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METHODS AND APPARATUSES FOR CSI REPORTING IN A WIRELESS COMMUNICATION
SYSTEM

TECHNICAL FIELD

The present disclosure relates to the field of wireless communications, and in
particular, to methods and apparatuses for efficient feedback reporting for at least
a New Radio- (NR-) based wireless communication network system, which

feedback includes Channel State Information (CSI).
BACKGROUND

In a wireless communications system, such as New Radio, also called 3GPP Fifth
Generation wireless communications system or 5G for short, downlink (DL) and
uplink (UL) signals convey data signals, control signals comprising DL control
information (DCI) and/or uplink control information (UCI), and a number of
reference signals (RSs) used for different purposes. A radio network node or a
radio base station or a gNodeB (or gNB or gNB/TRP (Transmit Reception Point))
transmits data and DCI through the so-called physical downlink shared channel

(PDSCH) and the physical downlink control channel (PDCCH), respectively.

A UE transmits data and UCI through the so-called physical uplink shared channel
(PUSCH) and physical uplink control channel (PUCCH), respectively. Moreover,
the DL or UL signal(s) of the gNB respectively the user equipment (UE or a radio
device) may contain one or multiple types of RSs including a channel state
information RS (CSI-RS), a demodulation RS (DM-RS), and a sounding RS (SRS).
The CSI-RS (SRS) is transmitted over a DL (UL) system bandwidth part and used
at the UE (gNB) for CSI acquisition. The DM-RS is transmitted only in a bandwidth
part of the respective PDSCH/PUSCH and used by the UE/gNB for data

demodulation.

One of many key features of 5G is the use of multi-input multi-output (MIMO)
transmission schemes to achieve high system throughput compared to previous

generations of mobile systems. MIMO transmission generally demands the
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availability of accurate CSI| used at the gNB for a signal precoding using a
precoding matrix of the data and control information. The current third Generation
Partnership Project Release 15 specification (3GPP Rel. 15) therefore provides a
comprehensive framework for CSl reporting. The CSl is acquired in a first step at
the UE based on received CSI-RS signals transmitted by the gNB. The UE
determines in a second step based on the estimated channel matrix a precoding
matrix from a predefined set of matrices called ‘codebook’. The selected precoding
matrix is reported in a third step in the form of a precoding matrix identifier (PMI)
and rank identifier (RI) to the gNB.

In the current Rel.-15 NR specification, there exist two types (Type-l and Type-Il)
for CSI reporting, where both types rely on a dual-stage (i.e., two components)
W, W, codebook. The first codebook, or the so-called first stage precoder, W4, is
used to select a number of beam vectors from a Discrete Fourier Transform-based
(DFT-based) matrix which is also called the spatial codebook. The second
codebook, or the so-called second stage precoder, W,, is used to combine the
selected beams. For Type-l and Type-Il CSI reporting, W, contains phase-only
combining coefficients and complex combing coefficients, respectively. Moreover,
for Type-Il CSI reporting, W, is calculated on a subband basis such that the
number of columns of W, depends on the number of configured subbands. Here,
a subband refers to a group of adjacent physical resource blocks (PRBs). Although
Type-Il provides a significant higher resolution than Type-I CSI feedback, one
major drawback is the increased feedback overhead for reporting the combining
coefficients on a subband basis. The feedback overhead increases approximately
linearly with the number of subbands and becomes considerably large for large
numbers of subbands. To overcome the high feedback overhead of the Rel.-15
Type-Il CSl reporting scheme, it has recently been decided in 3GPP RAN#81 Fel!
Hittar inte referenskalla. (3GPP radio access network (RAN) 3GPP RAN#81) to

study feedback compression schemes for the second stage precoder W,.

Before going into the detailed description of the solution(s) of the present
embodiments, an informative description is provided in order to better understand
the problems of the prior art followed by a described how said problems are solved

according to the embodiments of the present disclosure.
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3GPP Rel.-15 dual-stage precoding and CSI reporting

Assuming a rank-r (r may be up to two) transmission and a dual-polarized antenna
array at the gNB with configuration (N,, N,, 2), the Rel.-15 double-stage precoder
for the CSI reporting for the s-th subband is given by:

W(s) = Wyw,(s),
= W, W, w, (s)

where the precoder matrix W has 2N; N, rows corresponding to the number of

antenna ports, and S columns for the reporting subbands/PRBs. The matrix ng) €
CPN1N2>2U g the wideband first-stage precoder containing 2U spatial beams for
both polarizations which are identical for all § subbands, and W, is a diagonal
matrix containing 2U wideband amplitudes associated with the 2U spatial beams,
and w, (s) is the second-stage precoder containing 2U subband (subband
amplitude and phase) complex frequency-domain combining coefficients

associated with the 2U spatial beams for the s-th subband.

According to prior art [1], the reporting and quantization of wideband amplitude

matrix W, and subband combining coefficients in w, (s) are quantized and

reported as follows.

- The wideband amplitude corresponding to the strongest beam which has
an amplitude value of 1 is not reported. The wideband amplitude values
associated with the remaining 2U — 1 beams are reported by quantizing
each amplitude value with 3 bits.

- The subband amplitudes and phase values of the coefficients associated
with the first leading beam are not reported (they are assumed to be equal
to 1 and 0).

- For each subband, the amplitudes of the B coefficients associated with the
first B — 1 leading beams (other than the first leading beam) are quantized
with 1 bit (quantization levels [V0.5,1]). The amplitude values of the
remaining 2U — B beams are not reported (they are assumed to be equal
to 1).
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- For each subband, the phase values of the B — 1 coefficients associated
with the first B — 1 leading beams (other than the first leading beam) are
quantized with 3 bits. The phase values of the remaining 2U — B beams are
quantized with 2 bits.

- The number of leading beams for which the subband amplitude is reported
is given by B = 4, 4 or 6 when the total number of configured spatial beams

U =2, 3, or4, respectively.

SUMMARY

In view of the drawbacks disclosed earlier, there is provided a communication
device or a radio device or a user equipment (UE) and a method therein for
providing a channel state information (CSI) feedback in a wireless communication
system including at least the UE and a gNB or a radio network node. The UE
comprising a processor and a memory, said memory containing instructions
executable by said processor whereby said UE is operative perform method steps

according to any one of claims 1-35.

There is also provided a network node or gNB comprising a processor and a
memory, said memory containing instructions executable by said processor

whereby said gNB is operative perform method steps as will be described.

According to an aspect of exemplary embodiments herein, the method performed
by the UE includes: receiving from a network node, gNB, a radio signal via a
Multiple Input Multiple Output, MIMO, channel, wherein the radio signal contains
at least one DownLink, DL, reference signal according to a DL reference signal
configuration; estimating said MIMO channel based on said received at least one
DL reference signal for configured subbands; calculating a precoder matrix or a
Channel State Information, CSI, matrix for a number of antenna ports of the gNB
and configured subbands; the precoder matrix being based on a first codebook
and on a second codebook and a set of combining coefficients for complex
scaling/combining one or more of vectors selected from the first codebook and the
second codebook; where, the first codebook contains one or more transmit-side

spatial beam components of the precoder matrix, the second codebook contains
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one or more delay components of the precoder matrix; determining a common
delay domain (CDD) basis subset of the selected vectors associated with the delay
components across all layers of the precoder matrix or CSI matrix, wherein the
CDD basis subset is defined by a parameter D representing the number of
elements of the CDD basis subset, and a parameter D;,, representing the first index
of the D delay vectors from the second codebook; and reporting, to the gNB, a CSl
feedback report and/or a Precoder matrix Indicator (PMI) and/or a PMI/Rank
Indicator (PMI/RI) used to indicate the precoder matrix or the CSI matrix for the
configured antenna ports and subbands; wherein the selected vectors from the
CDD basis subset are indicated in the reporting, for each layer, by a layer-specific

delay domain (LDD) basis subset indicator.

According to another aspect, there is provided a method performed by a network
node or a gNB, the method comprising: transmitting to a UE a radio signal via a
MIMO channel, wherein the radio signal contains at least one DL reference signal
according to a DL reference signal configuration, for enabling the UE to estimate
said MIMO channel based on said received at least one DL reference signal for
configured subbands and calculate a precoder matrix or a CSI matrix for a number
of antenna ports of the gNB and configured subbands; the precoder matrix being
based on a first codebook and on a second codebook and a set of combining
coefficients for complex scaling/combining one or more of vectors selected from
the first codebook and the second codebook; wherein the first codebook contains
one or more transmit-side spatial beam components of the precoder matrix, the
second codebook contains one or more delay components of the precoder matrix;
determine a common delay domain (CDD) basis subset of the selected vectors
associated with the delay components across all layers of the precoder matrix or
CSI| matrix, wherein the CDD basis subset is defined by a parameter D
representing the number of elements of the CDD basis subset, and a parameter
D;,, representing the first index of the D delay vectors from the second codebook.
The method further comprises: receiving, from the UE, a CSI feedback report
and/or a PMI and/or a PMI/RI, used to indicate the precoder matrix or the CSI

matrix for the configured antenna ports and subbands; wherein the selected
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vectors from the CDD basis subset are indicated in the reporting, for each layer,

by a LDD basis subset indicator.

An advantage with embodiments herein is to provide a feedback compression
scheme for a second stage precoder that reduces the feedback overhead for

reporting precoder coefficients.

Another advantage of the present embodiments is to provide several schemes for
low-feedback overhead reporting for spatial domain and delay domain basis

indicators and delay-domain combining coefficients.

Additional advantages will be described and explained in detail in the description

part of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1A llustrates an example of a CDD basis subset configuration.

Figure 1B illustrates another example of a CDD basis subset configuration.
Figure 2 is a flowchart of a method performed by a UE according to
embodiments herein.

Figure 3 is an exemplary block diagram depicting a UE according to

exemplary embodiments herein.

DETAILED DESCRIPTION

As previously described, the embodiments herein provide a feedback compression
scheme for the second stage precoder W, that drastically reduces the feedback

overhead for reporting, by the UE, the precoder coefficients.

The UE comprises a transceiver which is configured to receive from a transmitter
a radio signal via a MIMO channel, where the radio signal contains DL reference
signals (e.g., CSI-RS) according to a DL reference signal configuration, and the
UE, by means of a processor is operative to: estimate the MIMO channel between

the gNB and the UE based on the received DL reference signals for the configured
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subbands, calculate, based on a performance metric, a precoder matrix or a CSl
matrix, for a number of gNB’ antenna/ DL RS ports and configured subbands, that
is based on two codebooks and a set of combining coefficients for complex
scaling/combining the one or more of the vectors selected from the first and second
codebook, where the first codebook contains one or more transmit-side spatial
beam components of the CSI matrix, and the second codebook contains one or
more delay components of the CSI matrix, and report the CSI feedback/PMI and
Rl to indicate the precoder matrix CSI matrix per layer for the configured

antenna/DL-RS ports and subbands.

Throughout the present disclosure, the precoder matrix and the CSI matrix are

used interchangeably meaning that they are equivalent.

In accordance with embodiments, the first codebook comprises a DFT matrix or
oversampled DFT-matrix of size N;N, x 0, ,N;0, ;N, containing the spatial beam
components (N, N, x 1 vectors) of the precoder matrix. Here, N; and N, refer to the
number of antenna ports of the same polarization in the first and second dimension
of the antenna array, respectively. In general, for a two-dimensional (2D) antenna
array, N; and N, are both greater than 1, whereas for a linear (1D (one-
dimensional) either N; or N, is one. The total number of antenna ports for a dual-
polarized antenna array is 2N;N,. Furthermore, 0,,; € {1,2,3,..} and 0, €
{1,2,3,..} refer to the oversampling factors of the codebook matrix with respect to

the first and second dimension, respectively.

The first codebook comprises a set of P, _gs/2 X 1 column vectors, where the m-
th column vector contains a single 1 at the m-th position of the vector and zeros
elsewhere. Here, the parameter P.s;_rs denotes the total number of CSI-RS ports
used by the UE for channel estimation and precoder coefficient calculation. This
codebook may be called as port selection codebook and is used when a
beamforming operation is performed by the gNB such that each antenna port
corresponds to a beam-formed port. The parameter P.s;_rs may be higher-layer

configured by the gNB e.g. using an RRC (Radio Resource Control) signaling.
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The second codebook comprises a second DFT, or oversampled DFT-codebook
matrix of size N; x N;0, containing the delay components (represented by N5 x 1
DFT-vectors) of the precoder matrix, where N; refers to the configured number of
subbands, and 0, refers to the oversampling factor 0, = 1,2, .... of the second
codebook matrix. Each DFT vector models a linear phase increase over the N;
subbands, and each vector is therefore associated with a delay in the transformed
(delay) domain. Therefore, in the following, the DFT vectors of the second
codebook are referred to as delay vectors or simply delays, and the combining
coefficients used for the complex scaling/combining of the one or more of the
vectors selected from the first and second codebook as delay-domain combining

coefficients.

In accordance with embodiment, the UE is configured to determine a rank indicator
(RI1) from the MIMO channel estimate and to configure the CSI matrix (or precoder
matrix) with Rl layers. For the I-th layer of the CSI matrix, the UE may be configured
to select a subset of U® beam vectors from the first codebook, a subset of DO
delay vectors from the second codebook and 2U ¥ D® combining coefficients, and
to indicate in the CSI report the selected Rl and the selected beam and delay

vectors and combining coefficients of the CSI matrix.

In accordance with embodiments, the UE is configured to report for each layer of
the CSI matrix a spatial domain (SD) basis indicator indicating the selected subset
of UY beam vectors of the I-th layer and a delay domain (DD) basis indicator
indicating the selected subset of D® delays vectors of the I-th layer.

In accordance with an embodiment, the CSI matrix used for CSI (PMI) reporting
for the configured 2N; N, (or Pcs;_rs) @antenna/DL-RS ports and configured N;
subbands may be represented for the first polarization of the antenna ports and (-

th transmission layer as

(O (O
Gg_l) (l) ZU 1 b(l) ZD 1 ]FZ 4 d(l)H

and for the second polarization of the antenna ports and [-th transmission layer as

(O @ -
Ggl) (l) ZU 1 b(l) ZD -1 2(2 4 d(l)H
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where b,(f) (u=0,..,U® —1) represents the u-th spatial beam vector for the I-th
layer selected from the first codebook, dg) (d=0,.., DY —1) is the d-th delay

vector associated with the I-th layer selected from the second codebook, y;_lg_d

is
the complex delay-domain combining coefficient associated with the u-th beam, d-
th delay and p-th polarization, U represents the number of spatial beam vectors,

D® represents the number of delay vectors, and «® is a normalizing scalar.

In contrast to the 3GPP Release 15 Type-Il single-codebook CSI reporting, the
herein proposed two-codebook CSI reporting scheme (based on matrices Ggl)and

Ggl)) is based on precoding operations in the delay-domain instead of the frequency
domain. In this way, the UE may exploit the sparsity of the 20" beam-formed

channel impulse responses (obtained by combining the selected beam vectors b,(f)

and the MIMO channel impulse response) when optimizing for the delay domain

combining coefficients yzgf;d.

Note that the precoding operation (by vectors b,(f) and dg)) leads to an energy
concentration of the MIMO channel impulse in both space and delay domain
dimensions, such that each of the corresponding 2U® beam-formed channel
impulse response is characterized by only a few significant channel delays/taps.

These channel delays are used by the UE for determining the delay domain

combining coefficients y(l)

oiLd In this way, the number of combining coefficients per

layer to be reported reduces from 2U®N; for the Rel. 15 Type-Il CSI single-
codebook reporting scheme to 200 D®, where D® « N3, for the proposed two-

codebook CSI reporting scheme.

In the following sections, several schemes for low-feedback overhead reporting for
the SD and DD basis indicators and delay-domain combining coefficients are

proposed in according with some embodiments.

CSlI report confiqguration

In accordance with some embodiments, the UE is configured from the gNB with a

CSI report configuration, the CSI report configuration contains the higher-layer
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(e.g., RRC) parameter(s) U® and D® representing the number of beam vectors

and delay vectors, respectively, for the I-th layer of the CSI matrix.

In accordance with an embodiment, the UE is configured from the gNB with a CSlI
report configuration, the CSI report configuration contains the higher-layer (e.g.,
RRC) parameter(s) D®, representing the number of delays per beam for the I-th
layer, used for the configuration of the CSI matrix (or precoder matrix). The number
of configured delays D per layer has a large influence on the feedback overhead
for reporting the selected 2 ¥, U® D® combining coefficients for the layers. In order
to reduce the feedback overhead for reporting the combining coefficients for all
layers and the UE complexity for calculating the CSI matrix, the UE may be
configured with different number of delays D® per layer, or per layer-group (i.e., a
subset of layers). In the following, some examples for the delay configuration are

presented.

In one example, the number of delays D® is layer-independent and identical for
all layers, such that D® = D, and the gNB may configure/signal only a single
parameter D for the configuration of the CSI matrix. For instance, for a rank (RI) of
2, D=D@=pW forRI =3, D= DO =pW=p? for Rl =4, D=DO =
p@W = p@ = pBG)

In another example, the number of delays D® is configured for subsets of layers,
e.g., for a first subset of layers (e.g., the first and second layers), D™ = [a, D],
and for a second subset of layers (the third layer or the third layer and fourth layer),
D® =[a,D@P],and the gNB signals two parameters D™ and D® for the
configuration of the CSI matrix. The parameters @, and a, are either higher-layer

configured or fixed by specification or reported by the UE. Examples of a; and «,

are a; € { ——————— 1},t € {1,2}.

In another example, instead of configuring both D®and D@, only D@ s

configured and D® is derived at /by the UE from D as D@ = [a,D©®], where

. . 113112 3
a, € RT. Possible values of a, are given by a, = {5,2,5,5,5,5,2, 1}

10
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In another example, the gNB configures a single parameter D for the first layer,
and the UE derives the parameter(s) DM, [ > 0 for the remaining layers by e.g. a

rule, although not necessarily.
Examples of a rule are given in the following.
In one instance D® = DO [ > 0 may be identical for all layers.

In another instance, D® may be identical for the first two layers, D® = D™, and

different for the third and fourth layers, D® > D@ > p©® or p® < p@ < p©

In another instance, D® may be identical for the first three layers and different for

the fourth layer, D® < D@ or p® > p©®,

In another instance, D® may be different for all layers, DUV = DO, [ €[0,2]. In
another instance, for Rl = 2, the delays of the second layer may be derived from
D = q,D© where a, € R*. For Rl = 3, the delays of the second layer and third

may be derived from D™ = [a,D®] and D@ = [a,D®], where a, € R*.

For RI = 4, the delays of the second layer, third and fourth layers may be derived

from DD = [a,D®], D® = [a,D@], and D® = [a;,D®|where a, € R*.

In another instance, for Rl = 3, the UE is configured by a single value D and
D©® = p® = D@ and the delays of the third layer may be derived from D@ =

[a,D©@], where a, € R*.

In another instance, for Rl = 3, the UE is configured by a single value D and
D@ = p@ « pM and the delays of the second layer may be derived from D@ =

[a,D©@], where a, € R*.

In another instance, for Rl = 4, the UE is configured by a single value D and
D@ % p@W = p@ = p® and the delays of the second, third and fourth layers may
be derived from DM = D@ = p® = [a,D®], where a, € R*.

11
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In another instance, for Rl = 4, the UE is configured by a single value D and
D@ =p® % p@ = pB® and the delays of the third and fourth layer may be

derived from D® = D® = [a,D®], where ¢, € R*.

In another instance, for Rl = 4, the UE is configured by a single value D and
D@ = p@ = p@ %« p® and the delays of the fourth layer may be derived from
D® = [a,D®], where a, € R*.

In another instance, for Rl = 4, the UE is configured by a single value D and
D@ =p® % p@ = pB® and the delays of the third and fourth layer may be

derived from D@ = D® = [¢,D®], where ¢, € R*.

In another instance, for Rl = 4, the UE is configured by a single value D and
D@ % p@W % p@ = p®and the delays of the second layer may be derived from
DW = [a,D®], and the delays of the third and fourth layer may be derived from
D@ = D® =[a,D®], where a, € R*.

In another instance, for Rl = 4, the UE is configured by a single value D and
D@ % p@W = p@ %« p®and the delays of the fourth layer may be derived from
D® = [a,D®], and the delays of the second and third layer may be derived from

DW = D@ =[a,D®], where a, € R*.

In another instance, for Rl = 4, the UE is configured by a single value D and
D@ =p® % p@ »« p® and the delays of the third layer may be derived from
D@ = [a,D®] and the delays of the fourth layer may be derived from D) =

[a,D©@], where a, € R*.

In accordance with an embodiment, a UE may be configured with a single
parameter D which denotes the total number of delays across all layers. The UE is
then configured to calculate the required number of delays per layer (D(l)) based
on any performance enhancement/feedback reduction criterion such that
YRIS1DW < D The UE may then report, to the gNB, the assigned number of delays
to the gNB.
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In accordance with an embodiment, the configuration of delays may be dependent

on the rank (RI) of the CSI matrix. For example, let D¢ denote the number of
delays for the [-th layer and the r-th rank. For example, the number of delays per

layer for Rl < 2 may be identical. For instance, DV = p@D = p©2),

In another example, the number of delays of the I-th layer for Rl <4 may be

identical to the number of delays of the I-th layer for Rl = 1.

In one instance, DOV = p©2 = pO3) = pOH= pl2) = p3) = plH = gnqg
D@3 = p@Y = pG4 where DU denotes the number of delays per layer

associated with each RI, r € {1,2,3,4}.

In another instance, D@V = p©2) = p©3) = pO4) = pa2) = p(A3) = p4) gng

the delays D@3, D@4 DG4 are derived from the delays of Rl <2 as D®?3 =
D@D = PG = g PO,

In another example, the number of delays per layer for Rl > 2 may not be identical

to the number of delays per layer for Rl < 2. For instance, D@V = p©2 2 p©3) —
DO or p2 % p(3) = pUH and p@3) = p@H = pGH,

In another example, the number of delays per layer D47, vi, for Rl > 2 may be
derived from the number of delays of Rl < 2. For instance, D© = p©2 = pA2)
and the delays DU",vlr >2are given by D3 =p©4s = pA3) = pa4)

D@3 = p@d = pBY = ¢ DOV where a, € R*.

In another example, for Rl = 2, the number of delays for each layer and RI are

different, D& = D) 1 £ U r = 1.

In accordance with an embodiment, the UE is configured to select the values D¢
or DO or a;,i € {0,1,2} and report the selected values of D®™ or DO or a;,i €
{0,1,2}.

In accordance with an embodiment, the higher-layer (e.g., RRC) parameter(s) D®
(or &™) may depend on the configured number of subbands N; by e.g.a known
rule, e.g, DO = [p®N;], 0 < p® < 1, such that the number of configured delays

increases/decreases with increasing/decreasing values of N;. Examples for p®
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are p(l) € {5,2,5,5,5,5,2 }. Instead of signaling the parameter(s) D®, the gNB may

signal parameter(s) p(l) for the configuration of the CSI matrix.

In accordance with an embodiment, the UE is configured to receive from the gNB
the higher layer parameter N;, representing the number of configured subbands
for the second codebook matrix. The number of subbands may depend on the
number of CQI subbands N¢q, (used for the calculation of the CQI) by a known
rule. For example, the parameter N; may linearly increase/decrease with respect
to the configured number of CQIl subbands, N; = N¢o; X R,R =1, where R is a

parameter to control the UE calculation complexity.

In accordance with an embodiment, the higher layer parameter R may be a UE
capability. A UE may have only a limited processing capability for the calculation
of the CSI matrix, and it may not be able to apply large values of N;. In order to
indicate that only a limited value range for N; is supported, the UE may indicate
the supported value range for the parameter R to the gNB. For example, when R €
{1,2}, a UE may indicate R = 1 (limited processing capability), or R = 2 (larger

processing capability).

In accordance with an embodiment, the UE is configured from the gNB with a CSI
report configuration, the CSI report configuration contains the higher-layer (e.g.,
RRC) parameter(s) UM, representing the number of spatial beams for the I-th
layer, used for the configuration of the CSI matrix. In one example, the number of
beams U® may be identical for all layers and rank-independent, such that U® =
U, and the gNB signals a single parameter U for the configuration of the CSI matrix.

In one example, U may be given by a limited value range, e.g., U € {2,4,6}.

In another example, the gNB may configure a single parameter U for the spatial
beams of the first layer of the CSI matrix, and the remaining U®, [ > 0 are derived
by the UE by a known rule. For instance, when Rl = 2, and the gNB configures
U©® = 6, the number of spatial beams for the first layer may be given by U® = 6
and the number of spatial beams for the second layer is given by U® = 4 or UV =
2.
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In another instance, when RI = 3, and the gNB configures U(® = 6, the number of
spatial beams for the first layer may be given by U = 6, the number of spatial
beams for the second layer is given by U = 4 or U = 2, and the number of

spatial beams for the third layer is given by U® = 40or U® = 2.

In another instance, when Rl = 4 and the gNB configures U = 6, the number of
spatial beams for the first layer may be given by U@ = 6, the number of spatial
beams for the second layer is givenby U = 40orU® = 2, the number of spatial
beams for the third layer is given by U® = 4 or U® = 2, and the spatial beams

for the third layer is given by U® = 40orU® = 2.

In another example, the number of spatial beams U® is configured for subsets of
layers, e.g., for a first subset of layers (e.g., the first and second layers), UM =
[, U®], and for a second subset of layers (the third or the third and fourth layers),
U® = [a,UP] and the gNB may be configured to signal two parameters U® and

U@ for the configuration of the CSI matrix. The parameters «,; and a, are either

higher-layer configured or fixed by specification or reported by the UE.

In another example, the number of spatial beams U® is configured for subsets of
layers, e.g., for a first subset of layers (e.g., the first and second layers), UM =
[, U®], and for a second subset of layers (the third or the third and fourth layers),
U® = [a,UW] and U® = [a3UP], and the gNB signals only a parameter U© for
the configuration of the CSI matrix. Examples of «;, a,and a; are a, €

{l 131123 1},te{1,2,3}.

8’4’°8°3’2°3"4’

In one instance, for Rl = 3, the number of spatial beams for the first group of layers
may be identical U® = U™ = 2 and the subset of layers for the second subset is

givenby U® =4 oru@ =.

In another instance, for Rl = 3, the number of spatial beams for the first group of
layers may be identical U = U™ = 4 and the subset of layers for the second

subset is given by U® = 6 or U@ = 2.
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In another instance, for Rl = 3, the number of spatial beams for the first group of
layers may be identical U = U™ = 6 and the subset of layers for the second

subset is given by U® = 4 or U® = 2.

In another instance, for Rl = 4, the number of spatial beams for the first group of
layers may be identical U® = U@ = 2 | and the subset of layers for the second

subset is given by U® = U =6 or U@ =@ = 2,

In another instance, for Rl = 4, the number of spatial beams for the first group of
layers may be identical U® = U™ = 4, and the subset of layers for the second

subsetis givenby U® = U =2 oru@ =@ =6,

In another instance, for Rl = 4, the number of spatial beams for the first group of
layers may be identical U = y® = 6, and the subset of layers for the second

subsetis givenby U® = U® =2 oru@ = U@ =4,
In accordance with embodiments, the UE may be configured with U = 6 only for

Rl <2. Configuring the UE with a large value of U enhances the performance but
at the cost of increased feedback overhead. Therefore, the gNB may control the
feedback overhead by limiting the large value of U only for certain RI’s. In other

words, the configuration of spatial beams can be rank-dependent.

In accordance with embodiments, the higher layer parameter U may be a UE
capability. A UE may have only a limited processing capability for the calculation
of the CSI matrix, and it may not be able to apply large values of U. In order to
indicate that only a limited value range for U is supported, the UE may indicate the
supported value range for the parameter U to the gNB. For example, when U €
{2,4,6}, a UE may indicate U = {2,4} (limited processing capability), or U = {2,4,6}

(larger processing capability).

In accordance with an embodiment, a UE may be configured with a single
parameter U which denotes the total number of spatial beams across all layers.

The UE is then configured to calculate the required number of spatial beams per

layer (U(l)) based on any performance enhancement/feedback reduction criterion
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such that X1 U® < U. The UE may then be configured to report the assigned

number of spatial beams per layer to the gNB.

In accordance with embodiments, the number of spatial beams for ¢ layers (e =
1) may be apriori known to the UE, and the UE may be configured with a single
parameter U which denotes the total number of spatial beams across RI — e layers.
The UE is then configured to calculate the required number of spatial beams per
layer (U(l)) based on any performance enhancement/feedback reduction criterion
such that YX-¢ U® < U. The UE maybe configured to report the assigned number

of spatial beams for the RI — e layers to the gNB.

In accordance with embodiments, a UE may be configured with one or more
parameters, which denote(s) the total number of spatial beams across all layers in
one or more subsets. Each subset may contain one or more number of layers. The
UE then calculates the required number of spatial beams per layer (U(l)) based on
any performance enhancement/feedback reduction criterion. The assigned

number of spatial beams per layer may then be reported to the gNB.

Reporting of combining coefficients

As explained above, each of the 2U® beams of the CSI matrix is associated with
only a small number of channel delays. Moreover, as each beam may point to a
different direction in the channel, each beam may only be associated with a small
number of delays/delay vectors from the selected D®-sized basis delay vector
subset. This means the power of the combining coefficients of a beam may be
concentrated at few delays such that some of the combining coefficients may have
close to zero amplitude values. Since the close to zero-valued combining
coefficients do not significantly affect the performance, the UE may be configured
to indicate those coefficients in the CSI report and may not report them. The
following embodiments provide proposals for the combining coefficient selection,

indication and reporting in the CSI report.

In accordance with an embodiment, the UE is configured to select K or less than

K® non-zero combining coefficients for the I-th layer of the CSI matrix, to report
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the selected non-zero combining coefficients for all layers of the CSI matrix, and to
indicate the selected coefficients in the CSI report. The selected non-zero
combining coefficients for the I-th layer may be indicated by a 2U® x D®-sized
bitmap, where each bit in the bitmap is associated with a polarization index (p €
{1,2}), beam index (0 < u < U® — 1) and delay index (0 < d < D® —1). A “1”in
the bitmap may indicate that the combining coefficient associated with the
polarization index p, beam index u, and delay index d is non-zero, selected and
reported by the UE. A “0” in the bitmap may indicate that the combining coefficient
associated with the polarization index p, beam index u, and delay index d is zero

and not reported by the UE.

In accordance with an embodiment, the UE may be configured by the gNB with the
higher layer parameter(s) K®, representing the maximum number of non-zero
combining coefficients the UE reports for the |-th layer of the CSI matrix. The UE
may be configured with different or identical K" per layer, or per layer-group (i.e.,

a subset of layers).

In the following, some examples for the parameter configuration K are

presented.

In one example, the parameter K is configured for the first layer, and the
parameters K, 1 > 0 for the higher layers are derived by the UE by e.g. a known
rule. For example, for RI=1, the UE is configured by the gNB with K(®) and for RI=2,
K® = KO |n another example, the UE is configured by a single parameter K that
denotes the total number of non-zero combining coefficients across all layers. The
UE is then configured to assign the number of non-zero combining coefficients per
layer such that Y¥ -1 K® < K and is further configured to report the number of
non-zero combining coefficients per layer or the total number of non-zero
combining coefficients across all layers to the gNB. For instance, for Rl = 1, the UE
may be configured with a single parameter K and the UE assigns K©® < K

coefficients to layer 1 and reports the same to the gNB.

In another example, for RI > 1, the UE is configured by a single parameter K; that
denotes the maximum number of non-zero combining coefficients for each layer.

The UE is then configured to assign the number of non-zero combining coefficients
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per layer such that Y*/;1 K < 2K, , and is further configured to report the number
of non-zero combing coefficients per layer or the total number of non-zero

combining coefficients across all layers to the gNB.

For instance, for Rl = 2, the UE may be configured by a single value K; = 28 that
denotes the maximum number of non-zero combining coefficients for each layer,

and the number of reported non-zero combining coefficients calculated by the UE

for the first and second layer is given by K@ = 28 and K™ = 28, respectively.

For instance, for Rl = 3, the UE may be configured by a single value K; = 42 that
denotes the maximum number of non-zero combining coefficients for each layer,
and the number of reported non-zero combining coefficients calculated by the UE
for the first, second and third layer is given by K@ = 42, K = 28, and K@ = 12,

respectively.

For instance, for Rl = 4, the UE may be configured by a single value K; = 42 that
denotes a maximum number of non-zero combining coefficients for each layer, and
the number of reported non-zero combining coefficients calculated by the UE for
the first, second, third and fourth layers is given by K@ = 32, K® = 28, K@ = 14,
and K® = 10, respectively.

In another example, for Rl > 1, the UE is configured by a single parameter K,,
based on which the UE is configured to assign the number of non-zero combining
coefficients per layer such that Y/ 1 K® < 2K,, and is further configured to report
the number of non-zero combining coefficients per layer or the total number of non-

zero combining coefficients across all layers to the gNB.

In another example, for Rl > 1, the UE is configured by a single parameter K,,
where the number of non-zero combining coefficients per layer can be greater than
K,, and based on which the UE is configured to assign the number of non-zero
combining coefficients per layer such that YR *K® < 2K, and is further
configured to report the number of non-zero combining coefficients per layer or the

total number of non-zero combining coefficients across all layers to the gNB.

19



WO 2020/221582 PCT/EP2020/060409

10

15

20

25

For instance, for RI = 2, the UE may be configured by a single value K, = 28, and
the number of reported non-zero combining coefficients calculated by the UE for

the first and second layers is given by K@ = 32 and K = 24, respectively.

For instance, for RI = 3, the UE may be configured by a single value K, = 28, and
the number of reported non-zero combining coefficients calculated by the UE for
the first, second and third layers is given by K@ =30, K® = 16, and K@ = g,

respectively.

For instance, for Rl = 4, the UE may be configured by a single value K; = 28 and

the number of non-zero combining coefficients calculated at the UE for the first,
second, third and fourth layers is given by K =30 K® =10, K® =9, and
K® = 6, respectively.

Reporting of bitmap(s)

In accordance with embodiments, a UE may be configured to use a two-step
approach to reduce the overall overhead for reporting the bitmaps of all layers. In

a first step, the UE may be configured to determine a joint bitmap of size U, x Dy
by the union of the individual bitmaps across the layers, where U; = max (ZUU)), Vi
and D, = max (D), vL.

The joint bitmap may consist of @, “1’s, where a “1” in the joint bitmap represents
an index of a reported non-zero coefficient in at least one or more of the individual
bitmaps of the layers. In a second step, the UE may report an indication of the
indices of the selected non-zero combining coefficients associated with the joint
bitmap. Different alternatives for the second step reporting are presented in the

following.

In one example, the UE reports a Q,-sized bitmap per layer. Each bit of the Q-

sized bitmap indicates an index of a reported non-zero combining coefficient for
the layer in CSI part 2.
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In another example, the UE reports a @,

-sized bitmap per layer, where
Qg)denotes the number of 1’s in the first DY columns and the first U® rows of the

joint bitmap. Each bit of the Qg)-sized bitmap indicates an index of a reported non-

zero combining coefficient for the layer in CSI part 2.

®
In another example, the UE reports a [logz <1(‘\?,!JZ )l-bit indicator per layer that
i

indicates the indices of the reported non-zero combining coefficients for the layer.

In another example, the UE reports a [logz <1\?§ )]-bit indicator per layer that
i

indicates the indices of the reported non-zero combining coefficients for the layer.

o
In another example, the UE reports a max [logz <1(\?I% )l-bit indicator per layer that
i

indicates the indices of the reported non-zero combining coefficients for the layer.

In another example, the UE reports a max [logz <1\(‘;§ )]-bit indicator per layer that
i

indicates the indices of the reported non-zero combining coefficients for the layer.

In accordance with an embodiment, the UE may be configured to report the number
of “1’s in the joint bitmap, i.e., the value of Qg) per layer, or layer group, in UCI part

®
g

in UCI part 1. In another example, D™ = D = p,and D® = D@ = D, then

1. In one example, D® = D,vI, then @}’ = Q4 and only a single value is reported

0" = Y and @ = 0¥ and two values are reported in UCI part 1.

In accordance with embodiments, the UE is configured to indicate the size of the
second step bitmap(s), or the second step combinatorial bit indicator(s) in UCI part
1.
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In the case of reporting Q4-sized bitmap(s) in UCI part 2, the value of @, may be

indicated (e.g., by a [log,(Q, x D, )] bit indicator) in UCI part 1.

In the case of reporting [logz <1\(‘;§ )] —bit indicator(s) in UCI part 2, the size(s) of
i

the [logz <1\?§ )] —bit indicator(s) (e.g., the value of Q,) may be indicated in UCI
i

part 1.

o
. Qy [ <Qg )] e .
In the case of reporting max [logz <NZl ,or max log, NZ, bit indicator(s) in UCI

o
. Qy [ < Qg )] o .
part 2, the size of max [logz <NZl or max log, NZ, may be indicated in UCI

part 1.

In the case of reporting Qg)-sized bitmap(s) in UCI part 2, the size(s) of the
bitmap(s) per layer, or layer group, are indicated in UCI part 1. For example, D® =
D,v!, then Qg) = Qg4, and only a single value is reported that indicates the size of
the second step bitmap(s) in UCI part 1. In another example, D™ = D = p,and

D® =Dp®@ =p, then Qf]l) = Qg’) and fo) = Qf]z), and the values Qg’) and Qf]z)

are indicated (e.g., by a [log,(2U0® x (D@ + D®@))] bit indicator) in UCI part 1.

o
Similarly, in the case of reporting [logz <1(\?I% )l —bit indicators, the size(s) of the bit
i

indicators per layer, or layer group, are indicated in UCI part 1.

In accordance with an embodiment, the UE may be configured to use a two-step
approach to reduce the overall overhead for reporting of the bitmaps of the layers.
In a first step, the UE may determine a joint bitmap of size U,, x D,, by the union
of the individual bitmaps across the layers, where U,, < 2U®,vi and D,,, < D®, V.

A °1” in the joint bitmap represents a non-zero coefficient in at least one or more
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of the bitmaps of the individual layers. In a second step, the UE may report an
indication of the indices of the selected non-zero combining coefficients associated
with the joint bitmap. Different alternatives for the second step reporting are

presented in the following.

In one example, the UE reports a max [logz <Uﬁ§m>]-bit indicator for the /-th layer,
i

where NZ; denotes the number of non-zero combining coefficients of the |-th layer.
In another example, the UE reports a U, D,,-sized bitmap per layer, where each
bit of the U,,,D,,,-sized bitmap indicates an index of a reported non-zero combining

coefficient for the layer in CSI part 2.

In accordance with an embodiment, the UE may be configured to report the size of

the joint bitmap in UCI part 1.

In accordance with an embodiment, the size of max [logz <Uﬁ§m>]-bit indicator
i

may be indicated in UCI part 1.

In accordance with an embodiment, the UE may be configured to report in UCI part
2, an indication of the selected SD and (or) FD basis vectors associated with the

joint bitmap. For example, the SD basis vectors associated with the joint bitmap

are indicated by a max 2UW-sized bitmap, where each bit in the bitmap is
associated with an index of a reported SD basis vector. Therefore, the max 200

sized bitmap contains U,,, ‘“1’s. Similarly, the Frequency Domain (FD) basis vectors

associated with the joint bitmap are indicated by a max D®-pitmap, where each bit

in the bitmap is associated with an index of a reported FD basis vector. Therefore,

the max D®-pitmap contains D,, ‘1’s.

In accordance with an embodiment, the UE may be configured to reduce the overall

overhead for reporting of the bitmaps of the layers. The UE may be configured to

determine per layer an effective bitmap of size U x DX, where U < 20® and
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DY < p®. The effective bitmaps are reported in CSI part 2. Each effective bitmap
e

contains only non-zero rows and/or non-zero columns.

Moreover, the UE is configured to indicate in the CSI part 2, an indication of the
selected SD basis vectors associated with the effective bitmap per layer and/or an
indication of the selected FD basis vectors associated with the effective bitmap per

layer. For example, the indication of the Spatial Domain (SD) basis vectors

associated with the effective bitmap for a layer is indicated by a 2U-sized bitmap,
and may consist of Ug) ‘“1’s. Similarly, the FD basis associated with the effective

bitmap per layer is reported by D-sized bitmap, and may consist of DS) “1’s.

In accordance to an embodiment, the UE is configured to indicate the sizes of the

effective bitmaps for all layers in UCI part 1. As an example, the sizes of the
effective bitmaps may be represented by a [log2 YRI-1p® DS)] bit indicator.

In accordance to an embodiment, the UE is configured to indicate the number of
1’s in the 2U®-sized bitmap across all layers (e.g., by a [log,(2 %, U®)] bit

indicator), indicating the selected SD basis vectors, in UCI part 1.

In accordance to an embodiment, the UE is configured to indicate the number of
0’s in the 2U P-sized bitmap across all layers, indicating the non-selected SD basis

vectors, in UCI part 1.

In accordance to an embodiment, the UE is configured to indicate the number of
1’s in the DW-sized bitmaps across all layers (e.g., by a [log,(3, D®)]| bit

indicator), indicating the selected FD basis vectors, in UCI part 1.

In accordance to an embodiment, the UE is configured to indicate the number of
0’s in the D®-sized bitmaps across all layers (e.g., by a [log, (%, D®)] bit

indicator), indicating the non-selected FD basis vectors, in UCI part 1.
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In accordance with an embodiment, when the configured values of K® or K is
small, the non-zero combining coefficients to be reported for a layer may only be
associated with a single polarization. In such a case, one part of the bitmap of size

U® x DO associated with a specific polarization and layer may contain only zeros.

To reduce the feedback overhead for reporting the bitmap(s) for the layers in such
a case, the UE may be configured to report a layer indicator in UCI part 1 for which
one part of the bitmap of size U® x D® associated with a specific polarization and
layer contains only zeros. For example, the layer indicator may consist of 4 bits (for

a maximum RI of 4), where each bit is associated with a specific layer.

When a bit of the layer indicator is set to ‘0’ it may indicate that the corresponding

bitmap associated with the specific layer is reported.

When a bit of the layer indicator is set to ‘1°, it may indicate that only half of the

bitmap associated with the layer is reported.

In order to indicate the polarization index associated with the reported bitmap, the
UCI part 2 may contain for each layer, where the number of reported nonzero
coefficients is zero for a specific polarization, a polarization indicator indicating the
polarization of the reported non-zero combining coefficients. The polarization
indicator may consist of N bits, where N indicates the number of ‘1’s indicated by

the layer indicator.

For example, when the layer indicator is given by ‘“1010’, it indicates that the
number of non-zero coefficients for a specific polarization is zero and only half of
the bitmap may be reported for the first and third layer. The polarization indicator
may be given by ‘01’ indicating that for the first layer the reported non-zero
combining coefficients and part of the bitmap are associated with the first
polarization and for the third layer the reported non-zero combining coefficients

and part of the bitmap are associated with the second polarization.

In accordance with an embodiment, the UE may be configured to report a layer

indicator in UCI part 1 only for a subset of layers for which one part of the bitmap
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of size UV x DY associated with a specific polarization and layer contains only
zeros. For example, the layer indicator may only consist of 2 bits, where the first
and second bit is associated with the third layer and fourth layer, respectively. In
order to indicate the polarization index associated with the reported bitmap, the
UCI part 2 may contain for each layer from the subset of layers, where the number
of reported nonzero coefficients is zero for a specific polarization, a polarization
indicator indicating the polarization of the reported non-zero combining

coefficients.

In accordance with an embodiment, the UE is configured to indicate the selected
number of non-zero combining coefficients per layer or the selected number of

non-zero combining coefficients over all layers in the CSI report.

CSl report — part 1 and part 2

In accordance with an embodiment, the CSI report may comprise two parts, where
the first part has a fixed size and is used to indicate the size of the payload of the
second part. The two CSlI parts are independently encoded. The second CSI part
has a varying payload size and may contain at least the SD basis subset
indicator(s), the DD basis subset indicator(s), the one or multiple bitmaps for the
non-zero coefficient indication and the quantized combining coefficients for all

layers.

In order to indicate the payload size of the CSI part 2, the CSI part 1 may contain
the information on the number of quantized combining coefficients across all layers
in CSI part 1 and the rank of the CSI matrix.

Reporting number of non-zero combining coefficients

In an example, the CSI part 1 may contain the selected number of non-zero
combining coefficients (NNZCC) for each of the Rl layers. For a maximum of Rl =
4, the CSlI part 1 may contain four NNZCC bit-indicators for the four different layers.
As an example, each NNZCC bit-indicator is represented by a max [log2(g® + 1)]
or max [log,(g®)] or [log, g®] or [log,(g® + 1)| bit indicator, where g®

represents the maximum number of reported coefficients for the I-th layer. In one
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instance, g(l) = K, for all layers. In another instance, g(l) = 2K, for all layers. Here,
K, refers to the number of non-zero combining coefficients that are higher-layer
configured. In another example, each NNZCC bit-indicator is represented by a
[log, (2U P DW®)] bit indicator. As the NNZCC is indicated per layer, the number of
non-zero values of the NNZCC bit indicators implicitly indicate the RI of the CSI
matrix (i.e., total number of layers). The rank (parameter RI) may therefore be

removed from the CSlI report (i.e., not reported).

In another example, the CSI part 1 may contain the sum of the selected NNZCC
across all layers and hence it contains a single NNZCC bit-indicator for the different
layers. As an example, the NNZCC bit-indicator is represented by a [log, gl
indicator, where g represents the maximum number of reported coefficients across

all layers.

In one instance g = K,,. In another instance, g = 2K;. In another instance, g =
YRIEL200DW for the I-th layer. Since the value of the NNZCC bit indicator does
not indicate the RI of the CSI matrix, the rank (parameter RI) may be contained in
the CSI report.

Reporting of Strongest Coefficient Indicator

In accordance with an embodiment, the UE is configured to normalize the
combining coefficients to be reported per layer with respect to the strongest
coefficient, such that the normalized strongest coefficient is given by the value 1.
Since the normalized strongest coefficient is always given by the same value, the
UE is configured not to report the strongest coefficient (bit values for the amplitude
and phase of the quantized coefficient) and to indicate per layer the strongest
coefficient by a strongest coefficient indicator in the CSI report (part 2). The
structure of the strongest coefficient indicator depends on the structure of the
NNZCC bit indicators in CSI part 1. In the following different alternatives are

discussed.

In an example, the strongest coefficient indicator associated with |-th layer is given
by allog,(NZ;)] ora mlax[log2 (NZp)] bitindicator, and the CSI part 1 contains the

selected number of non-zero combining coefficients (NNZCC) for each of the RI

layers. Here, NZ; represents the NNZCC indicated for the I-th layer in CSI part 1.
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In an example, the strongest coefficient indicator associated with |-th layer is given

by a [log,(K“)] or a max[log,(K?)| bit indicator. Here, K" represents the

maximum NNZCC configured per layer.

In another example, the strongest coefficient indicator associated with the |-th layer
is given by a [log,(XF 1 NZ)|-bit indicator, and the CSI part 1 contains the

selected number of non-zero combining coefficients (NNZCC) across all layers.

In another example, the strongest coefficient indicator associated with I-th layer is
given by a [log,(2K,)] bit indicator, where K, is the NNZCC configured to the UE.
In another example, the strongest coefficient indicator associated with I-th layer is
given by a [log,(K;)] bit indicator, where the maximum NNZCC to be reported is

restricted to K; per layer.

In another example, the strongest coefficient indicator for all Rl layers is jointly
RI-1
reported, by the UE, and represented by a [logz < l=‘;?INZl>] bit indicator. This bit

indication along with the bitmap in UCI part 2 is used to identify the strongest

coefficients per layer.

Reporting of DD basis subset indicator(s)

In accordance with an embodiment, the UE is configured to report the DD basis
subset indicator(s) indicating the selected delay vectors from the second codebook
for each layer of the CSI matrix in part 2 of the CSI report. In an example, the DD
basis subset indicator for each layer is given by a N;-sized bitmap, where each bit

in the bitmap is associated with a delay vector from the second codebook.

A “1” may indicate that the associated delay vector is selected, and a “0” may

indicate that the associated delay vector is not selected. In another example, the

DD basis subset indicator for the I-th layer is given by a [logz <;\I£)>] bit indicator.

In the following exemplary embodiments, different reporting schemes for the DD
basis subset indicators that reduce the feedback overhead of the CSI report are

presented.
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In accordance with an embodiment, the UE is configured to determine a common
delay domain (CDD) basis subset of the selected delay vectors across all layers,
and to indicate the delay vectors of the CDD basis subset by a CDD basis subset
indicator in the CSI report. Furthermore, the UE may be configured to indicate the
selected delay vectors from the CDD basis subset for each layer by a layer-specific

delay domain basis (LDD) subset indicator in the CSI report.

In an example, the CDD basis subset indicator is given by a N;-sized bitmap, where
the bitmap contains D 1’s and each bit in the bitmap is associated with a delay

vector from the second codebook.

A “1” may indicate that the associated delay vector is selected, and a “0” may

indicate that the associated delay vector is not selected.

In another example, the CDD basis subset indicator is given by a [logz <1;,_)3>] bit

indicator, where D < N; indicates the total number of selected delay vectors by the

UE across all layers.

In another example, the CDD basis subset is represented by two values D and D;,,,
where D defines the number of elements of the CDD basis subset, and D;,
represents the first index of the selected D delay vectors

[dinmod(DinNs) Bmod Dinei,Ns)s ++» Bmod (D, 5-,.N5)] from the second codebook.

Examples of the CDD basis subset configured by D and D;,, are shown in Figures
1A and 1B.

Figure 1A illustrates an example of a CDD basis subset for the values:
N3;=13, D=7 and D;,,=12.

The CDD basis subset contains D=7 FD basis vectors

[dmod(ﬁin,N3)’ dmod(ﬁin+1,N3); ey dmod(ﬁin+5—1,N3)] = [d12i d13, dla dz, d3) d4-) dS]a

selected from the second codebook of size N;=13. The index of the first FD vector
of the CDD subset is given by D;,=12.

Figure 1B illustrates another example of a CDD basis subset for the values:
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Ns=13, D=8 and D;,,=9.

The CDD basis subset contains D=8 FD basis vectors

[dmod(ﬁin,N3)’ dmod(ﬁin+1,N3); ey dmod(ﬁin+5—1,N3)]= [d9i d]_o, dlla dlZJ d13, dl) dz, d3]a

selected from the second codebook of size N;=13. The index of the first FD vector
of the CDD subset is given by D;,=9.

In an example, the LDD subset indicator is given by a D-sized bitmap and each bit
in the bitmap is associated with a delay vector from the CDD basis subset. A “1”
may indicate that the associated delay vector is selected from the CDD basis
subset, and a “0” may indicate that the associated delay vector is not selected from

the CDD basis subset. In another example, the LDD subset indicator is given by a

D -
[logz <D(l)>] bit indicator.

In accordance with an embodiment, for the indication of the payload size of the
CDD basis subset indicator in the CSI report part 2, the UE is configured to report
the parameter D in CSI report part 1. Furthermore, the UE is configured to report
(if available) the parameter D;,, in CSI part 2.

In accordance with an embodiment, for reducing the feedback overhead of the CSI
report part 1, the UE is configured with the parameter D by the gNB (and hence
not reported in CSI part 1), or the parameter D is a priori known at the UE (and

hence not reported in CSI part 1).

In accordance with an embodiment, for reducing the feedback overhead of the CSI
report part 1, the UE is configured with the parameter(s) D, by the gNB for each
possible rank RI of the CSI matrix (and hence not to report the parameter D,. in CSI
part 1), or the parameter(s) D, are e.g. a priori known at the UE (and hence not

reported).

In accordance with an embodiment, for reducing the feedback overhead of the CSI
report part 1, the UE is configured with the parameter(s) Dy, » by the gNB for each

possible rank RI of the CSI matrix (and hence not to report the parameter Dy, - in
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CSl part 2), or the parameter(s) D;,,  are a priori known at the UE (and hence not

reported). In an example, Dy, » = N3 — [%] + g, where q € {1,2,..}is an integer.

In accordance with an embodiment, for reducing the feedback overhead of the CSI
report (part 1 and part 2), the UE is configured to receive the CDD basis subset
indicator from the gNB, and not to report the CDD basis subset indicator in CSI
part 2. The CDD basis subset indicator configured by the gNB may be rank-
specific, and the gNB configures for each rank RI € {1,2,3,4} of the CSI matrix a

CDD basis subset indicator.

In an example, the CDD basis subset indicator configured by the gNB is given by
a N;-sized bitmap, where the bitmap contains D 1’s and each bit in the bitmap is

associated with a delay vector from the second codebook.

A “1” may indicate that the associated delay vector is selected, and a “0” may

indicate that the associated delay vector is not selected. In another example, the
CDD basis subset indicator is configured by a [logz <1;,_)3>] bit indicator, where the

parameter D indicates the total number of selected delay vectors by the UE across

all layers and is configured by the gNB.

In accordance with an embodiment, for reducing the feedback overhead of the CSI
report (part 1 and part 2), the UE is configured to select the delay vectors for each
layer from an a-priori known CDD basis subset indicator (e.g. known by 3GPP
standard specification), and not to report the CDD basis subset indicator in CSI

part 2.

In accordance with an embodiment, for reducing the feedback overhead of the CSI
report (part 2), the UE is configured to select the CDD basis subset indicator from
a-priori known multiple CDD basis subsets of different sizes and to indicate in the
CSI part 1 the size of the selected CDD basis subset. The CDD basis subset
indicator sets are either higher layer configured or known at the UE (defined by

specification).

In accordance with an embodiment, for reducing the feedback overhead of the CSI

report (part 1 and part 2), the UE is configured to select the CDD basis subset
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indicator from a-priori known N equal-sized CDD basis subset indicator set(s), and
to indicate in the CSl report part 2 the selected CDD basis subset and in the CSI
part 1 the size of the selected CDD basis subset. As an example, the selected CDD

basis subset indicator in CSI part 2 may be represented by a [log, N] bit indicator.

In accordance with an embodiment, the UE is configured to perform a N;-modulo
shift operation on all delay indices of the vectors in the selected DD basis subset
of a layer with respect to the delay index associated with the strongest coefficient
indicator of the layer. Note that this shift operation has no impact on the
performance of the precoder defined by the CSI matrix and the shifted DD basis
subset. After this shift operation is applied, the delay index associated with the
strongest coefficient is always associated with a known delay index, for example,

the first delay index (and hence the first delay vector from the second codebook).

Consequently, the first delay index does not need to be reported and the DD basis

subset indicator for the I-th layer is given by (N; —1)—sized bitmap, a

[logz <D(l) )] bit indicator, or a [logz <D(l)

the strongest coefficient is always be associated with the first delay, the strongest

)] bit indicator. Furthermore, as

coefficient indicator may then be represented by a [logz(ZU(l))] bit indicator to

indicate the row of the bitmap associated with the strongest coefficient.

In accordance with an embodiment, the UE is configured to perform a D-modulo
shift operation on all delay indices of the vectors in the selected LDD basis subset
with respect to the delay index associated with the strongest coefficient of the layer.
Note that, similar to above, this shift operation has no impact on the performance
of the precoder defined by the CSI matrix and the shifted LDD basis subset(s).
After this shift operation is applied, the delay index associated with the strongest

coefficient is always associated with the first delay index.

Consequently, the first delay index does not need to be reported and the LDD basis

subset indicator for the I|-th Layer is given by (D — 1)-sized bitmap, or a

[log2< W _ )] bit indicator, or a [log2< (l) )] bit indicator. Similarly, the CDD
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basis subset indicator may be represented by a [logz <5N3 1)] bit indicator, or a
[logz <A£3 B 1)] bit indicator.
D—-1

Reporting of D’

In accordance to an embodiment, in order to further save the feedback overhead,
the UE may report a value D’ (< D®)in UCI part 1 indicating that the associated

bitmap of the I-th layer contains only D’ columns, instead of D® columns.

For example, if the configured value of D® =7, and the last 2 columns of the
bitmap associated with the I-th layer contains only zeros, the part of the bitmap
containing only zeros is dropped from UCI part 2, In this way, the size of the bitmap
is reduced from 2U0® x DD to 20 x DO’ and a feedback overhead saving is

achieved. The value D’ may be indicated in UCI part 1.

In one example, D" may be indicated by the UE by a 1-bit indicator per layer.
Then, DO’ may be restricted to DO’ = yD®, where y € (0,1). Examples of y are
given by y = {%,%}. When the 1-bit indicator is set, D" = D@ otherwise, DV’ =

yD®.

In another example, D’ may be indicated by the UE by a 1-bit indicator for all
layers. When the 1-bit indicator is set, D@’ = DD for all layers, otherwise, DU’ =

yD® for all layers.

In accordance to an embodiment, the selected D" may be indicated by the UE by
unused code-points of other UCI 1 parameters. For example, the code-points used
for the indication of the number of non-zero combining coefficients may be used to
report in addition the 1-bit indicator for all layers. For instance, when K, = 42, the
total number of non-zero combining coefficients across all four layers is given by
84, and 7 bits are used to indicate the number of non-zero combining coefficients.
Out of the 128 code-points, 46 code-points are un-used and can be used for the
indication of the selected value of D®’. Different examples are provided in the
following. In one instance, the code-points 1 to 84 indicate the selected number of

non-zero combining coefficients and indicate that D@’ = DO for all layers, and the
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remaining codepoints 85 to 128 indicate the selected numbers of non-zero
combining coefficients 1 to 44, and that DV’ = yD® for all layers. In another
instance, the code-points 1 to 84 indicate the selected number of non-zero
combining coefficients and indicate that D" = D® for all layers, and the remaining
codepoints 85 to 128 indicate the selected numbers of non-zero combining

coefficients 1,3,5 to 83, and that DV’ = yD(l) for all layers. In another instance, the
code-points 1 to 84 indicate the selected number of non-zero combining
coefficients and indicate that D' = D® for all layers, and the remaining
codepoints 85 to 128 indicate the selected numbers of non-zero combining

coefficients 2,4,6 to 84, and that D®" = yD® for all layers.

Basis Sufficiency Indication

In accordance with an embodiment, the UE may be configured to report a FD basis
sufficiency indicator in the CSI report, the FD basis sufficiency indicator indicates
whether the configuration of the values K (or K; or K, or K®) or D® or (D¢ or

N3 is sufficient to calculate the CSI matrix.

When a delay spread of the propagation channel is large and the configured value
of N3 is too small, the calculation of the CSI matrix is influenced by aliasing. Also,
when the configured values of K (or K; or K, or K®) or DO or (D%") may be too

small, the UE may not be able to calculate the CSI matrix.
In the following, examples for the FD basis sufficiency indicator are presented.

In an example, the UE may be configured to report the basis sufficiency indicator
explicitly in UCI part 1. For instance, the UE may be configured to explicitly indicate

the basis sufficiency indicator using a 1-bit indicator in UCI part 1.

A ‘1’ of the bit indicator may indicate that the configured values K (or K; or K, or
K®y and/or D@ or (D%M) are sufficient, and a ‘0’ may indicate that the values K

(or K; or K, or K®) and/or D® or (D) are not sufficient.

In another example, the UE may be configured to implicitly indicate the basis

sufficiency indication by reporting a zero for the NNZCC in UCI part 1.
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In another example, the UE may be configured to implicitly indicate the basis

sufficiency indication by reporting a value of two for the NNZCC in UCI part 1.

In accordance with an embodiment, when the UE may be configured to indicate
via the basis sufficiency indicator in UCI part 1 that if one of the values of K (or
Ky or K, or K®) and/or DO or (D7) is not sufficient, the UE is configured to drop
or partly drop the UCI part 2.

In an example, the UE may be configured to fully drop UCI part 2.

In another example, the UE may be configured to only report the selected SD basis
subsets in UCI part 2.

In another example, the UE may be configured to report a selected single SD basis

vector along with the selected two non-zero combining coefficients per layer.

In another example, the UE may be configured to report a selected single SD basis
vector along with the selected two non-zero combining coefficients only for the first

layer.

When the UE indicates a FD basis sufficiency indication in the UCI report, the UE
may be configured by the gNB with larger values of K (or K; or K, or K®) and/or
DW or (D®M) or N, for future CSI reporting.

Reporting of SD basis subset indicator(s)

In accordance with an embodiment, the UE is configured to determine a layer-
specific space domain (LSD) basis subset of the selected beam vectors and to

indicate the beam vectors in the CSl report (part 2). The LSD basis subset indicator
is given by a [logz <1\[,11(1X2>] bit indicator for the |-th layer. When the UE is configured
with a single parameter U, representing the number of beams per layer, the LSD

basis subset indicator [log2 (NlUNZ)] is identical across all layers and reported once.

As demonstrated several advantages are achieved by the embodiments herein.
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Below is a summary of the method performed by a UE according to the described
embodiments and with reference to Figure 2 depicting a flowchart of a method

performed by the UE. As shown, the method performed by the UE comprises:

(201) receiving from a network node, gNB, a radio signal via a MIMO channel,
wherein the radio signal contains at least one DL reference signal according to a

DL reference signal configuration;

(202) estimating said MIMO channel based on said received at least one DL

reference signal for configured subbands;

(203) calculating a precoder matrix or a CSI matrix for a number of antenna ports
of the gNB and configured subbands; the precoder matrix being based on a first
codebook and on a second codebook and a set of combining coefficients for
complex scaling/combining one or more of vectors selected from the first codebook

and the second codebook;
where,

- the first codebook contains one or more transmit-side spatial beam components

of the precoder matrix,

- the second codebook contains one or more delay components of the precoder

matrix, and

(204) reporting, to the gNB, a CSI feedback report and/or a Precoder matrix
Indicator, PMI and/or a PMI/Rank Indicator, PMI/RI, used to indicate the precoder

matrix or the CSI matrix for the configured antenna ports and subbands.

According to an embodiment, and as previously described, the method comprises
receiving a configuration from the gNB, said configuration comprising a CSl report
configuration including at least one higher-layer parameters, D®, representing a
number of delays per beam, used for the configuration of the precoder matrix or
CSI matrix.
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According to an embodiment, the number of delays D® is layer-independent and
identical for all layers, such that D® = D, and configuring the UE with only a single

parameter D for the configuration of the precoder matrix or CSI matrix.

According to an embodiment, the number of delays D® is configured for subsets
of layers, e.g., for a first subset of layers, e.g., a first and second layers), D™ =
[, D], and for a second subset of layers, e.g. a third layer or the third layer and
a fourth layer), D® = [a,D®], and receiving from the gNB a signal including two

parameters D@ and D@ for the configuration of the precoder matrix.

The method further comprises receiving a configuration from the gNB, which
configuration includes a single parameter D© for a first layer, and deriving the

parameter(s) DO, [ > 0 for the remaining layers.

According to an embodiment, the configuration of delays is dependent on the Rank

Indicator (RI) of the precoder matrix or the CSI matrix.

According to another embodiment, the method comprises receiving a configuration
from the gNB, said configuration comprising a CSlI report configuration including at
least one higher-layer parameters, U®, representing the number of spatial beams

for the I-th layer, used for the configuration of the precoder matrix or the CSI matrix.

As previously described, the higher layer parameter U is a UE capability; and the
method comprises indicating the supported value range for the parameter U to the
gNB.

According to an embodiment, for Rl > 1, the method comprises receiving a
configuration from the gNB indicating a single parameter K, that denotes the
maximum number of non-zero combining coefficients for each layer; and assigning
by the UE the number of non-zero combining coefficients per layer such that
YRICTK® < 2K;, and reporting to the gNB the number of non-zero combining

coefficients per layer or the total number of non-zero combining coefficients across
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all layers. For Rl > 1, the method comprises receiving a configuration from the gNB
indicating a single parameter K,, based on which the UE assigning the number of
non-zero combining coefficients per layer such that YR 1 K < 2K,, and reporting
the number of non-zero combining coefficients per layer or the total number of non-

zero combining coefficients across all layers to the gNB.

The method may further comprise using a two-step approach to reduce the overall
overhead for reporting the bitmaps of all layers, wherein in a first step, the UE
determining determine a joint bitmap of size U, x D, by the union of individual
bitmaps across the layers, and reporting to the gNB the number of ‘1’s in the joint
bitmap, and wherein in a second step, reporting to the gNB an indication of the
indices of the selected non-zero combining coefficients associated with the joint

bitmap.

The method may further comprise reporting in an UCI (Uplink Control Information)
part 2, an indication of selected Spatial Domain (SD) and/or Frequency Domain,

(FD) basis vectors associated with the joint bitmap.

The method may further comprise determining per layer an effective bitmap of size
UP x D where UY < 200 and DY < DO, wherein the effective bitmaps are
reported in CSI part 2 and wherein each effective bitmap contains only non-zero
rows and/or non-zero columns, and indicating in the CSl part 2, an indication of the
selected SD basis vectors associated with the effective bitmap per layer and/or an
indication of the selected FD basis vectors associated with the effective bitmap per

layer.

The method may further comprise indicating the sizes of the effective bitmaps for

all layers in UCI part 1.

The method may further comprise determining a Common Delay Domain (CDD)
basis subset of selected delay vectors across all layers, and indicating the delay

vectors of the CDD basis subset by a CDD basis subset indicator in the CSI report.

The method may further comprise indicating the selected delay vectors from the
CDD basis subset for each layer by a layer-specific delay domain basis, LDD,

subset indicator in the CSI report.
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The method may further comprise performing a N;-modulo shift operation on all
delay indices of the vectors in a selected Delay Domain (DD) basis subset of a
layer with respect to a delay index associated with the strongest coefficient

indicator of the layer.

Additional embodiments relating to actions performed by the UE have already been

described and need not be repeated.

In order to perform the methods steps and operations of the UE previously
described, there is also provided a UE 300, as shown in Figure 3, which UE 300
comprises a processor 310 or processing circuit or a processing module or a
processor or means 310; a receiver circuit or receiver module 340; a transmitter
circuit or transmitter module 350; a memory module 320 a transceiver circuit or
transceiver module 330 which may include the transmitter circuit 350 and the
receiver circuit 340. The UE 300 further comprises an antenna system 360 which
includes antenna circulitry for transmitting and receiving signals to/from at least the

UE. The antenna system employs beamforming as previously described.

The UE 300 may operate in any radio access technology including 2G, 3G, 4G or
LTE, LTE-A, 5G, WLAN, and WiMax etc. that support beamforming technology.

The processing module/circuit 310 includes a processor, microprocessor, an
application specific integrated circuit (ASIC), field programmable gate array
(FPGA), or the like, and may be referred to as the “processor 310.” The processor
310 controls the operation of the UE 300 and its components. Memory (circuit or
module) 320 includes a random-access memory (RAM), a read only memory
(ROM), and/or another type of memory to store data and instructions that may be
used by processor 310. In general, it will be understood that the UE 300 in one or
more embodiments includes fixed or programmed circuitry that is configured to

carry out the operations in any of the embodiments disclosed herein.

In at least one such example, the UE 300 includes a microprocessor,
microcontroller, DSP, ASIC, FPGA, or other processing circuitry that is configured
to execute computer program instructions from a computer program stored in a
non-transitory computer-readable medium that is in, or is accessible to the

processing circuitry. Here, “non-transitory” does not necessarily mean permanent
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or unchanging storage, and may include storage in working or volatile memory, but
the term does connote storage of at least some persistence. The execution of the
program instructions specially adapts or configures the processing circuitry to carry
out the operations disclosed herein including any one of method claims 1-35.
Further, it will be appreciated that the UE 300 may comprise additional components

not shown in Figure 3.

There is also provided a computer program comprising instructions which when
executed on at least one processor of the UE according to claim 36, cause tat least

said one processor to carry out the method according to any one of claim 1-35.

There is also provided a method performed by a network node or gNB as
previously described. The method comprises: transmitting to a UE a radio signal
via a MIMO channel, wherein the radio signal contains at least one DL, reference
signal according to a DL reference signal configuration, for enabling the UE to
estimate said MIMO channel based on said received at least one DL reference
signal for configured subbands and calculate a precoder matrix or a CSI matrix for
a number of antenna ports of the gNB and configured subbands; the precoder
matrix being based on a first codebook and on a second codebook and a set of
combining coefficients for complex scaling/combining one or more of vectors
selected from the first codebook and the second codebook; where, the first
codebook contains one or more transmit-side spatial beam components of the
precoder matrix, the second codebook contains one or more delay components of
the precoder matrix, and receiving, from the UE, a CSI feedback report and/or a
PMI and/or a PMI/RI, used to indicate the precoder matrix or the CSI matrix for the

configured antenna ports.

Additional operations performed by the gNB or network node in terms of at least

configuring the UE have already been described and need not be repeated.

There is also provided a network node or gNB (not shown) in order to perform the
method steps and the previously described operations. The gNB comprises a
processor or processing circuit or a processing module or a processor or means;

a receiver circuit or receiver module; a transmitter circuit or transmitter module; a
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memory module a transceiver circuit or transceiver module which may include the
transmitter circuit and the receiver circuit. The gNB further comprises an antenna
system which includes antenna circuitry for transmitting and receiving/transmitting
signals to/from at least the UE. The antenna system employs beamforming as

previously described.

The gNB may operate in any radio access technology including 2G, 3G, 4G or LTE,
LTE-A, 5G, WLAN, and WiMax etc. that support beamforming technology.

The processing module/circuit includes a processor, microprocessor, an
application specific integrated circuit (ASIC), field programmable gate array
(FPGA), or the like, and may be referred to as the “processor.” The processor
controls the operation of the gNB and its components. Memory (circuit or module)
includes a random-access memory (RAM), a read only memory (ROM), and/or
another type of memory to store data and instructions that may be used by
processor. In general, it will be understood that the gNB in one or more
embodiments includes fixed or programmed circuitry that is configured to carry out

the operations in any of the embodiments disclosed herein.

In at least one such example, the gNB includes a microprocessor, microcontroller,
DSP, ASIC, FPGA, or other processing circuitry that is configured to execute
computer program instructions from a computer program stored in a non-transitory
computer-readable medium that is in, or is accessible to the processing circuitry.
Here, “non-transitory” does not necessarily mean permanent or unchanging
storage, and may include storage in working or volatile memory, but the term does
connote storage of at least some persistence. The execution of the program
instructions specially adapts or configures the processing circuitry to carry out the
operations disclosed in this disclosure. Further, it will be appreciated that the gNB

may comprise additional components.
There is also provided a computer program comprising instructions which when
executed on at least one processor of the gNB, cause tat least said one processor

to carry out the method described.

Throughout this disclosure, the word "comprise" or “comprising” has been used in
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a non-limiting sense, i.e. meaning "consist at least of". Although specific terms may
be employed herein, they are used in a generic and descriptive sense only and not
for purposes of limitation. The embodiments herein may be applied in any wireless
systems including GSM, 3G or WCDMA, LTE or 4G, LTE-A (or LTE-Advanced),
5G, WIMAX, WiFi, satellite communications, TV broadcasting etc. that may employ

beamforming technology.
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CLAIMS

. A method performed by a User Equipment, UE, the method comprising:

- receiving (201) from a network node, gNB, a radio signal via a Multiple
Input Multiple Output, MIMO, channel, wherein the radio signal contains at
least one DownlLink, DL, reference signal according to a DL reference

signal configuration;

- estimating (202) said MIMO channel based on said received at least one

DL reference signal for configured subbands;

- calculating (203) a precoder matrix or a Channel State Information, CSl,
matrix for a number of antenna ports of the gNB and configured subbands;
the precoder matrix being based on a first codebook and on a second
codebook and a set of combining coefficients for complex
scaling/combining one or more of vectors selected from the first codebook
and the second codebook;
where,

- the first codebook contains one or more transmit-side spatial beam
components of the precoder matrix or CSI matrix,

- the second codebook contains one or more delay components of

the precoder matrix or CSI| matrix,

- determining a common delay domain, CDD, basis subset of the selected
vectors associated with the delay components across all layers of the
precoder matrix or CSI matrix, wherein the CDD basis subset is defined by
a parameter D representing the number of elements of the CDD basis
subset, and a parameter D, representing the first index of the D delay

vectors from the second codebook; and
- reporting (204), to the gNB, a CSI feedback report and/or a Precoder

matrix Indicator, PMI and/or a PMI/Rank Indicator, PMI/RI, used to indicate

the precoder matrix or the CSI matrix for the configured antenna ports and
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subbands, wherein the selected vectors from the CDD basis subset are
indicated in the reporting, for each layer, by a layer-specific delay domain,

LDD, basis subset indicator.

The method according to claim 1 comprising receiving a configuration from
the gNB, said configuration comprising a CSI report configuration including
at least one higher-layer parameter, D®, representing a number of delays

per layer, used for the configuration of the precoder matrix or CSI matrix.

The method according to claim 2 wherein the number of delays D® is layer-
independent and identical for all layers, such that D® = D, and configuring
the UE with only a single parameter D for the configuration of the precoder

matrix or CSI| matrix.

The method according to any preceding claim wherein the configuration of
delays is dependent on the Rank Indicator, RI, of the precoder matrix or the
CSI matrix.

The method according to claim 4 wherein the number of delays per layer

for Rl < 2 is identical.

The method according to claim 4 or claim 5 wherein for Rl > 2 the number
of delays for the I-th layer and the r-th rank is given by D¢™ = ¢,D©D with

a, € RT being a positive real value.

The method according to claim 1 comprising receiving a configuration from
the gNB, said configuration comprising a CSI report configuration including
at least one higher-layer parameter, U®, representing the number of
spatial beams for the I-th layer, used for the configuration of the precoder

matrix or the CSI| matrix.
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8.

10.

11

12.

13.

The method according to claim 7 wherein the number of spatial beams U®
is identical for all layers and rank-independent, such that U® = U, and
configuring the UE with only a single parameter U for the configuration of

the precoder matrix or CSI matrix.

The method according to claim 7 or claim 8 wherein the higher layer
parameter U® is a UE capability; and indicating the supported value range

for the parameter U® to the gNB.

The method according to claim 8 or claim 9 wherein the UE is configured
with U = 6 only for rank RI < 2.

. The method according to any one of claims 1-10 comprising, for rank RI =

1, receiving a configuration from the gNB indicating a single parameter K
and assigning by the UE the number of non-zero combining coefficients
K© where K©® < K, and reporting to the gNB the total number of assigned

non-zero combining coefficients.

The method according to any one of claims 1-10 comprising, for rank RI >
1, receiving a configuration from the gNB indicating a single parameter K;
that denotes the maximum number of non-zero combining coefficients for
each layer; and assigning by the UE the number of non-zero combining
coefficients per layer (K®) such that Y* ;1 K® < 2K, over all RI layers,
and reporting to the gNB the total number of non-zero combining

coefficients assigned across all layers.

The method according to claim 1 comprising performing a D-modulo shift
operation on all delay indices of the vectors in the selected LDD basis
subset of a layer with respect to a delay index associated with the strongest

combining coefficient indicator of the layer.
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14.

15.

16.

17.

18.

The method according to claim 13, wherein the LDD basis subset indicator

for a layer is given by a [logz <D%)_ 11>] bit indicator.

The method according to any one of claims 1-14 wherein the first codebook
comprises a Discrete Fourier Transform, DFT, matrix or an oversampled
DFT matrix of size N;N, x0,,N,0,,N, containing spatial beam
components of the precoder matrix, wherein N; and N, refer to the number
of antenna ports of a same polarization in a first and a second dimension
of an antenna array of the gNB, respectively; and wherein 0,; € {1,2,3,..}
and 0,, € {1,2,3,..} refer to oversampling factors of the codebook matrix

with respect to the first and second dimension, respectively.

The method according to any one of claims 1-14 wherein the first codebook
comprises a set of Peg;_gs/2 X 1 column vectors, wherein the parameter
Pcsi_rs denotes the total number of CSI-RS ports used by the UE for
channel estimation and precoder coefficient calculation; and wherein

Pcsi_grs is configured via a higher-layer.

The method according to any one of claims 1-16 wherein the second
codebook comprises a DFT, or an oversampled DFT matrix of size
N3z x N30, containing the delay components of the precoder matrix, where
N; refers to the configured number of subbands, and O, refers to an

oversampling factor 0, = 1,2, .... of the second codebook matrix.

The method according to any one of claims 1-17 comprising, reporting to
the gNB, for each layer of the precoder matrix or CSI matrix, a spatial
domain, SD, basis indicator indicating the selected subset of beam vectors
for all layers and the LDD, basis indicator indicating the selected subset of

D® delay vectors of the I-th layer.
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19.

20.

21.

22.

The method according to claims 15-17, wherein the CSI matrix used for
CSI reporting for the configured 2N;N, or Pcs;_gs antenna ports and
configured N; subbands is represented for a first polarization of the antenna
ports and -th transmission layer as: G(l)

a® 3001 pO 3201, O GOH

and for a second polarization of the antenna ports and [-th transmission

layer as

(O @ -
Ggl) (l) ZU 1 b(l) ZD -1 2(2 4 d(l)H

where b,(f) (u=0,..,U® —1) represents a u-th spatial beam vector for the

I-th layer selected from the first codebook, dg) (d=0,..,DU —1)is a d-th

delay vector associated with the I-th layer selected from the second

U]

codebook, v, 4

is a complex delay-domain combination coefficient

associated with the u-th beam, d-th delay and p-th polarization, U®
represents the number of spatial beam vectors, D® represents the number

of delay vectors, and a® is a normalizing scalar.

The method according to claim 2 or claim 3 wherein the higher-layer
parameter D® is dependent on the number of configured subbands, N, as
follows: DO = [p®N;|, where, 0 <p® < 1; and wherein a number of
configured delays increases or decreases with increasing or decreasing

values of Nj.

The method according to claim 20 wherein the higher layer parameter p(l)

is signaled to the UE for the configuration of the CSI matrix.

The method according to claim 20 wherein the number of configured
subbands, N; depends on a number of Channel Quality Information, CQI
subbands, N¢,, and wherein the number of configured subbands, N
linearly increases or linearly decreases with the number of CQI subbands,
N3 = Ngo; X R,R = 1, where R is a parameter to control the UE calculation

complexity
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23.

24.

25.

26.

27.

28.

29.

The method according to claim 22 wherein R is a higher layer parameter

and a UE capability.

The method according to any preceding claim comprising, selecting non-
zero combining coefficients for the I-th layer and indicating the selected
non-zero combining coefficients by a 2U® x D®-sized bitmap, where each
bit in the bitmap is associated with a polarization index (p € {1,2}), beam

index (0 <u < U® — 1) and delay index (0 < d < D® —1).

The method according to claim 24 wherein a “1” in the bitmap indicates that
the combining coefficient associated with the polarization index p, beam

index u, and delay index d is non-zero, and reported by the UE to the gNB.

The method according to claim 24 wherein a “0” in the bitmap indicates that
the combining coefficient associated with the polarization index p, beam

index u, and delay index d is zero and not reported by the UE to the gNB.

The method according to any one of the preceding claims wherein the CSI
report comprises two parts, where the first CSI part has a fixed size and is
used to indicate the size of the payload of the second CSI part, and wherein

the two parts are independently encoded.

The method according to claim 27 wherein the second CSI part has a
varying payload size and includes quantized combining coefficients for all
layers and one or multiple bitmap(s) for the non-zero coefficient indication
and the first CSI part includes information on the total number of quantized

combining coefficients across all layers and the rank of the CSI matrix.
The method according to claim 27 or claim 28 wherein the first part of the

CSl includes a sum of selected non-zero combining coefficients, NNZCC,

across all layers indicated by a single NNZCC bit-indicator.
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30.

31.

32.

33.

34.

35.

36.

37.

The method according to claim 29 wherein the NNZCC bit-indicator is
represented by a [log, 2K, ] indicator, where 2K, represents the maximum

number of reported combining coefficients across all layers.

The method according to claim 27 comprising reporting the parameter D;,,

in the second part of the CSlI report.

The method according to claim 1 wherein the parameter D is a priori known

at the UE or is received in a configuration from the gNB.

The method according to claim 27 wherein the second CSI part includes
per layer a strongest coefficient indicator and wherein the bit values for the
amplitude and phase of the quantized strongest combining coefficient is not

contained in the second CSI part.

The method according to claim 33 wherein the strongest coefficient
indicator is given by a [log,(2U®)] bit indicator to indicate the row of the

bitmap associated with the strongest combining coefficient.

The method according to claim 33 wherein the strongest coefficient
indicator associated with the I-th layer is given by a [log, (N Z;)] bit indicator,
wherein NZ; represents the maximum number of non-zero combining

coefficients indicated for the I-th layer in CSI part 1.

A User Equipment, UE, (300) comprising a processor (310) and a memory
(320), said memory (320) containing instructions executable by said
processor (310) whereby said UE (300) is configured to perform any one of

the subject-matter of method claims 1-35.

A method performed by a network node, gNB, the method comprising:
- transmitting, to a user equipment, UE, a radio signal via a Multiple Input

Multiple Output, MIMO, channel, wherein the radio signal contains at least
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one DownlLink, DL, reference signal according to a DL reference signal
configuration; for enabling the UE to:
- estimate said MIMO channel based on said received at least one DL
reference signal for configured subbands;
- calculate a precoder matrix or a Channel State Information, CSI, matrix
for a number of antenna ports of the network node and configured
subbands; the precoder matrix being based on a first codebook and on a
second codebook and a set of combining coefficients for complex
scaling/combining one or more of vectors selected from the first codebook
and the second codebook;
where,

- the first codebook contains one or more transmit-side spatial beam
components of the precoder matrix or CSI matrix,

- the second codebook contains one or more delay components of
the precoder matrix or CSI| matrix,
- determine a common delay domain, CDD, basis subset of the selected
vectors associated with the delay components across all layers of the
precoder matrix or CSI matrix, wherein the CDD basis subset is defined by
a parameter D representing the number of elements of the CDD basis
subset, and a parameter D, representing the first index of the D delay

vectors from the second codebook; and

- receiving, from the UE, a CSI feedback report and/or a Precoder matrix
Indicator, PMI and/or a PMI/Rank Indicator, PMI/RI, used to indicate the
precoder matrix or the CSI matrix for the configured antenna ports and
subbands, wherein the selected vectors from the CDD basis subset are
indicated in the report, for each layer, by a layer-specific delay domain,

LDD, basis subset indicator.

38. A network node comprising a processor and a memory, said memory

containing instructions executable by said processor whereby said network

node is configured to perform the subject-matter of method claim 37.
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