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(7) ABSTRACT

A transmitting entity performs spatial processing on data
symbols for each subband with an eigenmode matrix, a
steering matrix, or an identity matrix to obtain spatially
processed symbols for the subband. The data symbols may
be sent on orthogonal spatial channels with the eigenmode
matrix, on different spatial channels with the steering matrix,
or from different transmit antennas with the identity matrix.
The transmitting entity further performs beamforming on the
spatially processed symbols, in the frequency domain or
time domain, prior to transmission from the multiple trans-
mit antennas. A receiving entity performs the complemen-
tary processing to recover the data symbols sent by the
transmitting entity. The receiving entity may derive a spatial
filter matrix for each subband based on a MIMO channel
response matrix for that subband and perform receiver
spatial processing for the subband with the spatial filter
matrix.

120a 100
=4 x—
)
/l/ TerY
uT L1200
Y LZOd

ut

Y ,11200
uT

TCL 1012
p, 1



US 2005/0265275 Al

Patent Application Publication Dec. 1, 2005 Sheet 1 of 11

in

\\
poct

001

qoc!

in

\-\
¢!

1N

kA

\.\
e0ct

}OI4

SjuIod

$S800Y

layjo o}

lajjonuon

dv |e y| waishs —
.... / \.\

) & T

swalsAg
18Y}0 0}

TCL 1012

p, 2



US 2005/0265275 Al

Patent Application Publication Dec. 1, 2005 Sheet 2 of 11

£ Ol4
bai4 < f 9
0_. ._.
I-X pueqgng QC CC (!o pueqaqns
SNl pueqang | pueqgng
¢ Old
dojeull}s3
Aows |puueyd |l s aown3aa e yaony Hill (& lajjonuo) e Aowspy
, 18)jonu0)
Il 7 I < < 7~ r
262 082 0%z %wf‘mw Nvmwrm& 0r2 2ne
< ‘
ﬁ oD : : H ,—
< — —
lossaoold lossaooid [ . . . | 108882014 [, | 4058582014
<+ < : AOWN3QA [« HADY HINL| s{ AQONW | s <+

ejeq XY leneds XH | & reneds X1 [ | ereaxL

- - 7 I < I 7 7

cle 04¢ 109¢ mvmm> >&.mm 062 022 gl
~ Amu3z BujaRo 7 "~

052 i3 Bulasasy Bz67 mv\m\m Amuz bunnwsues j 0l

p,3

TCL 1012



US 2005/0265275 Al

Patent Application Publication Dec. 1, 2005 Sheet 3 of 11

v old

B0gg 10SS900.d leneds X1

p, 4

TCL 1012

&l ta

._<|fo OHA 10 ()3

] R (UBwop <4+—1 (buisseoo.d jeneds ou [¢&——
. . . . 10 ‘Bunias)s xuyew .
s | 10ieinpon . hm\ww_,wﬂwwwvmm : Buliasisuabia) .
— _ 10SS820.d |eneds
(u)x - 01)X - 01z 5 (7)s
ﬂ 0cc »_ ocy »_ 0cy ﬂ
swealng pueqagng pueqqng pueqqgns
loquiig /sloquiig /SloquiAs /sloquiAg
Wa40 Jwisues | passa00.d eleQ
1 1 Ajeneds S
1



US 2005/0265275 Al

Dec. 1, 2005 Sheet 4 of 11

Patent Application Publication

SO | e -
) X \ﬂ; (1) "z | (W) 2 (1-3)"%s
. & “ s
(1-1) lojeinpoy | 1, . . ) homwwmen_ -
HIWL [Fo m WNa40 : : 1oL L : |eneds :
, () xi . | AVMA@ q “ » PUEGANS
) - U - — ————
fete 10657 (0)"x (0)'z (1-30)°2 (1-31)%
18257 %0257 .
wee . . ' m
. | : : : : : b
:
(1-X)'q . _
(1-3)'x W)z L, g
< ” (1-3) _ 7] i)
bl J0e|INPO . . oo XNN . Lommmwoi )
HLNL L | Wa-4 R () : : leneds $
- i © . mﬁvw‘sv 7 g pueqang
i T ] —
qeee m 90657 0)'x | 'z i (1)% (1)%
| 98257 m 90257
avec ' _
(1-4)q :
_ (1-)% )%z by s
" PRAG) % _ (1-1) (0) (1(0)s
0 < loye|npopy . ! e : . . _ommowohn_ .
H1W1 0 wa4 : * 0 H H |eneds :
; (u)x | 0 \ AVMA@ q i | puEqaNS
1 t l————T 44—
" 20g5” (0)% (0% ! (0)%2 | (0)%
“ egzg” P 2es” 20257 m
oree io¢|npopy | lawiojweag 10ss200.d [eneds X1 m
2 0Er T a 0557 |

TCL 1012

p,5



US 2005/0265275 Al

Patent Application Publication Dec. 1, 2005 Sheet 5 of 11

p, 6

TCL 1012

9 OI4
(sa|dwes O+)) (se|dwes H)
loqwAsS NG440 |OQWAS PBWLIOJSUBI | LM R
4 h) [ 1
] ¥ ] O ! .
Lt . > =M 0 : s|joquwifg
“ X914 uwsuel |
_ogE\"Am pawojsuel ] 211040 y
T _ 1
L paidon 0
leysauopy [ I [ e——
|oqWAS lo1eiausn) . 1440l o s|oquiAs
waso xyeid oo [€ (S/AIBUSS | dy P ywsuel)
-o-fojieted g1 0 be——
99 9 0
- r€9 c69
X0es



US 2005/0265275 Al

Patent Application Publication Dec. 1, 2005 Sheet 6 of 11

TCL 1012
p, 7

Z9l4
g2z 10ssad0ld jeneds X1 nomm 10S$0901d |enedg x 1
«l 110 ()A 10 ()3
+— - <4——1 (Buissaoo.id [eijeds ou [¢&——
. | (urewop swn) . . 10 ‘Bunies)s xuew .
¢ iounojweag| ¢ | 4CIBINPON s Buuea)susabia) .
_ 108S920.d |eneds
U)X n )z . ()2 . (1)

ﬁ 144 .m_ 0ge ,p ocy ﬁ
sweans SWwealls pueqqng pueqgns
|[oqwAg sjoquiAs /SIOQWIAS /s|joquiAg
INQ4O pawlojsuel | passa20.d eleq

1 1 Aleneds S

1



US 2005/0265275 Al

Patent Application Publication Dec. 1, 2005 Sheet 7 of 11

V8 ‘Oid
1-M)"Ss
- Mk
(1-1) lojesausy) so|dwes AUOD 14al
< —(1-1) Aq YIySte—— : : :
HlNL (u)-ix|Xyeid 11949 )iz (1 %_:Mwu.cm (u)*z| S/d A.I Juiod-»y . .
e 19697 12787 T e we7 (02 (M)
wee : e e H : (Buisseooid :
H ¢ * . ° * [eneds ou 10 .
* (1) ‘Buusals xuew ()
M)z Buuosisusbia L) s
] sjdwes Nl < SRISURDIO) gt
< lojeisusy) L AQ HIUS AUOD | 4 | 14dl . 408S930.d .
HLNL [yh [Xu01d 211940 _Asv Jenold .E,N S/d A| wiod-y . feneds .
7 8 0
ooee q99e9” qzre” Te97 qer ~ 07z (1)s
dree . (1-M)% (0)"s
0 | fOvelouey | omﬂc“_m_wcmm 190 ¢ | L4l o :
H1WL1 (u)°x |Xyeid o119AD wez| m_:oh._o )’z | S/d K.I juiod-»y ¢ .
. AI-I A|
~ 7 0 0
6zpz B9E9 ezy8” #7697 g7 (002 A (0)s
epig 0z o, 0@ .
loye|npopy Jswiojweag Joye|npopy

TCL 1012

p, 8



US 2005/0265275 Al

Patent Application Publication Dec. 1, 2005 Sheet 8 of 11

g8 'old
suiL = K B ¢ 9 F.. P+FHO-V_
= : (1-1)
> BUUBIUY
Nwsues |
m iA seidwes |-1+9 IIIIV_m
awn| L-O-M
I
> BUUBIUY
nwsues |
»ie— sajdweg |+0—!
0
() BUUSIUY
nwsues |

"

so|dwes »>ig— so|dwes O —p!

P, 9

TCL 1012



US 2005/0265275 Al

Patent Application Publication Dec. 1, 2005 Sheet 9 of 11

TCL 1012

V6 "OId
L)z
] sojdwes Nl F
(1-1) (oD) A J0JBIBUSD) nuog | s | 14al .
H1NL A.Sﬁx Aeroq A.S_.mx Xiaid 911949 S/d | ® | wiod-yy .
z 1wv87 19697 - (0)*z
leez g9 29’
wee H H H e . (Buisssooud e
H * ¢ ¢ * ¢ [eneds ou 10 *
* _ ‘Buliesls Xujew -
| (1-M)'2 | Bunosysuebie) | (1)'Ss
L oldwes | J01eI8UBE) nuod |, | Ldal . 10$$320.id .
HUNL [Toyx | Aafeiea [Guyix [xuerd ouoko[*] s/d | wod-y | ® |eneds :
- qrr8” 49697 (0)'z (1)%
qeee are9” aze9” F
aree )%z 1S,
0 g|dwes Q lojelauer) 0D 2 —
_ _ AU o | 14dl o o
HINL ()% Aq Aejag (u)ox |Xueid o]lfe)%e) s/d | * | wiod-y : :
7z e 29g97 - (0)°z (0)%
i T 0 oo 0
4N L 07y J L 06z )
lawiojwesg loje|npop

p, 10



US 2005/0265275 Al

Patent Application Publication Dec. 1, 2005 Sheet 10 of 11

owi|

awi |

owi| <

86 "9l4
L 0 L

oM

Aejoq ojdwes (1-1)

—o_.v_

Aejoqg s|dwes | -

¢ L OI-M

o

O

se|dwesg O+

-

[oqQWAS NQJO

.

(1-1)
euusuy
jwsuel |

I
BUUBIUY
Nwisuel |

0
BUUSIUY

Nwsuel |

TCL 1012

p, 11



Patent Application Publication Dec. 1,2005 Sheet 11 of 11 US 2005/0265275 Al

ANl
S 0«
-
2 2 A
c
< <
L 1 v
o
i
=
™ "9
« c
< <
Q
c
<€
'gc::
Ng‘-_
3 O
o W
o
2 B
& « ® ° ¥ 4 o

HIYS eseyd

TCL 1012
p, 12



US 2005/0265275 Al

CONTINUOUS BEAMFORMING FOR A
MIMO-OFDM SYSTEM

CLAIM OF PRIORITY UNDER 35 US.C. §119

[0001] The present Application for Patent claims priority
to Provisional Application Ser. No. 60/578,656, entitled
“Continuous Beamforming for a MIMO-OFDM System,”
filed Jun. 9, 2004, Provisional Application Ser. No. 60/576,
719, entitled “Continuous Beamforming for a MIMO-
OFDM System,” filed Jun. 2, 2004, and Provisional Appli-
cation Ser. No. 60/569,103, entitled “Steering Diversity for
an OFDM-Based Multi-Antenna Communication System,”
filed May 7, 2004, all assigned to the assignee hereof and
hereby expressly incorporated by reference herein.

REFERENCE TO CO-PENDING APPLICATIONS
FOR PATENT

[0002] This application is related to the following co-
pending U.S. patent applications, each assigned to the
present assignee and each hereby incorporated by reference:

[0003] U.S. application Ser. No. 10/892,732, filed on
Jul. 15, 2004;

[0004] U.S. application Ser. No. 10/882,491, filed on
Jun. 30, 2004,

[0005] U.S. application Ser. No. 10/821,390, filed on
Apr. 9, 2004;

[0006] U.S. application Ser. No. 10/794,918, filed on
Mar. 5, 2004; and

[0007] U.S. application Ser. No. 10/781,951, filed on
Feb. 18, 2004.

BACKGROUND
[0008] 1. Field

[0009] The present invention relates generally to commu-
nication, and more specifically to data transmission in a
multiple-input multiple-output (MIMO) communication
system that utilizes orthogonal frequency division multi-
plexing (OFDM).

[0010] 2. Background

[0011] A MIMO system employs multiple (T) transmit
antennas at a transmitting entity and multiple (R) receive
antennas at a receiving entity for data transmission. A
MIMO channel formed by the T transmit antennas and R
receive antennas may be decomposed into S spatial chan-
nels, where S=min {T, R}. The S spatial channels may be
used to transmit data in parallel to achieve higher throughput
and/or redundantly to achieve greater reliability.

[0012] OFDM is a multi-carrier modulation technique that
effectively partitions the overall system bandwidth into
multiple (K) orthogonal frequency subbands. These sub-
bands are also referred to as tones, subcarriers, bins, and
frequency channels. With OFDM, each subband is associ-
ated with a respective subcarrier that may be modulated with
data.

[0013] A MIMO-OFDM system is a MIMO system that
utilizes OFDM. The MIMO-OFDM system has S spatial
channels for each of the K subbands. Each spatial channel of
each subband may be called a “transmission channel”. Each
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transmission channel may experience various deleterious
channel conditions such as, e.g., fading, multipath, and
interference effects. The transmission channels for the
MIMO channel may also experience different channel con-
ditions and may achieve different signal-to-noise-and-inter-
ference ratios (SNRs). The SNR of each transmission chan-
nel determines its transmission capacity, which is typically
quantified by a particular data rate that may be reliably
transmitted on the transmission channel. For a time variant
wireless channel, the channel conditions change over time
and the SNR of each transmission channel also changes over
time. The different SNRs for different transmission channels
plus the time varying nature of the SNR for each transmis-
sion channel make it challenging to efficiently transmit data
in a MIMO system.

[0014] If the transmitting entity has knowledge of the
channel condition, then it may transmit data in a manner to
more fully utilize the capacity of each transmission channel.
However, if the transmitting entity does not know the
channel condition, then it may need to transmit data at a low
rate so that the data transmission can be reliably decoded by
the receiving entity even with the worst-case channel con-
dition. Performance would then be dictated by the expected
worst-case channel condition, which is highly undesirable.

[0015] There is therefore a need in the art for techniques
to more efficiently transmit data in a MIMO-OFDM system,
especially when the channel condition is not known by the
transmitting entity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 shows a MIMO-OFDM system with an
access point and user terminals.

[0017] FIG. 2 shows a block diagram of a transmitting
entity and a receiving entity.

[0018] FIG. 3 shows an OFDM waveform in the fre-
quency domain.
[0019] FIGS. 4 and 5 show a transmit (TX) spatial

processor with a frequency-domain beamformer.

[0020] FIG. 6 shows a block diagram of an OFDM
modulator.
[0021] FIG. 7 shows a TX spatial processor with a time-

domain beamformer.

[0022] FIG. 8A shows a time-domain beamformer with
circular shifting.

[0023] FIG. 8B shows transmissions with the beamformer
in FIG. 8A.
[0024] FIG. 9A shows a time-domain beamformer with

linear delay.

[0025] FIG. 9B shows transmissions with the beamformer
in FIG. 9A.

[0026] FIG. 10 shows plots of linear phase shifts across
subbands for four antennas.

DETAILED DESCRIPTION

[0027] The word “exemplary” is used herein to mean
“serving as an example, instance, or illustration.” Any

TCL 1012
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embodiment described herein as “exemplary” is not neces-
sarily to be construed as preferred or advantageous over
other embodiments.

[0028] FIG. 1 shows a MIMO-OFDM system 100 with an
access point (AP) 110 and user terminals (UTs) 120. 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, a user equipment (UE), or some
other terminology. For a centralized network architecture, a
system controller 130 couples to the access points and
provides coordination and control for these access points.

[0029] Access point 110 is equipped with multiple anten-
nas for data transmission and reception. Each user terminal
120 is also equipped with multiple antennas for data trans-
mission and reception. A user terminal may communicate
with the access point, in which case the roles of access point
and user terminal are established. A user terminal may also
communicate peer-to-peer with another user terminal.

[0030] FIG. 2 shows a block diagram of a transmitting
entity 210 and a receiving entity 250 in system 100. Trans-
mitting entity 210 is equipped with multiple (T) transmit
antennas and may be an access point or a user terminal.
Receiving entity 250 is equipped with multiple (R) antennas
and may also be an access point or a user terminal.

[0031] At transmitting entity 210, a TX data processor 212
processes (e.g., encodes, interleaves, and symbol maps)
traffic/packet data to generate data symbols. As used herein,
a “data symbol” is a modulation symbol for data, a “pilot
symbol” is a modulation symbol for pilot (which is data that
is known a priori by both the transmitting and receiving
entities), a “transmit symbol” is a symbol to be sent on one
subband of one transmit antenna, and a “received symbol”
is a symbol obtained on one subband of one receive antenna.
A 'TX spatial processor 220 receives and demultiplexes pilot
and data symbols onto the proper subbands, performs spatial
processing as described below, and provides T streams of
transmit symbols for the T transmit antennas. A modulator
(MOD) 230 performs OFDM modulation on each of the T
transmit symbol streams and provides T streams of time-
domain samples to T transmitter units (TMTR) 232« through
232¢. Each transmitter unit 232 processes (e.g., converts to
analog, amplifies, filters, and frequency upconverts) its
sample stream to generate a modulated signal. Transmitter
units 232a through 232r provide T modulated signals for
transmission from T antennas 234a through 234, respec-
tively.

[0032] At receiving entity 250, R antennas 252a through
252r receive the T transmitted signals, and each antenna 252
provides a received signal to a respective receiver unit
(RCVR) 254. Each receiver unit 254 processes its received
signal and provides a stream of input samples to a corre-
sponding demodulator (DEMOD) 260. Each demodulator
260 performs OFDM demodulation on its input sample
stream to obtain receive data and pilot symbols, provides the
received data symbols to a receive (RX) spatial processor
270, and provides the received pilot symbols to a channel
estimator 284 within a controller 280. Channel estimator
284 derives a channel response estimate for an actual or
effective MIMO channel between transmitting entity 210
and receiving entity 250 for each subband used for data
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transmission. Controller 280 derives spatial filter matrices
based on the MIMO channel response estimates. RX spatial
processor 270 performs receiver spatial processing (or spa-
tial matched filtering) on the received data symbols for each
subband with the spatial filter matrix derived for that sub-
band and provides detected data symbols for the subband.
The detected data symbols are estimates of the data symbols
sent by transmitting entity 210. An RX data processor 272
then processes the detected data symbols for all subbands
and provides decoded data.

[0033] Controllers 240 and 280 direct the operation of the
processing units at transmitting entity 210 and receiving
entity 250, respectively. Memory units 242 and 282 store
data and/or program code used by controllers 240 and 280,
respectively.

[0034] FIG. 3 shows an OFDM waveform in the fre-
quency domain. OFDM provides K total subbands, and the
subcarrier for each subband may be individually modulated
with data. Of the K total subbands, N, subbands may be
used for data transmission, Np subbands may be used for
pilot transmission, and the remaining N subbands may be
unused and serve as guard subbands, where K=N+Np+Ng.
In general, system 100 may utilize any OFDM structure with
any number of data, pilot, guard, and total subbands. For
simplicity, the following description assumes that all K
subbands are usable for data and pilot transmission.

[0035] System 100 may support data transmission using
multiple operating modes. Each operating mode utilizes
different spatial processing at the transmitting entity. In an
embodiment, each operating mode may utilize (1) “eigen-
steering” to transmit data symbols on orthogonal spatial
channels (or “eigenmodes”) of a MIMO channel, (2) “matrix
steering” to transmit each data symbol on all S spatial
channels of the MIMO channel, or (3) no spatial processing
to transmit each data symbol from one transmit antenna.
Eigensteering is also called eigenmode transmission or full
channel state information (full-CSI) transmission. Matrix
steering may be used to achieve spatial diversity. Data
transmission without spatial processing is also called partial-
CSI transmission. In an embodiment, each operating mode
may or may not utilize beamforming to introduce additional
diversity for the T sample streams sent from the T transmit
antennas.

[0036] The operating mode with the combination of
matrix steering and beamforming is called “spatial spread-
ing”. The transmitting entity may use spatial spreading to
achieve spatial and frequency/time diversity, for example, if
the transmitting entity does not know the MIMO channel
response.

[0037] 1. Transmitter Spatial Processing

[0038] Insystem 100, the MIMO channel formed by the T
transmit antennas at transmitting entity 210 and the R
receive antennas at receiving entity 250 may be character-
ized by an RxT channel response matrix H(k) for each
subband k, which may be given as:

TCL 1012
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hootk)  ho (k) hor-1 (k) Eq (1)
hotk)  hyglh) hy 7oy (k)
Hk) = : : :
hr-rotk) hp-11(k) ... hpop—1(k)

fork=0,...,K-1,

[0039] where entry h; ;(k), for i=0, . . ., R-1 and j=0, . . .
, T-1, denotes the coupling or complex channel gain between
transmit antenna j and receive antenna i for subband k. For
simplicity, the MIMO channel is assumed to be full rank
with S=T=R.

[0040] For data transmission with eigensteering, eigen-
value decomposition may be performed on a correlation
matrix of H(Kk) to obtain S eigenmodes of H(k), as follows:

R(oy=H" (k) H(R)=E (k) Ay £7(8), Eq (2)
[0041] where R(K) is a TXT correlation matrix of H(k);

[0042] E(k) is a TXT unitary matrix whose columns
are eigenvectors of R(k);

[0043] A(k) is a TxT diagonal matrix of eigenvalues
of R(k); and

[0044] “™’ denotes a conjugate transpose.

[0045] A unitary matrix U is characterized by the property
U™-U=1, where I is the identity matrix. The columns of a
unitary matrix are orthogonal to one another, and: each
column has unit power. The matrix E(k) is also called an
“eigenmode” matrix or a “transmit” matrix and may be used
for spatial processing by the transmitting entity to transmit
data on the S eigenmodes of H(k). The eigenmodes may be
viewed as orthogonal spatial channels obtained through
decomposition. The diagonal entries of A(k) are eigenvalues
of R(k), which represent the power gains for the S eigen-
modes. The eigenvalues in A(k) may be ordered from largest
to smallest, and the columns of E(k) may be ordered
correspondingly. Singular value decomposition may also be
performed to obtain matrices of left and right eigenvectors,
which may be used for eigensteering.

[0046] For data transmission with eigensteering, the trans-
mitting entity may perform spatial processing for each
subband k as follows:

Zes(R)=E(R)s(k), Eq (3)

[0047] where s(k) is a vector with up to S data symbols to
be sent on subband k; and

[0048] z_(k) is a vector with T spatially processed
symbols for subband k. In general, D data symbols
may be sent simultaneously on D (best) eigenmodes
of H(k) for each subband k, where 1=D=S. The D
data symbols in s(k) are spatially processed with D
columns of E(k) corresponding to the D selected
eigenmodes.

[0049] For data transmission with matrix steering, the
transmitting entity may perform spatial processing for each
subband k as follows:

2 (R)=Vk)s(R), Eq (4)
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[0050] where V(K) is a unitary steering matrix for subband
k; and

[0051] z. (k) is a vector with up to T spread symbols
for subband k.

[0052] Each data symbol in s(k) is multiplied with a
respective column of V(K) to obtain up to T spread symbols.
The steering matrix V(k) may be generated in a manner to
simplify the matrix multiplication in equation (4), as
described below.

[0053] In general, D data symbols may be sent simulta-
neously on each subband k with matrix steering, where
1=DZS. The D data symbols in s(k) may be multiplied with
a TxD unitary steering matrix V(k) to obtain T spatially
processed symbols for z (k). Each spatially processed sym-
bol for each subband k includes a component of each of the
D data symbols being sent on subband k. The T spatially
processed symbols for each subband k are then transmitted
on the S spatial channels of H(k).

[0054] For partial-CSI transmission, the transmitting
entity may perform spatial processing for each subband k as
follows:

Zpesi(k)=s (k) Eq (%)
[0055] where z,;(K) is a vector with up to T data symbols
to be sent on subband k. In effect, the transmitting entity
performs spatial processing with the identity matrix I for
partial-CSI transmission.

[0056] The transmitting entity thus spatially processes the
data vector s(k) for each subband k to obtain a corresponding
vector z(k) of spatially processed symbols for that subband.
The vector z(k) is equal to z_ (k) for eigensteering, z, (k) for
matrix steering, and z,.(Kk) for partial-CSI transmission.

[0057] 2. Beamforming

[0058] The transmitting entity may selectively perform
beamforming on the vector z(k) for each subband k, as
follows:

x(k)=B(k)z(k), Eq (6)

[0059] where B(k) is a TXT beamforming matrix for
subband k; and

[0060] x(k) is a vector with T transmit symbols to be
sent from the T transmit antennas for subband k.

[0061] If beamforming is not performed, then the beam-
forming matrix B(k) is replaced with the identity matrix I in
equation (6).

[0062] The transmit vector X, (k) for eigensteering with
beamforming may be expressed as:

pes(K)=B(K) E (k) s(k)- Eq (7)
[0063] The transmit vector X, (k) for spatial spreading,
which is matrix steering with beamforming, may be

expressed as:

pss(k)=B &) V(k)'s (k). Eq (8)
[0064] A matrix B(k)-V(k) may be pre-computed for each
subband k. In this case, the transmit vector x,_ (k) may be
obtained with a single matrix multiply. The matrices V(k)
and B(k) may also be applied in two steps and possibly in
different manners. For example, the matrix V(k) may be
applied in the frequency domain with a matrix multiply and
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the matrix B(k) may be applied in the time domain with
circular or linear delays, as described below.

[0065] The transmit vector X, (k) for partial-CSI trans-
mission with beamforming may be expressed as:
ons(K)=B(k)s(k)- Eq (9)

[0066] The beamforming matrix B(k) for each subband k
is a diagonal matrix having the following form:

botkh) 0 ... 0 Eq (10)
0 btk ... O

Blo=| . ..
0 0 . br (k)

fork=0,...,K-1,

[0067] where by(k) is a weight for subband k of transmit
antenna i. As shown in equation (6), the i-th element of z(k)
is multiplied by the i-th diagonal weight in B(k).

[0068] The beamforming matrices for the K subbands may
be defined such that continuous beamforming is achieved
across the K subbands. The beamforming matrix B(k) for
each subband k defines an antenna beam for that subband. K
different beamforming matrices may be used for the K
subbands to obtain different antenna beams across the sub-
bands. The K beamforming matrices may be varied in a
continuous manner (instead of an abrupt or discontinuous
manner) so that the antenna beams change in a continuous
manner across the K subbands. Continuous beamforming
thus refers to a continuous change in the antenna beams
across the K subbands.

[0069] Inanembodiment, the weights in the beamforming
matrix B(k) for each subband k are defined as follows:

bith) = gl K, Fq 4D

fori=0,...,T-1 and

k=0,...,K-1,

[0070] where g(i) is a complex gain for transmit antenna
i

[0071] The magnitude of the complex gain for each trans-
mit antenna may be set to one, or |jg(i)|=1.0 fori=0, . .., T-1.
The weights shown in equation (11) correspond to a pro-
gressive phase shift across the K subbands of each transmit
antenna, with the phase shift changing at different rates for
the T transmit antennas. These weights effectively form a
different beam for each subband for a linear array of T
equally spaced antennas.

[0072] In a specific embodiment, the weights are defined
as follows:

R S ) Ea 12)
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[0073] for i=0, . . ., T-1 and k=0, . . . , K-1. The
embodiment shown in equation (12) uses g(i)=e™* for
equation (11). This results in a phase shift of zero being
applied to subband K/2+1 for each antenna.

[0074] FIG. 10 shows plots of the phase shifts for each
transmit antenna for a case with T=4. The center of the K
subbands is typically considered to be at zero frequency. The
weights generated based on equation (12) may be interpreted
as creating a linear phase shift across the K subbands. Each
transmit antenna i, for i=0, . . . , T-1, is associated with a
phase slope of 27-i/K. The phase shift for each subband k,
for k=0, . . ., K-1, of transmit antenna 1 is given as
2mi(k-K/2)/K. The use of g(i)=e ™! result in subband
k=K/2 observing a phase shift of zero.

[0075] The weights derived based on equation (12) may be
viewed as a linear filter having a discrete frequency response
of Gy(k') for each transmit antenna i. This discrete frequency
response may be expressed as:

i Eq (13
Gk = bk +K [2) = ™K, a1

[0076] for i=0, . . ., T-1 and k'=(-K/2) . . . (K/2-1).
Subband index k is for a subband numbering scheme that
places the zero frequency at subband N_,,,.,=K/2. Subband
index k' is a shifted version of subband index k by K/2, or
k'=k-K/2. This results in subband zero being at zero fre-
quency for the new subband numbering scheme with index
k'. Ncenter may be equal to some other value instead of K/2
if index k is defined in some other manner (e.g., k=1, . . .,
K) or if K is an odd integer value.

[0077] A discrete time-domain impulse response g,(n) for
the linear filter may be obtained by performing a K-point
inverse discrete Fourier transform (IDFT) on the discrete
frequency response G(k'). The impulse response g;(n) may
be expressed as:

| ke -y Eq (14)
ok
gm=2 Y, Glk) &K
=K
LK " "
=—. Z 812”"7( .812”!17”
=K
Kp2-1 ,
— i eﬂn—kk(iﬂl)
K=—Kp2

1 forn=-i
10 otherwise

[0078] where n is an index for sample period and has a
range of n=0, . . . , K-1. Equation (14) indicates that the
impulse response g4(n) for transmit antenna i has a single tap
with unit-magnitude at a delay of i sample periods and is
zero at all other delays.

[0079] Beamforming may be performed in the frequency
domain or time domain. Beamforming may be performed in
the frequency domain by (1) multiplying K spatially pro-
cessed symbols z,(0) through z(K-1) for each transmit
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antenna i with K weights by(0) through by(XK-1) for that
antenna to obtain K transmit symbols and (2) performing
OFDM modulation on the K transmit symbols for each
transmit antenna i to obtain K time-domain samples for that
antenna. Equivalently, beamforming may be performed in
the time domain by (1) performing a K-point IDFT on the K
spatially processed symbols for each transmit antenna i to
obtain K time-domain samples for that transmit antenna and
(2) performing a circular convolution of the K time-domain
samples for each transmit antenna i with the impulse
response g,(n) for that antenna.

[0080] FIG. 4 shows a TX spatial processor 220a that
performs beamforming in the frequency domain and is an
embodiment of TX spatial processor 220 at transmitting
entity 210. TX spatial processor 220z includes a spatial
processor 420 and a beamformer 430. Spatial processor 420
performs spatial processing on the data symbols s(k) for
each subband k with the eigenmode matrix E(k), the steering
matrix V(k), or the identity matrix I and provides spatially
processed symbols z(k) for that subband. Beamformer 430
multiplies the spatially processed symbols z(k) for each
subband k with the beamforming matrix B(k) to obtain the
transmit symbols x(k) for that subband. Modulator 230
performs OFDM modulation on the transmit symbols for
each transmit antenna 1 to obtain a stream of OFDM symbols
for that antenna.

[0081] FIG. 5 shows an embodiment of spatial processor
420 and beamformer 430 within TX spatial processor 220a.
Spatial processor 420 includes K subband spatial processors
520a through 520k for the K subbands and a multiplexer
(MUX) 522. Each spatial processor 520 receives the sym-
bols sy(k) through S;(k) in the vector s(k) for its subband,
performs spatial processing on the data symbols with E(k),
V(k), or I, and provides spatially processed symbols z,(k)
through z.,(k) in the vector z(k) for its subband. Multi-
plexer 522 receives the spatially processed symbols for all K
subbands from spatial processors 520a through 520% and
provides these symbols to the proper subbands and transmit
antennas.

[0082] Beamformer 430 includes T multiplier sets 528a
through 5287 for the T transmit antennas. For each symbol
period, each multiplier set 528 receives the K spatially
processed symbols z(0) through z,(K-1) for its transmit
antenna i, multiplies these symbols with K weights by(0)
through b(K-1) for transmit antenna i, and provides K
transmit symbols x,(0) through x,(K-1) for transmit antenna
i. For each symbol period, beamformer 430 provides T sets
of K transmit symbols for the T transmit antennas.

[0083] Modulator 230 includes T OFDM modulator 530a
through 5307 for the T transmit antennas. Each OFDM
modulator 530 receives the transmit symbols x;(0) through
x;(K-1) for its transmit antenna i, performs OFDM modu-
lation on the transmit symbols, and provides an OFDM
symbol for transmit antenna i for each symbol period.

[0084] FIG. 6 shows a block diagram of OFDM modula-
tor 530x, which may be used for each of OFDM modulators
530a through 5307 in FIG. 5. In each OFDM symbol period,
one transmit symbol may be sent on each subband. (A signal
value of zero, which is called a zero symbol period, is
usually provided for each unused subband.) An DFT unit
632 receives K transmit symbols for the K subbands in each
OFDM symbol period, transforms the K transmit symbols to
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the time domain with a K-point IDFT, and provides a
“transformed” symbol that contains K time-domain samples.
Each sample is a complex-value to be transmitted in one
sample period. A parallel-to-serial (P/S) converter 634 seri-
alizes the K samples for each transformed symbol. A cyclic
prefix generator 436 then repeats a portion (or C samples) of
each transformed symbol to form an OFDM symbol that
contains K+C samples. The cyclic prefix is used to combat
inter-symbol interference (ISI) caused by frequency selec-
tive fading, which is a frequency response that varies across
the overall system bandwidth. An OFDM symbol period
(which is also referred to herein as simply a “symbol
period”) is the duration of one OFDM symbol and is equal
to K+C sample periods.

[0085] FIG. 7 shows a TX spatial processor 220b that
performs beamforming in the time domain and is another
embodiment of TX spatial processor 220 at transmitting
entity 210. TX spatial processor 2205 includes spatial pro-
cessor 420 and a beamformer 440. Spatial processor 420
performs spatial processing on the data symbols s(k) for
each subband k and provides spatially processed symbols
z(k) for that subband. Modulator 230 performs OFDM
modulation on the spatially processed symbols for each
antenna i and provides a stream of time-domain samples for
that antenna. Beamformer 440 performs beamforming in the
time-domain by either circularly shifting or linearly delaying
the time-domain samples for each transmit antenna i.

[0086] FIG. 8A shows a block diagram of modulator 230
and a beamformer 440a, which is one embodiment of
beamformer 440 in FIG. 7. Modulator 230 includes T
OFDM modulators for the T transmit antennas. Each OFDM
modulator includes IDFT unit 632, P/S converter 634, and
cyclic prefix generator 636, as shown in FIG. 6. The OFDM
modulator for each transmit antenna i receives K spatially
processed symbols z,(0) through z,(K-1) for the K subbands
in each symbol period. Within the OFDM modulator, IDF[
unit 632 performs a K-point IDFT on the K spatially
processed symbols and provides K time-domain samples.
P/S converter 634 serializes the K time-domain samples.

[0087] Beamformer 440a includes T circular shift units
8424 through 8421 for the T transmit antennas. Shift unit 8§42
for each transmit antenna i receives the K time-domain
samples from P/S converter 634 for transmit antenna i,
performs a circular shift of the K time-domain samples by i
samples, and provides a circular-shifted transformed symbol
{z'{(n)} containing K samples. In particular, shift unit 8424
performs a circular shift of zero sample on the transformed
symbol {z'y(n)} for transmit antenna 234a, shift unit 8425
performs a circular shift of one sample on the transformed
symbol {z';(n)} for transmit antenna 234b, and so on, and
shift unit 842¢ performs a circular shift of (T-1) samples on
the transformed symbol {z'1.,(n)} for transmit antenna 234¢.
T cyclic prefix generators 636a through 6367 receive T the
circularly-shifted transformed symbols from shift units 8424
through 842¢, respectively. Each cyclic prefix generator 636
appends a C-sample cyclic prefix to its circularly-shifted
transformed symbol {z'(n)} and provides an OFDM symbol
{x,(n)} containing (K+C) samples.

[0088] FIG. 8B shows a timing diagram for the T trans-
missions from the T transmit antennas for the embodiment
shown in FIG. 8A. T different transformed symbols are
generated for the T transmit antennas from T different sets
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of spatially processed symbols, as shown in FIG. 8A. The T
transformed symbols are then circularly shifted by different
amounts for the T transmit antennas. A cyclic prefix is
appended to each circularly-shifted transformed symbol in
the normal manner. The T different OFDM symbols are sent
from the T transmit antennas at the same time.

[0089] FIG. 9A shows a block diagram of modulator 230
and a beamformer 440b, which is another embodiment of
beamformer 440 in FIG. 7. Each OFDM modulator per-
forms OFDM modulation on the spatially processed sym-
bols for its transmit antenna and provides a stream of OFDM
symbol {x'(n)} for its transmit antenna. Beamformer 440b
includes T digital delay units 844a through 844r for the T
transmit antennas. Each delay unit 844 receives the OFDM
symbol for its transmit antenna i from the associated OFDM
modulator and delays the OFDM symbol by an amount
determined by transmit antenna i. In particular, delay unit
844a for transmit antenna 234a delays its OFDM symbol
{x's(n)} by zero sample period, delay unit 844b for transmit
antenna 234b delays its OFDM symbol {x',(n)} by one
sample period, and so on, and delay unit 844¢ for transmit
antenna 234¢ delays its OFDM symbol {x',(n)} by T-1
sample periods.

[0090] The T different delays may also be provided in the
analog domain by transmitter units 2324 through 232¢. For
example, transmitter unit 232¢ may delay its modulated
signal by zero sample period, transmitter unit 232b may
delay its modulated signal by one sample period (or T,
seconds), and so on, and transmitter unit 232¢ may delay its
modulated signal by (T-1) sample periods (or (T-1)-T,,..
seconds). A sample period is equal to T, =1[BW-(K+C)],
where BW is the overall bandwidth of the system in Hertz.

[0091] FIG. 9B shows a timing diagram for the T trans-
missions from the T transmit antennas for the embodiments
shown in FIG. 9A. T different transformed symbols are
generated for the T transmit antennas, as shown in FIG. 9A.
The OFDM symbol sent from each transmit antenna is
delayed by a different amount.

[0092] For the embodiments shown in equations (12)
through (14) and in FIGS. 8A and 9A, the delays for the T
transmit antennas are in integer numbers of sample periods,
or i sample periods for transmit antenna i. Other integer
phase shifts, instead of i for transmit antenna i, may also be
used for antenna i. Phase slopes that result in rillLon-integer
delays for the T transmit antennas (e.g., g(i)=¢™" , for L>1)
may also be implemented. For example, the time-domain
samples from each P/S converter 634 in FIG. 8A may be
up-sampled to a higher rate (e.g., with a period of T"**™"=
T.../L). The higher rate samples may then be circularly
shifted by the associated shift unit 842 by integer numbers
of the higher rate sample period, T"**™, where T"P**"<T**™,
Alternatively, each transmitter unit 232 may provide analog
delays in integer numbers of T, (instead of T, ). In
general, any amounts of circular or linear delay may be used
for the T transmit antennas. The delays for the T transmit
antennas should be unique so that no two antennas have the
same delay. In the frequency domain, this corresponds to a
different phase characteristic for the beamformer across the
K subbands.

[0093] When the number of transmit antennas is less than
the cyclic prefix length (or T<C), the cyclic prefix appended
to each OFDM symbol makes a linear delay by each delay
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units 844 appears like a circular rotation for the circular
convolution with the time-domain impulse response gi(n).
The weights as defined in equation (12) may thus be
implemented by a time delay of i sample periods for each
transmit antenna i, as shown in FIGS. 9A and 9B. However,
as shown in FIG. 9B, the T OFDM symbols are transmitted
from the T transmit antennas at different delays, which
reduces the effectiveness of the cyclic prefix to protect
against multipath delay.

[0094] Equations (11) and (12) represent a function that
provides linearly changing phase shifts across the K sub-
bands for each transmit antenna. The application of linearly
changing phase shifts to symbols in the frequency domain
may be achieved by either circularly shifting or delaying the
corresponding time-domain samples, as described above. In
general, the phase shifts across the K subbands for each
transmit antenna may be changed in a continuous manner
using any function so that the beams are varied in a
continuous instead of abrupt manner across the subbands. A
linear function of phase shifts is just one example of a
continuous function. For a continuous function, an arbi-
trarily small change in the function input produces an
arbitrarily small change in the function output. Some other
exemplary continuous functions include a quadratic func-
tion, a cubic function, a parabolic function, and so on. The
continuous change ensures that the performance of receiving
entities that rely on some amounts of correlation across the
subbands (e.g., to simplify channel estimation) is not
degraded.

[0095] The embodiments shown in FIGS. 8A and 9A
illustrate some of the ways in which beamforming may be
performed in the time domain for continuous beamforming.
In general, the beamforming may be performed in various
manners and at various locations within the transmitting
entity. The beamforming may be performed in the time-
domain or the frequency-domain, using digital circuitry or
analog circuitry, prior to or after the OFDM modulation, and
SO on.

[0096] The transmitting entity may selectively perform
beamforming so that beamforming is either enabled or
disabled. The decision to either apply or disable beamform-
ing may be made based on various factors such as, for
example, the channel condition. If the transmitting entity
performs continuous beamforming, or if the receiving entity
performs channel estimation without relying on correlation
between subbands, then the receiving entity may not need to
be aware of whether or not beamforming is being applied.

[0097] The transmitting entity may adaptively perform
beamforming so that beamforming is adjusted in some
manner over time. In one embodiment, the transmitting
entity may enable or disable beamforming based on channel
condition, feedback from the receiving entity, and/or some
other factors. For example, the transmitting entity may apply
beamforming if the channel is flat fading with unit magni-
tude complex channel gains that may add to zero or a low
value for each subband at a receiving entity.

[0098] In another embodiment, the transmitting entity may
adjust beamforming in a predetermined or pseudo-random
manner. For time-domain beamforming, the amounts of
delay for the T transmit antennas may be varied for each
time interval, which may correspond to one symbol period,
multiple symbol periods, the time duration between con-
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secutive transmissions of a MIMO pilot (described below),
and so on. For example, the transmitting entity may apply
delays of {0, 1,2, ..., T-1} sample periods to the T transmit
antennas in one time interval, then delays of {0, 0,0, . . .,
0} sample periods to the T transmit antennas in the next time
interval, then delays of {0, 2,4, . . ., 2(T-1)} sample periods
to the T transmit antennas in the following time interval, and
so on. The transmitting entity may also cycle through the
delays in a base set in different time intervals. For example,
the transmitting entity may apply delays of {0,1,2,...,T-1}
sample periods to the T transmit antennas in one time
interval, then delays of {T-1,0, 1, . . ., T-2} sample periods
to the T transmit antennas in the next time interval, then
delays of {T-2, T-1, 0, . . . , T-3} sample periods to the T
transmit antennas in the following time interval, and so on.
The transmitting entity may also apply delays in different
orders in different time intervals. For example, the transmit-
ting entity may apply delays of {0, 1,2, . . ., T-1} sample
periods to the T transmit antennas in one time interval, then
delays of {2, 1, T-1, . . ., 0} sample periods to the T transmit
antennas in the next time interval, then delays of {1, T-1, 0,
..., 2} sample periods to the T transmit antennas in the
following time interval, and so on. The transmitting entity
may also apply fractional (e.g., 0.5, 1.5) sample periods of
delay to any given transmit antenna.

[0099] If the receiving entity is unaware that beamforming
is being performed, then the transmitting entity may perform
beamforming in the same manner across all symbol periods
in each data and pilot transmission interval (e.g., each
frame). A data and pilot transmission interval is a time
interval in which data as well as a pilot used to recover the
data are transmitted. For example, the transmitting entity
may use the same set of beamforming matrices B(k) for the
K subbands or apply the same set of delays to the T transmit
antennas for all symbol periods in each data and pilot
transmission interval. This allows the receiving entity to
estimate an “effective” MIMO channel response (with
beamforming) based on a received MIMO pilot and to
perform receiver spatial processing on received symbols for
the data and pilot transmission interval with the effective
MIMO channel response estimate, as described below.

[0100] If the receiving entity is aware of the beamforming
being performed, then the transmitting entity may adjust the
beamforming across the symbol periods in each data and
pilot transmission interval. For example, the transmitting
entity may use different sets of beamforming matrices B(k)
or apply different sets of delays in different symbol periods.
The receiving entity may estimate an initial effective MIMO
channel response based on a received MIMO pilot, deter-
mine the effective MIMO channel response for each subse-
quent symbol period t based on the initial effective MIMO
channel response estimate and knowledge of the beamform-
ing being applied in symbol period t, and perform receiver
spatial processing on received symbols for symbol period t
with the effective MIMO channel response estimate for
symbol period t.

[0101] 3. Receiver Spatial Processing

[0102] For data transmission with eigensteering and
beamforming, the receiving entity obtains R received sym-
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bols from the R receive antennas for each subband k, which
may be expressed as:

Ly k) = HK)- B - E(R) (k) + k), Eq (15)

= HE2 (k) - s(K) + nik),

[0103] where 1., (k) is a vector with R received symbols
for subband k;

[0104] n(k) is a noise vector for subband k; and

[0105] H_;"*(k) is an “effective” channel response
matrix observed by data vector s(k) with eigensteer-
ing and beamforming, which is:

H*(k)=H(k) BR)£(®). Eq (16)

[0106] For simplicity, the noise is assumed to be additive
white Gaussian noise (AWGN) with a zero mean vector and
a covariance matrix of ¢, =0>1, where o is the variance of
the noise.

[0107] The receiving entity can recover the data symbols
sent by the transmitting entity using various receiver pro-
cessing techniques such as a minimum mean square error
(MMSE) technique and a channel correlation matrix inver-
sion (CCM[) technique (which is also commonly called a
zero-forcing technique).

[0108] For the MMSE technique, the receiving entity may
derive a spatial filter matrix M, ._."**(k) for each subband k,
as follows:

mmse

Mo Q) Heg y Hog™ (040 “Hog™ (0. Eq (17)
[0109] The spatial filter matrix M, ,,..°*(k) minimizes the

mmse

mean square error between the symbol estimates from the
spatial filter and the data symbols in s(k).

[0110] The receiving entity may perform MMSE spatial
processing for each subband k, as follows:

ghes k) =D k) MPS () 1y (K), Eq (18)

) “Lmmse mmse

= Dfes ) Mues (k) -[HE (k) - sth) + m(k)],

L pnse\ %) " M pse oy

~sth) + k),

Fmmse

[0111] where
[Mrnmsebes(k) .Heffbes(k) ]]_ 1; and

[0112] n,.."*(k) is the MMSE filtered noise.

Drnrnsebes(k) =[d1ag

mmse

[0113] The symbol estimates from the spatial filter
M,....°**(k) are unnormalized estimates of the data symbols.
The multiplication with the scaling matrix D, "**(k) pro-

vides normalized estimates of the data symbols.

[0114] Eigensteering attempts to send data on the eigen-
modes of H(k). However, a data transmission with eigen-
steering may not be completely orthogonal due to, for
example, an imperfect estimate of H(k), error in the eigen-
value decomposition, finite arithmetic precision, and so on.
The MMSE technique can account for (or “clean up”) loss
of orthogonality in the data transmission with eigensteering.
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[0115] For the CCMI technique, the receiving entity may
derive a spatial filter matrix M__;°**(k) for each subband k,

cemi
as follows:
Mo ()= e (0 g™ () Hog™ (8). Eq (19)

[0116] The receiving entity may perform CCMI spatial
processing for each subband k, as follows:

8000 ) = M () 1y ), Eq 20)
Hefr eff —eff

[HE2 (k) -0 + (k)]

[HbexH (k)_Hbm(k)]’l . pbes’? -

= s(k) + 2% . (k),

Lt

[0117] where n__;"**(k) is the CCMI filtered noise. The
CCMI technique may amplify the noise due to the structure
of Reg"**(k)=H.e"** (k) Heg™* (k).

[0118] The receiving entity may perform spatial process-
ing for the other operating modes in similar manner, albeit
with different effective channel response matrices and dif-
ferent spatial filter matrices. Table 1 summarizes the spatial
processing at the transmitting entity for the various operat-
ing modes and the effective MIMO channel for each oper-
ating mode. For clarity, the index “(k)” for subband is not
shown in Error! Reference source not found. Beamforming
may be performed in the frequency domain, as shown Table
1. Linear continuous beamforming may also be performed in
the time domain, as described above. In this case, the
beamforming matrix B is omitted from the transmit symbol
vector X but is still present in the effective MIMO channel
response.

TABLE 1
Transmitter Effective Channel
No Figensteering X, =E-s Hys"=H"'E
Beamforming Matrix Steering x,, =V s Hs*=H-V
No Spatial Xps =8 Hgs*=H
Processing
Beamforming Eigensteering Xpe;=B-E-s H®=H-B-E
Matrix Steering Xy =B Vs Hg=H-B-V
No Spatial Xpps = B * 8 Hs"*=H" B
Processing
[0119] In general, the receiving entity may derived an

MMSE spatial filter matrix M
as follows:

*(k) for each subband k,

mmse

Moo S R=[Ho? (0 Ho () + 071 o (), Eq (21)

[0120] where the superscript “x” denotes the operating
mode and may be equal to “es” for eigensteering without
beamforming, “ss” for matrix steering without beamform-
ing, “ns” for no spatial processing and no beamforming,
“bes” for eigensteering with beamforming, “bss” for matrix
steering with beamforring, or “bns” for beamforming only.
The MMSE spatial filter matrix M, (k) may be derived
in the same manner for all operating modes, albeit with
different effective channel response matrices H.g"*(k), H g
(), He"(K), Hog?'(K), Heg?™(k), and Heg™(K). The
MMSE receiver spatial processing may also be performed in
the same manner for all operating modes, albeit with the
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MMSE spatial filter matrices being derived with different
effective channel response matrices. An MMSE-based
receiver may thus support all operating modes using the
same MMSE spatial processing. In equation (21), the term
o>1 may be replaced with the covariance matrix ¢, of the
noise, if known.

[0121] The receiving entity may also derived a CCMI
spatial filter matrix M___;*(k) for each subband k, as fol-
lows:

cemi

M= Hog Ry Ho O] Hog (B). Eq (22)

[0122] Again, the receiving entity may derive the CCMI
spatial filter matrix in the same manner for all operating
modes, albeit with different effective channel response
matrices. The receiving entity may also apply the CCMI
spatial filter matrices in the same manner for all operating
modes.

[0123] The receiving entity may utilize other receiver
spatial processing techniques to recover the data symbols,
and this is within the scope of the invention.

[0124] 4. Pilot Transmission

[0125] The transmitting entity may transmit a pilot to
allow the receiving entity to estimate the actual or effective
MIMO channel response. The pilot may be transmitted in
various manners. For example, the transmitting entity may
transmit an unsteered MIMO pilot, a steered MIMO pilot, a
spread MIMO pilot, and so on. A MIMO pilot is a pilot
comprised of multiple pilot transmissions sent from the T
transmit antennas. An unsteered MIMO pilot is comprised of
up to T pilot transmissions sent from the T transmit antennas,
one pilot transmission from each antenna. A steered MIMO
pilot is comprised of up to S pilot transmissions sent on the
S orthogonal spatial channels. A spread MIMO pilot is
comprised of up to S pilot transmissions sent on the S spatial
channels with matrix steering.

[0126] For a MIMO npilot, each of the multiple pilot
transmissions is identifiable by the receiving entity. This
may be achieved by:

[0127] 1. Apply a different orthogonal sequence to
each pilot transmission using code division multi-
plexing (CDM),

[0128] 2. Send the multiple pilot transmissions in
different symbol periods using time division multi-
plexing (TDM), and/or

[0129] 3. Send the multiple pilot transmissions on
different subbands using frequency division multi-
plexing (FDM).

[0130] For FDM, a different set of subbands may be used
for each of the multiple pilot transmissions. The subbands
used for each pilot transmission may be cycled such that the
pilot transmission eventually observes all K subbands. A
MIMO pilot may be sent with full transmit power for each
transmit antenna using CDM or FDM, which is desirable. A
MIMO pilot may also be sent using any combination of
CDM, FDM, and TDM.

[0131] For an unsteered MIMO pilot, the transmitting
entity may perform spatial processing for each subband k
used for pilot transmission as follows:

Zas,mplk =W D (K), Eq (23)
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[0132] where p(k) is a vector of pilot symbols to be sent
on subband k;

[0133] W(1) is a diagonal Walsh matrix for symbol
period t; and

[0134] =z, (k) is a vector of spatially processed
symbols for the unsteered MIMO pilot for subband
k in symbol period t.

[0135] Different pilot symbols may be sent from the T
transmit antennas, as shown in equation (23). Alternatively,
the same pilot symbol may also be used for all transmit
antennas, in which case the Walsh matrix is simply a Walsh
vector.

[0136] If T=4, then the four transmit antennas may be
assigned 4-symbol Walsh sequences W,=1,1, 1, W,=1, -1,
1,-1,Wy=1,1,-1, -1, and W =1, -1, -1, 1 for the MIMO
pilot. The four symbols of Walsh sequence W; are applied to
the pilot transmission from transmit antenna j in four symbol
periods. W(1) contains the first element of the four Walsh
sequences along its diagonal, W(2) contains the second
element of the four Walsh sequences, W(3) contains the third
element of the four Walsh sequences, and W(4) contains the
fourth element of the four Walsh sequences. The j-th Walsh
sequence W; for transmit antenna j is thus carried as the j-th
diagonal element of all the Walsh matrices. The four Walsh
matrices may be used in four symbol periods to transmit the
unsteered MIMO pilot.

[0137] The transmitting entity further processes the vector
Zye mp(Kst) for €ither beamforming or no beamforming, e.g.,
in the same manner as the data vector s(k), to obtain a
transmit vector for the unsteered MIMO pilot. The trans-
mitting entity may transmit the unsteered MIMO pilot over
T symbol periods by using one Walsh matrix W(t) for each
symbol period.

[0138] For an unsteered MIMO pilot without beamform-
ing, the receiving entity obtains received pilot symbols for
each subband k used for pilot transmission, as follows:

Fas,p(le O=H{E) WO p(l)+n(k).

[0139] The MIMO channel and noise is assumed to be
static over the time during which the unsteered MIMO pilot
is transmitted. The receiving entity obtains T vectors 1,
mp(k,1) through r,; .. (k,T) for T-symbol Walsh sequences
used for the unsteered MIMO pilot.

Eq 24)

[0140] The receiving entity may estimate the actual
MIMO channel response H(k) based on the received
unsteered MIMO pilot without beamforming. Each column
j of H(k) is associated with a respective Walsh sequence W,.
The receiving entity may obtain h; (k), which is the i-th
element of the j-th column of H(k) by (1) multiplying the i-th
element of r,, (k1) through r, . (k,T) by the T chips of
the Walsh sequence W, (2) removing the modulation used
for pilot symbol p;(k), which is the j-th element of p(k), and
(3) accumulating the T resultant elements to obtain h; (k).
The process may be repeated for each element of H(k). The
receiving entity may then use H(K) to derive the effective
MIMO channel response H_g**(k) or H.£°*(k), which may be
used for receiver spatial processing.
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[0141] For an unsteered MIMO pilot with beamforming,
the receiving entity obtains received pilot symbols for each
subband k used for pilot transmission, as follows:

Pons ap(l O=H(K) B(k) Wty p(k)+n(k).
[0142] The receiving entity may perform similar process-

ing on the received unsteered MIMO pilot with beamform-
ing to obtain H_z""*(k) or H_g"**(k).

[0143] For a steered MIMO pilot, the transmitting entity
may perform spatial processing for each subband k used for
pilot transmission as follows:

Zes.mp(l )=E (K) W(t) p(k),
[0144] where z_ (kD) is a vector of spatially processed
symbols for the steered MIMO pilot for subband k in symbol
period t. For simplicity, E(k) is assumed to be static over the
time during which the steered MIMO pilot is transmitted,
and is thus not a function of symbol period t. The transmitter
may further process the vector z_, . (k,t) for either beam-
forming or no beamforming and may then transmit the
steered MIMO pilot.

[0145] For a steered MIMO pilot without beamforming,
the receiving entity obtains received pilot symbols for each
subband k used for pilot transmission, as follows:

Fes mp(k )=HE) E(®) W(O):p(R)+n(k). Eq (27)
[0146] For a steered MIMO pilot with beamforming, the
receiving entity obtains received pilot symbols for each
subband k used for pilot transmission, as follows:

Toes,mplk )=H (k) B(R) E(k) W(t) p(k)+n(k).

[0147] The receiving entity may estimate H_;**(k) based
on 1., (kn) and may estimate the H_s"**(k) based on

es,mp

(k,n) , in similar manner as described above for H(k).

Eq (25)

Eq (26)

Eq (28)

rbes,rnp

[0148] For a spread MIMO pilot, the transmitting entity
may perform spatial processing for each subband k used for
pilot transmission as follows:

Zas,mp(k D=VIE) WD) p(B),
[0149] where 7z, . (k,t) is a vector of spatially processed
symbols for the spread MIMO pilot for subband k. The
transmitter may further process the vector z, . (k) for

either beamforming or no beamforming, and may then
transmit the resultant MIMO pilot.

Eq (29)

[0150] The receiving entity may estimate H_ (k) based
on a received spread MIMO pilot without beamforming and
may estimate H_;***(k) based on a received spread MIMO
pilot with beamforming. The receiving entity may then
derive the effective MIMO channel response H_g"*(k) or
H_;"*(k), which may be used for receiver spatial process-
ing.

[0151] 5. Steering Matrix

[0152] A set of steering matrices may be generated and
used for matrix steering. These steering matrices may be
denoted as {V}, or V(i) for i=1 . . . L, where L may be any
integer greater than one. Each steering matrix V(i) should be
a unitary matrix. This condition ensures that the T data
symbols transmitted simultaneously using V(i) have the
same power and are orthogonal to one another after the
matrix steering with V(i).

[0153] The set of L steering matrices may be generated in
various manners. For example, the L steering matrices may
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be generated based on a unitary base matrix and a set of
scalars. The base matrix may be used as one of the L steering
matrices. The other L-1 steering matrices may be generated
by multiplying the rows of the base matrix with different
combinations of scalars. Each scalar may be any real or
complex value. The scalars are selected to have unit mag-
nitude so that steering matrices generated with these scalars
are unitary matrices.

[0154] The base matrix may be a Walsh matrix. A 2x2
Walsh matrix W,,., and a larger size Walsh matrix Wy, on
may be expressed as:

1
w

,m:[i 1} and W Eyy Hvaw } Fa e

oyxan =
[ﬂNxN _ﬂNxN

[0155] Walsh matrices have dimensions that are powers of
two (e.g., 2, 4, 8, and so on).

[0156] The base matrix may also be a Fourier matrix. For
an NxN Fourier matrix Dy, the elements dn m of Dy,
may be expressed as:

P o Eq. (31)

forn=0,... , N-landm=0,... ,N-1.

[0157] Fourier matrices of any square dimension (e.g., 2,
3,4, 5, and so on) may be formed. Other matrices may also
be used as the base matrix.

[0158] For an NxN base matrix, each of rows 2 through N
of the base matrix may be independently multiplied with one
of Q different possible scalars. QN1 different steering matri-
ces may be obtained from Q™! different permutations of the
Q scalars for N-1 rows. For example, each of rows 2 through
N may be independently multiplied with a scalar of +1, -1,
+j, or —j, where j=vV-T1. In general, each row of the base
matrix may be multiplied with any scalar having the form
¢!®, where 0 may be any phase value. Each element of a
scalar-multiplied NxN base matrix is further scaled by 1/VN
to obtain an NxN steering matrix having unit power for each
column.

[0159] Steering matrices derived based on a Walsh matrix
(or a 4x4 Fourier matrix) have certain desirable properties.
If the rows of the Walsh matrix are multiplied with scalars
of +1 and #j, then each element of a resultant steering matrix
V(i) belongs in a set composed of {+1, -1, +j, —j}. In this
case, the multiplication of an element of another matrix with
an element of V(i) may be performed with just bit manipu-
lation.

[0160] The data transmission techniques described herein
may be used for various wireless systems. These techniques
may also be used for the downlink (or forward link) as well
as the uplink (or reverse link).

[0161] Continuous beamforming with or without matrix
steering may be used in various manners. For example, a
transmitting entity (e.g., an access point or a user terminal)
may use continuous beamforming to transmit to a receiving
entity (e.g., another access point or user terminal) when
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accurate information about the wireless channel is not
available. Accurate channel information may not be avail-
able due to various reasons such as, for example, a feedback
channel that is corrupted, a system that is poorly calibrated,
the channel conditions changing too rapidly for the trans-
mitting entity to use/adjust beam steering on time (e.g., due
to the transmitting and/or receiving entity moving at a high
velocity), and so on.

[0162] Continuous beamforming may also be used for
various applications in a wireless system. In one application,
broadcast channels in the system may be transmitted using
continuous beamforming, as described above. The use of
continuous beamforming allows wireless devices in the
system to receive the broadcast channels with improved
reliability, thereby increasing the range of the broadcast
channels. In another application, a paging channel is trans-
mitted using continuous beamforming. Again, improved
reliability and/or greater coverage may be achieved for the
paging channel via the use of continuous beamforming. In
yet another application, an 802.11a access point uses con-
tinuous beamforming to improve the performance of user
terminals under its coverage area.

[0163] The transmission techniques described herein may
be implemented by various means. For example, these
techniques may be implemented in hardware, software, or a
combination thereof. For a hardware implementation, the
processing units at a transmitting entity may be implemented
within one or more application specific integrated circuits
(ASICs), digital signal processors (DSPs), digital signal
processing devices (DSPDs), programmable logic devices
(PLDs), field programmable gate arrays (FPGAs), proces-
sors, controllers, micro-controllers, microprocessors, other
electronic units designed to perform the functions described
herein, or a combination thereof. The processing units at a
receiving entity may also be implemented with one or more
ASICs, DSPs, and so on.

[0164] For a software implementation, some of the pro-
cessing may be implemented with modules (e.g., proce-
dures, functions, and so on) that perform the functions
described herein. The software codes may be stored in a
memory unit (e.g., memory unit 242 or 282 in FIG. 2) and
executed by a processor (e.g., controller 240 or 280). The
memory unit may be implemented within the processor or
external to the processor, in which case it can be commu-
nicatively coupled to the processor via various means as is
known in the art.

[0165] 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.

[0166] 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.
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What is claimed is:

1. A method of transmitting data in a multiple-input
multiple-output (MIMO) communication system, compris-
ing:

performing spatial processing on data symbols for each of
a plurality of frequency subbands to obtain spatially
processed symbols for the frequency subband; and

performing beamforming on the spatially processed sym-
bols for the plurality of frequency subbands prior to
transmission from a plurality of antennas.
2. The method of claim 1, wherein the performing spatial
processing on the data symbols comprises

spatially processing the data symbols for each frequency
subband with an eigenmode matrix to transmit the data
symbols on orthogonal spatial channels of the fre-
quency subband.
3. The method of claim 1, wherein the performing spatial
processing on the data symbols-comprises

spatially processing the data symbols for each frequency
subband with a steering matrix to transmit each of the
data symbols on a plurality of spatial channels of the
frequency subband.
4. The method of claim 1, wherein the performing spatial
processing on the data symbols comprises

spatially processing the data symbols for each frequency
subband with an identity matrix.
5. The method of claim 1, wherein the performing beam-
forming on the spatially processed symbols comprises

performing beamforming in the frequency domain by
multiplying the spatially processed symbols for each
frequency subband with a beamforming matrix for the
frequency subband.
6. The method of claim 1, wherein the performing beam-
forming on the spatially processed symbols comprises

performing beamforming in the time domain by applying
different amounts of delay for the plurality of antennas.
7. The method of claim 1, further comprising:

processing the spatially processed symbols for the plu-
rality of frequency subbands for each antenna to obtain
a sequence of time-domain samples for the antenna,
and

circularly shifting the sequence of time-domain samples
for each antenna by an amount of delay selected for the
antenna to achieve the beamformning.

8. The method of claim 7, wherein a plurality of
sequences of time-domain samples are obtained for the
plurality of antennas, and wherein the plurality of sequences
of time-domain samples are circularly shifted by different
amounts.

9. The method of claim 1, further comprising:

performing an inverse discrete Fourier transform on spa-
tially processed symbols for the plurality of frequency
subbands for each antenna to obtain a first sequence of
time-domain samples for the antenna,

circularly shifting the first sequence of time-domain
samples for each antenna by an amount selected for the
antenna to obtain a second sequence of time-domain
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samples for the antenna, wherein the beamforming is
performed by the circular shifting of the first sequence
for each antenna, and

repeating a portion of the second sequence of time-
domain samples for each antenna to obtain an output
sequence of time-domain samples for the antenna.
10. The method of claim 1, further comprising:

transmitting a plurality of sequences of time-domain
samples from the plurality of antennas aligned in time.
11. The method of claim 1, further comprising:

processing the spatially processed symbols for the plu-
rality of frequency subbands for each antenna to obtain
a sequence of time-domain samples for the antenna,
and

linearly delaying the sequence of time-domain samples
for each antenna by an amount of delay selected for the
antenna to achieve the beamforming.

12. The method of claim 1, further comprising:

performing an inverse discrete Fourier transform on spa-
tially processed symbols for the plurality of frequency
subbands for each antenna to obtain a first sequence of
time-domain samples for the antenna,

repeating a portion of the first sequence of time-domain
samples for each antenna to obtain a second sequence
of time-domain samples for the antenna, and

delaying the second sequence of time-domain samples for
each antenna by an amount of delay selected for the
antenna, wherein the beamforming is performed by
delaying the second sequence for each antenna.

13. The method of claim 1, further comprising:

transmitting a plurality of sequences of time-domain
samples from the plurality of antennas starting at
different times.

14. The method of claim 1, further comprising:

applying linearly varying phase shifts across the plurality
of frequency subbands for each antenna.
15. The method of claim 1, further comprising:

applying a different phase slope across the plurality of
frequency subbands for each antenna.
16. The method of claim 1, further comprising:

applying continuously varying phase shifts across the
plurality of frequency subbands for each antenna.
17. The method of claim 16, further comprising:

determining the continuously varying phase shifts across
the plurality of frequency subbands for each antenna
based on a function selected for the antenna.
18. The method of claim 1, wherein the beamforming is
adaptively performed and varies over time.
19. The method of claim 5, further comprising:

selecting different sets of beamforming matrices for the
plurality of frequency subbands in different time inter-
vals.

20. The method of claim 6, further comprising:

selecting different sets of delays for the plurality of
antennas in different time intervals, each set of delays
indicating the amount of delay for each of the plurality
of antennas.
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21. The method of claim 20, further comprising:

selecting the delays for each different set based on delays
in a predetermined set.
22. The method of claim 1, further comprising:

varying the beamforming over each time interval.

23. The method of claim 22, wherein each time interval
corresponds to a time duration with a pilot transmission
suitable for channel estimation.

24. The method of claim 22, wherein each time interval
corresponds to a predetermined number of symbol periods.

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

a spatial processor to perform spatial processing on data
symbols for each of a plurality of frequency subbands
and provide spatially processed symbols for the fre-
quency subband; and

a beamformer to perform beamforming on the spatially
processed symbols for the plurality of frequency sub-
bands prior to transmission from a plurality of anten-
nas.

26. The apparatus of claim 25, wherein the spatial pro-
cessor spatially processes the data symbols for each fre-
quency subband with an eigenmode matrix to transmit the
data symbols on orthogonal spatial channels of the fre-
quency subband.

27. The apparatus of claim 25, wherein the spatial pro-
cessor spatially processes the data symbols for each fre-
quency subband with a steering matrix to transmit each of
the data symbols on a plurality of spatial channels of the
frequency subband.

28. The apparatus of claim 25, wherein the spatial pro-
cessor spatially processes the data symbols for each fre-
quency subband with an identity matrix.

29. The apparatus of claim 25, wherein the beamformer
performs beamforming in the frequency domain by multi-
plying the spatially processed symbols for each frequency
subband with a beamforming matrix for the frequency
subband.

30. The apparatus of claim 25, wherein the beamformer
performs beamforming in the time domain by applying
different amounts of delay for the plurality of antennas.

31. The apparatus of claim 25, further comprising:

a modulator to transform the spatially processed symbols
for the plurality of frequency subbands for each
antenna to obtain a sequence of time-domain samples
for the antenna, and wherein the beamformer delays the
sequence of time-domain samples for each antenna by
an amount of delay selected for the antenna to achieve
the beamforming.

32. The apparatus of claim 31, wherein the modulator
provides a plurality of sequences of time-domain samples
for the plurality of antennas, and wherein the beamformer
delays the plurality of sequences of time-domain samples by
different amounts of delay.

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

means for performing spatial processing on data symbols
for each of a plurality of frequency subbands to obtain
spatially processed symbols for the frequency subband;
and
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means for performing beamformning on the spatially
processed symbols for the plurality of frequency sub-
bands prior to transmission from a plurality of anten-
nas.
34. The apparatus of claim 33, wherein the means for
performing spatial processing on the data symbols com-
prises

means for spatially processing the data symbols for each
frequency subband with an eigenmode matrix to trans-
mit the data symbols on orthogonal spatial channels of
the frequency subband.
35. The apparatus of claim 33, wherein the means for
performing spatial processing on the data symbols com-
prises

means for spatially processing the data symbols for each
frequency subband with a steering matrix to transmit
each of the data symbols on a plurality of spatial
channels of the frequency subband.
36. The apparatus of claim 33, wherein the means for
performing spatial processing on the data symbols com-
prises

means for spatially processing the data symbols for each
frequency subband with an identity matrix.
37. The apparatus of claim 33, wherein the means for
performing beamforming on the spatially processed symbols
comprises

means for performing beamforming in the frequency
domain by multiplying the spatially processed symbols
for each frequency subband with a beamforming matrix
for the frequency subband.
38. The apparatus of claim 33, wherein the means for
performing beamforming on the spatially processed symbols
comprises

means for performing beamforming in the time domain by
applying different amounts of delay for the plurality of
antennas.

39. The apparatus of claim 33, further comprising:

means for transforming the spatially processed symbols
for the plurality of frequency subbands for each
antenna to obtain a sequence of time-domain samples
for the antenna, and

means for delaying the sequence of time-domain samples
for each antenna by an amount of delay selected for the
antenna to achieve the beamforming.

40. The apparatus of claim 39, wherein a plurality of
sequences of time-domain samples are obtained for the
plurality of antennas, and wherein the plurality of sequences
of time-domain samples are delayed by different amounts of
delay.

41. A method of receiving data in a multiple-input mul-
tiple-output (MIMO) communication system, comprising:

deriving a spatial filter matrix for each of a plurality of
frequency subbands, the spatial filter matrix for each
frequency subband including effects of spatial process-
ing and beamforming performed on data symbols sent
on the frequency subband; and

performing spatial processing on received symbols
obtained from a plurality of antennas for each subband
with the spatial filter matrix for the subband to obtain
detected data symbols for the subband.
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42. The method of claim 41, further comprising:

obtaining a channel response estimate for each of at least
one frequency subband based on a pilot received via the
plurality of antennas, wherein a plurality of spatial filter
matrices are derived for the plurality of frequency
subbands based on the channel response estimate
obtained for the at least one frequency subband.
43. The method of claim 41, wherein the deriving the
spatial filter matrix for each frequency subband comprises

deriving the spatial filter matrix for each subband based
on a minimum mean square error (MMSE) technique.

44. The method of claim 41, wherein the deriving the
spatial filter matrix for each frequency subband comprises

deriving the spatial filter matrix for each subband based
on a channel correlation matrix inversion (CCMI)
technique.
45. An apparatus in a multiple-input multiple-output
(MIMO) communication system, comprising:

a controller to derive a spatial filter matrix for each of a
plurality of frequency subbands, the spatial filter matrix
for each frequency subband including effects of spatial
processing and beamforming performed on data sym-
bols sent on the frequency subband; and

a spatial processor to perform spatial processing on
received symbols obtained from a plurality of antennas
for each subband with the spatial filter matrix for the
subband to obtain detected data symbols for the sub-
band.

Dec. 1, 2005

46. The apparatus of claim 45, further comprising:

a channel estimator to obtain a channel response estimate
for each of at least one frequency subband based on a
pilot received via the plurality of antennas, and wherein
the controller derives a plurality of spatial filter matri-
ces for the plurality of frequency subbands based on the
channel response estimate obtained for the at least one
frequency subband.

47. An apparatus in a multiple-input multiple-output

(MIMO) communication system, comprising:

means for deriving a spatial filter matrix for each of a
plurality of frequency subbands, the spatial filter matrix
for each frequency subband including effects of spatial
processing and beamforming performed on data sym-
bols sent on the frequency subband; and

means for performing spatial processing on received
symbols obtained from a plurality of antennas for each
subband with the spatial filter matrix for the subband to
obtain detected data symbols for the subband.

48. The apparatus of claim 47, further comprising:

means for obtaining a channel response estimate for each
of at least one frequency subband based on a pilot
received via the plurality of antennas, wherein a plu-
rality of spatial filter matrices are derived for the
plurality of frequency subbands based on the channel
response estimate obtained for the at least one fre-
quency subband.

#* #* #* #* #*
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