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(7) ABSTRACT

A MIMO system supports multiple spatial multiplexing
modes for improved performance and greater flexibility.
These modes may include (1) a single-user steered mode
that transmits multiple data streams on orthogonal spatial
channels to a single receiver, (2) a single-user non-steered
mode that transmits multiple data streams from multiple
antennas to a single receiver without spatial processing at a
transmitter, (3) a multi-user steered mode that transmits
multiple data streams simultaneously to multiple receivers
with spatial processing at a transmitter, and (4) a multi-user
non-steered mode that transmits multiple data streams from
multiple antennas (co-located or non co-located) without
spatial processing at the transmitter(s) to receiver(s) having
multiple antennas. For each set of user terminal(s) selected
for data transmission on the downlink and/or uplink, a
spatial multiplexing mode is selected for the user terminal
set from among the multiple spatial multiplexing modes

(51) Int. CL7 oo HO04Q 7/24; HO4T 3/24 supported by the system.
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MIMO SYSTEM WITH MULTIPLE SPATIAL
MULTTPLEXING MODES

I. CLAIM OF PRIORITY UNDER 35 U.S.C. §119

[0001] The present Application for Patent claims priority
to Provisional Application Serial No. 60/421,309, entitled
“MIMO WLAN System,” filed Oct. 25, 2002, assigned to
the assignee hereof, and expressly incorporated by reference
herein.

BACKGROUND
[0002]

[0003] The present invention relates generally to commu-
nication, and more specifically to a multiple-input multiple-
output (MIMO) communication system with multiple trans-
mission modes.

[0004]

[0005] A MIMO system employs multiple (Ny) transmit
antennas and multiple (N) receive antennas for data trans-
mission and is denoted as an (Np, Ng) system. A MIMO
channel formed by the N transmit and Ny receive antennas
may be decomposed into Ng spatial channels, where
Ng=min {N, Ni}. The Ny spatial channels may be used to
transmit Ng independent data streams to achieve greater
overall throughput. In general, spatial processing may or
may not be performed at a transmitter and is normally
performed at a receiver to simultaneously transmit and
recover multiple data streams.

I. Field

II. Background

[0006] A conventional MIMO system typically uses a
specific transmission scheme to simultaneously transmit
multiple data streams. This transmission scheme may be
selected based on a trade-off of various factors such as the
requirements of the system, the amount of feedback from the
receiver to the transmitter, the capabilities of the transmitter
and receiver, and so on. The transmitter, receiver, and system
are then designed to support and operate in accordance with
the selected transmission scheme. This transmission scheme
typically has favorable features as well as unfavorable ones,
which can impact system performance.

[0007] There is therefore a need in the art for a MIMO
system capable of achieving improved performance.

SUMMARY

[0008] A MIMO system that supports multiple spatial
multiplexing modes for improved performance and greater
flexibility is described herein. Spatial multiplexing refers to
the transmission of multiple data streams simultaneously via
multiple spatial channels of a MIMO channel. The multiple
spatial multiplexing modes may include (1) a single-user
steered mode that transmits multiple data streams on
orthogonal spatial channels to a single receiver, (2) a single-
user non-steered mode that transmits multiple data streams
from multiple antennas to a single receiver without spatial
processing at a transmitter, (3) a multi-user steered mode
that transmits multiple data streams simultaneously to mul-
tiple receivers with spatial processing at a transmitter, and
(4) a multi-user non-steered mode that transmits multiple
data streams from multiple antennas (co-located or non
co-located) without spatial processing at the transmitter(s) to
receiver(s) having multiple antennas.

IPR2025-01510
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[0009] A set of at least one user terminal is selected for
data transmission on the downlink and/or uplink. A spatial
multiplexing mode is selected for the user terminal set from
among the multiple spatial multiplexing modes supported by
the system. Multiple rates are also selected for multiple data
streams to be transmitted via multiple spatial channels of a
MIMO channel for the user terminal set. The user terminal
set is scheduled for data transmission on the downlink
and/or uplink with the selected rates and the selected spatial
multiplexing mode. Thereafter, multiple data streams are
processed (e.g., coded, interleaved, and modulated) in accor-
dance with the selected rates and further spatially processed
in accordance with the selected spatial multiplexing mode
for transmission via multiple spatial channels.

[0010] Various aspects and embodiments of the invention
are described in further detail below.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011]

[0012] FIG. 2 shows a frame and channel structure for the
MIMO system;

[0013] FIG. 3 shows an access point and two user termi-
nals in the MIMO system;

[0014] FIG. 4 shows a transmit (TX) data processor at the
access point;

[0015] FIG. 5 shows a TX spatial processor and modula-
tors at the access point;

[0016] FIG. 6 shows demodulators and a receive (RX)
spatial processor at a multi-antenna user terminal;

[0017] FIG. 7 shows an RX data processor at the multi-
antenna user terminal;

[0018] FIG. 8 shows an RX spatial processor and an RX
data processor that implement a successive interference
cancellation (SIC) technique;

[0019] FIG. 9 shows the transmit/receive chains at the
access point and user terminal;

FIG. 1 shows a multiple-access MIMO system;

[0020] FIG. 10 shows a closed-loop rate control mecha-
nism;
[0021] FIG. 11 shows a controller and a scheduler for

scheduling user terminals;

[0022] FIG. 12 shows a process for scheduling user ter-
minals for data transmission;

[0023] FIG. 13 shows a process for transmitting data on
the downlink; and

[0024]
uplink.

FIG. 14 shows a process for receiving data on the

DETAILED DESCRIPTION

[0025] The word “exemplary” is used herein to mean
“serving as an example, instance, or illustration.” Any
embodiment described herein as “exemplary” is not neces-
sarily to be construed as preferred or advantageous over
other embodiments.

[0026] A MIMO system may utilize a single carrier or
multiple carriers for data transmission. Multiple carriers
may be provided by orthogonal frequency division multi-

Page 15 of 34
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plexing (OFDM), other multi-carrier modulation techniques,
or some other constructs. OFDM effectively partitions the
overall system bandwidth into multiple (Ng) orthogonal
subbands, which are also commonly referred to as tones,
bins, carriers, and frequency channels. With OFDM, each
subband is associated with a respective carrier that may be
modulated with data. The following description is for a
MIMO system that utilizes OFDM. However, the concepts
described herein are equally applicable for a single carrier
MIMO system.

[0027] The MIMO system supports multiple spatial mul-
tiplexing modes for improved performance and greater
flexibility. Table 1 lists the supported spatial multiplexing
modes and their short descriptions.

TABLE 1

Spatial

Multi-

plexing

Mode  Description

Single- Multiple data streams are transmitted on orthogonal spatial

User channels to a single receiver.

Steered

Single- Multiple data streams are transmitted from multiple antennas to
User a single receiver without spatial processing at a transmitter.
Non-

Steered

Multi-  Multiple data streams are transmitted simultaneously (1) from a
User single transmitter to multiple receivers or (2) from multiple

Steered transmitters to a single receiver, both with spatial processing at
the transmitter(s).

Multi-  Multiple data streams are transmitted simultaneously (1) from

User multiple transmitters to a single receiver or (2) from a single

Non- transmitter to multiple receivers, both without spatial

Steered processing at the transmitter(s).

[0028] The MIMO system may also support other and/or
different spatial multiplexing modes, and this is within the
scope of the invention.

[0029] Each spatial multiplexing mode has different capa-
bilities and requirements. The steered spatial multiplexing
modes can typically achieve better performance but can only
be used if the transmitter has sufficient channel state infor-
mation to orthogonalize the spatial channels via decompo-
sition or some other technique, as described below. The
non-steered spatial multiplexing modes require very little
information to simultaneously transmit multiple data
streams, but performance may not be quite as good as the
steered spatial multiplexing modes. A suitable spatial mul-
tiplexing mode may be selected for use depending on the
available channel state information, the capabilities of the
transmitter and receiver, system requirements, and so on.
Each of these spatial multiplexing modes is described below.

[0030] 1. Single-User Steered Spatial Multiplexing Mode

[0031] A frequency-selective MIMO channel formed by
N_transmit antennas and Ny receive antennas may be char-
acterized by N frequency-domain channel response matri-
ces H(k), for k=1 . . . N, each with dimensions of NyxN.
The channel response matrix for each subband may be
expressed as:

IPR2025-01510
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hiatk)  ha(k) g (k) Eq (1)
(k) k) I vy (k)

Hk) = . . . ,
g 100) A 2(k) oo g vy (k)

[0032] where entry h; (k), fori=1...Ng,j=1... N, and
k=1 ... N, is the coupling (i.e., complex gain) between
transmit antenna j and receive antenna i for subband k.

[0033] The channel response matrix H(k) for each sub-
band may be “diagonalized” to obtain Ng eigenmodes for
that subband. This diagonalization may be achieved by
performing either singular value decomposition of the chan-
nel response matrix H(k) or eigenvalue decomposition of a
correlation matrix of H(k), which is R(k)=H"(k)H(k), where
“H» denotes the conjugate transpose.

[0034] The singular value decomposition of the channel
response matrix H(k) for each subband may be expressed as:

HER=UERZOV®), Eq ()
[0035]

[0036] U(k) is an (NgxNg) unitary matrix of left
eigenvectors of H(k);

where

[0037] Z(k) is an (NxxNp) diagonal matrix of singu-
lar values of H(k); and

[0038] V(k) is an (NxNp) unitary matrix of right
eigenvectors of H(k).

[0039] A unitary matrix M is characterized by the property
M"M-=I, where I is the identity matrix. The columns of a
unitary matrix are orthogonal to one another.

[0040] The eigenvalue decomposition of the correlation
matrix of H(k) for each subband may be expressed as:

R=H HE)=V(E)AR) V), Eq (3)
[0041] where A(k) is an (NpxNp) diagonal matrix of
eigenvalues of R(k). As shown in equations (2) and (3), the

columns of V(k) are eigenvectors of R(k) as well as right
eigenvectors of H(k).

[0042] Singular value decomposition and eigenvalue
decomposition are described by Gilbert Strang in a book
entitled “Linear Algebra and Its Applications,” Second Edi-
tion, Academic Press, 1980. The single-user steered spatial
multiplexing mode may be implemented with either singular
value decomposition or eigenvalue decomposition. For clar-
ity, singular value decomposition is used for the following
description.

[0043] The right eigenvectors of H(k) are also referred to
as “steering” vectors and may be used for spatial processing
by a transmitter to transmit data on the Ny eigenmodes of
H(k). The left eigenvectors of H(k) may be used for spatial
processing by a receiver to recover the data transmitted on
the N, eigenmodes. The eigenmodes may be viewed as
orthogonal spatial channels obtained through decomposi-
tion. The diagonal matrix (k) contains non-negative real
values along the diagonal and zeros elsewhere. These diago-
nal entries are referred to as the singular values of h(k) and
represent the channel gains for the Ng eigenmodes of H(k).

Page 16 of 34



US 2004/0136349 Al

The singular values of H(k), {03(k) 0,(K) . . . on(K)}, are
also the square roots of the eigenvalues of R(k), {A;(k) A,(k)

-« A (K)}, where oy(k)=vA,(k). Singular value decompo-
sition may be performed independently on the channel
response matrix H(k) for each of the N subbands to deter-
mine the Ng eigenmodes for that subband.

[0044] For each subband, the singular values in the matrix
2(k) may be ordered from largest to smallest, and the
eigenvectors in the matrices V(k) and U(k) may be ordered
correspondingly. A “wideband” eigenmode may be defined
as the set of same-order eigenmodes of all N, subbands after
the ordering (i.e., wideband eigenmode m includes eigen-
mode m of all subbands). In general, all or fewer than N
subbands may be used for transmission, with the unused
subbands being filled with signal values of zero. For sim-
plicity, the following description assumes that all N sub-
bands are used for transmission.

[0045] The single-user steered spatial multiplexing mode
(or simply, the “single-user steered mode”) transmits Ng data
symbol streams on the Ng eigenmodes of the MIMO chan-
nel. This requires spatial processing by both the transmitter
and the receiver.

[0046] The spatial processing at the transmitter for each
subband for the single-user steered mode may be expressed
as:

Tous(R)=V()s(R), Eq (4)
[0047] where
[0048] s(k) is an (Nx1) vector with Ng non-zero

entries for Ng data symbols to be transmitted on the
Ny eigenmodes for subband k; and

[0049] x,, .(k)is an (N1x1) vector with N entries for
N transmit symbols to be sent from the N transmit
antennas for subband k.

[0050] The Ng entries of s(k) can represent Ng data symbol
streams and the remaining entries of s(k), if any, are filled
with zeros.

[0051] The received symbols obtained by the receiver for
each subband may be expressed as:

Fous(O=HR)xs (R)+n(E)=HR)V(E)s (k) +n (), Eq (%)
[0052] where
[0053] r,, . (k)is an (Nxx1) vector with N, entries for

Ny received symbols obtained via the Ny receive
antennas for subband k; and

[0054] n(k) is a noise vector for subband k.

[0055] The spatial processing at the receiver to recover the
data vector s(k) for each subband may be expressed as:

Jul. 15, 2004

[0056] or
[0057] s, (K)=U"K)r,, (k) and &, (K)=27'(k)
Ssu-s(K)s
[0058] where
[0059] s_, (k) is an (Nx1) vector with Ng detected

data symbols for subband k;

[0060] s, .(k)isan (Npx1) vector with Ng recovered
data symbols for subband k; and

[0061] n,,
subband k.

(k) is a vector of post-processed noise for

[0062] The vector s , (k) is an unnormalized estimate of
the data vector s(k), and the vector §_, (k) is a normalized
estimate of s(k). The multiplication by Z~*(k) in equation (6)
accounts for the (possibly different) gains of the Ny spatial
channels and normalizes the output of the receiver spatial
processing so that recovered data symbols with the proper
magnitude are provided to a subsequent processing unit.

[0063] For the single-user steered mode, the matrix F,_
s(k) of steering vectors used by the transmitter for each
subband may be expressed as:

Fous(H)=V(R). Eq (7)

[0064] The spatial filter matrix used by the receiver for
each subband may be expressed as:

My (R)=U" (k). Eq (8)

[0065] The single-user steered mode may be used if the
transmitter has channel state information for either the
channel response matrix H(k) or the matrix V(k) of right
eigenvectors of H(k), for k=1 . . . Np. The transmitter can
estimate H(k) or V(k) for each subband based on a pilot
transmitted by the receiver, as described below, or may be
provided with this information by the receiver via a feed-
back channel. The receiver can typically obtain H(k) or
U™(k) for each subband based on a pilot transmitted by the
transmitter. Equation (6) indicates that the Ng data symbol
streams s(k), distorted only by post-processed channel noise
n,,_.(k), may be obtained for the single-user steered mode
with the proper spatial processing at both the transmitter and
the receiver.

[0066] The signal-to-noise-and-interference ratio (SNR)
for the single-user steered mode may be expressed as:

P(k)Am(k)
a? o

Vsu-sum(k) = =1...N,, Eq O

[0067] where

[0068] P, (k) is the transmit power used for the data

3, k= i(k) U (bor,, k), Eq © symbol transmitted on subband k of wideband eigen-
o mode m;
= ZOUH D HI) Y (k)s(h) + n(k)),
[0069] A _(k) is the eigenvalue for subband k of
= i(k)g”(k)(g(k);(k)){”(k)j{(k)g(k) +n(k), wideband eigenmode m, which is the m-th diagonal
element of A(k); and
= () + g, (00,
[0070] v, . .(K) is the SNR for subband k of wide-
band eigenmode m.
IPR2025-01510 Exhibit 2012
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[0071] 2. Single-User Non-Steered Spatial Multiplexing
Mode

[0072] The single-user non-steered spatial multiplexing
mode (or simply, the “single-user non-steered mode™) may
be used if the transmitter does have not sufficient channel
state information or if the single-user steered mode cannot
be supported for any reasons. The single-user non-steered
mode transmits Ng data symbol streams from Ny transmit
antennas without any spatial processing at the transmitter.

[0073] For the single-user non-steered mode, the matrix
F_.(k) of steering vectors used by the transmitter for each
subband may be expressed as:

L Eq (10)

[0074] The spatial processing at the transmitter for each
subband may be expressed as:

*ns(R)=s(k),

[0075] where x, (k) is the transmit symbol vector for the
single-user non-steered mode. A “wideband” spatial channel
for this mode may be defined as the spatial channel corre-
sponding to a given transmit antenna (i.e., wideband spatial
channel m for the single-user non-steered mode includes all
subbands of transmit antenna m).

Eq (11)

[0076] The received symbols obtained by the receiver for
each subband may be expressed as:

Fas=(R)=H (kx5 (k)+n(R)=H{E)s (k)-+n (k). Eq (12)

[0077] The receiver can recover the data vector s(k) using
various receiver processing techniques such as a channel
correlation matrix inversion (CCMI) technique (which is
also commonly referred to as a zero-forcing technique), a
minimum mean square error (MMSE) technique, a decision
feedback equalizer (DFE), a successive interference cancel-
lation (SIC) technique, and so on.

[0078] A. CCMI Spatial Processing

[0079] The receiver can use the CCMI technique to sepa-
rate out the data symbol streams. A CCMI receiver utilizes
a spatial filter having a response of M__,(k), fork=1... N,
which can be expressed as:

cemi!

Mecni(O=[H () H() | H (l)=R " () H¥ (k). Eq (13)

[0080] The spatial processing by the CCMI receiver for
the single-user non-steered mode may be expressed as:

Beemith) = M o (K1, (k) Eq (14)
= R (0 H" () (HE)s (k) + n(k)),

=s(k)+n,_,,; k),

Hcomi

[0081] where

[0082] §...i(Kk)is an (Npx1) vector with Ng recovered
data symbols for subband k; and

[0083] n_..(kK)=M_..(kn(k) is the CCMI filtered
noise for subband k.

IPR2025-01510
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[0084] An autocovariance matrix ¢....(k) of the CCMI
filtered noise for each subband may be expressed as:

¢ (k) = Eln ., (Onll (6],

*cemi

Eq (15)

= Moy, (OME,, 00,

=R k),

[0085] where E[x] is the expected value of x. The last
equality in equation (15) assumes that the noise n(k) is
additive white Gaussian noise (AWGN) with zero mean, a
variance of 02, and an autocovariance matrix of ¢, (K)=E
[n(k)n™(k)]=0?1. In this case, the SNR for the CCMI
receiver may be expressed as:

P(k) Eq (16)
iml)= —"—— m=1..N,
Yeemian (k) o2 ™ ss

[0086] where

[0087] P, (k) is the transmit power used for the data
symbol transmitted on subband k of wideband spa-
tial channel m;

[0088] r...(k) is the m-th diagonal element of R(k)
for subband k; and

[0089] Y.emim(k) is the SNR for subband k of wide-
band spatial channel m.

[0090] Due to the structure of R(k), the CCMI technique
may amplify the noise.

[0091] B. MMSE Spatial Processing

[0092] The receiver can use the MMSE technique to
suppress crosstalk between the data symbol streams and
maximize the SNRs of the recovered data symbol streams.
An MMSE receiver utilizes a spatial filter having a response
of M,,,...(kK), for k=1 . . . Ng, which is derived such that the
mean square error between the estimated data vector from
the spatial filter and the data vector s(k) is minimized. This

MMSE criterion may be expressed as:

) Mmin(k))E[(Mmm(k)rm(k) = $UN" (M, )1, ) = sCD]. Bq (17)

[0093] The solution to the optimization problem posed in
equation (17) may be obtained in various manners. In one
exemplary method, the MMSE spatial filter matrix
M, (k) for each subband may be expressed as:

mmse

M, 0= H Go[HIoH" (0 + (0], Eq (18)

= HY WIHWH (k) + o217

[0094] The second equality in equation (18) assumes that
the noise vector n(k) is AWGN with zero mean and variance

of &
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[0095] The spatial processing by the MMSE receiver for
the single-user non-steered mode is composed of two steps.
In the first step, the MMSE receiver multiplies the vector
r,(k) for the Ny received symbol streams with the MMSE

spatial filter matrix M,,....(k) to obtain a vector s .. (k) for
Ny detected symbol streams, as follows:
3 e () = B, (KO, (K, Eq (19)

=M, HK)s(k) + 1)),

mmse

= QUOs(K) + 1,5, (k).

[0096] where n, .  (K)=M_ . (Kn(k) is the MMSE fil-
tered noise and Q(k)=M,, .. (K)H(k). The Ng detected sym-
bol streams are unnormalized estimates of the Ng data
symbol streams.

[0097]
the vector s,,...(k) with a scaling matrix D
obtain a vector §_, ..

streams, as follows:

Smnse()=Drxmse” (B8 mmmse k),
[0098] where D (k) is a diagonal matrix whose diago-
nal elements are the diagonal elements of Q(k), i.e.,
D, ..(K)=diag[Q(k)]. The Ng recovered data symbol
streams are normalized estimates of the Ng data symbol
streams.

In the second step, the MMSE receiver multiplies

rnrnse_l(k) tO
(k) for the Ng recovered data symbol

Eq (20)

[0099] Using the matrix inverse identity, the matrix Q(k)
can be rewritten as:

Q) = H (g (OHK[HY (g ot + 1], Eq 1)

= H (O HO[H? () Hk) + 21"

[0100] The second equality in equation (21) assumes that
the noise is AWGN with zero mean and variance of o°.

[0101] The SNR for the MMSE receiver may be expressed
as:

Grumlk)
1 = Gumm(k)

Eq (22)

Yrmsen (k) = Pulk),  m=1...Ns,

[0102]

[0103] q,..(k) is the m-th diagonal element of Q(k)
for subband k; and

[0104] v, pee m(K) is the SNR for subband k of wide-
band spatial channel m.

where

[0105] C. Successive Interference Cancellation Receiver
Processing

[0106] The receiver can process the Ny received symbol
streams using the SIC technique to recover the N data
symbol streams. For the SIC technique, the receiver initially
performs spatial processing on the Ny received symbol
streams (e.g., using CCMI, MMSE, or some other tech-
nique) and obtains one recovered data symbol stream. The
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receiver further processes (e.g., demodulates, deinterleaves,
and decodes) this recovered data symbol stream to obtain a
decoded data stream. The receiver then estimates the inter-
ference this stream causes to the other Ng—1 data symbol
streams and cancels the estimated interference from the Ny
received symbol streams to obtain N modified symbol
streams. The receiver then repeats the same processing on
the Ny modified symbol streams to recover another data
symbol stream.

[0107] For a SIC receiver, the input (i.e., received or
modified) symbol streams for stage 1, where 1=1 . . . Ng, may
be expressed as:

Pe (=H (Rptas (Rytn(R)=H'(B) (k) +n(k),
[0108] where

[0109] r.. (k) is a vector of N modified symbols for
subband k in stage 1, and r_; '(k)=n_ (k) for the first
stage;

Eq (23)

[0110] s'(k)is a vector of (N —1+1) data symbols not
yet recovered for subband k in stage 1; and

[0111] H'(k) is an Npx(Np-l+1) reduced channel
response matrix for subband k in stage 1.

[0112] Equation (23) assumes that the data symbol streams
recovered in the (I-1) prior stages are canceled. The dimen-
sionality of the channel response matrix H(k) successively
reduces by one column for each stage as a data symbol
stream is recovered and canceled. For stage 1, the reduced
channel response matrix H'(k) is obtained by removing (1-1)
columns in the original matrix H(k) corresponding to the
(1-1) data symbol streams previously recovered, i.e., H'(k)=
[hy(k) h; (&) ..., where h; (k) is an Nyx1 vector for the
channel response between transmit antenna j, and the Ny
receive antennas. For stage 1, the (1-1) data symbol streams
recovered in the prior stages are given indices of {j; j, . - .
ji_1}» and the (Np~1+1) data symbol streams not yet recov-
ered are given indices of {j ji,; - - -}

[0113] For stage 1, the SIC receiver derives a spatial filter
matrix M '(k), for k=1 . . . Ng, based on the reduced
channel response matrix H'(k) (instead of the original matrix
H(k)) using the CCMI technique as shown in equation (13),
the MMSE technique as shown in equation (18), or some
other technique. The matrix M_; (k) has dimensionality of
(N~1+1)xNg. Since H'(k) is different for each stage, the
spatial filter matrix M_; (k) is also different for each stage.

[0114] The SIC receiver multiplies the vector r (k) for
the N; modified symbol streams with the spatial filter matrix
M, (k) to obtain a vector s (k) for (N —1+1) detected
symbol streams, as follows:

sic

Sy = M (0r oK), Eq (24)

= ML (OH ©)s' () + n'(k)),

“sic

= 0! (bs'k) +nl (0,

[0115] where n_; '(k)=M.;.\(k)n'(k) is the filtered noise for
subband k of stage 1, n'(k) is a reduced vector of n(k), and
Q...'(k)=M,, (k)H(k). The SIC receiver then selects one of
the detected symbol streams for recovery. Since only one
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data symbol stream is recovered in each stage, the SIC
receiver can simply derive one (1xNg) spatial filter row
vector m; (k) for the data symbol stream {s; } to be recov-
ered in stage 1. The row vector m; (k) is one row of the
matrix M_; (k). In this case, the spatlal processing for stage

1 to recover the data symbol stream {sh} may be expressed
as:

&5 (= (e ()= (R)S (R +omy (oyn(R),

[0116] where g; '(k) is the row of Q_;
data symbol stream {si}-

[0117] In any case, the receiver scales the detected symbol
stream {s;} to obtain a recovered data symbol stream {s; }
and further processes (e.g., demodulates, deinterleaves, and
decodes) the stream {s; } to obtain a decoded data stream {
d 1. The receiver also forms an estimate of the interference
thls stream causes to the other data symbol streams not yet
recovered. To estimate the interference, the receiver re-
encodes, interleaves, and symbol maps the decoded data
stream {a } in the same manner as performed at the trans-
mitter and 'obtains a stream of “remodulated” symbols {s s
which is an estimate of the data symbol stream just recov-
ered. The receiver then convolves the remodulated symbol
stream with each of Ny elements in the channel response
vector h; (k) for stream {s; } to obtain Ny, interference com-
ponents i;(k) caused by this stream. The Ny interference
components are then subtracted from the Ny modified sym-
bol streams r; (k) for stage 1to obtain N modified symbol
streams 1, *'(k) for the next stage 1+1, i.e. i (k)=
rsicl(k)—ijl(k). The modified symbol streams r; **(k) repre-
sent the streams that would have been received if the data
symbol stream {s; } had not been transmitted (i.e., assuming
that the interference cancellation was effectively per-
formed).

Eq (25)

'(k) corresponding to

sic

[0118] The SIC receiver processes the Ny received symbol
streams in Ng successive stages. For each stage, the SIC
receiver (1) performs spatial processing on either the Ny
received symbol streams or the N modified symbol streams
from the preceding stage to obtain one recovered data
symbol stream, (2) decodes this recovered data symbol
stream to obtain a corresponding decoded data stream, (3)
estimates and cancels the interference due to this stream, and
(4) obtains N modified symbol streams for the next stage.
If the interference due to each data stream can be accurately
estimated and canceled, then later recovered data streams
experience less interference and may be able to achieve
higher SNRs.

[0119] For the SIC technique, the SNR of each recovered
data symbol stream is dependent on (1) the spatial process-
ing technique (e.g., CCMI or MMSE) used for each stage,
(2) the specific stage in which the data symbol stream is
recovered, and (3) the amount of interference due to data
symbol streams recovered in later stages. The SNR for the
SIC receiver with CCMI may be expressed as:

P (k) Eq (26)

. . k)= =1...N
yxtc—ccmt,m( ) rhatkyo?’ m $

[0120] where ry;, (k) is the m-th dlagonal element of
[R (k)] for subband k, where R'(k)=[H'(k)[*H'(k).
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[0121] The SNR for the SIC receiver with MMSE may be
expressed as:

oo Am® N Eq (27)
yxic—mmxe,m( )= 1_qunm(k) (K, m=1...Ng,
[0122] where g, '(k) is the m-th diagonal element of

Q,;.'(k) for subband k, where Q,;.'(k) is derived as shown in
equation (21) but based on the reduced channel response
matrix H(k) instead of the original matrix H(k).

[0123] In general, the SNR progressively improves for
data symbol streams recovered in later stages because the
interference from data symbol streams recovered in prior
stages is canceled. This then allows higher rates to be used
for data symbol streams recovered later.

[0124] 3. Multi-User Steered Spatial Multiplexing Mode

[0125] The multi-user steered spatial multiplexing mode
(or simply, the “multi-user steered mode”) supports data
transmission from a single transmitter to multiple receivers
simultaneously based on “spatial signatures” of the receiv-
ers. The spatial signature for a receiver is given by a channel
response vector (for each subband) between the N transmit
antennas and each receive antenna at the receiver. The
transmitter may obtain the spatial signatures for the receiv-
ers as described below. The transmitter may then (1) select
a set of receivers for simultaneous data transmission and (2)
derive steering vectors for the data symbol streams to be
transmitted to the selected receivers such that transmit
stream crosstalk is adequately suppressed at the receivers.

[0126] The steering vectors for the multi-user steered
mode may be derived in various manners. Two exemplary
schemes are described below. For simplicity, the following
description is for one subband and assumes that each
receiver is equipped with one antenna.

[0127] In a channel inversion scheme, the transmitter
obtains the steering vectors for multiple receivers using
channel inversion. The transmitter initially selects N single-
antenna receivers for simultaneous transmission. The trans-
mitter obtains a 1xN. channel response row vector h,(k) for
each selected receiver and forms an N xNp channel
response matrix H (k) with the N.. row vectors for the N
receivers. The transmitter then uses channel inversion to
obtain a matrix F_ (k) of Ny steering vectors for the Np.
selected receivers, as follows:

Fo s ()=H ().

[0128] The spatial processing at the transmitter for each
subband for the multi-user steered mode may be expressed
as:

Eq (28)

Fu-s(B)=F a5 ()5 ().
[0129] where x,,,, (K) is the transmit symbol vector for the
multi-user steered mode.

Eq (29)

[0130] The received symbols at the N selected receivers
for each subband may be expressed as:

rab=H G, 6 +nk), Eq (30)

mie-s
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-continued

=H (OF  (k)sk)+nk),

s mues

= s(k) + i(k) + n(k),

[0131] where R, (k) is an (Nx1) received symbol vec-
tor for subband k at the Ny selected receivers, and i(k)
represents the crosstalk interference due to imperfect esti-
mation of F_ (k) at the transmitter. Each selected receiver
would obtain only one entry of the vector r,,, (k) for each
receive antenna. If the spatial processing at the transmitter is
effective, then the power in i(k) is small, and each recovered
data symbol stream experiences little crosstalk from the
(N-t-1) other data symbol streams sent to the other receivers.

[0132] The transmitter can also transmit a steered pilot to
each selected receiver, as described below. Each receiver
would then process its steered pilot to estimate the channel
gain and phase and coherently demodulate the received
symbols from its single antenna with the channel gain and
phase estimates to obtain recovered data symbols.

[0133] The SNRs achieved for the multi-user steered
mode are a function of the autocovariance of the channel
response matrix H_ (k). Higher SNRs can be achieved by
selecting “compatible” user terminals. Different sets and/or
combinations of user terminals may be evaluated, and the
set/combination with the highest SNRs may be selected for
data transmission.

[0134] While the channel inversion scheme is appealing in
its simplicity, in general, it will provide poor performance,
because preconditioning the data symbol streams with the
inverse channel response matrix in equation (29) forces the
transmitter to put the majority of its power in the worst
eigenmodes of the MIMO channel. Also, in some channels,
particularly those with large correlations among the ele-
ments of H__(k), the channel response matrix is less than
full rank, and calculating an inverse will not be possible.

[0135] In a preceding scheme, the transmitter precodes N
data symbol streams to be sent to the N1 selected receivers
such that these data symbol streams experience little
crosstalk at the receivers. The transmitter can form the
channel response matrix H,, (k) for the Ny selected receiv-
ers. The transmitter then performs QR factorization on
H,..(k) such that H _ (k)=F, (k)Q,..(k), where F (k) is a
lower left triangular matrix and Q,, (k) is a unitary matrix.

[0136] The transmitter performs a precoding operation on
the data symbol vector to be transmitted, s(k)=[s, (k) s,(k) .
- 55 (K)]", to obtain a precoded symbol vector a(k)=[a,(k)
(k) . . . a (K], as follows:

Eq (31)

1 —1
ak) = m[s,(k)—;ﬁ;(k)a;(k)] mod (M /2), for [=1... Ny,

[0137] where

[0138] M is the number of levels, spaced at unit
intervals, in the in-phase or quadrature dimension of
a square QAM signal constellation; and

[0139] f,(k) is the element of F
column j.
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[0140] The modulo (mod) operation adds a sufficient
number of integer multiples of M to the argument so that the
result satisfies a,(k)e[-M/2, M/2). After this precoding
operation, the transmit symbols are computed by processing
the precoded symbol vector a(k) with the unitary steering
matrix Q,,.(K) to generate the transmit symbol vector X,

pe(k)=Qp, " (K)a(k).

[0141] The receive symbol vector for the precoding
scheme can be expressed as:

P pe (D)0 R)a(Ry+n()=F i (Rya(k)y+n(k).

[0142] Tt can be shown that F (k)a(k) mod (M/2)=s(k).
Thus, the data symbol vector can be estimated as 3., (k)=
IupolK) mod (M/2). Each of the N selected receivers only
obtains one of the N elements of r,,,,, (k) and can estimate
the data symbols sent to it by performing the mod (M/2)
operation on its received symbols.

Eq (32)

[0143] The transmitter can also transmit multiple data
symbol streams to a multi-antenna receiver in the multi-user
steered mode. The channel response matrix H_ (k) would
then include one row vector for each receive antenna of the
multi-antenna receiver.

[0144] The multi-user steered mode also supports data
transmission from multiple multi-antenna transmitters to a
single receiver. Each multi-antenna transmitter performs
spatial processing on its data symbol stream to steer the
stream toward the receiver. Each transmitter also transmits
a steered pilot to the receiver. To the receiver, each trans-
mitter appears as a single transmission. The receiver per-
forms spatial processing (e.g., CCMI, MMSE, and so on) to
recover the steered data symbol streams from all transmit-
ters.

[0145] 4. Multi-User Non-Steered Spatial Multiplexing
Mode

[0146] The multi-user non-steered spatial multiplexing
mode (or simply, the “multi-user non-steered mode”) sup-
ports simultaneous data transmission by (1) a single trans-
mitter to multiple receivers (e.g., for the downlink) and (2)
multiple transmitters to a single receiver (e.g., for the
uplink).

[0147] For non-steered transmission from a single trans-
mitter to multiple receivers, the transmitter transmits one
data symbol stream from each transmit antenna for a recipi-
ent receiver. One or multiple data symbol streams may be
transmitted for each recipient receiver. Each recipient
receiver includes at least Ny receive antennas and can
perform spatial processing to isolate and recover its data
symbol stream(s). Each receiver desiring data transmission
estimates the SNR for each of the N transmit antennas and
sends the N1 SNR estimates to the transmitter. The trans-
mitter selects a set of receivers for data transmission based
on the SNR estimates from all receivers desiring data
transmission (e.g., to maximize the overall throughput).

[0148] For non-steered transmission from multiple trans-
mitters to a single receiver, the transmitters transmit data
symbol streams from their antennas (i.c., without spatial
processing) such that these streams arrive approximately
time-aligned at the receiver. The receiver can estimate the
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channel response matrix for all of the transmitters as if they
were one transmitter. The receiver can recover multiple data
symbol streams transmitted by these multiple transmitters
using any of the techniques described above for the single-
user non-steered mode (e.g., CCMI, MMSE, and SIC tech-
niques).

[0149] 5. Spatial Processing

[0150] Table 2 summarizes the spatial processing at the
transmitter and the receiver for the four spatial multiplexing
modes described above. For the non-steered modes, receiver
processing techniques other than CCMI and MMSE may
also be used. The last column in Table 2 indicates whether
or not the SIC technique may be used at the receiver.

TABLE 2
Spatial Transmit
Multiplexing Mode F(k) Receive M(k)  Scaling SIC
Single-User Steered — V(k) U® (k) =7 (k) no
Single-User I Meemi(k) — yes
Non-Steered M, mse() D™ mse(K)
Multi-User Steered H k) — — no
(single transmitter to
multiple receivers)
Multi-User I M .milk) — yes
Non-Steered Mmse(k) D™ mee(K)

(multiple transmitters
to single receiver)

[0151] For simplicity, the spatial processing for the multi-
user steered mode from multiple transmitters to a single
receiver and the multi-user non-steered mode from a single
transmitter to multiple receivers are not shown in Table 2.

[0152] In the following description, a wideband spatial
channel can correspond to (1) a wideband eigenmode, for a
steered spatial multiplexing mode, (2) a transmit antenna,
for a non-steered spatial multiplexing mode, or (3) a com-
bination of one or more spatial channels of one or more
subbands. A wideband spatial channel can be used to trans-
mit one independent data stream.

[0153] 6. MIMO System

[0154] FIG. 1 shows a multiple-access MIMO system 100
with a number of access points (APs) 110 providing com-
munication for a number of user terminals (UTs) 120. For
simplicity, only two access points 110a and 110b are shown
in FIG. 1. An access point is generally a fixed station that
communicates with the user terminals and may also be
referred to as a base station or some other terminology. A
user terminal may be fixed or mobile and may also be
referred to as a mobile station, a wireless device, or some
other terminology. A system controller 130 couples to and
provides coordination and control for access points 110.

[0155] MIMO system 100 may be a time division duplex
(TDD) system or a frequency division duplex (FDD) sys-
tem. The downlink and uplink (1) share the same frequency
band for a TDD system and (2) use different frequency
bands for an FDD system. The following description
assumes that MIMO system 100 is a TDD system.

[0156] MIMO system 100 utilizes a set of transport chan-
nels to transmit different types of data. The transport chan-
nels may be implemented in various manners.

IPR2025-01510

Exhibit 2012

Jul. 15, 2004

[0157] FIG. 2 shows an exemplary frame and channel
structure 200 that may be used for MIMO system 100. Data
transmission occurs in TDD frames. Each TDD frame spans
a predetermined time duration (e.g., 2 msec) and is parti-
tioned into a downlink phase and an uplink phase. Each
phase is further partitioned into multiple segments 210, 220,
230, 240, and 250 for multiple transport channels.

[0158] In the downlink phase, a broadcast channel (BCH)
carries a beacon pilot 214, a MIMO pilot 216, and a BCH
message 218. The beacon pilot is used for timing and
frequency acquisition. The MIMO pilot is used for channel
estimation. The BCH message carries system parameters for
the user terminals. A forward control channel (FCCH)
carries scheduling information for assignments of downlink
and uplink resources and other signaling for the user termi-
nals. A forward channel (FCH) carries FCH protocol data
units (PDUs) on the downlink. An FCH PDU 232« includes
a pilot 2344 and a data packet 236a, and an FCH PDU 2326
includes only a data packet 236b. In the uplink phase, a
reverse channel (RCH) carries RCH PDUs on the uplink. An
RCH PDU 242 includes only a data packet 2464, and an
RCH PDU 242p includes a pilot 244b and a data packet
246b. A random access channel (RACH) is used by the user
terminals to gain access to the system and to send short
messages on the uplink. An RACH PDU 252 sent on the
RACH includes a pilot 254 and a message 256.

[0159] FIG. 3 shows a block diagram of an access point
110x and two user terminals 120x and 120y in MIMO system
100. Access point 110x is one of the access points in FIG.
1 and is equipped with multiple (Nap) antennas 324a
through 324ap. User terminal 120x is equipped with a single
antenna 352x, and user terminal 120y is equipped with
multiple (N,,) antennas 352a through 352ur.

[0160] On the downlink, at access point 110x, a TX data
processor 310 receives traffic data for one or more user
terminals from a data source 308, control data from a
controller 330, and possibly other data from a scheduler 334.
The various types of data may be sent on different transport
channels. TX data processor 310 processes (e.g., encodes,
interleaves, and symbol maps) the different types of data
based on one or more coding and modulation schemes to
obtain Ny streams of data symbols. As used herein, a “data
symbol” refers to a modulation symbol for data, and a “pilot
symbol” refers to a modulation symbol for pilot. A TX
spatial processor 320 receives the Ny data symbol streams
from TX data processor 310, performs spatial processing on
the data symbols with matrices F_(k), for k=1 . . . N,
multiplexes in pilot symbols, and provides N, streams of
transmit symbols for the N, antennas. The matrices F_ (k)
are derived in accordance with the spatial multiplexing
mode selected for use. The processing by TX data processor
310 and TX spatial processor 320 is described below.

[0161] Each modulator (MOD) 322 receives and pro-
cesses a respective transmit symbol stream to obtain a
stream of OFDM symbols, and further conditions (e.g.,
amplifies, filters, and frequency upconverts) the OFDM
symbol stream to generate a downlink signal. N, , modula-
tors 322a through 322ap provide N,, downlink signals for
transmission from N, antennas 324a through 324ap,
respectively, to the user terminals.

[0162] Ateach user terminal 120, one or multiple antennas
352 receive the N, downlink signals, and each antenna
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provides a received signal to a respective demodulator
(DEMOD) 354. Each demodulator 354 performs processing
complementary to that performed by modulator 322 and
provides a stream of received symbols. For single-antenna
user terminal 120x, an RX spatial processor 360x performs
coherent demodulation of the received symbol stream from
a single demodulator 354°x and provides one stream of
recovered data symbols. For multi-antenna user terminal
120y, RX spatial processor 360y performs spatial processing
on N, received symbol streams from N, demodulators 354
with spatial filter matrices M (k), for k=1 . . . Ng, and
provides N, streams of recovered data symbols. In any case,
each recovered data symbol stream {§_} is an estimate of a
data symbol stream {s,,} transmitted by access point 110x to
that user terminal 120. An RX data processor 370 receives
and demultiplexes the recovered data symbols to the proper
transport channels. The recovered data symbols for each
transport channel are then processed (e.g., demapped,
deinterleaved, and decoded) to obtain decoded data for that
transport channel. The decoded data for each transport
channel may include recovered traffic data, control data, and
so on, which may be provided to a data sink 372 for storage
and/or a controller 380 for further processing.

[0163] At each user terminal 120, a channel estimator 378
estimates the downlink channel response and provides chan-
nel estimates, which may include channel gain estimates,
SNR estimates, and so on. Controller 380 receives the
channel estimates, derives the vectors and/or coefficients
used for spatial processing on the transmit and receive paths,
and determines a suitable rate for each data symbol stream
on the downlink. For example, controller 380y for multi-
antenna user terminal 120y may derive the spatial filter
matrices M (k) for the downlink and the matrices F_ (k) of
steering vectors for the uplink based on downlink channel
response matrices Hy,(k), for k=1 . . . Np. Controller 380
may also receive the status of each packet/frame received on
the downlink and assemble feedback information for access
point 110x. The feedback information and uplink data are
processed by a TX data processor 390, spatially processed
by a TX spatial processor 392 (if present at user terminal
120), multiplexed with pilot symbols, conditioned by one or
more modulators 354, and transmitted via one or more
antennas 352 to access point 110x.

[0164] At access point 110x, the transmitted uplink signals
are received by antennas 324, demodulated by demodulators
322, and processed by an RX spatial processor 340 and an
RX data processor 342 in a complementary manner to that
performed at user terminals 120. The recovered feedback
information is provided to controller 330 and scheduler 334.
Scheduler 334 may use the feedback information to perform
a number of functions such as (1) scheduling a set of user
terminals for data transmission on the downlink and uplink
and (2) assigning the available downlink and uplink
resources to the scheduled terminals.

[0165] Controllers 330 and 380 control the operation of
various processing units at access point 110x and user
terminal 120, respectively. For example, controller 380 may
determine the highest rates supported by the spatial channels
on the downlink for user terminal 120. Controller 330 may
select the rate, payload size, and OFDM symbol size for
each spatial channel of each scheduled user terminal.

[0166] The processing at access point 110x and user
terminals 120x and 120y for the uplink may be the same or

IPR2025-01510

Exhibit 2012

Jul. 15, 2004

different from the processing for the downlink. For clarity,
the processing for the downlink is described in detail below.

[0167] FIG. 4 shows a block diagram of an embodiment
of TX data processor 310 at access point 110x. For this
embodiment, TX data processor 310 includes one set of
encoder 412, channel interleaver 414, and symbol mapping
unit 416 for each of the Ng data streams. For each data
stream {d,.}, where m=1 . . . Ng, an encoder 412 receives
and codes the data stream based on a coding scheme selected
for that stream and provides code bits. The coding scheme
may include CRC, convolutional, Turbo, low density parity
check (LDPC), block, and other coding, or a combination
thereof. A channel interleaver 414 interleaves (i.e., reorders)
the code bits based on an interleaving scheme. A symbol
mapping unit 416 maps the interleaved bits based on a
modulation scheme selected for that stream and provides a
stream of data symbols {s_.}. Unit 416 groups each sct of B
interleaved bits to form a B-bit binary value, where BZ1,
and further maps each B-bit binary value to a specific data
symbol based on the selected modulation scheme (e.g.,
QPSK, M-PSK, or M-QAM, where M=25) The coding and
modulation for each data stream are performed in accor-
dance with coding and modulation controls provided by
controller 330.

[0168] FIG. 5 shows a block diagram of an embodiment
of TX spatial processor 320 and modulators 322a through
322ap at access point 110x. For this embodiment, TX spatial
processor 320 includes Ng demultiplexers (Demux) 510a
through 510s, N TX subband spatial processors 520a
through 520f, and N_, multiplexers (Mux) 530z through
530ap. Each demultiplexer 510 receives a respective data
symbol stream {s_} from TX spatial processor 320, demul-
tiplexes the stream into Ny data symbol substreams for the
N;: subbands, and provides the N substreams to N spatial
processors 520a through 520f. Each spatial processor 520
receives Ng data symbol substreams for its subband from Ng
demultiplexers 510a through 510s, performs transmitter
spatial processing on these substreams, and provides N,
transmit symbol substreams for the N_, access point anten-
nas. Each spatial processor 520 multiplies a data vector
San(k) with a matrix F_ (K) to obtain a transmit vector x4,,(k).
The matrix F, (k) is equal to (1) a matrix V,, (k) of right
eigenvectors of Hy (k) for the single-user steered mode, (2)
the matrix F_ (k) for the multi-user steered mode, or (3) the
identity matrix I for the single-user non-steered mode.

[0169] Each multiplexer 530 receives Ny transmit symbol
substreams for its transmit antenna from N spatial proces-
sors 520a through 520f, multiplexes these substreams and
pilot symbols, and provides a transmit symbol stream {X]}
for its transmit antenna. The pilot symbols may be multi-
plexed in frequency (i.e., on some subbands), in time (i.e.,
in some symbol periods), and/or in code space (i.e., with an
orthogonal code). N, multiplexers 530z through 530ap
provide N, transmit symbol streams {Xj}, for j=1. N, , for
N,, antennas 3244 through 324ap.

[0170] For the embodiment shown in FIG. 5, each modu-
lator 322 includes an inverse fast Fourier transform (IFFT)
unit 542, a cyclic prefix generator 544, and a TX RF unit
546. IFFT unit 542 and cyclic prefix generator 544 form an
OFDM modulator. Each modulator 322 receives a respective
transmit symbol stream {xj} from TX spatial processor 320
and groups each set of Ny transmit symbols for the Ny

ap?
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subbands. IFFT unit 542 transforms each set of N transmit
symbols to the time domain using an Ng-point inverse fast
Fourier transform and provides a corresponding transformed
symbol that contains Ny chips. Cyclic prefix generator 544
repeats a portion of each transformed symbol to obtain a
corresponding OFDM symbol that contains Np+N_, chips.
The repeated portion (i.e., the cyclic prefix) ensures that the
OFDM symbol retains its orthogonal properties in the pres-
ence of multipath delay spread caused by frequency selec-
tive fading. TX RF unit 546 receives and conditions the
OFDM symbol stream from generator 544 to generate a
downlink modulated signal. N, downlink modulated sig-
nals are transmitted from N, antennas 324a through 324ap,
respectively.

[0171] FIG. 6 shows a block diagram of an embodiment
of demodulators 354a through 354ur and RX spatial pro-
cessor 360y for multi-antenna user terminal 120y. At user
terminal 120y, N, antennas 3524 through 352uf receive the
N,, modulated signals transmitted by access point 110x and
provide N, received signals to N, demodulators 354a
through 354uz, respectively. Each demodulator 354 includes
an RX RF unit 612, a cyclic prefix removal unit 614, and a
fast Fourier transform (FFT) unit 616. Units 614 and 616
form an OFDM demodulator. Within each demodulator 354,
RX RF unit 612 receives, conditions, and digitizes a respec-
tive received signal and provides a stream of chips. Cyclic
prefix removal unit 614 removes the cyclic prefix in each
received OFDM symbol to obtain a received transformed
symbol. FFT unit 616 then transforms each received trans-
formed symbol to the frequency domain with an Ng-point
fast Fourier transform to obtain N received symbols for the
N subbands. FFT unit 616 provides a stream of received
symbols to RX spatial processor 360y and received pilot
symbols to channel estimator 378y.

[0172] For the embodiment shown in FIG. 6, RX spatial
processor 360y includes N, demultiplexers 630a through
630ur for the N, antennas at user terminal 120y, Nz RX
subband spatial processors 640a through 640f and Ny scal-
ing units 642a through 642f for the Ny subbands, and Ny
multiplexers 650a through 650s for the Ng data streams. RX
spatial processor 360y obtains N, received symbol streams
{r;}, fori=1...N,, from demodulators 354 through 354ur.
Each demultiplexer 630 receives a respective received sym-
bol stream {r;}, demultiplexes the stream into N received
symbol substreams for the N subbands, and provides the Ny
substreams to N spatial processors 640a through 640f. Each
spatial processor 640 obtains N, received symbol sub-
streams for its subband from N, demultiplexers 630a
through 630uz, performs receiver spatial processing on these
substreams, and provides N detected symbol substreams for
its subband. Each spatial processor 640 multiplies a received
vector rd. (k) with a matrix M,(k) to obtain a detected
symbol vector s,.(k). The matrix M,,(k) is equal to (1) a
matrix Uy, (k) of left eigenvectors of Hy, (k) for the single-
user steered mode or (2) the matrix M___(k), M (k), or
some other matrix for the single-user non-steered mode.

[0173] Each scaling unit 642 receives Ng detected symbol
substreams for its subband, scales these substreams, and
provides Ng recovered data symbol substreams for its sub-
band. Each scaling unit 642 performs the signal scaling of
the detected symbol vector sy (k) with a diagonal matrix
D, (k) and provides the recovered data symbol vector
84n(k). Each multiplexer 650 receives and multiplexes N
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recovered data symbol substreams for its data stream from

Ng. scaling units 6424 through 642f and provides a recovered

data symbol stream. Ng multiplexers 6502 through 650s

provide Ny recovered data symbol streams {8, }, for m=1 .
. Ng.

[0174] FIG. 7 shows a block diagram of an embodiment
of RX data processor 370y at user terminal 120y. RX data
processor 370y includes one set of symbol demapping unit
712, channel deinterleaver 714, and decoder 716 for each of
the Ng data streams. For each recovered data symbol stream
{8}, where m=1 . . . Ng, a symbol demapping unit 712
demodulates the recovered data symbols in accordance with
the modulation scheme used for that stream and provides
demodulated data. A channel deinterleaver 714 deinterleaves
the demodulated data in a manner complementary to the
interleaving performed on that stream by access point 110x.
A decoder 716 then decodes the deinterleaved data in a
manner complementary to the encoding performed by access
point 110x on that stream. For example, a Turbo decoder or
a Viterbi decoder may be used for decoder 716 if Turbo or
convolutional coding, respectively, is performed at access
point 110x. Decoder 716 provides a decoded packet for each
received data packet. Decoder 716 further checks each
decoded packet to determine whether the packet is decoded
correctly or in error and provides the status of the decoded
packet. The demodulation and decoding for each recovered
data symbol stream are performed in accordance with
demodulation and decoding controls provided by controller
380y.

[0175] FIG. 8 shows a block diagram of an RX spatial
processor 360z and an RX data processor 370z, which
implement the SIC technique. RX spatial processor 360z and
RX data processor 370z implement Ng successive (i.e.,
cascaded) receiver processing stages for Ng data symbol
streams. Each of stages 1 to Ng-1 includes a spatial pro-
cessor 810, an interference canceller 820, an RX data stream
processor 830, and a TX data stream processor 840. The last
stage includes only a spatial processor 810s and an RX data
stream processor 830s. Each RX data stream processor 830
includes a symbol demapping unit 712, a channel deinter-
leaver 714, and a decoder 716, as shown in FIG. 7. Each TX
data stream processor 840 includes an encoder 412, a
channel interleaver 414, and a symbol mapping unit 416, as
shown in FIG. 4.

[0176] For stage 1, spatial processor 810a performs
receiver spatial processing on the N, received symbol
streams and provides one recovered data symbol stream
{éjl}, where the subscript j; denotes the access point antenna
used to transmit the data symbol stream {s; }. RX data
stream processor 8302 demodulates, deinterleaves, and
decodes the recovered data symbol stream {éjl} and provides
a corresponding decoded data stream {ajl}. TX data stream
processor 840a encodes, interleaves, and modulates the
decoded data stream {ajl} in the same manner performed by
access point 110x for that stream and provides a remodulated
symbol stream {s; }. Interference canceller 820a performs
spatial processing on the remodulated symbol stream {Sjl}
in the same manner (if any) performed by access point 110x
and further processes the result with the channel response
matrix Hy, (k) to obtain N, interference components due to
the data symbol stream {Sjl}' The N, interference compo-
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nents are subtracted from the N, received symbol streams to
obtain N, modified symbol streams, which are provided to
stage 2.

[0177] Each of stages 2 through Ng-1 performs the same
processing as stage 1, albeit on the N,, modified symbol
streams from the preceding stage instead of the N, received
symbol streams. The last stage performs spatial processing
and decoding on the N, modified symbol streams from stage
Ng-1 and does not perform interference estimation and
cancellation.

[0178] Spatial processors 810a through 810s may each
implement the CCMI, MMSE, or some other receiver pro-
cessing technique. Each spatial processor 810 multiplies an
input (received or modified) symbol vector r,, (k) with a
matrix M_ (k) to obtain a detected symbol vector s, (k),
selects and scales one of the detected symbol streams, and
provides the scaled symbol stream as the recovered data
symbol stream for that stage. The matrix M,/ (k) is derived
based on a reduced channel response matrix Hy, '(k) for the
stage.

[0179] The processing units at access point 110x and user
terminal 120y for the uplink may be implemented as
described above for the downlink. TX data processor 390y
and TX spatial processor 392y may be implemented with TX
data processor 310 in FIG. 4 and TX spatial processor 320
in FIG. 5, respectively. RX spatial processor 340 may be
implemented with RX spatial processor 360y or 360z, and
RX data processor 342 may be implemented with data
processor 370y or 370z.

[0180] For single-antenna user terminal 120x, RX spatial
processor 360x performs coherent demodulation of one
received symbol stream with channel estimates to obtain one
recovered data symbol stream.

[0181] A. Channel Estimation

[0182] The channel response of the downlink and uplink
may be estimated in various manners such as with a MIMO
pilot or a steered pilot. For a TDD MIMO system, certain
techniques may be used to simplify the channel estimation.

[0183] For the downlink, access point 110x can transmit a
MIMO pilot to user terminals 120. The MIMO pilot com-
prises N, pilot transmissions from N, access point anten-
nas, with the pilot transmission from each antenna being
“covered” with a different orthogonal sequence (e.g., a
Walsh sequence). Covering is a process whereby a given
modulation symbol (or a set of L modulation symbols with
the same value) to be transmitted is multiplied by all L chips
of an L-chip orthogonal sequence to obtain L. covered
symbols, which are then transmitted. The covering achieves
orthogonality among the N_, pilot transmissions sent from
the N, access point antennas and allows the user terminals
to distinguish the pilot transmission from each antenna.

[0184] At each user terminal 120, channel estimator
378“decovers” the received pilot symbols for each user
terminal antenna i with the same N_, orthogonal sequences
used by access point 110x for the N, antennas to obtain
estimates of the complex channel gain between user terminal
antenna i and each of the N, access point antennas. Decov-
ering is complementary to covering and is a process
whereby received (pilot) symbols are multiplied by the L
chips of the L-chip orthogonal sequence to obtain L. decov-
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ered symbols, which are then accumulated to obtain an
estimate of the transmitted (pilot) symbol. Channel estima-
tor 378 performs the same pilot processing for each subband
used for pilot transmission. If pilot symbols are transmitted
on only a subset of the N subbands, then channel estimator
378 can perform interpolation on the channel response
estimates for subbands with pilot transmission to obtain
channel response estimates for subbands without pilot trans-
mission. For single-antenna user terminal 120x, channel
estimator 378x provides estimated downlink channel
response vectors A, (k), for k=1 . . . Ng, for the single
antenna 352. For multi-antenna user terminal 120y, channel
estimator 378y performs the same pilot processing for all N,
antennas 352a through 352ur and provides estimated down-
link channel response matrices [, (k), for k=1 . . . Ny.. Each
user terminal 120 can also estimate the noise variance for the
downlink based on the received pilot symbols and provides
the downlink noise estimate, G, >.

[0185] For the uplink, multi-antenna user terminal 120y
can transmit a MIMO pilot that can be used by access point
110x to estimate the uplink channel response ﬁup(k) for user
terminal 120y. Single-antenna user terminal 120x can trans-
mit a pilot from its single antenna. Multiple single-antenna
user terminals 120 can transmit orthogonal pilots simulta-
neously on the uplink, where orthogonality may be achieved
in time and/or frequency. Time orthogonality can be
obtained by having each user terminal cover its uplink pilot
with a different orthogonal sequence assigned to the user
terminal. Frequency orthogonality can be obtained by hav-
ing each user terminal transmit its uplink pilot on a different
set of subbands. The simultaneous uplink pilot transmissions
from multiple user terminals should be approximately time-
aligned at access point 120x (e.g., time-aligned to within the
cyclic prefix).

[0186] For a TDD MIMO system, a high degree of cor-
relation normally exists between the channel responses for
the downlink and uplink since these links share the same
frequency band. However, the responses of the transmit/
receive chains at the access point are typically not the same
as the responses of the transmit/receive chains at the user
terminal. If the differences are determined and accounted for
via calibration, then the overall downlink and uplink channel
responses may be assumed to be reciprocal (i.e., transpose)
of each other.

[0187] FIG. 9 shows the transmit/receive chains at access
point 110x and user terminal 120y. At access point 110x, the
transmit path is modeled by an N_ xN_ matrix T, (k) and
the receive path is modeled by an N, xN_, matrix R_ (k). At
user terminal 120y, the receive path is modeled by an
N xN,, matrix R,,(k) and the transmit path is modeled by an
N, xN, matrix T, (k). The received symbol vectors for the

ul

downlink and uplink for each subband may be expressed as:
ran(R)=Ru(RHR)T 1 (k)44 (k) and
Fap(R)=R o (HT ()T ()5, (R), Eq (33)
[0188] where “T” denotes the transpose. Equation (34)
assumes that the downlink and uplink are transpose of one
another. The “effective” downlink and uplink channel
responses, H_,,(k) and H_ (k), for each subband include the

responses of the transmit and receive chains and may be
expressed as:

Hean()=Ru(OHITp(k) and  Heup(k)=R,p()H (k-
(k). Eq (34)
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[0189] The effective downlink and uplink channel
responses are not reciprocal of one other (ie.,
Hedn(k);éHeupT(k)) if the responses of the downlink and
uplink transmit/receive chains are not equal to each other.

[0190] Access point 110x and user terminal 120y can
perform calibration to obtain correction matrices K, (k) and
K,(k) for each subband, which may be expressed as:

KopB=T,5 (R (k) and Koy(R=To " (R)R (K. Eq (35)

[0191] The correction matrices may be obtained by trans-
mitting MIMO pilots on both the downlink and uplink and
deriving the correction matrices using MMSE criterion or
some other techniques. The correction matrices K, (k) and
K,(k) are applied at access point 110x and user terminal
120y, respectively, as shown in FIG. 9. The “calibrated”
downlink and uplink channel responses, H_, (k) and
H.,(K), are then reciprocal of one another and may be

expressed as:
Houp()=H o (K ()= (Hn()K o ()T =H " (). Eq (36)

[0192] The singular value decomposition of the calibrated

uplink and downlink channel response matrices, H,, (k) and
H_,,(k), for each subband may be expressed as:
Houp()=Up()Z()) V"' (0), and
HoaoD)=Vo (OZ(R) U5 (k). Eq (37)

[0193] Asshown in equation set (38), the matrices V,,*(k)
and U_ *(k) of left and right eigenvectors of H_,,(k) are the
complex conjugate of the matrices V,,(k) and U_ (k) of right
and left eigenvectors of H, (k). The matrix U, (k) can be
used by access point 110x for both transmit and receive
spatial processing. The matrix V, (k) can be used by user
terminal 120y for both transmit and receive spatial process-
ing.

[0194] Because of the reciprocal nature of the MIMO
channel for the TDD MIMO system, and after calibration
has been performed to account for the differences in the
transmit/receive chains, the singular value decomposition
only needs to be performed by either user terminal 120y or
access point 110x. If performed by user terminal 120y, then
the matrices V_(k), for k=1 . . . N, are used for spatial
processing at the user terminal and the matrix U, (k), for
k=1 ... Ng, may be provided to the access point in either a
direct form (e.g., by sending entries of the matrices U_(k))
or an indirect form (e.g., via a steered pilot). In actuality,
user terminal 120y can only obtain H_, (k), which is an
estimate of H_,,(k), and can only derive V (k), 2(k) and
ﬁap(k), which are estimates of V (k), 2(k) and U_/(k),
respectively. For simplicity, the description herein assumes
channel estimation without errors.

[0195] An uplink steered pilot sent by user terminal 120y
may be expressed as:
Fup,m (=KWt )P (K),

[0196] where v, (k) is the m-th column of V (k) and
p(k) is the pilot symbol. The received uplink steered pilot at
access point 110x may be expressed as:

Fup n(R)=tap (RO (R) 11,35 ().

[0197] Equation (40) indicates that access point 110x can
obtain the matrix U, (k), one vector at a time, based on the
uplink steered pilot from user terminal 120y.
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[0198] A complementary process may also be performed
whereby user terminal 120y transmits a MIMO pilot on the
uplink, and access point 110x performs singular value
decomposition and transmits a steered pilot on the downlink.
Channel estimation for the downlink and uplink may also be
performed in other manners.

[0199] At each user terminal 120, channel estimator 378
can estimate the downlink channel response (e.g., based on
a MIMO pilot or a steered pilot sent by access point 110x)
and provide downlink channel estimates to controller 380.
For single-antenna user terminal 120x, controller 380x can
derive the complex channel gains used for coherent demodu-
lation. For multi-antenna user terminal 120y, controller 380y
can derive the matrix M (k) used for receive spatial pro-
cessing and the matrix F_ (k) used for transmit spatial
processing based on the downlink channel estimates. At
access point 110x, channel estimator 328 can estimate the
uplink channel response (e.g., based on a steered pilot or a
MIMO pilot sent by user terminal 120) and provide uplink
channel estimates to controller 380. Controller 380 can
derive the matrix F, (k) used for transmit spatial processing
and the matrix M, (k) used for receive spatial processing
based on the uplink channel estimates.

[0200] FIG. 9 shows the spatial processing at access point
110x and user terminal 120y for the downlink and uplink for
one subband k. For the downlink, within TX spatial proces-
sor 320 at access point 110x, the data vector sy, (k) is first
multiplied with the matrix F, (k) by a unit 910 and further
multiplied with the correction matrix K_ (k) by a unit 912 to
obtain the transmit vector x4,(k). The vector x4, (k) is
processed by a transmit chain 914 within modulators 322
and transmitted over the MIMO channel to user terminal
120y. Units 910 and 912 perform the transmit spatial pro-
cessing for the downlink and may be implemented within
TX subband spatial processor 520 in FIG. 5.

[0201] At user terminal 120y, the downlink signals are
processed by a receive chain 954 within demodulators 354
to obtain the receive vector ry (k). Within RX spatial pro-
cessor 360y, the receive vector ry, (k) is first multiplied with
the matrix M, (k) by a unit 956 and further scaled with the
inverse diagonal matrix D, ~*(k) by a unit 958 to obtain the
vector §4,(k), which is an estimate of the data vector sy, (k).
Units 956 and 958 perform the receive spatial processing for
the downlink and may be implemented within RX subband
spatial processor 640 in FIG. 6.

[0202] For the uplink, within TX spatial processor 392y at
user terminal 120y, the data vector s, (k) is first multiplied
with the matrix F (k) by a unit 960 and further multiplied
with the correction matrix K (k) by a unit 962 to obtain the
transmit vector x,, (k). The vector x,,(k) is processed by a
transmit chain 964 within modulators 354 and transmitted
over the MIMO channel to access point 110x. Units 960 and
962 perform the transmit spatial processing for the uplink.

[0203] At access point 110x, the uplink signals are pro-
cessed by a receive chain 924 within demodulators 322 to
obtain the receive vector r,, (k). Within RX spatial processor
340, the receive vector r, (k) is first multiplied with the
matrix M, (k) by a unit 926 and further scaled with the
inverse diagonal matrix Dap"l(k) by a unit 928 to obtain the
vector §, (Kk), which is an estimate of the data vector s,,(k).
Units 926 and 928 perform the receive spatial processing for
the uplink.

Page 26 of 34



US 2004/0136349 Al

[0204] B. Spatial Processing for TDD MIMO System

[0205] Table 3 summarizes exemplary pilot transmission
and spatial processing performed by the access point and the
user terminals for data transmission on the downlink and
uplink for various spatial multiplexing modes in the TDD
MIMO system. For the single-user steered mode, the access
point transmits a MIMO pilot to allow the user terminal to
estimate the downlink channel response. The user terminal
transmits a steered pilot to allow the access point to estimate
the uplink channel response. The access point performs
transmit and receive spatial processing with U_ (k) The user
terminal performs transmit and receive spatial processing
with V_ (k).

[0206] For the single-user non-steered mode, for downlink
data transmission, the access point transmits a MIMO pilot
from all antennas and a data symbol stream from each
antenna. The user terminal estimates the downlink channel
response with the MIMO pilot and performs receiver spatial
processing using the downlink channel estimates. The
complementary processing occurs for uplink data transmis-
sion.

Jul. 15, 2004

point transmits a MIMO pilot on the downlink. Each user
terminal determines and sends back the rate it can receive
from each access point antenna. The access point selects a
set of user terminals and transmits data symbol streams for
the selected user terminals from the access point antennas.
Each multi-antenna user terminal performs receiver spatial
processing (e.g., CCMI, MMSE, and so on) to recover its
data symbol stream. For uplink data transmission from
single-antenna and/or multi-antenna user terminals, the user
terminals transmit orthogonal (unsteered) pilots on the
uplink. The access point estimates the uplink channel
response based on the uplink pilots and selects a set of
compatible user terminals. Each selected user terminal trans-
mits a data symbol stream from a user terminal antenna. The
access point performs receiver spatial processing (e.g.,
CCMI, MMSE, and so on) to recover the data symbol
streams.

[0209] C. Rate Selection

[0210] Each data stream for the downlink and uplink is
transmitted on a wideband spatial channel m using one of the
spatial multiplexing modes. Each data stream is also trans-

TABLE 3
Spatial
Multiplexing Downlink Data Uplink Data
Mode Transmission Transmission

Single-User
Steered

AP transmits MIMO pilot
UT transmits steered pilot
AP transmits data with U, (k)
UT receives data with Vi (k)

Single-User AP transmits MIMO pilot

AP transmits MIMO pilot
UT transmits steered pilot
UT transmits data with V,(k)
AP receives data with U,(k)
UT transmits MIMO pilot

Non-Steered AP transmits data from each antenna UT transmits data from each antenna

UT uses CCMI, MMSE, etc.

AP uses CCMI, MMSE, etc.

Multi-User ~ UTs transmit orthogonal pilot AP transmits MIMO pilot

Steered AP transmits steered data UTs transmit steered pilot
AP transmits steered pilot UTs transmit steered data
UTs receive with steered pilot AP uses CCMIL, MMSE, etc.

Multi-User AP transmits MIMO pilot UTs transmit orthogonal pilot

Non-Steered UTs send rate for each AP antenna

AP selects compatible UTs

AP transmits data from each antenna UTs transmits data from each antenna

UTs use CCMI, MMSE, etc.

AP uses CCMI, MMSE, etc.

[0207] For the multi-user steered mode, for downlink data
transmission to single-antenna and/or multi-antenna user
terminals, the user terminals transmit orthogonal pilots on
the uplink to allow the access point to estimate the downlink
channel response. A single-antenna user terminal transmits
an unsteered pilot, and a multi-antenna user terminal trans-
mits a steered pilot. The access point derives downlink
steering vectors based on the orthogonal uplink pilots, and
uses the steering vectors to transmit steered pilots and
steered data symbol streams to the selected user terminals.
Each user terminal uses the steered pilot to receive the
steered data symbol stream sent to the user terminal. For
uplink data transmission from multi-antenna user terminals,
the access point transmits a MIMO pilot. Each multi-
antenna user terminal transmits a steered pilot and a steered
data symbol stream on the uplink. The access point performs
receiver spatial processing (e.g., CCMI, MMSE, and so on)
to recover the data symbol streams.

[0208] For the multi-user non-steered mode, for downlink
data transmission to multi-antenna user terminals, the access
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mitted at a rate that is selected such that the target level of
performance (e.g., 1 percent packet error rate (PER)) can be
achieved for that stream. The rate for each data stream can
be determined based on the SNR achieved at the receiver for
that stream (i.e., the received SNR), where the SNR is
dependent on the spatial processing performed at the trans-
mitter and receiver, as described above.

[0211] In an exemplary rate selection scheme, the deter-
mine the rate for wideband spatial channel m, an SNR
estimate, v,..(k), (e.g., in units of dB) for each subband k of
the wideband spatial channel is first obtained, as described
above. An average SNR, v,,,, is then computed for wide-
band spatial channel m, as follows:

1 M ) Eq (40)
Yavgm = N—F;Vm( ).
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[0212] The variance of the SNR estimates, Gymz, is also
computed as follows:

| Eq 41)
2 - ) — 2
o2 NF-lg(”"” Yargam)

[0213] An SNR back-off factor, ybo,m, is determined
based on a function F(Y,,g m» Gymz) of the average SNR and
the SNR variance. For example, the function F(Y,,q m»
o' 9)=K, -0, > may be used, where Ky is a scaling factor that
may be selected based on one or more characteristics of the
MIMO system such as the interleaving, packet size, and/or
coding scheme used for the data stream. The SNR back-off
factor accounts for variation in SNRs across the wideband
spatial channel. An operating SNR, vy, ,, for wideband
spatial channel m is next computed, as follows:

Yopm=Yavgm=Too.m- Eq (42)

[0214] The rate for the data stream is then determined
based on the operating SNR. For example, a look-up table
(LUT) may store a set of rates supported by the MIMO
system and their required SNRs. The required SNR for each
rate may be determined by computer simulation, empirical
measurement, and so on, and based on an assumption of an
AWGN channel. The highest rate in the look-up table with
a required SNR that is equal to or lower than the operating
SNR is selected as the rate for the data stream sent on
wideband spatial channel m.

[0215] Various other rate selection schemes may also be
used.

[0216] D. Closed-Loop Rate Control

[0217] Closed-loop rate control may be used for each of
the data streams transmitted on multiple wideband spatial
channels. Closed-loop rate control may be achieved with
one or multiple loops.

[0218] FIG. 10 shows a block diagram of an embodiment
of a closed-loop rate control mechanism 1000, which com-
prises an inner loop 1010 that operates in conjunction with
an outer loop 1020. Inner loop 1010 estimates the channel
conditions and determines the rate supported by each wide-
band spatial channel. Outer loop 1020 estimates the quality
of the data transmission received on each wideband spatial
channel and adjusts the operation of the inner loop accord-
ingly. For simplicity, the operation of loops 1010 and 1020
for one downlink wideband spatial channel m is shown in
FIG. 10 and described below.

[0219] For inner loop 1010, channel estimator 378 at user
terminal 120 estimates wideband spatial channel m and
provides channel estimates (e.g., channel gain estimates and
noise variance estimate). A rate selector 1030 within con-
troller 380 determines the rate supported by wideband
spatial channel m based on (1) the channel estimates from
channel estimator 378, (2) an SNR back-off factor and/or a
rate adjustment for wideband spatial channel m from a
quality estimator 1032, and (3) a look-up table (LUT) 1036
of rates supported by the MIMO system and their required
SNRs. The supported rate for wideband spatial channel m is
sent by controller 380 to access point 110. At access point
110, controller 330 receives the supported rate for wideband
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spatial channel m and determines the data rate, coding, and
modulation controls for the data stream to be sent on this
spatial channel. The data stream is then processed in accor-
dance with these controls by TX data processor 310, spa-
tially processed and multiplexed with pilot symbols by TX
spatial processor 320, conditioned by modulators 322, and
transmitted to user terminal 120.

[0220] Outer loop 1020 estimates the quality of the
decoded data steam received on wideband spatial channel m
and adjusts the operation of inner loop 1010. The received
symbols for wideband spatial channel m are spatially pro-
cessed by RX spatial processor 360 and further processed by
RX data processor 370. RX data processor 370 provides the
status of each packet received on wideband spatial channel
m and/or decoder metrics to quality estimator 1032. Outer
loop 1020 can provide different types of information (e.g.,
SNR back-off factor, a rate adjustment, and so on) used to
control the operation of inner loop 1010.

[0221] Closed-loop rate control described above may thus
be performed independently for each downlink and uplink
wideband spatial channel, which can correspond to (1) a
wideband eigenmode, for the single-user steered mode, or
(2) a transmit antenna, for the single-user and multi-user
non-steered modes.

[0222] E. Scheduling User Terminals

[0223] FIG. 11 shows a block diagram of an embodiment
of controller 330 and scheduler 334 for scheduling user
terminals for data transmission on the downlink and uplink.
Within controller 330, a request processor 1110 receives
access requests transmitted by user terminal 120 on the
RACH and possibly access requests from other sources.
These access requests are for data transmission on the
downlink and/or uplink. Request processor 1110 processes
the received access requests and provides the identities (IDs)
and the status of all requesting user terminals. The status for
a user terminal may indicate the number of antennas avail-
able at the terminal, whether the terminal is calibrated, and
SO on.

[0224] A rate selector 1120 receives channel estimates
from channel estimator 328 and determines the rates sup-
ported by the downlink and/or uplink wideband spatial
channels for the requesting user terminals, as described
above. For the downlink, each user terminal 120 can deter-
mine the rate supported by each of its wideband spatial
channels, as described above. The supported rate is the
maximum rate that may be used for data transmission on the
wideband spatial channel to achieve the target level of
performance. Each user terminal 120 can send the supported
rates for all of its downlink wideband spatial channels to
access point 110, e.g., via the RACH. Alternatively, access
point 110 can determine the supported rates for the downlink
wideband spatial channels if (1) the downlink and uplink are
reciprocal and (2) access point 110 is provided with the noise
variance or noise floor at user terminal 120. For the uplink,
access point 110 can determine the supported rate for each
wideband spatial channel for each requesting user terminal
120.

[0225] A user selector 1140 selects different sets of one or
more user terminals, from among all of the requesting user
terminals, for possible data transmission on the downlink
and/or uplink. The user terminals may be selected based on
various criteria such as system requirements, user terminal
capabilities and supported rates, user priority, the amount of
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data to send, and so on. For the multi-user spatial multi-
plexing modes, the user terminals for each set may also be
selected based on their channel response vectors.

[0226] A mode selector 1130 selects the particular spatial
multiplexing mode to use for each set of user terminals
based on the operating state and capabilities of the user
terminals in the set and possibly other factors. For example,
the single-user steered mode may be used for a “calibrated”
multi-antenna user terminal that has performed calibration
so that the channel response for one link (e.g., downlink) can
be estimated based on a (e.g., steered) pilot received via the
other link (e.g., uplink). The single-user non-steered mode
may be used for an “uncalibrated” multi-antenna user ter-
minal that has not performed calibration or cannot support
the single-user steered mode for any reason. The multi-user
steered mode may be used for downlink transmission to
multiple user terminals, each of which is equipped with one
or more antennas. The multi-user non-steered mode may be
used for uplink transmission by multiple user terminals.

[0227] Scheduler 334 receives the sets of user terminals
from user selector 1140, the selected spatial multiplexing
mode for each user terminal set from mode selector 1130,
and the selected rates for each user terminal set from rate
selector 1120. Scheduler 334 schedules the user terminals
for data transmission on the downlink and/or uplink. Sched-
uler 334 selects one or more sets of user terminals for data
transmission on the downlink and one or more sets of user
terminals for data transmission on the uplink for each TDD
frame. Each set includes one or more user terminals and is
scheduled for data transmission concurrently in a designated
transmission interval within the TDD frame.

[0228] Scheduler 334 forms an information element (IE)
for each user terminal scheduled for data transmission on the
downlink and/or uplink. Each information element includes
(1) the spatial multiplexing mode to use for data transmis-
sion, (2) the rate to use for the data stream sent on each
wideband spatial channel, (3) the start and the duration of
the data transmission, and (4) possibly other information
(e.g., the type of pilot being transmitted along with the data
transmission). Scheduler 334 sends the information ele-
ments for all scheduled user terminals via the FCCH. Each
user terminal processes the FCCH to recover its information
element, and thereafter receives a downlink transmission
and/or sends an uplink transmission in accordance with the
received scheduling information.

[0229] FIG. 11 shows an embodiment of the scheduling of
user terminals for data transmission when multiple spatial
multiplexing modes are supported. The scheduling may be
performed in other manners, and this is within the scope of
the invention.

[0230] FIG. 12 shows a flow diagram of a process 1200
for scheduling user terminals for data transmission in MIMO
system 100. A set of least one user terminal is selected for
data transmission on the downlink and/or uplink (block
1212). A spatial multiplexing mode is selected for the user
terminal set from among multiple spatial multiplexing
modes supported by the system (block 1214). Multiple rates
are also selected for multiple data streams to be transmitted
via multiple spatial channels for the user terminal set (block
1216). The user terminal set is scheduled for data transmis-
sion on the downlink and/or uplink with the selected rates
and the selected spatial multiplexing mode (block 1218).
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[0231] FIG. 13 shows a flow diagram of a process 1300
for transmitting data on the downlink in MIMO system 100.
Process 1300 may be performed by access point 110x. A first
plurality of data streams are coded and modulated in accor-
dance with a first plurality of rates to obtain a first plurality
of data symbol streams (block 1312). For the single-user
steered mode, the first plurality of data symbol streams are
spatially processed with a first plurality of steering vectors
to obtain a first plurality of transmit symbol streams for
transmission from multiple antennas to a first user terminal
in a first transmission interval (block 1314). The first plu-
rality of steering vectors are derived such that the first
plurality of data streams are transmitted on orthogonal
spatial channels to the first user terminal. A second plurality
of data streams are coded and modulated in accordance with
a second plurality of rates to obtain a second plurality of data
symbol streams (block 1316). For the single-user non-
steered mode, the second plurality of data symbol streams
are provided as a second plurality of transmit symbol
streams for transmission from the multiple antennas to a
second user terminal in a second transmission interval
(block 1318). A third plurality of data streams are coded and
modulated to obtain a third plurality of data symbol streams
(block 1320). For the multi-user steered mode, the third
plurality of data symbol streams are spatially processed with
a second plurality of steering vectors to obtain a third
plurality of transmit symbol streams for transmission from
the multiple antennas to multiple user terminals in a third
transmission interval (block 1322). The second plurality of
steering vectors are derived such that the third plurality of
data symbol streams are received with suppressed crosstalk
at the multiple user terminals.

[0232] FIG. 14 shows a flow diagram of a process 1400
for receiving data on the uplink in MIMO system 100.
Process 1400 may also be performed by access point 110x.
Receiver spatial processing is performed on a first plurality
of received symbol streams in accordance with a first spatial
multiplexing mode (e.g., the single-user steered mode) to
obtain a first plurality of recovered data symbol streams
(block 1412). The first plurality of recovered data symbol
streams are demodulated and decoded in accordance with a
first plurality of rates to obtain a first plurality of decoded
data streams (block 1414). Receiver spatial processing is
performed on a second plurality of received symbol streams
in accordance with a second spatial multiplexing mode (e.g.,
a non-steered mode) to obtain a second plurality of recov-
ered data symbol streams (block 1416). The second plurality
of recovered data symbol streams are demodulated and
decoded in accordance with a second plurality of rates to
obtain a second plurality of decoded data streams, which are
estimates of data streams transmitted by one or multiple user
terminals (block 1418).

[0233] Each user terminal performs corresponding pro-
cesses to transmit data on one or multiple uplink wideband
spatial channels and to receive data on one or multiple
downlink wideband spatial channels.

[0234] Data transmission with multiple spatial multiplex-
ing modes, as described herein, may be implemented by
various means. For example, the processing may be imple-
mented in hardware, software, or a combination thereof. For
a hardware implementation, the processing units used to
perform data processing, spatial processing, and scheduling
at the access point may be implemented within one or more
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application specific integrated circuits (ASICs), digital sig-
nal processors (DSPs), digital signal processing devices
(DSPDs), programmable logic devices (PLDs), field pro-
grammable gate arrays (FPGAs), processors, controllers,
micro-controllers, microprocessors, other electronic units
designed to perform the functions described herein, or a
combination thereof. The processing units at a user terminal
may also be implemented on one or more ASICs, DSPs, and
SO on.

[0235] For a software implementation, the processing at
the access point and user terminal for data transmission with
multiple spatial multiplexing modes may be implemented
with modules (e.g., procedures, functions, and so on) that
perform the functions described herein. The software codes
may be stored in a memory unit (e.g., memory unit 332 or
382 in FIG. 3) and executed by a processor (e.g., controller
330 or 380). The memory unit may be implemented within
the processor or external to the processor.

[0236] Headings are included herein for reference and to
aid in locating certain sections. These headings are not
intended to limit the scope of the concepts described therein
under, and these concepts may have applicability in other
sections throughout the entire specification.

[0237] The previous description of the disclosed embodi-
ments is provided to enable any person skilled in the art to
make or use the present invention. Various modifications to
these embodiments will be readily apparent to those skilled
in the art, and the generic principles defined herein may be
applied to other embodiments without departing from the
spirit or scope of the invention. Thus, the present invention
is not intended to be limited to the embodiments shown
herein but is to be accorded the widest scope consistent with
the principles and novel features disclosed herein.

What is claimed is:

1. A method of transmitting data in a wireless multiple-
access multiple-input multiple-output (MIMO) communica-
tion system, comprising:

selecting at least one user terminal for data transmission;

selecting a spatial multiplexing mode, from among a
plurality of spatial multiplexing modes supported by
the system, to use for the at least one user terminal;

selecting a plurality of rates for a plurality of data streams
to be transmitted via a plurality of spatial channels of
a MIMO channel for the at least one user terminal; and

scheduling the at least one user terminal for data trans-
mission with the plurality of selected rates and the
selected spatial multiplexing mode.

2. The method of claim 1, wherein one user terminal is
selected for data transmission and the selected spatial mul-
tiplexing mode is a steered spatial multiplexing mode.

3. The method of claim 2, further comprising:

spatially processing the plurality of data streams with a
plurality of steering vectors to transmit the plurality of
data streams on orthogonal spatial channels to the one
user terminal.

4. The method of claim 1, wherein one user terminal is

selected for data transmission and the selected spatial mul-
tiplexing mode is a non-steered spatial multiplexing mode.
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5. The method of claim 4, further comprising:

providing the plurality of data streams for transmission
from a plurality of antennas to the one user terminal.
6. The method of claim 1, wherein a plurality of user
terminals are selected for data transmission and the selected
spatial multiplexing mode is a steered spatial multiplexing
mode.
7. The method of claim 6, further comprising:

spatially processing the plurality of data streams with a
plurality of steering vectors to steer the plurality of data
streams to the plurality of user terminals.

8. The method of claim 6, further comprising:

performing receiver spatial processing on a plurality of
received symbol streams to obtain estimates of the
plurality of data streams transmitted by the plurality of
user terminals, wherein each data stream is processed
with a respective steering vector to steer the data
stream.

9. The method of claim 1, wherein a plurality of user
terminals are selected for data transmission and the selected
spatial multiplexing mode is a non-steered spatial multiplex-
ing mode.

10. The method of claim 9, further comprising:

performing receiver spatial processing on a plurality of
received symbol streams to obtain estimates of the
plurality of data streams transmitted by the plurality of
user terminals.

11. The method of claim 9, further comprising:

providing the plurality of data streams for transmission
from a plurality of antennas to the plurality of user
terminals each having multiple antennas.

12. The method of claim 1, wherein the MIMO system is
a time division duplex (TDD) system.

13. The method of claim 12, wherein the selected spatial
multiplexing mode is a steered spatial multiplexing mode if
the at least one user terminal is calibrated and downlink
channel response is reciprocal of uplink channel response.

14. The method of claim 12, wherein the selected spatial
multiplexing mode is a non-steered spatial multiplexing
mode if the at least one user terminal is uncalibrated and
downlink channel response is not reciprocal of uplink chan-
nel response.

15. The method of claim 1, wherein the selecting a
plurality of rates includes

estimating signal-to-noise-and-interference ratios (SNRs)
of the plurality of spatial channels, and

selecting the plurality of rates based on the estimated
SNRs of the plurality of spatial channels.

16. An apparatus in a wireless multiple-access multiple-
input multiple-output (MIMO) communication system,
comprising:

a terminal selector operative to select at least one user

terminal for data transmission;

a mode selector operative to select a spatial multiplexing
mode, from among a plurality of spatial multiplexing
modes supported by the system, to use for the at least
one user terminal;

a rate selector operative to select a plurality of rates for a
plurality of data streams to be transmitted via a plural-
ity of spatial channels of a MIMO channel for the at
least one user terminal; and
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a scheduler operative to schedule the at least one user
terminal for data transmission with the plurality of
selected rates and the selected spatial multiplexing
mode.

17. The apparatus of claim 16, further comprising:

a transmit spatial processor operative to spatially process
the plurality of data streams in accordance with the
selected spatial multiplexing mode to obtain a plurality
of transmit symbol streams for transmission from a
plurality of antennas to the at least one user terminal.

18. The apparatus of claim 16, further comprising:

a receive spatial processor operative to spatially process a
plurality of received symbol streams in accordance
with the selected spatial multiplexing mode to obtain
estimates of the plurality of data streams transmitted by
the at least one user terminal.

19. An apparatus in a wireless multiple-access multiple-

input multiple-output (MIMO) communication system,
comprising:

means for selecting at least one user terminal for data
transmission;

means for selecting a spatial multiplexing mode, from
among a plurality of spatial multiplexing modes sup-
ported by the system, to use for the at least one user
terminal;

means for selecting a plurality of rates for a plurality of
data streams to be transmitted via a plurality of spatial
channels of a MIMO channel for the at least one user
terminal; and

means for scheduling the at least one user terminal for
data transmission with the plurality of selected rates
and the selected spatial multiplexing mode.

20. The apparatus of claim 19, further comprising:

means for spatially processing the plurality of data
streams in accordance with the selected spatial multi-
plexing mode to obtain a plurality of transmit symbol
streams for transmission from a plurality of antennas to
the at least one user terminal.

21. The apparatus of claim 19, further comprising:

means for spatially processing a plurality of received
symbol streams in accordance with the selected spatial
multiplexing mode to obtain estimates of the plurality
of data streams transmitted by the at least one user
terminal.
22. A method of transmitting data in a wireless multiple-
access multiple-input multiple-output (MIMO) communica-
tion system, comprising:

selecting a first user terminal for data transmission in a
first transmission interval,

selecting a first spatial multiplexing mode to use for the
first user terminal,

selecting a second user terminal for data transmission in
a second transmission interval,

selecting a second spatial multiplexing mode to use for
the second user terminal,

scheduling the first user terminal for data transmission in
the first transmission interval with the first spatial
multiplexing mode; and
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scheduling the second user terminal for data transmission
in the second transmission interval with the second
spatial multiplexing mode.

23. The method of claim 22, wherein the first spatial
multiplexing mode is a steered spatial multiplexing mode
and the second spatial multiplexing mode is a non-steered
spatial multiplexing mode.

24. The method of claim 23, further comprising:

spatially processing a first plurality of data streams with
a plurality of steering vectors to transmit the first
plurality of data streams on orthogonal spatial channels
of a MIMO channel for the first user terminal; and

providing a second plurality of data streams for transmis-
sion from a plurality of antennas to the second user
terminal.

25. The method of claim 23, further comprising:

performing receiver spatial processing on a first plurality
of received symbol streams with a plurality of eigen-
vectors to obtain estimates of a first plurality of data
streams transmitted by the first user terminal; and

performing receiver spatial processing on a second plu-
rality of received symbol streams in accordance with a
spatial filter to obtain estimates of a second plurality of
data streams transmitted by the second user terminal.
26. The method of claim 23, further comprising:

selecting a first plurality of rates for a first plurality of data
streams to be transmitted via a first plurality of spatial
channels of a first MIMO channel for the first user
terminal; and

selecting a second plurality of rates for a second plurality
of data streams to be transmitted via a second plurality
of spatial channels of a second MIMO channel for the
second user terminal, and

wherein the first user terminal is further scheduled with
the first plurality of rates and the second user terminal
is scheduled with the second plurality of rates.
27. An apparatus in a wireless multiple-access multiple-
input multiple-output (MIMO) communication system,
comprising:

a user selector operative to select a first user terminal for
data transmission in a first transmission interval and to
select a second user terminal for data transmission in a
second transmission interval;

a mode selector operative to select a first spatial multi-
plexing mode to use for the first user terminal and to
select a second spatial multiplexing mode to use for the
second user terminal; and

a scheduler operative to schedule the first user terminal
for data transmission in the first transmission interval
with the first spatial multiplexing mode and to schedule
the second user terminal for data transmission in the
second transmission interval with the second spatial
multiplexing mode.

28. The apparatus of claim 27, wherein the first spatial
multiplexing mode is a steered spatial multiplexing mode
and the second spatial multiplexing mode is a non-steered
spatial multiplexing mode.
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29. The apparatus of claim 28, further comprising:
a transmit spatial processor operative to

spatially process a first plurality of data streams with a
plurality of steering vectors to transmit the first
plurality of data streams on orthogonal spatial chan-
nels of a MIMO channel for the first user terminal,
and

provide a second plurality of data streams for trans-
mission from a plurality of antennas to the second
user terminal.
30. The apparatus of claim 28, further comprising:

a receive spatial processor operative to

perform receiver spatial processing on a first plurality
of received symbol streams with a plurality of eigen-
vectors to obtain estimates of a first plurality of data
streams transmitted by the first user terminal, and

perform receiver spatial processing on a second plu-

rality of received symbol streams in accordance with

a spatial filter to obtain estimates of a second plu-

rality of data streams transmitted by the second user
terminal.

31. An apparatus in a wireless multiple-access multiple-

input multiple-output (MIMO) communication system,

comprising:

means for selecting a first user terminal for data trans-
mission in a first transmission interval;

means for selecting a first spatial multiplexing mode to
use for the first user terminal;

means for selecting a second user terminal for data
transmission in a second transmission interval,

means for selecting a second spatial multiplexing mode to
use for the second user terminal;

means for scheduling the first user terminal for data
transmission in the first transmission interval with the
first spatial multiplexing mode; and

means for scheduling the second user terminal for data
transmission in the second transmission interval with
the second spatial multiplexing mode.

32. The apparatus of claim 31, wherein the first spatial
multiplexing mode is a steered spatial multiplexing mode
and the second spatial multiplexing mode is a non-steered
spatial multiplexing mode.

33. The apparatus of claim 32, further comprising:

means for spatially processing a first plurality of data
streams with a plurality of steering vectors to transmit
the first plurality of data streams on orthogonal spatial
channels of a MIMO channel for the first user terminal;
and

means for providing a second plurality of data streams for
transmission from a plurality of antennas to the second
user terminal.

34. The apparatus of claim 32, further comprising:

means for performing receiver spatial processing on a first
plurality of received symbol streams with a plurality of
eigenvectors to obtain estimates of a first plurality of
data streams transmitted by the first user terminal; and
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means for performing receiver spatial processing on a
second plurality of received symbol streams in accor-
dance with a spatial filter to obtain estimates of a
second plurality of data streams transmitted by the
second user terminal.

35. A method of transmitting data in a wireless multiple-

input multiple-output (MIMO) communication system,
comprising:

coding and modulating a first plurality of data streams to
obtain a first plurality of data symbol streams;

spatially processing the first plurality of data symbol
streams with a first plurality of steering vectors to
obtain a first plurality of transmit symbol streams for
transmission from a plurality of antennas to a first user
terminal in a first transmission interval,

coding and modulating a second plurality of data streams
to obtain a second plurality of data symbol streams; and

providing the second plurality of data symbol streams as
a second plurality of transmit symbol streams for
transmission from the plurality of antennas to a second
user terminal in a second transmission interval.

36. The method of claim 35, further comprising:

deriving the first plurality of steering vectors such that the
first plurality of data streams are transmitted on a
plurality of orthogonal spatial channels of a first MIMO
channel for the first user terminal.

37. The method of claim 35, further comprising:

coding and modulating a third plurality of data streams to
obtain a third plurality of data symbol streams; and

spatially processing the third plurality of data symbol
streams with a second plurality of steering vectors to
obtain a third plurality of transmit symbol streams for
transmission from the plurality of antennas to a plural-
ity of user terminals in a third transmission interval.

38. The method of claim 37, further comprising:

deriving the second plurality of steering vectors such that

the third plurality of data streams are received with

suppressed crosstalk at the plurality of user terminals.

39. An apparatus in a wireless multiple-input multiple-
output (MIMO) communication system, comprising:

a transmit data processor operative to

code and modulate a first plurality of data streams to
obtain a first plurality of data symbol streams, and

code and modulate a second plurality of data streams to
obtain a second plurality of data symbol streams; and

a transmit spatial processor operative to

spatially process the first plurality of data symbol
streams with a first plurality of steering vectors to
obtain a first plurality of transmit symbol streams for
transmission from a plurality of antennas to a first
user terminal in a first transmission interval, and

provide the second plurality of data symbol streams as
a second plurality of transmit symbol streams for
transmission from the plurality of antennas to a
second user terminal in a second transmission inter-
val.
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40. A method of receiving data in a wireless multiple-
input multiple-output (MIMO) communication system,
comprising:

performing receiver spatial processing on a first plurality
of received symbol streams in accordance with a first
spatial multiplexing mode to obtain a first plurality of
recovered data symbol streams;

demodulating and decoding the first plurality of recovered
data symbol streams in accordance with a first plurality
of rates to obtain a first plurality of decoded data
streams;

performing receiver spatial processing on a second plu-
rality of received symbol streams in accordance with a
second spatial multiplexing mode to obtain a second
plurality of recovered data symbol streams; and

demodulating and decoding the second plurality of recov-
ered data symbol streams in accordance with a second
plurality of rates to obtain a second plurality of decoded
data streams.

41. The method of claim 40, wherein the first spatial
multiplexing mode is a steered spatial multiplexing mode,
and wherein the first plurality of received symbol streams
are spatially processed with a plurality of eigenvectors for a
plurality of spatial channels of a MIMO channel for a user
terminal.

42. The method of claim 40, wherein the second spatial
multiplexing mode is a non-steered spatial multiplexing
mode.

43. The method of claim 42, wherein the second plurality
of decoded data streams are estimates of a plurality of data
streams transmitted by a single user terminal.

44. The method of claim 42, wherein the second plurality
of decoded data streams are estimates of a plurality of data
streams transmitted simultaneously by a plurality of user
terminals.

45. The method of claim 42, wherein the second plurality
of received symbol streams are spatially processed based on
a channel correlation matrix inversion (CCMI) technique.

46. The method of claim 42, wherein the second plurality
of received symbol streams are spatially processed based on
a minimum mean square error (MMSE) technique.

47. The method of claim 42, wherein the second plurality
of received symbol streams are spatially processed based on
a successive interference cancellation (SIC) technique.

48. An apparatus in a wireless multiple-input multiple-
output (MIMO) communication system, comprising:

a receive spatial processor operative to

perform receiver spatial processing on a first plurality
of received symbol streams in accordance with a first
spatial multiplexing mode to obtain a first plurality
of recovered data symbol streams, and

perform receiver spatial processing on a second plu-
rality of received symbol streams in accordance with
a second spatial multiplexing mode to obtain a
second plurality of recovered data symbol streams;
and

a receive data processor operative to

demodulate and decode the first plurality of recovered
data symbol streams in accordance with a first plu-
rality of rates to obtain a first plurality of decoded
data streams, and
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demodulate and decode the second plurality of recov-
ered data symbol streams in accordance with a
second plurality of rates to obtain a second plurality
of decoded data streams.
49. A method of transmitting data in a wireless multiple-
input multiple-output (MIMO) communication system,
comprising:

receiving information indicating a spatial multiplexing
mode and a plurality of rates to use for data transmis-
sion, wherein the spatial multiplexing mode is selected
from among a plurality of spatial multiplexing modes
supported by the system, and wherein each of the
plurality of rates is selected from among a set of rates
supported by the system;

coding and modulating a plurality of data streams in
accordance with the plurality of rates to obtain a
plurality of data symbol streams; and

spatially processing the plurality of data symbol streams
in accordance with the spatial multiplexing mode to
obtain a plurality of transmit symbol streams for trans-
mission from a plurality of antennas.

50. The method of claim 49, wherein the spatial multi-
plexing mode is a steered spatial multiplexing mode, and
wherein the plurality of data symbol streams are spatially
processed with a plurality of steering vectors to transmit the
plurality of data symbol streams on a plurality of orthogonal
spatial channels of a MIMO channel.

51. The method of claim 50, further comprising:

transmitting a steered pilot on each of the plurality of

orthogonal spatial channels.

52. The method of claim 49, wherein the spatial multi-
plexing mode is a non-steered spatial multiplexing mode,
and wherein the plurality of data symbol streams are pro-
vided as the plurality of transmit symbol streams.

53. The method of claim 49, further comprising:

performing calibration so that uplink channel response is
reciprocal of downlink channel response.
54. An apparatus in a wireless multiple-input multiple-
output (MIMO) communication system, comprising:

a controller operative to receive information indicating a
spatial multiplexing mode and a plurality of rates to use
for data transmission, wherein the spatial multiplexing
mode is selected from among a plurality of spatial
multiplexing modes supported by the system, and
wherein each of the plurality of rates is selected from
among a set of rates supported by the system;

a transmit data processor operative to code and modulate
a plurality of data streams in accordance with the
plurality of rates to obtain a plurality of data symbol
streams; and

a transmit spatial processor operative to spatially process
the plurality of data symbol streams in accordance with
the spatial multiplexing mode to obtain a plurality of
transmit symbol streams for transmission from a plu-
rality of antennas.

55. A method of receiving data in a wireless multiple-

input multiple-output (MIMO) communication system,
comprising:

receiving information indicating a spatial multiplexing
mode and at least one rate to use for data transmission,
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wherein the spatial multiplexing mode is selected from
among a plurality of spatial multiplexing modes sup-
ported by the system, and wherein each of the at least
one rate is selected from among a set of rates supported
by the system;

spatially processing at least one received symbol stream
in accordance with the spatial multiplexing mode to
obtain at least one recovered data symbol stream; and

demodulating and decoding the at least one recovered
data symbol stream in accordance with the at least one
rate to obtain at least one decoded data stream.

56. The method of claim 55, wherein the spatial multi-
plexing mode is a steered spatial multiplexing mode, and
wherein a plurality of received symbol streams are spatially
processed with a plurality of eigenvectors for a plurality of
spatial channels of a MIMO channel to obtain a plurality of
recovered data symbol streams.

57. The method of claim 55, wherein the spatial multi-
plexing mode is a non-steered spatial multiplexing mode.

58. The method of claim 57, wherein a plurality of
received symbol streams are spatially processed based on a
channel correlation matrix inversion (CCMI) technique, a
minimum mean square error (MMSE) technique, or a suc-
cessive interference cancellation (SIC) technique to obtain a
plurality of recovered data symbol streams.
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59. The method of claim 57, wherein one received symbol
stream 1is processed with channel gain estimates to obtain
one recovered data symbol stream.

60. An apparatus in a wireless multiple-input multiple-
output (MIMO) communication system, comprising:

a controller operative to receive information indicating a
spatial multiplexing mode and at least one rate to use
for data transmission, wherein the spatial multiplexing
mode is selected from among a plurality of spatial
multiplexing modes supported by the system, and
wherein each of the at least one rate is selected from
among a set of rates supported by the system;

a receive spatial processor operative to spatially process at
least one received symbol stream in accordance with
the spatial multiplexing mode to obtain at least one
recovered data symbol stream; and

a receive data processor operative to demodulate and
decode the at least one recovered data symbol stream in
accordance with the at least one rate to obtain at least
one decoded data stream.
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