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(57) ABSTRACT

Aspects ofthe invention described herein may enable a green-
field access mode in IEEE 802.11n WLAN systems in com-
parison to an alternative approach thatmay not provide green-
field access. The utilization of greenfield access may reduce
the portion of time required to transmit data due to overhead
comprising preamble fields and header fields. This may
enable higher data throughput rates to be achieved. This may
further enable more robust transmission of data by enabling
comparable data rates to be maintained while reducing the
coding rate of encoded transmitted data. The reduction of the
coding rate may enable comparable data rates to be main-
tained for transmission via RF channels characterized by
lower SNR while still achievingdesired target levels of packet
error rates. In another aspect of the invention, mixed mode
access may be achieved while reducing the portion of time
required for transmitting data due to overhead.
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METHOD AND SYSTEM FOR COMPROMISE
GREENFIELD PREAMBLES FOR 802.11N

CROSS-REFERENCE TO RELATED
APPLICATIONS/INCORPORATION BY
REFERENCE

This application makes reference, claims priority to, and
claims the benefit of U.S. Provisional Application Ser. No.
60/653,429 filed Feb. 16, 2005.

This application makes reference to:

U.S. patent application Ser. No. 10/973,595 filed Oct. 26,

2004
U.S. patent application Ser. No. 11/052,353 filed Feb. 7,

2005; and
U.S. patent application Ser. No. 11/052,389 filed Feb. 7,

2005.

All of the above state applications are hereby incorporated
herein by reference in their entirety.

FIELD OF THE INVENTION

Certain embodiments of the invention relate to wireless
communication. More specifically, certain embodiments of
the invention relate to a method and system for compromise
greenfield preambles for 802.11n.

BACKGROUND OF THE INVENTION

Within the IEEE organization, IEEE 802.11 task group N
(TGn) has been chartered to develop a standard to enable
WLAN devices to achieve throughput rates beyond 100
Mbits/s. This standard may be documented in IEEE resolu-
tion 802.11n.

The Institute for Electrical and Electronics Engineers
(IEEE), inresolution IEEE 802.11, also referred as “802.11”,
has defined a plurality of specifications which are related to
wireless networking. With current existing 802.11 standards,
such as 802.11(a),(b),(g), which may support up to 54 Mbps
data rates, either in 2.4 GHz or in 5 GHz frequency bands.
Within the IEEE organization, IEEE 802.11 task group N
(TGn) has been chartered to develop a standard to enable
WLAN devices to achieve throughput rates beyond 100
Mbits/s. This standard may be documented in IEEE resolu-
tion 802.11n. A plurality of proposals is emerging as candi-
dates for incorporation in IEEE resolution 802.11n. Among
them are proposals from TGn Sync, which is a multi-industry
group working to define proposals for next generation wire-
less networks that are to be submitted for inclusion in IEEE
802.11n. The proposals may be based upon what may be
referred as a “sounding frame”. The sounding frame method
may comprise the transmitting of a plurality of long training
sequences (LTSs) that match the number of transmitting
antenna at the receiving mobile terminal. The sounding frame
method may not utilize beamforming or cyclic delay diversity
(CDD). In the sounding frame method, each antenna in a
multiple input multiple output (MIMO) system may transmit
independent information.

Further limitations and disadvantages of conventional and
traditional approaches will become apparent to one of skill in
the art, through comparison of such systems with some
aspects of the present invention as set forth in the remainder of
the present application with reference to the drawings.

BRIEF SUMMARY OF THE INVENTION

A system and/or method for compromise greenfield pre-
ambles for 802.11n, substantially as shown in and/or
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2

described in connection with at least one of the figures, as set
forth more completely in the claims.

These and other advantages, aspects and novel features of
the present invention, as well as details of an illustrated
embodiment thereof, will be more fully understood from the
following description and drawings.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWINGS

FIG. 1 is a block diagram of an exemplary system for
wireless data communications, which may be utilized in
accordance with an embodiment of the invention.

FIG. 2a is an exemplary block diagram of a transceiver
which may be utilized in accordance with an embodiment of
the invention.

FIG. 2b is an exemplary block diagram of a transceiver
comprising a transmitter and a receiver in a MIMO system,
which may be utilized in accordance with an embodiment of
the invention.

FIG. 3a illustrates an exemplary physical layer protocol
data unit, which may be utilized in connection with an
embodiment of the invention.

FIG. 3b illustrates an exemplary data field in a PPDU,
which may be utilized in connection with an embodiment of
the invention.

FIG. 4a shows exemplary training fields and header fields
for mixed mode access in accordance with a TGn Sync pro-
posal that may be utilized in connection with an embodiment
of the invention.

FIG. 4b shows an exemplary L-SIG header field for mixed
mode access in accordance with a TGn Sync proposal that
may be utilized in connection with an embodiment of the
invention.

FIG. 4c¢ shows an exemplary HT-SIG header field for
mixed mode access in accordance with a TGn Sync proposal
that may be utilized in connection with an embodiment of the
invention.

FIG. 5a shows exemplary training fields and header fields
for greenfield access in accordance with a WWiSE proposal
for N, =2, in accordance with an embodiment of the inven-
tion.

FIG. 5b shows an exemplary Signal-N header field for
greenfield access in accordance with a WWiSE proposal, in
accordance with an embodiment of the invention.

FIG. 5¢ shows exemplary training fields and header fields
for greenfield access in accordance with a WWiSE proposal
for N =4, in accordance with an embodiment of the inven-
tion.

FIG. 6a shows exemplary training fields and header fields
with trailing signal field for greenfield access for N >2, in
accordance with an embodiment of the invention.

FIG. 65 shows exemplary training fields and header fields
with early signal field for greenfield access for N, >2, in
accordance with an embodiment of the invention.

FIG. 7 shows exemplary training fields and header fields
for mixed mode access for N >2, in accordance with an
embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

Certain embodiments of the invention relate to a method
and system for compromise greenfield preambles for
802.11n, which utilizes a channel sounding mechanism to
communicate information between a transmitter and a
receiver. Various embodiments of the invention may enable a
greenfield access mode in IEEE 802.11n WLAN systems

14
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compared to an alternative approach that may not provide
methods for greenfield access. The utilization of greenfield
access may reduce the portion of time required to transmit
data due to overhead comprising preamble fields and header
fields. This may enable higher data throughput rates to be
achieved. This may further enable more robust transmission
of data by enabling comparable data rates to be maintained
while reducing the coding rate of encoded transmitted data.
The reduction of the coding rate may enable comparable data
rates to be maintained for transmission via RF channels char-
acterized by lower SNR while still achieving desired target
levels of packet error rates.

In another embodiment of the invention, mixed mode
access may be achieved while reducing a portion of time
required for transmitting data due to overhead comprising
preamble fields and header fields. Long training fields among
a plurality of transmitted spatial streams may comprise
orthonormal long training sequences, which may obviate tone
interleaving. Utilizing orthonormal long training sequences
may enable the transmission of identical symbols via a plu-
rality of spatial streams.

FIG. 1 is a block diagram of an exemplary system for
wireless data communications, which may be utilized in
accordance with an embodiment of the invention. With ref-
erence to FIG. 1 there is shown a distribution system (DS)
110, an extended service set (ESS) 120, and an IEEE 802.x
LAN122. The ESS 120 may comprise a first basic service set
(BSS) 102, and a second BSS 112. The first BSS 102 may
comprise a first 802.11 WLAN station 104, a second 802.11
WLAN station 106, and an access point (AP) 108. The second
BSS 112 may comprise a first 802.11 WLAN station 114, a
second 802.11 WL AN station 116, and an access point (AP)
118. The IEEE 802.x LAN 122 may comprise an 802.x LAN
station 124, and a portal 126.

The BSS 102 or 112 may be partofan IEEE 802.11 WLAN
that comprises at least 2 IEEE 802.11 WLAN stations, for
example, the first 802.11 WLAN station 104, the second
802.11 WLAN station 106, and the AP 108, which may be
members of the BSS 102. Non-AP stations within BSS 102,
the first 802.11 WLAN station 104, and the second 802.11
WLAN station 106, may individually form an association
with the AP 108. An AP, such as AP 108, may be implemented
as an Ethernet switch, bridge, or other device ina WL AN, for
example. Similarly, non-AP stations within BSS 112, the first
802.11 WLAN station 114, and the second 802.11 WLAN
station 116, may individually form an association with the AP
118. Once an association has been formed between a first
802.11 WLAN station 104 and an AP 108, the AP 108 may
communicate reachability information about the first 802.11
WLAN station 104 to other APs associated with the ESS 120,
such as AP 118, and portals such as the portal 126. In turn, the
AP 118 may communicate reachability information about the
first 802.11 WLAN station 104 to stations in BSS 112. The
portal 126, which may be implemented as, for example, an
Ethernet switch or other device in a LAN, may communicate
reachability information about the first 802.11 WLAN station
104 to stations in LAN 122 such as the 802.x LAN station
124. The communication of reachability information about
the first 802.11 WL AN station 104 may enable WLAN sta-
tions that are not in BSS 102, but are associated with ESS 120,
to communicate with the first 802.11 WLAN station 104.

The DS 110 may provide an infrastructure which enables a
first 802.11 WLAN station 104 in one BSS 102, to commu-
nicate with a first 802.11 WLAN station 114 in another BSS
112. The DS 110 may also enable a first 802.11 WLAN
station 104 in one BSS 102 to communicate with an 802.x
LAN station124 inan IEEE 802.x LAN 122, implemented as,

20

25

30

35

40

45

50

55

60

65

4

for example a wired LAN. The AP 108, AP 118, or portal 126
may provide a means by which a station in a BSS 102, BSS
112, or LAN 122 may communicate information via the DS
110. The first 802.11 WLAN station 104 in BSS 102 may
communicate information to a first 802.11 WLAN station 114
in BSS 112 by transmitting the information to AP 108, which
may transmit the information via the DS 110 to AP 118,
which in turn may transmit the information to station 114 in
BSS 112. The first 802.11 WLAN station 104 may commu-
nicate information to the 802.x LAN station 124 in LAN 122
by transmitting the information to AP 108, which may trans-
mit the information via the DS 110 to the portal 126, which in
turn may transmit the information to the 802.x LAN station
124 in LAN 122. The DS 110 may utilize wireless commu-
nications via an RF channel, wired communications, such as
IEEE 802. x Ethernet, or a combination thereof.

The IEEE resolution 802.11n may enable WLAN devices
compatible with IEEE 802.11n to also interoperate with IEEE
802.11 devices that are not compatible with IEEE 802.11n.
WLAN devices that are compatible with IEEE 802.11 but are
not compatible with IEEE 802.11n may be referred to as
legacy IEEE 802.11 WLAN devices. WLAN devices that are
compatible with IEEE 802.11n and communicate with other
IEEE 802.11n compatible WLAN devices in an IEEE basic
service set (BSS) of which no legacy IEEE 802.11 WLAN
devices are currently members, may be capable of commu-
nicating in a greenfield access mode. When utilizing green-
field access, communications between the WLAN devices
may utilize capabilities specified in IEEE 802.11n that may
not be accessible to legacy WLAN devices. WLAN devices
that are compatible with IEEE 802.11n, and that communi-
cate with IEEE 802.11n compatible WLAN devices in an
IEEE BSS, of which legacy IEEE 802.11 WLAN devices are
currently members, may utilize mixed mode access. When
utilizing mixed mode access, IEEE 802.11n compatible
WLAN devices may utilize spoofing to avoid interference
from legacy IEEE 802.11 WLAN devices during communi-
cations between IEEE 802.11 n compatible devices in a BSS.

Among proposals received by TGn are proposals from the
worldwide spectrum efficiency (WWiSE) group and TGn
Sync. Current proposals from TGn Sync may not provide a
mechanism to support greenfield access. As such, mixed
mode access communications based on current TGn Sync
may be required to comprise information that may not be
required in greenfield access communications.

The WWIiSE proposals may comprise a plurality of
enhancements to legacy IEEE 802.11 WLAN devices for
incorporation in IEEE 802.11n WLAN devices. Legacy IEEE
802.11 WLAN devices may utilize 20 RF MHz channels.
IEEE 802.11n may utilize 20 MHz channels, with an optional
utilization of 40 RF MHz channels. Legacy IEEE 802.11
WLAN devices may utilize 52 sub-band frequencies, or sub-
carriers, in a 20 MHz channel, comprising pilot tones at 4
sub-band frequencies, and 48 data-bearing subcarriers. IEEE
802.11n WL AN devices based on WWIiSE proposals may
utilize a total of 56 subcarriers in a 20 MHz channel, com-
prising 2 pilot tones, and 54 data-bearing subcarriers. The
subcarriers may be distributed symmetrically around a fre-
quency that comprises the center frequency of a 20 MHz
channel. The frequency spacing between subcarriers in an
IEEE 802.11n WLAN device may be approximately equal to
312.5 KHz. Therefore, an IEEE 802.11n 20 MHz channel
may comprise a plurality of subcarriers for which the fre-
quency of a subcarrier, f, (i), may be represented as:

Joe ) censertifpwhere, equation[1]
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5
the frequency, f_,,..,, may represent the center frequency in a
20 MHz channel, the frequency increment, A, may represent
the frequency spacing between subcarriers, and the value of
the subcarrier index, i, may comprise a plurality of integer

values represented as:

0<i=N, /2, or equation[2a]

-N,/2=i<0, where equation[2b]

N, may represent the number of subcarriers present in a 20
MHz channel.

An IEEE 802.11n 40 MHz channel may comprise a plu-
rality of subcarriers for which the frequency of a subcarrier
£*°__(i) may be represented as:

J2 O primary+ils OF equation[3a]

L2 veom dary il Where equation[3b]

£, imar, may represent the center frequency of a primary 20

MHz channel, f,.....,, ., may represent the center frequency of
a secondary 20 MHz channel, and the index, i, may be as
defined in equations [3a]and [3b]. The primary and secondary

20 MHz channels may be adjacent channels such that:

Jrccondary Sprimar,£20 MHz, where equation([4]

the secondary 20 MHz channel may be located at an adjacent
channel for which the center frequency ..,z is either 20
MHz higher or 20 MHz lower than the center frequency of the
primary 20 MHz channel {,,,,,,.. A 40 MHz channel may
comprise a plurality of N, subcarriers located at the primary
20 MHz channel, and subsequent plurality of N, subcarriers
located at the secondary 20 MHz channel, where N, may
represent the number of subcarriers in a 20 MHz channel. In
this regard, a 40 MHz channel may comprise a total of 2N
subcarriers. The state of the secondary 20 MHz channel may
not be evaluated during communications between IEEE
802.11n WLAN devices.

The WWIiSE proposals may incorporate a plurality of
MIMO antenna configurations represented as NTX X NRX,
where NTX may represent the number of transmitting anten-
nas at a station. Transmitting antennas may be utilized to
transmit signals via an RF channel. NRX may represent the
number of receiving antennas at a station that receives the
signals transmitted by the NTX transmitting antennas. The
MIMO antenna configuration may enable IEEE 802.11n
WLAN devices to achieve higher data rates than legacy IEEE
802.11 WLAN devices. A legacy 802.11 WLAN device may
achieve data rates of 54 Mbits/s based on IEEE 802.11 a
specifications. By comparison, an IEEE 802.11n WLAN
device may achieve data rates of 540 Mbits/s in a 4+4MIMO
configuration.

FIG. 2a is an exemplary block diagram of a transceiver
which may be utilized in accordance with an embodiment of
the invention. With reference to FIG. 2a, there is shown a
baseband processor 272, a transceiver 274, an RF front end
280, a plurality of receive antennas 276a, . . . , 276n, and a
plurality of transmitting antennas 278a, . . . , 278n. The
transceiver 274 may comprise a processor 282, areceiver 284,
and a transmitter 286.

FIG. 25 is an exemplary block diagram of a transmitter and
a receiver in a MIMO system, which may be utilized in
accordance with an embodiment of the invention. With ref-
erence to FIG. 25, there is shown a transmitter 200 a receiver
201, a processor 240, a baseband processor 242, a plurality of
transmitter antennas 215q, . . ., 215#, and a plurality of
receiver antennas 217a, . . ., 217n. The transmitter 200 may
comprise a coding block 202, a puncture block 204, an inter-
leaver block 206, a plurality of mapper blocks 208aq, . . .,

—
W

30

35

50

65

6

2087, a plurality of inverse fast Fourier transtorm (IFFT)
blocks 210a, . . . , 210n, a beamforming V matrix block 212,
and a plurality of digital to analog (D/A) conversion and
antenna front end blocks 214a, . . ., 214n. The receiver 201
may comprise a plurality of antenna front end and analog to
digital (ND) conversion blocks 216a,. . . , 2167, a beamform-
ing U* matrix block 218, a plurality of fast Fourier transform
(FFT)blocks 220a, . . ., 220n, a channel estimates block 222,
an equalizer block 224, a plurality of demapper blocks
226a, . . ., 226n, a deinterleaver block 228, a depuncture
block 230, and a Viterbi decoder block 232.

The processor 282 may be adapted to perform digital
receiver and/or transmitter functions in accordance with
applicable communications standards. These functions may
comprise, but are not limited to, tasks performed at lower
layers in a relevant protocol reference model. These tasks
may further comprise the physical layer convergence proce-
dure (PLCP), physical medium dependent (PMD) functions,
and associated layer management functions. The baseband
processor 272 may be adapted to perform functions in accor-
dance with applicable communications standards. These
functions may comprise, but are not limited to, tasks related to
analysis of data received via the receiver 284, and tasks
related to generating data to be transmitted via the transmitter
286. These tasks may further comprise medium access con-
trol (MAC) layer functions as specified by pertinent stan-
dards.

The receiver 284 may be adapted to perform digital
receiver functions that may comprise, but are not limited to,
fast Fourier transform processing, beamforming processing,
equalization, demapping, demodulation control, deinterleav-
ing, depuncture, and decoding. The transmitter 286 may per-
form digital transmitter functions that comprise, but are not
limited to, coding, puncture, interleaving, mapping, modula-
tion control, inverse fast Fourier transform processing, beam-
forming processing. The RF front end 280 may receive analog
RF signals via antennas 276a, . . . , 276n, converting the RF
signal to baseband and generating a digital equivalent of the
received analog baseband signal. The digital representation
may be a complex quantity comprising I and Q components.
The RF frontend 280 may also transmit analog RF signals via
an antenna 278a, . . . , 278n, converting a digital baseband
signal to an analog RF signal.

In operation, the processor 282 may receive data from the
receiver 284. The processor 282 may communicate received
data to the baseband processor 272 for analysis and further
processing. The baseband processor 272 may generate data to
be transmitted via an RF channel by the transmitter 286. The
baseband processor 272 may communicate the data to the
processor 282. The processor 282 may generate a plurality of
bits that are communicated to the receiver 284.

The variables V and U* in beamforming blocks 212 and
218, respectively, refer to matrices utilized in the beamform-
ing technique. U.S. application Ser. No. 11/052,389 filed Feb.
7, 2005, provides a detailed description of Eigen beamform-
ing and is hereby incorporated herein by reference in its
entirety.

The processor 240 may perform digital receiver and/or
transmitter functions in accordance with applicable commu-
nications standards. These functions may comprise, but are
not limited to; tasks performed at lower layers in a relevant
protocol reference model. These tasks may further comprise
the physical layer convergence procedure (PLCP), physical
medium dependent (PMD) functions, and associated layer
management functions. The baseband processor 242 may
similarly perform functions in accordance with applicable
communications standards. These functions may comprise,
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butare not limited to, tasks related to analysis of data received
via the receiver 201, and tasks related to generating data to be
transmitted via the transmitter 200. These tasks may further
comprise medium access control (MAC) layer functions as
specified by pertinent standards.

In the transmitter 200, the coding block 202 may transform
received binary input data blocks by applying a forward error
correction (FEC) technique such as, for example, binary con-
volutional coding (BCC). The application of FEC techniques,
also known as “channel coding”, may improve the ability to
successfully recover transmitted data at a receiver by append-
ing redundant information to the input data prior to transmis-
sion via an RF channel. The ratio of the number of bits in the
binary input data block to the number of bits in the trans-
formed data block may be known as the “coding rate”. The
coding rate may be specified using the notation i,/t,, wheret,
represents the total number of bits that comprise a coding
group of bits, while i, represents the number of information
bits that are contained in the group of bits t,. Any number of
bits t,-i, may represent redundant bits that may enable the
receiver 201 to detect and correct errors introduced during
transmission. Increasing the number of redundant bits may
enable greater capabilities at the receiver to detect and correct
errors in information bits. The penalty for this additional error
detection and correction capability may result in a reduction
in the information transfer rates between the transmitter 200
and the receiver 201. The invention is not limited to BCC and
a plurality of coding techniques such as, for example, Turbo
coding, or low density parity check (LDPC) coding may also
be utilized.

The puncture block 204 may receive transformed binary
input data blocks from the coding block 202 and alter the
coding rate by removing redundant bits from the received
transformed binary input data blocks. For example, if the
coding block 202 implemented a ¥4 coding rate, 4 bits of data
received from the coding block 202 may comprise 2 informa-
tion bits, and 2 redundant bits. By eliminating 1 of the redun-
dant bits in the group of 4 bits, the puncture block 204 may
adapt the coding rate from %% to %3. The interleaver block 206
may rearrange bits received in a coding rate-adapted data
block from the puncture block 204 prior to transmission via
an RF channel to reduce the probability of uncorrectable
corruption of data due to burst of errors, impacting contigu-
ous bits, during transmission via an RF channel. The output
from the interleaver block 206, may also be divided into a
plurality of streams where each stream may comprise a non-
overlapping portion of the bits from the received coding rate-
adapted data block. Therefore, for a given number of bits in
the coding rate-adapted data block, b, a given number of
streams from the interleaver block 206, n,, and a given num-
ber of bits assigned to an individual stream i by the interleaver
block 206, b,(i):

st

bay = ) bali)
i=1

equation [3]

The plurality of mapper blocks 208a, . . . , 208z may
comprise a number of individual mapper blocks that is equal
to the number of individual streams generated by the inter-
leaver block 206. Each individual mapper block 208a, . . . ,
208 may receive a plurality of bits from a corresponding
individual stream, mapping those bits into a “symbol” by
applying a modulation technique based on a “constellation”
utilized to transform the plurality of bits into a signal level
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representing the symbol. The representation of the symbol
may be a complex quantity comprising in-phase (I) and
quadrature (Q) components. The mapper block 208a . . . 208%
for stream i may utilize a modulation technique to map a
plurality of bits, b,,(i), into a symbol.

The beamforming V matrix block 212 may apply the beam-
forming technique to the plurality of symbols, or “spatial
modes”, generated from the plurality of mapper blocks
208a, . .., 208n, The beamforming V matrix block 212 may
generate a plurality of signals where the number of signals
generated may be equal to the number of transmitting antenna
at the transmitter 200. Each signal in the plurality of signals
generated by the beamforming V block 212 may comprise a
weighted sum of at least one of the received symbols from the
mapper blocks 208a, . . ., 208n.

The plurality of IFFT blocks 210a, . . ., 210n may receive
a plurality of signals from the beamforming block 212. Each
IFFT block 210a, . . ., 2107z may subdivide the bandwidth of
the RF channel into a plurality of n sub-band frequencies to
implement orthogonal frequency division multiplexing
(OFDM), buffering a plurality of received signals. Each buff-
ered signal may be modulated by a carrier signal whose
frequency is based on of one of the sub-bands. Each of the
IFFT blocks 210a, . . ., 210z may then independently sum
their respective buffered and modulated signals across the
frequency sub-bands to perform an n-point IFFT, thereby
generating a composite OFDM signal.

The plurality of digital (D) to analog (A) conversion and
antenna front end blocks 214a, . . ., 214n may receive the
plurality of signals generated by the plurality of IFFT blocks
210a, . . ., 210n, The digital signal representation received
from each of the plurality of IFFT blocks 210a, . . ., 210% may
be converted to an analog RF signal that may be amplified and
transmitted via an antenna. The plurality of D to A conversion
and antenna front end blocks 214a, . . ., 2147 may be equal to
the number of transmitting antenna 115a, . . ., 115# at the
transmitter 200. Each D to A conversion and antenna front
end block 214a, . . ., 214r may receive one of the plurality of
signals from the beamforming V matrix block 212 and may
utilize an antenna 115a, . . . , 115z to transmit one RF signal
via an RF channel.

Inthe receiver 201, the plurality antenna front end and A to
D conversion blocks 216a, . . ., 2162 may receive analog RF
signals via an antenna, converting the RF signal to baseband
and generating a digital equivalent of the received analog
baseband signal. The digital representation may be a complex
quantity comprising I and Q components. The number of
antenna front end and A to D conversion blocks 216a, . . .,
216n may be equal to the number of receiving antenna
117a, . . ., 117n at the receiver 201.

The plurality of FFT blocks 220a, . . ., 220n may receive a
plurality of signals from the plurality of antenna front end and
A to D conversion blocks 216a, . . ., 216n, The plurality of
FFT blocks 220a, . . . , 2207 may be equal to the number of
antenna front end and A to D conversion blocks 216a, . . .,
216n, Each FFT block 220aq, . . ., 2207 may receive a signal
from an antenna front end and A to D conversion block
216a, . . ., 216n, independently applying an n-point FFT
technique, demodulating the signal by a plurality of carrier
signals based on the n sub-band frequencies utilized in the
transmitter 200. The demodulated signals may be mathemati-
cally integrated over one sub band frequency period by each
of the plurality of FFT blocks 220a, . . ., 220# to extract n
symbols contained in each of the plurality of OFDM signals
received by the receiver 201.

The beamforming U” block 218 may apply the beamform-
ing technique to the plurality of signals received from the
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plurality of FFT blocks 2204, . . ., 2207, The beamforming U”
block 218 may generate a plurality of signals where the num-
ber of signals generated may be equal to the number of
streams utilized in generating the signals at the transmitter
200. Each of the plurality of signals generated by the beam-
forming U” block 218 may comprise a weighted sum of at
least one of the signals received from the FFT blocks
220a, .. .,220n.

The channel estimates block 222 may utilize preamble
information contained in a received RF signal to compute
channel estimates. The plurality of equalizer block 224 may
receive signals generated by the beamforming U* block 218.
The equalizer block 224 may process the received signals
based on input from the channel estimates block 222 to
recover the symbol originally generated by the transmitter
200. The equalizer block 224 may comprise suitable logic,
circuitry, and/or code that may be adapted to transform sym-
bols received from the beamforming U* block to compensate
for fading in the RF channel.

The plurality of demapper blocks 226a . . . 226r may
receive symbols from the plurality of equalizer blocks
224a . . .224n, reverse mapping each symbol to a plurality of
bits by applying a demodulation technique, based on the
modulation technique utilized in generating the symbol at the
transmitter 200, to transform the symbol into a plurality of
bits. The plurality of demapper blocks 226a . . . 226% may be
equal to the number of equalizer blocks 224a . . . 224r, which
may also be equal to the number of streams in the transmitter
200.

The deinterleaver block 228 may receive a plurality of bits
from each ofthe demapper blocks 226a . . . 2267, rearranging
the order of bits among the received plurality of bits. The
deinterleaver block 228 may rearrange the order of bits from
the plurality of demapper blocks 226a . . . 226% in, for
example, the reverse order of that utilized by the interleaver
206 in the transmitter 200. The depuncture block 230 may
insert “null” bits into the output data block received from the
deinterleaver block 228 that were removed by the puncture
block 204. The Viterbi decoder block 232 may decode a
depunctured output data block, applying a decoding tech-
nique that may recover the binary data blocks that were input
to the coding block 202.

In operation, the processor 240 may receive decoded data
from the Viterbi decoder 232. The processor 240 may com-
municate received data to the baseband processor 242 for
analysis and further processing. The processor 240 may also
communicate data received via the RF channel, by the
receiver 201, to the channel estimates block 222. This infor-
mation may be utilized by the channel estimates block 222, in
the receiver 201, to compute channel estimates for a received
RF channel. The baseband processor 242 may generate data
to be transmitted via an RF channel by the transmitter 200.
The baseband processor 242 may communicate the data to the
processor 240. The processor 240 may generate a plurality of
bits that are communicated to the coding block 202.

The elements shown in FIG. 25 may comprise components
that may be present in an exemplary embodiment of a wire-
less communications terminal. One exemplary embodiment
of a may be a wireless communications transmitter compris-
ing a transmitter 200, a processor 240, and a baseband pro-
cessor 242. Another exemplary embodiment of a may be a
wireless communications receiver comprising a receiver 201,
a processor 240, and a baseband processor 242. Another
exemplary embodiment of a may be a wireless communica-
tions transceiver comprising a transmitter 200, a receiver 201,
a processor 240, and a baseband processor 242.
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Various embodiments of a MIMO system in an NNy
antenna configuration may comprise a plurality of N .- digital
to analog conversion and antenna front end blocks 214a . . .
214n, and a plurality of N antenna front end and analog to
digital conversion blocks 2164 . . . 2167.

FIG. 3a illustrates an exemplary physical layer protocol
data unit, which may be utilized in connection with an
embodiment of the invention. With reference to FIG. 3a, there
is shown a physical layer convergence protocol (PLCP) pre-
amble field 302, a PLCP header field 304, and a data field 306.
The preamble field 302 may be utilized by a receiver 201 in
connection with the reception of signals via an RF channel.
The header field 304 may comprise information that is uti-
lized by a receiver 201 in connection with the processing of
information in the data field 306. The data field 306 may
comprise information that is transmitted by a transmitter 200
and received by a receiver 201.

FIG. 35 illustrates an exemplary data field in a PPDU,
which may be utilized in connection with an embodiment of
the invention. With reference to FIG. 35 there is shown a
physical layer service data unit (PSDU) field 352, a tail field
354, and a pad field 356. In an exemplary data field, as shown
in FIG. 3b, the PSDU may comprise a media access control
(MAC) layer frame received from the MAC layer in the IEEE
802.11 protocol stack. In an exemplary PPDU, as shown in
FIG. 3a, the data field 306 may comprise 1,500 octets of
binary data. The tail field 354 may comprise a plurality of bits,
the number of which may depend upon the methods utilized
to process the PSDU. The pad field 356 may comprise a
plurality of bits, the number of which may depend upon a
desired number of bits to be comprised in the data field.

FIG. 4a shows exemplary training fields and header fields
for mixed mode access in accordance with a TGn Sync pro-
posal that may be utilized in connection with an embodiment
of the invention. With reference to FIG. 4a, there is shown a
plurality of PPDU preambles and headers 402, 422, and 442.
The preamble and header 402 may comprise a legacy short
training field (L-STF) 404, a legacy long training field
(L-LTF) 406, a legacy signal field (L-SIG) 408, a high
throughput signal field (HT-SIG) 410, a high throughput short
training field for the first spatial stream (HT-STF1) 412, and
a plurality of high throughput long training fields for the first
spatial stream comprising training fields number 1 through N
(HT-LTF1,1 ... HT-LTF1,N) 414 . . . 416. The integer value
N may represent the number of long training fields contained
in the preamble and header 402.

Each of the legacy short training fields, L-STF 404, 424,
and 444 may be approximately 8 ps in duration, or equivalent
in time duration to 2 IEEE 802.11n OFDM symbols and
corresponding guard interval times, where each symbol and
guard interval may be of approximately 4 ps in duration. Each
of the long training fields, L-LTF 406, 426, and 446 may be
approximately 8 us in duration, or equivalent in time duration
to 2 IEEE 802.11n OFDM symbols and corresponding guard
intervals. Each of the signal fields L-SIG 408, 428, and 448
may be approximately 4 us in duration, or equivalent in time
duration to 1 IEEE 802.11n OFDM symbol and correspond-
ing guard interval. Each of the high throughput HT-SIG fields
410, 430, and 450 may be approximately 8 ps in duration, or
equivalent in time duration to 2 IEEE 802.11n OFDM sym-
bols and corresponding guard intervals. Each of the HT-STF
fields 412, 432, and 452 may be approximately 2.4 us in
duration. Each of the plurality of HT-LTF, ; ... HT-LTF | ,,
HT-LTF,, ... HT-LTF, 5, . . . . HT-LTF yss - - - HT-LTF g5
fields 414 . . . 416,434 . .. 436, ...,454 . .. 456 may be
approximately 7.2 ps in duration.

The preamble and header 422 may comprise a legacy short
training field 424, a legacy long training field 426, a legacy
signal field 428, a high throughput signal field 430, a high

18



US 8,737,189 B2

11

throughput short training field for the second spatial stream
432, and a plurality of high throughput long training fields for
the second spatial stream comprising training fields number 1
through N 434 . . . 436. The preamble and header 442 may
comprise a legacy short training field 444, a legacy long
training field 446, a legacy signal field 448, a high throughput
signal field 450, a high throughput short training field for
spatial stream number Ngg 452, and a plurality of high
throughput long training fields for spatial stream number N ¢
comprising training sequence fields number 1 through N
454 .. . 456.

In operation, the integer value N ;¢ may represent the num-
ber of spatial streams transmitted from a plurality of N,
antennas located at a WLAN station. The number long train-
ing fields, N, may be approximately equal to the number of
spatial streams N . The training field L-STF 424 may repre-
sent a time shifted version of the training field L-STF 404
based on a method such as cyclical diversity delay (CDD).
The training field L-STF 444 may represent a CDD version of
the training field L-STF 424. The training field L-LTF 426
may represent a CDD version of the training field L-LTF 406.
The training field L-LTF 446 may represent a CDD version of
the training field L-LTF 426. The signal field L.-SIG 428 may
represent a CDD version of the signal field L-SIG 408. The
signal field L-SIG 448 may represent a CDD version of the
signal field L-SIG 428. The signal field HT-SIG 430 may
represent a CDD version of the signal field HT-SIG 410. The
signal field HT-SIG 450 may represent a CDD version of the
signal field HT-SIG 430.

The plurality of high throughput short training fields com-
prising HT-STF, 412, HT-STF, 432, and HT-STF 5 452
may utilize tone interleaving. In the tone interleaving proce-
dure, a plurality of N, frequencies, or tones, from among the
plurality of subcarrier frequencies within a 20 MHz or 40
MHz RF channel, may be utilized for transmission within a
given training field, for example, the high throughput short
training field 412, 432, or 452 transmitted via each of a
plurality of N5 spatial streams. Tones may be interleaved by
dividing the plurality N, tones into a plurality of tone groups
each comprising a plurality N,,/N tones such that no tone
group comprises a tone whose frequency is approximately
equal to the frequency of a tone in another tone group. The
HT-STF, may utilize tones from the first tone group, the
HT-STF, may utilize tones from the second tone group, and
so forth. Similarly, the plurality of long training fields HT-
LTF, , 414, HT-LTF, , 434, and HT-LTF, 454, may uti-
lize tone interleaving. The plurality of long training fields
HT-LTF, 416, HT-LTF, , 436, and HT-LTF 55 5 456, may
utilize tone interleaving.

FIG. 45 shows an exemplary L-SIG header field for mixed
mode access in accordance with a TGn Sync proposal that
may be utilized in connection with an embodiment of the
invention. With reference to FIG. 45, there is shown a L-SIG
header 462. The L-SIG header 462 may comprise a rate field
464, a reserve field 466, a length field 468, a parity field 470,
and a tail field 472. The L-SIG header 462 may comprise 24
bits of binary information. The rate field 464 may comprise 4
bits of binary information. The reserve field 466 may com-
prise 1 bit of binary information. The length field 468 may
comprise 12 bits of binary information. The parity field 470
may comprise 1 bit of binary information. The tail field 472
may comprise 6 bits of binary information.

FIG. 4¢ shows an exemplary HT-SIG header field for
mixed mode access in accordance with a TGn Sync proposal
that may be utilized in connection with an embodiment of the
invention. With reference to FIG. 4c¢, there is shown an HT-
SIG header field 476. The HT-SIG header may comprise a
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length field 478, a modulation and coding scheme (MCS)
field 480, an advanced coding field 482, a reserved field 483,
a sounding packet field 484, a number of HT-LTF field 486, a
short guard interval (GI) field 488, an aggregation field 490, a
scrambler initialization field 492, a 20 MHz or 40 MHz band-
width (BW) field 494, a cyclical redundancy check field 496,
and a tail field 498. The length field 478 may comprise 18 bits
of binary information. The length field 478 may indicate the
number of octets of binary information that is contained in the
physical layer service data unit (PSDU) field 352 in the cor-
responding physical layer protocol data unit (PPDU). The
MCS field 480 may comprise 6 bits of binary information.
The MCS field 480 may indicate the modulation type and
coding rate being utilized in the coding of the corresponding
PPDU. The advanced coding field 482 may comprise 1 bit of
binary information. The advanced coding field 482 may indi-
cate whether binary convolutional coding (BCC), or low den-
sity parity check (LDPC) coding is utilized in the coding of
the corresponding PPDU. The reserved field 483 may com-
prise 1 bit of binary information. The reserved field 483 may
comprise no assigned utilization.

The sounding packet field 484 may comprise, for example,
1 bit of binary information. The sounding packet field 484
may indicate whether the corresponding PSDU may be uti-
lized for closed loop calibration between a transmitter and a
receiver. The number of HT-LTF field 486 may comprise 2
bits of binary information. The number of HT-LTF field 486
may indicate the number of high throughput long training
fields contained in the corresponding PPDU. The short GI
field 488 may comprise 1 bit of binary information. The short
GI field 488 may indicate the length of the guard interval
utilized when transmitting the data field 206 in the corre-
sponding PPDU. The aggregation field 490 may comprise 1
bit of binary information. The aggregation field 490 may
indicate whether the data field 306 in the corresponding
PPDU comprises the last portion of a message. The scrambler
init field 492 may comprise 2 bits of binary information. The
scrambler init field 492 may be utilized to initialize a scram-
bler function at the WLAN station receiving the PPDU. The
20 MHz or 40 MHz bandwidth field 494 may comprise 1 bit
of binary information. The 20 MHz or 40 MHz bandwidth
field 494 may indicate whether the PPDU was transmitted
utilizing a 20 MHz RF channel, or a40 MHz RF channel. The
CRC field 496 may comprise 8 bits of binary information.
The CRC field 496 may be utilized for detecting and/or cor-
recting errors in a received corresponding PPDU. The tail
field 498 may comprise 6 bits of binary information. The tail
field 498 may be utilized to extend the number of binary bits
contained in an HT-SIG field to a desired length.

In an exemplary PPDU comprising 1,500 binary octets of
data 306 (FIG. 3a), the data may comprise a time period of
approximately 13 IEEE 802.11n OFDM symbols and corre-
sponding guard bands in duration. This may be based on
transmitting at a data rate of 243 Mbits/s while utilizing 2
spatial streams, 40 MHz bandwidth, 64 QAM modulation
type, and a coding rate of 34. Each OFDM symbol per spatial
stream may comprise 486 bits of binary information for a
combined 972 bits for the simultaneously transmitted OFDM
symbols among the 2 spatial streams. The number of binary
bits contained in an OFDM symbol, N,z may be deter-
mined based on:

Nppps=Npsc*Np(CON)*R, where equation[6]

Npse» may represent the number of data bearing subcarriers
in an RF channel, N4z(CON) may represent the number of
binary bits/symbol based on the modulation type, and R may
represent the coding rate. For a 40 MHz RF channel, N~
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may be approximately equal to 108, For a modulation type of
64 QAM, a symbol may comprise 6 binary bits. The total
number of bits simultaneously transmitted via N gg number of
spatial streams may equal approximately NooXNpzps.

Data 306 comprising 1,500 binary octets may comprise a
time duration of approximately 13 OFDM symbols and cor-
responding guard bands. In the PPDU preamble and header
402, legacy preamble, comprising the training fields L-STF
404, and L-LTF 406, and the signal field L-SIG 408, may
comprise a time duration of approximately 5 OFDM symbols
and corresponding guard bands. In the PPDU preamble and
header 402, high throughput preamble and header, compris-
ing the signal field HT-SIG 412, and training fields L-LTF 414
and L-LTF 416, may comprise a time duration of approxi-
mately 6 OFDM symbols and corresponding guard bands.
The number of HT long training fields, N, may be equal to 2,
for example.

A preamble and header 402, and data 306 comprising
1,500 binary octets, may produce a PPDU comprising a total
time duration of approximately 24 OFDM symbols and cor-
responding guard bands in duration. Given a time duration of
4 ps for each OFDM symbol and corresponding guard band,
the total time duration may be approximately 96 us. Thus, the
average data rate may be approximately equal to 1,500 binary
octets, or 12,000 binary bits per 96 ps, or approximately 125
Mbits/s. Approximately 54% of'the total duration may consist
of data 306. Approximately 21% of the total duration may
comprise legacy preamble. Approximately 25% of the total
duration may comprise high throughput preamble and header.

Elimination of the legacy preamble from the preamble and
header 402 may enable an increase in data rate efficiency
based on a data field 306 comprising 1,500 binary octets. In
this case, the average data rate may be approximately 12,000
binary bits per 76 ps, or approximately 158 Mbits/s, which is
an increase of approximately 26% in the data rate.

If the modulation type were 64 QAM with the coding rate
were decreased from ¥ to %43, each OFDM symbol may
comprise 432 binary bits information. In this case, data com-
prising 1,500 binary octets may comprise a time duration of
approximately 14 OFDM symbols and corresponding guard
bands. Elimination of the legacy preamble from the preamble
header 402 may produce an average data rate of approxi-
mately 12,000 binary bits per 80 ps, or approximately 150
Mbits/s, which is an increase of approximately 20% in the
data rate.

If the modulation type were 64 QAM with the coding rate
were decreased from ¥4 to Y2, each OFDM symbol may
comprise 424 binary bits information. In this case, data com-
prising 1,500 binary octets may comprise a time duration of
approximately 19 OFDM symbols and corresponding guard
bands. Elimination of the legacy preamble from the preamble
header 402 may produce an average data rate of approxi-
mately 12,000 binary bits per 100 us, or approximately 120
Mbits/s, which is a decrease of approximately 4% in data rate.

A consequence of the ability to achieve coding rate reduc-
tion while maintaining comparable or higher data rates as a
result of the elimination of legacy preamble from a PPDU
may enable those comparable data rates to be maintained at
lower signal to noise ratios (SNR) than may be achievable
when utilizing a PPDU preamble and header 402 that com-
prises legacy preamble. A coding rate reduction from %4 to %4
due to the elimination of legacy preamble resulting in green-
field access may correspond to at least 2 dB lower SNR for
which a comparable, or higher, data rate may be maintained in
comparison to a legacy preamble for mixed mode access
PPDU with the preamble and header 402. This may be
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referred to as a greater than 2 dB performance gain for green-
field access relative to mixed mode access.

Utilization of LDPC coding to encode data 306 in a PPDU
may produce a performance gain relative to the use of BCC
coding. The performance gain realized from greenfield access
may exceed that realized through the utilization of LDPC
coding. Simulation results may show that LDPC provides a
performance gain of 2 dB relative to BCC utilized as specified
in IEEE 802.11a and in IEEE 802.11g. The utilization of
LDPC may add some complexity to embodiments of the
receiver 201.

FIG. 5a shows exemplary training fields and header fields
for greenfield access in accordance with a WWiSE proposal
for Ng=2, in accordance with an embodiment of the inven-
tion. With reference to FIG. 5a, there is shown training fields
and header for a first spatial stream 502, and training fields
and header for a second spatial stream 512. The training fields
and header 502 may comprise a high throughput (HT) short
training field for the first spatial stream (HT-ST,) 504, a HT
long training field for the first spatial stream (HT-LT,) 506,
and a Signal-N field for the first spatial stream (Signal-N,)
508. The training fields and header 512 may comprise a HT
short training field for the second spatial stream (HT-ST,)
514, a HT long training field for the second spatial stream
(HT-LT,) 516, and a Signal-N field for the second spatial
stream (Signal-N,) 518.

In operation, a short training field may be utilized by a
receiver for a plurality of reasons including, but not limited to,
signal detection, automatic gain control (AGC) for low noise
amplification circuitry, diversity selection performed by, for
example, rake receiver circuitry, coarse frequency offset esti-
mation, and timing synchronization. A long training field may
be utilized by a receiver for a plurality of reasons, for
example, fine frequency offset estimation, and channel esti-
mation. The training field HT-ST, 514 may comprise a time
shifted representation of the training field HT-ST, 504. The
training field HT-L'T, 516 may comprise a time shifted rep-
resentation of the training field HT-LT,; 506. The signal field
Signal-N, 518 may comprise a time shifted representation of
the signal field Signal-N, 508. The training fields, HT-ST,
504 and HT-ST, 514, may comprise a time duration of about
8 us, and further comprise a plurality of OFDM symbols, for
example, a plurality of 10 ODFM symbols. The training
fields, HT-LT, 506 and HT-LT, 516, may comprise a time
duration of about 8 ps, and further comprise a plurality of
OFDM symbols, for example, a plurality of 2 ODFM sym-
bols. The signal fields, Signal-N, 508 and Signal-N, 518, may
comprise a time duration of about 4 ps, and further comprise
an OFDM symbol.

FIG. 5b shows an exemplary Signal-N header field for
greenfield access in accordance with a WWiSE proposal, in
accordance with an embodiment of the invention. With ref-
erence to FIG. 54, there is shown a Signal-N header 552. The
Signal-N header field may comprise a reserved field 554, a
number of spatial streams (Ns) field 556, a number of trans-
mit antennas (NTX) field 558, a BW field 560, a coding rate
(R) field 562, an error correcting code type (CT) field 564, a
constellation type (CON) field 566, a length field 568, a last
PSDU indicator (LPI) field 570, a reserved field 572, a CRC
field 574, and a tail field 576. The reserved field 554 may
comprise 6 bits of binary information. The reserved field 572
may comprise 8 bits of binary information. The reserved
fields 554 and 572 may have no assigned usage. The N field
556 may comprise 3 bits of binary information. The N field
556 may indicate the number of spatial streams utilized in
transmitting information from a transmitter, for example,
transmitter 200, and a receiver, for example receiver 201. Ina
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MIMO system, the number of spatial streams may represent
a number, for example, 1, 2, 3, or 4, The NTX field 558 may
comprise 3 bits of binary information. The NTX field 558
may indicate the number of transmitting antenna utilized in
transmitting information between a transmitter and a receiver.
In a MIMO system, the number of transmitting antenna may
represent a number, for example, 1, 2, 3, or 4. The BW field
560 may comprise 2 bits of binary information. The BW field
560 may represent a bandwidth, for example, 20 MHz, or 40
MHz.

The R field 562 may comprise 3 bits of binary information.
TheR field 628 may indicate the coding rate that is utilized for
transmitting a physical layer service data unit (PSDU) that is
transmitted via an antenna. In a MIMO system, the coding
rate may represent a number, for example, Y2, %5, %4, or %.
The CT field 564 may comprise 2 bits of binary information.
The CT field 564 may indicate the error correcting code
(ECC) type that is utilized in transmitting information via an
antenna. In a MIMO system, the ECC type may represent an
ECC method, for example, binary convolutional coding
(BCC), or low density parity check coding (LDPC). The CON
field 566 may comprise 3 bits of binary information. The
CON field 566 may indicate the constellation type, or modu-
lation type, which is utilized in transmitting a PSDU via an
antenna. In a MIMO system, the modulation type may repre-
sent a constellation indicating the number of binary bits that
may be encoded in a symbol, for example, binary phase shift
keying (BPSK), quaternary phase shift keying (QPSK), 16
level quadrature amplitude modulation (16 QAM), 64 level
QAM (64 QAM), or 256 level QAM (256 QAM).

The length field 568 may comprise 13 bits of binary infor-
mation. The length field 568 may comprise information that
indicates the number of binary octets of data payload infor-
mation, for example, the physical layer service data unit
(PSDU) 352. The LPI field 570 may comprise 1 bit of binary
information. The LPI field 570 may comprise information
that indicates whether the corresponding PSDU 352 repre-
sents the last information comprised in a message. The CRC
field 574 may comprise 4 bits of binary information. The
CRC field 574 may comprise information that may be utilized
by areceiver, for example, receiver 201, to detect the presence
of errors in areceived PPDU. The tail field 576 may comprise
6 bits of binary information. The tail field 576 may comprise
information that is appended following the CRC field 574 to
pad the Signal-N field to a desired length.

FIG. 5¢ shows exemplary training fields and header fields
for greenfield access in accordance with a WWiSE proposal
for N4, in accordance with an embodiment of the inven-
tion. With reference to FIG. 5S¢, there is shown training fields
and a header field for a first spatial stream 503, training fields
and a header field for a second spatial stream 513, training
fields and a header field for a third spatial stream 522, and
training fields and a header field for a fourth spatial stream
532.

The training fields and header field for the first spatial
stream 503 may comprise a high throughput short training
field HT-ST, 505, a first HT long training field (HT-LT, ;)
507, aSignal-N, field 508, and a second HT long training field
(HT-LT, ,) 510. The training fields and header field for the
second spatial stream 513 may comprise a high throughput
short training field HT-ST, 515, a first HT long training field
(HT-LT,,,) 517, a Signal-N, field 518, and a second HT long
training field (HT-LT, ,) 520. The training fields and header
field for the third spatial stream 522 may comprise a high
throughput short training field HT-ST; 524, a first HT long
training field (HT-LT; ;) 526, a Signal-N; field 528, and a
second HT long training field (HT-LT, ,) 530. The training
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fields and header field for the fourth spatial stream 532 may
comprise a high throughput short training field HT-ST, 534, a
first HT long training field (HT-LT, ) 536, a Signal-N, field
538, and a second HT long training field (HT-LT, ,) 540.

In operation, the training field HT-ST, 515 may comprise a
time shifted representation of the training field HT-ST, 505.
The training field HT-ST; 524 may comprise a time shifted
representation of the training field HT-ST, 515. The training
field HT-ST, 534 may comprise a time shifted representation
of the training field HT-ST; 524. The training field HT-LT, ,
517 may comprise a time shifted representation of the train-
ing field HI-LT, , 507. The training field HT-LT; , 526 may
comprise a time shifted representation of the training field
HT-LT,, 517. The training field HT-LT, , 536 may comprise
a time shifted representation of the training field HT-LT; ,
526. The signal field Signal-N, 518 may comprise a time
shifted representation of the signal field Signal-N, 508. The
signal field Signal-N; 528 may comprise a time shifted rep-
resentation of the signal field Signal-N, 518. The signal field
Signal-N, 538 may comprise a time shifted representation of
the signal field Signal-N; 528. The training field HT-LT, ,
520 may comprise a time shifted representation of the train-
ing field HT-LT, , 510. The training field HT-LT; , 530 may
comprise a time shifted representation of the training field
HT-LT, , 520. The training field HT-LT, , 540 may comprise
a time shifted representation of the training field HT-LT; ,
530.

The training fields, HT-ST, 505, HT-ST, 515, HT-ST; 524,
and HT-ST, 534, may comprise a time duration of about 8 s,
and further comprise a plurality of OFDM symbols, for
example, a plurality of 10 ODFM symbols. The training
fields, HT-LT, ; 507, HT-LT, , 510, HT-LT, , 517, HT-LT, ,
520, HT-LT, , 526, HT-LT, , 530, HT-LT, , 536, and HT-
LT, , 540, may comprise a time duration of about 8 us, and
further comprise a plurality of OFDM symbols, for example,
a plurality of 2 ODFM symbols. The signal fields, Signal-N,
508 Signal-N, 518, Signal-N; 528 and Signal-N, 538, may
comprise a time duration of about 4 pus, and further comprise
an OFDM symbol.

Comparing FIG. 5a and FIG. 5¢, the exemplary training
fields and Signal-N header field illustrated in FIG. Sa, based
on 2 spatial streams, 502 and 512, may each be of approxi-
mately 20 us in duration, or equivalent in time duration to 5
IEEE 802.11n OFDM symbols and corresponding guard
bands. The exemplary training fields and Signal-N header
field illustrated in FIG. 5¢, based 4 spatial streams, 503, 513,
522, and 532, may each be of approximately 28 pis in duration,
or equivalent in time duration to 7 IEEE 802.11n OFDM
symbols and corresponding guard bands.

FIG. 6a shows exemplary training fields and header fields
with trailing signal field for greenfield access for Ng>2, in
accordance with an embodiment of the invention. With ref-
erence to FIG. 6a there is shown training fields and a header
field for a first spatial stream 602, training fields and a header
field for a second spatial stream 622, and training fields and a
header field for spatial stream N, 642. The training fields and
header field for the first spatial stream 602 may comprise a
short training field HT-STF, field 604, a long training field
HT-LTF, , field 606, a plurality of subsequent long training
fields HT-LTF, ,...HT-LTF, ,,608...610, and a Signal*-N,
field 612. The training sequence and header field for the
second spatial stream 622 may comprise an HT-STF, field
624, an HT-LTF, , field 626, a plurality of HT-LTF, , . . .
HT-LTF, fields 628 . .. 630, and a Signal*-N,, field 632. The
training sequence and header field for spatial stream N 642
may comprise an HT-STF g field 644, an HT-LTF ., field
646, a plurality of HT-LTF g, . . - HT-LTF v fields
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648 . . . 650, and a Signal*-N, field 652. The Signal*-N
fields 612, 632, and 652 may be represented as shown in FIG.
4c.

In operation, the short training sequence utilized in the
training field HT-STF, 604, STS,, may be represented as a
vector comprising a plurality of coefficients. The short train-
ing sequence utilized in the training field HT-STF, 624, STS,,
may be represented as a vector comprising a plurality of
coefficients. The short training sequence utilized in the train-
ing field HT-STF ¢ 624, STS, s, may be represented as a
vector comprising a plurality of coefficients. Each vector
representation among the plurality of vector representations
STS, . .. STSyqs may be orthonormal to each of the other
vector representations in the plurality of vector representa-
tions.

The long training sequence utilized in the first training field
of the first spatial stream, HT-LTF, ; 606, LTS, ,, may be
represented as a vector comprising a plurality of coefficients.
Thelong training sequence utilized in the first training field of
the second spatial stream HT-LTF,, 626, LTS, ;, may be
represented as a vector comprising a plurality of coefficients.
The long training sequence utilized in the first training field of
spatial stream Ngg HT-LTF g | 646, LTS ,, may be rep-
resented as a vector comprising a plurality of coefficients.
Each vector representation among the plurality of vector rep-
resentations LTS, | ... LTSy, may be orthonormal to each
of the other vector representations in the plurality of vector
representations.

The long training sequence utilized in the second training
field of the first spatial stream HT-LTF, , 608, LTS, ,, may be
represented as a vector comprising a plurality of coefficients.
The long training sequence utilized in the second training
field of the second spatial stream HT-LTF, , 628, LTS, ,, may
be represented as a vector comprising a plurality of coeffi-
cients. The long training sequence utilized in the second
training field of spatial stream Ngg HT-LTFgg, 648,
LTSyss,2, may be represented as a vector comprising a plu-
rality of coefficients. Each vector representation among the
plurality of vector representations LTS, , ... LTS y 5 , may be
orthonormal to each of the other vector representations in the
plurality of vector representations.

The long training sequence utilized in the training field N
of the first spatial stream HT-LTF, , 610, LTS, 5, may be
represented as a vector comprising a plurality of coefficients.
The long training sequence utilized in the training field N of
the second spatial stream HT-LTF, 5, 630, LTS, 5, may be
represented as a vector comprising a plurality of coefficients.
The long training sequence utilized in the training field N of
spatial stream N HT-LTF g5 5 650, LTS\ 5. may be rep-
resented as a vector comprising a plurality of coefficients.
Each vector representation among the plurality of vector rep-
resentations LTS, ... LTS, may be orthonormal to each
of the other vector representations in the plurality of vector
representations. The number of long training fields, N, may
be approximately equal to the number of spatial streams, N .

Orthonormality is a property of vectors such that for any
two vectors, X and Y, the vector dot product of the vectors
may equal zero. When applied to long training sequences, the
property of orthonormality may result in the generation of
long training sequences whose vector representations exhibit
the property of orthonormality. The generation of an
orthonormal long training sequence may produce phase shifts
among the frequency subcarriers that comprise an OFDM
symbol generated based on the long training sequence. The
phase shifts may improve the quality of transmitted OFDM
symbols by reducing the likelihood of accidental nulls in the
beam pattern of the signals transmitted by a transmitter 200
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(FIG. 2b). The utilization of known phase shifts among the
frequency subcarriers may enable a receiver 201 to remove
the phase shifts in a received signal during channel estima-
tion. The placement of the Signal*-N fields 612, 632, and 652
following the corresponding pluralities of long training
sequence fields in each of the spatial streams may enable a
receiver to utilize a full channel estimate, based on the pre-
ceding long training fields for each spatial stream, for
example, long training sequence fields 606 and 608 . .. 610 in
the first spatial stream, in detecting the corresponding Sig-
nal*-N field.

In MIMO systems, orthonormal sequences may enable a
receiver 201 (FIG. 1) to more easily distinguish a signal
transmitted from a specific transmitter antenna front end
214a . ..214n at atransmitter 200. A matched filter at receiver
antenna front ends 216a . . . 216x at the receiver 201 may
enable the receiver to receive a signal transmitted by a specific
transmitter antenna front end 214a . . . 214n at a specific
receiver antenna front end 216a . . . 2167.

The training fields, HT-STF, 604, HT-STF, 624, and HT-
STF s 644, may comprise a time duration of about 8 pis, and
further comprise a plurality of OFDM symbols, for example,
a plurality of 10 ODFM symbols. The training fields, HT-
LTF, , 606, HT-LTF, , 626, and HT-LTF s , 646, may com-
prise a time duration of about 8 s, and further comprise a
plurality of OFDM symbols, for example, a plurality of 2
ODFM symbols. The plurality of OFDM symbols in training
field 606 may beidentical. The plurality of OFDM symbols in
training field 626 may be identical. The plurality of OFDM
symbols in training field 646 may be identical. The pluralities
of training fields, HT-LTF, , . . . HI-LTF, ,, 608 . . . 610,
HT-LTF,, ... HT-LTF, 5628 . .. 630, and HT-LTF 5 - . -
HT-LTF 55 » 648 . . . 650, may comprise a time duration of
about 4 ps, and further comprise an OFDM symbol. Utilizing
orthonormal training sequences after the first long training
sequence may obviate tone interleaving, which may be a
desirable feature because the first long training sequence may
utilize identical symbols. The signal fields, Signal*-N 612,
Signal*-N, 632, and Signal*-N, ;s 652, may comprise a time
duration of about 8 ps, and further comprise a plurality of
OFDM symbols, for example, a plurality of 2 OFDM sym-
bols.

For Ng=2 there may be a plurality of N=2 long training
fields in exemplary training fields and header field 602, 622,
or 642. Referring to FIG. 6a for the case of 2 transmitted
spatial streams, the training fields and Signal*-N header field
602, 622, and 642 may comprise a time duration of about 28
us, and further comprise a plurality of 7 IEEE 802.11n OFDM
symbols. For the case of 3 transmitted spatial streams, the
training fields and header field 602, 622, and 642 may com-
prise a time duration of about 32 ps, and further comprise a
plurality of 8 IEEE 802.11n OFDM symbols. For the case of
4 transmitted spatial streams, the training fields and header
field 602, 622, and 642 may comprise a time duration of about
36 ps, and further comprise a plurality of 9 IEEE 802.11n
OFDM symbols.

Comparing the training fields and header field 402, 422, or
442 (FIG. 4a) for mixed mode access in an IEEE 802.11n
WLAN to comparable training fields and header field 602,
622, or 642 (FIG. 6a) for greenfield access in an IEEE
802.11n WLAN for the case of 2 transmitted spatial streams
may indicate that the training fields and header field 602, 622,
or 642 may comprise a time duration that is approximately 16
us shorter in duration than that of comparable training fields
and header field 402, 422, or 442. This may correspond to a
reduction of 4 fewer IEEE 802.11n OFDM symbols transmit-
ted with each physical layer protocol data unit (PPDU).
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In various embodiments of the invention, as illustrated in
the exemplary training fields and header field in FIG. 6a, the
Signal*-N field be represented as described in FIG. 4¢, The
Signal*-N field may comprise a time duration of approxi-
mately 8 ps, and further comprise 2 OFDM symbols. Each of
the first high throughput long training fields among the spatial
streams, HT-LTF, ; 606, HT-LTF,, 626, and HT-LTF 5,
646 may comprise a time duration of approximately 8 s, and
further comprise 2 OFDM symbols. Each of the first high
throughput long training fields among the spatial streams,
HT-LTF, , 606, HT-LTF, , 626, and HT-LTF, 646 may
comprise identical OFDM symbols that may be utilized for
fine frequency offset estimation as may be specified in IEEE
resolutions 802.11a, and 802.11g.

FIG. 65 shows exemplary training fields and header fields
with early signal field for greenfield access for NSS>2, in
accordance with an embodiment of the invention. FIG. 65
differs from FIG. 6a in that, in FIG. 65, a signal field may
follow a first long training field in a spatial stream PDU, with
one or more subsequent long training fields following the
signal field. With reference to FIG. 65, there is shown training
fields and aheader field for a first spatial stream 602a, training
fields and a header field for a second spatial stream 6224, and
training fields and a header field for spatial stream NSS 642a.
The training fields and header field for the first spatial stream
602a may comprise a short training field HT-STF1 field 604a,
a long training field HT-LTF1,1 field 606a, a plurality of
subsequent long training fields HT-L'TF1,2 . . . HT-LTF1,N
608a . . . 610a, and a Signal-N1 field 612a. The training
sequence and header field for the second spatial stream 622a
may comprise an HT-STF2 field 6244a, an HT-LTF2,1 field
626a, a plurality of HT-LTF2,2 . . . HI-LTF2,N fields
628a . . . 630a, and a Signal-N2field 632a. The training
sequence and header field for spatial stream NSS 642a may
comprise an HT-STFNSS field 644a, an HT-LTFNSS,1 field
646a, a plurality of HT-LTFNSS,2 . . . HT-LTFNSS, N fields
648a . . . 650a, and a Signal*-NNSS field 652a.

Long training sequences may be utilized for generating
OFDM symbols that may be transmitted during long training
fields. Long training sequences for N¢=2 may be defined as
follows:

HT — alT laLT equation [7]
dla. Ala.
LTF -
—11aLT =g/ ®)  11aLT « glhee®
[i./]

where the index, 1, may represent a row in the matrix, and the
index, j, may represent a column. Each row may represent a
corresponding spatial stream, with each column representing
a corresponding long training sequence, .11a LT indicates
that the training sequence may be based on specifications in

HT - LTF [i, j)

AlalT«W11
A1aLT = W21 « gf*teta ®)
ALaLT « W31 s ef*Phi )
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Individual elements in the long training sequence, .11alT,
based on IEEE 802.11a for a 20 MHz channel, may be rep-
resented utilizing the vector notation, LS[k], where k may
comprise a range of integer values from and including -N./
2, up to and including Ng./2. as:

L,LLL-1,-1,1,1,-1,1, 1,1,
1,11, -1, -1, 1,1, -1, 1, -1, 1,
1,1,1,0,1,-1, -1, 1,1, -1, 1,
-1,1,-1,-1,-1,-1,-1, 1, 1, -1,
-1,1,-1,1,-1,1,1,1,1,-1, -1

equation [8]

AlalT =

where the first element in equation[8] may represent LS[-
Ng/2] and the last element may represent LS[N/2].

A long OFDM training symbol, r; ,n(t), where the vari-
able t may represent time, may be generated according to the
equation:

Nec/2 _
rronG (1) = wrLong(1) Z LS [k] e 0F ¢ Ta2)
k=Nsc/2

equation [9]

where N may represent the number of frequency subcarri-
ers, A, may represent the frequency spacing between subcar-
riers, T ;;, may represent the training symbol guard band time
interval, and W, ,y(t) may represent the timing window for
the long training sequence. The timing window w7 ora(t)
may be represented as:

1 1=n=<79
wr(nTy) = {0.5 0, 80 }, where

0 otherwise

equation [10]

the sampling interval, T's, may equal approximately 50 ns for
a 20 MHz channel, and n may represent a sample of the
OFDM signal as represented by equation[9] taken at a time
t=nT during a timing window interval for transmission of an
OFDM symbol.

With reference to equation[9] for N=2, substitution of a
long training sequence element HT-LTF[1,j] from equation[7]
for LS[k] in equation[9] may be utilized to generate an
OFDM symbol for the i long training field in the i” spatial
stream. In the first long training field, the OFDM symbol
generated by equation[9] may be transmitted twice.

The LT fields may be defined for Ng=3 as follows:

equation [11]

1lal T« W12
11aLT x W22 « gf+theta®)

AlaLT=W13
A1aLT « W22 x efheia ®

A1aLT« W32 el PH ) 11aLT « W33 % /*PH®

IEEE 802.11a, theta(k) may indicate a phase shift in the LT ¢5 where the index, i, may represent a row in the matrix, and the

field for OFDM subcarrier k in an RF channel where the phase
shift may vary as a function of the index k.

index, j, may represent a column. Each row may represent a
corresponding spatial stream, with each column representing

23



US 8,737,189 B2

21

a corresponding long training sequence. W, may represent
elements from a discrete Fourier transform (DFT) matrix, and
phi(k) indicates a phase shift in the LT field for OFDM sub-
carrier k where the phase shift varies as a function of k where
phi(k) may not equal theta(k).

The DFT matrix, W,,,,, may be represented as:

mn>

1 1 1 equation [12]

“1-i3 -1+i/3
Won = 1 2 2 , where
. —1+iV3 -1-i/3
2 2

the index, m, may represent a row in the matrix, and the index,
n, may indicate a column.

With reference to equation[9] for Ng4=3, substitution of a
long training sequence element HT-LTF[i,j] from equation
[11] for LS[k] in equation[9] may be utilized to generate an
OFDM symbol for the j* long training field in the i” spatial
stream. In the first long training field, the OFDM symbol
generated by equation[9] may be transmitted twice.

The LT fields may be defined for N=4 as follows:

—1=.11alT 1lalT
HT - LFT 11alT el ) _1 4 11aLT «ef*hea k)

[i, ]

AlalT

A1alT «efhi® 11aLT «efPhi®

A1aLT «ef*rsi® A1aLT « /s ®

where the index, 1, may represent a row in the matrix, and the
index, j, may represent a column. Each row may represent a
corresponding spatial stream, with each column representing
a corresponding long training sequence. phi(k) indicates a
phase shift in the LT field for OFDM subcarrier k where the
phase shift varies as a function of k. psi(k) indicates a phase
shift in the LT field for OFDM subcarrier k where the phase
shift varies as a function of k. The phase shifts phi(k), theta
(k), and psi(k) may not be equal.

With reference to equation|9] for Ny ¢=4, substitution of a
long training sequence element HT-LTF[i,j] from equation
[13] for LS[k] in equation[9] may be utilized to generate an
OFDM symbol for the j” long training field in the i” spatial
stream. In the first long training field, the OFDM symbol
generated by equation[9] may be transmitted twice.

The long training sequence as represented in equation[8]
may be utilized to generate a plurality of orthonormal long
training sequences. Alternatively, orthonormal long training
sequence fields may be generated. If the long training
sequences in different long training sequence fields are
orthonormal, the corresponding long training sequence fields
may also be orthonormal. Orthonormal long training
sequences or long training sequence fields may be generated
by a plurality of methods. In one embodiment of the inven-
tion, orthonormal long training sequence fields may be gen-
erated by utilizing a discrete Fourier transform matrix to
apply phase shifts to individual long training sequence fields
among a plurality of long training sequence fields in a spatial
stream. The utilization of a discrete Fourier transform matrix
may enable the orthonormal generator sequence to be of
minimum length. The property of orthonormality may be
observed in that a long training sequence field in a current
spatial stream may be orthogonal to a corresponding long
training sequence field in a subsequent spatial stream. A
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plurality of orthogonal long training sequences fields,
HT-LTF, [1,j], for a plurality of spatial streams may be gener-
ated according to the following relationship:

HT-LTF, fi,j]=HT-LTF fi,j]e7>"'NSS where equation[14]

the index i may refer to an individual spatial stream among a
plurality of spatial streams, the index j may refer to an indi-
vidual long training sequence field within a spatial stream,
Ny may refer to the number of transmitted spatial streams,
and HT-LTF[i,j] may refer to an individual long training
sequence field as represented in any of equations[7], [11], or
[13]. As an example of the property of orthonormality, a j*
high throughput long training sequence field for a first spatial
stream HT-LTF, [1,j] may be orthonormal to a corresponding

i high throughput long training sequence field for a second

spatial stream HT-LTF, [2,j].

In another embodiment of the invention, a discrete Had-
amard transform may be utilized to generate orthonormal
long training sequences based on a Hadamard matrix. A prop-
erty of a Hadamard matrix is that the matrix may comprise
values of +1 and -1 such that the rows of the Hadamard
matrix may be mutually orthogonal. For example, a long
training sequence, O(.11al’T), that may be orthonormal to the
long training sequence .11alT as expressed in equation[8] is:

AlalT

.llaLT*e’“hm (k)

equation [13]

11aLT «efPhi®

—1.11aLT « /s ®

L,-1,1,-1,-1, 1,1, -1, -1, -1,
-1,-1,1,-1,1,-1, 1,1, -1, -1, 1,
L1, -1,1,-1,0,1, 1, -1, -1,
LLLLLL-11,-1, 1,1, -1,
-LLLLLLL-1,1,-1,-1,1

equation [15]

O(11aLT) =

Various embodiments of the invention may not be limited
in the methods that may be utilized in generating orthonormal
long training sequences or orthonormal long training
sequence fields.

FIG. 7 shows exemplary training fields and header fields
for mixed mode access for NSS>2, in accordance with an
embodiment of the invention. With reference to FIG. 7, there
is shown a plurality of PPDU preambles and headers 702,
722, and 742. The preamble and header 702 may comprise a
legacy short training field (L-STF) 404, a legacy long training
field (L-LTF) 406, a legacy signal field (L-SIG) 408, a high
throughput signal field (HT-SIG) 410, a high throughput short
training field for the first spatial stream (HT-STF1) 712, and
a plurality of high throughput long training fields for the first
spatial stream comprising training fields number 1 through N
(HT-LTF1,1 ... HT-LTF1,N) 714 . . . 716. The integer value
N may represent the number of long training fields contained
in the preamble and header 702.

The preamble and header 722 may comprise a legacy short
training field (L-STF) 424, a legacy long training field
(L-LTF) 426, a legacy signal field (L-SIG) 428, a high
throughput signal field (HT-SIG) 430, a high throughput short
training field for the second spatial stream (HT-STF,) 732,
and a plurality of high throughput long training fields for the
second spatial stream comprising training fields number 1
through N (HT-LTF,, . . . HI-LTF, ») 734 . . . 736. The
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integer value N may represent the number of long training
fields contained in the preamble and header 722.

The preamble and header 742 may comprise a legacy short
training fleld (L-STF) 444, a legacy long training field
(L-LTF) 446, a legacy signal field (L-SIG) 448, a high
throughput signal field (HT-SIG) 450, a high throughput short
training field for the spatial stream N g (HT-STF ) 752, and
a plurality of high throughput long training fields for the
spatial stream Ngg comprising training fields number 1
through N (HT-LTF ., . . . HT-LTF 55 5) 754 . .. 756. The
integer value N may represent the number of long training
fields contained in the preamble and header 702.

The HT-STF fields 712, 732, and 752 may each comprise a
time duration of about 3.2 ps, and the HT-LTF fields 714 . . .
716,734 ...736, and 754 . . . 756 may each comprise a time
duration of about 4 ps. The time duration of about 3.2 us for
the HT-STF fields 712, 732, and 752 may represent an
increase of about 800 ns in time duration relative to the
corresponding time duration of about 2.4 us for the HI-STF
fields 412, 432, and 452. The increase of about 800 ns in time
duration may allow more time for automatic gain control
settling in adapting transmission of signals to utilize beam-
forming.

Comparing the training fields and header fields 702, 722,
and 742 to the comparable the training fields and header fields
402,422, and 442 for the case of 2 transmitted spatial streams,
wherein N=2, may indicate that the training fields and header
fields 702, 722, and 742 may comprise a time duration about
5.6 us shorter than for the comparable training fields and
header fields 402, 422, and 442. Comparing the training fields
and header fields 702, 722, and 742 to the comparable the
training fields and header fields 402, 422, and 442 for the case
of 3 transmitted spatial streams, wherein N=3, may indicate
that the training fields and header fields 702, 722, and 742
may comprise a time duration of about 8.8 us shorter than for
the comparable training fields and header fields 402, 422, and
442. Comparing the training fields and header fields 702, 722,
and 742 to the comparable the training fields and header fields
402,422, and 442 for the case of 4 transmitted spatial streams,
wherein N=2, may indicate that the training fields and header
fields 702, 722, and 742 may comprise a time duration about
12 ps shorter than for the comparable training fields and
header fields 402, 422, and 442.

Various embodiments of the invention may provide a sys-
tem for communicating information in a multiple input mul-
tiple output (MIMO) communications system that may com-
prise a transmitter 200 (FI1G. 25) that generates a protocol data
unit (PDU) for a current spatial stream comprising a current
plurality of long training sequence fields. The transmitter 200
may generate a PDU for a subsequent spatial stream compris-
ing a subsequent plurality of long training sequence fields
wherein one of the subsequent plurality of long training
sequence fields is orthonormal to a corresponding one of the
current plurality of long training sequence fields. The trans-
mitter 200 may append a signal field subsequent to the last of
the plurality of long training sequence fields.

Various embodiments of the invention may provide a sys-
tem for communicating information in a multiple input mul-
tiple output (MIMO) communications system that may com-
prise a transmitter that constructs a greenfield protocol data
unit (PDU) comprising a high throughput short training
sequence field comprising a time duration of approximately 8
us. The transmitter may append a first long training sequence
field, comprising a time duration of approximately 8 s, sub-
sequent to the thigh throughput short training sequence field.
The transmitter may also append at least one subsequent long
training sequence field, comprising a time duration of
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approximately 4 us, subsequent to the first long training
sequence field. In addition, the transmitter may append a
signal field, comprising a time duration of approximately 8
us, subsequent to the last of at least one subsequent long
training sequence field.

Aspects of a method for communicating information in a
multiple input multiple output (MIMO) communications sys-
tem that may comprise constructing a greenfield protocol data
unit (PDU) comprising a high throughput short training
sequence field comprising a time duration of approximately 8
us. The method may further comprise appending a first long
training sequence field, comprising a time duration of
approximately 8 s, subsequent to the high throughput short
training sequence field. At least one subsequent long training
sequence field, comprising a time duration of approximately
4 ps, may be appended subsequent to the first long training
sequence field. A signal field, comprising a time duration of
approximately 8 s, may also be appended subsequent to the
last of at least one subsequent long training sequence field.

Aspects of a method for communicating information in a
multiple input multiple output (MIMO) communications sys-
tem may comprise constructing a mixed mode protocol data
unit (PDU) comprising a legacy short training sequence field
comprising a time duration of approximately 8 ps. A legacy
long training sequence field comprising a time duration of
approximately 8 ps may be appended. A legacy signal field
comprising a time duration of approximately 4 ps may be
appended. The method may comprise appending a high
throughput signal field, comprising a time duration of
approximately 8 s, subsequent to the legacy signal field. The
method may further comprise appending a high throughput
short training sequence field comprising a time duration of
approximately 3.2 ps, subsequent to the high throughput sig-
nal field, and subsequently appending a plurality of long
training sequence fields, comprising a time duration of
approximately 4 pis.

Accordingly, the present invention may be realized in hard-
ware, software, or a combination of hardware and software.
The present invention may be realized in a centralized fashion
in at least one computer system, or in a distributed fashion
where different elements are spread across several intercon-
nected computer systems. Any kind of computer system or
other apparatus adapted for carrying out the methods
described herein is suited. A typical combination of hardware
and software may be a general-purpose computer system with
a computer program that, when being loaded and executed,
controls the computer system such that it carries out the
methods described herein.

The present invention may also be embedded in a computer
program product, which comprises all the features enabling
the implementation of the methods described herein, and
which when loaded in a computer system is able to carry out
these methods. Computer program in the present context
means any expression, in any language, code or notation, ofa
set of instructions intended to cause a system having an infor-
mation processing capability to perform a particular function
either directly or after either or both of the following: a)
conversion to another language, code or notation; b) repro-
duction in a different material form.

While the present invention has been described with refer-
ence to certain embodiments, it will be understood by those
skilled in the art that various changes may be made and
equivalents may be substituted without departing from the
scope of the present invention. In addition, many modifica-
tions may be made to adapt a particular situation or material
to the teachings of the present invention without departing
from its scope. Therefore, it is intended that the present inven-
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tion not be limited to the particular embodiment disclosed,

but that the present invention will include all embodiments
falling within the scope of the appended claims.

26
training field (STF) followed by a single HT long train-
ing field (LTF) followed by a signal (SIG) field followed
by a plurality of HT LTFs having a corresponding plu-

What is claimed is:
1. An apparatus, comprising:
at least one processor and/or circuit to generate a signal
adapted for Greenfield access, wherein:
the signal including, for a first spatial stream, a first HT
short training field (STF) followed by a first single HT
long training field (LTF) followed by a first signal
(SIG) field followed by a first plurality of HT LTFs
followed by a first data field;
the signal also including, for a second spatial stream, a
second STF, a second single HT LTF, a second SIG
field, and a second plurality of HT LTFs; and
the first STF and the second STF each having a respec-
tive 8 micro-sec duration;
the single HT LTF and the second HT LTF each having
a respective 8 micro-sec duration;

—

0

rality of single symbols followed by a data field wherein
the plurality of HT LTFs are orthonormal; and

at least one communication interface to transmit the signal
to at least one additional apparatus via a plurality of
transmit antennas to a device having a plurality of
receive antennas;

wherein: the STF, the single HT LTF, the SIG field, and the
plurality of HT LTFs being a first STF, a first single HT
LTF, a first SIG field, and a first plurality of HT LTFs,
respectively, for a first spatial stream; and

the signal also including, a second STF, a second single HT
LTF, a second SIG field, and a second plurality of HT
LTFs, respectively, for a second spatial stream;

and wherein, at least one of?:

the second STF being a cyclic diversity delay shifted ver-

the first SIG field and the second SIG field each having 20 sion of the first STF;
a respective 8 micro-sec duration; and the second single HT LTF being a cyclic diversity delay
the first plurality of HT LTFs being orthonormal having shifted version of the first single HT LTF;
a corresponding plurality of single symbols and hav- the second SIG field being a cyclic diversity delay shifted
ing a respective 4 micro-sec duration and the second version of the first SIG field; and
plurality of HT LTFs being orthonormal having a 25  at least one of the second plurality of HT LTFs being a
corresponding plurality of single symbols and having cyclic diversity delay shifted version of at least one of
a respective 4 micro-sec duration; and the first plurality of HT LTFs.
at least one communication interface to transmit the signal 6. The apparatus of claim 5, wherein:
to at least one additional apparatus via a plurality of the STF having an 8 micro-sec duration;
transmit antennas to a device having a plurality of 30  the single HT LTF having an 8 micro-sec duration;
receive antennas; the SIG field having an 8 micro-sec duration; and
wherein: each of the plurality of HT LTFs having a respective 4
the second STF being a cyclic diversity delay shifted ver- micro-sec duration.
sion of the first STF; 7. The apparatus of claim 5, wherein:
the second single HT LTF being a cyclic diversity delay 35  the SIG field including at least one field to indicate at least
shifted version of the first single HT LTF; one of a number of spatial streams, a number of transmit
the second SIG field being a cyclic diversity delay shifted antennas, a bandwidth, a coding rate, an error correcting
version of the first SIG field; and code type, a constellation type, a length, and a cyclic
at least one of the second plurality of HT LTFs being a redundancy check (CRC) corresponding to the signal.
cyclic diversity delay shifted version of at least one of 40 8. The apparatus of claim 5, wherein:
the first plurality of HT LTFs. the apparatus being a transmitter communication device;
2. The apparatus of claim 1, wherein: the at least one additional apparatus being a receiver com-
the first SIG field or the second SIG field including at least munication device to employ the signal for at least one of
one field to indicate at least one of a number of spatial signal detection, automatic gain control (AGC) for low
streams, a number of transmit antennas, a bandwidth, a 45 noise amplification circuitry within the receiver commu-
coding rate, an error correcting code type, a constella- nication device, diversity selection performed by rake
tion type, a length, and a cyclic redundancy check (CRC) receiver circuitry within the receiver communication
corresponding to the signal. device, coarse frequency offset estimation, and timing
3. The apparatus of claim 1, wherein: synchronization.
the apparatus being a transmitter communication device; 50 9. The apparatus of claim 5, wherein:
the at least one additional apparatus being a receiver com- the apparatus being a wireless station (STA) and the at least
munication device to employ the signal for at least one of one additional apparatus being an access point (AP); or
signal detection, automatic gain control (AGC) for low the apparatus being an AP and the at least one additional
noise amplification circuitry within the receiver commu- apparatus being a STA.
nication device, diversity selection performed by rake 55 10. A method for operating a communication device, the

receiver circuitry within the receiver communication
device, coarse frequency offset estimation, and timing
synchronization.

4. The apparatus of claim 1, wherein:

method comprising:

operating at least one processor and/or circuit of the com-
munication device to generate a signal adapted for
Greenfield access, wherein the signal including, for at

the apparatus being a wireless station (STA) and the at least 60 least one spatial stream, a HT short training field (STF)
one additional apparatus being an access point (AP); or followed by a single HT long training field (LTF) fol-
the apparatus being an AP and the at least one additional lowed by a signal (SIG) field followed by a plurality of
apparatus being a STA. HT LTFs having a corresponding plurality of single
5. An apparatus, comprising: symbols followed by a data field, wherein the plurality
at least one processor and/or circuit to generate a signal 65 of HT LTFs are orthonormal; and

adapted for Greenfield access, wherein the signal
including, for at least one spatial stream, a HT short
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via at least one communication interface of the communi-
cation device, transmitting the signal via a plurality of
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transmit antennas to at least one additional communica-
tion device having a plurality of receive antennas

wherein:

the STF, the single HT LTF, the SIG field, and the plurality
of HT LTFs being a first STF, a first single HT LTF, a first
SIG field, and a first plurality of HT LTFs, respectively,
for a first spatial stream; and

the signal also including, a second STF, a second single HT
LTF, a second SIG field, and a second plurality of HT
LTFs, respectively, for a second spatial stream;

and wherein, at least one of:

the second STF being a cyclic diversity delay shifted ver-
sion of the first STF;

the second single HT LTF being a cyclic diversity delay
shifted version of the first single HT LTF;

the second SIG field being a cyclic diversity delay shifted
version of the first SIG field; and

at least one of the second plurality of HT LTFs being a
cyclic diversity delay shifted version of at least one of
the first plurality of HT LTFs.

27
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11. The method of claim 10, wherein:

the STF having an 8 micro-sec duration;

the single HT LTF having an 8 micro-sec duration;

the SIG field having an 8 micro-sec duration; and

each of the plurality of HT LTFs having a respective 4
micro-sec duration.

12. The method of claim 10, wherein:

the SIG field including at least one field to indicate at least
one of a number of spatial streams, a number of transmit
antennas, a bandwidth, a coding rate, an error correcting
code type, a constellation type, a length, and a cyclic
redundancy check (CRC) corresponding to the signal.

13. The method of claim 10, wherein:

the communication device being a wireless station (STA)
and the at least one additional communication device
being an access point (AP); or

the communication device being an AP and the at least one
additional communication device being a STA.
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