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COMMUNICATION APPARATUS AND COMMUNICATION METHOD FOR
CHANNEL ESTIMATION

TECHNICAL FIELD

[1] The present disclosure relates to communication apparatuses and methods
for channel estimation, and more particularly to communication apparatuses and
methods for channel estimation in multiple-input multiple-output (MIMO) wireless

networks.
BACKGROUND
[2] In the standardization of next generation wireless local area network (WLAN),

a new radio access technology having backward compatibilities with IEEE
802.11a/b/g/n/ac/ax technologies has been discussed in the |IEEE 802.11 Working
Group, and is named Extremely High Throughput (EHT) WLAN.

[3] In EHT WLAN, in order to provide significant peak throughput and capacity
increase over 802.11ax high efficiency (HE) WLAN, it is desired to increase the
maximum number of spatial streams from 8 to 16, especially for multiuser multiple-

input multiple-output (MU-MIMO) transmissions.

[4] However, there has been no discussion on communication apparatuses and
methods for MIMO channel estimation in the context of EHT WLAN.

[5] There is thus a need for communication apparatuses and methods that
provide feasible technical solutions for MIMO channel estimation in the context of
EHT WLAN. Furthermore, other desirable features and characteristics will become
apparent from the subsequent detailed description and the appended claims, taken
in conjunction with the accompanying drawings and this background of the

disclosure.
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SUMMARY

[6] One non-limiting and exemplary embodiment facilitates providing
apparatuses for MIMO channel estimation in context of EHT WLAN.

[7] According to a first embodiment of the present disclosure, there is provided a
communication apparatus comprising: a transmitter, which in operation, transmits a
physical layer protocol data unit (PPDU) to one or more other communication
apparatus in a multiple-input multiple-output (MIMO) wireless network, the PPDU
including a long training field (LTF) that facilitates the one or more other
communication apparatus to estimate respective channels for respective
communications with the communication apparatus; and a controller, which in
operation, establishes the number of LTF symbols (N.t¢) for generating the LTF in
the PPDU, wherein the N 1= depends on a maximum value (Nstsuax) of the number
of space-time streams for each resource unit (RU) in the PPDU.

[8] According to a second embodiment of the present disclosure, there is
provided a communication method comprising: transmitting, from a first communication
apparatus to one or more second communication apparatus in a multiple-input multiple-
output (MIMO) wireless network, a physical layer protocol data unit (PPDU), the PPDU
including a long training field (LTF) that facilitates the one or more second
communication apparatus to estimate respective channels for respective
communications with the first communication apparatus; and establishing, by the first
communication apparatus, the number of LTF symbols (N.r¢) for generating the LTF in
the PPDU, wherein the N = depends on a maximum value (Nsrswax) of the number of
space-time streams for each resource unit (RU) in the PPDU.

[9] It should be noted that general or specific embodiments may be implemented
as a system, a method, an integrated circuit, a computer program, a storage

medium, or any selective combination thereof.

[10] Additional benefits and advantages of the disclosed embodiments will
become apparent from the specification and drawings. The benefits and/or
advantages may be individually obtained by the various embodiments and features
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of the specification and drawings, which need not all be provided in order to obtain
one or more of such benefits and/or advantages.

BRIEF DESCRIPTION OF THE DRAWINGS

[11] Embodiments of the disclosure will be better understood and readily apparent
to one of ordinary skilled in the art from the following written description, by way of

example only, and in conjunction with the drawings, in which:

[12] Fig. 1A depicts a schematic diagram of uplink and downlink single-user
multiple input multiple output (MIMO) communications between an access point (AP)
and a station (STA) in a MIMO wireless network.

[13] Fig. 1B shows a format of a physical layer protocol data unit (PPDU) used for
single-user MIMO communications as depicted in Fig. 1A.

[14] Fig. 2A depicts a schematic diagram of downlink multiuser MIMO
communications between an AP and multiple STAs in a MIMO wireless network.

[15] Fig. 2B shows a format of a physical layer protocol data unit (PPDU) used for
downlink multiuser MIMO communications as depicted in Fig. 2A.

[16] Fig. 3A depicts a schematic diagram of uplink multiuser MIMO
communications between an AP and multiple STAs in a MIMO wireless network.
This uplink multiuser MIMO communications may be interchangeably referred to as
trigger based MIMO communications.

[17] Fig. 3B shows a format of a physical layer protocol data unit (PPDU) used for
trigger based MIMO communications as depicted in Fig. 3A.

[18] Fig. 4 shows a schematic example of communication apparatus in
accordance with embodiments. The communication apparatus may be implemented
as an AP or a STA and configured for channel estimation in accordance with various
embodiments of the present disclosure.
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[19] Fig. 5 shows an example of Nt determination in accordance with a first
embodiment of the present disclosure.

[20] Figs. 6A and 6B show two examples of Nt determination in accordance with

a second embodiment of the present disclosure

[21]  Fig. 7 shows an exemplary flow diagram of LTF generation in a PPDU at a
communication apparatus in uplink and downlink single-user MIMO communications and
downlink multiuser MIMO communications, in accordance with the second embodiment
as depicted in Figs. 6A and 6B. In downlink single-user MIMO communications and
downlink multiuser MIMO communications, the communication apparatus is an AP. In

uplink single-user MIMO communications, the communication apparatus is a STA.

[22] Fig. 8 shows a flow diagram of channel estimation at a communication apparatus
in uplink and downlink single-user MIMO communications, in accordance with the
second embodiment as depicted in Figs. 6A and 6B. In downlink single-user MIMO
communications, the communication apparatus is a STA. In uplink single-user MIMO

communications, the communication apparatus is an AP.

[23] Fig. 9 shows a flow diagram of channel estimation at a STA in downlink multiuser
MIMO communications, in accordance with the second embodiment as depicted in Figs.
6A and 6B.

[24] Fig. 10 shows a flow diagram of LTF generation in a PPDU at a STA in trigger
based MIMO communications, in accordance with the second embodiment as depicted
in Figs. 6A and 6B.

[25] Fig. 11 shows a flow diagram of channel estimation at an AP in trigger based
MIMO communications, in accordance with the second embodiment as depicted in Figs.
6A and 6B.

[26] Fig. 12 shows a flow diagram of LTF generation in a PPDU at a communication
apparatus in uplink and downlink single-user MIMO communications and downlink

multiuser MIMO communications, in accordance with a third embodiment (not shown). In
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downlink single-user MIMO communications and downlink multiuser MIMO
communications, the communication apparatus is an AP. In uplink single-user MIMO

communications, the communication apparatus is a STA.

[27] Fig. 13 shows a flow diagram of channel estimation at a communication
apparatus in uplink and downlink single-user MIMO communications, in accordance with
the third embodiment. In downlink single-user MIMO communications, the
communication apparatus is a STA. In uplink single-user MIMO communications, the
communication apparatus is an AP.

[28] Fig. 14 shows a flow diagram of channel estimation at a STA in downlink
multiuser MIMO communications, in accordance with the third embodiment.

[29] Fig. 15 shows a flow diagram of LTF generation in a PPDU at a STA in trigger
based MIMO communications, in accordance with the third embodiment.

[30] Fig. 16 shows a flow diagram of channel estimation at an AP in trigger based
MIMO communications, in accordance with the third embodiment.

[31] Fig. 17 shows another schematic example of a communication apparatus in
single-user and multiuser MIMO communications in accordance with various
embodiments as described above. The communication apparatus may serve as an
AP and configured for channel estimation in accordance with various embodiments

of the present disclosure.

[32] Fig. 18 shows another schematic example of a communication apparatus in
single-user and multiuser MIMO communications in accordance with various
embodiments as described above. The communication apparatus may serve as a
STA and configured for channel estimation in accordance with various embodiments

of the present disclosure.

[33] Skilled artisans will appreciate that elements in the figures are illustrated for
simplicity and clarity and have not necessarily been depicted to scale. For example,
the dimensions of some of the elements in the illustrations, block diagrams or
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flowcharts may be exaggerated in respect to other elements to help to improve
understanding of the present embodiments.

DETAILED DESCRIPTION

[34] Some embodiments of the present disclosure will be described, by way of
example only, with reference to the drawings. Like reference numerals and

characters in the drawings refer to like elements or equivalents.

[35] In the following paragraphs, certain exemplifying embodiments are explained
with reference to an access point (AP) and a station (STA) for channel estimation,
especially in a multiple-input multiple-output (MIMO) wireless network.

[36] In the context of IEEE 802.11 (Wi-Fi) technologies, a station, which is
interchangeably referred to as a STA, is a communication apparatus that has the
capability to use the 802.11 protocol. Based on the IEEE 802.11-2007 definition, a
STA can be any device that contains an IEEE 802.11-conformant media access
control (MAC) and physical layer (PHY) interface to the wireless medium (WM).

[37]1 For example, a STA may be a laptop, a desktop personal computer (PC), a
personal digital assistant (PDA), an access point or a Wi-Fi phone in a wireless local
area network (WLAN) environment. The STA may be fixed or mobile. In the WLAN

ST KLY

environment, the terms “STA”, “wireless client”, “user”, “user device”, and “node” are

often used interchangeably.

[38] Likewise, an AP, which may be interchangeably referred to as a wireless
access point (WAP) in the context of I|EEE 802.11 (Wi-Fi) technologies, is
a communication apparatus that allows STAs in a WLAN to connect to a wired
network. The AP usually connects to a router (via a wired network) as a standalone
device, but it can also be an integral component of the router itself.

[39] As mentioned above, a STA in a WLAN may work as an AP at a different
occasion, and vice versa. This is because communication apparatuses in the
context of |IEEE 802.11 (Wi-Fi) technologies may include both STA hardware

components and AP hardware components. In this manner, the communication
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apparatuses may switch between a STA mode and an AP mode, based on actual
WLAN conditions and/or requirements.

[40] In a MIMO wireless network, “multiple” refers to multiple antennas used
simultaneously for transmission and multiple antennas used simultaneously for
reception, all over a radio channel. In this regard, “multiple-input” refers to multiple
transmitter antennas, which input a radio signal into the channel, and “multiple-
output” refers to multiple receiver antennas, which receives the radio signal from the
channel and into the receiver. For example, in a N x M MIMO network system, N is
the number of transmitter antennas, M is the number of receiver antennas, and N
may or may not be equal to M. For the sake of simplicity, the respective numbers of
transmitter antennas and receiver antennas are not discussed further in the present

disclosure.

[41] In a MIMO wireless network, single-user communications and multiuser
communications can be deployed for communications between communications

apparatuses such as APs and STAs.

[42] Fig. 1A depicts a schematic diagram of single-user MIMO communications
100 between an AP 102 and a STA 104 in a MIMO wireless network. As shown, the
MIMO wireless network may include one or more STAs {(e.g. STA 104, STA 106,
etc). In the single-user MIMO communications 100, the AP 102 transmits multiple
spatial streams using multiple antennas (e.g. 4 antennas as depicted in Fig. 1A) with
all the spatial streams directed to a single communication apparatus, i.e. the STA
104. For the sake of simplicity, the multiple spatial streams directed to the STA 104
are illustrated as a grouped data transmission arrow 108 directed to the STA 104.

[43] The single-user MIMO communications 100 can be configured for bi-
directional transmissions. As shown in Fig. 1A, in the single-user MIMO
communications 100, the STA 104 may transmit multiple spatial streams using
multiple antennas (e.g. 2 antennas as depicted in Fig. 1A) with all the spatial
streams directed to the AP 102. For the sake of simplicity, the multiple spatial
streams directed to the AP 102 are illustrated as a grouped data transmission arrow
110 directed to the AP 102.
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[44] As such, the single-user MIMO communications 100 depicted in Fig. 1A
enables both wuplink single-user transmissions and downlink single-user

transmissions in MIMO wireless network.

[45] Fig. 1B shows a format of a physical layer protocol data unit (PPDU) 150
used for the single-user MIMO communications as depicted in Fig. 1A. Such a
PPDU 150 is interchangeably referred to as a single-user PPDU and can be used

for both downlink single-user transmissions and uplink single-user transmissions.

[46] For example, if the MIMO wireless network is a next generation WLAN with
an extremely high throughput, such as an EHT WLAN in which the maximum
number of spatial streams is increased from 8 to 16, the single-user PPDU 150 as
shown in Fig. 1B may include a non-High Throughput Short Training Field (L-STF), a
non-High Throughput Long Training Field (L-LTF), a non-High Throughput Signal
Field (L-SIG), a Repeated L-SIG (RL-SIG), an Extremely High Throughput Signal A
(EHT-SIG-A) field 154, an Extremely High Throughput Short Training Field (EHT-
STF), an Extremely High Throughput Long Training Field (EHT-LTF) 152, a Data
field and a Packet Extension (PE) field. It is appreciable that if the IEEE 802.11
Working Group uses a new name instead of “EHT WLAN” for the next generation
WLAN with an extremely high throughput, the prefix “EHT” in the above fields may
change accordingly.

[47] In a single-user PPDU as well as any other types of PPDUs, the EHT-LTF is
used to provide information to a receiver (either of a STA in downlink transmissions
or of an AP in uplink transmissions) to estimate a channel that a transmitter (either
of an AP in downlink transmissions or of a STA in uplink transmissions) uses for
communications. The Data field is variable in length, which carries user data
payload.

[48] In the single-user PPDU 100, the transmitter provides training for Ngrs, tota
space-time streams used for the transmission of Physical Layer Service Data Unit
(PSDU) in a predetermined resource unit (RU) of the Data field, where Nsrs, tota
represents the number of space-time streams in the RU. For example, if the
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bandwidth of the single-user PPDU 100 is 20 MHz, the predetermined RU is a 242-
tone RU. The different types of RU are defined in IEEE 802.11ax.

[49] Fig. 2A depicts a schematic diagram of downlink multiuser MIMO
communications 200 between an AP 202 and multiple STAs 204, 206, 208 in a
MIMO wireless network.

[50] The MIMO wireless network may include one or more STAs (e.g. STA 204,
STA 206, STA 208, etc). In the downlink multiuser MIMO communications 200, the
AP 202 transmits multiple streams simultaneously to the STAs 204, 206, 208 in the
network using multiple antennas. For example, two spatial streams may be directed
to the STA 206, another spatial stream may be directed to the STA 204, and yet
another spatial stream may be directed to the STA 208. For the sake of simplicity,
the two spatial streams directed to the STA 206 are illustrated as a grouped data
transmission arrow 212, the spatial stream directed to the STA 204 is illustrated as a
data transmission arrow 210, and the spatial stream directed to the STA 208 is
illustrated as a data transmission arrow 214.

[51] Fig. 2B shows a format of a PPDU 250 used for downlink multiuser MIMO
communications between an AP and multiple STAs. Such a PPDU 250 is referred to
as a multiuser PPDU 250.

[52] As shown in Fig. 1B, if the MIMO wireless network is with an extremely high
throughput, such as an EHT WLAN, the multiuser PPDU 250 may be referred to as
EHT MU PPDU 250 and includes a L-STF, a L-LTF, a L-SIG, a RL-SIG, an EHT-
SIG-A field 254, an Extremely High Throughput Signal B (EHT-SIG-B) field 256, an
EHT-STF, an EHT-LTF 252, a Data field and a PE field. As compared to the single-
user PPDU 150, the multiuser PPDU 250 includes an additional signal field (e.g.
EHT-SIG-B 256) that signals user-specific resource allocation information (e.g. the
number of space-time streams, a starting stream index and the allocated RU) for
each of the multiple STAs/users communicating with the AP. It is appreciable that if
the IEEE 802.11 Working Group uses a new name instead of “EHT WLAN?” for the
next generation WLAN with an extremely high throughput, the prefix “EHT” in the
above fields may change accordingly.
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[53] As described above, the EHT-LTF in the multiuser PPDU 250 is used to
provide information to a receiver (i.e. of a STA in the downlink multiuser MIMO
communications) to estimate a channel that a transmitter (i.e. of an AP in the
downlink multiuser MIMO communications) uses for communications. The Data field

is variable in length, which carries user data payload.

[54] In the multiuser PPDU 250, the transmitter provides training for Nsts tota
space-time streams used for the transmission of PSDUs in a r-th RU of the Data
field, where Nsrs ot represents the number of space-time streams over all the
STA(s)/user(s) in the r-th RU.

[55] To enable uplink multiuser transmissions in multiuser MIMO communications,
trigger based communications is provided to the MIMO wireless network. In this
regard, Fig. 3A depicts a schematic diagram of uplink multiuser MIMO
communications 300, i.e. trigger based communications 300, between an AP 202
and multiple STAs 304, 306, 308 in a MIMO wireless network.

[56] Since there are multiple STAs 304, 306, 308 participating in the trigger based
MIMO communications, in order to manage uplink transmissions in the trigger based
MIMO communications, the AP 302 needs to coordinate simultaneous transmissions
of multiple STAs 304, 306, 308.

[57] To do so, as shown in Fig. 3A, the AP 302 transmits trigger information 309,
311, 313 simultaneously to the multiple STAs 304, 306, 308 to indicate user-specific
resource allocation information (e.g. the number of space-time streams, a starting
stream index and the allocated RU) each STA can use. The trigger information is
included in a Trigger frame or in the MAC header of a Control Wrapper frame, a
Quality of Service (QoS) Data frame or a Management frame. In response to the
trigger information, the multiple STAs 304, 306, 308 may then arrange uplink
transmissions 310, 312, 324 to the AP 302 according to the user-specific resource
allocation information indicated in the trigger information.

[58] Fig. 3B shows a format of a PPDU 350 used for trigger-based
communications between an AP and multiple STAs. Such a PPDU is referred to as
a trigger based PPDU 350.
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[59] In the trigger based PPDU 350, the transmitter of user u in a r-th RU provides
training for Ngrs,, Space-time streams used for a uplink transmission of PSDU in the
r-th RU of the Data field, where Ngrs,u represents the number of space-time streams

in the r-th RU for user u.

[60] As shown in Fig. 3B, if the MIMO wireless network is with an extremely high
throughput, such as an EHT WLAN, the trigger based PPDU 350 includes the same
fields as those included in the single-user PPDU 150, except that the EHT-STF in
the trigger based PPDU 350 may have a longer duration than that in the single-user
PPDU 150.

[61] It is understood that Figs. 1A, 2A and 3A are depicted for illustrating
mechanisms of single-user or multiuser MIMO communications as described above.
For the sake of simplicity, certain components of the APs 102, 202, 302 and the
STAs 104, 106, 204, 206, 208, 304, 306, 308, such as transmitters, receivers, etc.,

are not depicted.

[62] In addition, for the sake of simplicity, each of the APs 102, 202, 302 in Figs.
1A, 2A and 3A is depicted to include four antennas for data transmission. It is
appreciable by those skilled in the art that the APs 102, 202, 302 may include more
antennas to achieve high throughput. For example, if the MIMO wireless network is
with an extremely high throughput, such as an EHT WLAN in which the maximum
number of spatial streams is 16 as described above, each of the APs 102, 202, 302
may include 16 antennas for data transmission. The number of antennas that each
of the STAs 104, 106, 204, 206, 208, 304, 306, 308 has may vary accordingly.

[63] Embodiments of the present disclosure provide various technical solutions for
channel estimation in the above described single-user or multiuser MIMO
communications. More importantly and advantageously, the technical solutions of
the present disclosure facilitate channel estimation in a MIMO wireless network of an
extremely high throughput, such as an EHT WLAN in which the maximum number of
spatial streams is increased from 8 to 16.
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[64] In order to support communications in the next generation WLAN (e.g. EHT
WLAN) in which the maximum number of spatial streams is increased from 8 to 16,
the EHT-LTF of the single-user PPDU 150, the multiuser PPDU 250 and the trigger
based PPDU 350 needs to support up to 16 spatial streams.

[65] However, the Long Training Field (LTF) of various types of PPDU in the
existing technologies cannot support up to 16 spatial streams. For example, in the
HE WLAN introduced in IEEE 802.11ax, the High Efficient Long Training Field (HE-
LTF) of a HE PPDU can support only up to 8 spatial streams.

[66] In order to support communications in the next generation WLAN (e.g. EHT
WLAN) in which the maximum number of spatial streams is increased from 8 to 16,
the present disclosure advantageously provides communication apparatuses and
communication methods that are configured to construct/generate the EHT-LTF to
support up to 16 spatial streams for channel estimation in the above described

single-user or multiuser MIMO communications.

[67] Fig. 4 shows a schematic, partially sectioned view of a communication
apparatus 400 in MIMO communications according to various embodiments of the
present disclosure. The communication apparatus 400 may be implemented as an
AP 102, 202, 302 or a STA 104, 106, 204, 206, 208, 304, 306, 308 according to
various embodiments.

[68] As shown in Fig. 4, the communication apparatus 400 is typically provided
with at least one radio transmitter 402, at least one radio receiver 404, multiple
antennas 412 (for the sake of simplicity, only one antenna is depicted in Fig. 4 for
illustration purposes) and at least one controller 406 for use in software and
hardware aided execution of tasks it is designed to perform, including control of
communications with one or more other communication apparatuses in a MIMO
wireless network. The at least one controller 406 may control at least one
transmission signal generator 408 for generating PPDUs to be sent through the at
least one radio transmitter 402 to one or more other communication apparatuses
and at least one receive signal processor 410 for processing PPDUs received
through the at least one radio receiver 404 from the one or more other
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communication apparatuses. The at least one transmission signal generator 408
and the at least one receive signal processor 410 may be stand-alone modules of
the communication apparatus 400 that communicate with the at least one controller
406 for the above-mentioned functions, as shown in Fig. 4. Alternatively, the at least
one transmission signal generator 408 and the at least one receive signal processor
410 may be included in the at least one controller 406. It is appreciable to those
skilled in the art that the arrangement of these functional modules is flexible and
may vary depending on the practical needs and/or requirements. The data
processing, storage and other relevant control apparatus can be provided on an
appropriate circuit board and/or in chipsets. In various embodiments, when in
operation, the at least one radio transmitter 402, at least one radio receiver 404, and
at least one antenna 412 may be controlled by the at least one controller 406.

[69] In the embodiment shown in Fig. 4, the at least one radio receiver 404,
together with the at least one receive signal processor 410, forms a receiver of the
communication apparatus 400. The receiver of the communication apparatus 400,

when in operation, provides functions required for channel estimation.

[70] In some embodiments, the at least one radio transmitter 402, in operation,
may transmit a PPDU to one or more other communication apparatus in a MIMO
wireless network. The PPDU includes a LTF (i.e. EHT-LTF) that facilitates the one or
more other communication apparatus to estimate respective channels for respective

communications with the communication apparatus.

[711 For example, in a downlink single-user MIMO communication, the
communication apparatus 400 is an AP, the one or more other communication
apparatus in the MIMO wireless network is a STA. In operation, the at least one
radio transmitter 402 of the AP 400 transmits the PPDU in the format of a single-
user PPDU to the receiver of the STA.

[72] Likewise, in an uplink single-user MIMO communication, the communication
apparatus 400 is a STA, the one or more other communication apparatus in the

MIMO wireless network is an AP. In operation, the at least one radio transmitter 402
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of the STA 400 transmits the PPDU in the format of a single-user PPDU to the
receiver of the AP.

[73] In a downlink multiuser MIMO communication, the communication apparatus
400 is an AP, the one or more other communication apparatus in the MIMO wireless
network include multiple STAs. In operation, the at least one radio transmitter 402 of
the AP 400 transmits the PPDU in the format of a multiuser PPDU to the receiver of
each of the multiple STAs.

[74] In a trigger based MIMO communication, the communication apparatus 400
is a STA, the one or more other communication apparatus in the MIMO wireless
network is an AP. In operation, the at least one radio transmitter 402 of the STA 400
transmits the PPDU in the format of a trigger based PPDU to the receiver of the AP.

[75] In the single-user PPDU, multiuser PPDU or trigger based PPDU, the LTF
comprises a plurality of LTF symbols for the receiver of the one or more other
communication apparatus to estimate respective channels for respective
communications with the transmitter of the communication apparatus in single-user

or multiuser communications.

[76] In the present disclosure, the at least one controller 406 of the
communication apparatus 400 establishes the number of LTF symbols (N.r¢) for
generating the LTF in the PPDU.

[77] In some examples, in downlink single-user MIMO communications and downlink
multi-user MIMO communications, the at least one controller 406 of the AP 400
determines the N rr when establishing the N 1¢for generating a single-user PPDU or a
multiuser PPDU. In uplink single-user MIMO communications, the at least one
controller 406 of the STA 400 determines the Nir= when establishing the N1 for
generating a single-user PPDU.

[78] In some other examples, in trigger based MIMO communications, the N s is
determined by the at least one controller of the AP and included into trigger
information as described above. When the STA 400 receives the trigger information
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from the AP, the at least one controller 406 of the STA 400 establishes the Nt by
retrieving the N 1+ from the trigger information and generates a trigger-oased PPDU.

[79] In various embodiments of the present disclosure, the N e is dependent on a
maximum value (Nstsumax) Of the number of space-time streams for each RU in the PPDU.
That is, the Nsrsmax is equal to the maximum of Ngrs i fOr r =0, .., Ni-1 where N, is the
number of RUs in the Data field of the PPDU. As described above, in order to support
communications in the next generation WLAN in which the maximum number of
spatial streams is increased from 8 to 16, the LTF of the single-user PPDU, the
multiuser PPDU or the trigger based PPDU in the present disclosure supports up to
16 spatial streams. In this regard, Nsrswax in the PPDU may be greater than 8.

[80] Fig. 5 shows an example of N_rr determination in accordance with a first
embodiment of the present disclosure. In the example, the at least one controller 406 of
the AP 400 (in downlink single-user MIMO communications, downlink multi-user MIMO
communications and trigger-based MIMO communications) or the STA 400 (in uplink
single-user MIMO communications) determines the N 1+ to be equal to the Nstswax in the
PPDU when the Ngrsuax is an even number; and determines the N 1¢ to be equal to 1
plus Nsrsmax in the PPDU when the Nsrsuax is an odd number other than 1.

[81] As shown in N 1 determination table 500 of Fig. 5, when the Nsrsmax in the
PPDU is an even number such as 2, 4, 6, 8, 10, 12, 14 or 16, the N rris determined to
be equal to the Nsrswax 2, 4, 6, 8, 10, 12, 14 or 16. When the Nsrsuaxin the PPDU is an
odd number other than 1, such as 3, 5, 7, 9, 11, 13 or 15, the N_rris determined to be
equal to 1 plus the Nstsmax That is, 2, 4, 6, 8, 10, 12, 14 or 16.

[82] Inthis example, when the MIMO communications is a downlink single-user MIMO
communication, the at least one controller 406 of the AP 400 indicates Ngrsmax (i.€.
Nsts.ota) in the SIG-A (i.e. EHT-SIG-A) field when generating the PPDU in the format of a
single-user PPDU. In this manner, a receiver of the STA can derive Nite from Ngrsmax
after decoding the SIG-A field, for estimating a channel usable for communications with
the AP 400.
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[83] When the MIMO communications is an uplink single-user MIMO communication,
the at least one controller 406 of the STA 400 indicates Nsrsmax (i-€. Nstsota) in the SIG-
A field when generating the PPDU in the format of a single-user PPDU. In this manner, a
receiver of the AP can derive Nirr from Nsrsmax after decoding the SIG-A field, for
estimating a channel usable for communications with the STA 400.

[84] When the MIMO communications is a downlink multiuser MIMO communication,
the at least one controller 406 of the AP 400 indicates Nitr in the SIG-A field and user-
specific resource allocation information for each user in the SIG-B (i.e. EHT-SIG-B) field
when generating the PPDU in the format of a multiuser PPDU. The user-specific
resource allocation information includes the number of space-time streams, a starting
stream index and the allocated RU. In this manner, a receiver of the STA can retrieve
N_r directly from the SIG-A field and derive its own user-specific resource allocation
information from the SIG-B field, for estimating a channel usable for communications
with the AP 400.

[85] When the MIMO communications is a trigger based MIMO communication, the
Nire and user-specific resource allocation information (e.g. the number of space-time
streams, a starting stream index and the allocated RU) for each user are determined by
the AP and informed in trigger information to each of the STA 400 engaged in the trigger
based MIMO communication. The trigger information, when received by each of the STA
400, triggers the trigger based MIMO communication. In this scenario, the PPDU in the
format of a trigger based PPDU generated by the at least one transmission signal
generator 408 of the STA 400 does not include Nyt and user-specific resource
allocation information in the SIG-A field, since the Nt and user-specific resource
allocation information are already known by the AP, as the AP is the one who initially

determines the N 1r and user-specific resource allocation information.

[86] To enable MIMO channel estimation at the receiver of the STA (in downlink
single-user MIMO communications and downlink multi-user MIMO communications) or
the AP (in uplink single-user MIMO communications and trigger-based MIMO
communications), every space-time stream is spread over data tones of all the LTF
symbols by one row of a Pt matrix as defined below. Different space-time streams use
different rows in the P.rr matrix. How the LTF symbols in a single-user PPDU, a
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multiuser PPDU or a trigger-based PPDU are generated according to the P.re matrix is
detailed in IEEE 802.11ax.

Pyxa, Nutp < 4

Pexe, NLTE = 6

Pgyg, Nutp = 8
Piox10, Nt = 10
Piyx12, Nyt = 12
Pi4yx14 Norp = 14
Piex16, NuTp = 16

Pirp =

wherein Paya, Pexs, Psxs Can be the same as those defined in IEEE 802.11ac; and Piox1o,
Pioxi2, Piax1a and Pyegie are defined in the present disclosure as follows:

10

ri -1 1 1 1 1 1 1 1 —1 7
1 —w? w2 wd w* wd: owb w owd —w?
1 —w?2 w? wb w8 wl0 iz 14 16 18
1 —w3 wé  w? wi2 wiS wi8 2l 24 27
1 —w* w8 wi2 w16 20 24 .28 32 36
P =
10x10 = |1 _ 5 10 15 1,20 025 1,30 035 040 45
1 w6 wi2 pl8 24 30 36 (42 48 54
1 —w? wlt w2l 28 35 42 49 156 .63
L1 —w8 wl6 24 32 40 4856 64 72
1 —w® wl8 w27 36 A5 54 63 72 81
where w = exp(-j2r/10);
P _ [P6><6 Poxe ]
12x12 = ;
P6><6 _P6><6
and
m -1 1 1 1 1 1 1 1 1 1 1 1 -1
1 _Wl WZ W3 W4 WS W6 W7 WS W9 W10 Wll WlZ _W13
1 _WZ W4 W6 W8 W‘lO W12 W14 W16 W‘IB WZO WZZ W24 _W26
1 _W3 W6 W9 WlZ WlS W18 W21 W24 W27 W30 W33 W36 _W39
1 _W4 WS W12 W16 WZO W24 WZS W32 \/V36 W40 W44 W48 _WSZ
1 _WS W10 W15 WZO WZS W30 W35 W40 W45 WSO WSS W60 _WGS
P _ 1 _W6 WIZ W18 W24 W30 W36 W42 W48 W54 W60 W66 W72 _W78
14x14 — 1 7W7 W14 WZl W28 W35 W4Z W49 WSG W63 W70 W77 WB4 7W91
1 _WS W16 W24 W3Z W40 W48 W56 W64 W72 WBO WSS W96 _W104
1 _W9 W18 W27 W36 W45 W54 W63 W72 W81 W‘30 W99 W108 _W117
1 _Wl() WZO W3O W40 WSO W60 W7O WBO W90 WIOO W110 WlZO _W130
1 _Wll W22 W33 W44 WSS W66 W77 WBS W99 WllO W121 W132 _W143
1 _le W24 W36 W48 W60 W72 W84 W96 WIOE WIZO W132 W144 _W156
L1 7W13 WZ6 W39 WSZ W65 W78 W91 W104 W117 W130 W143 W156 7W169_
where w = exp(-j2r/14); and
P _ [P8><8 Pgys ]
16x16 — .
P8><8 _P8><8

[87]
a second embodiment of the present disclosure. In this embodiment, the at least one

Figs. 6A and 6B show two examples of N 1 determination in accordance with

controller 406 of the AP 400 (in downlink single-user MIMO communications, downlink
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multi-user MIMO communications and trigger-based MIMO communications) or the STA
400 (in uplink single-user MIMO communications) determines the N 1= to be equal to 1
plus the Ngrswax in the PPDU when the Ngrsuwax is an odd number smaller than a
threshold; and determines the Nirrto be equal to the Ngrsmax in the PPDU when the
Nstsmax is an odd number equal to or larger than the threshold. In addition, when the
Nstsmax in the PPDU is an even number, the at least one controller 406 of the AP 400 (in
downlink single-user MIMO communications, downlink multi-user MIMO communications
and trigger-based MIMO communications) or the STA 400 (in uplink single-user MIMO
communications) determines the N r=to be equal to the Nsrsuax.

[88] For example, as shown in Nt determination table 600 of Fig. 6A, the
threshold may be set as 5. In this example, when the Nsrsuax in the PPDU is an odd
number smaller than the threshold 5, such as 3, the N tris determined to be equal to 1
plus the Nsrswax. That is, 4. When the Ngrsuwaxis an odd number equal to or larger than
the threshold 5, such as 5, 7, 9, 11, 13, or 15, the N rris determined to be equal to the
Nstamax 5, 7, 9, 11, 13, or 15. In addition, when the Nsrswax in the PPDU is an even
number such as 2, 4, 6, 8, 10, 12, 14 or 16, the N ¢ is determines to be equal to the
Nstswax 2, 4, 6, 8, 10, 12, 14 or 16.

[89] For another example, as shown in N ¢ determination 650 of Fig. 6B, the
threshold may be set as 7. In this example, when the Ngrsvaxin the PPDU is an odd
number smaller than the threshold 7, such as 3 or 5, the N t¢is determined to be equal
to 1 plus the Ngrswax. That is, 4 or 6. When the Ngrsuax is an odd number equal to or
larger than the threshold 7, such as 7, 9, 11, 13, or 15, the N ¢ is determined to be equal
to the Nstsmax 7, 9, 11, 13, or 15. In addition, when the Ngrsmaxin the PPDU is an even
number such as 2, 4, 6, 8, 10, 12, 14 or 16, the N 1r is determined to be equal to the
Nstswax 2, 4, 6, 8, 10, 12, 14 or 16.

[90] In the embodiments shown in Figs. 6A and 6B, to enable MIMO channel
estimation at the receiver of the STA (in downlink single-user MIMO communications
and downlink multi-user MIMO communications) or the AP (in uplink single-user MIMO
communications and trigger-based MIMO communications), every space-time stream is
spread over data tones of all the LTF symbols by one row of the P 1 matrixes as defined
below. Different space-time streams use different rows in the Pt matrixes. How the LTF



WO 2020/071999 PCT/SG2019/050394

19

symbols in a single-user PPDU, a multiuser PPDU or a trigger-based PPDU are
generated according to the P ¢ matrix is detailed in IEEE 802.11ax.

Pyxa, NuTr < 4

Psys, Nutp = 5
Pexe, NLTF = 6
Pyx7, Nute =7
Pgyg, NuTp = 8
Poxg, Nytp =9
Pirr = 3 Proxi0, Nute = 10 (2),

Piix11, Nprp = 11
Piox12, Nutr = 12
Py3x13, Nytp = 13
Pi4x14, N1 = 14
Pigx1s Nute = 15
Piex16, NuTr = 16

when the threshold is 5; and

Pysa, NuTp < 4

Poxe, NLtp = 6
Pry7, Nutp =7
Pgwxs, Nup = 8
Poxo, Nur = 9
Pigx10,Nurr = 10
PLrr = o 3),
LTE Piyix11, Nprr = 11 ( )

Pioxi2, Nutp = 12
Py3x13, Nytp = 13
Piax14, Npre = 14
Pigx1s Nute = 15
Piox16- Nur = 16

when the threshold is 7.

[91] In equations (2) and (3), Pax, Pexs: Psxs, Pioxi2 and Piexs are the same as
described above; and Ps,s, P77, Poxs, Pioxio, Pi1x11, Piaxia, Praxia and Pysys are defined in

the present disclosure, as follows.

1 -1 1 1 -1
1 —wh w2 w3 oy

_ 2

Pous =1 1 —w* w* wo —w8
1 —wd wé w® —wi2
1 —wt w8 Wiz _yl6

where w = exp(-j2n/5);
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ri -1 1 1 1 1 1 1 1 1 1 1 1 1 -1

1 —w?t WZ W3 w? WS W6 w’ WS W‘B WlU wll W12 W13 —wl4

1 _WZ W4 W6 W8 WlO W12 W14 W16 W18 WZO WZZ W24 W26 _WZB

1 _W3 W6 W9 W12 WlS W18 WZl W24 W27 W30 W33 W36 W39 _W42

1 _W4 WS W12 W16 WZO W24 W28 W32 W36 W40 W44 W48 WSZ _W56

1 _WS WlO W15 WZO WZS WSO W35 W40 W45 WSO WSS W60 W65 _W7O

1 _W6 WlZ W18 W24 WSO W36 W42 W48 W54 W60 W66 W72 W78 _W84

P15><15 =|1 —w’ wl% WZl WZE WSS W42 W49 W56 W63 W7O W77 W84 W91 7W98

1 _WB W16 WZ4 W32 W4O W48 W56 W64 W7Z WSO W88 W96 W104 _W112
1 _W9 WlS WZ7 W36 W45 W54 W63 W72 W81 WQO W99 WlOB W117 _W126
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1 _W11 W22 W33 W44 WSS W66 W77 WBS W99 W110 W121 W132 W143 _W154
1 _W12 W24 W36 W48 W50 W72 W84 W96 W108 W120 W132 W144 W156 _W168
1 _W13 W26 W39 WSZ W65 W78 W‘)l W104 wll? W130 W143 W156 W169 _W182
11 —wl4 W28 W42 WS6 W7O W84 W98 WllZ W126 W140 W154 W16E WlSZ *W196-

where w = exp(-j2r/15).

[92] In the above embodiment, the threshold may be predetermined and stored in
both the AP and the STA in uplink and downlink single-user MIMO communications,
downlink multi-user MIMO communications and trigger based MIMO communications for

determining or deriving the N 1.

[93] Alternatively, the threshold may be configurable by the AP. If the threshold is
configurable, it may be indicated by the AP in an information element which carries BSS
(Basic Service Set) operating parameters and can be included in Beacon frames, Probe
Response frames, Association Response frames or Reassociation Response frames. In
this case, the threshold retrieved from the most recently received information element is
stored in the STA in uplink single-user MIMO communications and downlink single-user
MIMO communications for determining or deriving the N ¢,

[94] Notice that the channel quality should be good enough to support larger Nsrsmax,
thus a smaller number of LTF symbols may not reduce channel estimation accuracy
when a larger Ngrsmax is used in the Data field. In this manner, with the second
embodiment of the present disclosure, the physical layer (PHY) throughput can be

advantageously improved when a larger Ngrs is used in the data transmission.

[95] In view of the first and second embodiments shown in Figs. 5, 6A and 6B, a
correspondence between the Ngrswax and the Ny can be indicated by the Ni1¢
determination tables predetermined and stored in both the AP and the STA in uplink
and downlink single-user MIMO communications, downlink multi-user MIMO
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communications and trigger-based MIMO communications for determining or deriving
the Nyrr.

[96] Alternatively, in a third embodiment of N_re determination in accordance with the
present disclosure, the correspondence between the Ngsrsmax and the Nie may not be
predetermined. It may be configurable on a case by case basis when the at least one
controller 406 of the AP 400 (in downlink single-user MIMO communications, downlink
multi-user MIMO communications and trigger-based MIMO communications) or the STA
400 (in uplink single-user MIMO communications) determines the N ¢ for each PPDU.

[97] In the third embodiment, if the duration of the Data Field of a PPDU is
relatively short (e.g., due to higher MCS and/or larger Nsrsuax), from the perspective
of PHY throughput, reduction of LTF overhead becomes more significant than
improvement of channel estimation accuracy. Therefore, Ntz may be equal to
Nstsmax- Notice that the channel quality should be good enough to support higher
MCS and/or larger Nsrsmax- In such a case, a smaller number of LTF symbols may
not reduce channel estimation accuracy when a higher MCS and/or a larger Nsrtsmax
is used in the Data field.

[98] On the other hand, if the duration of the Data Field of a PPDU is relatively
long (e.g., due to lower MCS and/or smaller Ngrsuax), from the perspective of PHY
throughput, the reduction of LTF overhead becomes less significant than
improvement of channel estimation accuracy. Therefore, Nt may be larger than

NSTSMAX.

[99] In the third embodiment, the at least one controller 406 of the AP 400 in
downlink single-user MIMO communication or the STA 400 in uplink single-user MIMO
communication indicates both Ngrswax (i-€. Nstsota)) @and @ correspondence between the
Nstsmax and the Ni1¢ in the SIG-A field when generating the PPDU in the format of a
single-user PPDU. For example, in the SIG-A field, 1-bit signaling can be used to
indicate whether N rris equal to Nsrsumax Or Nstsmax + 1. Likewise, 2-bit signaling can
be used to indicate whether N 1r is equal to Ngrsmax, Nstsmax + 1, Ngtsmax + 2 or

Nsrsmax + 3.
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[100] In the third embodiment, when the the MIMO communications is a downlink
multiuser MIMO communication or a trigger based MIMO communication, the
signaling requirements are the same as those required in the embodiment shown in
Fig. 5.

[101] It is appreciable by those skilled in the art that the third embodiment
advantageously further improves the PHY throughput.

[102] In the third embodiment, to enable MIMO channel estimation at the receiver of
the STA (in downlink single-user MIMO communications and downlink multi-user MIMO
communications) or the AP (in uplink single-user MIMO communications and trigger-
based MIMO communications), every space-time stream is spread over data tones of all
the LTF symbols by one row of the Ptz matrix (2) as defined above. Different space-
time streams use different rows in the P s matrix. How the LTF symbols in a single-user
PPDU, a multiuser PPDU or a trigger-based PPDU are generated according to the P te
matrix is detailed in IEEE 802.11ax.

[103] The third embodiment may be used in combination with the first embodiment or
the second embodiment. For one example, the at least one controller 406 of the AP 400
in downlink single-user MIMO communication or the STA 400 in uplink single-user MIMO
communication at first determines an initial value of Nit¢ (i.e. Ny trin) based on Nsrswax
according to the first embodiment as shown in Fig. 5 or the second embodiment as
shown in Fig. 6A and Fig. 6B. Then the at least one controller 406 of the AP 400 in
downlink single-user MIMO communication or of the STA 400 in uplink single-user MIMO
communication indicates both Nsrsmax (i-€. Nstsotar) @and a correspondence between the
Nirein @and the Nire in the SIG-A field when generating the PPDU in the format of a
single-user PPDU. For example, in the SIG-A field, 1-bit signaling can be used to
indicate whether Nt is equal to N ¢, or Niteinmi + 1. Likewise, 2-bit signaling can be

used to indicate whether N|_‘|'|= is eqUaI to NLTF‘ini: NLTF,ini + 1, NLTF,ini +2o0r NLTF,im +3.

[104] For another example, the at least one controller 406 of the AP 400 in downlink
single-user MIMO communication or the STA 400 in uplink single-user MIMO
communication indicates both Ngrsyax (i-. Nstsiwota) @and a threshold in the SIG-A field
when generating the PPDU in the format of a single-user PPDU. For example, in the
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SIG-A field, 1-bit signaling can be used to indicate whether the threshold is 3 or 5.
Then the N_tr can be derived from the Ngsrswax and the threshold in the SIG-A field
according to the N ¢ determination table as shown in Fig. 6A or Fig.6B.

[105] Fig. 7 shows an exemplary flow diagram of LTF generation in a PPDU at a
communication apparatus in accordance with the second embodiment as depicted in
Figs. 6A and 6B. This flow diagram is suitable to facilitate channel estimation in uplink
and downlink single-user MIMO communications and downlink multiuser MIMO
communications. In downlink single-user MIMO communications and downlink multiuser
MIMO communications, the communication apparatus is an AP. In uplink single-user
MIMO communications, the communication apparatus is a STA.

[106] At step 702, the communication apparatus determines Ngrswax in @ PPDU. The
PPDU can be a single-user PPDU in uplink and downlink single-user MIMO

communications or a multiuser PPDU in downlink multiuser MIMO communications.

[107] At step 704, the communication apparatus establishes Nyt by determining Nir¢
based on a threshold and the Nstsuax Details of the determination of the Ny - have been
described with respect to Figs. 6A and 6B.

[108] At step 706, the communication apparatus determines a P e matrix based on the
Nirr. The P e matrix may be selected from the predetermined P\ matrices based on the
N.tr. Based on the P e matrix, N .t and Nstswax the communication apparatus generates
a LTF at step 708. The generated LTF, along with other fields in the PPDU, will then be

transmitted by a radio transmitter of the communication apparatus.

[109] It is understandable that the above steps 702, 704, 706 and 708 may be
performed by a same component or different components of the communication
apparatus. For example, the above steps 702, 704, 706 and 708 may be performed by a
controller of the communication apparatus, a transmission signal processor of the
communication apparatus or any other component of the communication apparatus

which is deemed suitable in practice.

[110] Fig. 8 shows a flow diagram of channel estimation at a communication apparatus
in downlink or uplink single-user MIMO communications, in accordance with the second
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embodiment as depicted in Figs. 6A and 6B. In downlink single-user MIMO
communications, the communication apparatus is a STA. In uplink single-user MIMO

communications, the communication apparatus is an AP.

[111] At step 802, the communication apparatus retrieves Ngrsuax (i-€. Nsrs, tota)) from a
signalling information field in a received PPDU. The received PPDU can be a single-user
PPDU. As described above, the signalling information field can be the SIG-A field of the
single-user PPDU.

[112] At step 804, the communication apparatus determines N tebased on a threshold
and the Ngtswax Details of the determination of the Nyt have been described with
respect to Figs. 6A and 6B.

[113] At step 806, the communication apparatus determines a P 1 matrix based on the
Nite. The Pire matrix may be selected from the predetermined P s matrices based on the
N.re. Based on the Pre matrix, Nire and Ngrsmax, the communication apparatus performs
channel estimation using the LTF of the received PPDU at step 808 for the single-user
MIMO communications.

[114] It is understandable that the above steps 802, 804, 806 and 808 may be
performed by a same component or different components of the communication
apparatus. For example, the above steps 802, 804, 806 and 808 may be performed by a
controller of the communication apparatus, a receiver of the communication apparatus or
any other component of the communication apparatus which is deemed suitable in
practice.

[115] Fig. 9 shows a flow diagram of channel estimation at a STA in downlink multiuser
MIMO communications, in accordance with the second embodiment as depicted in Figs.
6A and 6B.

[116] At step 902, the STA retrieves the N ¢ from a signalling information field in a
PPDU received from the AP. The PPDU can be a multiuser PPDU. As described above,
the signalling information field can be the SIG-A field of the multiuser PPDU.
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[117] At step 904, the STA determines a Pt matrix based on the Nt for subsequent
channel estimation. The P.rr matrix may be selected from the predetermined P t¢
matrices based on the N t¢,

[118] At step 906, the STA determines its own user-specific resource allocation
information from another signalling information field in the multiuser PPDU. The another
signalling information field can be the SIG-B field of the multiuser PPDU. The user-
specific resource allocation information includes the number of space-time streams_a

starting stream index and the allocated RU.

[119] Based on the P matrix, the Nt and its own user-specific resource allocation
information the STA performs channel estimation using the LTF of the received PPDU at
step 908.

[120] It is understandable that the above steps 902, 904, 906 and 908 may be
performed by a same component or different components of the STA. For example, the
above steps 902, 904, 906 and 908 may be performed by a controller of the STA, a
receiver of the STA or any other component of the STA which is deemed suitable in
practice.

[121] Fig. 10 shows a flow diagram of LTF generation in a PPDU at a STA in
accordance with the second embodiment as depicted in Figs. 6A and 6B. This flow
diagram is suitable to facilitate channel estimation in trigger based MIMO

communications.

[122] At step 1002, the STA receives trigger information from an AP. The trigger
information triggers a trigger based MIMO communication.

[123] At step 1004, the STA establishes Nit¢ by retrieving the Nyt from the trigger
information. The STA also retrieves its own user-specific resource allocation information

from the trigger information.

[124] As shown in Fig. 10, the Nirrin the trigger information is determined by the AP in
step 1001. Step 1001 includes two sub-steps 1001a and 1001b:



10

15

20

25

30

35

WO 2020/071999 PCT/SG2019/050394

27

a. Instep 1001a, the AP determines Nstswax in the PPDU.
b. In step 1001b, the AP establishes the N 1¢ by determining the N 1r based on a
threshold and the Ngrsmax.

[125] At step 1006, the STA determines a Pt matrix based on the N for subsequent
trigger based PPDU generation. The P 1 matrix may be selected from the predetermined
P.rr matrices based on the N 1.

[126] At step 1008, the STA generates a LTF based on the P e matrix, N.re and its
own user-specific resource allocation information.

[127] The generated LTF, along with other fields in the PPDU, will then be transmitted
by a radio transmitter of the STA to the AP for channel estimation in trigger based MIMO
communications.

[128] It is understandable that the above steps 1002, 1004, 1006 and 1008 may be
performed by a same component or different components of the STA. For example, the
above steps 1002, 1004, 1006 and 1008 may be performed by a controller of the STA, a
transmission signal generator of the STA or any other component of the STA which is

deemed suitable in practice.

[129] Fig. 11 shows a flow diagram of channel estimation at an AP in trigger based
MIMO communications, in accordance with the second embodiment as depicted in Figs.
6A and 6B.

[130] At step 1102, the AP determines a P.tr matrix based on the N 1r that was
determined in step 1001b. The P e matrix may be selected from the predetermined P 1¢

matrices based on the N ¢,

[131] At step 1104, the AP performs channel estimation for each user/STA in the
trigger-based MIMO communication using the LTF of a received PPDU based on the
P.re matrix and user-specific resource allocation information for each user. The received
PPDU can be a trigger-based PPDU. The user-specific resource allocation information
includes the allocated RU, the number of space-time streams and a starting stream

index.
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[132] It is understandable that the above steps 1102 and 1104 may be performed by a
same component or different components of the AP. For example, the above steps 1102
and 1104 may be performed by a controller of the AP, a receiver of the AP or any other
component of the AP which is deemed suitable in practice.

[133] Fig. 12 shows a flow diagram of LTF generation in a PPDU at a communication
apparatus in accordance with the third embodiment as described above (not shown).
This flow diagram is suitable to facilitate channel estimation in uplink and downlink
single-user MIMO communications and downlink multiuser MIMO communications. In
downlink single-user MIMO communications and downlink multiuser MIMO
communications, the communication apparatus is an AP. In uplink single-user MIMO

communications, the communication apparatus is an STA.

[134] At step 1202, the communication apparatus determines Ngrswaxina PPDU. The
PPDU can be a single-user PPDU in uplink and downlink single-user MIMO

communications or a multiuser PPDU in downlink multiuser MIMO communications.

[135] At step 1204, the communication apparatus establishes N, 1 by determining the
N, 1= based on the Ngrsuaxand the duration of the Data field in the PPDU. Details of the
determination of the N.r+ have been described with respect to the third embodiment of
the present disclosure.

[136] At step 1206, the communication apparatus determines a P.ts matrix based on
the Nire. The Pre matrix may be selected from the predetermined P e matrices based on
the Nirr.

[137] Based on the Py matrix, Nt and Ngrswax, the communication apparatus
generates a LTF at step 1208. The generated LTF, along with other fields in the PPDU,
will then be transmitted by a radio transmitter of the communication apparatus.

[138] It is understandable that the above steps 1202, 1204, 1206 and 1208 may be
performed by a same component or different components of the communication
apparatus. For example, the above steps 1202, 1204, 1206 and 1208 may be performed
by a controller of the communication apparatus, a transmission signal generator of the
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communication apparatus or any other component of the communication apparatus

which is deemed suitable in practice.

[139] Fig. 13 shows a flow diagram of channel estimation at a communication
apparatus in uplink and downlink single-user MIMO communications, in accordance with
the third embodiment as described above. In downlink single-user MIMO
communications, the communication apparatus is a STA. In uplink single-user MIMO

communications, the communication apparatus is an AP.

[140] At step 1302, the communication apparatus retrieves Ngrsmax and Nyrg from a
signalling information field in a received PPDU. The received PPDU can be a single-user
PPDU. As described above, the signalling information field can be the SIG-A field of the
single-user PPDU.

[141] At step 1304, the communication apparatus determines a P s matrix based on
the Ny 1r. The Pire matrix may be selected from the predetermined P s matrices based on
the Nirr,

[142] At step 1306, based on the P 1 matrix, Nt and Nsrsuax the communication
apparatus performs channel estimation using the LTF of the received PPDU for the

downlink or uplink single-user MIMO communications.

[143] It is understandable that the above steps 1302, 1304 and 1306 may be
performed by a same component or different components of the communication
apparatus. For example, the above steps 1302, 1304 and 1306 may be performed by a
controller of the communication apparatus, a receiver of the communication apparatus or
any other component of the communication apparatus which is deemed suitable in
practice.

[144] Fig. 14 shows a flow diagram of channel estimation at a STA in downlink
multiuser MIMO communications, in accordance with the third embodiment.

[145] Steps 1402, 1404, 1406 and 1408 are the same as steps 902, 904, 906 and 908
as described with respect to Fig. 9.
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[146] Fig. 15 shows a flow diagram of LTF generation in a PPDU at a STA in
accordance with the third embodiment. This flow diagram is suitable to facilitate channel
estimation in trigger based MIMO communications.

[147] At step 1502, the STA receives trigger information from an AP. The trigger
information triggers a trigger based MIMO communication.

[148] At step 1504, the STA retrieves N re and its own user-specific resource allocation
information from the trigger information.

[149] As shown in Fig. 15, the N rgin the trigger information is determined by the AP in
step 1501. Step 1501 includes two sub-steps 1501a and 1501b:

a. Instep 1501a, the AP determines Ngrsuax in the PPDU.
b. In step 1501b, the AP establishes the Nt by determining the N,z based on
the Nstsmax and the duration of the Data field in the PPDU.

[150] At step 1506, the STA determines a P_re matrix based on the Ny for subsequent
LTF generation. The P s matrix may be selected from the predetermined P rr matrices

based on the N, 1¢.

[151] At step 1508, the STA generates a LTF based on the P g matrix, N 1 and its

own user-specific resource allocation information.

[152] The generated LTF, along with other fields in the PPDU, will then be transmitted
by a radio transmitter of the STA to the AP for channel estimation in trigger based MIMO

communications.

[153] It is understandable that the above steps 1502, 1504, 1506 and 1508 may be
performed by a same component or different components of the STA. For example, the
above steps 1502, 1504, 1506 and 1508 may be performed by a controller of the STA, a
transmission signal generator of the STA or any other component of the STA which is
deemed suitable in practice.
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[154] Fig. 16 shows a flow diagram of channel estimation at an AP in trigger based
MIMO communications, in accordance with the third embodiment.

[155] Steps 1602 and 1604 are the same as steps 1102 and 1104 as described with
respect to Fig. 11.

[156] Fig. 17 shows another schematic example of a communication apparatus in
single-user and multiuser MIMO communications in accordance with various
embodiments as described above. The communication apparatus may serve as an
AP.

[157] Similar to the schematic example of communication apparatus as shown in
Fig. 4, the communication apparatus 1700 in the schematic example of Fig. 17
includes at least one radio transmitter 1702, at least one radio receiver 1704,
multiple antennas 1712 (for the sake of simplicity, only one antenna is depicted in
Fig. 17) and at least one controller 1706 for use in software and hardware aided
execution of tasks it is designed to perform, including control of communications with
one or more other communication apparatuses in a MIMO wireless network. The at
least one controller 1706 may control at least one transmission signal generator
1708 for generating PPDUs to be sent through the radio transmitter 1702 to one or
more other communication apparatuses in downlink single-user MIMO
communications and downlink multiuser MIMO communications and at least one
receive signal processor 1710 for processing PPDUs received through the radio
receiver 1704 from the one or more other communication apparatuses in uplink
single-user MIMO communications and trigger based MIMO communications. The at
least one controller 1706 of the AP 1700 may also be used to control generation of
PPDUs which carry trigger information for trigger based MIMO communications. The
at least one transmission signal generator 1708 and the at least one receive signal
processor 1710 may be stand-alone modules of the communication apparatus 1700
that communicate with the at least one controller 1706 for the above-mentioned
functions, as shown in Fig. 17. Alternatively, the at least one transmission signal
generator 1708 and the at least one receive signal processor 1710 may be included
in the at least one controller 17086. It is appreciable to those skilled in the art that the

arrangement of these functional modules is flexible and may vary depending on the
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practical needs and/or requirements. The data processing, storage and other
relevant control apparatus can be provided on an appropriate circuit board and/or in
chipsets. In various embodiments, when in operation, the at least one radio
transmitter 1702, at least one radio receiver 1704, and at least one antenna 1712

may be controlled by the at least one controller 1706.

[158] The at least one controller 1706 of the AP 1700 may include a Nyt
determiner 1742, a scheduler 1714 and a control information parser 1716. The
scheduler 1714 when in operation may be configured to generate user-specific
resource allocation information (e.g. the number of space-time streams, starting
stream index and the allocated RU) for each user/STA in downlink multiuser MIMO
communications and trigger based MIMO communications or user-specific resource
allocation information (e.g. the number of space-time streams) for the user in
downlink single-user MIMO communications. The Nt determiner 1742 when in
operation may be configured to determine the N 1¢ for generating LTFs in PPDUs
based on the user-specific resource allocation information in downlink MIMO
communications, trigger based MIMO communications and downlink single-user
MIMO communications. The control information parser 1716 may be configured to
control channel estimation and data demodulation in cooperation with the receive

signal processor 1710.

[159] The at least one transmission signal generator 1708 may include a Pyt
matrix generator 1718, a trigger information generator 1720, a LTF generator 1722
and a PPDU generator 1724. The P.rr matrix generator 1718 when in operation may
determine a Pt matrix based on the N _1r provided by the N 1= generator 1742. The
LTF generator 1722 when in operation may generate LTFs based on the P 1 matrix
generated by the P_x matrix generator 1718, the Nyt provided by the Nii¢
generator 1742 and user-specific resource allocation information provided by the
scheduler 1714. The PPDU generator 1724 when in operation may generate a
PPDU with the LTF generated by the LTF generator 1722 according to the user-

specific resource allocation information provided by the scheduler 1714.

[160] The at least one receive signal processor 1710 may include a P_rr matrix
generator 1726, a data demodulator and decoder 1728, a channel estimator 1730
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and a control demodulator and decoder 1732. The control demodulator and decoder
1732 when in operation may demodulate and/or decode the SIG-A fields of the
single-user PPDUs or the trigger-based PPDUs received through the radio receiver
1704. The control information parser 1716 determines Nsrswax, Nite and user-
specific resource allocation information from the SIG-A fields in case of single-user
PPDUs and retrieves Ngrsvax, Nitr and user-specific resource allocation information
for each user from the scheduler 1714 in case of trigger-based PPDUs. The P ¢
matrix generator 1726 may generate a P+ matrix based on the N, provided by the
control information parser 1716. The channel estimator 1730 may perform channel
estimation using the LTFs of the received PPDUs based on the Ngrswax, Ni.te and
user-specific resource allocation information provided by the control information
parser 1716 and the P 1 matrix generated by the P 1 matrix generator 1726. The
data demodulator and decoder 1728 when in operation may then demodulate and/or
decode the Data fields of the received PPDUs based on the user-specific resource
allocation information provided by the control information parser 1716 and an
estimated MIMO channel provided by the channel estimator 1730.

[161] Fig. 18 shows another schematic example of a communication apparatus in
single-user and multiuser MIMO communications in accordance with various
embodiments as described above. The communication apparatus may serve as a
STA.

[162] Similar to the schematic examples of communication apparatus as shown in
Figs. 4 and 17, the communication apparatus 1800 in Fig. 18 includes at least one
radio transmitter 1802, at least one radio receiver 1804, multiple antennas 1812 (for
the sake of simplicity, only one antenna is depicted in Fig. 18) and at least one
controller 1806 for use in software and hardware aided execution of tasks it is
designed to perform, including control of communications with one or more other
communication apparatuses in a MIMO wireless network. The at least one controller
1806 may control at least one transmission signal generator 1808 for generating
PPDUs to be sent through the radio transmitter 1802 to one or more other
communication apparatuses in uplink single-user MIMO communications and trigger
based MIMO communications and at least one receive signal processor 1810 for
processing PPDUs received through the radio receiver 1804 from the one or more
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other communication apparatuses in downlink single-user MIMO communications
and downlink multiuser MIMO communications. the at least one transmission signal
generator 1808 and the at least one receive signal processor 1810 may be stand-
alone modules of the communication apparatus 1800 that communicate with the at
least one controller 1806 for the above-mentioned functions, as shown in Fig. 18.
Alternatively, the at least one transmission signal generator 1808 and the at least
one receive signal processor 1810 may be included in the at least one controller
1806. It is appreciable to those skilled in the art that the arrangement of these
functional modules is flexible and may vary depending on the practical needs and/or
requirements. The data processing, storage and other relevant control apparatus
can be provided on an appropriate circuit board and/or in chipsets. In various
embodiments, when in operation, the at least one radio transmitter 1802, at least
one radio receiver 1804, and at least one antenna 1812 may be controlled by the at
least one controller 1806.

[163] The at least one controller 1806 of the STA 1800 may include a Nyt
determiner 1812, a scheduler 1814, a control information parser 1816 and a trigger
information parser 1822. The scheduler 1814 when in operation may be configured
to generate user-specific resource allocation information (e.g. the number of space-
time streams) for the user in uplink single-user MIMO communications. The N 1¢
determiner 1842 when in operation may be configured to determine the Nyt for
generating LTFs in PPDUs based on the user-specific resource allocation
information in uplink single-user MIMO communications. The control information
parser 1816 may be configured to control channel estimation and data demodulation
in cooperation with the receive signal processor 1810. The trigger information parser
1822 when in operation may be configured to retrieve N ¢ and its own user-specific
resource allocation information from the trigger information received through the
receive signal processor 1810 and the radio receiver 1804 with the help of the
control information parser 1816.

[164] The at least one transmission signal generator 1808 may include a Pyt
matrix generator 1818, a LTF generator 1820 and a PPDU generator 1824. The P 1
matrix generator 1818 when in operation may determine a P ¢ matrix based on the

N.re provided by the Nyt generator 1842 in uplink single-user MIMO
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communications or the trigger information parser 1822 in trigger-based MIMO
communications. The LTF generator 1820 when in operation may generate LTFs
based on the Pt matrix generated by the Pt matrix generator 1818, the N ¢
provided by the Nyre generator 1842 and user-specific resource allocation
information provided by the scheduler 1814 in wuplink single-user MIMO
communications or its own user-specific resource allocation information provided by
the trigger information parser 1822 in trigger-based MIMO communications. The
PPDU generator 1824 when in operation may generate a PPDU with the LTF
generated by the LTF generator 1820 according to the user-specific resource
allocation information provided by the scheduler 1814 in single-user MIMO
communications or its own user-specific resource allocation information provided by

the trigger information parser 1822 in trigger-based MIMO communications.

[165] The at least one receive signal processor 1810 may include a P matrix
generator 1826, a data demodulator and decoder 1828, a channel estimator 1830
and a control demodulator and decoder 1832. The control demodulator and decoder
1832 when in operation may demodulate and/or decode the SIG-A fields of the
single-user PPDUs or both the SIG-A and SIG-B fields of the multiuser PPDUs
received through the radio receiver 1804. The control information parser 1816
determines Ngrswax, Nitr and its own user-specific resource allocation information
from the SIG-A fields in case of single-user PPDUs and from both the SIG-A and
SIG-B fields in case of multiuser PPDUs. The P matrix generator 1826 may
generate a Pt matrix based on the Nyt provided by the control information parser
1816. The channel estimator 1830 may perform channel estimation using the LTFs
of the received PPDUs based on the Nstswax, Nt and its own user-specific
resource allocation information provided by the control information parser 1816 and
the P ¢ matrix generated by the Pt matrix generator 1826. The data demodulator
and decoder 1828 when in operation may then demodulate and/or decode the Data
fields of the received PPDUs based on the its own user-specific resource allocation
information provided by the control information parser 1816 and an estimated MIMO
channel provided by the channel estimator 1830.

[166] As described above, the embodiments of the present disclosure provide an

advanced communication system, communication methods and communication
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apparatuses that enables channel estimation in both single-user communications
and multiuser communications in MIMO WLAN networks of an extremely high
throughput and improves physical layer throughput in MIMO WLAN networks.

[167] The present disclosure can be realized by software, hardware, or software in
cooperation with hardware. Each functional block used in the description of each
embodiment described above can be partly or entirely realized by an LS| such as an
integrated circuit, and each process described in each embodiment may be
controlled partly or entirely by the same LS| or a combination of LSIs. The LS| may
be individually formed as chips, or one chip may be formed so as to include a part or
all of the functional blocks. The LS| may include a data input and output coupled
thereto. The LSI here may be referred to as an IC, a system LS|, a super LS|, or an
ultra LS| depending on a difference in the degree of integration. However, the
technigue of implementing an integrated circuit is not limited to the LS| and may be
realized by using a dedicated circuit, a general-purpose processor, or a special-
purpose processor. In addition, a FPGA (Field Programmable Gate Array) that can
be programmed after the manufacture of the LSI or a reconfigurable processor in
which the connections and the settings of circuit cells disposed inside the LS| can be
reconfigured may be used. The present disclosure can be realized as digital
processing or analogue processing. If future integrated circuit technology replaces
LSls as a result of the advancement of semiconductor technology or other derivative
technology, the functional blocks could be integrated using the future integrated

circuit technology. Biotechnology can also be applied.

The present disclosure can be realized by any kind of apparatus, device or system
having a function of communication, which is referred to as a communication

apparatus.

The communication apparatus may comprise a transceiver and processing/control
circuitry. The transceiver may comprise and/or function as a receiver and a
transmitter. The transceiver, as the transmitter and receiver, may include an RF
(radio frequency) module including amplifiers, RF modulators/demodulators and the

like, and one or more antennas.
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Some non-limiting examples of such a communication apparatus include a phone
(e.g, cellular (cell) phone, smart phone), a tablet, a personal computer (PC) (e.g,
laptop, desktop, netbook), a camera (e.qg, digital still/video camera), a digital player
(digital audio/video player), a wearable device (e.g, wearable camera, smart watch,
tracking device), a game console, a digital book reader, a telehealth/telemedicine
(remote health and medicine) device, and a vehicle providing communication

functionality (e.g., automotive, airplane, ship), and various combinations thereof.

The communication apparatus is not limited to be portable or movable, and may also
include any kind of apparatus, device or system being non-portable or stationary,
such as a smart home device (e.g, an appliance, lighting, smart meter, control
panel), a vending machine, and any other “things” in a network of an “Internet of
Things (loT)”.

The communication may include exchanging data through, for example, a cellular
system, a wireless LAN system, a satellite system, etc., and various combinations
thereof.

The communication apparatus may comprise a device such as a controller or a
sensor which is coupled to a communication device performing a function of
communication described in the present disclosure. For example, the
communication apparatus may comprise a controller or a sensor that generates
control signals or data signals which are used by a communication device

performing a communication function of the communication apparatus.

The communication apparatus also may include an infrastructure facility, such as a
base station, an access point, and any other apparatus, device or system that
communicates with or controls apparatuses such as those in the above non-limiting

examples.

[168] It will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the present disclosure as shown in the specific
embodiments without departing from the spirit or scope of the disclosure as broadly
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described. The present embodiments are, therefore, to be considered in all respects

illustrative and not restrictive.
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CLAIMS

1. A communication apparatus comprising:

a transmitter, which in operation, transmits a physical layer protocol data unit
(PPDU) to one or more other communication apparatus in a multiple-input multiple-
output (MIMO) wireless network, the PPDU including a long training field (LTF) that
facilitates the one or more other communication apparatus to estimate respective
channels for respective communications with the communication apparatus; and

a controller, which in operation, establishes the number of LTF symbols (N t¢) for
generating the LTF in the PPDU, wherein the N depends on a maximum value
(Nstswax) of the number of space-time streams for each resource unit (RU) in the PPDU.

2. The communication apparatus of claim 1, wherein the controller, in operation,
establishes the N rrto be equal to the Nsrsmax in the PPDU when the Ngrsuaxis
an even number; and
establishes the N t¢to be equal to 1 plus Nsrsuax in the PPDU when the Nstswax
is an odd number other than 1.

3. The communication apparatus of claim 1, wherein the Ngrsuax in the PPDU is
greater than 8.

4. The communication apparatus of claim 1, wherein the controller, in operation,
establishes the Ni1r to be equal to 1 plus the Nsrsmax in the PPDU when the
Nstswax is an odd number smaller than a threshold; and
establishes the N rrto be equal to the Nsrsmax in the PPDU when the Ngrsuaxis
an odd number equal to or larger than the threshold.

5. The communication apparatus of claim 1, wherein the controller, in operation,
establishes the N rr according to a correspondence between the Nir¢ and the
Nstswax in the PPDU,
wherein the correspondence between the N 1 and the Nsrsuax is determined by
the communication apparatus if the PPDU is in a format of a single-user PPDU or a
multiuser PPDU, and
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wherein the correspondence between the N+ and the Ngrsmax is determined by
the one or more other communication apparatus if the PPDU is in a format of a trigger-
based PPDU.

6. The communication apparatus of claim 5, comprising: a transmission signal
generator, which, in operation,
generates the PPDU including a signaling information field preceding the LTF,
the signaling information field comprising a first signaling to indicate the Ngrsmax and a
second signaling to indicate the correspondence between the Nsrswax and the Nire,
wherein the PPDU is in the format of a single user PPDU.

7. The communication apparatus of claim 5, comprising: a transmission signal
generator, which, in operation, generates the PPDU including a signaling information
field preceding the LTF, the signaling information field comprising a signaling to indicate
the N.r¢, wherein the PPDU is in a format of a multiuser PPDU.

8. The communication apparatus of claim 1, wherein the controller, in operation,
determines the Nstswaxin the PPDU if the PPDU is in a format of a single-user PPDU or
a multiuser PPDU.

9. The communication apparatus of claim 1, comprising a transmission signal
generator, which, in operation, generates the LTF in the PPDU based on a matrix (P
matrix) for the LTF symbols and the N,

wherein the controller, which in operation, generates the P matrix based on the
NLre.

10.  The communication apparatus of claim 1, wherein the communication apparatus
is an access point (AP) and the one or more other communication apparatus is a station
(STA) or vice versa if the PPDU is in a form of a single-user PPDU,

wherein the controller, when establishing the N ¢ determines the Ny .

11. The communication apparatus of claim 1, wherein the communication apparatus
is an access point (AP) and the one or more other communication apparatus include
more than one station (STA) if the PPDU is in a form of a multiuser PPDU,
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wherein the controller, when establishing the Nyt determines the Ny r¢.

12.  The communication apparatus of claim 1, wherein the one or more other
communication apparatus is an access point (AP) and the communication apparatus is a
station (STA) if the PPDU is in a form of a trigger-based PPDU,

wherein, the controller, when establishing the N1 retrieves the N 1¢ from trigger

information received from the one or more other communication apparatus.

13. A communication method comprising:

transmitting, from a first communication apparatus to one or more second
communication apparatus in a multiple-input multiple-output (MIMO) wireless network, a
physical layer protocol data unit (PPDU), the PPDU including a long training field (LTF)
that facilitates the one or more second communication apparatus to estimate respective
channels for respective communications with the first communication apparatus; and

establishing, by the first communication apparatus, the number of LTF symbols
(NLe) for generating the LTF in the PPDU, wherein the Nirr depends on a maximum
value (Nstsmax) of the number of space-time streams for each resource unit (RU) in the
PPDU.



