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(57) Abstract: Disclosed embodiments pertain to a method on
a UE may comprise determining a first absolute position of the
UE at a first time based on GNSS measurements from a set of
satellites. At a second time subsequent to the first time, the UE
may determine a first estimate of displacement of the UE relat-
ive to the first absolute position using non-GNSS measure-
ments. Further, at the second time, the UE may also determine
a second estimate of displacement relative to the first absolute
position and/or a second absolute position of the UE based, in
part, on: the GNSS carrier phase measurements at the first time
from the set of satellites, and GNSS carrier phase measure-
ments at the second time from a subset comprising two or more
satellites of the set of satellites, and the first estimate of dis-
placement of the UE.
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VISUAL INERTIAL ODOMETRY ATTITUDE DRIFT CALIBRATION

{801} This application clanns the benefit of and priovity tor LLS. Provisionad
Apphication No. 62/197 510 entitled “Visual Inertial Odometry Attitude Drift
Calibranion” filed July 27, 2015, U.S. Provisional Apphcation No.: 62/304,062 entitled
“Visual Inertial Odometry Atttude Drft Calibravion™ filed March 4, 2016, and US.
Non-Provistonad Apphieation No. 13078862 fled March 23, 2016 entitled "Visual
Inertial Odometry Attitade Drift Calibration™. The above applications are all assigned to

the assignee hereof and incorporated by reference, in their entiveties, heramn.

FIELD
jo002| The subject matter disclosed herein relates gereratly to torrestrial

positioning svstems, and in particular, to svstems aid methods for attitude and

displacement drift calibration of systems using visual wertial odometry {VIO),

BACKGROUND
{oa63) Advimced Driver Assistance Systems {ADAS) mapping andfor

navigation systems may use a point cloud of Light Detection And Ranging {(LIDAR)
measurements i a 360 degrees horizontal pattern avound the vehicle, which s
correlated with a proviously obhtamned high accurgey georcforenced fexture map. As one
example, many ADAS demand absolute accuracy levels in the range of 1 meter or less
and relative accuracy (e g, betsveen two sucesssive posttions in a time period) in the

decimeter range. Thorefore, to matntain accuracy levels, the maps ave often frequently

updated,
{0004 With Global Navigation Satellite Svstems (GNSS) based mapping andfor

navigaticn systems, GNSS scowracy may degrade significantly in wrban canyons, where
multipath effects may induce an absohute position error of the order of tens of meters
{o.g. as much as S meters) and relative position error of the order several meters. In
addition, accursey may be further degraded by the limited gvailability of good GNSS
messurements. For example, with GNSS measurements that use carrier phase to aclueve
higher acouracy, posttioning accaracy is dependent on a constant lock obtained by

maitatiung a clear view to at least four sateibites, which may not be possible due to
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envirommnental condisons (e.g. in urhan canvons). Forther, accurate GNSS posttioning
slso relies ob the presence of a newby reference receiver, which may not be avarlable
many siuations. In instances where accelerometer o IMU based nertial systems are
used wncrtial sensor drift and other biases provent rehiable and aceurate position

determunation.

SUMMARY

{0063} In some embodiments, a method on a user equipment (UE) may
comprise: determining & fivst absolute position of the UE at a fivst e (11} based on
GINSS measurements from a set of satellites at the first tume (41 determining, at &
sceond time (£2), a first estimate of displacement of the UE relative to the fiest absolute
position, wherein the second time (12} 1s sabsequent to the first time (1), wherein the
first estivoate of displacement 18 determined asing nor-GNSS mcaserements; amd
determining, at the sceond time (12), g second estimate of displacement of the UE
relative 16 the fivst absolute position based, i part, on: GNSS carrier phase
measeremenis at the fest time (01 from the set of satellites, and GNSS carrier phase
measurements at the sccond time {(82) from a subset comprising two or morg satellites of

the set of satellites, and the first estimate of displacement of the UE,

j6006] In another aspect, a User Equipment {UE) may comprise; a GNSS
recerver capable of performing GNSS measurements; at least one non-GNSS
displacement sensor to deternnne UE displacement; @ memory to store the GNSS
measerements and e non-GNSS displacoment sensor measurements; and a processor
cowprled fo the GNBS receiver and the non-GNSS displacament sensor. In some
embodiments, the processor may be configured to: deternune a first absohute position of
the UE at a first thme {t1) based on GNSS measwrements from a set of satellites ar the
first thme (11); determing, at a second time {(12), a first estimate of displacement of the
UE relative to the first absolute posttion, wherein the second time (82} is subsequent to
the first time (11), wherem the fivst estimate of displacement iy determined using nop-
(GNSS measvrements from the at least one noa-GNSS displacement sensor; and
determuing, at the second time {13), o second estimate of displacement of the LIE
relative to the first sbeolute posibion based, m pwt, oy GNSS carner phase

measurernents at the Sest thne (11 from the set of satellites, and GNSS carrier phase

[
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moeasurements at the second time (12) from a subsel comprising two of move satellites of

the set of satellites, and the first estimate of displacement of the UE.
{anaT} in a farther aspeet, 8 User Equipmont {UE) may comprise: GNSS

roceiving means capable of performing GNES measurementsy at least oue non-GNSS
displacement sensing means to determine UE displacenient; means for deternuning a
tirst absolute position of the UE at a first time (11 based on GNSS mcasurements from
a set of satellites at the first time (11); means for determiming, at a sceond nme (23, a
first estimate of displacenent of the UE relative 1o the first absoluie position, wherein
the second e (12} iy subsoquent (o the first time {11}, wherein the first estimate of
displacement is determined using non-GNSS measurerments determined by the
non-GONSS displacerment sensing means; and means for deternuning, at the second time
(12}, ‘& spcond ostimate of dbsplacement of the UE relative to the first ahsadate position
hased, in part, ons GNSS carrier phase nicssurements ot the fivst time {11 from the set of
satelfites, and GNSS carrier phase measuroments at the second time (12 from a subsct
comprising two or mors satellites of the set of satellites, and the first estimate of

displacement of the UE.

{0008] In another aspect, a non-transiory computer readable metdivm nay
comprise instructions, which when oxecuted by 3 processor, cause: the processor oo
determine a first absolute postiion of a Liser Equipment {UE) at a first time (11) based on
(GNSS measorements from a set of satellites at the first ome (1) deternuine, at a second
time (123, a fist estimate of displacement of the UE relative to the first absolute
position, wherein the second time (12} Is subscquent to the first time {t1), wheremn the
first estimate of displacerent is deternuned using non-GNSS measurements; and
determine, at the sccond time §2),  a second estimate of displacement of the UE
relative to the first absolute posttion based, in part, on: GNSS carrier phase
measurements at the fivst time (1) from the set of satellites, and GNSS camvier phase
meararements at the second time {2 from a subset comprising two or more satellites of

the set of satelhites, and the first estimate of displacement of the UE,

{0009} The methads disclosed may be porformed by a UE, including mobile
stations, mobile devicgs, ete, vsing a combination of GNSS signals, including carrier
phase measuraments, Visual Inertial Odometry snd 1n conjunotion with tervestrial

wirgless svstems, including LPP, LPPe, or other protocols. Embodiments disclosed also

3
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relate to sofbware, fismaware, and program instructions ereated, stored, accessed, read, or
modified by processors using non transitory computer readable media or compuier

readable memory.

BRIEF DESCRIPTION OF THE DRAWINGS

{8010 FIG. 1 shows a schematie block diagram ilustrating certain exemplary
features of an UE enabled to support postiion determination in accordance with

disclosed embodiments.

{0611} FIG. 2 shows an architécture of a system capable of providing Location,
andfor Navigation services to Uks including the transfor of location assistance data or

incahion information.

{0612} Fig, 3A shows an example skyplot of cight GNSS Satellite Vebickes ata

poind n fme,

{6013] Fig. 3B shows a map of an cxcoplary urban coviromment with UE 100

and smme ONSS Satellite Vichicles.

{014 Fig. 4 shows traditional carrier phase measuwrements and sxemplary
hybrid GNSS-VIO varrier phase measurement s accordance with some embodinenis

disclosed herein.

{8015} Fig. § shows a UE 100 which may be i a velucle moving from a

Iocation P1 at ame t] to location P2at time 12 along a path.

Y] Fig. 6 illustrates an example of single difforence carrier phase integer

reconsieaction ¢ back projection according to some disclosed embodiments.

[8017] Fig. 7 shows that VIO or another non-GNSS positioning estimate of
relative displacement between points P1 610 and P2 620 may be used to back project

angd resobve integer ambiygwities for 8Ys 2¥0-1 and 2806-2,

jo018] Figs. 8A and 8B show an exemplary niethod 800 for hybrid GNSS-VIO
or hybrid GNSS - non-GNSS position determination in accordance with some disclosed

embodiments.
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{8019} Fig. 9@ shows an examplary method 906 for hybrid GNSS ~ non-GNSS

position deternpnation in gocordance with some disclosed embodiments

CRIPTION

jn20] In mapping andfor navigation svstems, such as ADAS (Advanced Driver
Asgistance Systems) applications, mapping and/or navigation may use one of more
continuous, reliable, and accurate sourees of both absolute and relative posiiioning.
ADAS mapping andior navigation systems may use LIDAR measurements andfor
RADAR measurements to oblain relative displacoment estimates. The torm “relative
positioming”™ or “relative displacement™ 13 used herein o refer {o a baseline vector
between two positions occupied by a single mapping/navigation entity, such as a single
vehicle, or a single user equipment, or a single mobile station over a tme period. In
some nstances, the relative displacomont may be expressed in an absolite wefersace
framework. “Relatrve Positioning”™ as described above s therefore different frown the
instantancous basching vector between two distingt receivers (e.g. a reference and a

rover) at 8 point in time.

ja021} Some disclosed embodiments pertain to a time based relative velocity
sohution using a GNSS-VIO hybrid approach that combines Visual Inertial Odontetry
(VIO with GNSS. The term “odmmetry™ refors to the estimation of changes in position
over time based on measurements from sensors. In VIO, several visual features may he
fracked from frame to frame, which may be used to determine an acourate sstimate of
relative camera motion. In some corbodiments, available GNSS measurements {e.g.
carrivr phase measurements) that meet quality parameters but are time-separated (0.4,
by widely spaced measurement time windows) are stitched together using relative
displacement and position obtained from measurements by altcrnate (non-GNSS)
sensors and/or techniques, GNSS signal guality parameters may include, for example,
whether Line Of Sight (LOS) exists to a subset of the visible GNSS satellites, the extent

of GNSS signal degradation due to muliipath (MP} e,

{au22] The relative displacement and position between two Hime separated
GNSS positioning locations may be obtained asing various sensorsitechniques and may

include the use of 1mages captured by cameras/optical sensors andfor measuroments by
Ingrtial Measuroment Unsts (IMUs). Relattve displacement and position between two

GNSS positioning pocasions may also be deternmned nsimg LIDAR or Radio Detection

L 4
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snd Ranging (RADAR). LIDAR refers to remote sensing technology that menswres
distance by llununating a target{e.g. with a laser or other hight) and analyzing the
reflected light. In some embodiments, VIO based technigues may be used to determine
relative displacement and position between two or more locations where GNSS
measurements that meet quality parameters are avatlable, For example, in a situation
where GNSS measurements meeting guality parameters ave avatlable at a time 1 and
then available at another fater time 82, but wnavailable between t1 and 2, then, VIO
and/or an alternate sensor based technique of sinnlar accuracy may be used o determine
relative displacement and position between times 11 and 12, The time separated GNSS
pwaseroments obtained ducing positioning may-inchede GNSS carvier phase

measurements andior GNSS code phase mcaswrsments.

{p023) The torm “multipath”™ 1§ gsed torefor to crrors thid docur when a UE
receives a nux of direct and mdivect signals or indireci-only signals (Nen Linme of Sight).
The mndirect signals mav come from surrounding buildings or from atmospheric
conditions affecting signals from satcHites af low elevations relative o the horizon.
Disclosed embodiments facihitate relative motion and position determination when the
aumber of visible sateliites 1s {ess than the number used during traditional {e.c 4 or

more satellites for & three-dimensional (3D} mode) position caleulation.

{6024] In some embodiments, time-separated Line OF Sight (LOS) GNSS

&2

measerements that Include carrier phase measurementy without multipath may be
stitched together based on VIG, for exanmple, by dead reckoning with a camera or fmage
sensor. In some embodiments, the GNSS measurements, when avatlable, may also be
used to correct VIO drift, offset and misalignment errors. In some embodiments,
measuremends can be stitched fogether by fusing GNSS measurements collected, for
example, at a time £, with measwrements from another sensor {e.g. camera and/or IMU
and/or LIDAR andfor RADAR and/or another method) or technique that determines an
acourate refative motion vector between a tioe t1 and ancther time 2. In some
embodiments, parameters for GNSS measurcments at time 12 may be determined based
on the GNSS measwrements at time ] and the aceurate relative motion vector between

tirnes £ and £2,

{80251 Some disclosed embodiments may be viewed as feetlitating the wransport

of discontineous ONSS measurements collected at a first fime 11 1o another second bme

&
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epoch (2, using relative displacement information obtained from anather non-GNSS
sensorftechmique (e.g VIOAMUVLIDAR/RADAR based) of similar accuracy. Insome
embodumenis, posttion continuily may he maintained by propagating the last fix based
on the displacement measured since that last fix. Thus, g fix at thime 1 may be
propagated to a time 12 based on displacement measured since 11, In some
cmbodiments, computation of a translation andfor rotation matrix to olstain
measurements in an absohute frame of referenc from the focal non-GNSS §
displacement sensor frame of reference may be performed m conjunciion with the

paosition fix.

{26} in some embodirecnts, GNSS carrier phase messurements that meet
guality parameters may be collected at botlrtl and 12, VIO based techniques may be
wsed to deternune displacement betweon tinws 11 and €2, and carvicr phase togey

smbiguity resolution miay be performed for the GNSS mcasuroments.

[8027] in classical Real Time Kinesatic (RTK), GNSS measurements are
stnultancously collected from two receivers: a Reference receiver and from a Rover
{moving) receiver 1o resolve carmier phase ambiguities. In classical RTK, the term
“Relative Positioning” refers to the instantancous bascline vector between two distinet

recoivers {e.g. a reference and a rover) at 3 point in hime.

{028} bt some disclosed cmbodiments, data from the smee reconver, bug
collected at difforent times, may be used o resobve carrier phase ambigaitics. As one
“rover receiver” position, while the position p2 of the UE at time 12 way be considered

the as the “reference reectver™ position,

{6029 L some embodiments, fast resohstion of integer ambiguitics may be
facilitated because disclosed techniques may tightly constrain ViO-measured relative
displacement to refatively high accuracy fevels. Accordingly, in some embodiments, the
ViG-measured refative displacement may be used, n part, to resolve ambiguities and
facilitate real thme position: determination even when cyele ships occur, In some
crobodiments, cmier phase ambiguitios between two successive positions occupied by
the recobver may be resobved using the Vernier principle. In the Veruer principle, two

scales {e.g. VIO-based and carrier phase based) with different pentodicities or

~J
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gradustions may be used o increase the accuracy of the measured displacement

between the two SuCCessive regetver positions,

jaR30] Disclosed ewbodiments also vesolve other biases relating to position
determunation such as those ansing from nog-simuhtaneous GNSS measurements, the
motion of satellites between times £ and 2, ionospheric delays partial spatial
decorrelation, recerver clock dnfi, etc. In some conbodiments, the techniques disclosed
may also be used for andfor 1 conjunction with Precise Pomt Positioning {(PPP)
techmgues that facilitate global loention determmation with lngh aceuracy using a single

{iNSS recetver.

{031] The terms “User Deviee” (LD or “user squipment”™ (UE) are used
interchangeably hercin and may refer to a device such as a cellular or other wireless
communication device, personal communication system (PCS) deviee, personal
navigation device {PND), Personal Information Manager (PIM}, Personal Digital
Assistant (PDAY, laptop or other suitable mobile device which is capable of receiving
wireless conummication and/or navigation signals. The terms are also mtended to
nchade devices which communicate with a personal navigation dovice (PND), such as
by shori-range wireless, infrared, wircline connection, or other connection ~ regardless
of whether satellite signal reception, assistance data reception, and/or position-related
processing occurs at the device or at the PND. The UE may represent a mobile
telephone, notepad computer, or laptop, or it may be a vehiele that collects measerement

sets for the purpose providing a real time position and/or map creation,

{032} Insaddition, the terps LB, UE, “mobile station™ Vimebile deviee™ or
“rarget” ars intended to inclade all devices, inchading wireless and wireline
communication devices, computers, laptops, ete. which are capable of connmumcation
with a server, such as vid the Internet, Wi-Fl celhadar sireless setwork, DSL network,
packet cable network or other network, and regardiess of whether satellite signal
regepiion, assistance data reception, and/or position-related processmyg occurs at the
device, at g server, ov at another device associated with the network., Any operable

combination of the above are also considered a “user device”

{6033 Fig. 1 shows a schomatic block diagram ustrating cortain exemplary

features of UE 100 enabled fo support mapping based o a combination of GNSS signal
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and sensor based measurements to compute relative displacerent, mcluding camera or
other tmage based techmgues. Further, in some embodiments, UE 100 may also suppont
hybrid GNSS-VIO based position determination by combining image based techiiques
with GNSS carrier-phase signal measurements, The term “hybrid™ is used to refer to the
use of a combination of one or more of displacement sensor anddor VIO based
techaigues with (GONSS signal based techniques to perform location determination tn a

manner conststent with embodiments disclosed herem.

{6834} LIE 100 may, for example, mclads one or more processors or
processor{s) 150, memory 130, a ransceiver 110 {e.g., wireless network interface), and
Satelhite Positioning Systermn ($P8) recerver / GNSS recetver 140 (heveimafier "ONSS
receiver 1407) and optical sensors/camera(s) 186, In sowe embodiments, UE 100 may
also eptionally or additionally include one or move of: a magnctometer, an althmeter, a
harometer, and sensor bank 183 (colleetively referred 1o as sensors 1851 1o some
non-fransitory computer-readable median 160, display 1940, and memory 130, which
may be operatively coupled to cach other with one or more conneetions 120 (e.g., buses,
lines, fibers, links, ete ). In certain example implementations, all or part of UE 100 may

take the form of a chipset, and/or the bike.

[6035] CGNSS receiver 140 may be enabled to receive signals associated with
one or more SPS/GNSS resources. Received SPS/GNSS signals may be stored i
memory 130 and/or used by processor(s) 150 to determine a position of UK 100, In
sone embodinients, GNSS receiver 143 may melude 2 code phase recciver and 3 carrier
phase recerver, which may measure cavrier wave related information. The carrier wave,
which typically has a much higher frequency than the pseudo random noise {(PRN}
{code phase) sequence that # carrics, may factlitate more acourate position
determination. The term “code phase measurements” refor 1o measurements using a
Coarse Acquisition (C/A) code recoiver, which uses the mformation contained in the
PRN seguence to calcolate the position of UE 100, The torm “carier phase
measurerents” refer 1o moasuroments using a carnier phase receiver, which uses the
carvier signal 1o caleulate positons. The carrier signal may take the forny, for example

for GPS, of the signal L1 at 157542 MHz (which carries both a status message and a

g



WO 2017/019315 PCT/US2016/042286

pseudo~-random code for tining) and the L2 sigeal at 122760 MHz (which caymies a

more precise mikitary pseudo-random code}.

{36} In some embodbments, carvier phase measwements may be used o
determune position in conjunction with code phase measurements and differential
techaigues, when GNSS sigmals that meet quakity parameters are avaitable. The use of
catrier phase measurcments along with differential correction can vield relative
sub-dechmeter position accuracy. In some embodiments, UE may use technigues based
o or vanants of real-time carrier phase differential GPS (CDGPS) to determine the
position of UE at various point and times, when such measwrements are avatlable. The
term “differential correction”, as used conventionally, refers o corrections to carrier
phase measurements determined by a reference station at a known focation. The carrier
phiase measeremenis at the teforence station may be used to estimate the residuals of
{.g. portions not corrected by navigation messages) satellite clock hiases of visible
sateliites. The satellite clock biases are transnutied o “roving reccivers™ which use the
received mformation to correct their rospective measarements. In some embodiments,
the position pl of UE 1) at thme £ may be considered as the “rover receiver”™ position,
while the position p2 of the UE at time 12 mav be considered the as the “reference
receiver” position and differential technigues may be applicd to minimize or remove
arrors induced by satellite elock biases. Because the same receiver is used at time tf and
12, no-data needs 1o be actually tansoutied from the “reference” receiver {Le. recerver at
timie t1), to the “rover™ recetver, (f.e. sane receiver at time 12). In some emibodiments,
instead of the dats transmission bobween rover and receiver that oceurs in elagsical

RTH, alocsl data buffering operation may be gsed fohold data at tmes 1 and £2.

{HE37] The term “differential technigques™ refers to techniques such as “single
differencing”, “double ditferencing” ofc. where the qualificrs “single™ “double™ etc.
refer traditionally to the number of satellites and the two receivers used in the

differencing.

{6038] As used in relation to eimbodiments disclosed herein, “single
differencing” refers to ervor reduction techniques that subtract GNSS carrier phase
measureyends at a UE 100 from 2 single satellite § at tine 12 from GNSS carrier
measurements at UE 106 from same satellite § o time t1, The term “double

differencing”™, as used in relation to embodiments deseribed horewn, refors to the carrier

10
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phase double difference observable between the times 1l and 12, which may be obtained
as the difference between the above single difference camier phase observable fora

satellite §_i and the above single difference carrier phase observable for a satelbie 8_3.

{6039] Transceiver 110 may, for example, tnclade a transmitter 112 enabled to
transmit one or more signals over one or more fypes of wirelesg communication
networks and a recetver 114 10 receive one or more signals transautied over one or more
types of wireless communication networks. Wireless commumication networks may
inchide, for example, Wireless Wide Avea Networks (WWAN), incloding cellubar

networks, andéor Wireless Local Area Networks {WLANs)

{810:40] in some canbodiments, UE 100 may comprise optical sensors such as
CCD or CMOS sensors andfor camera(s) 1830, In some embodiments, optical sensors
may inclade or be coapled o a LIDAR ot/ lasers with associated instrinmentation
mcheding scanners, photo-detectors and receiver electromies. Optical sensors / camera(s)
arg heretnafter referred to “camerais) 1807, Camera(s) 180 may convert an aptival
image ioto an clectromic or digial image and may send captured mages (o processor(s)
150. For example, as shown in Fig. 1B, in some embodiments, camerafs) 180 may be
housed separately, and may be operationally coupled to display 190, processor(s}) 150

anddor other functional wnts i UE 100,

{8041 In some omboditoends, UE 18 may also include nertial Meagsuremens
Lha (IMIU} 1700 bnosome embodimmends, IMU 170, shich gy comprise 3-gxis
accelerometer(s), d-axis gyroscope(s), and'or magnetometer{s), may provide velogity,
orientation, and/or other position related information to processor(s) 1540, In some
smbodiments, IMU 170 may be configired (o measure and ooty micasared
pformation syachronized to the capture of cach bmage frame by camera{s) 180, andior
measurements taken by sensors 183 in UE 100, In some embodiments, the output of
MU 170 may be used, m part, by processor{(s} 150 to determine a position and

orientation of UE 106,

{3042} The term “non-GNSS displacement sensor” is used herein to refer 1o any
combination of sensors that may be used to determine displacoment. The termy
aon-GNSS displacement sensor, as used herein, may refor to one or more oft MU,

accelerometers, Visual Inertial Qdometry {VI0) hased on captured images, LIDAR efc.

11
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The term “non-GNSS measurements” may refer to measurements from any of the above

SCNBOTS.

{3} In some embodbments, the capture of GNSS measerements by UE 100
when avatlable may be synchronized andfor correlated with the capture of images by
camera{s) 180, Farther, in some embodiments, the caphure of non-GNSS measuraments
{e.g. by IMU 170) measurements may be synchromzed with the capture of images by
the camera(s) 180/ UE 100, In some embodiments, IMU measurements, GNSS
messurements, and captured images may be tmestamped and the mwanvemems and
images may be associated with each other based on the time stamps. The association of
OB Of MOTE Measurements with image andior with cach other may ccour concurrently
with measorement / image recordation, andfor at a later point in time based on the

timestamps associated with the measurcmesits,

{0044 The termy “measurement set” 18 used to refer to signal measurements
performed by a UE at a measurement location at 3 point i time or within some
specified interval of a pomnt in time. The signal measurements made may be related to
mapping and/or position detervunation. The signal measwenments made may also
depend on UE 100, the capabilitics of UE 100, enviromwmental characteristios and/or
signial cliaracteristics that are available for measurement by UE 100 af a speaific
locationftime. Typically, a rocasurernent set may conprise available GNSS
measurements, VIO measarements {e.¢. based on captared image(s} or LIDAR
measurements), and IMU measioements, where cach clement of the measurement set
may have been recorded within some specified time interval of a point in ime. The

measurement sets recorded by UR 100 may be stored in memory 130 on UE 100

[8045] Processor(s) 150 may be tmplemented using 2 combination of hardware,
flernware, and software. In some embodiments, processor(s) 156 may include Computer
Vision Processor (CVP) 155, which may implement a varicly of image processing, VIO,

antd Computer Vision {CV) functions.

{0046] In somoe embodiments, camerals) 180 may include nuahtiple cameras,
fromt andfor rear facing carncras, widc-angle cameras, and may also incorporate CCI,
CMOS, andfor other sensors. Camera(s) FRO, which may be still andior video cameras,

may capture a series of 2-Dimenstonal (2D still andfor video image frames of an
¥ ol ) &

12



WO 2017/019315 PCT/US2016/042286

enviromment and send the captured mage frames 1o processor{s) 130, For example,
canera 180 may capture a series of 3~dimensional (3D} images from a Time-of-Flight
camera, o associated pairs or multiple 2-dimensional (2D frames capiured by sterco,
trifocal, or multifocal cameras. In some embodiments, camera{s) 180 may be a wearable
camera, or an external camera, which may be operationally coupled to, but housed
separately from, other functional units in UE 100, In one cmbodiment, images captuved
bv camerals) 130 may be in a raw uncompressed format and may be compressed priog
to being processed and/or stored in memory 160, In some embodiments, image
compression may be performed by processor{s) 150 (e.g. by CVP 155) using lossless or

lossy compression techniques,

{47} In some embodiments, camera 180 may be o depth sensing camwera or
may be coupled to depth sensors. The torm “depth sensor” is used to refer to fimctional
nnits that rogy be used to obtain depth information for an environment independently
and/or in tonjunction with camerafs) 180, In some embodiments, may comprise RGRD
cameras, which may capture per-pixel depth (B} information when the depth sensor is
cnabled, in addition to color (RGE) images. As anothor example, in some embodimants,
camera{s} 180 may take the form of a 3D Time Of Flight GDTOF) camera. In
cmbodiments with 3DTOF camerals) 180, the depth sensor may take the formofa
strobe Beght coupled to the 3DTOF camcrals) 130, which may illominate objeciz ina
scene aind reflocted lght may be captiwed by & COVOMUOS sensor in cmmera 110
Depth wnformation yaay be obtuined by measuring the tine that the Light pulses take to
travel to the objects and back to the sensor. In some embodiments, UE 108 mayv melude
or be coupled to LIDAR sensors, which may provide measurements fo estimate relative

displacement of LIE 100 between two {ocations.

{11048] As a firther example, the depth sensor may take the form of a hght
source coupled to camerals) 130, In one embodiment, the hight source may project a
structured or textared Light pattern, which may consist of one or more narrow bands of
light, onto objects in a scene, Depth information may then be obtained by exploiting
geometrical distortions of the projected pattern caused by the surface shape of the
obicet. In one embodiment, depth information may be obtamed from storeo sensors such
as acombination of an infra-red strectured light projectorand an infra~red camers

registered to @ RGB caniera. In some cmboadiments, camerads) 180 may be stercoscopic
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canieras capable of capturing 3 Dimenstonal (3D) inages. In another embodiment,
cameralz) 180 may mclude depth sensors that are capable of estimating depih
information. For example, a depth sensor may form part of a passive stereo vision
sensor, which may use two or more camergs o obtain depth information for a scene,
The pixel coordinates of points common to both cameras i a captured scene may be
used along with camera pose iformation andfor triangalation technigues to obtain
por-pixel depth information. In some embodiments, depth sensors mayv be disabled,
when not i use. For example, the depth sensor may be placed in a standby mode. or
powered off when not being used. In some embodiments, processors 1530 may disable

tor enable) depth sensing at one o more points in tme.

{0} Processor{s) 150 may also execate software to process image frames
captured by camerals) 180, For example, provessor(sy 130 andfor CVP 155 may be
capable of processing one or more timage frames recoived from camerals) 180 o
determine the pose of camera(s) 180 and/or UE 100, implomenting various computer
vision and image processing algorithms andéor performing VIO based on the images
received from camera(s) 140, The pose of camera(s) 180 refers to the position and
orientation of the camera(s) 180 relative to a frame of reference. in some embodiments,
carnera pose may be determined for 6-Degrees Of Freedom (6-DOF), which refers to
three translation components {which may be given by X, Y £ coordinates of a frams of
referenee) and three sngular conpones (o.g. roll, pitch and yaw relative to the same

frame of reference).

[a0s0] in some embodiments. the pose of camera{s} 180 andéor UE 100 may be
deternuned andfor tracked by processor(s} 150 using a visual wracking solution based on
image frames caphwed by camerals} 180, In some embodiments, processor(s) 150
and/or CVP 1535 may be implemented using dedicated circuitry, such as Application
Specific Integrated Circuits (ASICS), Digital Signal Processors (DSPs), andéor

dedicated processor.

{0051 In some embodiments, CVP 135 may implement various computer
vision andior image processing methods such as 3D reconstraction, image compression

and filtering. CVP 135 may also tmploment computer vision based wracking, VIO,
model-based tracking, Sinwhancous Localization And Mapping (SLAM), ete. In some

ervbodiments, the methods implemented by CVP 158 may be based on color or
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grayscale imoage data captured by camerals) 180, which may be used to generate
estimates of 6-DOF pose measurements of the camera, SLAM rofers to a classof
techniques where a map of an environment, such as a map of an environment bemng
modeled by UE 104, is created while simultancously tracking the pose of UE 100
relative to that map. SLAM techmigues inchude Visual SLAM (VLSAM), where tmages
captared by a camera, such as cameras} 180 on UE 180, may be used & create a map of
an cavivonment while simeliancously tracking the camera’s pose relative to that map.
VSLAM may thus involve tracking the 6DOF pose of & camera wiile also determining
the 3-D structure of the surrounding environment. I some embodiments, the techniques
outlined above may identify saliont festuwre pateches orhevpoints or feature deseriptors i
a caphwred image frames, which may be tracked in 3 subsequent image frames. linage
feature deseriptors may take the form of Scale Invariant Feature Transform (SIFT),
Spreded-Up Robust Descriptors (SURFY, ¢te., which are well-known in the agt. The
deternuned/siored image desoriptors may be utilized at a later point by an image or

olject detector to determine the pose of a UE.

{6052] Tracking the pose of UE 100 andfor camera(s) 180 in a spatial coordinate
svstem can be accomplished in a variety of ways. For exaniple, GNSS signals may be
unavailable during some tme periods. The term “unavailable” n relation to GNSS
signals is used 1o refer 10 one or more of: a temporary loss of lock andfor discontimaities
snddor interruptions of GNSS signals; vanous enviremental (including atmvospheric,
geographical, cte) conditions that may detrimentally affect reception andfor reliability of
GNSS signals; andfor non-availability of GNSS signals. Where GNSS signals, such as
carrier phase signals, are unavailable or unrecliable, such as in dense ovtdoor
environments {¢.g. urban canyons), such tracking can be done using VIO based
gracking, which, in some embodiments, may use a combination of visual and incrtial
tracking systems. For example, images captured by camerafs) 180 may be used in
conpmetion with measurenwents by IMU 17 andier serssors i sensor bank 185 {eg
capterals) 180, In another embodnnent, depth data from o depth sensor, which may be
captured m conjunction with the capture of a depth ~image by camerafs) 188, nwy be
used, i part, 0 compute canera pose In some embodiments, VIO based techiiques
may be used, in part, to correct for ervors {such as bisses and dnft) in IMU 170, When

available, GNSSS coordinates may also be used to provide location information.
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{0053} In some ombodinents, the pose of the caroera miy be used to recalibrate
sensors i IMU 170, sandfor to compensate for andfor remove biases from measurements
of sensors 183 andfor sensors in IMU 170, For example, IMU 170 andfor sensors 188
may outpul measured information n syachronization with the capture of each image
frame by camera(s) 180 by UE 100. When the camera pose can be estimated accurately,
for exampie, based on the images {o.g. successiud detection of one or more
corresponding feature points in images) then the VIO estimated camera pose may be
used o apply corrections to measurements by IMU 170 and/or sensors 188 andfor to
recalibrate IMU 170 / sensors 185, so that measurements by IMU 170/ sensors 185 may

anre closaly track the VIO detenvined pose.

e In some embodiments, @ hybrid VIO Tracker may incorporate an
Extended Kalman Filter (EKF), providing vartoes inpuds 1o the EKF to teack the pose of
canterais) 180 and/or UE 100, The Kaloan Filter (KF} 15 g widely used method for
racking smd pose cstimation. Specifically, the KF operates recurstvely on a sequence of
noisy wpul measurements over Hoe to produce a statistically optimal estimate of the
anderlying svstem state, which may inclade cstimates of vnkunown variables. The EKF

linearizes non-lincar models to facilitate apphication of the KF.

j6058] Farther, in some embodiments, processor{s) 130 may further conprise a
Positioning Engine (PE) 156 (heremafter PE 156}, which may use information derived
from images, sensor and wireless measurements by UE 100 either independently, or in
conpunction with received kocation assistance data 1o determine a position andfor a
position pneertainty estimate for UE 100, PE 156 may be implemented using software,
firmware, and/or dedicated circuilry, such as Application Specific Integrated Circuits
{ASICs}, Pugital Signal Procossors (DSPs), andfor dedicated processor (such as

processor(s) 150y

{8036} Further, in some cnbodiments, processer{s) 150 may comprise Location
Assistanve Data Processor (LADP) 138 thereinafier LADP 158), which wmay process
location assistance information comprising nweltipath and visibility map assistance
information, updated GNSS sateliite almanac andfor ephemerts information, which may
then be used by processor{s} 130 to select a signal acqpasition / measurament strategy
anddor determine a location, o some embodiments; processor{sy 1530/ LADP 158 may

atso be capable of processing various other assistance information such as Long Term
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Evolution {LTE) Posttioning Protocol (LPP or LPP extensions (LPPe) messages
including assistance mivemation cither drectly or i conmjunction with one or move other
functional blocks shown in Fig, 1. In some embodiments, PE 156 andior LADP 158

may be used to obtain an inial sbsolute location of UE 100,

{8057 In some embodiments, UE 100 may inclade one or more UE mntomnas
{not shown) which may be memal or extemnal. UE antennas may be used to transmit
and/or receive signals processed by transceiver 116 andfor GNSS recerver 40, In some
embodiments, UE antennas may be coupled 1o transcoiver 110 and GNS3 receyver LY
In some embodiments, measurements of signals received (fransmitted) by UE 100 may
be performed at the point of connection of the UE anterwias and transceiver 1H) For
example, the measarement point of reference for recetved {transmutted) RF signal
meastraments may bo an inpet (odpet) tormingl of thereeciver 114 {ramsmitier 112)
arteinas or antenng drravs, the anfeing comector may bevicwed asa virtual point
representing the aggregate outpat (input) of omddtiple UE antennas. In some
embodiments, UE HY may mcasure received signals including signal stongth and TOA
measurements and the raw measarements may be processed by processor{s) 153G, In
some erabodiments, transceiver 110 may include andfor be coupled to a RADAR unit,

which may be ssed o obtain non-{GNSS displacement measwrements.

{0058} The methodologivs desoribed herein miay be implemented by various
means depending upon the apphcstion. For example, these methodologies may be
mmplemented using modules i hardware, firmware, software, or any combmnation
thereof. For & hardware implementation, the processor{s} 130 may be implemented
within one or more apphication specific integeated civcuits {ASKs), digital signal
processors { DSPs}, digital signal processing devices {DSPDs), programmable ogic
devices {PLDS), ficld progranumable gate arravs (FPGAs), processors, controliers,
ancre-controtiers, microprocessors, clectronic devices, other electronic units designed

to perform the functions described herein, or a combination thereof

{B859] For a fimmware andfor sofiware implementation, the methodologios may
be implomented using code, procedurss, fenctions, and so onthat poeforny the functions
deseribed herein. Ay machine-readable medinm tangibly embodying instructions may
be uzed i implementing the methodologies described herein. For example, software

17
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codes may be stored in @ non-transory computer-readable medium 160 or memory 130
that is comnected 1o and excouted by processor(s) 150, Memory may be implemented
within the processor unil or external {o the processor vait, Ax used herem the torm
“memory” refers to any tvpe of long term, short term, volatile, nonvolatile, or other
memory and 1s not to be lanited to any particular type of memory or number of
memories, or type of media upon which memory is stored. In some cmbodiments,
memory 130 may hold program code that faciitates hybeid GNSS-VIO based location
determination, image processing, and other tasks performed by UM 135, PE 156, andfor
LADP 158, on processor(s} 150, For example, memory 160 may hold data, GNSS
sateliite measurementy, captured sl images, depth nformation, video fianes, progran

resubis, as well as data provided by IMU 170 and sensors 185,

{8060] If implemented m fomware anddor software, the fimctions may be stoved
88 O OF MIOTS Mstruciions of program cnde on a computor-readable medium, such as
medivm 160 andfor memory 130, Examples include computer~readable woedia encaoded
with computer programs and data associated with or ased by the program. For example,
the computer-readable medivm inchuding program code stored thereon may inchade

program code to support hybnd GNSS-VIO based position determination

{6061} Computer-readable media 160 mcludes physical computer storage media,
A storage medium roay be any available medim that can be accessed by a compater,
By way of example, and not hinatation, such non-transtiory computer-readable media
can comprise RAM, ROM, EEPROM, CD-ROM, flash memory, or other optical disk
storage, magnetic disk storage or other magnetic storage devices, o any other medium
that can be used to store desired program code in the form of nstructions andfor data
and that can be accessed by a computer; disk and dise, as used herein, includes compact
disc (D), laser dise, optical disc, digital versatile dise (DVD), Soppy disk and blu-ray
disc where disks usually reproduce data magnetically, while discs reproduce data
optically with lasers. Combmations of the above should also be incleded within the

scope of computer-readable media.

{B062] In addition to storage on computer readable mednam 160, mstractions
andfor data may be provided as signals on ransnussion media inchided Ina
communication apparatus. For example, a combumication apparatus may ichude a
transcetver THY, which mayv recetve signals through recetver 12 mdicative of
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instroctions smd data. The instructions and data may cause one OF MO Provessors o
toplement hybrid GNSS-VIO based position deterssination andior other functions
outtined herein, That s, the commumcation apparatus includes transmission media with

signals mdicative of nformation to perform disclosed functions.

j{0863] Memory 130 may represent any data storage mechanism, Memory 130
may mchde, for example, a primary memory andfor a secondary memory. Primary
memory may nclude, for example, a random access memory, read only memary, ete.
While Hlustrated 1 this example 53 bemny sepavate from processors) 150, it shoudd be
gnderstood that all or part of g primary memory may be provided within or otherwise
co-located/coupled with processor(s) 150, Secondary memory may include, for
example, the same or simiiar tvpe of memory as privnary memory and/or one or more
data storage dovices or systems, such as, for example, a disk-deive, an aptical dise detve,

8 tape drive, a solid state mentory drive, ete

{0864] {n certain implementations, secomdary memory may be operatively
receptive of, or otherwise configurable to couple t© a non-transitory conputer-teadable
medim 160, As such, in certain exanple implemeniations, the methods andéor
apparatuscs presented herein oy take the form in whole or part of a computer-readable
medium 160 that may melude computer implementable instructions 1108 stored
thereon, which if exceuted by at least one processor(s) 150 may be operatively enahled
to perform all or portions of the example operations as described herein. Computer

readable modium 160 may be a part of memory 136,

jfiges] Panler, UE 10 may mehude o soreen or display 190 capable of
rendering color hmages, nchading 3D nmages, In some embodiments, display 190 may
be used to display live images captured by camerals) 180, Graphical User Interfaces
{GUES), program outpet, ete. In some embodimenits, display 190 may comprise andlor
be housed with a touchscreen to permit gsers to input data via some combination of
virtual keyboards, icons, menus, or other Graphical User Interfaces (GUs), user
gestures andfor input devices such as a stylus and other writing implements. In some
embodiments, display 190 may be implemented using a Liquid Crystal Display (1L.CDy
display or a Light Esugting Diode (LED) display, such as an Organic LED (OLED)

display.In other embodiments for examploas shown in Fig, 1B, display 194 may be
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housed separately and may be operationally coupled to camera 180, processor(s) 150,

andfor other fanctional units in UE 16,

U] In some embodiments, processor{s) 150 may adso receive nput from one
o more sensors i sensor bank 185 (also reforved to as Ysensors 1857 which may
nclude, for example, 3 magnetometer, altimeter andéor barometer. The magnetometer
may be capable of measuring the wteasity and/or the direction of the Earth’s magnetic
ticld and may serve as a compass and/or provide an indscation of a direction of wavel of
UE 100, The altimeter may be used to provide an indieation of alhiude above s
calibrated level, while the barometer may provide an indication of atmospheric pressure,

which may also be used to obtain a determination of altitude.

{06567] In soane embodiments, sensors 185 may include one or more of an
ambient Hght sensor, acoustic transducers sach as nucrophones/speakers, ultrasonic
transdacers, andfor depth sensors, which may be used to acquire depth imformation
andior determinge distance to a target. In general, the list of sensors above tn not
exhaustive and sensor bank 185 may include various other types of sensors and
transducers which are increasingly being incorporated into user devices such as vehicle
mounted devices, smartphones, and other nobile devices. In some cinboadiments, UE
14 may not include one or more sensors i sensor bank 185, For example, one or more

of an alometer, barometer, andfor magnetometer may be omitied.

{B068] Fig. 2 shows an architecture of a system 200 capable of providing
Location, and/or Navigation services to UEs HIQ. In some embodiments, system 200
may be used to transfor of location assistance data such as updated almanac or
sphemeriy data for one or more GNSS satellites to the Uks 1. In some instances,
system 200 may be used for mapping or focation sereices, such as for use with hybnid
ONSS-VIO based focation/mapping, in 8 manner consistent with embodiments

disclosed heretn.

j069] For example, in some instances, based on the recetved focation assistance
data {(o.g. by LADP 158 from server 230) UE 100 may obtain GNSS satellite
messurenients, whuch, i some instances, may be captured 1n conjunction with the
captire of wages by camerals) 180, The captured bmages andfor measurements may be

ased locally by UL 100 to determine its location.
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{aa74y As tustrated m Fig. 2, the UE 100 may compmumicate with server 2580
theough network 230 and base station antermas 2461 - 2404, collectively referred to as
antennas 240, which may be associated with network 230, Server 250 may, in some
mnstances, provide the functionality of one or more of a location server, location
assistanec server, position determination entity {PDE}, or another network entity. The
transfer of the location and other information may cocur at a rate appropriags to both UE

1O and server 250,

{86871} in some ambodiments, system 100 nay use messages such as LPP oy
LPPe messages botween UE 100 and server 250, The LPP Protocod 1s well-known and
described in various publicly available technical specifications from an orgmmzation
known as the 3rd Generation Partnership Project {(3GPP). LPPe has been defined by the
Open Moebile Adltance {OMA) and may beused i combination with LPP such that each
combined LPP/LPPe message would be an LPF message comprising an embedded

LPPe message.

{8072} in some embodiments, UE 100 may recetve location assistance
nformation such as almanac / ephomenris data for one or move SVs {e.g GNSS
satellites) 280 from base station antennas 240, which may be used for position
determination. Antennas 240 may form pant of 3 wircless communication notwaork,
which may be a wireless wide area network (WWAN), wireless local area network
{WELAN), cte. A WWAN may be a Code Division Multiple Access (COMA) netwaork, a
Time Division Maltiple Access (TDMA) notwork, a Frequencey Division Multiple
Access (FDMA) netwaork, an Orthogonal Frequency Division Multiple Access
{OFDMA} network, ¢ Single-Carrier Frequency Division Multiple Access (SC-FDMA}
network, Long Term Evolution (LTE}Y, WiMax and so on.

{8073 A CDMA vetwork may implement one or more radio access
technologios (RATS) such as odma2000, Widehand-CDMA {W-CDMA), and so on.
Cdma2000 includes 1S-95, 1S-2000, and I1S-856 standards. A TDMA network may
mnplement Glohal System for Mobile Communicstions (GSM), Digital Advanced
Mobile Phone System (D-AMBPS), or some other RAT. GSM, W-CDMA_ and LTE are
described it documents from an orgamization known as the “3rd Generation Partnesship
Project™ (3GPPY CdmalOiN s described in documents front a consortiunt named “3rd

Generation Partnership Project 27 (3GPP2). 3GPP and 3GPP2 documonts ave publicly
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gvailable, A WLAN may be an TEEE 8021 Ix nevwork, The techiiques oy also be
implenmiented i conjunction with any combination of WWAN, WLAN, et For
examyple, antennas 240 and netwoerk 230 may foom part of, e.g.. an evolved UMTS
Terrestriat Radio Access Network (E-UTRAN)Y (LTE) network, a W-CDMA UTRAN
network, a OSM/EDGE Radio Access Network (GERAN), a 1xRTT network, an

Evelution-Data Ontimized (EvDO) network, 8 Wilax network o s WLAN,

{8074} LIE 100 may also receive signals fron ong or more Earth orbiting Space
YVehicles (SVa) 280 suchas SV5 286-1 — 2804 collettively reférred 10 2 SV 284,
which mav be part of a GNSS. SV 280, for example, may be m a GNSS constellation
such as the US Global Positioming Systemn (GPS), the European Gabileo system, the
Rugsian Glonass system, or the Chinese Compass systen. In accordance with certain
aspects, the fochuigues prosented hovern are vot rostoicted o global satellite systoms. For
example, the techniques provided herein nmiay be applied o or otherwise enabled for use
i vatious regional svstems, such as, ¢.i., Quasi-Zenith Sdrelbite Svstem (Q78S5) over
Japan, Indian Regional Navigational Satelite System (IRNSS) over India, andfor
various augmentation systems {o.g., an Sacllite Based Augmentation System (SBAS)H
that may be associated with or otherwise enabled for use with one or more globat andior
regional mavigation satellite systems. By way of exaraple but not houtation, an SBAS
may include an augmentation system(s) that provides ntegrity information, differential
cotrections, ele., such as, e.g., Wide Arca Avgoentation System {WAAS), Ewropean
Geostationary Navigation Overlay Service (EGNOS), Mulii-functonal Satellite
Aungmentation System (MSAS), GPS Aided Geo Auvgmented Navigation or GPS and
{eo Augmented Navigation system (GAGAN}, andfor the ke, Thus, as used herein an
SPS/GNSS may include any combination of one or more global and/or regional
navigation satellite systerns and/or augmentation systems, and SPS/GNSS signals may
inclade SPS, SPS-like, and/or other signals associated with such one or more
SES/GNSS. The SPS/GNSS may alse include other non-navigation dedicated satellite
systems such as Fridivm or OneWeb. In some embodiments, GNSS recever 40 may be

configured to reccive stovals fromong or more of the above SPS/ONSSsatellire

SYSIOms.
{9875] For stmphoity, only one LIE 100 and server 250 are shown in Fig. 2. In

general, system 140 may comprise multiple cells indicated by 248-5 {0 <& < N

bt
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where Nog, 18 the manber of cellsVwith addibronal networks 236, LOS chients: 260, Ubs
100, servers 230, (base station) antennas 240, and Space Velhucles (§Vs) 280, System

100 may further comprise 3 mix of cells including microcelly and femtowells in g

manner consistent with embodiments disclosed herem,

{r76] UE 100 may be capable of wirclessly cornmanteating with server 258
through one or more networks 230 that support positioning and location serviees 1o
obtain an nitial coarse location, which may be used in conjunction with
almanac/cphemens information 1o determine @ more precise location asing hybeid
{GNSS-VIO based position deternunation. For example, UE 100 may use a hybrid
GNSS-VIO based position determination and compute its position based on
measurements from one or more oft IMU 170, and/or capured images andfor, GNSS

garmicr phase chservables (e based on mcasurements of signals reecived from §Vs

28,
[8077] Fig. 3A shows an example skyplot 300 of cight GNSS SV 280-1

through 280-8 at g pomt in tme, Fig. 3B shows UE 100 1n an urban environment. As
shown in Fig. 3B, UE 100 is wavelling along Avenuc 1 along Path 310 starting at time
point PO, As shown in Fig. 3B, UE 100 can receive LOS signals trom GNSS SVs 280-1
and 280-2. However, because only 2 GNSS satellites are visible, UE 100 may not be
able to detervune a full 3D location. For example, signals from GNSS SVs 280-3,
280-4, 280-5, 280-6, I80-7, and 280-¥ may be blocked or experience significant
degradation due to an urban canvon cavivonment thereby mroventing full 3D GNSS

position location by UE 160

{06878] During section 320 (wlkich may be o 25 m section formed by the
intersection of Avenues 1 and 2, after travelling about 16 meters along path 319, at
time t1, UE 100 may receive LOS signals from GNSS SV 280-1, 2802, 280-3 and
280-4. Accordingly, at point P, UE 100 may be able to caleulate a full accurate 3D
location based on carrier phase measurements from LOS signals received from GNSS

SVs 280-1, 280-2, 280-3 and 280-4.

{6679] However, when UE travels along scetion 330 of path 310, UE 100 may
lose signals from GNSS SVs 280-3 and 280-4, which may be blocked or experience

significant degradation inclading mubiipath due to the urban canvon environment.

et
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{oo80] LIE 100 wmay obtam / re-acquare ¢ Jock on ONAS 5Vs 280-3 and 2804 1n
25 m section 340 {which miay be formed by the intersection of Avenues | and 3) of path
314, For conventional GNSS lecation defermination schomes using carrier phase
observables, 2 constant fock with GNSS SV 280-1, 280-2, 280-3, and 280-4 is needed
to caleudate UE position. Cyele slips, such as may occur in section 330, may prevent the

use of traditional carrier phase based accurate GNSS position {ocation.

{6081 In some embodiments, during movement in scction 330, one o more
aon-GNSS based positiomng techingues nsy be used to determine the location of UE
100 by measuering displacement relative to the last GNSS carner phase determined
position. The terms “non-GNSS posittoning sensor” "non-GNSS positioning
techniques”™, “non-GNSS position determination sensor”™ are used synonymiousty herein
and refer to measuremoents by sensors anddor by teehniquoes that do not depend on (GNSS
and may be used 1o deternuine the position of UE 100, For example, measurements
provided by VIO andior IMU 170 andfor & LIDAR sensor may be used to determine
relative displacement. Buring travel in section 340, when UE 100 may re-acquive a fock
on GNSS SV 280-1, 280-2, 280-3 and 280-4, the known VIO determined location of

UE 100 may be used to resolve carsicr phase ambiguitics as deseribed finther below.

{0082] Fig. 4 shows traditional carnier phase measurements 410 and exemplary
Hybrid GNSS-VIO carvier phase measurement 450 in accordance with some disclosed
embodiments, Traditional carrier phase measarement compares the continuoas satellite
carricr signal 420 with the recoiver reference clock 430 to determine total phase $1 422,
which may then be vsed fo detormine posttion PU 470 of a UE at a given time In
conventional techniques, continuous carrier phase measurements are used to determined
position & at subsequent times, For example, if the phase at position P2 480 is 2 428,
then the phase difference A¢ 425 of the total phase given by A¢ = ¢2 — gl of carnier

signal 420 mway be wsed to dotermine and track the position of a UE

{06831 Carner phase measurements inclade an jnteger ovele anbiguity or carvter
phase anmbigeity”™ N7 The intoger ovele ambiguty reprosents the nomber of full phase
eveles betwesn the satellite and thevegeiver af the tis the recorver frstlocks on ta a
(INSS satellite signal. The mieger oyele ambiguity does not change fron the tie the
receiver focks on until the end of the observation period, unless the signal 1s interrapted
andfor tock is lost. When the receiver reacquires the signal, the integer ambiguaty has
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changed and the receiver count of the bamber of mteger cycles frony the time of tmital
loek is lost. Therefore, in conventional technigues loss of lock involves re~deternuning
the integer mmbigeity to when the carrier phase sigeal is reacguired, Further, the loss of
lock also incurs a loss of accurate relative posittoning until carrier phase signal

reacquisition 1s achieved.

[0084] In conventional positioning, cycle slips, which may ocour because of
envirommental reasons, may degrade positioning aceuracy. Cyele slips refer to
discontinuitics or mtertuptions 1 the series of camer-phase micaswrements duc 1o a
recetver temporarily losing itz lock on the carvier of 3 GNSS signal. For example, as
shown in Fig. 4, interrupted carvier signal 460 is lost between good measurement
window 1 462 and good measarement window 2 468, Dornng the time that GNSS signal
is interrapied, in copventional caricy phase positioning, the receiver loses count of the
number of consenutive changes i full phase eyeles, which introduces crvors and affeets
the aceuracy and reliability of positioning. Thus, to maintain feturacy the process of
resobving integer ambiguity 1s restarted. Moreover, beeause a loss of foek is not
gncommon when odometry is performed i whan canvons, the use of carrier phase

based technigues in conventional odometry has been constrained.

{0085} In some embodinents, using bybrid GNSS-VIO carrier phase
measurements 430, the relative displacement in the satellite direction may be
deternined to be Ab,,, 463 between geod measurement window 1 462 at position Pl
470 and good measurcment window 2 468 at position P2 480, In goneral, any
nonGNSS positioning techmigoe of similar scouracy may be used 1o determine the
relative displaceoment in the satellite divection. In some embodiments, when GNSS
carrier phase measurements are not available to UE 11 {e.g. after good measurement
window 1 462), then VIO measurements may be taken until the GNSS carrier phase
measurement is onee agam avadable at measurement good measurement window 2 468,
Accordingly, the phase difference Ag 455 between good measorement window 1 462

and good measarement window 2 468 may be given by

AL
A =2~ g+ [
" (H
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In some embodiments, Equation (1} may be used v a bybrid GNSS-VIO position
determination systerm to caloulate phase ditference betwesn two instants t] and @ in
time when GNSS measurements are available, even if camier phase GNSS signals are
unavailable between times ti and 12, When UE 100 first acquires GNSS signal from an
SV at good measurement window |, the acquisition may begin initially at some
fractional phase ¢ 452, Similarly, when the hybrid GNSS-VIO system on UE 100
reacquires the GNSS signal from the same SV at good measarement window 2, the
accpasition may restart at some fractional phase #2 438, In some embodiments, the
relative displacement A, 465 1o the satellite divection between points P1 470 and P2
480 may be measured using VIO or another non-GNSS method of similar accuracy. The

relative displacement A}

Fi>»

463 may be used to calculate the phase difference A 455

using equation {1) above.

{0086] Fig. 5 shows 3 UE 100 which may be it a vehicle at location P 320 at
time t1 and travel to locaton P2 S30 at time 12 along path 510 (shown by the dashed
hined. At time t1, SV 2R0-1 in at position 511 840, while af time 12, SV 2801w at
position S$12 350, Further, at time £, SV 2802 15 at position §21 360, while at time &,
SV 280-2 is at position 822 370, In some embodiments, ephemeris data may be used to
deternune focations S11 540 and 821 560 at time t1. If the lock to one or more satelbite
is tost during travel on path 510, then, in some embodiments, non-GNSS posifioning
techmigues {e.g VIO) may be used to determine the position of UE 10 at time 12,
Accordingly, i some embodiments, when carnier phase ambiguities ave resolved at ime
{2, the movementof sateilites betwesn thnes ] and 12 way be taken into aceount: For
example, the displacement of UE 10 relative to SV 288-1 at sateliite position 812 550
and SV 2802 at position S22 570 may be deternuned and used fo resolve carrier phase
ambigwities. In some embodiments, ephemeris data may be used to determne locations
512 350 and 532 5370 at time {2, In some ambodiments, ephemeris data may be stored in
memory 130 of UE 100 andfor an updated ephemerts may be obtained from wircless

communication network 230 (Fig. 2).

{0087} in somwe enbodiments, pecuragy of a hybnd GNES-VIQ {or a hybed
systent using GNSS with another non-GNES posioning technique of sinular accuracy)
may be maintained by leveraging the intcger nature of the ambiguities similar to when
using Real Time Kinematios (RTK) or Carrier Phase relative positioning, or reeent

26
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Precise Pont Positioning/Real Time Kinematics (PPP/RTR) methods. Double
differencing between a pair of satellites cancels out fractional part of the ambiguities;

the remainng ambiguities are an integral number of wavelenyths.

{0088] in some embodiments, the integer natare of the ambiguaties may be
exploited to: {1} increase the accuracy of VIO displacement measurement {e.g. to the
order of a decimeter or less) thus compensating for VIO daft when aligning the local
VIO spatial reference frame within a global reference frame; and (i1} to solve for all
double difference ambnguities between two points sucegssively occupied by the same

GPS/GNSS receiver.

{8089] in some cobodiments, UE 100, (which nmay be in a vehicle, incloding an
acrial vehicle) may collect fractional carrier phase measurements for all visible satellites
at a time t1 {which may correspond, for example, to good measurement window 1 462
i Fig. 4). In some embodinents, measurements may be collected for signals meeting
preset quality parmmeters. For example, outhisrs may be detected and eliminated. As
another example, signals with large owiltipath distortions may be detected and

elinunated.

{0094} At time {2 {which way correspond, for example, o good measurement
window 2 468 in Fig. 43, the same UE 106 collects another set of fracgonal camer

phase daty, when good quality signaly are geatiabde.

{9} In some canbediments, VIO may be used to obtain an estimate of the
relative displacement of UE 100 shown by length of D12 baseline S80 (or the distance)
hetween position P1 520 at ime tland posttion P2 830 at ime £2_ In some
embodiments, the accuracy of the ostimate may depend on the bascline distance

betweeen two locations.

jaae2} Fig. 6 ilhustrates an example of single difference carrier phase intgger
reconstraction ! back projection according to some disclosed embodiments. Fig 6 shows
a simplified ilastration of sigle dfference case for a velative angle € between the
LOS of satellite 280-7 and UE displacement representod by D2 baseline S80. In some
enbodiments, when the elapsed time period between posttions P and P2 is short, the
angle of SVs 280 (e.g. SV 280-1) relative to positions P1 and P2 may be may be viewed

as relatively constant over the thne period.
37
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{00931 The carvier phase differonce measured for the sateliite 280-1 at two
positions P1 510 and P2 320 by the same recetver is projecied onio the baseline between
positions P1 310 and P2 820, In the single difference exmuple of Fig. 6, for each
satellite, the distance difference i the LOS direction of the satellite generates a pentodic
likelihood function due to the mteger nature of the lambda carvier phase ambiguity, The
periodic hkelihood function can be thought as a series of narrow Gagssian curves,
exhibiting a periodiciiy A in the divection of the satellite.

{6694} The projected phase difference has a penodicity differsnt from fambda
{A} 650 . The periodicity of the projected phase difference may be obtamed as

(& {cos( @ 1), where 8 is the angle betwesn LOS direction of satellite 280-7 and D12
baseline S¥0, Fig 6 shows angle 6 between LOS 1 610 of satellite 280-1 relative to
32 bascline 380 with full integral phase A 630 perivdicity given by (& feos( 8, }) 660-1,
and angle & between LOS 2 6220 of satellite 280-2 relative to bascline 580 but with

different perioditity (3 /cos{ 8, 11 £60-2, due to different sateliite to bascline angle.

{8095} As shown wn Fig. 6, the hikelihood function when re-projocted onto the
D212 bascline 580 exhibits a different pertodicity given by, & {cos{ @) which depends on
the relative angle £ between the LOS of satelhite 280-7 and the displacement {o.g. DI2
baseline 580} baschne of UE 100, The Likelihood of the difference of two projecied
single differences for SVs 280-1 and 280-2 provides another compound tikelihood

function of similar periodic behavior, but with a different periodicity given by

& E E s A

A v { A
Lcos(8) ] Lcos(8))
{aa96] When the angles # and &, ave close, the pertodicity becomes arbirarily

large, and the muanbecof possible solutions (3o, for a non zove Hkebhood function) for
the basehng becomes very smiall, The increase 1 pertodicity intorval may be
accompanied by an norease in width of the non zero domains (uncertainty}. In some
embodiments, by multplying all the projected double difference likelihood functions,
along with the VIO Tikehihood function (e.g. a single Gaussian with standard deviation
equal to the VIO displacement uncertainty), the munber of non zero domains may be

reduced and a unique VIO displacement solution may be obtained.
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{8097 The combined likelibood fonction will have a very linvited number of
peaks. The correct length of D2 baseline 580 corresponds o one of the peaks. A first
estimate of the length of D12 baseline 380 may be obtamed based on the peak location,
The first double difference solution is termed the “float ambiguity solution”™ or “float
solution” because the ambipuitics ave estimated as real or floating point nmumbers, When
the float sobstion is re-projocted onto cach satellite LOS, the float mnbiguitics are fixed
and double difference mitegers may be solved and a single integer sohution may be

determined.

{0898] {n some embodiments, the VIO displacement estimate may be obtained
as a maxinuum of the combined hikelihood function. The maxioum of the combined
tikelihood function may exhibit a peak mach narrower than the initial VIO wcertainty,
therchby mmproving the VIO displacement solution beyeond the VIO uncerainty. In sone
erohodintents, each integer double difference ambiguity owy then be exiracted by
subiracting the projected double difference fractional carrier phase from the conyputed
VIO displacement estimate, and then dividimg by the apparent peniodicity along the

baseline.

{o099] The above description is merehy exemplary and for Hlustrative purposss
only, Other mioger ambuguity resolation approaches such as varying the displacement
distance, and finding the maxinuon bkehhood over the explored distance domain may
also be used, In some cobodiments, mixed foat and integer variable maximum
likelihood estimation technigues such as LAMBDA or Mixed Integers Least Squares
{MILES) may be used. In smne cmbodinments, the likelihood function re-projections are
parameterized with the orientation and translation errors around initiad rotation and
translation matrices, and orentation and wanslation orrors may be determined in

conjunction with the VIO displacement,

{80100} {n some embodioents, the accuracy of the D2 bascline 580 length
estimate may be further improved by ro-projecting the intoger distance onto the DI
baseling 580, then averaging all estimates by a variance weight. For example, vach
double difference-based estimate of the baseline will have a different associated
uncertainty, that is twice the carricr phase onc-sigma noise {assuming that alt 4 carrier
phases have the sane voise standard deviation), muhiplicd by the re-projécuion factar

onto the basehine. The re-projection factor may be determined as

e
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3 1 \E g i h'\
el . Ag the re-projection factor is ditferent for each double
Leos() ;| cos{d, }

difforence, the accuracy for the bascline can be improved by computing & weighted sum
of all double difference contributions, the weight being taversely proportional to the ve-

projection factor.
{80101} A stmple form of the carrier phase observables may be written as:
Aot =P = PO — e (r (8 — T ()} — AN

Acpr(td = {7 = Py = e (e (8 — (80} — AN

Loftt) = (P~ P ~ e (@t = (e ) ~ AN

Lol = [(P = R )|| = e {wmlt) = o)) ~ AN

whaere,

A 18 GPS L1 wavelength

@ {#;) 1s the fractonal L1 carrier phase measured at recewver v {r={12})} from sat s {in
fraction of cycles)

P is the position of satelfite s

Py s the first (fixed) position

P,(¢;) is the sceond position of the receiver at time §;

(¢, ) s the clock offset at satellite s at timw (i seconds)

7,.{8;) 1s the clock offset at receiver ¢ at ime & {in seconds)

NT is the integer munber of wavelength ambigoitics from satelhite 5 o recewverr, onthe

total distance from sateliite o receiver.

{60162} The Single difference equations may be written as:
L{ek(t) ~ ¢H(E)) = (Po(t) = P).cos®' = e {1,() ~ 1, (D) = A () = M)
A{oh(e) — 9{(t)) = (Pt = P cos @ = e {1,(8) = 1, (1)) = 4. (N — N{)

@ is the angle between the bascline from position 1 to position 2, and the direction of

sateflite s,

{00103} The double difference squations may be written as:
30
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(00 = e1) - (o) ~ o)
= (Po{t) = P (cos @ = cos ©) = L [(¥f = W) = (W] = )]

-

A

(3 = ) = (] = )]

(Pt = ) {cos @' ~ cos®’) (

(ot = o) = {040 = @i (2)]

A
A

+ : e,
{cos @' ~ cos @)

{00104} The minimum step size for the double difference ambigoty
fnerease for decrease} 1341, The associated {disorete) step size for P to P2 distance 18
A

e iz cant be farger than 4
{cos@ wmsw-}

[B80105] When the Bkelihood function of (P, (63 — Py is plotied againgt the

mteger double difference a set of peniodic Gaussian functions is obtained, with a peried

mean value of peee and a standard deviation 6f 2 » g 5T {40},
Loos @~ oo 0) {\cm; 7 s 8 }

{00106} Each distinet pair of satcHies provides one corresponding hikelihood

funection, with & comresponding periodicity and the fractional phase or offset

{80107} The overall blelthood function may be determined as the product of alt
Iikelthood fmetions by pairs of safellite, nwiltiplied by the likehbood VIO function
{foentered around vector comnbination of VIO), with a standard deviation combination of

the VIO displacement estimate error,

{60108} In some embodiments, for an “integer solution™, cach “float” value of the
double difference ambiguity is roplaced by its closest integer. Each double differcnce
provides a new indeger estimate of VIO, weighted with the back-projected standard
deviation. The final VIO displacement estimate is the weighted average of all the

individual estimates.

{60109} As outlived above, disclosed bybrid GNSS-VI( position determination

methods peront position determination even when there are discontimuities in phase



WO 2017/019315 PCT/US2016/042286

racking. Disclosed enbodunents facilitate carnier phase infeger reconstruction even

whentracking is lost between two times ¢ and 12,

I REH Fig. 7 ilhustrates back projection asing VIO or another non-GNSS
positioning estimate of relative displacement between points P10 and P2 520 10

resolve wteger ambigaities for SVs 280-1 and 280-2.

{60111} Fig 7 shows the same baseline distance D12 680, with different back
projected single difference measurements. The first VIO distance estimate s the divect
Vi distance esiimate 705, the second VIO distance estimate 7135 is the back projected
single differonce of thesateliite 3801 with periedicity 710, the thisd VIO distancg
estimate 735 ix the back projected single differonce of the satellite 280-2 with
periadicity 720, and so on. All these measurements pertain to the same baseline
distance, but with periodie structures of different pertodicitics. Given the known
acouracy of the direct VIO distance estimate 703, a set comprising the mumber of
periodicities associated with each VIO distance estimate {e.g. 715,725 | Jmay be
determmed. A relative displacement between potnts P 510 and P2 520 may thus be
deternuned where the non zere domains of the bikelhood fimcenions are aligned with
gack other. In smne embodiments, the VIO displacoment estimate nmy be obtained as a

maxinunn of the cornbined likelihood fction.

{8011 Fig: 8 shows an exenplary mcthod 800 for hybrid GNSS-VIO or hybnd
GNSS - noi-(GNSS position deterinination in accordance with some disclosed

10 In some embodinents, method 800 may be performed by processor(s) 150 and one
grmore of PE 1586 or OVP 185 on UE 100,

{00113 Lvthe method bolow GNSS carrier phase measwrements andfother VIO
fsensor mensurements may be takeon and reemrded by UE periodically at some specified
timne interval &, For example, every § thme units starting at a time 4. Cotresponding
timestamped VIO and GNSS CP measwrements may also be recorded and stored in
memory. Further, the measuroments may be stored v a FIFOL The FIFO may be

patr for which neasyrements have been obtaingd within some specified time interval of

the current time.
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{00114} In some embodinments, 1 block 805, s imitial position estimate and
velooy estimate for UE 100 may be detervuned, for example, in absolute co-ordinates
from GNSS measurements, or by any other suustable approach. For example, the position
may be determined in Earth Centric Earth Fixed {ECEF) coordinate frame. In some
cmbodiments, for example, when using GNSS, the inttial position estimate and velocity
estimate of UE 100 may be dotermined from pseudorange and Doppler measurements.
in some embodiments, the nitial position estimate may be an approximate location, For
example, the inaecuracy associated with the initial position estimate may be of the order

of 100m or more.

{08115] Further, n some embodiments, i block 803, a counter "k7, which
mantaing g count of the numwber of elapsed time intervals §; = k¥ since the nitial
position stimate at thine iy is itialized and sot 0 0, In some cobodiments, in block
KO3, a VIO process raay be started. In some embodiments, the VIO process miay run
continuously 1o independently deternune the relative position and displacement of UE
100.

jogi16] In some embodiments, in block 810, VIO-ECEF Rotation and
Translation Mairices, which may include parameters to convert refative VIO
megsurenients it the local VIO coordingte system to an abselute coordinate system {o.g.
ECEF), may be mitialized. In some embodiments, the mnitial position estimate of UE
100 at time & may be seleeted as the origin of a local VIO coordinate system. For
example, the VIO frame of reference may be smtialized with one axis in the vertical
dircction and with the initial onentation set at 0. VIO based displacement and camera
pose {or UE pose) may be obtained in 6 Degrees of Freedom {6DOF) in the VIO local
frame of reference. All the sabsequent VIO positions and onientations will be comulated
translations and rotations from this initial position. In some cmbodiments, VIO-ECEF
rotation and translation matrices may be detormined based on the inttial position of UE
100 in the absobute reference frame and the initial position of U 100 in the local VIO

reforence frame,

{88117} In block 813, the counter knay be ingremented and UE may attempt to

obtamn the firstmext avatlabiec GNSS carrier phase measurements.

L]
o
Lk
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{o8118] Inblock 815, gt a firgt of nex time ', e sufficient manber of GNSS
carrior phase measuroments are avatlable (Y7 in block 815), then, i block 817, the
position of UE 100 may be obiained based on the available GNSS carrier phase
measurements, Forther, the determined postiton of UE 100 may be used to refine the
VIO-ECEF wranslation and rotation matrices. In some embodiments, the VIO
duternuned position may be corrected based on the refined VIO-ECEF transiation and

rotation matrices. The procoss may then rekan o blogk 813

{08119 In some embodiments, i the vember of satellings for which GNSS catrier
phase measurements are available i msafictent to determine the position of UE 140
{"N" in block 815), then, in block 820, the availability of corresponding GNSS carnier

phase measurements for at least one pair of corresponding satellites i1s deternuned.

{06120 In some embodiments, 3o block 824, i corresponding GNSS
measurements for at least oue pair of corresponding satellites are not avatlable (N" in
block 820}, then, ancther iteration ix begun at block 813, Further, in sonwe embodiments,
the VIO deternined position and displacement at ime i = k¥t may be stored in

mamory 130,

{00121} If corresponding GNSS measurernonts for at feast one paiv of
corresponding satellites are available (Y™ in block B2, then, 1 block 823, at fime 1,
the available GNSS messurenents may be recorded. In general, i GNSS camrier phase
meavurements for “n” satellites are available, then, the measurements may be grouped

1 . ¥ -1 . .
by satellite pairs so that a total of i easurements corresponding to distinet

£
pairs of satelites may be obtained from the measurements of the n satellites, In some
cmbodiments, satelhtes for which GNSS canier phase measurcments are available may
he groaped in pairs and the measurciments associated with one or more sateliite pairs

aay be stored i a FIFQ in memory 130 of UE 100

{80122} {n some embodinents, in block 835, the FIFO (in wemory 130 of UE
1y may be chocked o determine i the CP messurements in the FIFO mnclude prior
CP mossurements for at least ove pair of currently {at thime t) measured satelites that

were provioushy messured together within some tinwe window of the current time,
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{60123} 1f the FIFQ does not inglude prior measuraments for at least one paiv of
currently measured satellites within the time window (N7 in step 8385), then, n block
844, the GNSS carrier phase measerements for time &y may be stored and counter k is

mcremented prior 1o beginning another teration i block 813,

{00124} If the FIFO includes prior measurements within some time window for
some number ¢ {g = 1) pairs of currently measured satelbites ("N in step 8335), then, in
hlock 843, the most recent of prior carrier phase measurements for the ¢ currently

measured satelhie paivs may be validated.

{08128} 1f the most recent of prior measurements for the ¢ currently moasered
satellite pairs cecurred at fime Gy = R -00%1 , then, the validation may be determdned
fronn the double difference of the snapshots of the carrier phase observables forthe v

{ < g satellite paivs that were measured both at tme 4 and time {gps. In some
embodiments, the double difference of the snapshots of the carrier phase observables for
the r satellite pairs measwred at times fy and time tg.ppe may be projected onto the
bascline and validated agamst VIO displacement that occurred during the time ierval

P between K and (e -pYF

{86126} In some embodiments, the VIO displacement in between times § and
tes May be determined based on the difference between the VIO determined UE pose
at ume k¥ anddie VIO detenotied UE pose at tine (-py*s. The VIO pose ofithe UE
at given ting oy be detormuned by tracking features i nnages caphndd by acamera
coupled o the UE anddor TMU measwements. For each of the » satelite paies,
corresponding measuremnents that are validated may be tagged as vahdated and a
corresponding coant of validated measurements for the satellite patr may be
mncremented, For example, a subset » {5 50 of the r satelitte pairs may be tagged ag
validated and, for cach of the s satelhite pairs, the corresponding count of validated

measurements may be increased.

{80127 in some embodiments, in block &30, the number of validated

nmieasurenients for cach of the s satellite pairs 13 compared to a threshold.

{06128} i, for cach of the s validated measwrements, the corresponding number

of validated messurenients is less than the dweshold (N m step 83(), then, i block
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840, the GNSS camrier phase measurements for ime & may be stored and counter K is

incremented prioy to begimung ancther iteration i black 813,

{129} If, forat least one of the » validated measurements, the corvesponding
number of vabidated measorements is not less than the threshold (7Y™ b step 38, then,
in hiock B35, the translation and rotation matrices at time k*t may be determined based

on the at least one validated double difference measurement in s

{00139} Further, it block 833, a correeted VIO displacement, which compensates
for the VIO drift, may then be determuined using Vernter’'s principle {e.g. as described
above in rolation to Figs. oand 71 In sonwe embodiments, based o the corected
accgrate VIO doterniined displacement, the double difference traditional observables
may be recomputed, and integer mmbiguitics may be solved. For examyple, several
hikelihood functions with different respective periodicitios may be used along with the
eatimated VIO/mon-GNSS measurement to determiine a maxinuan of all the likehhood
functions. in some embodiments, the maximum of all the likehhood functions may be
determuned as that displacement where all the non zevo domains of each likelihood
function are ahipned with cach other watlun the known accuracy of the VIO

megsurenient.

{66131} In some embodiments, based on the at least one validated doeble
ditference measurement bivs fraditional double diffvrence cquations muy he formed and

the known double difference integer ambiguitios may be tiyected into the cguations,

{86132} In seine embodioents, corrections to all independent parameters of
translation and rotation matrices may be determiined using global bundle adjustment. In
global bundle adjustment, multiple double difforences (for the same satellite pairs)
measured af multiple time instants are used for matnx corrections at mudtiple nstants.
The depth of the bundle estimation may be adjusted depending on the severity of the
VIO drift. The depth of the FIFO may also be adjusted accordingly. In some
embodiments, the corrections, which compensate for translational and rotational VIO
drift, may yicld scourate translation and rotation matrices, which may perntit

determination of the VIO determined pose in absolute coordinates.
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{00133} In block 360, the position of UE 100 may be computed in absolute
coordinates {o.g. BCEF coordinates). The rotation and travslation matrices solved forin

step 8535 are directly used for absolute posifion compuiation.

{60134} Fig. 9 shows an exemplary method 900 for hyvbrid GNSS-VIC or hybnd
GNSS - non-GNSS position determination in accordance with some diselosed
embodiments. In some embodiments, method 900 may be perfonmed by a single UE
100, Tn some embodiments, method Y00 may be performed by processor{s) 1530 and one
or more of PE 156 or CVP 155 on UE ML

{138] In some conbodiments, in block 910, a first absolute position of the UE at
& fiest tme (1 may be doternuned {og by UE 100 based on GNSS mwaswraments
fronm a set of satelfites at the first Hime (t1). In some embodiments, the first absohute

position of the UE at a fivst time (11} may be determined andfor obtained using any

appropriate method.

{1 36} In some embodiroents, in block 928, at 2 second tioe (13), 8 fist
displacement of the UE relative to the first absohute position may be determined,
wherein the second time {2} is subsequent to the first time (11}, wherein the

displacement is determined osing non-GNSS measurements.

{00137} The non-GNSS measurements may include ong or more of® Visual
Inertial Odometry (VIO) measurements, andfor measurements provided by an IMU,
and/or Light Detection and Ranging (LIDAR) measurements, andéor Radio Detection
And Ranging (RADAR ) measurements. I sone embodiments, the VIO measurcments
ased 1o determine displacement may be based, at least in part, one tracking a plarality of
features across a pharality of images captured by a camera couprled to the UE (o obtain a
& Degrees of Freedom (6DOF} pose of the UE relative to the first absolute position,
wheremn the plorality of images are captured in a time mterval between the fivst time {t1}

and the second time (12}, or tracking optical flow from the plurality of images.

{60138} In some embodiments, 1o block 930, a second estimate of the
displacement of the UE relative to the first absolute position may be determyined at the
second time {12} based, in part, on: (8) GNSS carrier phase measurements at the second
time {12} from a subset comprising two or move satellites of the set of satellites, and ()
the first estimate of the displacement of the UE.

37
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{00139} In some embodiments, the GNSS carier phase meanwements for
satellites m the set may be unavailable between the first time (1) and the second time
{12} or internittently available between the first ttme (i1} and the second time {2}, or
continuously available between the first ome (1) and the second time {12}, As one
example, all or part of GNSS measurements may be unavailable between times ] and 2
becanse of: a temporary loss of fock and/or discontimuties andfor interruptions of GNBS
signals; various envivonmental {including atmospheric, geographical, ete) conditions
that may detrimentally affoct reception andfor reliability of GNSS signals; andfor
non-avatlability of GNSS signals. In embodiments such as ADAS, the second estimate

of the displacament of the UE may bo used, for sxample, to correct detft, biases, or other

errons of the non GNSS sensor,
{00140] In some embodinents, the sccond ostimate of the displacement of the UE

nay be deterreined by resolving a corresponding carrier phase ambiguity for each
satelfite in the subsct based, in part, on (apGNES carvier phase measurements for
safcllites in the subset at the first time (11), and (b) the first estimate of displacement of
the UE. In somne embodiments, the corresponding carrier phase ambigeity for cach
satellite in the subset of two or niore satelhites may be resolved by: determming one or
more satellite pairs i the sabset of two or more satellites, and projecting, for each
satellite pair of the one or more satellite pairs in the subset, a corresponding periodic
likelihood function onto & baseline represented by the Hrst estimawe of the displacement
of the UE. Each periodie kelthood fimetion may be based on the corvesponding double
differenced GNSS carvier phase measarement for the satellite patr. Farther, 2 combined
likelihood function may be determined as a function of the corresponding periodic
Tikebihood functions for the one or more satethite pairs and a non-periodic likelhoad
function corresponding o the baseline. Integral carrier phase ambiguities for cach
satetlite may then be determined based, in part, on the combined likehhood fonction. In
sonte enbodiroends; 3 sevond ostanake of displacement of the UE may be detormined
hased, in part, on a maxanm of the combined hkelibood function and the St absohute

posifion.

joB141] In some embodiments, a second absolute position of the UE way be
dotermined based on the second estimaie of displacement of the UE. Tn sonwe

embodiments, the method may further inclade correcting one or more of! a plurality
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rotational parameters, or a plurality of fransiational pavameters, wherein the rotational
parameters and the translatonal prrametiors are wsed o ransform the non-GNSS
measurements front a local coordinate system to an absolute coordinate system used to

represent the first absohle position and the second absolute position.

{00142} The methadologies described herein in flow charis and mwessage flows
may be implemented by vanous means depending vpon the application. For exanple,
these methodologies may be implemented 1o hardware, firmware, software, or any
combination thereot, Fora hardware iplementation, the processor 1152 may be
implemented within one or more application specific intcgrated circuits {ASICs), digtal
signal processors (DSPs), digstal signal processing devices {DSPDs}), programpnable

lfogie devices (PLDs), field programmable gate arrays (FPGAS), processors, controlfers,

micro-controflers, microprocessors, slectronie deviees, other clectronic wnits destamned

to porform the functions described heretn, of 2 combination therenf.

{80143} Although the disclosure is iflustrated in connection with specifie
embodiments for instructional purposes, the disclosure is not inuted thereto. Various
adaptations and modifications may be made without departing from the scope
Therefore, the spirit and scope of the appended claims should not be limited o the

foregoing description,
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What 1s claimed 15
1. A method on 3 user equipment (UE), the method comprising:
deternuning a first absolute position of the UE at 3 first time (t1) based on GNSS
measurements from a set of satellites at the first tme (1)
detormining, at a second G (82}, a frst ostimate of displacement of the UE
redative to the first absolote posttion, wherem the second time {12} is subsequent to the
first thme (t1), wherein the first estimate of displacement is deternined using non-GNSS
measurements; and
determining, at the sceond tme (82}, @ second cstimate of displacement of the
UE relative to the first absohue position based, m part, om:
GNSS carrier phase measwements at the first time (81 from the set of
satellites, and
GNSS carrier phase measarements at the second time (12) from a
subiset comprising two or ot satellites of the set of satclittes, and
the fivst estimate of displacement of the UE.
2. The method of Clamn 1, wherein the GNSS carrier phase measwenents for
satethites in the sot gre;
vnavatable between the first tinse {t] yand-the sceond time (2 or
available intermittently between the first time (11} and the second time (12); or

available continuously between the furst time (1) and the second time (12).

T

The method of Clatse 1, whetein determbiing the second estmdo of
displacement comprises:

resolving a corresponding carvier phase ambiguity for vach sateflite in the subset
based, i part, on the GNSS carrder phase measurements for satellites in the subset at

the first time (1), and the first estimate of displacement of the UE

4. The method of Claim 3, wherein resolving the corresponding cavrier phase
ambiguity for each satellite i the subset of two or more satellites comprises:
determining one or more satelhite pairs in the subsat of two or more satellites;
projecting, for cach satellite pair of the one or more satellife pairs 1n the subset, a
corresponding periodic hikelihood function on to a baseline represented by the first
40
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estimate of displacement, wherein each periodic likelibood funciion 1s based on the
corresponding double differenced GNSS camer phase measurement for the satellite
pat;

deternuning a combined likelibood function, the combined likelibood fonction
being deternined as a function of the comesponding peniodic ikelihood functions for
the one or more sateliite pairs and a non-periodic likelihood fimetion corvesponding to
the bascline; and

determuung integral carrier phase ambiguities for each satelite based, in part, on

the combined likehhood function.

5. The method of Clum 4, further comprising:
deternuning the second estimate of displacement based, in part, on a maximun

of the combined likelibood function and the first absolute position.

6. The method of Claim 1, further comprising:
determimng a second absolute position of the UE at the sccond tume (123, based,

i part, on the on the first absohute position and the second estinmate of displacement.

7. The method of Claim 6, wherein deternuning the second absolute position
comprises:
cotrecting one or more ofl
a plurality of rotational parameders, of
a plurality of translational parameters,
based on the second ostimate of displacement, wherein the rotational parameters and the
transiational paranicters are used to wransform the non-GNSS measurements from a
local coordinate sysient to an absolute coordinate systent used to reprosent the first

ahsohite position and the second absolute position.

& The method of Claim 7, wherein determining the sccond absolute position
comprises:
determining the second absolate position based, v part, on ong ov more of the
corrected plurality of rotational parameters, orihe corrected phuality of translational

paramectors.

41
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8. The method of Claim 1, wherem the non-UNSS measurements comprise one or
more of,

Visual Inertial Odometry (VIO measwrements, or

measurements provided by an IMU, or

Light Detection and Ranging {LIDAR) measurements | or

Radio Detection And Ranging (RADAR)Y measorcments.

10. The method of Claim 9, wherein the VIO measurements are based, af least in
part, o
tracking & plavality of featores acrossa plurality of snages captured by-a camers
coupled to the UE fo obtain a 6 Degrees of Freedom (6D0F) pose of the UE relative to
the first absolute position, wherein the plurality of tmages are captured in @ thme interval
bebtween the first tme (1) and the second time (23, or

tracking optical flow from the plurality of images.

11 A User Bquipment {UE} comprising:

2 Global Navigation Satelite System (GONSSY recetver capable of performing
GINES measurements;

at least one non-GNAS displacement sensor;

a memory to store the GNSS measwements and the measurements by the at least
one non-GNSS displacement sensor; and

a processor coupled fo the GNSS receiver, the memory, and the at east one
non-GNSS displacement sensor, wherein the processor is configured o

determine a first absolute position of the UE at a first tiime (1) based on GNBS
measurgments from a set of satellites at the first time ()

deternung, at a sccond time (12}, a first estimate of displacement of the UE
relative to the first absolute position, wherein the second time (12) 1s subseguent to the
first time (11), wherein the first estimate of displacement iz detormined using non-GN&S
measuremends foom the at Ieast one non-GNSS displacoment sensor; and

determine, af the second time (12), a second estinsate of displacement of the LR
relative to the first absolute position based, i part, on:

GNSS camrier phase measurements af the first time (81 from the set of

satellites, and
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GNES carier phase measwrements at the second time (12) from a subset
comprising two or more satellites of the set of sateliies, and

the first estimate of displacement of the UE,

12. The UE of Claim 11, wherein the GNSS carnier phase measuroments for
satelivtes in the setarg
unavatlable botween the fissttime (11) and the scoond time (2% or
available mtermittently between the first time (11} and the second time {2); or

available continuously between the fivst time (t1) and the second time (12).

13, The UE of Claim 1, wherein to detornune the second estimate of displacement,
the processor is configured to:
resolve a corresponding carrier phase ambiguity for each satollite in the sabset
based, in part, on the GNSS carvier phase measurements for satellites fn the subset at the

first time (1), and the fivst estimate of displacement of the UE.

14. The UE of Claim 13, wherein to resobve the corvesponding cavrier phase
ambiguity for each satellite in the subset of two or more satellites, the processor is
configured 1o

deternune one or more sateliite pairs 1o the subset of two or more satethies;

project, for each satellite pair of the one or more satellite pairs in the subset, a
corresponding pertodic likelthood funchion on to a baseline represented by the first
estimate of displacement, wherein each periodic likelibood function is based on the
corresponding double difforenced GNSS camier phase measurement for the satellite
Dair;

deterninge a combined fikelihood functiow, the combined likelthood function
being determined as a function of the comresponding periodic likelihood functions for
the one or more sateliite pairs and a non-periodic likelihood fimetion corvesponding to
the bascline; and

determine integral carrier phase ambiguities for each satellite based, in part, on

the combined likelthood function.

13, The UE of Claim 14, wherein the provessor is funther confipured o
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determine the second estinate of displacement based, i part, on ¢ paximun of

the combined likehhood fimcton and the second absolute positon.

16, The UE of Claim 1, wherein the processor is further configured o
deternune a second absolute posttion of the UE at the second thoe (13) based, i

pait, on the first absohite position and the second estimate of displacement.

17. The UE of Claim 16, wherein, to determine a second absolute position of the
UE, the processor is configured to:
correct-one of mors off
a pharality of rotational parameters, or
a plurality of translational parameters,
based on the sceond estimate of displacement, wherein the phurality of rotational
non-GNSS measurements from a local coordinate system to an absolote coordinate

system used (o represent the first absolute position and the second absolute position.

I8 The UE of Claim 18, wherein, to delorming a seoond absolute position of the
UE, the provessor iz configured o

deternune the sceond absohute position hased, in part, on one or more of: the

corrected plurality of rotational parameters, or the corrected plurality of translgtional

paramelers.

19 The UE of Clanm 11, wherdin the non-GNSS displacement sonsor comprises ong
of more af
a Visaal Inertial Qdometry {(VIO) sensor, or
an Tnertial Measurement Unit {(IMUD, or
a Light Deiection and Ranging (LIDAR) scasor, or

a Radio Detection And Ranging (RADAR) sensor.
2 The UE of Claim 11, wherein:
the non-GNSS displacoment sensor pomprises & VIO sensor, and VIO

neasurenents from the VIO sensor are obtained based, at least i part, on:

44
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fracking a plurality of features across 2 plurality of inmages captwred by a camera
coupled to the UE to obtain a 6 Degrees of Freedom (6DOF) pose of the UE relative to
the firgt absolute position, wherein the phaabity of images are captured in 3 time interval
bepween the first fime {t1) and the second time (2), or

tracking optical flow from the plurality of images.

21, A User Equipment {UE) comprising:
Global Navigation Satellite System (GNSS) receiving means capable of
performing GNSS measurements;
at least one pon-ONSS displacement sensing means to determine UE
displagement;
means for determining a first absolute position of the UE at a first time (11)
based on GNSS measurermenis from a set of satellites af the first e (81
means for determining, at a second time (82}, a first ostimate of displacoment of
the UE relative to the first absolute position, wherein the second time (12) is subsequent
to the first time {81}, wherein the first estimate of displacemont 1s determined using
non-GNSS measurements determined by the at least one non-ONSS displacement
sensing means; and
means for deternining, at the second time (12), a second sstimate of
displacement of the UE relative to the first absolutc position based, in pant, on
GNSS carrier phase measurcments at the first time (11} from the set of
satellites, and
GNSS carrier phase measurements at the second time (12} from a
subset compriatng two or more satellites of the set of sateilites, and

the first cstinate of displacement of the UE.

22 The UE of Claim 21, wherein the GNSS carrier phase measurements for
satellites in the sct are
unavatiable between e frst time (1) and the scoond e (2% or
available intermittently between the first time (1) and the second sne (12); or

available contimuousty between the first time (i1} and the second time {12).

23, The UE of Claim 21, wherein the means for deternining the second estimate of
displacement of the UE at the sccond time (12) comprises:
45
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mcans for resolving @ corresponding carvier phase ambiguity for each satelhite
the subset based, in part, on the GNSS carrier phase messurements for satetlites 1 the

subset at the first time {1}, and the first estimate of displacement,

24. The UE of Claim 21, further comprising;
means for determining a second absolute posttion of the UE at the second time
{12} based, in part, on the firsd absolufe position and the secound estimate of

displacement.

25, A non-transitory computer roadable medium compuising wstructions, which
when executed by a provessor, cause the processor to:
deternung a first absolute position of 3 User Equipnient (UE) at & first time {t1}
based on Global Navigation Satellite System (GNSS) measwrements from a set of
satellites at the first time (1 )
determine, at a second time (12), a first estimate of displacement of the UE
refative to the first absohute position, wherein the sccond time (12) s subsequent to the
fiest time (1), wherein the first estimate of displacement s deternmined asing now-GNAS
measaroments; and
deternung, at the second time {12}, a second estimate of displacentent of the UE
relative to the first absolute position based, i part, on
GNSS carrier phase measurements at the first time (1) from the set of
satellites, and
GNSS carrier phase measurements at the second time (12) from a subset
comprising two or more sateliites of the sat of satellites, and

the first estimate of displacement of the UE,

26. The computer-readable medium of Claim 235, wherein the GNSS carrier phase
measuremends for satellites in the set are:
unavatiable bebween the frst time (1) and the second fime (123 or
available intermittently between the first time (11 and the second tme (12); or

available contimuousty between the first time (11} and the second time {12).
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37, The computer readable medium of Claim 25, wherein the instroctions to
determine the sccond estinmate of displacement cause the processor
resolve a corresponding carrier phase ambiguity for each satellite in the subset
based, in part, on GNSS carrier phase measuremenis for satellites m the subset at the

first time {t1}, and the first cstimate of displacement.

28, The computer readable medivum of Claim 27, wherein the mstructions o resolve
the comresponding carvier phase ambiguity for each satellite in the subset of two or more
sateHites cause the processor to

determine one or morg satelhite patrs in the yabset of two or more satellitey;

project, for each sateliite pair of the one or more satellte pairs m the subset, a
correspongling pertodic fikelihood function on to a haseline represented by the first
estimate of displacemaent, whorein each periodic likelihood function is based on the
corresponding double differcnced GNSS carrier phase measurement for the satellite
pair;

determine a combined tikelihood function, the combined likehhood function
heing determined as a function of the corresponding periodic hkelihood fimetions for
the one o more satellite palrs and a non-pertodic hkelihood function corresponding to
the basehne; and

deternune integral carmer phase ambiguities for each satellite based, in part, on

the combined likelthood fimction.

29, The computer readable mediwm of Claim 28, wherein the mstractions further
cause the processor to:
detornune the second estimate of displacement hased, in part, ob a maxinwam of

the combined hikelihood function gud the first absolute position.

30, The computer readable mediym of Claim 23, wheredn the nstnuctions to futher
cavse the processor to;
determine a second absolute position of the UE at the second time {£2) based, in

part, on the first absolute position and the second estimate of displacement.
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Store CP Record CP measurements at time ty;

measurements /
displacement at
k*tki

835
Do the FIFO CP
measurements include at least one
reviously measured pair of satellites that were
seen together at a recent time
in the past?

FIG. 8A
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845
Validate CP measurements for the at least one satellite pair recorded at t,; with the most
recent previously recorded measurements at time (k-p)*t; for that at least one satellite pair
based on VIO determined displacement.
Tag measurements as validated
Increase count of validated measurements for that at least one satellite pair.

850
Enough Validated CP measurements
for that at least one satellite pair?

855
Refine Translation and Rotation Matrices at time k*t;
using all validated DD in FIFO for that at least one satellite pair

:

860
Compute accurate position and orientation in ECEF coordinate system around k*t;

FIG. 8B
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00

START

910
Determining a first absolute position of the UE at a first time (t1) based on GNSS
measurements from a set of satellites at the first time (t1);

v

920
Determine, at a second time (t2), a first displacement of the UE relative to the first
absolute position, wherein the second time (t2) is subsequent to the first time (t1),
wherein the first displacement is determined using non-GNSS measurements

v

930
Determine, at the second time (12), a second estimate of displacement of the UE
relative to the first absolute position based, in part, on: (i) GNSS carrier phase
measurements at the first time (t1) from the set of satellites; (i1)) GNSS carrier phase
measurements at the second time (t2) from a subset comprising two or more
satellites of the set of satellites, and (iii) the first estimate of the displacement of the
UE relative to the first absolute position.

FIG. 9
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