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MODIFIED PREAMBLE STRUCTURE FOR 
IEEE 802.11A EXTENSIONS TO ALLOW FOR 
COEXISTENCE AND INTEROPERABILITY 
BETWEEN 802.11 ADEVICES AND HIGHER 

DATA RATE, MIMO OR OTHERWISE 
EXTENDED DEVICES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application is a continuation in-part of and 
claims priority under 35 U.S.C. 120 from application Ser. No. 
10/820,440, filed Apr. 4, 2004, entitled “MODIFIED PRE 
AMBLE STRUCTURE FORIEEE 802.11A EXTENSIONS 
TO ALLOW FOR COEXISTENCE AND INTEROPER 
ABILITY BETWEEN 802.11 A DEVICES AND HIGHER 
DATA RATE, MIMO OR OTHERWISE EXTENDED 
DEVICES, the entire content of which is incorporated 
herein by reference. 

The present application also claims benefit under 35 USC 
119(e) of U.S. provisional application No. 60/575,608, filed 
May 27, 2004, entitled “MODIFIED PREAMBLE STRUC 
TURE FORIEEE 820.11A EXTENSIONS AND DETECT 
ING THE NUMBER OF TRANSMIT ANTENNAS IN 
MIMO OR MISO COMMUNICATION SYSTEMS, the 
content of which is incorporated herein by reference in its 
entirety. 

BACKGROUND OF THE INVENTION 

The IEEE 802.11a standard defines data rates of 6 Mbps 
(megabits per second) up to 54 Mbps. For some applications, 
higher data rates for given modulations and data rates higher 
than 54 Mbps are desirable. Other extensions, such as the use 
of MIMO (multiple-input, multiple-output) antenna systems 
and other extensions might be desirable. In order to avoid 
conflicts with existing standardized communications and 
devices, extended devices that extend beyond the limits of the 
802.11a standard and legacy devices that comply with the 
existing standard and are not necessarily aware of extended 
standards both need to coexist in a common communication 
space and even interoperate at times. 

Coexistence is where differing devices can operate in a 
common space and still perform most of their functions. For 
example, an extended transmitter transmitting to an extended 
receiver might coexist with a legacy transmitter transmitting 
to a legacy receiver and the extended devices can communi 
cate while the legacy devices communicate, or at least where 
the two domains are such that one defers to the other when the 
other is communicating. Coexistence is important so that the 
adoption and/or use of extended devices (i.e., devices that are 
outside, beyond or noncompliant with one or more standards 
with which legacy devices adhere and expect other devices to 
adhere) do not require replacement or disabling of existing 
infrastructures of legacy devices. 

Interoperability is where an extended device and a legacy 
device can communicate. For example, an extended transmit 
termight initiate a transmission in Such a manner that a legacy 
device can receive the data sent by the extended transmitter 
and/or indicate that it is a legacy device so that the extended 
transmitter can adjust its operations accordingly. For 
example, the extended transmitter might revert to standards 
compliant communications or Switch to a mode that, while 
not fully standards compliant, is available to the legacy 
receiver. In another situation, an extended receiver might 
Successfully receive data from a legacy transmitter. 
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The IEEE 802.11a standard defines a 20 microsecond long 

preamble with a structure as shown in FIG. 1, having short 
training symbols S (0.8 microseconds each), a guard interval 
LG, long training symbols L (3.2 microseconds each) and a 
signal field (4 microseconds). The preamble is followed by 
data. The first eight microseconds comprises ten identical 
short training symbols that are used for packet detection, 
automatic gain control and coarse frequency estimation. The 
second eight microseconds comprise two identical long train 
ing symbols, L., preceded by a guard interval LG that is the 
same pattern as the last half (1.6 microseconds) of the long 
training symbol L. The long training symbols can be used for 
channel estimation, timing, and fine frequency estimation. 

FIG. 2 shows a long training sequence, L, that is used to 
generate the signal representing the long training symbol in a 
conventional 802.11a preamble. This sequence represents 
values used over a plurality of subcarriers. As specified in the 
standard, the subcarriers span a 20 MHZ channel and with 64 
subcarriers, they are spaced apart by 312.5 kHz. By conven 
tion, used here, the first value in the sequence is the value for 
the DC subcarrier, followed by the value for the 1x312.5 kHz 
subcarrier, then the value for the 2x312.5–625 kHz Subcar 
rier, etc., up to the 32nd value for the 31x312.5 kHz—9687.5 
kHz Subcarrier. The 33rd value corresponds to the -10 MHz 
subcarrier, followed by the -(10 MHz-312.5 kHz) subcarrier, 
and so on, with the 64 value being for the -312.5 kHz Sub 
carrier. 
As can be seen from FIG. 1, the DC value and the 28th 

through 38th values, corresponding to the edges of the 20 
MHZ channel, are Zero. The output of a transmitter is a train 
ing symbol at a sample rate of 64 samples/symbol. The 
samples are obtained by taking a 64-point IFFT (inverse 
fast-Fourier transform) of the long training sequence, L in 
this example. As used herein, a sequence in the frequency 
domain is expressed with uppercase letters (e.g., L(k)), while 
the corresponding time sequence is expressed with lowercase 
letters (e.g., lk)). 
One approach to obtaining higher data rates is the use of 

more bandwidth. Another approach, used by itself or as well 
as the use of more bandwidth, is MIMO (multiple-input, 
multiple-output) channels, where a plurality of transmitters 
transmit different data or the same data separated by space to 
result in possibly different multi-path reflection characteris 
tics. In either case, care is needed for coexistence and interop 
erability between legacy devices and extended devices. 

BRIEF SUMMARY OF THE INVENTION 

A modified preamble is used by extended devices that 
operate at higher rates, MIMO or other extensions relative to 
strict 802.11a-compliant devices. The extended devices 
might use one or more of multiple antenna techniques 
(MIMO), where multiple data streams are multiplexed spa 
tially and multi-channel techniques, where an extended trans 
mitter transmits using more than one 802.11a channel at a 
time. Such extensions to IEEE 802.11a can exist in extended 
devices. 
The modified preamble is usable for signaling, to legacy 

devices as well as extended devices, to indicate capabilities 
and to cause legacy devices or extended devices to defer to 
other devices such that the common communication channel 
is not subject to unnecessary interference. The modified pre 
amble is also usable for obtaining MIMO channel estimates 
and/or multi-channel estimates. 
The modified preamble preferably includes properties that 

facilitate detection of conventional and/or extended modes 
(“mode detection') and provides some level of coexistence 
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with legacy IEEE 802.11a devices. The modified preambles 
may include modifications in the short training symbols, long 
training symbols, and/or the signal field. In some embodi 
ments, the modified preamble includes both legacy 802.11a 
sequences as well as modified preamble sequences. In yet 
other embodiments, energy is transmitted on every single 
tone except the DC tone of the long training sequence of the 
modified preamble. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates the structure of a conventional 802.11a 
preamble. 

FIG.2 shows the frequency-domain symbols, starting with 
the DC Subcarrier, of a long training symbol sequence, L, 
used for a conventional 802.11a preamble. 

FIG. 3 illustrates several devices coupled via a wireless 
network. 

FIG. 4 illustrates other long training sequences, usable by 
extended devices. 

FIG. 5 illustrates one possible layout for out-of-band pilot 
tones for individual channels. 

FIG. 6 illustrates one possible layout for out-of-band pilot 
tones for commonly assigned adjacent individual channels, 
where the out-of-band signals between adjacent bands are not 
attenuated. 

FIG. 7 illustrates a layout for out-of-band pilot tones for 
four adjacent individual channels assigned to a single device, 
where the out-of-band signals between adjacent bands are not 
attenuated. 

FIG. 8 illustrates a modified preamble usable for multi 
channel packets with or without MIMO. 

FIGS. 9A, 9B and 9C show modified preambles for sys 
tems having respectively two, three, and four transmit anten 
nas, inaccordance with one embodiment of the present inven 
tion. 

FIG. 10 shows a modified preamble configured for trans 
mission via a system having four transmit antennas, in accor 
dance with another embodiment of the present invention. 

FIG. 11 shows a modified preamble configured for trans 
mission via a system having two transmit antennas, in accor 
dance with another embodiment of the present invention. 

FIG. 12 shows a modified preamble configured for trans 
mission via a system having four transmit antennas, in accor 
dance with another embodiment of the present invention. 

FIG. 13 shows an exemplary mixed-mode preamble con 
figured for transmission via a system with two-transmit 
antennas, in accordance with one embodiment of the present 
invention. 

FIG. 14 shows an exemplary mixed-mode preamble con 
figured for transmission from a system having two transmit 
antennas, in accordance with another embodiment of the 
present invention. 

FIG. 15A shows the 64 tones of an extended long training 
sequence adapted for a 20 MHZ channel, in accordance with 
one embodiment of the present invention. 

FIG. 15B shows the lower and upper subcarriers of an 
802.11a long training sequence adapted for a 20 MHZ chan 
nel, as known in the prior art. 
FIG.16A shows the 128 tones of an extended long training 

sequence adapted for a 40MHZ channel, as known in the prior 
art. 

FIG. 16B shows the lower and upper subcarriers of an 
802.11a long training sequence, adapted for a 40 MHZ chan 
nel, as known in the prior art. 
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FIG. 17 shows an exemplary spectrum associated with a 

PHY packet that includes the long training sequence shown in 
FIG. 15A and disposed within the 802.11a spectral mask 
defined by 802.11a standard. 

FIG. 18 shows the signal field of a modified preamble, in 
accordance with one embodiment of the present invention. 

FIG. 19 is a flowchart illustrating one possible process for 
obtaining channel estimates for each transmitter signal in a 
MIMO system. 

DETAILED DESCRIPTION OF THE INVENTION 

The use of modified preambles is described herein. Such 
modified preambles can be used in packets sent over a wire 
less network, Such as an 802.11a compliant wireless network. 
Such packets with modified preambles can be sent by trans 
mitters according to embodiments of the present invention to 
be received by receivers according to embodiments of the 
present invention, as well as being received by legacy receiv 
ers that are not configured to receive and interpret the modi 
fied preambles as would be done with receivers according to 
embodiments of the present invention. 

FIG. 3 illustrates just one example of a wireless network 
being used for communications among transmitters and 
receivers as indicated. As shown, two wireless devices 102 
(1), 102(2) might use and interpret the modified preambles, 
while a legacy wireless device 104 might not be expecting the 
modified preambles, but might hear signals representing Such 
preambles. Extended wireless devices 102 might operate 
using multiple channels and/or multiple transmit antennas 
and/or multiple receive antennas. Devices might have a single 
transmit antenna and a single receive antenna, or more than 
one transmit antenna and/or more than one receive antenna. 
While separate transmit and receive antennas are shown, 
antennas might be used for both transmitting and receiving in 
Some devices. 

Border 106 is not a physical border, but is shown to repre 
sent a space within which signals can be received from 
devices within the space. Thus, as one device transmits a 
signal representing a packet within border 106, other devices 
within border 106 pick up the signals and, as they are pro 
grammed, will attempt to determine if the signals represent 
packets and if so, then demodulate/decode the packets to 
obtain the data represented therein. 
Many variations of a modified preamble might be used. An 

example is the preamble shown in FIG. 1, where the long 
training symbol is modified to use sequences such as one of 
the example sequences shown in FIG. 4. 

Preferably, a modified preamble will be such that 1) an 
extended receiver (e.g., one that can advantageously handle 
modified preambles) can distinguish between MIMO packets 
(or other extended mode packets) and conventional 802.11a 
packets, 2) a legacy receiver (e.g., one that is not configured to 
receive and interpret the modified preambles and might not 
expect extended operations) can receive enough of a packet to 
determine either that the legacy receiver can understand the 
packet or can defer processing of incoming signals for a time, 
thereby allowing a measure of coexistence, 3) the modified 
preamble is usable for MIMO synchronization and channel 
estimation, and 4) the modified preamble is useful in a pro 
cess of detecting the use of multi-channel transmission. In 
Some embodiments of wireless devices according to the 
present invention, modified preambles are used that provide 
one, two, three or all of the preferable characteristics indi 
cated above. 
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Combinations of Extensions 
Multi-channel extended 802.11 systems might simulta 

neously transmit on several 20 MHZ channels, whereas a 
legacy 802.11a system only transmits on a single 20 MHz 
channel using a single antenna, or if the legacy system does 
transmit with more than one antenna, each of the antennas 
transmits the same 802.11a signal, possibly with Some delay 
differences between signals. As a result, data rates can be 
increased over 802.11a data rates using multiple transmit 
antennas or multiple channels or a combination of both. Thus, 
in a communication channel, such as the airspace of a wire 
less network cloud, several types of packets might be present: 

1) Legacy SISO (single-input, single-output) 802.11a, 
802.11b, or 802.11g packets transmitted in a single 20 MHz 
channel; 

2) Extended SISO in multiple 20 MHZ channels (e.g., 40, 
60, 80, or 100 MHz channels) 

3) Extended MIMO in a single 20 MHZ channel; 
4) Extended MIMO in multiple 20 MHZ channels (e.g., 40, 

60, 80, or 100 MHz channels) 
Several satisfactory modified preamble structures can be 

derived by one of ordinary skill in the art after reading this 
disclosure. Some examples are described below. Preferably, 
the unmodified preamble structure can provide interoperabil 
ity and coexistence between SISO and MIMO systems at 
various channel widths and coexistence between extended 
mode systems and legacy systems. 

MIMO Single Channel (20 MHz) 
A modified preamble can use the same structure as the 

802.11a preamble, with a different long training symbol 
determined from a long training symbol sequence LD. By 
keeping the same short symbols S, or by applying cyclic shifts 
on S for the second, third, etc, transmit antennas, and using 
the same timing structure as depicted in FIG. 1, a receiver 
using the extended mode can use the same hardware for 
detecting the repetitive S and L symbols, even though the 
actual contents of the L symbols may be different for the 
802.11a extensions. 

Various embodiments of wireless devices might use vari 
ous long training symbol sequences. In one example of a 
modification, the long training symbol sequence LD has one 
or more of the following features: 1) it is formulated such that 
channel estimation can be done for multiple transmitters, 2) it 
is such that it has a low cross-correlation with the unmodified 
802.11a long training symbol sequence, and/or 3) it is usable 
in a relatively simple process of detecting whether the pre 
amble is an 802.11a packet or an extended mode packet, 
usable in multipath channels. Suitable modified long training 
symbol sequences are shown as L and L, in FIG.4, but other 
variations should be apparent upon reading this description. 

Channel Estimation 
By allowing for channel estimation for multiple transmit 

ters, MIMO or space-time coding techniques can be Sup 
ported to achieve 802.11a extensions. One way to do this is by 
sending a different set of Subcarriers from each transmitter. 
As an example, for the case of two transmitters, a device 
might modulate its OFDM subcarriers with the 64 values of 
Ls, shown in FIG.4, where one transmitter transmits the odd 
subcarriers {1, 3,..., 63} and the other transmitter transmits 
the even subcarriers {0,2,..., 62. Thus, one transmitter 
would take an IFFT of the odd subcarriers and transmit 
samples of that time varying signal and the other transmitter 
would take an IFFT of the even subcarriers and transmit 
samples of that time varying signal. 
L is a modified 802.11a long training symbol sequence, 

wherein some of the subcarriers of the standard 802.11a 
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6 
sequence L (shown in FIG. 2) are inverted, and some Sub 
carriers that are Zero in L are non-zero in L. The latter has 
Some advantages for channel estimation, but is not necessary 
for the purpose of discriminating 802.11a packets from 
extended mode packets. 
Low Cross-Correlation 

The second criterion is that the new training sequence 
should have a low cross-correlation with the conventional 
IEEE 802.11a training sequence. One way to achieve this is to 
invert every other group of four subcarriers, which is applied 
to sequence L to get a new sequence L that is nearly 
orthogonal to both L and L. Further, L is constructed Such 
that there is also a low cross-correlation between the even and 
odd elements of L and L. These sequences L and L are 
shown in FIG. 4. The low cross-correlation is illustrated by 
Equation 1 and Equation 2 (note that in Equation 1, a high 
cross-correlation would have right-hand side values closer to 
-32 or 32, since the sum is not normalized here). 

3. (Equ. 1) 
X. L2(2k)L3 (2k) = -1 
ik=0 

3. (Equ. 2) 
X. L2(2k + 1)L(2k + 1) = 0 
ik=0 

Mode Detection 
The low cross-correlation between even and odd elements 

of Land L Supports the third criterion, as it makes it possible 
to detect extended mode packets by looking at the correlation 
of L and L with the odd and even subcarriers of a received 
packet. 

Various methods can be available for a receiver to detect 
from a received signal whether a transmitter transmitted a 
conventional 802.11a packet or an extended mode packet. 
One method for detecting what type of packet was sent will 
now be described. 

In this method, enough of the signal is received to identify 
what should be the two repeated long training symbols, typi 
cally sampled as two identical repetitions of 64 Samples for 
each receive antenna. An FFT(fast-Fourier transform) of the 
Sum of the two identical repetitions of 64 samples is taken, 
generating an output sequence S,(k), comprising 64 complex 
values per receive antenna, containing channel amplitudes 
and phases, as well as phase shifts caused by the long training 
symbol sequence that was actually used (e.g., sequences Such 
as L. L2 La or L4). 
From the output sequences, (k), the receiver generates two 

other sequences, r(k) and r(k), by multiplyings,(k) by the 
sequences L and L for each receive antennai, as illustrated 
by Equations 3a and 3b. 

63 (Equ. 3b) 

rin (k) =XS (k)L3(k) 
ik=0 

Next, the receiver calculates two metrics, m, and m, from 
r(k) and r(k) using a differential detection operation, Such 
as that illustrated by Equations 4a and 4b. 
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(Equ. 4a) 

(Equ. 4b) 

rini (2k+3)r (2k + 1) + rini (2k+41)r (2k+39) + 

If m>cm, then the receiver might assume that the 
received signal represents a conventional 802.11a packet, 
otherwise the receiver assumes the packet is an extended 
mode packet. The constant c is preferably equal to 1, but may 
be different. 

SISO/MIMO Multiple Channel 
Some modified preamble structures described herein pro 

vide interoperability and coexistence between SISO multi 
channel packets/devices and MIMO multi-channel packets/ 
devices, as well as coexistence between multi-channel 
packets/devices and legacy packets/devices. 

FIG. 5 illustrates the case where out-of-band pilots are 
attenuated for 20 MHZ channels used to transmit a MIMO 
signal. The preamble structure can be identical to a conven 
tional 802.11a preamble, except that the long training symbol 
sequence may use what are otherwise considered out-of-band 
subcarriers. Some or all of these out-of-band subcarriers may 
also be used in the data symbols to increase the data rate. 

In the case of FIG. 5, different channels may be used by 
different devices, but it is also possible that the same device 
transmits on several channels simultaneously. For instance, 
one device may transmit on channels 1 and 4 simultaneously, 
while channels 2 and 3 are used by other devices. 

If two adjacent channels are used simultaneously by one 
device, then there is no need to attenuate the “out-of-band 
subcarriers' in the middle of this 40 MHz band. An example 
of this is shown in FIG. 6. The out-of-band subcarriers that are 
in between the two 20 MHZ channels thus need not be attenu 
ated. In FIG. 4, the sequence L is the long training symbol 
sequence for a 40 MHZ preamble, which contains all 128 
subcarrier values for a 40 MHZ channel long training symbol. 
The first 32 values are identical to the last 32 values of a 20 
MHz preamble, corresponding to the subcarriers in the left 
part of a 20 MHZ channel. One difference between Land two 
separate 20 MHZ long training sequences is that the DC 
subcarriers are at different locations, so at the position where 
a 20 MHZ channel would normally have its DC subcarrier, the 
40 MHZ Sequence can have a nonzero Subcarrier value. In La 
these are subcarrier numbers 33 and 97, respectively. 

With unattenuated out-of-band Subcarriers, signaling 
information can be carried on those Subcarriers during packet 
setup. Such as signaling operating and/or extension modes 
during a preamble, and additional data can be carried on those 
Subcarriers, to increase the data rate. 

FIG. 7 shows the case of four 20 MHZ channels. 
One example of a modified preamble is the preamble 

shown in FIG. 1 modified as shown in FIG. 8. The long 
training symbol values for these out-of-band Subcarriers can 
be the same as in the case of FIG.1. The long training symbol 
is followed by a replica of the Signal field with identical 
subcarrier values in each of the 20 MHZ channels overlaid by 
the same effects (e.g., time-domain cyclic shift or frequency 
domain scrambling pattern) as the long training symbol of the 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
corresponding transmit antenna or spatial stream. This 
ensures that a receiver that operates on just one of the 20 MHz 
channels will still be able to successfully decode at least the 
first part of the packet containing the Signal field and defer for 
the rest of the packet, as decoding the Signal field provides the 
receiver with information about the length of the packet and 
thus how long to defer. The same technique can be extended 
to an arbitrary number of channels. 

FIG. 8 shows a preamble for a two transmitter MIMO 
packet. The structure is the same as for 802.11a, but some 
differences are that a) lo l, do di may contain out-of-band 
Subcarriers, b) S. 1, d can be cyclically shifted relative to so, 
lo, do or c) land 1 can contain Subcarrier sequences that have 
a low cross-correlation with the same Subcarrier sequences of 
the 802.11a long training symbol sequence. 
Interoperability 

Interoperability between the different extended modes can 
be ensured by transmitting the same preamble and signal field 
in each 20 MHZ channel. The preamble time structure can be 
the same as that of IEEE 802.11a, as illustrated in FIG.1. For 
a 20 MHz, MIMO transmitter, the long training symbol L can 
be modified to facilitate MIMO channel estimation and 
include out-of-band pilots. In one example of an extended 
transmitter using a plurality of channels, the transmitter trans 
mits an identical copy of the preamble and signal field in each 
20 MHZ channel used by that transmitter where the out-of 
band pilots only have to be attenuated at the edges of a 
multi-channel and not between adjacent channels of the 
multi-channel. The Subcarriers of the signal field might con 
tain different data bits for different 20 MHZ channels, to 
signal information such as the transmitter's multi-band mode, 
MIMO mode, channel number, data rate, and/or coding rate. 
By transmitting the same preamble and signal field in any 

20 MHZ channel, it is ensured that an extended device that 
only demodulates one 20 MHZ channel at least is able to 
decode the signal field. From the information in the signal 
field, the single-channel extended device can either properly 
defer for the duration of the packet or find out what extended 
mode is used for this packet in the case that this information 
is encoded in the signal field. For instance, the receiver could 
detect from the signal field that the packet is transmitted over 
four adjacent channels, after which the extended receiver can 
decide to Switch to a four-channel receiving mode. 

Notice that it typically does not matter for a single-channel 
20 MHz receiver whether the out-of-band subcarriers 
depicted in FIGS. 5-7 are attenuated. For instance, if a single 
channel receiver demodulates channel 2 out of the 4 transmit 
ted channels shown in FIG. 7, the receive filter of that single 
channel receiver will partly attenuate the out-of-band 
Subcarriers as well as Suppress the adjacent channels 1 and 3 
to the point where these adjacent channels do not cause inter 
ference to the desired signal of channel 2. 
Coexistence 
One method of having coexistence between extended 

devices and legacy IEEE 802.11a and IEEE 802.11g devices 
is by keeping the preamble structure in each 20 MHZ channel 
the same as for IEEE 802.11a. IEEE 802.11a specifies an 
energy detect based defer behavior, which provides some 
level of coexistence. However, to guarantee that legacy 
devices properly defer for all extended mode packets down to 
received power levels of -82 dBm or other suitable levels, the 
receivers have to be able to successfully decode the signal 
field, which contains the length information of the packet. 
Some ways to do this are described by Bangerter, B., et al., 

“High-Throughput Wireless LAN Air Interface'. Intel Tech 
nology Journal, Vol. 7, Issue 3 (August 2003) (hereinafter 
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“Bangerter) and Boer, J., et al., “Backwards Compatibility”. 
IEEE 802.11 presentation, Document Number 802.11-03/ 
714r0 (September 2003) (hereinafter “Boer). 

Bangerter describes the use of multiple 802.11a preambles 
spread infrequency such that 20 MHZ channel legacy 802.11a 
devices will defer for multiple channel devices, but additional 
advantages can be had through the use of out-of-band pilots or 
MIMO preambles, as described elsewhere herein. 

Boer describes some possible MIMO preambles having 
some limited benefits. In one method described in Boer, each 
MIMO transmitter transmits an 802.11a preamble while the 
other transmitters transmit nothing. While this makes distin 
guishing easier, training is significantly longer and that 
reduces throughput. In another method described in Boer, 
each MIMO transmitter transmits a part of the 802.11a sub 
carriers. For example, for two transmitters, one transmitter 
transmits all odd Subcarriers and the other transmitter trans 
mits all even subcarriers. However, without more, mode 
detection based on the training symbols might not be possible 
with that technique. 
A novel way of enabling coexistence or furthering coex 

istence for MIMO packets is to apply a cyclic delay shift on 
the long training symbol and Signal field IFFT outputs prior 
to applying the guard time extension. For example, assume 
L(k) and D(k) are the 64 subcarrier values for the long training 
symbol and Signal field symbol, respectively. For a conven 
tional 802.11a single transmitter transmission, the time 
samples for the long training symbol are derived by taking the 
64-point IFFT of L(k) to obtain li) and transmitting the 
samples of 1(i). Thus, with the guard time, the long training 
symbol and guard time are constructed as 1(32:63) 1(0:63) 
l(0:63), i.e., the IFFT output is repeated twice and the last 32 
samples are prepended to form the long training guard inter 
val. As with the conventional timing, the long training guard 
interval (32 Samples) is twice as long as the guard interval for 
802.11a data symbols (16 samples). The signal field is formed 
by d(48:63) d(0:63), where d(0:63)are the 64 samples of the 
IFFT of D(k). 

In the case of a two transmitter MIMO device, the first 
transmitter would transmit the long training symbol and sig 
nal field like that of 802.11a. The second transmitter would 
apply a cyclic shift such that instead of the IFFT output 
l(0:63), it uses the cyclically shifted samples ls=1(32:63) 
l(0:31) to construct the long training symbol samples Ils(32: 
63) ls(0:63) ls(0:63). For the signal field, it uses the shifted 
samples ds=d(32:63) d(0:31) to construct the signal field as 
ds(48:63) ds(0:63). 
In a legacy 802.11a packet, one 3.2 microsecond repetition 

of the long training symbol L as shown in FIG. 1 is expressed 
in the time domain as the IFFT of L(k), where L(k) contains 
64 subcarrier values, of which 52 are non-zero. The time 
samples 1(i) are given as shown in Equation 5, where the 
subcarrier values of L(k): 

63 27tik (Equ. 5) 
l(i) = X. L(k)exp(iT) 

In the extended modes described herein, some possible 
modifications will be described. First, L(k) can contain more 
than 52 non-zero subcarriers. Second, in the case of MIMO 
transmission, 1(i) can have a cyclic shift that may be different 
for each transmitter. The shifted signal 1 (i) can be derived 
from 1(i) as 1.(i)=l(i+64-d. 1%64), where “96” denotes the 
modulo operator and d is the cyclic delay of transmitter k in 
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10 
20 MHZ samples. This expression assumes a 20 MHz, sam 
pling rate. Such that there are 64 samples in a 3.2 microsecond 
interval. An alternative method of generating the cyclic shift 
is to apply a phase ramp rotation to all Subcarrier values of 
L(k) prior to calculating the IFFT, such as that shown by the 
example of Equation 6. 

(Equ. 6) 
l: (i) SL) ( 2.) (iT) ki) eXp-f expp- - 

ik=0 64 64 

A MIMO transmitter can have two or more transmit anten 
nas (or antenna arrays, as the case may be). For a MIMO 
system with two transmit antennas and two different transmit 
data streams, preferred values for the cyclic delay values d 
are 0 and 32 samples, respectively. This corresponds to a 
cyclic delay of 1.6 microseconds between the two transmit 
ters. For three transmitters, d can be 0, 22, and 43 samples, 
respectively. For four transmitters, d can be 0, 16, 32, and 48 
samples, respectively. 

FIGS. 9A, 9B and 9C show modified preambles (also 
referred to alternatively as training sequences) configured for 
transmission via systems having two, three, and four transmit 
antennas respectively, in accordance with one embodiment of 
the present invention. Modified preamble 900 of FIG. 9A 
includes two preamble parts, namely preamble part 910 
transmitted from the first antenna and preamble part 910 
transmitted from the second antenna of a two-transmit 
antenna system. In the following, preamble parts are alterna 
tively referred to as preambles. The short symbols of pre 
amble 910 have a cyclic shift of 400 ns with respect to the 
short symbols of preamble 910. The extended long training 
(ELT) sequence of preamble 910, has a cyclic shift of 1600 ns 
with respect to the ELT sequence of preamble 910. Similarly, 
the Signal field of preamble 910, has a cyclic shift of 1600 ns 
with respect to the Signal field of preamble 910. Other cyclic 
shifts per preamble part may be used. 
As described above, the combined duration for transmit 

ting the short training sequence, guard intervals, long training 
sequence, and signal fields, is 20 us. Preamble 910 includes 
short training sequence 920, a guard interval GI 925, ELT 
sequence 930 and a Signal field SIG 935. Similarly, pre 
amble 910, includes short training sequence 920, a guard 
interval GI 925. ELT sequence 930, and a Signal field SIG 
935. The GI925, and 925, are obtained by taking the last 32 
samples (at 20 MHZ sampling rate) of ELT 930 and 930, 
respectively. 

Referring to FIG.9B, preambles 910 is transmitted from 
the first antenna, preamble 910 is transmitted from the sec 
ond antenna, and preamble 910 is transmitted from the third 
antenna of a communication system having three transmit 
antennas. The short sequence of preamble 910 have a cyclic 
shift of 200 ns with respect to the short sequence of preamble 
910. The ELT sequence of preamble 910 has a cyclic shift of 
1050 ns with respect to the ELT sequence of preamble 910. 
Similarly, the Signal field of preamble 910 has a cyclic shift 
of 1050 ns with respect to the Signal field of preamble 910. 
The short sequence of preamble 910, have a cyclic shift of 
400 ns with respect to the short sequence of preamble 910. 
The ELT sequence of preamble 910, have a cyclic shift of 
2100 ns with respect to the ELT sequence of preamble 910. 
Similarly, the Signal field of preamble 910 has a cyclic shift 
of 2100 ns with respect to the Signal field of preamble 910. 
Other cyclic shifts per preamble part may be used. 
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The short-training sequence in each of the above preambles 
may or may not be the same as the legacy short training 
sequence defined by the 802.11a standard. Similarly, the ELT 
sequence may be the same as the legacy long training 
sequence or any one of the ELT sequences described. As 
describe above, the time span of the ELT sequence is divided 
by the number of transmit antennas from which cyclic shifts 
are derived. For example, with respect to the IEEE 802.11a 
preamble, the time span of the long training sequence, exclud 
ing the guard interval, is 3.2LS. In the following, it is assumed 
that the N. spatial streams are directly mapped onto the N, 
transmit antennas, i.e., N.N., although it is understood that 
the present invention may be readily applied to more general 
space-time-frequency mappings where the N spatial streams 
are not directly mapped to the N, transmit antennas. Further 
more, it is assumed that the cyclic shift on the first transmit 
antenna is 0, however, values other than 0 are also possible. 
As is shown above, when there are two transmit antennas, 

i.e., N, 2, the cyclic shift on the second transmit antenna may 
be 3.2/2=1.6 us. When there are three transmit antenna, N=3, 
the cyclic shift on the second and third transmit antennas two 
may be, respectively, 1.05us and 2.1 us. For N=4, the cyclic 
shift on the second, third, and fourth transmit antennas may 
be, respectively, 3.2/4=0.8 us, 23.2/4=1.6 us, and 3*3.2/ 
4–2.4 us, as shown in FIG.9C. 
The long-training sequence per transmit antenna may be 

the same as that of the EEEE 802.11a standard (FIG. 1), 
including two consecutive long training symbols. The corre 
sponding cyclic shift associated with each transmit antenna 
and which is appended with a cyclic extension of 1.6Ls, forms 
the cyclically-shifted ELT symbols for that transmit antenna. 

To be able to decode the signal field without knowing the 
number of transmit antennas in advance, the signal field, SIG 
N, is kept the same for each transmit antennas, except that it 
has the same cyclic shift as that appended to the ELT symbols 
of that transmit antenna. Accordingly, the SIG N may be 
decoded using a SIMO (Single-Input Multiple-Output) train 
ing. In other words, training for the decoding of SIG N is 
performed assuming that the ELT sequence is transmitted 
from a single transmit antenna. 
The exemplary preambles disclosed in FIGS. 9A, 9B, and 

9C provide a number of advantages. First, the 20 microsec 
onds duration of the preamble is relatively short, particularly 
for systems with three or four transmit antennas, hence a low 
overhead. Second, the selected cyclic shifts ensure that the 
power seen by the receiver is not affected by channel con 
structive or destructive combining. Therefore, automatic gain 
control may be carried out effectively throughout the pre 
amble. Third, since the impulse responses can be separated in 
time, the number of spatial streams may be identified by the 
preamble thus enabling the receiver to identify the number of 
spatial channels of the MIMO. Fourth, the signal field occurs 
in the same place, notwithstanding the number of spatial 
streams. Fifth, the signal field may be decoded by estimating 
the Sum of all the spatial channels (as if it was sent from just 
one transmitter), and using the Sum to decode the data in the 
signal field. Therefore, the signal field may be decoded the 
same way for any type of packet, whether it is a MIMO packet 
(any number of streams) or a SISO packet. 

FIG. 10 shows a modified preamble 950 adapted for a 
four-transmit antenna, in accordance with one embodiment of 
the present invention. Modified preamble 950 includes four 
preambles 950, 950, 950, and 950 that are respectively 
transmitted from the first, second, third, and fourth transmit 
antennas (not shown). Each of the preambles 950, 950, 
950, and 950 includes a short training sequence, a Guard 
interval, a first ELT sequence, which includes two or more 
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12 
consecutive symbols, a second guard interval, a second ELT 
sequence, and a signal field. It is understood that for a system 
with three transmit antenna, preamble 950 includes pre 
ambles 950,950, 950, and for a system with two transmit 
antennas, preamble 950 includespreambles 950,950. Each 
ELT sequence includes, in turn, two ore more consecutive 
symbols (collectively referred to as a symbol). 
As is shown in FIG. 10, the short training sequences (alter 

natively referred to herein as short training sequence field) of 
950,950, and 950, have cyclic shifts of 600 nsec, 400 nsec, 
and 200 nsec, respectively with respect to the short training 
sequence fields 950. The first ELT sequence field of 950, has 
a cyclic shift of 1600 nsec with respect to the first ELT 
sequence field of 950. The first ELT sequence field of 950, 
has a cyclic shift of 50 nsec with respect to the first ELT 
sequence field of 950. The first ELT sequence field of 950 
has a cyclic shift of 1650 nsec with respect to the first ELT 
sequence field of 950. The second ELT sequence field of 
950 has a cyclic shift of 1600 nsec with respect to the second 
ELT sequence field of 950. The second ELT sequence field of 
950 has a cyclic shift of 50 nsec with respect to the second 
ELT sequence field of 950. The second ELT sequence field of 
950 has a cyclic shift of 1650 nsec with respect to the first 
ELT sequence field of 950. The Signal field of 950, has a 
cyclic shift of 1600 nsec with respect to the signal field of 
950. The signal field of 950, has a cyclic shift of 50 nsec with 
respect to the signal field of 950. The signal field of 950 has 
a cyclic shift of 1650 nsec with respect to the signal field of 
ELT sequence of 950. In the following, the ELT sequence 
field is alternatively referred to as ELT sequence. 

Preamble 950 spreads out the cyclically shifted signals by 
adding more ELT sequences, thereby enabling the detection 
of the number of antennas by any one of the ELT sequences 
that is 6.4 microsecond long. To ensure that the second ELT 
sequence is independent from the first ELT sequence for each 
of the transmit antennas, Walsh coding technique may be used 
(shown by the minus signs added to corresponding ELT 
sequence symbols of 950, and 950). Therefore, the fre 
quency orthogonality via cyclic shifting is used to separate 
TX1 from TX2 and TX3 from TX4, and time orthogonality is 
used to separate TX1 and TX2 from TX3 and TX4. Therefore, 
in accordance with the modified preamble, detection of a 
second ELT sequence transmitted from each antenna is used 
to distinguish whether the transmit system includes (i) 1 or 2 
transmit antennas, (ii) 3 or 4 transmit antennas. The second 
ELT sequence may be detected, for example, by adding and/ 
or Subtracting the two periods and determining if the cross 
correlation between the two symbols of the second ELT 
sequence is high or low. When the cross-correlation is high, a 
second ELT sequence is detected as being present. 
A modified preamble having two ELT sequences for each 

transmit antennas, as described above, provides a number of 
other advantages. First, the power dropper transmit stream is 
relatively small. Second, because the signal field appears at 
the end of the training sequence for each transmit stream, 
processing delays due to channel estimation are minimized 
and thus are more suitable for media access controller (MAC) 
options. Moreover, the minimum squared estimation (MSE) 
for channel estimation is the same for systems with two or 
four transmit antennas. 

FIG. 11 shows a modified preamble 960 configured for 
transmission via a system having two transmit antennas (not 
shown), in accordance with another embodiment of the 
present invention. Preamble part 960 of preamble 960 is 
configured for transmission from the first transmit antenna 
and preamble part 960 of preamble 960 is configured for 
transmission from the second transmit antenna. Preamble 
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part 960 is shown as including a short training sequence 
(symbols), a guard interval, odd tones of a long training 
sequence, and a Signal field. Preamble part 960 is shown as 
including a short training sequence, a guard interval, modified 
even tones of a long training sequence, and a Signal field. 
Each of the preamble parts 960 and 960, may or may not be 
derived from an 802.11a preamble. The signal field of pre 
amble part 960 is shown as including the odd tones of the 
signal filed of, for example, 802.11a. The signal field of 
preamble part 960 is shown as including modified eventones 
of the signal field of, for example an 802.11a preamble. The 
short training sequence of preamble part 960 has a cyclic 
shift of 400 nsec with respect to the short training sequence of 
preamble part 960, but other cyclic shifts may also be used. 

The odd training symbols of preamble 960 are formed by 
multiplying the tones of the long training symbols by the 
pattern {0, 1, 0, 1, 0, 1, 0,...}, assuming the tone indices are 
0,1,2,...,N-1, where 0 is assumed to be the DC subcarrier 
and N equals the number of subcarriers. The modified even 
training symbols and signal field of preamble part 960 are 
formed by multiplying the even tones of the corresponding 
long training symbols and signals fields by the pattern {1, -1, 
1, -1, 1, -1 ... }, i.e., multiplying the original unmodified 
tones with the pattern {1, 0, -1, 0, 1, 0, -1, 0,... }. The tones 
in preamble parts 960 and 960 are orthogonal. Furthermore 
the pattern {1, -1, 1, -1, 1, -1 ...} which is used to generate 
the modified even tones enables the transmitter to detect that 
the transmitted preamble, shown in FIG. 11, is not a legacy 
preamble. 

FIG. 12 shows a modified preamble 970 configured for 
transmission via a system having four transmit antennas (not 
shown), in accordance with another embodiment of the 
present invention. Preamble 970 includespreamble part 970, 
970,970s, and 970, each of which parts include two guard 
intervals and two extended long training sequences. The short 
training sequences of preamble parts 970, 970, and 970 
have respective cyclic shifts of 200 nsec, 400 nsec, and 600 
insec with respect to the short training sequence of preamble 
part 970. The guard intervals of preamble part 970 are 
generated by taking the last part of the time-domain repre 
sentation of the odd tones of the long training sequence or 
ELT sequence of preamble part 970, and the guard intervals 
of preamble part 970 are similarly obtained by taking the last 
part of the time-domain representation of the long training 
sequence or ELT sequence of preamble part 970. 

Each of the first and second ELT sequences of preamble 
970, includes only the odd tones and each of the first and 
second ELT sequences of preamble 970 includes only the 
modified even tones, i.e., even tone modified by the pattern 
{1, -1,1,–1, 1, -1 ... }. The first and second ELT sequences 
of preamble 970 include only the odd tones that are cycli 
cally shifted with respect to the corresponding ELT sequence 
of preamble 970, by 50 nsec. The first and second ELT 
sequences of preamble 970 include only the modified even 
tones that are cyclically shifted with respect to the corre 
sponding ELT sequence of preamble 970 by 50 nsec. More 
over, a Walsh code is used such that the first and second ELT 
sequences of preamble 970 and 970, and the first ELT 
sequences of preamble 970 and 970 are multiplied by 1, and 
the second ELT sequences of preamble 970 and 970 are 
multiplied by -1. This allows for separation between TX1 and 
TX2 on one side and TX3 and TX4 on the other side. The 
cyclic shift is used to further the channel training from TX1 
and TX2, and TX3 and TX4, respectively. 
The signal field of preamble 970 includes only the odd 

tones, and the signal field of preamble 970 includes only the 
modified even tones. The signal field of preamble 970. 
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includes only the odd tones and has a cyclic shift of 50 nsec 
with respect to the signal field of preamble 970. The signal 
field of preamble 970 includes only the modified even tones 
and has a cyclic shift of 50 nsec with respect to the signal field 
of preamble 970. 

In accordance with Some embodiments of the present 
invention, a mixed-mode preamble includes legacy as well as 
modified preambles. FIG. 13 shows an exemplary mixed 
mode preamble 1000 configured for transmission from a sys 
tem having two-transmit antennas, in accordance with one 
embodiment of the present invention. Exemplary mixed 
mode preamble 1000 includes legacy 802.11a/g preamble 
portion 1050, that may be modified to indicate that an 
extended training part is appended, e.g., by setting the 
reserved bit of the legacy signal field, as well as a modified 
preamble portion 1060, as described above. Mixed mode 
preamble 1000 includes preamble 1000 that is transmitted 
from the first antenna and preamble 1000 that is transmitted 
from the second antenna. Short training sequence 1005, 
guard interval 1010, long training sequence 1015, and sig 
nal field 1020 in combination form a legacy 802.11a/g pre 
amble portion of preamble 1000 that is transmitted from the 
first transmit antenna. Guard interval 1025, ELT sequence 
1030, and Signal field 1035 form the modified (extended) 
preamble portion of 1000. Similarly, short training sequence 
1005, guard interval 1010, long training sequence 1015, 
and signal field 1020 in combination form a legacy 
802.11a/g preamble portion of preamble 1000, that is trans 
mitted from the first transmit antenna. Guard interval 1025, 
ELT sequence 1030, and Signal field 1035, form the 
extended preamble portion of preamble 1000 that is trans 
mitted from the second antenna. 
The various fields of the 802.11a/g preamble portion of 

preamble 1000 are cyclically shifted with respect to the 
various fields of the 802.11a/g preamble portion of preamble 
1000. Similarly, the various fields of the extended preamble 
portion of preamble 1000 are cyclically shifted with respect 
to the various fields of the extended preamble portion of 
preamble 1000. For example, in the exemplary embodiment 
shown in FIG. 13, the short training sequence 1005, of the 
second transmit antenna have a cyclic shift of 400 nsec with 
respect to the short training sequence 1005 of the first trans 
mit antenna. Similarly, the long training sequence 1015 of 
the second transmit antenna has a cyclic shift of 50 nsec with 
respect to the long training sequence 1015 of the first trans 
mit antenna. The Signal field 1020 of the second transmit 
antenna has a cyclic shift of 50 nsec with respect to the Signal 
field 1020 of the first transmit antenna. The ELT sequence 
1030 of the second transmit antenna has a cyclic shift of 1600 
insec with respect to the ELT sequence 1030 of the first 
transmit antenna. The Signal field 1035 of the second trans 
mit antenna has a cyclic shift of 1600 nsec with respect to the 
Signal field 1035 of the first transmit antenna. 
The extended preamble portions of preamble 1000, namely 

those identified by reference numerals 1020, 1025, 1030, 
1035 of the first transmit antenna as well as 1020, 1025, 
1030, 1035 of the second transmit antenna provide efficient 
training symbols for many systems, such MIMO OFDM sys 
tems. Therefore, when legacy devices as well as extended 
devices, like MIMO OFDM devices, are also part of the 
network, both the legacy as well as the extended devices are 
able to receive and process the preambles. 

Through the use of one or more bits of the preamble, (e.g., 
by setting the reserved bit in the signal field of the legacy 
portion of the preamble) or by auto-detecting that a second 
training sequence follows the legacy signal field, extended 
devices are triggered that enable, for example, channel esti 
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mation after the legacy portion of the preamble is received. 
One advantage of having a modified preamble following a 
legacy preamble is PHY level backwards compatibility. 
Hence, no MAC protection mechanisms are needed to com 
municate at extended rates, leading to enhanced efficiency. 

FIG. 14 shows an exemplary mixed-mode preamble 1100, 
in accordance with another embodiment of the present inven 
tion, configured for transmission from a system having two 
transmit antennas. Exemplary mixed mode preamble 1100 
includes legacy 802.11a/g preamble portion 1110 as well as a 
modified preamble portion 1120. Legacy 802.11a/g preamble 
portion 1110 is similar to legacy 802.11a/g preamble portion 
1050 of FIG. 13. The guard interval of the preamble portion 
1100, configured for transmission from the first transmit 
antenna, is generated by taking the last part of the time 
domain representation of the odd tones of the long training 
sequence or ELT sequence of preamble 1100, and the guard 
interval of preamble part 1100 is similarly obtained by tak 
ing the last part of the time-domain representation of the long 
training sequence of 1100. The ELT sequence of preamble 
portion 1100 only includes the odd tones. The ELT sequence 
of preamble portion 1100 only includes modified even tones 
that are generated by multiplying the original unmodified 
tones by the sequence {1, 0, -1, 0, 1, 0, -1, 0, 1, 0, -1 ... }. 
Similarly, the signal field of preamble portion 1100 only 
includes the odd tones. The signal field of preamble portion 
1100 only includes modified eventones that are generated by 
multiplying the original unmodified tones by the sequence {1, 
0, -1, 0, 1, 0, -1, 01, 0, -1 ... }. The mixed-mode preamble, 
in accordance with any of the exemplary embodiments 
described above, enables the legacy devices to defer to 
extended devices if they have properly received the legacy 
part of the mixed-mode preamble. 

FIG. 15A (also shown in FIG. 2 as the sequence L2 except 
that the DC tone in sequence L2 is disposed at the beginning 
of the sequence) shows the 64 tones of an ELT sequence 1200 
adapted for a 20 MHZ channel, in accordance with one 
embodiment of the present invention. Accordingly, energy is 
transmitted on every single tone except the DC tone. ELT 
sequence 1200 includes the tones disposed in the 802.11a 
long-training sequence, shown in FIG. 15B. ELT sequence 
1200 thus carries, next to the 802.11a subcarrier information, 
on Subcarrier indices 27,..., 31 the values -1, -1, -1, 1, -1, 
and on Subcarrier indices -32, ..., -27 the values -1, -1. 1, 
1, 1, 1. The various tones of ELT sequence 1200 are selected 
Such that the peak-to-average power of the ELT sequence 
1200 is only a few tenths of a dB higher than the peak-to 
average power of the 802.11a long training sequence. 

FIG. 16A (also shown in FIG. 2 as the sequence L4 except 
that the DC tone in sequence L4 is disposed at the beginning 
of the sequence) shows the 128 tones of an ELT sequence 
1300 adapted for a 40 MHZ channel, in accordance with one 
embodiment of the present invention. Accordingly, energy is 
transmitted on every single tone except the DC tone. ELT 
sequence 1400 includes the tones disposed in the 802.11a 
long-training sequence, shown in FIG. 16B. ELT sequence 
1300 carries, next to the two copies of the 802.11a on subcar 
rier indices -64, . . . , -59 the values -1, -1, 1, 1, 1, 1, on 
subcarrier index -32 the value -1, on subcarrier indices 
-5. . . . , -1 the values -1, -1, -1, 1, -1, on Subcarrier indices 
1, ... , 5, the values -1, 1, 1, 1, 1, on subcarrier index 32 the 
value-1, and on subcarrier indices 58, ... , 63 the values -1, 
-1, -1, 1, -1. 
The out-of-band tones (pilots) in each of ELT sequences 

1200 and 1300 are attenuated by the transmitter filtering, thus 
they have relatively small effects on the power of the training 
sequences, and have relatively minimal effect on the spectral 
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16 
mask. Furthermore, the extended tones are selected such that 
any inaccuracies due to interpolation is minimized. 

Solid line Plot 1400 of FIG. 17, shows the power spectral 
density as function of the frequency, averaged over the entire 
packet, associated with the long training sequence 1200. 
shown in FIG. 15A. The dotted line plot 1500 show the 
spectral mask as defined in the 802.11a standard. As seen 
from FIG. 17, the spectrum of sequence 1200 meets the 
spectral requirements of 802.11a standard. 

FIG. 18 shows a modified signal field 1600, in accordance 
with one embodiment of the present invention. Signal field 
1600 uses a higher constellation density than 802.11a/g. Sig 
nal field 1600 uses quadrature phase shift keying (QPSK) 
instead of binary phase shift keying (BPSK) to maintain the 
duration of the signal field 4 us (same as 802.11a/g), while 
carrying twice the data. Signal field 1600 includes 48 bits, of 
which 6 bits are used to indicate the mode, 16 bits are used to 
indicate the length, 16 bits are used for CRC for error check 
ing, 1 bit is used to indicate the last PSDU of frame, 3 bits are 
reserved bits, and 6 bits are set to Zero to allow the convolu 
tional encoderas specified in the 802.11a standard to return to 
the Zero state. 

At the receiver side, the channel estimates for each trans 
mitter signal can be estimated by a process such as that shown 
in FIG. 19. As shown there, the process begins with receiving 
signals and sampling for the long training sequence (step S1). 
Then, a 64-point FFT (or a 128-point FFT for 40 MHz modes, 
etc.) of the received long training sequence samples is done 
(step S2), as is done for conventional 802.11a preamble 
reception. Next, each subcarrier is multiplied by known pilot 
values (step S3), and an IFFT of the result is taken to get a 
64-point, or 128-point, etc. impulse response estimate (step 
S4). 

In the case of a MIMO transmission, for example, the 
preamble of FIGS.9A,9B,9C in a 20 MHz bandwidth, these 
64 samples contain the cyclic shifted impulse responses of all 
different transmitters. With that, the receiver can isolate the 
impulse responses for each MIMO transmitter (step S5). For 
MIMO with two transmit streams, this can be done by sepa 
rating the first 32 samples and last 32 samples. For four 
transmit streams, groups of 16 samples can be extracted. 
From the extracted impulse responses per transmitter, 

channel estimates can be derived (step S6) for all subcarriers 
by taking a 64-point FFT of eachimpulse response, where the 
sample values are appended by Zero values to get 64 input 
values. 

Signaling Extended Modes 
There are several different ways to signal what mode is 

used: 
1) Beaconing: Each access point regularly transmits bea 

cons. By transmitting these beacons using a legacy 802.11a 
rate on all 20 MHZ channels used by the access point, it can be 
ensured that any device can receive these beacons. The bea 
con can contain information about which channels are used 
simultaneously and what extended modes are Supported, so 
each extended device can adjust its mode accordingly. 

2) Multiple transmitter detection: If a special long training 
symbol is used for MIMO transmitters such as the cyclic 
shifted symbol described herein or other techniques 
described herein, then these special long training properties 
can be used to detect whether a packet is a MIMO packet. For 
instance, if the cyclic shifted long training symbol is used 
with two MIMO transmitters, the receiver can detect this by 
checking if the combined impulse response (obtained from 
step S4 above) contains two distinct impulse responses sepa 
rated by 32 samples. 
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3) Signal field: The reserved bit of the Signal field can be 
used to signal the use of MIMO. It is also possible to extend 
the Signal field by transmitting an extra symbol. An example 
of this is shown in Boer. There is a reserved bit in the Signal 
field that is always zero for 802.11a devices but could be set 
to 1 to signal MIMO packets. It is also possible to send an 
extra signal field symbol after the normal 802.11a symbol to 
signal MIMO rates. 

4) Out-of-band pilots: The out-of-band pilots of the long 
training symbol that are not present in 802.11a can be used to 
signal different modes. For example, subcarriers 28 through 
38 in L are Zero, but they might be set (as with L. L., etc.) to 
some arbitrary but known values. The receiver can use the 
presence of these subcarriers as away to detect MIMO modes 
and the particular pattern of presence to detect among several 
modes. 

5) Out-of-band subcarriers in the Signal field: Extra sub 
carriers can be used to signal different extended modes. The 
use of extra Subcarriers has advantages in that a) it does not 
cost extra preamble overhead, and b) a legacy 802.11a device 
ignores the out-of-band Subcarriers. 
The above embodiments of the present invention are illus 

trative and not limiting. Various alternatives and equivalents 
are possible. The invention is not limited by the type of 
encoding, decoding, modulation, demodulation, equaliza 
tion, filtering, etc., performed. The invention is not limited to 
the number of transmit or receive antennas. The invention is 
not limited by the rate used to transfer the data. The invention 
is not limited by the type of integrated circuit in which the 
present disclosure may be disposed. Nor is the disclosure 
limited to any specific type of process technology, e.g., 
CMOS, Bipolar, or BICMOS that may be used to manufac 
ture the present disclosure. Other additions, subtractions or 
modifications are obvious in view of the present disclosure 
and are intended to fall within the scope of the appended 
claims. 
What is claimed is: 
1. A method for transmitting a training sequence, the 

method comprising: 
transmitting from at least first and second transmit anten 

nas of a wireless communications system at least first 
and second preambles configured respectively for trans 
mission from said at least first and second transmit 
antennas, each of the at least first and second preambles 
further comprising: 

a short training sequence field; 
a guard interval field; 
a long training sequence field; and 
a signal field; wherein the short training sequence field of 

the second preamble has a cyclic shift with respect to the 
short training sequence field of the first preamble; 
wherein the long training sequence field of the second 
preamble has a cyclic shift; and wherein the signal field 
of the second preamble has a cyclic shift with respect to 
the signal of the first preamble. 

2. The method of claim 1 wherein only the DC tone of the 
tones disposed in the long training sequence field of each of 
the first and second preambles has a Zero value. 

3. The method of claim 1 wherein the short training 
sequence field of the second preamble has a cyclic shift of 400 
insec with respect to the short training sequence field of the 
first preamble, and wherein the long training sequence field of 
the second preamble has a cyclic shift of 1600 nsec. 

4. A method for transmitting a training sequence compris 
ing first, second and third preambles, the method comprising: 

transmitting from first, second and third transmit antennas 
of a wireless communication system a training sequence 
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18 
configured for transmission from said first, second and 
third transmit antennas, each of the first, second and 
third preambles further comprising: 

a short training sequence field having a duration of 8 usec. 
a guard interval field having a duration of 1.6 usec. 
along training sequence field having a duration of 6.4 usec. 

and 
a signal field having a duration of 4 usec, wherein the short 

training sequence field of the second preamble has a 
cyclic shift of 200 nsec with respect to the short training 
sequence field of the first preamble and wherein the 
short training sequence field of the third preamble has a 
cyclic shift of 400 nsec with respect to the short training 
sequence field of the first preamble; wherein the long 
training sequence field of the second preamble has a 
cyclic shift of 1050 nsec with respect to the long training 
sequence field of the first preamble and wherein the long 
training sequence field of the third preamble has a cyclic 
shift of 2100 nsec with respect to the long training 
sequence field of the first preamble; wherein the signal 
field of the second preamble has a cyclic shift of 1050 
insec with respect to the signal field of the first preamble 
and wherein the signal field of the third preamble has a 
cyclic shift of 2100 nsec with respect to the signal field 
of the first preamble; wherein only the DC tone of the 
tones disposed in the long training sequence field of each 
of the first, second, and third preambles has a zero value. 

5. A method for transmitting a training sequence compris 
ing first, second, third, and fourth preambles, the method 
comprising: 

transmitting from first, second, third, and fourth transmit 
antennas of a wireless communications system a train 
ing sequence configured for transmission from said first, 
second, third and fourth transmit antennas of each of the 
first, second, third, and fourth preambles further com 
prising: 

a short training sequence field having a duration of 8 usec. 
a guard interval field having a duration of 1.6 usec. 
along training sequence field having a duration of 6.4 usec. 

and 
a signal field having a duration of 4 usec, wherein the short 

training sequence field of the second preamble has a 
cyclic shift of 200 nsec with respect to the short training 
sequence field of the first preamble, wherein the short 
training sequence field of the third preamble has a cyclic 
shift of 400 nsec with respect to the short training 
sequence field of the first preamble, and wherein the 
short training sequence field of the fourth preamble has 
a cyclic shift of 600 nsec with respect to the short train 
ing sequence field of the first preamble; wherein the long 
training sequence field of the second preamble has a 
cyclic shift of 800 nsec with respect to the long training 
sequence field of the first preamble, wherein the long 
training sequence field of the third preamble has a cyclic 
shift of 1600 nsec with respect to the long training 
sequence field of the first preamble, and wherein the 
long training sequence field of the fourth preamble has a 
cyclic shift of 2400 nsec with respect to the long training 
sequence field of the first preamble; wherein the signal 
field of the second preamble has a cyclic shift of 800 
insec with respect to the signal field of the first preamble, 
wherein the signal field of the third preamble has a cyclic 
shift of 1600 nsec with respect to the signal field of the 
first preamble, and wherein the signal field of the fourth 
preamble has a cyclic shift of 2400 nsec with respect to 
the signal field of the first preamble; and wherein only 
the DC tone of the tones disposed in the long training 
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sequence field of each of the first, second, third, and 
fourth preambles has a Zero value. 

6. A method for transmitting a training sequence, the 
method comprising: 

transmitting from at least first and second transmit anten 
nas of a wireless communications system at least first 
and second preambles configured for transmission from 
said first and second transmit antennas, each of the first 
and second preambles further comprising: 

a short training sequence field; 
first and second guard interval fields; 
a signal field; 
first long training sequence field disposed between the first 

and second guard interval fields; and 
second long training sequence field disposed between the 

second guard interval field and the signal field, wherein 
the short training sequence field of the second preamble 
has a cyclic shift with respect to the short training 
sequence field of the first preamble; wherein the first 
long training sequence field of the second preamble has 
a cyclic shift with respect to the first long training 
sequence field of the first preamble; wherein the second 
long training sequence field of the second preamble has 
a cyclic shift with respect to the second long training 
sequence field of the first preamble; and wherein the 
signal field of the second preamble has a cyclic shift with 
respect to the signal field of the first preamble. 

7. The method of claim 6 wherein only the DC tone of the 
tones disposed in the long training sequence field of each of 
the first and second long training sequence field of each of the 
first and second preambles has a Zero value. 

8. The method of claim 7 further comprising a third pre 
amble configured for transmission from a third transmit 
antenna of the wireless communication system, the third pre 
amble further comprising: 

a short training sequence field; 
first and second guard interval fields; 
a signal field; 
first long training sequence field disposed between the first 

and second guard interval fields; and 
second long training sequence field disposed between the 

second guard interval field and the signal field, wherein 
the short training sequence field of the third preamble 
has a cyclic shift with respect to the short training 
sequence field of the second preamble; wherein the first 
long training sequence field of the third preamble has a 
cyclic shift with respect to the first long training 
sequence field of the second preamble; wherein the sec 
ond long training sequence field of the third preamble 
has inverted sign with respect to the second long training 
sequence field of the first preamble; wherein the second 
long training sequence field of the third preamble has a 
cyclic shift with respect to the second long training 
sequence field of the second preamble; and wherein the 
signal field of the third preamble has a cyclic shift with 
respect to the signal field of the second preamble. 

9. The method of claim 8 further comprising a fourth pre 
amble configured for transmission from a fourth transmit 
antenna of the wireless communication system, the third pre 
amble further comprising: 

a short training sequence field; 
first and second guard interval fields; 
a signal field; 
first long training sequence field disposed between the first 

and second guard interval fields; and 
second long training sequence field disposed between the 

second guard interval field and the signal field, wherein 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

20 
the short training sequence field of the fourth preamble 
has a cyclic shift with respect to the short training 
sequence field of the third preamble; wherein the first 
long training sequence field of the fourth preamble has a 
cyclic shift with respect to the first long training 
sequence field of the third preamble; wherein the second 
long training sequence field of the fourth preamble has 
inverted sign with respect to the second long training 
sequence field of the first preamble; wherein the second 
long training sequence field of the fourth preamble has a 
cyclic shift with respect to the second long training 
sequence field of the third preamble; and wherein the 
signal field of the fourth preamble has a cyclic shift with 
respect to the signal field of the third preamble. 

10. An apparatus comprising: 
a processor operative to generate a training sequence com 

prising at least first and second preambles configured 
respectively for transmission from at least first and sec 
ond transmit antennas of a wireless communication sys 
tem, each of the at least first and second preambles 
further comprising: 

a short training sequence field; 
a guard interval field; a long training sequence field; and a 

signal field; wherein the short training sequence field of 
the second preamble has a cyclic shift with respect to the 
short training sequence field of the first preamble; 
wherein the long training sequence field of the second 
preamble has a cyclic shift; and wherein the signal field 
of the second preamble has a cyclic shift with respect to 
the signal of the first preamble. 

11. The apparatus of claim 10 wherein only the DC tone of 
the tones disposed in the long training sequence field of each 
of the first and second preambles has a Zero value. 

12. The apparatus of claim 10 wherein the short training 
sequence field of the second preamble has a cyclic shift of 400 
insec with respect to the short training sequence field of the 
first preamble, and wherein the long training sequence field of 
the second preamble has a cyclic shift of 1600 nsec. 

13. An apparatus comprising: 
a processor operative to generate a training sequence com 

prising first, second and third preambles configured for 
transmission from first, second and third transmit anten 
nas of a wireless communication system, each of the 
first, second and third preambles further comprising: 

a short training sequence field having a duration of 8 usec. 
a guard interval field having a duration of 1.6 usec. 
along training sequence field having a duration of 6.4 usec. 

and 
a signal field having a duration of 4 usec, wherein the short 

training sequence field of the second preamble has a 
cyclic shift of 200 nsec with respect to the short training 
sequence field of the first preamble and wherein the 
short training sequence field of the third preamble has a 
cyclic shift of 400 nsec with respect to the short training 
sequence field of the first preamble; wherein the long 
training sequence field of the second preamble has a 
cyclic shift of 1050 nsec with respect to the long training 
sequence field of the first preamble and wherein the long 
training sequence field of the third preamble has a cyclic 
shift of 2100 nsec with respect to the long training 
sequence field of the first preamble; wherein the signal 
field of the second preamble has a cyclic shift of 1050 
insec with respect to the signal field of the first preamble 
and wherein the signal field of the third preamble has a 
cyclic shift of 2100 nsec with respect to the signal field 
of the first preamble; wherein only the DC tone of the 
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tones disposed in the long training sequence field of each 16. The apparatus of claim 15 wherein only the DC tone of 
of the first, second, and third preambles has a zero value. the tones disposed in the long training sequence field of each 

14. An apparatus comprising: of the first and second long training sequence field of each of 
a processor operative to generate a training sequence com- the first and second preambles has a Zero value. 

prising first, second, third, and fourth preambles config- 5 17. The apparatus of claim 16 further comprising a third 
ured for transmission from first, second, third and fourth preamble configured for transmission from a third transmit 
transmit antennas of a wireless communication system, antenna of the wireless communication system, the third pre 
each of the first, second, third, and fourth preambles amble further comprising: 
further comprising: a short training sequence field; first and second guard inter 

a short training sequence field having a duration of 8 usec; val fields; 
a guard interval field having a duration of 1.6 usec, a signal field; 

along training sequence field having a duration of 6.4 usec. first long training sequence field disposed between the first 
and a signal field having a duration of 4 usec. and second guard interval fields; and 

wherein the short training sequence field of the second 15 second long training sequence field disposed between the 
preamble has a cyclic shift of 200 nsec with respect to second guard interval field and the signal field, wherein 
the short training sequence field of the first preamble, the short training sequence field of the third preamble 
wherein the short training sequence field of the third has a cyclic shift with respect to the short training 
preamble has a cyclic shift of 400 nsec with respect to sequence field of the second preamble: wherein the first 
the short training sequence field of the first preamble, long training sequence field of the third preamble has a 
and wherein the short training sequence field of the 2O cyclic shift with respect to the first long training 
fourth preamble has a cyclic shift of 600 nsec with Sequence field of the second preamble; wherein the sec 
respect to the short training sequence field of the first ond long training sequence field of the third preamble 
preamble; wherein the long training sequence field of has inverted sign with respect to the second long training 
the second preamble has a cyclic shift of 800 nsec with sequence field of the first preamble, wherein the second 
respect to the long training sequence field of the first 25 long training sequence field of the third preamble has a 
preamble, wherein the long training sequence field of the cyclic shift with respect to the second long training 
third preamble has a cyclic shift of 1600 nsec with sequence field of the second preamble; and wherein the 
respect to the long training sequence field of the first signal field of the third preamble has a cyclic shift with 
preamble, and wherein the long training sequence field 30 respect to the signal field of the second preamble. 
of the fourth preamble has a cyclic shift of 2400 nsec 18. The apparatus of claim of claim 17 further comprising 
with respect to the long training sequence field of the a fourth preamble configured for transmission from a fourth 
first preamble; wherein the signal field of the second transmit antenna of the wireless communication system, the 
preamble has a cyclic shift of 800 nsec with respect to third preamble further comprising: 
the signal field of the first preamble, wherein the signal short training sequence field; 
field of the third preamble has a cyclic shift of 1600 nsec first and second guard interval fields; 
with respect to the signal field of the first preamble, and a signal field; 
wherein the signal field of the fourth preamble has a first long training sequence field disposed between the first 
cyclic shift of 2400 nsec with respect to the signal field and second guard interval fields; and second long train 
of the first preamble; and wherein only the DC tone of ing sequence field disposed between the second guard 
the tones disposed in the long training sequence field of 40 interval field and the signal field, 
each of the first, second, third, and fourth preambles has wherein the short training sequence field of the fourth 
a Zero value. preamble has a cyclic shift with respect to the short training 

15. An apparatus comprising: sequence field of the third preamble; wherein the first long 
a processor operative to generate a training sequence com- as training sequence field of the fourth preamble has a cyclic 

prising at least first and second preambles configured shift with respect to the first long training sequence field of the 
respectively for transmission from at least first and sec- third preamble; wherein the second long training sequence 
ond transmit antennas of a wireless communication sys- field of the fourth preamble has inverted sign with respect to 
tem, each of the first and second preambles further com- the second long training sequence field of the first preamble; 
prising: 50 wherein the second long training sequence field of the fourth 

a short training sequence field; first and second guard inter- preamble has a cyclic shift with respect to the second long 
Val fields; a signal field; first long training sequence field training sequence field of the third preamble; and wherein the 
disposed between the first and second guard interval signal field of the fourth preamble has a cyclic shift with 
fields; and respect to the signal field of the third preamble. 

19. A wireless communication device comprising: second long training sequence field disposed between the 55 
a plurality of transmit antennas; and second guard interval field and the signal field, wherein 

the short training sequence field of the second preamble means for generating a training sequence comprising at 
has a cyclic shift with respect to the short training least first and second preambles configured respectively 
sequence field of the first preamble; wherein the first for transmission from at least first and second transmit 
long training sequence field of the second preamble has 60 antennas, each of the at least first and second preambles 
a cyclic shift with respect to the first long training further comprising: 
sequence field of the first preamble; wherein the second a short training sequence field; 
long training sequence field of the second preamble has a guard interval field; a long training sequence field; and 
a cyclic shift with respect to the second long training a signal field; wherein the short training sequence field of 
sequence field of the first preamble; and wherein the 65 the second preamble has a cyclic shift with respect to the short 
signal field of the second preamble has a cyclic shift with training sequence field of the first preamble; wherein the long 
respect to the signal field of the first preamble. training sequence field of the second preamble has a cyclic 
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shift; and wherein the signal field of the second preamble has 
a cyclic shift with respect to the signal of the first preamble. 

20. The wireless communication device of claim 19 
wherein only the DC tone of the tones disposed in the long 
training sequence field of each of the first and second pre 
ambles has a Zero value. 

21. The wireless communication device of claim 19 
wherein the short training sequence field of the second pre 
amble has a cyclic shift of 400 nsec with respect to the short 
training sequence field of the first preamble, and wherein the 
long training sequence field of the second preamble has a 
cyclic shift of 1600 nsec. 

22. A wireless communication device comprising: 
a plurality of transmit antennas; and 
means for generating a training sequence comprising first, 

second and third preambles configured for transmission 
from first, second and third of said transmit antennas, 
each of the first, second and third preambles further 
comprising: 

a short training sequence field having a duration of 8 usec. 
a guard interval field having a duration of 1.6 usec, 
along training sequence field having a duration of 6.4 usec. 

and 
a signal field having a duration of 4 usec, wherein the short 

training sequence field of the second preamble has a cyclic 
shift of 200 nsec with respect to the short training sequence 
field of the first preamble and wherein the short training 
sequence field of the third preamble has a cyclic shift of 400 
insec with respect to the short training sequence field of the 
first preamble; wherein the long training sequence field of the 
second preamble has a cyclic shift of 1050 nsec with respect 
to the long training sequence field of the first preamble and 
wherein the long training sequence field of the third preamble 
has a cyclic shift of 2100 nsec with respect to the long training 
sequence field of the first preamble; wherein the signal field of 
the second preamble has a cyclic shift of 1050 nsec with 
respect to the signal field of the first preamble and wherein the 
signal field of the third preamble has a cyclic shift of 2100 
insec with respect to the signal field of the first preamble: 
wherein only the DC tone of the tones disposed in the long 
training sequence field of each of the first, second, and third 
preambles has a Zero value. 

23. A wireless communication device comprising: 
a plurality of transmit antennas; and 
means for generating a training sequence comprising first, 

second, third, and fourth preambles configured for trans 
mission from first, second, third and fourth of said trans 
mit antennas, each of the first, second, third, and fourth 
preambles further comprising: 

a short training sequence field having a duration of 8 usec. 
a guard interval field having a duration of 1.6 usec, 

along training sequence field having a duration of 6.4 usec. 
and a signal field having a duration of 4 usec. 

wherein the short training sequence field of the second 
preamble has a cyclic shift of 200 nsec with respect to the 
short training sequence field of the first preamble, wherein the 
short training sequence field of the third preamble has a cyclic 
shift of 400 nsec with respect to the short training sequence 
field of the first preamble, and wherein the short training 
sequence field of the fourth preamble has a cyclic shift of 600 
insec with respect to the short training sequence field of the 
first preamble; wherein the long training sequence field of the 
second preamble has a cyclic shift of 800 nsec with respect to 
the long training sequence field of the first preamble, wherein 
the long training sequence field of the third preamble has a 
cyclic shift of 1600 nsec with respect to the long training 
sequence field of the first preamble, and wherein the long 
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24 
training sequence field of the fourth preamble has a cyclic 
shift of 2400 nsec with respect to the long training sequence 
field of the first preamble; wherein the signal field of the 
second preamble has a cyclic shift of 800 nsec with respect to 
the signal field of the first preamble, wherein the signal field 
of the third preamble has a cyclic shift of 1600 nsec with 
respect to the signal field of the first preamble, and wherein 
the signal field of the fourth preamble has a cyclic shift of 
2400 nsec with respect to the signal field of the first preamble: 
and wherein only the DC tone of the tones disposed in the 
long training sequence field of each of the first, second, third, 
and fourth preambles has a Zero value. 

24. A wireless communication device comprising: 
a plurality of transmit antennas; and 
means for generating a training sequence comprising at 

least first and second preambles configured respectively 
for transmission from at least first and second if said 
transmit antennas of a wireless communication system, 
each of the first and second preambles further compris 
1ng: 

a short training sequence field; first and second guard inter 
Val fields; a signal field; first long training sequence field 
disposed between the first and second guard interval 
fields; and 

second long training sequence field disposed between the 
second guard interval field and the signal field, wherein 
the short training sequence field of the second preamble 
has a cyclic shift with respect to the short training 
sequence field of the first preamble; wherein the first 
long training sequence field of the second preamble has 
a cyclic shift with respect to the first long training 
sequence field of the first preamble; wherein the second 
long training sequence field of the second preamble has 
a cyclic shift with respect to the second long training 
sequence field of the first preamble; and wherein the 
signal field of the second preamble has a cyclic shift with 
respect to the signal field of the first preamble. 

25. The wireless communication device of claim 24 
wherein only the DC tone of the tones disposed in the long 
training sequence field of each of the first and second long 
training sequence field of each of the first and second pre 
ambles has a Zero value. 

26. The wireless communication device of claim 25 further 
comprising a third preamble configured for transmission 
from a third transmit antenna, the third preamble further 
comprising: 

a short training sequence field; first and second guard inter 
val fields; 

a signal field; 
first long training sequence field disposed between the first 

and second guard interval fields; and 
second long training sequence field disposed between the 

second guard interval field and the signal field, wherein 
the short training sequence field of the third preamble 
has a cyclic shift with respect to the short training 
sequence field of the second preamble; wherein the first 
long training sequence field of the third preamble has a 
cyclic shift with respect to the first long training 
sequence field of the second preamble; wherein the sec 
ond long training sequence field of the third preamble 
has inverted sign with respect to the second long training 
sequence field of the first preamble; wherein the second 
long training sequence field of the third preamble has a 
cyclic shift with respect to the second long training 
sequence field of the second preamble; and wherein the 
signal field of the third preamble has a cyclic shift with 
respect to the signal field of the second preamble. 
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27. The wireless communication device of claim of claim 
26 further comprising a fourth preamble configured for trans 
mission from a fourth transmit, the third preamble further 
comprising: 

a short training sequence field; 
first and second guard interval fields; 
a signal field; 
first long training sequence field disposed between the first 

and second guard interval fields; and second long train 
ing sequence field disposed between the second guard 10 
interval field and the signal field, 

wherein the short training sequence field of the fourth 
preamble has a cyclic shift with respect to the short training 

26 
sequence field of the third preamble; wherein the first long 
training sequence field of the fourth preamble has a cyclic 
shift with respect to the first long training sequence field of the 
third preamble; wherein the second long training sequence 
field of the fourth preamble has inverted sign with respect to 
the second long training sequence field of the first preamble; 
wherein the second long training sequence field of the fourth 
preamble has a cyclic shift with respect to the second long 
training sequence field of the third preamble; and wherein the 
signal field of the fourth preamble has a cyclic shift with 
respect to the signal field of the third preamble. 

k k k k k 
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