WO 2006/018710 A1 |0 |00 00 0 00 O A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization __; d | [.

525 | 000 O

International Bureau

(43) International Publication Date
23 February 2006 (23.02.2006)

(10) International Publication Number

WO 2006/018710 Al

(51) International Patent Classification:
HO4L 1/06 (2006.01)

(21) International Application Number:
PCT/IB2005/002458

(22) International Filing Date: 19 August 2005 (19.08.2005)
English
English

(25) Filing Language:
(26) Publication Language:

(30) Priority Data:
60/603,530 20 August 2004 (20.08.2004) US
60/625,040 3 November 2004 (03.11.2004) US

(71) Applicant (for all designated States except US): NOKIA
CORPORATION [FI/FI]; Keilalahdentie 4, FIN-02150
ESPOO (FI).

(72) Inventors; and

(75) Inventors/Applicants (for US only): VAN WAES, Nico
[NL/US]; 2509 Shoreline Drive, Keller, TX 76248 (US).
ZHANG, Hua [CN/US]; 5231-1 California Avenue,
Irvine, CA 92617 (CN). HEISKALA, Juha [FI/FIJ;
Neitsytpolka 2b, Apt. A26, FIN-00140 Helsinki (FI).
STOLPMAN, Victor [US/US]; 2711 West Royal Lane,
No.702, Irving, TX 75063 (US).

(74) Agents: SPENCE, Andrew, T. et al.; Alston & Bird LLP,
Bank of America Plaza, 101 South Tryon Street, Charlotte,
NC 28280-4000 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA,
MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI, NO, NZ,
OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL,
SM, SY, T, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC,
VN, YU, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,
RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
with international search report

[Continued on next page]

(54) Title: SYSTEM AND METHOD FOR PRECODING IN A MULTIPLE-INPUT MULTIPLE-OUTPUT (MIMO) SYSTEM

START

70| DESIGN PARTIAL/FULL-
SPATIAL-RATE CODEBOOK
2~  OBSERVE CHANNEL
REALIZATION

v

74 \ SELECT AND FEEDBACK CODEWORD
FOR THE FIRST SUB-CARRIER BASED
ON CHANNEL REALIZATION

v

76 \ SELECT AND FEEDBACK CODEWORD
FOR THE OTHER SUB-CARRIERS
BASED ON CHANNEL REALIZATION

STOP

(57) Abstract: A network entity in a multi-transmit antenna
system, such as a transmitting or receiving entity, includes a
component such as a pre-coder or a receiver, and is configured
for full-spatial-rate coding data. The network entity is capable
of providing a full-spatial-rate codebook having been designed
by selecting an underlying partial-spatial-rate codebook
designed for a system configured for partial-spatial-rate coding
data. The full-spatial-rate codebook can then be designed in a
manner including defining the full-spatial-rate codewords based
upon partial-spatial-rate codewords of the partial-spatial rate
codebook and basis vectors of a null space of the respective
partial-spatial-rate codewords in a multidimensional vector
space. The network entity can also be capable of selecting
codewords of the codebook in accordance with a sub-space
tracking method whereby the codewords of the codebook can
be selected in a manner that exploits correlations therebetween.



WO 2006/018710 A1 I} ADVOH0 AT 00 0O

—  before the expiration of the time limit for amending the Fortwo-letter codes and other abbreviations, refer to the "Guid-
claims and to be republished in the event of receipt of ance Notes on Codes and Abbreviations" appearing at the begin-
amendments ning of each regular issue of the PCT Gazette.



WO 2006/018710 PCT/IB2005/002458

10

15

20

25

SYSTEM AND METHOD FOR PRECODING IN A MULTIPLE-
INPUT MULTIPLE-OUTPUT (MIMO) SYSTEM

FIELD
The present invention generally relates to multiple-input multiple-output
(MIMO) systems and methods for effectuating wireless communication, and more
particularly relates to MIMO systems and methods for precoding signals to provide

diversity gain in effectuating wireless communication.

BACKGROUND

As wireless communication systems evolve, wireless system design has
become increasingly demanding in relation to equipment and performance
requirements. Future wireless systems, which will be third generation (3G) and
fourth generation (4G) systems compared to the first generation (1G) analog and
second generation (2G) digital systems currently in use, will be required to provide
high quality high transmission rate data services in addition to high quality voice
services. Concurrent with the system service performance requirements will be
equipment design constraints, which will strongly impact the design of mobile
terminals. The 3G and 4G wireless mobile terminals will be required to be
smaller, lighter, more power-efficient units that are also capable of providing the
sophisticated voice and data services required of these future wireless systems.

Time-varying multi-path fading is an effect in wireless systems whereby a
transmitted signal propagates along multiple paths to a receiver causing fading of
the received signal due to the constructive and destructive summing of the signals
at the receiver. Several methods are known for overcoming the effects of multi-
path fading, such as time interleaving with error correction coding, implementing
frequency diversity by utilizing spread spectrum techniques, or transmitter power
control techniques. Each of these techniques, however, has drawbacks in regard to

use for 3G and 4G wireless systems. Time interleaving may introduce unnecessary
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delay, spread spectrum techniques may require large bandwidth allocation to
overcome a large coherence bandwidth, and power control techniques may require
higher transmitter power than is desirable for sophisticated receiver-to-transmitter
feedback techniques that increase mobile terminal complexity. All of these
drawbacks have negative impact on achieving the desired characteristics for third
and fourth generation mobile terminals.

Antenna diversity is another technique for overcoming the effects of multi-
path fading in wireless systems. In transmit diversity, a signal is multiplexed and
processed to generate a number of separate signals that are then transmitted via two
or more physically separated antennas. Similarly, in reception diversity, two or
more physically separated antennas are used to receive a signal, which is then
processed through combining and switching to generate a received signal. Various
systems, known as multiple-input multiple-output (MIMO) systems, employ both
transmit diversity and reception diversity, and provide multiplexing and diversity
gains in wireless communication.

For narrow band MIMO channels, the diversity gain can be achieved via
space-time coding and/or feeding back, to the transmitter, channel state information
for use in precoding signals transmitted via the transmit antennas. Exploiting the
channel state information at the transmitter can not only achieve diversity gain but also
array gain. Typically, such a precoding technique requires the transmitter to have or
otherwise acquire accurate channel state information. In many practical
implementations, however, the transmitter cannot obtain very accurate channel state
information. Thus, techniques have been developed whereby the receiver provides
channel state information to the transmitter. In many cases, such as frequency division
multiplexed (FDM) systems, there is no reciprocity between forward and reverse
channels. Accordingly, a feedback channel with a limited transmission rate is
typically provided between the transmitter and receiver so that the receiver can
provide the transmitter with the channel state information.

In one precoding technique using channel state information to achieve
diversity gain and array gain, the transmitter and receiver share a codebook that
includes a number of codewords comprising matrices. In this regard, the matrices can
each represent a different possible quantization of the MIMO channel, such as fof a
partial-spatial-rate case where the number of spatially multiplexed data streams to be

transmitted is less than the number of transmit antennas. In various instances, the
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codebook is a set of subspaces rather than a set of matrixes, and as such, the codebook
construction can be considered equivalent to subspace packing in a collection of
vector subspaces of a vector space, such as a Grassmann manifold. In operation, the
receiver quantizes the MIMO channel across which the transmitter and receiver are
communicating, and locates the closest matching codeword. Advantageously, and
limiting the number of bits of feedback to the transmitter, the receiver then conveys
the codebook index of that codeword to the transmitter. Accordingly, the transmitter
can use the index and its codebook to similarly locate the respective codeword, and
then weight signals based upon the codeword for transmission to the receiver via the
transmit antennas.

There are a number of different criteria that the receiver can use to locate the
closest matching matrix including, for example, MSE (mean square error), capacity,
minimum distance and the like. Typically, the receiver must perform an exhaustive
search of the codebook for different criteria. As the size of the codebook increases,
however, the computation complexity of locating the desired matrix also undesirably
increases. It would therefore be desirable to design a system and method for reducing
the computational complexity of locating a desired codeword.

Further, as codebooks are typically designed for the partial-spatial-rate case,
it would also be desirable for the system and method to be configured for the full-
spatial-rate case where the number of spatially multiplexed data streams to be
transmitted equals the number of transmit antennas. Such a configuration would
desirably operate without increasing (or significantly increasing) the number of
feedback bits required to notify the transmitter of a desired codeword. In this regard,
the partial-rate case is typically applicable for cases where the transmitter and receiver
are communicating with a low to medium signal-to-noise ratio (SNR), typically far
away from one another. If the transmitter and receiver are communicating with a high
SNR, however, it is typically desirable to fully capitalize on the higher quality channel
to maximize the throughput on the channel by increasing the number of spatially

multiplexed data streams to equal the number of transmit antennas.

SUMMARY
In light of the foregoing background, exemplary embodiments of the
present invention provide an improved network entity, method and computer

program product for precoding data in a multiple-input multiple-output (MIMO)
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system. In accordance with exemplary embodiments of the present invention, a
method of precoding data includes designing the codebook, which can be made
known or otherwise be provided to both a transmitting entity and a receiving entity
of the system. In this regard, a partial-spatial-rate codebook can be designed for
partial-spatial-rate coding of the system whereby the transmitting entity of the
system includes more transmit antennas T than spatial streams N over which data is
coded (i.e., T> N). For full-spatial-rate coding whereby the number of transmit
antennas equals the number of spatial streams (i.e., 7= N), then, a full-spatial-rate
codebook can be designed by “completing” an underlying partial-spatial-rate
codebook based upon basis vectors of the null space of the underlying partial-
spatial-rate codebook. By designing the full-spatial-rate codebook based upon the
basis vectors of the null space of a selected underlying partial-spatial-rate
codebook, the number of bits required to feedback a selected codeword in the full-
spatial-rate case may remain the same as feeding back a corresponding codeword
in the partial-spatial-rate case of the underlying codebook. Thus, the full-spatial-
rate case may be implemented without requiring additional feedback bits over
those required in the partial-spatial-rate case.

After the codebook is designed and made known to the transmitting é.nd
receiving entities, the receiving entity can select codewords from the codebook and
indicate the selected codeword to the transmitting entity for use in pre-coding data
transmitted therefrom. In accordance with exemplary embodiments of the present
invention, the codewords can be selected according to a sub-space tracking
method. In such a sub-space tracking method, a first codeword for a first carrier
can be selected from the codebook. A second codeword for a second, subsequent
carrier (in the time or frequency domain) can then be selected from a subset of the
codebook. In this regard, the codewords in the codebook can be found in a
collection of vector subspaces, such as a Grassmann manifold. Accordingly, the
subset of codewords can comprise those codewords in a neighborhood including
the first codeword in the collection of vector subspaces. In this manner, by
reducing the number of codewords within which the second and subsequent
codewords are selected, exemplary embodiments of the present invention can
effectively reduce the number of bits required to feedback an indication of the

selected codewords to the transmitting entity.
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According to one aspect of the present invention, a network entity in a 7-
transmit antenna system is configured for full-spatial-rate coding data over N;
spatial streams such that N; = T. For example, the network entity can comprise a
transmitting entity or a receiving entity, where the entity includes a component
such as a pre-coder in the case of a transmitting entity, or a channel estimator in the
case of a receiving entity. The network entity is capable of providing a full-spatial-
rate codebook including a plurality of full-spatial-rate codewords.

In accordance with exemplary embodiments, the provided full-spatial-rate
codebook is designed by selecting an underlying partial-spatial-rate codebook
designed for a T-transmit antenna system configured for partial-spatial-rate coding

data over N, spatial streams such that N; <7. For example, an underlying partial-
spatial-rate codebook I1(7,N,)={P,...P,} of size L can be selected, where the

partial-spatial-rate codebook includes partial-spatial-rate codewords Py, ... P.
The full-spatial-rate codebook can then be designed based upon the underlying
partial-spatial-rate codebook. For example, the full-spatial-rate codebook can be

designed in accordance with the following:

(T, N,) 24P, 0 |,..[ PR} | 2{B,.. B}

P, P,
where the full-spatial-rate codebook includes full-spatial-rate codewords P,,...P, ,
and P/ represents the basis vectors of the null space of partial-spatial-rate

codeword P,. In this regard, designing the full-spatial-rate codebook can include

defining the full-spatial-rate codewords based upon partial-spatial-rate codewords
of the partial-spatial rate codebook and basis vectors of a null space of the
respective partial-spatial-rate codewords in a multi-dimensional vector space.

More particularly, when the network entity comprises a transmitting entity
in a T-transmit antenna system and the component comprises a pre-coder, the pre-
coder can be further capable of receiving a stream of at least one piece of data,
where the piece(s) of data have been full-spatial-rate coded. The pre-coder can
then be capable of weighting at least one of the pieces of data coded over at least
one carrier with at least one full-spatial-rate codeword of the full-spatial-rate

codebook.
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On the other hand, when the network entity comprises a receiving entity in
a T-transmit antenna system and the component comprises a receiver, the receiver
can be further capable of selecting at least one full-spatial-rate codeword from the
full-spatial-rate codebook. In this regard, the full-spatial-rate codeword can be
selected such that a stream of at least one piece of data in the 7-transmit antenna
system is capable of being weighted by the selected full-spatial-rate codeword. In
various instances, such as in the case of strong error correction coding, the channel
estimator can be capable of selecting a partial-spatial-rate codeword from the
underlying partial-spatial-rate codebook by minimizing a distance between a
partial-spatial-rate codeword and a matrix identified from a singular value
decomposition of a wireless channel matrix. Thereafter, the channel estimator can
be capable of selecting a full-spatial-rate codeword based upon the selected partial-
spatial-rate codeword. '

In other instances, such as in the case of weak error correction coding, the
receiver can be capable of selecting a full-spatial-rate codeword by maximizing a
minimum signal-to-noise ratio (SNR) across at least a portion of N; spatial streams
over at least a portion of R carriers at an output of the receiving entity. In this
regard, the minimum SNR can be based upon a full-spatial-rate codeword.
Alternatively, the receiver can be capable of selecting a full-spatial-rate codeword
by minimizing a maximum error across at least a portion of N; spatial streams at an
output of the receiving entity. Similar to the SNR, in this instance, the error can be
based upon a full-spatial-rate codeword.

The receiver can be capable of selecting a plurality of full-spatial-rate
codewords by selecting a given full-spatial-rate codeword for data coded over a
given sub-carrier, where the full-spatial-rate codeword can be selected from a full-
spatial-rate codebook of size L, such as in a manner indicated above. The next
full-spatial-rate codeword for data coded over the next sequential sub-carrier can
then be selected. In this regard, the next full-spatial-rate codeword can be selected
from a subset of the full-spatial-rate codebook, where the subset can be of size L’ <
L and selected based upon a distance from the given full-spatial-rate codeword in a
collection of vector subspaces, such as a Grassmann manifold, including the full-
spatial-rate codewords. More particularly, for example, the next full-spatial-rate

codeword can be selected based upon a corresponding partial-spatial-rate
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codeword, which in turn, can be selected from a subset of the corresponding
partial-spatial-rate codebook.

According to other aspects of the present invention a method and computer
program product are provided for pre-coding data in a MIMO system. Exemplary
embodiments of the present invention therefore provide an improved network
entity, method and computer program product for pre-coding data in a MIMO
system. Exemplary embodiments of the present invention are capable of providing
a full-spatial-rate codebook designed based upon an underlying partial-spatial-rate
codebook and the null space of the underlying partial-spatial-rate codebook.
Accordingly, exemplary embodiments of the present invention may be capable of
implementing a full-spatial-rate case without requiring additional feedback bits
over those required in the partial-spatial-rate case. In addition, exemplary
embodiments of the present invention are capable of selecting codewords for data
coded over various spatial streams and various sub-carriers in accordance with a
sub-space tracking method. By selecting codewords in such a manner, exefnplary
embodiments of the present invention are capable of reducing the number of
codewords within which the second and subsequent codewords are selected,
thereby reducing the number of bits required to feedback the selected codewords to
the transmitting entity. As such, the network entity, method and computer program
product exemplary embodiments of the present invention may solve the problems

identified by prior techniques and may provide additional advantages.

BRIEF DESCRIPTION OF THE DRAWINGS

Having thus described the invention in general terms, reference will now be
made to the accompanying drawings, which are not necessarily drawn to scale, and
wherein:

FIG. 1 illustrates a schematic block diagram of a wireless communication
system including a terminal, according to exemplary embodiments of the present
invention;

FIG. 2 is a schematic functional block diagram of a multi-antenna
transmitting entity of the wireless communication system of FIG. 1, according to

exemplary embodiments of the present invention;
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FIG. 3 is a schematic functional block diagram of a multi-antenna receiving
entity of the wireless communication system of FIG. 1, according to exemplary
embodiments of the present invention;

FIG. 4 is a flowchart illustrating various steps in a method of precoding in a
multiple-input multiple-output (MIMO) system, in accordance with one exemplary
embodiment of the present invention; and

FIG. 5 is a schematic illustration of a Grassmann manifold including

various precoding matrices therein, in accordance with one exemplary embodiment

of the present invention.

DETAILED DESCRIPTION

The present invention now will be described more fully hereinafter with
reference to the accompanying drawings, in which preferred embodiments of the
invention are shown. This invention may, however, be embodied in many different
forms and should not be construed as limited to the embodiments set forth herein;
rather, these embodiments are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the invention to those skilled in the
art. Like numbers refer to like elements throughout.

Referring to FIG. 1, an illustration of one type of wireless communications
system 10 including a terminal 12 that would benefit from the present invention is
provided. As explained below, the terminal may comprise a mobile telephone. It
should be understood, however, that such a mobile telephone is merely illustrative
of one type of terminal that would benefit from the present invention and,
therefore, should not be taken to limit the scope of the present invention. While
several exemplary embodiments of the terminal are illustrated and will be
hereinafter described for purposes of example, other types of terminals, such as
portable digital assistants (PDAs), pagers, laptop computers and other types of
voice and text communications systems, can readily employ the present invention.
In addition, the system and method of the present invention will be primarily
described in conjunction with mobile communications applications. It should be
understood, however, that the system and method of the present invention can be
utilized in conjunction with a variety of other applications, both in the mobile

communications industries and outside of the mobile communications industries.
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The communication system 10 provides for radio communication between
two communication stations, such as a base station (BS) 14 and the terminal 12, by
way of radio links formed therebetween. The terminal is configured to receive and
transmit signals to communicate with a plurality of base stations, including the
illustrated base station. The communication system can be configured to operate in
accordance with one or more of a number of different types of spread-spectrum
communication, or more particularly, in accordance with one or more of a number
of different types of spread spectrum communication protocols. More particularly,
the communication system can be configured to operate in accordance with any of
a number of 1G, 2G, 2.5G and/or 3G communication protocols or the like. For
example, the communication system may be configured to operate in accordance
with 2G wireless communication protocols IS-95 (CDMA) and/or cdma2000.
Also, for example, the communication system may be configured to operate in
accordance with 3G wireless communication protocols such as Universal Mobile
Telephone System (UMTS) employing Wideband Code Division Multiple Access
(WCDMA) radio access technology. Further, for example, the’ communication
system may be configured to operate in accordance with enhanced 3G wireless
communication protocols such as 1X-EVDO (TIA/EIA/IS-856) and/or 1X-EVDV.
It should be understood that operation of the exemplary embodiment of the present
invention is similarly also possible in other types of radio, and other,
communication systems. Therefore, while the following description may describe
operation of an exemplary embodiment of the present invention with respect to the
aforementioned wireless communication protocols, operation of an exemplary
embodiment of the present invention can analogously be described with respect to
any of various other types of wireless communication protocols, without departing
from the spirit and scope of the present invention.

The base station 14 is coupled to a base station controller (BSC) 16. And
the base station controller is, in turn, coupled to a mobile switching center (MSC)
18. The MSC is coupled to a network backbone, here a PSTN (public switched
telephonic network) 20. In turn, a correspondent node (CN) 22 is coupled to the
PSTN. A communication path is formable between the correspondent node and
the terminal 12 by way of the PSTN, the MSC, the BSC and base station, and a

radio link formed between the base station and the terminal. Thereby, the
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communications, of both voice data and non-voice data, are effectual between the
CN and the terminal. In the illustrated, exemplary implementation, the base station
defines a cell, and numerous cell sites are positioned at spaced-apart locations
throughout a geographical area to define a plurality of cells within any of which
the terminal is capable of radio communication with an associated base station in
communication therewith.

The terminal 12 includes various means for performing one or more
functions in accordance with exemplary embodiments of the present invention,
including those more particularly shown and described herein. It should be
understood, however, that the terminal may include alternative means for
performing one or more like functions, without departing from the spirit and scope
of the present invention. More particularly, for example, as shown in FIG. 1, in
addition to one or more antennas 24, the terminal of one exemplary embodiment of
the present invention can include a transmitter 26, receiver 28, and controller 30 or
other processor that provides signals to and receives signals from the transmitter
and receiver, respectively. These signals include signaling information in
accordance with the communication protocol(s) of the wireless communication
system, and also user speech and/or user generated data. In this regard, the
terminal can be capable of communicating in accordance with one or more of a
number of different wireless communication protocols, such as those indicated
above. Although not shown, the terminal can also be capable of communicating in
accordance with one or more wireline and/or wireless networking techniques.
More particularly, for example, the terminal can be capable of communicating in
accordance with local area network (LAN), metropolitan area network (MAN),
and/or a wide area network (WAN) (e.g., Internet) wireline networking techniques.
Additionally or alternatively, for example, the terminal can be capable of
communicating in accordance with wireless networking techniques including
wireless LAN (WLAN) techniques such as IEEE 802.11, and/or WiMAX
techniques such as IEEE 802.16 or the like.

It is understood that the controller 30 includes the circuitry required for
implementing the audio and logic functions of the terminal 12. For example, the
controller may be comprised of a digital signal processor device, a microprocessor

device, and/or various analog-to-digital converters, digital-to-analog converters,
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and other support circuits. The control and signal processing functions of the
terminal are allocated between these devices according to their respective
capabilities. The controller can additionally include an internal voice coder (VC)
30a, and may include an internal data modem (DM) 30b. Further, the controller
may include the functionally to operate one or more client applications, which may
be stored in memory (described below).

The terminal 12 can also include a user interface including a conventional
earphone or speaker 32, a ringer 34, a microphone 36, a display 38, and a user
input interface, all of which are coupled to the controller 18. The user input
interface, which allows the terminal to receive data, can comprise any of a number
of devices allowing the terminal to receive data, such as a keypad 40, a touch
display (not shown) or other input device. In exemplary embodiments including a
keypad, the keypad includes the conventional numeric (0-9) and related keys (#, *),
and other keys used for operating the terminal. Although not shown, the terminal
cé.n include one or more means for sharing and/or obtaining data (not shown).

In addition, the terminal 12 can include memory, such as a subscriber
identity module (SIM) 42, a removable user identity module (R-UIM) or the like,
which typically stores information elements related to a mobile subscriber. In
addition to the SIM, the terminal can include other removable and/or fixed
memory. In this regard, the terminal can include volatile memory 44, such as
volatile Random Access Memory (RAM) including a cache area for the temporary
storage of data. The terminal can also include other non-volatile memory 46,
which can be embedded and/or may be removable. The non-volatile memory can
additionally or alternatively comprise an EEPROM, flash memory or the like. The
memories can store any of a number of client applications, instructions, pieces of
information, and data, used by the terminal to implement the functions of the
terminal.

As described herein, the client application(s) may each comprise software
operated by the respective entities. It should be understood, however, that any one
or more of the client applications described herein can alternatively comprise
firmware or hardware, without departing from the spirit and scope of the present
invention. Generally, then, the network entities (e.g., terminal 12, BS 14, BSC 16,

etc.) of exemplary embodiments of the present invention can include one or more
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logic elements for performing various functions of one or more client
application(s). As will be appreciated, the logic elements can be embodied in any
of a number of different manners. In this regard, the logic elements performing the
functions of one or more client applications can be embodied in an integrated
circuit assembly including one or more integrated circuits integral or otherwise in
communication with a respective network entity or more particularly, for example,
a processor or controller of the respective network entity. The design of integrated
circuits is by and large a highly automated process. In this regard, complex and
powerful software tools are available for converting a logic level design into a
semiconductor circuit design ready to be etched and formed on a semiconductor
substrate. These software tools, such as those provided by Avant! Corporation of
Fremont, California. and Cadence Design, of San Jose, California, automatically
route conductors and locate components on a semiconductor chip using well
established rules of design as well as huge libraries of pre-stored design modules.
Once the design for a semiconductor circuit has been completed, the resultant
design, in a standardized electronic format (e.g., Opus, GDSII, or the like) may be
transmitted to a semiconductor fabrication facility or “fab” for fabrication.

Reference is now made to FIGS. 2 and 3, which illustrate a functional block
diagram of the system 10 of FIG. 1 in accordance with one exemplary embodiment
of the present invention. More particularly, FIG. 2 illustrates a functional block
diagram of a multi-antenna transmission system including a transmitting entity 50
(e.g., base station 14). The illustrated system is operating as a multiple-input
multiple-output (MIMO) communication system that also includes a multiple-
antenna receiving entity 60 (e.g., terminal 12), as shown more particularly in FIG.
3. It should be understood, however, that the system of exemplary embodiments of
the present invention may equally operate in other configuration without departing
from the spirit and scope of the present invention. It should further be understood
that the transmitting and receiving entities may be implemented into any of a
number of different types of transmission systems that transmit coded or uncoded
digital transmissions over a radio interface.

In the illustrated MIMO communication system 10, the transmitting entity
50 includes a MIMO transmitter having a number of components. The

components of the transmitter, in turn, include space-time (ST) encoder 52, a pre-
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coder 53, a filter and modulate (SFM) block 54 and 7T transmit antennas 56 (two
being shown as antennas 56a and 56b). In the transmitting entity, the transmitter
receives an input symbol stream b[r], such as an input orthogonal frequency
division multiple access (OFDMA) symbol stream, an input orthogonal frequency
division multiplexed (OFDM) symbol stream or the like. For a T antenna
transmitting entity, the ST encoder is capable of coding the symbol stream over R
carriers in accordance with a ST technique based upon a plurality of ST codes, the
ST encoder thereby forming coded symbols sy, ..., sg. The pre-coder can weight
the coded symbols of the symbol stream with pre-coding matrices P;’s to form a
weighted symbol stream that can then be filtered and modulated by the SFM block,

and transmitted by the 7 antennas. As explained below, the pre-coder selects the

pre-coding matrices P;’s from a codebook # of matrices. The codebook may be of

size L =27 and include a set of 7' x M unitary matrices 2= {Py, ..., P_}, where ¢
may represent the number of (feedback) bits required to index the codebook.

At the receiving entity 60, the receiving entity includes a receiver having a
number of components. In this regard, the components of the receiver include M
receive antennas 62 (two being shown as antennas 62a and 62b) where M is
greater than or equal to the number of spatial streams N, a filter and demodulate
(FDD) block 64, a ST decoder 66 and a channel estimator 67. The receive antenna
receives the data transmitted from the transmitting entity 50 and passes the data to
the FDD block, which filters and demodulates the data into representafions of the
coded symbol stream from the transmitting entity, ry, ..., rg. For each carrier %,
then, a representation of the coded symbol stream r; may be written as follows:

r,=HPs, +n,
where P, represents the precoding matrix selected from a codebook according to

the channel matrix Hy, and n; represents the additive white Gaussian noise
(AWGN) with variance Nj.

The representations of the coded symbol stream ry, ..., rg follow the FDD
block 64 into the ST decoder 66 and channel estimator 67. The channel estimator,
then, outputs estimated channel parameters, or more particularly an estimated
channel matrix H[»), to the ST decoder. In addition, the channel estimator outputs
the estimated channel parameters to the pre-coders 53 of the transmitter via a

feedback channel. The ST decoder, then, can decode representations of the input
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symbol stream l;[n] from the representations of the coded symbols, as well as the

estimated channel matrix.

With respect to FIG. 4, and as explained further below, a method of pre-
coding in a MIMO system in accordance with exemplary embodiments of the
present invention includes designing the codebook £, where the codebook is made
known to both the transmitting entity 50 and the receiving entity 60, as shown in
block 70. For partial-spatial-rate cases, for example, the codebook can be designed
for a transmitting entity having a greater number of transmit antennas 56 7 than the
number of spatial streams N over which the input symbol stream is coded (i.e., 7>
N). For full-spatial-rate cases, on the other hand, the codebook can be designed for
a transmitting entity having a number of transmit antennas 7 equaling the number
of spatial streams N (i.e., 7'= N). In such instances, the full-spatial-rate codebook
can be designed by designing a partial-spatial-rate codebook, and then generating
the full-spatial-rate codebook based thereon. Irrespective of exactly how the
codebook is designed and made known to the transmitting and receiving entities,
those entities can thereafter utilize the codebook to pre-code coded symbols sy, ...,
sn at the transmitting entity, before transmission therefrom to the receiving entity.

After the codebook is designed and made known to the transmitting entity
50 and the receiving entity 60, for example, the receiving entity can observe a
channel realization, as shown in block 72. Based upon the channel realization,
then, the receiving entity can select a codeword of the codebook, such as a
codeword for a first carrier, and feed back, to the transmitting entity, information
or other data from which the selected codeword can be identified (e.g., the index of
the codeword in the codebook), as shown in block 74. Before, after or as the
information is fed back to the transmitting entity, however, the receiving entity can
similarly select and feed back a codeword indication for the other carriers, as
shown in block 76. In various instances, the receiving entity selects a codeword
for each of R carriers (such as sub-carriers in an OFDM symbol), using'q = log,L
bits (from a codebook of size L) to feedback the selected codeword for that carrier.
In accordance with such a technique, a total of R x g bits may be required to
feedback the selected codewords. Exemplary embodiments of the present
invention, however, are capable of further reducing the number of bits required to

feedback the selected codeword by selecting codewords in a manner dependent
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across the carriers by exploiting a correlation of frequency responses at different
carriers, as explained below. Irrespective of the exact nature of the information fed
back, the transmitting entity can then locate the respective codeword based upon
the feedback information, and pre-code the coded symbols for transmission to the

receiving entity.

A.  Codebook Design

As indicated above, a method of pre-coding in a MIMO system in
accordance with exemplary embodiments of the present invention includes
designing the codebook 2, which may differ for partial-spatial-rate cases (7'> N)
and full-spatial-rate cases (7= N).

1. Partial-Spatial-Rate Codebook Design

If the entries of the channel matrix H are independently Gaussian distributed, the
subspaces corresponding to the maximal eigenvalue of the channel are isotropically
distributed. Accordingly, the codebook design becomes to a subspace packing in a
collection of vector subspaces of a vector space, such as a Grassmann manifold, with
large minimum distance. Nonetheless, the codebook can be designed in accordance with
any of a number of different techniques that can achieve similar precoding performance.
One such technique for generating a codebook is described in B.M. Hochwald et al.,
Systematic Design of Unitary Space-Time Constellation, 46 IEEE TRANS. INFORMATION
THEORY 1962-73 (2000) (Hochwald), the contents of which are hereby incorporated by
reference in its entirety. In this regard, the technique described by Hochwald can be used to
generate a codebook with block-circulant structure, which can simplify the codeword
selection and storage.

More particularly, in accordance with exemplary embodiments of the
present invention, the codebook for the partial-spatial-rate case can be fully
specified once the first codeword P; and a diagonal rotation matrix Q is provided.
The other codewords in the codebook, then, can be given by:

P, =QP,
where /=2, ... L. Also in the preceding equation, Q represents a diagonal matrix

fully parameterized by an integer vectoru £ [u,,...u; |:
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Furthermore, in this design, the first codeword P, is chosen to be a T x N sub-
matrix of an 7 x T DFT (discrete Fourier transform) matrix Dy whose (m, n) element
can be specified as follows:

2 (m-1)(n-1)

5 (D, )m =
where 1 <m, n <T. Denoting d. as the cth column of the matrix Dr, then, the first

codeword P, can comprise the collection of N columns parameterized by the set of

column indices ¢£[c,,...cy] (ie, P, =[d,,...d_ ]).
Table 1, below, illustrates various selections of w2 [u,,...u; ] and

10 c¢2[¢,...cy] for different numbers of transmitter antennas 7, and spatial streams

N. Note that the choice of L can be the result of trading off performance with the
number of feedback bits. For example, the codebook size may be set as L = 8 for

the =2, N=1 case as the performance gain may diminish with more than 3

feedback bits.
15
T N Li(g=logL) |c2[c,...c,]| uZ[u,...u,]
(Number of | (Number of | Codebook size | Column Rotation
Antennas 56) | Spatial / (feedback Indices Vector
Streams) bits)
2 1 8/03) ] [1, 0]
3 1 32/05) ] 1,26, 28]
3 2 32705 [0, 2] [1, 26, 28]
3 1 647(6) ] [1, 8, 61, 45]
3 2 647(6) [0, 1] [1,7, 52, 56]
3 3 647(6) 0,2, 3] [1, 8, 61, 45]

Table 1: Codebooks for Different Antenna Configurations
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2. Full-Spatial-Rate Codebook Design

The codebook described above is particularly suitable for the partial-
spatial-rate case (T > N), and may therefore differ from a codebook designed for
the full-spatial-rate case (T'= N). Like the previous codebook design, the codebook
for the full-spatial-rate case can be designed in any of a number of different
manners. In accordance with exemplary embodiments of the present invention, for
example, the full-spatial-rate codebook can be designed by “completing” the

partial-rate codebook for the respective system configuration, such as for a

-respective one of those given in Table 1. For purposes of illustration in describing

a method of designing a full-spatial-rate codebook based upon a respective partial-
spatial-rate codebook, consider 7= N; = 4. The method, then, can include
selecting an underlying partial-spatial-rate codebook, such as a codebook designed
for a transmitting entity 50 having the same number of antennas 56. Thus, for
example, for the full-spatial-rate case 7= N, = 4, the underlying partial-spatial-rate
codebook for the case 7= 4, N, = 3 can be selected (see the last row of Table 1).
Written notationally, the underlying partial-spatial-rate case can be expressed as
follows:

11(4,3)2(P,,...P,}

where [1(4,3) represents the codebook for the case 7= 4, N = 3, and the codebook
size L = 64. Note that in the foregoing partial-spatial-rate codebook, each
codeword can comprise a 4 x 3 (i.e., T x N,) unitary matrix.

After selecting an underlying partial-spatial-rate codebook, the full-spatial-
rate codebook can be designed by finding, for each codeword P, the basis vectors

of the null space of P; in a four-dimensional complex vector space (a dimension for
each transmit antenna 56). More particularly, denoting P;* as the basis vectors

associated with the null space of P,, the full-spatial-rate codebook for the case 7' =

N; =4 can be designed as follows:

A A (= ~
11(4,4)24[P.B" |,..[ PP} | £{P,...B,}
—_— —_—
b P,
In the preceding, then, each full-rate codeword can comprise a 4 x 4 (i.e., T x Ny)

unitary matrix defined by f’, Z[P,,P;"]. As will be appreciated, by designing the
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full-spatial-rate codebook based upon the basis vectors of the null space of a
selected underlying partial-spatial-rate codebook, the number of bits required to
feedback a selected codeword in the full-spatial-rate case may remain the same as
feeding back a corresponding codeword in the partial-spatial-rate case of the
underlying codebook. Thus, the full-spatial-rate case may be implemented without
requiring additional feedback bits over those required in the partial-spatial-rate

casc.

B. Codeword Selection

After designing the codebook and making the codebook known to the
transmitting entity 50 and the receiving entity 60, the receiving entity can observe
a channel realization and select a codeword of the codebook based on the observed
channel realization. In this regard, it should be noted that the receiving entity can
comprise any of a number of different types of receivers capable of processing data
from the transmitting entity, such as a maximum likelihood (ML) receiver, linear
minimum mean square error (LMMSE) receiver or the like. As with designing the
codebook, however, selection of the codeword from the codebook may differ for

partial-spatial-rate cases (7> N) and full-spatial-rate cases (T'= N).

1. Partial-Spatial-Rate Codeword Selection
For the MMSE receiver, the MSE at the output of the receiver can be a

function of the precoding matrix P; used at the transmitter:

o r [

-1
MSE(P) = -f,—srr {[IN + NE]SV P,”H”HP,J }
Accordingly, the receiving entity 60, or more particularly the channel estimator 67
of the receiving entity, can select a precoding matrix (i.e., codeword), or more
particularly the index of a precoding matrix, by calculating the index of the
precoding matrix minimizing the MSE. Written notationally, the channel estimator

can select the index as follows:

, =arg min MSE(P,)

l
op lefl,...L}

Within the codebook 2= {Py, ..., P.}, precoding matrix P, =P, [ = [, can be

selected, with the index /,,, of the respective matrix being fed back to the
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transmitting entity 50, or more particularly the pre-coder 53 of the transmitting

entity.

2. Full-Spatial-Rate Codeword Selection

In the full-spatial-rate case, the receiving entity 60, or more particularly the
channel estimator 67 of the receiving entity, can select a precoding matrix in a
manner based upon an amount of forward error correction available in the system.
That is, if the error correction coding (e.g., forward error correction (FEC)) is
strong (e.g., rate 1/2 coding), the channel estimator can select a precoding matrix in
a manner that takes advantage of the structure of the codebook by aligning the
dominant right singular vectors with one of the underlying partial-rate codewords.
If the error correction coding is weak (e.g., rate 3/4 coding), however, the channel
estimator may resort to an algorithm that maximizes the minimum signal-to-noise
ratio (SNR) across all spatial streams at the output of the receiving entity (e.g.,
LMMSE or LMMSE/DFE (decision feedback equalizer) receiving entity). Similar
to before, after selecting the precoding matrix P, the index of the respective
matrix can be fed back to the transmitting entity 50, or more particularly the pre-

coder 53 of the transmitting entity.

a) Selection with Strong FEC
In the full-spatial-rate case with strong error correction coding, the channel
estimator 67 can select a precoding matrix (i.e., codeword) by at least partially
aligning a corresponding codeword from the underlying partial-spatial-rate
codebook with the dominant singular vectors of the matrix. In this regard, let
H 2 SUV denote the singular value decomposition (SVD) of the channel matrix,
and let V£[V, V'] denote the right singular matrix. In such an instance, it should

be noted that the singular values may be organized in condescending order in the
matrix U. With such an assumption, then, V can include all the dominant right
singular vectors, while V* can include the least significant right singular vectors.
Accordingly, the channel estimator can select a precoding matrix P,,, by
minimizing a distance (e.g., Chordal diatance) between the significant singular
vectors V and the underlying partial-rate codewords, such as in accordance with

the following:
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opt?> = opt

In the preceding, d Zd, represents the Chordal distance between matrices A and B,

and can be written notationally as follows:
d% (A,B)2 N, - trace((AHB)H A”B)

where the number of columns of each matrix is denoted by N..

b) Selection with Weak FEC
If the error correction in the system is weak, the channel estimator 67 can
select a precoding matrix (i.e., codeword) based upon the effective SNR across all,
or at least a portion, of the spatial streams at the output of the receiving entity 60.
At the output of an LMMSE or LMMSE/DFE receiving entity, for example, the
effective SNR of each spatial stream can be calculated once a bias introduced by

the LMMSE algorithm is removed from the signal at the filter output. In this
regard, lety, (f’l,) , k=1,... N, denote the SNR of the kth spatial stream at an

LMMSE or LMMSE/DFE filter output, assuming that the /th codeword 13, is

applied at the transmitting entity 50. The channel estimator, then can select a
precoding matrix in an attempt to maximize the minimum of SNRs across all, or at

least a portion, of the spatial streams, such as in accordance with the following:

130 =arg max (krrlnn Y (13 ))

P i=l,..L
Alternatively, let £, (P,), k= 1,...N denote the post-filtering MSE of the kth spatial

stream, assuming that the /th codeword P, is applied at the transmitting entity. In

such an instance, a min-max problem can be found that that will reach the same

selection as prescribed by the following:

f’ . =arg min (max & (f’ ))

P l=1,.L\k=1,.N

C. Sub-Space Tracking
As explained above, the receiving entity 60 can select a codeword for each

of the R carriers, and use g = log,L bits (from a codebook of size L) to feedback the
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selected codeword for that carrier. In accordance with such a technique, a total of
R x g bits may be required to feedback the selected codewords. Exemplary
embodiments of the present invention, however, are capable of implementing a
sub-space tracking method to further reduce the number of bits required to
feedback the selected codeword. In accordance with the sub-space tracking
method, the selections of pre-coding matrices may be made dependent across the
carriers by exploiting a correlation of frequency responses at different carriers. In
this regard, as the frequency responses at adjacent carriers may be correlated, there
may also be a correlation between the precoding matrices for the respective

carriers.

1, Partial-Spatial-Rate Sub-Space Tracking
Before describing the sub-space tracking method in the partial-spatial-rate
case, consider the distance between points in a Grassmann manifold. In this

regard, the chordal distance in the manifold G7, y can be defined as follows:

42 (P.B,)= Y sin*(6,)
n=1
=N-|p7R[

where the 6,’s represent the principle angles between the sub-spaces spanned by

the columns of P; and Py, ||+|| represents the Frobenius norm, N represent the

number of spatial streams, and H represents a Hermitian symmetric operation.
Based on the chordal distance, then, an L -element neighborhood of any point P; in
a codebook Zmay be defined as the L’ elements in 2 that have minimum or shortal
chordal distances to P;. In a codebook 2 of size L = 27, then, a neighborhood
subset #; < Pof size L’ =27 can be assigned for each codeword P;, where ¢’ <gq.
The subset #7 can include the L’ matrices of the codebook that are closest to P; in
the Grassmann manifold, as shown in FIG. 5.

With that background, the sub-space tracking method in the partial-spatial-
rate case of one exemplary embodiment of the present invention can include
defining a step size K for updating the selected precoding matrix. The step size K
can be defined in a number of different manners, such as in a manner based upon

channel statistics (e.g., delay profile, etc.). Before or after defining the step size, or
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as the step size is defined, a first precoding matrix (i.e., first codeword) P, can be

selected for the first spatial stream, where the first precoding matrix may be
selected out of L = 27 possibilities using the full precision (g = logyL bits) of the
codebook 2, such as in any of a number of different manners including those
explained above.

After selecting the first precoding matrix P, for the first carrier, a second
precoding matrix P, can be selected for the second carrier. More particularly, the

first precoding marix can be associated with the first X carriers, and in such
instances, a second precoding matrix can be selected for the second K carriers. As
a desired second precoding matrix may be found in a neighborhood of matrices
including the first precoding matrix, selecting the second precoding matrix can

include identifying a neighborhood subset # of precoding matrices including the
first precoding matrix P, , such as by identifying the subset of precoding matrices
that are closest to P, in the Grassmann manifold, as explained above. In this

regard, the number of closest matrices can be selected in a number of different

manners. For example, the number of closest matrices L’ can be heuristically
selectedas L'=1~2x (2 x Nx (T - N)).

After selecting the neighborhood subset 7/ , the second precoding matrix
P, for the second K carriers can be selected from the matrices included therein,
such as in any of a number of different manners including those explained above.
Assuming that the neighborhood including the first precoding matrix P, includes L’

=27 points (g’ < g), the number of feedback bits required for the second carrier
can be effectively reduced to ¢’ (i.e., the second precoding matrix can be selected
out of the L’ =29 possibilities in neighborhood #; ). The same process can then
be repeated for all , or more particularly all R/K — 1 carrier clusters, with precoding
matrix for spatial stream cluster j being selected from the neighborhood of matrices

including the precoding matrix selected for carrier clusterj — 1 (i.e., P,./_l ,J=1,..

R/K —1). As can be seen, then, the number of bits required to feedback the

selected codewords can be reduced from a total of R x g bits to a total of g + g’ x

(RIK - 1),
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The sub-space tracking method in the partial-spatial rate case of one
exemplary embodiment can accordingly be summarized as follows: at step 1, set

step size K and initial precoding matrix P, ,j =0, and feed back the index of P, .
Then, at step 2, select and feed back a next precoding matrix Pi,»+. from the subset
#; as the precoding matrix of next K carriers. Next, at step 3, if j <R/K, setj =j

+ 1 and repeat step 2. Although the precoding matrices for the respective carriers
are described as being fed back as those matrices are selected, it should be
understood that the matrices may be fed back in any of a number of different
manners, including collectively feeding back the matrices for all of the carriers

after all of the respective matrices have been selected.

2. Full-Spatial-Rate Sub-Space Tracking

As in the partial-spatial-rate case, the precoding matrices (i.e., codewords)
can be selected in a manner dependent across the carriers in accordance with a sub-
épace tracking method of exemplary embodiments of the present invention. More
particularly, in one exemplary embodiment, the sub-space tracking method in the
full-spatial-rate case can be implemented by extending the corresponding method
in the partial-spatial-rate case (explained above) in a manner that exploits the

structure of the full-spatial-rate codebook. In this regard, since each codeword in

the full-spatial-rate case f’, 2 [P,,P;"] can be uniquely determined based upon an
underlying partial-spatial-rate codeword P, , sub-space tracking in the full-spatial-

rate case can include tracking of the underlying codeword P, across different

carriers, such as in a manner explained above with respect to sub-space tracking in
the partial-spatial-rate case. A corresponding codeword in the full-spatial-rate case
can then be identified based upon the respective underlying codeword, such as in
the same manner explained above with respect to designing the full-spatial-rate
codebook by “completing” the partial-rate codebook.

According to one exemplary aspect of the present invention, the functions
performed by one or more of the entities of the system, such as the terminal 12, BS
14 and/or BSC 16 including respective transmitting and receiving entities 50, 60,

may be performed by various means, such as hardware and/or firmware, including
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those described above, alone and/or under control of one or more computer
program products. The computer program product(s) for performing one or more
functions of exemplary embodiments of the present invention includes at least one
computer-readable storage medium, such as the non-volatile storage medium, and
software including computer-readable program code portions, such as a series of
computer instructions, embodied in the computer-readable storage medium.

In this regard, FIG. 4 is a flowchart of methods, systems and program
products according to exemplary embodiments of the present invention. It will be
understood that each block or step of the flowchart, and combinations of blocks in
the flowchart, can be implemented by various rheans, such as hardware, firmware,
and/or software including one or more computer program instructions. These
computer program instructions may be loaded onto a computer or other
programmable apparatus to produce a machine, such that the instructions which
execute on the computer or other programmable apparatus create means for
implementing the functions specified in the flowchart block(s) or step(s). As will
be appreciated, any such computer program instructions may also be stored in a
computer-readable memory that can direct a computer or other programmable
apparatus (i.e., hardware) to function in a particular manner, such that the
instructions stored in the computer-feadable memory produce an article of
manufacture including instruction means which implement the function specified
in the flowchart block(s) or step(s). The computer program instructions may also
be loaded onto a computer or other programmable apparatus to cause a series of
operational steps to be performed on the computer or other programmable
apparatus to produce a computer implemented process such that the instructions
which execute on the computer or other programmable apparatus provide steps for
implementing the functions specifted in the flowchart block(s) or step(s). |

Accordingly, blocks or steps of the flowchart support combinations of
means for performing the specified functions, combinations of steps for performing
the specified functions and program instruction means for performing the specified
functions. It will also be understood that one or more blocks or steps of the
flowchart, and combinations of blocks or steps in the flowchart, can be

implemented by special purpose hardware-based computer systems which perform
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the specified functions or steps, or combinations of special purpose hardware and
computer instructions.

Many modifications and other embodiments of the invention will come to
mind to one skilled in the art to which this invention pertains having the benefit of
the teachings presented in the foregoing descriptions and the associated drawings.
Therefore, it is to be understood that the invention is not to be limited to the
specific embodiments disclosed and that modifications and other embodiments are
intended to be included within the scope of the appended claims. Although specific
terms are employed herein, they are used in a generic and descriptive sense only

and not for purposes of limitation.
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WHAT IS CLAIMED IS:

1. A network entity comprising:

a component capable of providing a full-spatial-rate codebook in a 7-
transmit antenna system configured for full-spatial-rate coding data over N, spatial
streams such that Ny = T, the full-spatial-rate codebook comprising a plurality of
full-spatial-rate codewords, the full-spatial-rate codebook having been designed
by:

selecting an underlying partial-spatial-rate codebook designed for
a T-transmit antenna system configured for partial-spatial-rate coding
data over N, spatial streams such that N, < T, and
designing the full-spatial-rate codebook based upon the underlying

partial-spatial-rate codebook, designing the full-spatial-rate codebook
including defining the full-spatial-rate codewords based upon partial-
spatial-rate codewords of the partial-spatial rate codebook and basis vectors
of a null space of the respective partial-spatial-rate codewords in a multi-
dimensional vector space,

wherein the component is capable of providing the full-spatial-rate
codebook such that a stream of at least one piece of data in a 7-transmit antenna
system is capable of being weighted by the full-spatial-rate codewords of the full-

spatial-rate codebook.

2. A network entity according to Claim 1, wherein the component is
capable of providing a full-spatial-rate codebook having been designed by:

selecting an underlying partial-spatial-rate codebook I1(7,N,)2 {P,,...P,}
of size L, the partial-spatial-rate codebook including partial-spatial-rate codewords
Py, ... P;; and

designing the full-spatial rate codebook based upon the underlying partial-

spatial-rate codebook as follows:

(T, N)24[ PRt ],.. [P, PL o 2 {B,,... B, |,

\ J i ]

P 3
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the full-spatial-rate codebook including full-spatial-rate codewords P,,...P,, and
wherein P, represents the basis vectors of the null space of partial-spatial-rate

codeword P, .

3. A network entity according to Claim 1 comprising a transmitting
entity in a T-transmit antenna system, the component comprising a pre-coder,

wherein the pre-coder is further capable of receiving a stream of at least
one piece of data, the at least one piece of data having been full-spatial-rate coded,
and

wherein the pre-coder is capable of weighting at least one of the pieces of
data coded over at least one carrier with at least one full-spatial-rate codeword of

the full-spatial-rate codebook.

4. A network entity according to Claim 1 comprising a receiving
entity in a 7-transmit antenna system, the component comprising a receiver,

wherein the receiver is further capable of selecting at least one full-spatial-
rate codeword from the full-spatial-rate codebook such that a stream of at least one
piece of data in the T-transmit antenna system is capable of being weighted by the

selected full-spatial-rate codeword.

5. A network entity according to Claim 4, wherein the receiver is
capable of selecting a partial-spatial-rate codeword from the underlying partial-
spatial-rate codebook by minimizing a distance between a partial-spatial-rate
codeword and a matrix identified from a singular value decomposition of a
wireless channel matrix, and thereafter selecting a full-spatial-rate codeword based

upon the selected partial-spatial-rate codeword.

6. A network entity according to Claim 4, wherein the receiver is
capable of selecting a full-spatial-rate codeword by maximizing a minimum signal-
to-noise ratio (SNR) across at least a portion of N, spatial streams over at least a
portion of R carriers at an output of the receiving entity, the minimum SNR being

based upon a full-spatial-rate codeword.
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7. A network entity according to Claim 4, wherein the receiver is
capable of selecting a full-spatial-rate codeword by minimizing a maximum error
across at least a portion of N; spatial streams over at least a portion of R carriers at
an output of the receiving entity, the error being based upon a full-spatial-rate

codeword.

8. A network entity according to Claim 4, wherein the receiver is
capable of selecting a plurality of full-spatial-rate codewords by:

selecting a given full-spatial-rate codeword for data coded over a given
carrier, the full-spatial-rate codeword being selected from a full-spatial-rate
codebook of size L; and

selecting a next full-spatial-rate codeword for data coded over a next
carrier, the next full-spatial-rate codeword being selected from a subset of the full-
spatial-rate codebook, the subset being of size L’ < L and selected based upon a
distance from the given full-spatial-rate codeword in a collection of vector

subspaces including the full-spatial-rate codewords.

9. A network entity according to Claim 8, wherein receiver is capable
of selecting the given full-spatial-rate codeword by:

selecting a given partial-spatial-rate codeword from an underlying partial-
spatial-rate codebook of size L by minimizing a distance between a partial-spatial-
rate codeword and a matrix identified from a singular value decomposition of a
wireless channel matrix; and

selecting a given full-spatial-rate codeword based upon the selected given

partial-spatial-rate codeword.

10. A network entity according to Claim 9, wherein the receiver is
capable of selecting the next full-spatial-rate codeword by:

selecting a next partial-spatial-rate codeword from a subset of the
underlying partial-spatial-rate codebook by minimizing a distance between a
partial-spatial-rate codeword and a matrix identified from a singular value

decomposition of a wireless channel matrix, the subset being of size L’ < L and
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selected based upon a distance from the given partial-spatial-rate codeword in a
collection of vector subspaces including the partial-spatial-rate codewords; and
selecting a next full-spatial-rate codeword based upon the selected next

partial-spatial-rate codeword.

11. A network entity comprising:

a component capable of providing a spatial-rate codebook in a T-transmit
antenna system configured for spatial-rate coding data over N spatial streams, the
spatial-rate codebook comprising a plurality of spatial-rate codewords,

wherein the component is capable of selecting or receiving a selection of a
plurality of spatial-rate codewords from the spatial-rate codebook such that a
stream of at least one piece of data in the 7-transmit antenna system is capable of
being weighted by the selected spatial-rate codewords, the plurality of spatial-rate
codewords capable of being selected by:

selecting a given spatial-rate codeword for data coded over a given
carrier, the spatial-rate codeword being selected from a spatial-rate
codebook of size L; and

selecting a next spatial-rate codeword for data coded over a next
carrier, the next spatial-rate codeword being selected from a subset of the
spatial-rate codebook, the subset being of size L’ < L and selected based
upon a distance from the given spatial-rate codeword in a collection of

vector subspaces including the spatial-rate codewords.

12, A network entity according to Claim 11, wherein the spatial-rate-
codebook provided by the component comprises a full-spatial-rate codebook in a
T-transmit antenna system configured for full-spatial-rate coding data over N,
spatial streams such that N} = T, the full-spatial-rate codebook comprising a
plurality of full-spatial-rate codewords, and wherein the full-spatial-rate codeword
is capable of being selected by:

selecting a given partial-spatial-rate codeword from an underlying partial-
spatial-rate codebook of size L by minimizing a distance between a partial-spatial-
rate codeword and a matrix identified from a singular value decomposition of a

wireless channel matrix; and
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selecting a given full-spatial-rate codeword based upon the selected given

partial-spatial-rate codeword.

13. A network entity according to Claim 12, wherein the next full-
spatial-rate codeword is capable of being selected by:

selecting a next partial-spatial-rate codeword from a subset of the
underlying partial-spatial-rate codebook by minimizing a distance between a
partial-spatial-rate codeword and a matrix identified from a singular value
decomposition of a wireless channel matrix, the subset being of size L’ < L and
selected based upon a distance from the given partial-spatial-rate codeword in a
collection of vector subspaces including the partial-spatial-rate codewords; and

selecting a next full-spatial-rate codeword based upon the selected next

partial-spatial-rate codeword.

14. A network entity according to Claim 11, wherein the spatial-rate-
codebook provided by the component comprises a full-spatial-rate codebook in a
T-transmit antenna system configured for full-spatial-rate coding data over N,
spatial streams such that N, = T, the full-spatial-rate codebook comprising a
plurality 6f full-spatial-rate codewords, and wherein the component is capable of
providing a full-spatial-rate codebook having been designed by:

selecting an underlying partial-spatial-rate codebook designed for a 7-
transmit antenna system configured for partial-spatial-rate coding data over N,
spatial streams such that N> < T’ and

designing the full-spatial-rate codebook based upon the underlying partial-
spatial-rate codebook, designing the full-spatial-rate codebook including defining
the full-spatial-rate codewords based upon partial-spatial-rate codewords of the
partial-spatial rate codebook and basis vectors of a null space of the respective

partial-spatial-rate codewords in a multi-dimensional vector space.

15. A network entity according to Claim 14, wherein the component is

capable of providing a full-spatial-rate codebook having been designed by:
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selecting an underlying partial-spatial-rate codebook I1(T,N,) 2 {P,,...P,}

of size L, the partial-spatial-rate codebook including partial-spatial-rate codewords
P], ces PL; and
designing the full-spatial rate codebook based upon the underlying partial-

spatial-rate codebook as follows:

(7, N) & [P o [P B 2 (B B,

“ ~
v L

P, P,

the full-spatial-rate codebook including full-spatial-rate codewords l~’l, . I3L , and
wherein P} represents the basis vectors of the null space of partial-spatial-rate

codeword P, .

16. A network entity according to Claim 11 comprising a transmitting
entity in a 7-transmit antenna system, the component comprising a pre-coder,

wherein the pre-coder is further capable of receiving a stream of a plurality
of pieces of data, the pieces of data having been spatial-rate coded,

wherein the pre-coder is capable of receiving a selection of a plurality of
spatial-rate codewords, and

wherein the pre-coder is capable of weighting the pieces of data coded over

the carriers with the received selection of spatial-rate codewords.

17. A network entity according to Claim 11 comprising a receiving
entity in a 7-transmit antenna system, the component comprising a receiver,

wherein the receiver is capable of selecting a plurality of spatial-rate
codewords such that a stream of a plurality of pieces of data in the T-transmit
antenna system is capable of being weighted by the selected spatial-rate

codewords.

18. A network entity according to Claim 17, wherein the spatial-rate-
codebook provided by the receiver comprises a full-spatial-rate codebook in a 7-
transmit antenna system configured for full-spatial-rate coding data over N, spatial

streams such that N; = T, the full-spatial-rate codebook comprising a plurality of
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full-spatial-rate codewords, and wherein the receiver is capable of selecting a
partial-spatial-rate codeword from the underlying partial-spatial-rate codebook by
minimizing a distance between a partial-spatial-rate codeword and a matrix
identified from a singular value decomposition of a wireless channel matrix, and
thereafter selecting a full-spatial-rate codeword based upon the selected partial-

spatial-rate codeword.

19. A network entity according to Claim 17, wherein the receiver is
capable of selecting a spatial-rate codeword by maximizing a minimum signal-to-
noise ratio (SNR) across at least a portion of N spatial streams over at least a
portion of R carriers at an output of the receiving entity, the minimum SNR being

based upon a spatial-rate codeword.

20. A network entity according to Claim 17, wherein the receiver is
capable of selecting a spatial-rate codeword by minimizing a maximum error
across at least a portion of N spatial streams over at least a portion of R carriers at
an output of the receiving entity, the error being based upon a spatial-rate

codeword.

21. A method comprising:
providing a full-spatial-rate codebook in a 7-transmit antenna system
configured for full-spatial-rate coding data over N, spatial streams such that N, =
T, the full-spatial-rate codebook comprising a plurality of full-spatial-rate
codewords, the full-spatial-rate codebook having been designed by:
selecting an underlying partial-spatial-rate codebook designed for
a T-transmit antenna system configured for partial-spatial-rate coding
data over N, spatial streams such that N> < T, and
designing the full-spatial-rate codebook based upon the underlying
partial-spatial-rate codebook, designing the full-spatial-rate codebook
including defining the full-spatial-rate codewords based upon partial-
spatial-rate codewords of the partial-spatial rate codebook and basis vectors
of a null space of the respective partial-spatial-rate codewords in a multi-

dimensional vector space,
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wherein the providing step comprises providing a full-spatial-rate codebook
such that a stream of at least one piece of data in a 7-transmit antenna system is
capable of being weighted by the full-spatial-rate codewords of the full-spatial-rate
codebook.

22. A method according to Claim 21, wherein the providing step

comprises providing a full-spatial-rate codebook having been designed by:
selecting an underlying partial-spatial-rate codebook I1(7,N,)2{P,,...P,}
of size L, the partial-spatial-rate codebook including partial-spatial-rate codewords
Py, ... P;;and
designing the full-spatial rate codebook based upon the underlying partial-

spatial-rate codebook as follows:

A 1 1 A (p
(T, N,)2{[P, B ],..[ P, P P 2{B,..P,},
— { _ ]
P, P,
the full-spatial-rate codebook including full-spatial-rate codewords P,, ...f’L , and

wherein P;* represents the basis vectors of the null space of partial-spatial-rate

codeword P, .

23. A method according to Claim 21 further comprising:

receiving a stream of at least one piece of data in a 7-transmit antenna
system, the at least one piece of data having been full-spatial-rate coded; and

weighting at least one of the pieces of data coded over at least one carrier

with at least one full-spatial-rate codeword of the full-spatial-rate codebook.

24. A method according to Claim 21 further comprising:
selecting at least one full-spatial-rate codeword from the full-spatial-rate
codebook such that a stream of at least one piece of data in a 7-transmit antenna

system is capable of being weighted by the selected full-spatial-rate codeword.

25. A method according to Claim 24, wherein the selecting step for

each of the at least one full-spatial-rate codewords comprises:
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selecting a partial-spatial-rate codeword from the underlying partial-spatial-
rate codebook by minimizing a distance between a partial-spatial-rate codeword
and a matrix identified from a singular value decomposition of a wireless channel
matrix; and

selecting a full-spatial-rate codeword based upon the selected partial-

spatial-rate codeword.

26. A method according to Claim 24, wherein the selecting step for
each of the at least one full-spatial-rate codewords comprises:

selecting, .at a receiving entity, a full-spatial-rate codeword by maximizing
a minimum signal-to-noise ratio (SNR) across at least a portion of N, spatial
streams over at least a portion of R carriers at an output of the receiving entity, the

minimum SNR being based upon a full-spatial-rate codeword.

27. A method according to Claim 24, wherein the selecting step for
each of the at least one full-spatial-rate codeword comprises:

selecting, at a receiving entity, a full-spatial-rate codeword by minimizing a
maximum error across at least a portion of N, spatial streams over at least a portion
of R carriers at an output of the receiving entity, the error being based upon a full-

spatial-rate codeword.

28. A method according to Claim 24, wherein the selecting step for a
plurality of full-spatial-rate codewords comprises:

selecting a given full-spatial-rate codeword for data coded over a given
carrier, the full-spatial-rate codeword being selected from a full-spatial-rate
codebook of size L; and

selecting a next full-spatial-rate codeword for data coded over a next
carrier, the next full-spatial-rate codeword being selected from a subset of the full-
spatial-rate codebook, the subset being of size L’ < L and selected based upon a
distance from the given full-spatial-rate codeword in a collection of vector

subspaces including the full-spatial-rate codewords.
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29. A method according to Claim 28, wherein selecting a given full-
spatial-rate codeword comprises:

selecting a given partial-spatial-rate codeword from an underlying partial-
spatial-rate codebook of size L by minimizing a distance between a partial-spatial-
rate codeword and a matrix identified from a singular value decomposition of a
wireless channel matrix; and

selecting a given full-spatial-rate codeword based upon the selected given

partial-spatial-rate codeword.

30. A method according to Claim 29, wherein selecting a next full-
spatial-rate codeword comprises:

selecting a next partial-spatial-rate codeword from a subset of the
underlying partial-spatial-rate codebook by minimizing a distance between a
partial-spatial-rate codeword and a matrix identified from a singular value
decomposition of a wireless channel matrix, the subset being of size L’ < L and
selected based upon a distance from the given partial-spatial-rate codeword in a
collection of vector subspaces including the partial-spatial-rate codewords; and

selecting a next full-spatial-rate codeword based upon the selected next

partial-spatial-rate codeword.

31. A method comprising:
providing a spatial-rate codebook in a 7-transmit antenna system
configured for spatial-rate coding data over Nspatial streams, the spatial-rate
codebook comprising a plurality of spatial-rate codewords; and
selecting or receiving a selection of a plurality of spatial-rate codewords
from the spatial-rate codebook such that a stream of at least one piece of data in the
T-transmit antenna system is capable of being weighted by the selected spatial-rate
codewords, the plurality of spatial-rate codewords being selected by:
selecting a given spatial-rate codeword for data coded over a given
carrier, the spatial-rate codeword being selected from a spatial-rate
codebook of size L; and
selecting a next spatial-rate codeword for data coded over a next

carrier, the next spatial-rate codeword being selected from a subset of the
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spatial-rate codebook, the subset being of size L’ < L and selected based
upon a distance from the given spatial-rate codeword in a collection of

vector subspaces including the spatial-rate codewords.

32. A method according to Claim 31, wherein the providing step
comprises providing a full-spatial-rate codebook in a 7-transmit antenna system
configured for full-spatial-rate coding data over N spatial streams such that N; =
T, the full-spatial-rate codebook comprising a plurality of full-spatial-rate
codewords, and

wherein the full-spatial-rate codeword is selected by:

selecting a given partial-spatial-rate codeword from an underlying partial-

spatial-rate codebook of size L by minimizing a distance between a partial-spatial
rate codeword and a matrix identified from a singular value decomposition of a
wireless channel matrix; and

selecting a given full-spatial-rate codeword based upon the selected given

partial-spatial-rate codeword.

33. A method according to Claim 32, wherein the next full-spatial-rate
codeword is selected by:

selecting a next partial-spatial-rate codeword from a subset of the
underlying partial-spatial-rate codebook by minimizing a distance between a
partial-spatial-rate codeword and a matrix identified from a singular value
decomposition of a wireless channel matrix, the subset being of size L’ < L and
selected based upon a distance from the given partial-spatial-rate codeword in a
collection of vector subspaces including the partial-spatial-rate codewords; and

selecting a next full-spatial-rate codeword based upon the selected next

partial-spatial-rate codeword.

34. A method according to Claim 31, wherein the providing step
comprises providing a full-spatial-rate codebook in a 7-transmit antenna system
configured for full-spatial-rate coding data over N spatial streams such that N; =
T, the full-spatial-rate codebook comprising a plurality of full-spatial-rate
codewords, the full-spatial-rate codebook having been designed by:
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selecting an underlying partial-spatial-rate codebook designed for a 7-
transmit antenna system configured for partial-spatial-rate coding data over N,
spatial streams such that N, < T, and

designing the full-spatial-rate codebook based upon the underlying partial-
spatial-rate codebook, designing the full-spatial-rate codebook including defining
the full-spatial-rate codewords based upon partial-spatial-rate codewords of the
partial-spatial rate codebook and basis vectors of a null space of the respective

partial-spatial-rate codewords in a multi-dimensional vector space.

35. A method according to Claim 34, wherein the providing step

comprises providing a full-spatial-rate codebook having been designed by:
selecting an underlying partial-spatial-rate codebook IT1(7,N,)£{P,,...P,}

of size L, the partial-spatial-rate codebook including partial-spatial-rate codewords
Py, ... P;; and
designing the full-spatial rate codebook based upon the underlying partial-

spatial-rate codebook as follows:

H(T,Nl)é [PpP]-L]a---[PL:PLl] £ {131,...I~’L}’

- <
v 1 - 1

P, Py

the full-spatial-rate codebook including full-spatial-rate codewords P,,...P, , and
wherein P;* represents the basis vectors of the null space of partial-spatial-rate

codeword P, .

36. A method according to Claim 31, wherein the selecting or receiving
a selection of a plurality of spatial-rate codewords step comprises receiving a
selection of a plurality of spatial-rate codewords, and wherein the method further
comprises:

receiving a stream of a plurality of pieces of data in a T-transmit antenna
system, the pieces of data having been spatial-rate coded; and

weighting the pieces of data coded over the carriers with the received

selection of full-spatial-rate codewords.
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37. A method accqrding to Claim 31, wherein the selecting or
receiving a selection of a plurality of spatial-rate codewords step comprises
selecting a plurality of spatial-rate codewords such that a stream of a plurality of
pieces of data in the 7-transmit antenna system is capable of being weighted by the

selected spatial-rate codewords.

38. A method according to Claim 37, wherein the providing step
comprises providing a full-spatial-rate codebook in a 7-transmit antenna system
configured for full-spatial-rate coding data over N; spatial streams such that Ny =
T, the full-spatial-rate codebook comprising a plurality of full-spatial-rate
codewords, and

wherein the selecting step for each of the full-spatial-rate codewords
comprises selecting a partial-spatial-rate codeword from the underlying partial-
spatial-rate codebook by minimizing a distance between a partial-spatial-rate
codeword and a matrix identified from a singular value decomposition of a
wireless channel matrix, and thereafter selecting a full-spatial-rate codeword based

upon the selected partial-spatial-rate codeword.

39. A method according to Claim 37, wherein the selecting step for
each of the spatial-rate codewords comprises selecting a f-spatial-rate codeword by
maximizing a minimum signal-to-noise ratio (SNR) across at least a portion of N
spatial streams over at least a portion of R carriers at an output of the receiving

entity, the minimum SNR being based upon a spatial-rate codeword.

40. A method according to Claim 37, wherein the selecting step for
each of the spatial-rate codewords comprises seleéting a spatial-rate codeword by
minimizing a maximum error across at least a portion of N spatial streams over at
least a portion of R carriers at an output of the receiving entity, the error being

based upon a spatial-rate codeword.

4]1. A computer program product comprising at least one computer-
readable storage medium having computer-readable program code portions stored

therein, the computer-readable program code portions comprising:
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a first executable portion for providing a full-spatial-rate codebook in a 7-
transmit antenna system configured for full-spatial-rate coding data over N, spatial
streams such that Ny = 7, the full-spatial-rate codebook comprising a plurality of
full-spatial-rate codewords, the full-spatial-rate codebook having been designed
by:

selecting an underlying partial-spatial-rate codebook designed for
a T-transmit antenna system configured for partial-spatial-rate coding
data over N, spatial streams such that N; < T, and
designing the full-spatial-rate codebook based upon the underlying

partial-spatial-rate codebook, designing the full-spatial-rate codebook
including defining the full-spatial-rate codewords based upon partial-
spatial-rate codewords of the partial-spatial rate codebook and basis vectors
of a null space of the respective partial-spatial-rate codewords in a multi-
dimensional vector space,

wherein the first executable portion is adapted to provide the full-spatial-
rate codebook such that a stream of at least one piece of data in a 7-transmit
antenna system is capable of being weighted by the full-spatial-rate codewords of

the full-spatial-rate codebook.

42. A computer program product according to Claim 41, wherein the
first executable portion is adapted to provide a full-spatial-rate codebook having
been designed by:

selecting an underlying partial-spatial-rate codebook TI(T,N,)2{P,,...P,}
of size L, the partial-spatial-rate codebook including partial-spatial-rate codewords
Py, ... Py and

designing the full-spatial rate codebook based upon the underlying partial-

spatial-rate codebook as follows:

2

(T, N)24[ P, ],..[ P, P | 2{P,,... B}

P, P,
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the full-spatial-rate codebook including full-spatial-rate codewords f’,, ...13L , and
wherein P;* represents the basis vectors of the null space of partial-spatial-rate

codeword P, .

43. A computer program product according to Claim 41 further
comprising:

a second executable portion for receiving a stream of at least one piece of
data in a 7-transmit antenna system, the at least one piece of data having been full-
spatial-rate coded; and

a third executable portion for weighting at least one of the pieces of data
coded over at least one carrier with at least one full-spatial-rate codeword of the

full-spatial-rate codebook.

44, A computer program product according to Claim 41 further
comprising:

a second executable portion for selecting at least one full-spatial-rate
codeword from the full-spatial-rate codebook such that a stream of at least one
piece of data in a 7-transmit antenna system is capable of being weighted by the

selected full-spatial-rate codeword.

45. A computer program product according to Claim 44, wherein the
second executable portion is adapted to select each of the at least one full-spatial-
rate codewords by:

selecting a partial-spatial-rate codeword from the underlying partial-spatial-
rate codebook by minimizing a distance between a partial-spatial-rate codeword
and a matrix identified from a singular value decomposition of a wireless channel
matrix; and

selecting a full-spatial-rate codeword based upon the selected partial-

spatial-rate codeword.
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46. A computer program product according to Claim 44, wherein the
second executable portion is adapted to select each of the at least one full-spatial-
rate codewords by:

selecting, at a receiving entity, a full-spatial-rate codeword by maximizing
a minimum signal-to-noise ratio (SNR) across at least a portion of N, spatial
streams over at least a portion of R carriers at an output of the receiving entity, the

minimum SNR being based upon a full-spatial-rate codeword.

47. A computer program product according to Claim 44, wherein the
second executable portion is adapted to select each of the at least one full-spatial-
rate codewords by:

selecting, at a receiving entity, a full-spatial-rate codeword by minimizing a
maximum error across at least a portion of N, spatial streams over at least a portion
of R carriers at an output of the receiving entity, the error being based upon a full-

spatial-rate codeword.

48. A computer program product according to Claim 44, wherein the
second executable portion is adapted to select a plurality of full-spatial-rate
codewords by:

selecting a given full-spatial-rate codeword for data coded over a given

carrier, the full-spatial-rate codeword being selected from a full-spatial-rate

codebook of size L; and

selecting a next full-spatial-rate codeword for data coded over a next
carrier, the next full-spatial-rate codeword being selected from a subset of the full-
spatial-rate codebook, the subset being of size L’ < L and selected based upon a
distance from the given full-spatial-rate codeword in a collection of vector

subspaces including the full-spatial-rate codewords.

49. A computer program product according to Claim 48, wherein the
second executable portion is adapted to select the given full-spatial-rate codeword
by:

selecting a given partial-spatial-rate codeword from an underlying partial-

spatial-rate codebook of size L by minimizing a distance between a partial-spatial-
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rate codeword and a matrix identified from a singular value decomposition of a
wireless channel matrix; and
selecting a given full-spatial-rate codeword based upon the selected given

partial-spatial-rate codeword.

50. A computer program product according to Claim 49, wherein the
second executable portion is adapted to select the next full-spatial-rate codeword
by:

selecting a next partial-spatial-rate codeword from a subset of the
underlying partial-spatial-rate codebook by minimizing a distance between a
partial-spatial-rate codeword and a matrix identified from a singular value
decomposition of a wireless channel matrix, the subset being of size L’ < L and
selected based upon a distance from the given partial-spatial-rate codeword in a
collection of vector subspaces including the partial-spatial-rate codewords; and

selecting a next full-spatial-rate codeword based upon the selected next

partial-spatial-rate codeword.

51. A computer program product comprising at least one computer-
readable storage medium having computer-readable program code portions stored
therein, the computer-readable program code portions comprising:

a first executable portion for providing a spatial-rate codebook in a 7-
transmit antenna system configured for spatial-rate coding data over N spatial
streams, the spatial-rate codebook comprising a plurality of spatial-rate codewords;
and

a second executable portion for selecting or receiving a selection of a
plurality of spatial-rate codewords from the spatial-rate codebook such that a
stream of at least one piece of data in the 7-transmit antenna system is capable of
being weighted by the selected spatial-rate codewords, the plurality of spatial-rate
codewords being selected by:

selecting a given spatial-rate codeword for data coded over a given
carrier, the spatial-rate codeword being selected from a full-spatial-rate

codebook of size L; and
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selecting a next spatial-rate codeword for data coded over a next
carrier, the next spatial-rate codeword being selected from a subset of the
spatial-rate codebook, the subset being of size L’ < L and selected based
upon a distance from the given spatial-rate codeword in a collection of

vector subspaces including the spatial-rate codewords.

52. A computer program product according to Claim 51, wherein the
first executable portion is adapted to provide a full-spatial-rate codebook in a 7-
transmit antenna system configured for full-spatial-rate coding data over N, spatial
streams such that N| = 7, the full-spatial-rate codebook comprising a plurality of
full-spatial-rate codewords, and

wherein the full-spatial-rate codeword is selected by:

selecting a given partial-spatial-rate codeword from an underlying partial-
spatial-rate codebook of size L by minimizing a distance between a partial-spatial-
rate codeword and a matrix identified from a singular value decomposition of a
wireless channel matrix; and

selecting a given full-spatial-rate codeword based upon the selected given

partial-spatial-rate codeword.

53. A computer program product according to Claim 52, wherein the
next full-spatial-rate codeword is selected by:

selecting a next partial-spatial-rate codeword from a subset of the
underlying partial-spatial-rate codebook by minimizing a distance between a
partial-spatial-rate codeword and a matrix identified from a singular value
decomposition of a wireless channel matrix, the subset being of size L’ < L and
selected based upon a distance from the given partial-spatial-rate codeword in a
collection of vector subspaces including the partial-spatial-rate codewords; and

selecting a next full-spatial-rate codeword based upon the selected next
partial-spatial-rate codeword.

54.N A computer program product according to Claim 51, wherein the
first executable portion is adapted to provide a full-spatial-rate codebook in a 7-

transmit antenna system configured for full-spatial-rate coding data over N, spatial
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streams such that Ny = T, the full-spatial-rate codebook comprising a plurality of
full-spatial-rate codewords, the full-spatial-rate codebook having been designed
by:

selecting an underlying partial-spatial-rate codebook designed for a 7-
transmit antenna system configured for partial-spatial-rate coding data over N,
spatial streams such that N, < T; and

designing the full-spatial-rate codebook based upon the underlying partial-
spatial-rate codebook, designing the full-spatial-rate codebook including defining
the full-spatial-rate codewords based upon partial-spatial-rate codewords of the
partial-spatial rate codebook and basis vectors of a null space of the respective

partial-spatial-rate codewords in a multi-dimensional vector space.

55. A computer program product according to Claim 54, wherein the
first executable portion is adapted to provide a full-spatial-rate codebook having

been designed by:
selecting an underlying partial-spatial-rate codebook I1(T,N,)={P,,...P,}

of size L, the partial-spatial-rate codebook including partial-spatial-rate codewords
P Ig vne P L» and
designing the full-spatial rate codebook based upon the underlying partial-

spatial-rate codebook as follows:

b

(7,N5,) 24P, ]...[P,P |t 2 {P,...P,}
— R
P, P,
the full-spatial-rate codebook including full-spatial-rate codewords l~’|, ...l~’L , and

wherein P;* represents the basis vectors of the null space of partial-spatial-rate

codeword P, .

56. A computer program product according to Claim 51, wherein the
second executable portion is adapted to receive a selection of a plurality of spatial-

rate codewords, and wherein the computer program product further comprises:
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a third executable portion for receiving a stream of a plurality of pieces of
data in a 7-transmit antenna system, the pieces of data having been spatial-rate
coded; and

a fourth executable portion for weighting the pieces of data coded over the

carriers with the received selection of spatial-rate codewords.

57. A computer program product according to Claim 51, wherein the
second executable portion is adapted to select a plurality of spatial-rate codewords
such that a stream of a plurality of pieces of data in the 7-transmit antenna system

is capable of being weighted by the selected spatial-rate codewords.

58. A computer program product according to Claim 57, wherein the
first executable portion is adapted to provide a full-spatial-rate codebook in a. T1-
transmit antenna system configured for full-spatial-rate coding data over N, spatial
streams such that N| = T, the full-spatial-rate codebook comprising a plurality of
full-spatial-rate codewords, and

wherein the second executable portion is adapted to select each of the full-
spatial-rate codewords by selecting a partial-spatial-rate codeword from the
underlying partial-spatial-rate codebook by minimizing a distance between a
partial-spatial-rate codeword and a matrix identified from a singular value
decomposition of a wireless channel matrix, and thereafter selecting a full-spatial-

rate codeword based upon the selected partial-spatial-rate codeword.

59. A computer program product according to Claim 57, wherein the
second executable portion is adapted to select each of the spatial-rate codewords
by selecting a spatial-rate codeword by maximizing a minimum signal-to-noise
ratio (SNR) across at least a portion of N spatial streams over at least a portion of R
carriers at an output of the receiving entity, the minimum SNR being based upon a

spatial-rate codeword.

60. A computer program product according to Claim 57, wherein the
second executable portion is adapted to select each of the spatial-rate codewords

by selecting a spatial-rate codeword by minimizing a maximum error across at
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least a portion of N spatial streams over at least a portion of R carriers at an output

of the receiving entity, the error being based upon a full-spatial-rate codeword.
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