hoc manner, by multiple calibration system
computers associated with different calibration platforms (see FIGS. 4A-4B).
A generic sensor calibration platform may be configured to cover a wide
range of sensor devices or smart sensor modules including, but not limited
to, accelerometers, gyroscopes, magnetometers, motion sensors,
eCompass, temperature, humidity, environmental, and other specialty

sensors as well.

[0039] In use, parameters from the calibration parameter storage 113
may include sensor calibration coefficients from the parameter settings, and
may further include any other suitable coefficients, including, but not limited
to, analog programmable gain coefficients settings, analog filter coefficients
settings, digital filter coefficients settings, DSP algorithmic implementation
coefficients settings, sensor manufacturing process correlated coefficients
settings, sensor end user events correlated coefficients settings, sensor
device temperature dependent analytic coefficients settings, sensor device
voltage dependent analytic coefficients settings, sensor device process

dependent analytic coefficients settings, sensor fusion implementation

17



WO 2017/087953 PCT/US2016/063108

correlated coefficients settings, smart sensor module manufacturing process
phase correlated coefficients settings, smart sensor module manufacturing
end user events correlated coefficients settings, and so on. As suggested in
FIG. 1C, the scalability of the calibration parameter set may be characterized
by sensor system 100 as a “sensor calibration parameter set n”, where the
parameter sets of 1 to n are supported for a scalable implementation in an
illustrative embodiment. FIG. 4A also illustrates a corresponding system

calibration software operations flow.

[0040] It may be appreciated that the calibration parameter storage
113, particularly when configured under a cloud computing platform
arrangement, provides a common utility source for maximizing the
effectiveness of shared resources. In illustrative embodiments, cloud
resources may be shared by multiple users and/or also dynamically
reallocated per demand. In accordance with the present disclosure, multiple
sensor calibration sites may be provided access to individual test platform
configuration parameters, unique sensor device or smart sensor module
individualized configurations, along with unique coefficient and parameter

settings information and the like, which are dynamically reallocated.

[0041] With regard to sensor calibration, one illustrative technique for
calibration can be gensrally described as an activity whare the instrument
being tested {e.g., sensor) is comparsd to a known reference vaiue. Without
proper calibration, sensor devices may produce data that may be inaccurate,

grronecus, and/or misleading. There are many possible sources of arror

18
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intreduced o sensor output data, including those caused by the sensor
device circult or hardware itself, Generally speaking, hardware srror can be
caused by the sensor hardware implemeniation at a circull lsvel, the sensor
device component, and/or sensor drift (sensors’ characteristics change by

age or damage).

[0042] Sensor product manufacturing tolerances are iypically derived
and compsnsated for by calibrating the sensor produce during a final
production manufaciuring process, where the calibration data may be utilized
when a system is powsred up. Environmenial parameters for a particular
application in the fisld may also create a need for specialized tasting and
calibration.  Such snvironmental factors may include circult component aging,
tempsrature, humidity, and signal level and bias reference, stc. Certaln sensor
circuifs may contain conbrel o average information, which can be periodically
stored In memory. These factors may be accounted for using a combination or
accumuiation of calibration parameters that are stored in the cloud-based
calibration parameter storage 113, In some jllustrative embodiments, the
calibration parameter settings may also include teld calibration data. A simple
example of field calibration dala may include a sensor temperalure and
compensation adjiustment setting. A more complex example of field calibration
data may include data reflecting end user application events. For example, a
senser calibrated output (8COY may be based on a plurality of calibration
costlicients hy hy he me my me np Ny e thal may be expressed as the

following for various temperatures and pressures:

19



WO 2017/087953 PCT/US2016/063108

SCO = (hg+ 1T+ maT9 4 (g e 1T+ i TOP & ngwe T 4 g TAP 4 L

Thus, the SCO would be the result of nine total measurements for the
calibration, which, expanded for the range of coefficients in the example,

essentially requires second order equation computation/processing.

[0043] Turning now also to FIG. 3, an illustrative system calibration
process 300 is shown under an illustrative embodiment. After the start 301 of
calibration operation 300, a computing device 101 (or other suitable device)
fetches a first initial sensor calibration parameter set from the calibration
parameter storage 113 in block 302. In block 303, each sensor device is
operated using the fetched calibration parameter from block 302, where
decision block 304 determines if the last sensor of the device has been
operated using the fetched calibration parameter. If not (“NO”), the process of
300 increments the sensor device index in block 305 to move to the next
sensor, and the next sensor is subjected to the calibration of block 303. This
process may be repeated until the last sensor is calibrated, and decision block

304 determined that the last sensor was calibrated (“YES”).

[0044] At this point, the process of 300 determines in decision block 306
if the calibration parameter setting used in the calibration of block 303 was the
last calibration parameter setting stored and available from calibration
parameter storage 113. If further calibration parameter settings are available
("NQ”), the process moves to block 307, wherein the sensor calibration
parameter setting is incremented by one and the next calibration parameter

setting is fetched in block 308. Using the next calibration parameter setting,
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sensor device calibration is performed in block 303 and again recursively
operated through the calibration routines until the last device N is completed
(“YES”) in block 306. The process 300 then determines again in decision block
306 if the last calibration parameter setting has been used, and, if not, the
process 300 proceeds to blocks 307, 308 and 303 to increment the sensor
calibration parameter settings by one, fetch the new calibration parameter, and
perform sensor device calibration in block 303 as before. The process may
repeat until decision block 306 determines that the last calibration parameter
setting was used (“YES”) at which point all of the device calibration output data
is transmitted/stored in calibration parameter storage 113 as shown in block

309. Once stored, the process may end at block 310.

[0045] During a system calibration process, a "baseline” may be
measured and stored in the calibration system. A baseline may be defined as
an initial intrinsic reference point of the system from which the sensor element
is initially set. The baseline value for each sensor element may be initialized,
maintained and properly stored in calibration parameter storage 113 for
subsequent periodic updates. Maintaining the baseline may be important during
a sensor calibration operation sequence due to the fact that the system may be
impacted by external factors, such as temperature, moisture, humidity, location
etc., as well as calibration system setup parameters, such as supply voltage
and current. Without maintaining a baseline, such extrinsic factors may cause
the sensor element reference baseline measurement results to drift. If this drift
occurs during a calibration process and is not taken into account, sensor

element measurement errors may exist. As such, calibration adjustment of the
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baseline for the sensor element measurement setup and adjustment should be

performed as part of the sensor calibration process.

[0046] For a predefined calibration equation, the various coefficients in
the calibration equation may be determined beforehand. In an illustrative
embodiment, the AFE gain and offset parameters may be initially determined.
In this example, the calibration process may determine two sets of unknown
variables: (1) AFE gain and offset values, and (2) calibration equation
coefficient values. Sensor front end circuit calibration may be performed as a
two-step process, where the first step determines the sensor AFE scaling

factors, and the second step determines the digital circuit equation coefficients.

[0047] Determining the unknown variables may require appropriate
calibration equipment in the production line, which also involves time on the
production line. In other words, the calibration of every sense element involves
cost. This cost is proportional to the time spent in the calibration process.
Accordingly, the calibration process may involve a tradeoff between the number
of unknown coefficients, which directly translates to the end-accuracy of the
exemplary pressure sensor (as described herein), and the time spent in the
calibration process, which translates to cost. In an illustrative embodiment, the
calibration may be performed after the sense element is connected to a signal

conditioner that may be part of a sensor calibration module.

[0048] Sensor AFE circuit calibration may be performed as a multi-step
process. In an illustrative embodiment, the gain and the offset calibration

parameter in the AFE may be adjusted while the sense element is exposed to
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certain pressure and temperature conditions. In this example, the sensor
sense element (SE) is first exposed to a temperature T1 and pressure P1 that
may represent the minimum pressure that the sense element has to measure.
The AFE offset calibration parameter may then be adjusted so that the AFE
output is as close as possible to the minimum ADC input value. The pressure
may then be changed to P2 that may represent the maximum pressure that the
sense element has to measure. At the maximum pressure value, the gain may
be adjusted so that the AFE output is as close as possible to the maximum
ADC input value. For this example, it may be assumed that the offset scales
with the sensor AFE gain parameter, which is the case with certain

programmable gain amplifier (PGA) gain-setting parameters.

[0049] Continuing with the example, once the sensor AFE is calibrated,
the sensor digital circuit calibration coefficients may be determined.
Determining the actual digital coefficients parameter may be performed as
another multi-step process. For example, a sense element may be exposed to
different temperature and pressure conditions and the ADC outputs are
recorded. The recorded ADC values may then be used to compute digital
coefficients offline. The number of temperature and pressure set points, at
which the digital representation of temperature and the bridge output are

recorded, may depend on the number of coefficients used.

[0050] In another illustrative embodiment, a calibration parameter
equation may be subject to five coefficients. Using the temperature and the

pressure ADC values, they may be recorded at five unique temperature and
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pressure points. If the desired value at the N set point is y(n), n=1, 2, 3, 4, 5,
then a matrix can be constructed for the calibration sensor output equation as

follows:
y(1) = h(0) + h(1)Ty + h(2)P¢ + h(3)T{Py + h(4)P,*
y(2) = h(0) + h(1)T2 + h(2)P2 + h(3) TPy + h(4)P,*
y(3) = h(0) + h(1)T3 + h(2)P3s + h(3)TsPs + h(4)P3°
y(4) = h(0) + h(1)T4 + h(2)P4 + h(3)T4P, + h(4)P,*
y(5) = h(0) + h(1)Ts + h(2)Ps + h(3)TsPs + h(4)Ps°.

Converting the above calibration parameter equation into a matrix produces the

following result:

y(1) 1 T, P TWPr P ra(0)
¥(2) 1 T, P TP, P ||R(D)
y@|= (! T3 Psr,p, P2||h(2)]
y(4) 1 T, P, T,p, PZ|RG)
y(5) 1 Ts Ps T.p; P2 h(4)

[0051] The sensor calibration coefficients parameter may be computed

using a matrix inversion formula given by following equation:

h(0) 1T, B TP PRy
h(1) L T, P TP, PP |y(2)
)| =1 Tz P rp, P2 |y
h(3) 1 T, B, T,A, P*| [Y(®
h(4) 1 Ts Ps TP, P;* y(5)
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[0052] It can be seen that the present disclosure shows a generic sensor
calibration platform that may be extended for use by other non-sensor device
front end signal conditioning circuit products that encompass similar calibration
requirements. It may also be utilized as a manufacturing-centric standard
service item for use across multiple sites, and as a technique for optimizing

calibration parameter settings in the field.

[0053] FIGS. 4A and 4B show an illustrative embodiment wherein
multiple sites (e.g., “Site 1” and “Site 27) utilize the sensor calibration
techniques disclosed herein. Each site may include computing devices 101,
401 communicatively coupled to the computer network of FIG. 1C that includes
the plurality of sensor module databases having a plurality of sensor calibration
parameter sets. In this example, a first site (Site 1) may include a computing
device 101 such as the one disclosed in FIG. 1A and is similarly coupled (“A”)
to the sensor arrangement of FIG. 1B. A second site (Site 2) may also include
a computing device 401 that may be similarly configured to device 101, wherein
computing device 401 includes a communication interface 405, a calibration
system bus 406, a memory 402, a peripheral interface 403 and one or more
processors 404, including, but not limited to, a central processing unit (CPU),
co-processor(s), graphics processing unit (GPU), digital signal processor (DSP)
and microcontrollers. The communication interface 102 may include any
suitable interface (e.g., TCP/IP) allowing communication to/from computer 401
to a computer network (“C”) and to sensors (“D”) via system bus 103.

[0054] Turning to FI3, 48, a simplified sensor arrangement for Site 2 is

shown having a plurality of sensors that are coupled (“D”) to the computing
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device 401 of FIG. 4A under an illustrative embodiment. ir ihis sxarmple, the
sensor arrangement s configured as one or more sensor devices and/or smart
sensor moduies arranged for calibration in a manuiacturing setup. Each of the
sensor devices and/or smart sensor modules may include sensor elerments
(SE} 411-413 and calibration modules 408-410 arranged as two portions
together with device calibration station 407, Those skilled in the art should
readily recognize that in cortain Hustrative embodiments, each BE (411-413)
and respective calibration module (408-410) may be integrated together as a
aingle unit. In this exampls, the sensor arrangement of FIG. 4B may have the

same platform as the sensor arrangement of FIG. 18, but may include different

sensors of sensors having diferent sensor calibration parameter requirements.

[0055] Referring to FIG. 40, it can be ssen that the sensor system may
be configured to service both sites individually and/or simultaneously. In this
sxample, sensor catibration parameter sets from database 110A may be
cormmuricated ("B to Site 1 {Device 101}, while sensor calibration parameter
sets from daiabase 1118 may be communicated ("C7) 1o Site 2 (Devics 401 ).
Using any of the technigues described herain, each sile may recursively
calibrate sensor arrangements (8.g., FIG. 1B, FIG. 48) as described in FHE 5.
Sensor calipration output data may similarly be received from sach site (Bite 1,
Site 2) and stored in a respective database (1104, 1118) as Hlustrated in Fig.

4.

[0056] It should be appreciated by those skilled in the art that the present

disclosure provides effective and efficient sensor device-level calibration for
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various end user applications events, such that the scalability can be
implemented as a manufacturing-centric process as well as a service-oriented
product solution. Advantages of the present disclosure may include the system
configuration for scalable techniques for implementing a generic service
platform for calibrating various sensor front end circuits at the time of
manufacturing, such as by fetching current or updated optimized sensor
calibration parameters from secure cloud storage. Further advantages may
include operating the system in tandem with each individualized sensor
updated parameter information that may be accumulated back into the cloud.
Additionally, data can be managed through post-manufacturing data analytics
programs to analyze, compare, and optimize calibration parameter settings
from multiple manufacturing sites, and for updating these same devices once

commercially available in the field.

[0057] The present disclosure also provides the ability to store large
amounts of different calibration parameter settings in secure cloud storage as
an extension to conventional non-volatiie memory components such as a
EEPROM. Through system calibration operations programming sequence
managed from a calibration system computer, selected sets of predefined
sensor calibration parameters can be fetched from the secure cloud storage
and loaded into the calibration system computer’s local memory (e.g., during a
production phase). For example when a series of device accelerometers are
placed on the present generic system platform for sensor calibration setup
during production, the predefined accelerometer calibration parameters, which

may include calibration coefficients and configuration information, may be
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fetched from the secure cloud storage and loaded into the calibration system
computer’s local memory to be managed by the system calibration operations

programming sequence.

[0058] Where multiple production sites are running concurrent sensor
calibration operations, the same or site-specific predefined sensor calibration
parameter settings may be fetched from cloud storage and loaded into the
manufacturing sensor calibration system computers located at different
production sites. The actual system calibration operations programming

sequence may manage sensor calibrations for each device in production.

[0059] The present disclosure also bridges the gap between individual
sensor device level calibration from the component provider (which mainly
focuses on sensor device design circuit level intrinsic effects), and the end user
sensor calibrations for various applications events. For example, a motion
sensor that combines an accelerometer with a gyroscope or magnetometer
may be re-calibrated, based on environmental factors or geographic location
information. The re-calibrated data may then be fed back to the cloud and
subjected to data analytics to become part of new calibration parameter
settings. Accordingly, the cloud storage based sensor calibration parameter
settings may allow the sensor manufacturing process to program either the
initial sensor design-related calibration parameter settings at the circuit level, or
use modified settings based on analytics outputs that integrate end-user
application-related criteria to provide optimized settings for various user

applications events. In addition, different manufacturing process-related
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variations (e.g., long time drift effects, recent sensor manufacturer
enhancements) may also be accounted for as part of the cloud based

calibration parameter settings.

[0060] In the foregoing detailed description, it can be seen that various
features are grouped together in individual embodiments for the purpose of
brevity in the disclosure. This method of disclosure is not to be interpreted as
reflecting an intention that the subsequently claimed embodiments require

more features than are expressly recited in each claim.

[0061] Further, the descriptions of the disclosure are provided to enable
any person skilled in the art to make or use the disclosed embodiments.
Various modifications to the disclosure will be readily apparent to those skilled
in the art, and the generic principles defined herein may be applied to other
variations without departing from the spirit or scope of the disclosure. Thus, the
disclosure is not intended to be limited to the examples and designs described
herein, but rather are to be accorded the widest scope consistent with the

principles and novel features disclosed herein.
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CLAIMS

What is claimed is:

1. A computer system for calibrating one or more sensors, comprising:

a processor;

a communication interface operatively coupled to the processor, the
communication interface configured to receive a calibration parameter set via a
computer network;

a calibration system bus interface operatively coupled to the processor,
the calibration system bus interface transmits the received calibration
parameter set to the one or more sensors,

wherein the calibration system bus interface receives calibration output
data from the one or more sensors in response to the calibration parameter
being set using the transmitted parameter set, and

wherein the communications interface transmits the calibration output
data to the computer network , thereby generating a new calibration parameter

set.

2. The computer system of claim 1, wherein the calibration output data

from the sensors comprises analog front end gain data and offset value data.

3. The computer system of claim 2, wherein the calibration data output

data comprises calibration coefficient value data.
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4. The computer system of claim 3, wherein the calibration coefficient value
data comprises at least one of analog programmable gain coefficients settings,
analog filter coefficients settings, digital filter coefficients settings, digital signal
processor (DSP) algorithmic implementation coefficients settings, sensor
manufacturing process correlated coefficients settings, sensor end user events
correlated coefficients settings, sensor device temperature dependent analytic
coefficients settings, sensor device voltage dependent analytic coefficients
settings, sensor device process dependent analytic coefficients settings,
sensor fusion implementation correlated coefficients settings, sensor module
manufacturing process phase correlated coefficients settings, and sensor

module manufacturing end user events correlated coefficients settings.

5. The computer system of claim 1, wherein the calibration output data
comprises sensor operation based on at least one of a minimum and maximum

sensing value based on the calibration parameter set.

6. The computer system of claim 1, wherein the calibration output data
comprises sensor operation based on a plurality of predetermined sensing

values, based on the calibration parameter set
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7. The computer system of claim 1, wherein the calibration system bus
interface comprises one of an Inter-IC bus (I°C) interface, a serial peripheral
interface (SPI), an IEEE 1461 interface, and a Universal Micro-Sensor Interface

(UMSI).

8. A method for calibrating one or more sensors in a system, comprising:

receiving a calibration parameter set for the one or more sensors from a
computer network;

providing the received calibration parameter set to the one or more
sensors using a calibration system bus interface;

generating calibration output data from the sensors in response to the
calibration parameter set;

transmitting the calibration output data to the computer network; and

receiving a new calibration parameter set for the one or more sensors in

response to the calibration output data.

9. The method of claim 8, wherein the calibration output data from the

sensors comprises analog front end gain data and offset value data.

10.  The method of claim 9, wherein the calibration data output data

comprises calibration coefficient value data.
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11.  The method of claim 10, wherein the calibration coefficient value data
comprises at least one of analog programmable gain coefficients settings,
analog filter coefficients settings, digital filter coefficients settings, digital signal
processor (DSP) algorithmic implementation coefficients settings, sensor
manufacturing process correlated coefficients settings, sensor end user events
correlated coefficients settings, sensor device temperature dependent analytic
coefficients settings, sensor device voltage dependent analytic coefficients
settings, sensor device process dependent analytic coefficients settings,
sensor fusion implementation correlated coefficients settings, sensor module
manufacturing process phase correlated coefficients settings, and sensor

module manufacturing end user events correlated coefficients settings.

12.  The method of claim 8, wherein the calibration output data comprises
sensor operation based on at least one of a minimum and maximum sensing

value based on the calibration parameter set.

13.  The method of claim 8, wherein the calibration output data comprises
sensor operation based on a plurality of predetermined sensing values, based

on the calibration parameter set

14.  The method of claim 8, wherein transmitting the received calibration

parameter set comprises transmitting using one of an Inter-1C bus (I°C)

33



WO 2017/087953 PCT/US2016/063108

interface, a serial peripheral interface (SPI), an IEEE 1461 interface, and a

Universal Micro-Sensor Interface (UMSI).

15. A method for calibrating one or more sensors in a system, comprising:
receiving a plurality of calibration parameter sets for a plurality sensors
from a computer network;
successively transmitting each of the received calibration parameter sets
to each of the plurality of sensors using a calibration system bus interface;
successively receiving and storing calibration output data from each of
the plurality of sensors in response to each calibration parameter set
transmitted;
transmitting the calibration output data to the computer network; and
receiving a new calibration parameter set for the one or more sensors in

response to the calibration output data.

16.  The method of claim 15, wherein the calibration output data from the

sensors comprises analog front end gain data and offset value data.

17.  The method of claim 16, wherein the calibration data output data

comprises calibration coefficient value data.
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18.  The method of claim 17, wherein the calibration coefficient value data
comprises at least one of analog programmable gain coefficients settings,
analog filter coefficients settings, digital filter coefficients settings, digital signal
processor (DSP) algorithmic implementation coefficients settings, sensor
manufacturing process correlated coefficients settings, sensor end user events
correlated coefficients settings, sensor device temperature dependent analytic
coefficients settings, sensor device voltage dependent analytic coefficients
settings, sensor device process dependent analytic coefficients settings,
sensor fusion implementation correlated coefficients settings, sensor module
manufacturing process phase correlated coefficients settings, and sensor

module manufacturing end user events correlated coefficients settings.

19.  The method of claim 15, wherein the calibration output data comprises
sensor operation based on at least one of a minimum and maximum sensing

value based on the calibration parameter set.

20. The method of claim 15, wherein the calibration output data comprises
sensor operation based on a plurality of predetermined sensing values, based

on the calibration parameter set
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