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METHOD FOR DETERMINING A PRECODING MATRIX AND PRECODING
MODULE

FIELD
[0001]Embodiments described herein generally relate to a

method and a module for determining a precoding matrix.

BACKGROUND
[0002]Multi-antenna transmission also referred to as
multiple-input multiple-output (MIMO) antenna transmission
allows for significant improvements in spectrum.efficiency
achieved over a wireless 1link. Using an antenna array
comprising more than one antenna at a transmitter further
increases a spatial degree of freedom. An antenna array may
be controlled by a controller to form an antenna beam towards
a receiver. An antenna array may further be controlled by the
controller to achieve multiplexing gain by supporting
multiple receivers concurrently. In other words, a MIMO
communication system may use a plurality of channels in a
spatial area concurrently. The capacity of data transmission

may be increased through MIMO transmission schemes.

[0003]Two types of MIMO transmission schemes are known. A
single-user MIMO (SU-MIMO) is used to transmit one data
stream to a single user or a single receiver over a time-
frequency resource. A multi-user MIMO (MU-MIMO) may transmit
one data stream per user to at least two co-scheduled users
or receivers over a single, i.e. a same time-frequency
resource. MIMO technique has been adopted in 3GPP long term
evolution (LTE) systems. In LTE advanced (LTE-A) standard up

to eight transmit antennas forming an antenna array are
admitted.
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[0004] So-called massive MIMO systems or large-scale MIMO
systems may employ a large number of transmit antennas, e.g.
tens or even more than 100 antennas in an antenna array.
Massive MIMO is under discussion for 5GPP, the 5 generation
project. Massive MIMO or large scale antenna systems are
capable of obtaining a further improvement of frequency

efficiency.

[0005] There is a need to enhance multi-user MIMO

communication especially employing massive MIMO transmitters.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006] The accompanying drawings are included to provide a
further understanding of aspects and are incorporated herein
and constitute a part of the specification. The drawings
illustrate aspects and together with the description serve to
explain principles of aspects. Other aspects and many of the
intended advantages of aspects will be readily appreciated as
they become better understood by reference to the following
detailed description. Like reference numerals designate

corresponding similar parts.

[0007]Fig.1 schematically illustrates a cellular mobile
system that may utilize a precoding matrix for a MIMO

transmitter based on a weighted MMSE algorithm.

[0008]Fig.2 schematically illustrates a block diagram of a
base station that may comprise a precoding module for
determining a precoding matrix for a MIMO transmitter based

on a weighted MMSE algorithm.

[0009]Fig.3 schematically illustrates input and output to the
precoding module of FIG.2.
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[0010]Figs.4A-4C schematically illustrate different precoding
module embodiments which may be adapted to determine a
precoding matrix for a MIMO transmitter based on a weighted

MMSE algorithm.

[0011]Fig.5 illustrates in two tables a comparison of the
cell average spectral efficiency between maximum ratio
transmission (MRT), zero forcing (ZF), ratio of signal to
leakage interference and noise (SLNR) and weighted minimum

mean square error (weighted MMSE) .

[0012] Fig.6 illustrates a Woodbury formula lemma which may be
utilized for transforming identically a first matrix

expression into a second matrix expression.

[0013]Fig.7 schematically illustrates in four tables a
comparison of computation complexity before and after
simplification effectuated by an 1illustrative selection

module.

[0014]Fig.8 schematically illustrates in a flow chart an
illustrative method for determining a precoding matrix for a

MIMO transmitter based on a MMSE algorithm.

[0015]Fig.9 schematically illustrates in a flow chart an
illustrative method for determining a precoding matrix for a

transmit antenna array comprising NT antennas and configured

to serve ND receivers.

[0016]1Fig.10 schematically illustrates in a flow chart an

illustrative method of determining a precoding matrix for a
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multi-user (MU) MIMO transmitter based on a weighted MMSE

algorithm.

DESCRIPTION OF EMBODIMENTS
[0017]1In the following, for purposes of explanation, numerous
specific details are set forth in order to provide a thorough
understanding of one or more aspects. However, it may be
evident to a person skilled in the art that one or more
aspects may be practiced to a lesser degree of these specific
details. The following description is therefore not to be
taken in a limiting sense. The scope of the protection is

defined by the appended claims.

[0018] The various aspects summarized may be embodied in
various forms. The following description shows by way of
illustration various combinations and configurations in which
the aspects may be practiced. It is understood that the
described aspects and/or embodiments are merely examples and
that other aspects and/or embodiments may be utilized and
structural and functional modifications may be made without
departing from the scope of the present disclosure. 1In
addition, while a particular feature or aspect of an
embodiment may be disclosed with respect of only one of
several implementations, such feature or aspect may be
combined with one or more of the features or aspects of the
other implementations as it may be desired an advantages for

any given or particular application.

[0018] Further, to the extent that the terms “include”, “have”,
“with” or other wvariants thereof are used in either the
detailed description or the claims, such terms are intended

to be inclusive in a manner similar to the term “comprise”.

i



WO 2016/201647 PCT/CN2015/081679

Also the term “exemplary” 1is merely meant as an example

rather than the best optimum.

[0020] The specified embodiments may be part of a mobile
communication system. Further, the embodiments may be part of
a cellular mobile radio  system. More specifically,
transmitter in a cellular mobile system may comprise an
antenna array which may be a massive MIMO antenna.
Embodiments may comprise a transmitter comprising a
controller configured for a multi-user MIMO system.
Embodiments may comprise a precoding module which is part of
the controller. Embodiments may comprise a base station

comprising a transmitter.

[0021]Fig.1 schematically illustrates a cellular mobile
system 10 comprising three cells 122, 12B, 12C. It is to be
understood that the cellular system 10 may comprise more than
three cells 12. Each cell 12A, 12B, 12C comprises at least
one transmitter 142, 14B, 14C. Transmitters 14 may be part of
base stations. The base stations may be referred to as NodeBs.
The base stations may be evolved NodeBs (eNB). Each cell 123,
12B, 12C may comprise at a given moment a number of receivers
16. Receivers 16 may be user terminals or user equipment UE.
A user terminal may be, for example, a smartphone, a tablet,
a laptop and so on. A user terminal may comprise a single
antenna. A user terminal may comprise an antenna array. In
the schematic representation of Fig.1l, cell 12A comprises
four receivers 16, cell 12B comprises sixXx receivers 16 and
cell 12C comprises two receivers 16. The person skilled in
the art understands that more users or user terminals may be

included in each cell. There may be inter-cellular and/or

intra-cellular interferences.
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[0022] In Fig.l1l, transmitter 14A transmits data signals in
two data streams to two receivers 16. Data streams are
indicated by arrows 18. Transmitter 14B transmits data
Streams 18 to three receivers 16 and transmitter 14C
transmits no data signals or streams. A data transmission
from a base station to a user terminal is referred to as a
downlink transmission. As known 1in the art, a base station
also comprises a receiver and a user terminal also comprises
a transmitter. A data transmission from a user terminal to a
base station is referred to as an uplink transmission.
Without limitation, the following discussion of embodiments

is given for a downlink communication.

[0023]1Fig.2 schematically illustrates a block diagram of a
base station 20. Only components necessary to understand the
disclosure are shown. Of course, the base station may
comprise many more components. Base station 20 comprises a
transmitter 22 and a receiver 24. Base station 20 further
comprises an antenna array 26 with 16 antennas 26.1 to 26.16.
The number of sixteen antennas is only given as an example.
Antenna array 26 may comprise more or less antennas. Antenna
array 26 may comprise e.g. 8 antennas or 64 antennas, or 100
antennas or even more. Transmitter 22 comprises a controller.
The controller may comprise a precoding module 28. The
controller may be configured to control the antenna array 26
for a MU-MIMO transmission. Precoding module 28 may be a
hardware module comprising a processor and a memory.
Precoding module 28 may be a software module loaded into a
non-transitory computer readable medium. The processor may
include a digital signal processor (DSP), one or more
processor cores, a central processing unit (CPU), a dual co-
processor, a multiple co-processor, a microprocessor, a

micro-chip, a chip, one or more circuits, a plurality of
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processors or controllers and so on. Transmitter 22 may
receive data streams 30A, 30B, 30C to be transmitted to
different user terminals via a radio interface or air
interface. Data streams 30A, 30B, 30C may be provided to base
station 20 via a wired communication network. Transmitter 22

may be coupled to receiver 24 by a data connection line 32.

[0024]MU-MIMO and especially MIMO for multiple users with
many antennas or even massive MU-MIMO with over hundreds of
antennas allow for space division multiple access (SDMA). The
cellular system 10 may comprise urban micro-cells and the
spatial multiplexing may allow to take into consideration a
three dimensional channel model or in other words, a location
of a user or user terminal in a three dimensional space.
While any frequency band may be used, the fifth generation
project takes into consideration a frequency band from about
2 GHz to about 3.5 GHz. Other frequency bands with

frequencies lower or higher may be used.

[0025]MU-MIMO allows transmitting to different terminals
using the same time-frequency resource. A precoding scheme
may be used by the controller and more specifically by a
precoder as part of the controller to map the signals to be

multiplexed to the antennas of the antenna array.

[0026]Fig.3 illustrates the task of precoding and beam
forming effectuated by the controller and more specifically
by the precoding module 28. The same reference signs as in
Fig.2 are used. A precoding matrix is used to multiply with
signals to be transmitted. Precoding controls phase and
amplitude of the antennas of an antenna array in order to
form a pattern of radiation. Precoding further takes into

account e.g. channel information and terminals. Applying the

7
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precoding matrix allows beam forming, i.e. directing
radiation energy to a user. Precoding module 28 receives Np
data streams intended for Np user terminals. It is to be
understood that one user terminal may also receive more than
one data stream. For ease of explication in the application
one user terminal may receive one data stream. In the case
illustrated in Fig.3 three data streams 30A, 30B, 30C are
input to controller 28, i.e. Np = 3. Data streams 30A, 30B,
30C are mapped to Nr antennas. In the case illustrated 1in

Fig.3 Nt = 16.

[0027] Fig.4A to 4C illustrate precoding module 28 according
to embodiments described below. In an embodiment as
illustrated in Fig.4A precoding module 28 may comprise a
Woodbury module 30. In an embodiment as illustrated in Fig.4B
precoding module 28 may comprise a selection module 32.In an
embodiment as illustrated in Fig.4A precoding module 28 may
comprise a Woodbury module 30 and a selection module 32. More
generally, a controller controlling transmission of data
streams from transmitter 22 may comprise a Woodbury module 30

and/or a selection module 32.

[0028]In the following, precoding is further explained.
Precoding may improve performance of the transmission and may
take into account the influence of the transmission channel
respectively the transmission channels. Precoding may provide
weights to weight the multiple data streams which are
transmitted from an antenna array to maximize the throughput
of a link. Precoding is part of 3GPP releases 8 and 10. The
plurality of transmit antennas in the antenna array form,
using precoding, a plurality of transmission channels. Each

of the plurality of transmission channels is configurable to
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serve a respective user terminal. A channel influence is

given in a channel matrix.

[0029] Several linear precoding schemes are known. A first
linear precoding scheme is maximum ratio transmission (MRT,
sometimes also called conjugation). According to this scheme,
the precoding matrix is equal to the conjugation of channel
so the computation is very simple. The computation does not
e.g. require any matrix inversion. However, the performance
is very poor in multi-user mode due to interference among

different users.

[0030]Another linear precoding scheme is zero forcing (ZF).
In this case, the precoding matrix is obtained by minimizing
mutual interferences. However, ZF cannot support too many
users. The multiplexing gain may be attractive when a number
of scheduled users or receivers is much smaller than the
number of transmit antenna. However, when scheduled user
number is close to the transmit antenna number, the gain will
begin to decrease and may vanish if the user number

continuous to increase.

[0031] Another approach of linear precoding is to minimize the
ratio of signal to leakage interference and nocise (SLNR). The
precoding matrix is then obtained by making a trade-off
between the signal power and leakage interference plus noise.

However, the algorithm is sensitive to noise power.

[0032]In a multi-user system the performance cannot be
simultaneously maximized for all wusers. In the above
mentioned linear precoding schemes MRT, ZF and SLNR power
allocation between multiple users is ignored. Furthermore,

the above algorithms do not take the throughput capacity as

9
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their optimizing criterion. In a MU-MIMO a multi-objective
optimization problem must be solved. In other words, for
multi user a maximization of the capacity 1s searched. The
problem may be simplified by selecting a system utility

function.

[0033]An approach to linear precoding which takes into
account the multi-objective optimization problem is the
weighted MMSE (minimum mean square error). Weighted MMSE
achieves good performance for MU-MIMO. Weighted MMSE is a
linear transceiver design algorithm. It is a weighted sum
rate maximization that is based on iterative minimization of
weighted mean squared error. Only local channel knowledge is
needed. The weighted MMSE utilizes an iterative algorithm to
optimize the precoding matrix and the system capacity.
Weighted MMSE may take the system spectral efficiency as
optimization target and iteratively calculate the precoding
matrices and power weighted factors. Weighted MMSE uses an
equivalent transformation between SINR and MSE at receivers
and introduces a weighted matrix to get a linear optimization
process. However, the computational task is heavy. Weighted
MMSE reqguires to execute an Nr x Ne-dimension matrix
inversion, where N; is the transmit antenna number. An Np x
Nr-dimension matrix is a quadratic matrix which has N; rows
and Nr columns. An Ny x Nr-dimension matrix or N¢-by-Npr matrix
is also called a matrix having a rank of N; or a matrix
having an order of N;. In a large-scale antenna system with
many or massive antennas, the computational complexity
especially of the matrix inversion may become very high.

Therefore, weighted MMSE may be difficult to implement in

realistic systems.

10
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[0034] Further to precoding, a MU-MIMO system may provide for
scheduling. Scheduling controls allocation of shared
resources among users. In Fig.3, Np data streams are active
and wait for being scheduled. They may not be necessarily all
scheduled at the same time. Or in other words, optimization
may show that not all data streams can be served at the same
time-frequency resource with sufficient quality. It is
therefore possible to distinguish between scheduled users and
selected effective users. Rather than speaking of‘users one
may also speak of data links or transmission links between
transmitter and receiver established prior to data
transmission. Then, there are scheduled links and selected

links.

[0035]1In the following a weighted MMSE approach is further
discussed. An object of the optimization problem may be to
enhance a cell average spectral efficiency. The optimization
may be performed at precoding module 28. A limit or
constraint to the optimization problem to be solved may be a
maximum available power. A base station may have a power
constraint Pyx. A base station k may serve Iy, scheduled users.
A utility maximization problem may be formulated maximizing
the weighted sum rate of power factors for all scheduled

users for the base station k.

1
n{?x{z Rik } (1)

ip=l

[0036] The sum rate according to equation (1) represents an
objective function for the optimization process. An

instantaneous achievable rate of a user Ix may be expressed

as

11
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1
R, =log| detd+H, ,w w 'H (> Hik,kwikwik*Hik,k*+JZI)_1)) (2)
J

e
Je=badi #igs

In equation (2), I denotes the unit vector or identity matrix.
Hipx denotes the channel matrix comprising channel
information. w;, denotes the precoding matrix. The index iy
designates user ix. Matrix w;, is more specifically a vector
or a one dimensional matrix when the user terminal comprises
only one antenna. The “*” indicates the conjugate-transpose
or HERMITIAN transpose of the corresponding matrix. The
conjugate-transpose or HERMITIAN transpose 1is also indicated

by “* . Thus, H%k * denotes the conjugate transpose or

Hermitian transpose of H%k. H; . 1s a vector with N; elements,

ik
i.e. with an element for each transmit antenna. In other
words, H;«x is a 1 x Nr dimension matrix. Then, Hj. *is a Ny
x 1 dimension matrix and the product Hj iHj«x * is a Nr x Ng
dimension matrix. Index k indicates the kth base station. A
communication system may comprise k base stations. In the
following, embodiments will be discussed without limitation
for a system with one base station. Then, k=1 and may not be
mentioned in further equations. In equation (2), ¢;, stands
for an expectation value of noise power at user ix receiver.
Equation (1) designates the sum of all calculated rates for

all scheduled users according to equation (2).

[0037] The communication system 10 may use time division
duplex (TDD). In a TDD system time division multiplexing is
used to separate a transmit and a receive signal. An
advantage of a TDD system is that the uplink and downlink
radio paths are 1likely to be very similar. Therefore, the
precoding matrix may be generated ©based on channel
information coming from channel reciprocity. In other words,

12
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in the case of TDD the forward link and the reverse 1link
share the same frequency band so the physical propagation
channels can be assumed to be reciprocal if the channel
varies slowly compared to the interval between forward and
reverse link transmissions. In Fig.2, a data 1line 32
indicates a data transmission or rather an information
transmission between receiver 24 and transmitter 22 to
transmit channel information from receiver 24 to transmitter
22. Reciprocity may indicate that the forward channel or
downlink channel, i.e. the channel from the base station to
the terminal, may be estimated from the reverse channel or
the uplink channel, i.e. the channel from the terminal to the

base station. Thus, the channel matrix HWk can be considered

to be known. Of course, channel matrix HWk may be determined

in other ways.

[0038] Precoding module 28 may comprise an iteration module.
In weighted MMSE the precoding matrix w;, may be iteratively
optimized. First, the precoding matrix Wi, may be initialized

such that the sum of power factors of all users is

2
=P, (3)

[0039]Then, optimization process may start in the iteration
module using an iterative algorithm. The iteration module may
be a software module or a hardware module. Each iteration

round may comprise three consecutive updates.

[0040] First Update:

13
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1
-1 . _ * * 2
U, =J,"H, W, withJ, = Zwa AW H +or T (4)

Je=1

In equation (4) w;, 1is taken as a static value and first hk
is calculated and then U;, can be updated. U; represents an
optimum receiving precoder for user ix. J;, has no special

meaning but allows for a simple and clear expression.

[0041] Second Update:
E =(@-w,H U)" (5)

In equation (5) E;, represents the minimum mean square error

ik
(MSE) value for useriy. Equation (5) uses the new, i.e. the
updated value of U; . Precoding vector w; 1is still taken as a

static value.

[0042] Third Update:

Iy
wik = (Z ij skUjk Ejk UJ} Hj/uk +H I)_] Hi/nkUik E (6)

i
Jk =1

Using updatedLerom equation (4) and updatedEﬂfrom equation

(5) ,the precoding vector w;, for user 1ix 1s recalculated or
updated. Equation (6) comprises a Lagrange multiplier px.
Lagrange multipliers are known in optimization processes for
finding local maxima and minima. More precisely, it is a
strategy used for a function which is subject to equality
constraints. Here, Lagrange multiplier px is used to satisfy
the power constraint according to equation (3) .During update
of w;, px 1s also updated to satisfy the transmitting power

constraint as is explained in more detail below. The updated

14
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precoding vector w;, is then used to recalculate rate R;, for

user ix according to equation (2).

[0043]Recalculation of precoding vector w;, and R;, is
performed for all scheduled users and entered into equation
(1) to determine the rate sum. Convergence of the objective
function is e.g. determined by comparing the current rate sum

Rourrent £to the last rate sum Ry -

| R

current Rlast |< < | Rcurrent I (7)

where ¢ is a threshold such as 0.05.If the value of equation
(1), i.e. the objective function remains stable around a
specific value the objective function converges and
calculation may be stopped. Otherwise, new iterations are

executed.

[0044]Calculation of precoding vector w;  according to
equation (6) 1is a difficult and computationally intensive

task Dbecause it involves an Ny x Ny dimension matrix

inversion:

i
(Z H, U,EU'H,  +upD)" (8)

Ji=1

[0045]As can be seen, expression (8) is part of equation (6).
An Nr x Nr dimension matrix inversion means a computation
complexity which is proportional to the cube of transmit
antenna number Nr. As an example, with 64 transmit antennas
being employed at a base station 64° = 262,144
multiplications and additions are to be solved. This causes a
huge complexity pressure for systems with large scale or

15
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massive antenna arrays. As a result, computation is very
complex for large scale MIMO systems and may necessitate the
use of powerful processors and/or very fast processors and
may even not be realizable. Then, weighted MMSE might not be
used and the precoding matrix might be calculated based on

MRT, ZF or SLNR.

[0046] Furthermore as mentioned above, expression (8)
comprises the Lagrange multiplier ux. Updating Lagrange
multiplier px to satisfy the power constraint according to

equation (3) leads to

S, [ =

=

/! I
Z ij ,kU/'k Efk Ujk ka -k tHy I)_z z Hik .kUik E: Ujk Hj,‘ k )) = I)k (9)
i =1

Jk= Ji=1

In equation (9), an Ny x Ny dimension singular value
decomposition 1is to be performed. The complexity of the
singular value decomposition is also roughly proportional to
the cube of transmit antennas number and adds to the
complexity of calculation and may hinder deployment of MU-

MIMO.

[0047]1Fig.5 includes two tables providing a comparison of the
cell average spectral efficiency between MRT, ZF, SLNR and
weighted MMSE. In Table 1 the <cell average spectral
efficiency is compared for an antenna array with 64 antennas
where as in Table 2 the cell average spectral efficiency is
compared for an antenna array with 16 antennas. MRT is set as
bench mark. Compared to MRT, use of a ZF algorithm, an SLNR
algorithm or a weighted MMSE algorithm to calculate the
precoding matrix leads already to an improvement of one third
when only two users are scheduled. When all wusers are

scheduled, the improvement is still about one third for ZF

16
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algorithm but the cell average spectral efficiency doubles
for SLNR algorithm and is even one and a half better for
weighted MMSE. The term “all users” refer to all users in the
cell being scheduled in contrast to a situation where only
some of the users in a cell are scheduled. It is to be
understood that the user number in each cell is a random

variable.

[0048] Table 2 confirms the trend that weighted MMSE is much
more efficient in multi-user systems and an abandoning of
weighted MMSE due to a too high computation burden would be a
huge disadvantage. Embodiments discussed herein propose a way
to use weighted MMSE for multi-user systems with Iless

calculation burden.

[0049] In an embodiment, precoding module 28 is provided with
a Woodbury module 30 as shown in Fig.4A which is configured
to perform the following transformations. Woodbury module 30
may be a software module or a hardware module. Instead of
performing the optimization process described above for each
scheduled user separately, all precoding vectors of the
scheduled users may be expressed in a matrix:
W=[w, -w, --w, 1= HAH +4D"H,0O, (10)

[0050]In equation (10), ﬁ; is an Ny x Np matrix which

comprises the channel information of all scheduled user

equipment as shown in

* * *

Hk:[Hlk,k“'Hi,‘,,k'”Hlk.k] (11)

17
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Nand 9y are diagonal matrices. A diagonal matrix is a matrix

which has elements unequal to zero only on the main diagonal.

A, =diag{[U,E U, - UEU, - UEU, ||

0, =diag{[U, E, - U,E, - U,E, |

With ﬁ; being an Ny x Np matrix, equation (10) still
comprises an Ny x Ny dimension matrix inversion. In order to

reduce complexity, Woodbury formula lemma is used to perform

a transformation.

[0051]1Fig.6 illustrates a Woodbury formula lemma or Woodbury

matrix identity formula. In Woodbury formula lemma:

Set Ato matrixl ,,which is an Nr x Nr matrix.

SetUto matrixIﬂMMh]which is an Nt x Np matrix.

SetVto matrixH” which is an Np x N; matrix because it is the

hermitian conjugate of matrix Hyov -

SetC to matrix;QWUQMQ]which is an Np x Np matrix.

Then from math derivation;
H(uI+H"H)"' = (uI+HH")'H (13)

and further transformation:

HAHS + D) H, = (@ AN + )7 0, JA)A) (14)
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Regarding (ﬁkJAk) as a unity like H and following the same

transformation principle:

@AR + D', =H, (A, (JABH A, + 2D (A (15)

Equation (15) can be entered into equation (10) leading to

W= ﬁk \/Aik(\/A—kﬁk*ﬁk\/A_k ++ 1) (\/A_k)_l®k (16)

[0052] In equation (16), matrix inversion of JA H,H A, +pl

and of . /A, is needed. Matrix ,L\kis a diagonal Ny x Np matrix.

Inversion of a diagonal matrix is computational easy

independently of the dimension or order or rank of the matrix.
Therefore, inversion of JK; is does not represent a
computational problem. The dimension of the matrix
JK;ﬁ;TLV5;4¢@Iis Np x Np. In other words, use of Woodbury

formula in the Woodbury module of precoding module 28 reduces
the complexity of the matrix inversion from a computation
complexity proportional to the cube of number of transmission
antennas to a computation complexity proportional to the cube

of number of scheduled users.

[0053]Using equations (14) and (15), the equation (9) may be

simplified to:

2 * _ * *
w, [ = Tr(HA,(HA B + 4, D'EAH) = B, (17)

1y
o=l

19



WO 2016/201647 PCT/CN2015/081679

The expression IL\JI'is an ND‘X Np matrix. So the complexity

of the singular value decomposition is reduced by the
Woodbury module to a computational complexity proportional to

the cube of number of scheduled users.

[0054]It 1is to be understood that Woodbury formula lemma
provides an identical transformation. The Nr x Nr dimension
matrix inversion to an Ny x Ny dimension matrix inversion is
without any performance loss. Tables 1 and 2 shown in Fig.5
are equally valid for the computationally simplified weighted
MMSE.

[0055]In an embodiment, precoding module 28 may be provided
with the selection module 32 shown in Fig.4B. The selection
module 32 may be a software module or a hardware module. The
selection module 32 may be adapted to select effective data
streams out of scheduled data streams during the optimization
process or in other words during iteration. Scheduled data
streams are streams scheduled to be transmitted to scheduled
users or 1in other words to scheduled receivers. Effective
data streams are data streams which may be effectively sent

to effective users or effective receivers as explained above.

[0056]During iteration it can be observed that scheduled
users Or receivers gradually divide into two groups. Power
factors of users in a first group decrease and may finally
become zero. Power factors of users in a second group become
stable. The second group of users or receivers may be named
effective users or effective receivers. In other words, not

all scheduled users can be served at the same time-frequency

resource.
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[0057] The selection module 32 1is configured to select the
effective data streams during iteration or in other words
during the iterative process, 1i.e. before the end of the
optimization process. In detail, a selection method may
E

comprise updating U i, and w;, according to equations (4)

i
to (6) a first time and recording all scheduled user rates or

user capacities R={R,R,,..R;} .Then update U E

i ik and Wik a

second time and record all scheduled user current capacities

R’. Then find selected user sets I which satisfy:

Viel, abs(R -R)/R >0.05 (18)

It is to be understood that ™“0.05” is an exemplary value
which may be greater or smaller. Then computing of the
precoding matrix respectively the precoding matrix is
continued with the selected users only. This may simplify

computation as less users are to be taken into account for

computation.

[0058] In an embodiment, precoding module 28 may be provided
with the selection module 32 and the Woodbury module 30 as
shown in Fig.4C. During the iteration process the selection
module 32 selects selected user sets /. The Woodbury module
30 transforms according to Woodbury formula to reduce
computation complexity, especially Dby avoiding matrix
inversion of a matrix having an N; x Nr dimension or rank. In
this embodiment, computation complexity is reduced to:

o(2(2N; N7 +3N))+(N,,,—2)*(2N; N, +3N,,)) (19)

W ”

o” standing for computation complexity.
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[0059]Fig.7 includes Tables 3 and 4 illustrating a comparison
of computation complexity and performance before and after
simplification effectuated by the selection module 32.
Simplification stands for simplifying the computational task
by limiting to effective users as explained above. In Table 3
the number of transmit antennas is Ny=64 and the number of
scheduled users Np is 10, 15 respectively 20. The iteration
process comprises seven rounds. In Table 4 the number of
antennas is Ny=128 and the number of scheduled users Np is 15,
20 respectively 25. The iteration process comprises seven
rounds. The more users are scheduled the more the computation
complexity is decreased for a same channel matrix, i.e. for a

same number of possible effective users.

[0060]1Simplification or in other words taking intc account
only effective wusers after starting iteration process
decreases slightly the performance of the precoding matrix
but the performance loss remains under 3% as illustrated in
Tables 5 and 6. Table 5 corresponds to Table 3 in terms of
number of antennas and scheduled users. Table 6 corresponds
to Table 4 in terms of number of antennas and scheduled users.

SE stands for spectral efficiency.

[0061] Fig.8 shows in a flow chart an illustrative method for
determining a precoding matrix for a MIMO transmitter based
on a MMSE algorithm. During computation, a first matrix
expression 1is identically transformed into a second matrix
expression. The first matrix expression comprises a matrix
inversion operation of a quadratic matrix. The quadratic
matrix has a rank equal to a number of antennas of a MIMO
transmitter. In other words, the more antennas a MIMO
transmitter comprises the higher is the rank. The second

matrix expression into which the first matrix expression is
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transformed comprises a matrix inversion operation of a
quadratic matrix which has a rank equal to a number of
receivers scheduled for the MIMO transmitter. The number of
scheduled receivers may be considerably lower than the number
of antennas. Then the matrix inversion operation 1is

simplified.

[0062]1Fig.9 shows in a flow chart an illustrative method for
determining a precoding matrix for a transmit antenna array
comprising NT antennas and configured to serve ND receivers.
A precoding matrix is determined based on a weighted MMSE.
Determining the precoding matrix comprises to transform
identically an NT x NT matrix into an expression comprising
an ND x ND matrix as highest matrix rank for a matrix
different from a diagonal matrix. A matrix inversion
operation is easily effectuated on a diagonal matrix. A high

rank diagonal matrix does not comprise computational burden.

[0063]Fig.10 shows in a flow chart an illustrative method of
determining a precoding matrix for a MU-MIMO transmitter
based on a weighted MMSE algorithm. A number of scheduled
receivers is determined and an iterative process of the MMSE
algorithm taking into account all scheduled receivers is
started. The method further comprises determining during the
iterative process a user rate change for each of the
scheduled receivers and selecting effective receivers from
the scheduled receivers based on the determined user rate

change. The precoding matrix is determined only for the

effective receivers.

[0064] The following examples pertain to further embodiments.
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[0065] Example 1 is a method of determining by a controller
and more specifically by a precoding module a precoding
matrix for a multi-input multi-output (MIMO) transmitter
using a weighted minimum mean square error (MMSE) algorithm,
comprising: identicaily transforming by the controller a
first matrix expression into a second matrix expression, the
first matrix expression comprising a matrix inversion
operation of a quadratic matrix having a rank equal to a
number of antennas of the MIMO transmitter and the second
matrix expression comprising a matrix inversion operation of
a quadratic matrix having a rank equal to a number of

receivers scheduled for the MIMO transmitter.

[0066]In Example 2, the subject matter of Example 1 can
optionally include that identically transforming the matrix
inversion operation comprises transforming according to

Woodbury matrix identity formula.

[0067]In Example 3, the subject-matter of any of Examples 1
and 2 can optionally include: the second matrix expression
further comprises a diagonal matrix of a rank equal to a

number of antennas of the MIMO transmitter.

[0068] In Example 4, the subject-matter of any of Examples 1-3
can optionally include: transmitting by the MIMO transmitter

signals to the scheduled receivers based on the determined

precoding matrix.

[0069]1In Example 5, the subject-matter of any of Examples 1-4
can optionally include: the weighted minimum mean square

error (MMSE) algorithm comprises an optimization based on a

sum-rate utility function.
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[0070]In Example 6, the subject-matter of any of Examples 1-5
can optionally include: the weighted minimum mean square
error (MMSE) algorithm comprises a singular value
decomposition of a quadratic matrix having a rank equal to

the number of receivers scheduled for the MIMO transmitter.

[0071] In Example 7, the subject-matter of any of Examples 1-6
can optionally include: the quadratic matrix which has a rank
equal to a number of antennas of the MIMO transmitter

comprises a Lagrange multiplier.

[0072] In Example 8, the subject-matter of any of Examples 1-7
can optionally include: the quadratic matrix which has a rank
equal to a number of antennas of the MIMO transmitter
comprises a sum of channel information related to the

different receivers.

[0073]In Example 9, the subject-matter of Example 8 can
optionally include: the channel information is based on

channel reciprocity of an uplink and a downlink transmission.

[0074] Example 10 is a method of transmitting from a multi-
input multi-output (MIMO) transmitter a plurality of signals
to a plurality of receivers, including: determining by a
controller and more specifically by a precoding module a
precoding matrix using a weighted minimum mean square error
(MMSE) algorithm, the determining comprising identically
transforming by the controller a matrix inversion operation
of a quadratic matrix having a rank equal to a number of
antennas of the MIMO transmitter into a matrix inversion
operation of a quadratic matrix having a rank equal to a

number of receivers scheduled for the MIMO transmitter.
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[0075]1In Example 11, the subject-matter of Example 10 can
optionally include: identically transforming the matrix
inversion operation comprises transforming according to

Woodbury matrix identity formula.

[0076]1Example 12 is a controller and more specifically by a
precoding module determining a precoding matrix for a multi-
input multi-output (MIMO) transmitter, the controller and
more specifically the precoding module using a weighted
minimum mean square error (MMSE) algorithm, the controller
and more specifically the precoding module identically
transforming a matrix inversion operation of a quadratic
matrix having a rank equal to a number of antennas of the
MIMO transmitter into a matrix inversion operation of a
quadratic matrix having a rank equal to a number of receivers

scheduled for the MIMO transmitter.

[0077]In Example 13, the subject-matter of Example 12 can
optionally include: a Woodbury module configured to
identically transform the matrix inversion operation

according to Woodbury matrix identity formula.

[0078] In Example 14, the subject-matter of any of Examples
12-13 can optionally include: a processor effectuating the
transform operation and a memory storing the weighted minimum

mean square error (MMSE) algorithm including an identity

transformation algorithm.

[0079]Example 15 is a multi-input multi-output (MIMO)
transmitter which may comprise the controller and more

specifically the precoding module according to any of

Examples 12 to 14.
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[0080]Example 16 is a multi-input multi-output (MIMO)
transmitter comprising a controller and more specifically a
precoding module configured to determine a precoding matfix,
the precoding module configured to use a weighted minimum
mean square error (MMSE) algorithm, the precoding module
configured to identically transform a matrix inversion
operation of a quadratic matrix having a rank equal to a
number of antennas of the MIMO transmitter into a matrix
inversion operation of a quadratic matrix having a rank equal

to a number of receivers scheduled for the MIMO transmitter.

[0081] In Example 17, the subject-matter of Example 16 can
optionally include: the controller or the precoding module
further comprises a Woodbury module configured to identically
transform the matrix inversion operation according to

Woodbury matrix identity formula.

[0082] In Example 18, the subject-matter of any of Examples
16-17 can optionally include: the controller or the precoding
module comprises a processor configured to effectuate the
transform operation and a memory configured to store the
weighted minimum mean square error (MMSE) algorithm including

an identity transformation algorithm.

[0083] In Example 19, the subject-matter of any of Examples
16-18 can optionally include: the MIMO transmitter is part of

a base station in a cellular communication system.

[0084] Example 20 is a non-transitory computer readable medium
comprising program instructions causing a processor to
determine a precoding matrix for a multi-input multi-output
(MIMO) transmitter using a weighted minimum mean square error

(MMSE) algorithm, the determination including: identically
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transforming a matrix inversion operation of a quadratic
matrix having a rank equal to a number of antennas of the
MIMO transmitter into a matrix inversion operation of a
quadratic matrix having a rank equal to a number of receivers

scheduled for the MIMO transmitter.

[0085]In Example 21, the subject-matter of Example 20 can
optionally include: program instructions causing the
processor to identically transform the matrix inversion

operation according to Woodbury matrix identity formula.

[0086] Example 22 1is a controller or more specifically a
precoding module configured to determine a precoding matrix
for a multi-input multi-output (MIMO) transmitter, the
controller or the precoding module configured to transform a
first expression comprising a matrix having a first rank into
a second expression comprising a matrix having a second rank
smaller than the first rank as highest order matrix prior to

effectuating a matrix inversion transformation.

[0087]In Example 23, the subject-matter of Example 22 can
optionally include: the controller/the precoding module is

configured to transform the expression identically.

[0088] Example 24 is a method of determining by a controller
or a precoding module a precoding matrix for a transmit
antenna array serving Np receivers, the transmit antenna
array comprising Nt antennas, the method includes:
determining a precoding matrix using a weighted MMSE, the
determining comprising an identical transformation of an N; x
Nr matrix intoc an expression comprising an Npx Np matrix as

highest matrix rank not being a diagonal matrix.
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[0089] In Example 25, the subject-matter of Example 24 can
optionally include: determining the precoding matrix

comprises obtaining channel information.

[0090]1In Example 26, the subject-matter of Example 25 can
optionally include: obtaining the channel information
comprises obtaining the channel information from an inverse

transmission channel.

[0091] Example 27 1is a base station for a cellular
communication Time Division Duplex (TDD) system which
comprises a transmit antenna array comprising Ny antennas, a
controller controlling transmission from the antenna array to
at least two receivers, the controller comprising a matrix
inversion module configured to effectuate a matrix inversion,
the matrix inversion module further comprising a Woodbury
module configured to transform a matrix to be inverted into

an expression using Woodbury matrix identity formula.

[0092] In Example 28, the subject-matter of Example 27 can
optionally include: the matrix inversion module comprises a
Woodbury module using Woodbury matrix identity formula to
transform a matrix inversion of a N¢-by-N; matrix to an

expression comprising a “number of receivers”-by-“number of

receivers” matrix.

[0093]Example 29 is a controller configured to determine a
precoding matrix for a multi-input multi-output (MIMO)
transmitter, the controller is configured to use a weighted
minimum mean square error (MMSE) algorithm, the controller
comprises an inversion module configured to identically
transform a matrix inversion operation of a quadratic matrix

having a rank equal to a number of antennas of the MIMO
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transmitter into an expression necessitating a matrix
inversion operation of a quadratic matrix having a rank equal

to a number of receivers scheduled for the MIMO transmitter.

[0094] In Example 30, the subject-matter of Example 29 can
optionally include: a Woodbury module configured to
identically transform the wmatrix inversion operation

according to Woodbury matrix identity formula.

[0095]1In Example 31, the subject-matter of any of Examples
29-30 can optionally include: a processor configured to
effectuate the transform operation and a memory configured to
store the weighted minimum mean square error (MMSE) algorithm

including an identity transformation algorithm.

[0096]Example 32 1is a controller and more specifically a
precoding module determining a precoding matrix for a multi-
input multi-output (MIMO) transmitter, the controller
transforming a matrix rank prior to a matrix inversion

transformation.

[0097] Example 33 1is a method for operating a multi-input
multi-output (MIMO) transmitter, the method includes:
determining a precoding matrix for the MIMO transmitter using
a weighted minimum mean square error (MMSE) algorithm,
determining comprises: identically transforming a matrix
inversion operation of a quadratic matrix having a rank equal
to a number of antennas of the MIMO transmitter into a matrix
inversion operation of a quadratic matrix having a rank equal

to a number of receivers scheduled for the MIMO transmitter.

[0098] Example 34 is a method of determining by a controller

and more specifically by a precoding module a precoding
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matrix for a multi-user multi-input multi-output (MU-MIMO)
transmitter using a weighted minimum mean square error (MMSE)
algorithm, the method includes: determining a number of
scheduled receivers, starting an iterative process of the
MMSE algorithm taking into account all scheduled receivers,
determining during the iterative process a user rate change
for each scheduled receivers, selecting effective receivers
from the scheduled receivers depending on the determined user
rate change, determining the precoding matrix only for

effective receivers.

[0099]In Example 35, the subject-matter of Example 34 can
optionally include: transmitting by the MU-MIMO transmitter
signals to the effective receivers based on the determined

precoding matrix.

[0100] In Example 36, the subject-matter of any of Examples
34-35 can optionally include: during determination of the
precoding matrix: identically transforming by the controller
a first matrix expression into a second matrix expression,
the first matrix expression comprising a matrix inversion
operation of a quadratic matrix having a rank equal to a
number of antennas of the MIMO transmitter and the second
matrix expression comprising a matrix inversion operation of
a quadratic matrix having a rank equal to a number of the

effective receivers.

[0101]Example 37 is a controller and more specifically a
precoding module determining a precoding matrix for a multi-
user multi-input multi-output (MU-MIMO) transmitter, the
controller/precoding module using a weighted minimum mean
square error (MMSE) algorithm, the controller/precoding

module determines a number of receivers scheduled for the MU-
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MIMO transmitter, starts an iterative process of the MMSE
algorithm taking into account all scheduled receivers,
determines during the iterative process a user rate change
for each scheduled receivers, selects effective receivers
from the scheduled receivers depending on the determined user
rate change, determines the precoding matrix only for

effective receivers.

[0102] In Example 38, the subject-matter of Example 37 can
optionally include: a processor effectuating the iterative
process and a memory storing the weighted minimum mean square

exror (MMSE) algorithm including a selection algorithm.

[0103]Example 39 is a multi-input multi-output (MIMO)
transmitter including the subject-matter of any of Examples

37-38.

[0104]Example 40 is a non-transitory computer readable medium
comprising program instructions causing a processor to
determine a precoding matrix for a multi-input multi-output
(MIMO) transmitter using a weighted minimum mean square error
(MMSE) algorithm, the determination comprising: determining a
number of receivers scheduled for the MU-MIMO transmitter,
starting an iterative process of the MMSE algorithm taking
into account all scheduled receivers, determining during the
iterative process a user rate change for each scheduled
receivers, selecting effective receivers from the scheduled
receivers depending on the determined user rate change,

determining the precoding matrix only for effective receivers.

[0105]While the invention has been illustrated and described
with respect to one or more implementations, alterations

and/or modifications may be made to the illustrated examples
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without departing from the spirit and scope of the appended
claims. In particular, with regard to the various functions
performed by the above described components or structures,
the terms used to describe such components are intended to
correspond, unless otherwise indicated, to any component or
structure which per-forms the specified function of the
described component (e.g. that is functionally equivalent),
even though not structurally equivalent to the disclosed
structure which performs the function in the herein

illustrated exemplary implementations of invention.
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CLAIMS

1. A method for determining a precoding matrix for a multi-
input multi-output (MIMO) transmitter based on a weighted
minimum mean square error (MMSE) algorithm, the method
comprising:

identically transforming a first matrix expression into
a second matrix expression, wherein the first matrix
expression comprises a matrix inversion operation of a
quadratic matrix having a rank equal to a number of antennas
of the MIMO transmitter and the second matrix expression
comprises a matrix inversion operation of a quadratic matrix
having a rank equal to a number of receivers scheduled for

the MIMO transmitter.

2. The method of claim 1, wherein identically transforming
the first matrix expression is based on a Woodbury matrix

identity formula.

3. The method of c¢laim 1 or 2, wherein the second matrix
expression further comprises a diagonal matrix of a rank

equal to a number of antennas of the MIMO transmitter.

4. The method of one of the preceding claims, further
comprising transmitting by the MIMO transmitter signals to

the scheduled receivers based on the determined precoding

matrix.

5. The method of one of the preceding claims, wherein the

weighted MMSE algorithm comprises an optimization based on a

sum-rate utility function.
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6. The method of one of the preceding claims, wherein the
weighted MMSE algorithm comprises a singular value
decomposition of a quadratic matrix having a rank equal to

the number of receivers scheduled for the MIMO transmitter.

7. The method of one of the preceding claims, wherein the
quadratic matrix having a rank equal to a number of antennas

of the MIMO transmitter comprises a Lagrange multiplier.

8. The method of one of the preceding claims, wherein the
quadratic matrix having a rank equal to a number of antennas
of the MIMO transmitter comprises a sum of channel

information related to the different receivers.

9. The method of claim 8, wherein the channel information is
based on channel reciprocity of an uplink and a downlink

transmission.

10. A device for determining a precoding matrix for a MIMO
transmitter based on a weighted MMSE algorithm, the device
comprising:

a precoding module configured to identically transform a
matrix inversion operation of a quadratic matrix having a
rank equal to a number of antennas of the MIMO transmitter
into a matrix inversion operation of a quadratic matrix

having a rank equal to a number of receivers scheduled for

the MIMO transmitter.

11. The device of claim 10, further comprising a Woodbury
module configured to identically transform the matrix

inversion operation based on a Woodbury matrix identity

formula.
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12. The device of claim 10 or 1llfurther comprising:

a processor configured to perform the transformation
operation; and

a memory configured to store the weighted MMSE algorithm

comprising an identity transformation algorithm.

13. A MIMO transmitter, comprising:

a precoding module for determining a precoding matrix
based on a weighted MMSE algorithm, wherein the precoding
module is configured to identically transform a matrix
inversion operation of a quadratic matrix having a rank equal
to a number of antennas of the MIMO transmitter into a matrix
inversion operation of a quadratic matrix having a rank equal

to a number of receivers scheduled for the MIMO transmitter.

14. The MIMO transmitter of claim 13, wherein the precoding
module comprises a Woodbury module configured to identically
transform the matrix inversion operation based on a Woodbury

matrix identity formula.

15. The MIMO transmitter of claim 13or 14, wherein the MIMO
transmitter is comprised in a base station of a cellular

communication system.

l6. A non-transitory computer readable medium comprising
program instructions configured to cause a processor to
determine a precoding matrix for a MIMO transmitter based on
a weighted MMSE algorithm, wherein determining comprises:
identically transforming a matrix inversion operation of
a quadratic matrix having a rank equal to a number of
antennas of the MIMO transmitter into a matrix inversion
operation of a quadratic matrix having a rank equal to a

number of receivers scheduled for the MIMO transmitter.
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17. The non-transitory computer readable medium of claim 16
further comprising program instructions configured to cause
the processor to identically transform the matrix inversion

operation based on a Woodbury matrix identity formula.

18. A method for determining a precoding matrix for a
transmit antenna array comprising N; antennas and configured
to serve Np receivers, the method comprising:

determining a precoding matrix based on a weighted MMSE,
wherein determining the precoding matrix comprises an
identical transformation of an Ny x Ny matrix into an
expression comprising an Npx Np matrix as highest matrix rank

for a matrix different from a diagonal matrix.

19. A base station of a cellular communication Time Division
Duplex (TDD) system, comprising:

a transmit antenna array comprising N; antennas; and

a controller configured to control a transmission £from
the antenna array to at least two receivers, wherein the
controller comprises a matrix inversion module configured to
perform a matrix inversion, wherein the matrix inversion
module comprises a Woodbury module configured to transform a

matrix to be inverted into an expression based on a Woodbury

matrix identity formula.

20. A method of determining a precoding matrix for a multi-

user (MU) MIMO transmitter based on a weighted MMSE algorithm,

the method comprising:
determining a number of scheduled receivers;

starting an iterative process of the MMSE algorithm

taking into account all scheduled receivers;
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determining during the iterative process a user rate
change for each of the scheduled receivers;

selecting effective <receivers from the scheduled
receivers based on the determined user rate change; and

determining the precoding matrix only for the effective

receivers.

21. The method of claim 20, further comprising transmitting
by the MU-MIMO transmitter signals to the effective receivers

based on the determined precoding matrix.

22. The method of claim20or2l, further comprising:

during determining the precoding matrix identically
transforming a first matrix expression into a second matrix
expression, wherein the first matrix expression comprises a
matrix inversion operation of a quadratic matrix having a
rank equal to a number of antennas of the MIMO transmitter
and the second matrix expression comprises a matrix inversion
operation of a quadratic matrix having a rank equal to a

number of the effective receivers.

23. A device for determining a precoding matrix for a MU-MIMO
transmitter based on a weighted MMSE algorithm, the device
comprising a precoding module configured to:

determine a number of receivers scheduled for the MU-
MIMO transmitter;

start an iterative process of the MMSE algorithm taking
into account all scheduled receivers;

determine during the iterative process a user rate
change for each of the scheduled receivers;

select effective receivers from the scheduled receivers

based on the determined user rate change; and
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determine the precoding matrix only for effective

receivers.

24. The device of claim 23; further comprising:
a processor configured to perform the iterative process;

and

a memory configured to store the weighted MMSE algorithm

comprising a selection algorithm.

25. A non-transitory computer readable medium comprising
program instructions configured to cause a processor to
determine a precoding matrix for a MIMO transmitter based on
a weighted MMSE algorithm, wherein the determining the
precoding matrix comprises:

determining a number of receivers scheduled for the MU-
MIMO transmitter;

starting an iterative process of the MMSE algorithm
taking into account all scheduled receivers;

determining during the iterative process a user rate
change for each of the scheduled receivers;

selecting effective —receivers from the scheduled
receivers based on the determined user rate change; and

determining the precoding matrix only for the effective

receivers.
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info a second maliy expression, whersin

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ |

the fiest matrix expression comprises a malrix
inversion operation of a quadratic matrix, the
quadratic matrix having 2 rank aqual to & number
of antennas of a MIMO ransmitter

!

the second malix sxprassion comprises a matiy
Inversion operation of a quadralic matriy, the

quadratic matrix having 2 rank equal o 8 number

of receivers schaduled for the MIMO ransmitter
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Determing a pracoding matrix based on a weighted
MMSE, wherein

determining the precoding matrix comprises
identically transforming an NT x NT matix into an
expression comprising an ND x ND matrix as highest
matrix rank for a matrix different from a diagonal
matrix
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0
w2

Start an iterative process of the MMSE algorithm,
taking into sccount all scheduled recelvers

Determing during the erative provess a user rate
shange for gach of the scheduled receivers

Selet effoctive renslvars f{ﬁm tha soheduled receivers
based on the delermined user rale changs

y

Determing the precoding malrx only for the
affective receivers
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