woO 2009/002269 A 1 |00 00 OO 0O T 0

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

(10) International Publication Number

WO 2009/002269 Al

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
31 December 2008 (31.12.2008)

(51) International Patent Classification: Ltd., 1006, Oaza Kadoma, Kadoma-shi, Osaka, 571-8501
HO4B 7/00 (2006.01) Jp).
(21) International Application Number: (74) Agent: ELLLA CHEONG SPRUSON & FERGUSON

Post Office, Singapore 903031 (SG).

(22) International Filing Date: 23 June 2007 (23.06.2007) (81) Designated States (unless otherwise indicated, for every

(25) Filing Language: English kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,

(26) Publication Language: English CN, CO, CR, CU, CZ,DE, DK, DM, DO, DZ, EC, EE, EG,
. ) ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL,

(71) Appllcant (for all deszgnated States except US): PANA- IN, IS, JP, KE, KG, KM, KN, KR KR, KZ, LA, LC, LK,
Kadoma-shi, Osaka, 5718501 (JP). MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO,

(72) Inventors; and RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM,
b

(75) Inventors/Applicants (for US only): YU, Qian [SG/SG]; TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
c/o Blk 1022, Tai Seng Avenue, #06-3530, Tai Seng Indus-  (84) Designated States (unless otherwise indicated, for every

trial Estate, Singapore 534415 (SG). LUO, Ping [SG/SG]; kind of regional protection available): ARIPO (BW, GH,
c/o Blk 1022, Tai Seng Avenue, #06-3530, Tai Seng GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
Industrial Estate, Singapore 534415 (SG). HOSHINO, 7ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
Masayuki [JP/JP]; Matsushita Electric Industrial Co., European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,

[Continued on next page]

(54) Title: METHOD AND SYSTEM FOR COMMUNICATION CHANNEL OPTIMIZATION IN A MULTIPLE-INPUT MUL-
TIPLE-OUTPUT (MIMO) COMMUNICATION SYSTEM

(57) Abstract: A transmission method in a multi-

Feedback data representing channel state ple-input multiple-output (MIMO) communication
information is received from respective system, a transmitter in a MIMO communication
receivers of the MIMO communication system and a MIMO communication system are
system provided. = The method comprises the steps of:
receiving feedback data representing channel state
X information from respective receivers of the MIMO
l communication system; grouping the receivers into
102 The receivers are grouped into one or more one or more groups based on the received feedback
groups based on the received feedback data; obtaining a precoding matrix for each group of
data receivers based on the received feedback data such
that precoding vectors or sub-matrices in the precoding
lad matrix associated with respective receivers of said
each group of receivers are orthogonal to each other;
104 A precoding matrix for each group of and apl')ly'ing the Precoding matrix to i'nput signals for
receivers is obtained based on the received transmission to said each group of receivers.
feedback data such that precoding vectors
or sub-matrices in the precoding matrix
associated with respective receivers of said
each group of receivers are orthogonal to
each other
ol
106 The precoding matrix is applied to input
signals for transmission to said each group
of receivers
g
/ 108 Figure 1

100



WO 2009/002269 A1 |00 0T R0 100 00 0000 00

FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,  Published:
PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, —  with international search report
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).



10

15

20

25

30

WO 2009/002269 PCT/SG2007/000176

1

Method And System For Communication Channel Optimization In A Multiple-Input
Multiple-Output (MIMO) Communication System

FIELD OF INVENTION

The invention relates broadly to a transmission method in a muitiple-input
multiple-output (MIMO) communication system, to a transmitter for a MIMO

communication system and to a MIMO communication system.

BACKGROUND

A multiple-input multiple-output (MIMO) communication system typically uses
technologies for providing high channel performance through wireless fading channels. it
is desired that channel performance be improved for MIMO communication systems.
This includes providing optimal-quality channels to users and increasing data throughput

using multi-user diversity.

A closed loop MIMO system typically transmits channel state information from a
receiver to a transmitter. Thus, precoding/beamforming can provide channel optimization
by utilizing the channel state information feedback from the receiver. However,
transmitting the channel state information typically uses bandwidth that could otherwise
be available for transmitting data traffic.

With regard to precoding, current precoding methods for multiuser (MU)-MIMO
systems are typically based on a block diagonalization algorithm which utilizes precoding
to force an efficient channel to be in the form of a block diagonal matrix and then to
typically cancel inter-user interference only. However, when using these methods, the
orthogonality betweén spatial beams is typically not guaranteed and therefore, such
channel optimization methods are typically not efficient. In addition, there is also typically
a constraint on the dimension of the antenna configuration in such MIMO systems, the
constraint being the number of transmitting antennas should not be smaller than the total
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number of receiving antennas. One problem that may arise when using these methods is

that this constraint is typically not satisfied in practical cases.

. One alternative precoding method is described in US 2006/0120478. As
described therein, the method performs QR decomposition on channel information being
fed back from a receiver using singular value decomposition (SVD) and performs
beamforming based on the QR decomposition results. However, using this method, the
interferences of other users typically can not be cancelled by the beamforming. Since
there is typically no other users’ channel informationy in each receiver, it is practically
difficult to eliminate inter-user interference at each receiver. Thus, high data throughput

cannot be practically achieved using this precoding method.

in the above precoding methods, the channel state information of each receiver
in MU-MIMO systems is typically directly fed back from the receivers to the transmitter
for calculating a precoding matrix. Thus, one problem that may arise is that the

increased feedback overhead typically results in bandwidth non-efficiency.

With regard to reducing feedback overhead, there are a number of methods that
utilize codebooks known to both the fransmitter and receiver. The codebooks typically
contain precoding information that the transmitter may use for precoding. The receiver
identifies the codebook elements for the transmitter to use by transmitting indices

identifying the codebook elements. However, these codebook-based precoding methods

© are typically only used for single user (SU)-MIMO systems since there is no other users’

channel information available in each receiver in MU-MIMO systems. In other words, in
MU-MIMO systems, the receivers typically cannot identify the codebook elements to be

used for precoding in the transmitter directly.

Hence, there exists a need for a method and system for communication channel
optimization in a multiple-input multiple-output (MIMO) communication system to

address at least one of the above problems.
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SUMMARY

In accordance with a first aspect of the present invention, there is provided a
transmission method in a multiple-input multiple-output (MIMO) communication system,
the method comprising the steps of: receiving feedback data representing channel
state information from respective receivers of the MIMO communication system;
grouping the receivers into one or more groups based on the received feedback
data; obtaining a precoding matrix for each group of receivers based on the received
feedback data such that precoding vectors or sub-matrices in the precoding matrix

associated with respective receivers of said each group of receivers are orthogonal

- to each other; and applying the precoding matrix to input signals for transmission to

said each group of receivers.

The feedback data may comprise one or more determinant columns of
respective right singular matrices of channel matrices derived at the respective

receivers.

The method may further comprise determining numbers of streams, t,,
assigned to the respective receivers, and wherein the feedback data may comprise
the first t, columns of the right singular matrices derived at the respective receivers.

If tis a number of transmission antennas of a transmitter in the MIMO
communication system, the receivers may be grouped into said one or more groups,

each group comprising less than or equal to t receivers.

The obtaining of the precoding matrix may comprise computing the precoding
vectors or sub-matrices for each receiver of each group as lying in the null space
constructed using said one or more determinant columns of the respective right

singular matrices derived at respective other receivers of said each group.

The method may further comprise deriving respective right singular matrices
of channel matrices at the respective receivers, comparing the derived right singular
matrices with matrices in a codebook, determining codebook elements closest to the
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derived respective right singular matrices, and wherein the feedback data
representing the channel state information may comprise respective indices

identifying the codebook elements.

The method may further comprise determining numbers of streams, {,

assigned to the respective receivers, and the codebook elements for the respective

. receivers are (txt) matrices, where t is the number of transmitter antennas in the

MIMO communication system, and the first t, columns of the right singular matrices
derived at the respective receivers may be compared with the respective codebooks

for determining the closest codebook elements.

The grouping .of the receivers and obtaining the precoding matrices for the

_respective groups may comprise grouping receivers having orthogonal codebook

elements identified therewith, and constructing the precoding matrix from the

respective orthogonal codebook elements.

The method may further comprise t as a number of transmission antennas of
a transmitter in the MIMO communication system, and each group of receivers may

comprise less than or equal to f receivers.

In accordance with a second aspect of the present invention, there is
provided a transmitter for a multiple-input multiple-output (MIMO) communication
system, the transmitter comprising a control module for receiving feedback data
representing channel state information from respective receivers of the MIMO
communication system; a scheduler unit for grouping the receivers into one or more
groups based on the received feedback data, said scheduler unit being capable of
obtaining a precoding matrix for each group of receivers based on the received
feedback data such that precoding vectors or sub-matrices in the precoding matrix
associated with respective receivers of said each group of receivers are orthogonal
to each other; and a precoding module for applying the precoding matrix to input

signals for transmission to said each group of receivers.
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The feedback data may comprise one or more determinant columns of
respective right singular matrices of channel matrices derived at the respective

receivers.

The scheduler unit may determine numbers of streams, t;, assigned to the
respective receivers, and wherein the feedback data comprises the first t, columns

of the right singular matrices derived at the respective receivers.

If tis a number of transmission antennas of the transmitter, the scheduler unit
may group the receivers into said one or more groups, each group comprising less

than or equal to f receivers.

The obtaining of the precoding matrix may comprise computing the precoding
vectors or sub-matrices for each receiver of each group as lying in the null space
constructed using said one or more determinant columns of the respective right
singular matrices derived at respective other receivers of said each group.

The feedback data from each receiver representing the channel state
information may comprise an index identifying one codebook element in a
codebook, and wherein said codebook element may be determined as being closest
to a right singular matrix of a channel matrix derived at said each receiver by

comparing the derived right singular matrix with matrices in said codebook.

The scheduler unit may determine numbers of streams, t;, assigned to the
respective receivers whereby the codebook elements for the respective receivers
are (txty) matrices, where t is the number of transmitter antennas in the MIMO
communication system, and the first t, columns of the right singular matrices derived
at the respective receivers may be compared with the respective codebooks for

determining the closest codebook elements.

The scheduler unit may group receivers having orthogonal codebook
elements identified therewith, and construct the precoding matrix from the respective

orthogonal codebook elements.
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If £ is a number of transmission antennas of the transmitter in the MIMO
communication system, each group of receivers may comprise less than or equal to

t receivers.

In accordance with a third aspect of the present invention, there is provided a
multiple-input  multiple-output  (MIMO)  communication ~ system, the MIMO
communication system comprising at least one transmitter; one or more receivers
deriving feedback data from signals received from the at least one transmitter and
transmitting the feedback data to the.at least one transmitters; wherein each
transmitter comprises, a control module for receiving the feedback data representing
channel state information from respective receivers of the MIMO communication system;
a_ scheduler unit for grouping the receivers into one or more groups based on the
received feedback data, said scheduler unit being capable of obtaining a precoding
matrix for each group of receivers based on the received feedback data such that
precoding vectors or sub-matrices in the precoding matrix associated with respective
receivers of said each group of receivers are orthogonal to each other; and a
precoding module for applying the precoding matrix to input signals for transmission

to said each group of receivers.

The feedback data may comprise one or more determinant columns of
respective right singular matrices of channel matrices derived at the respective

receivers.

The scheduler unit may determine numbers of streams, t;, assigned to the
respective receivers, and wherein the feedback data may comprise the first t

columns of the right singular matrices derived at the respective receivers.

If t is a number of transmission antennas of the transmitter, the scheduler unit
may group the receivers into said one or more groups, each group comprising less

than or equal to ¢ receivers.
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The obtaining of the precoding matrix may comprise computing the precoding
vectors or sub-matrices for each receiver of each group as lying in the null space
constructed using said one or more determinant columns of the respective right
singular matrices derived at respective other receivers of said each group.

The feedback data from each receiver representing the channel state
information may comprise an index identifying one codebook element in a
codebook, and wherein said codebook element may be determined as being closest
to a right singular matrix of a channel matrix derived at said each receiver by
comparing the derived right singular matrix with matrices in said codebook.

The scheduler unit may determine numbers of streams, t,, assigned to the
respective receivers whereby the codebook elements for the respective receivers
are (ixty) matrices, where t is the number of transmitter antennas in the MIMO
communication system, and the first t, columns of the right singular matrices derived
at the respective receivers may be compared with the respective codebooks for

determining the closest codebook elements.

The scheduler unit may group receivers having orthogonal codebook
elements identified therewith, and construct the precoding matrix from the respective

orthogonal codebook elements.

If { is a number of transmission antennas of the transmitter in the MIMO
communication system, each group of receivers may comprise less than or equal to

treceivers.
BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments of the invention will be better understood and readily apparent

to one of ordinary skill in the art from the following written description, by way of

example only, and in conjunction with the drawings, in which:
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Figure 1 is a schematic flowchart illustrating a transmission method in a multiple-

input multiple-output (MIMO) communication system.

Figure 2 is a schematic block diagram illustrating a multiuser MIMO communication

system.

Figure 3 is a schematic flowchart illustrating signal processing in a receiver in one

example embodiment.

Figure 4 is a schematic flowchart illustrating signal processing in a transmitter in the

example embodiment.

Figure 5 is a schematic flowchart illustrating signal processing in a receiver in another

example embodiment.

Figure 6 is a schematic flowchart illustrating signal processing in a transmitter in the

example embodiment.

Figure 7 is a graph of throughput vs Geometry illustrating throughput performance of an

example embodiment.

DETAILED DESCRIPTION

Example embodiments described below may enhance the performance of
communication channels in a communication system and improve, for example, the

transmission performance of multi-user MIMO communication systems.

Some portions of the description which follows are explicitly or implicitly
presented in terms of algorithms and functional or symbolic representations of
operations on data within a computer memory. These algorithmic descriptions and
functional or symbolic representations are the means used by those skilled in the data
processing arts to convey most effectively the substance of their work to others skilled in
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the art. An algorithm is here, and generally, conceived to be a self-consistent sequence
of steps leading to a desired result. The steps are those requiring physical manipulations
of physical quantities, such as electrical, magnetic or optical signals capable of being
stored, transferred, combined, compared, and otherwise manipulated.

Unless specifically stated otherwise, and as apparent from the following, it will be
appreciated that throughout the present specification, discussions utilizing terms such as
“scanning”, “calculating”, “determining”, ‘“replacing”, “generating”, ‘“initializing”,
“outputting®, or the like, refer to the action and processes of a computing system, or
similar electronic device, that manipulates and transforms data represented as physical
quantities within the computing system into other data similarly represented as physical
quantities within the computing system or other information storage, transmission or

display devices.

The present specification also discloses an apparatus for performing the

' operations of the methods. Such apparatus may be specially constructed for the

required purposes, or may comprise a general purpose computer or other devices
selectively activated or reconfigured by a computer program stored in the computer. The
algorithms presented herein are not inherently related to any particular computer or
other apparatus. Various general purpose machines may be used with programs in
accordance with the teachings herein. Alternatively, the construction of more specialized

apparatus to perform the required method steps may be appropriate.

In addition, the present specification also implicitly discloses a computer
program, and a data storage medium having a computer program stored thereon, in that
it would be apparent to the person skilled in the art that the individual steps of the
method described herein may be put into effect by computer code. The computer
program is not intended to be limited to any particular programming language and
implementation thereof. It will be appreciated that a variety of programming languages
and coding thereof may be used to implement the teachings of the disclosure contained
herein. Moreover, the computer program is not intended to be limited to any particular
control flow. There are many other variants of the computer program, which can use

different control flows without departing from the spirit or scope of the invention.
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The invention may also be implemented as hardware modules. More particular,
in the hardware sense, a module is a functional hardware unit designed for use with
other components or modules. For example, a module may be implemented using
discrete electronic components, or it can form a portion of an entire electronic circuit
such as an Application Specific Integrated Circuit (ASIC). Numerous other possibilities
exist. Those skilled in the art will appreciate that the system can also be implemented

as a combination of hardware and software modules.

Figure 1 is a schematic flowchart 100 illustrating a transmission method ina
multiple-input multiple-output (MIMO) communication system. At step 102, feedback
data representing channel state information is received from respective receivers of
the MIMO communication system. At step 104, the receivers are grouped into one or
more groups based on the received feedback data. At step 106, a precoding matrix
for each group of receivers is obtained based on the received feedback data such
that precoding vectors or sub-matrices in the precoding matrix associated with
respective receivers of said each group of receivers are orthogonal to each other. At
step 108, the precoding matrix is applied to input signals for transmission to said

each group of receivers.

In an example embodiment, one or more receivers obtain channel state
information based on reference signals received from a transmitter. Each receiver
performs SVD on the channel state information and feedbacks to the transmitter column
information of the right singular matrix resulting from the SVD. The transmitter then
forms a precoding matrix based on the column information. The column information may
be in the form of matrices/vectors. The transmitter applies precoding weights to data
signals using the precoding matrix. The precoding weights may be based on full or
partial channel state information. At each receiver, data signals are received and
decoded using filter matrices and an inverse of the precoding matrix. This may provide a
subset of the data signals and the subset being only the data signals intended for the

receiver.
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In another embodiment, codebook based precoding is used. In such an example
embodiment, the column information is referenced using a codebook. In such an
embodiment, the transmitter receives the codebook element indices fed back from each
receiver and performs grouping of. signals intended for the receivers into a plurality of
groups in which the codebook elements indicated by feedback indices are orthogonal
among these receivers. The transmitter then schedules the grouped signals to time-
frequency resources and assembles the codebook elements associated with the
grouped signals to form respective precoding matrices and thereby performing

precoding.

- In the description below, an overview of a transmitter and one or more receivers
in a multiuser MIMO system for implementing example embodiments of the present
invention is first provided followed by a more detailed description of algorithms used for

the precoding in example embodiment.

Figure 2 is a schematic block diagram illustrating a multiuser MIMO
communication system 200 for implementing example embodiments of the present
invention. The system 200 comprises a transmitter 202 having a plurality of transmission
antennas e.g. 204, 206 and one or more receivers e.g. 208, 210 each having a plurality
of reception antennas e.g. 212, 214. Data streams are fransmitted from the transmitter
202 to the receivers e.g. 208, 210 over a multiuser MIMO channel 216.

At the transmitter 202, a controller 218 is provided to receive, at numeral 220,
feedback channel information and one or more channel quality indicators from each
receiver e.g. 208, 210. The transmitter 202 -further comprises a scheduler 222, an
adaptive modulation and coding (AMC) module 224 and a precoder 226. In one
embodiment, forming . the precoding matrix comprises calculating the precoding
vector/sub-matrix for each receiver by making the precoding vector/sub-matrix lie in the
null space constructed by determinant columns of right singular matrices transmitted
from other ones of the group of receivers. The precoding vector/sub-matrices for the

receivers are then assembled to form the precoding matrix.
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In another embodiment, if the channe! information is fed back using one or more
codebook element indices, the controller 218 locates respective feedback channel
vectors/matrices from a codebook. The channel vectors/matrices are codebook
elements identified using the indices. The scheduler 222 groups the receivers e.g. 208,
210 according to the feedback channel vectors/matrices, i.e. the scheduler 222 groups
the receivers e.g. 208, 210 having feedback matrices/vectors which are orthogonal or
near-orthogonal with each other and assembles the vectors to form a precoding matrix
for this group of receivers. In one implementation, the transmitter 202 may select a
maximum of ¢ receivers to be grouped into one group, where t is the maximum number
of available spatial streams. The scheduler 222 then selects a group of receivers with
the highest priority for transmission according to a predetermined schedule policy, such

as proportional fair (PF) scheduling or scheduling based on maximum throughput.

If no receivers can be grouped, the scheduler 222 calculates the throughput of ali
single users that use the transmit streams and chooses a receiver with the highest
priority to schedule for transmission according to a schedule policy, such as PF

scheduling or scheduling based on maximum throughput.

The AMC 224. performs modulation and channel coding for the data streams
intended for transmission to scheduled receivers according to control information from
the controller 218. The controller 218 provides the control information which decides the
modulation and channel coding level for each spatial stream based on the channel
quality indicators received from the receivers e.g. 208, 210. The precoder 226 performs
precoding by applying the precoding matrix from the scheduler 222 corresponding to the
scheduled group of receivers to the modulated and encoded signals from the AMC
module 224.

At each receiver e.g. 208, 210, a processor 228, a detector 230 and a decoder
232 are provided. The processor 228 receives reference signals from the transmitter 202
and estimates the channel state information. The reference signals are pre-designed
and inserted into data streams that are transmitted via transmit antennas e.g. 204, 206
from the transmitter 202. The processor 228 then performs SVD on the channel state

information and feedbacks the determinant columns of the right singular matrix resulting
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from the SVD to the transmitter 202, in one example embodiment. In the example
embodiment using a codebook, the processor 228 compares the right singular matrix to
elements in the codebook to find a codebook element as a feedback vector/matrix which
is closest to the right singular matrix and transmits a corresponding codebook element
index to the transmitter 202. For choosing.the feedback vector/matrix closest to the right
singular matrix, distances between the determinant columns of the right singular matrix
and codebook elements from the codebook are determined and the codebook element
having the smallest distance from the determinant columns of the right singular matrix is
chosen as the feedback vector/matrix. The detector 230 is used to detect the received
signals using the inverse of the transmitter precoding matrix based on the channel state
information. The detector 230 also calculates the channel quality indicator to feedback to
the transmitter 202. The decoder 232 is used to demodulate and decode the subset of
the detected plurality of data signals transmitted by the transmitter 202, the subset being

only the data signals intended for the receiver e.g. 208, 210.

Details of the processing at the transmitter and receivers in different example

embodiments will now be described.

Figure 3 is a schematic flowchart 300 illustrating signal processing in a receiver
e.g. 208, 210 in one example embodiment. In the example embodiment, data

- communication is carried® out on MU-MIMO channels using precoding for channel

optimization. The receiver e.g. 208, 210 may be in a wireless MIMO communication

device (not shown). At step 302, the receiver receives reference signals from the

transmitter. At step 304, the receiver estimates the channel state information and

measures an output signal-to-interference-plus-noise ratio (SINR). This may correspond
to the receiver computing a current channel matrix describing the current state of the
spatial channels. Based on the channel state information, a channel state information
matrix is obtained. In the same step, the receiver performs SVD on the channel state
information matrix to compute its right singular matrix. At step 308, the receiver
feedbacks the determinant columns of the right singular matrix as channel vectors and

the corresponding output SINR to the transmitter. If t, is the number of spatial streams
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intended to the receiver, the determinant columns of the right singular matrix are

selected as the first ¢, columns from the right singular matrix.

Figure 4 is a schematic flowchart 400 illustrating signal processing in the
transmitter 202 (Figure 2) for this example embodiment. The transmitter 202 may beina
wireless MIMO communication device (not shown). At step 402, the transmitter receives
feedback channel vectors from the one or more receivers. At step 404, the transmitter
computes precoding weights based on the feedback channel vectors. In other words, the
precoding vectors for data streams intended for each receiver are computed to be
orthogonal to the feedback channel vectors of other receivers. At step 406, the
transmitter performs channel optimization by applying the precoding weights to the
corresponding data signals intended for the scheduled receivers, to eliminate inter-user
interference. In this example embodiment, the receivers are grouped into one or more
groups, each group comprising less than or equal to ¢ receivers, where t is the

number of transmission antennas e.g. 204, 208, for transmission based on a scheduling

policy.

Figure 5 is a schematic flowchart 500 illustrating signal processing in a receiver
e.g. 208, 210 in another example embodiment. In this example embodiment, data
communication is carried out on MU-MIMO channels using codebook based precoding.
The receiver e.g. 208, 210 may be in a wireless MIMO communication device (not
shown). At step 502, the receiver receives one or more reference signals from the
transmitter. At 504, the receiver estimates the channel state information and measures
an output SINR. This may correspond to the receiver computing a current channel matrix
describing the current state of the spatial channels. In the same step, the receiver
performs SVD on the channel matrix to compute the right singular matrix of the channel
state information matrix. At step 506, the receiver compares the right singular matrix to
elements in a codebook to find a feedback vector/matrix. The feedback vector\matrix
may correspond to a column subset of the precoding matrix to be formed at the
transmitter. At step 508, an index identifying the feedback vector/matrix is

transmitted/feedback to the transmitter together with the corresponding output SINR.
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Figure 6 is a schematic flowchart 600 illustrating signal processing in the
transmitter 202 for this example embodiment using codebook based precoding. The
transmitter 202 may be in a wireless MIMO communication device (not shown). At step
602, the transmitter receives indices fed back from the one or more receivers and finds
the corresponding elements from the codebook as feedback matrices/vectors. At step
604, the transmitter groups the receivers according to the feedback matrices/vectors. In
other words, the transmitter groups the receivers having orthogonal feedback
matrices/vectors, with up to a maximum of f receivers in each group, where ¢ is the
number of transmission antennas e.g. 204, 206. In the same step, the transmitter
assembles the vectors to form the precoding matrix for this group of receivers. At step
606, the transmitter selects a group of receivers with the highest priority for transmission
according to a schedule policy. If there are no receivers that can be grouped, the
transmitter calculates the throughput of all single users that use the transmit streams
and chooses the receiver with the highest priority to schedule and transmit according to
the schedule policy. At step 608, the transmitter applies the precoding matrix to the

signals intended for transmission to the scheduled receivers.

A more detailed description of the algorithms used for the precoding in the

example embodiments is provided below.

- Referring back to Figure 2, the transmitter 202 comprises a plurality, f, of
transmission antennas e.g. 204, 206 and communicates with K receivers e.g. 208, 210,

each receiver e.g. 208, 210 comprising a plurality, r,, of reception antennas e.g. 212,

214. Thus, the total number of reception antennas r is

r:Zrk (1

K
t= 1, . @

=1

=~

A channel output of a receiver & is modeled as
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y, =H;s+z, (3)

where s denotes a (#x1) input signal vector transmitted from the transmission

antennas, e.g. 204, 206 to the receiver k, and z . denotes a (r, x1) random noise vector
applied to the receiver k. The (r, x¢) complex matrix H , denotes the channel between

the transmitter 202 and the receiver k.

Therefore, the multi-user MIMO system 200 may be expressed as

Y=Hs+Z )
where Y =[y,", y,", -+ y,"1" is a vector of communication signals received at the
K receivers e.g. 208, 210, and Z=[z,", z,", - z, ] is a vector of noise affecting

the transmitted communication signals. H (»xt) is the MU-MIMO channel from the
transmitter 202 to all K receivers e.g. 208, 210 and is concatenated by the channel H i

k =1,--- , K ) between the transmitter 202 and each receiver e.g. 208, 210. That is

H
B
: (5)

H

To obtain channel optimization to eliminate the inter-user interferences in the
multiuser MIMO system 200, the MU-MIMO channel of equation (5) is decomposed into
separate SU-MIMO channels by using a precoding W in the transmitter 202 and
respective receiver filters P in the K receivers e.g. 208, 210. Thus, the resulting effective

channel is a block diagonal matrix
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- -
Lt} 0 0
0 X
P'HW=| .
: : 0 (6)
0 0 %,
P, 0 0|
4 0 P, : :
and P=r. 7 . 0 (7)
i 0 0 PK_
5
where P, (k = 1,---, K ) is the filter matrix applied in each receiver e.g. 208, 210.
Thus, the system model expression of equation (4) becomes
10 Y=(PHWs +(P)Z )
That is,
Yy nxt, 0 0 S
Y2l ’ B 24z
0
yK B 0 O ertK_ _SK_
_ T -
15 Zr1><t,sl (9)
— r2>ft2 2 + Z.z
| rKXtKSK_ _EK_
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where s is a (¢, x 1) input signal vector intended for the receiver k, and Z, is a (r, x1)

effective noise vector applied to the receiver k. Zrk «t, IS the efficient channel between

the transmitter 202 and the receiver k with precoding carried out in the transmitter 202
and filters P implemented in the K receivers e.g. 208, 210. As expressed in equation (9),
with this type of channel optimization, the multiuser MIMO system 200 can be

decomposed into separate SU-MIMO systems.

The design of the precoding matrix W in the transmitter 202 and the receiver
filters P in the K receivers e.g. 208, 210 are described in the following. Subjecting the

- channel H, to SVD at each receiver e.g. 208, 210, the SVD may be expressed as

H,=UAV", k=1-.K (10)

where U, and V, are unitary matrices with (, x7,) and (¢ xt) dimensions respectively,
and A, is a diagonal matrix with a (7, x¢) dimension. Thus, U, and V, are left and
right singular matrixes of channel matrix H, respectively and A, contains the singular

values of H, in its diagonal elements.
The filter matrix for each receiver e.g. 208, 210 is chosen as
k=1,-,K (11)

Therefore, using equations (5), (6) and (7), the effective channels between the
transmitter 202 and each receiver k (k=1, ..., K) can be expressed as

PHW=U'UAV'W=AV'W=[Z_, 0 - 0] (12-1)
PH,W=UUAV, W=AVW=[0 £ - (] (12-2)
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PPH, W=UUAVIW=AVIW=[0 -+ 0 5, 1 12k

At the transmitter 202, the pre-coding matrix W is based on the feedback

channel information according to equations (12-1) to (12-K). Since A, is a diagonal
matrix, therefore, only V, is feedback to the transmitter 202 to construct the pre-coding

matrix W. Thatis, W is chosen for

VYW=, 0 - (] (13-1)
V,W=[0 &, - 0] (13-2)
ViW=[0 - 0 X ] (13-K)
Denoting
w=[w, w, - W,.] (1)

where W, is a precoding matrix/vector applied to the input signals s, with a dimension

of (¢xt,), and denoting

V=V VeV (15)
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Thus, according to the constraint of equation (13-1) to (13-K), the matrix W, lies

in the null space of Vk. By performing SVD for '
7 e n |lA (o ~ (1
Vk:Ska[Qgc) Qgc)]H (16)

where 6,‘1 holds first rank(\N’k) right singular vectors. Performing SVD as

~ H
v,00 =5,D,[0° Q] (17)

where Q° holds first rank(V,Q{") right singular vectors. The precoding vectors are

then calculated as
~ (1 0
W, =Q"Q{” (18)

In an ideal case, the above equations force W, lying in the null space of Vk to

realize zero inter-user interference. However, as would be appreciated by a person
skilled in the art, there is a constraint for the dimension of the antenna configuration, i.e.
the number of transmission antennas must not be less than the total number of reception

antennas (i.e.t >r).

Therefore, the inventors have recognised that for scenarios where ¢ <r, by

feeding back only the first #, columns of V, from each receiver, i.e. V, =V, (Gl:t,),

and then replacing V, with Vk -in equation (16), a suitable precoding matrix may be

computed. Therefore, the equations (13-1) to (13-K) are changed in example

embodiments as
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H X/ <714
ViwW=[V VI'W W - W]
S
— ztlle Ofl"tz 0“1"’1{ (19-1)
=) — =
=44 ®(t_tl w, ®(t_tl Wt

ViW=[V, VW W - W]

() ...
— O’z"’n Ztz"‘fz 0’2"’1( (19-2)
A 5@ . P
cD(f ) Z(t ), CD(t i,

VEW=[V, VI'TW W - W]

. 3O
| Qe On 2ot (19-K)
P . IO
(t—tK)XTl (I‘—IK)XIZ t—-tK)>¢K

Based on equations (19-1) to (19-K), the determinant interferences from other users may

10  beeliminated for each user. Thus, the efficient channel has a structure like:

(D

Ztl Xt Ot,xt2 T OtlxtK

(2) [0) ()

(i—n)xq (1%, (%t

(1)
" x4 thxt2 o OtzxtK
P"HW= @ ...
(’2“2):’“1 z:("2‘12:)”2 : (D(:’z”tz)XtK (20)
1Y)
X O‘Kth o ZthtK
. 3@
_CD(VK—fK >4 cI)("K ) Z(’K““K W |

Assuming that the transmission signals input to the transmitter 202 are denoted

15  as s=[s;, s, - sgl',and s, =[5, - sk,,k]T (k=1, --- K) is denoted
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as the signal streams intended for the kth receiver, the channel output y, at each

receiver is then expressed as

y, =P H, Ws+P/'z,

et St 1)

=1 5(2) +z,
Z(rk —tA.)xtksk + Z(D(rk -t )xtjs./
Ik

Using this channel optimization method of example embodiments, the multiuser
MIMO system 200 can be decomposed to separate SU-MIMO systems approximately
and only the corresponding signals intended for a particular receiver are detected and
decoded in that receiver since the inter-user interference is effectively eliminated with

the precoding weights.

For the described channel optimization method in an example embodiment, the
right singular matrix V, of the channel matrix H,, or one or more determinant columns
of V, are quantized and fed back to the transmitter 202. Since this may result in

feedback bandwidth usage, to reduce feedback overhead, other example embodiments

may utilize codebooks and codebook searching techniques.

For a codebook based precoding matrix, the desired precoding matrix W/ W,

may be viewed as a point on the Grassmann manifold, G(N, M), which is a set of M-
dimensional hyper-planes in an N-dimensional space. The Grassmann manifold G(N, M)

"may be quantized into equal portions. The different portions may be searched to

determine in which portion W/W, is located and the corresponding index of the

relevant portion may then be fed back to the transmitter 202. The codebook may be
predefined using a Grassmanian design to contain a set of indexed matrices as

codebook elements which have same dimensions as W/W, . The codebook matrix

which has the minimum distance to W/W, is selected and its corresponding index is

fed back to the transmitter 202. The transmitter 202 then uses the codebook element
identified by the transmitted index to form the pre-coding matrix for beamforming.
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In closed-loop SU-MIMO systems, the desired precoding matrix is the right

singular matrix of the channel matrix, i.e. V,. Therefore, the receiver compares V, with

a codebook of unitary matrices and then decides the codebook element used for
precoding. In the closed-loop MU-MIMO system 200 in example embodiments, the
desired precoding matrix is determined based on all the channels seen from each
scheduled receiver e.g. 208, 210. Therefore, the desired precoding matrix for the MU-

- MIMO system 200 is determined at the transmitter 202 based on the channel feedback

from each receiver e.g. 208, 210, rather than being determined at each receiver since

there are no other receivers’ channel information available in each receiver.

Based on the described MU-MIMO channel optimization with precoding, in
example embodiments using codebook based precoding, a codebook of vectors and/or
codebook of matrices is used for feedback of the determinant channel information. The

determinant channel information is the first ¢, columns of V, in each receiver where ¢,
is the number of spatial streams intended for the & th receiver. In such codebook based
example embodiments, the transmitter 202 schedules the signals intended for each

receiver and determines the precoding matrix used for the scheduled signals using the

feedback channel information indicated by codebook element indices.

- As described, for.example embodiments using codebook based precoding, two
broad categories of codebooks may be used. They are codebooks of matrices and
codebooks of vectors. At the receivers e.g. 208, 210, the desired precoding vectors are

computed using SVD. Each receiver feedbacks the first £, columns of its right singular
matrix V,, i.e. V,, based on a unitary codebook C where elements of the codebook

c, C, -, C, - are |, all (rxt,) unitary matrices.

V, is compared with elements of the codebook C to find a codebook element

that is closest to it and an index corresponding to the codebook element is then

identified for feedback transmission to the transmitter 202. For example, when ¢, =1,

the elements of the codebook Care (¢ x1) vectors and an index may be identified by:
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SRA (22)

i = argmax
i CieC

When 7, >1, the elements of the codebook C are matrices and an index may be
identified by:
i =argminlV, ~C| (@3

The { is the index of the codebook element closest to V, and each receiver e.g.

208, 210 feedbacks i to the transmitter 202. The transmitter 202 utilizes the feedback
matrices/vectors identified by the indices (e.g. equation (22) and/or (23)) to schedule the
receivers e.g. 208, 210 with time-frequency resources and determines the precoding

matrix for transmissions to the receivers e.g. 208, 210. For example, if one receiver k,
feedbacks an index to identify a codebook element C, and another receiver £,
feedbacks an index to identify another codebook element C,, the two data signals at
the transmitter 202 intended for these two receivers k; and k», can be scheduled in the
same time-frequency resource using spatial multiplexing. Since codebook elementsC |
and C, are approximations of channels Vk, and sz respectively, C,and C, may be
approximately considered as lying in the null spaces of Vkl and sz respectively due to

the orthogonality between C,, and C,. Thus, W=[C, C,] may be selected as the

precoding matrix for channel optimization of MU-MIMO transmission for scheduled
receiver k, and receiver k,. At each receiver e.g. 208, 210, all transmitted signals are

detected but only the relevant intended signals for the respective receiver are decoded.

Figure 7 is a graph 700 of throughput 702 vs Geometry 704 illustrating a
throughput performance comparison between an existing open-loop MU-MIMO system,
and an example embodiment MU-MIMO system. Plot 706 illustrates the throughput
performance of the example embodiment using codebook based precoding in a closed-
loop MU-MIMO system. Plot 708 illustrates the throughput performance of a typical
open-loop MU-MIMO system without precoding. The example embodiment and the
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typical MU-MIMO system are both 2x2 MIMO systems with 10 active receivers. By
comparing plots 706 and 708, it can be seen that the example embodiment achieves

system throughput performance gains of about 2 to 3 dB over the typical system.

As described, example embodiments may provide communication channel
optimization in a wireless communication system utilizing multiple spatial channels by

using precoding based on channel state information.

It will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the present invention as shown in the specific
embodiments without: departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be considered in all respects to

be illustrative and not restrictive.
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CLAIMS

1. A transmission method in a multiple-input multiple-output (MIMO)
communication system, the method comprising the steps of:

receiving feedback data representing channel state information from
respective receivers of the MIMO communication system;

grouping the receivers into one or more groups based on the received
feedback data;

obtaining a precoding matrix for each group of receivers based on the
received feedback data such that precoding vectors or sub-matrices in the
precoding matrix associated with. respective receivers of said each group of
receivers are orthogonal to each other; and

applying the precoding matrix to input signals for transmission to said each

group of receivers.

2. The method as claimed in claim 1, wherein the feedback data comprises one
or more determinant columns of respective right singular matrices of channel

matrices derived at the respective receivers.

3. The method as claimed in claim 2, further comprising determining numbers of
streams, t;, assigned to the respective receivers, and wherein the feedback data
comprises the first t, columns of the right singular matrices derived at the respective

receivers.

4. . The method as claimed in claims 2 or 3, wherein t is a number of
transmission antennas of a transmitter in the MIMO communication system, each

said one or more groups comprise less than or equal to ¢ receivers.

5. The method as claimed in any one of claims 2 to 4, wherein the obtaining of
the precoding matrix comprises computing the precoding vectors or sub-matrices for
each receiver of each group as lying in the null space constructed using said one or
more deferminant columns of the respective right singular matrices derived at
respective other receivers of said each group.
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6. The method as claimed in claim 1, further comprising deriving respective
right singular matrices of channel matrices at the respective receivers, comparing
the derived right singular matrices with a codebook of matrices, determining
codebook elements closest to the derived respective right singular matrices, and
wherein -the feedback data representing the channel state information comprises

respective indices identifying the codebook elements.

7. The method as claimed in claim 6, further comprising determining numbers of

streams, t;, assigned to the respective receivers, and the codebook elements for the
respective receivers are (ixt;) matrices, where t is the number of transmitter
antennas in the MIMO communication system, and the first t, columns of the right
singular matrices derived at the respective receivers are compared with the

respective codebooks for determining the closest codebook elements.

8. The method as claimed in claim 7, wherein grouping the receivers and
obtaining the precoding matrices for the respective groups comprises grouping
receivers having orthogonal codebook elements identified therewith, and
constructing the precoding matrix from the respective orthogonal codeboaok

elements.

9. . The method as claimed in claim 8, wherein { is a number of transmission
antennas of a transmitter in the MIMO communication system, and each group of

receivers comprises less than or equal to f receivers.

10. A transmitter for a multiple-input multiple-output (MIMO) communication system,
the transmitter comprising,

a control module for receiving feedback data representing channel state
information from respective receivers of the MIMO comrmunication system;

a scheduler unit for grouping the receivers into one or more groups based on
the received feedback data, said scheduler unit being capable of obtaining a
precoding matrix for each group of receivers based on the received feedback data
such that precoding vectors or sub-matrices in the precoding matrix associated with
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respective receivers of said each group of receivers are orthogonal to each other;
and
a precoding module for applying the precoding matrix to input signals for

transmission to said each group of receivers.

11. The transmitter as claimed in claim 10, wherein the feedback data comprises
one or more determinant columns of respective right singular matrices of channel

matrices derived at the respective receivers.

12. The transmitter as claimed in claim 11, wherein the scheduler unit
determines numbers of streams, t,, assigned to the respective receivers, and
wherein the feedback data comprises the first t, columns of the right singular

matrices derived at the respective receivers.

13.  The transmitter as claimed in claims 11 or 12, wherein ¢ is a number of
transmission antennas of the transmitter, the scheduler unit groups the receivers
into said one.or more groups, each group comprising less than or equal to ¢

receivers.

14. The transmitter as claimed in any one of claims 11 to 13, wherein the
obtaining of the precoding matrix comprises computing the precoding vectors or
sub-matrices for each receiver of each group as lying in the null space constructed
using said one or more determinant columns of the respective right singular matrices

derived at respective other receivers of said each group.

15. . The transmitter as claimed in claim 10, wherein the feedback data from each
receiver representing the channel state information comprises an index identifying a
codebook element in a codebook, and wherein said codebook element is
determined as being closest to a right singular matrix of a channel matrix derived at
said each receiver by comparing the derived right singular matrix with matrices in

said codebook.
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16. The transmitter as claimed in claim 15, wherein the scheduler unit
determines numbers of streams, t,, assigned to the respective receivers whereby
the codebook elements for the respective receivers are (ixt,) matrices, where t is the
number of transmitter antennas in the MIMO communication system, and the first {,
columns of the right singular matrices derived at the respective receivers are
compared with the respective codebooks for determfning the closest codebook

elements.

17.  The transmitter as claimed .in.claim 16, wherein the scheduler unit groups
receivers having orthogonal codebook elements identified therewith, and constructs

the precoding matrix from the respective orthogonal codebook elements.

- 18.. . The transmitter as claimed in claim 17, wherein t is a number of tfransmission

antennas of the transmitter in. the MIMO communication system, and each group of

receivers comprises less than or equal to t receivers.

19. A multiple-input multiple-output (MIMO) communication system, the MIMO
communication system comprising,

at least one transmitter;

one or more receivers deriving feedback data from signals received from the
at least one transmitter and transmitting the feedback data to the at least one
transmitters;

wherein each transmitter comprises,

a control module for receiving the feedback data representing channel
state information from respective receivers of the MIMO communication system;

.a scheduler unit for grouping the receivers into one or more groups
based on the received feedback data, said scheduler unit being capable of obtaining
a precoding matrix for each group of receivers based on the received feedback data
such that precoding vectors or sub-matrices in the precoding matrix associated with
respective receivers of said each group c;f receivers are orthogonal to each other;
and

a precoding module for applying the precoding matrix to input signals

for transmission to said each group of receivers.
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20. The MIMO communication system as claimed in claim 19, wherein the
feedback data comprises one .or more determinant columns of respective right

singular matrices of channel matrices derived at the respective receivers.

21. The MIMO communication system as claimed in claim 20, wherein the
scheduler unit determines numbers of streams, t;, assigned to the respective
receivers, and wherein the feedback data comprises the first t, columns of the right

singular matrices derived at the respective receivers.

22. The MIMO communication system as claimed in claims 20 or 21, wherein fis a
number of transmission antennas of the transmitter, the scheduler unit groups the
receivers into said one or more groups, each group comprising less than or equal to

t receivers.

23.  The MIMO communication system as claimed in any one of claims 20 to 22,
wherein the obtaining of the precoding matrix comprises computing the precoding
vectors or sub-matrices for each receiver of each group as lying in the null space
constructed using said one or more determinant columns of the respective right

singular matrices derived at respective other receivers of said each group.

24, The MIMO communication system as claimed in claim 19, wherein the
feedback data from each receiver representing the channel state information
comprises an index identifying a codebook element in a codebook, and wherein said
codebook element is determined as being closest to a right singular matrix of a
channel matrix derived at said each receiver by comparing the derived right singular

matrix with matrices in said codebook.

25. The MIMO communication system as claimed in claim 24, wherein the
scheduler unit determines numbers of streams, t,, assigned to the respective

- receivers whereby the codebook elements for the respective receivers are (ixty)

matrices, where t is the number of transmitter antennas in the MIMO communication
system, and the first ty columns of the right singular matrices derived at the
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respective receivers are compared with the respective codebooks for determining

the closest codebook elements.

26. The MIMO communication system as claimed in claim 25, wherein the
scheduler unit groups. receivers having orthogonal codebook elements identified
therewith, and constructs the precoding matrix from the respective orthogonal

codebook elements.

27. The MIMO communication system as claimed in claim 26, wherein t is a
number of transmission antennas of the transmitter in the MIMO communication

- system, and each group of receivers comprises less than or equal to ¢ receivers.
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channel state information as channel vectors
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Figure 3
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400

Figure 4
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