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(57) Abstract: Embodiments described herein provide a system for transmitting high efficiency long term training field (HE-LTF)
symbols for multiple wireless spatial streams over a wireless channel. An advanced P-matrix design is used to construct HE-LTF
symbols that are processed by a receiver such that channel properties such as channel estimates or carrier phase error are determined
prior to receiving all HE-LTF symbols. Tone multiplexing of wireless spatial stream is also used to transmit multiple spatial streams
based on an assignment of sets of spatial streams to sets of tones available for transmission, increasing the throughput of the transmission
system. The advanced P-matrix design and tone multiplexing are used in combination to achieve calculate channel properties before
receiving all HE-LTF symbols while minimizing power fluctuation among the high efficiency short training field symbol and the HE-
LTF symbols.
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HIGH EFFICIENCY LONG TRAINING FIELD SYMBOL TRANSMISSION FOR
MULTIPLE TRANSMISSION STREAMS

Field of Use

[0001] This disclosure relates to high efficiency long
training field (HE-LTF) symbols in wireless communication
systems, and specifically, HE-LTF symbol generation for

multiple transmission streams.

Background of the Disclosure

[0002] The background description provided herein is for
the purpose of generally presenting the context of the
disclosure. Work of the inventors hereof, to the extent the
work is described in this background section, as well as
aspects of the description that does not otherwise qualify as
prior art at the time of filing, are neither expressly nor
impliedly admitted to be prior art against the present
disclosure.

[0003] Various techniques such as massive multiple input
multiple output (MIMO) or millimeter wave have been proposed
to address an increasing demand for increased data throughput

and higher speeds in wireless communications systems.
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Moreover, access points compliant with emerging wireless
communications standards, such as IEEE 802.l1lax, will also
need to initiate an increased number of transmission spatial
streams in order to serve increased numbers of user devices.
[0004] With increasing number of transmission streams, the
computation required to estimate the wireless channel over
these transmission streams becomes increasingly complex using
current standards for channel estimation. For example, the
increasing size of mapping matrices for high efficiency long
training field (HE-LTF) symbol generation with increasing
transmission streams necessitates systems and methods to
reduce inherent computational complexity and power demands of

emerging standards.

summary

[0005] Embodiments described herein provide a system for
transmitting High Efficiency Long Training Field (HE-LTF)
symbols to a receiver over a wireless channel. A transmitter
is configured to transmit HE-LTF symbols corresponding to an
LTF mapping matrix for determining a plurality of wireless
channel properties of the wireless channel over which the HE-
LTF symbols are transmitted by the transmitter. Control
circuitry, coupled to the transmitter, is configured to
determine a portion of the LTF mapping matrix for calculating,
at a receiver, a wireless channel property of the plurality of
wireless channel properties based on a subset of the HE-LTF
symbols mapped by the portion. The portion is less than the
entire LTF mapping matrix, in some implmentations. The
control circuitry is further configured to assemble, based at
least on the determined portion of the LTF mapping matrix, the

HE-LTF symbols mapped by the LTF mapping matrix.
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[0006] The control circuitry is, in some implementations,
configured to determine the portion of the LTF mapping matrix
by concatenating a portion of a fixed matrix with a zero
matrix. A position of the portion of the fixed matrix in the
portion of the LTF mapping matrix corresponds to the spatial
stream and the fixed matrix associated with a standard LTF
mapping matrix. In some embodiments, the LTF mapping matrix
is an R-matrix representative of a training matrix for
determining carrier phase error accumulated over the
transmitted HE-LTF symbols, and the transmitter is further
configured to transmit HE-LTF symbols mapped by the R-matrix
over one or more pilot tones in the wireless channel. For HE-
LTF symbols mapped by the R-matrix transmitted over the pilot
tone, the control circuitry is configured to assemble the HE-
LTF symbols mapped by the R-matrix by aligning the portion of
the fixed matrix within a subset of rows of the R-matrix for
application, at the receiver, of an inverse of the fixed
matrix and a pseudo inverse of a channel response matrix to
the R-matrix to obtain carrier phase error associated with the
spatial stream.

[0007] In some implementations, the LTF mapping matrix is a
P-matrix representative of a training matrix for determining
at least a channel estimate of the spatial stream. The
transmitter is further configured to transmit HE-LTF symbols
mapped by the P-matrix over one or more data tones in the
wireless channel. For HE-LTF symbols mapped by the P-matrix
transmitted over the data tone, the control circuitry is
configured to assemble the HE-LTF symbols mapped by the P-
matrix by interleaving the portion of the fixed matrix
diagonally for application, at the receiver, of an inverse of

the fixed matrix at the position of the portion of the fixed
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matrix in the P-matrix to determine the channel estimate of
the spatial stream after receiving a subset of the transmitted
HE-LTF symbols.

[0008] The HE-LTF symbols are transmitted, in some
implementations, over a plurality of wireless spatial streams
and the control circuitry is further configured to assign a
subset of the wireless spatial streams to a set of tones in
the wireless channel. In some embodiments, the control
circuitry is further configured to cyclically shift the rows
of the LTF mapping matrix a predetermined number of times such
that each tone of the set of tones is associated with a
cyclically shifted LTF mapping matrix by shifting the rows of
a predetermined LTF mapping matrix cyclically by a number
corresponding to a modulo of a tone number over which the
shifted LTF mapping matrix is transmitted.

[0009] Embodiments described herein further provide a
system for channel estimation based on High Efficiency Long
Training Field (HE-LTF) symbols transmitted to a receiver over
a wireless channel by a transmitter over a plurality of tones.
Control circuitry, coupled to the transmitter, is configured
to assign, based on a modulo operation applied to tone indices
corresponding to the plurality of tones, a plurality of
wireless spatial streams to the plurality of tones. In some
embodiments, a subset of the plurality of tones is separated
by one or more tones unassigned to the subset of the plurality
of tones. The control circuitry is further configured to
generate, based on the assigned plurality of wireless spatial
streams, the HE-LTF symbols for estimating, at the receiver,
the wireless channel having bandwidth coherency within the
plurality of tones. The transmitter configured to transmit,

over the plurality of tones, the generated HE-LTF symbols for
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interpolation of a channel estimate matrix corresponding to
the one or more tones unassigned to the subset of the
unassigned tones.

[0010] The control circuitry is further configured to, in
some implementations, select an HE mode associated with a
maximum number of tones available for transmission of the HE-
LTF symbols, wherein the number of the plurality of tones is
the maximum number of tones. The control circuitry is
configured to select the HE mode by selecting a 4xHE-LTF mode
having the maximum number of tones available for transmission
of the HE-LTF symbols, in some embodiments. The control
circuitry is configured to, in some implementations, select
the HE mode by selecting a 2xHE-LTF mode having half of the
maximum number of tones available for transmission of the HE-
LTF symbols. The control circuitry is further configured to,
in some embodiments, select a tone-select mode indicative of a
maximum number of subsets of wireless spatial streams
transmittable over the plurality of tones. The control
circuitry is further configured to, in some implementations,
select a first tone-select mode and in response to selecting
the first tone-select mode, divide the maximum number of tones
into four subsets of tones available for transmission of the
HE-LTF symbols.

[0011] In some implementations, the control circuitry is
further configured to determine, based on the tone-select
mode, a minimum number of the number of wireless spatial
streams assignable to each subset of the four subsets of the
plurality of tones and distribute a remaining number i of
wireless spatial streams, calculated based on the minimum
number, evenly among I subsets of the four subsets. 1In some

embodiments, the control circuitry is configured to generate a
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P-matrix having a first amount of rows of a pre-defined
matrix, wherein the first amount corresponds to the number of
the subset of wireless spatial streams to be transmitted over
the subset of the plurality of tones.

[0012] The transmitter is further configured to, in some
implementations, transmit a spatial mapping matrix associated
with a mapping of a channel response matrix to the plurality
of wireless spatial streams over the plurality of tones, the
spatial mapping matrix having a number of rows associated with
a number of antennas at the transmitter and a number of
columns associated with a number of the plurality of wireless
spatial streams. The control circuitry is further configured
to, in some embodiments, generate the spatial mapping matrix
based on a portion of the spatial mapping matrix, wherein the
portion has the number of rows associated with the number of
antennas at the transmitter and a number of columns
corresponding to the number of the subset of wireless spatial
streams to be transmitted over the subset of the plurality of
tones. The control circuitry is further configured to, for a
plurality of users, transmit HE-LTF symbols associated with a
first user of the plurality of users on a first tone and
transmit HE-LTF symbols associated with a second user of the

plurality of users on a second tone, in some implementations.
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Brief Description of the Drawings

[0013] Further features of the disclosure, its nature and
various advantages will become apparent upon consideration of
the following detailed description, taken in conjunction with
the accompanying drawings, in which like reference characters
refer to like parts throughout, and in which:

[0014] FIG. 1 is a block diagram of an illustrative
wireless communications system for transmitting high
efficiency long training field (HE-LTF) symbols in accordance
with at least some embodiments of the present disclosure;
[0015] FIG. 2 is a diagram of an illustrative preamble
containing HE-LTF symbols, generated based on an advanced P-
matrix design described herein, transmitted over the
illustrative wireless communications system of FIG. 1 in
accordance with at least some embodiments of the present
disclosure;

[0016] FIG. 3 is a diagram of an illustrative transmission
of HE-LTF symbols, over the illustrative wireless
communications system of FIG. 1, based on tone multiplexing
for wireless spatial streams in accordance with at least some
embodiments of the present disclosure;

[0017] FIG. 4 is a diagram of an illustrative transmission
of HE-LTF symbols, generated based on a combination of the
advanced P-matrix design of FIG. 2 and the tone multiplexing
of FIG. 3 in accordance with at least some embodiments of the
present disclosure;

[0018] FIG. 5 illustrates a process for transmitting HE-LTF
symbols based on the advanced P-matrix design of FIG. 2 in
accordance with at least some embodiments of the present

disclosure;
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[0019] FIG. 6 illustrates a process for transmitting HE-LTF
symbols based on the tone multiplexing of FIG. 3 in accordance
with at least some embodiments of the present disclosure;
[0020] FIG. 7 illustrates a process for receiving HE-LTF
symbols transmitted based on the advanced P-matrix design of
FIG. 2 in accordance with at least some embodiments of the
present disclosure;

[0021] FIG. 8 illustrates a process for receiving HE-LTF
symbols transmitted based on the tone multiplexing of FIG. 3
in accordance with at least some embodiments of the present
disclosure; and

[0022] FIG. 9 illustrates a process for receiving HE-LTF
symbols transmitted based on a combination of the advanced P-
matrix design of FIG. 2 and the tone multiplexing of FIG. 3 in
accordance with at least some embodiments of the present

disclosure.

Detailed Description

[0023] This disclosure describes methods and systems for
transmitting high efficiency long training field (HE-LTF)
symbols for multiple transmission streams. Specifically,
various methods for accommodating increasing numbers of
transmitted spatial streams based on an advanced P-matrix
design, tone multiplexing for spatial streams, and a
combination thereof are described herein.

[0024] With techniques such as massive multiple input
multiple output (MIMO) or millimeter wave being proposed to
address the increasing demand for more data at higher speeds,
in comparison to systems implemented under the soon to be
completed IEEE 802.1lax standard, an access point (AP) in a

wireless communications system compliant with emerging will
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need to initiate a larger number of transmission streams in
order to serve many more user devices. With increasing number
of transmission streams, the size of the P-matrix - a training
matrix for channel estimation that is defined for wvarious
matrix sizes in the IEEE 802.l1lax standard, used in high
efficiency long training field (HE-LTF) symbol generation -
will also increase.

[0025] The access point generates a wireless packet for
transmission that includes a preamble, data, midable,
postamble, any suitable data sequence for transmission within
the packet, or any combination thereof. In some embodiments,
a packet is arranged sequentially for transmission such that
the preamble is transmitted first, followed by the data
payload, and finally the postamble. In some embodiments, the
preamble includes multiple training field symbols including
the HE-LTF symbols. The HE-LTF symbols are, in some
implementations, transmitted in the midamble (e.g., repeated
transmissions, within the data symbols, of HE-LTF symbols sent
in the preamble) to account for the time varying nature of the
channel. The wireless packet structure is described further
in the description of FIG. 2.

[0026] For example, an access point transmitting 16 spatial
streams transmits 16 HE-LTF symbols, one for each spatial
stream, and the corresponding channel estimate of the spatial
stream that is determined at the receiver. 1In the current
IEEE 802.1lax standard, an access point is required to
transmit a 16x16 orthogonal P-matrix that in turn, requires
the receiver to apply a Hermitian of the 16x16 orthogonal P-
matrix to obtain the channel estimates for the 16 spatial
streams. This matrix operation needs to be completed before

decoding the first data symbol transmitted after the HE-LTF
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symbols, because the channel estimates are necessary to
accurately decode the data transmitted over and affected by
the channel. For the transmission of greater than 16 spatial
streams in the current IEEE 802.llax standard, more HE-LTF
symbols are required along with an increased P-matrix sizes
(e.g., 32x32 and 64x64).

[0027] Under the current IEEE 802.1llax standard, the
receiver will multiply the received signal by a Hermitian of
the 16x16 P-matrix to obtain the channel estimates for the 16
spatial streams. The application of the Hermitian of the P-
matrix is referred to herein as an "undo P" operation. This
operation, in order to be done in a short amount of time to
obtain channel estimates necessary to process the data symbols
immediately after receiving the preamble, requires a
complicated receiver architecture to accomplish all of the
arithmetic operations within the time available. As more
transmission streams are used, the amount of arithmetic
operations also increases. For example, transmitting 32
streams requires a 32x32 P-matrix on which the receiver is
required to perform an undo P using another 32x32 matrix
within the same time required for transmitting 16 streams or
any number of streams.

[0028] Phase roll estimation, calculated by the receiver to
refine both timing and channel estimates, also requires the
determination of channel estimates of all spatial streams. In
the current standard, phase roll estimation, like channel
estimation, cannot be calculated until all HE-LTF symbols have
been received. As the number of streams transmitted
increases, the time that phase roll estimation is calculated
is delayed further. Due to similar time constraints, OR

decomposition operations to further process channel estimates,
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channel smoothing, channel interpolation, and other operations
requiring the receipt of all LTF symbols, become increasingly
difficult to implement when number of streams increase.

[0029] The advanced P-matrix design described herein
achieves benefits such as supporting increasing number of
transmission streams and reduces timing constraints due to the
current, standard P-matrix design. The advanced P-matrix
design allows for calculation of wireless channel properties
such as channel estimates or phase roll estimates for a subset
of the streams used for transmission after a corresponding
subset of the HE-LTF symbols (e.g., 4 of 16 total HE-LTF
symbols that correspond to streams 1-4 of a total 16 streams)
are received instead of delaying calculation until all 16 HE-
LTF symbols are received. Additional benefits of higher
throughput with an increasing number of transmission streams
can be achieved with an implementation of tone multiplexing
for spatial streams. In some embodiments, a maximum of 8
rather than all 16 HE-LTF symbols are sent for estimating the
channel of spatial streams that are multiplexed to a subset of
total tones available for transmission. To increase the
throughput of the access point, the time otherwise allocated
for sending all 16 HE-LTF symbols is, in some embodiments,
used to transmit other symbols.

[0030] In some implementations, the advanced P-matrix
design is combined with the tone multiplexing for spatial
streams at the access point for benefits seen in downlink
multi-user (DL-MU) scenarios with regards to minimizing power
fluctuation. For example, an access point performing DL-MU to
4 users having 4 spatial streams per user multiplexes HE-LTF
symbols generated based on the advanced P-matrix design across

a subset of tones (i.e., frequencies) available for
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transmission. For example, all 16 HE-LTF symbols are used
such that both channel property calculations can be done prior
to receiving all 16 HE-LTF symbols and streams for the four
users can be multiplexed onto a subset of tones such that the
average power for all streams multiplexed into each HE-LTF
symbol does not vary substantially from the power determined
from the high efficiency short training field (HE-STF) used
for the automatic gain control (AGC) setting at the receiver.
This combination is described further in the description of
FIG. 4.

[0031] FIG. 1 is a block diagram of illustrative wireless
communications system 100 for transmitting high efficiency
long training field (HE-LTF) symbols 107, according to some
embodiments described herein. In an embodiment, wireless
communications system 100 includes control circuitry
programmed to generate HE-LTF symbols 107, communicate HE-LTF
symbols 107, and/or process the HE-LTF symbols 107. Although
depicted in FIG. 2, wireless communications system 100 for
transmitting and receiving HE-LTF symbols 107 is not limited
to generation and processing of a preamble of a wireless
packet. Along with a preamble, wireless communications system
100 includes a data payload, midamble, postamble, any suitable
data sequence for transmission over a wireless communications
system, or any combination thereof. For example, a midamble
processing block is further coupled to the receiver to process
HE-LTF symbols transmitted in the midamble.

[0032] Preamble generation 101 is a process for generating
the preamble of a wireless packet to be transmitted over a
wireless channel having properties, estimated by system 100
through training matrices, such as channel response or channel

estimate matrix H (e.g., an estimate of the effect of a
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wireless channel on the amplitude and phase of a transmitted
signal) and carrier phase error ¢ (e.g., a distortion in the
received phase of a signal transmitted over a wireless channel
over time). Preamble generation 101 is, in some
implementations, included in control circuitry that is coupled
to transmitter 102 and comprises PHY and MAC processors. The
advanced P-matrix generation and tone multiplexing described
herein take place, in some embodiments, at the PHY layer with
the associated PHY processor. Parameter selection for the PHY
processes (e.g., tone-select mode parameter selection for tone
multiplexing) takes place, in some embodiments, at the MAC
layer with the associated MAC processor. The MAC processor
decides, in some implementations, which of the advanced P-
matrix, tone multiplexing, or the combination thereof to
implement.

[0033] In some embodiments, the generated preamble, for
wireless packets transmitted over data tones (e.g.,
frequencies designated for data symbol transmission), includes
symbols mapped by LTF mapping matrices such as a P-matrix for
estimating the channel response and for wireless packets
transmitted over pilot tones (e.g., frequencies designated for
pilot symbol transmission), an R-matrix for estimating the
carrier phase error. The generated preamble is transmitted
over the wireless channel by transmitter 102 using antennas
103. The transmitted preamble, in some implementations,
includes the HE-LTF symbols mapped by an LTF mapping matrix
(e.g., the P-matrix having the design described herein),
multiplexed over tones, or a combination thereof.

[0034] As referred to herein, "mapped by" or "mapping"
relates to an arithmetic operation involving a linear

transformation (e.g., through addition and multiplication) of
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a first set of values in a first matrix to a second set of
values in a second matrix through the application of a third
matrix onto the first matrix.

[0035] Antennas 104 coupled to receiver 105 receive the
preamble transmitted by transmitter 102. Receiver 105, as
shown in FIG. 1, is coupled to preamble processing 106 which
processes the received preamble. In some embodiments,
preamble processing 106 processes the HE-LTF symbols within
the preamble by applying a Hermitian of a fixed matrix to a
portion of the received LTF mapping matrix such that the
resulting product is an identity matrix (e.g., an "undo P"
operation) and matrix or value representative of a channel
property. Preamble processing 106 is, in some
implementations, included in control circuitry coupled to
receiver 105. For example, preamble processing 106 processes
4 HE-LTF symbols by applying a Hermitian of a 4x4 P-matrix to
the first four columns of a 16x16 P-Matrix received over the 4
HE-LTF symbols such that the resulting product is an identity
matrix and a channel response matrix, H.

[0036] FIG. 2 is a diagram of illustrative preamble 200
containing HE-LTF symbols, generated based on an advanced P-
matrix design described herein, transmitted over the
illustrative wireless communications system of FIG. 1,
according to some embodiments described herein. Preamble 200
includes HE-STF symbol 201 and HE-LTF symbols 1 through 16
that are grouped such that group 211 includes HE-LTF1 through
HE-LTF4, group 212 includes HE-LTF5 through HE-LTF8, group 213
includes HE-LTFS through HE-LTF12, and group 213 includes HE-
LTF13 through HE-LTF16. Preamble processing 106 determines
channel properties after each group is received rather than

delay calculation of channel properties until after all 16 HE-
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LTF symbols are received, in an embodiment. FIG. 2 depicts
calculations 221-224 performed to obtain channel properties
{(e.g., "Chest" or channel estimate) associated with a subset
of streams after each group of HE-LTF symbols is received.
[0037] In one implementation, transmitter 102 is used to
transmit 16 spatial streams. Following the current IEEE
802.11lax standard, the transmitter 102 uses a 16xl16 P-matrix.
The undo P operation for a 16x16 P-matrix requires a
computational complexity that increases as the number of
spatial streams transmitted increases. The advanced P-matrix
design as described herein has the benefit of maintaining
manageable complexity at a receiver performing undo P
operations such as calculations 221-224. For a lé6-stream
transmission that would require a 16x16 P-matrix under current
standards, a P-matrix is designed based on rows of smaller 4x4
P-matrices arranged in an interleaved format of a block
diagonal P-matrix.

[0038] Standards for IEEE 802.llax wireless communications
systems define a 2x2, 4x4, 6x6, and 8x8 P-matrix. In some
embodiments, the advanced P-matrix design for processing
channel estimates prior to receiving all HE-LTF symbols is
composed of the pre-defined or fixed P-matrices defined in the
standard. For example, a 16x16 P-matrix (e.g., Pigyig) for a
l6-stream transmission may be constructed using a 4x4 matrix.
The first 4 columns of Pigpe include Pl., Pi.a, R&4, and P,
located at the 1st, 5th, 9th  and 13th rows, respectively. Rﬁ4
as used in this example denotes the Nth row of a standard 4x4
P-matrix. Specifically, Pi4 occupies the first 4 columns and
row 1 of Pigyie, Pi4 occupies the first 4 columns and row 5 of

Pioxier Rb4 occupies the first 4 columns and row 9 of Pigrigr and

P, occupies the first 4 columns and row 13 of Pjgme. In the
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5th through 8th column of Pigyer Piear Pha, P, and Pl, are
located at the 2rd4, 6th, 10th, and 14th rows, respectively. 1In
the 90 through 12" columns of Pigyier Piea, Pia, P24, and P,
are located at the 3rd, 7th, 11th, and 15ttt rows, respectively.
In the 13% through 16t columns of Pigyie, Piw, Péa, Pl4, and
R&4 are located at the 4th, g8th, 12th  gnd 16th rows,

respectively. The resultant Pigyies 15 shown below, where Ziyu

denotes a 1x4 zero matrix.

[ P41x4 le4 le4 le4 |
le4 P41x4 le4 le4
le4 le4 P41x4 le4
le4 le4 le4 P41x4
P42x4 le4 le4 le4
le4 P42x4 le4 le4
le4 le4 P42x4 le4
le4 le4 le4 P42x4

P16X16 P43x4 le4 le4 le4
le4 P43x4 le4 le4
le4 le4 P43x4 le4
le4 le4 le4 P43x4
Pfxﬁl le4 le4 le4
le4 Pfx4 le4 le4
le4 le4 Pfxé} le4
—le4 le4 le4 Pfx4 -

[0039] At receiver 105, the sequence of HE-LTF symbols is

mapped using the ith column of Pigyie @s depicted (i.e., the ith
column has dimensions of 16x4) is received after the ith group
of groups 211-214 (e.g., 1st group is group 211). After
receiving group 211 of HE-LTF symbols, preamble processing 106
applies a Hermitian of the 4x4 P-matrix, as defined in the
standard, to the HE-LTF symbols transmitted within group 211
after removing their polarity. This application is the undo P
of calculation 221. The resulting matrix is representative of

the channel estimate for streams 4x+1 (e.g., the 1st, 5th, 9th,
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and 13th streams) where x=1, 2, 3, and 4 corresponding to users
1-4 having the (4x+1)th stream allocated to them,

respectively. After receiving group 212 of HE-LTF symbols,
preamble processing 106 applies the Hermitian of the 4x4 P-
matrix to the HE-LTF symbols transmitted within group 212
after removing their polarity. This application is the undo P
of calculation 222. The resulting matrix is representative of
the channel estimate for streams 4x+2 (e.g., the 2nd, 6th, 10th,
and 14th streams) where x=1, 2, 3, and 4 corresponding to users
1-4 having the (4x+2)th stream allocated to them,

respectively. After receiving group 213 of HE-LTF symbols,
preamble processing 106 applies the Hermitian of the 4x4 P-
matrix to the HE-LTF symbols transmitted within group 213
after removing their polarity. This application is the undo P
of calculation 223. The resulting matrix is representative of
the channel estimate for streams 4x+3 (e.g., the 3rd, 7th, 11th,
and 15ttt streams) where x=1, 2, 3, and 4 corresponding to users
1-4 having the (4x+3)th stream allocated to them,

respectively. After receiving group 214 of HE-LTF symbols,
preamble processing 106 applies the Hermitian of the 4x4 P-
matrix to the HE-LTF symbols transmitted within group 214
after removing their polarity. This application is the undo P
of calculation 224. The resulting matrix is representative of
the channel estimate for streams 4x+4 (e.g., the 4th, gth 12th
and 16t streams) where x=1, 2, 3, and 4 corresponding to users
1-4 having the (4x+4)th stream allocated to them,

respectively.

[0040] Using smaller P-matrices to process subsets of HE-
LTF symbols rather than using a full-sized P-matrix to process
the HE-LTF symbols after receiving them all has advantages.

For example, after processing group 211 and before receiving
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groups 212-214, the channel estimates for 4 of 16 streams are
available, phase roll computation can begin, channel smoothing
and/or interpolation for 4 of 16 streams can be performed,
other suitable channel enhancements (e.g., noise whitening and
L-LTF-HE/VHTLTF1 combining) can be performed, or any suitable
combination thereof. These benefits similarly apply to each
group of groups 212-214. Preamble processing 106, in some
implementations, finishes processing the preamble with
manageable computational complexity in time for additional
processing components of receiver 105 to process the data
payload of the wireless packet using the determined channel

estimates.

[0041] The construction method for Pigyxie described above is,
in some implementations, extendable to any general P-matrix
size. For example, Pige1g can be generated using the Pigyis
matrix and appending a Py, as defined in the standard, at a
diagonal position such that it occupies the space defined by
the intersection of the 17t and 18t rows and columns. For
spatial mapping matrix Q used by the transmitter, in some
embodiments, the Q matrix does not have any of its elements as
0. This prevents power from being spread on all transmitted
spatial streams during each transmitted LTF symbol. Non-zero
elements in the Q-matrix map power allocation by the
transmitter to all possible spatial streams usable by the
transmitter, which may be a larger number of spatial streams
than is used for transmission. Hence, the mapped power
allocation by the transmitter is not isolated to transmitted
spatial streams.

[0042] Carrier phase error (CPE) compensation is, in some
embodiments, achieved through the implementation of the

advanced P-matrix design described herein. Up-link (UL)



10

15

20

WO 2020/061183 PCT/US2019/051716

_19_

packets are frequency synchronized up to +/- 400 Hz (e.qg.,
within a range of 400 Hz), and CPE is not expected to build up
significantly over a few HE-LTF symbols {(e.g., four or less
HE-LTF symbols). However, as the total number of streams and
accordingly, HE-LTF symbols transmitted increases, the CPE
build up increases and impacts HE-LTF symbols received later
in the sequence of transmitted HE-LTF symbols significantly.
[0043] In some embodiments, transmitter 102 uses at least
16 antennas (e.g., antennas 103) to communicate with 4 users.
FEach user sends 4 streams of UL packets. Hence, the total
number of HE-LTF symbols in an UL packet is 16 HE-LTF symbols.
Using the advanced P-matrix design, rows 1 through 4 of the
Piex1i6 CcOrrespond to user 1, rows 5 through 8 correspond to user
2, rows 9 through 12 correspond to user 3, and rows 13 through
16 correspond to user 4. The advanced P-matrix described
earlier for channel estimation is used for mapping HE-LTF
symbols transmitted over data tones while pilot tones are

mapped using an R-matrix created through an advanced R-matrix

design.
[0044] The R-matrix, in some implementations, is designed
based on the Pigyig used for channel estimation. Columns 1

through 4 of Pigyis @are used for columns 1 through 16 of Rigyis

shown below.
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[ P41x4 P41x4 P41x4 P41x4 |
le4 le4 le4 le4
le4 le4 le4 le4
le4 le4 le4 le4
P42x4 P42x4 P42x4 P42x4
le4 le4 le4 le4
le4 le4 le4 le4
le4 le4 le4 le4

R16X16 P43x4 P43x4 P43x4 P43x4
le4 le4 le4 le4
le4 le4 le4 le4
le4 le4 le4 le4
Pfxﬁl Pfxﬁl Pfxﬁl Pfx4
le4 le4 le4 le4
le4 le4 le4 le4
—le4 le4 le4 le4 -
[0045] Preamble processor 106 at the receiver performs, in

some embodiments, the following operations for each group of 4
HE-LTF symbols received. After receiving the first 4 HE-LTF
symbols (i.e., HE-LTF1l through HE-LTF4), preamble processor
106 performs an undo P using a fixed matrix (e.g., a row of a
4x4 P-matrix defined in the standard) on pilot tones of first
4 HE-LTF symbols such that the channel estimates for a stream
used by each user is obtained (e.g., stream 1 for user 1, user
2, user 3, and user 4). After receiving the second group of 4
HE-LTF symbols (i.e., HE-LTF5-8), preamble processor 106
performs an undo P on the pilot tones of first 4 HE-LTF
symbols to estimate a per-user CPE on pilot tones using the
channel estimates obtained from the first 4 HE-LTF symbols.
The channel estimates for data tones, obtained from an undo P
applied to HE-LTF5 through HE-LTF8 on the data tones, can be
compensated based on the estimated CPE. This results in CPE-
compensated channel estimates for the second stream of each
user. Likewise, the CPE-compensated channel estimates for the

third stream and fourth streams of each user can be calculated



WO 2020/061183 PCT/US2019/051716

10

15

20

25

30

-21-

after receiving HE-LTF9 through HE-LTF12 and HE-LTF13 through
HE-LTF16, respectively.
[0046] The following is an example of a process at preamble
processing 106 for the CPE-compensation described above. 1In
this example, an access point has 16 antennas that are used
for the transmission of HE-LTF symbols to users 1, 2, 3, and 4
associated with 16x4-dimensioned channel responses
Hyygr Hyzger Hyzg, and Hyuy, respectively, where k is the index of
a data tone. In some embodiments, the CPE build up within the
first 4 HE-LTF symbols is small. After receiving HE-LTF4,
preamble processor 106 processes signal Y, below.

Yig = [Hu1 G Hyppe (1) Hyze(1) Hygg 1] Pryy
An undo P operation results in calculations of the estimated
first stream of each user.

Yig- Piby = [HyxG 1) Hypp(G1) Hyzp( 1) HyugrGLD]
The CPE build up at the end of received HE-LTF4 is denoted as
0,1, 942, 643, and 8, of users 1, 2, 3, and 4, respectively. A
4x4 CPE matrix is denoted by ¢ = diag(e®u1,efuz efus ePu)  After
receiving HE-LTF8, preamble processor 106 processes signal Y
below.

Yor = [Hui(, 1) Hupp (1) Huzp(1) HyaeGD] - pPyyy
An undo P operation using P}, and a subsequent zero forcing
operation are used to obtain the per-user CPE estimates within
¢.

HY Y+ Pitg = HO [Hy1 (1) Hyor (1) Huzge (1) Hygw (1] Pays - Pfiy
deik'Pﬁ4==¢

where H? is the pseudo inverse of
[Hu1(: 1) Hypr(1) Huzi(1)  HyarGLD].
[0047] After obtaining the per-user CPE estimates, ¢,

preamble processor 106 may use a Hermitian of ¢, ¢, to
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compensate for CPE in the channel estimates obtained through
calculations applied to HE-LTF symbols transmitted over data
tones. Let m denote the tone index of a data tone. After
receiving HE-LTF8, preamble processor 106 processes signal Y,
using an undo P and undo ¢ operation.

Yom = [Hutm(2) Hupm(,2)  Huzm(2)  Huam(,2)] - PPury

Yom - PE{4¢H = [Huum(,2)  Hyzm(:,2) Hysm(,2)  Hyam(:,2)]
A similar CPE compensation for channel estimates is performed
after HE-LTF12 and HE-LTF16 to determine CPE-compensated
channel estimates for 37@ and 4th streams of each user.
[0048] To avoid CPE build up over 4 HE-LTF symbols, in some
embodiments, HE2x or HElIx LTF is used in the UL packet. The
base P-matrix considered in this case is a standard 4x4 P-
matrix. For more users, in some implementations, a larger
base P-matrix is used of size equal to the number of users.
For example, an orthogonal 16x16 base P-matrix is used for 16
users having 2 spatial streams allocated per user. The base
P-matrix is used in the generation of a 32x32 P-matrix (i.e.,
32 total streams based on the 2 streams for each of the 16
users). Rows of zeroes are inserted between every two rows of
the base P-matrix to form a 32x16 matrix and is concatenated
with a copy of the 32x16 matrix whose rows are shifted
cyclically down by 1 to form a 32x32 matrix.

P3yx32 = [Pazx16  Pazxiel

[0049] FIG. 3 is a diagram of illustrative transmission 300
of HE-LTF symbols, over the illustrative wireless
communications system of FIG. 1, based on tone multiplexing
for wireless spatial streams, according to some embodiments
described herein. Throughput of the transmission of wireless
packets by transmitter 102 is, in some implementations,

increased due to multiplexing of multiple streams on tones in
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a wireless channel. Tone multiplexing for spatial streams
reduces the amount of HE-LTF symbols necessary to transmit
channel estimates for an increasing number of spatial streams
(e.g., up to 32 spatial streams for the current maximum 8x8 P-
matrix defined by the standard) by distributing the
transmission of spatial streams across tones.

[0050] The IEEE 802.l1llax standard defines three HE-LTF
transmission modes: 1x, 2x, and 4x. Each HE-LTF transmission
mode or "HE mode" is representative of a maximum number of
tones available for transmission. As defined in the 802.1l1llax,
there are 256 tones available for 4xHE-LTF mode, 128 tones
available for 2xHE-LTF mode, and 64 tones available for 1xHE-
LTF mode. For up to 8 spatial streams, a P-matrix is defined
in 802.11lax. Using the tone multiplexing described herein,
transmission using a number of spatial streams greater than 8
involves maintaining a P-matrix dimension up to 8 in
combination with the three HE-LTF modes to obtain channel
estimates for more than 8 spatial streams. The maximum number
of HE-LTF symbols transmitted is, in some embodiments, 8 HE-
LTF symbols (i.e., limited by the maximum P-matrix dimension
of 8).

[0051] In 4xHE-LTF mode, the 802.llax standard defines an
FEFT size or number of tones available for transmission as 256
tones. The tones are, in some implementations, divided based
on a tone-select mode: tone-select mode 1, tone-select mode 2,
and tone-select mode 4. For tone select-mode 1 in 4xHE-LTF
mode, the number of tones available are divided into four sets
or groups of tones. Set 1 includes tone indices {4x}, set 2
includes tone indices {4x+1}, set 3 includes tone indices

{4x+2}, and set 4 includes tone indices {4x+3}, where x =

{0, ...

FFTsize
4

—1}. FFTsize corresponds to the number of available
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tones. For tone-select mode 1 with FFTsize=256, set 1
includes tone indices {0, 4, 8, .., 252}, set 2 includes tone
indices {1, 5, 9, .., 253}, set 3 includes tone indices {2, o,
10, .., 254}, and set 4 includes tone indices {3, 7, 11, ..,
255}. For tone-select mode 2 in 4xHE-LTF mode, the number of
tones available are divided into two sets of tones. Set 1

includes tone indices {2x} and set 2 includes tone indices

FFTsize

{2x+1}, where x={0,..., >

—1}. For tone-select mode 2 with

FFTsize=256, set 1 includes tone indices {0, 2, 4, .., 254} and
set 2 includes tone indices {1, 3, 5, .., 255}. For tone-
select mode 4 in 4xHE-LTF mode, the number of tones available
are not divided. This follows the current IEEE 802.1llax
definition of HE-LTF. Using the 8x8 P-matrix defined for IEEE
802.11lax, up to 8 streams are supported in tone-select mode 4,
up to 16 streams are supported in tone-select mode 2, and up
to 32 streams are supported in tone-select mode 1 (i.e., 8
streams for each of the four sets).

[0052] The number of streams to be transmitted by

transmitter 102 are, in some embodiments, divided among the
N,
sets. 1In each set, at least hﬁi'streams are present, where m

denotes a tone-select mode (e.g., m=1, 2, or 4). The

. . 4 sts . .
remaining streams, A@mmmn==<Agm——(;)[Nf|), are divided equally

among the first Ngg,em sets. For example, 11 spatial streams
are divided among four sets in tone-select mode 1 by first
assigning 2 streams in each four groups, leaving 3 spatial
streams remaining that are unassigned. The Nggrem =3 streams
are divided equally among the first 3 sets, producing the
stream assignment of {3, 3, 3, 2} (i.e., 3 streams in the

first set, 3 streams in the second set, 3 streams in the third
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set, and 2 streams in the fourth set). In a second example,
13 spatial streams are divided among four sets in tone-select
mode 1 by assigning 3 streams to each set and assigning the
remaining 1 stream to the first set, producing a stream
assignment of {4, 3, 3, 3}. 1In a third example, 13 spatial
streams are divided among two sets in tone-select mode 2 by
assigning 6 streams to each set and assigning the remaining 1
stream to the first set, producing a stream assignment of {7,
6}.

[0053] The stream assignment of {3, 3, 3, 2} is depicted in
FIG. 3, where streams 301-311 correspond to the 11 streams to
be transmitted. The streams are depicted as arrows
representing a frequency response of a signal to be
transmitted for each stream, where the signals are labeled
with the associated stream number (e.g., the signal to be sent
through stream 1 is labeled with a "1" in the arrows). The
signals for the 1st, 2nd, and 3rd streams are multiplexed onto
set 1 tones {0, 4, 8, .., 252}. The signals for the 4th, b5th,
and 6t streams are multiplexed onto set 2 tones {1, 5, 9, ..,
253}. The signals for the 7tk, 8th, and 9th streams are
multiplexed onto set 3 tones {2, 6, 10, .., 254}. The signals
for the 10th and 11th streams are multiplexed onto set 4 tones
{3, 7, 11, .., 255}.

[0054] The HE-LTF symbols are generated by preamble
generation 101, in some embodiments, according to the
assignment of streams to tones and standard P-matrix that is
selected according to the maximum number of streams
transmitted across a set of tones (e.g., select a standard 4x4
P-matrix for the set {3, 3, 3, 2} because a 4x4 P-matrix is
used for up to 4 streams). The signal transmitted by

transmitter 102 is, in some embodiments, given by
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Y = Hy_xn, OnexNg o P,
where H is a channel response matrix having a number of rows
Nr, the number of antennas at a receiver (e.g., number of
antennas 104), and a number of columns N;, the number of
antennas at a transmitter (e.g., number of antennas 103), Q is
a spatial mapping matrix having a number of rows N; and a
number of columns N, the number of transmitted spatial
streams, and P is a square Ny P-matrix.

[0055] For a set i, the received signal is represented by

Y(©) = Hypoen, @ (D g5, P (Nsts,i)

miaX(Nsts,i)

where Q==[QNﬂNﬂgxl)“",QNﬂNmmi4/n0], m is the tone-select mode,
a horizontal concatenation of matrices representative of the
spatial mapping for Ngg;, the number of spatial streams in set

i, and P(N“&JnmmN““) is based on a standard P-matrix.
: :

P(N“&J is constructed using the first Ng; rows of a

miaX(Nsts,i)
standard P-matrix. For example, for the spatial stream
assignment of {3, 3, 3, 2} for 11 spatial streams using tone-

select mode 1 and 4xHE-LTF mode, Ngsi=1 =3 and max(Ngs;) = 4
1A

given the maximum P-matrix sizes in the 802.1lax definition
are a 2x2, 4x4, 6x6, and 8x8. P(3), is 3x4 matrix constructed
using the first 3 rows of the standard 4x4 P-matrix.

[0056] Based on the number of spatial streams and the tone-
select mode indicated in the SIG fields (e.g., SIGA field,
according to the 802.1lax standard, of a wireless packet
preamble), the receiver (e.g., receiver 105) constructs, in
some implementations, the number of streams per set of tones
and select the appropriate P-matrix for HE-LTF symbol

processing. For example, receiver 105 determines from the SIG
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fields that the stream assignment of {3, 3, 3, 2} was used for
the transmission of the received wireless packet and selects a
standard 4x4 P-matrix for processing the received HE-LTF
symbols. For a stream assignment of {7,6)}, the receiver
selects a standard 8x8 P-matrix for processing the received
HE-LTF symbols. The standard 8x8 P-matrix is selected because
the standard 8x8 P-matrix has sufficient dimension to perform
an undo P operation on the transmitted P-matrix, which has a
dimension of Ngg; rows and a number of columns corresponding
to the dimension of the smallest P-matrix size that is still
greater than the maximum number of spatial streams in any set.
To obtain the channel estimates for the spatial streams across
a subset of tones (e.g., tones {0, 4, 8, .., 252}), the
receiver applies a selected P-matrix as shown by

y(1) * Pfis = Hy v, Q(D N3P (34 * Pixa
The resulting Hyxn,Q@(1)naxs 1s representative of the channel
response of the spatial streams of set 1 transmitted over
tones {0, 4, 8, .., 252}. To obtain the channel response of
the spatial streams of set 1 transmitted over the remaining
tones {1, 2, 3, 5, 6, 7, .., 253, 254, 255}, preamble processor
106, in some embodiments, interpolates the channel response
Hy, v Q(D s -
[0057] For the stream assignment of {3, 3, 3, 2} depicted
in FIG. 3, frequency response 321 represents streams 1-3
multiplexed onto tones {0, 4, .., 252} over set 1, streams 4-6
multiplexed onto tones {1, 5, .., 253} over set 2, streams 7-8
multiplexed onto tones {2, 6, .., 254} over set 3, and streams
1-3 multiplexed onto tones {3, 7, .., 255} over set 4.
Frequency responses 322 through 324 also contain the stream
sets multiplexed over tones based on the mapping scheme for

frequency response 321. Although only four frequencies (i.e.,
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the four arrows) are depicted in each of frequency responses
321-324 for ease of depiction, each frequency response spans
all tones allocated for a particular HE-LTF mode (e.g., 256
tones for 4xHE-LTF mode) .

[0058] HE-LTF symbols transmitted are HE-LTF symbols 331-
334 corresponding to HE-LTF1 through HE-LTF4. The four sets
of spatial streams are loaded onto HE-LTF1l symbol 331 by
applying an inverse fast Fourier transform (IFFT) to frequency
response 321 to obtain a time domain representation to be
transmitted over the wireless channel. HE-LTF symbols 332-334
are obtained similarly from frequency responses 322-324,
respectively. In some embodiments, the jth HE-LTF symbol
transmitted is formed using the corresponding jth column of a
modified P-matrix that is modified by using only a subset of
rows of a standard P-matrix. For example, for the stream
assignment {3, 3, 3, 2} of FIG. 3, the standard P-matrix used
is the 4x4 P-matrix defined in IEEE 802.1llax.

[0059] The following values, in some implementations,
correspond to the loaded values within HE-LTF symbols 331-334.
For symbol 331, a N:x1 value is associated with set 1
representing streams 1-3 based on a matrix calculation
involving a Q-matrix and a column of a P-matrix, where Nt
represents the number of transmit antennas. Symbols 332-334
are likewise associated with a N:x1 value representing the
spatial streams assigned to the set. 1In particular, the
loaded wvalues to HE-LTF symbols 331-334 correspond to

Qnexngo Prgeoxa(i,J), where j reflects the jth HE-LTF symbol and
Py.,xa is a matrix of the first Ng; rows of the standard 4x4 P-
matrix.

[0060] As arranged in FIG. 3, symbol 331 is received first,

symbol 332 is received second, symbol 333 is received third,
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and symbol 334 is received fourth and last of the HE-LTF
symbols. The data payload is received, in some
implementations, immediately after symbol 334 is received
{e.g., there are no additional HE-LTF symbols received after
symbol 334 is received).

[0061] In some embodiments, a 2xHE-LTF mode is used. 1In
2xHE-LTF mode, associated with 128 possible tones available
for transmission, up to 8 streams are supported in tone-select
mode 2 and up to 16 streams are supported in tone-select mode
1 (e.g., 2 sets of 64 tones, each set supporting 8 streams).
The 1xHE-LTF mode supports, in some embodiments, a cyclic
prefix duration of only 0.8 us while using 2xHE-LTF mode with
tone-select mode 1 supports all cyclic prefix modes.

[0062] The different sets of tones are, in some
implementations, assigned to different users. In the IEEE
802.11lax standard, pilot tones are not available in all sets
of spatial streams. For example, in tone-select mode 1 for
4xHE-LTF mode, the second and fourth sets of spatial streams
do not have any pilot tones. 1In another example, in tone-
select mode 2 for 4xHE-LTF mode, the second set of spatial
streams does not have any pilot tones. The new set of pilot
tones in each set is, in some embodiments, required for CPE
estimation from the corresponding user. If there are more
than four users present, in some implementations, then the
assignment of users to tones are divided similar to how the
assignment of spatial sets are divided among tones. For an
odd number of users greater than four users, no change is
necessary to conform the spatial stream assignment to a user
assignment. For three users, one of the users is allocated 2

sets of tones rather than a single set of tones.
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[0063] When the number of users is less than or equal to 4,
the HE-LTF from different users are, in some implementations,
present in different tones. Calibration-related issues from
one user does not affect the channel estimation for other
users. Additionally, a separate CPE estimation is needed for
each user. Carrier frequency offset (CFO) estimation is
performed, in some embodiments, per user and the effective CFO
correction is computed and applied to obtain channel
estimates. When the number of users is greater than 4, the
overlapping of users in each tone is, in some implementations,
limited and in turn, reduces the estimation error.
[0064] FIG. 4 is a diagram of illustrative transmission 400
of HE-LTF symbols for a single user allocated 4 spatial
streams, generated based on a combination of the advanced P-
matrix design of FIG. 2 and the tone multiplexing of FIG. 3,
according to some embodiments described herein. A combination
of the advanced P-matrix design and tone multiplexing is, in
some embodiments, applicable to achieve transmission benefits
(e.g., avoiding power fluctuations) in down-1link multi-user
(DL-MU) transmissions.
[0065] The receiver complexity, in some implementations,
allows for a certain computational complexity for an undo P
operation (e.g., undo P up to a 4x4 P-matrix). In some
embodiments, a transmitter applies only the advanced P-matrix
design and the HE-STF is represented by

HESTF, = H * Q,q¢ * ones(16,1)
where k represents a tone index k, and Qe 1s a precoder
matrix (i.e., Q for a multi-user or beamformed steered
transmission system is known as a precoder matrix while Q for
a single-user transmission system is a spatial mapping matrix)

and the transmitted HE-LTF symbols are represented by
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[HELTF},HELTF?, ..., HELTF}°]
= [ H * Qmat(1.1.16)x(1:4:16) * Paxa H ¥ QMatq.1:16)x(2:4:16) * Paxa

H + Qmat(.1.16)x(3:4:16) * Paxa H ¥ QMat(.1.16)x(4:4:16) * Paxal
Due to potential differences in power between spatial stream
transmissions or user transmissions (e.g., for DL-MU
transmissions), power fluctuations occur between HE-LTF
symbols received over channel H. By multiplexing spatial
streams onto tones in addition to the advanced P-matrix
design, the power fluctuations are avoided.
[0066] To combine tone multiplexing with the advanced P-
matrix design, the N streams of all users are multiplexed
across tones in N HE-LTF symbols. As shown in FIG. 4, four
streams 401-404 are transmitted for a single user (i.e., 4
streams in total). FEach stream is depicted with a different
hatching within the arrows representing the frequency response
of the signal in the stream.
[0067] For HE-STF symbol 411, all tones in corresponding
frequency response 411 are used to send all streams, resulting
in an HE-STF power that is an average of the power of the
individual streams. For HE-LTF symbols 1 through 16, depicted
in groups of 4 in symbol groups 422-425, the streams are
transmitted according to an assignment of spatial stream to
tone subset. For frequency response 412 and corresponding HE-
LTF symbol group 422, the 1st stream of the user is multiplexed
onto tones with indices k%4=0 (e.g., tones 0, 4, 8,..,252), the
2nd gtream of the user is multiplexed onto tones with indices
k%4=1, the 37 stream of the user is multiplexed onto tones
with indices k%4=2, and the 4t stream of the user is
multiplexed onto tones with indices k%4=3. A cyclic rotation
of streams across tones is performed for the generation of

subsequent HE-LTF symbols in groups of a predetermined number
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(e.g., in groups of four). For frequency response 413 and
corresponding HE-LTF symbol group 423, the 274 stream of the
user is multiplexed onto tones with indices k%4=0 (e.g., tones
0, 4, 8,..,252), the 3rd stream of the user is multiplexed onto
tones with indices k%4=1, the 4th stream of the user 1is
multiplexed onto tones with indices k%4=2, and the 15% stream
of the user is multiplexed onto tones with indices k%4=3. For
frequency response 414 and corresponding HE-LTFEF symbol group
424, the 3rd stream of the user is multiplexed onto tones with
indices k%4=0 (e.g., tones 0, 4, 8,..,252), the 4th stream of
the user is multiplexed onto tones with indices k%4=1, the 1st
stream of the user is multiplexed onto tones with indices
k%4=2, and the 27d stream of the user i1s multiplexed onto tones
with indices k%4=3. For frequency response 415 and
corresponding HE-LTF symbol group 425, the 4th stream of the
user is multiplexed onto tones with indices k%4=0 (e.g., tones
0, 4, 8,..,252), the 15t stream of the user is multiplexed onto
tones with indices k%4=1, the 2nd stream of the user 1is
multiplexed onto tones with indices k%4=2, and the 3rd stream
of the user is multiplexed onto tones with indices k%4=3. By
cyclically rotating the streams across tones, the channel
coherence across tones is utilized to minimize power
fluctuations among the HE-LTF symbols and the HE-STF symbol.
[0068] In some embodiments, the access point is performing
DL-MU transmission to 4 users, each user allocated 4 spatial
streams. For DL-MU transmission, a user receives, after a
predetermined number of HE-LTF symbols {(e.g., 4 of 16 HE-LTF
symbols), an appropriate portion of an LTF mapping matrix for
channel estimation of a spatial stream across a subset of
tones (e.g., 64 of 256 tones). The HE-LTF symbols are

generated at the transmitter by multiplexing the 15t stream of
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all users onto tones with indices k%4=0 (e.g., tones 0, 4,
8,..,252), the 2nd gstream of all users onto tones with indices
k%4=1, the 3rd stream of all users onto tones with indices
k%4=2, and the 4t stream of all users onto tones with indices
k%4=3 for the first group of 4 HE-LTF symbols. A cyclic
rotation of the streams across tones is applied for the
generation of HE-LTF symbols in DL-MU. For the second group
of 4 HE-LTF symbols (e.g., HE-LTF5 through HE-LTF8), the 2nd
stream of all users are multiplexed onto tones with indices
k%4=0, the 3rd stream of all users onto tones with indices
k%4=1, the 4th stream of all users onto tones with indices
k%$4=2, and the 1st stream of all users onto tones with indices
k%4=3. For HE-LTF9 through HE-LTF12, the 37 stream of all
users are multiplexed onto tones with indices k%4=0, the 4tb
stream of all users onto tones with indices k%4=1, the 1st
stream of all users onto tones with indices k%4=2, and the 2nd
stream of all users onto tones with indices k%4=3. For HE-
LTF9 through HE-LTF12, the 4th stream of all users are
multiplexed onto tones with indices k%4=0, the 15t stream of
all users onto tones with indices k%4=1, the 274 stream of all
users onto tones with indices k%4=2, and the 34 stream of all
users onto tones with indices k%4=3.
[0069] In some implementations, Qmatx is a precoder matrix
used by the access point at tone index k. In an example of a
DL-MU transmission, QOmatx is a 16x16 matrix with the structure
Qmaty = [qlx q2x q3k - q164]
where qly, g2y, .., ql6, are 16x1 column vectors, gql; through g4y
are used for precoding streams 1 through 4 of user 1 at tone

index k, 5 through q8; are used for precoding streams 5

through 8 of user 2 at tone index k, g9, through gl2; are used

for precoding streams 92 through 12 of user 3 at tone index Kk,
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and ql13; through gl6, are used for precoding streams 13 through
16 of user 4 at tone index k. The channel response of the
wireless channel from user 1 to the access point at tone index
k is represented by Hyiyx, Hysr, Hysp, and Hy,y,, matrices each
of size 4x16. Qmatx, being the precoder matrix ensures that,
in some embodiments, the columns of Qmatx, corresponding to
one user are orthogonal to the channel of the other users. As
an example, each of ¢g5; through ql6, (e.g., columns of Qmat
corresponding to users 2, 3, and 4) are orthogonal to the rows
of Hy;x. The access point transmits the 16xl data vector at
tone index k, Xp=[x1y X241 X3y X4y X1y X2, .. x1646]7. X
contains data for 4 streams for 4 users and xp,,; denotes the
data sent on the pth stream to user g. In this example, p and
g range from 1 to 4. User 1 receives Yy1x = Hyix* Qmaty * X; at
tone index k.

[0070] The access point transmits, in some implementations,
a unit vector X, for the HE-STF portion such that the elements
of Xy (e.g., elements xpy,) are . User 1 receives Yy ksrr,
where

Yuikstr = [Hul,k * Qmaty, * ones(16,1)]/4

= [Huy i * Guie + Hure * Qare + Huwie * @3 + Hua e * Qarc] /4
1
= (Z) * (Sum of contribution of 4 streams of user 1 at tone index k)

and the other columns of Qmat, are orthogonal. For HE-LTF
symbol transmission, the access point transmits a 16x16 P-
matrix using the advanced P-matrix design. For example, user
1 receives Yy prrr1 (4x1 vector) during HE-LTF1. Thus, Yykirrm
is given as

Yureirrr = Hyrx * Qmaty * Prgyis

=y * qik
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and represents the contribution of only the 15t stream of user
1 at tone index k. Similarly, Yyirrrrar Yurkrrrs: and Yy girra
represent the contributions of only the 15t stream of user 1.
Yuikirrs through Y, ,17rg represent the contributions of only the
2nd stream of user 1. Yyyrirre through Yy, rr2 represent the
contributions of only the 3%¢ stream of user 1. Y,ikirr13
through Yy,1k17F16 represent the contributions of only the 4th
stream of user 1. 1In some implementations, the powers across
streams of a user varies significantly, causing the power of
HE-LTF1 through HE-LTF16 to be different from each other and
from the power of HE-STF. This power variation is reflective
of the power fluctuation within the HE-STF symbol and the HE-
LTF symbols.

[0071] By transmitting the spatial streams of users across
tones using the tone multiplexing of streams described herein,
the power fluctuation is minimized during the generation of
HE-LTF symbols. In this transmission scheme, the access point
transmits POigr16 at tones k%4=0, Pligrig at tones k%4=1, P2igyrie
at tones k%4=2, and P3igy16 at tones k%4=3. The 16x16 Pkigyg P-
matrices used are generated from the advanced 16x16 P-matrix
by shifting its rows down by k in a cyclical order based on
the modulo operation to the tone index k. User 1 receives, in
some implementations, Yyigirr1, @ 4x1 vector, during HE-LTFL.
Yurkirer 1s given as Yyjpirer = Hygp * Qmaty * PO1gy16 = Hy1x * 1x for
k34=0, Yyikirr1 = Huix * Qmaty * Pligeie = Hyx * Q2 for k34=1, Yyikirrm =
Hy1x * Qmaty * P21gx16 = Hya e * q3x for k%4=2, and Yyipirrm = Hypk *

Qmaty * P31gx16 = Hy1k * qax for k%4=3. For tones k%4=0, YyirirF1
represents the contribution of only the 15t stream of user 1.
For tones k%4=1, Y,1,17F1 represents the contribution of only

the 27¢ stream of user 1. For tones k%4=2, Y, ,17F1 represents
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the contribution of only the 3¢ stream of user 1. For tones
k%4=3, Yy1krrF1 represents the contribution of only the 4°%h
stream of user 1. The sum of power across 4 consecutive sets
of tones transmitted in HE-LTF1 is represented by X Hyi, * qr,.
This power is, in some implementations, similar across all HE-
LTF symbols and also with respect to the power of the HE-STF
symbol when summed across a set of 4 consecutive tones.

[0072] FIG. 5 provides an example logic flow diagram
illustrating aspects of process 500 for transmitting HE-LTF
symbols based on the advanced P-matrix design of FIG. 2,
according to some embodiments described herein. Process 500
is, in some embodiments, a process for transmitting HE-LTF
symbols in wireless spatial streams over a wireless channel.
Process 500 is, in some implementations, performed by control
circuitry coupled to a transmitter.

[0073] At 502, a portion of an LTF mapping matrix is
determined. The portion is less than an entire LTF mapping
matrix such that, at the receiver, the portion is received
prior to receiving all HE-LTF symbols, in some embodiments.
The portion of the LTF mapping matrix is, in some
implementations, used for determining a property associated
with a spatial stream among the wireless spatial streams
transmitted by the transmitter (e.g., channel response for
tones associated with a group of HE-LTF symbols received prior
to all HE-LTF symbols and mapped by the portion of the LTF
matrix). For example, a 16x4 portion of an advanced 16x16 P-
matrix is determined, where the P-matrix is used to determine
the channel estimates associated with the transmitted spatial
streams. The portion of the LTF mapping matrix is, in some
embodiments, determined by concatenating a portion of a fixed

matrix that is smaller than the LTF mapping matrix and
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representative of a training matrix known to the transmitter
and the receiver with a zero matrix. In some embodiments, the
position of the fixed matrix in the portion corresponds to the
spatial stream. For example, the 16x4 portion of the advanced
16x16 P-matrix is constructed by a concatenating a 1x4 row of
a standard 4x4 P-matrix defined in IEEE 802.1llax with a 3x4
zero matrix, wherein the positioning of the 1x4 row in the 1st
row corresponds to a 15t stream, the 2°d row corresponds to a
2nd gtream, the 3T row corresponds to a 3rd stream, etc.

[0074] In some embodiments, the LTF mapping matrix is an R-
matrix representative of a training matrix for determining
carrier phase error accumulated over the transmitted HE-LTF
symbols, and HE-LTF symbols mapped using the R-matrix are
transmitted over a pilot tone in the wireless channel. For
HE-LTF symbols mapped using the R-matrix transmitted over the
pilot tone, in some embodiments, the HE-LTF symbols mapped by
the R-matrix are assembled such that the R-matrix is
representative of the training matrix for determining carrier
phase error accumulated over the HE-LTF symbols transmitted
over the spatial stream by aligning the portion of the fixed
matrix within a subset of rows of the R-matrix for
application, at a receiver, of an inverse of the fixed matrix
and a pseudo inverse of a channel response matrix to the R-
matrix to obtain carrier phase error associated with the
spatial stream. The generation and processing of the R-matrix
is described in the description of FIG. 2.

[0075] At 504, the HE-LTF symbols mapped by the LTF mapping
matrix is assembled. Assembly of the HE-LTF symbols includes,
in some implementations, constructing the LTF mapping matrix
by arranging the portion determined in 504 in an interleaved

16x16 block diagonal matrix as described in the description of
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FIG. 2 for the advanced 16x16 P-matrix design. The HE-LTF
symbols are mapped such that the frequency tones used in the
wireless communications system (e.g., data and pilot tones)
are mapped using the respective elements of LTF mapping
matrices. For example, a wireless communications system using
256 frequency tones is mapped with a 16x16 LTF mapping matrix
having 256 respective elements.

[0076] At 506, the HE-LTF symbols are transmitted. The
transmitted HE-LTF symbols are, in some embodiments, received
by a receiver (e.g., receiver 105) and processed according to
the process shown in FIG. 7 for receiving HE-LTF symbols
transmitted based on the advanced P-matrix design of FIG. 2.
[0077] FIG. 6 provides an example logic flow diagram
illustrating aspects of process 600 for transmitting HE-LTF
symbols based on the tone multiplexing of FIG. 3, according to
some embodiments described herein. Process 600 is, in some
embodiments, a process for channel estimation based on HE-LTF
symbols transmitted to a receiver over a wireless channel by a
transmitter over a subset of a plurality of tones. Process
600 is, in some implementations, performed by control
circuitry coupled to a transmitter.

[0078] At 602, a subset of a plurality of wireless spatial
streams is assigned to be transmitted over a subset of a
plurality of tones. For example, 3 of 11 wireless spatial
streams are assigned to be transmitted over tones 0, 4, 8, ..,
and 252 of 256 tones for a 4xHE-LTF mode and tone-select mode
1 transmission scheme.

[0079] At 604, the HE-LTF symbols for estimating the
wireless channel having bandwidth coherency within the
plurality of tones are generated. For example, the jth HE-LTF

symbol transmitted is formed using the corresponding jth
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column of a modified P-matrix that is modified by using only a
subset of rows of a standard P-matrix. The HE-LTF symbol
generation for tone multiplexing of spatial streams is further
described in the description of FIG. 3. Bandwidth coherency
is a property of wireless channels whereby, within a bandwidth
of frequency, the magnitude response of the channel response
is comparably flat (e.g., the attenuation of a signals
transmitted within the bandwidth do not differ greatly from
one another). For this reason, reliable interpolation of the
portions of a channel bandwidth for which a spatial stream is
not transmitted over is more likely achieved.

[0080] At 606, the HE-LTF symbols for estimating the
wireless channel associated with the plurality of tones is
transmitted over the plurality of tones. The transmitted HE-
LTF symbols are, in some embodiments, received by a receiver
(e.g., receiver 105) and processed according to process 800
shown in FIG. 8 for receiving HE-LTF symbols transmitted based
on the tone multiplexing of FIG. 3.

[0081] FIG. 7 provides an example logic flow diagram
illustrating aspects of process 700 for receiving HE-LTF
symbols transmitted based on the advanced P-matrix design of
FIG. 2, according to some embodiments described herein.
Control circuitry coupled to a receiver (e.g., receiver 105),
in some embodiments, performs process 700.

[0082] At 702, a predetermined number of HE-LTF symbols are
received at a user device or station (i.e., STA). The
predetermined number of HE-LTF symbols mapped by at least a
portion of an LTF mapping matrix. For example, a transmitter
generates a 16x16 LTF mapping matrix (e.g., a 16x16 advanced
P-matrix) to transmit through 16 HE-LTF symbols, where a 1x4

row of a standard 4x4 P-matrix are arranged in the 16x16 LTF



10

15

20

25

30

WO 2020/061183 PCT/US2019/051716

_40_

mapping matrix depending on the LTF mapping matrix being
either a P-matrix (e.g., an interleaved block diagonal

arrangement) or an R-matrix (e.g., a non-interleaved

arrangement) .
[0083] At 704, the received predetermined number of HE-LTF
symbols are processed based on a fixed matrix. The

processing, in some embodiments, includes an undo P operation.
For example, a Hermitian of a 4x4 standard P-matrix is applied
to a 16x4 portion of the 16x16 advanced P-matrix transmitted
over 4 HE-LTF symbols. The 16x4 portion further includes a
concatenation of the 1x4 portions with 1x4 zero matrices, as
described in the description of FIGS. 2-3 for the advanced P-
matrix and R-matrix designs.

[0084] At 706, a property of the wireless channel is
calculated. Properties of the wireless channel include
channel estimates and carrier phase errors. After applying an
undo P to a 16x4 portion of the 16x16 advanced P-matrix
transmitted over 4 HE-LTF symbols, the resulting calculation
is a channel estimate for, in some embodiments, 4 of 16
wireless spatial streams (e.g., 1st, 5th, 9th gnd 13th streams
corresponding to the rows on which a 1x4 row of a standard 4x4
P-matrix are arranged in the advanced 16x16 P-matrix). For
example, an undo P operation may be applied, in 704, to a
portion of an R-matrix received, in 702, over a pilot tone to
calculate CPE that has accumulated over HE-LTF1 through HE-
LTF8 (e.g., calculated after receiving the 8th HE-LTF symbol of

16 symbols).
[0085] At 708, control circuitry determines whether all the
HE-LTF symbols have been received. For example, if the

receiver has received the data payload (e.g., the data block

as shown in FIG. 3 that i1s transmitted after the HE-LTF
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symbols in the preamble), the control circuitry determines all
HE-LTF symbols have been received and proceeds to 710 to
process the data. Otherwise, the process returns to 702 to
receive a predetermined number of HE-LTF symbols mapped by the
portion of the LTF mapping matrix (e.g., the next 4 HE-LTF
symbols mapped by 1x4 portions of the standard 4x4 P-matrix
concatenated with 1x4 zero matrices).

[0086] At 710, data symbols are processed based at least on
the property of the wireless channel calculated in 706. For
example, processing circuitry at the receiver uses the channel
response matrices H determined in 706 to apply a pseudo-
inverse of H to the received data payload to obtain a
representation of information signal x (e.g., received y=Hx
and processed HiH*y = x). A pseudo-inverse of a channel
response matrix H refers to a matrix H such that the matrix
operation H*HY? = I, where Hf is the pseudo-inverse and I is the
identity matrix.

[0087] FIG. 8 provides an example logic flow diagram
illustrating aspects of process 800 for receiving HE-LTF
symbols transmitted based on the tone multiplexing of FIG. 3,
according to some embodiments described herein. Control
circuitry coupled to a receiver (e.g., receiver 105), in some
embodiments, performs process 800.

[0088] At 802, HE-LTF symbols mapped by an LTF mapping
matrix over tones are received. For example, in a
transmission using 4xHE-LTF mode, each HE-LTF symbols is
received over 256 tones. An LTF mapping matrix such as an
advanced P-matrix or R-matrix are transmitted over the HE-LTF
symbols. FEach HE-LTF symbol, in some implementations, is

loaded based on a portion of the LTF mapping matrix. The



10

15

20

25

30

WO 2020/061183 PCT/US2019/051716

42—

generation of HE-LTF symbols for tone multiplexing is
described in the description of FIG. 3.

[0089] At 804, a fixed matrix to be used for the
construction of the larger LTF mapping matrix is determined.
The fixed matrix 1is, 1n some embodiments, a standard P-matrix
as defined for IEEE 802.1llax. For example, the fixed matrix
could be a standard 2x2, 4x4, 6x6, or 8x8 P-matrix. As
described in the description of FIG. 2, a fixed matrix used in

the construction of the 16x16 advanced P-matrix 1s a row of a

standard 4x4 P-matrix (e.g., Pl,). The fixed matrix is
determined based on the maximum number of spatial streams over
all sets of spatial streams. For example, in the spatial
stream assignment of {3, 3, 3, 2}, a standard 4x4 P-matrix is
determined to be the fixed matrix because 4 is the smallest
dimension of the standard P-matrices that is larger than the
largest number of spatial streams assigned to any set, 3.
[0090] At 806, a first channel estimate associated with the
subset of the plurality of tones is calculated based on the
fixed matrix. A Hermitian of the fixed matrix is, 1in some
implementations, used in an undo P operation applied to the
received LTF-mapping matrix. For example, a Hermitian of a
standard 4x4 P-matrix is applied to the received signal during
a HE-LTF symbol such that the resulting calculation is a
representation of the channel response that is spatially
mapped by a O-matrix according to the number of spatial
streams transmitted over a set of tones and the number of
antennas at a transmitter. In the description of FIG. 3, an
example of Hy yn,Q@(1)n,x3 1s given that is representative of the

channel response of the spatial streams transmitted over tones

{0, 4, 8, .., 252}.
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[0091] At 808, the first channel estimate is interpolated
to determine a channel estimate associated with the remaining
tones that the spatial stream was not transmitted over. For
example, Hy yn,Q@(l)y3 1s interpolated to determine the channel
response of the spatial streams transmitted over tones {1, 2,
3, 5, 6, 7, .., 253, 254, and 255}.

[0092] FIG. 9 provides an example logic flow diagram
illustrating aspects of process 900 for receiving HE-LTF
symbols transmitted based on a combination of the advanced P-
matrix design of FIG. 2 and the tone multiplexing of FIG. 3,
according to some embodiments described herein. Control
circuitry coupled to a receiver (e.g., receiver 105), in some

embodiments, performs process 900.

[0093] At 902, a predetermined number of HE-LTF symbols are
received over tones. The predetermined number of HE-LTF
symbols are mapped by a portion of an LTF mapping matrix. For

example, the first 4 of 16 HE-LTF symbols transmitted over all
256 tones is received. The 4 HE-LTF symbols are generated at
a transmitter using, in some implementations, a 1x4 portion of
a standard 4x4 P-matrix. When received, the 4 HE-LTF symbols
are represented through a mapping by the 1x4 portion of the
standard 4x4 P-matrix. The 1x4 portion is, in some
embodiments, used in a calculation whose value is subsequently
loaded onto an HE-LTF symbol (e.g., in the formation of HE-LTF
symbols in tone multiplexing).

[0094] At 904, a channel estimate of the wireless channel
associated with a spatial stream transmitted over the subset
of the tones is calculated based on a fixed matrix. A fixed
matrix is, in some embodiments, a standard P-matrix as defined
by 802.1lax. For example, the undo P operation using a

Hermitian of the standard P-matrix results in the channel
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estimate for a stream transmitted over a subset of the tones
{(e.g., the channel estimate for a first stream over tones 0,
4, 8, .., and 252).

[0095] At 906, the channel estimate is interpolated to
determine a channel estimate associated with the spatial
stream transmitted over the remaining tones. For example, the
channel estimate calculated in 904 is interpolated to
determine the channel estimate for the stream transmitted over
tones 1, 2, 3, 5, 6, 7, .., 253, 254, and 255.

[0096] At 908, control circuitry determines whether all the
HE-LTF symbols are received. For example, if the receiver has
received the data payload (e.g., the data block as shown in
FIG. 3 that is transmitted after the HE-LTF symbols in the
preamble), the control circuitry determines all HE-LTF symbols
have been received and proceeds to 910 to process the data.
Otherwise, the process returns to 902 to receive a
predetermined number of HE-LTF symbols mapped by the portion
of the LTF mapping matrix (e.g., the next 4 HE-LTF symbols
mapped by 1x4 portions of the standard 4x4 P-matrix
concatenated with 1x4 zero matrices).

[0097] At 910, data symbols are processed based at least on
the calculated channel estimate and the interpolated channel
estimate of 904 and 906, respectively. For example,
processing circuitry at the receiver uses the channel response
matrix H, where H is mapped to the spatial stream that is
transmitted over the subset of the tones, determined from the
calculation in 904 combined with the interpolated estimate
from 906. Processing circuitry then applies a pseudo-inverse
of H to the received data payload to obtain a representation
of the information signal that accounts for the effects of the

wireless channel.
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[0098] Various embodiments discussed in conjunction with
FIGS. 1-9 are performed by various electronic components of
one or more electronic circuits, such as but not limited to an
integrated circuit, application-specific integrated circuit
(ASIC), DSP, and/or the like. While various embodiments of
the present disclosure have been shown and described herein,
such embodiments are provided by way of example only.

Numerous variations, changes, and substitutions relating to
embodiments described herein are applicable without departing
from the disclosure. It is noted that various alternatives to
the embodiments of the disclosure described herein may be
employed in practicing the disclosure. It is intended that
the following claims define the scope of the disclosure and
that methods and structures within the scope of these claims

and their equivalents be covered thereby.
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WHAT IS CLAIMED IS:

1. A system for transmitting High Efficiency Long Training
Field (HE-LTF) symbols to a receiver over a wireless channel,
the system comprising:

a transmitter configured to transmit HE-LTF symbols
corresponding to an LTF mapping matrix for determining a
plurality of wireless channel properties of the wireless
channel over which the HE-LTF symbols are transmitted by the
transmitter; and

control circuitry coupled to the transmitter, the control
circuitry configured to:

determine a portion of the LTF mapping matrix for
calculating, at a receiver, a wireless channel property of the
plurality of wireless channel properties based on a subset of
the HE-LTF symbols mapped by the portion, wherein the portion
is less than the entire LTF mapping matrix; and

assemble, based at least on the determined portion
of the LTF mapping matrix, the HE-LTF symbols mapped by the
LTF mapping matrix.

2. The system for transmitting HE-LTF symbols of claim 1,
wherein the control circuitry is configured to determine the
portion of the LTF mapping matrix by concatenating a portion
of a fixed matrix with a zero matrix, wherein a position of
the portion of the fixed matrix in the portion of the LTF
mapping matrix corresponds to the spatial stream and wherein
the fixed matrix associated with a standard LTF mapping

matrix.

3. The system for transmitting HE-LTF symbols of claim 2,

wherein the LTF mapping matrix is an R-matrix representative



WO 2020/061183 PCT/US2019/051716

47—

of a training matrix for determining carrier phase error
accumulated over the transmitted HE-LTF symbols, and wherein
the transmitter is further configured to transmit HE-LTF
symbols mapped by the R-matrix over one or more pilot tones in

the wireless channel.

4., The system for transmitting HE-LTF symbols of claim 3,
wherein, for HE-LTF symbols mapped by the R-matrix transmitted
over the pilot tone, the control circuitry being configured to
assemble the HE-LTF symbols mapped by the R-matrix by aligning

5 the portion of the fixed matrix within a subset of rows of the
R-matrix for application, at the receiver, of an inverse of
the fixed matrix and a pseudo inverse of a channel response
matrix to the R-matrix to obtain carrier phase error

associated with the spatial stream.

5. The system for transmitting HE-LTF symbols of claim 2,
wherein the LTF mapping matrix is a P-matrix representative of
a training matrix for determining at least a channel estimate
of the spatial stream, wherein the transmitter is further

5 configured to transmit HE-LTF symbols mapped by the P-matrix

over one or more data tones in the wireless channel.

6. The system for transmitting HE-LTF symbols of claim 5,
wherein, for HE-LTF symbols mapped by the P-matrix transmitted
over the data tone, the control circuitry is configured to
assemble the HE-LTF symbols mapped by the P-matrix by

5 interleaving the portion of the fixed matrix diagonally for
application, at the receiver, of an inverse of the fixed
matrix at the position of the portion of the fixed matrix in

the P-matrix to determine the channel estimate of the spatial
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stream after receiving a subset of the transmitted HE-LTF

symbols.

7. The system for transmitting HE-LTF symbols of claim 1,
wherein the HE-LTF symbols are transmitted over a plurality of
wireless spatial streams and wherein the control circuitry is
further configured to assign a subset of the wireless spatial

streams to a set of tones in the wireless channel.

8. The system for transmitting HE-LTF symbols of claim 7,
wherein the control circuitry is further configured to
cyclically shift the rows of the LTF mapping matrix a
predetermined number of times such that each tone of the set
of tones is associated with a cyclically shifted LTF mapping
matrix by shifting the rows of a predetermined LTF mapping
matrix cyclically by a number corresponding to a modulo of a
tone number over which the shifted LTF mapping matrix is

transmitted.

9. A method for transmitting High Efficiency Long Training
Field (HE-LTF) symbols to a receiver over a wireless channel,
the method comprising:

determining a portion of an LTF mapping matrix for
calculating, at a receiver, a wireless channel property of the
plurality of wireless channel properties based on a subset of
the HE-LTF symbols mapped by the portion, wherein the portion
is less than the entire LTF mapping matrix;

assembling, based at least on the determined portion of
the LTF mapping matrix, the HE-LTF symbols mapped by the LTF
mapping matrix; and

transmitting the HE-LTF symbols corresponding to the LTF

mapping matrix for determining a plurality of wireless channel
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properties of the wireless channel over which the HE-LTF

symbols are transmitted by a transmitter.

10. A system for channel estimation based on High Efficiency
Long Training Field (HE-LTF) symbols transmitted to a receiver
over a wireless channel by a transmitter over a plurality of
tones, the system comprising:
control circuitry coupled to the transmitter, the control
circuitry configured to:
assign, based on a modulo operation applied to tone
indices corresponding to the plurality of tones, a plurality
of wireless spatial streams to the plurality of tones, wherein
a subset of the plurality of tones is separated by one or more
tones unassigned to the subset of the plurality of tones; and
generate, based on the assigned plurality of
wireless spatial streams, the HE-LTF symbols for estimating,
at the receiver, the wireless channel having bandwidth
coherency within the plurality of tones; and
the transmitter configured to transmit, over the
plurality of tones, the generated HE-LTF symbols for
interpolation of a channel estimate matrix corresponding to
the one or more tones unassigned to the subset of the

unassigned tones.

11. The system for channel estimation of claim 10, the
control circuitry further configured to select an HE mode
associated with a maximum number of tones available for
transmission of the HE-LTF symbols, wherein the number of the

plurality of tones is the maximum number of tones.
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12. The system for channel estimation of claim 11, wherein
the control circuitry is configured to select the HE mode by
selecting a 4xHE-LTF mode having the maximum number of tones

available for transmission of the HE-LTF symbols.

13. The system for channel estimation of claim 11, wherein
the control circuitry is configured to select the HE mode by
selecting a 2xHE-LTF mode having half of the maximum number of

tones available for transmission of the HE-LTF symbols.

14. The system for channel estimation of claim 10, the
control circuitry further configured to select a tone-select
mode indicative of a maximum number of subsets of wireless

spatial streams transmittable over the plurality of tones.

15. The system for channel estimation of claim 11, the
control circuitry further configured to:

select a first tone-select mode; and

in response to selecting the first tone-select mode,
divide the maximum number of tones into four subsets of tones

available for transmission of the HE-LTF symbols.

16. The system for channel estimation of claim 15, wherein
the control circuitry is further configured to:
determine, based on the tone-select mode, a minimum
number of the number of wireless spatial streams assignable to
each subset of the four subsets of the plurality of tones; and
distribute a remaining number i of wireless spatial
streams, calculated based on the minimum number, evenly among

1 subsets of the four subsets.

17. The system for channel estimation of claim 10, wherein

the control circuitry is configured to generate a P-matrix
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having a first amount of rows of a pre-defined matrix, wherein
the first amount corresponds to the number of the subset of
wireless spatial streams to be transmitted over the subset of

the plurality of tones.

18. The system for channel estimation of claim 10, wherein
the transmitter is further configured to transmit a spatial
mapping matrix associated with a mapping of a channel response
matrix to the plurality of wireless spatial streams over the
plurality of tones, the spatial mapping matrix having a number
of rows associated with a number of antennas at the
transmitter and a number of columns associated with a number

of the plurality of wireless spatial streams.

19. The system for channel estimation of claim 18, wherein
the control circuitry is further configured to generate the
spatial mapping matrix based on a portion of the spatial
mapping matrix, wherein the portion has the number of rows
associated with the number of antennas at the transmitter and
a number of columns corresponding to the number of the subset
of wireless spatial streams to be transmitted over the subset

of the plurality of tones.

20. The system for channel estimation of claim 10, wherein
the control circuitry is further configured to, for a
plurality of users, transmit HE-LTF symbols associated with a
first user of the plurality of users on a first tone and

5 transmit HE-LTF symbols associated with a second user of the

plurality of users on a second tone.
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- the control circuitry configured to:
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calculating, at a receiver, a wireless channel property of
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the portion is less than the entire LTF mapping matrix; and
assemble, based at least on the determined portion of the
LTF mapping matrix, the HE-LTF symbols mapped by the LTF
mapping matrix.
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- the control circuitry configured to:

assign, based on a modulo operation applied to tone indices
corresponding to the plurality of tones, a plurality of
wireless spatial streams to the plurality of tones, wherein
a subset of the plurality of tones is separated by one or
more tones unassigned to the subset of the plurality of
tones; and

generate, based on the assigned plurality of wireless
spatial streams, the HE-LTF symbols for estimating, at the
receiver, the wireless channel having bandwidth coherency
within the plurality of tones; and

the transmitter configured to transmit, over the plurality
of tones, the generated HE-LTF symbols for interpolation of
a channel estimate matrix corresponding to the one or more
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