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NETWORK RANGING AND DIRECTION FINDING

CROSS REFERENCE TO RELATED APPLICATIONS

HEH This applicaton claims the benefit of and priovity 1o U.S. Provisional
Patent Application No.: 62/300,879 eatitled “Unicast and Broadeast Protocol for
Wircless Local Area Network Ranging and Direction Finding,™ filed February 28, 2016,
and U.S. Provisional Patent Application No.: 62/300,884 entitled “Unicast and
Broadeast Protocol for Wireless Local Area Network Ranging and Direction Finding,”
filed February 28, 20406, as well as U5, Non-Provisional Application Noo 152357 824
entitled “Uhmeast and Broadeast Protovol for Wireless Local Arca Notwork Ranging and
Dircetion Finding,” filed Septomber 6, 2016, which arc assigned to the assignes hereof

and Incorporaied by refercace in their entivety herein

FIELD
{0002] The subject matter disclosed herein relates o wireless conwmicstion

and specifically to unicast, muolticast, andfor broadeast protocols for sounding, ranging

andfor direction finding in wircless comnuunication systems,

BACKGROUND

{6003 It is often desirable to perform positioning functions on user eguipment

{UE) such as a mobile terminal, laptop, wearable, tablet, a cellular phone or other
mobile deviee. The terms “location” and “position” are synomymous and are ased
mnterchangeably herein. For example, in wireless systems based on the IEEE 802,11
standard, positioning may be performed using Round Trip Time (RTT) measurements

between an Access Point {AP) and User Equipment {UE).

{6004] In modern wireless systems, maltiple antennas at the transmitter and
receiver may be used o implement multiple input/mulitiple output (MIMO). MIMO
factlitates parallel delivery of maltiple spatially multiplexed data signals, which are
referred to as multiple spatial streams. In addition, “beamforming” may be used for
directional signal transmission or reception. in beamforming, clements 1 a phased aray
antenna are combined so that signals at some angles experience constructive
interforence, while others experience destractive interferenice, so that the beam may be

“steered” in a destred direction. Beamforming can be used to achieve spatial selectivity

i
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at the wansoutting sud recciving ends, Techniques to facilitate beamforming calibration
may therefore provide mnproved UE location determination and/or chanmel

characterization.,

{005] In some cmbodiments, a method on a first station (STA) may comprise;
hroadcasting a first Null Data Packet Announcement {INDPA) trame, the first NDPA
frame conprising an indication of one or more second STAs being polled; broadeasting,
subsequent to the fivst NDPA frame, a Nuoll Data Packet (NDP} frmme fromea plurality
of antenmas on the hrst STA; and receiving, from the one or more sccond STAs, in
response to the NDP frame, one or more corresponding first Fine Timing Measurement
{FTM) frames. Each corresponding first FTM frame may: be received from a distinet
corresponding sceond STA of the one o more second STAS] and, conprixe
correspending first ranging recasureroents betweoen the first STA and the corresponding
second STA as deterouned by the comresponding second STA based, in part, om the NDP

frame.

jano6] b amother aspect, a first STA may comprnise: a processor coupledio a
memory and a plurality of antermas, wherein the processor is configured to: broadeast a
first Null Data Packet Announcement (NDPA) frame, the first NDPA frame comprising
an indication of one or more seeond STAs baing polled; broadeast, subsequent to the
first NDPA frame, a Null Data Packet (NDP) frame from the plurality of antennas; and
receive, from the one or more second STAs, in response to the NDP frame, one or more
corresponding first Fine Timing Measurement (FTM) frames. Each corresponding first
FTM frame may: be received from a distinet corresponding second STA of the one or
more second STAs; and, comprise corresponding {irst ranging measarements bebween
the first STA and the corresponding second 5TA as determined by the corresponding

second STA based, i part, on the NDP frame.

{80a7) 1 a further aspect, 3 first station (STA) may comprise: means for
broadeasting a first Null Data Packet Anvnouncement (INDPA) frame, the first NDPA.
frame comprising an indication of ong or more second STAs being polled; means for
broadeasting, sebsequent to the first NDPA frame, a Null Data Packet {NDP) frame
frown a plurality of antennas on the first STA; means for receiving, from the one or more

second STAs, m response to the NDP frame, one or more correspondimng first Fine

B
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Tioung Measurement (FTM) frames. Each coresponding fivst FTM frame may: be
recerved from a distinet corresponding second STA of the one or more second STAg
amd, comprise corresponding first ranging measureoments between the first STA and the
corresponding sccond STA as determmed by the corresponding second STA based, in

part, on the NDP frame.

[0008] In some embodiments, a non~transiiory computer-readable medium may
comprise exceutable nstructions to configure a processor 1o broadeast a Srst Nudl Data
Packet Amwuncement INDPA) Frame, the first NDPA frame comprising an indication
of one or more second STAs being polled; broadeast, subsequent to the fist NDPA
frame, a Null Data Packet (NDP) frame from the plurality of antennas; and recesve,
from the one or more second STAs, in response to the NDP frame, one or more
gorrespending first Fine Tindng Measwoniont {(FTM) frames. Each conresponding first
FTM fravor mav: be reccived from g distinet corresponding sceond STA of the onc or
more second 5TAs; and, comprise corresponding first ranging measurcments between
the first STA and the corresponding second STA as determined by the corresponding

second STA based, in part, on the NDP frame.

{0009] The methods disclosed may be performed by one or more of APs, non-
AP 8TAs, UEs, cte. using various protocols. Embodinents disclosed also relate to
software, fumware, and program mstructions created, stored, accessed, read or modified
by processors using non-trausitory computer readable media o computer readable

HCHARMTY.

BRIEF DESCRIPTION OF THE DRAWINGS

{0016} Embodiments of the invention will be deseribed, by way of sxample

only, with reforence to the drawings.

{011} Fig. I shows a schematic block disgram ilustrating cortain exemplary
foatures of a non-AP STA shown as UE 100 cnabled to perform wireless
communication including anicast, multicast, andfor broadeast, and wireless mediom
charactorization i a wireless caviromsaent in accordance with cerfain embodiments

presented horein.
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{6012} Fig. 2 shows a sirophified architecture of & wiveless compunication

system 200 m accordance with certain embodiments presested hergm,

{3} Fig. 3 shows schematic block dingrany ilhustrating an AP STA shown as
AP 240 enabled to perform wireless communication including unicast, malticast, andfor
broadeast, and wircless medbon characierization m a wireless environment in

gccordance with certain embodiments presented herein

{8614] Fig. 4A shows an exemplary NDPA frame 400 with information
pertaining to a subsequent NDP frame in accordance with certain embodiments

prosented heremn.

{0618} Fig. 48 shows the format of the Sounding Dialog Token field 430
mchading o Reserved sobheld 432 with a 2-bitlength and Socnding Dialog Token

Nunther subfield 434 i accordance with certain embodiments presented herein

{0816} Fig. 5A shows an oxample Fine Timing Measwronent (FTM) frame 360,
which may include AoA, Aol and/or other information 1n accordance with cortain

erohodiments presented herein,

{0017 Figs. 5B and 5C show the fornwats of example AcA field 530 and AeD

field 540, respectively, in accordance with certatn embodiments presented herom,

{0018] Fig. SD shows a portion 3530 of an example Fine Timing Measurement
{FTM3/ FTM No Ack frame 500 indicating that a response may be sent as an FTM

Acknowiedgement (FTM Ack) frame.

{iHE19] FIG, 3E is anexample 3-dimensional coordinate system S84 for

representing the position of a STA oxing a radius ™77 and angles “thets™ and “pla™

{0020} Fig. 6 shows an exemplary message flow 600 for focation determination,
In some embaodiments, message flow 600 may ocour between a first STAL 602 (e an
APjand a plurality of other STAs, shownas STA2 604 . . STA & .. STAzalg,

where 224 <2

{6021 Fig. 7 shows an exemplary message fow 700 1o facilitate focation

determination between a first STAL 702 {e.g. an AP) and a plurality of other STAs,
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shownas STA2 704 . STA £, STAXTO7 .. STAz 706, where 2 sk<ana

WLAN enviropment supporting uplink multtuser capabilities such as Uplink MU-

MIMO.

{022] Fig. § shows a timeline 800 of cvents associated with the message flow
sequence in Fig, 7.

[8623] Fig. 9 shows an exemplary flowchart 308 of & method for ranging andior
location determination according to disclosed embodiments.

DETAILED DESCRIPTION

[0024] Embodiments disclosed factiiaie wireless communication between

devices. In some embodiments, wireless commuication is facilitated through the use of
protocols or modifications o protocols that assist in channel calibration. In some
embodiments, channel calibration may nclude performing measurements related to
scunding, ranging, and/or dircction finding. In some embodiments, disclosed technigues
may be used in wireless envivonments to facilitate ranging and divection finding
between devices. In a set of wirelessly networked deviees, disclosed emboduments may
factlitate ranging and/or direction finding between two deviees {one-to~one) andfor
mudticast (from one~-to-many} andfor broadeast (one to all) devices. The term “anicast”
is used o indicate tramamission of signals from a STA (o a single device, whereas the
term “muiticast” is used to indicate ransimission of signals from 3 §TA fo a plurality of
devices. The term “broadeast™ is used to refor to transimission of signals froma 8TA 1o

all devices authorized 1o andfor capable of receiving the wansnutted signal.

{6025] In modern wireless systems, multiple autennas at the travsmitter and
receiver may be ased to imploment maltiple inputmoltiple ovtput {MIMO). MIMO
facilitates parallel delivery of mukliiple spatially sndtiplexed data signals, which ave
referred to as nudniple spatial strearns. Further, in multi-user MIMO (MU-MIMO), an
AP may simultancously transmit to wueltiple clicnt UEs and beamforming may be used
for directional signal transmission or reception. The teyn “mudtiple transmit chamns™ may
refeor to the use of multiple transimit andéor multiple recetve antennas. A data stream
may be divided 1ot mulnple data streams, which are termed “transyoit chuins,” The
transnut chains may be spatially mudoplexed (e.g. sent through separate vadio

transmitters with distinet antennas). For example, cach transnutter may mclude an

L4
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sutenna separated by a short distance from another antenna. Spatial multiplexing may
facilitate operation of the transputers on the same frequency. At the receiving end,
spatial multipiexing help distinguish individaal transmit chaing, For example, cach
chamn may exhibit different muliipath andfor other radio charactenstics. In some
nstances, the chains may be combined at the reeaiver 1o obtain the wranspuitted data

stroam.

{6026] In beamforming, clements i a phased areay antenna are combined so
ihat stgnals at some angles experience copstructive interference, whils others expenience
destructive interference, Beamforming can be used to achieve spatial seloctivity at the
transmitting and recesving eads. For example, in 802 11ac, an AP nay use a Nudl Data
Packet Anncencement (NDPA}, which may be immediately followed by g Null Data
Packet (NDP} 1o determine how to diveet a transmission. The NDP can be a physical
tayer (PHYY frame without data bug with a known format and miay be used 1o calibrate
tho chanbel. For example, the UB(s) {roceivers) receiving the NDIP may respond with a
“beamforming matrix”, which provides some information abouat the channel. The

information can be used by an AP {ransmitfer) to focus subsequont transnussions,

{eaxTy However, while the begrafirming mairix can molude some channel
related information, beamforming matrices may not conventionally include mtormation
about Angle of Armval {AoAj, Angle of Departure (Ao, Azimuth, Channel Frequency
Response (CFR), Chaonel Inpulse Response (CIR), Power Delay Profite (PDP), Firg
Arrival Comrection (FAL), andfor other channgd calibration metrics between
communucating STAs. Further, the above information cannot typically be derived from
mformation contained in a conventional beamforming matrix. Therefore, additional
rangingsounding message exchanges are often used to oltain the above information
thereby Increastng system overhead, and latency, which may adversely affect system
performance metrics. Further, some ranging protocols (e.¢. FTM) may be power and
bandwidth inefficient due to a large number of message exchanges ased for
positioming/channe! calibration. Because cach device may perform posttioning/channel
calibration independently, traffic load may be increased substamtiatly when several

devices perform positionmg/channel ealibration.

{0028] Some disclosed enbodiments pertain to beamfornung calibration

techniques, which facilitate improved UE location determination andfor channed

&
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characterization. Further, disclosed embodiments also factlitate the use of multiple
ransout chains. For example, some disclosed embodiments may exploit the Null Dai
Packet (NDP} frame structure fo facihitate wtihzation of multiple transmit chains. In
addition, disclosed embodiments provide techaiques for exchange of mformation
between two communicating STAs including one or more oft Angle of Armival (AcA),
Angle of Departure (Ao, Azimuth, Chanoel Frequency Response (CFR), Chanael
impulse Response (CIR), Power Delay Profile {PDP), First Arvival Cormrection {FAL),
and/or other channel calibration parameters’ metrics, which are also referred to herein as
“channel calibration parameters”, “chanpel] calibration metries” or “channel
charactorization iformation”. Dysome embodimends, the above channel calibration
parametsrs/metrics may be determined and exchanged betwesn connmuticating STAs
with fewer frame exchanges. For example, in some smbodinients, one or mare of: frame
structure, and/or information cloments in frames, andior message exchange protocols
may be leveraged to determine and/or exchange calibration parametersimetrics.

Example embodiments are described further herem.

{6029] hsclosed technigues may also be used & faeilitate location
deternunation including determmation of nuero-locations. In some embodiments, the
tocation deterniination may be based on one or more of the above channel calibration
parameters. For example, disclosed technigues may be embodied i an apphicationona
UE, wincl may divect a user w0 a shelf contauuing a desived product in a stare. As athey
examples, disclosed techigues may be used in surveilinee cameras andfor drone
navigation. The example message fows, frame formats, and/or mformation elements
described herein may be compatible, in some respects with specifications, diagrams, and

guidelines found in some 802.11 standards.

{8030] The term “Angle of Amival” {AoA} refers to a direction of propagation
of a rachio-frequency wave incident on an antenna array refative fo orientation of the
antenna array. As one example, AcA may be determined based on the Time Difference
of Amrival {TDOA) or phase differcace measurements of a radio wave rocoived at
individual cleroents of an antenna sreay. Converscly, the ferm “Angle of Depariure”
{Aol3} refers to a divection of propagation of a radio-frequency wave transmitted from
an antenna arvay relative o orientation of the antenna arvay. In some embodiments,

AocA and AoD mav determined by a STA based on signals exchanged with another

~J
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STA. For exaniple, 8 STA, such as a recoiver, may resolve Ao mnd AoD based on

sigmals exchanged with another STAL

jan3i} Any suitable techiigue niay be ased (o estimate QoA infornation of
framies received by a responder device andfor to estiveate AoD information for fravoes
transmitfed from a8 responder device. For at feast some embodiments, the responder
device may use a number of different antenna patierns when estimating the AoA
information of frames received from the mitiator device. More specifically, when the
responder device includes 4 yamber N 2 2 antennas, the responder device may
selectively enable different combinations of the antennas and cstimate the channel
conchitions for a corresponding number of different antenma patterns. Angular
information may be obtained using vartous technigues including, but not limited to:
corrciation; maxinmm hkelikood estimation; Mudtiple Signal Classification (MUSIC)
techunigues, including variants such as Root-MUSIC, Cyclic MUSIC, ot Smooth
MUSIHC; BEstimation of Signal Parameters using Rotational Tnvanance Techmigues
{RESPRITY:, Mairix Pencil, ete.

{0032} The term CFR for an /* transmitting (Tx) antenna and a /¥ receiving (Rx)
anfeuna 15 also denoted by H k) for a tone & The term CIR denoted by iy} refers to
the inverse Fast Fourier Transform of the CFR, for the i Tx antenna and a /™ Rx
autenna. o some embodiments, information exchanged between two compunicating
STAs may include a subset of mformation in the CIR (CIR ), which may capture the
first arcival information. The length of CIR may be function of the acouracy of the
estimation of first arrival information. The term Channel Feedback Information (CF1) is
used herein to refer to CFR, or CIR, or CIR or PDP or FAC. For exanple, a
Comprossed Beamforming (CBF) frame or another frame may include a CF1 field. The
CFY field may include one or more oft Channel Frequency Response (CFR) information,
with first arrival information, or Power Delay Profile (PDP) information, or Fivst
Arrival Correction {(FAL) mformation. The PDP is 3 measure of signal intensity
received through a multipath channel g5 a function of fime delay. FAC time information
facilitates greater accuracy M the tuming of comnumications between two STAs, which

may improve quality in posttioning apphications.
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{80331 T MUSMIMO, the teen “downlink™ refers to'communication, which
may ovcur wt parallel, fron an AP to one or move Lils {fransmitted by the AP, while
the term “eplink” refers to commanication, which may ocvar sinltaneoysty, friom one

or more UEs to an AP {recetved by the AP),

{0034] Disclosed techniques may also be used to taabitate loeation
determination including determination of micro-locations. For example, disclosed
techmigues may be embodied in an application on a UE, which may direct a userto a
shelf contatming a deswred product na store. As other exavoples, disclosed weehnigues

may be used in surverllance cameras andfor drone mavigation,

{8835] The term station or “STA” may refer fo a dovice with a Medium Accgss
Control (MAC) identifier coupled to a wireless network. A STA may be viewed as a
logical entity that is a singly addressable instance of a mediam access control (MAC)
and phvsical laver {PHY) interface (o a wircless mediim. A STA may take the formof a
aon-AP STA, which refers to UE, including devices sach as a mobile station, celhdar
phone, or a computing device such as 3 wearable device, laptop, handheld, wblet ete, or
another entity coupled to the wireless network. A STA may also take the form of an
Access Pomnt STA (AP STA), which refers to APs that provide wireless connectivity to
one of more mt-AP STAs, An AP STA may be m compunucation with onc or more
non-AP devices andior with other AP §TAs. In some instances, 1n the description
below, a STA may also be referred to as an “mitiator”™ or as a “responder” for ease of
expianation to distinguish from a STA that itiates a sequence of events from a STA
that responds to the mitiated sequence. A “STA” may function as both an “initiates™ and

a “responder”. STAs may be mobile or stationary.

{0636} A STA miay also take the form of “user equipment”™ (UEY or “mobile
station” such as a celhdar or other wireless communication device, personal
conmmpication system (PCK} device, porsonal navigation device {PND), Personal
Information Manager (PIM), Porsonal Digital Assistant (PDA), laptop or othor suitable
maobile device which is capable of recetving wireless conmnunication andéor navigation
signals. The term UE s also intended to inclade dovices which conmuuanicate with a
porsonal navigation device {PND}, such as by short-range wircless, infraved, wireline

connection, or other comection - regardless of whether satellite signal recoption,

g
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assistance data reception, andfor position~related processing occurs at the device orat

the PN In some mstances, UBs may also serve as APs for other deviees.

{37} in the figures below, tike mumbered entitics 1 different figares may
correspond 1o one another. Different instances of a common type of entity may be
indicated by appending an additional fabel to the label for the conumon entity. For
example, different instances of g UE 100 may be labeled 100-1, 100-2 ete.. When
referming to a common entity without an extra appended label {e.g. UE 100}, any
instance of the comwnon entity can be applicable. Further, inthe deseription below, the
forms UE and AP are sometimes used instead of, or m addition to STA to facilitate
description and for explanatory purposes only. Labels that may be assigned to UEs
andfor APs are also merely for explanatory purposes. Functions attributed to a UE or

STA below may abso performed by a STAL

{0038} Fig. 1 shows a schematic block disgram dlostrating coertam exemplary
features of o non-AP STA shown as UE 100 enabled fo perform wireless
conmnumication including unicast, broadeast, and wireless mediwm charactenization in a
MU-MIMO environment in accordance with certain emmbodiments presented herein. In
some embodimnents, UEHO0 mav take the form of a wearable user device, such as a
wristwaich, speotacies oo, where one or more functional conponents of UEL00 may be
physically separate but operationally coupled to other functional components. For
example, display 190 may be physically separate but operationally coupled processor(s)

130 andfor other functional units 1 UET0O,

jHe3g] UE LU0 may, for example, wiclude one or morg processing wiis or
provessor(sy 130 and momory 130, UE100 may also invhude a wircless sebwork
iferface 18, In some embodiments, wirdless network mterface nuy inclode transpitter
112 and recetver P In some embodiments, UET00 may further comprise
computer-readable medrany 160 and display 190, The components above may be
operatively coupled o cacl other with obe or wore connections 120 {¢.g., buses, lines,
fihers, links, ete.). In cortain example inplementations, all or part of UEI0 may take
the form of a chipset, and/or the hike. Farther, UE 100 may optionally melude a sereen or

display 190 capable of rendering tmages of various types.

10
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{o040] In some embodiments, processor(s) 1530 nway also receive tnput from
ransceiver 110, which may receive wireless signals thvough one or more antenmas 1035
which may be used for signal transnussion and reception using MIMO / MU-MIMO.
Transcerver 11 may, for example, include a ransputier 112 enabled to transinit one or
more wireless signals over one or more types of wireless consnunication networks and
a receiver 114 to receive one or more signals transmitted over one or mors types of
wireless conmmenication notworks. For example, transcetver 118 may be capable of
communication with a Wireless Local Area Network (WLAN), which may be based on
IEEE 802.11 standards, Wireless Pevsonal Area Netwoark {WPAN), which may be hased
on IEEE 807 1 Setandards and/ora Wide Area WNetwork {WANKY based on one or more

cethudar conununication standards.

{6041] Procosson{s) 150 may be implemented using a combunation of bardware,
firmware, and software, In some embodinents, processor(s) F0 may porfornt position
determination andfor focation assistance functions based on wformmation denved from
wircless measurements by UETOG cither mdepondently, and/or in conjunction with
received data or mcasurements from other STAS In some smbodiments, processonds)
156G, may include fransceiver 110, andior other components as part of a single chip,

integrated circuit, or package.

[6042) Processor(s) 150 may use some ov all of the received signals andfor
information to determine channel characterization information including Thme
Difference of Arrival {TRHOA), Round Trip Time {RTT}, Received Signal Strength
Indication (RSS1), CFR, (IR, PDP, FAC, ete. At locations where wircless signals are
avatlable, position deternvination may be performed based, in part, on the channel
characterization information andior a variety of techuiques described herein, For
example, technigues including RTT measwrements, TDOA, Reforence Signal Time
Difference (RSTD), Advanced Forward Link Trilateralation {AFLT), hybrid techniques,
Received Signal Strength Indicator (RS5]) based measurements, andfor some

combination of the above may be used for position determination.

{843] As one example, processor(s} 150 may determing, revord, andior recsive
timestamps associated with a time of receoptiowdarival (TOA) anddor
transhussion/departure {TOD) of signals, which may be vsed 1o deternune RTT andior a

distance between UELOD and one or more other devices. Further, AcA, AoD, and other
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characteristics snd parameters deseribed herein may be used to determine or estimaie a
loeation  nucro~location of devices connnwmcating with UETON. In some ammbodiments,
the measurements and/or results obtained fron measurements vy be tchuded in one or
more frames exchanged between two STAs, such as between UE 100 and another

device in accordance with one or move protocols desceribed herain,

[0044] The elements and methodologies described hercin may be ioplemented
by various means depending upon the application. For example, these cloments and
methodologies may be implemented 1 bardware, firnpware, softeare, or any
combination therend. For example, for a hardware implementation, the processor(s} 150
may be implemented within one or more application specific integrated civeuts
{ASICs), digital signal processors {DSPs}, digital signal processing devices {DSPDs),
programnable fogie deviess (PLDs}, ficld programmable gate arrays (FPGAs),
processors, controllers, micro-controllers, micropracessors, electronie dovices, other
electromic uits designed o perforny the functions described herein, or a combination

thereod,

LR For a firmware andfor software implomentation, the methodologics may
be implemented using program code, microcode, procedures, functions, and so on that
perform the functions deseribed herein. Any machine-readable medivm tangibly
erabodying instructions may be used in implementing the methodologies described
heretn. For example, program code, which may be stored in 2 non-transitory
computer-readable mediam 160 andfor memory 130, may be read and executed by

processor(s) 150,

{0846} Memory may be inplenicated within procosson(s) 150 or extomal o
processor{s) 150, As used herein the torm “memory™ refers to any type of Tong tevm,
short form, volatile, nonvelatile; or other memory and 18 1ot to be Himited to any
particalar type of memory or munber of memories, or type of media upon which
memary 1s stored. Momory 130 may mclude, for exanyple, a pramary memory andior a
secomndary memory. Primary memory may include, for example, a random access
memory, read onty memory, ete. While illustrated 1n this examyple as baing separate
from processor(s) 130, it should be understood that all or part of & primary mamory may
be provided within or otherwise co-located/coupled with processor(sy 150, If
implemented i firmoware andfor software, the functions may be stored as one or more
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imstructions of program code on a computer-readable medum, such as medium 160
snd/or secondary memory. Examples nclude conputer-readable media encoded with

computer programs and data associated with or used by the program.

{1047) Computer-readable medium 160 includes physical computer storage
media. A storage medium may be any available medivom that can be accessed by a
computer. By way of example, sad not limitation, such non-transitory computer-
readable media can comprise RAM, ROM, EEPROM, CD-ROM, flash memory, or
other optical disk storage, magoetic disk storage or other magnetic stovage devices, or
any other moedium that can be used {o store desired program code in the form of
nstructions and/or data and that can be accessed by a computer; disk and dise, as used
herein, includes compact dise (CD), laser dise, optical dise, digatal versatile disc {DVD),
foppy disk and blo-tay dise whore disks wsaally reproduce data maguctically, wiske
dises reproduce data optically with lasers. Combinations of the above should also be

inchuded within the scope of compuier-readable media.

{0048] For exanple, the computer-readable medium including program code
stored thercon may include program code to support wireless conwnunication including
wnicast, broadeast, and wircless medium / chamel characterization in o MU-MIMQO
environment in accordance with cortain embodiments presented herein, The program
code may further support wireless channel charactenization, including sounding, ranging
andfor position determination. For example, the code may support one or more of AFLT
{RTT FRSSI/RSTD / THOA (AcA / AoD, and other location determination techniques

andior channe! characterization,

{0049 In sorne sonbodiments, mstryctions anddor data may be provided over a
communication channel. Forexanple, a compupncation apparates may inchede g
transeetver TG, which may recetve signals through recenver 114 indicative of
mstructions and data. The mstructions and data may cause one or More processors 1o
mplement wircless conwmpucation andfor wircless chanmel characterization{c.g. ina
MU-MIMO environment), including ranging andfor position deternunation. The
received instructions and data may also cause one or more processors to implement

functions outhined herein,
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{osa] Fig. 2 shows a sirophified architecture of a wiveless communication
system 200 i accordance with certain embodiments presented herein, Systom 200 may
inchede non-AP STAs, which are shown i Fig. 2 as UEs 1080-1 through 100-n
{collectively referred to as UBs 100}, and AP STAs such as APs 2401 through 240-4
some embodiments, UEs 100 and APs 240 may communicate with server 250 over
WELAN 236, While system 200 iusirates a fow UEs 100 and APs 244, the mumber of
UEs 100 and APs 240 may be varied i accordance with various destgn parameters amd
may inclode a smaller ov larger mumber of UEs 100 andfor APs 240, In some
embodiments, one o more UEs 100 axlor APs 240 may comprise multiple antennas

ad may support MIMO, mcluding MU-MIMO.

{0051 In some conbodiments, UEs 106 and APs 240 may conununicate over a
WLAN network, which may be based on IEEE 802,11 or compatible standards. In some
&02.11 standards, For example, Uls 100 and APs 240 may conmmumicate using
&02.11ac on the SGHz band, which may support MIMO, MUMIMO and nuliiple
spatial streams. In some embodiments, UEs 100 and APs 240 may conununicate using
some of the above standards, which may further support one or more of Very High
Throughpat (VHT} (as described in the above standards) and High Efficiency WLAN
{HEW), andfor bewatfonning with standardized sounding sand foeedback nechanisios. In
some entbodiments, LUEs 100 andior APs 240 may additionally support legacy standards

for commupnication with legacy devices.

[032] in some embodiments, UEs 100 and/or APs 240 may be connected with
one or more additional networks, such as a cellular carmer network, a satethie
posttioning network, WPAN access points, and the like (not shown in FIG. 2). in some
embodiments, Uks 100 andfor APs 240 may be coupled to a wireless wide area network
{WWAN) (not showa s Fig. 2). A WWAN may be a Code Division Maltiple Access
{CDMA) network, a Time Pivigion Multiple Access (TDMA) notwork, a Fregueacy
Division Multple Access (FDMA) network, an Orthogonal Frequency Division
Mudtiple Access {OFDMA  network, a Single-Carnier Frequency Division Multiple
Agcess (SU-FDMA)Y network, Long Term Eveldtion (LTE), Wildax, and so on.
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{8053} A CDMA network moay implement one of more radio access
technologies (RATs) such as edmaind, Wideband-CDMA (W-CDMA), and s0 on.
Cdoa2 00 inclades 18-95, I8-2000, and 18-856 standards. A TDMA network may
mplement Global System for Mobile Communications {GSM), Digital Advanced
Mobile Phone System (D-AMPS), or some other RAT. GSM, W-CDMA, and LTE are
deseribed i docaments from 3GPP. Cdma200 is deseribed i docoments from a
consortram named “3rd Generation Partnership Project 27 (3GPE2L 3GPP and 341PP2

documents are publicly available.

{6054 As iltustrated in Fig. 2, UE100 may also communicate with server 250-1
through network 230 and APs 240, which may be associated with network 230, UELO0
may recetve and measure signals from APs 244, which may be used for position
doternunation, In some cinbodiments, APy 240 may form part of a wireless
communication network 230, which may be a wireless local areg network (WLAN). For

example, 8 WLAN may be an IEEE 3021 lax network.

{0035] Reference is now made 1o Fig. 3, which is a schematic block diagram
lustrating AP 240, In some embodiments, AP 240 niay be enabled to porform wiveless
communication {including wucast, nulticast, and broadeast) and wircless medium
characterization. For example, the wircless comnumication and/or wircless medium
characterization may be performed in a MU-MIMO eovivonment in accordance with
certain embodiments presented horein. In some embodiments, UETO0 may serve as an

AP 10,

jfise] Insome embodiments, AP 240 may mchade, for example, one oy more
provessor(s) 330, memory 330, couplod storage 364, and ransceiver 390, which may be
operatively coupled with one or more connections 320 (e, buses, lines, fibers, Huks,
ete ). Transceiver 390 may be capable of communcagon with 8 Wireless Local Area
Network {WLAN), which may be based on the IEEE 80211 standard {or variants
therent), Wircless Personal Arca Network {WPAN), which may be based on {EEE
802,15 and/or a Wide Arca Network {WAN) based on one or more celhdar
copmmumication standards, In some embodiments, transceiver 390 may be coupled to
one of more antennas 303, which may be used for signal transmission and/or reception
asing MIMO / MU-MIMGO.
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{057 in some embodiments, AP 240 may also interface with wived networks
thwough comnmmications interface 380 1o obtain a vanely of network configuration
related mnformation, sach as service set identifiers {$S1Ds), basie service set
identification (BSSID), network identifiers and/or g information. Processor(s) 350
may use same ot all of the recerved information to generate CFL TDOA, RTT, RSS,
CFR, CIR, PDP, Range, AGA, AOD, Azimuth, and other channel charactonization

information i accordance with certain with disclosed embodiments.

{0658} Processor(s) 350 may be boplemented using a combination of hardware,
firmware, and sofiware, or any combination thereot. For a hardware mmplemeniation,
the processing umit 930 may be mnplemented within one ot more application specific
integrated circuts {ASICS), digutal signal processors (DSPs), digital signal processing
doviees (RGP, programnably logic devices (PLDsY, field programmable gate avrays
{FPGAS), processors, controllers, nucro-controlles, microprocessors, clecironic
deviges, other electronic units designed fo perform the functions deseribed herein, ov s
combination thereof. For a firmware andfor software implomentation, the
methodologies may be implemented using procedures, functions, and so on that perform

the functions desceribed herein.

j6059] Any machine-readable mediuny tangably cmbodying instructions may be
used i implementing the methodologies desentbed herein. For example, software may
be stored in removable media drive 370, which may support the use of non-transttory
computer-readable media 378, incloding removable media. Program code may be
resident on nop-transitory computer readable media 378 andfor memory 330 and may be
read and executed by processors 350, For example, the computer-readable medium
including program code stored thereon may inchade program code 1o support wireless
commumication {including unicast, multicast, and broadeast), andfor wireless mediunm
characterization (uchuding in 3 MIMO / MU-MIMO) eoviromment in accordance with
certain embodiments presented herein, Memory 330 may be implemented within

processors 333 or external to the processors 350,

{60} In certaln tmplementations, secondary memory may be operatively
moepiive-of, orotherwise configurable to couple to 2 nop-transiory computer-readable
medinm 378, As such, in cortan exmnple mplementations, the methods anddor

apparatuses presented berein may take the form in whole or part of 2 removable media
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drive 370 that may inglude non~-transitory compuier readable mediumn 378 with
computer inplementable instructions stored thergon, which if excouted by at least one
processing unit 330 may be operatively enabled © portions of the example operations

including message flows and protocols described herein.

joae6l] Fig. 4A shows an excemplary NDPA frame 406 with information
pertaining to a subsequent NDP frame in accordance with certain embodiments
presented beretn. In some embodiments, NDPA frame 400 may take the form of an
8021 1ac NDPA frame as defined i "Part T Wiveless LAN Medim Access Contyol
{MAC) and Physical Layer (PHY) Specifications,” IEEE P02 11-REVme D50, Jan.
2016, Draft Standard for Information technology —Teleconwnumications and
information exchange between systomss Local and metropolitan avea networks — Speaific
reguirements, {horcinafier "WLAN MAC & PHY Specifications”™ §8.3. 120, gt 621-

622, whach is icorporated by reforence i tts eativety herein,

joB62] in some embodiments, NDPA frame may include Duration field 415, RA
{Recipient Address) ficld 420, TA (Transnutter Address) fickd 425, Sounding Diglog
token 430, STA Info ficld(s) 435-1 || 435-n, and FCS ficld 440, The NDPA frane
contains at least one STA Info field. These fields are further described i the WLAN

MAC & PHY Specitications document.

{8063 in sonie embodivoeds, wherthe NDP Announcement frame {op, VHT
NDPA mehudes mote than one STA Info ficld 435, the RA ficld 420 of the NDP
Announcement frame ncludes a single STA Info ficld 433, the RA field 420 of the
VHT NDP Anpouncement frame can be sot to the MAL address of the VHT
beamformee. The TA field may, for exainple, be set to the address of a 8TA

transontting the VHT NDP Amsouncement frame.

jaB64] The format of the Sounding Dialog Token field 430 is shown in Fig. 4B
and includes Reserved subfield 432 with a 2-bit length and Sounding Dialog token
numnber subficld 434, The Seunding Dialog Token Number subficld in the Sounding
Dialog Token field contains a value selected by the AP (beamiformer} to wdentify NDPA
frame 40601
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{0055 In some embodinents, a first bit 1o Reserved subficld 432 may be used
by the inttiator o indicate o the responder that the immediately subsegquent NDF is to
be used for ranging. In some embodiments, 3 scoond bit in the Reserved subfield 432
may be used to mndicate symunetric ranging, 1o indicate that one side {e... the imtiator}
15 willing to share information, such as ranging mformation {e.g. captured and/or
deternmned by the nitiator). In the example embodiments below, use of NDP frames for
ranging and symmetric/asymmetric ranging may be indicated by appropriately
configuring bits in Reserved subficld 432, In some embodiments, portions of other
information clements in NDPA frame 400 may be used 1o indicater {1} that a subsequent
NBP frame st beaused S ranging, andfor £11) that the tmifiator is willing to share

ranging anddor other measared /determined channel characterization information.

{8066] In some cnbodiments, NDP frames, which may be transmitted from
nultiple antonnas, may be leveraged to doterming Aod, AoD), and nther parameters, In
some onbodiments; the Aod, AcD and othey determined information may be meluded
inoan FTM frame thereby facilitating location detormination. In some cmbodiments, by
determining AcA, AeD, and RTT, g devies may be able to deternnine its 310 location
based on an exchange of FTM frames with one other device with a known location
thereby decreasing network traffic, lowering overhead, andfor facilitating quicker
posttion determination. In the desoription below, a STA requesting a specific
ranging/sounding or other operstion may be termied an “lnitiator™ of the operation,
svhife o STA responding to the ranging/sounding or other request may be tovmed a

“Responder™ of the operation.

[0067) Figs. 3A and 5B show an example Fine Timing Measurement (FTM)
frame 500, which may inclode AcA, AoD, andfor other information in accordance with
certain embodiments presented herein In some cmbodiments, FTM No Ack frame and

FTM Ack frames may take the form of FTM frame 560 with appropriate values of bits

or figlds i FTM frame 300, Accordingly, FTM frame 560 may be used in conjunction

with the FTM, Ack, FTM No Ack, and FTM Ack message sequences / exchanges

deseribed hevein,

{068] As shownin Fig. 54, FTM frame 300 may inclade felds Category 302,
Public Action 304, Dialog Token 506, Follow Up Dialog Token 308, Tune of Departire

{TOD 310, Time of Arteal (TOAY 312, TOD BEwor §14, TOA Ervor 316, FTM frame
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300 may optionally include one or more of! FI'M Syochvonization Information 518, LCL
Report 320 field, Location Civie Repornt field 522, and Fine Timing Measurement
parameters field 5324, which may be of varigble length. The above ficlds are defined in

the WLAN MAC & PHY Specifications.

{3069] Pablic Action 304 differentiates various Pablic Action frame formats.
provides a mechanism for specifying varioys extended management actions, A value of
32 indicates an FTM Request, while a valoe of 33 indicates an FTM frawe. Category
302 pay specily a category of Public Action 34 For example, a Category value of 21
may mdicate VHT, Dialog Token 506 may be a nonzere value chosen by a responding
STA 1o identify an FTM No Ack / FTM frame as the first of a pair, with a second or
follow-up FTM frame to be sent later. The Dialog Token ficld may be setio 8 to

indicate the end of the FTM session,

{8076} The second or follow-ap FTM frmme of the pair may use the nonzero
value of Dialog Token 306 in the ast tramsnutted FTM frmme i Follow Up Dialog
Token 508 to indicate that: (1) the current {second) FTM ¢ FTM Ack frame {of the pait)
is a follow up FTM, and, (1) TOD 510, TOA 512, TOD Error 514, and TOA Error 318
ficlds contain the values associated with imestamps capiuted with the fisst FIM /FTM
No Ack frame of the pair. Follow Up Dialog Token 508 sy be st to O to indicate that:
{1) the curvent FTM /FTM No Ack frame is not a follow up; and (i3 TOD 510, TOA
312, TOD Error 314, and TOA Error 318 ficlds are veserved. TOD and TOA ficlds may

be expressed in units of picoscconds.

HETER In some embodiments, TOD 510 may mclude a imestamp that
represents the time, with respest to a time base, at'which the start of the proamble of the
fast transwoitted FTM No Ack FFTM frame appeared at a transmil antenng connector of

8 ransnutting STA,

{0672) In some embodiments, TOA 512 field may inclode a tmestamy that
represents the time, with respect to a time base, at which the start of the preamble of an
FTM Ack f Ack frame to the lasttrasmitted FTM No Ack/ FTM frame arrived at the

receive antenan conpector of a receiving STA.

{0734 in some embodiments, FIM Syochronization Infornoation 318 is present
i the minal FTM frame and in any retransnissions.
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{0674} Fig. 5B shows the format of example AcA ficld 330, wisle Fig. 53C
shows the format of exanmple AoD field 540 according to certain embodiments disclosed
herein. In some embodiments, AcA ficld 330 may include Element 10 532, Length 534,
and Ao wformation 38, Sinularly. i some embodiments, AoD field may ncluade
Element 1D 542, Length 544, AoD formation 348, In some tmplementations, the oA
Information may store valucs for Theta _AedA and Plu_AoA, as described below, in Fig
SE to indicate angde of arvival information of a specified frame. In some
unplementations, the AoD field may store values for Theta_AoD and Phi_AoD o

indicate angle of departure information of the specified frame.

{0875} in one embodimant, the TOD field 510 may inchude 6 bytes, the TOA
field 812 mayv include 6 bytes, the AoA Held {e.g. as a separate optional AoA feld S3,
or a8 part of FTM Parameters 524} may ticlade 3 byies, and the AoD ficld 613 {eg axa
separate optional AoD) field 540, or as part of FTM Parametors 324 nay mchude §

bytes {although for other embodiments, other field lengths may be used):

{8076} In some embodiments, AcA field 530 may include AcA mformation 338
for frames exchanged during a ranging operation, and the AoD field 540 may mclude
Aol mformation 348 for frames exchanged during the ranging operation. For example,
a responder may embed AcA mibrmation 53¥ into AcA ficld 330 {or ancther
information element) serving s an AcA field of FTM frame 504, and may embed AoD
information 348 of the FTM frame o Ao ficld 344 {or another information element
serving as an Aol fickd of FTM frame 304, The responder dovice may also cmbed
TOA information iito the TOA ficld 312 of FTM frame 300, and may embed TOD
mformation of into the TOD fleld 510 of FTM frame 300, The responder STA may then
use the FTM frame 300 as an FTM No Ack frame ranging operations o transmit angle
information {e.g., AcD and/or AoA) and time values to the initiator device, In some
embodinments, in part, FTM No Ack frame may be compliant with existing
standards/formats for FTM frames, thereby facilitating use of the frames i
enviromments with a mix of legacy devices and devices that support the embedding,
transmission and reception, of Acd, AcD, and other Infomation s FTM (FTM No
Ack) andfor FTM Ack frames.

{0077 In sowne embodiments, Element 1D ficld 542 may stove an cloment 1D
value indicating that AoA field 830 includes AoA mformation for a specified frame,
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while Length field 534 may store a value ndicating a length (in bytes) of AoA field
330, In some embodiments, Eloiment TD field 542 may stove an clement 1D vialpe
indicating that Aol) feld 540 includes AcD information for a specificd frame, while

Length field 344 may store a value indicating a length (in bytes) of AoD field 540,

{0678] Fig. 513 shows a portion 5356 of an example Fine Tinung Measiwement
{(FTM) / FTM No Ack frame 500 indicating that a response may be sent as an FTM
Acknowledgement (FTM Ack) frame. In some embodiments, a reserved bit in the FTM
{ FTM No Ack frame 500 may be set to indicate to a responder that a response with an
FTM Ack frame is desired. In some embodiments, bit B15 570 of the Max TOA Emor
Field 560 may be used to indicate to a responder that a response with an FTM Ack
franse is desired. The reserved bit (o.g. bit B15 570 of the Max TOA Frror Field 3680) in
at FTM No Ack frame 300, which is wsed o indicate 1o a responder that a response
with an FTM Ack frame 15 desired, s also reforred 0 a5 an acknowledpment response

hit herem.

{0079} FIG, 5t 15 an example 3-dimensional coordinate system 380 for
representing the position of a STA using a radius v and angles “theta™ 8 and “phi” @.
As depicted mn FIG. SA, ¢ may be an angle with respect to the horizontal (x-v) plane,
while § may be an angle with respect to the vertical (z) axis, 9 may range from (¥
3607, while 8 may range from 0% to 180°, The radivs v is the distance between the angin
and a point coordinate (1, 8, and @) representing the location of a wireless device
relative to the origin. In some implementations, the AoA ficld may store values for

8 _AcA and ¢_AoA to indicate angle of arrival information of a specified frame. In
some implementations, the Aol field may store values for 8_AoD and ¢_AeD w0

indicate angle of departire information of the specified frame.

{6080 Thus, disclosed embodiments mnclude the use of FTM frame 500, which,
in some emhodiments, may take the form of 3 convendional FTM frame. In some
example, FTM Measurement parameter 534, additional optional AOA andfor Aol
fields, may comprise AoA, AoD, and/or other parameters. In some embodiments, FTM
Measoremerd Parameters 324 may be used o carry information pertaining o AoA,
AoD, audior other parameters. FTM frame 500 48 also referred to horein as an FTM No
Ack frame/
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{0081} In some embodiments, separate optional AcA andfor AoD ficlds may be
information. FTM frame 500 swy include other bits, fields ete to sulicate whea FIM
frame 5300 inchudes additional information. In some embodiments, the And, AoD, FIM
Ack and other information may be included in a manner so that legacy devices may
continue to funection povmally. For example, in some cmbodiments, where the responder
device may be an access point STA, the responder device may embed, Brto a beacon or
other frame, information indicating whether the responder device is capable of including
AoA andfor AoD information in one or more frames exchanged between the inftiator
devicr and the rospondsr dovice. In some aspects, this information may be cmbedded
within an adormation slement (IB) or a veador-specific information clement {VSIE) of

the beavon frame or other frame.

j0082] Further, in some embodiments, FTM frame 506 nay (alternatively or
addittonally) take the form of an FTM No Ack or FTM Ack frame. For exanwple, as
shown i Fig. 5C, a reserved bit or acknowledgment respouse bit in the FTM No Ack
frame SO0 may be set to indicate to a responder that a response with an FTM Ack frame

1% desired.

{0083] In soine embodinents, the first 12 bits of the AcA information ficld 338
may be used to indicate a value for 8_AcA, and the second 12 bite of the AcA
information field may be used to mdicate a value for @_AoA. Similarly, the first 12 bits
of the AcD information field 34% mayv be used to indicate a value for 6_AoD, and the
second 12 bits of the AoD information ficld 548 may be used to indicate a value for

¢ _AoD. Iy embodiments, where 12-bit valoes are used, the 12-bit values for §_AoA and
#_AoD may provide a resolation of approximately 0.044° (180° divided by (212 ~ 113,
while the 12-bit values for ¢_AoA and o_AeD may provide a resolution of

approximately H.088° (360° divided by (212~ Dk

{8084] FTM™ frames formatted according to cwrrent FTM protocods {e.z., as
defined by the IEEE 802 11 REVme standards) include a 6-byte TOD field 510 and a 6-

byvte TOA field 512 to store TOD and TOA information, respectively - ¢.g. to embed
timestamp values ts vop 38d & yoa where 4 yop 1s the time of departure of a first fame,
snd 2 pos is the tivte of arrival of a corresponding response frame, where the first frame
s corresponding response frme ave used to measure RTT. In sowe ewsbodiments,
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becanse RTT may be deternuned using a stngle time difference value (I voats o)
rather than bwo individual timestamp values {e.g., one of the TOD 510 0r TOA 513)
ficlds may be reprgposed (o store AoA amd Aol information, thereby eliminating the
need for an FTM frame to include a separate ficld that stores AoA and AoD mformation
{and thus reducing the size of the FTM frame). For example, as indicated above, RTT
may be deternmined as (& roa-t o), where § vop 18 the time of departure of a first
frame, and t: voa 18 the time of arrival of a corresponding responsefacknowledgment
frame, where the first frame and corresponding response frame are used {or ranging,

including measuring RTT.

{0085} Fig. 6 shows an exemplary yoessage flow 600 between a fivst STA STAL
642 and one or move second STAs STAZ 605, In some embodiments, message flow 608
may be wsed f location defernunation and/or channel characterization. For exanple,
parameters refated o a communication channel berween first STA 1602 and one or more
second $TAZs 605 may be measured snd/or determined using message How 600, In
some emboediments, message flow 600 may occar betweoen a first STAL 602 (c.g. an
AP} and a one or more sceomd STAs STAZs 603, which are shown as STAZ 1604 ..,

STA2 RGO . STA2 x 607 . STA2 z606, where I ShSzand 1 Sx sz

{8086] {n soime emboediments, one or more of STAZs 605 may use subscription
message flow 608 (and/or a subscription protocol 608) to subscribe to be polled by fist
STAL 602, In some embodiments, the polling may be related to location detenmination,
andfor FTM, and/or for other channel characterization parposes. Accordingly, i some
embodiments STAL 602 may be configured {o.z. through subseription and/or another
mechanism) with subscription or polling list that includes one or more of STAZs 605 In
some embodiments, the polling list in STAT 602 may specity an order to poll one oy
more sabscribing STAZs 603 that form a subscription group relative to STAT 602, For
example, STAZ 1 604 and STAZ 7 606 may form part of a subscription group. In one
embodiment, STAZ 1 604 and STAZ =z 606 may subscribe to be polled by an AP (g
STAL 602} for ranging, location detormination, channel charackerization, and/or

cainputation offloading,

{0987] In some embodiments, STAL 602 may poll ong or more subsenbing

STAZs 603 in one or move Transnussion Opportanities (TXOPs) A TXOP enables a

ot
b
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STA to transout pwluple frames consecutively 1o g burst after acquisition of a

communteation channel.

{88 In some embodiments, STAT 602 may perform ranging with a group of
one or more subscribing STA2s 605 1n 3 single TXOP thoreby Linting overhead. For
example, Sounding TXOP 61 may be used to perform ranging with STAZ_1 604,
STAZ2 z 606 and any other subscribing STA2s. In some embodiments, STAL 602 may
or using Target Wake Times (TWTs) sic. thereby decreasing the overbead per unit thne

imposed by ranging,

{0689] {n some cmbodiments, at time T1 612, STA 1 802 may roadoast an
NDPA frame 614, In some cmbodiments, NDPA frame 614 may mdicate that STAZ 1
604 is being polled. NDPA franwes may identify one or more STA2s 705 to listen to a
subsequent NDP frame. NDPA frames may also include information about the
subsequent NDP frame, inchuding the size of the NDP frame, which may depend on the

aumber of antennas and spatial streams used by the transmitting STA {e.g. STAT 602).

{6096] NDPA frmoe 614 may be received by STAZ 1 604 at tome T2_1 616,
and by other STAZs at various respective local reception times. The time T 612 of
transnussion of NDPA frame 614 may be recorded by STAT 602, The times of
reception T2 x of NDPA frame 614 may be recorded by respective receiving STAZ »

HO7 {1 £x <z, For example, forx =1, 8TA2 1 604 may record the time of reception

{6091} At time T1” 618, following the broadcast of NDPA frame 814, STA |
602 may broadeast an NDP frame 620. The time of transmission T1 618 of NDP frame

Y20 may be recorded by STAL 602,

{92} As shown in Fig. 6, NDP frame 620 oy bercocived by STAZ 1 64 at
time T27 1 622, The time In general, NDP frame 620 may by recoived by stations
STAZ2 x 607 at respective loval reception times T2’ _x 627, The times of reception

127 x 627 of NDP frame 620 may be recorded by respective receiving STA2 x 607 (1
<x < z2h For example, for =1, STAZ 1 604 may record the time of reception T2 1

622 of NDP franwe 6240,
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{6093} In some embodiments, NDPA frame 614 andior NDP frame 620 may be
broadeast by 5TAL 602 using multiple antennas. In some embodiments, one or more
non-subscribing STA2s 605, {e g, some non-subscribing STAZ 4 608) nmay be able to
leverage a broadeast NDP for independent one~sided computation of location andfor
determunation of other channel calibration metnes. In some embodiments, STAZ2s 708
receiving the NDP frame 720 may conpuie chiamel characterization metries inchuding
Angle of Amrival {AcA) andior Angle of Departurs (ADD following reception of the
NDP, Computation of AoA / Aol are one-sided computations and may be performed

locally at each STA2 705 receiving NDP frame 620,

{0094} Atnme T3 1628, followmng the reception of NDP frave 620, 5TA2 1
604 may transmit FTM No Ack  1Hrawe 626 FTM No Ack 1 frame 626 may be
woeived by STA 1 602 at time T4 1 624 The thne T3 1 628 of transudssion of
FTM No Ack 1 fraroe 626 may be recorded by STAZ | 604, The time of reception
T47 1 624 of FTM No Ack _1 frame 626 at STAT 602 may be recorded by STAT 602,
FTM No Ack_1 frame 626 may include information pertaining to one or more itmes
T2 1616 Grecoption of NDPA frame 614 at STAZ 1 604), T2' 622 (reception of NDP
frame 620 at STAZ 1 604), andfor T3 1 628 (time of transmission of FTM No Ack 1

frame 626 by STA2 1 604}

[6095] In some embodiments, as outlined above, FTM No Ack 1 frame 626
{andfor FTM No Ack_x frame, 1 Sy % 2) may be an FTM frame, which may inclade
{F] and/or Aod andior AoD, andor other channel characterization information, as
measured by STA2 604, In some embodiments, FTM No Ack 1 frame 626 (andior
FTM No Ack x frame 632) may further bave acknowledgment response bit set 1o
indicate to STAT 602 that a conventional “Ack™ frame response to FTM No Ack 1
frame 626 (andfor FTM No Ack_x frame 632) is not desired or requested. On receiving
FIM No Ack ] frame 626 with channel characterization information related to the
comammication channel between STAL 602 and STA2 1 604, STA 1 602 may have
sufficient information to perform chanoel characterization inclading ranging andfor

deternuning a location of 8TA2_1 604

{I96] in some canbodiments, in the same sowhing TXOP 616, STAT 602 may
antcast, nultrcast, or broadeast Poll x frame 630, Poll v frame 630 may tnclude an
indication that some sabseribing STAZ x is being polled, where 2 <y <z Insome

28
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embodiments, Poll_x frame 630 may melude channel chamctenization information,
including the range andior AoA andfor Aol mformation of the immedintely preceding
polled STAZ (1), For example, for x =2, Poll_{xr=2} frame may tiwhade channel

characterization information for STA2 (1) =8TA2 | 604as measured o determined

by STAL 602,

[6097] In some embodiments, when Poll_x frame 630 is broadeast or nulicast,
information pertaining to STA2 (x ~1), which may be ncluded in Poll_x frame 630 may
be rendered naccessible or wiimeHigible to some other STAZs 603 that may receive
Poll x frame 630, For example, encryption andfor other privacy/secarily mechanisms
may be used to prevent unauthovized access to information intended for some specific
STA2Z {x-/).

{0098 In sowe embodiments, STAZ x nay respond to Poll_x frame 63 with
FTM No Ack_x frame 632 at time T3 x 633 which miay inchude channel
characterization information for the communication channel between STAT 602 and
STAZ x 607, In some embodiments, FTM No Ack_x frame 0632 may have
acknowledgment response bit set. FTM No Ack_x frame 632 may be recetved by STAL
602 at time T4™_x 634, The time of reception of FTM No Ack 1 frame 634 may be
recorded by STAL 602, As outlined above, FTM No Ack _x frame 634 may mclude
timing mformation such as reception times of NDPA frame 614, NDP frame 620 at
STAZ x 607, as well as CFI andior AoA and/or Aol as measured / determined by
STAZ x 607, On recetving FTM No Ack_x frame 632 STAT 602 may have sufficient

information o perform ranging and/or determine a focation for STA x 607.

{0699} In sorne povbodiments Poll_x 630 and FTM No Ack_x 632 sequenge tnay
continue for a pharality of APs in the subscription group, where x may be appropriately
incremented 3f there are other subseribing STA2s. In some embodiments, Poll_x 630
and FTM No Ack_x 632 secquence may iterate until subscribing STA2s have been
polled. For example, n Fig. 6, the sequence may continue until STAL 602 fransmits
Poll 7z frame 635 to STAZ £ 606 at time T4 2 639 and STAZ » 606 responds with
FTM No Ack_z frame 637, which may include timing information such as reception
times of NDPA frame 614, NDP frame 620 at STA2 2 606, as well as CFt andior AcA

sadior Aol as measured / determingd by STAZ z 606,
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{60100} In some embodinents, a “dummy” Poll » frame 636 may be used
indicate the end of sounding TXOP 610, In some cmbodiments, Poll_y frame may be
ased to mdicate the end of 3 Poll x 634 and FTM No Ack x 632 sequence and/or TXOP
610, In some embodiments, Poll v frame 636 may additionally or alternanively include
nformation deternined by STAT 602 from an imvmedintely preceding FTM No Ack
frame recetved prior to transmission of Poll y frame 636.For example, if the
immediately preceding FTM No Ack frame prior to termination of TXOP 610 was FTM
No Ack_z frame 637 transmitted by STAZ2 2z 606, then, Poll v frame 636 may include
channel characterization information pertaining to STA2 z 606 measured/deternuned
fromy FTM No Ack_z frame 837, I goneral, 5TAL 682 wmay compute AoA/AcD andler
channe! charactenzation information based on an mmediately preceding FTM No
Ack -1} FTM No Ack 2 frame received from a subscribing STA2 -1}/ STA2 =
66 and share this via the next Poll x 6307 Poll_y 636 frame transmitted by STAL 602

during the same TXOP (eg. TXOP 61,

{08161} {n some embodiments, altomatively or additiomaliy, STAZ2 1 604 andfor
STA_z 606 {andior another STAZ) pay scparately contend for new TXOP2 630 and
request STAT 602 for last measured / determined channel characterization information
from a corresponding FTM No Ack_1 frame 626 andfor FTM No Ack_x frame 637,
respectively. As one example, STAZ 1 604 may contend for TXOP2 640 and request
tfornation measured from andfor detenmined based on frame 626, As another exsunple,
STA 2 606 may contend for TXOP2 640 and request information measured from andfor
determined based on FTM No Ack_z frame 637, For simphicity and ease of deseniption,
onby one TXOP2 640 15 shown in Fig. 6. However, in general, message flow 600 may

inchude multiple TXOPs following sounding TXOP 610,

{08192} In some cmbodiments, the NDPA frame 614 mav specify a dialog token
for the transaction, which may be referenced by 8TA2 x 607 (1 <x <2} when
requesting a new TXOP2 a40 using Requestinfo frame 642 transmitted at time T37 644,
In some cmbodiments, STAT 602 mav respord to Reguestinfo fanwe 642 using
Respinio frame 646 10 send measured /determined mformation from comresponding
FTM No Ack _x 632 frame to requesting STA2_x 607, Resplnfo frame 646 may also
include the dialog wken referenced 1o corresponding Requestinfo frame 842, STA2 x

&07 may record the time of transmission T37_x of Requestinfo frame 642 by STA2 »

et
oy
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607, STAL 601 may record the time of reception T4 _x of Requestinto frame 642 at
STAL 602,

{103} In some embodiments, one ormore unassociatedfanafilizted STAZs 603
{such as some STA2 L 608 which nay not be sabscribed to 2 STAT S2 subsceription
group rmay be able to leverage now TXOP2 640 using the Requestinfo frame 642, For
example, STAZ £ 608 may use Requestinfo frame 642 to request nxeasured /
determined channel characterization mformation. In some embodiments, legacy STAZs,
which may not support sownding protocol 610 may alse leverage TXROPE 640 1o obtain

measurements and/or complete 3 message exchange with STA1 602,

{0104} in some conbodiments, Requestinfo frame 642 transmitied by an
unaffiliated andfor fegacy STAZ & 608 during TXOP2 640 with the dialog token may
be recetved by STAT 602 at time T4” 645, The ume of ransnussion T37_k 644 of
Requestinfo frame 642 may be recorded by STAZ L 60R. In some embodiments,
Requestinfo frame 642 may inclede a ttowe T27 & at which NDP frame 620 may have
been recetved. The time of reception T4” k 645 of Requestinfo frame 642 may be
recorded by STAT 602, In some embodiments, STAT 602 may respond 10 STAZ £ 608
and Requestinto frame 642 with Resplnfo frame 646, Resplnfo frame 646 may include
the time of reception T4”_k 645 of Requestinfo frame 642 In sovne cimbodiments,
Resplafo frame 646 may also include the dinlog token referenced m Requestinfo frame
642,

{O0105] in some embodiments, upon completion of the mwessage exchanges both
STAL 642 and one or move STAZs 663 may have mformation sefficient for ranging

anddor location detorpunation.

{001086] Fig 7 shows an exemplary message flow 700 (o facilitate location
determination between a first STAT 702 {e.g an AP) and a plurality of other STAs,
shownas STA2704 . STA L. STAxTH7 .. STAz 706, where 22 b <z ina
WLAN enviromment supporting uphink multiuser capabilities such as Uplink MU-
MIMO. In some embodiments, message flow 700 may be used for location
determination andfor channel chamctovization. For example, parameters selated to a
communication channel between first STAT702 and one or more second STA2s 705

may be measuared and/or determined. in some embodiments, message flow 700 may
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oceur between a first STAL702 {e.¢. an AP) and one or more other second STAZs 705,
which are shownas STA2Z 1704 . STAZ E708 .. STA2 x 707 . . STAZ2 2706,
where 1 A<z and 1 ¥x <2 In some embodiments, message How 700 may wse
Orthogonal Frequency Division Multiple Access (OFDMA) or uplink multi-user MIMO

(UL MU-MIMO} for message exchanges.

{00167} In some embodiments, one or more of STAZs 705 may use subscription
message flow 708 (and/or a subscription protocol 708} to subseribe o be polled by fast
STAT 702, Accordingly, insome embodiments, STAL 702 may be conlfigined feg
through a subscription protocol and/or another mechanism) with 3 subscription or
polling bist including one or more of STAZs 705, For example, STAZ 1 704 and
STAZ = 706 may form part of a subseription group. By one embodiment, STA2 1 704
and STA2 z 706 may subscribe to be polled by an §TA 702, which may bo an AP

STA, for ranging, location deteomination, channe! characterization, and/or coraputation

offloading,
{00108} Subscribing STA2s 705 mav be polled 1o a single TXOPR, or in multiple

TXOPs. In some ersbodiments, STAT 702 muay porform ranging with a group of §TAs
i g single TXOP thereby Iimiting overhead. For example. Sounding TXOP 710 may be
used to porform ranging with STAZ 1704, STA2 2 706 and other STAs. In some
embodiments, STAL mayv group STAs by DTIM and/or TWTs etc. thereby decreasing

the overhead per wmit fme imposed by ranging.

{00109} in some emboediments,, STAL 702 may broadeast NDPA frame 714 In
some embodiments, NDPA frame 714 mayv mdicate that one or more subscrtbed STAZs
OS5 apdfor 3 group of STAZs are being polled. The time of fransniission of NDPA
fravme 714 roay be recorded by STAL TU2, The times of recoption of NTIPA frame 714

may be recorded by the respective receiving STA2s 708

{60116} Atnme T1 712, following the broadeast of NDPA frame 714, STA 1 702
mav broadeast NDP frame 720, The time of transmission T1 712 of NDP frame 720
may be recorded by STAT 702, NDP frame 720 may be recoived by STA 2 1 704 a
tive T2 716, In geveral, NDP fiaroe 720 may be received by stations STAZ x 707 at
respective local reception timies T2 3 717, where T 2x <2 The times of reception of

NDP frame 720 may be recorded by respective recciving stations STA2 x 707, For

L
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example, for x =1, STAZ 1 704 may record the time of reception T2 1 716 of NDIPA

broadeast by STAL 602 wsing multiple antennas,

{00111 in some embodiments, STAZ2s 705 receiving the NDP frame 720 may
compute channel characterization metrics including Angle of Arrival (AoA} andfor
Angle of Departure (AoD) following reception of the NDP. Computation of AcA / AcD
are one-sided computations and may be performed locally at each STA2 708 receiving
NDP frame 620 In some embodiments, non subscribing STAS may be able to leverage
a broadcast NDP for independent one-sided computation of location/ channel

characterization metrics (€.¢.) AvA}

ja0112} Attime T17 718, following the transmission of NDP frame 720, STA |
602 may broadeast trigger frame 726, The time of transmission T 718 of trigger frame
726 may be recorded by STAL 702, Trigger frame 726 may be received by STAZ 1 704
af time 1271 728, I soime embodiments, STAZ x 707 reveiving trigger frame 726 may
determime T2 x on recerving trigger frame 726.1n general, migger frame 726 may be
received by stations STAZ x 707 at vespective local reception times T2 x 727, where |
<x <z In some embodiments, STAZ x 707 receiving trigger frame 726 may deternune
T2"_x on recerving frigger frame 726, The times of reception of trigger frame 726 may
he reeorded by respective recerving stations STA2_x 707, For example, forx =1,

STAZ 1 704 may record the time of reception T27_1 728 of wigger frame 726,

{00113} in some embodiments, at tyne T37_1 after a Short Inter Frame Spacing
(SIFS) tme mterval following the end of transmission of tnigger frame 726, 8TAZ ]
704 may transont FTM No Ack 1 frame 730, which may be received by STAT 702 at
tme T4 1724 FTM No Ack 1 frame 730 nay include channel characterization
information for the communication channel between STAL 662 and STA2_1 704 In

soane smbodiments, FITM No Ack 1 frame 730may have acknowledgment response bit

set.
{00114} The SIFS interval, is o range of ime duration values for which are
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frame) to a transmit modde {2.g., to transmit an acknowledgment or other frame} or vice

yersa.

{1 15] in geweral, FTM No Ack v frame 734 may be transmitted from STA x
U7 ats time T3 v afier a SIFS thme baterval following the end of reception (at STA2 x
707) of trigger frame 726, The times of transomssion T3 x 737 of the FTM No Ack
frame by respective stations STA2 x 707 may be recorded by STA2 x 707 FTM No
Ack_x frame 734 may wclude channel characterization wformation for the
comnupication channel between STAL 602 and STA2 x 707, In some ewbodmments,

FTM No Ack x frame 734 may bave acknowledgment response bif set.

-y
I
I

{110} The time of reception T4° x
FTM No Ack_x frame 734 from an STAZ2 x 707 may be recorded by STA1L 704, For
example, for x =1, at STAT 702, the time of reception T4 1 724 of FTM-ACK _I frame
730 from STA2_1 704 may be recorded.

36 (at STAL 702) of a respective

HU R In some emabodbments, the FTM No_Ack x fraomes 73441 <0 < 2) may
be multiplexed using Orthogonal Fregueney Division Multiple Access (OFDMAY or
uplink pwitsuser MIMO (UL MU-MIMO). In some cmbodiments, STAT 702 may
receive FTM No Ack frames from all responding STA2s 703 cither: (a) sinndtancousty,
or (b} withun a SIFS interval from the end of transnussion of trigger frame 726, or {0} in
close temporal proximity (e, by some designated or regquested fime) andfor {(d} within
sowng time mierval of transmission of tgger frame 726, Upon receiving the FIM-ACK
frames, STAT 602 may have timing wformation to perform ranging, location

o

doternunation, andfor channel characterization,

{00118} i some embodiments, upon conpdetion of ranging, and within the same
sounding TXOP 710, 5TAT may broadeast or multicast FITM-INFO or FEM Ack franwe
738, In some ensbodiments, FTM-INFO or FTM Ack frame 738 may include timing,
ranging andfor channe! charactervzation measurernents for afl responding STA2s 703
that may be part of a subseription group. In some embodiments, FTM-INFO FTM Ack
frame 738 may tnclude measwrements for one or more STA2S in a subscription group.

In sone embodiments, when FTMAGINFO FTM Ack frame 738 is broadeast o
pidticast, information portaining fo one or more STAZs may be rendered inaceessible or

anintelligible to other STAs that may receive FIM-INFO frame 738 but are not
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suthorized to recetve the information. For example, encrypiion andfor other
privacy/security mechanismis may be used to prevent unauthorized access 1o mformation

intended for a first STA by a second STAL

{60119} in some embodiments, alternatively or additionslly, 8TAZ & 708 {andior
another STAZ x TU7) may separately contend for a new TXOP2 740 and reguest STAL
02 for measured / determined channel characterization mformation, In some
embodiments, the measured / determined chanpel characterization information may be
requested weing Requestlnfo frame 742, Requestinfo frmme 742 may be tansontied
STAZ & 708 {andfor another STA2 x TO7) at tume T37 744, Time T3 744 may be

recorded by STA2 & 708,

{60120} In soane embodinents, STA2 & 708 may be one of STAZs 705 that may
not be part of the subscription Hst on STAT 602 andfor a legacy STAZ2 that may not
support the protocol outlined in sounding TXOP 710, STAT 702 may record the time of
recepiion T47745 of Requestinfo frame 742, In some embodiments, Reguestinfo frame
742 may include time T27 & at which NDP frame 720 may have been recerved by
STAZ k708,

{80121} In some embodiments, the NDPA frame 71 may spectfy a dialog token
for the transaction, which may be referenced by STAZ x 707 or STA2 708 when
reguesting a new TXOP2 740 using Reguestinto frame 742, For example, a subscribing
STA2 » 707 (1 <x Lz) may contend for TXOP2 740 and roquest information measured
front andfor determined based on FTM No Ack_x frame 734 using Requestinfo frame
742, which may iclude a dialog token specified i NDPA frame 714, As a further
example, a sobscribing STAZ x 707 sy contend for TXOPZ 740 and reguest
pformation measured by STAT 702 i relation to Reguestinfo frame 742 pansnutted by
STA2 x 707,

{06122} In some embodiments, STAT 702 may respond o Requestinfo franse 742
in TXOP2 740 using Respinfo frame 746, which may also inclede the dialog token
referenced in corresponding Reguestinfo frame 742, In some simbodiments, Respinfo
frame 746 may include measured /determained mformation related to a corresponding
Requestinfo frame 742 such as the time of recephion T47 743 of cotresponding

Requestinfo frame 742 andfor other channel charscterization information
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measwedideternuned by STAL 702, For exaople, Respinfo frame 746 oy mchade
toie T47 745 andfor other measured /determined information related o a comresponding

equestlnfo frame 742 for an unathiliated/legacy STAZ k 708 or another STAZ » 707,
Reqguesilnfo £ 742§ fiiliatedlegacy STAZ k 708 ther STA2 » 707

{00123} Ag another example, Respinfo frame 746 may inchade measared
fdetermined mformation related to FTM No Ack_x 734, which may have been requeested
hy STAZ x 704 using a Requestinfo frame 742 that referenced a dialog token. Tn some
embodiments, Resplafo frame 746 may also melude the dialog token referenced i a
corresponding Reguestinfo frame 742, In some embodiments, legaey 8TAZs, whuch
may not support sounding protocol 610 may also leverage TXOPZ 640 1o obtam
measurements and/or complete a message exchange with STAL 602 using the

Requestinfo 742 and Respinfo 746 message sequence in TXOP2 740,

{00124} In some embodiments, upon completion of the message exchanges both
STAT 702 and one or more STAZs 705 may have information sufficient for ranging

and/or location determination.

{00125} Fig. & shows a timeline 800 of cvents associated with the message flow
sequence in Fig. 7. As shown in Fig. &, at time 805 NDPA frame 714 mny be broadeast
at time 803, followed by broadeast of NDP frame 720 at time T1 712, Trigger frame is
broadeast at time T1' 718 and a following a SIFS time interval after reception of trigger
frame 726, STAZ 704 (beanformee 1), STAz 706 (heamformes 706), and STAx 707

{beamformec x) send out FTM-ACK frames 730, 810, and 734, respuetively,

{60120} In some embodinents, STALSTA2 8TAx or sone subset of the STAs
may be additionally be APs or other wall powered devices that nuay periodically
perform mossage exchanges, such as those cutlined above in relation to Figs, 6-8, to
facilitate passtve positioning ¢ channel characterization by other STAs m the vicimity to

deternmiine their regpective locations.

{0127 Fig. 9 shows an exemplary flowchart 200 of a method for ranging, andior
direction finding, andfor location determination according to disclosed embodiments. In
some embodiments, method 9 may be performed by an STA {e.g. STA 602 or STA
702). In some embodiments, the STA may take the form of AP STA (g AP 240}, ora

nob-AP 8TA (e UE 100} In some embodiments, method B0 may be ewvbodied as

Tk
bt
i
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instractions on a computer-readable mediom, which may be oxecuted by a processor

coupled to STA,

{11128} In some embodiments, i bMock 918, a first Null Data Packet
Amouncement {NDPA)Y frame may be broadeast by o first STA {(STAL), the first NDPA
fraowe comprising an mdication of one or more second STAg {(STAZ-/ ) being polled,

where L S/ Nand N> L

{80129} {n block 924, the first STA STA may broadcast, subsequent to the first
NDPA frame, a Null Data Packet (NDF) frame from a plurality of antennas on the first
STA STAL

{06138} In block 930, the first STA STAT may receive, it response to the XDP

frame, or 3 Trigeer frame broadeast subsequent to the NDP frame, oneormore
corresponding first Fine Timing Messarement (FTM) frames FTM-& from the one o
more second STAs STA24, where | <& <. In some embodiments, cach corresponding
first FTM frame FTM-&: (8} may be received from a distinet corresponding second STA
STAZ-k of the one or more sccond STAs STAZ-: and, (b) may comprise corresponding
first ranging weasuramnents between the first STA STAL and the corresponding second
STA STA2-E as detevmined by the corresponding second STA STA2-4 based, in part,
on the NDP frame.

{00131} In some embodiments, the first STA STA Land the one or move second
STAs STA2- may form part of 2 subscription group. In some embodimenty, cach
correspending firs ranging measuremad comprise &t least one of: Angle of Amival
{A0A) information of wireless signals from the first STA STAT at the comresponding
second STA STAZ-L or Angle of Departare indormation for the corresponding fivst
FTM frame at the corresponding second STA STAZ-L; or a time of arival of the NDP
frame at the corresponding second 8TA STAZ-k or a time of arvival of a trigger frame
at the corresponding second STA STAZ-E, the trigger frame being broadeast by the fivst
STA STAIL subsequent to the NDP frame; or a time of departure of the corresponding
first FTM frame FIM-&

{00132 b some embodiments, the one or muore corrosponding Hest FTM frames
FUMk may be received {o.g. in block 9300 1 responise 1o a previously transmitied
trigger frame, and encoded using Orthogonal Frequency Division Mudtiple Access,

poste
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{OFDMA). In some embodiments, the trigger frame may be broadeast by the first STA
In some cmbodinients, the one or more correspongling first FTM frames FTM-& may be
received within a Short Inter Frame Spacing (SIFS) time mierval from the end of

transmission of the trigger frame.

00133} In some embodiments, a set of sccond ranging measurements may be
recewved by the first STA STAL; and the first STA STAT may broadeasy, in response (o
the one or more corresponding fivst FTM frames FTM-4, at least one additional frame.
The at feast one addional frame may comprise a subsct of the second ranging
measurements. In some embodiments, the communication above {inchuding broadeast of
the NDPA frame, broadeast of the NDP frame, rocoption of first FTM frames FIM-£,
and broadeast of the at least one additional frame) may be performed during a single

iransnussion opportunity {TxOP}

{00134} in some embodiments, the first STA 8TAL may receive, at least ong
request for a subset of the sccond ranging messurements, the request reforeneing a
dialog token associated with the NDF frame; and may transmit a response to the at least
one request comprising the requested subset of ranging measurements, wherein the
response reforences the dialog token. In some embodiments, the at least one request for
the subset of second ranging meastwements may be recetved subseguent to the TxOP

above during which the commnancation oecurs.

135} Insome embodiments, receiving the one or more corvesponding fist
Fine Tioing Measarement {FTM) Famces FTM-% (oo toblock 230} tmay congprise:
receiving an initiad corvesponding first FTM frame FTIM- (b =1} from @ corresponding
el STA STA2-1 (& =1} in the one or more second STAs STAZ-E, transmitting, upon
reception of the initial corresponding first FTM frame FTM-1, one or more poll frames
Poll k&, cach of the one or more poll frames identitiing a distinct subsequent second
STA STAXL, in the one or more second STAs STAA, 22 2 and receiving, in
response to cach poll frame Poll_ &, a corresponding subsequent first FTM frame

FUM-E k2 2
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{00136} In some embodiments, each of the one or more poll frames Poll & &2 2,
may further comprise: a corresponding second ranging measurernent based, i part, on
an imanediately preceding corvesponding fivst FTM frame FTM-(&-1) recetved by the
first STA STA,100-1 prior to transmussion of the poll frame Poll 4 Insome
cmbodiments, the conymunication above (including broadceast of the NDPA frame,
broadeast of the NDP frame, reception of one or more first FEM frames FTM-£ and

opportmty (TxOP).

{08137 {n some embodiments, g set of second ranging measurements may be
deternuned based, 18 part, on the one or more correspondmg first FTM frames FIM-&
received by the fivst STA STA10G0-1. Further, at least one request for a subset of the
seeond ranging measirements may be received by the first STA §TA, 1061, where the
request references g dinlog token associated with the NDP frame; and m response to the
at feast obe request, the first STA STA 1001 may transmit the requested subset of

ranging measurements, wheretn the response references the dialog token,

jo8138] Although the disclosure 1s iHustrated in conmection with specific
embodiments for instructional purposes, codbodimends are not hinuted therete. Various
adaptations and modifications may be nade without departing from the scope.
Thercfore, the spirtt and scope of the appended claims should not be hinted to the

foregoing description,
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What 18 clamed 1
i. A method on a first station {STA} comprising:
broadeasting a first Null Data Packet Amnouncement (NDPA) frame, the first
NDPA frame comprising an indication of one or more sccond STAs being polled;
broadeasting, subsequent to the fivst NDPA frame, a Null Data Packet (NDP)
frame from a plurality of antennas on the first STA and
receiving, from the one or more second STAs, in response to the NDP frame,
one or more correspondng first Fine Timing Measurement (FTM) frames, wherein each
corresponding first FTM framer
s reveived from a distinet corresponding second STA of the one or
more second STAs and,
comyprises corresponding fivst ranging measurements betwenn the
first STA and the covrosponding sceond STA as detormined by the

corresponding second STA bascd, i part, on the NDP frame,

P

The method of Claim 1, wherein, the one or more comvesponding first
FT34 franmes args

recetved i response to a previcusly transmmtted trigger frame, and

encoded using Orthogonal Frequeney Division Multiple Access, (OFDMA], and

the method comprises:
broadeasting the trigger frame to the one or nuwe second STAs, the wigger
frame being broadeast subsequent to the broadeast of the NDP frame.

3. The method of Claim 2, wherein the one or more corresponding first

FIM frames are received within g Short Inter Frame Spacing (SIFS) time interval fron

the end of transnussion of the trigger frame.

4. The method of Claim 2, farther comprising:

determinng, a set of second ranging measurements based, in part, on the one or
more corresponding first FTM frames received by the first STA; and

broadeasting, m response to the one or more corresponding first FTM frames, at
least one addiional frame, the at least one additional frame comprising a subset of the

seeond ranging 1Measurenens.
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A, The methad of Clan 4 wherein compusticaionbetween the first' STA

amd the one or more second STAs ocours during » single ransmission opportunity,

. The method of Clanm 4, further comprising:

reooiving, at loast one request for a subset of the second ranging measuremenis,
the request refersncing g dialog token associated with the NBDP frame; and

fransmutting a response to the at least one request comprising the requested

subset of ranging measurements, wherein the response references the dialog token.

7. The method of Claim 1, wherein receiving the one or morg
comresponding first FTM frames comprises:

receiving an imitial corresponding first FTM frame from 2 comrasponding initial
STA in the one or more second STAs;

fransmiting, upon regeption of the mial corresponding first FTM frame, mne or
more poll frames, each of the one or move poll frames 1dentifying a distinet subsequent
STA in the one or more second STAs; and

receiving, mresponse to cack poll frame, a corresponding subsequent first FTM

frame,

8. The method of Claim 7, wherein cach of the one or more pol frames
further comprises;

a second ranging measurement based, it part, on an immediately preceding
corresponding first FTM frame recetved by the first STA prior to transmission of the

poll frame.

9, The method of Claim 7, wherein communication between the first 8TA

and the one or more sccond STAs ocowrs during a single transmission opporiumnity.

10, The method of Claim 7, further comprising:
determining, a set of second ranging measurements based, i part, on the one or
more eomvesponding first FTM frames received by the fiest STA;
receiving, at least one request for a subsct of the second ranging measurements,
the request referencing a dialog token associated with the NDPF frame; and
38
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fransontiing, 1 response o the at least oue request, the requested subset of

ranging measurements, wherein the response references the dislog when.

11, Themethod of Claim L wherein the first STA and the ong ormiove

second STAs form part of a subscription group.

12, The method of Claim |, wherein each corresponding fivst ranging
measurement comprises at least one off

Angle of Arrival (AoA)y mformation of wireless signals from the first
STA at the comvesponding sccond STA; or

Angle of Departure information for the corvesponding first FTM frame at
the corresponding second 8TA; or

a timie of arrival of the NDP fraroe ot the corresponding second 8TA; or

a time of arrival of a trigger frame at the comresponding second STA, the
trigger frame being broadeast by the first STA subsequent o the NDP frame; or

a time of departare of the corresponding first FTM frame.

i3 A first STA comprising:
2 processor coupled to a memory and a pharality of antermas, wherein the
processor is configured to
broadeast a first Null Data Packet Announcement (NDIPA)Y frame, the first
NDPA frame comprising an indication of one or more second STAs being polled;
broadeast, subseguent to the first NDPA frame, a Nugdl Data Packet (NDP) fame
at a from the phurality of antennas; and
recerve, from the one or more sceond STAs, in response o the NDP frame, one
or more corresponding first Fine Timing Measurewent (FTM) frames, wherein each
corresponding fest FIM frame:
i received from a distinet corresponding second STA of the one or
more seeond STAs, and,
comyprises corresponding fivst ranging measurements betwesn the
first STA and the cormresponding sceond STA as deternuned by the

corresponding second STA based, in part, on the NDP frame,
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i4. The first STA of Claim 13, wherein the one o more corresponding first
FIM fromes ave:
received i response to a previcusly transeutied ingger frame, and
encoded using Orthogonal Freguency Division Maltiple Access, (OFDMA), and
the processor is contigured to:
broadeast the trigger frame to the one or more second STAS, the trigger

frame being broadcast subscquent to the broadeast of the NDP frame.

i

LA

The first STA of Claim 14, wherein the one or more corresponding first
FTM frames are roceived within o Short Inter Frame Spacing (SIFS} thne tnterval fom

the end of transmission of the trigger frame.

160 The fist STA of Claim 14, wherin the processor is further configured
to

determine, a set of second ranging measuremenis based, i part, on the ong or
more corresponding first FTM frames recerved by the first STA; and

broadeast, i response to the one or more corresponding first FTM frames, at
feast one additional frame, the at feast one additional frame connprising a subset of the

second ranging measyremenis.

17 The first STA of Claim 16, wherein conurnutication between the frst

STA and the one or more second 8TAs ocours during a single transnussion opportunity,

1R, The frst STA of Clanm 16, whevemn the prodessor i further conbiguted
to

recetve, at least one request for a subset of the sccond ranging measurements,
the request referencing a dialog token associated with the NDP frame,; and

transmit a response to the al least one request comprising the requested sobset of

ranging measurcments, whercin the response references the dialog token.

19, The fist 5TA of Claim 13, wherein 1o receive the one ormore
correspondling fiest FTM frames, the processor is configured to:
receive an mitial corresponding first FTM frame from a corresponding nitial
STA in the onc or mwore second STAg;
40
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fransonit, upob recephion of the wminial comesponding first FTM frame, one or
more pall frames, cach of the one or more poll frames identifying a distinet subscquent
STA in the one or more second STAs; and

receive, in response to each poll frame, a corresponding subsequent fisst FTM

frame.

24 The first STA of Claim 19, whergin cachrof the one or mors poll frames
further comprises:

a second ranging meastrement based, i part, on an innnediately preceding
corresponding first FTM frame received by the first STA prioy to transmission of the

polf frame.

21 The first STA of Claim 19, wherein communication between the first

STA and the ome or more second STAs ocowrs during 8 single ransmission opporiumity.

22, The first STA of Clanm 19, wherem the processor i further configared
LN

deternying, a set of second ranging measurements based, 1 part, on the one ot
more corresponding fivst FTM frames received by the first STA;

receive, at feast one request for o subset of the sccond ranging measurements,
the request referencing a dialog token associated with the NDP frame; and

transhait, i responsc to the at least one requesd, the requested subsct of ranging

measurements, wherein the response references the dialog token.

23, Thefirst STA of Claim 13, wheretn the first §TA and the one or suwe

seconnd STAs form part of a sebscription group.

24, The first STA of Claim 13, wherein cach corresponding fivst ranging
measurement comprises at Jeast one of
Angle of Arrival (AcA) information of wircless signals from the fivst
STA at the corresponding second STA; or
Angle of Departure information for the corresponding first FTM frame at

the corresponding second STA; or

41
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a time of amival of the NRP frame at the corresponding sceond STA; or
a time of wrrival of @ trigger frame at the corresponding second $TA, the
trigger frame being broadeast by the first STA subsegquent to the NDP frame; or

a time of departure of the corresponding first FTM frame.

23 A fivst station (STA) comprising:
means for broadeasting a Hest Null Data Packet Announcement (NDPA} frame,
the first NDPA frame comprising anindication of one or more second STAs being
polied;
means for broadeasting, subsequent to the first NDPA frame, a Null Data Packet
{(NDP) frame at a from a phaality of antennas on the first STA[ and
means for receiving, from the one or more second STAS, in response to the NDP
frame, one or prore eorresponding first Fine Toming Measurament (FTM} frames,
is received from a distinet corresponding second STA of the one or
more second STAs, and,
comprises corresponding first ranging racasurements between the
first STA and the corresponding second STA as determined by the

corresponding sccond STA based, in part, on the NDP frame.

26, The fust STA of Clam 25, wherein the one ov more correspondmg first
FTM frames ares
received i response (o a provicusly transoitied trigger franwe, and
encoded using Orthogonal Frequency Division Multiple Access, (OFDMA), and
the processor s configured o
broadeast the tigger franwe to the one or more second STAg, the trigger

frame being broadeast subsequent to the broadeast of the NDP frame.

27, The first STA of Claim 23, wherem sach corresponding first ranging
measurcment comprises af least one off
Angle of Arrival (AoA) information of wireless sigoals from the first
STA at the corresponding second STA or
Angle of Bepartare mformanon for the corresponding fivst FIM frame o
the corresponding second STA o
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a time of amival of the NRP frame at the corresponding sceond STA; or
a time of wrrival of @ trigger frame at the corresponding second $TA, the
trigger frame being broadeast by the first STA subsegquent to the NDP frame; or
a time of departure of the corresponding first FTM frame.
28 A non-ransitory computer-readable mediom comprising executalde
instructions to configure 8 PrOCCssor (o]
broadeast a first Noll Data Packet Announcement (NDPA) frame, the first
NDPA frame comprising an indication of one or more second STAs being polled;
broadeast, subsequent ty the fiest NDEA frame, a Noll Data Packet (NDP frame
at & from the plarality of antoanas; and
receive, fromn the one or more second STAs, in response to the NDP frame, one
or more corresponding first Fine Timing Measorement {(FTM} frames, wherein each
corresponding first FTM frame:
is received from a distinet corresponding second STA of the ane or
more second STAs, and,
comprises corresponding first ranging measarements hetween the
first STA and the corvesponding second STA as determined by the
corresporning second STA based, in part, on the NDP frame.,
29, The non-fransitory computer-readable medium of Clatin 28, wherein the
ong o more correspanding first FTM frames we
received i response to 8 previously transmitted trigger frame, and
encoded using Ovthogonal Frequency Division Multiple Access, (OFDMA), and
the processor is configured tor
broadeast the trigger frame 1o the one or more serond STAs, the trigger frame

being broadeast subsequent to the broadeast of the NDP frame.

3 The first STA of Claim 38, wherein cach corresponding first ranging
pieasurement comprises at least one off
Angle of Asrival (AoA) miormation of wireless signals from the first
STA at the corresponding second STA or
Angle of Departure information for the corresponding first FTM frame at
the corresponding second STA; or
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a time of amival of the NRP frame at the corresponding sceond STA; or
a time of wrrival of @ trigger frame at the corresponding second $TA, the
trigger frame being broadeast by the first STA subsegquent to the NDP frame; or

a timie of departure of the comesponding first FTM frame.
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14
Broadeast a fivat Null Data Packst Announcement (NDPEA} frame, the Hest NDRA
framne cowmprising an mdication of one or wore second STAs beltug polled

Broadoast subsequent o the first NDPA frame, 2 Null Data Packet (NDP) frame
from g plurality of sotennas on the fist STA

Q30

Reverve, from the one or more second STAS, i response o the NDP fuame {or s
Trigger frame broadeast subsequent to the NDP frame) one or more corresponding

first Fme Toning Measurement (FTM) frames, wherein each corresponding first
FTM frame: {a) 18 recorved from o distinet comesponding seoomd NTA of the one o

more second STAs and, (b) comprises covresponding frst ranging rosasuremants

betwesn the first STA and the correspomding second STA s dutermined by the
corresponding second STA based, in part, on the NDP frame.
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