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METHODS AND DEVICES FOR DETERMINIING PRECODER PARAMETERS
IN A WIRELESS COMMUNICATION NETWORK

CROSS-REFERENCE TO RELATED APPLICATIONS

This non-provisional patent application claims priority based upon:

1) the prior U.S. provisional patent application entitled “FACTORIZED
PRECODER  STRUCTURE FOR  MULTI-BEAM  PRECODER
CODEBOOKS?, application number 62/316820, filed April 1, 2016, in the
names of Sebastian FAXER and Svante BERGMAN;

2) the prior U.S. provisional patent application entitled “BEAM SPACE
ROTATION FEEDBACK FOR  MULTI-BEAM PRECODER
CODEBOOKS?, application number 62/315972, filed March 31, 2016, in the
names of Sebastian FAXER and Svante BERGMAN;

3) the prior U.S. provisional patent application entitled “FREQUENCY
PARAMETRIZATION OF BEAM CO-PHASING FOR MULTI-BEAM
PRECODER CODEBOOKS?”, application number 62/316857, filed April 1,
2016, in the names of Sebastian FAXER and Svante BERGMAN.

FIELD

[0002] The present disclosure relates to wireless communications, and in particular, to

a factorized precoder structure for multi-beam precoder codebooks.

BACKGROUND

[0003] Multi-antenna techniques can significantly increase the data rates and reliability
of a wireless communication system. The performance is particularly improved if both
the transmitter and the receiver are equipped with multiple antennas, which results in
a multiple-input multiple-output (MIMO) communication channel. Such systems

and/or related techniques are commonly referred to as MIMO.

[0004] The Long Term Evolution (LTE) standard is currently evolving with enhanced
MIMO support. A component in LTE is the support of MIMO antenna deployments

and MIMO related techniques. Currently LTE-Advanced supports an 8-layer spatial
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multiplexing mode for 8 transmit (Tx) antennas with channel dependent precoding.
The spatial multiplexing mode is aimed for high data rates in favorable channel
conditions. An illustration of the spatial multiplexing operation 100 is provided in FIG.
1, where there are Nt antenna 110 ports and Nt inverse fast Fourier transformers

(IFFTs) 120.

[0005] As seen, the information carrying symbol vector s 130 is multiplied by an Nt x
r precoder matrix W 140, which serves to distribute the transmit energy in a subspace
of the Nt (corresponding to Nt antenna ports) dimensional vector space. The precoder
matrix W 140 is typically selected from a codebook of possible precoder matrices, and
typically indicated by means of a precoder matrix indicator (PMI), which specifies a
unique precoder matrix in the codebook for a given number of symbol streams. The
symbols in s 130 each correspond to a layer 150 and  is referred to as the transmission
rank. In this way, spatial multiplexing is achieved since multiple symbols can be
transmitted simultaneously over the same time/frequency resource element (TFRE).

The number of symbols 7 is typically adapted to suit the current channel properties.

[0006] LTE uses Orthogonal Frequency Division Multiplexing (OFDM) in the
downlink (and Discrete Fourier Transform (DFT) precoded OFDM in the uplink) and
hence the received Nr x 1 vector y» for a certain TFRE on subcarrier # (or alternatively

data TFRE number ») is thus modeled by

y,.=H,Ws, +e, Equation 1

where ex is a noise/interference vector obtained as realizations of a random process, and
MR is the number of receive antennas. The precoder W can be a wideband precoder,

which is constant over frequency, or frequency selective.
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[0007] The precoder matrix W is often chosen to match the characteristics of the NrxNt
MIMO channel matrix H,,, resulting in so-called channel dependent precoding. This
is also commonly referred to as closed-loop precoding and essentially strives for
focusing the transmit energy into a subspace which is strong in the sense of conveying
much of the transmitted energy to the wireless device. In addition, the precoder matrix
may also be selected to strive for orthogonalizing the channel, meaning that after

proper linear equalization at the wireless device, the inter-layer interference is reduced.

[0008] One example method for a wireless device to select a precoder matrix W can be

to select the Wy, that maximizes the Frobenius norm of the hypothesized equivalent

channel:

mI?X”FIan ||i Equation 2

Where H,,is a channel estimate, possibly derived from Channel State Information-
Reference Signal (CSI-RS) as described below;

W, is a hypothesized precoder matrix with index 4; and
H,W, is the hypothesized equivalent channel.

[0009] In closed-loop precoding for the LTE downlink, the wircless device transmits,
based on channel measurements in the forward link (downlink), recommendations to
the base station , ¢.g., eNodeB (¢NB), of a suitable precoder to use. The base station
configures the wireless device to provide feedback according to the wireless device’s
transmission mode, and may transmit CSI-RS and configure the wireless device to use
measurements of CSI-RS to feedback recommended precoding matrices that the
wireless device selects from a codebook. A single precoder that is supposed to cover
a large bandwidth (wideband precoding) may be fed back. It may also be beneficial to
match the frequency variations of the channel and instead feedback a frequency-

selective precoding report, €.g., several precoders, one per subband. This is an example
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of the more general case of channel state information (CSI) feedback, which also
encompasses feeding back other information than recommended precoders to assist the
base station in subsequent transmissions to the wireless device. Such other information
may include channel quality indicators (CQIs) as well as transmission rank indicator

(RI).

[0010] Given the CSI feedback from the wireless device, the base station determines
the transmission parameters it wishes to use to transmit to the wireless device,
including the precoding matrix, transmission rank, and modulation and coding scheme
(MCS). These transmission parameters may differ from the recommendations the
wireless device makes. Therefore, a rank indicator and MCS may be signaled in
downlink control information (DCI), and the precoding matrix can be signaled in DCI
or the base station can transmit a demodulation reference signal from which the
equivalent channel can be measured. The transmission rank, and thus the number of
spatially multiplexed layers, is reflected in the number of columns of the precoder W.
For efficient performance, it is important that a transmission rank that matches the

channel properties is selected.

[0011] In LTE Release-10 (Rel-10), a new reference symbol sequence was introduced
for the intent to estimate downlink channel state information, the CSI-RS. The CSI-
RS provides several advantages over basing the CSI feedback on the common
reference symbols (CRS) which were used, for that purpose, in previous releases. First,
the CSI-RS is not used for demodulation of the data signal, and thus does not require
the same density (i.c., the overhead of the CSI-RS is substantially less). Secondly,
CSI-RS provides a much more flexible means to configure CSI feedback
measurements (e.g., which CSI-RS resource to measure on can be configured in a

wireless device specific manner).
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[0012] By measuring a CSI-RS transmitted from the base station, a wireless device can
estimate the effective channel the CSI-RS is traversing including the radio propagation
channel and antenna gains. In more mathematical rigor, this implies that if a known
CSI-RS signal x is transmitted, a wireless device can estimate the coupling between
the transmitted signal and the received signal (i.¢., the effective channel). Hence, if no
virtualization is performed in the transmission, the received signal y can be expressed

as

Y=Hx+e Equation 3

and the wireless device can estimate the effective channel H

[0013] Up to eight CSI-RS ports can be configured in LTE Rel-10, that is, the wireless

device can estimate the channel from up to eight transmit antennas.

[0014] Related to CSI-RS is the concept of zero-power CSI-RS resources (also known
as a muted CSI-RS) that are configured just as regular CSI-RS resources, so that a
wireless device knows that the data transmission is mapped around those resources.
The intent of the zero-power CSI-RS resources is to enable the network to mute the
transmission on the corresponding resources, in order to boost the Signal to
Interference plus Noise Ratio (SINR) of a corresponding non-zero power CSI-RS,
possibly transmitted in a neighbor cell/transmission point. For Release 11 (Rel-11) of
LTE, a special zero-power CSI-RS was introduced that a wireless device is mandated
to use for measuring interference plus noise. A wireless device can assume that the
transmission points (TPs) of interest are not transmitting on the zero-power CSI-RS
resource, and the received power can therefore be used as a measure of the interference

plus noise.
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[0015] Based on a specified CSI-RS resource and on an interference measurement
configuration (e.g., a zero-power CSI-RS resource), the wireless device can estimate
the effective channel and noise plus interference, and consequently also determine the

rank, precoding matrix, and MCS to recommend to best match the particular channel.

5 [0016] Some installations are equipped with two dimensional antenna arrays and some
of the presented embodiments use such antennas. Such antenna arrays may be (partly)
described by the number of antenna columns corresponding to the horizontal
dimension Ny, the number of antenna rows corresponding to the vertical dimension N,
and the number of dimensions corresponding to different polarizations N,. The total

10 number of antennas is thus N = Ny, N,,N,,. It should be pointed out that the concept of
an antenna is non-limiting in the sense that it can refer to any virtualization (¢.g., linear
mapping) of the physical antenna elements. For example, pairs of physical sub-
elements could be fed the same signal, and hence share the same virtualized antenna

port.

15 [0017] An example of a 4x4 array with cross-polarized antenna elements 200 is shown
in FIG. 2, where the horizontal dimension “1” represents Ny, and the vertical dimension

[33-2)

m” represents the N,.

[0018] Precoding may be interpreted as multiplying the signal with different
beamforming weights for each antenna prior to transmission. A typical approach is to
20 tailor the precoder to the antenna form factor, 1.¢., taking into account Ny, N,, and N,

when designing the precoder codebook.

[0019] A common type of precoding is to use a DFT-precoder, where the precoder
vector used to precode a single-layer transmission using a single-polarized uniform

linear array (ULA) with N antennas is defined as
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[0020] where k =0,1,..QN —1 1is the precoder index and Qis an integer
oversampling factor. A corresponding precoder vector for a two-dimensional uniform
planar array (UPA) can be created by taking the Kronecker product of two precoder
vectors as Wy (k, 1) = wyp(k)®@w;p (). Extending the precoder for a dual-polarized

k1l
UPA may then be done as WZD,DP(kJ l, ¢) = [e}d)] ®W2D(k, l) — [ WZD( ) ] _

ej¢W2D(k; D

0 wop (k. 1) [e i¢] , where e/? is a co-phasing factor that may for instance

be selected from the QPSK alphabet ¢ € {0,%, T, 3?”}. A precoder matrix Wp pp for

multi-layer transmission may be created by appending columns of DFT precoder

vectors as

Wappp = [W2p,pp (k1 1y, 1) Woppp (ko b, ) WZD,DP(kR; I, PRI,

where R is the number of transmission layers, i.¢., the transmission rank. In a common

special case for a rank-2 DFT precoder, k; = k, = k and [; = [, = [, meaning that

Wippp = [Woppp(k, L, d1) Wappp(k, L, ¢3)] =

wop (kD) 0 “ 1 1 ]
0 wop(k, D) el oid2]

[0021] With multi-user MIMO, two or more users in the same cell are co-scheduled on
the same time-frequency resource. That is, two or more independent data streams are
transmitted to different wireless devices at the same time, and the spatial domain is
used to separate the respective streams. By transmitting several streams

simultaneously, the capacity of the system can be increased. This however, comes at
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the cost of reducing the SINR per stream, as the power has to be shared between

streams and the streams will cause interference to each-other.

[0022] When increasing the antenna array size, the increased beamforming gain will
lead to higher SINR, however, as the user throughput depends only logarithmically on
the SINR (for large SINRs), it is instead beneficial to trade the gains in SINR for a

multiplexing gain, which increases linearly with the number of multiplexed users.

[0023] Accurate CSI is required in order to perform appropriate nullforming between
co-scheduled users. In the current LTE Release 13 (Rel-13) standard, no special CSI
mode for MU-MIMO exists and thus, MU-MIMO scheduling and precoder
construction has to be based on the existing CSI reporting designed for single-user
MIMO (that is, a PMI indicating a DFT-based precoder, a RI and a CQI). This may
prove quite challenging for MU-MIMO, as the reported precoder only contains
information about the strongest channel direction for a user and may thus not contain
enough information to do proper nullforming, which may lead to a large amount of

interference between co-scheduled users, reducing the benefit of MU-MIMO.

[0024] A multi-beam precoder may be defined as a linear combination of several DFT
precoder vectors as
Wup = 2 ci - Wap,pp(ki by 1),
i

where {c;} may be general complex coefficients. Such a multi-beam precoder may
more accurately describe the wireless device’s channel and may thus bring an
additional performance benefit compared to a DFT precoder, especially for MU-
MIMO where rich channel knowledge is desirable in order to perform nullforming

between co-scheduled wireless devices.
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[0025] Existing solutions for MU-MIMO based on implicit CSI reports with DFT-
based precoders have problems with accurately estimating and reducing the

interference between co-scheduled users, leading to poor MU-MIMO performance.

[0026] Multi-beam precoder schemes may lead to better MU-MIMO performance, but
at the cost of increased CSI feedback overhead and wireless device precoder search

complexity.

SUMMARY

[0027] Some embodiments advantageously provide a method and device for
determining parameters of a precoder in a wireless communication system. According
to a first aspect, the method includes selecting a subset of beams from a plurality of
orthogonal beams, obtaining power levels of the selected subset of beams for
generating a first factor of the precoder and obtaining phases of the selected subset of
beams for generating a second factor of the precoder; wherein the first factor and

second factor are part of the parameters of the precoder.

[0028] According to a second aspect, there is provided a wireless device for
determining parameters of a precoder in a wireless communication system. The
wireless device includes processing circuitry including a memory and a processor. The
processing circuitry is configured to: select a subset of beams from a plurality of
orthogonal beams; obtain power levels of the selected subset of beams for generating
a first factor of the precoder; and obtain phases of the selected subset of beams for
generating a second factor of the precoder, wherein the first factor and the second

factor are part of the parameters of the precoder.

[0029] According to a third aspect, there is provided a method for sending parameters

of a precoder to a network node in a wireless communication system. The method
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comprises sending to the network node, a subset of beams selected from a plurality of
orthogonal beams and power levels of the selected subset of beams, for a first
frequency granularity; and sending, to the network node, phases of the selected subset
of beams, for a second frequency granularity, wherein the selected subset of beams,
5 the power levels and the phases of the selected subset of beams are part of the

parameters of the precoder.

[0030] According to a fourth aspect, there is provided a wireless device for sending
parameters of a precoder to a network node in a wireless communication system. The
wireless device comprises a processing circuitry including a processor and a memory.
10 The processing circuitry is configured to cause the wireless device to: send to the
network node, a subset of beams selected from a plurality of orthogonal beams and
power levels of the selected subset of beams, for a first frequency granularity; and
send, to the network node, phases of the selected subset of beams, for a second
frequency granularity, wherein the selected subset of beams, the power levels and the

15 phases of the selected subset of beams are part of the parameters of the precoder.

[0031] According to a fifth aspect, there is provided a method for determining
transmission parameters for a wireless device, in a wireless communication system.
The method comprises: responsive to transmitting reference signals to the wireless
device, receiving precoder parameters which include a subset of beams selected from
20 aplurality of orthogonal beams and power levels of the selected subset of beams for a
first frequency granularity, and phases of the selected subset of beams for a second
frequency granularity; and determining the transmission parameters based on the

received precoder parameters.

[0032] According to a sixth aspect, there is provided a network node for determining

25  transmission parameters for a wireless device, in a wireless communication system.

10
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The network node comprises a processing circuitry including a processor and a
memory. The processing circuitry is configured to cause the network node to:
responsive to transmitting reference signals to the wireless device, receive precoder
parameters which include a subset of beams selected from a plurality of orthogonal
5 beams and power levels of the selected subset of beams for a first frequency
granularity, and phases of the selected subset of beams for a second frequency
granularity; and determine the transmission parameters based on the received precoder

parameters.

[0033] According to a seventh aspect, there is provided a method for determining
10 transmission parameters for a wireless device, in a wireless communication system.
The method comprises: in response to transmitting reference signals, receiving
precoder parameters which include a subset of beams selected from a plurality of
orthogonal beams, a first factor associated with power levels of the selected subset of
beams, and a second factor associated with phases of the selected subset of beams; and

15 determining the transmission parameters based on the received precoder parameters.

[0034] According to an eighth aspect, there is provided a network node for determining
transmission parameters for a wireless device, in a wireless communication. The
network node comprises a processing circuitry configured to cause the network node
to: in response to transmitting reference signals, receive precoder parameters which
20 include a subset of beams selected from a plurality of orthogonal beams, a first factor
associated with power levels of the selected subset of beams, and a second factor
associated with phases of the selected subset of beams; and determine the transmission

parameters based on the received precoder parameters.

25  BRIEF DESCRIPTION OF THE DRAWINGS
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[0035] A more complete understanding of the present embodiments, and the attendant
advantages and features thereof, will be more readily understood by reference to the
following detailed description when considered in conjunction with the accompanying

drawings wherein:

5 [0036] FIG. 1 is a block diagram of a known transmitter implementing digital beam

forming;
[0037] FIG. 2 is an illustration of a planar array of co-polarized antenna elements;

[0038] FIG. 3 illustrates a schematic diagram of a wircless communication

system/network;

10 [0039] FIG. 4A-4D are graphs of an angular spread of a channel for four different beam

space rotation factors;

[0040] FIG. 5 is a signaling diagram between a wireless device and a network node for

exchanging precoder information;

[0041] FIG. 6 is a flow chart of a method for determining precoder parameters for a

15 wireless device, according to an embodiment;

[0042] FIG. 7 is a block diagram of a wireless device configured to determine

parameters of a precoder according to an embodiment;

[0043] FIG. 8 is a block diagram of a wireless device configured to determine

parameters of a precoder according to another embodiment;

20 [0044] FIG. 9 is a block diagram of a network node, such as an ¢eNodeB, configured to

determine transmission parameters for a wireless device, according to an embodiment;

[0045] FIG. 101s a flow chart of a method for sending precoder parameters in a wireless

communication system, according to an embodiment;

12



WO 2017/168349 PCT/IB2017/051803

[0046] FIG. 11 is a flow chart of a method for determining precoder parameters in a

wireless communication system, according to an embodiment;

[0047] FIG. 12 is flow chart for determining transmission parameters in a wireless

communication system, according to an embodiment;

5 |0048] FIG. 13 is flow chart for determining transmission parameters in a wireless

communication system, according to another embodiment;

[0049] FIG. 14 is a block diagram of a network node configured to determine

transmission parameters for a wireless device, according to another embodiment;

[0050] FIG.15 is a block diagram of a wireless device configured to determine

10 parameters of a precoder according to another embodiment;

[0051] FIG. 16 is a block diagram of a wireless device configured to determine

parameters of a precoder according to another embodiment;

[0052] FIG. 17 is a block diagram of a wireless device configured to determine

parameters of a precoder according to another embodiment; and

15 [0053] FIG. 18 is a block diagram of a network node configured to determine

transmission parameters for a wireless device, according to another embodiment.

DETAILED DESCRIPTION
[0054] Before describing in detail exemplary embodiments, it is noted that the

20 embodiments reside in combinations of apparatus components and processing steps

related to a factorized precoder structure for multi-beam precoder codebooks.

[0055] Accordingly, components have been represented where appropriate by
conventional symbols in the drawings, showing only those specific details that are

pertinent to understanding the embodiments so as not to obscure the disclosure with
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details that will be readily apparent to those of ordinary skill in the art having the

benefit of the description herein.

[0056] As used herein, relational terms, such as “first” and “second,” “top” and
“bottom,” and the like, may be used solely to distinguish one entity or element from
another entity or element without necessarily requiring or implying any physical or

logical relationship or order between such entities or elements.

[0057] Embodiments of the present disclosure may be implemented in a wireless
network such as the example wireless communication network/system illustrated in
FIG. 3. However, the embodiments may be implemented in any appropriate type of

system using any suitable components.

[0058] FIG. 3 illustrates an example of a wireless communication network 300 that
may be used for wireless communications. Wireless communication network 300
includes wireless devices 310 (e.g., user equipments, UEs) and a plurality of network
nodes 320 (c.g., eNBs, gNBs, base stations, etc.) connected to one or more core
network nodes 340 via an interconnecting network 330. Wireless devices 310 within
a coverage area may each be capable of communicating directly with network nodes
320 over a wireless interface. In certain embodiments, wireless devices 310 may also
be capable of communicating with each other via device-to-device (D2D)
communication. In certain embodiments, network nodes 320 may also be capable of
communicating with each other, e.g. via an interface (e.g. X2 in LTE or other suitable

mterface).

[0059] As an example, wireless device 310 may communicate with network node 320
over a wireless interface. That is, wireless device 310 may transmit wireless signals

and/or receive wireless signals from network node 320. The wireless signals may

14
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contain voice traffic, data traffic, control signals, and/or any other suitable information.
In some embodiments, an arca of wireless signal coverage associated with a network

node 320 may be referred to as a cell.

[0060] In some embodiments, wireless device 310 may be interchangeably referred to
by the non-limiting term user equipment (UE). It refers to any type of wireless device
communicating with a network node and/or with another UE in a cellular or mobile
communication system. Examples of UE are target device, device to device (D2D) UE,
machine type UE or UE capable of machine to machine (M2M) communication,
Personal Digital Assistant (PDA), tablet computer, mobile terminals, smart phone,
laptop embedded equipped (LEE), laptop mounted equipment (LME), Universal Serial
Bus (USB) dongles, narrowband Internet of Things (NB-lIoT) UE, etc. Example
embodiments of a wireless device 310 are described in more detail below with respect

to FIGS. 15-17.

[0061] The “network node™ can correspond to any type of radio network node or any
network node, which communicates with a UE and/or with another network node.
Examples of network nodes are Base stations, ¢.g., a Radio Base Station (RBS), which
may be sometimes referred to herein as, e.g., evolved NodeB “eNB”, “eNodeB”,
“NodeB”, “B node”, “gNB” or BTS (Base Transceiver Station), depending on the
technology and terminology used. The base stations may be of different classes such
as, ¢.g., macro eNodeB, home eNodeB or pico base station, based on transmission
power and thereby also cell size. A cell is the geographical area where radio coverage
is provided by the base station at a base station site. One base station, situated on the
base station site, may serve one or several cells. Further, each base station may support
one or several communication technologies. The base stations communicate over the

air interface operating on radio frequencies with the terminals within range of the base

15

PCT/IB2017/051803



WO 2017/168349

10

15

20

25

stations. In the context of this disclosure, the expression Downlink (DL) is used for
the transmission path from the base station to the mobile station. The expression
Uplink (UL) is used for the transmission path in the opposite direction i.c., from the

mobile station to the base station.

[0062] In certain embodiments, network nodes 320 may interface with a radio network
controller (not shown). The radio network controller may control network nodes 320
and may provide certain radio resource management functions, mobility management
functions, and/or other suitable functions. In certain embodiments, the functions of the
radio network controller may be included in the network node 320. The radio network
controller may interface with the core network node 340. In certain embodiments, the
radio network controller may interface with the core network node 340 via the

interconnecting network 330.

[0063] The interconnecting network 330 may refer to any interconnecting system
capable of transmitting audio, video, signals, data, messages, or any combination of
the preceding. The interconnecting network 330 may include all or a portion of a public
switched telephone network (PSTN), a public or private data network, a local area
network (LAN), a metropolitan area network (MAN), a wide area network (WAN), a
local, regional, or global communication or computer network such as the Internet, a
wireline or wireless network, an enterprise intranet, or any other suitable

communication link, including combinations thereof.

[0064] In some embodiments, the core network node 340 may manage the
establishment of communication sessions and various other functionalities for wireless
devices 310. In certain embodiments, network nodes 320 may interface with one or
more other network nodes over an internode interface. For example, network nodes

320 may interface each other over an X2 interface.

16
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[0065] Although FIG. 3 illustrates a particular arrangement of network 300, the present
disclosure contemplates that the various embodiments described herein may be applied
to a variety of networks having any suitable configuration. For example, network 300
may include any suitable number of wireless devices 310 and network nodes 320, as
well as any additional elements suitable to support communication between wireless
devices or between a wireless device and another communication device (such as a
landline telephone). The embodiments may be implemented in any appropriate type of
telecommunication system supporting any suitable communication standards and
using any suitable components, and are applicable to any radio access technology
(RAT) or multi-RAT systems in which the wireless device receives and/or transmits
signals (¢.g., data). While certain embodiments are described for New Radio (NR)
and/or LTE, the embodiments may be applicable to any RAT, such as UTRA, E-
UTRA, narrow band internet of things (NB-IoT), WiFi, Bluetooth, next generation
RAT (NR, NX), 4G, 5G, LTE Frequency Division Duplex (FDD)/Time Division

Duplex (TDD), etc.

[0066] It should be noted that functions described herein as being performed by a base
station may be distributed over a plurality of base stations and/or network nodes.
Further, although embodiments are described with reference to base stations, it is
understood that embodiments can be implemented in or across any suitable network
node, of which base stations are a type. Also, the network 300 may allow for Multi-
User Multiple Input Multiple Output (MU-MIMO) transmission. As such, network 300

may be referred to as a MU-MIMO wireless communication network or system.

[0067] Embodiments provide a precoder structure for multi-beam precoder feedback
that utilizes various propertics to keep down the feedback overhead. Some

embodiments provide increased MU-MIMO performance as compared with known

17
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arrangements by having rich precoder feedback with reasonable feedback overhead.
Codebooks having multi-beam precoders that have specific structures, allowing for

low feedback overhead are disclosed.

[0068] Consider first the time-domain channel between a size-N co-polarized uniform
5 linear array (ULA) with d, antenna element separation in wavelengths and a single

receive antenna. The channel matrix may be expressed in the general form

M

HD = '@ = ) aa @8 — )

i=1

1.€., consisting of a sum of M multi-path components, where ¢; is a complex channel

1
ej27r~1~d,1cos(9)

cocfficient, a(0) = is an array steering vector , 0; is an angle of

ej2n'~(N—1.)~d,1cos(9)
10 departure (AoD) relative to the ULA of multi-path component i and 7; is its propagation

delay.

[0069] The frequency-domain representation of the channel matrix is then derived as

M
HO =W = [ a0 - e edr

TETe =
M co M
= 2 c;a’ (6;) f S(t—1y) e J2nfTdr = 2 CiaT(Hl-)e_jZ”fTi
i=1 T=—co0 =

15 [0070] Consider now the channel matrix for a certain frequency f = f;. The channel
vector then becomes h” (f) = Y, c;a’”(8,)e /2™% =M &a’(8;), where & is
another complex coefficient. The optimal precoder that perfectly inverts this channel
is the maximum ratio transmission (MRT) precoder Wypr = (hT(f ))H = h*,

wherein * denotes the complex conjugate.
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[0071] Dy is defined as asize N X N DFT matrix, i.¢., the elements of Dy are defined

jemkl
as [Dylk,; = \/iﬁe N Further, Ry(g) =
diag([ei2n~0~% ei2n~1~% ei27r~(N—1)'%]) to be a size N X N rotation matrix,

defined for 0 < g < 1. Multiplying Dy, with Ry (g) from the left creates a rotated DFT

,  jemk(+q)
N

5  matrix with entriecs [Ry(q)Dylx, =€ The rotated DFT matrix

Ry(@)Dy =[d, d, .. dy] consists of normalized orthogonal column vectors
{d;}Y.; which furthermore span the vector space CV. That is, the columns of

Ry (q)Dy, for any g, is an orthonormal basis of CV.

[0072] The MRT precoder is multiplied with the rotated DFT matrix in order to do a
10 basis change from, so called, antenna space to beam space. The resulting beam space

representation of the precoder vector may then be expressed as wh =

wirrRy(@)Dy = h"Ry(q@)Dy = h'[d, d; .. dy]=

X, ¢a"(6) d, iL.ca’(6)d, .. XL ¢&a’(6)dyl.

1
ej2n'~1~d,1cos(9)

[0073] Note first that the steering vector a(@) = may be

ej2n-(N—i)-d,1cos(9)
15 expressed as scaled column of a rotated DFT matrix [Ry(q)Dy].; with | = |d;cos(8)]
and q = d, cos(8) — |d,cos(6)]. Note that a conjugated steering vector a*(6) is
equal to another steering vector with the angle mirrored at the broadside of the array,

ie,a*(6) =a(r—0).

[0074] Now moving back to the beam space representation of the precoder vector wb,
20 note that a’ (6;)d; is the inner product between a conjugated steering vector and a
column of a rotated DFT matrix. It was previously noted that any steering vector could

be expressed as a scaled column of a rotated DFT matrix (with appropriate values set
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for g = qo and [ = ly). In that case, the inner product between the (conjugated)

steering vector and d; will be

VN, L=1,

@’ (O, ={ 0, L# 1,
’ 0

[0075] Again, this requires that g is set appropriately so that the beam space is rotated
to fit the steering vector of multi-path coefficient i perfectly. Ifthat is not the case, the
steering vector will still be sparse in the beam space coordinate system, with one or
two coefficients having a large magnitude and the rest of the coefficients having a low
magnitude. Each multi-path component will thus, to a large extent, only contribute to
one or a few beam space coefficients. The impact of beam space rotation on the
sparseness of the beam space channel is illustrated in FIGS. 4A-4D, in which a Line-
of-Sight (LoS) channel is shown. FIG. 4A is for a rotation index/factor of ¢=0. FIG.
4B is for a rotation index/factor of q=2/4. FIG. 4C is for a rotation index/factor of

g=1/4. FIG. 4D is for a rotation index/factor of q=3/4.

[0076] However, the frequency-domain channel is a sum of M multi-path components
cach with a possibly different angle of departure 8;. The beam space sparseness of the
channel is thus dependent on the distribution of the multi-path components AoD 6;.
The spread in this distribution is often denoted as the angular spread of a channel. A
pure Line-of-Sight (LoS) channel has low angular spread and can be very sparsely
represented in beam space, as is illustrated in FIGS. 4A-4D. A channel with very large
angular spread, on the other hand, cannot be sparsely represented in beam space, but
will need to be represented by many beam space coefficients. However, a cellular
wireless channel typically has only a few strong enough multi-path components, and
can thus be effectively represented with only a few beam space coefficients. This is

what is exploited by the multi-beam codebooks presented herein.
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[0077] To clucidate the precoder structure of some embodiments, the (rotated) DFT
matrices that were appropriate transforms for a single-polarized ULA are extended to

also fit the more general case of dual-polarized 2D uniform planar arrays (UPAs).
[0078] A rotated 2D DFT matrix is defined as Dy, n, (qv,.qn) =

(RNH (qH)DNH)®(RNV(qV)DNV) =[d, d, - dNVNH ]. The columns {di}i'szf
of Dy, n, (qv,qn) constitutes an orthonormal basis of the vector space CMvNH  Such

a column d; is henceforth denoted a (DFT) beam.

[0079] Consider now a dual-polarized UPA, where the channel matrix H =

[Hpoll Hpolz].

[0080] Create a dual-polarized beam space transformation matrix By, v, (qv, qn) =

Dy, v, (Qv. qn) 0
L,®D s,y (v aw) = | 7 _
2 Ny, Ng \Qv, qH 0 Dy x @ )
d, d, .. dNVNH 0o 0 ... 0O
=[by b, .. b . Th
0 0 0 dl dz dNVNH [ 1 2 ZNVNH ] S

2Ny Ny

columns {b;};_{"" of By, v, (qv,qy) constitutes an orthonormal basis of the vector

space C?NvNH  Such a column b; is henceforth denoted a single-polarized beam (SP-

beam) as it is constructed by a beam d transmitted on a single polarization (i.c., b =

[‘(ﬂ orb = [g]) Also introduced is the notation “dual-polarized beam™ to refer to a

beam transmitted on both polarizations (co-phased with an (arbitrary) co-phasing

. j‘i d]). It should be noted that the co-phasing factors can be

factor /%, ic., bpp = [
used to make the transmitted beams from the two polarizations within a layer (of a
multi-layer transmission) add up coherently (i.¢. in-phase) at the receiver in order to

increase the received power of that layer, which in turn increases the received SINR of

that layer. The co-phasing factors can also make the different layers (in case of a rank-
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2 transmission or higher) be received orthogonal towards one another in order to
minimize inter-layer interference, which also leads to increase the received SINR of

the layers.

[0081] Utilizing the assumption that the channel is somewhat sparse, much of the
channel energy can be sufficiently captured by only selecting a column subset of
By, vy, (Qv,qu). Thatis, it is sufficient to describe a couple of the SP-beams, which
keeps down the feedback overhead. A column subset /s consisting of Ngp columns of
By, vy, (Qv,qu) is selected to create a reduced beam space transformation matrix
B, = [biscy Digey - DBigngp) 1. In other words, select columns number I =
[151025] to create the reduced beam space transformation matrix B =

[by bs by bys ], asone non-limiting example.

[0082] Furthermore, it should be noted that a precoder matrix w may be derived from
eigenvalues of the channel matrix H. More specifically, the precoder w may be
calculated to be approximately equal to the principal eigenvectors of the channel
matrix H . For example, in the case of a single receive antenna, which can thus support
only a single layer transmission, the strongest eigenvector (V1) is equal to the MRT

precoder, i.c. Wypr = h* = v1.

[0083] A general precoder structure for precoding a single layer is as follows:

Cy G2
w=B,| { [=[bse bz -~ biwsy 1| 7 |= 2 ciby -
Cngp Cngp =1

N . .
where {c¢;};=] are complex coefficients. A more refined multi-beam precoder

structure is achieved by separating the complex coefficients in a power (or amplitude)

and a phase part as
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/ ja ,
(o5 pre’t 1 0 . el
Cy ja ' ja
- - VP2¢ - 0 p2 e’z | _
w= Bls : - Bls . - Bls : -
: 0 i
ENsp / jaNgp 0 e/%Nsp
pNspe pNSp
ejal
ja .
B, VP| ¢, equation 4
ejaNSP

[0084] As multiplying the precoder vector w with a complex constant C does not
change its beamforming properties (as only the phase and amplitude relative to the
5 other single-polarized beams is of importance), one may without loss of generality
assume that the coefficients corresponding, to ¢.g., SP-beaml, is fixed to p; = 1 and
e/ = 1, so that parameters for one less beam may be signaled from the wireless
device to the base station. Furthermore, the precoder may be further assumed to be
multiplied with a normalization factor, so that a sum power constraint is fulfilled, i.c.,
10 that ||w||2 = 1. Any such normalization factor is omitted from the equations herein

for clarity.

[0085] Once the wireless device has determined the precoder matrix, the following
information should be fed back by the wireless device to the base station, ¢.g., eNodeB,
in a CSI feedback report, for example:

15 o the chosen columns of By, v, (qv,qy), i.., the Ngp single-polarized beams.

This requires at most Ngp - log, 2Ny Ny bits;
. The vertical and horizontal DFT basis rotation factors g and q4. For instance,
é,i =0,1,..,Q — 1, for some value of Q. The corresponding overhead

would then be 2 - log, Q bits;
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. The (relative) power levels {p;,ps, ..., Dng,} of the SP-beams. If L is the

number of possible discrete power levels, (Nsp — 1) - log, L is needed to feed back the
SP-beam power levels; and

. The co-phasing factors {e/%z,e/%s, ..., e’ “Nsp} of the SP-beams. For instance,

a(k) = ZKLk,k =0,1,..K —1, for some value of K. The corresponding overhead

would be (Ngp — 1) - log, K.

[0086] In the following examples, further optimizations can be performed in order to

decrease the CSI feedback overhead.

[0087] In some embodiments, the possible choices of columns of By, v, (qv,qn) are
restricted so that if column i = {; is chosen, so is column i = iy + N, Ny. That is, if an

SP-beam corresponding to a certain beam mapped to the first polarization is chosen,
d; . . 071.
€g. by, = 00 , this would imply that the SP-beam b; v, = d. | s chosen as
lo

well. That is, the SP-beam corresponding to the said certain beam mapped to the
second polarization is chosen as well. This would reduce the feedback overhead as
only Npp = Ngp/2 columns of By, n, (qv,qn) would have to be selected and
signaled back to the base station. In other words, the column selection is done on a
beam (or DP-beam) level rather than an SP-beam level. If a certain beam is strong on
one of the polarizations it would typically imply that the beam would be strong on the
other polarization as well, at least in a wideband sense, so the loss of restricting the

column selection in this way would not significantly decrease the performance.

[0088] In one embodiment, the beams are sorted in power strength. The quantization
of relative powers may then be coarser for beams with weak power to save feedback

bits. In another embodiment, only the index of the strongest beam is pointed out, the
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other beams are given in an order that does not depend on the power strength.

Specifying the beams in an unordered fashion may save feedback bits.

[0089] In some embodiments, the multi-beam precoder is factorized into two or more
factors that are selected with different frequency-granularity, in order to reduce the
feedback overhead. In a preferred such embodiment, the SP-beam selection (i.c., the
choice of matrix B ) and the relative SP-beam powers/amplitudes (i.e., the choice of

matrix VP ) is selected with a certain frequency-granularity while the SP-beam phases

ejal

. . . ja . . .
(ie., the choice of matrix e: * | ) is selected with another certain frequency-

eiaNsp
granularity. In one such embodiment, the said certain frequency-granularity
corresponds to a wideband selection (that is, one selection for the entire bandwidth of
the carrier) while the said another certain frequency-granularity corresponds to a per-
subband selection (that is, the carrier bandwidth is split into a number of subbands,
typically consisting of 1-10 physical resource blocks (PRBs), and a separate selection

is done for each subband).

[0090] In a typical such embodiment, the multi-beam precoder vector is factorized as
w = W, W,, where W is a first factor and can be selected (or generated) with a certain
frequency-granularity and W, is a second factor and can be selected (or generated)

with another certain frequency-granularity. The precoder vector may then be expressed

ej“1
ej“z . . . . . .
asw=RB ,S\/ﬁ . = W, W,. Using this notation, if the said certain frequency-
D el .
W1 |eiangp
e ——’
:WZ

granularity corresponds to a wideband selection of W, and the said another certain

frequency-granularity corresponds to a per-subband selection of W, the precoder
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vector for subband [ may be expressed as w; = W, W, (). That is, only W, is a

function of the subband index {.

[0091] In a more general version of the previous sets of embodiments, the criterion that
the multi-beam precoder vector w is composed of two or more matrix factors are
dropped. Instead, the choice of w may be expressed as a selection of two or more
precoder indices, i.€., i,i,,..., where the precoder indices may be selected with
different frequency-granularity. That is, the precoder vector may be expressed as a
function of the two or more precoder indices iy, iy, ..., so that w(iy,iy,...). In a
preferred embodiment, i; may be selected on a wideband basis while i, may be
selected on a per-subband basis so that the precoder vector for subband [ may be

expressed as w; = w(iy, ().

[0092] The previous embodiments have been presented assuming a precoder vector w
for single-layer transmission (i.e., transmission rank one) but are applicable for multi-
layer transmission (i.¢., transmission rank larger than one) using a precoder matrix W
as well. The following embodiments further concern precoder matrix designs for multi-

layer transmission.

[0093] In some embodiments, the precoder matrix is constructed by keeping the SP-
beam selection and the relative SP-beam powers/amplitudes the same for all layers of
the multi-layer transmission and only changing the SP-beam phases for the different

layers. That is, the multi-beam precoder matrix for multi-layer transmission may be

ej“1,1 ej“1,2 ej“1,R
ej“2,1 ei“z,z ei“z,R .
expressedas W = B; VP . , where R is the number
e/MNsp1  oJONgp2 G JONgpR

of layers in the multi-layer transmission, i.e., the transmission rank.
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[0094] In another embodiment, some of the entries in the phase matrix

ej“1,1 ej“1,2 ej“1,R
ej“2,1 ei“z,z ei“z,R
. are allowed to be zero, so as to not use all of the
elONsp1  plANgpz  pJANgpR

selected SP-beams to transmit all of the layers.

[0095] Note that the previous embodiments regarding multi-layer transmission may be

combined with the embodiments regarding different frequency-granularities of

precoder factors. For instance, W, =B, VP and W, =
ej“1,1 ej“1,2 ej“1,R
ej“2,1 ej“z,z ej“z,R

so that the first matrix factor (or first factor) W,

efONsp1  plANgp2  SJANgpR
is common between all layers of the multi-layer transmission while the second matrix

factor (or second factor) W, contains the layer-specific precoding.

[0096] In some embodiments, the precoder structure for a rank-2 precoder is considered

and it is assumed that the selection of columns of By, n, (qv, qy) is done on a DP-

beam basis rather than an SP-beam basis, as disclosed in an earlier embodiment. In
these embodiments, the phase selection for the precoder for the second layer is a
function of the phase selection for the precoder for the first layer. In one such
embodiment, the phases for the second layer that corresponds to the first polarization
is equal to the phases for the first layer that corresponds to the first polarization, while
the phases for the second layer that corresponds to the second polarization is the
negation of the phases for the first layer that corresponds to the second polarization. A
negation corresponds to a phase shift of 180 degrees. Constructing the precoder in this

fashion ensures that the two layers are orthogonal.
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[0097] The following embodiments concern how the relative power levels
{p2, D3, ... Dngp} Of the SP-beams are quantized. It can be noted that the relative power
levels may be larger than zero and smaller than one, since one may assume that the
first selected SP-beam corresponds to the strongest SP-beam. In one embodiment, the
beam powers are uniformly quantized between [Py, 1], where pyi,, corresponds to a
minimum power level (which may be equal to zero). In one embodiment, a monotonic

function of the beam powers is uniformly quantized. In one such embodiment, the

square root of the beams power (i.¢., \/E) is uniformly quantized.

[0098] In another such embodiment, the quantization is done in the dB-domain so that
the values 10 logyq p; are uniformly quantized in the interval [p, i, 45, 0] dB instead.

Note here that ppin ap < 0.

[0099] The following embodiments concern how such feedback as described herein
may be calculated by the wireless device, i.¢., they are wireless device implementation

embodiments.

[00100] In these embodiments, the wireless device selects the phases

{e/%2, el e’ “Nsp} of the SP-beams, where each phase may be selected from a set

of possible values, for instance, a(k) = ZKLk, k=0,1,..K— 1, for some value of K.

There are thus KVsP~! possible combinations, which may be very large if K or Ngp is
large and it may thus be infeasible for the wireless device to do an exhaustive search
of all possibilities. Instead, the wireless device may perform sequential co-phasing.
That is, the wireless device first searches through the K possibilities for the first co-
phasing factor e/®2 (by ¢.g., calculating the received power of the precoder hypothesis)
while setting all remaining Ngp — 2 co-phasing factors to zero. It then searches through

the K possibilities for the second co-phasing factor e/®: while setting the remaining

28

PCT/IB2017/051803



WO 2017/168349

10

15

20

Ngp — 3 co-phasing factors to zero, and so forth. Instead of searching through all the
KNsP~1 possible combination, the wireless device only has to search through K -

(Ngp — 1) hypotheses.

[00101] The wireless device may also select which SP-beams should be included
in the precoder, i.c., how to select columns from the dual-polarized beam space
transformation matrix By, y,, to form the reduced beam space transformation matrix
B,. First, the wireless device may form an averaged channel correlation matrix by
averaging in frequency corresponding to the frequency-granularity of the beam
selection (e.g., over the entire bandwidth) as R = }.r H HH Then, it may calculate the
wideband received power of each SP-beam by taking the diagonal elements of the
matrix product B%V_ ~y RBpy, ny, - The wireless device may then select the Ngp beams
which have the largest wideband received power. The received power of a

(hypothetical) beam i is given by: |[Hb;||2. The relative power levels p of the

(hypothetical) beams in the precoder can be set to correspond to the relative received

. lHb4]1?

f the b e 2= :

powers of the beams, i.c.: > = (-
[00102] One embodiment concerns how the rotation factors g, and gy may be

calculated by the wireless device. It is assumed that the rotation factors may be

selected from a fixed set of possible values, for instance, g(i) ==,i =0,1,...,Q0 — 1,

L
2’
for some value of . The wireless device may then, for each possible value of the
rotation factors (qy, qy), calculate the received power of the Ngp strongest beams
corresponding to the rotated beam space transformation matrix By, v, (qv,qn)
according to the previous “beam selection method” embodiment. The wireless device

may then select the rotation hypothesis that maximizes the received power in the

reduced beam space.
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[00103] It should be noted that in the selection of beams, the beams are not beams
transmitted by the network node, but they are hypothesized transmissions that the
wireless device evaluates. The network node/base station transmits a set of non-
precoded CSI-RS (from e.g. each antenna element of the antenna array) which is
measured by the wireless device, which can then be used to determine a channel
estimate H. Based on this channel estimate, the wireless device will select an optimal
precoder (which is comprised by a sum of orthogonal DFT beams). For example, to
select the best beams, the wireless device will perform a search over the differently

rotated orthogonal DFT bases/matrix By, v, (qv, qu) to:

[00104] 1) select the best rotated orthogonal DFT basis/matrix By, v, (qv, qx)

and the corresponding rotation factors gy, qy; and

[00105] 2) select the best Ngp beams from the basis/matrix By, v, (qv, qn)-

[00106] FIG. 5 illustrates a signaling diagram 500 between a network node 320,
such as an ¢NB, and the wireless device 310, in a wireless communication
network/system 300, for example, for reporting CSI feedback from the wireless device

to the eNB.

[00107] The network node 320 first sends reference signals to the wireless device
310, such as the CSI-RS or CRS, or any other signals that allow to determine or provide

information regarding the channel (step 510).

[00108] Based on the received reference signals, the wireless device 310
determines the parameters of a precoder (step 520). For example, the wireless device
can determine an optimal precoder for the channel conditions/estimate based on the

received reference signals.
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[00109] Once the precoder parameters are determined, the wireless device 310
sends a CSI report to the network node, the CSI report including the determined

precoder parameters (step 530).

[00110] Once the network node 320 receives the CSI report, it determines
transmission parameters based on the received information (e.g. parameters of the
precoder). For example, the network node 320 can decide to use the precoder
recommended by the wireless device to determine a Modulation and Coding scheme
(MCS) and use the precoding scheme of the precoder for the wireless device’s data
transmission. However, based on the received information, the network node 320 may
decide to use another precoder and determine the MCS and precoding scheme based

on this precoder (step 540).

[00111] It should be noted that the signaling diagram 500 is known in the art.
Embodiments of the present disclosure are directed to how the wireless device 310
determines the parameters of a precoder to recommend to the network node 320. As
an example, the wireless device 310 can select some beams, which have the largest
received power, for example, from a plurality of orthogonal beams. To calculate the
power level of the beams, the wireless device takes the diagonal elements of the matrix
product BY, ., RBy, y, . where R =Y H"H as described above. The wireless
device also determines the phases of the selected beams. To determine the phases, the
wireless device 310 may use the sequential co-phasing method, as described above.
The wireless device may also calculate the rotation factors gy and gy which are used
to obtain the orthogonal beams (d) and calculate the beam space transformation matrix
By, ny, - Other methods for determining the power levels could be also used. For

example, the wireless device could potentially do a full exhaustive search over all
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precoder hypotheses and calculate an estimate of the throughput achievable with each

precoder.

[00112] Once the parameters of the precoder are determined, the wireless device
sends the CSI report to the base station, the CSI report including the parameters of the
5 precoder. According to some embodiments, the parameters of the precoder include the
indices corresponding to the selected beams, their power levels and phases, and the

rotation factors.

[00113] In one embodiment, FIG. 6 is a flowchart of an exemplary process
performed at a wireless device 310 for determining parameters to enable construction
10 of a precoder codebook structure in a wireless communication system, according to an
embodiment. The process includes selecting a subset of columns of a beam space
transformation matrix, By, n, (qv,qn). €ach column corresponding to a single
polarized beam (block 610). The process also includes factorizing each column into
at least two factors, a first factor having a first frequency granularity and a second

15 factor having a second frequency granularity (block 620).

[00114] FIG. 7 is a block diagram of an example wireless device 310 configured
to determine precoder information to enable construction of a precoder codebook

structure in a wireless communication system, according to an embodiment.

[00115] The wireless device 310 has processing circuitry 700. In some
20 embodiments, the processing circuitry 700 may include a memory 710 and processor
720, the memory 710 containing instructions which, when executed by the processor
720, configure processor 720 to perform the one or more functions described herein,
such as the steps of method 600. In addition to a traditional processor and memory,

processing circuitry 700 may comprise integrated circuitry for processing and/or
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control, ¢.g., one or more processors and/or processor cores and/or FPGAs (Field

Programmable Gate Array) and/or ASICs (Application Specific Integrated Circuitry).

[00116] The memory 710 is configured to store precoder information 730, the
precoder information including frequency granularities of factors of single polarized
beams. The processor is configured to select (740) a subset of columns of a beam space
transformation matrix, each column corresponding to an SP beam, the SP beam having
phases. The processor 720 also performs factorization (750) of each column into at
least two factors, wherein a first factor has a first frequency granularity and a second
factor has a second frequency granularity. The wireless device 310 further includes a
transmitter 760 configured to transmit the factors and the frequency granularities to a

base station.

[00117] FIG. 8 is a block diagram of an alternative embodiment of a wireless
device 310 configured to determine parameters to enable construction of a precoder
codebook structure in a wireless communication system, according to another
embodiment. The wireless device 310 includes a memory module 800 (similar to 710
of FIG.7) that stores precoder information 730. The wireless device also includes a
beam selector module 810 configured to select a subset of columns of a beam space
transformation matrix, each column corresponding to an SP beam, the SP beam having
phases. The wireless device also includes factorization module 820 configured to
factor each column into at least two factors, wherein a first factor has a first frequency
granularity and a least a second factor has a second frequency granularity. The wireless
device 310 further includes a transmitter module 830 configured to transmit the factors

and the frequency granularities to a base station.

[00118] FIG. 9 is a block diagram of a base station 320, such as an eNodeB or

network node, configured to transmit to a wireless device according to transmission
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parameters based on information received from the wireless device, according to an
embodiment. The base station 320 has processing circuitry 900 having a memory 910
and a processor 920. The memory 910 is configured to store precoder information
930, contained in the CSI report received from the wireless device. The processor 920
is configured to determine transmission parameters 940 including a rank indicator,
modulation and coding scheme. The base station 320 has a receiver 950 configured to
receive, from the wireless device, precoder information including: a subset of columns
of a beam space transformation matrix, each column corresponding to a signal
polarized, SP, beam, the SP beams having phases and amplitudes, and frequency
granularities of factors of the SP beams. The base station further comprises a
transmitter 960 configured to transmit the transmission parameters to the wireless

device.

[00119] FIG. 10 illustrates a flow chart of a method 1000 for sending parameters
of a precoder by a wireless device to a network node, in a wireless communication

system, such as 300.

[00120] The method starts with sending, to the network node, a subset of beams
selected from a plurality of orthogonal beams and power levels of the selected subset

of beams, for a first frequency granularity (block 1010).

[00121] The method then continues with sending, to the network node, phases of
the selected subset of beams, for a second frequency granularity (block 1020), wherein
the selected subset of beams, the power levels and the phases of the selected subset of
beams are part of the parameters of the precoder. It should be noted that the parameters
of the precoder sent to the network node 320 may also comprise the rotation factors

and other information.
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[00122] For example, the subset of beams is selected as explained above, to
create the reduced space beam transformation matrix B). The plurality of orthogonal
beams corresponds to the colums of By, n, (qv,qn), as an example. The first
frequency granularity corresponds to the (entire) frequency bandwidth (of a carrier)
and the second frequency granularity corresponds to a frequency subband within the
frequency bandwidth. Also, the power levels are the same for all layers of a multi-layer
transmission and the phases are specific to each individual layer of the multi-layer

transmission, ¢.g. the phases are assignable independently for each individual layer.

[00123] It should be noted that the selected subset of beams, the power levels
and the phases can be sent to the network node in one message or in several messages,

as will be appreciated by a person skilled in the art.

[00124] FIG. 11 illustrates a flow chart of a method 1100 for determining
parameters of a precoder in a wireless communication system, such as a Multi-User
Multiple Input Multiple output (MU-MIMO) communication system, according to
another embodiment. The method is performed by a wireless device, such as 310, for
example. It should be noted that method 1100 is similar to method 600 of FIG.6, with

the factoring step 620 described in a different way.

[00125] Method 1100 starts with block 1110 by selecting a subset of beams from
a plurality of orthogonal beams. The plurality of orthogonal beams can correspond to

the columns of a rotated 2D DFT matrix, such as By, n,, (qv, qn). The selected subset

of beams can correspond to the columns of B, for example.

[00126] Method 1100 continues with obtaining power levels of the selected

subset of beams for generating a first factor (block 1120). The power levels may be
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calculated by the wireless device 310 or through cloud computing, for example. The

first factor corresponds to W, for example.

[00127] Then, method 1100 obtains phases of the selected subset of beams for
generating a second factor, wherein the first factor and the second factor are part of the
parameters of the precoder (block 1130). The phases may be calculated by the wireless
device 310 or through cloud computing. The second factor corresponds to W,. And

the precoder w is given by: w = W, W,

[00128] The parameters of the precoder are then sent to the network node 320 in
a CSI feedback report, for example. It should be noted that the parameters of the
precoder sent to the network node 320 may also comprise the rotation factors and other

information.

[00129] In some embodiments, the selected subset of beams are single polarized
beams, corresponding to transmission on a single polarization. In some other
embodiments, the subset of beams is selected in polarization pairs, each polarization

pair corresponding to a dual polarized (DP) beam.

[00130] In some embodiments, the selection of the subset of beams is done by

determining beams which have the largest wideband received power.

[00131] When calculating the wideband received power, the wireless device 320
actually calculates the power coefficients or power levels. The power coefficients of
the subset of beams can be expressed as a first matrix which corresponds to W, =
B,S\/ﬁ. The power levels (or power coefficients or powers) are selected or obtained
on a wideband basis (corresponding to the first frequency granularity), for example.
Additionally, the power levels can be obtained to be the same (or common) to all layers

of a multi-layer transmission, meaning that the beam power levels are shared between

36

PCT/IB2017/051803



WO 2017/168349

10

15

20

all layers and polarizations. The phases can be obtained to be specific to each layer of
the multi-layer transmission, for example, meaning that the phases are assignable

independently for each individual layer.

[00132] Furthermore, the selected subset of beams can be sorted in order of
power levels or power strength. Also, a first beam that is of less strength than a second
beam can be quantized with a coarser quantization than that of the second beam. As
such, the number of bits can be saved when reporting the parameters of the precoder
to the network node. It should be noted that the first beam having less strength than the
second beam means that the power level of the first beam is inferior to the power level

of the second beam.

[00133] In order to reduce the CSI feedback overhead, the powers of the selected
beams can be quantized at a first quantization resolution and the phases of the selected
beams can be quantized at a second quantization resolution. In order to further reduce
the CSI feedback overhead, an index of a strongest beam (e.g. having the highest power
level) of the selected subset of beams is specified and the rest of the beams in the
selected subset is specified in an unordered fashion with regards to strength, in the
report to the network node. Also, the power levels can be uniformly quantized between

a first value and a second value, the first value being a minimum power level.

[00134] In some embodiments, the first factor is generated for a first frequency
granularity, and the second factor is generated for a second frequency granularity, the
first frequency granularity corresponding to an entire frequency bandwidth (of a
carrier) and the second frequency granularity corresponding to a frequency subband

within the frequency bandwidth.
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[00135] In some embodiments, for a precoder of rank 2, the phases of the
selected subset of beams for a first layer is a function of the phases of the selected

subset of beams for a second layer.

[00136] It should be noted that the terms “power level”, “power coefficient” and
“amplitude” are interchangeably used in this disclosure to characterize the beams

which comprise an amplitude/power level and a phase.

[00137] FIG. 12 illustrates a flow chart of a method 1200 for determining
transmission parameters in a wireless communication system, such as 300, according
to an embodiment. The method is performed by a network node, such as 320, for

example.

[00138] Method 1200 starts with block 1210 by, responsive to transmitting
reference signals to the wireless device, receiving precoder parameters which include
a subset of beams selected from a plurality of orthogonal beams and power levels of
the selected subset of beams, for a first frequency granularity, and phases of the
selected subset of beams for a second frequency granularity. The reference signals may

comprise CSI-RS, RS, or any other signals that allow to determine a channel estimate.

[00139] Method 1200 continues with determining the transmission parameters
based on the received precoder parameters (block 1220). For example, based on the
received information, the network node determines the transmission parameters, such
as a modulation coding scheme and a precoding scheme for the data transmission of
the wireless device. Based on the received information, the network node can
decide/choose to use the precoder suggested by the wireless device or it can
decide/choose to use another precoder. The network node then sends the determined

transmission parameters to the wireless device for data transmission.
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[00140] FIG. 13 illustrates a flow chart of a method 1300 for determining
transmission parameters in a wireless communication system, such as 300, according
to another embodiment. The method is performed by a network node, such as 320, for

example.

[00141] Method 1300 starts with block 1310 by, responsive to transmitting
reference signals to the wireless device, receiving precoder parameters which include
a subset of beams selected from a plurality of orthogonal beams, a first factor
associated with power levels of the selected subset of beams, and a second factor
associated with phases of the selected subset of beams. The reference signals may

comprise CSI-RS, RS, or any other signals that allow to determine a channel estimate.

[00142] Method 1300 continues with determining the transmission parameters
based on the received precoder parameters (block 1320). For example, based on the
received information, the network node determines the transmission parameters, such
as a modulation coding scheme and a precoding scheme for the data transmission of
the wireless device. Based on the received information, the network node can
decide/choose to use the precoder suggested by the wireless device or it can
decide/choose to use another precoder. The network node then sends the determined

transmission parameters to the wireless device for data transmission.

[00143] FIG.14 is a block diagram of a base station 320, such as an ¢NodeB,
configured to determine transmission parameters based on information received from
the wireless device, according to some embodiments. The base station 320 has
processing circuitry 1410 having a memory 1450 and a processor 1440. The base
station 320 further comprises a network interface 1430 and one or more transceivers
1420. In some embodiments, the transceiver 1420 facilitates transmitting wireless

signals to and receiving wireless signals from wireless device 310 (e.g., via an
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antenna), the one or more processors 1440 executes instructions to provide some or all
of the functionalities described above as being provided by the network node 320, the
memory 1450 stores the instructions for execution by the one or more processors 1440,
and the network interface 1430 communicates signals to backend network
5 components, such as a gateway, switch, router, Internet, Public Switched Telephone
Network (PSTN), core network nodes or radio network controllers, etc. The network

interface 1430 is connected to the processor and/or memory.

[00144] As an example, the processor 1440 is configured to perform methods
1200 and 1300. The one or more processors 1440 may include any suitable
10 combination of hardware and software implemented in one or more modules to execute
instructions and manipulate data to perform some or all of the described functions of
the network node 320, such as those described in methods 1200 and 1300. In some
embodiments, the one or more processors 1440 may include, for example, one or more
computers, one or more central processing units (CPUs), one or more microprocessors,
15 one or more applications, one or more application specific integrated circuits (ASICs),
one or more field programmable gate arrays (FPGAs) and/or other logic. In certain
embodiments, the one or more processors 1440 may comprise one or more of the
modules discussed below with respect to FIG. 18. It should be noted that the processing
circuitry 1410 is similar to processing circuitry 900. The processor 1440 is similar to

20 processor 920 and the memory 1450 is similar to memory 910.

[00145] The memory 1450 is generally operable to store instructions, such as a
computer program, software, an application including one or more of logic, rules,
algorithms, code, tables, etc. and/or other instructions capable of being executed by
one or more processors 1440. Examples of memory 1450 include computer memory

25 (for example, Random Access Memory (RAM) or Read Only Memory (ROM)), mass
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storage media (for example, a hard disk), removable storage media (for example, a
Compact Disk (CD) or a Digital Video Disk (DVD)), and/or or any other volatile or
non-volatile, non-transitory computer-readable and/or computer-executable memory

devices that store information.

[00146] FIG. 15 illustrates an example wireless device 310 configured to

determine precoder parameters in a wireless communication system, such as 300.

[00147] The wireless device 310 includes an antenna 1520, radio front-end
circuitry 1530, processing circuitry 1510, a computer-readable storage medium 1540,
an input interface 1560 and output interface 1570. Antenna 1520 may include one or
more antennas or antenna arrays, and is configured to send and/or receive wireless
signals, and is connected to radio front-end circuitry 1530. The radio front-end
circuitry 1530 may comprise various filters and amplifiers, is connected to antenna
1520 and processing circuitry 1510, and is configured to condition signals
communicated between antenna 1520 and processing circuitry 1510. In certain
alternative embodiments, UE 310 may not include radio front-end circuitry 1530, and
processing circuitry 1510 may instead be connected to antenna 1520 without radio

front-end circuitry 1530.

[00148] In some embodiments, the processing circuitry 1510 may comprise a
processor 1580 and a memory such as the storage/memory 1540, the processor 1580
being connected to the input and output interfaces 1560 and 1570. The memory 1540
contains instructions which, when executed by the processor, configure processor to
perform the one or more functions described in method 1000 of FIG. 10 and 1100 of

FIG. 11, for example. The processing circuitry 1510 is similar to 700 of FIG. 7.
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[00149] Processing circuitry 1510 may comprise and/or be connected to and/or
be adapted for accessing (e.g., writing to and/or reading from) memory 1540. Such
memory 1540 may be configured to store code executable by control circuitry and/or
other data, ¢.g., data pertaining to communication, ¢.g., configuration and/or address
data of nodes, etc. Processing circuitry 1510 may be configured to control any of the
methods described herein and/or to cause such methods to be performed, ¢.g., by the
processor. Corresponding instructions may be stored in the memory 1540, which may
be readable and/or readably connected to the processing circuitry 1510. The memory

1540 is similar to memory 1450 of FIG. 14.

[00150] Antenna 1520, radio front-end circuitry 1530, processing circuitry 1510,
and/or input interface 1560 and output interface 1570 may be configured to perform
any transmitting operations described herein as being performed by a wireless device.
Any information, data and/or signals may be transmitted to a network node and/or
another wireless device. The input interface 1560 and output interface 1570 can be
collectively referred to as a network interface, which is connected to the processor

and/or memory.

[00151] FIG. 16 is a block diagram of an example embodiment of a wireless
device 310, according to another embodiment, the wireless device 310 configured to
determine parameters of a precoder in a wireless communication system. The wireless
device 310 includes a selecting module 1610, a first obtaining module 1620 and a
second obtaining module 1630. The selecting module 1610 is configured to select a
subset of beams from a plurality of orthogonal beams (¢.g. corresponding to the
columns of the beam space transformation matrix). The first obtaining module 1620
is configured to obtain power levels of the selected subset of beams for generating a

first factor. The second obtaining module 1630 is configured to obtain phases of the
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selected subset of beams for generating a second factor. The wireless device 310 may
further include a transmitting module (not shown) configured to transmit/send the

precoder parameters to a base station, or network node.

[00152] FIG. 17 is a block diagram of an example embodiment of a wireless
device 310, according to another embodiment, the wireless device 310 configured to
send parameters of a precoder to a network node, in a wireless communication system.
The wireless device 310 includes a first sending module 1710, and a second sending
module 1720. The first sending module 1710 is configured to send to the network node
a subset of beams selected from a plurality of orthogonal beams and power levels of
the selected subset of beams, for a first frequency granularity. The second sending
module 1720 is configured to send phases of the selected subset of beams for a second
frequency granularity. In some embodiments, the first and second modules can be

combined to form one sending module.

[00153] FIG. 18 is a block diagram of an example embodiment of a network node
320, such as an eNB or base station, according to another embodiment, the network
node 320 configured to determine transmission parameters for a wireless device, in a
wireless communication system. The network node 320 comprises a receiving module

1810, and a determining module 1820.

[00154] The receiving module 1810 is configured to receive parameters of a
precoder, in response to transmitting reference signals to a wireless device. The
precoder parameters may include a subset of beams sclected from a plurality of
orthogonal beams and power levels of the selected subset of beams for a first frequency
granularity, and phases of the selected subset of beams for a second frequency
granularity. The precoder parameters may also include a subset of beams selected from

a plurality of orthogonal beams, a first factor associated with power levels of the
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selected subset of beams, and a second factor associated with phases of the selected

subset of beams.

[00155] The determining module 1820 is configured to determine transmission

parameters based on the received precoder parameters.
[00156] Further exemplary embodiments are given below:

[00157] Embodiment 1. A method at a wireless device for determining
parameters to enable construction of a precoder codebook structure in a wireless
communication system, the method comprising: selecting a subset of columns of a
beam space transformation matrix, each column corresponding to a single polarized,
SP, beam, each SP beam having a phase and an amplitude; and factoring each column
into at least two factors, a first factor having a first frequency granularity and a least a

second factor having a second frequency granularity.

[00158] Embodiment 2. The method of Embodiment 1 wherein a first

factor is an amplitude of an SP beam and a second factor is a phase of an SP beam.

[00159] Embodiment 3. The method of Embodiment 2, wherein the
amplitude of an SP beam is quantized at a first quantization resolution; and a phase of

the SP beam is quantized at a second quantization resolution.

[00160] Embodiment 4. The method of Embodiment 1, wherein the
columns are selected in polarization pairs of columns, each polarization pair

corresponding to a dual polarized, DP, beam.

[00161] Embodiment 5. The method of Embodiment 1, further
comprising sorting the SP beams in order of power strength and coarsely quantizing a

first SP beam that is of less strength than a second SP beam.
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[00162] Embodiment 6. The method of Embodiment 1, wherein the first
granularity is applied across an entire frequency bandwidth and the second granularity

is a function of frequency subbands within the frequency bandwidth.

[00163] Embodiment 7. The method of Embodiment 1, further

comprising transmitting the factors and the frequency granularities to a base station.

Embodiment 8. A wireless device for determining parameters to enable
construction of a precoder codebook structure in a wireless communication system, the
wireless device comprising: processing circuitry including a memory and a processor,
the memory configured to store precoder information, the precoder information
including frequency granularities of factors of single polarized, SP, beams; the
processor configured to: select a subset of columns of a beam space transformation
matrix, each column corresponding to an SP beam; each SP beam having a phase and
an amplitude; and factor each column into at least two factors, wherein a first factor has
a first frequency granularity and a least a second factor has a second frequency

granularity.

[00164] Embodiment 9. The wireless device of Embodiment 8, wherein a

first factor is an amplitude of an SP beam and a second factor is a phase of an SP beam.

[00165] Embodiment 10. The wireless device of Embodiment 9, wherein
the amplitude of an SP beam is quantized at a first quantization resolution; and a phase

of the SP beam is quantized at a second quantization resolution.

[00166] Embodiment 11. The wireless device of Embodiment 8, wherein
the columns are selected in polarization pairs of columns, each polarization pair

corresponding to a dual polarized, DP, beam.
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[00167] Embodiment 12. The wireless device of Embodiment 8, further
comprising sorting the SP beams in order of power strength and coarsely quantizing a

first SP beam that is of less strength than a second SP beam.

[00168] Embodiment 13. The wireless device of Embodiment 8, wherein
the first granularity is applied across an entire frequency bandwidth and the second

granularity is a function of frequency subbands within the frequency bandwidth.

[00169] Embodiment 14. The wireless device of Embodiment 8, further
comprising a transmitter configured to transmit the factors and the frequency

granularities to a base station.

[00170] Embodiment 15. A wireless device for determining parameters to
enable construction of a precoder codebook structure in a wireless communication
system, the wireless device comprising: a memory module configured to store precoder
information, the precoder information including frequency granularities of factors of
single polarized, SP, beams; a column selection module configured to select a subset
of columns of a beam space transformation matrix, each column corresponding to an

SP beam; each SP beam having a phase and an amplitude; and

a factorization module configured tofactor each column into at least two factors,
wherein a first factor has a first frequency granularity and a least a second factor has a

second frequency granularity.

[00171] Embodiment 16. A base station for determining transmission
parameters for transmission to a wireless device based on information received from
the wireless device, the base station comprising: processing circuitry including a
memory and a processor; the memory configured to store precoder information: the

processor configured to determine a rank indicator, modulation and coding scheme
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based on the precoder information; a transmitter configured to transmit the rank
indicator, modulation and coding scheme to the wircless device; and a receiver
configured to receive, from the wireless device, precoder information including: a
subset of columns of a beam space transformation matrix, each column corresponding
to a signal polarized, SP, beam, the SP beams having phases and amplitudes; and

frequency granularities of factors of the SP beams.

[00172] Embodiment 17. A precoder codebook comprising precoders for
channel state information, CSI, feedback in a wircless communication system, the
precoders in the codebook comprising: a weighted sum of multiple orthogonal beams
selected from a rotated two dimensional discrete Fourier transform, DFT, and where
an amplitude and a phase of a beam are separated with different frequency

granularities.

[00173] As will be appreciated by one of skill in the art, the concepts described
herein may be embodied as a method, data processing system, and/or computer
program product. Accordingly, the concepts described herein may take the form of an
entirely hardware embodiment, an entirely software embodiment or an embodiment
combining software and hardware aspects all generally referred to herein as a “circuit”
or “module.” Furthermore, the disclosure may take the form of a computer program
product on a tangible computer usable storage medium having computer program code
embodied in the medium that can be executed by a computer. Any suitable tangible
computer readable medium may be utilized including hard disks, CD-ROMs,

electronic storage devices, optical storage devices, or magnetic storage devices.

[00174] Some embodiments are described herein with reference to flowchart
illustrations and/or block diagrams of methods, systems and computer program

products. It will be understood that each block of the flowchart illustrations and/or
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block diagrams, and combinations of blocks in the flowchart illustrations and/or block
diagrams, can be implemented by computer program instructions. These computer
program instructions may be provided to a processor of a general purpose computer
(which then forms a special purpose computer), special purpose computer, or other
programmable data processing apparatus to produce a machine, such that the
instructions, which execute via the processor of the computer or other programmable
data processing apparatus, create means for implementing the functions/acts specified

in the flowchart and/or block diagram block or blocks.

[00175] These computer program instructions may also be stored in a computer
readable memory or storage medium that can direct a computer or other programmable
data processing apparatus to function in a particular manner, such that the instructions
stored in the computer readable memory produce an article of manufacture including
instruction means which implement the function/act specified in the flowchart and/or

block diagram block or blocks.

[00176] The computer program instructions may also be loaded onto a computer
or other programmable data processing apparatus to cause a series of operational steps
to be performed on the computer or other programmable apparatus to produce a
computer implemented process such that the instructions which execute on the
computer or other programmable apparatus provide steps for implementing the

functions/acts specified in the flowchart and/or block diagram block or blocks.

[00177] It is to be understood that the functions/acts noted in the blocks may
occur out of the order noted in the operational illustrations. For example, two blocks
shown in succession may in fact be executed substantially concurrently or the blocks
may sometimes be executed in the reverse order, depending upon the functionality/acts

involved. Although some of the diagrams include arrows on communication paths to
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show a primary direction of communication, it is to be understood that communication

may occur in the opposite direction to the depicted arrows.

[00178] Computer program code for carrying out operations of the concepts
described herein may be written in an object oriented programming language such as
Java® or C++. However, the computer program code for carrying out operations of
the disclosure may also be written in conventional procedural programming languages,
such as the "C" programming language. The program code may execute entirely on
the user's computer, partly on the user's computer, as a stand-alone software package,
partly on the user's computer and partly on a remote computer or entirely on the remote
computer. In the latter scenario, the remote computer may be connected to the user's
computer through a local area network (LAN) or a wide area network (WAN), or the
connection may be made to an external computer (for example, through the Internet

using an Internet Service Provider).

[00179] Many different embodiments have been disclosed herein, in connection
with the above description and the drawings. It will be understood that it would be
unduly repetitious and obfuscating to literally describe and illustrate every
combination and subcombination of these embodiments.  Accordingly, all
embodiments can be combined in any way and/or combination, and the present
specification, including the drawings, shall be construed to constitute a complete
written description of all combinations and subcombinations of the embodiments
described herein, and of the manner and process of making and using them, and shall

support claims to any such combination or subcombination.

[00180] It will be appreciated by persons skilled in the art that the embodiments
described herein are not limited to what has been particularly shown and described

herein above. In addition, unless mention was made above to the contrary, it should
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be noted that all of the accompanying drawings are not to scale. A variety of

modifications and variations are possible in light of the above teachings.
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CLAIMS:

1. A method for sending parameters of a precoder from awireless device to a network

node, in awireless communication system, the method comprising:

sending, to the network node, a subset of beams selected from a plurality of
orthogonal beams and power levels of the selected subset beams, for afirst frequency
granularity; and

sending, to the network node, phases of the selected subset beams, for a
second frequency granularity,

wherein the selected beams, the power levels and the phases of the selected
subset beams are part of the parameters of the precoder and the first frequency

granularity is different from the second granularity.

2. Themethod of claim 1, wherein the first frequency granularity corresponds to an
entire frequency bandwidth and the second granularity corresponds to a frequency

subband within the frequency bandwidth.

3. Themethod of claim 1 or 2, wherein the power levels are the same for all layers of a
multi-layer transmission and the phases are specific to each individual layer of the

multi-layer transmission.

4. The method of any of claims 1 to 3, wherein the parameters of the precoder are sent in
a Channel State Information (CSI) feedback report to the network node.

5. Themethod of any of claims 1 to 4, wherein the selected subset of beams corresponds
to transmission on a single polarization.

6. The method of any of claims 1 to 5, wherein the selected subset of beamsis selected
in polarization pairs, each polarization pair corresponding to adual polarized (DP)

beam.

7. The method of claim 1, wherein the selected subset of beamsiis selected by

determining beams which have alargest wideband received power.
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8. Themethod of any of claims 1 to 7, further comprising sorting the selected subset
beams in order of power strength and quantizing a first beam that is of less strength

than a second beam.

9. Themethod of any of claims 1 to 8, wherein the power levels of the selected subset
beams are quantized at a first quantization resolution and the phases of the selected

beams are quantized at a second quantization resolution.

10. The method of claim 9, further comprising sending the quantized power levels and

guantized phases to the network node.

11. The method of claim 1, wherein sending the selected subset of beams comprises

sending indices corresponding to the selected subset of beams.

12. A method for awireless device for determining parameters of a precoder, in a

wireless communication system, the method comprising:

selecting a subset of beams from a plurality of orthogonal beams;

obtaining power levels of the selected subset of beams for generating afirst
factor of the precoder; and

obtaining phases of the selected subset of beams for generating a second factor
of the precoder;

wherein the first factor and the second factor are part of the parameters of the
precoder and wherein the first factor is generated for afirst frequency granularity and
the second factor is generated for a second frequency granularity, the first frequency

granularity being different from the second granularity.
13. The method of claim 12, wherein the power levels of the selected subset of beams are
the same for all layers of a multi-layer transmission and the phases are specific to

each individual layer of the multi-layer transmission.

14. The method of claim 12 or 13, wherein the parameters of the precoder are sentin a
Channel State Information (CSI) feedback report to the network node.
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15. The method of any claims 12-14, wherein the selected subset of beams corresponds to

transmission on a single polarization.

16. The method of any claims 12-14, wherein the selected subset of beamsis selected in
polarization pairs, each polarization pair corresponding to adual polarized (DP)

beam.

17. The method of claim 12, wherein the selected subset of beams is selected by

determining beams which have alargest wideband received power.

18. The method of any claims 12-17, further comprising sorting the selected subset of
beamsin order of power strength and quantizing afirst beam that is of less strength

than a second beam with a coarser quantization.

19. The method of claim 18, further comprising sending the quantized first beam to the
network node.

20. The method of any claims 12-19, further comprising specifying an index of a
strongest beam of the selected subset of beams and wherein the rest of the beamsin
the selected subset is specified in an unordered fashion in areport to the network

node.
21. The method of claim 12, wherein the power levels of the selected subset of beams are
guantized at afirst quantization resolution and the phases of the sel ected subset of

beams are quantized at a second quantization resolution.

22. The method of claim 20, further comprising sending the quantized power levels and
guantized phases to the network node.

23. The method of any claims 12-22, wherein the second factor is a function of the second

frequency granularity.
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24. The method of claim 23, wherein the first frequency granularity corresponds to an
entire frequency bandwidth and the second frequency granularity corresponds to a

frequency subband within the frequency bandwidth.

25. The method of claim 12, wherein, for a precoder of rank 2, the phases of the selected
subset of beams for afirst layer is afunction of the phases of the selected subset of
beams for a second layer.

26. The method of any claims 12-24, wherein the power levels are uniformly quantized
between afirst value and a second value, wherein the first value is a minimum power

level.

27. The method of any of claims 12 to 26, wherein obtaining the power levels comprises
obtaining power levels relative to the other beams in the selected subset of beams and

wherein obtaining the phases comprises obtaining co-phasing factors.

28. A wireless device for sending parameters of a precoder to a network node, in a
wireless communication system, the wireless device comprising a processing circuitry
configured to cause the wireless device to:

send, to the network node, a subset of beams selected from a plurality of
orthogonal beams and power levels of the selected subset beams, for afirst frequency
granularity; and

send, to the network node, phases of the selected subset beams, for a second
frequency granularity,

wherein the selected beams, the power levels and the phases of the selected
subset beams are part of the parameters of the precoder and the first frequency

granularity is different from the second granularity.

29. The wireless device of claim 28, wherein the processing circuitry comprises a
processor, amemory and a network interface both connected to the processor, the
memory containing instructions that, when executed, cause the processor to perform
the operations of sending the selected subset of beams with the power levels and
sending the phases of the selected subset of beams.
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30. The wireless device of claim 28 or 29, wherein the first frequency granularity
corresponds to an entire frequency bandwidth and the second granularity corresponds

to afrequency subband within the frequency bandwidth.

31. The wireless device of claim 28 or 29, wherein the power levels are the same for all
layers of amulti-layer transmission and the phases are specific to each individual

layer of the multi-layer transmission.

32. The wireless device of any of claims 28 to 31, wherein the selected subset of beams

corresponds to transmission on a single polarization.

33. Thewireless device of any of claims 29 to 32, wherein the processor is configured to
select the subset of beams in polarization pairs, each polarization pair corresponding

to adual polarized, DP, beam.

34. The wireless device of claim 29, wherein the processor is configured to select the
subset of beams by determining beams which have alargest wideband received

power.

35. The wireless device of any of claims 29 to 34, wherein the processor is configured to
sort the selected subset of beams in order of power strength and to quantize afirst

beam that is of |ess strength than a second beam.

36. The wireless device of any of claims 29 to 35, wherein the processor is configured to
guantize at afirst quantization resolution the power levels of the selected subset of
beams and to quantize at a second quantization resolution the phases of the selected

subset of beams.

37. A wireless device for determining parameters of a precoder, in awireless
communication system, the wireless device comprising a processing circuitry
configure to:

select a subset of beams from a plurality of orthogonal beams;
obtain power levels of the selected subset of beams for generating afirst factor

of the precoder; and
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obtain phases of the selected subset of beams for generating a second factor of
the precoder;

wherein the first factor and the second factor are part of the parameters of the
precoder and wherein the first factor is generated for afirst frequency granularity and
the second factor is generated for a second frequency granularity, the first frequency

granularity being different from the second granularity.

38. The wireless device of claim 37, wherein the processing circuitry comprises a
processor, amemory and a network interface both connected to the processor, the
memory containing instructions that, when executed, cause the processor to select the
subset of beams, to obtain the power levels and the phases of the selected subset of
beams.

39. The wireless device of claim 37 or 38, wherein the power levels of the selected subset
of beams are the same for all layers of a multi-layer transmission and the phases are
specific to each individual layer of the multi-layer transmission.

40. The wireless device of any claims 37-39, wherein the processor is configured to send
the parameters of the precoder in a Channel State Information (CSl) feedback report
to the network node.

41. The wireless device of any claims 37 to 40, wherein the selected subset of beams

corresponds to transmission on a single polarization.

42. The wireless device of any of claims 38-40, wherein the processor is configured to
select the subset of beams in polarization pairs, each polarization pair corresponding

to adua polarized, DP, beam.
43. The wireless device of any claims 38 to 42, wherein the processor is further

configured to select the subset of beams by determining beams which have alargest
wideband received power.
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44. The wireless device of any claims 38 to 43, wherein the processor is configured to
sort the selected subset of beams in order of power strength and to quantize afirst

beam that is of less strength than a second beam with a coarser quantization.

45. The wireless device of claim 44, wherein the processor is configured to send the

guantized first beam to the network node.

46. The wireless device of any claims 38 to 45, wherein the processor is configured to
specify an index of a strongest beam of the selected subset of beams and wherein the
rest of the beams in the selected subset is specified in an unordered fashion in areport
to the network node.

47. The wireless device of any claims 38 to 46, wherein the processor is configured to
guantize the power levels of the selected subset of beams at afirst quantization
resolution and the phases of the selected subset of beams at a second quantization

resol ution.

48. The wireless device of claim 47, wherein the processor is configured to send the

guantized power levels and quantized phases to the network node.

49. The wireless device of any claims 37 to 48, wherein the second factor is afunction of

the second frequency granularity.

50. The wireless device of claim 49, wherein the first frequency granularity corresponds
to an entire frequency bandwidth and the second frequency granularity correspondsto

afrequency subband within the frequency bandwidth.

51. Thewireless device of any claims 37-38, wherein, for a precoder of rank 2, the phases
of the selected subset of beamsfor afirst layer is afunction of the phases of the

selected subset of beams for a second layer.

52. The wireless device of claim 38, wherein the processor is configured to quantize
uniformly the power levels between afirst value and a second value, wherein the first

value isaminimum power level.
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53. The wireless device of any of claims 38 to 52, wherein the processor obtains the

power levelsrelative to the other beams in the selected subset of beams.

54. A method for determining transmission parameters in a wireless communication

system, the method comprising:

responsive to transmitting reference signals to the wireless device, receiving
precoder parameters which include a subset of beams selected from a plurality of
orthogonal beams and power levels of the selected subset of beams, for afirst
frequency granularity, and phases of the selected subset of beams for a second
frequency granularity, wherein the first frequency granularity is different from the
second frequency granularity; and

determining the transmission parameters based on the received precoder

parameters.

55. A method for determining transmission parameters in a wireless communication

system, the method comprising:

responsive to transmitting reference signals to the wireless device, receiving
precoder parameters which include a subset of beams selected from a plurality of
orthogonal beams, afirst factor associated with power levels of the selected subset of
beams, and a second factor associated with phases of the selected subset of beams,
wherein the first factor is generated for afirst frequency granularity and the second
factor is generated for a second frequency granularity, the first frequency granularity
being different from the second frequency granularity; and

determining the transmission parameters based on the received precoder

parameters.

56. A network node for determining transmission parameters in a wireless communication
system, the network node comprising a processing circuitry configured to cause the
network node to:

responsive to transmitting reference signals to the wireless device, receive
precoder parameters which include a subset of beams selected from a plurality of
orthogonal beams and power levels of the selected subset of beams, for afirst frequency

granularity, and phases of the selected subset of beams for a second frequency
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granularity, wherein the first frequency granularity is different from the second frequency

granularity; and

57.

58.

59.

determine the transmission parameters based on the received precoder parameters.

The network node of claim 56, wherein the processing circuitry comprises a
processor, amemory and a network interface both connected to the processor, the
memory containing instructions that, when executed, cause the processor to perform
the operations of receiving and determining.

A network node for determining transmission parameters in a wireless communication
system, the network node comprising a processing circuitry configured to cause the
network node to:

responsive to transmitting reference signals to the wireless device, receive
precoder parameters which include a subset of beams selected from a plurality of
orthogonal beams, afirst factor associated with power levels of the selected subset of
beams, and a second factor associated with phases of the selected subset of beams,
wherein the first factor is generated for afirst frequency granularity and the second
factor is generated for a second frequency granularity, the first frequency granularity
being different from the second frequency granularity; and

determine the transmission parameters based on the received precoder

parameters.

The network node of claim 58, wherein the processing circuitry comprises a
processor, amemory and a network interface both connected to the processor, the
memory containing instructions that, when executed, cause the processor to perform

the operations of receiving and determining.

59



