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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 Broadcast 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, 2016, as well as U.S. Non-Provistonal Application No.: 15/191,493
entitled “Uhmeast and Broadeast Protovol for Wireless Local Arca Notwork Ranging and
Dircetion Finding,” filed June 23, 2016, which are assigned to the assignes hereof and

incorposated by reforence in their entirety horein.

FIELD
{0002] The sabject matter disclosed herein relates o wirsless conmmicstion

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, a cellular phone or other mobile device. The terms

“location”™ and “position” are synonymous and arg used intorchangeably horetn. 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), which may take the form of a mobile station, cell phons,

wearable, handheld computing devies, or some other aser device,

{004} {n modern wireless systoms, nwltiple antennas at the transnufter and
recoiver may be used to implement multiple mput'muliiple output (MIMO). MIMO
facibitates pavallel debivery of multiple spatially multiplexed data signals, which are
referred to as mudtiple spatial streams. in addition, “beamforming” mayv be used for
directional signal transmission or reception. in beamforming, clements 1 a phased aray
sutenng are conthined so that signals at some angles experience constructive

interference, while others experience destractive intorference, 3o that the beam may be

i
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“stecved” m a destred direction. Besmforming can be used o achieve spatial selectivity
at the wansoutting sud recciving onds, Techniques to faciitate beamforming calibration
may therefore provide mproved UE location detersunation andf/or chaonel

characterization.

SUMMARY

[0003] Disclosed erbodiments facilitate information exchange between wireless

idormation for BTT deternunation purposes. Disclosed evobodiments also faciliiate
information exchange between wireless STAs based, i part, on the use of CBF frames
to ansmit CFL The CBF, NDP and/or NDPA frames above, may be used, m some
embodiments, in a broadcast or malticast fashion. In some embodiments, BRP frames
(o used in 60 GH2) roay be used with an NDPANDP framework to fora g unified

protocol Disclosed embodiraents also facihitate symmetnie RTT/ Ao A AoD Azimuth

exchange
{0006] in some embodiments, 3 method on a first station {STA) may comprise:

transmitting a first NDPA frame to one or more second stations {STAs), the first NDPA
frame conprising a first bit mdicating that-one or more subsegquent farogs Coynprise
ranging or angular information; and transmitting, after a Shoeet Interval Frame Space
{SIFS) time mterval, a sccond frame, wherein the second frame mayv be one of a Null
Data Packet az (NDP_az} frame with information about a time of transmission of the
NDP az framg, or a Null Data Packet (NDP) frame, or a2 Beam Refinement Protocol
{BRP) frame

{0067) In a further aspeet, a first statton (STA) may comprise: a memory, and a
processor coupled to the memory, wherein the processor 1s configured tor transmit, at a
fivst time, a first NDPA frame to one or more second stations (STAg), the first NDPA
frame comprising a first bit mdicating that one or more subsequent frames compiise
ranging or angular information; and wansmit, afier a Short Interval Frame Space {S1FS}
tirne iiterval from the fivst time, a second frame, whevein the second frame s one oft 2
Null Data Packet az (NDP_az) frame with information about a time of transmission of
the NDP_az frame, or a Null Data Packet (NDP) frame, or 2 Beam Refinement Protocot

{BRP) frame.

[
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{0048} Disclosed embodiments also pertain to a first station (STA) comprising:
moeans for ransoutting a fivst NDPA frame (o one or move second stations (3T As), the
first NDPA frame comprising 3 first bit indicating that one or mwore subsequent frames
comprise ranging or aogular mformation; and means for transmitting, after a Short
Interval Frame Space (SIFS) time interval, a sccond frame, wherein the sccond frame is
one oft a Null Data Packet az (NDP_az) frame with information about a time of
transmission of the NDP_az frame, or a Nall Data Packet (NDP} frame, ora Beam

Refinement Protocol (BRP) frame.

[6009] In another aspect a non-transiory computer-readable medim may
comprise program code executable by a processor to: transnut a first NDPA frame to
one or more sccond stations (STAx), the first NDPA frame comprising a first bit
indicating that ong or more sebsoqguont frames comprise ranging or auguiar information;
and transnuit, aflor a Short Interval Frame Space (SIFS) time interval, a sccond frarae,
wherein the second frame is'one off o Null Data Packet az (NDP_az) frame with
mformation about 3§ time of transmission of the NDP_az frame, or a Null Data Packet

{NDP Y framne, or a Beam Refingeat Protocol (BRP) frame.

{010} 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

{0018} Embodiments of the invention will be deseribed, by way of sxample

only, with reforence to the drawings.

{0012} 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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{6013} Fig. 2 shows a sirophified architecture of & wiveless compunication

system 200 m accordance with certain embodiments presested hergm,

B Fig. 3 shows schematic block dingrantilhatrating AP 240 enabled to
perform wireless comprumication inclading waicast, ywalticast, andfor broadeast, and
wirgless mediwm characterization in 3 wireless environment 1 accordance with ceriain

embaodiments presented herein,

{8615] Fig. 4A shows an exemplary NDPA frame 400 with information
pertaining to a subsequent NDP frame in accordance with certain embodiments

prosented heremn.

{0615} 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

{8817} Fig. 5A shows an example unicast message fow 30 hotween an initator

S10 (o AP 2400 and respondor {o.g. UE 100} n accordance with cortain cmbodiments

prosented berein

HE R Fig. 5B shows an example umicast message flow 330 between an inttiator

5582 {e.g. AP 240) and a responder wdentified as Responder 1 334 {e.g. now-AF STA Y

UE 140}, m accordance with cerfain embodiments presented herem,

{6019] Fig. SC shows the amount of CFI data that may be transmitied from ong

STA to-ansther STA for difforent antenna configurations.

{2 0] Fig. S shows the format of a VHT MIMO Control field, which may

{BO21] Fig. 5E shows a unicast message flow 390 with NDPA 593 announcing a
subsequent frame (NDP_az, NDP, or BRP) sent according to some disclosed

erbodiments.

j0022] Fig. 6 shows an example message flow 600 between FTM Initiator 608
{e.g. AP 240} and two FTM responders FTM Responder 1 818 and FTM Responder 2
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615 {g.p UEs 100-1 and 100-2), where an NDPA s broadeast to both FTM Responder 1

and FTM Responder 2

{23} Fig. 7A shows anexample message flow 700 between butiator 708 {sg
AP 240} and two responders Responder 1 710 and Responder 2 718 (e.g. UEs or nons

AP STAs 100-1 gnd 100-2), where an NDPA 15 broadeastrauliicast to regponders
Responder 1 and Responder 2.

{8024 Fig, 7B shows g format for an example Beamforming Report Poll frame

in accordance with certain cimbadiments presented herein,

{0828} Fig. RA shows an exstaple Fine Timing Mensurement (FTM) frame,
which may include AoA, AoD, andfor other information in accordance with cartain

embodiments presented botein.

{26} Figs. BB and 80 show the formats of example AoA field 834 and AoD

ficld 840 in accordance with certain embodimends presented heretn

{8027} Fig. 8D shows an example Fine Timing Measurement {FTM) No Ack

frarne SO0 indicating a reguest for an FIM Acknowledipment (FTM Ack).

{2 8] FIG. 8E 15 an exanmple 3-dimensional coordimate system SRE for

representing the position of a STA osing a radius *r” and angles “thetd™ and “pht.”

{6029] Fig. A shows an example symmetric unicast message flow between an
initiator {&.g. AP 240} and a responder {(e.g. UE 100} with FTM frames inchude a CF

field in accordance with certain embodinients presented berein.

{8034} Fig. 9B shows an example unicast message flow between an imiiator
{e.g. AP 240} and a responder {e.g. UE 100) where FTM frames inchude a CFI field, an
Angle of Arrival {AcA) ficld and/or an Angle of Departure (Ao} ficld andior an

\

Azimuth ticld andfor a Range field in accordance with cortain enbodiments presented

horgin

0031 Fig. 9C shows an example sytnmetric message flow between an initiator

b=

{e.g. AP 240} and a responder {e.g. UE i where an NDPA announces @ broadeast

L4
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NDP and FTM frames melude an Angle of Arrival (AoA) ficld andfor an Angle of

Deparure (Aol field in accordance with certain crobodiments presented heram,

{32} Fig. 10 shows a multicast non-syomnetric wessage flow 1000 with

multiple itators where the FTM Responder does not share infornmpon,

{8033} Fig 11 shows a multicast symmetric measage flow 1100 with multiple

mmtators where the FTM Responder shares information

jae34] Fig. 12 shovws anmlocast symmedeie message fow 1200 with moltiple

initiators with the ranging bit set.

{8035 Fig. 13 shows a multicast synunetric yoeasage flow 1300 with mudiple

imstigtors with the ranging bit not set.

{8036] Fig. 14A shows a multicast symumetnie Ovthogonal Frequency Division
Multiple Access (OFDMA) or downlink Multt User MIMO message flow 1400 with

muttiple initiators where information for all initiators is received within a SIFS interval.

{0037| Fig, 148 shows a multicast symmetric Orthogonal Frequency Division
Multiple Access (OFDMA) or downlink Mudty User MIMO message flow 1487 with

multiple mitiators where information for all imtiators is received within a SIFS interval.

{0038} Fig. 15 shows an sxample flowchart ilustrating a method 1500 for
message flow betwenn an intliator {oog a fest STAY and rosponder {one or more second

STAUEs) in accordance with certatn embodiments presented herein,

[8639] Embodiments disclosed faciliate wircless communication between
devices. In some embodiments, wireless conpmumcation is facilitated through the use of
protocols or moditications to protocols that assist in channed calibration. In some

cbodiments, channel calibration may include performing measurements related to

sounding, ranging, and/or direction finding. In some embodiments, disclosed techniques

may be used in wireless environments to facilitate ranging and divection finding

between devices. In a set of wirelessly networked deviees, disclosed emboduments may

facilitate ranging and/or direction finding between two devices {one-to-one) andfor

nnstticast (from one~to-many) and‘or broadeast (onc to all) devices. The term “unicast”

&
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is used o indicate transmission of stgnals fron a STA w0 5 single device, whereas the
term mudticast” is used to indicate ransoussion of signals from a STA to a plurality of
devices. The term “broadcast” is used to refor {0 transnussion of signals fmm a STA t0

all devices authorized 1o andfor capable of recetving the wansmuitied signal.

j0a48] In modern wireless systems, mudtiple antensss at the ransnitter and
recerver may be used 1o imploment mudtiple input'multiple output (MIMQO), MIMO
facilitates parallel delivery of multiple spatially muuhiiplexed data signals, which are
referred to as maltiple spatial streams. Further, s multi-user MIMO (MU-MIMO), s
AP may stultancously transmit to muitiple client UEs and beamformung may be used
for directional signal transmission or reception. In MU-MIMO, the term “downlink™
refers o communication, which may occer in paraliel, from an AP {transmitted by the
APY toone of more Vs, while the torm “eplink”™ refers to connmanication, which may

accur i paraiiel, 1o an AP {received by the AP} from one or more UEs,

{8041 {n beamforming, elements in a phased array antenna are comnbined so
that signals gt some angles expenience constructive mnierference, while others experience
destructive interference. Beamfornung can be used to achiove spanial sclectivily at the
transnutting and recciving onds, For exangple, in 802.1 Lac, an AP may use a Null Data
Packet Announcement (NDPA), which may be immediately followed by a Null Data
Packet (NDP} to determine how 1o direct a ransnussion. The NDP can be a physical
layer (PHY) frame without data bat with a known format and may be ased to calibrate
the channel. For example, the UE(s} {recetvers} receiving the NDP may respond with a
“beamfornung matrd”, which provides some information about the channel. The

mformation can be used by an AP (transmitter) to focus subsequent transinissions.

{8042} However, while the beamforming matrix can include some channel
refated information, the existing beamforming matrix does not inchede information
about Angle of Arrival {AcA), Angle of Departure (AoD), Azimuth, Channel Frequency
Response (CFR), Channel Impudse Response (CIR), Power Delay Profile (PDP), First
Arvivad Correction (FALY, and/ar other channel calibration metrics between
conunumicating STAs. Further, the above information cannot be derived from the
beamforming matrix. Therefore, additional ranging/sounding message exchanges are
often used to obtain the above information thereby increasing system overhead, and
Iatency, which may adversely affecting svstem performance metrics.

]
14
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{0043] Some disclosed embodiments periain to beamforming calibration
techgues, which facihitate mproved UE location determination andfor chmmel
characterization. Faather, disclosed embaodiments also fucilitate the use of awluple
transmit chams, For example, some disclosed embodiments may exploit the Null Data
Packet (NDP) frame structure to facilitnie ntlization of multiple transmit chams. In
addition, disclosed cmbodiments provide technigues for exchange of information
including one or more ofL Angle of Arrival (AoA), Angle of Departare (Ao, Azimath,
Channel Frequency Response (CFR), Channel Impulse Response {CIR), Power Delay
Profile (PDP), First Amival Corvection {FAC), andfor other chamnel calibration
parameters’ medries between two communieating STAx, which are also referred w
heren as “channel calibration parameters”™, “channel calibranion metrics” or “channel
characterization information”. Tosome entbodiments, the above chamel calibration
parameters/metrics may be determined and exchanged between communicating STAs
with fower frame exchanges. For example, in some cmbodiments, one or more of frame
structure, and/or information clements in frames, and/or message exchange protocals
may be leveraged to deternune andfor exchange calibration parametersimetrics.
Example emboduments are described further herein. Disclosed techigues may also be
used to faclitate location detormdnation meluding determination of nricro-logations. In
soune ebodiments, the location determination may be based on one or more of the
ahove channel calibration parameters. For example, disclosed techniques may be
embodied in an apphication on a UL, which may direct a user to a shelf containing a
desired product in a store. As other exampies, disclnsed technigues may be used in
surveillance cameras andfor drone navigation. The example message flows, frame
formats, andfor mformation clements described herein way be compatible, in some

respects with specifications, diagrams, sud guidelines found in some 802,11 standards.

{4} The term “Angle of Arvival” (Ao} refers to a direction of propagation
of 2 radwo-frequency wave incident on an anfenna away relative o orientation of the
antenna amray. As one example, AoA may be determined based o the Time Difference
of Artival { TDOAY or phase difference measurements of a radio wave recetved at
mdividual clements of an anteona array. Conversely, the term “Angle of Departure”™
{AoD) refers to a direction of propagation of a radio-frequency wave transmiited from
an antenna array relative to orientation of the antenns array. In some embodiments,

AoA and AoD may detersmined by a STA based on signals exchanged with another

8
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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

S R Any auitable techrigue nay be used o estimate Ao fuformmation 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.

HEIELY 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 example, 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,
or Channel bopulse Response (CIR) information, or a subset of the CIR wnformation
with first arrival information, or Power Delay Profile (PDP) information, or First
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.

g
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{8047 The term station or “STA™ may refer to & device with s Medium Aceess
Control (MAC) identifier coupled to & wiveless network. A STA may be viewed as a
logecal entity that 1s a singly addressable stance of 3 mediun aocess control (MAC)
and physical laver (PHY) interface to a wireless medium. A STA may take the form of a
non-AP 8TA, which refers to devices such as a mobile station, ecllular phone, ova
computing device sach as g wearable device, laptop, handheld, wablet etc, or another
catity coupled to the wirnless network. A STA may alse take the form of an Access
Point STA (AP STA}), which refers to APs that provide wircless connectivity o one or
more non-AP STAs. An AP STA may be i conununication with one or more non~-AP
devices anddor with other AP STAS. Insome instances, in the deseription below, a STA
may also be reforred 1o as an Mimtiator” or as a “responder™ forcase of explanation to
distinguish froam @ STA that initiates a sequence of events from a STA that responds to
the imitiated sequence. A “STA™ may function as both an “indtiator™ and a “responder™.

STAs may be mobile or stationary.

{0648} A STA may also takie the Torm of “user cqaipment™ (UE) or “mobile
station” such as a cellidar or other wirelews' communication device, personal
conumumication system {PCSY device, personal navigation device (PND), Personal
Information Manager (PIM), Personal Digital Assistant (PDA), laptop or other suitable
mobile device which is capable of receiving wireless communication andéor navigation
sigasals. The term UE 18 also inkaded to incluade devices wlich communicate with a
personal navigation device (PND), such as by short-range wireless, infrared, wireline
connection, or other connection - regardless of whether satellite sigmal reception,

assistance data reception, andfor posttion-related processing ocowrs at the device or at

the PND.
{10:49] Fig. I shows a schematic block disggram ilhustrating cortain excraplary
features of a non~-AP STA shown as UE 100 enabled to perform wireless

compuumnication including unicast, broadeast, and wireless medium charactorization in a
MU-MIMO environment in accordance with certain embodiments presented herein. In
some embodiments, UE 100 may take the form of g wearable user device, such as a
wristwatch, spectactes ete., where one or more functional components of UE 1K may

be physically separate but operanionally coupled to other functional components. For

10
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example, display 190 may be physically separate but operationally coupled progessor{s)

150 andfov othier functional units in LIE 100,

U UE 106 may, for example, inchude one or more processing anits or
processor(sy 150 and wemory 130, UE 1 may also include a wireloss network
interface 103, In some embediments, wireless network interface may inchude transmitter
112 and receiver 114, In some embodiments, UE 100 may further comprise
computer-readable medium 160 and display 190, The components above nway be
operatively coupled to each other with one or more comnections 120 {e.g., buses, hnes,
fibers, hinks, etc). In cortain example implementations, all or part of UE 1M} may take
the form of a chipset, and/or the like. Further, UE {00 may optionally include a screen

or display 194 capable of rendering bmages of various types.

{0851} In some embodiments, processor{s} 130 may also receive tnput fromy
transectver THE, which may récgive wireless signals through one or more antenyag 108
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 recetver 114 1o receive one or more sigeals transnutied over one or mors types of
wireless cornnmumnication networks, For example, transceiver 114 miay be capable of
communication with a Wireless Local Ares Network (WLAN), which may be hased on
IEEE 802 11 standards, Wircless Personal Arvca Network {WPANS, which may be based
on IEEE 802,15 standards and/or a Wide Area Network (WAN) based on one or morg

cellular communication standards.

{8052] Procosson{s) 150 may be implemented using a combunation of bardware,
frmware, and softseare. In some embodiments, processor(s) 15 may perforn position
determination andfor focation assistance functions based on information devived from
wireless measuremeds by UE 100 cither independently, andior in conjunciion with
reccived data or measurements from otlier STAS. In some embodiments, processor(s)
150, may nclude transceiver 110, andéor other components as part of a single chip,

integrated circuit, or package.

{06853] Processor(sy 1530 may use some ov all of the recetved signals andfor

iformation to deternune channel characterization information mchuding Time

11



WO 2017/146861 PCT/US2017/015134

Difference of Arival {TDOA), Bound Trip Tame (RTT), Received Signal Strength
Indication (R3S, CFR, CIR, FDP, FAC, cte. At locations where wiveless signals are
available, posttion determination may be performed based. in part, on the channct
charactenization mnformation and/or a vaniety of techmiques deseribed heren, For
example, techniques including RTT mcasuwrements, TDOA, Reference Signal Tume
Differcace (RSTD), Advanced Forward Lisk Trilateralation (AFLT), hybad techniques,
Receotved Signal Strength Indicator {RSSH) based measurements, andfor some

combination of the above may be used for position deternunation,

{0854] As one example, processor{s} 150 may determing, record, andior recetve:
timestanips associated with a time of reception‘arnival (TOA ) andéor
transmissiow/departure {TODY of signals, which may be used to detenmine RTT andior &
digtance betweon UETOG and onie o more other dovices, Further, AcA, Aol and other
characteristics and parsmeters described herein may be used to determine or estimate a
location / nucro-location of devices commaunicating with LE W00 In some
cobodiments, the measuroments andior resalts obtained from measurcments may be
mchuded i one or more frames exchanged between two STAs, such as between UE 100

and another device in accordance with tnie or more profocols deseribed herein,

{8055] The clements and ncthodologies described herein pigy be implemented
hy vartous means depending upon the application. For example, these elements and
methodelogios may be Implemented in hardware, fiepaware, software, or any
combination thereof. For example, for a hardware implementation, the processor(s} 150
may be implemented within one or more application specific infegrated civeuits
{ASICs), digital signal processors (DSPs), digital signal processing devices (DSPDs},
programmable logic devices (PLDs), field programmable gate arrays (FPGAs),
processors, controllers, micro-controliers, micropracessors, clectronic devices, other
slectronic units designed to perform the functions described herein, or a combmation

thereod,

{0036 For a firmware and/or software implementation, the methodologies may
be implemented using program code, mucrocode, procedines, fanctions, and so on that
porform the functions described herein. Any machine-readable medium tangibly
ermbodying instructions oy be used in implementing the mothodologies deseribed
herein. For example, program code, which may be stored in a non-franstiory

12
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computer-readable medium 160 and/or memory 134, may be read and exceuted by

processor(s} 150,

HEE Memory may be impleniented within processor(s) 13 or external to
processor(sy 150, As ased hereny the term "memory” refers (o any type of long termy,
short term, volatile, nonvolatile, or other memory and is not &y be limited to any
particidar type of memory or number of memorics, or type of medis upon which
memory 1s stored. Memory 130 may include, for example, a primary memaory and/or a
secondary memory. Prinary memory may inclade, for example, a randon acoess
memory, read only memory, efc. While illustrated in this example as being separate
from processor{s} 150, it should be understood that all or part of a primary memory may
be provided within or otherwise co-locatedicoupled with processor(s} 150, If
tplomented in fnoware sudfor sofbware, the fooctions may be stored as one o o
fstructions Or progrant code on a computer-readable rocdmm, such as modium 160
snd/or secondary memaory. Examples include computer-readable media encoded with

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

{0038] Computer-readable medium 160 includes physical computer storage
media. A storage medium may be any available medium that can be accessed by a
computer. By way of example, and not linitation, such non-transitory compiter-
readable media can comprise RAM, ROM, EEPROM, CD-ROM, flash memory, or
other optical disk storage, magnetic disk storage or other magnetic stovage devices, or
any other medivm that can be used to store desired program code 1 the form of
instructions and/or data and that can be accessed by a computer; disk and disc, as used
herein, includes compact disc {CD), laser dise, optical dise, digital versatile dise {DVD),
floppy disk and blu-ray disc where disks usaally reproduce data magnetically, while
dises reproduce data optically with lasers. Combinations of the above should also be

included within the scope of computer-readable media.

{8059 For exanyple, the conpuiter-readable medium including program code
stored thereon may include program code to support wireless conungnication meluding
wittcast, broadeast, and wircless medium / channel characterization w3 MU-MIMO
environment i accordance with certain cobodiments prosented herein. The program
code may further support wirgless channed characterization, icluding sounding, ranging
and/or position determmation. For example, the code may support one or more of AFLT
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SRTT/RSSLRSTD (TDOA 7A04 7 Aol and other location detenmination techmigues

and/or channel charactenization.

U In some emabodbments, imstructions andfor data may be provided over a
conunwmeation channel. For example, a commuonication apparatus nay inclade a
transceiver 110, which may receive signals through receiver 114 indivative of
instructions and data. The mstructions and data may cause OHC OF IMOTE PrOCcessors (o
implement wireless communication and/or wireless channel charactenization (e.g. ina
MLU-MIMO envivenment), including ranging and/or positon determination. The
imatructions and data may also cause one or more processors fo implement functions

outlined herein.

{6061] Fig. 2 shows a sunplified architecture of a wireless communication
system 200 i accordance with certain embodiments presented herein. System 200 may
inchede non~-AP STAs such as UEs 100-1 dhwough 100-n {collectively referred to as UERs
100}, and AP STAs such as APs 240-1 through 240-4 {collectively referred to as STAs
240}, which may communicate over WLAN 230, In some embodiments, UEs 100 and
APs 240 may conumunicate with server 25 over WLAN 230, While systom 200
tllustrates a fow UEs 100 and APs 240, the nuntber of UEs 100 and APs 240 may be
varted m accordance with various design parameters and may mchude a smaller or larger
pumber of UBs 100 andfor APs 240, In some embodiments, one or more LEs HIO
andfor APs 240 may comprise multiple antennas and may support MIMO, including

MULMEMO.

jfge2] Insome embodiments, UEs 100 and APs 240 may commmuncats over a
WLAN network, which miay be bascd on IEEE 882.11 or compatible standards: Insonie
erbodiments, UEs 100 dand AP 24 may conwnunicate using variants of the IBEE
RO 1 standards, For example, TIES 100 and APs 240 may commuicale using
802.1lac on the SGHz band, which may support MIMO, MU-MIMO and nultiple
spatial streams, In some embodiments, UEs 100 god APs 240 may communicate using
some of the above standards, which may further support one or more of Very High
Throughput {VHT) {as described in the above standards) and High Efficiency WLAN
(HEW?), andfor beamforming with standardized sounding and feedback mechanisims, In
some enmbodiments, TEs 100 andfor APs 240 may additionally support legacy standards
for commumication with legacy devices.

14
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{00531 In some embodinents, UEs 100 madior APs 240 may be connected with
one o more additional nebworks, suchiss o colludar carmer network, a'satellite
positioning network, WPAN access points, and the hike {not shown in FIG. 2}, In sonme
cmbodiments, UEs 100 and/or APs 240 may be coupled to a wireless wide arca network
{CDMAS network, a Time Division Multiple Access (TDMA) network, a Freguency
Division Multiple Access (FDMA) network, an Orthogonal Frequency Division
Multiple Access (OFDMA) network, a Single-Carrier Frequency Division Multiple

Access {(SC-FDMA) network, Long Term Evolotion (LTE), WiMax, and so on.

{0064} A CDMA network may mplement one or more mdio aceess
technologics (RATS) sach as cdma2000, Wideband-CDMA (W-CDMA)}, and so on.
Coma2000 ncludes 15-85, 18-2000, and 1S-836 standards. A TDMA network may
taploment Global System for Mobtle Conumunications (GSM), Digital Advaneed
Muobile Phong Systent (I-AMPS), or some other RAT. GBM, W-CHMA and LTE are
described in docvamnents from 3GPP. Cdmal00i 1s described in dociaments from a
consorthun named “3rd Generation Partnership Project 27 (3GPP2). 30GPP and 3GPP2

documaents are publichy avaiable.

{8055] As tllustrated i Fig. 2, UE 100 may also compamicate with server 250-4
through network 230 and APs 240, which may be associated with network 230, UE 100
may receive and measure signals fom APs 240, which may be used for position
determination. In some embodiments, APs 240 may form part of a wircless
commpueation network 230, which may be a wireless local area network {WLAN). For

example, 3 WLAN may be an IEEE 802.1Ix network.

{0066} Reference is now made o Fig. 3, which s a schematic block diagram
ustrating AP 240, In some embodiments, AP 240 may be enabled to perform wireless
comumuucation {inchudmyg unicast, muiticast, and broadeast) and wiveless medium
characterization. For cxanmple, the wireless communication and/or wireless medium
characterization may be performed in a MU-MIMO environment in accordance with
certain embodiments presented herein. {n some embodiments, UE HX) may serve as an

AP 10D
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{8067] In some embodiments, AP 230 may melude, for example, oue or more
processor(s) 330, memory 330, coupled storage 360, and transceiver 3%, which may be
operatively coupled with one or more connections 320 {e.g., buses, lines, fibers, Hnks,
etc.). Transceiver 390 may be capable of communication with a Wircless Local Area
Network (WELAN), which may be based on the IEEE 802,11 standard (or variants
thereof), Wircless Personal Arca Network {WPANY, which may be based on IEEE
RG2.15 andfor a Wide Arca Network {WAN) based on-one or more ealldar
communtcation standards. In some cinbodiments, transceiver 390 may be coupled to

one or more antennas 305, which may be used for signal trunsmission and/or reception

asing MIMO ¢/ MUMIMO,

{1168} 1n some embodiments, AP 240 may also tnterface with wired networks
through communications interface 380 to obtain a varicty of nebwork configuration

related wformation, such as service sot wentifiors (SS1Ds), basio service sep
identification (BSID), network identifiors and/or timing information. Procossor(s) 3580
may use some or all of the recetved information o generate CFL TDOA, RTT, RSSL
CFR, CIR, PDP, Range, ACGA, AOD, Azimuth, and other channel characterization

mnfonmation in accordance with certain with disclosed embodiments.

{8059] Processon{s) 350 may be implemented using a combination of bardware,
firmware, and software, or sany combination thereof. For a bardware tmplementation,

the processing unit 950 may be implemented within one or more application specific
integrated civenits (ASICs), digital signal processors (DSPs), digital signal processing
devices {DDSPDs), programmabie togic devices (PLDs), ficld programmable gate arays
{FPGAS), processors, controtlers, micro-controliers, microprocessors, electronie
devices, other glectronic wnits designed o perform the fonctions described herein, or a
combination thereof. For a finmware andfor software implementation, the
methodologies may be implemented using procedures, functions, and so on that perform

the functions described herein,

{a878| Any machine-readable medium tangibly embodying instructions may be
used 1o implementing the methodologies described herein. For example, software may
be stored in removable media drive 370, which may support the use of non-transitory

~
&

computer-readable media 37H, including removable media. Program code may he
resident on non-transitory computer readable media 378 andéor memory 330 and may be
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read and executed by processors 350, For example, the computer-readable medium
including program code stored thereon niay inchude program code to support wircless
comununication {inchuding unicast, sndticast, and broadeast), andfor wireless medium
charactenization (including m a MIMO / MU-MIMO) environment in accordance with
certain embodiments presented herein. Memory 330 may be inplemented within

processors 3530 or external to the processors 350,

{6071 In certain inplementations, sccondary memory may be operatively
receptive of, or ofberwise configurable to couple 1o a nop-transitory computer-readable
medin 378, As such, in certain example implementations, the methods andfor
apparatuses presented herein may take the form in whole or pant of a removable media
drive 370 that way inchude non-transitory computer readable medium 378 with
gomputer nuplomentable instractions stored theregn, which # exeouted by at lcast ong
processing wnt 33 may be operatively cnabled to portions of the example opotations

including message flows and protocols described herin.

{8072} Fig. 4A shows an exemplary NDPA frame 400 with information
pertaining o a subsequent NDP frame in accordance with certain embodiments
presented berein. fo some cmbodiments, NDPA frame 400 may take the forny of an
R02.11ac NDPA frame gs defined in “Part 11 Wircloss LAN Medium Access Control
{MAC) and Physical Laver (PHY) Specifications,” IREE PROZ.TI-REVme™DS5.0, Jan.
2616, Draft Stapdard for Information technology —Telecommumications and
information exchange bebween systems Local and metropolitan arca networks - Specific
requiremends, (hereinafior “WLAN MAC & PHY Specifications™ §8.3.1.20, at 621~

£22, which is incorporated by reference in its entirety herein.

[8673] In some embodiments, NDPA frame may include Duorastion field 415, RA
{Recipient Address) field 420, TA (Transmitter Address) fleld 423, Sounding Dialog
token 430, STA Info ficld(s) 435-1 . . . 435-n, and FCS ficld 440, The NDPA frame
contains at least one STA Info fickd. These ficlds are further descrtbed in the WLAN

MAC & PHY Specifications document.

[6074] In some embodiments, when the NDP Anpouncoment frame (e VHT
NDPA includes more than one STA Info field 435, the BA ficld 420 of the NDP

Amouncement frame can be set {o the broadeast address, When the VHT NDP
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Announcement frame mcludes a single STA Info field 435, the BA fleld 420 of the
VHTN

beamformee. The TA ficld may, for example, be set to the address of 3 UE 140

P Announcement fame can be set o the MAC address of the VHET

transmitting the VHT NDP Announcement frame.

{0875] The format of the Sounding Dislog Token field 438 43 shown in Fig. 4B
and mcludes Reserved subfield 432 with a 2-bit length and Sounding Dinlog token
number subfield 434, The Sounding Dialog Token Number subfield in the Sounding

Dialog Token ficld containg a value selected by the AP (beamformer) todentify NDPA

frame 400,
{8876] In some cmbodiments, a first bitin Reserved subfield 432 may beused

by the initiator to indicate to the responder that the immediately subsequent NDP is to
be used for ranging. In some embodiments, a second bit n the Reserved subfield 432
may be wsed o indicate symmetric ranging, to indicate that one side {e.g. the mitistor)
is willing to share mformation, such as ranging wformation (.. captured and/or
deternuned by the mutiator), In the example embodiments below, use of NDP frames for
ranging and symmetric/asyimmetric ranging may be indicated by appropuiately
configuring bits in Reserved subfield 432, In some embodiments, portions of other
infornmation clements in NDPA frame 400 may be used to indicate: (i} that a subsequent
NDP frame 15 to be used for ranging; andfor {11} that the imnator 1s willing to share

ranging andfor other measured /determined channel characterization information.

{0077) in some embodiments, NDP frames, which may be transoutied from
waeltiple antennas, may be leveraged to deternune AoA, AoD, and other parameters. In
some embodimends, the Aed, Aol andother dotorouned information may be inchaded
tan FTM frame thereby faciliiatng location determination. In some embodinents, by
determining AoA, AoD, and RTT, a device may be able to deternung its 3D Jocation
based on an exchange of FTM frames with one other device with a known location
thereby decreasing network traffic, owering overhead, andfor facilitating guicker
position determination. In the deseription below, a STA requesting a specific
ranging/sounding or other operation may be termed an “Initiator” of the operation,
while a STA responding to the ranging/sounding or other request may be ormed

“Responder” of the operation.
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{0678} Fig. SA shows an oxanple messsge fow 500 for ranging belween an
Initiator 308 (o AP 240) and Responder {e.g. UE 100} 807 m accordance with centain
embodimends presented heremn, For example, a first bit i Reserved subficld 432 (Fig
4B} may be used by Imitiator 505 to indicate to Responder 507 that immediately

incluade a single STA Info ficld 435 {indicating unicast) and the RA field 420 may be st
to the address of Responder 587, Exemplary message flow 300, shown in Fig. 54, may
be consistent in some respects, for example, with specifications, diagrams, and

guidelines found in some 802,11 standards.

{0879} As shown in Fig. A, NDPA frame 5H) may be sent by Inttiator 505,
NDPA frame 510 may be followed by traysmission of NDP frame 8§15 at time T1 513
after 3 time intorval given by Short Tntorfrarae Space (SIFS) time beterval 512 mweaswred
froro the ond of wransmussion of NDPA fraroe 310, Time intervals i the following
figures are not shown to seale. NDF Frame 512 miay be received by Responder 310 at
time T2 314, Time T1 513 may be captured by Inttiator 503, whilte ime T2 514 may be

captured by Responder 510,

{8as80] The SIFS interval, is o range of ime duration values for which are
provided by relevant TEEE 802 11 standards, The SIFS intorval may, for exanple,
specify & time to transition from a receive mode {e.g., to receive a request or other

frame) to a transmit mode (e.g., to transeit an ackoowledgment or other frame).

{0081} Responder S07 may respond capturing a first time T3 at which Fine
Timing Measurement (FTM} frame 322 is ransmiticd. An FTM procedure may be used
for rabiging measurcments, for example, for a UE {o. non-AP 5TA) to obtaimn its sange
to another 8TA {e.g AP STAL FTM may be used to provide ncreased timestany
resolution. In some embodiments, the timestamp resolation may range from 10

nanpseconds to 100 picoseconds,

{6082] Farther, in some embodiments, FTM frame 322 may include Angle of
Arrival {(AnA) and Angle of Departure {AeD) measwroments, or other angular
messurements, from the previousty receved NDP. In some embodiments, FTM frame

322 may be sent at a thne subsequent to angular computanions performed by the

<<<<<
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other measured parameters as outlined further below. In some embodiments, Aod and
AoD may deternuned {e.g. by Responder S07) based on measurements obtained during

NDP and NDPA packet transmission.

{0083} After a SIFS time interval measured front the end of reception of FTM
fraoe 522, batiator 305 may respond with an Acknowiedgement (Ack} message 332
capturing g second ime T4 524 at which the FTM frame arives at Initiator 505 and a
third ttme TS 530 at which Intiator 503 transmits Ack message 532, Responder 307

-
ia

may capturs a fourth time T6 535 &t which Ack message 532 wrives at Responder S

{84 In soms smbedinents, Responder 310 may respond &y Ack messape 532
with FTM frame 340, which may inchads times T3 5208, T 333, Acd and AeD
infornaation. in some embodimerts, FTM frame may inchude Channel Feedback
Information (CF1). In some embodiments, FTM frames 522 and 540 may inchude CFL
CFT may facilitate computation of AoD for a multi-chaiy initiator andfor compatation of
a more pregise ranginy estimate {e.g. inproved determination of arcival timg for the

NDP frame) due 1o the inclusion of multi-chamn information in the CFL

{608s] After a SIFS tuime interval measured front the end of reception of FTM
frame S4U, Initlator 3035 may respond to FTM frame S0 with Ack message 345, In
some embodiments, FTM sessions such as shown in exemplary message flow 500 may
beused tovdeteraine RTT between Initiator 305 gud Responder 507 andfor Time
Difference OF Arrival (TDOA) tinung information assoctated with the respeetive access
points. In some embodinents, a position caleudation unit in a UE andfor AP may
deternune a position of the UE based on RTT andfor TDOA wformation derived from
the FTM session(s) For example, RTT may be caloulated by Initiator 5638 basedon

times T3, T4, TS, and TS by computing {T6-T3{TS-T4).

[0086] FTM responders may sometimes transmif an FTM frame in response to
an FTM Request. The additional FTM request that precedes the FTM frame
transmission may increase overbead. Further, conventional schemes transmit FTM
frames using a single antenna, which may Hmit caloulstion of various ranging
parameters related to transimission modes, Moreover, when a single antcnna is used for
transnussion, the types of parameters that can be measured may be hmited and/or

measurement accuwracy may suffer, For example, i AoA is measured andfor determined
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based on transraission from a single antenna, te measurement may be inaccurate
relative 10 AoA measured / determined from swiltiple antenna transmissions. b some
embodumnents disclosed beretns, FTM frames may be transmitied using multiple antennas
therehy facilitating: (1) accurate computation of various parameters, (1) in multiple
transmission modes. In some embodiments, NDP frames, which may be tansnvitted
using multiple antennas, may facilitate measurement of AoA, Aoy, andfor various other

parameters, as outlined further below,

{8087} Fig. 5B shows an example wucast message fow 330 between an
Initiator 352 {e.g. AP 240} and a responder identified as Responder 354 {e.g. non-AP
STA FUE 100), in accordance with certain embodiments presented heremn. For example,
a first bit in Reserved subficld 432 {Fig. 4B) may be used by Imtistor 852 to indicate to
Responder 554 that immediately subseguont NDP frame 572 & 10 be used for ranging.
Further, NDPA frame 533 may include g single STA Into ficld 435 (indicating unicast)

and the RA field 420 may be sot to the address of Responder 3534,

HE R As shown in Fig. 8B, NDPA frame 555 mayv be unicast by Intligtor 532,
NDPA frame 5355 may be followed by transmission of frame 5§72 at time T1 570 after a
time mterval given by SIFS 565 measured from the ond of transnussion of NDPA frame
355, As shown in Fig, 5B, frame 372 may take the fone of one off an NDP_az frame, o

an NDF frame, or ¢ Beam Refinement Protocol {(BRP) frame.

{8089 Responder 534 may captare a first time T2 1 560 at which NDP frame
5585 s reccived and a second time T3 1 575 at which the OBF frame is sent. CBF frame
S80 may be sent at time T3 _1 575 after a bme interval given by SIFS measured from

the crd of receptivm of fraree 372,

{0696} L some embodiments, CBF frame 558 may inchade COF1 shownas {UF11
and times T2_1 560 and T3 _1 375, or its difference. In some cmbodiments, Initator 582
may capture the time T4_1 572 at which CBF frame 580 15 recetved. Conventionally,
CBF frames may inchude angles associated with beamforming matrices. In some
cmbodiments deseribed herein, CBF trames may alterpatively {or additionally) include
from CFII mransmitted in CBF frame 880, LOY determined from CRU way include

location information such as latitude/longitude mformation of Responder 5334,
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{0091} In some embodinents, Responder 554 may deternune an AoD based an
NP frame 572 andior calibratiod data from Initiator 552, by some embadiments,
Responder 334 may also determine an LCT (2. g, lntibudedongituds) from praviously

acquired location mformation (e.g. information from a beacon frame) from Initiatar 352,

{8092) In some embodiments, Initiator 332 may Hurthor respond with FI'M No
Ack frame S78 including time T 370, time T4 _1 572, AoD, and LCL As used herein,
an FTM No Ack™ frame may take the form of an FTM frame with an acknowledgment
response field, bit or other indication that a response to the "FTM No Ack™ fiame may
be sent w the form of an FTM frame, which 13 referved to herein as an “FTM Ack™
frame. When the acknowledgment response field or bit 1s not set, a regular Ack frame
may sent in response to the FTM No Ack frame. In some embodiments, a regular Ack
frame mayv sent mresponse to the FTM No Ack frame, when the responder lack the
capabihity for an “FTM Ack” response. For clanty and case of deseniption, the
scknowledgment response field, bit or other indication i also referred 1o herem as an
“FTM Ack™ bit.

{0093} In conventional exchanges, FTM frames are responded to with an
Acknowledgement {Ack) frame {e.g. Ack frame 532 in Fig. SA). In some embodiments,
setting a bit tornred the “FTM Ack™ bit to | mm 8 FTM No Ack frame, may be used o
indicate that a conventional Ack frame response 1s not desired. In some embodiments,
the rosponse to an FTM No Ack frame may take the form of an FTM Ack frame, which

may be of a format similar to that of an FTM frame.

jfand] Insome embodiments, the FTM frame may be angeented with an “FTM
Ak bit, which s set to T inFig. 3B, The FTM Ack bit may be used to mdicate that the
receiver of FTM No Ack frame 578 with FTM Ack = 1 nuy respond with an FTM
Acknowledgement (FTM Ack) frame such as FTM Ack frame 579,

{0695] In some embodivoents, upon receipt of FTM No Ack frame 878 with
FTM Ack =1, Responder 554 may respond after g SIFS huterval with FTM Ack frame

)
&

3T including time T 21 560 and time T3 1 573, In some ombodiments, the Round
Trip Time bebtween Initiator 352 and Responder 554 may be caleulated, for example, a8

RTT ={T4 1T ~(T3_1 -T2 I} by Imuator 352 andior Responder 1 354,

bt
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{0095] Exusting CBF structure supporis a maxtmuny of 8 streams (56 angles),
468 subcammiers, and 8 bits per tone on average. Thus, the UBF may hold
{4OR*F3HV(2¥R/8) = 131K bytes of information, which may support some multi-antenna

embodiments described herein,

{0097 Fig. 3C shows the amount of CF1 data that may be transouited from a
ransomtiing STA to a receiving STA for different anterma configurations. In some
embodiments, a CFl infornation clement/ficld may be added or incorporated as an
optional sub-element to the crrrent FTM Hame definition, In some embodiments, the
{CFY field may be structared in 3 manner sumilar to a Channel State Information (C81)
Report field as defined in various speaifications. For example, the structure of the CFL
field mav mirvor the strocture of the €SI Report field as defined in the WLAN MAC &

PHY Specifications {¢.g. Table 9-52, §8.4.1.28).

{0098} Fig. 5D shows the format of @ VHT MIMO Control field S47, which may
form part of a Compressed Beamforming Feedback (CBF) frame 347, VHT MIMO
MIMO control field. In some embodiments, for example, when Ne Index subfield 557 =
7 (Mo 8y, and Nr Index subficld 367 = 7 (Nr= 8), Channel Width subficld 577 = 3
{166 MHz or 80+80 MHzj), Grouping subfield 387 = 0 (Ng =1, no grouping),
Codehook Information subfield 588 = 1, and Feedback type subficld 389 =0 {single
aser) or 1 {multt user), then, Reserved bits 386 may be used to indicate that the UBF
frame is being used for ranging/RTT purposes. In some embodiments, Grooping
subficld 587 = 3 (which is reserved} may also be used to indicate that the CBF frame is

being used for ranging/RTT purposes {e.g. as shown in Fig. 5B).

{6699 Fig. SE shows a unicast message flow S90 with NDPA 593 simouncing a
subsequent frame (NDP_az, NDP, or BRP} for ranging according to some disclosed
cnbodiments, As shown in Fig, SE, NDPA frame 393 may be unicast by FTM hutiator
$91 at time T1 383, NDPA frame 393 may be followed by transmission of frame 384 at
time T17 595 after a time mterval given by Short Interframe Space (SIFS) 565 measured

from the end of ransmission of NDPA frame 593,

o]
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{80100} Further, as shown i Fig, SE, frame 594, which follows NDPA frame
393, may take the form of one of! an NDP_az frame with thimwe T1 891, or an NDP

frame, or 3 Beam Retfinement Protocol {BRP) frame,

{00101} FTM Responder 592 may capture a first time T2 599 at which NDPA
frame 593 i received, and 3 sccond time T2 896 at which frame 594 is received and a
third time T3 597 at which FTM frame 393 1s received. FTM frame 595 may include
time T2 599, ime T27 396, CF1, and time T3 597, As shown in Fig. 8E, FTM frame 593

iy be sent afier a SIFS time interval following the end of reception of frame 394

{0102 When FTM Inttiator 591 and FTM Responder 392 arg svachronized the

Time ofFiight oy be calculated ax (a&} the difforence of times T2 399 and T1 583, (02

~Ti) or (b) """""""""""""""""""""""""""""" . When FTM Initiator 381 and FTM Responder
592 are not synchronized, the TOF is: TOF = Rij LA - g3:-12) .
{80103} 1n some embodiments, FTM Initiator $91 may respond to FTM frame

395 with Acknowledgement (Ack} frame 8934,

{00104} Fig. 6 shows an example message flow 600 between FTM Initiator 603
o AP 240) and two FTM responders FTM Responder 1 610 and FTM Responder 2
615 {e.p. UEs 1001 and 100-2), where an NDPA 1s broadeast to both FTM Responder |
and FTM Responder 2

{0105 As show in Fig. 6, NDPA frame 620 may be broadeast or multicast by
FTM Imtiator 605, For example, a first bit in Reserved subfield 432 (Fig. 48B) may be
used by FTM Inttiator 6035 to indicate to Responder 307 that immediately subsequent
NDP frame 515 1510 be used for ranging. For example, NDPA frame 620 may inclade
nngtiple STA Info ficlds 435 (Fig. 44) to ndicate broadeast and the RA field 420 (Fig.
4AY may be set to the broadeast address. NDPA frame 628 may be followed by

transmission of NDP frame 625 at time T1 624 after a thme interval given by SIFS 622

measured from the end of tanamission of NDWPA frame 620,
{60106} FTM Responder { 610 may capture a fivst time T2_1 626 at wiich NDP

frame 6235 is received by FTM Responder 1 610 and a second thme T3 _1 636 at which



WO 2017/146861 PCT/US2017/015134

Compressed Beamforming Feedback (UBF) fravoe 630 18 sent by FTM Responder |
610, In some ewbodiments, CBF frame 630 may be sent by FTM Responder | 610 after
a fime interval given by SIFS from the reception of NDP frame 628, In some
embodiments, appropriate reserved bits 386 {(Fig. D) in VHT MIMO control field (Fig.
SD) may be set in CBF frames to indicate that the CBF frame 15 boing used for
ranging/RTT purposes. In some embodiments, CBF frame 630 may mclude CF of FTM

T4 1632 at which CBF frame 630 is received.

jea147] Further, FTM Responder 2 618 may capture a fivst time T2 2 628 at
which NDP frame 623 1s received by FTM Responder 2 615 and a second ttime T3 2
634 at which Compressed Beamforming Feedback (CBF) frame 640 15 sent by FTM
Rosponder 2 615 In somme cmbodinests, CBY frame 640 may be sent by FTM
Responder 2 615 after 3 time interval given by SIFS from the reception of NDP frame
625 at Responder 2. In some omboduments, CBF frame 640 may inchude CF of FTM
Responder 2 {CF1_2}. In some embodiments, FTM Initiator 605 may caphwe the time

T4 2 642 at which CBF frame 630 is recctved.

{H108] In somoe embodiments, FTM Responder 1 610 may further respond with
FTM No Ack frame 644 including times T2 1 626 and T3 1 636, FTM No Ack frame

Ack bit may be used to indicate that the recaiver of FTM frame 644 with FTM Ack = 1
may respond with an FTM Acknowledgement (FTM Ack) frame such as FTM Ack
frame 645, In some embodiments, upon receipt of FTM No Ack frame 644 with FTM
Ack =1, Initiator 603 may respond with FTM Ack frame 545 meluding times T1 624
and T4 1 632, In some embodiments, RTTI =¢(T4 1 -T1~{T3 1 -T2 1} where
RTTE s the RTT between Initiator 603 and Responder 1 618 RTT may be caladated
by Initiator 603 and/or Responder 1 610, In some embodiments, the FTM Ack frame

may be of a similar or the same format as an FTM frame,

{00109} in some embodiments, Responder 2 613 may further respond with FTM
No Ack frame 646 including times T2 2 628 and T3_2 634, FTM No Ack frame 646
may be avgmented with an “FT0 Ack™ bit, which is set#o | in Fig. 6A. The FTM Ack
hit may be used o mdicate that the receiver of FTM frame 646 with FTM Ack = | nway
respond with an FTM Acknowledgement (FTM Ack) frame such as FTM Ack frame
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647, In some erobodiments, upon receipt of FIM No Ack frame 646 with FIM Ack =1,
T4 2 642, In some conbodinrents, RTT2 = (T4 2. TH {13 2 -T2 2), where RTT2 45
the RTT between Imitator 505 and Responder 2 613, RTT2 may be calculated by

Initiator 603 anddor Responder 2 615,

{00110} In some embodiments, an order or priority schome may be established
among responders to facilitate responses by multiple responders to NDPA frame 520
and NDP frame 623, Tn general, v an eovironment with & responders, the RTT for the
£ responder may be calculated as (T4 & T13- (T3 £ ~T2 &), where: T4k is the time

of reception of CBF frame from the &®

responder at Injtiator 605; T2 & is the time of
reception of NDP frame 625 at the 2 responder, and T3k is the time at which the CBF
frame from the &% responsder is transmitted: As cutlined above, the UBF frame fromihe

£ responder may include CFT for Responder & {CFIE).

{80111} F1g. 7A shows an example message flow 700 between Inmittator 708 (e.g.
AP 2403 and two responders Responder 1 710 and Responder 2 715 {e.g. UEs or non-

Responder 1 and Responder 2.

{80112} As shown in Fig. 74, NDPA frame 720 may be broadeast by Initiator
TO5. NBPA frame 720 may be fellowed by transmission of NDP fraiee 728 gt ttnoe T
724 after a time inferval given by STFS 722 messured from the end of transmission of

NDPA fane 720

{60113} Responder 1 710 may capture a fivst time T2_1 736 atwhich NDP frame
725 is received by Responder 1 710 and a second time T3 1 736 at which Compressed
Beamfornuag Feedback (CBF) frame 730 is sent by Responder 1 716, In some
embodiments, CBF frame 730 nay be sent by Responder 1 710 afler 2 tme interval
given by SIFS from the end of reception of NDP frame 725 Iy some embodiments,
Reserved bits 586 {Fig. 5D} may be used 1o indicate that the CBF frame 15 being vsed
for ranging/RTT purposes. In some embodiments, CBF frame 730 nwy include one CH
of Responder 1 (CF_1) In some emboduments, Inttiator 703 may capture thetime T4

732 at which CBF frame 730 is received.
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{00114} In some embodiments, Tmbator 1 708 may send 8 Beamfornuing Report
Poll frame 738, with g Basie Service Set {Ddenufier (BSS5) assocted with
Responder 2 718, The BRP frame may be used o obtain a beamfonming report {sach as
a Very High Throughput {VHT) beamforming report) from a prior sounding. Responder
3715 may capture a first time T2 2 728 at which BRP frame 738 is received by
Responder 2 715 and a sccond time T3 2 734 at which CBF frame 740 s sent by
Responder 2 713, In some embodiments, CBF Trigger frame 740 may be sent by
Responder 2 715 afler a time mterval given by SIFS from the end of reception of CBF
Trigger frame 738 at Responder 2 715, Iy somie embodiments, CBF frame 740 may
iichade one of CFF of Responder 2 {CFL_2). In some ambodinments, hutiator 703 may

caphure the time T4 2 742 at which CBF frame 730 18 recetved.

{011 8) In soue sbodiments, Responsder 1 710 may further respond with FTM
No Ack frame 744 including times T2 1 726 and T3 1 736, FIM No Ack frame 744
may be augmented with an “FTM Ack™ bit, which is set to 1in Fig. 7A. The FTM Ack
bit may be used to indicate that the recetver of FTM frame 744 with FTM Ack = | may
respond with ag FTM Acknowledgoment (FTM Ack) frame such as FTM Ack frame
745, In some ensbodiments, upon receipt of FTM No Ack frame 744 with FIM Ack =1,
Responder 1 7H may respond with FTM Ack frame 745 including tmes T1 724 and
T4 1732 In some embodiments, RTT] =4 1 -TH (T3 1 -T2 1) where RTT1 &5
the RTT between Inttiater 705 and Besponder 1. Singe botl Inttiater 705 and Responder
1 710 have sufficient thuestany information, RTTT may be caleolated by Imtintor 603

andfor Responder 1 710,

[o0116] In some embodiments, Responder 27715 may firther respond with FTM
No Ack frame 746 including times T2 2 728 and T3_2 734, FTM No Ack frame 746
may be avgmented with an “FT0 Ack™ bit, which is set#o | in Fig. TA. The FTM Ack
hif may be used to indicate that the receiver of FTM frame 746 with FTM Ack = | nay
respond with an FTM Acknovledgement (FTM Ack) frame such as FTM Ack framg
747, In some embodiments, upon receipt of FTM No Ack frame 746 with FTM Ack =1,
Responder 2 718 may respond with FIM Ack frame 747 mchuding tioes T1 724 and
T4 2742 In some coobodiments, RTT2 = (T4 2-TH (T3 2 -T2 2}, where RTT2 18
the RTT for Responder 2 and may be calculated by Instintor 708 andfor Responder 2
715

et
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{66117} In some embodinents, a Beamforming Report Poll frame may be sent by
Imttiator 703 1o cach Responder & thereby facilitating resposnses by multiple responders
to NDPA frame 720 and NDP frame 725, In general, in an environment with &
responders, the RTT for the & responder, given by RTT k. may be caleulated as:
RIT &={T4 A-TH ~{T3_k -T2 &), where: T4_k s the tme of reception of CBF
frame from the % responder at Initiator 705; T2k is the time of reception of the
corresponding K™ BRP frame at the k™ responder; and T34 is the time at which the
CBF frame from the 1™ responder is transmitted. As outlined above, the CBF frame

from the £ responder miay include CFI of Responder & (CFL A,

{08118} Fig. 78 shows 8 format for an example Beamforming Repont Poll frame
i accordance with certain evobodiments presented herein. Inn some embodiments,
Beamforming Report Poll frame may inclade Frame Control field 732; Duration Ficld
754; RA {Recipient Address) ficld 736, which s set to the address of the intended
eecipiont] TA {Transmuitter Addross) ficld 756, which may be setto the address of the
STA transmitting the CBF Trigger; and Feaedback Segment Rotransmission Bitmap field

762, which mdicates the requested feedback segments of 8 Very High Throughpus

{VHT) or HEW.
{00119} Figs. 8A and 8B show an cxample Fing Timing Measwroment (FTM)

frame 800, which may include AcA, AoD, andfor other information in accordance with
certain embodiments presented horeln. In some cabodiments, FTM No Ack frame and
FTM Ack frames may take the form of FTM frame 300 with appropriake values of bits
or fiekds in FTM frame 800, Accordingly, FTM frame 800 may be used in conjunction
with the FTM, Ack, FTM No Ack, and FTM Ack message sequences / exchanges

desoribed herein.

{00120} As shown in Fig. 8A, FTM frame 300 may include fields Category 802,
Public Action ¥04, Dialog Token 806, Follow Up Dialog Token #08, Tine of Departure
{TOD) 810, Time of Arnival {TOA) 812, TOD Error 814, TOA Error 816, FTM frame
300 mav optionally include one or more off FTM Synchronization Information 818, LCT
Report 320 field, Location Givic Report field 822, and Fine Timing Measurcment
parameters field 824, which may be of vaniable length. The above fields are defined 1n

the WLAN MAC & PHY Specifications.
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{00121 Public Action 804 difforentiates various Public Action frwne formais,
provides a mechanism for specsfving vavious extended management acuons. A values of
32 indicaies an FTM Reguest, while a value of 33 indivates an FIM frame. Catogory
802 may specify a category of Public Action 804, For example, a Category value of 21
may indicate VHT. Dialog Token 806 may be a nonzero value chosen by a responding
STA to wdentify 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 mayv be setto O to

indivate the end of the FTM session.

[o0122} The second or follow-up FTM frame of the pair may vse the nonzero
value of Dialog Token 806 m the last ransmitied FTM frame i Follow Up Dhalog
Token 808 to indicate that: () the current (second) FTM / FTM Ack frame {(of the pair)
is @ follow ap FTM, and, (8) TOD R0, TOA 812, TOD Evvor 814, and TOA Ervor 818
No Ack frame of the pair. Follow Lip Dialog Token 808 may be set o O to indicate that:
{1) the curvent FTM FTM No Ack frame is pot a follow up; and (30 TOD 810, TOA
812, TOD Error 14, and TOA Error 818 ficlds are reserved. TOD and TOA Sclds may

be expressed in units of picoseconds.

[60123} In soine embodiments, TOD 810 may include a timestamp that
represents the time, with respect to g ime base, at which the start of the preamble of the
last transmitted FTM No Ack / FTM frame appeared at 2 transmit antenna connector of

a ranshutting STA.

a1 24} Insome embodiments, TOA 812 field may welude a tmestamp that
represents the e, with respeet to a G base, atwhich the start of the preamble of an
FTM Ack/ Ack Frame to the last transmitted FTM No Ack! FTM frame arived at the

recerve autenng conmector of a receiving STA.

{06125} In some embodivoents, FTM Synchroutation Infornation 818 s present

in the inttial FTM frame and in any retransiissions.

{80126} Fig. 8B shows the format of example AoA ficld &30, while Fig. 8C
shows the format of example AoD ficld 840 sccording to certain embodiments disclosed
herom. In some embodiments, AoA field 830 may melude Bloment 1D 832, Length 834,
and AoA mformation 848, Simdarly. 1w some embodiments, AoD field may include

e
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Element 1D 842, Length 844, AoD information 848, In some wplomentations, the Ao
Information may stove values for Theta AoA aud Phi_AoA, as desenbed below, 1 Fig
¥F to indicate angle of arrival information of a specitied frame. In some
mmplementations, the AoD field may store values for Theta_AoD and Plu_AoD o

ndicate angle of departure information of the specified frame,

[60127} In onc embodiment, the TOD ficld 810 may include 6 byies, the TOA
tield 812 may include 6 bytes, the AcA field {e.g. as a separate optional AcA field 834,
oras part of FTM Parameters 824) may include 5 bytes, and the AoD field 813 {eg asa
separate optional AcD ficld 844, or as part of FTM Parameters 824) may inclede §

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

{80128} In soine embodiments, Ao field 830 may include Acd miormation 838
for frames exchanged during a ranging operation, and the AoD field 840 may include
AoD information 848 for frames exchanged during the ranging operation. For example,
a responder may embed AoA wformation 838 into AoA field 838 (or another
nformation element) serving as an AcA field of FTM fiame 800, and may embed AoD
nformation 848 of the FTM frame mnto Aol ficld 840 (or another information element
serving as an Aob field of FTM frame 800}, The responder device may also embed
TOA information into the TOA ficld 812 of FIM frame 800, and may ewbed TOD
information of into the TOD field 810 of FTM frame 800, The responder STA may then
gse the FTM frame 800 as an FTM No Ack frame ranging oporations to transmit angle
mformation (e.g., Aol andior AcA) and time valaes to the imitiator device. I sone
enbodiments, in part, FTM No Ack frame may be compliant with existing
standards/formats for FTM frames, thereby facilitating use of the frames in
environments with a mix of legacy devices and devices that support the embedding,
transmission and reception, of AcA, AoD, and other information in FTM (FTM No

Ack) sndior FTM Ack frames.

{80129 In some omboduments, Element HJ ficld 342 may store an element ID
value ndicating that AoA field 830 includes AoA information for a specified frame,
while Length field &34 may store a value indicating o length (in bytes) of AcA field
R30. In some crabodiments, Element 1D ficld 842 may store an clament 1D valee
tndicating that Aold ficld 340 includes Aol information for a specified frame, wldle

Length ficld 844 wmay store a value indicating a fength (b bytes) of AoD field 840,
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{60130} Fig. 8D shows & portion 850 of an example Fine Timing Measurement
{FIM) S FTM No Ack frame 800 mdicating that 2 response nxay be sent as an FTM
Acknowiedgement (FTM Ack) frame. In some embodiments, a reserved bit in the FTM
{FTM No Ack frame 800 may be set to indicate 1o a responder that a response with an
FTM Ack frame 1s desired. In some embodiments, bit B3 870 of the Max TOA Error
Field 860 may be osed to mdicate to o responder that a response with an FTM Ack
frane v dosived. The reserved bit (e bit B1S 870 of the Max TOA Brror Ficld 860 in
an FTM No Ack frame 800, which is used to indicate {0 a responder that a response
with an FTM Ack frame is desired, is also reforred to as an acknowledgment response

bit herein,

{131} FIG. 8E 1s ay example 3-dimensional coordinate svstens SR8G for
representing the posttion of a STA osing aradivs ™™ and angles “theta™ and “phi” As
depicted 1 FIG. 84, phi may be an angle with respect o the horizontal (x-v} plang,
while theta may be an angle with respect to the vertienl {z) axis. Pie may range from 0°
to 360°, while theta may range from (7 to 180°. The radius 1 is the distance between the
origin and a point comrdinale (v, 8, and p} reprosenting the location of 3 wireless device
relative to the origin. In some implementations, the AcA ficld may store vatues for
Theta Aod and Phi_AoA to indicate angle of armival information of a specified frame,
In some implementations, the AoD field may store values for Theta_AoD and Plui_AoD

16 indicate angle of departwe infrmaiion of the specificd frame.

{00132 Thuss, disclosed cmbodiments include the use of FIM frame MK, which,
in some embodiments, may ake the form of a conventional FTM frame. In some
embodiments, FTM frame 800 may inclade Aod, AoD and other information. For
example, FTM Measwwement parameter 824, addstional optional AOA and/or AcD
fields, may comprise AoA, AoD, andfor other parameters. In some cmbodiments, FTM
Measurement Parnmeters 824 may be used fo carry formation pertaining to Aod,

AoD, andfor other parameters.

{08133 in some embodiments, sepatate optional Aod andfor AoD fields may be
provided m FTM frame 800. The AoA andfor AoD ficlds may carry AcA andfor AoD
information. FTM frame B00 may include other bits, fields oo to mdicate when FTM
frame 800 mcludes addidonal information. In some anbodiments, the AcA, AoD, FTM

Ack and other infornation may be incloded 1n a manner 3o that fegacy devices may
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continue to function normally. For example, in some embodiments, where the responder
device may be an access point STA, the responder device may ewmbed, o a beacon o
other frame, information indicating whether the responder deviee is capable of inchuding
AoA andfor AoD imformation in one or more frames exchanged between the mitiator
device and the yesponder device. In some aspecets, this information may be embedded
within an information clement (1E} or a vendor-specific information clement {VSIE) of

the beacon frame or other frame,

{06134} Further, in some entbodiments, FTM frame 860 may Glternatively or
additionallyv) take the form of an FTM No Ack or FTM Ack frame, For example, as
shown in Fig. 8C, a reserved bit or acknowledgment response bit in the FTM No Ack
frame 800 may be set to indicate to a responder that a response with an FTM Ack frame

15 desived,

{00135 In somne embodiments, the first 12 bits of the AoA informanon figld 838
may be used to indicate 3 value for Theta_AvA, and the scoomd 12 bits of the AoA
information ficld mayv be used to mdicate a value for Phi_AcA. Similarly, the fivst 12
bits of the AeD miormation ficld 848 may be used 1o indicate a value for Theta_AoD,
and the second 12 bits of the Aol information ficld 848 may be used to mdicate g valug
for Phi_AoD. In embodiments, where 12-bit values are used, the 12-nt values for
Theta AcA and Theta_AoD may provide a resolution of approximately 1.044% (1867

divided by (212 - 1}}, while the 12-bit values for Pln_AoA and Phi_AoD may provide a

a1 36} FTM frames formatied according to carrent FTM protocols {e.g., a3
dofined by the IEEE BO2 VTREV s standards) inehude a 6-byte TOD Scld B and a6~
byte TOA field 812 to store TOD and TOA infornubion, respectively — e.g. 1o embed
tmestamp values § vop a0d tx yoa, Where G yop is the thme of departure of a first frame,
and t2 yoa is the time of armval of a corresponding response frame, where the first frame
and corresponding response frame are used o measure RTT, In some embodiments,
because RTT may be determined using a single e difference value (& yoa—ti oo
rather than two individeal thimestamp vahes (e.g., one of the TOD 810 or TOA 812
ficlds may be repurposed to store AcA and AoD indormation, thereby eliminating the
need for an FI'M frune to include a separate ficld that storgs AcA and AoD infornation
{and thus reducing the size of the FTM frame). For example, as indicated above RTT
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may be determined 28 (& voat top) Where by v 35 the e of departare of a first
frame, and & voa s the time of svival of 2 comesponding vesponsefacknowledgment
frame, where the first frame god corresponding response frame are used for ranging,

mncluding measuring RTT.

{06137} Fig. 9A shows o example symmetric message How between mn initiator
{e.g. AP 240) and g responder {¢.g. UE 100). For example, a first bit in Reserved
subfield 432 (Fig. 4B} m NDPA frame 912 may be used by Inttiator 905 1o indicate to
Responder 9140 that immediately subsequent NDP frame 91818 10 be used for vanging.
Further, 3 second bit in Reserved subficld 432 (Fig. 4B) m NDPA frame 912 may be
used by lnrtiator Y03 to indicate to Responder 910 that Imitiator 905 can shave ranging

information.

{00138} As shown i Fig. 9A, NDPA frafme 912 may be sent by Inittator 9035,
NDPA frame 912 may be followed by transmission of NDP frame 918 at tivoe T1 920
after a imie interval given by SIFS 914 measured from the end of transission of
NDPA frame 912, Inthator 905 may record the time of transnussion of NDP frame 912
at e T1 920. Responder 910 may record the time of reception of NDP frame 912 at

e T2 916,

{66139} Further, as shown in Fig. 94, NDPA frame 922 (e.g. with broadeast bit
it Reserved subfield 432 set 1o 1) mav be sent by Responder #1060, For example, a first
bit in Reserved subficld 432 (Fig. 4B) in NDPA frame 922 may be used by Responder
S10 to indicate to Initiator 905 that inwmediately subscquent NDP frame 925 s to be
used for ranging, Further, a sccond bit in Reserved subfield 432 (Fig 4B m NDPA
frame 922 may be used by Responder 916 1o indicate to Inittator 9035 to that Responder

910 can share ranging information,

[O0140] NDPA frame 922 may be followed by transmission of NDP frame 925 at
time T3 924 after a time interval given by SIFS measured from the end of transmission
of NDPA frame 922, Responder may record the time of vansimission of NDP frame 925

at time T3 924, Indtiator 903 may rocord the time of reception of NDP frame 923 at tine

T4 936,
{O0141] Responder 9 H vony respond to NOP frame 918 with FIM frame 928,

which may nclade time T2 @16, time T3 924, and the CFL Initiator 908 may respond
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with an Acknowledgement {Ack) message 930, Fusther, butiator 904 may wspond o
NP frame 928 with FTM frame 932, which may mohade time T1 920, time T4 926,
amd the CFL Responder 910 sy respond with an Acknowledgement (Ack) message
934, In some embodiments, RTT, TDOA, andfor other calculations may be performed

by Imtiator Y05 andior Responder Y10 based on the recorded and received mformation.

[60142} n some embodiments, instead of sending of FTM frame 928 {as shown
in Fig 9A}, Responder 910 may send a FTM No Ack frsme with FTM Ack bitset o |
with time T2 916, time T3 824, and the CFL and Inttiator 905 may respond with an
FIM Ack frame {instead of Ack frame 930} including thme T1 928, time T4 926, and
the CFL Thus, Ack frames 930 and 934 may be obviated thereby speeding up the

exchange of information for RTT, TDOA, and/or other calcalations related to the FTM

SESsions.
{00143} Fig. 9B shows an example message flow between an mitiator {eg. AP

248) and a responder {o.g. UE 100}

{0 144] As shown in Fig. 98, NDPA frame 942 may be sent by Inttiator 945 at
tinte T1 941 NDPA frame 942 may be followed by transmission of frame 944 at time
T17 942 afier a time intevval given by SIFS 914 measored from the end of transmission
of NDIPA frame 942, Initiator 945 may record the time of transsussion T of NDPA
frame 942 and the e of transoussion T1 of frame 944 In some embodiments, frame
944 may be onc of ann NDP ax frane with time T1 947 or an NDP frame 944 or g
Responder 950 at time T2 943, while framme 944 may be recerved by Responder 950 at
e T2 949,

{00 1451 Responder 930 may rospond 1o frame 942 with FTM No Ack frame 948,
FTM No Ack frame 948 may have FTM Ack bitsetto 1. FTM No Ack frame 948 may
inclode time T2 943, time T27 949, CFL and time T3 948 information. Responder 950
may record the thime T3 946 of transmussion of FTM No Ack frame 948, In some
ernhodiments, FTM No Ack frame 948 may request AoD), AcA, Azinuith, or Range

fnfornation.

LR LY in some embodiments, an FTM request frame may be used, alternatvely,
to request AoD, Aod, Azimuth, or Range information. In embodiments where an FTM
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Request frame requesting AcD, AcA, Annuth, andfor Range information is sent
instead of a FTM No Ack frame, then, an Ack frame may be sent by Responder 958

{instead of an FTM ACK frame).

{00147} Imitiator 945 may record the thme T4 952 of arvival of FTM Ack frane
948, Initiator 945 may respond with FIM Ack frame 938, which inchudes an ACK. In
some embodiments, FTM ACK frame 956 may include one or more of oD, Aod,
Azimuth, and Range mformation. In some erebodiments, iformation included m FTM
ACK frame 956 may be based, m pavt, on information reguested in FTM frame 944,

Responder 950 may record the time T6 958 of amival of Ack message 956.

{00148] When Imtiator 945 and Responder 930 are synchronized the Tims of
Flight nay be cakeulated as: {a) the difference of thnes T2 943 and 11 941 (T2 -~ Ti);
V {,r‘,? }“;‘} & 7 e }“i,} o » o . ‘
of () ~— oo = When Initiator 943 and Responder 853 are not
. —— goyge BET T4V~ {F3-72"
svischromzed, the TOF may be caleulated as 70OF = = ! ‘j‘ 2
{00149} Fig, 9C shows an cxample svimetric message flow between an mmtiator

{e.g. AP 240) and a responder (e.g. UE 100} where an NDPA announces a symmetric

reguest.

{80150] As shown n Fig, 9C, NDPA frame 972 may be sent by Initiator 975
NRPA frame 972 may be followed by transmission of NDP frame 976 at time T1 974
after a fime wiceval given by SIFS 973 measured from the end of transaussion of
NDPA frame 972, For example, a first it s Reserved subfield 432 (Fig. 4B may be
used by Inttiator 975 1o indicate to Responder 980 that inunediately sabsequent NDP
franse 976 is to be used for ranging. Further, NDPA frame 972 may inclode a single
STA Info ficld 435 {indicating unicast) and the RA field 420 may be set to the address
of Respounder 980, Initiator may record the tine of transmission of NDP frame 972 at

tme T1. Responder 980 may record the time of reception of NDP frame 972 at time T2

878!
{8151} Farther, as shown in Fig. 8C, NDPA frame 934 ey be sent by

Responder 980, NDPA frame 984 may be followed by transouission of NDP frame 983

at time T3 982 after 3 time mterval given by SIFS measured from the end of
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ranspussion of NDPA frame 984, For example, a first bit in Reserved subfield 432
{Fig. 48} m NDPA frame 984 may be used by Responder 980 to indicate to Initiator
975 that immediately subseguent NDP frame 958 15 to be used for ranging. Farther, a
second bit in Reserved subficld 432 (Fig, 48) in NDPA frame 984 moay be used by
Responder 980 to mndicate to Intintor 975 to that Responder 980 can share ranging
information. Responder 980 may record the time of transmission of NDP frame 988 a
timse T3 982, Initiator 973 may record the me of reception of NDP frame 948 at time

T4 986,

{00152} Responder 986 may respond o NDP frame 976 with FTM frame 996,
which may include time T2 978, time T3 982, AoA, and AoD. Initiator 975 may
respond with Acknowledgement (Ack) message 992, Further, Inttiator 975 may respond
fo NDP frame P88 with FIM framoe 994, which may include fime T1 974, gow T4 986,
AoA, and AcD. Responder 980 maay respond with Ack message $96. In some
embodiments, RTT, TDOA, andfor other ealeulations may be performed by Initintor

978 and/or Responder 980 based on the recorded and received information.

joB133] In some embodiments, instead of sending of FTM frame 990 (as shown
i Fig 90), Responsder 980 may send a FTM No Ack frame with FTM Ack bit setto 1
with time T2 978, thae T3 982, AoA, and Ao, and Initigtor 973 may respond with an
FTM Ack frame (Instead of Ack message 992) including time T1 974, time T4 986,
Acd, and AoD. Thas, Ack messages 997 and 996 may be obviated therehy speeding up
the exchange of information for RTT, TROA, andfor other calculatons related to the

FTM sessions,

{8154} Fig 10 shows & mullicast non-gyimmetric messags: Sow 1D with
mudtiple FTM initiators where the FTM Responder does not shave information. For
example, 8 first bit in Reserved subfield 432 (Fig. 4B} in NDPA frame HI20 may be
used by FTM Responder 1015 to mdicate to FTM Inttiators that the inunediately
subsequent frame 1040 is to be used for ranging. Further, 3 sccond bit in Reserved
subfield 432 (Fig. 48) i NDPA frame 1020 may be used by FTM Responder 1015 o
indicate to FTM Initiators to that FTM Responder 1015 dogs not share ranging
information. As shown in Fig. 10, NDPA frame 1020 may be sent by FTM Responder 1

1018 at tiwe T1 1925 FTM Responder 1 1S may vecord the tme of transnussion of
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NDPA frame at time T1 1025, NDPA frame 120 may be recetved by FTM butiator

10160 at thme T2 1030, Time T2 1030 may be recorded by FTM Initiatoy 1014,

{001 55} NDPA frame 20 may be followed by transmission (by FTM
Responder 1 HILS) of frame 140 at ime T 1038 after o thwe interval given by SIFS
measured from the end of transouission of NDPA frame 1020, Frame 1040 may take the
torm of an NDP_az frame with time T 1 1035, an NDP frame, or a Beam Refinement
Protocol (BRP) frame. Frame 1040 may be recarved by FTM Initiator 1 1010 8 time
T2 1 HMS. Tane 21 1045 may be recorded by FTM Instiator § 1016

{80156} After a SIFS interval following the end of reception of frame 1040, w
time T3 1 1055, FTM loitiator § 1010 may transmit CBF 1068 with the CFLof

Responder 1 CFI_1, tme T2 1 145 and ume T3 _1 1055, CBF 1060 may be received
by FTM Responder | 1015 attime T4_1 1065,

{00157 After a SIFS time interval. FTM Responder 1 1015 may transmit
Beamforming Report Poll (BSSID &) frame 190 with the BSSID of FTM Inttiator &
105, where A > 2 15 some integer. FTM hnitiator & 1003 may receive Boamforming
Report Poll (BSSID &) frame 1090 at ttme T2_k 1050, After a SIFS interval following
the end of reception of frarne 1090, at time T3k 1085, FTM Initiator £ 1005 may
transonit CBF 1073 wath CFL &, ume T2 4 1050, and time 3_4 1075, CBF 1070 may be
reveived by FTM Responder 1 attiine T4 & 1080, In some crnbodinionts, as showi i

the message oxchange o Fig 10, time T4k 1080 may a0t be sentio FTM Inttiator &

{6188} Fig. 11 shows a multicast synuocteie message fow 1100 with multiple
antiators where the FTM Responder shares information. As shown m Fig 11, NDPA
frame 1120 may be seat by FTM Responder T 1115 attime T1 1125 FTM Responder 1
may record the time of transmission of NDPA frame at time T1 1125 NDPA frame
1120 may be recetved by FTM Inittator 1 1110 at time T2 1130 Tune T2 1130 may be

recorded by FTM Initiator 1110,

{60159} NDPA frame 1120 may be followed by transnussion (hy FTM
Responder 1 1118} of frame 1140 at time T1_1 1135 after a thme interval given by SIFS
measored from the end of transmission of NDPA frame 1120, Frame 11480 nay take the

form of an NP _az frame with time TE_ 1 VI35, an NDP frame, ov a BRP frame. Frame

Tk
e
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1140 may be recoived by FTM dnitiator § 1110 at tme T2_1 1148, Time 2_1 1145 may

be vecorded by FTM latiator 1 11

{1 68} After g SIFS interval foHowing the end of reception of frame 1140, o
tine T3 1 1155, FTM Initiator 1 1110 may travsmit CBF 1I60with CFL_ L me T2
1143, and time T3_1 1155, CBF 1160 may be recetved by FTM Responder 1 1118 at
time T4 1 1165

{80161} After a SIFS time interval, FTM Responder 1 1S may transmit
Beamforming Report Poll (BSSID &, T4 (&) frame 1190 with the BSSID of FTM
Inthator & 1103, where &2 2 18 some indeger, and 144 For example, after a SIFS time
inteeval, FTM Responder 1 118 may transmit Bearmnforming Report Poll (BSSID &2,
T4 1) frame 1190 with the BSSID of FT™ Initlator k=2 and T4 _1

{60162} FTM Initiator & 1105 may receive Beamforming Report Poll (BSSID £,
T4 (k7)) frame 1190 at e T2_& 1150, After a SIFS interval following the end of
reception of frame 1190, at time T3_k 1185, FTM huuator & 1103 may transmit CBF
175 with CFL &, thme T2 & 1150, and time T3_& 1175, CBF 1170 may be received by

FI'™M Responder | atnime T4 & 1180,

{00163} After a SIFS time interval following the ond of reception of UBF 1175,
FTM Responder 1 1115 may transout frame 1195, Frame 1195 may take the form of an
FTM ACK frame with time T4 _& 1180 or a Beamforming Report Poll (NULL, T4 &)

frame with me T4_& 1180

{80104} Round trip thne for the A% FTM Ininator (RTT_&) may be computed as
(T4 k~Ti 13~(T3 &-T2 & by both FTM Responder § 1115 and FTM Initiator &
1103,

{B0155] Fig 12 shows a mulicast syqunetrie oessage fow 1200 with multiple

imtiptors with the ranging bit set. As shown i Fig. 12, NDPA frame may be sent by
FTM Reaponder 1 1215 attime T1 1225 FTM Responder 1 may record the time of
transinission of NDPA frame at time T1 1225 NDPA frame 1220 may be received by
FTM Tutiator 1 1210 at time T2 12300 Tame T2 1230 nay be recorded by FTM Inttiator

1216,
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{80166} NDPA frame 12260 nway be followed by ransoussion (by FTM
Responder 1 1215) of frame 1240 at time T1_1 12335 after a tme miterval given by SIFES
measured from the end of transmission of NDPA frame 1220, Frame 1240 may take the
form of an NDP_az frame with time T 1 1235, an NDP frame, or 3 BRP frame, Frame
1240 may be received by FTM Intiator § 1210 attme T2 1 1245 Time 2 1 1245 may
be recorded by FTM Initiator 1 1210

{60167} After a SIFS mierval following the end of reception of frame 1240, at
e T3 1 1255, FTM hubator T 1210 may vansont UBF 1260 with CFL_ L time T2 1
1245, and ame T3 1 1235 CBF 1260 mayv be recerved by FIM Regponder | 1215 &t

timme T4 1 12365

{00168] After a SIFS time interval, FTM Responder 1 1215 mayv transmit
Beanfornung Report Poll (BSSID of Imittator &, T4 _{k-1)) frame 1290 with the BSSID
of FTM Initiator & 1208, where £ 2 15 some nteger and with tme T4 _(4-1) 1265, For
example, after a SIFS tume inferval, FTM Responder 1 1218 may transmit Beamforming
Report Poll (BSSID £ =2, T4 1) frame 1190 with the BSSID of FTM Inmiator k =2 and
T4 1.

{00169} FTM Inttiator & 1205 way receive Beamforming Report Poll (BSSID of
Inttiator & T4_(k-1)) frame 1290 at time T2_4 1230 After a SIFS fterval following the
end of reception of fraroe 1290, attwne T3 & 1285, FTM Inittatow & 1203 may transout

CBF 1275 with CFL_E, time T2k 1250, and time 3_& 1275, CBF 1270 may be recetved

{60170} After a SIFS time interval following the end of reception of CBF 1275,
FTM Responder 1 1215 may transmit frame 1295, Frame 1295 may take the form of an
FTM ACK frame. In some smbodiments, FTM ACK frame 1295 may be simidar in

format to an FTM frame, but may be broadeast to FTM Initiators and beard by FTM

Initiators,
{60171} At a time after Td_k, FTM Responder 1 1215 may travsmit FTM ACK

frame 1295 with T _LLT4 1. T T4 A QoA 1. AcA L AeD 1. . AoD &,
Range 1... Range £ LCL 1. LCl fand Azinmggh 1. .. Aziomgh £ . In some
enodiments, FIM Ack frame 1295 may be a broadeast forne that eontains AQD,
AOA for cach FTM Tniniator. AoA_J refers to the Angle of Arrival of CBF frame from
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FIM Initiatorj. Aol jrefers to the Angle of Deparnture of CBF frame from FTM
Imttiator /. Ramge f, LCL 7 and Azionuth /| are the range, location context idemtifier and
azimath for FTM iInitiator j, respectively, where | <7 < & In some embodiments, FTM
Ack frame 1295 may not transmitied be within a SIFS time interval of reception of CBF
with CFI_% and other information related o FTM Inittiator £ In some ambodiments,
FTM Ack frame 1293 may include veotor sofries which contain information relovant to

the various FTM mitiators.

{66172} Round trp time for the EYFTM Tdtiator (RT T_&) may be computed as
{T4 ATt (T3 4-T2 &) by both FTM Responder 1 1215 and FTM Initiator &
1203,

{80173 Fig. 13 shows a multicast synunctric message fow 1300 with multiple

imtiators with the ranging bit {e.g. in Reserved subficld 432 in Fig. 4B) not set. As
shown in Frg. 13, NDPA frame 1320 may be sent by FTM Responder 1 1315 at time T
1325 FTM Responder ¥ 1315 may vecord the time of transmission of NDPA frame at
time T1 1325, NDPA frame 1320 may be received by FTM Initiator 1 1310 at time T2

1330, Tame T2 1330 may be recorded by FTM Inmator 13100

{86174} NDPA frarae 1320 may be followed by transoussion {by FTM
Responder 1 1315) of frame 1340 at time T1_1 1333 after g time interval gven by SIFS
measured from the end of trongmission of NDPA frigog 1320, Frame 1340 may take the

form of an NDP_az frame with time T1 1 1335, an NDP frame, or a BRE fame, Frame

be recorded by FTM Ingtiator 1 1310

{00175 After a SIFS mierval following the end of recoption of frame 1340, at
time T3 1 1385, FTM Dutator 1 I3 10 may transoit UBF 1360 with CFL { e T2 1
1345, and tme T3 _1 1355, UBY 1360 may be received by FTM Responder | 1315 at

time T4_1 1365,

{80176} After a SIFS time interval, at time T1_k 1370, FTM Responder | 1315

may transmit Beamformimg Report Polt (BSSID of Instiator & T4 _ (-1 11390 with the
BSSID of FTM Initiator & {305, where £ 2 2 15 some integer and with time T4 _§ 1365,
FIM tutiator & 1305 may receive Beamforming Report Poll (BSSID of Initiator K,

T4 (-1} frame 1390 at ime T2_L 1350, After a SIFS mterval following the end of
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oy

reception of frame 1390, at tiroe T3 1385, FTM Imitiator & 1305 may transout UBF
1378 with CFLA time T2 & 1330, and time 3 X 1375 CBF 1370 may be received by

FTM Responder 1 at tume T4_4 1380,

{00177} In some embodiments, after tme T4 K 1380, FTM Initiator 1 1310 may
transmit FITM Reguest for feedback information 1391 and FTM Responder 1 1315 may
respond with FTM frame 1392 with information, including time T1 1 1335, tnee T4 1
1365, AoA_1, AoD 1, Range 1, LCL 1, Azmmuth_1, for FTM lasnator 1 1310 FTM

Instiator § may respond with Ack frame 1393

{H8178] Similarly, apy FTM Initiator & destring feedback information may
transmit FTM Request for feedback information 1395 and FTM Responder 1 1315 may
respond with FIM frame 1394 with mformation, including time T1_k 1370, ime T4 k

1380, Aod_k, AoD k, Range k, LCE &, Azimuth_k, for FTM huniator k 1305 FTM

Initiator k may respond with Ack frame 1396,

{179} The rosnd trip time for the k™ FTM initiator, (RTT_k) may be conputed
as (T4 k-T1 13- (T3 k-T2 k) by both FTM Responder 1 1315 and FTM Intiator k
1304,

{00184 in Fig. 13, feedback is in the form of univast FTM sessions for cach FTM

Initiator, which factlitates FTM initiator conirol over reception of feedback informanon.

For example, FTM Initlators may control whether they receive feedback information,

[60181} Fig. 14A shows a multicast syounetrie Orthogonal Frequency Division
Multiple Access (OFDMA) message flow 1400 with nuultiple initiators where
information for gl ntiators §s received withiin 3 SIFS interval. In Fig, 144, the
Responder does not share information. o Fig, 14, OFDMA s used and
synchromization between initintors and responders may be facilitated by exchanges of
information amdior frames between nitiators and responders. In contrast, some schemes,
which respond to a multi-user NDP frame from an AP asing time multiplexed responses
by responders, may fail to maintain adequate syonclwonization beeasuse of a lack of

transnissions by the AP
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{00182} As shown in Fig. 144 NDPA frame 1420 {e.g. with broadeast it
Reserved subfield 432 set to 1) may be seot by Responder | 1413, NDPA frame 1420

may be received by Initiator 1 1410 through Initiators k 1403

{00183 NDPA frame 1320 may be followed by transmission (by Responder 1
1415} of NEP frame 1440 af tine T1 1423 after a time interval given by SIFS measured

by Initiators kat tumes given by T2 1, T2 2, ... T2k respectively.

{00184] After a SIFS interval from the end of mansnussion of NDP frame 1440,
Trigger frame 1460 may be transnitted by Responder 1 B415 attime T1t 1465 and

recoived by Initiators & at s given by 128 1 1445, T2¢ 2, 00 T2 k 1430,

raspectively.

{00185} After a SIFS interval from the ead of reception of trigger frame 1460,
CBF frames CBFCFIL) 1490, CBR{CFI2Y, ..  CBRCFL_£) 1475 may be transnntted at

times 3_1 14585, 32, . .13 _k 1483, The UBF frames are recetved by Responder |
1415 attimes T 1 1480, T4 2, ... T4 k 1470, In some embodiments, the CBF frames
may be mubtiplexed using OFDMA ov uplink multi-user MIMO (UL MU-MIMO;.

{00186] Round trip time for the &™ initiator RTT & may be computed as:
{T4 k- Ty~ (T3_k~T2 k) bv Responder 1 1415,

{60187} Fig. 148 shows a multicast symmetric Orthogonal Frequency Division
Multiple Access (OFDMA) message flow 1487 with multiple initiators where

information for all initiators s received within a SIFS wterval, Fig. 14B shows some
additional message exchanges relative o the moessage fow depicted in Fig 144,
Message Hows and cloments i commot with Fig, 14A have been identified with the

same reference numerals that were used in Fig. 144,

{06188} In Fig. 14B, the Responder shares information {¢.g. a bit in Reserved
subficld 432 in Fig. 4B may be set). In Fig. 14B, OFDMA 1s used and synchromization
between hidtiators and responders may be facilitated by exchanges of mformation andfor
frames between initiators and respondoers, In condrast, some schemes, which respond to

a multi-user NDP frame from an AP using time multiplexed responses by responders,
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may ful to maintain adequate synchronization because of 8 lack of transnussions by the

AR,
{11189} As showiin Fig. 148, NDPA frame 1420 (e.g. with broadeast bitin

Reserved subficld 432 set to Ty may be sent by Responder T 1415, NDPA frame 1420

may be received by Initiator 1 1410 theough Inttiators £ 1405

{66194} NDPA frame 1320 may be followed by transnussion (by Responder }
1415) of NDP frame 1440 at time T1 1423 after a time interval given by SIFS measwred
from the cnd of transmission of NDPA frame 1420 NDP Frame 1440 may be received

by Instiators & at times given by T2 1,12 2, 0. T2 k. respectively.

{80191} After a SIFS interval from the end of transmission of NDP frame 1440,
Trigeer frame 1460 may be transmitied by Responder T 1418 attime T 1465 and
received by Initiators & at times given by T20 11445, T2t 2, T2 k 1450,

respeetively.

{60192} After a SIFS mterval from the ond of reception of trigger frame 1460,
CBF frames CBFCFID) 1490, CBF(CF12), . . CBF{CFL_ &) 1475 may be transmitted at

times 13 1 1455,43 2, ... 83 k 1485 The CBF frames ave received by Responder 1

1415 attimes T4 1 1480, T4 2, ... T4 k 1470 In some cmbodiments, the CBF frames

{00193 Responder 1 1415 transmits FTM No Ack frame 1491 with time Tt
1465, T4 1 1480, AcA, AoD, Azimuth to Tnttiator | 1410 with FTM Ack bit set.
Inttiator 1415 responds with FTM Ack frame 1493 with time T2¢,_1 1445 and time

T3 11455,

{1 194] Simifarly, Responder 1 1418 nay transmits FTM No Ack frame 1408
with fime THO 465, T4k W70, Acd, AcD, Azimutlvte Initiator k 1305 with FTM Ack
bit set. butiator k 1405 responds with FTM Ack frame 1496 with time T3t _k 1450 and
gme T3 k 1485 Round trip time for the £ nitiator RTT k may be computed as:

(T4 k- Tt - (T3_k - T2_k) by both Initiators and Responders.

{195] in some embodiments, the message flows shown in Figs, 84, 5B, SE, 6,

7A, 94, 9B, and 9C, and 10-15 may be used based on capability imformation received
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frome @ conumucating deviee indicating support for one or more protocols in the

figures.
LR Fig. 15 shows an example flowchart iHostrating 2 method 1300 for

message flow between an initlator {e.g. a first STAY and responder {one or nore second

R

STASUES 1 accordance with certain embodimenis presented herein,

{68197} In some embodiments, method 1300 may comprise, in block 1510
fransmitting, af a first time, g frst NDPA frame {0 one or more second stations (8TAsj),
the first NDPA frame comprising a first bit indicating that one or mors subscguent
framos comprise ranging or angular information. In some embodiments, transouitting the
first NDPA frame may compries wiicasting the first NDPA fame 1o g corresponding
STA in the one o more second STAs. In some embodiments, transmitting the first
NDPA frame may comprise broadeasting the first NDPA frame to the one or more

second STAs.

{1198} In block 1320, ransinitting, after a Shot Interval Frame Space {(8IFS)
time interval from the first time, a second frame, whersin the scoond frame is ons ol {a)
a Null Data Packet az (NDP_az) frame with information abowt a thoe of transmission of
the NDP_az frame, or (b} a Null Data Packet (NDP) frame, or (¢} a Beam Refinement
Protocol (BRP) frame.

HEHRU In some embodiments, where the Sest NDPA frame 13 wacast, method
1500 may Ruther comprise: receiving, at the first STA, i responss to the sevond frame,
s Fine Thming Measurgment (FTM) fraune from the corvesponding STA. The FIM
frame may inchude at least one oft a first tinung information for Round Trp Time
{RTT} calculations by the first STA, the first timing Information conywising ong or
more oft a time of arvival of the second frame at the corresponding STA, or a time of
transimission of the first FTM frume, or an Angle of Arrtval {AoA) of the second frune;
or an Angle of Departure (Aold) of the second frame; or a Location Context Identifier
{LCI} for the comresponding STA; or a Channel Feedback Information (UFT) field with
tformation pertaining fo 8 conumunication chane! botween the first 8TA and the
Response (CFR) information, or Channel Tpulse Response {CIR) information, or a

subset of the CIR information with arrival information of the second franie, or Power
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Delay Profile (PRP)Y mformanon, or First Ammival Corection (FAC) information for the
acknowledgment response (or FTM Ack) bit, the acknowledgment response (FTM Ack)
bt indicating that a response to the first FTM frame may be sent i the form of an FTM
Acknowledgment (FTM Ack) frame. The method may further compnise: transnutting,
based, in part, on the vahue of the acknowledgment response bit ¢or FTM Ack bit, an
FTM Ack frame to the corresponding STA, the FTM Ack frame may include one or
more of” a second timing mformation, the second timing nfonmation comprising one o
more of g time of arrival of the FTM frame at the first STA, or g time of ransmission
of the FI'M Ack frame by the first STAL or AcA informativn of the FITM frame; or AoD
wformation of the FIM frame: or azimuth information pertaining to the corresponding

STA, or range wirmation pertaining to the corresponding STA

{60200} In some embodiments, where the first NDPA frame is unicast, method
1500 may further comprise: receiving, at the first STA, v response 1o the second frame,
a Compressed Beamforming (CBF) frame, the CBF frame conywising one or more oft 3
Channel Feedback Information {CF field with information portaining to
compmuncation channel between the first STA and the corresponding STA, or timing
information for Round Trip Time (RTT) caloulations by the first STA, the timing
information comprising one or more of: a fime of arvival of the second frame at the
gorresponding STA, or & finee of tansnuission of the UBFE frame by the convesponding

STA.

[a0201} In some embodiments, where the first NDPA frame is broadeast, method
1500 may further comprise: receiving, at the first STA, in response to the second frame,
a fiest Compressed Beamforming (CBF} frame from a first corresponding STA in the
one or more sccond STAs, where the ficst UBF frame may conywise: a first
corresponding Channel Feedback Information {CF) ficld with miormation pertaining o
communication channel between the first STA and the first corresponding STA in the
one or more second STAs, a time of reception of the second frame at the first
corresponding STA, and 8 time of transmission of the first CBF frame to the Hst STAL
The moethod may fether conprise: fransmitting one or more Beamforming Report Poll

{(BRP) frames, whercin cach BRP frame comprises a corresponding Basic Service Set
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Identificr {BSS 1) assoctated with & second comvesponding STA of the one or more

second STAs

{n202] In some emabodbments, the wethod may further comprise: receiving, in
rosponse to each of the one or more BRP franwes, one or more corresponding second
CBF frames, wherein each corresponding second CBF frame 1§ received from a second
corresponding STA of the one or more second STAs, wherem cach corresponding
second CBF frame may comprise: a sccond corresponding CFI ficld with information
pertmning to 3 copmumcation channel between the first STA and the second
corresponding STA, a timie of reception of a corresponding BRP frame at the second
corresponding STA, and a tme of transsussion of the corresponding second CBF frame
to the first STA.

{80203} In sowme embodiments, upon reception of a finad comesponding second
UBF frame recerved from 8 final second corresponding STA D response of the one or
mare BRP frames (e.g. the fast recetved BRP fraroe), the method may further comprise
transmitting an FTM Ackoowledgment (FTM Ack) frame with the time of reception of
the final corresponding second CBF frame; or an additional BRP frame with a mull BSS

1D and with the time of reception of the final corresponding second CBF frame.

{80204} In some embodiments, upon veception of 2 final coresponding sccond
CBF frame recetved from a final sccond corresponding STA in response of the one or
more BRP frames {0.g the last received BRP frame), the method may further comprise:
of transmission of the second frame, the time of reception of the first CBF frame and
fimes of reception of vach of the corresponding second CBF frames, or an Angle of
Arrival {A0A) corresponding to the first CBF franwe and Angles of Arvival of cach of
the corresponding second UBF frames, or an Angle of Departwre (Aol corresponding
to the first CBF frame and Angles of Departure of cach of the corresponding second
CBF frames, or a Range, or Location Context Identifier {LCT), or Azimuth for cach of

the ane or more second STAs,

{60205} In some embodiments, the method may further comprise: recaiving, from
a third STA in the one or wore second STAS, 4 Fine Timing Measurement (FTM)

request for information. For example, the FTM request for information may be received
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o

after ransnussionddbroadeast of the FTM Ack frame above (e g upon reception of the
farther comprise ransmitting an FTM frame to the third STA comprising one or more
of; a time of transmission of a corresponding BRP frame to the third STA, the time of
reception of a corresponding sccond CBF frame from the third STA, or an Angle of
Arrival (AoA) of the corresponding second CBF frame from the third STA, or an Angle
of Departure {AcD) of the corresponding second CBF frame from the thind STA, ara

Range, or Location Context Identificr (LCH, or Azimuth for the third STA.

{80206} The method disclosed above may be performed by STA 100 {e.g. APs
andior UEs) andfor embodied on computer-readable media and exceuted by a processor
on STA 100, Although the disclosure i hustrated in connection with specific
srobodiments for instructional purposes, cobodiments are ot lmited therete. Varipus
sdaptations and modifications may be made withomt departing from the scope.
Therefore, the spirit and scope of the appended claims should not be linted to the

foregoing description,
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What 18 clamed 1
1. A method on a first station (STA) comprising:
transmitting, at a first time, a first NDPA frame o one or more second stations
{STAs), the first NDPA frame comprising 1 fivst bit indicating that one ot mare
subsequent frames comprise ranging or angular information; and
transmitting, after a Short Interval Frame Space (SIFS) tine interval from the
first time, a second frame, wherein the second franse 15 one of!
a Null Data Packet ax (NDP_a2) frame with information abowt a time of
transmuission of the NDP_az frame, or
a Nuall Data Packet (NDP) frame, or
a Bean Refimement Protocol (BRP) frame.,
2. The method of Claum 1, wheresn:
transmitting the first NDPA frame comprises unicasting the first NDPA frame fo
a corresponding STA of the one or more second STAs; and
transmitting the second frame comprises unicasting the second frame to the

corresponding STA of the one or move sceond STAs,

3. The method of Claim 2, further comprising

recetving, at the first STA, in response to the second frame, a Fine Tiniung
Measurement (FTM) frame from the corresponding STA with at least one oft

a first tionng information for Round Trip Time (RTT calculations by the first
STA, the first timing information conyising one or more of a time of amival of the
second frame at the comesponding 8TA, or a time of transmission of the FTM frame, or

an Angle of Amival {AoA) of the second frame; or

an Angle of Departire (AoD) of the sccond frame; or

a Location Context Tdentifier {LCT) for the corresponding STA, or

a Channel Feedback Information (CF1) field with mformation pertabung to a
communication channel between the first STA and the comresponding STA, whercin the
CFI ficld comprises one oft Channel Frequency Response (CFR) indornmation, or
Chamnel Impulse Response (CIR) information, or a subset of the CIR mformation with
strival information of the second frame, or Power Delav Frofile (PDF) information, o
First Arrival Cogregtion (FAC) information for the sevond frame.
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4. The method of Claim 3, wherein the FTM frame comprises an acknowdedgment
response ity the acknowledgment response bit to indicate whether a response to the
and the method further comprises:

transmitting, based, in part, on a vatue of the acknowledgment response bit, an
FTM Ack frame to the corresponding STA, the FIM Ack frame comprising one or
more of
a second timing imformation, the second tining information comprising
ohe ornore of: a thoe of arcival of the FTM frame at the fiest STA, or a tme of
transmission of the FTM Ack frame by the first STA, or
AoX information of the FTM franme or
AoD information of the FTM frame; or
azimuth information pertaining to the corresponding STA, or

range mformation pertaining to the corresponding STA.

5. The method of Claim 2, finther comprising:
veceiving, at the first STA, in rosponse to the sccond frame, a Compressed
Beamforming (CBF) frame, the UBF framwe comprising one or morg of)
a Channel Feedback Information (UF1) ficld with information pertaining to
communication channel between the first STA and the corresponding STA, or
timung information for Round Trip Time (RTT) calculations by the fust
STA, the timing information comprising one or more oft a time of arrival of the
second frame at the comesponding STA, or a time of fransmission of the CBF

frame by the corresponding STAL

&, The method of Claim |, wherehy
transvtting the first NDPA frame comprises broadeasting the first NDPA fiame
i the one or more seeond 5TAs; and
transmitting the second fraone comprises broadeasting the second frame to the

one or move second STAs.
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The method of Claim 6, further comprising:

receiving, al the first STA, o response 1o the second frame, a first Conpressed
Beandornung (CBF) frame from a first corresponding STA in the ong or more second
STAs, the first CBF frame comprising:

a first corvesponding Chamnnel Feedback Information (CFI) ficld with
information pertaining to conmnunication chamuel between the fust STA and the
first comrosponding STA i the one or mowe socond STAs,

a time of reception of the second frame at the first corresponding STA, and

& time of transmission of the first CBF frame o the first STA,

8. The method of Clann 7, further comprising
transmitting one or more Bearnforming Report Poll (BRP) frames, wherein cach
BRP frame conywises a corrosponding Basic Service Set Identifice (BSS 1D} associated

with a second corresponding STA of the one or more sceond STAs,

9. Thoe mothod of Clam 8, further comprising:
receiving: tn response to gach of the ong or more BRP frames, ons oy more
corresponding second CBF frames, wheren cach corvesponding sccond CBF frame is
received from a second corresponding STA of the one or move second STAs, wherem
cach comresponding second CBF frame comprises:
a second corvesponding CFI field with information pertamming to a
communication channel between the first STA and the second corresponding
STA,
a time of reception of 3 corresponding BRP frame al the sccond
corresponding STA, and
a time of transpussion of the corresponding second CBF frame to the first
STA.

10, The method of Claim 9, further comprising:
transmitting, upon reception of a finad corvesponding sccond CBF frame
received in response to the one or more BRP frames from a final second corresponding
STA of the one or move second 5TAs, one of
an FTM Acknowledgment {FTM Ack} frame with the time of receplion
of the final corresponding second UBF franw; or

NIt
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an additional BRP fame with a null BSS ID and wih the ttme of

reception of the final correspondmg second CBF frame.

11, The method of Clatm 9, further comprising:
received i response to the one or more BRP frames from a final second
corresponding STA of the one or more second STAs, an FIM Acksowledgment
{FTM Ack) frame with one or more of’

a time of transomssion of the second frame,

the time of reception of the first CBF frame and thoges of reception of each of the
corresponding second CBF frames, or

an Angle of Arrtval {A0A) corresponding to the first CBF frame and Angles of
Arrival of each of the corresponding second UBF frames, or

an Angle of Departure {AoD) corresponding to the first CBF frame and Angles
of Departure of cach of the corresponding second CBF frames, or

a Range, or Location Context dentifier (LCT), or Azimuuth for sach of the one or

more second STAs.

12, The method of Clann 10, further comprising:
recelving, from o third STA i the one or more second STAg, a Fine Timing
Measurement {FTM) request for information; and
ransnutiing, in response 1o the FTM reguest, an FTM frame to the thurd STA
comprising one or more of:
a time of fransmission of 3 corresponding BRP frame fo the thivd STA,
the tme of reception of a corresponding second CBF frame fronithe
third STA, or
an Angle of Arrtval {A0A) of the corresponding sccond CBF frame from
the third STA, or
an Angle of Departure {AoDj of the corresponding second CBF frame
from the thivd STA, or
a Range, or Location Context Identifier (LCH, or Azimuth for the third
STA.
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13, A first station {STAj comprising
a menmoty, and
a processor coupled to the memory, wherein the processor is configured to;
transmit, at a first thine, a first NDPA frame to one or more second stations
{STAs), the first NDPA frame comprising a first bit indicating that one or maore
sabsequent frames comprise ranging or angular information; and
transmt, after a Short Intorval Frame Space (S1FS) time interval from the frst
sine, a second frame, wherein the second frame is one off
a Null Data Packet ax (NDP_a2) frame with information abowt a time of
transmuission of the NDP_az frame, or
a Nuall Data Packet (NDP) frame, or

a Bean Refimement Protocol (BRP) frame.,

14, The fust STA of Claim 13, wherem the processor is configured to:
corresponding STA of the one or miore second STAs  and
transmit the second frame by anicasting the sceond frame to the corresponding

STA of the one.or mewesecond STAs.

15, The firss STA of Claim 14, wherein the processor is further configured to:

receive, at the first STA, i response to the second frame, a Fine Timing
Measurement (FTM) frame from the comesponding STA with at least one oft

a first tionng information for Round Trip Time (RTT) calculations by the first
STA, the first timing information conyising one or more of a time of amival of the
scconnd frame at the corresponding STA | or a time of transmission of the FTM frame, or

an Angle of Amival {AoA) of the second frame; or

an Angle of Departire (AoD) of the sccond frame; or

a Location Context Tdentifier {LCT) for the corresponding STA, or

a Channel Feedback Information (CF1) field with mformation pertabung to a
communication channel between the first STA and the comresponding STA, whercin the
CF1 field comprises one of: Channel Frequency Response (CFR} mformation, or
Chamnel Impulse Response (CIR) information, or a subset of the CIR mformation with
strival information of the second frame, or Power Delav Frofile (PDF) information, o
First Arrivad Corection (FAC) information for the second frams.
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16, The first STA of Clam 15, wherein the FTM frame conmprises an
acknowledgment response bit, the acknowledgment response bit indicating whether a
response to the FTM frame may be sent in the form of gn FTM Acknowledgment {(FTM
Ack} frame, and the processor is further configured tor

transmit, based, in part, on a valoe of the acknowledgment response bit, an FTM
Ack frame to the corresponding STA, the FTM Ack frame comprising one or more of!

a second timing information, the second fiming information comprising
one or more of: a time of arrival of the FIM fame at the first STA, or a time of
transmission of the FIM Ack frapwe by the first 8TA, or

AndA information of the FTM frame or

Aol information of the FTM frame or

azimuth information pertaining fo the comresponding 8TA, or

range mivrmation pertainmg fo the corresponding STAL

7. The first STA of Cham 14, wherein the processor is further configered 1o
receive, ab the first STA, in respoase to the sccond frame, a Compressed
Beamforming (CBF) frame, the CBF frame comprising one of mave of!
a Channel Feedback Infornmtion (CF) field with infornmation pertaining {o
commanication chasnel between the first STA and the corresponding STA, or
timung information for Round Trip Time (RTT) calculations by the fust
STA, the tnung miformation comprising one or more of) a tme of arrival of the

second frame at the covresponding STA, or g time of transnssion of the CBF

frame by the corresponding STAL

18. The fivst ST& of Clabn 13, wherein the processor is configured to:

tramsnt the first NDPA frame by broadcasting the first NDPA frame to the one
or more second STAs; and

transniit the second frame by broadeasting the first NDPA frame to a

corresponding STA of the one or mors second STAs.

19, The first STA of Claim 18, wherein the processor 1s further configured to
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receive, at the first STA, i response to the second frame, a first Compressed

STAs, the first CBF frame comprising:

a tirst corresponding Channel Feedback Infornwtion (CFD) field with
information pertaining to communication channel between the first STA and the first
corresponding STA i the one or more sceond STAs,

a time of reception of the second frame at the first corresponding STA, and

a time of transmission of the first CBF frame fo the first STA.

2 The tirst STA of Clavn 19, wharein the processor is further configured tor
transmit one or more Beamforming Report Poll {(BRP) frames, wheretn vach
BRF frame comprises a corresponding Basic Service Set ldentifier (BSS 1D) associated

with a second corresponding STA of the one or more seccond STAs,

21, The first STA of Claim 20, wherein the processor is further configured to:

receive, in response to gach of the one or more BRP frames, a comresponding
second CBF frame, wherein cach corresponding second UBF frame 15 received from the
sgeond corresponding STA of the one or more second STAs, wherein gach
corresponding second CUBF frawe comprises:

a second corresponding UF] ficld pertaining fo conmmaunication channed between
the first STA and the second corresponding STA,

a ume of reception of a corresponding BRP frame at the second corvesponding
STA, and

a time of transmisston of the correapomdmg second CBF frame to the Sret STA.

22, The first ST& of Clabm 21, wherein the processor 18 further configured to
tramsnut, upon reception of a final corresponding second UBF frame received in
response to the one or more BRP frames from a final second corresponding STA of the
one o more second STAx, one of:
an FTM Acknowledgment (FTM Ack) frame with the time of reception
of the final cotresponding second CBF frame; or
an additional BRP frame with a nudl BSS 1D and with the time of
reception of the final corresponding second CBF frame.

g
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33, The first STA of Chnna 21, wherem the processor is further configured to)

broadeast, upon reception of a final corresponding second CBY frame recetved
in response the one or more BRP fames from a final second corresponding STA of
the one or more second STAs, an FTM Acknowledgment (FTM Ack) frame with
one or more of!

a time of tcansmission of the second Hame,

the time of reception of the first CBF frame and times of recoption of vach of the
corresponding sccond CBF frames, or

an Angle of Amval {Aod) correspouding to the first CBF frame and Angles of
Arrival of cach of the corresponding seeond CBY frames, or

an Angle of Departure (Ao} conesponding 1o the first CBF frame and Angles
of Departure of cach of the corvesponding second CBF frames, or

a Range, or Location Comext Identificr (LCD, or Azimath for cach of the one or

more second STAs.

24, The fivst STA of Claim 22, wherain the processor is forther configired to
receive, from athied STA i the ot or more second STAs, a Fine Thuing
Measurement (FTM} request for information; and
framamit, in response to the FTM request, an FTM frame to the third §TA
comprising one o more of;
a time of transnuission of a corrssponding BRP frame 1o the tdurd 8TA,
the time of reception of a comesponding sccond CBF frame from the
third STA, or
an Angle of Arrival (AoA} of the corrésponding second CBF frame from
the third STA o
an Angle of Departure (Aol of the corresponding second CBF frame
fromthe third STA, or

a Range, or Location Context Identifior (LTI, or Azinuuth for the third STAL

25 A fivst station (STA)Y comprising:
means for transnniting & first NDPA frame (o one or more second staions
KTAs), the first NDPA frame compnising a first bit indicating that one or more
3, P £ g

subsequent frames comprise ranging or angular informanon; and
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mesns for transmitiing, after a Shovrt Interval Frame Space {(SIES) time mterval,
& second Bame, wherein thescoond e is ongoft
a MNull Data Packet az (NDP_az) frame with information about a thue of
transmission of the NDP _az frame, or
a Null Data Packet (NDP) frame, or

a Beam Refinemont Protocol (BRPyframe.

26, The flrst STA of Claim 23, wherein

means for transmitting the first NDPA frame comprises means for unieasting the
first NDPA franw to 3 conesponding STA of the one-or yoore second STAs, aud

means for transmitting the second frame comprises means for nnicasting the
sceond frame to the corresponding STA of the one ov more second STAs; and

the first STA further comprises:

means for receiving, at the first STA, m response o the second frane, a Fine
Tinung Measurement (FTM) frame fron the corresponding STA with at least one of

a first inung information for Round Top Time (RTT) calculations by the fisst
STA, the first tinung nformation comprising one or more of a time of arival of the
sgeond frame at the corresponding STA, ot a time of transmission of the FTM frame, or

an Angle of Amival {AcA) of the second frawe; or

an Angle of Departure (AoD) of the sccond franw; or

a Location Context Tdentifier {LCT) for the corresponding STA, or

a Channel Feedback Information (CF1) ficld wath information pertaining 1o a

compmmication channe! between the firgt STA and the corresponding 5TA,

wherein the CFI fiekd comprises one of Channel Frequency Response (UFR)

information, or Channe! Impudse Response (CIR) information, or a subset of the

CIR information with arrival information of the second frame, or Power Delay

Profile (PDP) information, or First Arvival Correction (FAC) information for the

second frame.

27, The ficst STA of Clam 25, wherain
means for transmitting the first NDPA frame comprises means for broadcasting
the first NDPA frame to the one or more second STAs, and
means for transnutting the sceond franwe comprises means for broadeasting the
second frame to the one o more second STAs, and

3
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the first STA further comprises:
mcans for receiving, at the first STA, 1o response o the second frame, a first
Compressed Beamforming (CBF) frame from a first corvesponding STA in the one or
more second STAs, the first CBF frame comprising:
a first corvesponcing Channel Feedback Infonmation (CF1) ficld portaining
to commmonication channel botween the first STA and the fiest correspoading
STA in the one or more second STAs,
a time of reception of the second frame at the first corresponding STA, and

& time of transmission of the first CBF frame o the first STA,

28, A non-transitory computer-readable mediwn comprising code executable by a
PrOCESSOr {0
transnt a fist NDPA frame (o one or nwas scound stations (STAs), the fiest
NDPA frame comprising a first bit indicating that one of more subsequent frames
comprise ranging or angular information; and
transmmit, after a Short Interval Frame Space (SIFS) time interval, a sceond
frame, wherein the second frame 1s ong of;
a Null Dats Packet az (NDP_az) frame with information sbout a time of
transoussion of the NDP as frame, or
a Nyt Data Packet (NDP) frame, or

a Beam Refinement Protocol (BRP) frame.

29, The computer-readable medium of Claim 28, wherein the code executable by the

PYOCEsSor (0

tesmemit the first NDPA frame unicasts the fivst NDPA frame to g corvesponding
STA of the one or more second STAs, and

tramsnmt the second frame unicasts the second frame to the corresponding STA
of the one or more second STAs; and

the medmm further comprises code exceutable by the processor &

receive, at the first STA, in response to the second frame, a Fine Timing
Measurement {(FTM) frame from the corresponding STA with at least one of!

a first timing mformation for Round Trip Time (RTT) ealeulations by the fivst
STA, the first timing information comprising one or more of a time of awvival of the
secongd frame at the corresponding STA, or 3 time of transmission of the FTM frame, or
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an Angle of Amval {AoA) of the sceond frame; or
ant Angle of Departure (Aob)) of the second frame; or
a Location Context Mentifier {L.CE for the corresponding 5TA or

& Channel Feedback Information {CF) field with information pertaining to a
commnunication chamnel botween the first STA and the corresponding STA,
wherein the CF] ficld comprises one of! Chamnel Frequency Response (CFR)
miormation, or Channe! Impulse Response (CIRY information, or a subset of the
CIR information with arrival information of the second frame, or Power Delay
Profile (PRPY information, or First Agsival Correction (FAC) information for the

seomnd frame.

30. The computer-readable mediwm of Claim 28, wherain the code exccutable by the
PrOCESSOT !

transait the first NDPA frame broadeasts the first NDPA frame to the one o

miore second STAS, and

transmit the second frame broadeasts the second frame to the one or e

second STAs; and
the mediwm fether comprises code exccutable by the processor iy
vecetve, af the fivst ST, in response to the second frame, 3 first Compressed
Beamforming (CBF) frame from a first corresponding STA in the one or more second
STAs, the first OBF frame compnising one or more of!

a first corresponding Channel Feedback Information {CF1) field with
information pertaining to conunumication channel between the first STA and the
first corresponding STA in the one or more second STAs,

a time of reception of the second frame at the first corvesponding STA, and

a time of transimission of the frst CBF frame o the fiest STAL
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Antenna Packet Bandwidth Byte Size
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