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RANGING MEASUREMENTS IN WIRELESS COMMUNICATION SYSTEMS

Cross-References to Related Applications

[0001] This application claims the benefit of U.S. Provisional Patent App. No. 62/483,020,
entitled "Null Data Packet (NDP) Negotiation and Measurement Discussion,” filed on April 7,

2017, the disclosure of which is hereby expressly incorporated herein by reference in its entirety.

Field of the Disclosure

[0002] The present disclosure relates generally to wireless communication systems, and more

particularly to ranging measurements between wireless communication devices.

Background

[0003] Wireless communication systems, such as wireless local area networks (WLANSs), have
evolved rapidly over the past decade. For example, the development of WLAN standards such
as the Institute for Electrical and Electronics Engineers (IEEE) 802.11 Standard family has
improved peak data throughput. For example, the IEEE 802.11b Standard specifies a single-user
peak throughput of 11 megabits per second (Mbps), the IEEE 802.11a and 802.11g Standards
specify a single-user peak throughput of 54 Mbps, the IEEE 802.11n Standard specifies a single-
user peak throughput of 600 Mbps, and the IEEE 802.11ac Standard specifies a single-user peak
throughput in the gigabits per second (Gbps) range. The IEEE 802.11ax Standard, now under
development, promises to provide even greater throughput, such as throughputs in the tens of

Gbps range, in both single-user and multi-user deployments.

[0004] Some mobile communication devices include a WLAN network interface and satellite
positioning technology, such as global positioning system (GPS) technology. GPS technology in
mobile communication devices is useful for navigating to a desired location, for example.
However, GPS technology does not typically provide accurate location information when a GPS
receiver is not in direct sight of a GPS satellite, and thus GPS technology is often not useful for
providing location information while a mobile communication device is within a building (e.g.,
an airport, a shopping mall, etc.), within a tunnel, etc.

[0005] Techniques for determining a position of a communication device using WLAN

technology are now under development. For example, a distance between a first communication
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and a second communication device is determined by measuring a time of flight of WLAN
transmissions between the first communication device and the second communication device.
Similarly, distances between the first communication device and multiple third communication
devices are determined. Then, the determined distances are used to estimate a location of the
first communication device by employing, for example, a triangulation technique. For a first
communication device having multiple antennas, an angle of departure (AoD) of a WLAN
transmission can be determined. Similarly, for a second communication device having multiple
antennas, an angle of arrival (AoA) of the WLAN transmission from the first communication
device can be determined. The AoD and the AoA, along with the determined distances, can be

also be used for estimating the location of the first communication device.

Summary

[0006] In an embodiment, a method for performing ranging measurements in a wireless network
comprises receiving, at a first communication device during a service period (SP) for a ranging
measurement signal exchange between the first communication device and one or more second
communication devices, respective first null data packets (NDPs) from the one or more second
communication devices, the respective first NDPs omitting data portions; transmitting, from the
first communication device during the SP, respective second NDPs to the one or more second
communication devices, the respective second NDPs omitting data portions; and one or both of 1)
transmitting, from the first communication device during the SP, respective first ranging
measurement report packets to the one or more second communication devices, the respective
first ranging measurement feedback packet transmitted to a particular second communication
device including at least a) an indication corresponding to a time t2 at which the respective first
NDP was received from the particular second communication device and b) an indication
corresponding to a time t3 at which the respective second NDP was transmitted to the particular
second communication device to allow the particular second communication device to determine
a time-of-flight between the first communication device and the particular second
communication device, and ii) receiving, at the first communication device during the SP,
respective second ranging measurement report packets from the one or more second
communication devices, the respective second ranging measurement report packet from a

particular second communication device including at least a) an indication corresponding to a
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time t; at which the respective first NDP was transmitted by the particular second communication
device, and b) an indication corresponding to a time t4 at which the respective second NDP was
received by the particular second communication device to allow the first communication device
to determine a time-of-flight between the first communication device and the particular second

communication device.

[0007] In another embodiment, an apparatus comprises a network interface device associated
with a first communication device. The network interface device includes one or more
integrated circuits (ICs) configured to: receive, during a service period (SP) for a ranging
measurement signal exchange between the first communication device and one or more second
communication devices, respective first null data packets (NDPs) from respective one or more
second communication devices; transmit, during the SP, respective second NDPs to the
respective one or more second communication devices; and one or both of 1) transmit, during the
SP, respective first ranging measurement report packets to the one or more second
communication devices, the respective first ranging measurement feedback packet transmitted to
a particular second communication device including at least a) an indication corresponding to a
time t2 at which the respective first NDP was received from the particular second communication
device and b) an indication corresponding to a time t3 at which the respective second NDP was
transmitted to the particular second communication device to allow the particular second
communication device to determine a time-of-flight between the first communication device and
the particular second communication device, and ii) receive, during the SP, respective second
ranging measurement feedback packets from the one or more second communication devices, the
respective second ranging measurement feedback packet from a particular second
communication device including at least a) an indication corresponding to a time t; at which the
respective first NDP was transmitted by the particular second communication device, and b) an
indication corresponding to a time t4 at which the respective second NDP was received by the
particular second communication device to allow the first communication device to determine a
time-of-flight between the first communication device and the particular second communication

device.
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Brief Description of the Drawings

[0008] Fig. 1 is a block diagram of an example wireless local area network (WLAN), according

to an embodiment;

[0009] Fig. 2A is a diagram of an example multi-user (MU) ranging measurement exchange in

an MU ranging measurement procedure, according to an embodiment;

[0010] Fig. 2B is a timing diagram of the example MU ranging measurement exchange of Fig.

2A, according to an embodiment;

[0011] Fig. 3A is a diagram of an example single-user (SU) ranging measurement exchange in a

SU ranging measurement procedure, according to an embodiment;

[0012] Fig. 3B is a timing diagram of the example SU ranging measurement exchange of Fig.

3A, according to an embodiment;

[0013] Fig. 4A is a timing diagram of a ranging measurement procedure, according to an

embodiment;

[0014] Fig. 4B is a block diagram of a ranging measurement parameters element used to
negotiate parameters for the ranging measurement procedure of Fig. 4A, according to an

embodiment;

[0015] Fig. 4C is a diagram of an example polling phase frame exchange used with the ranging

measurement procedure of Fig. 4A, according to an embodiment;

[0016] Fig. 4D is a diagram of an example notification phase frame exchange used with the

ranging measurement procedure of Fig. 4A, according to an embodiment;

[0017] Fig. 5A is a diagram of an example trigger frame used in a ranging measurement

exchange, according to an embodiment;

[0018] Fig. 5B is a block diagram of a common information field included in the trigger frame of

Fig. 5A, according to an embodiment;

[0019] Fig. 5C is a block diagram of a user information field included in the trigger frame of Fig.

SA, according to an embodiment;



WO 2018/187725 PCT/US2018/026517

[0020] Fig. 6A is a diagram of an example non data packet announcement (NDPA) frame used

in a ranging measurement exchange, according to an embodiment;

[0021] Fig. 6B is a block diagram of a user information field included in the NDPA frame of

Fig. 6A, according to an embodiment;

[0022] Fig. of 7A is a diagram of an antenna information element included in a beacon frame

transmitted by the AP of Fig. 1, according to an embodiment;

[0023] Fig. of 7B is a diagram of an antenna information element included in a beacon frame

transmitted by the AP of Fig. 1, according to another embodiment; and

[0024] Fig. 8 is a flow diagram of an example method for ranging measurement in a wireless

network, according to an embodiment.

Detailed Description

[0025] Ranging measurement techniques described below are discussed in the context of
wireless local area networks (WLANS) that utilize protocols the same as or similar to protocols
defined by the 802.11 Standard from the Institute of Electrical and Electronics Engineers (IEEE)
merely for explanatory purposes. In other embodiments, however, ranging measurement
techniques are utilized in other types of wireless communication systems such as personal area
networks (PANs), mobile communication networks such as cellular networks, metropolitan area

networks (MANSs), satellite communication networks, etc.

[0026] Fig. 1 is a block diagram of an example WLAN 110, according to an embodiment. The
WLAN 110 includes an access point (AP) 114 that comprises a host processor 118 coupled to a
network interface device 122. The network interface 122 includes a medium access control
(MAC) processor 126 and a physical layer (PHY) processor 130. The PHY processor 130
includes a plurality of transceivers 134, and the transceivers 134 are coupled to a plurality of
antennas 138. Although three transceivers 134 and three antennas 138 are illustrated in Fig. 1,
the AP 114 includes other suitable numbers (e.g., 1, 2, 4, 5, etc.) of transceivers 134 and
antennas 138 in other embodiments. In some embodiments, the AP 114 includes a higher

number of antennas 138 than transceivers 134, and antenna switching techniques are utilized.
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[0027] The network interface 122 is implemented using one or more integrate circuits (ICs)
configured to operate as discussed below. For example, the MAC processor 126 may be
implemented, at least partially, on a first IC, and the PHY processor 130 may be implemented, at
least partially, on a second IC. As another example, at least a portion of the MAC processor 126
and at least a portion of the PHY processor 130 may be implemented on a single IC. For
instance, the network interface 122 may be implemented using a system on a chip (SoC), where
the SoC includes at least a portion of the MAC processor 126 and at least a portion of the PHY

processor 130.

[0028] In an embodiment, the host processor 118 includes a processor configured to execute
machine readable instructions stored in a memory device (not shown) such as a random access
memory (RAM), a read-only memory (ROM), a flash memory, etc. In an embodiment, the host
processor 118 may be implemented, at least partially, on a first IC, and the network device 122
may be implemented, at least partially, on a second IC. As another example, the host processor

118 and at least a portion of the network interface 122 may be implemented on a single IC.

[0029] In various embodiments, the MAC processor 126 and/or the PHY processor 130 of the
AP 114 are configured to generate data units, and process received data units, that conform to a
WLAN communication protocol such as a communication protocol conforming to the IEEE
802.11 Standard or another suitable wireless communication protocol. For example, the MAC
processor 126 may be configured to implement MAC layer functions, including MAC layer
functions of the WLAN communication protocol, and the PHY processor 130 may be configured
to implement PHY functions, including PHY functions of the WLAN communication protocol.
For instance, the MAC processor 126 may be configured to generate MAC layer data units such
as MAC service data units (MSDUs), MAC protocol data units (MPDUs), etc., and provide the
MAC layer data units to the PHY processor 130. The PHY processor 130 may be configured to
receive MAC layer data units from the MAC processor 126 and encapsulate the MAC layer data
units to generate PHY data units such as PHY protocol data units (PPDUs) for transmission via
the antennas 138. Similarly, the PHY processor 130 may be configured to receive PHY data
units that were received via the antennas 138, and extract MAC layer data units encapsulated
within the PHY data units. The PHY processor 130 may provide the extracted MAC layer data
units to the MAC processor 126, which processes the MAC layer data units.

-6-
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[0030] The PHY processor 130 is configured to downconvert one or more radio frequency (RF)
signals received via the one or more antennas 138 to one or more baseband analog signals, and
convert the analog baseband signal(s) to one or more digital baseband signals, according to an
embodiment. The PHY processor 130 is further configured to process the one or more digital
baseband signals to demodulate the one or more digital baseband signals and to generate a
PPDU. The PHY processor 130 includes amplifiers (e.g., a low noise amplifier (LNA), a power
amplifier, etc.), a radio frequency (RF) downconverter, an RF upconverter, a plurality of filters,
one or more analog-to-digital converters (ADCs), one or more digital-to-analog converters
(DAC:s), one or more discrete Fourier transform (DFT) calculators (e.g., a fast Fourier transform
(FFT) calculator), one or more inverse discrete Fourier transform (IDFT) calculators (e.g., an
inverse fast Fourier transform (IFFT) calculator), one or more modulators, one or more

demodulators, etc.

[0031] The PHY processor 130 is configured to generate one or more RF signals that are
provided to the one or more antennas 138. The PHY processor 130 is also configured to receive

one or more RF signals from the one or more antennas 138.

[0032] The MAC processor 126 is configured to control the PHY processor 130 to generate one
or more RF signals by, for example, providing one or more MAC layer data units (e.g., MPDUs)
to the PHY processor 130, and optionally providing one or more control signals to the PHY
processor 130, according to some embodiments. In an embodiment, the MAC processor 126
includes a processor configured to execute machine readable instructions stored in a memory
device (not shown) such as a RAM, a read ROM, a flash memory, etc. In an embodiment, the

MAC processor 126 includes a hardware state machine.

[0033] The WLAN 110 includes a plurality of client stations 154. Although three client stations
154 are illustrated in Fig. 1, the WLAN 110 includes other suitable numbers (e.g., 1, 2,4, 5, 6,
etc.) of client stations 154 in various embodiments. The client station 154-1 includes a host
processor 158 coupled to a network interface device 162. The network interface 162 includes a
MAC processor 166 and a PHY processor 170. The PHY processor 170 includes a plurality of
transceivers 174, and the transceivers 174 are coupled to a plurality of antennas 178. Although

three transceivers 174 and three antennas 178 are illustrated in Fig. 1, the client station 154-1
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includes other suitable numbers (e.g., 1, 2, 4, 5, etc.) of transceivers 174 and antennas 178 in
other embodiments. In some embodiments, the client station 154-1 includes a higher number of

antennas 178 than transceivers 174, and antenna switching techniques are utilized.

[0034] The network interface 162 is implemented using one or more ICs configured to operate as
discussed below. For example, the MAC processor 166 may be implemented on at least a first
IC, and the PHY processor 170 may be implemented on at least a second IC. As another
example, at least a portion of the MAC processor 166 and at least a portion of the PHY processor
170 may be implemented on a single IC. For instance, the network interface 162 may be
implemented using an SoC, where the SoC includes at least a portion of the MAC processor 166

and at least a portion of the PHY processor 170.

[0035] In an embodiment, the host processor 158 includes a processor configured to execute
machine readable instructions stored in a memory device (not shown) such as a RAM, a ROM, a
flash memory, etc. In an embodiment, the host processor 158 may be implemented, at least
partially, on a first IC, and the network device 162 may be implemented, at least partially, on a
second IC. As another example, the host processor 158 and at least a portion of the network

interface 162 may be implemented on a single IC.

[0036] In various embodiments, the MAC processor 166 and the PHY processor 170 of the
client device 154-1 are configured to generate data units, and process received data units, that
conform to the WLAN communication protocol or another suitable communication protocol.
For example, the MAC processor 166 may be configured to implement MAC layer functions,
including MAC layer functions of the WLAN communication protocol, and the PHY processor
170 may be configured to implement PHY functions, including PHY functions of the WLAN
communication protocol. The MAC processor 166 may be configured to generate MAC layer
data units such as MSDUs, MPDUs, etc., and provide the MAC layer data units to the PHY
processor 170. The PHY processor 170 may be configured to receive MAC layer data units from
the MAC processor 166 and encapsulate the MAC layer data units to generate PHY data units
such as PPDUs for transmission via the antennas 178. Similarly, the PHY processor 170 may be
configured to receive PHY data units that were received via the antennas 178, and extract MAC

layer data units encapsulated within the PHY data units. The PHY processor 170 may provide
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the extracted MAC layer data units to the MAC processor 166, which processes the MAC layer

data units.

[0037] The PHY processor 170 is configured to downconvert one or more RF signals received
via the one or more antennas 178 to one or more baseband analog signals, and convert the analog
baseband signal(s) to one or more digital baseband signals, according to an embodiment. The
PHY processor 170 is further configured to process the one or more digital baseband signals to
demodulate the one or more digital baseband signals and to generate a PPDU. The PHY
processor 170 includes amplifiers (e.g., an LNA, a power amplifier, etc.), an RF downconverter,
an RF upconverter, a plurality of filters, one or more ADCs, one or more DACs, one or more
DFT calculators (e.g., an FFT calculator), one or more IDFT calculators (e.g., an IFFT

calculator), one or more modulators, one or more demodulators, etc.

[0038] The PHY processor 170 is configured to generate one or more RF signals that are
provided to the one or more antennas 178. The PHY processor 170 is also configured to receive

one or more RF signals from the one or more antennas 178.

[0039] The MAC processor 166 is configured to control the PHY processor 170 to generate one
or more RF signals by, for example, providing one or more MAC layer data units (e.g., MPDUs)
to the PHY processor 170, and optionally providing one or more control signals to the PHY
processor 170, according to some embodiments. In an embodiment, the MAC processor 166
includes a processor configured to execute machine readable instructions stored in a memory
device (not shown) such as a RAM, a ROM, a flash memory, etc. In an embodiment, the MAC

processor 166 includes a hardware state machine.

[0040] In an embodiment, each of the client stations 154-2 and 154-3 has a structure that is the
same as or similar to the client station 154-1. Each of the client stations 154-2 and 154-3 has the
same or a different number of transceivers and antennas. For example, the client station 154-2
and/or the client station 154-3 each have only two transceivers and two antennas (not shown),

according to an embodiment.

[0041] In an embodiment, the AP 114 is configured to operate with client stations according to at
least a first communication protocol (e.g., the IEEE 802.11ax Standard). In an embodiment,

each of the client stations 154 is configured to operate at least according to the first

-9.



WO 2018/187725 PCT/US2018/026517

communication protocol. In some embodiments, at least one of the client stations 154 is not
configured to operate according to the first communication protocol but is configured to operate

according to a second communication protocol, such as a legacy communication protocol (e.g.,

the IEEE 802.11ac Standard).

[0042] Fig. 2A is a diagram of an example multi-user (MU) ranging measurement exchange 200
in an MU ranging measurement procedure, according to an embodiment. The MU ranging
measurement exchange 200 is described in the context of the example network 110 merely for
explanatory purposes. In some embodiments, signals illustrated in Fig. 2A are generated by
other suitable communication devices in other suitable types of wireless networks. The MU
ranging measurement exchange 200 corresponds to an AP-initiated ranging measurement
exchange, according to an embodiment. The MU ranging measurement exchange 200 includes
an uplink (UL) null data packet (NDP) frame exchange 204, a downlink (DL) NDP transmission
portion 208, a DL feedback transmission 210, and ii) an UL feedback frame exchange 212. The
MU ranging measurement exchange 200 omits one of the DL feedback transmission 210 and the

UL feedback frame exchange 212, in some embodiments.

[0043] In an embodiment, the UL NDP frame exchange 204, the DL NDP transmission portion
208, the DL feedback transmission 210,and the UL feedback frame exchange 212 occur within a
single transmit opportunity period (TXOP). In another embodiment, the UL NDP frame
exchange 204, the DL NDP transmission portion 208, the DL feedback transmission 210, and the
an UL feedback frame exchange 212 do not occur within a single TXOP. For example, in an
embodiment, the UL NDP frame exchange 204 and the DL NDP transmission 208 occur in a
first TXOP, and the DL feedback transmission 210 and/or the UL feedback frame exchange 212
occur in one or more second TXOPs subsequent to the first TXOP. The one or more second
TXOPs begin a suitable period of time after an end of the first TXOP, the suitable period of time

being at least sufficiently long for feedback to be generated, in an embodiment.

[0044] In the UL NDP frame exchange 204, a first communication device (e.g., the AP 114)
transmits a DL PPDU 216 that includes a trigger frame to cause a group of multiple second
communication devices (e.g., client stations 154) to simultaneously transmit, as part of an uplink

(UL) MU transmission 220, UL null data packets (NDPs) 224. In an embodiment, the trigger

-10 -
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frame in the PPDU 216 is a type of trigger frame specifically for initiating an MU ranging
measurement exchange such as the MU ranging measurement exchange 200. The trigger frame
in the PPDU 216 causes multiple client stations 154 to begin simultaneously transmitting the UL
MU transmission 220 a defined time period after an end of the trigger frame DL PPDU 216
transmission. In an embodiment, the defined time period is a short interframe space (SIFS) as
defined by the IEEE 802.11 Standard. In other embodiments, another suitable time period is

utilized.

[0045] The UL MU transmission 220 (which may be an UL MU multiple input, multiple output
(MIMO) transmission or an UL orthogonal frequency division multiple access (OFDMA)
transmission) includes UL NDPs 224 from multiple client stations 154, e.g., STA1, STA2,
STA3, and STA4. The UL NDPs 224 include PHY preambles having a legacy preamble portion
including a legacy short training field (L-STF), a legacy long training field (L-LTF) and a legacy
signal field (L-SI1G), and a non-legacy preamble portion including one or more non-legacy
STFs, one or more non-legacy LTFs, and one or more non-legacy signal fields, in an
embodiment. The UL NDPs 224 omit data portions. The UL NDP packets 224 are illustrated in
Fig. 2A as being transmitted using different spatial streams. In another embodiment, the UL

NDP packets 224 are transmitted in different frequency bandwidth portions.

[0046] When transmitting the UL NDPs 224, each client station 154 records a time t; x at which
the client station 154 began transmitting the UL NDP 224, where k is an index indicating the
particular client station 154. Similarly, when the AP 114 receives each UL NDP 224, the AP
114 records a time t2x at which the AP 114 began receiving the UL NDP 224.

[0047] In some embodiments, when transmitting the UL NDPs 224, each of at least some of the
client stations 154 (e.g., client stations 154 with multiple antennas 174) records an angle of
departure, AoD1x, at which the UL NDP 224 left the antennas 178 of the client station 154.
Similarly, when the AP 114 receives each of at least some of UL NDPs 224, the AP 114 records
an angle of arrival, AoA1k, at which the UL NDP 224 arrived at the antennas 138 of the AP 114.

[0048] Fig. 2B is a timing diagram of the example MU ranging measurement exchange 200 of
Fig. 2A. As illustrated in Fig. 2B, a client station 154 records the time t; at which the client
station 154 began transmitting the UL NDP 224, and records the AoD; at which the UL NDP

-11 -



WO 2018/187725 PCT/US2018/026517

224 left the antennas 178 of the client station 154. Additionally, the AP 114 records the time t2
at which the AP 114 began receiving the UL NDP 224, and the AoA1, at which the UL NDP 224
arrived at the antennas 138 of the AP 114.

[0049] Referring now to Figs. 2A and 2B, responsive to the UL MU transmission 220, the AP
114 begins transmitting a DL PPDU 228 that includes an NDP announcement (NDPA) frame a
defined time period after an end of the UL MU transmission 220. In an embodiment, the defined
time period is SIFS. In other embodiments, another suitable time period is utilized. The NDPA
frame in the PPDU 228 is configured to cause the client stations 154 to be prepared to receive an
NDP from the AP 114, according to an embodiment. In some embodiments, the DL NDP
transmission 208 omits the DL PPDU 228 that includes the NDPA frame.

[0050] The AP 114 begins transmitting a DL transmission 232 a defined time period after an end
of the DL PPDU 228 (or after an end of the UL MU transmission 220 if the DL PPDU 228 is
omitted). In an embodiment, the defined time period is SIFS. In other embodiments, another
suitable time period is utilized. The DL transmission 232 includes a SU DL PPDU 236 (with a
broadcast address) to the client stations 154. The DL NDP 236 includes a PHY preamble having
a legacy preamble portion including an L-STF, an L-LTF and an L-SIG, and a non-legacy
preamble portion including one or more non-legacy STFs, one or more non-legacy LTFs, and
one or more non-legacy signal fields, in an embodiment. The DL NDP 236 omits a data portion.
Although the DL transmission 232 is illustrated in Fig. 2A as being an SU transmission that
includes a single DL NDP 236 transmitted to multiple client stations 154, in another
embodiment, the DL transmission 232 is an MU transmission that includes respective DL NDPs
236 transmitted to respective ones of the multiple client stations 154. In various embodiment,
respective DL NDPs are transmitted to respective ones of the multiple client stations 154 in
different frequency bandwidth portions (e.g., OFDMA) or are transmitted to respective ones of
the multiple client stations 154 using different spatial streams (e.g., MU-MIMO). In some such
embodiments, a frequency bandwidth portion and/or a spatial stream in which a respective DL
NDP 236 is transmitted from the AP 114 to a client station 154 corresponds to the frequency
bandwidth portion and/or the spatial stream in which a respective UL NDP 224 was transmitted
to the AP 114 by the client station 154. Transmission of respective UL NDPs 224 and the

corresponding DL NDPs 236 to and from respective client stations 154 in corresponding
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frequency bandwidth portions and/or using corresponding spatial steams ensures timing

measurement accuracy in the ranging measurement exchange 200, in at least some embodiments.

[0051] When transmitting the DL NDP 236, the AP 114 records a time t3x at which the AP 114
began transmitting the DL NDP 236. Similarly, when each client station 154 receives the
corresponding DL NDP 236, the client station 154 records a time t4x at which the client station
154 began receiving the DL NDP 236. As illustrated in Fig. 2B, the AP 114 records the time (3
at which the AP 114 began transmitting the DL NDP 236, and the client station 154 records the
time t4 at which the client station 154 began receiving the DL NDP 236.

[0052] In some embodiments, when transmitting the DL NDP 236, the AP 114 records an AoD>
at which the DL NDP 236 left the antennas 138 of the AP114. Similarly, when the client station
154 receives the DL NDP 236, the client station 154 records an AoA2 at which the DL NDP 236

arrived at the antennas 178 of the client station 154.

[0053] After the DL NDP transmission 208, the AP 114 transmits a DL transmission 238, in an
embodiment. The AP 114 begins transmitting the DL transmission 238 a defined time period
after an end of the DL NDP transmission 208, in an embodiment. In an embodiment, the
defined time period is SIFS. In other embodiments, another suitable time period is utilized. The
DL PPDUs 240 are illustrated in Fig. 2A as being transmitted in different frequency bandwidth
portions (e.g., OFDMA). In some embodiments, the DL PPDUs 240 are transmitted using
different spatial streams (e.g., MU-MIMO).

[0054] The PPDUs 240 correspond to downlink ranging measurement feedback packets. The
PPDUs 240 respectively include the recorded times t2x and tsx. In some embodiments, each of
one or more PPDUs 240 respectively includes the recorded angles AoA1x and AoD2x. In some
embodiments, the PPDUs 240 optionally also include respective channel estimate information
determined by the AP 114 based on reception of the UL NDPs 224 received from the client
stations 154.

[0055] In some embodiments, the client stations 154 transmit acknowledgement packets (not
shown) to acknowledge receipt of PPDUs 240. The acknowledgement packets are transmitted
simultaneously as parts of a UL MU transmission (which may be an UL OFDMA transmission

or an UL MU-MIMO transmission), in an embodiment. In an embodiment, if the AP 114 does
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not receive an acknowledgement packet from one or more of the client stations 154, the AP 114
can re-transmit the corresponding ranging measurement feedback packets to the one or more
client stations 154. In other embodiments, the client stations 154 do not transmit
acknowledgement packets to acknowledge receipt of PPDUs 240. In such embodiments,

feedback measurement packets are not re-transmitted.

[0056] After receipt of its respective PPDU 240, the client station 154 calculates a time-of-flight
between the client station 154 and the AP 114 using the recorded times tix, t2x, t3x, and ta,
according to an embodiment. Any suitable technique, including currently known techniques,
may be utilized to calculate a time-of-flight using the recorded times ti, t2k, t3x, and t4x. A
distance between the client station 154 and the AP 114 may be calculated using the calculated
time-of-flight, e.g., by respectively multiplying the time-of-flight by the speed of light, according

to an embodiment.

[0057] In some embodiments, the client station 154 calculates its estimated position using the
calculated time-of-flight. For example, the client station 154 uses triangulation techniques to
calculate its estimated position using the calculated time-of-flight. In some embodiments, the
client station 154 calculates its estimated position also using the recorded angles AoD1x, AoA1k,
AoD:zk, and AoAzx. For example, the recorded angles AoD1k, AoA1k, AoD2k, and AoAx are

used as part of a triangulation algorithm for determining a position of client station 154.

[0058] In an embodiment, the AP 114 transmits a DL PPDU 242 that includes a trigger frame to
cause the group of client stations 154 to simultaneously transmit, as part of an UL MU
transmission 244, uplink PPDUs 248 that include ranging measurement feedback. The trigger
frame in the DL PPDU 242 causes multiple client stations 154 to begin simultaneously
transmitting the UL MU transmission 244 a defined time period after an end of the PPDU 242.
In an embodiment, the defined time period is SIFS. In other embodiments, another suitable time

period is utilized.

[0059] The UL MU transmission 244 (which may be an UL OFDMA transmission or an UL
MU-MIMO transmission) includes UL PPDUs 248 from multiple client stations 154, e.g., STAI,
STA2, STA3, and STA4. The PPDUs 248 are illustrated in Fig. 2A as being transmitted in
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different frequency bandwidth portions. In another embodiment, the UL PPDUs 248 are

transmitted using different spatial streams.

[0060] The PPDUs 248 correspond to uplink ranging measurement feedback packets. The
PPDUs 248 respectively include the recorded times tix and t4x. In some embodiments, each of
one or more PPDUs 248 respectively includes the recorded angles AoD; and AoA». In some
embodiments, the PPDUs 248 optionally also include respective channel estimate information

determined by the client station 154 based on reception of the DL NDPs 236.

[0061] In some embodiments, the AP 114 transmit acknowledgement packets (not shown) to
acknowledge receipt of PPDUs 248. The acknowledgement packets are transmitted
simultaneously as parts of a DL MU transmission (which may be an DL OFDMA transmission
or an DL MU-MIMO transmission), in an embodiment. In an embodiment, if one or more of the
client stations 154 do not receive an acknowledgement packet from the AP 114, the one or more
client stations 154 can re-transmit the corresponding ranging measurement feedback packets to
the AP 114. In other embodiments, the AP 114 does not transmit acknowledgement packets to
acknowledge receipt of PPDUs 248. In such embodiments, feedback measurement packets are

not re-transmitted.

[0062] After receipt of the PPDUs 248, the AP 114 calculates respective of times-of-flight
between the AP 114 and the client stations 154 using the recorded times ti k, t2x, t3x, and ta,
according to an embodiment. Any suitable technique, including currently known techniques,
may be utilized to calculate a time-of-flight using the recorded times ti x, t2x, t3k, and ta k.
Respective distances between the AP 114 and the client stations 154 may be calculated using the
calculated times-of-flight, e.g., by respectively multiplying the times-of-flight by the speed of

light, according to an embodiment.

[0063] In some embodiments, the AP 114 calculates estimated positions of one or more of the
client stations using the calculated times-of-flight. For example, the AP 114 uses triangulation
techniques to calculate estimated positions of one or more of the client stations using the
calculated times-of-flight. In some embodiments, the AP 114 calculates estimated positions of

one or more of the client stations also using the recorded angles AoD1x, AoA1x, AoDzk, and
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AoAzx. For example, the recorded angles AoD1x, AoA1k, AoDax, and AoAx are used as part of

a triangulation algorithm for determining positions of communication devices.

[0064] Fig. 3A is a diagram of an example single-user (SU) ranging measurement exchange 300
in an SU ranging measurement procedure, according to an embodiment. The SU ranging
measurement exchange300 is described in the context of the example network 110 merely for
explanatory purposes. In some embodiments, signals illustrated in Fig. 3A are generated by

other suitable communication devices in other suitable types of wireless networks.

[0065] The SU ranging measurement exchange 300 corresponds to a client-initiated ranging
measurement exchange, according to an embodiment. The SU ranging measurement exchange
300 includes an UL NDP transmission portion 304, a DL NDP transmission portion 308, and a
feedback frame exchange 312. In an embodiment, the UL NDP transmission portion 304, the
DL NDP transmission portion 308, and the feedback frame exchange 312 occur within a single
TXOP. In another embodiment, the UL NDP transmission portion 304, the DL NDP
transmission portion 308, and the feedback frame exchange 312 do not occur within a single
TXOP. For example, in an embodiment, the UL NDP transmission portion 304 and the DL NDP
transmission portion 308 occur in a first TXOP, and the feedback frame exchange 312 occurs in
a second TXOP subsequent to the first TXOP. The second TXOP begins a suitable period of
time after an end of the first TXOP, the suitable period of time being sufficiently long for

feedback transmission to be generated, in an embodiment.

[0066] In the UL NDP transmission portion 304, a first communication device (e.g., the client
station 154) transmits an UL PPDU 316 that includes an NDPA frame or a trigger frame. The
NDPA frame or the trigger frame in the PPDU 316 is configured to cause a second
communication device (e.g., the AP 114) to be prepared to receive an NDP from the client
station 154, according to an embodiment. In an embodiment, the NDPA frame or the trigger
frame in the PPDU 316 is a type of NDPA frame specifically for initiating SU ranging

measurement exchange such as the SU ranging measurement exchange 300.

[0067] The client station 154 begins transmitting an UL NDP 320 a defined time period after an
end of the UL PPDU 316. In an embodiment, the defined time period is SIFS. In other
embodiments, another suitable time period is utilized. The UL NDP 320 includes a PHY
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preamble having a legacy preamble portion including an L-STF, an L-LTF and an L-SIG, and a
non-legacy preamble portion including one or more non-legacy STFs, one or more non-legacy
LTFs, and one or more non-legacy signal fields, in an embodiment. The UL NDP 320 omits a
data portion. When transmitting the UL NDP 320, the client station records a time t; at which
the client station 154 began transmitting the UL NDP 320. Similarly, when the AP 114 receives
the UL NDP 320, the AP 114 records a time t2 at which the AP 114 began receiving the UL NDP
320.

[0068] In some embodiments in which the client station 154 includes multiple antennas 178, the
client station 154 records an AoD; at which the UL NDP 320 left the antennas 178 of the client
station 154. Similarly, in some embodiments in which the AP 114 includes multiple antennas
138, the AP 114 records an AoA; at which the UL NDP 320 arrived at the antennas 138 of the

AP 114, according to an embodiment.

[0069] Fig. 3B is a timing diagram of the example SU ranging measurement exchange 300 of
Fig. 3A. As illustrated in Fig. 3B, the client station 154 records the time t1 at which the client
station 154 began transmitting the UL NDP 320, and records the AoD; at which the UL NDP
320 left the antennas 178 of the client station 154. Additionally, the AP 114 records the time t2
at which the AP 114 began receiving the UL NDP 320, and the AoA1, at which the UL NDP 320
arrived at the antennas 138 of the AP 114.

[0070] Referring now to Figs. 3A and 3B, a defined time period after an end of transmission of
the UL NDP 320 if DL PPDU 224, the AP 114 begins transmitting a DL NDP 328. In an
embodiment, the defined time period is SIFS. In other embodiments, another suitable time
period is utilized. The DL NDP 328 includes a PHY preamble having a legacy preamble portion
including an L-STF, an L-LTF and an L-SIG, and a non-legacy preamble portion including one
or more non-legacy STFs, one or more non-legacy LTFs, and one or more non-legacy signal
fields, in an embodiment. The DL NDP 328 omits a data portion. When transmitting the DL
NDP 328, the AP 114 records a time t3 at which the AP 114 began transmitting the DL NDP 328.
Similarly, when the client station 154 receives the DL NDP 328, the client station records a time
t4 at which the client station 154 began receiving the DL NDP 328. In some embodiments, prior
to transmission of the DL NDP 328, the AP 114 transmits a DL PPDU that includes an NDPA
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frame (not shown) to prompt the client station 154 to be prepared to receive an NDP from the AP

114.

[0071] In some embodiments, when transmitting the DL NDP 328, the AP 114 records an AoD>
at which the DL NDP 328 left the antennas 138 of the AP 114. Similarly, in some embodiments,
when the client station 154 receives the DL NDP 328, the client station 154 records an AoA» at
which the DL NDP 328 arrived at the antennas 178 of the client station 154.

[0072] Next, the AP 114 begins transmitting an DL PPDU 332 that includes ranging
measurement feedback (e.g., a ranging measurement feedback packet) a defined time period after
an end of the DL NDP 328. In an embodiment, the defined time period is SIFS. In other

embodiments, another suitable time period is utilized.

[0073] The PPDU 332 corresponds to a ranging measurement feedback packet. The PPDU 332
includes the recorded times t2 and t3. In some embodiments, the PPDU 332 includes the
recorded angles AoD; and AoA». In some embodiments, the PPDU 332 optionally also include
respective channel estimate information determined by the AP 114 based on reception of the UL
NDP 320. In some embodiments, in response to the PPDU 332, the client station 154 transmits
an acknowledgement to the AP 114 to acknowledge receipt of the PPDU 332 to the AP 114. In

another embodiment, the client station 154 does not transmit an acknowledgement to the AP 114.

[0074] After receipt of the PPDU 332, the client station 154 calculates a time-of-flight between
the client station 154 and the AP 114 using the recorded times ti, t2, t3, and t4, according to an
embodiment. Any suitable technique, including currently known techniques, may be utilized to
calculate a time-of-flight using the recorded times ti, t2, t3, and t4. A distance between the client
station 154 and the AP 114 may be calculated using the calculated time-of-flight, e.g., by
multiplying the time-of-flight by the speed of light, according to an embodiment.

[0075] In some embodiments, the client station 154 calculates its estimated position using the
calculated time-of-flight. For example, the client station 154 uses triangulation techniques to
calculate its estimated position using the calculated time-of-flight. In some embodiments, the
client station 154 calculates its estimated position also using the recorded angles AoD1, AoA1,
AoD», and AoA,. For example, the recorded angles AoD1, AoA1, AoD2, and AoA; are used as

part of a triangulation algorithm for determining a position of the client station 154.
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[0076] Fig. 4A is a timing diagram of a ranging measurement procedure 400 conducted between
a first communication device (e.g., AP 114) and one or more second communication devices
(e.g., client stations 154), according to an embodiment. The ranging measurement procedure 400
includes a ranging measurement negotiation phase 402 and a plurality of service periods (SP)
404 for ranging measurement exchanges. In an embodiment, the ranging measurement
procedure 400 is an MU ranging measurement procedure, and each SP 404 includes a respective
instance of the MU ranging measurement exchange 200 of Fig. 2A. In another embodiment, the
ranging measurement procedure 400 is an SU ranging measurement procedure, and each SP 404
includes a respective instance of the SU ranging measurement exchange 300 of Figs. 3A.
Although the ranging measurement procedure 400 is illustrated in Fig. 4A as including three SPs
404, the ranging measurement procedure 400 includes other suitable numbers (e.g., 2, 4, 5, 6,
etc.) of SPs 404, in other embodiments. In some embodiment, the ranging measurement

procedure 400 includes only a single SP 404.

[0077] In the ranging measurement negotiation 402, a first communication device transmits a
PPDU 410 that corresponds to a ranging measurement request packet. The PPDU 410 includes a
ranging measurement parameters element having one or more fields to indicate ranging
measurement parameters that the first communication device is capable of operating with and/or
that the first communication device requests to be used in the ranging measurement procedure
400. The second communication device receives the PPDU 410 and transmits an
acknowledgement 412 to acknowledge receipt of the PPDU 410. Responsive to the PPDU 410,
the second communication device transmits a PPDU 414 that corresponds to a ranging
measurement response packet. The PPDU 414 includes a ranging measurement parameters
element having one or more fields to indicate ranging measurement parameters that the second
communication device is capable of operating with and/or whether the ranging measurement
parameters requested in PPDU 410 are accepted by the second communication device. If a
ranging measurement parameter requested in the PPDU 410 is not accepted by the second
communication device, the ranging measurement parameters element in the PPDU 414 indicates
an alternative value of the ranging measurement parameter to be used, in an embodiment.
Thereafter, thus negotiated ranging measurement parameters are used to conduct the one or more

ranging measurement exchanges 402, in an embodiment.
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[0078] Fig. 4B is a block diagram of a ranging measurement parameters element 450 included in
the PPDU 410 and the PPDU 414, according to an embodiment. In the embodiment illustrated in
Fig. 4B, the ranging measurement parameters element 450 includes a plurality of fields 452,
including an OFDM tone grouping (Ng) field 452-1, a number of columns (Nc) field 452-2, a
codebook size field 452-3, a bandwidth (BW) field 452-4, a LTF type field 452-5, an LFT
number field 452-6, an AoA field 452-7, an AoD field 452-8, a ToA field 452-9, a ToD field
425-10, a measurement start time field 452-11, an SP interval field 452-12 and an SP duration
field 452-13. In other embodiments, the ranging measurement parameters element 450 omits
one or more of the fields 452 illustrated in Fig. 4B and/or includes one or more additional fields

not illustrated in Fig. 4B.

[0079] The Ng field 452-1, the Nc field 452-2 and the codebook size field 452-3 indicate
maximum values of, respectively, Ng, Nc and codebook size supported and/or values of,
respectively, Ng, Nc and codebook size to be used for channel information feedback in the one
or more SPs 404, in an embodiment. The BW field 452-4 indicates a bandwidth over which the
ranging measurements are to be performed (e.g., BW of the NDPA/NDP packets to be
transmitted). The LTF type field 452-5 and the LFT number field 452-6 indicate, respectively, a
type of and a number of LTFs supported and/or to be included in the NDPA/NDP packets

transmitted in the one or more SPs 404.

[0080] The AoA field 452-7, the AoD field 452-8, the ToA field 452-9, and the ToD field 425-
10 indicate, respectively, whether or not angle of arrival, angle of departure, time of arrival and
time of departure measurements are supported and/or are to be performed. The measurement
start time field 452-11 indicates a start time of a next SP 404 following the negotiation. The
service period (SP) field 452-12 indicates an interval between two consecutive service periods.
The SP duration field 452-13 indicates an amount of time after the beginning of an SP that the
responder device should listen to the medium before the responder device can enter sleep state if
nothing is received by the responder device. In the embodiment of Fig. 4B, the ranging
measurement procedure 400 includes three SPs 420 scheduled and/or negotiated between the
first communication device and the one or more second communication devices. The ranging
measurement procedure 400 includes other suitable numbers of SPs 420 in other embodiments.

As illustrated in Fig. 4B, during a third SP 420-3, the second communication device does not
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receive anything from the first communication devices. Accordingly, after listening to the
medium for a period of time corresponding to the SP duration, the second communication device

goes into a sleep state, in the illustrated embodiment.

[0081] Referring now to Figs. 4A and 4B, the ranging measurement procedure 400 includes a
single ranging measurement negotiation phase 402 to negotiate parameters for ranging
measurement exchanges in a plurality of following SPs 404, in the illustrated embodiment. In
another embodiment, a separate ranging measurement negotiation 402 is conducted for each of
the ranging measurement exchanges. In some embodiments, the ranging measurement
parameters element 450 included in PPDU 410 and the PPDU 414 transmitted in the ranging
measurement negotiation phase 402 omits some of the fields 452, or the ranging measurement
negotiation phase 402 is entirely omitted from the ranging measurement procedure 400. For
example, some or all of the ranging measurement parameters corresponding to the field 452 are
default parameters defined in a communication protocol (e.g., the IEEE 802.11az Standard), and
such some or all of the ranging measurement parameters needed not be negotiated between the
first communication device and the one or more second communication devices. As another
example, some or all of the ranging measurement parameters are signaled by the first
communication device (e.g., the AP 114) in a beacon frame and/or are pre-negotiated between
the first communication device (e.g., the AP 114) and the one or more second communication
devices (e.g., client stations 154) in a probe request probe response exchange or association

request association response exchange, for example.

[0082] In some embodiments, the one or more second communication devices participating in
the procedure 400 are expected to be ready (e.g., awake) to begin a ranging measurement
exchange at the beginning of each SP 404. For example, in an embodiment in which the SP 404
includes an SU ranging measurement frame exchange such as the SU ranging measurement
exchange 300, and the second communication device is the AP 114 rather than a client station
154, second communication device is expected to be ready to begin a ranging measurement
exchange at the beginning of an SP 404, in an embodiment. As another example, the one or
more second communication devices are expected to be ready to begin a ranging measurement
exchange at the beginning of an SP 404 when the SP 404 is negotiated to be an unannounced

implicit target wake time (TWT) service period. In other embodiments and/or scenarios, the one
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or more second communication devices participating in the procedure 400 are not expected to
necessarily be ready (e.g., awake) to begin a ranging measurement exchange at the beginning of
each SP 404. In such embodiments, the ranging measurement procedure 400 may include a
polling phase or a notification phase before an SP 404, to poll readiness of the one or more
second communication devices and/or to prompt the one or more second communication devices

to be ready to begin a ranging measurement exchange.

[0083] Fig. 4C is a diagram of an example polling phase frame exchange 460, according to an
embodiment. In an embodiment, the polling phase frame exchange 460 occurs before each SP
404 in the ranging measurement procedure 400. In an embodiment, the polling phase frame
exchange 460 and a beginning of a corresponding SP 404 occur within a single TXOP. In
another embodiment, the polling phase frame exchange 460 and a beginning of a corresponding

SP 404 do not occur within a single TXOP.

[0084] In the polling phase frame exchange 460, the first communication device transmits a
PPDU 462 that includes a trigger frame to the one or more second communication devices
participating in the ranging measurement procedure 400. The trigger frame included in the
PPDU 462 causes the one or more second communication devices to simultaneously transmit, as
part of an uplink (UL) MU transmission 464 (which may be an UL orthogonal frequency
division multiple access (OFDMA) transmission or an UL MU multiple input, multiple output
(MIMO) transmission), PPDUs 468 that include poll response frames. After transmission of the
PPDUs 468, the one or more second communication devices are awake and ready for the

upcoming SP 404, in an embodiment.

[0085] Fig. 4D is a diagram of an example notification phase frame exchange 480, according to
an embodiment. In an embodiment, the notification phase frame exchange 480 occurs before
each SP 404 in the ranging measurement procedure 400. In an embodiment, the notification
phase frame exchange 480 and a beginning of a corresponding SP 404 occur within a single
TXOP. In another embodiment, the notification phase frame exchange 480 and a beginning of a

corresponding SP 404 do not occur within a single TXOP.

[0086] In the notification phase frame exchange 480, the first communication device transmits a

PPDU 482 that includes a ranging measurement request frame to a second communication
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device participating in the ranging measurement procedure 400. In response to the PPDU 482,
the second communication device transmits an acknowledgement 484 to the first communication
device. After transmission of the acknowledgement 484, the second communication device is
awake and ready for the upcoming SP 404, in an embodiment. In an embodiment, if multiple
second communication devices are participating in the ranging measurement procedure 400, the
ranging measurement procedure 400 includes respective notification phase frame exchanges 480

between the first communication device and each of the multiple second communication devices.

[0087] Fig. 5A is a diagram of an example trigger frame 500, according to an embodiment. In
an embodiment, the trigger frame 500 is generated and transmitted by a first communication
device (e.g., the AP 114) to cause one or more second communication devices (e.g., client
stations 154) to transmit NDP packets in a ranging measurement exchange. In an embodiment,
the trigger frame 500 corresponds to the trigger frame in the PPDU 216 in the ranging
measurement exchange 200 of Fig. 2. In another embodiment, the trigger frame 500 corresponds
to a trigger frame included in the PPDU 316 in the ranging measurement exchange 300 of Fig. 3.
In another embodiment, the trigger frame 500 is used with suitable ranging measurement
exchanges different from the ranging measurement exchange 200 of Fig. 2 or the ranging
measurement exchange 300 of Fig. 3. Similarly, the ranging measurement exchange 200 of Fig.
2 or the ranging measurement exchange 300 of Fig. 3 utilizes a trigger frame different from the

trigger frame 500, in some embodiments.

[0088] Fig. SA includes example numbers of octets of various fields of the trigger frame 500. In
other embodiments, different suitable numbers of octets and bits are utilized. Fields in Fig. 5A
that do not have an associated number of octets/bits are of a suitable length and/or a variable
length. In some embodiment, one or more of the fields illustrated in Fig. SA are omitted and/or

one or more additional fields not illustrated in Fig. SA are included.

[0089] The trigger frame 500 includes a receiver address (RA) field 504 to indicate an intended
receiver of the trigger frame 500. The RA field 502 can be set to a unicast address (e.g., a
unicast MAC address) to specify a single communication device, a multicast address (e.g., a
multicast MAC address) to specify a particular group of communication devices, or a broadcast

address (e.g., a broadcast MAC address) to specify all communication devices, in some
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embodiments. The trigger frame 500 also includes a transmitter address (TA) field 504 to
indicate the transmitter of the trigger frame 500. The TA field 504 can be set to a unicast address
(e.g., a unicast MAC address) corresponding to the network interface 122 or the network
interface 162, for example. The trigger frame 500 also includes a common information field 506
to indicate common information for the one or more second communication devices being
prompted by the trigger frame 500, and one or more user information fields 508 to indicate user
specific information for each of the one or more second communication devices being prompted

by the trigger frame 500.

[0090] Fig. 5B is a block diagram of a common information field 515, according to an
embodiment. In an embodiment, the common information field 515 corresponds to the common
information field 506 of the trigger frame 500 of Fig. SA. In another embodiment, the common
information field 515 is used with a trigger frame different from the trigger frame 500 of Fig.
5A. The common information field 515 includes a plurality of subfields 520, including a trigger
type subfield 520-1, a length subfield 520-2, a cascade indication subfield 520-3, a carrier sense
(CS) required subfield 520-4, a bandwidth (BW) subfield 520-5, a guard interval (GI) and LTF
type subfield 520-6, an MU-MIMO LTF mode subfield 520-7, a number of HE-LTF symbols
subfield 520-8, a space-time block coding (STBC) subfield 520-9, a low density parity check
(LDPC) extra symbol subfield 520-10, an AP Tx power subfield 520-11, a packet extension
subfield 520-12, a spatial reuse subfield 520-13, an HE-SIG-A reserved subfield 520-15, a
reserved subfield 520-16, and a trigger dependent common information subfield 520-17, in an
embodiment. Fig. 5B includes example numbers of bits of the subfields 520. In other
embodiments, different suitable numbers of bits are utilized. Subfields 520 that do not have an
associated number of bits in Fig. 5B are of a suitable length and/or a variable length. In some
embodiments, one or more of the subfields 520 illustrated in Fig. 5B are omitted, and/or one or

more additional subfields are included.

[0091] The trigger type subfield 520-1 is set to indicate a particular trigger type or subtype of the
trigger frame 500. In an embodiment, the particular type or subtype selected from among a
plurality of trigger variants defined by a communication protocol (e.g., the IEEE 802.11ax

Standard). In an embodiment, the trigger type field 520-1 is set to indicate that the trigger frame
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500 1s of a ranging measurement trigger variant, such as a trigger type for prompting UL NDP

transmission in a ranging measurement exchange.

[0092] The cascade indication subfield 520-3 is set to a value of logic one (1) to indicate that at
least one more ranging measurement exchanges between the first communication device and the
one or more second communication devices identified in the one or more user information fields
508 is to follow the current ranging measurement exchange, and is set to a value of logic zero (0)
to indicate that no additional ranging measurement exchanges between the first communication
device and the one or more second communication devices identified in the one or more user

information fields 508 are to follow, or vice versa, in an embodiment.

[0093] The CS required subfield 520-4 is set to indicate whether the one or more second
communication devices identified in the user information fields 508 are required to use energy
detection (ED) to sense the medium and to consider navigation vector (NAV) in determining
whether or not to respond to the trigger frame 500. In an embodiment, a value of logic one (1) in
the CS required subfield 520-4 indicates that ED sensing and NAV consideration is required, and
a value of logic zero (0) in the CS required subfield 520-4 indicates that ED sensing/NAV
consideration is not required, or vice versa. In an embodiment, ED sensing/NAV consideration
is required during ranging measurement exchanges. In this embodiment, when the trigger type
subfield 520-1 indicates that the trigger frame 500 is of a ranging measurement trigger variant,
the CS required subfield 520-4 is set (e.g., to a logic one (1)) to indicate that ED sensing/NAV
consideration is required. In another embodiment, ED sensing/NAYV consideration is not
necessarily required during ranging measurement exchanges, and the CS required subfield 520-4
may be set to (e.g., a logic zero (0)) to indicate that ED sensing/NAV consideration is not

required in at least some scenarios.

[0094] The BW subfield 520-5 is set to indicate a bandwidth of the trigger frame 500. In an
embodiment, the BW subfield 520-5 also indicates the BW of the NDP transmission (e.g., SU or
MU NDP transmission) being prompted by the trigger frame 500. The AP Tx power subfield

520-11 is set to indicate transmit power of the trigger frame 500.

[0095] The spatial reuse subfield 520-13 is set to indicate whether or not spatial reuse is allowed.

In an embodiment, spatial reuse is not allowed during ranging measurement exchanges.
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Accordingly, in this embodiment, when the trigger type subfield 520-1 indicates that the trigger
frame 500 is of a ranging measurement trigger variant, the spatial reuse subfield 520-13 is set to
indicate that spatial reuse is disallowed during the ranging measurement exchange. In another
embodiment, spatial reuse is not necessarily disallowed during ranging measurement exchanges,
and the spatial reuse subfield 520-13 may be set to indicate that spatial reuse is not disallowed in

at least some scenarios.

[0096] In an embodiment, one or more of the MU-MIMO LTF mode subfield 520-7, the STBC
subfield 520-9, the LDPC extra symbol subfield 520-10, the packet extension subfield 520-12,
and the Doppler subfield 520-14 correspond to subfields of a trigger frame (e.g., general trigger
frame) format that is not specifically for prompting a ranging measurement exchange, and the
one or more of the MU-MIMO LTF mode subfield 520-7, the STBC subfield 520-9, the LDPC
extra symbol subfield 520-10, the packet extension subfield 520-12, and the Doppler subfield
520-14 are not needed in ranging measurement exchanges. Accordingly, in an embodiment,
when the trigger type subfield 520-1 indicates that the trigger frame 500 is of a ranging
measurement trigger variant, one or more of the MU-MIMO LTF mode subfield 520-7, the
STBC subfield 520-9, the LDPC extra symbol subfield 520-10, the packet extension subfield
520-12, and the Doppler subfield 520-14 are reserved or omitted. Similarly, the trigger
dependent common information subfield 520-17 is not needed in ranging measurement
exchanges, and the trigger dependent common information subfield 520-17 is reserved or

omitted, in an embodiment.

[0097] Fig. 5C is a block diagram of a user information field 525, according to an embodiment.
Each of the user information fields 508 of Fig. SA corresponds to the user information field 525,
in an embodiment. The user information field 525 includes a plurality of subfields 530,
including an association identifier (AID) subfield 530-1, a resource unit (RU) allocation subfield
530-2, a coding type subfield 530-3, a modulation and coding (MCS) subfield 530-4, a dual
carrier modulation (DCM) subfield 530-5, a spatial stream (SS) allocation subfield 530-6, a
target received single strength indication (RSSI) subfield 530-7, a reserved subfield 530-8 and a
trigger dependent user information subfield 530-9, in an embodiment. Fig. 5C includes example
numbers of bits of the subfields 530. In other embodiments, different suitable numbers of bits

are utilized. Subfields 530 that do not have an associated number of bits in Fig. 5B are of a
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suitable length and/or a variable length. In some embodiments, one or more of the subfields 530

illustrated in Fig. 5C are omitted, and/or one or more additional subfields are included.

[0098] The AID subfield 530-1 includes an identifier, such as an association identifier or a
partial association identifier, of the second communication device for which the user information
field 525 is intended. In an embodiment, if the second communication device for which the user
information field 525 is intended is an unassociated client station, the AID subfield 530-1
includes a pre-assigned association identifier (pre-AlID) previously provided to the second
communication device (e.g., station 154) by the first communication device (e.g., the AP 114).
In an embodiment, if the second communication device for which the user information field 525
is intended is an unassociated client station and a pre-AID has not been assigned, then the AID
subfield 530-1 includes a MAC address of the second communication device, such as a 6-octet

MAC identifier or a portion thereof. In other embodiments, other suitable identifiers are utilized.

[0099] The RU allocation subfield 530-2 indicates a location and width of the sub-channel
allocated to the second communication device identified in the AID subfield 530-2 for
transmission of its NDP packet to the first communication device. The target RSSI subfield 530-
7 indicates a target signal strength corresponding to the NDP packet when the NDP packet is

received at the first communication device.

[0100] In an embodiment, one or more of the code type subfield 530-3, the MCS subfield 530-4,
the DCM subfield 530-5 and the SS allocation subfield 530-6 are not needed in ranging
measurement exchanges. Accordingly, in an embodiment, when the trigger type subfield 520-1
indicates that the trigger frame 500 is of a ranging measurement trigger variant, one or more of
the code type subfield 530-3, the MCS subfield 530-4, the DCM subfield 530-5 and the SS
allocation subfield 530-6 are reserved or omitted. Alternatively, one or more of the code type
subfield 530-3, the MCS subfield 530-4, the DCM subfield 530-5 and the SS allocation subfield
530-6 are redefined to indicate other parameters, such as feedback codebook size, feedback Ng,

feedback Nc, etc., in some embodiments.

[0101] The trigger dependent user information subfield 530-9 includes one or more indications
of feedback type to be provided in the ranging measurement exchange by the second

communication device identified in the AID subfield 530-2 . For example, in an embodiment,
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the trigger dependent user information subfield 530-9 includes indications of whether or not one
or more of AoD measurement, AoA measurement, ToD measurement, ToA measurement, etc.,
are to be provided in the feedback from the second communication device. In an embodiment, in
addition to or instead of the trigger dependent user information subfield 530-9, the reserved
subfield 530-1 is used to indicate feedback type. In an embodiment in which the reserved
subfield 530-1 is used instead of the trigger dependent user information subfield 530-9, the

trigger dependent user information subfield 530-9 itself is reserved or omitted.

[0102] Fig. 6A is a diagram of an example NDPA frame 600, according to an embodiment. In
an embodiment, the NDPA frame 600 is generated and transmitted by a first communication
device (e.g., the AP 114) to prompt one or more second communication devices (e.g., client
stations 154) to be prepared to receive an NDP from the first communication device. In an
embodiment, the NDPA frame 600 corresponds to the NDPA frame included in the DL PPDU
228 of Fig. 2A. In another embodiment, the NDPA frame 600 corresponds to the NDPA frame
included in the UL PPDU 316 and/or DL NDP 328 of Fig. 3A. In another embodiment, the
NDPA frame 600 is used with suitable ranging measurement exchanges different from the
ranging measurement exchange 200 of Fig. 2A or the ranging measurement exchange 300 of Fig.
3A. Similarly, the ranging measurement exchange 200 of Fig. 2A or the ranging measurement
exchange 300 of Fig. 3A utilize NDPA frames different from the NDPA frame 600, in some

embodiments.

[0103] Fig. 6A includes example numbers of octets of various fields of the NDPA frame 600. In
other embodiments, different suitable numbers of octets and bits are utilized. Fields in Fig. 6A
that do not have an associated number of octets/bits are of a suitable length and/or a variable
length. In some embodiment, one or more of the fields illustrated in Fig. 6A are omitted and/or

one or more additional fields not illustrated in Fig. 6A are included.

[0104] The NDPA frame 600 includes a receiver address (RA) field 602 to indicate an intended
receiver of the NDPA frame 600. The RA field 602 can be set to a unicast address (e.g., a
unicast MAC address) to specify a single communication device, a multicast address (e.g., a
multicast MAC address) to specify a particular group of communication devices, or a broadcast

address (e.g., a broadcast MAC address) to specify all communication devices, in some
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embodiments. The NDPA frame 600 also includes a transmitter address (TA) field 604 to
indicate the transmitter of the NDPA frame 600. The TA field 604 can be set to a unicast
address (e.g., a unicast MAC address) corresponding to the network interface 122 or the network

interface 162, for example.

[0105] The NDPA frame 600 also includes a sounding token field 606. In an embodiment, the
sounding token field 606 is used to indicate that the current frame exchange is for the purpose of
ranging measurement, for example to distinguish the current frame exchange from a frame
exchange for the purpose of channel measurement in a beamforming procedure. In an
embodiment, a bit of the sounding token field 606 is set to a value of logic one (1) to indicate
that the current frame change is for the purpose of ranging measurement. For example, bit O
(BO) of the sounding token field 606 is set to a value of logic one (1) to indicate that the current
frame change is for the purpose of ranging measurement. In another embodiment, another
suitable bit of the sounding token field 606 is set to a value of logic one (1) to indicate that the

current frame change is for the purpose of ranging measurement.

[0106] The NDPA frame 600 further includes one or more user information fields 608
respectively corresponding to respective ones of the one or more second communication devices
being prompted by the NDPA frame 600. Fig. 6B is a block diagram of a user information field
625, according to an embodiment. Each of the one or more user information fields 608
corresponds to user information field 625, according to an embodiment. The user information
field 625 includes a plurality of subfields 630, including an association identifier (AID) subfield
630-1, a partial BW information subfield 630, a feedback type and Ng subfield 630-3, a
disambiguation subfield 630-4, a codebook subfield 630-5, and an Nc subfield 630-6. Fig. 6B
includes example numbers of bits of the subfields 630. In other embodiments, different suitable
numbers of bits are utilized. In some embodiments, one or more of the subfields 630 illustrated
in Fig. 6B are omitted, and/or one or more additional subfields not illustrated in Fig. 6B are

included.

[0107] The AID subfield 630-1 includes an identifier, such as an association identifier or a
partial association identifier, of the second communication device for which the user information

field 625 is intended. In an embodiment, if the second communication device for which the user
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information field 625 is intended is an unassociated client station, the AID subfield 630-1
includes a pre-assigned association identifier (pre-AlID) previously provided to the second
communication device (e.g., station 154) by the first communication device (e.g., the AP 114).
In an embodiment, if the second communication device for which the user information field 608
is intended is an unassociated client station and a pre-AID has not been assigned, then the AID
subfield 630-1 includes a MAC address of the second communication device, such as a 6-octet

MAC address or a portion thereof. In other embodiments, other suitable identifiers are utilized.

[0108] The disambiguation subfield 630-4 is set to indicate a communication protocol to which
the current NDP sounding frame exchange conforms. For example, the disambiguation subfield
630-4 is set to a value (e.g., a logic one (1)) that indicates that the current NDP sounding frame
exchange conforms to a first communication protocol (e.g., IEEE 802.11ax) and not a second

communication protocol (e.g., IEEE 802.11ac).

[0109] One or more of the subfields 630 illustrated in Fig. 6B correspond to subfields of an
NDPA frame used, for example, in a beamforming sounding procedure, and these one or more
subfields 630 may be needed on the NDPA frame 600. The one or more subfields 630 that are
not needed in the NDPA frame 600 are reserved in the NDPA frame 600, in an embodiment. For
example, the partial BW information subfield 630-2 is reserved in the NDPA frame 600. In
some embodiments, at least some of the one or more subfields 630 that are not needed in the

NDPA frame 600 are omitted from the NDPA frame 600.

[0110] In an embodiment, to allow one or more second communication devices (e.g., client
stations 154) to measure AoD based on NDPs (or regular PPDUs, in some embodiments)
received from a first communication device (e.g., the AP 114), the first communication devices
signals antenna information (e.g., number of antennas, distance between antennas, etc.) of the
first communication device prior to transmission of the NDPs (or regular PPDUs, in some
embodiments) to the second communication device. For example, the AP 114 includes antenna
information in a beacon frame transmitted by the AP 114 or in a specifically designated

management or action frame transmitted by the AP 114.

[0111] In some embodiments, to reduce overhead, the AP 114 includes antenna information in

only some beacon frames transmitted by the AP 114, or transmits specifically designated
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management or action frames in only some beacon intervals. In an embodiment, each of one or
more beacon frames consecutively transmitted by the AP 114 includes an antenna information
element that indicates a number of beacon frames (e.g. including the current beacon frame) that
will be transmitted before the AP 114 transmits a next beacon frame that includes antenna
information (e.g., number of antennas, distance between antennas, etc.) of the AP 114, or before
a next beacon interval during which the AP 114 will transmit a next specifically designated
management or action frame that includes the antenna information of the AP 114. In another
embodiment, each of one or more beacon frames consecutively transmitted by the AP 114
includes an antenna information element that indicates a target beacon transmission time of the
next beacon frame that will include antenna information (e.g., number of antennas, distance
between antennas, etc.) of the AP 114 or of a beginning of a next beacon interval during which
the AP 114 will transmit a next specifically designated management or action frame that includes

the antenna information of the AP 114.

[0112] Fig. of 7A is a diagram of an antenna information element 700 included in each of one or
more consecutive beacon frames transmitted by the AP 114, according to an embodiment. The
antenna information element 700 is a broadcast beacon element transmitted to all client stations
154, in an embodiment. Fig. 7A includes example numbers of octets of various fields of antenna
information element 700. In other embodiments, different suitable numbers of octets and bits are
utilized. In some embodiment, one or more of the fields illustrated in Fig. 7A are omitted and/or

one or more additional fields not illustrated in Fig. 7A are included.

[0113] The antenna information element 700 includes an antenna information beacon count field
702. In an embodiment, the antenna information field 702 indicates a number of consecutive
beacon frames that the AP 114 will transmit prior to transmission of a next beacon frame that
includes an antenna information beacon element with antenna information (e.g., number of
antennas, distance between antennas, etc.) of the AP 114. In another embodiment, the antenna
information beacon count field 702 indicates a number of consecutive beacon frames that the AP
114 will transmit before a next beacon interval during which the AP 114 will transmit a next
specifically designated management or action frame that includes the antenna information of the
AP 114. In an embodiment, the count indicated in the antenna information beacon count field

702 includes the current beacon frame that includes the antenna information element 700. In
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another embodiment, the count indicated in the antenna information beacon count field 702 does
not include the current beacon frame that includes the antenna information element 700. In an
embodiment, a count of one (1) indicated in the antenna information beacon count field 702
indicates that the next beacon frame transmitted by the AP 114 will include a broadcast antenna
information element that includes antenna information of the AP 114, or that the next beacon
interval will include transmission of a next specifically designated management or action frame

that includes the antenna information of the AP 114.

[0114] Fig. of 7A is a diagram of an antenna information element 700 included in each of one or
more consecutive beacon frames transmitted by the AP 114, according to an embodiment. The
antenna information element 700 is a broadcast beacon element transmitted to all client stations
154, in an embodiment. Fig. 7A includes example numbers of octets of various fields of antenna
information element 700. In other embodiments, different suitable numbers of octets and bits are
utilized. In some embodiment, one or more of the fields illustrated in Fig. 7A are omitted and/or

one or more additional fields not illustrated in Fig. 7A are included.

[0115] The antenna information element 700 includes an antenna information beacon count field
702. In an embodiment, the antenna information field 702 indicates a number of consecutive
beacon frames that the AP 114 will transmit prior to transmission of a next beacon frame that
includes an antenna information beacon element with antenna information (e.g., number of
antennas, distance between antennas, etc.) of the AP 114. In another embodiment, the antenna
information beacon count field 702 indicates a number of consecutive beacon frames that the AP
114 will transmit before a next beacon interval during which the AP 114 will transmit a next
specifically designated management or action frame that includes the antenna information of the
AP 114. In an embodiment, the count indicated in the antenna information beacon count field
702 includes the current beacon frame that includes the antenna information element 700. In
another embodiment, the count indicated in the antenna information beacon count field 702 does
not include the current beacon frame that includes the antenna information element 700. In
various embodiments, a count of one (1) indicated in the antenna information beacon count field
702 indicates that the next beacon frame transmitted by the AP 114 will include a broadcast

antenna information element that includes antenna information of the AP 114, or that the next
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beacon interval will include transmission of a next specifically designated management or action

frame that includes the antenna information of the AP 114.

[0116] Fig. of 7B is a diagram of an antenna information element 750 included in each of one or
more consecutive beacon frames transmitted by the AP 114, according to another embodiment.
The antenna information element 750 is a broadcast beacon element transmitted to all client
stations 154, in an embodiment. Fig. 7B includes example numbers of octets of various fields of
antenna information element 750. In other embodiments, different suitable numbers of octets
and bits are utilized. In some embodiment, one or more of the fields illustrated in Fig. 7B are

omitted and/or one or more additional fields not illustrated in Fig. 7B are included.

[0117] The antenna information element 750 is similar to the antenna information element 700
of Fig. 7A, except that in the antenna information element 750 the antenna information beacon
count field 702 is replaced by an antenna information beacon timing synchronization function
(TSF) field 752. The antenna information beacon TSF field 752 indicates target beacon
transmission time (TBTT) of the next beacon frame that will include antenna information (e.g.,
number of antennas, distance between antennas, etc.) of the AP 114 or of a beginning of a next
beacon interval during which the AP 114 will transmit a next specifically designated
management or action frame that includes the antenna information of the AP 114, in various

embodiments.

[0118] In some embodiments, one or more client stations 154 are configured to perform AoD
measurements, without performing ToA or ToD measurements, In some such embodiments, the
AP 114 transmits an NDPA/NDP transmission to the one or more client stations 154 as described
above, and the one or more client stations 154 measure AoD based the NDP transmitted by the
AP 114. In another embodiment, a client station 154 performs AoD measurement based on a
regular PPDU (e.g., aggregated PPDU (A-PPDU)) transmitted by the AP 114 to the client station
154. Similarly, in an embodiment, the AP 114 performs AoA measurements based on an NDP
that the AP 114 receives from a client station 154, or based on a regular PPDU (e.g, A-PPDU)

that the AP 114 receives from a client station 154, in various embodiments.

[0119] Fig. 8 is a flow diagram of an example method 800 for performing ranging measurement

in a wireless network, according to an embodiment. In some embodiments, the network
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interface device 122 of Fig. 1 is configured to implement the method 800. In some
embodiments, the network interface device 162 of Fig. 1 is configured to implement the method
800. The method 800 is described in the context of the network interface device 122 and the
network interface device 162 merely for explanatory purposes and, in other embodiments, the

method 800 is implemented by other suitable devices.

[0120] At block 802, during an SP for a ranging measurement signal exchange between a first
communication device and one or more second communication devices, the first communication
device receives respective first NDPs from one or more second communication devices. The
respective first NDPs omit data portions, in an embodiment. In an embodiment, the network
interface device 122 of the AP 114 receives the NDPs 224 of Figs. 2A-2B from a group of client
stations 154. In another embodiment, the network interface device 162 receives the NDP 320 of

Figs. 3A-3B from the AP 114.

[0121] At block 804, during the SP, the first communication device transmits second NDPs to
the one or more second communication devices. The respective second NDPs omit data
portions, in an embodiment. In an embodiment, the network interface device 122 of the AP 114
transmits the NDPs 236 of Figs. 2A-2B to the group of client stations 154. In another
embodiment, the network interface device 162 transmits the NDP 328 Figs. 3A-3B to the AP
114.

[0122] At block 806, during the SP, the first communication device transmits respective first
ranging measurement feedback packets to the one or more second communication devices. In an
embodiment, the respective first ranging measurement feedback packet transmitted at block 806
to a particular second communication device includes at least a) an indication corresponding to a
time t2 at which the respective first NDP was received from the particular second communication
device and b) an indication corresponding to a time t3 at which the respective second NDP was
transmitted to the particular second communication device to allow the particular second
communication device to determine a time-of-flight between the first communication device and

the particular second communication device. .
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[0123] At block 808, during the SP, the first communication device receives respective second
ranging measurement feedback packets from the one or more second communication devices. In
an embodiment, the respective second ranging measurement feedback packet from a particular
second communication device includes at least a) an indication corresponding to a time t; at
which the respective first NDP was transmitted by the particular second communication device,
and b) an indication corresponding to a time t4 at which the respective second NDP was received
by the particular second communication device to allow the first communication device to
determine a time-of-flight between the first communication device and the particular second

communication device.

[0124] In some embodiments, the method 900 omits the block 806 or the block 808. In such
embodiments, ranging measurement feedback is not provided either 1) from the first
communication device to the one or more second communication devices (e.g., if the block 806
is omitted) or ii) from the one or more second communication devices to the first communication
device (e.g., if the block 808 is omitted). In another embodiment, the method 900 includes both
the block 806 and the block 808. In such embodiments, ranging measurement feedback is
provided both 1) from the first communication device to the one or more second communication
devices (e.g., if the block 806 is omitted) and ii) from the one or more second communication

devices to the first communication device.

[0125] In an embodiment, a method for performing ranging measurements in a wireless network
comprises receiving, at a first communication device during a service period (SP) for a ranging
measurement signal exchange between the first communication device and one or more second
communication devices, respective first null data packets (NDPs) from the one or more second
communication devices, the respective first NDPs omitting data portions; transmitting, from the
first communication device during the SP, respective second NDPs to the one or more second
communication devices, the respective second NDPs omitting data portions; and one or both of 1)
transmitting, from the first communication device during the SP, respective first ranging
measurement report packets to the one or more second communication devices, the respective
first ranging measurement feedback packet transmitted to a particular second communication
device including at least a) an indication corresponding to a time t2 at which the respective first

NDP was received from the particular second communication device and b) an indication
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corresponding to a time t3 at which the respective second NDP was transmitted to the particular
second communication device to allow the particular second communication device to determine
a time-of-flight between the first communication device and the particular second
communication device, and ii) receiving, at the first communication device during the SP,
respective second ranging measurement report packets from the one or more second
communication devices, the respective second ranging measurement report packet from a
particular second communication device including at least a) an indication corresponding to a
time t; at which the respective first NDP was transmitted by the particular second communication
device, and b) an indication corresponding to a time t4 at which the respective second NDP was
received by the particular second communication device to allow the first communication device
to determine a time-of-flight between the first communication device and the particular second

communication device.

[0126] In other embodiments, the method includes one of, or any suitable combination of two or

more of, the following features.

[0127] The method further includes generating, at the first communication device, an NDP
announcement (NDPA) frame to announce transmission of the respective second NDPs to the
one or more second communication devices; and prior to transmitting the respective second
NDPs from the first communication device to the one or more second communication devices,
transmitting, from the first communication device, the NDPA frame to the one or more second

communication devices.

[0128] Generating the NDPA frame comprises generating the NDPA frame to include a
sounding dialog token field to indicate that the NDPA frame is for ranging measurement and not

for channel sounding in a beamforming procedure.

[0129] Generating the NDPA frame comprises generating the NDPA frame to include a
disambiguation field set to indicate that the NDPA frame conforms to a first communication
protocol and does not conform to a second communication protocol different from the first

communication protocol.

[0130] The one or more second communication devices comprise multiple second

communication devices.
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[0131] The method further includes generating, at the first communication device, a trigger
frame to be transmitted to the multiple second communication devices; and prior to receiving the
respective first NDPs at the first communication device, transmitting the trigger frame from the
first communication device to the multiple second communication devices to cause simultaneous

transmission of the respective first NDPs by the multiple second communication devices.

[0132] Generating the trigger frame comprises generating the trigger frame to include a cascade
indication field set to indicate that at least one additional ranging measurement between the first
communication device and the second communication device is to follow the current ranging

measurement.

[0133] The one or more second communication devices comprise a single second

communication device.

[0134] The method further includes prior to receiving the first NDP from the single second
communication device, receiving an NDPA frame from the single second communication frame,
the NDPA frame announcing transmission of the first NDP from the second communication

device to the first communication device.

[0135] The method further comprises transmitting, at a beginning of the SP, a polling data unit
to the one or more second communication devices to prompt the one or more second
communication devices to be ready for transmission of the respective first NDPs to the first

communication device.

[0136] The method comprises both 1) transmitting the respective first ranging measurement
feedback packets to the one or more second communication device and ii) receiving the
respective second ranging measurement feedback packets from the one or more second

communication devices.

[0137] The respective second ranging measurement feedback packets are transmitted by the one
or more second communication devices a predetermined time interval after reception of the
respective first ranging measurement feedback packets by the one or more second

communication devices.
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[0138] The predetermined time interval corresponds to a short interframe space (SIFS) time

period.

[0139] In another embodiment, an apparatus comprises a network interface device associated
with a first communication device. The network interface device includes one or more
integrated circuits (ICs) configured to: receive, during a service period (SP) for a ranging
measurement signal exchange between the first communication device and one or more second
communication devices, respective first null data packets (NDPs) from respective one or more
second communication devices; transmit, during the SP, respective second NDPs to the
respective one or more second communication devices; and one or both of 1) transmit, during the
SP, respective first ranging measurement report packets to the one or more second
communication devices, the respective first ranging measurement feedback packet transmitted to
a particular second communication device including at least a) an indication corresponding to a
time t2 at which the respective first NDP was received from the particular second communication
device and b) an indication corresponding to a time t3 at which the respective second NDP was
transmitted to the particular second communication device to allow the particular second
communication device to determine a time-of-flight between the first communication device and
the particular second communication device, and ii) receive, during the SP, respective second
ranging measurement feedback packets from the one or more second communication devices, the
respective second ranging measurement feedback packet from a particular second
communication device including at least a) an indication corresponding to a time t; at which the
respective first NDP was transmitted by the particular second communication device, and b) an
indication corresponding to a time t4 at which the respective second NDP was received by the
particular second communication device to allow the first communication device to determine a
time-of-flight between the first communication device and the particular second communication

device.

[0140] In other embodiments, the apparatus comprises one of, or any suitable combination of

two or more of, the following features.

[0141] The one or more ICs are further configured to: generate an NDP announcement (NDPA)

frame to announce transmission of the respective second NDPs to the one or more second
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communication devices; and prior to transmitting the respective second NDPs to the one or more
second communication devices, transmit the NDPA frame to the one or more second

communication devices.

[0142] The one or more ICs are configured to generate the NDPA frame to include a sounding
dialog token field to indicate that the NDPA frame is for ranging measurement and not for

channel sounding in a beamforming procedure.

[0143] The one or more ICs are configured to generate the NDPA frame to include a
disambiguation field set to indicate that the NDPA frame conforms to a first communication
protocol and does not conform to a second communication protocol different from the first

communication protocol.

[0144] The one or more second communication devices comprise multiple second

communication devices.

[0145] The one or more ICs are further configured to: generate a trigger {frame to be transmitted
to the multiple second communication devices; and prior to receiving the respective first NDPs at
the first communication device, transmit the trigger frame to the multiple second communication
devices to cause simultaneous transmission of the respective first NDPs by the multiple second

communication devices.

[0146] The one or more ICs are configured to generate the trigger frame to include a cascade
indication field set to indicate that at least one additional ranging measurement between the first
communication device and the second communication device is to follow the current ranging

measurement.

[0147] The one or more second communication devices comprise a single second

communication device.

[0148] The one or more ICs are further configured to, prior to receiving the first NDP from the
single second communication device, receive an NDPA frame from the single second
communication frame, the NDPA frame announcing transmission of the first NDP from the

second communication device to the first communication device.
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[0149] The one or more ICs are further configured to, at a beginning of the SP, transmit a polling
data unit to the one or more second communication devices to prompt the one or more second
communication devices to be ready to transmit the respective first NDPs to the first

communication device.

[0150] The one or more ICs are configured to, during the SP, both 1) transmit the respective first
ranging measurement feedback packets to the one or more second communication device and ii)
receive the respective second ranging measurement feedback packets from the one or more

second communication devices.

[0151] The respective second ranging measurement feedback packets are transmitted by the one
or more second communication devices a predetermined time interval after reception of the
respective first ranging measurement feedback packets by the one or more second

communication devices.

[0152] The predetermined time interval corresponds to a short interframe space (SIFS) time

period.

[0153] At least some of the various blocks, operations, and techniques described above may be
implemented utilizing hardware, a processor executing firmware instructions, a processor
executing software instructions, or any combination thereof. When implemented utilizing a
processor executing software or firmware instructions, the software or firmware instructions may
be stored in any computer readable memory such as on a magnetic disk, an optical disk, or other
storage medium, in a RAM or ROM or flash memory, processor, hard disk drive, optical disk
drive, tape drive, etc. Likewise, the software or firmware instructions may be delivered to a user
or a system via any known or desired delivery method including, for example, on a computer
readable disk or other transportable computer storage mechanism or via communication media.
Communication media typically embodies computer readable instructions, data structures,
program modules or other data in a modulated data signal such as a carrier wave or other
transport mechanism. The term “modulated data signal” means a signal that has one or more of
its characteristics set or changed in such a manner as to encode information in the signal. By
way of example, and not limitation, communication media includes wired media such as a wired

network or direct-wired connection, and wireless media such as acoustic, radio frequency,
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infrared and other wireless media. Thus, the software or firmware instructions may be delivered
to a user or a system via a communication channel such as a telephone line, a DSL line, a cable
television line, a fiber optics line, a wireless communication channel, the Internet, etc. (which are
viewed as being the same as or interchangeable with providing such software via a transportable
storage medium). The software or firmware instructions may include machine readable

instructions that, when executed by the processor, cause the processor to perform various acts.

[0154] When implemented in hardware, the hardware may comprise one or more of discrete

components, an integrated circuit, an application-specific integrated circuit (ASIC), etc.

[0155] While the present invention has been described with reference to specific examples,
which are intended to be illustrative only and not to be limiting of the invention, changes,
additions and/or deletions may be made to the disclosed embodiments without departing from

the scope of the invention.
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What is claimed is:

1. A method for performing ranging measurements in a wireless network, the
method comprising:

receiving, at a first communication device during a service period (SP) for a ranging
measurement signal exchange between the first communication device and one or more second
communication devices, respective first null data packets (NDPs) from the one or more second
communication devices, the respective first NDPs omitting data portions;

transmitting, from the first communication device during the SP, respective second NDPs
to the one or more second communication devices, the respective second NDPs omitting data
portions; and

one or both of

1) transmitting, from the first communication device during the SP, respective first
ranging measurement feedback packets to the one or more second communication devices, the
respective first ranging measurement feedback packet transmitted to a particular second
communication device including at least a) an indication corresponding to a time t2 at which the
respective first NDP was received from the particular second communication device and b) an
indication corresponding to a time t3 at which the respective second NDP was transmitted to the
particular second communication device to allow the particular second communication device to
determine a time-of-flight between the first communication device and the particular second
communication device, and
i1) receiving, at the first communication device during the SP, respective second

ranging measurement feedback packets from the one or more second communication devices, the
respective second ranging measurement feedback packet from a particular second
communication device including at least a) an indication corresponding to a time t; at which the
respective first NDP was transmitted by the particular second communication device, and b) an
indication corresponding to a time t4 at which the respective second NDP was received by the
particular second communication device to allow the first communication device to determine a
time-of-flight between the first communication device and the particular second communication

device.
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2. The method of claim 1, further comprising

generating, at the first communication device, an NDP announcement (NDPA) frame to
announce transmission of the respective second NDPs to the one or more second communication
devices, and

prior to transmitting the respective second NDPs from the first communication device to
the one or more second communication devices, transmitting, from the first communication

device, the NDPA frame to the one or more second communication devices.

3. The method of claim 2, wherein generating the NDPA frame comprises
generating the NDPA frame to include a sounding dialog token field to indicate that the NDPA

frame is for ranging measurement and not for channel sounding in a beamforming procedure.

4. The method of claim 2, wherein generating the NDPA frame comprises
generating the NDPA frame to include a disambiguation field set to indicate that the NDPA
frame conforms to a first communication protocol and does not conform to a second

communication protocol different from the first communication protocol.

5. The method of claim 1, wherein:
the one or more second communication devices comprise multiple second
communication devices, and
the method further comprises
generating, at the first communication device, a trigger frame to be transmitted to
the multiple second communication devices, and
prior to receiving the respective first NDPs at the first communication device,
transmitting the trigger frame from the first communication device to the multiple second
communication devices to cause simultaneous transmission of the respective first NDPs by the

multiple second communication devices.

6. The method of claim 5, wherein generating the trigger frame comprises

generating the trigger frame to include a cascade indication field set to indicate that at least one
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additional ranging measurement between the first communication device and the second

communication device is to follow the current ranging measurement.

7. The method of claim 1, wherein
the one or more second communication devices comprise a single second communication
device, and
the method further comprises, prior to receiving the first NDP from the single second
communication device, receiving an NDPA frame from the single second communication frame,
the NDPA frame announcing transmission of the first NDP from the second communication

device to the first communication device.

8. The method of claim 1, further comprising transmitting, at a beginning of the SP,
a polling data unit to the one or more second communication devices to prompt the one or more
second communication devices to be ready for transmission of the respective first NDPs to the

first communication device.

9. The method of claim 1, wherein the method comprises both 1) transmitting the
respective first ranging measurement feedback packets to the one or more second communication
device and ii) receiving the respective second ranging measurement feedback packets from the
one or more second communication devices, wherein the respective second ranging measurement
feedback packets are transmitted by the one or more second communication devices a
predetermined time interval after reception of the respective first ranging measurement feedback

packets by the one or more second communication devices.

10. The method of claim 9, wherein the predetermined time interval corresponds to a

short interframe space (SIFS) time period.
11. An apparatus, comprising:

a network interface device associated with a first communication device, wherein the

network interface device includes one or more integrated circuits (ICs) configured to:
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receive, during a service period (SP) for a ranging measurement signal exchange
between the first communication device and one or more second communication devices,
respective first null data packets (NDPs) from respective one or more second communication
devices,

transmit, during the SP, respective second NDPs to the respective one or more
second communication devices, and

one or both of

1) transmit, during the SP, respective first ranging measurement feedback
packets to the one or more second communication devices, the respective first ranging
measurement feedback packet transmitted to a particular second communication device including
at least a) an indication corresponding to a time t2 at which the respective first NDP was received
from the particular second communication device and b) an indication corresponding to a time 3
at which the respective second NDP was transmitted to the particular second communication
device to allow the particular second communication device to determine a time-of-flight
between the first communication device and the particular second communication device, and
i1) receive, during the SP, respective second ranging measurement

feedback packets from the one or more second communication devices, the respective second
ranging measurement feedback packet from a particular second communication device including
at least a) an indication corresponding to a time t; at which the respective first NDP was
transmitted by the particular second communication device, and b) an indication corresponding
to a time t4 at which the respective second NDP was received by the particular second
communication device to allow the first communication device to determine a time-of-flight

between the first communication device and the particular second communication device.

12. The apparatus of claim 11, wherein the one or more ICs are further configured to

generate an NDP announcement (NDPA) frame to announce transmission of the
respective second NDPs to the one or more second communication devices, and

prior to transmitting the respective second NDPs to the one or more second
communication devices, transmit the NDPA frame to the one or more second communication

devices.
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13. The apparatus of claim 12, wherein the one or more ICs are configured to
generate the NDPA frame to include a sounding dialog token field to indicate that the NDPA

frame is for ranging measurement and not for channel sounding in a beamforming procedure.

14. The apparatus of claim 12, wherein the one or more ICs are configured to
generate the NDPA frame to include a disambiguation field set to indicate that the NDPA frame
conforms to a first communication protocol and does not conform to a second communication

protocol different from the first communication protocol.

15. The apparatus of claim 11, wherein:
the one or more second communication devices comprise multiple second
communication devices, and
the one or more ICs are further configured to
generate a trigger frame to be transmitted to the multiple second communication
devices, and
prior to receiving the respective first NDPs at the first communication device,
transmit the trigger frame to the multiple second communication devices to cause simultaneous

transmission of the respective first NDPs by the multiple second communication devices.

16. The apparatus of claim 15, wherein the one or more ICs are configured to
generate the trigger frame to include a cascade indication field set to indicate that at least one
additional ranging measurement between the first communication device and the second

communication device is to follow the current ranging measurement.

17. The apparatus of claim 11, wherein
the one or more second communication devices comprise a single second communication
device, and
the one or more ICs are further configured to, prior to receiving the first NDP from the

single second communication device, receive an NDPA frame from the single second
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communication frame, the NDPA frame announcing transmission of the first NDP from the

second communication device to the first communication device.

18. The apparatus of claim 11, wherein the one or more ICs are further configured to,
at a beginning of the SP, transmit a polling data unit to the one or more second communication
devices to prompt the one or more second communication devices to be ready to transmit the

respective first NDPs to the first communication device.

19. The apparatus of claim 11, wherein the one or more ICs are configured to, during
the SP, both 1) transmit the respective first ranging measurement feedback packets to the one or
more second communication device and ii) receive the respective second ranging measurement
feedback packets from the one or more second communication devices, wherein the respective
second ranging measurement feedback packets are transmitted by the one or more second
communication devices a predetermined time interval after reception of the respective first

ranging measurement feedback packets by the one or more second communication devices.

20. The apparatus of claim 19, wherein the predetermined time interval corresponds

to a short interframe space (SIFS) time period.
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