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(54) BEAMFORMING CODEBOOK ADAPTION TO ANTENNA ARRAY IMPERFECTIONS

(57) A transmitter includes an antenna array (202,
304) having a plurality of antennas for a wireless com-
munication with one or more receivers, and a precoder
(204) connected to the antenna array (202, 304). The
precoder (204) applies a set of beamforming weights to
the antenna array (202, 304). The set of beamforming
weights is selected from a codebook (212) to form by the
antenna array (202, 304) one or more transmit/receive
beams or nulls pointing in selected directions. The code-
book (212) includes a plurality of sets of beamforming
weights for a plurality of directions. The beamforming
weights in the codebook (212) are based on a first an-
tenna array response matrix (Ã(ϕ,θ)), the first antenna

array response matrix (Ã(ϕ,θ)) defined by a second an-
tenna array response matrix (A(ϕ,θ)) and one or more
transformation matrices (K,Kq). The first antenna array
response matrix (Ã(ϕ,θ)) contains, for a plurality of direc-
tions, first array response vectors (ã(ϕm, θn)) of the an-
tenna array (202, 304), the second antenna array re-
sponse matrix (A(ϕ,θ)) contains, for one or more of the
plurality of directions, second array response vectors of
the antenna array (202, 304), the second array response
vectors determined using a model of the antenna array
(202, 304), and the one or more transformation matrices
(K, Kq) describing one or more characteristics of the an-
tenna array (202, 304).
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Description

[0001] The present invention concerns the field of wireless communication systems, such as a mobile communication
network. Embodiments of the present invention relate to a multi-antenna technique using a precoder and a codebook
with beamforming coefficients adapt to practical imperfections of the antenna array. Further embodiments relate to a
codebook downloadable from a base station for elevation and azimuth beamforming.
[0002] Fig. 1 is a schematic representation of an example of the wireless network 100 or wireless network infrastructure
of the wireless communication system of Fig. 1. The wireless network 100 may include a plurality of base stations eNB1
to eNB5, each serving a specific area surrounding the base station schematically represented by the respective cells
1021 to 1025. The base stations are provided to serve users within a cell. A user may be a stationary device or a mobile
device. Further, the wireless communication system may be accessed by IoT devices which connect to a base station
or to a user. IoT devices may include physical devices, vehicles, buildings and other items having embedded therein
electronics, software, sensors, actuators, or the like as well as network connectivity that enable these devices to collect
and exchange data across an existing network infrastructure. Fig. 2 shows an exemplary view of only five cells, however,
the wireless communication system may include more such cells. Fig. 1 shows two users UE1 and UE2, also referred
to as user equipment (UE), that are in cell 1022 and that are served by base station eNB2. Another user UE3 is shown
in cell 1024 which is served by base station eNB4. The arrows 1041, 1042 and 1043 schematically represent uplink/downlink
connections for transmitting data from a user UE1, UE2 and UE3 to the base stations eNB2, eNB4 or for transmitting data
from the base stations eNB2, eNB4 to the users UE1, UE2, UE3. Further, Fig. 1 shows two IoT devices 1061 and 1062
in cell 1024, which may be stationary or mobile devices. The IoT device 1061 accesses the wireless communication
system via the base station eNB4 to receive and transmit data as schematically represented by arrow 1081. The IoT
device 1062 accesses the wireless communication system via the user UE3 as is schematically represented by arrow 1082.
[0003] The wireless communication system may be any single-tone or multicarrier system based on frequency-division
multiplexing, like the orthogonal frequency-division multiplexing (OFDM) system, the orthogonal frequency-division mul-
tiple access (OFDMA) system defined by the LTE standard, or any other IFFT-based signal with or without CP, e.g.
DFT-s-OFDM. Other waveforms, like non-orthogonal waveforms for multiple access, e.g. filter-bank multicarrier (FBMC),
generalized frequency division multiplexing (GFDM) or universal filtered multi carrier (UFMC), may be used.
[0004] For data transmission, a physical resource grid may be used. The physical resource grid may comprise a set
of resource elements to which various physical channels and physical signals are mapped. For example, the physical
channels may include the physical downlink and uplink shared channels (PDSCH, PUSCH) carrying user specific data,
also referred to as downlink and uplink payload data, the physical broadcast channel (PBCH) carrying for example a
master information block (MIB) and a system information block (SIB), the physical downlink control channel (PDCCH)
carrying for example the downlink control information (DCI), etc. For the uplink, the physical channels may further include
the physical random access channel (PRACH or RACH) used by UEs for accessing the network once a UE synchronized
and obtained the MIB and SIB. The physical signals may comprise reference signals (RS), synchronization signals and
the like. The resource grid may comprise a frame having a certain duration, e.g. a frame length of 10 milliseconds, in
the time domain and having a given bandwidth in the frequency domain. The frame may have a certain number subframes
of predefined length, e.g., 2 subframes with a length of 1 millisecond. Each subframe may include two slots of 6 or 7
OFDM symbols depending on the cyclic prefix (CP) length. The PDCCH may be defined by a pre-defined number of
OFDM symbols per slot. For example, the resource elements of the first three symbols may be mapped to the PDCCH.
[0005] In a wireless communication system like to one depicted schematically in Fig. 1, multi-antenna techniques may
be used, e.g., in accordance with LTE, to improve user data rates, link reliability, cell coverage and network capacity.
To support multi-stream or multilayer transmissions, linear precoding is used in the physical layer of the communication
system. Linear precoding is performed by a precoder matrix which maps layers of data to antenna ports. The precoding
may be seen as a generalization of beamforming, which is a technique to spatially direct/focus data transmission towards
an intended receiver.
[0006] In the following the downlink (DL) transmission in a mobile multiple input multiple output communication system
will be considered, i.e., the communication link carrying data traffic from a base station (eNodeB) to a mobile user
equipment (UE). Considering a base station (eNodeB) with NTx antennas and a mobile user equipment (UE), with NRx

antennas, the symbols received at a particular instant of time in a DL transmission at the UE  can be
written as 
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where  denotes the channel matrix,  represents the precoder matrix at the eNodeB,

 is the additive noise at the receiver,  is the data vector transmitted by the eNodeB which has
to be decoded by the UE, and Ns denotes the number of data streams transmitted.

[0007] The precoder matrix that has to be used at the eNodeB to map the data  to the NTx antenna ports

is decided by solving an optimization problem that is based on the instantaneous channel information 
In a closed-loop mode of communication, the UE estimates the state of the channel and transmits the reports, channel
state information (CSI), to the eNodeB via a feedback channel in the uplink (the communication link carrying traffic from
the UE to the eNodeB) so that the eNodeB may determine the precoding matrix (see reference [8]). There are also
occasions when multiple-layer transmissions are performed without feedback from the UE to determine the precoding
matrices. Such a mode of communication is called ’open-loop’ and the eNodeB makes use of signal diversity and spatial
multiplexing to transmit information (see reference [8]).
[0008] In the following, the closed-loop DL transmission mode will be considered. The CSI feedback sent to the eNodeB
in the closed-loop mode may be of two different types: implicit and explicit. Fig. 2 shows a block-based model of the
MIMO DL transmission using codebook-based-precoding in accordance with LTE release 8. Fig. 2 shows schematically
the base station 200, the user equipment 300 and the channel 400, like a radio channel for a wireless data communication
between the base station 200 and the user equipment 300. The base station includes an antenna array 202 having a
plurality of antennas or antenna elements, and a precoder 204 receiving a data vector 206 and a precoder matrix F from
a codebook 208. The channel 400 may be described by the channel matrix 402. The user equipment 300 receives the
data vector 302 via an antenna or an antenna array 304 having a plurality of antennas or antenna elements. Further, a
feedback channel 500 between the user equipment 300 and the base station 200 is shown for transmitting feedback
information.
[0009] In the case of an implicit feedback, the CSI transmitted by the UE 300 over the feedback channel 500 includes
the rank index (RI), the precoding matrix index (PMI) and the channel quality index (CQI) allowing, at the eNodeB 200,
deciding the precoding matrix, and the modulation order and coding scheme (MCS) of the symbols transmitted. The
PMI and the RI are used to determine the precoding matrix from a predefined set of matrices Ω called ’codebook’ 208.
The codebook 208, e.g., in accordance with LTE, may be a look-up table with matrices in each entry of the table, and
the PMI and RI from the UE decide which row and column of the table the optimal precoder matrix is obtained from.
[0010] The codebook designs in DL transmissions may be specific to the number of antenna ports used for the
transmission. For example, when two ports are used for the transmission, the codebook entries come from the columns
of 2x2 unitary matrices with constant modulus entries (see reference [1]). For a 4-port transmission, the columns of

householder matrices  may be used for the precoder  (Ns ≤ 4 in this case),

where  is a vector with unit modulus entries, with n denoting the codebook index (see reference [1]).
[0011] With explicit CSI feedback, there is no use of a codebook to determine the precoder. The coefficients of the
precoder matrix are transmitted explicitly by the UE. Alternatively, the coefficients of the instantaneous channel matrix
may be transmitted, from which the precoder is determined by the eNodeB.
[0012] The design and optimization of the precoder 204 and the codebook 28 may be performed for eNodeBs equipped
with 1-dimensional Uniform Linear Arrays (ULAs) or 2-dimensional Uniform Planar Arrays (UPAs) having a fixed down-
tilt. These antenna arrays 202 allow controlling the radio wave in the horizontal (azimuth) direction so that azimuth-only
beamforming at the eNodeB 200 is possible. In accordance with other examples, the design of the codebook 208 is
extended to support UPAs for transmit beamforming on both vertical (elevation) and horizontal (azimuth) directions,
which is also referred to as full-dimension (FD) MIMO (see reference [2]).
[0013] The codebook 208 in FD-MIMO is designed based on the array response of an ideal UPA. The response of
an antenna array, also referred to as ’array response vectors’, with NTx antenna ports is a complex-valued vector of size
NTx 3 1 which contains the amplitude gain and the (relative) phase shift induced or obtained at each antenna port of
the antenna array 202 for a wavefront incident from a certain direction. The response of an array is usually represented
as a function of angle of arrival or angle or departure. The codebook 208 used in the case of massive antenna arrays
such as the ones FD-MIMO, is a set of beamforming weights that forms spatially separated electromagnetic transmit/re-
ceive beams using the array response vectors of the array. The beamforming weights of the array are amplitude gains
and phase adjustments that are applied to the signal fed to the antennas (or the signal received from the antennas) to
transmit (or obtain) a radiation towards (or from) a particular direction. The components of the precoder matrix are
obtained from the codebook of the array, and the PMI and the RI are used to ’read’ the codebook and obtain the precoder.
[0014] The array steering vectors of an ideal UPA having identical antennas with ideal antenna placement, e.g.,
antennas placed with infinite precision as dictated by the geometry, and omnidirectional radiation patterns may be
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described by the columns of a 2-D Discrete Fourier Transform (DFT) matrix (see reference [4]). Hence, for the codebook
of 2D UPAs 2D-DFT-based matrices may be used. 2D-DFT-based matrices are defined for a scalable number of antenna
ports, e.g., up to 32 antenna ports per polarization/antenna orientation, or 64 antenna ports in co-polarized antenna
arrays (see reference [2]).
[0015] The precoder matrices used in FD-MIMO may have a dual-stage structure: F = F1F2. Here, the matrix F1
contains the beamforming vectors which are defined by a 2D-DFT codebook, i.e., the matrix F1 contains the beamforming
weights applied to each antenna port of the array to direct the radiation towards a particular direction. The matrix F2
contains coefficients that select and/or linearly combine the 2D-DFT beams in the matrix F1 to obtain a desired overall
beam pattern. The matrix F2 may also be used to perform co-phasing between different antenna orientations/polarization
groups of the array (see reference [2]).
[0016] In massive antenna arrays, multiple antennas that are oriented in different directions may be placed at a
particular position in the array, i.e., there are P antenna ports at each position). Each of the antennas is sensitive to a
particular polarization of the transmitted or received wavefront. As the orientation of the antenna defines the polarization
direction of the wavefront it is sensitive to, the terms ’antenna orientations’ and ’antenna polarizations’ may be used
interchangeably. However, in the following ’antenna orientation(s)’ is used wherever applicable instead of ’antenna
polarization(s)’ so as to avoid confusion with wave polarizations that are also described introduced later. Considering a
generic geometry of the array, the components of the FD-MIMO-type two-stage precoder matrix for an array with NTx
antenna ports per orientation, and P different antenna orientations among the antennas are, as shown, in the following
equation: 

[0017] The matrix  F1 has a block-diagonal structure. Each of the vectors    d =

1,2,···,D and p = 1,2,···,P in F1 corresponds to a beamforming vector that steers the beam along certain d-th direction

selected from D directions, using the antennas oriented in the p-th direction. The possible vectors for  are
the columns contained in the so-called ’codebook’ matrix of the array, which contains the steering vectors for various
angles of radiation.

[0018] The vectors cd, d = 1,2,···, D’ in  are used to perform the beam selection or perform a linear
combination of beams. The combination/co-phasing of the beams may be performed within and across different antenna
polarizations in this matrix. The variable D’ denotes the number of beams formed effectively.
[0019] To illustrate the use of the combining matrix F2, the types of vectors used in the matrix are provided along with
the purpose they satisfy.
[0020] To select a specific beam out of the D steered beam directions in the matrix F1 from both orientations/polari-

zations, the vector  may be used which contains zeros at all positions except the d-th
position, which is one. For instance, 

selects the beam steering direction corresponding to the third column vector (in each of the block matrices along the
diagonal) in the matrix F1. Multiple beams can be selected using multiple columns, for e.g.,
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selects the beam directions corresponding to the third and fifth columns in F1. To perform beam selection while co-
phasing between polarizations, a matrix of type 

may be used, where the values δp, p = 1,2,···, P are the phase adjustments. Using vectors with more than one non-zero
element, while using complex coefficients with varying amplitudes, means that multiple steering vectors are combined
while forming the beam.
[0021] The structure of the precoder in (2) considers that the number of columns in each of the blocks, i.e., the number
of beamforming vectors for each of the antenna orientations, is the same for each block. Such a structure is assumed
for the sake of simplicity of notation and providing examples for F2, and may be readily generalized with a different
number of beamforming vectors for different antenna orientations.
[0022] The precoder structure in (2) and the structure of the individual matrices F1 and F2 are generalizations of the

precoder structure in FD-MIMO for an arbitrary array geometry. For example, Release-13 FD-MIMO has been stand-

ardized for a uniform planar array as shown in Fig. 3. The configuration of a UPA may be represented as 

where  denotes the number of antenna ports a row of the UPA (in horizontal direction, hence the superscript ’H’)

per antenna orientation,  denotes the number of antenna ports across a column per antenna orientation, and P

represents the number of antenna orientations in the array. Therefore, a total of  antenna ports are present
in the array. The values of P = 1 and P = 2 are used for co-polarized and dual-polarized arrays, respectively. Fig. 3
shows a typical UPA used in FD-MIMO with P = 2, along with the precoder structure.

[0023] The matrix  has a block-diagonal structure to separate the beams for the two polarization
groups. Moreover, a Kronecker product model is applied to the steering or beamforming vectors in F1 to decouple them

into separate horizontal and vertical steering vectors of the UPA. The steering vectors for each direction are taken from
the codebooks for the respective directions. The codebook for the horizontal direction, in the UPA (the rows), denoted

by ΩH, is given by a DFT matrix of size  where M is the number of samples in the angular domain along the

horizontal direction. Similarly, ΩV is the codebook for the vertical direction (columns of the UPA) and given by a DFT

matrix of size  with N being the number of samples in the angular domain in the vertical direction. The matrices

     and  shown in Fig. 3 are formed by selecting a set of columns from the DFT matrices ΩH or ΩV.

Each of the matrices has the following structure: 
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[0024] The superscripts of the matrices differ depending upon the number of columns in the matrix and the set of
columns selected from the DFT matrices; l = l’ and k = k’ means that the blocks for both polarizations in F1 are identical
(see reference [2]).
[0025] The second matrix F2 contains coefficients that select and/or linearly combine the array steering vectors in F1
to obtain the desired beam pattern. The choices for various functionalities such as single/multiple beam selection and
co-phasing between selected beams are as shown in equations (3) to (5).
[0026] The 2D-DFT-based codebook design used in FD-MIMO is advantageous as the overall codebook may be
divided into horizontal and vertical codebooks allowing for separate azimuth and elevation precoding, and as separate
feedback information is delivered to the eNodeB for the azimuth and elevation domains. Further, the 2D-DFT-based
codebook for FD-MIMO allows describing the array steering vectors of an ideal UPA by the columns of the 2D-DFT
matrix (see reference [4]). However in practice, due to the non-identical and directional behavior of antennas in the
antenna array, and due the electromagnetic coupling between the antennas, the actual observed array response is
typically different from a DFT-based manifold considered for the codebook designs in FD-MIMO. Hence, using the 2D-
DFT-based codebook for non-ideal arrays does not result in the required/expected directional beam pattern.
[0027] It is an object of the present invention to provide beamforming coefficients or weights in a codebook obtaining
an expected directional beam pattern despite any practical imperfections of the antenna array forming the beam pattern.
[0028] This object is achieved by the subject matter as defined in the independent claims.
[0029] Embodiments are defined in the dependent claims.
[0030] Embodiments of the present invention are now described in further detail with reference to the accompanying
drawings, in which:

Fig. 1 shows a schematic representation of a system for implementing different services using the concept of network
slices;

Fig. 2 shows a block-based model of a MIMO communication system using implicit CSI feedback;

Fig. 3 shows an example of a  uniform planar array in FD-MIMO and the corresponding precoding
matrix structure;

Fig. 4 shows different partitions of an angular space of an antenna for antenna response transformations in accordance
with embodiments of the present invention;

Fig. 5 shows a block-based structure of MIMO system operating on implicit CSI feedback with a codebook and CSI
adapted to a measured eNodeB array response in accordance with embodiments of the present invention;

Fig. 6 shows a flowchart of a method in accordance with embodiments of the present invention for adapting a com-
munication system, like the one in Fig. 5, to the ’non-ideal’ response of the eNodeB array;

Fig. 7 shows a table indicting a beam functionality to be implemented and the corresponding selection/combining/co-
phasing matrix used; and

Fig. 8 illustrates an example of a computer system on which units or modules as well as the steps of the methods
described in accordance with the inventive approach may execute.

[0031] In the following, preferred embodiments of the present invention are described in further detail with reference
to the enclosed drawings in which elements having the same or similar function are referenced by the same reference
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signs.
[0032] In accordance with embodiments of the present invention in a wireless communication system the codebook
including the beamforming weights is modified so as take into considerations an actual or real implementation of the
antenna array at a transmitter, e.g. the base station for a DL communication. For example, when designing the codebook
on the basis of a model of the antenna array, the model assumes identical, omnidirectional antennas with ideal antenna
placement, no electromagnetic coupling between the antennas or any other practical imperfections in the array circuitry
or the antennas. However, in reality the antenna array is not perfect, e.g., the antennas in the have a directional and
non-identical nature, and there is an electromagnetic coupling between the antennas. To design the codebook taking
into consideration the real antenna array properties, a response of the antenna array is measured for a plurality of
particular incident angles of radiation, e.g., within an anechoic chamber or in the field of deployment. On the basis of
this measurement, a deviation of the beamforming weights obtained from the antenna array model from the real imple-
mentation of the antenna array is determined and adapted so as to allow generating by the antenna array the actually
desired or expected directional beam pattern.
[0033] In accordance with embodiments, a transmitter, e.g. a base station serving one or more UEs or a UE commu-
nicating with a base station, is provided including an antenna array having a plurality of antennas for a wireless com-
munication with one or more receivers and a precoder connected to the antenna array, the precoder to apply a set of
beamforming weights to the antenna array, the set of beamforming weights selected from a codebook to form by the
antenna array one or more transmit/receive beams or nulls pointing in selected directions. The codebook includes a
plurality of sets of beamforming weights for a plurality of directions. The beamforming weights in the codebook are based
on a first antenna array response matrix, the first antenna array response matrix defined by a second antenna array
response matrix and one or more transformation matrices. The first antenna array response matrix contains, for a plurality
of directions, first array response vectors of the antenna array, the second antenna array response matrix contains, for
one or more of the plurality of directions, second array response vectors of the antenna array, the second array response
vectors determined using a model of the antenna array, and the one or more transformation matrices describing one or
more characteristics of the antenna array.
[0034] In other words, according the present invention, the array response matrix of the transmitter’s antenna array,
which is based on the ideal antenna array that may be described by a model of the transmitter’s antenna array, is adapted
to the real world implementation of the transmitter’s antenna array. This yields the non-ideal array response matrix
reflecting the real or actual implementation of the transmitter’s antenna array, which will form the basis for the precoder
to be used by the transmitter. For adapting the model of the transmitter’s antenna array the one or more transformation
matrices are used, which describe one or more of the characteristics of the real antenna array of the transmitter.
[0035] In the present invention, when referring to one or more of the plurality of directions, this means one of the
plurality of directions, two or more of the plurality of directions, or all of the of the plurality of directions.
[0036] The one or more transformation matrices may be based on the second antenna array response matrix and a
measured antenna array response matrix containing, for some or all of the plurality of directions, measured array response
vectors determined from a measurement of the antenna array.
[0037] The model of the antenna array may be based on identical, omnidirectional antennas with ideal antenna place-
ment, no electromagnetic coupling between the antennas or other practical imperfections in the array circuitry or the
antennas, and the one or more transformation matrices may consider a directional and non-identical nature of the
antennas in the antenna array, an electromagnetic coupling between the antennas and other practical imperfections in
the antenna array.
[0038] In accordance with further embodiments, designing the codebook may include a modification of an initial or a
first codebook which is obtained on the basis of the antenna array model, e.g., is defined by the second antenna array
response matrix. The initial codebook is modified by linearly modelling/transforming the first antenna array response
matrix using the second antenna array response matrix and the one or more transformation matrices. The modified
codebook is as referred to as response-adapted-codebook. An advantage of using the transformation matrix for designing
the modified codebook is that the information about the real antenna array may be provided to a receiver, e.g. a UE
served by the base station, easily and without the need to transmit a huge amount of information to the UE. In accordance
with embodiments, the information about the real implementation of the antenna array at the transmitter, like the base
station, is transmitted to the receiver, like the UE, or may be downloaded by the receiver. The transmitted or downloaded
information includes the transformation matrix. The availability of the actual transmitter antenna array response, or the
used response-adapted-codebook, at the UE helps the UE in beam refining, channel estimation and CSI feedback
calculation. The accuracy and amount of CSI feedback and accuracy of the channel estimation process heavily depend
on the availability of the actual codebook (or the array response) used at the transmitter at the UE. Transmitting the
measured array response to the UE as a whole would result in transmitting a huge amount of control information. In
accordance with embodiments of the invention, the above mentioned transformation-matrix-based modeling of the meas-
ured response with the presumed ideal response of the array is used which requires that only the transformation matrix
is transmitted, thereby reducing the control information overhead.
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[0039] Thus, embodiments provide a receiver, e.g., a UE communicating with a base station or a base station serving
one or more UEs, including an antenna for a wireless communication with a transmitter, and a signal processor to receive
and process a radio signal received at the antenna via a radio channel. The receiver is configured to store and/or calculate
a codebook including a plurality of sets of beamforming weights for a plurality of directions (e.g. azimuth, elevation,
polarization). The beamforming weights in the codebook are based on a first antenna array response matrix of an antenna
array of the transmitter, and the transmitter selects a set of beamforming weights from the codebook to form by the
antenna array a transmit/receive beam pointing in a selected direction. The receiver is configured to modify the codebook
using one or more transformation matrices received from the transmitter, the one or more transformation matrices
modeling a second antenna array response matrix of the antenna array of the transmitter. The first antenna array
response matrix contains first array response vectors for a plurality of directions, the first array response vectors deter-
mined using a model of the antenna array, and the second antenna array response matrix contains second array response
vectors for a plurality of directions, the second array response vectors determined from a measurement of the antenna
array.
[0040] In the following, the inventive approach will be described on the basis of embodiments of a DL communication
in which the transmitter is the base station or eNodeB and the receiver is a UE served by the eNodeB. More specifically,
adapting the eNodeB and the UE to a measured, complex-valued eNodeB array response in accordance with embod-
iments of the present invention are described in detail. In the following description of the embodiments, no assumptions
with respect to the array geometry or the number of polarizations involved in the array are made, unless explicitly specified.

Array response transformation for codebook download

[0041] The response of an antenna array may be measured for a particular incident angle of radiation within an
anechoic chamber or in the field of deployment. Due to directional and non-identical nature of the various antennas in
the antenna array, electromagnetic coupling between antennas and other practical imperfections in the antenna array,
the measured response of the antenna array is different from the presumed response of the antenna array, which
considers identical, omnidirectional antennas without any practical imperfections. Therefore, the complex-valued meas-
ured response of the antenna array is also referred to in the following as the ’non-ideal’ array response. Consider the
’non-ideal’ complex-valued antenna array response at the eNodeB with NTx antenna ports, 

 for a set of discrete pairs of azimuth and elevation angles (ϕm, θn), m = 1,2,... M and n = 1,2,...N. Without any loss of
generality, it can be assumed that the discrete samples of the angles were taken within the focus range of the antenna.
Arranging all the array response vectors column-wise, we yield the array response matrix as 

[0042] Similar to the ’non-ideal’ array response, the ’ideal’ array response is defined as the presumed response of the
array for the given geometry considering identical, omnidirectional antennas with ideal antenna placement, e.g., the
antennas are placed at a certain point as dictated by the geometry with infinite precision, and no electromagnetic coupling
between antennas or other practical imperfections in the array circuitry or antennas. The ’ideal’ array response matrix
looks like, 

where the azimuth and elevation angles (ϕm, θn) in (9) are identical to the azimuth and elevation angles in (8).
[0043] The ’ideal’ response of the array for a certain angle can be deduced from the geometry of the array. For example,
the antenna array response of an ideal UPA as shown Fig. 3 (considering only one of the two orientations of the antennas
and assuming that the wavefront has the same polarization as the antenna orientation responds to), is given by 
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where 

with λ being the wavelength of the wavefront.
[0044] It is assumed that the (measured) antenna array is calibrated, i.e., the response of the antenna array is known

as a function of the azimuth and elevation angles- the matrix  is a known quantity. As mentioned
above, the ’non-ideal’ array response is linearly modelled using the ’ideal’ response of the array, which may be deduced
from its geometry/configuration. The purpose of the linear modeling of the transmitter’s antenna array is to have a
compact representation of the ’non-ideal’ response so that it may be downloaded by the UE instead of the raw coefficients
of the response, which may result in an overload of control information to the UE.
[0045] There may be different ways to linearly model the ’non-ideal’ array response matrix of the base station using
the presumed ’ideal’ response.

Separate modeling of pattern and coupling:

[0046] In this linear transformation, denoted by  two matrices are used to perform the linear transformation from
the ’ideal’ response to the ’non-ideal’ response of the array as follows (see reference [9]): 

[0047] The matrix  models electromagnetic coupling between the antennas in the array and

 transforms the omnidirectional response of the ’ideal’ antenna to the directional response of the ’non-
ideal’ antenna.

Combined modeling of pattern and coupling:

[0048] This linear transformation,  involves a single matrix  that models both the pattern change
from the ’ideal’ array and the observed coupling effects in the ’non-ideal’ array: 

[0049] In both equation (12) and (13), the matrix  represents the mismatch in the models, and the

matrix  is referred to as the ’transformation matrix’ which is used in constructing the response-adapted
transmitter array codebook. Either of the linear models may be used to construct the transformation matrix that may be
transmitted to the UE to obtain the ’non-ideal’-response-adapted codebook. Some examples of techniques that may be
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used to determine the transformation matrix  are:

(i) the least squares method, using the combined model of pattern and coupling

 

(ii) the calibration matrix method described in reference [9] where the transformation matrix is evaluated from its

inverse, the calibration matrix  using the first linear model of the ’non-ideal’ response (separate
modeling of pattern and coupling).

[0050] The accuracy of the techniques to determine the transformation matrix from a given linear model of the ’non-

ideal’ array response with minimal mismatch, i.e., arbitrarily low Frobenius norm of the residual matrix 
depends on the number of vectors transformed. For example, in the case of the least squares method that uses the
linear model in equation (13), two cases of the residual matrix norm are encountered:

• Rank(A(ϕ, θ)) = MN ≤ NTx: Any row of the ’non-ideal’ array response Ã(ϕ, θ) may be expressed as a linear combination
of the rows of A(ϕ, θ). In this case there is no residual and the Frobenius norm of the residual/mismatch matrix N is zero.

• Rank (A(ϕ, θ)) = NTx < MN: In this case, there are less rows than columns and hence the row space does not span

the whole of  Therefore, not every row of the ’non-ideal’ array response Ã(ϕ, θ) can be expressed as a linear
combination of the rows of the ’ideal’ array response A(ϕ, θ). In such a case, the residual/mismatch matrix N is non-
zero.

[0051] A similar dependency of the accuracy of the transformation (i.e., the norm of the residual) on the number of
vectors transformed may be found across various techniques that may be used to compute the transformation matrix

 using the linear models in equations (12) and (13). Therefore, altering the number of vectors involved
in the transformation supports controlling the accuracy of the transformation. For a finely sampled angular space where
the number of samples is much larger than the number of antennas, i.e., the number of array response vectors to be
transformed are much more numerous than the number of antenna ports, in order to increase the accuracy of the
transformation, the whole angular space (ϕ, θ) may be partitioned into Q smaller (overlapping or non-overlapping) sub-

sets (ϕ1, θ1), (ϕ2, θ2), ···, (ϕQ, θQ) where for each subset a linear transformation  (A(ϕq, θq)) can be defined 

[0052] By considering Q different transformations, we compute Q transformation matrices Kq,q = 1,2,···, Q one for
each partition of the angular space. The transformation matrices Kq,q = 1,2,···, Q are dependent on the subset of angles
transformed. Depending on the required accuracy, the sizes of the angular space partitions may be varied. Two examples
of non-overlapped and overlapped angular space partitions are shown in Fig. 4.
[0053] In accordance with further embodiments, the transformation matrix may be provided for an entire frequency
space/domain of the antenna array. However, the array response may vary as a function of the frequency of the wavefront
and hence there a different measured ’non-ideal’ response matrices for different frequency bands may be provided.
Similar to the angular space also the frequency space may be partitioned. The granularity of the frequency space
partitions for the transformations may be determined by the frequency domain characteristics of the antennas and the
array circuitry, and by the frequency domain sampling with which the antenna measurements/calibration was carried
out. Therefore, in accordance with further embodiments, the frequency space may partitioned into a plurality of smaller
overlapping or non-overlapping partitions, and for each partition the frequency space a transformation matrix may be
obtained in a way as described above.
[0054] The transformation matrix(ces) may be determined by the eNodeB offline, for example the computations may
be performed while there is no communication with the UE, and then the transformation matrix(ces) may be downloaded
by the UE to construct the codebook of the eNodeB that is adapted to the ’non-ideal’ array response. The transformation
matrices sent to the UE are a part of the ’control information’ as shown in Fig. 5.
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[0055] Fig. 5 shows a block-based structure of MIMO system operating on implicit CSI feedback with a codebook and
CSI adapted to a measured eNodeB array response in accordance with embodiments of the present invention. Those
elements of the MIMO system corresponding to those already described above with reference to Fig. 2 have assigned
thereto the same reference signs. In accordance with embodiments of the present invention, the base station 200 includes
the transformation matrix K. The transformation matrix K may be determined as described above and may be stored at
the base station 200, e.g., in a storage device 210. On the basis of the transformation matrix K and the codebook 208,
which may be a DFT codebook obtained in a way as described above, the array response adapted codebook 212 is
obtained and used by the precoder to obtain an expected directional beam pattern despite any practical imperfections
of the antenna array forming the beam pattern. In accordance with embodiments, transformation matrix K may be
transmitted to the UE 300, e.g., as control information in the PDCCH 502 of the wireless communication system. The
UE 300 constructs the codebook of the eNodeB or base station 200 that is adapted to the ’non-ideal’ array response so
as to allow for an improved beam refining, channel estimation and CSI feedback taking into account the real antenna
array, thereby improving the accuracy of the channel estimation process, as well as the accuracy and amount of the
CSI feedback 500. Further, in accordance with embodiments, the array geometry and configuration, like the number of
antennas in various dimensions pertaining to the given array geometry, and details about antenna orientations in the
array, may be transmitted to the UE along with the transformation matrix in the control information, to determine the
’ideal’ response of the base station antenna array at the UE, so that the ’non-ideal’-response-adapted codebook can be
obtained.
[0056] Now an embodiment for obtaining the codebook 212 adapted to ’non-ideal’ array response at the base station
200 or at the UE 300 is described. Adapting the eNodeB codebook 208 to the ’non-ideal’ array response is important in
carrying out beamforming tasks in the antenna array 202. Using the codebook 208 based on the ’ideal’ array response
may result in unexpected and unnecessary beam patterns. The codebook design problem for a non-ideal array, whose
response is known as a function of the direction of arrival or departure, and the model in FD-MIMO is assumed, in
accordance with which a matrix of DFT-based steering vectors is maintained in the eNodeB. The matrix of steering
vectors is maintained at the eNodeB, except they are adapted to the measured response of the array. As stated above,

the matrices  and  are the measured ’non-ideal’ response and ’ideal’
response matrices of the eNodeB array, and both of them are known quantities at the eNodeB.
[0057] The codebook 208 in a FD-MIMO-like array includes beamforming weights for forming spatially separated
electromagnetic beams for data transmission by the antenna array. The transformation matrix that approximates the
’non-ideal’ eNodeB response is used to construct the codebook 212 that is adapted to the ’non-ideal’ response and
satisfies the power constraints of the base station antenna array. In accordance with embodiments, the following prop-
ositions for constructing the ’non-ideal’-response-adapted codebook satisfying the power constraints of the array may
be considered:

• Proposition 1: Codebook design in the presence of phase-shifters only

[0058] The ’non-ideal’-response-adapted ’codebook’ matrix  for a phase-shifter-only array cir-
cuitry may be obtained from the transformation matrix as follows: 

where the matrix product K · A(ϕ, θ) represents the approximate ’non-ideal’ array response and ∠[.] denotes the angle
of the argument. The alignment of the beamforming weights to the phases of the antenna response enables coherent
combining of the signals along that particular direction.

• Proposition 2: Codebook design in the presence of phase-shifters and amplifiers

[0059] In the presence of phase-shifters and amplifiers in the array circuitry for beamforming, the weights may be

adapted to the array response by using the following codebook matrix  



EP 3 358 756 A1

12

5

10

15

20

25

30

35

40

45

50

55

Considering that the approximate ’non-ideal’ array response matrix    may have
the following structure 

the matrix D introduced to normalize the entries in codebook so that the maximum amplitude of the coefficients in Ω(ϕ,
θ) is one is, 

[0060] Using the above normalization of the codebook entries, it is ensured that the amplitude gain per antenna port
due to signal precoding is not larger than one.
[0061] In accordance with embodiments, the codebook may usually contain specific directions to form beams and
hence it may not be necessary to consider the array response with its original angular resolution in space. The fixed
beam directions considered for the array, along with the beam refining resolution set, determine the number of array
response vectors that need to be transformed. In accordance with further embodiments, the directions in which the array
has a ’null’ (the array does not have any response, i.e., zero amplitude gain) may not be considered for transformation
and the codebook.
[0062] Modifications in the precoding using the ’non-ideal’-response-adapted codebook in accordance with embodi-

ments of the present invention are now described. The column vectors from the codebook  that

are adapted to the ’non-ideal’ response are the ones chosen for the beam steering vectors  and p
= 1,2, ···, P in the precoder matrix F1 in equation (2) instead of the vectors from the codebook 208 using the ’ideal’

response (for e.g., 2D-DFT vectors in the case of UPA). The selection, combining and the co-phasing operations are
maintained from the existing state-of-the-art two-stage precoder F = F1F2.

[0063] In the block diagram of the downlink of a MIMO communication system employing the codebook-adaptation
presented in Fig. 5, the original codebook 208 that corresponds to the ’ideal’ response is modified to adapt to the ’non-
ideal’ response by the application of the transformation matrix K. For e.g., with UPAs, the ’non-ideal’-response-adapted

codebook  is obtained using the expression in equation (15) or (16) by substituting the 2D-DFT-

based codebook matrix in place of  
[0064] Fig. 6 is a flowchart of a method in accordance with embodiments of the present invention for adapting a
communication system, like the one in Fig. 5, to the ’non-ideal’ response of the eNodeB array. Following the approximation
of the measured eNodeB response at S100, which may be performed offline, and which may use the transformation
matrices (partition angular space and design for varying accuracy targets) in accordance with the embodiments described
herein, at S102 the eNodeB (transmitter), e.g., the base station described above with reference to Fig. 5, performs the
transmit beamforming/precoding 204 using the ’non-ideal’-response-adapted codebook 212. At S104 the transformation
matrix(ces) and the configuration of the base station’s antenna array 202 are transmitted to the UE 300 (receiver), e.g.,
according to an accepted control information overload/link rate of the control channel 502. At S106 the ’non-ideal’-
response-adapted eNodeB codebook is constructed at the UE 300 using the transformation matrices and the ’ideal’
codebook. At S108 the CSI (CQI, PMI, RI) and beam-based feedback 500 is transmitted from the UE 300, which may
also be referred to as the UE adapted to ’non-ideal’ response.
[0065] As the number of transformation matrices may increase due to multiple angular space partitions, the amount
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of control information data to be downloaded by the UE may also increases. Therefore, in accordance with embodiments
a tradeoff is made between the accuracy of the transformation and the amount of control information transmitted. Further
embodiments for the design of the transformation matrices and for the angular/frequency space partitions are now
described.

Accuracy of transformation (Proposition 1)

[0066]

(1) In accordance with embodiments, the transformation matrix may be transmitted to the UE after the quantization.
In such a case, a zero residual after transforming the ’ideal’ response may be not possible even if the number of
response vectors transformed is less than or equal to the number of antennas in the eNodeB antenna array. Therefore,
while performing angular space partitions with a view of achieving a certain accuracy target (residual norm target),
the effect of the quantization of the transformation matrix may also be taken into account.
(2) In accordance with embodiments, the angular partition may be performed by examining the correlation between
the measured response vectors. Combining highly similar response vectors within the same transformation allows
achieving better transformation accuracy even with a higher number of vectors transformed. An offline analysis of
the ’non-ideal’ response vectors is carried out to identify and separate highly correlated vectors and a common
transformation matrix is applied to them. In this case, the accuracy may be obtained even when NTx is much less
than the number of vectors transformed.

Multiple sets of transformation matrices (Proposition 2)

[0067] In accordance with embodiments, the eNodeB may maintain multiple sets of transformation matrices corre-
sponding to multiple accuracy targets to achieve. The multiple transformation matrices may be provided for various rates
of the established communication link and various control information overhead values possible.

Compression of transformation matrices (Proposition 3)

[0068] In accordance with embodiments, the transformation matrices Kq may be projected onto an orthonormal basis B, 

where the coefficient matrices Xq = 1,.., Q contain a large number of zeros, or close-to-zero elements. Hence, each
matrix Kq may be compactly represented by the basis B and an adequate number of non-zero coefficients of Xq. The
’largest’ coefficients of the matrix Xq may be quantized and transmitted to the UE. Based on the received matrices Xq
and the known basis B, the UE can recover the transformation matrices Kq. Exploiting such a structure for the compression
of the matrices Kq allows reducing the amount of control information data sent to the UE.
[0069] The compression of the transformation matrix by exploiting its structure is advantageous as the control infor-
mation overhead may be reduced.

Kronecker decomposition of transformation matrices (Proposition 4)

[0070] In accordance with embodiments, for UPAs where the rows and columns of antennas are designed in a way
that the transformation of the non-idealities may be decoupled into separate components, the Kronecker model may be
exploited to model the transformation matrix. This allows reducing the amount of control information that needs to be

transmitted to the UE. The decomposition of the transformation matrix  using the Kronecker model (for
a UPA as given in Fig. 3, considering only one of the antenna orientations) may be written as 
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where  and  are the transformation matrices that transform the array re-
sponse with respect to the horizontal and vertical antenna ports (rows and columns) of the array, respectively. Therefore,
in case the eNodeB is equipped to transmit only the raw coefficients of the transformation matrix, exploiting the Kronecker
model of the transformation matrix based on the array geometry allows reducing the number of coefficients transmitted

from  to  (for the UPA in Fig. 3).

Extension to Polarimetric codebook

[0071] In the embodiments described so far, no assumptions have been made with respect to the array geometry or
the number of polarizations involved in the array, and the codebook and antenna response considerations described so
far are non-polarimetric, i.e., the discussion of the array response or codebook was not discussed in the context of
sensitivity of the antenna array to the polarization state of the transmitted or received wavefront. However, the present
invention is not limited to such embodiments.
[0072] Although some codebook designs may be non-polarimetric, and, therefore, tend to ignore the practical aspects
of the array in the design, the inventive approach in accordance with further embodiments considers the polarization-
based response of the antennas as otherwise the beamforming efforts may turn out to be totally useless (see references
[6] and [7]). Thus, in accordance with embodiments the responses of the antenna ports of the antenna array to the
horizontal and vertical polarization of the transmitted/received wavefront are considered. For a calibrated array with NTx

antennas (in total, the count including all the P different orientations of antennas present in the array), 

 and  are obtained, the ’non-ideal’ array response matrices for the horizontal and
vertical polarizations of the transmitted/received wave.
[0073] The antennas in the array may be oriented in different directions to be sensitive to wavefronts with varying
polarizations. Ideally, an antenna oriented along a particular direction should respond to a wavefront polarized only along
a certain direction and reject all the components polarized in any other direction. In the literature, the direction of orientation
of the antennas is the same as the polarization angle the antenna responds to and, therefore, the term ’polarization of
the antenna’ is used in place of ’orientation of the antenna, however, herein the term ’orientation’ is used when referring
to antennas to avoid any confusion with the wave polarization. In practice, however, due to the non-ideality of the
antennas, the antennas tend to transmit/receive components of the wavefront across multiple polarizations. Therefore,
in accordance with embodiments, the response of the antennas in the array across two orthogonal polarizations of the
wavefront, horizontal and vertical, are considered for the polarimetric codebook design. The ’horizontal and vertical’
mentioned herein are the polarizations of the wavefront, and not the horizontal and vertical orientations/polarizations of
the antennas (or the horizontal and vertical arrangement of the antennas in a uniform planar array in FD-MIMO, for
example). There is also a specific notation used to denote the response of the antenna to a particular wave polarization:
the subscript/superscript ’(h)’ in a matrix or vector denotes the association with the horizontal polarization of the wavefront
and the subscript/superscript ’(v)’ denotes the association with the vertical polarization of the wavefront. (This is different
from the subscripts/superscripts ’H’ and ’V’ used for UPA to associate with the rows and columns of a UPA respectively).
[0074] The antenna array responses for the horizontal and vertical polarizations of the wavefront are approximated
using two different transformation matrices: 

[0075] The ’ideal’ response of the array A(ϕ, θ) is assumed to be the same across the two wave polarizations. The
transformation matrices corresponding to the two wave polarizations are determined individually using either of the linear
models in equations (12) and (13). Both the transformation matrices, corresponding to the two polarizations of the

wavefront  and  may be transmitted to the UE to adapt the codebook, to improve
the beam refinement and channel estimation processes of the UE.
[0076] While a polarimetric response of the transmitter array is considered, a codebook that is polarimetric may be
maintained. Similar to the non-polarimetric case, two propositions for the two polarizations of the received/transmitted
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wave.

• Proposition 1: Polarimetric Codebook in the presence of phase-shifters only

[0077] The ’codebook’ matrices for the horizontal and vertical polarizations are respectively 

• Proposition 2: Polarimetric Codebook in the presence of phase-shifters and amplifiers

[0078] In an array circuitry with phase-shifters and amplifiers, the codebook matrices corresponding to the horizontal
and vertical wave polarizations are designed as follows: 

respectively, where  and   
are the array response approximates for the horizontal and the vertical wave polarizations, with 

[0079] The matrices  and  contain the coefficients to normalize the coefficients
of the codebook vectors: 

[0080] In accordance with embodiments, the precoder design for a polarimetric codebook may be modified as follows.
Considering the use of a polarimetric codebook, a precoder design that incorporates the polarimetric nature of the array
response into the codebook is employed. The polarimetric precoder design for the antenna array with NTx antenna ports
per antenna orientation, with P different antenna orientations is similar to the one in equation (2), except the array steering
vectors in the matrix F1 may include for the two wave polarizations considered - horizontal and vertical.



EP 3 358 756 A1

16

5

10

15

20

25

30

35

40

45

50

55

[0081] The matrix  and p = 1, 2, ···, P has the structure  where
each column corresponds to the array steering vector for the horizontal and the vertical polarized wave respectively.
The index p refers to steering the beam along a certain i-th direction from selected D directions. The other index and
the superscript, p represents the index of the orientation of the antennas directing the beams. The possible candidates

for  are the columns of the codebook matrix corresponding to the horizontal wave polarization Ω(h)(ϕ, θ) and the

columns of the codebook for the vertical wave polarization Ω(v)(ϕ, θ) are the possible candidates for the vectors  

[0082] The matrix  has a structure similar to the non-polarimetric precoder structure and is used for
selection/combining/co-phasing between antenna orientations and wave polarizations. The building blocks of F2, in the

polarimetric case, are the selection vectors  which like the vectors 
in the non-polarimetric case described above contain one of the d-th position of the vector and zeros elsewhere. From
the structure of the matrix F1, it may be seen that the steering vectors corresponding to the horizontal polarization occupy

the odd column positions and the ones corresponding to the vertical polarization occupy the even column positions.
Therefore, to select the horizontal polarization of a particular d-th direction from F1, the selection vector ë(2d-1) may be

used. In addition, when combining the steering vectors for a particular d-th direction from both horizontal and vertical
wave polarizations, the selection vectors of adjacent positions ë(2d-1) and ë(2d) may be used together. Therefore, more
than one column may be used to select a beam directed towards a particular direction and wave polarization. Hence,
in this case, the variable D’ does not equal the number of effective beams formed, but the number of effective beams
formed per wave polarization. The table in Fig. 7 includes examples for the matrix F2 that are used for various beam

formation functionalities.
[0083] The structure of the matrix F2, i.e., the building blocks of F2 may be the same selection vectors from the non-
polarimetric precoder discussed above. However, there is one more hierarchy of beam selection/combining/co-phasing
with the sensitivity of the antennas to different wave polarizations involved in the precoder. Hence, there are many more
choices to be made in the combination of the steering vectors. This improves the flexibility in beamforming and also a
practical precoding model that obeys the physics involved with the antennas.
[0084] In accordance with embodiments, along with the transmission of the transformation matrices corresponding to
the horizontal and vertical polarizations of the antenna array at the transmitter, like the base station, to the receiver, like
the UE, the transmitter antenna array geometry, array configuration and antenna orientation information may also be
transmitted to determine the ’ideal’ transmitter array response at the receiver, so that the codebook can be obtained.
[0085] Although the embodiments above have been described for a downlink data transmission in which the base
station operates as a transmitter and the UE operates as a receiver, the inventive approach is not limited to such
embodiments. In accordance with other embodiments, the inventive approach is equally applicable in an uplink (UL)
transmission of the mobile multiple input multiple output communication system, e.g., the communication link carrying
data traffic from the mobile user equipment (UE) to the base station (eNodeB). In such embodiments the UE operates
as the transmitter and the base station operates as the receiver.
[0086] Although the embodiments above have been described with reference to a 1-dimensional antenna array, like
a Uniform Linear Array, or a 2-dimensional antenna array, like a Uniform Planar Array, the inventive approach is not
limited to such embodiments. In accordance with other embodiments, the inventive approach is equally applicable to
any antenna array, like a 1-dimensional antenna array, or a 2-dimensional antenna array or a 3-dimensional antenna
array of any array configuration.
[0087] Further embodiments of the present invention are now described.

A 1st embodiment provides a transmitter, comprising an antenna array having a plurality of antennas for a wireless
communication with one or more receivers; and a precoder connected to the antenna array, the precoder to apply
a set of beamforming weights to the antenna array, the set of beamforming weights selected from a codebook to
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form by the antenna array one or more transmit/receive beams or nulls pointing in selected directions; wherein the
codebook includes a plurality of sets of beamforming weights for a plurality of directions, wherein the beamforming
weights in the codebook are based on a first antenna array response matrix, the first antenna array response matrix
defined by a second antenna array response matrix and one or more transformation matrices, and wherein the first
antenna array response matrix contains, for a plurality of directions, first array response vectors of the antenna
array, the second antenna array response matrix contains, for one or more of the plurality of directions, second
array response vectors of the antenna array, the second array response vectors determined using a model of the
antenna array, and the one or more transformation matrices describing one or more characteristics of the antenna
array.

A 2nd embodiment provides the transmitter of the 1st embodiment, wherein the one or more transformation matrices
are based on the second antenna array response matrix and a measured antenna array response matrix containing,
for some or all of the plurality of directions, measured array response vectors determined from a measurement of
the antenna array.

A 3rd embodiment provides the transmitter of the 1st or 2nd embodiments, wherein the model of the antenna array
is based on identical, omnidirectional antennas with ideal antenna placement, no electromagnetic coupling between
the antennas or other practical imperfections in the array circuitry or the antennas, and the one or more transformation
matrices consider the directional and non-identical nature of the antennas in the antenna array, electromagnetic
coupling between the antennas and other practical imperfections in the antenna array.

A 4th embodiment provides the transmitter of one of the 1st to 3rd embodiments, wherein the antenna array comprises
a 1-dimensional antenna array, or a 2-dimensional antenna array or a 3-dimensional antenna array.

A 5th embodiment provides the transmitter of the 4th embodiment, wherein the 2-dimensional antenna array or the
3-dimensional antenna array controls the radio wave for beamforming both in the vertical (elevation) direction and
the horizontal (azimuth) direction, and the precoder has a dual-stage structure, the first stage containing the sets
of beamforming weights based on the codebook to be applied to each antenna of the antenna array, the second
stage containing coefficients that select and/or linearly combine the beams defined by the first stage to obtain a
desired beam pattern.

A 6th embodiment provides the transmitter of one of the 1st to 5th embodiments, wherein the first antenna array
response matrix is linearly modeled/transformed using the second antenna array response matrix and the one or
more transformation matrices.

A 7th embodiment provides the transmitter of the 6th embodiment, wherein linearly modeling the first antenna array
response matrix includes using a further matrix, the further matrix to transform the response of omnidirectional
antennas of the antenna array for a specific direction to a directional response of measured antennas of the antenna
array.

A 8th embodiment provides the transmitter of the 6th or 7th embodiments, wherein the second antenna array response
matrix is defined by a 2D-DFT based matrix.

A 9th embodiment provides the transmitter of one of the 1st to 8th embodiments, wherein the one or more transfor-
mation matrices are smaller in size than the first antenna array response matrix.

A 10th embodiment provides the transmitter of one of the 1st to 9th embodiments, wherein the codebook is obtained
from a first codebook modified using the one or more transformation matrices, the first codebook defined using the
second antenna array response matrix.

A 11th embodiment provides the transmitter of one of the 1st to 10th embodiments, wherein a single transformation
matrix is applied to the entire angular space and/or the entire frequency space of the antenna array, the angular
space defined by azimuth and elevation angles.

A 12th embodiment provides the transmitter of one of the 1st to 10th embodiments, wherein the angular space and/or
the frequency space is partitioned into a plurality of smaller overlapping or non-overlapping partitions, the angular
space defined by azimuth and elevation angles, and for each partition of the angular space and/or the frequency
space the first antenna array response matrix for the partition is linearly modeled using the second antenna array
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response matrix for the partition and a transformation matrix for the partition.

A 13th embodiment provides the transmitter of the 12th embodiment, wherein the angular space is partitioned into
a plurality of smaller overlapping or non-overlapping partitions to achieve predefined targets for the accuracy of
modeling/transforming of the first antenna array response matrix.

A 14th embodiment provides the transmitter of the 12th or 13th embodiments, wherein the angular space is partitioned
responsive to the correlation between the first array response vectors defining the first antenna array response
matrices for a plurality of partitions to identify and separate highly correlated first antenna array response matrices
and to apply one or more common transformation matrices for the correlated first antenna array response matrices.

A 15th embodiment provides the transmitter of one of the 12th to 14th embodiments, wherein the angular space is
partitioned dependent on the effect of quantization of the entries of the one or more transformation matrices.

A 16th embodiment provides the transmitter of one of the 12th to 15th embodiments, wherein the transmitter is
configured to maintain a plurality of transformation matrices for a plurality of sets of partitions of the angular space
and/or the frequency space of the antenna array to support varying data rates for the wireless communication
between the transmitter and the one or more receivers and/or varying control information overhead values.

A 17th embodiment provides the transmitter of one of the 12th to 16th embodiments, wherein the antenna array
comprises a 2-dimensional antenna array or a 3-dimensional antenna array, the transformation matrix for a particular
partition of the angular space and/or the frequency space is expressed as a Kronecker product of a first matrix and
a second matrix, and the first matrix is the transformation matrix of the antenna array considering the antenna ports
along a first dimension of the antenna array, and the second matrix is the transformation matrix corresponding to
the antenna ports in the antenna array along a second dimension perpendicular to the first dimension.

A 18th embodiment provides the transmitter of one of the 1st to 17th embodiments, wherein the transmitter is configured
to compress the one or more transformation matrices by projecting it/them on a basis where the one or more
transformation matrices are known to be compressible so as to obtain a first set of coefficients having a first magnitude,
and a second set of coefficients having a second magnitude, the first magnitude being higher than the second
magnitude, and the first set of coefficients constitute the compressed form of the one or more transformation matrices.

A 19th embodiment provides the transmitter of one of the 1st to 19th embodiments, wherein the first antenna array
response matrix comprises a first antenna array response submatrix and a second antenna array response submatrix,
the first submatrix contains, for a plurality of directions, the array response vectors of all antenna ports in the antenna
array with respect to the horizontal polarization of an wavefront, and the second submatrix contains, for the same
directions as in the first submatrix, the array of response vectors of all antenna ports in the antenna array to the
vertical polarization of the wavefront.

A 20th embodiment provides the transmitter of the 19th embodiment, comprising a first transformation matrix corre-
sponding to the horizontal polarization, the first submatrix obtained by linear modeling the second antenna array
response matrix using the first transformation matrix, and a second transformation matrix corresponding to the
vertical polarization, the second submatrix obtained by linear modeling the second antenna array response matrix
using the second transformation matrix.

A 21st embodiment provides the transmitter of the 19th or 20th embodiments, comprising a polarimetric codebook,
the polarimetric codebook containing a first sub-codebook and a second sub-codebook, wherein the first sub-
codebook contains beamforming weights for all antenna ports with respect to the horizontal polarization, the beam-
forming weights obtained from a first codebook modified using the first transformation matrix, and the second sub-
codebook contains beamforming weights for all antenna ports with respect to the vertical polarization, the beam-
forming weights obtained from the first codebook modified using the second transformation matrix.

A 22nd embodiment provides the transmitter of one of the 1st to 21st embodiments, wherein the transmitter is
configured to transmit the one or more transformation matrices to the one or more receivers.

A 23th embodiment provides the transmitter of the 22nd embodiment, wherein the transmitter is configured to transmit
the one or more transformation matrices as part of control information to the receiver.
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A 24th embodiment provides a receiver, comprising an antenna for a wireless communication with a transmitter;
and a signal processor to receive and process a radio signal received at the antenna via a radio channel; wherein
the receiver is configured to store and/or calculate a codebook including a plurality of sets of beamforming weights
for a plurality of directions, wherein the beamforming weights in the codebook are based on a first antenna array
response matrix of an antenna array of the transmitter, the first antenna array response matrix containing first array
response vectors for a plurality of directions, the first array response vectors determined using a model of the antenna
array of the transmitter, and the transmitter selecting a set of beamforming weights from the codebook to form by
the antenna array a transmit/receive beam pointing in a selected direction, wherein the receiver is configured to
modify the codebook using one or more transformation matrices received from the transmitter, and wherein the one
or more transformation matrices describe one or more characteristics of the antenna array of the antenna array of
the transmitter.

A 25th embodiment provides the receiver of the 24th embodiment, wherein the receiver is configured for a wireless
communication with a transmitter of one of the 1st to 23rd embodiments.

A 26th embodiment provides the receiver of the 24th or 25th embodiments, comprising a channel estimator to estimate
a state of the radio channel, wherein the receiver is configured to determine, based on the radio channel estimation
and the modified codebook, a feedback to the transmitter, the transmitter selecting, on the basis of the feedback,
a set of beamforming weights from the codebook to form the transmit/receive beam, and wherein the feedback
includes control signals on the basis of which the transmitter selects a set of beamforming weights, or the feedback
transmits a set of beamforming weights from the receiver to the transmitter.

A 27th embodiment provides a wireless communication network, comprising a transmitter of one of the 1st to 23rd

embodiments; and one or more receivers of one of the 24th to 26th embodiments.

A 28th embodiment provides the wireless communication network of the 27th embodiment, comprising a cellular
network, a wireless local area network or a wireless sensor system. A 29th embodiment provides the wireless
communication network of the 27th or 28th embodiments, wherein the transmitter comprises a base station serving
a user equipment, or a user equipment served by a base station, and the receiver comprises a base station serving
a user equipment, or a user equipment served by a base station.

A 30th embodiment provides the wireless communication network of the 29th embodiment, wherein the user equip-
ment comprises a mobile terminal, or an IoT device, or a device implemented inside a moving vehicle, like a moving
vehicle, e.g., a car or a robot, or inside a flying device, e.g., an unmanned aerial vehicle or a plane.

A 31th embodiment provides the wireless communication network of one of the 27th to 30th embodiments, using an
IFFT (Inverse Fast Fourier Transform) based signal, wherein the IFFT based signal includes OFDM with CP, DFT-
s-OFDM with CP, IFFT-based waveforms without CP, f-OFDM, FBMC, GFDM or UFMC.

A 32nd embodiment provides a method, comprising modifying a codebook used by precoder of a transmitter, the
transmitter including an antenna array having a plurality of antennas for a wireless communication with one or more
receivers, and the precoder connected to the antenna array, wherein the codebook includes a plurality of sets of
beamforming weights for a plurality of directions, the beamforming weights in the codebook based on a first antenna
array response matrix, the first antenna array response matrix contains, for a plurality of directions, first array
response vectors determined using a model of the antenna array, and wherein the codebook is modified using one
or more transformation matrices, the one or more transformation matrices describing one or more characteristics
of the antenna array.

A 33th embodiment provides the method of the 32nd embodiment, comprising transmitting the one or more trans-
formation matrices to the one or more receivers to allow the receiver to build a codebook at the receiver.

A 34th embodiment provides a method, comprising receiving and processing, at a receiver having an antenna for a
wireless communication with a transmitter, a radio signal received at the antenna via a radio channel, the radio
signal including one or more transformation matrices; and modifying, using the one or more transformation matrices,
a codebook stored or calculated at the receiver and including a plurality of sets of beamforming weights for a plurality
of directions, the beamforming weights in the codebook being based on a first antenna array response matrix of an
antenna array of the transmitter, the first antenna array response matrix containing first array response vectors for
a plurality of directions, the first array response vectors determined using a model of the antenna array of the
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transmitter, and the transmitter selecting a set of beamforming weights from the codebook to form by an antenna
array a transmit/receive beam pointing in a selected direction, wherein the one or more transformation matrices
describe one or more characteristics of the antenna array.

A 35th embodiment provides a non-transitory computer program product comprising a computer readable medium
storing instructions which, when executed on a computer, perform the method of one of the 32nd to 34th embodiments.

Although some aspects of the described concept have been described in the context of an apparatus, it is clear that
these aspects also represent a description of the corresponding method, where a block or a device corresponds to
a method step or a feature of a method step. Analogously, aspects described in the context of a method step also
represent a description of a corresponding block or item or feature of a corresponding apparatus.

[0088] Various elements and features of the present invention may be implemented in hardware using analog and/or
digital circuits, in software, through the execution of instructions by one or more general purpose or special-purpose
processors, or as a combination of hardware and software. For example, embodiments of the present invention may be
implemented in the environment of a computer system or another processing system. Fig. 8 illustrates an example of a
computer system 600. The units or modules as well as the steps of the methods performed by these units may execute
on one or more computer systems 600. The computer system 600 includes one or more processors 602, like a special
purpose or a general purpose digital signal processor. The processor 602 is connected to a communication infrastructure
604, like a bus or a network. The computer system 600 includes a main memory 606, e.g., a random access memory
(RAM), and a secondary memory 608, e.g., a hard disk drive and/or a removable storage drive. The secondary memory
608 may allow computer programs or other instructions to be loaded into the computer system 600. The computer system
600 may further include a communications interface 610 to allow software and data to be transferred between computer
system 600 and external devices. The communication may be in the form electronic, electromagnetic, optical, or other
signals capable of being handled by a communications interface. The communication may use a wire or a cable, fiber
optics, a phone line, a cellular phone link, an RF link and other communications channels 612.
[0089] The terms "computer program medium" and "computer readable medium" are used to generally refer to tangible
storage media such as removable storage units or a hard disk installed in a hard disk drive. These computer program
products are means for providing software to the computer system 600. The computer programs, also referred to as
computer control logic, are stored in main memory 606 and/or secondary memory 608. Computer programs may also
be received via the communications interface 610. The computer program, when executed, enables the computer system
600 to implement the present invention. In particular, the computer program, when executed, enable processor 602 to
implement the processes of the present invention, such as any of the methods described herein. Accordingly, such a
computer program may represent a controller of the computer system 600. Where the disclosure is implemented using
software, the software may be stored in a computer program product and loaded into computer system 600 using a
removable storage drive, an interface, like communications interface 610.
[0090] The implementation in hardware or in software may be performed using a digital storage medium, for example
cloud storage, a floppy disk, a DVD, a Blue-Ray, a CD, a ROM, a PROM, an EPROM, an EEPROM or a FLASH memory,
having electronically readable control signals stored thereon, which cooperate (or are capable of cooperating) with a
programmable computer system such that the respective method is performed. Therefore, the digital storage medium
may be computer readable.
[0091] Some embodiments according to the invention comprise a data carrier having electronically readable control
signals, which are capable of cooperating with a programmable computer system, such that one of the methods described
herein is performed.
[0092] Generally, embodiments of the present invention may be implemented as a computer program product with a
program code, the program code being operative for performing one of the methods when the computer program product
runs on a computer. The program code may for example be stored on a machine readable carrier.
[0093] Other embodiments comprise the computer program for performing one of the methods described herein,
stored on a machine readable carrier. In other words, an embodiment of the inventive method is, therefore, a computer
program having a program code for performing one of the methods described herein, when the computer program runs
on a computer.
[0094] A further embodiment of the inventive methods is, therefore, a data carrier (or a digital storage medium, or a
computer-readable medium) comprising, recorded thereon, the computer program for performing one of the methods
described herein. A further embodiment of the inventive method is, therefore, a data stream or a sequence of signals
representing the computer program for performing one of the methods described herein. The data stream or the sequence
of signals may for example be configured to be transferred via a data communication connection, for example via the
Internet. A further embodiment comprises a processing means, for example a computer, or a programmable logic device,
configured to or adapted to perform one of the methods described herein. A further embodiment comprises a computer
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having installed thereon the computer program for performing one of the methods described herein.
[0095] In some embodiments, a programmable logic device (for example a field programmable gate array) may be
used to perform some or all of the functionalities of the methods described herein. In some embodiments, a field pro-
grammable gate array may cooperate with a microprocessor in order to perform one of the methods described herein.
Generally, the methods are preferably performed by any hardware apparatus.
[0096] The above described embodiments are merely illustrative for the principles of the present invention. It is un-
derstood that modifications and variations of the arrangements and the details described herein will be apparent to
others skilled in the art. It is the intent, therefore, to be limited only by the scope of the impending patent claims and not
by the specific details presented by way of description and explanation of the embodiments herein.
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Claims

1. A transmitter, comprising:

an antenna array (202, 304) having a plurality of antennas for a wireless communication with one or more
receivers; and
a precoder (204) connected to the antenna array (202, 304), the precoder (204) to apply a set of beamforming
weights to the antenna array (202, 304), the set of beamforming weights selected from a codebook (212) to
form by the antenna array (202, 304) one or more transmit/receive beams or nulls pointing in selected directions;
wherein the codebook (212) includes a plurality of sets of beamforming weights for a plurality of directions,
wherein the beamforming weights in the codebook (212) are based on a first antenna array response matrix
(Ã(ϕ, θ)), the first antenna array response matrix (Ã(ϕ, θ)) defined by a second antenna array response matrix
(A(ϕ, θ)) and one or more transformation matrices (K, Kq), and
wherein the first antenna array response matrix (Ã(ϕ, θ)) contains, for a plurality of directions, first array response
vectors (ã(ϕm, θn)) of the antenna array (202, 304), the second antenna array response matrix (A(ϕ, θ)) contains,
for one or more of the plurality of directions, second array response vectors of the antenna array (202, 304),
the second array response vectors determined using a model of the antenna array (202, 304), and the one or
more transformation matrices (K, Kq) describing one or more characteristics of the antenna array (202, 304).

2. The transmitter of claim 1, wherein
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the one or more transformation matrices (K, Kq) are based on the second antenna array response matrix (A(ϕ, θ))
and a measured antenna array response matrix containing, for some or all of the plurality of directions, measured
array response vectors determined from a measurement of the antenna array (202, 304).

3. The transmitter of claim 1 or 2, wherein
the model of the antenna array (202, 304) is based on identical, omnidirectional antennas with ideal antenna place-
ment, no electromagnetic coupling between the antennas or other practical imperfections in the array circuitry or
the antennas, and
the one or more transformation matrices (K, Kq) consider the directional and non-identical nature of the antennas
in the antenna array (202, 304), electromagnetic coupling between the antennas and other practical imperfections
in the antenna array (202, 304).

4. The transmitter of one of claims 1 to 3, wherein
the antenna array (202, 304) comprises a 1-dimensional antenna array, or a 2-dimensional antenna array or a 3-
dimensional antenna array,
the 2-dimensional antenna array or the 3-dimensional antenna array controls the radio wave for beamforming both
in the vertical (elevation) direction and the horizontal (azimuth) direction, and
the precoder (204) has a dual-stage structure, the first stage containing the sets of beamforming weights based on
the codebook (212) to be applied to each antenna of the antenna array (202, 304), the second stage containing
coefficients that select and/or linearly combine the beams defined by the first stage to obtain a desired beam pattern.

5. The transmitter of one of claims 1 to 4, wherein
the first antenna array response matrix (Ã(ϕ, θ)) is linearly modeled/transformed using the second antenna array
response matrix (A(ϕ, θ)) and the one or more transformation matrices (K, Kq).

6. The transmitter of claim 5, wherein
linearly modeling the first antenna array response matrix (Ã(ϕ, θ)) includes using a further matrix (Γ), the further
matrix (Γ) to transform the response of omnidirectional antennas of the antenna array (202, 304) for a specific
direction to a directional response of measured antennas of the antenna array (202, 304).

7. The transmitter of claim 5 or 6, wherein
the second antenna array response matrix (A(ϕ, θ)) is defined by a 2D-DFT based matrix.

8. The transmitter of one of claims 1 to 7, wherein
the one or more transformation matrices (K, Kq) are smaller in size than the first antenna array response matrix
(Ã(ϕ, θ)).

9. The transmitter of one of claims 1 to 8, wherein
the codebook (212) is obtained from a first codebook (208) modified using the one or more transformation matrices
(K, Kq), the first codebook (208) defined using the second antenna array response matrix (A(ϕ, θ)).

10. The transmitter of one of claims 1 to 9, wherein
a single transformation matrix (K) is applied to the entire angular space and/or the entire frequency space of the
antenna array (202, 304), the angular space defined by azimuth and elevation angles (ϕ, θ), or
the angular space and/or the frequency space is partitioned into a plurality of smaller overlapping or non-overlapping
partitions, the angular space defined by azimuth and elevation angles (ϕ, θ), wherein for each partition of the angular
space and/or the frequency space the first antenna array response matrix (Ã(ϕ, θ)) for the partition is linearly modeled
using the second antenna array response matrix (A(ϕ, θ)) for the partition and a transformation matrix (Kq) for the
partition.

11. The transmitter of claim 10, wherein
the angular space is partitioned into a plurality of smaller overlapping or non-overlapping partitions to achieve
predefined targets for the accuracy of modeling/transforming of the first antenna array response matrix (Ã(ϕ, θ)).

12. The transmitter of claim 10 or 11, wherein
the antenna array (202, 304) comprises a 2-dimensional antenna array or a 3-dimensional antenna array,
the transformation matrix (Kq) for a particular partition of the angular space and/or the frequency space is expressed
as a Kronecker product of a first matrix (K(H)) and a second matrix (K(V)), and
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the first matrix (K(H)) is the transformation matrix of the antenna array (202, 304) considering the antenna ports
along a first dimension of the antenna array (202, 304), and the second matrix (K(V)) is the transformation matrix
corresponding to the antenna ports in the antenna array (202, 304) along a second dimension perpendicular to the
first dimension.

13. The transmitter of one of claims 1 to 12, wherein
the transmitter is configured to compress the one or more transformation matrices (K, Kq) by projecting it/them on
a basis where the one or more transformation matrices (K, Kq) are known to be compressible so as to obtain a first
set of coefficients having a first magnitude, and a second set of coefficients having a second magnitude, the first
magnitude being higher than the second magnitude, and
the first set of coefficients constitute the compressed form of the one or more transformation matrices (K, Kq).

14. The transmitter of one of claims 1 to 13, wherein
the first antenna array response matrix (Ã(ϕ, θ)) comprises a first antenna array response submatrix (Ã(h)(ϕ, θ)) and
a second antenna array response submatrix (Ã(p)(ϕ, θ)),
the first submatrix (Ã(h)(ϕ, θ)) contains, for a plurality of directions, the array response vectors of all antenna ports
in the antenna array (202, 304) with respect to the horizontal polarization of an wavefront, and
the second submatrix (Ã(p)(ϕ, θ)) contains, for the same directions as in the first submatrix (Ã(h)(ϕ, θ)), the array of
response vectors of all antenna ports in the antenna array (202, 304) to the vertical polarization of the wavefront.

15. The transmitter of claim 14, comprising:

a first transformation matrix (K(h)) corresponding to the horizontal polarization, the first submatrix (Ã(h)(ϕ, θ))
obtained by linear modeling the second antenna array response matrix (A(ϕ, θ)) using the first transformation
matrix (K(h)), and
a second transformation matrix (K(v)) corresponding to the vertical polarization, the second submatrix (Ã(v)(ϕ,
θ)) obtained by linear modeling the second antenna array response matrix (A(ϕ, θ)) using the second transfor-
mation matrix (K(v)).

16. The transmitter of claim 14 or 15, wherein
the codebook (212) comprises a polarimetric codebook, the polarimetric codebook containing a first sub-codebook
and a second sub-codebook, wherein
the first sub-codebook contains beamforming weights for all antenna ports with respect to the horizontal polarization,
the beamforming weights obtained from a first codebook modified using the first transformation matrix (K(h)), and
the second sub-codebook contains beamforming weights for all antenna ports with respect to the vertical polarization,
the beamforming weights obtained from the first codebook modified using the second transformation matrix (K(v)).

17. The transmitter of one of claims 1 to 16, wherein the transmitter is configured to transmit the one or more transfor-
mation matrices (K, Kq) to the one or more receivers as part of control information for the receiver.

18. A receiver, comprising:

an antenna (202, 304) for a wireless communication with a transmitter; and
a signal processor (302) to receive and process a radio signal received at the antenna (202, 304) via a radio
channel;
wherein the receiver is configured to store and/or calculate a codebook (208) including a plurality of sets of
beamforming weights for a plurality of directions,
wherein the beamforming weights in the codebook (208) are based on a first antenna array response matrix
(A(ϕ, θ)) of an antenna array (202, 304) of the transmitter, the first antenna array response matrix (A(ϕ, θ))
containing first array response vectors (a(ϕm, θn)) for a plurality of directions, the first array response vectors
(a(ϕm, θn)) determined using a model of the antenna array (202, 304) of the transmitter, and the transmitter
selecting a set of beamforming weights from the codebook (208) to form by the antenna array (202, 304) a
transmit/receive beam pointing in a selected direction,
wherein the receiver is configured to modify the codebook (208) using one or more transformation matrices (K,
Kq) received from the transmitter, and
wherein the one or more transformation matrices (K, Kq) describe one or more characteristics of the antenna
array (202, 304) of the transmitter.
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19. The receiver of claim 24, wherein the receiver is configured for a wireless communication with a transmitter of one
of claims 1 to 17.

20. The receiver of claim 18 or 19, comprising:

a channel estimator to estimate a state of the radio channel,
wherein the receiver is configured to determine, based on the radio channel estimation and the modified code-
book (212), a feedback (500) to the transmitter, the transmitter selecting, on the basis of the feedback (500), a
set of beamforming weights from the codebook to form the transmit/receive beam, and
wherein the feedback (500) includes control signals on the basis of which the transmitter selects a set of
beamforming weights, or the feedback transmits a set of beamforming weights from the receiver to the transmitter.

21. A wireless communication network, comprising:

a transmitter of one of claims 1 to 17; and
one or more receivers of one of claims 18 to 20.

22. The wireless communication network of claim 21, wherein
the transmitter comprises a base station (200) serving a user equipment (300), or a user equipment (300) served
by a base station (200), or
the receiver comprises a base station (200) serving a user equipment (300), or a user equipment (300) served by
a base station (200).

23. A method, comprising:

modifying a codebook (208) used by a precoder (204) of a transmitter, the transmitter including an antenna
array (202, 304) having a plurality of antennas for a wireless communication with one or more receivers, and
the precoder (204) connected to the antenna array (202, 304),
wherein the codebook (208) includes a plurality of sets of beamforming weights for a plurality of directions, the
beamforming weights in the codebook (208) based on a first antenna array response matrix (A(ϕ, θ)), the first
antenna array response matrix (A(ϕ, θ)) contains, for a plurality of directions, first array response vectors (a(ϕm,
θn)) determined using a model of the antenna array (202, 304), and wherein the codebook (208) is modified
using one or more transformation matrices (K, Kq), the one or more transformation matrices (K, Kq) describing
one or more characteristics of the antenna array (202, 304).

24. A method, comprising:

receiving and processing, at a receiver having an antenna for a wireless communication with a transmitter, a
radio signal received at the antenna via a radio channel, the radio signal including one or more transformation
matrices (K, Kq); and
modifying, using the one or more transformation matrices (K, Kq), a codebook (208) stored or calculated at the
receiver and including a plurality of sets of beamforming weights for a plurality of directions, the beamforming
weights in the codebook (208) being based on a first antenna array response matrix (A(ϕ, θ)) of an antenna
array (202, 304) of the transmitter, the first antenna array response matrix (A(ϕ, θ)) containing first array response
vectors (a(ϕm, θn)) for a plurality of directions, the first array response vectors (a(ϕm, θn)) determined using a
model of the antenna array (202, 304) of the transmitter, and the transmitter selecting a set of beamforming
weights from the codebook (208) to form by an antenna array (202, 304) a transmit/receive beam pointing in a
selected direction,
wherein the one or more transformation matrices (K, Kq) describe one or more characteristics of the antenna
array (202, 304).

25. A non-transitory computer program product comprising a computer readable medium storing instructions which,
when executed on a computer, perform the method of claim 23 or 25.
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