[0001] METHOD AND APPARATUS FOR COMBINING
SPACE-FREQUENCY BLOCK CODING, SPATIAL
MULTIPLEXING AND BEAMFORMING
- IN A MIMO-OFDM SYSTEM

[0002] FIELD OF INVENTION

[0008] The present invention is related to wireless communication systems.
More particularly, the present invention is related to a method and apparatus for
combining space-freguency block coding (SFBC), Spatial multiplexing (SM) and
beamforming in a multiple-input multiple-output (MIMO) orthogonal frequency
division multiplexing (OFDAM) system.

[0004] BACKGROUND

[0005] OFDM is a data fransmission scheme where data is split inﬁo a
piurality of smaller streams and each stream is transmitted using a sub-carrier
with a smaller bandwidth than the total available transmission bandwidth. The
efficiency of OFDM depends on choosing these sub-carriers orthogonal to each
other. The sub-carriers do not interfere with each other while each carrying a
portion of the total user data.

[0006]  An OFDM system has advantages over other wireless communication
systems. When the user data is split into streams carried by different sub-
carriérs, ‘the effective data rate on each sub-carrier is much smalier. Therefore,
the symbol duration is much larger. A large symbol duration can tolerate larger
delay spreads. Thus, it is not affected by multipath as severely. Therefore,
OFDM symbols can tolerate delay spreads without complicated receiver designs,
However, typical wireless systems need complex channel equalization schemes to
combat muitipath fading,

i0007)  Another advantage of OFDM is that the generation of orthogonal sub-
carriers at the transmitter and receiver can be done by using inverse fast Fourier
transform (IFFT) and fast Fourier transform (FFT) engines, Since the [FFT and
FPT iroplementations are well known, OFDM can be implemented easily and

does not require complicated receivers,



[008] MIMO refers to the type of wireless transmission and reception scheme

where both 2 transmitter and a receiver employ more than one antenna, A

MIMO system takes advantage of the spatial diversity or spatial multiplexing

and tmproves signal-to-noise ratio (SNR) and increases throughput.

[009] S¥FBC is a scheme for transmitting symbols of a space diversity coding

on neighboring sub-carriers rather than on the same sub-carrier in the successive

timesiots. The SFBC avoids the problems of fast time variations associated with

space time block coding (STBC). However, the channe] needs to be constant over |
the sub-carriers that combining takes place.

[6010] SUMMARY

[0011] The present invention is related fo a method and apparatus for
combining SFBC, SM and beamforming in a MIMO-OFDM system. The system
includes a transmitter with a plurality of transmit antenmas and a receiver with
a plurality of receive antennags, The transmitter generates at least one data
stream and a plurality of spatial streams. The number of generated spatial
streams is based on the number of the transmit antennas and the number of the
receive antennas. The transmitter determines a transmission scheme in
accordance with at least one of SFBC, SM and beam forming. The transmitter
transmits date in the data stream to the receiver based on the selected

transmission scheme,

[0011a} According to a first aspect of the present invention, there is
provided a method comprising: processing, by a transmitting device, data
symbols to be transmitted in one orthogonal frequency division multiplex
(OFDM) symbol using four antennas; wherein the one OFDM symbol has K
subcarriers and the K subcarriers are divided into L groups of subcarriers;
wherein L is greater than one; wherein for each of the L groups, four data
symbols are space frequency block coded; wherein a first pair of the four data

symbols is space frequency block coded. to produce four SFBC symbols
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transmitted on a first and second antennas and not on a third and forth
antennas of the four antennas; wherein a second pair of the four data symbols
Is space frequency block coded to produce four SFBC symbols transmitted on
the third and the forth antennas and not on the first and the second antennas
of the four antennas; and transmitting the processed data symbols in the

one OFDM symbol using the four antennas.

[0011b] According to a second aspect of the present invention, there is
provided a transmitting device comprising: a circuit configured to process
data symbols to be output to four antenna outputs for one orthogonal
frequency division multiplex (OFDM) symbol; wherein the one OFDM symbol
has K subcarriers and the K subcarriers are divided into L groups of
subcarriers; wherein L is greater than one; wherein for each of the L groups,
four data symbols are space frequency block coded; wherein a first pair of the
four symbols is space frequency block coded to produce four SFBC
symbols outputted to a first and second antenna output for transmission
and not a third and forth antenna output of the four antenna outp.uts;
wherein a second pair of the four data symbols is space frequency block
coded to produce four SFBC symbols outputted to a third and forth
antenna outputs for transmission and not the first and second antenna
outptif:s of the four antenna outputs; wherein each of the four antenna

outputs is operatively coupled to at least one antenna

[0011c] According to a third aspect of the present invention, there is
provided a receiving device comprising: a circuit configured to receive and
recover data symbols transmitted in one orthogonal frequency division
multiplex symbol; wherein the one OFDM symbol has K subcarriers and the K

subcarriers are divided into L groups of subcarriers; wherein L is greater
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than one; wherein for each of the L groups, four data symbols are space
frequency block coded; wherein a first pair of the four symbols was space
frequency block coded to produce four SFBC symbols transmitted by a first
and second antennas and not a third and forth antennas of four transmission
antennas; wherein a second pair of the four data symbols was space frequency
block coded to produce four SFBC symbols transmitted by the third and forth
antenna antennas and not the first and second antennas of the four

transmission antennas.

[0011d] According to a fourth aspect of the present invention, there is
provided a transmitting device comprising: a circuit configured to select to
transmit data symbols between at least a closed loop mode and an open loop
mode using four antenna outputs; wherein each antenna output is
operatively coupléd to at least one antenna; wherein in the open loop
mode, the circuit is further configured to process data symbols to be
output to the four antenna outputs for one orthogonal frequency
division multiplex (OFDM) symbol; wherein the one OFDM symbol has
K subcarriers and the K subcarriers are divided into L groups of
subcarriers; wherein L is greater than one; wherein for each of the L
groups, four data symbols are space frequency block coded: wherein a
first pair of the four symbols is space frequency block coded to produce
four SFBC symbols outputted to a first and second antenna output for
transmission and not a third and forth antenna output of the four
antenna outputs; wherein a second pair of the four data symbols is
space frequency block coded to produce four SFBC symbols outputted to
a third and forth antenna output for transmission and not a first and
second antenna output of the four antenna outputs; and wherein in the

closed loop mode, the circuit is further configured to receive
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information transmitted by a receiving device; wherein the received
information includes at least a channel quality indicator (CQI)
indicating a modulation and coding set; wherein data is transmitted
using spatial multiplexing as data symbols; wherein each data symbol is
transmitted using a plurality of subcarriers: wherein the data symbols
are provided to the four antenna outputs for transmission using a
number of streams and a modulation and coding set derived at least in

part from the received information.

[0011e] According to a fifth aspect of the present invention, there is
provided a receiving device comprising: a circuit configured to recover data
from transmit data symbols; wherein the circuit is configured to operate in a
closed loop mode and an dpen loop mode; wherein in the open loop mode,
the circuit is further configured to receive and recover data symbols
transmitted in each of a plurality of orthogonal frequency division ™
multiplex symbols; wherein each of the OFDM symbols has K
subcarriers and the K subcarriers are divided into L. groups of
subearriers; wherein L i1s greater than one; wherein for each of the L
groups, four data symbols are space frequency block coded; wherein a
first pair of the four symbols was space ffequency block coded to
produce four SFBC symbols transmitted by a first and second antennas
and not a third and forth antennas of four transmission antennas;
wherein a second pair of the four data symbols was space frequency
block coded to produce four SFBC symbols transmitted by the third and
forth antenna antennas and not the first and second antennas of the
four transmission antennas; and wherein in the closed loop mode, the
circuit is further configured to transmit information including at least a

channel quality indicator (CQI) indicating a
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modulation and coding set; wherein the circuit is further configured to
receive and recover data symbols transmitted wusing spatial
multiplexing: wherein each data symbol was transmitted using a
plurality of subcarriers by the four transmitting antennas using a
number of streams and a modulation and coding set derived at least in

part from the transmitted information.

10012] BRIEF DESCRIPTION OF THE DRAWINGS

[0013] A.more detailed understanding of the invention may be had from the
following description, given by way of example and to be understood in
conjunction with the accompanying drawings wherein:

10014]  Figure 1is a block diagram of an OFDM-MIMO system implementing &
closed loop mode in accordance with the present invention; and

[0015] Figure 2 is a block diagram of an OFDM-MIMO system implementing

an open loop mode in accordance with the present invention.
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[0016] DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0017] The present invention will be described with reference to the drawing
figures wherein like numerals represent like elements throughout.

10018] The features of the present invention may be incorporated into an
integrated circuit (IC) or be configured in a circuit comprising a multitude of
interconnecting components.

[00197 The present invention provides a plurality of combinations of SFBC,
SM, FD and beam selection according to the number of available data streams
and spatial streams and the number of transmit and receive antennas. The
combinations Iirovide flexibility on the design of MIMO-OFDM systems and
scalable solutions for any number transmit and receive antenna configuration.
Each combination has trade-offs between performance, reliability and data rate.
Therefors, a combination can be chosen according to some criteria, such as
robustness, a data rate, a channel condition, or the like. The number of data
streams is preferably decided based on a modulation and coding scheme. The
number of spatial streams is decided by the number of transmit and receive
aﬁtennas.

[0020] There are two modes of operation of the system: a closed loop and an
open loop. The closed loop is used when channel state information (CSI) is
available to the transmitter. The open loop is used when CSI is not available at
the transmitter. A variant may be used for transmission to legacy STA where it
provides diversity benefits.

[0021] In the closed loop mode, CSI is used to create virtually independent
channels by decomposing and diagonalizing the channel matrix by precoding at
the transmitter and further antenna processing at the receiver. Given the
eigenvalue spread of wireless channels, a trade-off is made between a data rate
and robustness by employing SFBC and/or SM. This scheme allows for a simple
receiver implementation, simpier than a Minimum Mean Sqguare Error (MMSE)
receiver. The combined solution enables higher throughput over a larger range
compared to traditional techniques. The technique allows per sub-carrier

power/bit loading and maintains a sustained robust link through closed loop
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operation with CSI feedback. Another benefit of the technique is that it is easily
scalable to any number of antennas at both transmitter and receiver.

[0022]  The CSI can be obtained at the transmitter either by feedback from the
receiver or through exploiting channel reciprocity. Latency requirements and
feedback data rates are typically not significant to the inherent frequency non-
selectivity of eigenvalues. A transmit antenna calibration scheme is required. In
addition, channel quality information (CQI) is used to determine a coding rate
and a modulation scheme per sub-carrier or group of sub-carriers. The
determined coding rate and modulation scheme determines the number of data
streams. According to the number of data streams, the combinations are chosen
with the available spatial streams.

[0023] TFigure 1 is a block diagram of an OFDM-MIMO system 100
implementing a closed loop mode in accordance with the present invention. The
system 100 includes a transmitter 110 and a receiver 130. The transmitter 110
includes a channel coder 112, a multiplexer 114, a power loading unit 116, a
plurality of optional SFBC wunits 118, a plurality of serial-to-parallel (S/7)
converters 120, a transmit beamformer 122, a plurality of [FFT units 124 and a
plurality of transmit antennas 1268, The channel coder 112 codes data preferably
in accordance with a CQI which is provided by the receiver 180. The CQI is used
to determine a coding rate and modulation scheme per sub-carrier or group of
sub-carriers. The coded data stream is multiplezed by the multiplexer 11;1 into
two or more data streams 1158.

[0024] The transmit power level of each data stream 115 is adjusted by the
power loading unit 116 based on feedback 150 provided from the receiver 130.
The power loading unit 116 adjusts power levels with respect to the data rate of
each eigenbeam to balance the total transmit power over all eigenbeams (or sub-
carriers).

[00256] The optional SFBC units 118 perform SFBC on the data streams 115,
SFBC is performed over eigen-beams and sub-carriers for each data rate that is
transmitted. Eigen-beam and sub-carrier pairs are selected to ensure

independent channels. OFDM symbols are carried on K sub-carriers. To
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accommodate SFBC, the sub-carriers are divided into L pairs of sub-carriers (or
group of sub-carriers). The bandwidth of each group of sub-carriers should be
less than the coherence bandwidth of the channel. However, when combined
with eigen-beamforming this restriction i1s relaxed due to the frequency
insensitivity of the eigen-beams.

[0026] The pairs of sub-carrier groups used by the block code are considered

independent. The following is an example of the Alamouti type SFBC applied to
an OFDM symbol:

.
8 -8

S: 3 ‘2
8, &
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[0027]  Once the optional SFBC units 118 construct OFDM symbols for all sub-
carriers, the coded blocks are multiplexed by the S/P converters 120 and input to
the transmit beamformer 122. The transmit beamformer 122 distribuies eigen-
beams to the transmit antennas. The IFFT units 124 convert the data in
frequency domain to the data in time domain.
[0028] The receiver 130 comprises a plurality of receive antennas 128, a
plurality of FFT units 132, a receive beamiormer 134, a plurality of optional
SFBC decoding units 136, a demultiplexer 138, a channel decoder 144, a channel
estimator 140, a CSI generator 142 and a CQI generator 146.
[0029] The FFT units 132 convert samples received in time domain by the
antennas 128 to frequency domain. The receive beamformer 134, the optional
SFBC decoding units 138, the demultiplexer 138 and the channel decoder 144
process the samples converted to the frequency domain.
{0030] The channel estimator 140 generaies channel matrix using a training
sequence transmitted from the transmitter and decomposes the channel matrix
into two beam-forming unitary matrices U and V, (U for transmit and V for
receive), and a diagonal matrix D per sub-carrier (or per sub-carrier group) by
singular value decomposition (SVD) or eigenvalue decomposition. The CSI
generator 142 generates CSI 147 from the channel estimation results and the
CQI generator generates a CQI 148 based on the decoding results, The CSI and
the CQI provide feedback 150 from the receiver 130 to the transmifter 110,
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[0081] The channel matrix H between nT transmit antennas and nR receive

antennas can be written as follows:

by by o e hl.uT

H = f1a oy hz:nr'

hnR,! knR,Z T h’r:R,nT
[0032] The channel matrix H is decomposed by SVD as follows:
H=UDV",

where U and V are unitary matrices and D is a diagonal matrix. U € CrRsmE and
¥ ¢ CnT=nT, Then, for transmit symbol vector s, transmit precoding is simply
performed as follows:

x=Vg,
[0033] The received signal becomes as follows:

y=HVs+n;
where n is the noise introduced in the channel. The receiver completes the
decomposition by using a matched filter:

VEHRY =vEyDpiUE = DRUY.
[0034] After normalizing channe! gain for eigenbeams, the estimate of the
fransmit symbols s becomes ‘

5 =aDPU" HVs +7 .

=§5+17

[0035] The symbols s is detected without having to perform successive
interference cancellation or MMSE type detector. DHD is a diagonal matrix that
is formed by eigenvalues of H across the diagonal. Therefore, the normalization
factor o = D™. U are eigenvectors of HHE, V are eigenvectors of HEH and Dis a
diagonal matrix of singular values of ¥ (square roots of eigenvalues of FIH},
[00368] Ifthe optional SFBC units 118 and the optional SFBC decoding units
186 are removed from the transmitter 110 and the receiver 130, respectively, the
transmitter 110 and the receiver 130 may be used for SM,

10037} In the open loop mode, a combination of space-frequency coding and
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spatial spreading in the transmitter 110 provides diversity without requiring CSI
147. The CQI 148 is used to determine a coding rate and modulation per sub-
carrier or group of sub-carriers. This coding rate and modulation scheme
determines the number of data streams. According to the number of data
streams, the combinations are chosen with the available spatial streams.
[0038] Figure 2 is a block diagram of 2 system 200 implementing an open loop
mode in accordance with the present invention. The system 200 includes a
transmitter 210 and a receiver 230. In the open loop mode, a combination of
space-frequency coding and spatial spreading in the transmitter 210 provides
diversity without requiring CSI. A wvariant of this scheme may be used when
operating with legacy IEEE 802.11a/g user equipment.

[0039] The transmitter 210 includes a channel coder 212, a multiplexer 214, a
power loading unit 216, a plurality of SFBC units 218, a plurality of serial-to-
parallel (S/P) converters 220, a beamformer network (BFN) 222, a plurality of
IFET units 224 and a plurality of iransmit antennas 226. As in the closed loop
mode, the channel coder 212 uses CQI to determine coding rate and modulation
per sub-carrier or group of sub-carriers, The coded data stream 213 is
multiplexed by the multiplexer 214 into two or more data streams 215, The BFN
222 forms N beams in space, where N 18 the number of antennag 226, The bearms
are pseudo-randomly constructed by the BFN matriz operation. The independent
sub-carrier groups used for the SFBC coding are transmitted on individual
beams.

{00401 For legacy support, SFBC coding may not be performed. Instead
diversity through beam permutation is performed which improves diversity and
therefore the performance of legacy IEEE 802.11a/g user equipment.

[0041] The receiver 230 includes a plurality of receive antennas 231, FFT
units 232, a BFN 234, an SFBC decoding and combining unit 236 and a channel
decoder 238. The FFT units 232 convert samples received in time domain by the
receive antennas 231 to frequency domain. The SFBC decoding and combining
unit 236 decodes and combines symbols received from sub-carrier groups/eigen-

beams and converts them from parallel to serial using a prior knowledge of the

.



constellation size. Symbeols are combined using MRC. The channel decoder 238
decodes the combined symbol and generates a CQI 240.

[0042] I the SFBC units 218 and the SFBC decoding function of the SBC
decoding and combining unit 236 are removed from the transmitter 210 and the
receiver 230, respectively, the transmitter 210 and the receiver 230 may be used
for SM.

[0043] FExamples of SFBC, SM, FD and beam selection combinations in
accordance with the present invention are explained hereinafter.

[0044] S denotes the group of the modulated symbols. The length depends on
how many groups the sub-carriers for data are divided into. Sub-carriers are
divided into two groups. Each S; includes symbols whose length is a half of the
number of sub-carriers for data.

[0045]  dn denotes singular values of the channel matrix, where d1 > dg > ds >
...>» dn, M is the maximum number of the singular values, (i.e., the number of
transmit antennas).

[0046] Rate = 1 means that M symbols are sent and recovered per one sub-
carrier during one OFDM symbol duration. When less than M symbols are sent
and recovered, the rate is fractional.

[0047] - In FD, S: is sent on a half of sub-carriers and S;* is sént on the other
half of sub-carriers.

[0048] Single transmit antenna case - Single-input single-output (SISO).
10049] In a SISO case, only one data stream and one spatial siream are
implemented. Without using FD, one symbol is sent per sub-carrier. Using FD,

one symbol is sent per two sub-carriers. It is summarized in Table 1.

‘:%S.pﬁti"é;‘li'?StreaJ:ﬁél-- : ':-?%‘SISO (Without FI3). 2L SI80 (With FD)
Stream 1.. . 181,82 51, 81%
Rate % -~ |1 Y

Table 1

[0050] Two transmit antenna case.

[0051]  With two transmit antennas, a 2x1 or a 2x2 MIMO-OFDM system may
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be supported, and either one or two data streams may be supported.

[0052] 2x1 MIMO-OFDM closed loop - one data stream case.

[0053] In a closed loop mode, beam selection with or without FD and SFBC
may be used. Since data trangmitted on the beam having smaller singular value
will die, one beam is selected through SVD. The SVD beam having a larger
gingular value is chosen. For a beam selection without FD, one data symbol is
sent per a sub-carrier and for a bearn selection with FD, one data symbol is sent
per two sub-carriers. In a beam selection with FD, the rate is a half of that in the
beam gelection without FD case, but the reliability is increased.

[0054]  Although the data transmitted on the beam having smaller singular
value will die, two symbols can be sent at the same time by using SFBC through
two sub-carriers, Using this scheme, one data symbol is sent per sub-carrier,
Comparing with the beam selection case, the performance of this case will be
degraded, since the second stream with the smaller singular t;alue includes only
noise.

{0055] One data stream case for the 2x1 MIMO-OFDM closed loop is

summarized i Table 2.

Table 2

[0056] 2x1 MIMOG-OFDM open ioop - one data stream case.

[00567] In an open loop mode, SM with or without FD and SFBC may be used.
For SM (with the fixed beamforming matrix) without FD), one data symbol is sent
per sub-carrier for each spatial stream by using the fixed beamforming and SM,
and for SM with FD, one data symbol is sent per two sub-carriers for each spatial
stream by using the fixed beamforming and SM.

[0058] Combination of FD and non-FD is possible. In such case, one symbol is
sent on two sub-carriers on one spatial stream and one symbol 1s sent on one sub-

carrier on the other spatial stream. The data rate is % of the SM without FD
8.



case.

[0059] If SFBC with the fixed beamforming matrix is used, two data symbols
of the data stream are sent on two sub-carriers through two antennas by using
the fizxed beamforming. The data rate is a half of the SM without-FD case.
[0060] One data stream case for the 2x1 MIMO-OFDM open loop is
summarized in Table 3.

SM
(Wit
51, 82
‘1 83, 84 52, 82 82, 83 52, 81
a1 1g EA 1/2
Tabie 3

[0061] 2x1 MIMO-OFDM (open loop) - two data stream case,

[0062] For two data stream case, an open loop mode should be used since an
SVD beam having a smaller singular value carries nothing but noise and will die,
as explained hereinbefore. Without FD, one data symbol is sent per sub-carrier
for each spatial stream and with FD, one data symbol is sent per two sub-carriers
for each spatial stream. Combination of FD and non-FD is possible.

{0063] Two data stream case for the 2x1 MIMO-OFDM open loop is

summarized in Table 4.

I;Strea.tg I

Table 4

[0064] 2x2 MIMO-OFDM closed loop - one data stream case.

[0065] In a closed lcop mode, SM with or without FD, beam selection with or
without FD and SFBC may be used. In a closed loop mode, two spatial beams are
formed by SVD for each sub-carrier.

[00668] For SM without FD, one data symbol is sent per one sub-carrier for
each spatial stream and for SM with FD, one data symbol is sent per two sub-
carriers by using one spatial stream. Combination of FD and non-FD is pessible.
[0067] For beam selection, one SVD beam between two beams for each sub-

-10-



carrier is selected, which has larger singular value, and the other beam of each
sub-carrier is discarded. For beam selection without FD, one data symbol is sent
per one sub-carrier by using one spatial stream. For beam selection with FD, one
data symbol is sent per two sub-carriers by using one spatial stream.

[0068]  Two spatial streams for each sub-carrier are generated according to the

SVD of the channel of each sub-carrier and two data symbols can be sent on two

sub-carriers by using SFBC.
[0069] ©One data stream case for the 2x2 MIMO-OFDM closed loop is

summarized in Table 5.

[0070]  2x2 MIMO-OFDM open loop - one data stream case.

[0071]  In an open loop, SM with or without FD and SFBC may be supported.
SM is implemented with a fixed beamforming matrix and both spatial streams of
each sub-carrier may be used. .

[0072] For SM without FI}, one data symbol is sent per one sub-carrier for
each spatial stream and for SM with FD, one data symbol is sent per two sub-
carriers by using one spatial stream. Combination of FD and non-FD is possibie.
[0073] 'T'wo data symbols of the data stream can be sent on fwo sub-carriers for
each spatial stream by using the fixed beamforming and SFBC.

[0074] The transmitting method is same as one for the 2x1 system, However,
the performance will be better, since two receive antennas are used in a receiver.
[0075] Omne data stream case for the 2x2 MIMO-OFDM open loop is

summarized in Table 6.
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Spatial - [SM | 8M __ [sM
Streams . | (Without FD). | (With FD)'# | (FD.+ non-FD} ¥/ .
‘Stream 1 | S1, 82 Si, S1* S1, 82 S1, -82%
‘Stream'2 = | 83, 84 52, 52* 83, 53+ 52, 51
Rate |1 Y 3/4 1/2
Table 6
[0076] 2x2 MIMO-OFDM closed loop - two data stream case.

[0077] In a closed loop mode, SM with or without FD may be used. SM is
performed with SVD beamforming and two spatial streams are available for each
sub-carrier. Since there are two data streams, one spatial stream should be
assigned to each data stream, and SFBC is not possible for the same reason.

(6078]

each spatial stream and for SM with FD, one data symbol is sent per two sub-

For SM without FD, one data symbol is sent per one sub-carrier for

carriers by using one spatial stream. Combination of FD and non-FD is possibie.
[0079] Two data stream case for the 2x2 MIMO-OFDM closed loop is

summarized in Table 7.

{0080]
[0081]

and two spatial streams are available for each sub-carrier. As explained

2x2 MIMO-OFDM open loop - two data stream case.

In an open loop, SM is implemented with the fixed beamnforming matrix

hereinbefore, one spatial stream is assigned to each data stream.
[0082]
each spatial stream and for SM with FDJ, one data symbol is sent per two sub-

For SM without FD, one data symbol is sent per one sub-carrier for

carriers by using one spatial stream. Combination of FD and non-FD is possible.
[0083] Two data stream case for the 2x2 MIMO-OFDM open loop is

summarized in Table 8,
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Bpatial - [ SM~ - - . FSM

Streams {Wlthout FD) (With FD) | non-FD):
Stream 1 S1, 32 S1, S1* SL, 31*
Stream 2 53, 84 52, 82% 82, 83
“Rate 1 1/2 3

Table §

{0084] Three transmit antenna case.

[0085] With three transmit antennas, 3x1, 3x2 and 3x3 MIMO-OFDM
systems may be supported, and either one, two or three data streams may be
supported.

[0086] 3x1 MIMO-OFDM closed loop - one data stream case.

[0087] In a closed loop mode, heam selection with or without FD and SFBC
may be used. Beams are generated with SVD beam forming, and for beam
selection, one spatial beam is selected (only one beam is availabie since two other
beams do not carry nothing but noise and will die). The beam having the largest
singular value is selected.

[0088] For beam selection without FI), one data symbol is sent per one sub-
carrier for the chosen spatial stream and for beam selection with ¥D, one data
symbol is sent per two sub-carriers for the chosen spatial stream.

[0089]  For SFBC with SVD beamforming, two spatial streams are selected for
each sub-carrier: one corresponding to the largest singular value and the other
one corresponding to one of the rest. FHowever, even though two symbols can be
sent at the same time by using SFBC through two sub-carriers, the performance
will be very low, since one spatial stream includes only noise,

f0090] One data stream case for the 3x1 MIMO-OFDM closed loop is

stummarized in Table 9,

£:?=Spat1a1 Strea.ms - | Beam Selection:{:Beam.| Selec{:mn 'SFBC
oo (Without FD)- | (With' FD) :
‘Stream 1 (dl) Sie 81, 52 81, 81 S1, -52*
‘Stream 2 (d2 = 0) ' 52, S1*
Stream 8(d3 = 0)
Rate 1/8 1/6 1/3
: Table 9

18-



[0091] 8x1 MIMO-OFDM open loop - one data stream case,

[0092] In an open loop case, SM and SFBC are implemented with the fixed
beamforming matrix and three spatial streams are available.

[0093] For SM without FD, one data symbol is sent per one sub-carrier for
each spatial stream and for SM with FD, one data symbol is sent per two sub-
carriers for each spatial stream. Combination of FD and non-FD is possible. One
data symbol is sent per two sub-carriers on one spatial stream and one symbol is
sent per one sub-carrier on two other spatial streams, or one data symbol is sent
per two sub-carriers on two spatial streams and one symbol is sent per one sub-
carrier on the other spatial stream.

[0084] SFBC may be implemented with or without FD. Among three spatial |
streams for each sub-carrier, two spatial streams are used for SFBC and the
other one is used for independent data symbol. Therefore, three symbols can be
sent for each sub-carrier at each instant.

[0085] One data stream case for the 3x1 MIMO-OFDM open loop is

summarized in Table 10.

81, 81* 51, 52

52, 52* S8, 53 82, S1i#

53, 83* S84, 54%* 58, 9a#*

1/2 2/3 12
Table 10

[0096] 38x1 MIMO-OFDM (open loop) - two data stream case.

[0097]  In this case, an open loop structure should be used to send and recover
two data streams. SM and SFBC are implemented with the fixed beamforming
matrix and two data streams are divided into three spatial streams for each sub-
carrier.

(098] For SM without FD, one data symbeol is sent per one sub-carrier for
each spatial stream and for SM with ¥D, one data symbol is sent per two sub-
carriers for each spatial stream. Combination of FD and non-FD is possible.

[099] With SFBC, one data stream is sent and recovered by using SFBC and
-14-




the other data stream does not use SFBC. Among three spatial streams for each

sub-carrier, two spatial streams are used for SFBC and the other one is for the

other data stream.

[0100] Two data stream case for the 3x1 MIMO-OFDM open loop is

swmmarized in Table 11.

Spatial  [SM . |SM  |SM(FD+ |SM(FD + |SFBC~+ |SFBC+ =
 Streame | (Without | (With FD) | non-F non-FD . | Withoub 2 1 FD
0 FPYC 4 % i(ease )i jifease 2)7 | FD. : :
Btream 1 81, 82 51, 81* S1, 82 S1, 52 S1, -82% | 81, -S2%*
Stresm 2 | S8, 84 S2, 52% 83, 83* 83, 54 52, 81* | 82, S1*
:Stream 3 1 55, 56 83, 83* 84, S4% S5, S55% S3, S4 853, S3*
Rate” {1 12 | 2/3 5/6 2/8 1/2

Table 11

[0101] 3x1 MIMO-OFDM (open loop) - three data stream case.

[0102] Inthis case, an open loop structure should be used to send and recover
three data streams. SM and SFBC are implemented with the fixed beamforming
mairix and three data sireams are divided into three spatial streams for each
sub-carrier and SFBC is not possible in this case.

[0103] For SM without FD, one data symbol is sent per one sub-carrier for
each spatial stream and for SM with FD, one data symbol is sent per two sub-
carriers for each spatial stream. Combinations of FD and non-FD are possible.
[0104] Three data stream case for the 8x1 MIMO-OFDM open loop is

summarized in Table 12.

ST 81%

Stream 2 " 52, 82% . R

Stream 3 83, 83* 84, B4* 55, 85*

‘Rate I 2/8 5/8
Table 12

[0105]  3x2 MIMO-OFDM closed ioop - one data stream case.

[0108] Two spatial streams are available for this case, Two beams are selected

among three beams for each sub-carrier generaied through SVD. Two SVD beams
A15-




having larger singular values are selected.

[0107] Tor SM without FD, one data symbol is sent per one sub-carrier for
each spatial stream and for SM with ¥D, one data symbol is sent per two sub-
carriers for each spatial stream. A combination of FD and non-FD is possible.
[0108] For SFBC, two spatial streamas for each sub-carrier are selected and two
symbols are sent at the same fime by using SFBC through two sub-carriers.
Using this scheme, two data symbeol can be recovered per two sub-carriers,

[0108] One data stream case for the 3x2 MIMO-OFDM closed loop is

sunmarized in Table 13.

Table 13

[0110] 3x2 MIMO-OFDM open loop - one data stream case.

101111  The 3x2 open loop case for one data stream is same to the 3x1 open loop
case for one data stream.

01121  3x2 MIMO-OFDM closed loop - twe data stream case.

[0118] Two sgpatial streams are available for this case. Two beams among
three beams for each sub-carrier generated through SV are selected. Two SVD
beams having larger singular values are selected.

[0114] For SM without FD, one data symbol iz sent per one sub-carrier for
each spatial stream and for SM with FD, one data symbol is sent per two sub-
carriers for each spatial stream. A combination of FD and non-FD is possible.

[0115] Two data stream case for the 3x2 MIMO-OFDM closed loop is
summarized in Table 14,
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Spatizl Streams | SM = SOBMEET 0 T8M s
S _ (Without FD) | (With FD)..- | (FD +.non-FD):

Stream:1 (d1) S1, 82 81, S1* 81, 82

Stream 2 (d2) 83, 84 82, 82% S3, §3*

Stream 8 (d3.=0)

Rate® -+ 192/3 3 12

Table 14

[0116] 3x2 MIMO-OFDM open loop - two data stream case.

[0117] The 3x2 open loop case for two data streams is same to the 8x1 open
loop case for two data streams.

(0118] 3x2 MIMO-OFDM - three data stream case.

[0119] A 3x2 MIMO-OFDM system for three data streams is same to the 8x1
MIMO-OFDM system for three data streams.

[0120] 3x8 MIMO-OFDM closed loop - one data stream case,

[0121] In =a closed loop case, three spatial streams are available. For SM
without FD, one data symbol is sent per one sub-carrier for sach spatial stream,
and for SM with FD), one data symbol is sent per two sub-carriers for each spatial
stream. Combinations of FD and non-FD are possible.

[0122] For SFBC, two spatial streams among three spatial streams are
selected. Preferably, two bad spatial streams for each sub-carrier are selected,
which have smaller singular values. Two symboié are sent at the same time by
using SFBC on the two bad spatial streams of two sub-carriers. For the other
good stream for each carrier, one data symbol is sent without SFBC.

[0123]  Forthe non-SFBC spatial stream, if FD is used, one data symbol is sent
per one sub-carrier for this spatial stream and if FD is not used, one data symbol
is sent per two sub-carriers for this spatial stream,

[0124] One data stream case for the 3x3 MIMO-OFDM closed loop is

summarized in Table 15,
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‘Spatial - - [SM- . |8M | SM(ED; -~ | SFBC +
Streams | (Without | (With"""'| nonsFD ™' FD . | Without | With -
: | FD) FD)  |(casel), |(case2) | FD:i s FED

Smeam 1@l [SLS |SLSi* SLS2 | SLS2 |SLS? |SLSI*

Stream 2 (d2) | 83, 84 52, 2% | B3, B3* 53, 84 88, -54* | 82, -53*

‘Stream 3 {d3) | 85, 86 S3, S3* | 84, S4* 55, S5 84, S3* | 83, £2*

Rate - 1 1/2 | 2/3 5/6 213 1/2

Table 15

[0125] 3x8 MIMO-OFDM open loop - one data stream case.

[0126] In an open loop case, all the options for 3x1 open loop case for one data
stream may be used.

[0127]  3x3 MIMO-OFDM closed loop- two data stream case.

[0128] Three spatial streams are available for this case and two data streams
are divided into three spatial streams for each sub-carrier. In a closed loop, for
SM without FD, one data symbol is sent per one sub-carrier for each spatial
stream, and for SM with FD, one data symbol is sent per two sub-carriers for
each spatial stream. Combinations of FD and non-FD are possible.

[0129] For SFBC, two spatial streams are selected among three spatial
streams. Preferably, two bad spatial streams for each sub-carrier are selected,
which have smaller singular values. For one data stream, two symbols are sent
at the same time by using SFBC on two bad spatial streams of two sub-carriers,
and for the other good stream for each carrier, the other data stream is sent
without SFBC.

0180]  For the non-SFBC spatial stream, without FD, one data symbol is sent
per one sub-carrier for this spatial stream, and with FD, one data symbol is sent
per two sub-carriers for this spatial stream,

[0181] Two data stream case for the 3x3 MIMO-OFDM closed loop is

summarized in Table 16.
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‘Spatial SM SM | SM (FD+ | SM (FD + [SFBCH | ,
Btreams (Without | (Withk  [{non-FD | non-FD | Without | With FD
' - FD) FD) - . lcasel) !(case2) ~FD- = - .~

Stream 1(dl) SL 52 | SLSI* |SLS2 | SLS? _ |SLS2 | SL S

#Stream 2 (d2) | S8, 84 S2, 82% | 83, 83* 53, 54 58, -54*% | 52, -53*

Stream 8 (d3) | 85, 56 53, 83* | 54, 84* S5, 55* S4, 83% | 83, 82*

«Rate 1 12 2/3 5/6 2/8 2

Table 16

10132]  3x3 MIMO-OFDM open loop- two data stream case.

[0138] Inan open loop case, all the options for 8x1 open loop case for two data
streams may be used.

[0134] 3x3 MIMO-OFDM closed loop- three data stream case.

[0135] Three spatial streams are available for this case and three data
streams are divided into three spatial streams for each sub-carrier. In a closed
loop, for SM without FD, one data symbol is sent per one sub-carrier for each
spatial stream and for SM with FD, one data symbol is sent per twe sub-carriers
for each spatial stream. Combinations of FD and non-FD are possible.

[0136] 'Two data stream case for the 3x8 MIMO-OFDM closed loop is

summarized in Table 17.

81, S1#

82, 82 83, 83* S3, 84
83, 83 54, 54* S5, S5*
1/2 2/3 5/6
Table 17

[0187] 8x8 MIMO-OFDM closed ioop- three data stream case.
[0138] In an open loop case, all the options for 8x1 open loop case for three
data streams may be used.
[0139] Four transmit antenna case.
[01407 With four transmit antennas, 4x1, 4x2, 4x3 and 4x4 MIMO-OFDM
systems may be supported, and either one, two, three or four data streams may
be supported.
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[0141} 4x1 MIMO-OFDM closed loop - one data stream case.

[0142] Only one spatial stream is available for this case. In a closed loop case,
one beam among four beams for each sub-carrier generated through SVD is
selected. The SVD beam having the largest singular value is selected.

[0143] For SM without FD, one data symbol is sent per one sub-carrier for the
spatial stream and for SM with FD, one data syrbol is sent per two sub-carriers
for the spatial stream.

[0144] For SFBC with SVD beamforming, two spatial streams for each sub-
carrier are selected among four beams generated through SVD. One corresponds
to the largest singular value and the other corresponds to one of the rest.
Although two symbols can be sent at the same time by using SFBC through two
sub-carriers, the performance will be low, since the bad spatial stream includes
only noise.

[0145] One data stream case for the 4x1 MIMO-OFDM closed loop is

summarized in Table 18,

Table 18

[0146] 4x1 MIMO-OFDM open loop - one data stream case.

[01477 SM is implemented with the fixed beamforming matrix and four gpatial
streams are available,

[0148] For SM without FD, one data symbol is sent per one sub-carrier for the
spatial stream and for SM with FD, one data symbol is sent per two sub-carriers
for the spatial stream. Combinations of FD and non-FD are possible as shown in
Table 19 below. For one data stream, these combinatfions may not be used to

maintain same quality for all data symbols.
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[0148] Combination of SM and SFBC with the fixed beamforming matrix are
possible. A first option is one 2x2 SFBC and two SM. For one data stream, this
option may not used to maintain same guality for all data symbols. The other two
spatial streams of each sub-carrier are used for SM of another two data symbols
of the data stream. Without FD, one data symbol is sent per one sub-carrier for
each spatial stream and with FD, one data symbeol is sent per two sub-carriers for
each spatial stream. Combinations of FD and non-FD are possible as shown in
Table 20.

[0150] A second option is using two 2x2 SFBC. Four spatial streams of each
sub-carrier are divided into two groups of two streams and each group is assigned
to each SFBC. For each instant, four (4) data symbols are sent on two sub-
carriers by using the fixed beamforming and two 2x2 SFBCs.

S2, S2% =3, 58* 52, 81

33, -54% 54, -S6* 33, -54*

54, S8* S5, 84%* 54, 83%

L 5/8 | 1/2
Table 20

[0151] 4x1 MIMO-OFDM (open loop) - two data stream case,

[0152] In this case, an open loop should be used to send and recover the two

data streams. SM is implemented with the fixed beamforming matrix and two

data streams are divided into four spatial streams for each sub-carrier.

[0153] For SM without FD, one data symbol is sent per one sub-carrier for the
21-



spatial stream and for SM with FD, one data symbol is sent per two sub-carriers
for the spatial stream. Combinations of FD and non-FD are possible as shown in
Table 21, The combination cases 1 and 3 in Table 21 may not used to maintain
the same quality for each data symbol of each data stream.

[0154] Combination of SM and SFBC with the fixed beamforming matrix is
possible. A first option is one 2x2 SFBC and two SM. One data stream is
assigned to the SFBC and the other data stream is sent by SM. Two spatial
streams of each sub-carrier are used for SFBC and the other two spatial streams
of each sub-carrier are used for SM. Without FD, one data symbol is sent per one
sub-carrier for each spatial stream, and with FD, one data symbol is sent per two
sub-carriers for each spatial stream. A combination of FD and non-FD is possible
as shown in Table 22, This combination may not used to maintain the same
Quality for each data symbol of the data stream, which uses SM.

{0155]

to the separate 2x2 SFBC. Four spatial streams of each sub-carrier are divided

A second option is using two 2x2 SFBCs. Each data stream is assigned

into two groups of two streams and each group is assigned to each SFBC. For
each instant, 2 data symbols of each data stream are sent on two sub-carriers by

using the fixed beamforming and each 2x2 SFBCs.

99

non-FD 2)' non-FD 3)
51, 82 81, 82
S3, 84 83, 84
S5, 5h* S5, S6
=6, S6% S7, 87+
| 3/4 718
Table 21
SEFBC - 8FBC SFBC (FD- | TwoSFBC
FWithout F¥D) (With FDY) -+ non-FD @
‘Stream 1T | 81,82 S1, S1* S1, 52 51, -82%
Stream'2 | 83, 84 82, S92 83, 83* 82, S
Stream 3 ;| S5, -86* S8, -34% 84, -85% 88, -S4*
Stream 4 | 86, 35* S4, S3* S5, S4% 84, 83*
Rate 1 3/4 i 5/8 /2
Table 22



[01586]  4x1 MIMO-OFDM (open loop) - three data stream case.

[0157]  Inthis case, an open loop shouild be used to send and recover three data
streams. SM is irnplemented with the fixed beamforming matrix and three data
streams are divided into four data symbols for each sub-carrier. All the
combinations in Table 21 can be used.

[0158] Combination of SM and SFBC with the fixed beamforming matrix is
possible. A first option is using one 2x2 SFBC and two SMs. Two spatial
streams of each sub-carrier are usea for SFBC. One data siream is sent using
this SFBC and the fixed beamforming and the other two spatial streams of each
sub-carrier are used for SM of the other two data streams. Without FD, one data
symbol is sent per one sub-carrier for each spatial stream, and with FD, one data
symbol is sent per two sub-carriers for each spatial stream. A combination of FD
and non-FD is possible as shown in Table 23.

[0159] Three data stream case for the 4x1 MIMO-OFDM open loop for SFBC is

summarized in Table 23.

Table 28

[0160] 4x1 MIMO-OFDM (open loop) - four data stream case.

[0161] In this case an open loop should be used to send and recover four data
streams. SM is implemented with the fixed beamforming matrix and four data
streams are divided into four spatial sireams for each sub-carrier. All the
methods in Table 21 can be used.

0162] 4x2 MIMO-OFDM closed loop - one data stream case.

[0163]  Only two spatial streams are available for this case. Two beams are
selected among four beams for each sub-carrier generated through SVD. Two

SVD beams having larger singular values are selected. For SM without FI), one
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data symbol is sent per one sub-carrier for the spatial stream and for SM with
FD, one data symbol is sent per two sub-carriers for the spatial stream.
Combinations of FD and non-FD are possible as shown in Table 24.

[0164]) For SFBC, two spatial streams for each sub-carrier are selected, which
have larger singular values. Two symbols are sent at the same time by using
SFBC through two sub-carriers. Using this scheme, two data symbol are
recovered per two sub-carriers at each instant.

[0165] One data stream case for the 4x2 MIMO-OFDM clesed loop is

summarized in Table 24,

{6166] 4x2 MIMO-OFDM open loop - one data siream case.

[0167]  In this case, all the options for 4 x 1 open loop case for one data stream
may be used.

10168 4x2 MIMO-OFDM closed loop - two data stream case.

[0189] Two spatial streams are available for this case. Two beams are selected
among four beams for each sub-carrier generated through SVD. Two SVD beams
having larger singular values are selected. Without FIJ, one data symbol is sent
per one sub-carrier for each spatial stream, and with FD, one data symbol is sent
per two sub-carriers for each spatial stream. A combination of FD and non-FD is
possible.

[01701 Two data stream case for the 4x2 MIMO-OFDM closed loop is

summarized in Table 25.



-Spatial Streams 4 8M 0 FSME: S

| {(Without FDy: (With FD) -4

‘Stream'1 (d1) 1 81, 82 S1, S1*

Stream 2 (d2 =0) 4 83, 84 52, 82%

Stream 3-(d3 =0) -

Stream 4 (dd =0)

Rate. L L% 1/4 3/8
Table 25

[0171] 4x2 MIMO-OFDM open loop - two data stream case. In this case, all
the optlions for 4x1 for two data streams may be used.

[0172] 4x2 MIMO-OFDM - three data stream case. In this case, all the
options for 4x1 for three data streams may be used.

[0173] 4x2 MIMO-OFDM - four data siream case. In this case, all the options
for 4x1 for four dats streams may be used.

[0174] 4x3 MIMO-OFDM closed loop - one data stream case.

[0175] SM is implemented with SVD beamforming and three spatial streams
are available for this case. Three spatial streams that have larger singular values
are selected. Without FD, one data symbol is sent per one sub-carrier for each
spatial stream, and with FD, one data symbol is sent per two sub-carriers for
each spatial stream. Combinations of FD and non-FD are possible as shown in
Table 26. _
[0176]  For SFBC, three gpatial streams for each sub-carrier are selected,
which have larger singular values. Among them, two spatial streams, preferably
two bad spatial streams, are assigned for SFBC. Two symbols are sent at the
same time by using SFBC on two bad spatial streams of two sub-carriers, and for
the best spatial stream of each carrier, one data symbol is sent without SFBC.
For the latter spatial stream, without ¥, one data symbol is sent per one sub-
carrier for each spatial stream, and with FD, one data symbol is sent per two sub-
carriers for each spatial stream.,

[0177] One data stream case for the 4x3 MIMO-OFDM closed loop is

summarized in Table 26,



Spatial Streams | SM SM SM. . :8M - -/ SFBC+ ‘SFBC+
' | (Without | (With  }(FD+ #FD+ | non-FD*| FD
e FD) FD) - |inon-FD) | i6n-FD) N ,
Stream-iidl) 51, 82 S1,81* 181,82 181,82 81,82 |81 81#
:Stream:2(d2) | 88,84 82,82* | 83,84 |53, 83*% |53, -S4% | 52, -83*
Stream 3(d3) 185,86 83, 83* | S5, 85* | 84, S4* | 54, 83* | 53, S2%*
Stream. 4{d4 = 0)
‘Rate - . 1 83/4 3/8 5/8 1/2 1/2 3/8
Table 26
[0178]  4x8 MIMO-OFDM open loop - one data stream case. In this case, all the

options for 4£x1 for one data stream case may be used.

[0179]  4x3 MIMO-OFDM closed loop - two data stream case.

[0180] SM is implemented with SVD beamforming and three spatial sireams

are available for this case. Two data streams are divided into three spatial

streams for each sub-carrier. All the SM methods in Table 26 can be applied to
. this case.

[0181]

streams for each sub-carrier are selected, which have larger singular values.

For SFBC, one data stream is sent by using SFBC. Three spatial

Among them, two spatial streams, preferably two bad spatial streams, for each

sub-carrier are assigned for SFBC. Two symbols are sent at the same time by
~ using SFBC on two bad spatial sireams of two sub-carriers.

[0182] The other stream is sent by using SM. All the metheds for SFBC in

Table 26 can be used for this case.

[0183]

summarized in Table 27,

Two data stream case for the 4x3 MIMO-OFDM closed loop is

-96.

Spatial Strean I SM'  ]SM - |SFBC+ | SFBC# |
N i |FD+ - 1(FD+ . nonFD [FD . 7
e B 2| aondFD) | non-FD) | - CopE E
‘Stream 1 (d1) 151,82 S1, 81* | 51,82 S1, 82 51, 82 51, 81%
Stream 2-(d2) 33,54 52, 52% 53, 84 S3, 83* | S8, -84* | 82, -83*
Stream 3 (d3) S5, 56 S3, 83* | 85, 86* |84, 894% 154, 83% | 853, 82
Stream 4. (d4 = 0)
Rate % | 3/8 5/8 1/2 1/2 3/8
Table 27




0184] 4x3 MIMO-OFDM open loop - two data stream case. In this case, all the
options for 4x1 for two data stream case may be used.

[0185] 4x3 MIMO-OFDM closed loop - three data stream case.

[0186] SM is implemented with SVD beamforming and three spatial streams
are available for this case. Three data streams are divided into three spatial
streams for each sub-carrier. Without FD, one data symbol is sent per one sub-

carrier for each spatial stream, and with FD, one data symbol is sent per two sub-

carriers for each spatial stream. Combinations of FDD and non-FID are possible.
[0187] Three data stream case for the 4x3 MIMO-OFDM closed loop is

summarized in Table 28.

Vith FD) .| (FD

81, S1*

538, 54 52, 82*

S5, 56 83, 83*

i 3/4 3/8 5/8 7 1/2

Table 28

[0188]  4x3 MIMO-OFDM open loop - three data stream case. In this case, all
the options for 4x1 for three data stream case may be used. '

[0189]  4x3 MIMO-OFDM closed loop - four data stream case. In this case, all
the options for 4x1 for four data stream case may be used.

[01907 4x4 MIMO-OFDM closed loop - one data stream case.

[0191] SM is implemented with SVD beamforming and four spatial streams
are available for this case. Without FD, one data symbol is sent per one sub-
carrier for each spatial stream, and with FD, one data symbol is sent per two sub-
carriers for each spatial stream. Combinations of FD and non-FD are possible as
shown in Table 29.

[0192] A first option for SFBC is using one 2x2 SFBC and two SMs. By
singular values of each sub-carrier, two spatial streams, preferably two bad
spatial streams having smaller singular values, are selected. On these two bad

spatial streams of each sub-carrier, the data symbol is sent by using SFBC. By
-97.




using the other two good spatial streams of each sub-carrier two data symbols are
sent by using SM, without SFBC. In this case, without FD, one data symbol is
sent per one sub-carrier for each spatial stream, and with FD, one data symbol is
sent per two sub-carriers for each spatial stream. A combination of FD and non-
FD is possible as shown in Table 30.

[0193]

assigned to the separate 2x2 SFBC. Four spatial streams of each sub-carrier are

A second option is using two 2x2 SFBCs. Each two data symbols are

divided into two groups of two spatial streams and each group is assigned to each
SFBC. For each instant, four (4) data symbols of the data stream on two sub-
carriers are sent by using the SVD beamforming and two 2x2 SFBCs.

{0194]

summarized in Table 29 and one data stream case for the 4x4 MIMO-OFDM

One data stream case for the 4x4 MIMG-OFDM closed loop for SM is

closed loop for SFBC is summarized in Table 30.

. Sz, 5o 53, 53% 83, 54 33, 84
S&, S6 33, 33% S4, 54* =5, 55* S8, 56
2 87, 58 54, 5S4 S5, 85* 56, S6* 87, 87*
1 e 5/8 3/4 7/8

Table 20
(Witheut TR)
181, 82
83, 84
35, ~36%
S6, S5*
3/4

Table 30

[0195]
options for 4x1 for one data stream case may be used.

[0196]  4x4 MIMO-OFDM closed loop - two data stream case.

101977 SM is implemented with SVD beamforming and four spatial streams

4x4 MIMO-OFDM open loop - one data stream case. In this case, all the
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are available for this case. Two data streams are divided into four spatial
streams for each sub-carrier. All the methods in Tables 29 and 30 can be used.
{0198]  4x4 MIMO-OFDM open loop - two data stream case. In this case, all the
options for 4x1 for two data stream case may be used.
[0198] 4x4 MIMO-OFDM closed loop - three data stream case.
{0200] SM is implemented with SVD beamforming and four spatial streams
are available for this case. Three data sireams are divided into four spatial
streams for each sub-carrier. All the methods in Table 29 can be used.
[0201] For SFBC, one 2x2 SFBC and two SMs are used for three data streams.
One data stream is sent by using the 2x2 SFBC with SVD beamforming. By
singular values of each sub-carrier, two spatial streams, preferably two bad
spatial streams having smaller singular values, are selected. On these two bad
spatial streams of each sub-carrier, two data symbols of one data stream on two
sub-carriers are sent by using SFBC and SVD beamforming. The other two data
streams are sent by using SM with SVD beamforming. Using the other two good
spatial streams of each sub-carrier, two data symbols per sub-carrier are sent for
the othér two data streams by using SM, without SFBC. In this case, without
FD, one data symbol is sent per one sub-carrier for each spatial stream, and with
FD, one data symbol is sent per two sub-carriers for each spatial stream. A
combination of FD and non-FD is possible as shown in Table 31.
[0202] Three data stream case for the 4x4 MIMO-CFDM closed loop for SFBC

is summarized in Table 31.

10203

4x4 MIMO-OFDM open loop - three data stream case. In this case, all

.SFBC . "SFBC;
.‘ Wil (With FD). | .non
" Stream. 1 S1, 82 81, S1* 81, 82
‘Stream 2(d2 83, 84 82, §2* S5, g%
Stream 3(d3) ~ 1 S5, -86* S8, -84% S4, -S5*
Stream4(d4) 86, 85* S4, 88* 85, S4*
' /4 1/2 5/8

Table 31

the options for 4x1 for three data stream case may be used.
4x4 MIMO-OFDM closed loop - four data stream case,

[0204]

~2G.




[0205] SM is implemented with SVD beamforming and four spatiél gtreams
are available for this case. Four data streams are divided into four spatial
streams for each sub-carrier. All the methods in Table 29 can be used.

[0208]  4x4 MIMO-OFDM open loop - four data stream case. In this case, all
the options for 4x1 for four data stream case may be used.

102071  Although the features and elements of the present invention are
described in the preferred embodiments in particular combinations, each feature
or element can be used alone without the other features and elements of the
preferred embodiments or in various combinations with or without other features
and elements of the present invention.

# % *
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CLAIMS

1. A method comprising:

processing, by a transmitting device, data symbols to be transmitted in one
orthogonal frequency division multiplex (OFDM) symbol using four antennas
wherein the one OFDM symbol has K subcarriers and the K subcarriers are divided
into L groups of subcarriers; wherein L is greater than one; wherein for each of the
L groups, four data symbols are space frequency block coded; wherein a first pair of
the four data symbols is space frequency block coded to produce four SFBC symbols
transmitted on a first and second antennas and not on a third and forth antennas of
the four antennas; wherein a second pair of the four data symbols is space
frequency block coded to produce four SFBC symbols transmitted on the third and
the forth antennas and not on the first and the second antennas of the four
antennas; and

transmitting the processed data symbols in the one OFDM symbol using the

four antennas.

2. A transmitting device comprising:

a circuit configured to process data symbols to be output to four antenna
outputs for one orthogonal frequency division multiplex (OFDM) symbol; wherein
the one OFDM symbol has K subcarriers and the K subcarriers are divided into L
groups of subcarriers; wherein L is greater than one; wherein for each of the L

groups, four data symbols are space frequency block coded; wherein a first pair of
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the four symbols is space frequency block coded to produce four SFBC symbols
outputted to a first and second antenna output for transmission and not a third and
forth antenna output of the four antenna outputs; wherein a second pair of the four
data symbols is space frequency block coded to produce four SFBC symbols
outputted to a third and forth antenna outputs for transmission and not the first
and second antenna outputs of the four antenna outputs; wherein each of the four

antenna outputs 1s operatively coupled to at least one antenna.

3. A receiving device comprising:

a circuit configured to receive and recover data symbols transmitted in one
orthogonal frequency division multiplex symbol; wherein the one OFDM symbol has
K subcarriers and the K subcarriers are divided into L groups of subcarriers:
wherein L is greater than one; wherein for each of the L groups, four data symbols
are space frequency block coded; wherein a first pair of the four symbols was space
frequency block coded to produce four SFBC symbols transmitted by a first and
second antennas and not a third and forth antennas of four transmission antennas;
wherein a second pair of the four data symbols was space frequency block coded to
produce four SFBC symbols transmitted by the third and forth antenna antennas

and not the first and second antennas of the four transmission antennas.

4. A transmitting device comprising:

a circuit configured to select to transmit data symbols between at least a
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closed loop mode and an open loop mode using four antenna outputs; wherein each
antenna output is operatively coupled to at least one antenna;

wherein in the open loop mode, the circuit is furthel;' configured to process
data symbols to be output to the four antenna outputs for one orthogonal frequency
division multiplex (OFDM) symbol; wherein the one OFDM symbol has K
subcarriers and the K subcarriers are divided into L groups of subcarriers; wherein
L 1s greater than one! wherein for each of the L groups, four data symbols are space
frequency block coded: wherein a first pair of the four symbols is space frequency
block coded to produce four SFBC symbols outputted to a first and second antenna
output for transmission and not a third and forth antenna output of the four
antenna outputs: wherein a second pair of the four data symbols is space frequency
block coded to produce four SFBC symbols outputted to a third and forth antenna
output for transmission and not a first and second antenna output of the four
antenna outputs; and

wherein in the closed loop mode, the circuit is further configured to receive
information transmitted by a feceiving device; wherein the received information
includes at least a channel quality indicator (CQI) indicating a modulation and
coding set: wherein data is transmitted using spatial multiplexing as data symbols;
wherein each data symbol is transmitted using a plurality of subcarriers; wherein
the data symbols are provided to the four antenna outputs for transmission using a
number of streams and a modulation and coding set derived at least in part from

the received information,
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5. A receiving device comprising:

a circuit configured to recover data from transmit data symbols; wherein the
circuit is configured to operate in a closed loop mode and an open loop mode;

wherein in the open loop mode, the circuit is further configured to receive and
recover data symbols transmitted in each of a plurality of orthogonal frequency
division multiplex symbols; wherein each of the OFDM symbols has K subcarriers -
and the K subcarriers are divided into L groups of subcarriers; wherein 1. ig greater
than one; wherein for each of the L. groups, four data symbols are space frequency
block coded; wherein a first pair of the four symbols was space frequency block
coded to produce four SFBC symbols transmitted by a first and second antennas
and not a third and forth antennas of four transmission antennas; wherein a second
pair of the four data symbols was space frequency block coded to produce four SFBC
symbols transmitted by the third and forth antenna antennas and not the first and
second antennas of the four transmission antennas; and

wherein in the closed loop mode, the circuit is further configured to transmit
information including at least a channel quality indicator (CQI) indicating a
modulation and coding set; wherein the circuit is further configured to receive and
recover data symbols transmitted using spatial multiplexing; wherein each data
symbol was transmitted using a plurality of subcarriers by the four transmitting
antennas using a number of streams and a modulation and coding set derived at

least in part from the transmitted information.
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