wo 20107106443 A2 [I1 0K OO

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

Co o
1 rld Intellectual Property Organization 2 ey
(19) World Intellectual Property Organization i 1IN NP 00 AT A0 RO RO
International Bureau S,/ 0
3\ 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10)
23 September 2010 (23.09.2010) PCT WO 2010/106443 A2
(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
HO04L 25/03 (2006.01) kind of national protection available): AE, AG, AL, AM,
. o AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(21) International Application Number: CA. CH. CL. CN. CO. CR. CU. CZ. DE. DK. DM. DO
PCT/IB2010/000980 DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT.
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
17 March 2010 (17.03.2010) KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
- . ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(25) Filing Language: English NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
(26) Publication Language: English SE, 8G, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data: . o
PCT/CN2009/070850 17 March 2009 (17.03.2009) CN (84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(71) Applicant (for all designated States except US): GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
HUAWEI TECHNOLOGIES CO. LTD. [CN/CN]; ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
Huawei Administration Building, Bantian, Longgang Dis- TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
trict, Shenzhen Guangdong 518129 (CN). ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM
(72) Inventors; and > i > > 2 o > > i
(75) Inventors/Applicants (for US only): WENNSTROM, ﬁi) I\?I‘QPII\I?FS’I\?J%]SF%S)G’ CL CM, GA, GN, GQ, GW,
Mattias [SE/SE]; S:t Johannesgatan 7C, S-753 11 Upp- ? P ’
sala (SE). LIU, Jianghua [CN/SE]; Jarnvédgsgatan 23, Published:
$-172 75 Sundbyberg (SE). —  without international search report and to be republished
(74) Agent: HUAWEI TECHNOLOGIES SWEDEN AB; upon receipt of that report (Rule 48.2(g))

P.O. Box 54, S-164 94 Kista (SE).

(54) Title: PRECODING CODEBOOK AND FEEDBACK REPRESENTATION

TRANSMITTER

=
c—>

<

[
—1|PRECODING|
MATRIX

RECEIVER

ha
| CHANNEL
\[ ESTIMATION

PRECODING
MATRIX
~ V| SELECTION

FEEDBACK

(57) Abstract: The invention relates to a technical field of multiple-antenna transmission in a wireless communication system.
Communication of feedback representation of and generating a codebook suitable for precoding of multiple-antenna transmission
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PRECODING CODEBOOK AND FEEDBACK REPRESENTATION

This application claims the benefit of PCT International Application No.
PCT/CN2009/070850, filed in China March 17, 2009.

Technical field

The invention relates to a technical field of multiple-antenna transmission in a wireless
communication system. Particularly, it relates to the technical field of precoding and
communication of a representation of precoding feedback.

Background

Precoding for Multiple Input Multiple Output (MIMO) communication systems is used to
enhance signal gain and/or to improve receiver signal separation between multiple transmitted
streams of information. Precoding is e.g. used in wireless communication standards such as
3GPP LTE, 3GPP2 UMB and IEEE 802.16e. In all these standards OFDM is used as the

modulation technique for transmission.

Precoding is performed by multiplying streams or a stream, to be transmitted, by a matrix or a
vector, respectively. The matrix or vector representing used precoding (aléo denoted precoder
in the following) should match the channel for good separation of different streams, and
thereby achieve a high receive Signal to Noise Ratio (SNR) for each stream. The input-output
relation in a OFDM system transmitting over a wireless channel, can be described in the
frequency domain as,

y=HWx+n (B-1)
where W is the precoding matrix, H the channel matrix, x is the input vector containing the

symbols to be transmitted, n the vector of noise samples, and y the output signal at the

receiver. The relation in equation B-1 holds for every subcarrier in the OFDM system.
However, the same precoding matrix W is usually employed for a group of adjacent

subcarriers.

The model in equation B-1 is applicable in a wireless communication system where a base
station, having multiple transmit antennas, communicates with a receiving mobile station, and

also in a wireless communication system where multiple base stations, each having multiple
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transmit antennas, communicate with the same receiving mobile station. In the latter case, the
transmission channel H has the same number of columns and the precoding matrix W the
same number of rows as the total number of transmit antennas for all cooperating base
stations. This scenario is called a Cooperative Multipoint Transmission (COMP) system and a

codebook for a large number of transmit antennas is thus required.

The precoding matrix W is selected based on the transmission channel H , i.e. the precoder is
channel-dependent. Also, the transmission rank is selected based on the channel H . The
transmission rank is equivalent to the number of transmitted streams and is equal to the
number of columns of the precoding matrix W . Hence, if rank one is selected, the precoding

matrix W becomes a precoding vector.

Figure 1 shows schematically a wireless communication system where one base station is
transmitting two streams precoded by a rank two precoding matrix W . In this case, the
transmitting base station has four transmit antennas and the receiving mobile station has two
receive antennas. At the receiver a receiver filter is used with the purpose to separate the two

streams.

Figure 2 shows schematically a scenario where three transmitting base stations in a wireless
communication system, each having four transmit antennas, are transmitting three streams to
a receiving mobile station equipped with three receive antennas. This is an example of a
COMP transmission where multiple base stations are transmitting a coordinated signal
towards a receiving mobile station. The transmission channel H has thus twelve columns and
three rows in this case, since there are in total twelve transmit and three receive antennas.
Further, since three streams are transmitted, the precoding matrix W has twelve rows and
three columns, and is thus taken from a codebook for twelve transmitter antennas. Each base
station transmits a sub-matrix of this twelve-by-three matrix W , for instance, base station 1
transmits the three streams using a precoding' matrix obtained as the top four rows and the

three columns of the precoding matrix W .
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The receiver thus receives y , and with knowledge of the combined channel-precoder
productG = HW , the receiver can create a receiver filter R that estimates the transmitted
symbol vector as,
x=Ry . (B-2):
A commonly used receiver filter is the zero forcing filter,
R=(¢'G6)'G", (B-3)
or the Linear Minimum Mean Squared Error (LMMSE) receiver ﬁltér,
R=(G'6+c,)'G", (B-4)

where C,, is the noise plus interference covariance matrix at the receiver.

If information about the channel H is available at the transmitter, the corresponding precoder
W is selected and used for transmission. Criteria for selecting precoder W , including its
rank, could be to maximize the minimum Signal to Interference plus Noise Ratio (SINR) for
the estimated symbols in x . Other criteria for selecting W are also known, such as
maximizing the total number of transmitted information bits, taking into account all streams.
Note that the column dimension of precoder W , also known as the rank of the transmission, is
also part of the selection of precoder W so both a rank and a preferred precoder W within all

possible precoding matrices with this rank (equivalent to number of columns) is selected.

In general, the channel H is unknown at the transmitter. If the receiver measures and feeds
back the full channel information H to the transmitter, and the transmitter decides the
precoding matrix W based on the obtained channel information from the receiver, a vast

amount of feedback signalling is needed, which is undesirable.

In order to reduce signalling overhead, a conventional way is to construct a limited set of

possible precoders W, ,i =1,...,N for a given rank. A collection of these precoding matrices

for a given rank is denoted as a precoding codebook. The codebook for a certain rank, or
equivalently number of spatial streams, thus consists of N unique precoding matrices (or
vectors if the rank is one), each of size M times R, where M is the number of transmit antenna

ports and R is the number of parallel spatial streams or transmission rank, respectively.
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The codebook is known and stored at both the transmitter and receiver. Since, the receiver
often has better knowledge about the channel H between the transmitter and receiver, the
receiver can select a rank and an optimal precoder W from the codebook of this rank based
on knowledge about the channel, and then feed back an index representing the rank and the
selected precoder to the transmitter. The transmitter may then use the precoder corresponding
to the index fed back by receiver for a transmission; or the transmitter may have other sources
of information to choose a different precdder than the one selected by the receiver. Hence, the
feedback from the receiver should only be seen as a recommendation, and it is the transmitter
that makes the final decision on which precoding matrix that should be used for a particular
transmission. For instance, the transmitter may choose to reduce the rank of the precoder, or
to interpolate the precoding matrices between successive feedback reports. This operation of
using feedback information to indicate the selected precoding matrix is denoted closed loop

precoding.

Alternatively, the transmitter may pseudo-randomly cycle through a set of precoders if a
feedback control link is not available, which is denoted open loop precoding. To support open
loop precoding, it is useful if different precoding matrices in a set of precoders only differs by
a permutation of its columns or rows. Permutation of columns is equivalent to permuting the
mapping of streams to the precoding matrix, and permutation of rows is equivalent to
permuting the mapping of the precoding matrix to the physical antennas. This cycling of
mappings will ensure that each stream encounter a channel with a variation in quality, to
avoid the case that one stream always has bad channel quality, which could be the case in an
open loop system. Hence, a codebook designed for open loop operation has a subset of

precoding matrices which differ only by permutation of columns or rows.

In Figure 2, a feedback operation of a wireless communication system is schematically
illustrated. The receiver estimates the channels from all transmit antennas to all receive
antennas using a channel estimation unit. The estimated channel is then used in a precoding
matrix selection unit where the rank and precoding matrix is selected from a codebook of

available precoding matrices for this rank.

The design of the codebook is a topic which has drawn a lot of attention in the recent years. It

is a problem to find an optimal codebook since its performance depends on the channel
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models and performance metric used for the evaluation. However, a standard measure to

- evaluate the performance of different codebooks is the minimum pair-wise distance dpx

between all precoders in the codebook. A codebook with a large d,,;, is considered to have a

better performance than a codebook with small dyin.

Other desirable properties of a codebook relate to implementation complexity requirements.
Two such properties are the constant modulus and constrained alphabet properties, which
means that all matrix elements of all precoders in the codebook have the same absolute
magnitude, and are taken from a finite complex valued constellation such as {+1,-1,+i,-1} or
8-PSK. The constant modulus property assures that all M power amplifiers at the transmitter
are utilized equally and transmits with the same power, and the constrained alphabet property

simplifies receiver computations, such as when inverting and multiplying matrices.

Another desirable property of a codebook is the nested property, which implies that a
precoding matrix of rank R is a sub-matrix of a precoding matrix of rank R + 1. For instance,
a rank one precoding vector is a column in a rank two precoding matrix, and so on. This
property simplifies decision making in the receiver regarding which rank and which precoder
to select, since results from a lower rank calculation can be stored and re-used when

calculating selection measures for other, either higher or lower ranks.

Furthermore, codebook restriction is a property which allows the communication system to
restrict which, of all precoding matrices in the codebook and for which ranks the receiver is
allowed to select in precoder selection. Thereby, the system can exclude some precoding
matrices or ranks, if beneficial. For one codebook, it is difficult to make each precoder
suitable for any scenario. For example, in a certain channel scenario, maybe only a subset of
the precoders within a codebook are suitable for use. In this case, if codebook restriction is
employed, the receiver will have a smaller precoder search space to find the best precoder,
which can reduce the complexity of the receiver and to improve the performance in a

particular channel scenario.

In the 3GPP LTE specification; with M = 4 transmit antenna ports, there are N = 16 precoders,
each generated by a Householder transformation from its corresponding generating vector,

defined for each rank R = 1, 2, 3 and 4, respectively. Hence, N * R = 64 different precoders
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are stored in the User Equipments (UEs) and the eNBs (base stations in LTE), respectively. If
codebook restriction is employed, then the number of precoders eligible for selection can be

reduced, for instance by removing all precoding matrices of the highest rank.

In the 3GPP LTE-Advanced (LTE-A) communication system, which is supposed to be an
extension of the LTE system, up to eight antenna ports will be supported to further increase
system performance, such as peak data rate, cell average spectrum efficiency, etc, and
therefore higher order MIMO with eight antenna ports will be supported. In the LTE system,

the maximum number of antenna ports available for codebook precoding is four.

Summary

How to design a precoding codebook for eight antenna ports as supported in LTE-A; or to
design a codebook for multiple antenna transmissions in general?. How to design a codebook
having one or more of the desirable properties as discussed above? Generally, when designing
codebooks, it is desirable that they are easy to implement in terms of computational

complexity and memory storage requirements.

In an example 3GPP LTE-A communication system, mentioned COMP transmissions will be
supported. The total number of transmit antennas in a COMP system may vary depending on
how many base stations are co-operating in the COMP transmission mode to a mobile station.
Hence, codebooks for different number of transmit antennas are needed. For example, if two
base stations, each having four antennas, are cooperating, then a codebook for eight antennas
are needed. If four base stations, each having four antennas, are cooperating in COMP mode,
then a codebook for sixteen transmit antennas is needed. Hence, a problem is to design
codebooks for a variety of transmit antennas, and for a variety of different ranks or

equivalently, number of transmit streams.

According to a prior art solution, a method for constructing a codebook for eight antenna
ports is described based on mutually unbiased bases from quantum information theory. The
method gives the nested property and the precoding matrices are constant modulus and have a
constrained alphabet. However, Kronecker products between complex valued vectors x and
matrices C are used in the codebook generation according to this method. For instance, to

obtain a precoding matrix, it is necessary to perform the multiplications
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x®C = [x oC, xeC, - xeoC N] to create the precoding matrix, where e denotes

element wise multiplication, and C; the j:th column of C .

According to another prior art solution, a codebook design for eight antenna ports are given
using the complex Hadamard transformation, which consists of Kronecker products between
complex valued matrices. The full rank eight codebook is always constructed first and to
obtain the lower rank codebook, columns are removed from the full rank codebook. The
codebook design consists of several design parameters and to find the final codebook,

computer simulations are needed.

According to an example aspect of the present invention, one or more of the aforementioned
problems are solved with a method and product of generating a first codebook 4 comprising
at least a first precoding matrix a, of multiple antenna transmission in a wireless
communication system. For a first precoding matrix a, having M’ number of rows and R’
number of columns and comprising at least a first and second sub-matrix; said generating
comprises:

- selecting at least a second b; and third b, precoding matrix belonging to a second
codebook B, said second b; and third b, precoding matrices having M number of rows
and R; number of columns, where M > M, M>2 and R; > 1; and

- obtaining said first and second sub-matrices based on said second b; and third by
precoding matrices, respectively, so that the columns in said first precoding matrix a,

are orthogonal to each other when R"> 1.

According to another example aspect of the present invention one or more of the
aforementioned problems are solved with a method of using a first codebook A4 as generated

for precoding multiple-antenna transmission in a wireless communication system.
The claims comprise various embodiments of the invention.
An advantage with a codebook according to the present invention is that a codebook can be

generated from precoders with a smaller matrix dimension than the dimension of the

codebook to be generated; and also that these generated precoders are inheriting desired
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properties, mentioned above, from the precoders of the smaller dimension. For instance, in a
UE for a LTE-A communication system only the LTE codebook needs to be stored in the
memory, since the LTE-A codebook can be based on the LTE codebook according to the
invention. This will lower the memory requirements of the UE. Further, no matrix products
(element wise products or Kronecker products) between complex valued matrices are needed

to construct an eight antenna codebook, why computational complexity is reduced.

Furthermore, example embodiments of the present invention provide large flexibility when
designing codebooks of different transmission systems and scenarios, €.g. a single base station
transmission, or a COMP transmission where a plurality of base stations cooperates in
downlink transmission. Since a UE sometimes is connected to a single base station and
sometimes to multiple base stations through COMP operation, the UE must generate and store
corresponding precoding codebooks for a variety of scenarios. It is therefore beneficial if
codebook generation and design for the single base station scenario and COMP scenario (and
other scenarios as well) employ the same general method, since codebooks for different
number of antenna ports can be obtained with low complexity, such as according to example

embodiments of present invention.

Other advantages of the present invention will be apparent from the following detailed

description of embodiments of the invention.

Brief description of the drawings
The appended drawings are intended to clarify and explain the present invention in which:

- Figure 1 schematically shows how two streams are mapped to four antennas using a
precoding matrix and how a two antenna receiver adopts receiver filtering to
reconstruct the two transmitted streams;

- Figure 2 schematically shows how three streams are mapped to four antennas in three
base stations (transmitter 1, 2 and 3, respectively) when transmitting in COMP mode.
The three base stations therefore share one precoding matrix from a codebook, and
hence each base station uses a sub-matrix of the one precoding matrix as their
respective precoding matrix. The figure also shows a three antenna receiver adopting

receiver filtering to reconstruct the three transmitted streams.
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- Figure 3 schematically shows how the receiver estimates the channel between the
transmitter and receiver, use the channel estimates to decide an optimal precoding
matrix from a predefined codebook and feeds back an index corresponding to the
preferred precoding matrix to the transmitter, which applies the precoding matrix in
the subsequent transmission;

- Figure 4 shows simulation results comparing performance for a rank one codébook
according to prior art with performance for a codebook according to the present
invention, as the received SINR distribution after an LMMSE receiver;

- Figure 5 shows simulation results comparing performance for a rank two codebook
according to prior art with performance for a codebook according to the present
invention, as the received SINR distribution after an LMMSE receiver;

- Figure 6 shows simulation results comparing performance for a rank five codebook
according to prior art with performance for a codebook according to the present
invention, as the received SINR distribution after an LMMSE receiver; and

- Figure 7 shows simulation results comparing performance for a rank eight codebook
according to prior art with performance for a codebook according to the present

invention, as the received SINR distribution after an LMMSE receiver.

Detailed description
Define two codebooks, A4 and B, where codebook A is designed for M’ transmit antenna ports

and for rank R transmission, and consists of N" number of precoding matrices a, of size

M’ xR foreachrankR', where/<i< N ,I< R <M, and where the columns of each a,
are mutually orthogonal,

A ='{a1,”"a1v'}:
and where codebook B for M < M transmit antenna ports consists of N number of unitary

precoding matrices b, of size M x R for rank R transmission, where / <i < N,, ISR< M,

B = {bla""bzv}-

Further, assume that b,.{“’} isa M xS matrix consisting of S columns in the set @ of matrixb, .
For example b,.{”} is a M x 2 matrix consisting of column 1 and 3 of matrix b, . Also, assume

that codebook B has the nested property, i.e. selected columns in the precoding matrix b; of
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codebook B of rank R is a precoding matrix b; from the codebook B of rank R —1. Assume

further that codebook B has the constant modulus and the constrained alphabet property, i.e.
each element of an arbitrary matrix b, has the same magnitude and is taken from a finite

signal constellation Q2.

With the notation above, a codebook for a LTE-A communication system is a codebook A4

with M =8 and a codebook for a LTE communication system is codebook B with M =4
and with maximum number of precoding matrices N = 16. The present invention solves at
least the mentioned problems by creating the eight antenna port codebook A for a given

rank R , consisting of precoding matrices with orthogonal columns, in such a way that each
precoding matrix in this codebook A contains at least two sub matrices based on precoding
matrices obtained from the four antenna port codebook B. The precoding matrices belonging
to codebook B can be multiplied with the same or different complex matrices or scalars, and
the rows or columns of the two precoding matrices can also be permuted. The two sub-
matrices can be based on two different precoding matrices in codebook B, but can also be -

based on a single precoding matrix in codebook B.

Note that the present invention provides codebooks A for all ranks R between one and the

maximum number of transmit antennas ports M for a given wireless communication system.
Also, there may be reasons to select different codebooks for rank one or two, respectively,
since these ranks are also used for multi-user transmission, which is a different mode where
more than one user receives information simultaneously. In other words, in this mode, the
transmitted streams are intended for different users or receivers. Therefore, this mode may
have special codebook design requirements, but since only the lower rank codebooks are used
in this mode, the higher rank codebooks could be generated by the method according to the

present invention. Hence, this invention considers methods for codebook generation for a

givenrank R’ .

An embodiment of codebook generation according to the present invention, without

permutations or multiplications, is given in equation 1,



10

15

20

25

WO 2010/106443 PCT/1IB2010/000980
' 11

aP= bk . (1)

The receiver can select two suitable precoding matrices b, and b, , from the set of precoding

matrices belonging to codebook B, to be used for the sub-matrices in equation 1 and feed back
this information to the transmitter. Since the codebook B has maximum rank four in LTE, this

construction of an eight antenna port codebook A4 with two sub matrices works up to rank

four. It should also be noted, as mentioned above, that the selected precoding matrices b, and

b, may be the same precoding matrix, i.e. i =k .

The resulting codebook 4 constructed in this way will inherit the nested, constant modulus
and constrained alphabet properties of codebook B for all transmission ranks. Any matrix
operation, known to a person skilled in the art, such as: row permutation, column permutation,
inversion, transpose or Hermitian transpose of the matrices of codebook A are also possible,

and part of the present invention.

Furthermore, the size of codebook A is the size of codebook B squared if all combinations of
b, and b, are allowed. If a smaller codebook A is desirable, precoding matrices can be

removed from codebook B before constructing codebook A4 so that codebook A is based on a

subset of the precoding matrices belonging to codebook B.

Other benefits of the present invention are that the receiver can reuse computation algorithms
from codebook B, since codebook 4 consists of an aggregation of at least two precoding

matrices from codebook B.

According to another embodiment of the invention, each precoding matrix from the smaller

codebook B can be multiplied with a complex scalar. These scalars can be denoted as S,
and B, , and an example of this embodiment with scalar multiplication is shown in equation 2,

_( Bb,

a,= . 2
p ﬁkbk ()
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In another embodiment, a precoding matrix a_of lower rank is obtained by removing columns

from the two sub matrices in equation 2. For instance, a rank two precoding matrix can be

obtained as shown in equation 3,

{13}
a,= Fib 2 3)
Bb> )’

where column one and three are used from the upper precoding matrix (having index #) and
columns one and two from the lower precoding matrix (having index k). The selection of
columns to be removed may be dependent on the precoding matrix selected, i.e. depending on

the indices i and k in equation 3.

According to yet another embodiment of the invention, each precoding matrix from the
smaller codebook B can be multiplied with a complex matrix. These matrices, which may be

diagonal matrices, can be denoted as I'; andT, , and an example of this embodiment with

scalar multiplication is shown in equation 4,

T.b,
al’ = Fk bk . . (4)
And a different embodiment is shown in equation 5.
BT,
aP = bk Fk . (5)

For generation of a codebook 4 with rank higher than four we need to extend the precoding
matrices of codebook 4 to more than four columns. According to one embodiment of the
invention at least four precoding matrices from codebook B are used as four sub matrices in

one precoding matrix a ,in codebook 4, i.e. the precoding matrix a,in codebook A includes

precoding matrices from codebook B as shown in equation 6,
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(Bb B,
=\ 8.b, Bb) ©

Since a, have orthogonal columns, some restrictions on the choices of indices 7, j, m and n is

required. In the following other embodiments of the present invention of constructing

codebooks 4 with rank higher than 4 based on the general design in equation 6 are presented.

Yet other embodiments are shown in equations 7 and 8§,

Th, Tb,
a fanand
»\r,b, T,b,)° e
. bI, bT,
a =
»~\bI. BT ) ®)

Where the four submatrices have been multiplied from left and right with matrices I}, I";, T,

and I, respectively. These matrices may be diagonal matrices.

To save feedback overhead compared to the design in equations 6—8 and to take into account
the fact that the columns of a, are orthogonal, the precoding matrices for a rank eight
codebook A is composed of only two precoding matrices from codebook B for rank four, but

where the columns have been made orthogonal by multiplying the bottom right matrix with

the scalar -1, i.e. for this sub matrix the scalar is # = -1, which is shown in equation 9 below,

b, b,
a =
p bk _ bk . (9)

With this construction, only two matrices need to be indexed and the feedback from the

receiver is halved compared to the design in equation 6.

The overhead with the design in equation 9 can be further reduced by selecting a single

precoding matrix from the four antenna port codebook B, and applying the scalar § = -1

multiplication on one of the sub matrices in equation 6. The precoding matrix for rank eight in
codebook A will therefore be composed of only one precoding matrix from codebook B.

Equation 10 shows this embodiment,
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b, b,
ap = b —b~ . (10)

According to the embodiments above, the full rank eight precoders in codebook A4 are
generated, and to form lower rank precoders, columns needs to be removed from the full rank
precoder in such way that the nested property is maintained. One way to remove columns
from the rank eight codebook, is to remove columns from the right and keep the left half of

the matrix intact, which is shown in equation 11 for the rank six case,

b~ b-{IZ}
a, = p —piB |- (11)
k k

In the embodiment in equation 11, the left four columns are unchanged for all ranks above

four. Another alternative is to remove columns from the right in each sub-matrix, as shown in

{123} {123}
a = b, b,
P | pian _puan |- (12)

equation 12,

k k

A third alternative to reduce the rank and at the same time maintain the nested property is to
follow the column removal according to the LTE codebook B. For instance, in LTE, the rank
four precoding matrix uses all columns {1234} of the precoding matrix. The rank three
precoding matrix for a given precoding matrix index may select columns {124} from the rank
four precoding matrix, and may select columns {123} for another index. To obtain a rank
seven precoding matrix, the third column could be removed in a first precoding matrix and the

fourth column in a second precoding matrix. An example of this case is shown in equation 13,
( b. pi24 J "
a — ] i
P g3 | - (13)
bk - bk

In yet another embodiment of the present invention a four bit rank one codebook for LTE-A
from a four bit rank one codebook for LTE is obtained. The LTE rank one codebook is given
by,

B={p", b0}, (14)
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and four precoding vectors from the codebook in (14) are selected according to a predefined
selection rule, for example by selecting vectors 1, 2, 3 and 4 such that,

B={",b",b" b} . (15)
The 16-element LTE-A rank one codebook is then obtained by stacking codebook vectors

from all possible pair wise combinations of the codebook B as,

{i} {1} i
A= %} %}'“ o[ (16)
bl b2 b4 .
It should be noted that to obtain the LTE-A codebook according to this embodiment, it will

not be necessary to first generate the rank eight codebook, and then to remove columns.

In yet another embodiment of the invention, a four bit rank two codebook for LTE-A from a
four bit rank two codebook for LTE is obtained. The LTE rank two codebook is given by,

B:{bl{l“},...,bgz}}’ (17)
Four precoding matrices from the codebook in equation 17 are selected according to some

predefined selection rule, in this example precoding matrices 1, 2, 3 and 4 are selected such

that,
B= {b1{14},b2{12}’b3{13}’b‘i12}} . (18)
The 16-element LTE-A codebook is then obtained by stacking codebook matrices from all

possible pair wise combinations of the codebook B such that,
4 bl(14) b1(14) bSIZ) .
P 509 | | B b | (19)

It should also be noted that to obtain a LTE-A codebook according to this embodiment, it will

not be necessary to first generate the rank 8 codebook and then remove columns.

In yet another embodiment of the present invention an eight bit rank sixteen codebook for a
system with sixteen transmit antennas is obtained from a two bit rank four codebook for a
system of four antennas. A system with sixteen transmit antennas can e.g. appear in a COMP
transmission where four base stations, each having four transmit antennas, are cooperating in

a transmission towards the same receiver. The codebook B for four antennas is given by

B=1{b,.b,} (20)
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and the codebook A for sixteen transmit antennas is obtained according to equation 21,

(b, b, b, -b,

bc bc - bc bc
a =
»~|b, -b, b, -b,| @1)

2

\“r b o b f bf
where the precoding matrices b,,b,,b,,b, are selected from codebook B. It is understood by
the skilled person that this precoding matrix has orthogonal columns. It should be understood
that if ranks lower than sixteen is desired for the generated precoding matrix, columns can be
removed. It is also understood that precoders with higher dimension can be generated with the
method according to the present invention, and that the present inlvention is a general method

for generating codebooks within the scope of the appended claims.

Performance results

To evaluate the performance of codebooks generated according to the present invention,
simulations have been performed in a S MHz OFDM wireless communication system
resembling the LTE-Advanced communication system with eight antenna ports for
transmission at the base station and eight receiver antennas at the UE. For each group
consisting of 24 subcarriers, a precoder was selected from a codebook of 16 precoders. The
selection was performed by maximizing the sum capacity over the streams where the number

of streams equals the rank of the precoding matrix.

A Typical Urban channel was assumed and each of the channel elements in the 8 x 8 MIMO
matrix was assumed to be independently fading. The average receive SNR per receive

antenna was 10 dB, and a LMMSE receiver was used.

In the performance analysis, the 16 element codebook according to the present invention was
generated by selecting the first four precoding matrices of a given rank from the LTE
codebook, and creating the eight antenna port codebook by selecting two precoding matrices
and use equation 19 to compare its performance to a codebook with 16 precoding
matrices/vectors per rank according to a prior art solution. An exception to the mentioned

setup was the rank eight case where a codebook with four precoding matrices were used for
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the purpose of enabling to compare with the prior art solution (where only four matrices were

used for rank eight).

In Figures 4-7, the dashed lines represent the performance for codebooks according to the
invention while the solid lines represents the performance for codebooks according to prior
art. It can be seen from these figures that the difference is negligible in performance between
the two groups of codebooks. Hence, with a codebook according to the present invention, the
same performance can be obtained as for codebooks according to prior art, but the present
innovation provides, as one of its benefits, a much simpler method for generation of
codebooks, which avoids Kronecker multiplication of complex valued matrices. It is thus
more attractive from an implementation point of view. Other advahtages with the present

invention have been described in this disclosure.

Furthermore, as also understood by the person skilled in the art, a method for generating a
codebook, and for using the codebook generated according to the present invention may be
implemented in a computer program, having code means, which when run in a computer
causes the computer to execute the steps of the method. The computer program is included in
a computer readable medium of a computer program product. The computer readable medium
may consist of essentially any memory, such as a ROM (Read-Only Memory), a PROM
(Programmable Read-Only Memory), an EPROM (Erasable PROM), a Flash memory, an
EEPROM (Electrically Erasable PROM), or a hard disk drive.
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Claims

1.  Method of communicating a representation of precoding feedback of mulitiple-
antenna transmission in a wireless communication system, wherein a representation of a first
precoding matrix a, of a first codebook A is communicated, said first precoding matrix, a,,
having M’ rows and R’ columns, where M’ and R’ are natural numbers, and comprising at
least a first and second sub-matrix, characterised by said first precoding matrix being based
on at least a second precoding matrix, b;, and a third precoding matrix, by, belonging to a
second codebook, B, said second and third precoding matrices having M rows and R,
columns, where M and R, are natural numbers and M’ > M, M> 2 and R, > 1; wherein said
first and second sub-matrices are based on said second and third precoding matrices,
respectively, and the columns in said first precoding matrix are orthogonal to each other when

R’ >1.

2. Method of communicating a representation of precoding feedback of multiple-
antenna transmission according to claim 1, wherein the representation is based upon a

representation of said second and third precoding matrices, respectively.

3. Method of generating a first codebook, 4, of multiple-antenna communication in a
wireless communication system, comprising at least a first precoding matrix a,, said first
precoding matrix a, having M’ rows and R’ columns, where M and R’are natural numbers and
comprising at least a first and second sub-matrix, characterised by:

- selecting at least a second b; and third b, precoding matrix belonging to a second
codebook B, said second b; and third b, precoding matrices having M rows and R;
columns, where M and R, are natural numbers and M"> M, M> 2 and R; > 1; and

- obtaining said first and second sub-matrices based on said second b; and third by
precoding matrices, respectively, so that the columns in said first precoding matrix a,

are orthogonal to each other when R"> 1.

4. Method according to claim 3, comprising multiplication of at least one of said second

and third precoding matrices in the process of generating the first codebook.
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5. Method according to claim 4, wherein at least one of said second and third precoding
matrices is multiplied by a complex scalar.
6. Method according to claim 3, comprising permuting the rows or the columns of at

least one of said second and third precoding matrices.

7. Method according to claim 3, comprising removing columns from at least two of said
second and third precoding matrices so as to obtain R " columns of the resulting at least one

matrix.

8. Method according to any of claims 3—7, comprising:
- permuting the columns of said first precoding matrix a,; and/or

- permuting the rows of said first precoding matrix a,.

9. Method according to claim 3, wherein said first precoding matrix a, comprises a third
and fourth sub-matrix based on a fourth b; and fifth b,, precoding matrix, respectively, said
fourth b; and fifth b,, precoding matrices belonging to said second codebook B, and having M

rows and R, columns, where M and R, are natural numbers.

10.  Method according to claim 9, comprising:
- permuting the columns of at least one of said second b;, third by, fourth b; and fifth by,
precoding matrices; and/or
- permuting the rows of at least one of said second b;, third by, fourth b; and fifth b,,

precoding matrices.

11.  Method according to claim 9, comprising multiplication of at least one of said second,

b;, third, by, fourth, b;, and fifth, b,,, precoding matrices.

12. Method according to claim 11, wherein at least one of said second, third fourth and

fifth precoding matrices is multiplied by a complex scalar.

13. Method according to claim 11, wherein R"= R; + R.
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14.  Method according to claim 11, comprising:
- removing columns from at least two of said second b;, third by, fourth b; and fifth b,

precoding matrices so as to obtain R’ number of columns of said first precoding matrix

ap.
15.  Method according to claim 13 or 14, wherein said first precoding matrix a, has the
structure:

16.  Method according to claim 13 or 14, wherein i = j and k£ = m so that said first

precoding matrix a, has the structure:

17.  Method for using a first codebook 4 generated according to any of claims 3-16,
wherein said first codebook A is used for precoding multiple antenna transmissions in a

wireless communication system.
18. Method according to claim 1 or 3, wherein R" = R,.

19.  Method according to claim 1 or 3, wherein said second codebook B is a codebook

used in a Long Term Evolution, LTE, communication system.

20.  Method according to claim 1 or 3, wherein said second codebook B is a reduced
codebook of a codebook used in the Long Term Evolution, LTE, communication system
obtained by selecting a subset of the precoding matrices in the codebook for the Long Term

Evolution, LTE, communication system.

21. Method according to claim 1, 3, 19 or 20, wherein said wireless communication
system is a Long Term Evolution Advanced, LTE-A, communication system, and said

codebook A is used in a base station, mobile station and/or relay station.
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22. Method according to claim 21, wherein said codebook A is used by at least two base
stations in downlink'transmission, said at least two base stations transmitting in coordinated

multipoint transmission, COMP, mode sharing the same precoding matrix.

23 Use of a codebook as generated in claim 3 for reporting precoding feedback, or for

precoding a multiple antenna transmission in a wireless communication system.

24.  Apparatus of communicating a representation of precoding feedback of multiple-
antenna transmission in a wireless communication system, wherein a representation of a first
precoding matrix a, of a first codebook 4 is communicated, said first precoding matrix, a,,
having M’ rows and R columns, where M’ and R’ are natural numbers, and comprising at
least a first and second sub-matrix, characterised by processing means arranged for deciding
on a precoding matrix from a predefined codebook being the first codebook, A, said first
precoding matrix being based on at least a second precoding matrix, b;, and a third precoding
matrix, by, belonging to a second codebook, B, said second and third precoding matrices
having M rows and R; columns, where M and R, are natural numbers and M" > M, M > 2 and
R, > 1; wherein said first and second sub-matrices are based on said second and third
precoding matrices, respectivély, and the columns in said first precoding matrix are

orthogonal to each other when R" > 1.

25.  Apparatus of communicating a representation of precoding feedback of multiple-
antenna transmission according to claim 24, wherein the apparatus comprises channel
estimation circuitry and processing means for determining a representation of precoding

feedback accordingly.

26.  Apparatus of communicating a representation of precoding feedback of multiple-
antenna transmission according to claim 24, wherein the apparatus comprises
receive means to receive the representation of precoding feedback, and

transmit means to transmit precoded data over multiple antennas.

27.  Apparatus of communicating a representation of precoding feedback of multiple-

antenna transmission according to claim 24 comprising processing means for precoding
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multiple antenna transmission in a wireless communication system according to the first

codebook, 4.

28.  Product of generating a first codebook 4 comprising at least a first precoding matrix
a, of multiple-antenna transmission in a wireless communication system, said first precoding
matrix a, having M’ number of rows and R " number of columns and comprising at least a first
and second sub-matrix, said product characterised in being: '
- configured for selecting at least a second b; and third b, precoding matrix belonging to
a second codebook B, said second b; and third b, precoding matrices having M number
of rows and R number of columns, where M"> M, M>2 and R> 1; and
- further configured for obtaining said first and second sub-matrices based on said
second b; and third b precoding matrices, respectively, so that the columns in said

first precoding matrix a, are orthogonal to each other when R"> 1.

29.  Product according to claim 28 comprising a computer readable medium having
thereon computer program code means, said computer readable medium including one or
more media from the group: ROM (Read-Only Memory), PROM (Programmable ROM),
EPROM (Erasable PROM), Flash memory, EEPROM (Electrically EPROM) and hard disk

drive.

30.  Device adapted for using a first generated codebook A4 in claim 3 for precoding a

multiple antenna transmission in a wireless communication system.

31.  Device adapted for using a first generated codebook A4 in claim 3 for reporting
precoding feedback.
32.  Computer program code element characterised by code means which whenrun in a

computer causes said computer to execute the method in any of claims 1-22.

33.  Computer readable medium comprising a first codebook 4 generated according to any

of claims 3-22.
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