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(57) ABSTRACT

The teachings herein present a method and apparatus that
implement and use a factorized precoder structure that is
advantageous 1 terms of performance and ethiciency. In
particular, the teachings presented herein disclose an under-
lying precoder structure that allows for certain codebook

reuse across different transmission scenarios, mcluding for
transmission from a single Uniform Linear Array (ULA) of
transmit antennas and transmission Irom cross-polarized
subgroups of such antennas. According to this structure, an
overall precoder 1s constructed from a conversion precoder
and a tuning precoder. The conversion precoder includes
antenna-subgroup precoders ot size N./2, where N.. repre-
sents the number of overall antenna ports considered. Cor-
respondingly, the tuning precoder controls the offset of beam
phases between the antenna-subgroup precoders, allowing
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the conversion precoder to be used with cross-polarized
arrays of N,/2 antenna elements and with co-polarized
arrays ol N antenna elements.

15 Claims, 7 Drawing Sheets
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PRECODER STRUCTURE FOR MIMO
PRECODING

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

RELATED APPLICATIONS

This patent application 1s for a broadening reissue of U.S.
Pat. No. 10,250,308, issued Apr. 2, 2019. U.S. Pat. No.

10,250,308 issued from U.S. patent application Ser. No.
15/822,488, filed Nov. 27, 2017 as a continuation of U.S.
patent application Ser. No. 15/138,673, filed Apr. 26, 2016,
now U.S. Pat. No. 9,831,930, 1ssued Nov. 28, 2017, which
1s a continuation of U.S. patent application Ser. No. 14/057,
011, filed Oct. 18, 2013, now U.S. Pat. No. 9,331,830, 1ssued
May 3, 2016, which 1s a continuation of U.S. patent appli-
cation Ser. No. 13/080,737, filed Apr. 6, 2011, now U.S. Pat.
No. 8,582,627, 1ssued Nov. 12, 2013, which claims the
benefit of U.S. Provisional Patent Application No. 61/321,
6779, filed Apr. 7, 2010, all of which are hereby incorporated

by reference as if fully set forth herein.

FIELD OF THE DISCLOSURE

The teachings herein generally relate to codebooks and
precoding, and particularly relate to a factorized precoder
structure that provides for reuse of precoders across different
transmit antenna configurations, and provides for eflicient
precoder signaling.

BACKGROUND

Multi-antenna techniques can significantly increase the
data rates and rehability of a wireless communication sys-
tem. The performance 1s in particular improved 1 both the
transmitter and the receiver are equipped with multiple
antennas, which results 1n a multiple-input multiple-output
(MIMO) communication channel. Such systems and related
techniques are commonly referred to simply as MIMO.

The 3GPP LTE standard 1s currently evolving with
enhanced MIMO support. A core component of this support
in LTE 1s the support of MIMO antenna deployments and
MIMO related techmques A current working assumption 1n
L TE-Advanced 1s the support of an 8-layer spatial multi-
plexing mode for 8 transmit (1x) antennas, with the possi-
bility of channel dependent precoding. The spatial multi-
plexing mode provides high data rates under favorable
channel conditions.

With spatial multiplexing, an information carrying sym-
bol vector s 1s multiplied by an N xr precoder matrix Wy,
which serves to distribute the transmit energy in a subspace
of the N.- (corresponding to N antenna ports) dimensional
vector space. The precoder 1s typically selected from a
codebook of possible precoders, and typically indicated by
means ol a precoder matrix indicator (PMI). The PMI value
specifies a unique precoder in the codebook for a given
number of symbol streams.

However, certain challenges arise in this context. For
example, different antenna configurations can require pre-
coder structures of one type or another, which complicates

the storage of predefined codebooks of precoders. Still
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2

turther, the dynamic use of Single User (SU) MIMO and
Multi-User (MU) MIMO modes complicates codebook
design because precoders that are optimal for SU-MIMO
generally will not be optimal for MU-MIMO. As a further
complication, the overhead associated with reporting pre-
coder information, e.g., precoder recommendations, from a
receiver to a transmitter may be problematic. This is true, for
example, 1n the LTE downlink where the Physical Uplink
Control Channel (PUCCH) cannot bear as large a payload

size as the Physical Uplink Shared Channel (PUSCH).

SUMMARY

The teachings herein present a method and apparatus that
implement and use a factorized precoder structure that i1s
advantageous 1n terms ol performance and efliciency. In
particular, the teachings presented herein disclose an under-
lying precoder structure that allows for certain codebook
reuse across different transmission scenarios, mcluding for
transmission from a single Uniform Linear Array (ULA) of
transmit antennas and transmission irom cross-polarized
subgroups ol such antennas. According to the contemplated
precoder structure, an overall precoder 1s constructed from
a conversion precoder and a tuning precoder. The conversion
precoder 1ncludes antenna-subgroup precoders of size N./2,
where N represents the number of overall antenna ports
considered. Correspondingly, the tuning precoder controls
the oflset of beam phases between the antenna-subgroup
precoders, allowing the conversion precoder to be used with
cross-polarized arrays of N./2 antenna elements, and with
co-polarized arrays of N, antenna elements.

One embodiment disclosed herein relates to a wireless
communication transceiver and an associated method, where
another transcerver precodes transmissions to the transceiver
based at least 1n part on recerving channel state information
from the transceiver. Here, the channel state information
includes precoder information for the other transmitter. As
an example case, the transcerver 1s a user equipment (UE)
and the other transceiver 1s a base station 1mn a wireless
communication network supporting the UE, and the UE
sends precoder information to the base station that indicates
precoder recommendations by the UE. As a particular
example, the base station 1s an eNodeB configured for
MIMO operation 1n an LTE network, and the UE 1s an LTE
handset or other item of communication equipment config-
ured for MIMO operation in the LTE context.

The transceiver 1s configured to select entries from one or
more codebooks, where indications of the selected entries
serves as the alforementioned precoder mformation sent to
the other transceiver. The transceiver selects the entries as a
selected conversion precoder and a selected tuning precoder,
or as a selected overall precoder corresponding to a selected
conversion precoder and a selected tuning precoder. It will
be understood that the selections may be made and reported
dynamically, on a periodic or as needed basis, to reflect
changing channel conditions. The transceiver 1s further
configured to transmit the indications of the selected entries
in the channel state information.

Several aspects of the above operations center on the
stored codebook(s) and, in particular, the underlying struc-

ture of the conversion and tuning precoders (or correspond-
ing overall precoders) stored in them. The one or more
codebooks stored at the transceiver include entries compris-
ing a plurality of different conversion precoders and entries
comprising a number of corresponding tuning precoders, or
include entries comprising a plurality of overall precoders,
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with each overall precoder comprising the product of a
conversion precoder and a tuning precoder.

In one embodiment, the codebook comprises N ) con-
version precoders. Each conversion precoder comprises a
block diagonal matrix i which a block comprises an
antenna-subgroup precoder. In turn, each antenna-subgroup
precoder 1s a matrix block with N./2 rows and belongs to a
set of N, different DF'T-based beams, where Q 1s an integer
equal to or greater than 2, and where each said tuning

precoder includes a phase shift element taken from a 2Q)
Phase Shift Keying (PSK) alphabet and provides at least 200
relative phase shifts for ofisetting beam phases between the

antenna-subgroup precoders 1 a corresponding one of the
conversion precoders. Thus, each overall precoder com-

prises a DFT-based precoder providing for N, transmit

beams across the N transmit antenna ports.

This advantageous precoder structure allows, for
example, precoding from cross-polarized subgroups of
antennas, where the set of beams from each subgroup is
controlled by a corresponding one of the DFT-based
antenna-subgroup precoders in the conversion precoder
selected by the transceiver performing the precoded trans-
mission. Further, that same precoder structure allows for
beamforming across an equal-sized overall array of anten-
nas, where the beam-phase oflsets between subgroups 1s
provided by the correspondingly selected tuning precoder.

In other embodiments, each conversion precoder com-
prises a block diagonal matrix and has 2[k/2]| columns,
where k 1s a non-negative integer. Each tuning precoder has
the following properties: all non-zero elements are constant
modulus; every column has exactly two non-zero elements;
and every row has exactly two non-zero elements; two
columns either have non-zero elements 1n the same two rows
or do not have any non-zero elements 1n the same rows; and
two columns having non-zero elements in the same two
rows are orthogonal to each other. If row m 1n a tuming
precoder column has a non-zero element, so does row
m+|k/2]. This precoder structure allows for full PA utiliza-
tion.

Still turther, this arrangement in one or more embodi-
ments 1s exploited by reporting conversion precoder selec-
tions at a time or frequency resolution lower than that used
for reporting tuning precoder selections. As one example,
the transceiver sends indications of the selected tuming
precoder more frequently than 1t sends indications of the
selected conversion precoder. The other transceiver 1s con-
figured to determine the selected overall precoder 1n
between receiving conversion precoder selections, based on
keeping the same conversion precoder but updating the
overall precoder calculation with each newly received tun-
ing precoder selection. The transceiver also may send one
conversion precoder selection to be used 1n common with
two or more tuning precoder selections, each one represent-
ing a different sub-band of a frequency band associated with
the common conversion precoder.

In another embodiment, a method and associated trans-
ceiver are directed to precoding multi-antenna transmaissions
to another wireless communication transceiver. This
embodiment can be understood relating to the transmitter
side of the disclosed teachings, while the preceding
examples related to the receiver side. Thus, 1n this example,
the transceiver, which may be a base station precoding to a
targeted UE, receives channel state immformation from the
other transceiver, where that information includes precoder
information, such as indications of precoder selections rep-
resenting precoder recommendations.
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The transceiver 1s configured to use the received precoder
information to 1identify the precoder recommendations from
the other transceiver. In the case where the received precoder
information includes selection indicators such as PMIs or
other codebook index values, the transceiver uses the selec-
tion 1ndicators to select entries from one or more codebooks.
The transcerver 1s further configured to precode a transmis-
sion to the other transceiver, based at least 1n part on the
precoder recommendations. In this regard, it will be under-
stood that the transceiver may simply follow the precoder
recommendations sent by the other transceiver. However,
the transceiver does not necessarily use the precoder selec-
tions indicated by the other transceiver and instead may
make different selections, based on overall circumstances,
such as the scheduling of multiple such transmissions, the
MIMO mode 1n use, efc.

Of particular, interest, the transceiver uses the same one or
more codebooks used by the other transmitter when making
precoder recommendations. For example, both transceivers
store copies of the same codebooks, or one of them stores
one or more codebooks that are equivalent to those stored at
the other transceiver.

As such, the transceiver’s codebook(s), which may be
held 1n a memory of the transceiver, store entries comprising
a plurality of different conversion precoders and entries
comprising a number of corresponding tuning precoders, or
entries comprising a plurality of overall precoders, where
cach overall precoder comprises the product of a conversion
precoder and a tuning precoder. In one embodiment, the
codebook(s) comprise N,Q different conversion precoders.
Each conversion precoder out of the N Q different entries
for the conversion precoders comprises a block diagonal
matrix, 1 which each block comprises a DFT-based
antenna-subgroup precoder that corresponds to a subgroup
of N, transmit antenna ports. Each such antenna-subgroup
precoder provides N Q) different DF'T based beams for the
corresponding subgroup, where QQ 1s an integer value and
where the N Q) diflerent conversion precoders, together with
one or more of the tuning precoders, correspond to a set of
N.,Q different overall precoders. Each overall precoder 1n
that set represents a size-N, DFT-based beam over the N
transmit antennas ports.

In other embodiments, each conversion precoder com-
prises a block diagonal matrix and has 2[k/2]| columns,
where k 1s a non-negative integer. Each tuning precoder has
the following properties: all non-zero elements are constant
modulus; every column has exactly two non-zero elements;
and every row has exactly two non-zero elements; two
columns erther have non-zero elements 1n the same two rows
or do not have any non-zero elements 1n the same rows; and
two columns having non-zero elements in the same two
rows are orthogonal to each other. If row m 1n a tumng
precoder column has a non-zero element, so does row
m+|k/2].

The transceiver 1n one or more embodiments 1s a base
station configured for operation 1n a wireless communication
network, e.g., an eNodeB configured for operation in an LTE
network. In this case, the base station operates as a multi-
antenna MIMO transmitter that considers precoder recoms-
mendations from the other transceiver, which may be a UE
or other wireless communication device that 1s supported by
the base station.

Of course, the above brief summary of features and
advantages 1s not limiting. Other features and advantages
will be apparent from the following detailed description of
example embodiments and from the accompanying draw-
Ings.
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DRAWINGS

FIG. 1 1s a block diagram of example embodiments of a
first transceiver that 1s configured to transmit precoded
transmissions to a second transceiver that 1s configured to
provide precoder recommendations to the first transceiver.

FIG. 2 1s a diagram of one embodiment of a conversion
precoder having a block-diagonal structure and including
two antenna-subgroup precoders.

FIG. 3 1s a block diagram of an example wireless com-
munication network, where the first transceiver of FIG. 1 1s
represented as a network base station and the second trans-
ceiver of FIG. 1 1s represented as an 1tem of user equipment.

FIG. 4 1s a diagram of example conversion and tuming
precoders, as used to form an overall precoder.

FIGS. 5 and 6 are diagrams of example codebooks, where
FIG. § depicts one codebook containing conversion precod-
ers and another one containing tuning precoders, and where
FIG. 6 depicts one codebook containing overall precoders,
cach corresponding to a particular conversion precoder and
a particular tuning precoder.

FIG. 7 1s a logic flow diagram of one embodiment of a

method of providing precoder recommendations from a
second transceiver to a first transceiver, such as 1s shown 1n
FIG. 1.

FIG. 8 1s a partial block diagram of one embodiment of
processing circuitry 1n the second transceiver, for determin-
ing precoder recommendations.

FIG. 9 15 a logic tlow diagram of one embodiment of a
method of precoding transmissions from a {irst transcerver to
a second transceiver, such as are shown in FIG. 1.

FIG. 10 1s a partial block diagram of one embodiment of
processing circuitry within the first transceiver for control-
ling the precoding of transmissions to the second trans-
celver.

FIG. 11 1s a block diagram of one embodiment of further
precoding circuits for the first transceiver.

DETAILED DESCRIPTION

FIG. 1 depicts a first wireless communication transceiver
10 and a second wireless communication transceiver 12,
referred to for convemence as transcervers 10 and 12. The
transcerver 10 includes a number of antennas 14 and asso-
ciated transceiver circuits 16, including one or more radiof-
requency transmitters 18 and receivers 20. Still further, the
transceiver 10 includes control and processing circuits 22,
which include a feedback processor 24, a precoding con-
troller 26, and one or more memory/storage devices 28 that
store one or more codebooks 30. The memory/storage
devices 28 are simply referred to as “memory 28 for
convenience.

The one or more codebooks 30 stored at the transceiver 10
include entries comprising N different conversion pre-
coders 32 and entries comprising a number of corresponding
tuning precoders 34, or include entries comprising a plural-
ity of overall precoders 36, with each overall precoder 36
comprising the product of a conversion precoder 32 and a
tuning precoder 34. Here, 1t will be understood that the
reference number “32” 1s used to refer to conversion pre-
coders 1n the plural and singular senses, but each conversion
precoder 32 generally 1s unique from the others, 1n terms of
the numeric values representing i1ts matrix elements. The
same understanding applies to the reference numbers “34”
and “36” as used for the tuming precoders and overall
precoders, respectively.
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Each conversion precoder 32 comprises a block diagonal
matrix in which each block comprises a DF'T-based antenna-
subgroup precoder 38 (shown in FIG. 2). Each antenna-
subgroup precoder 38 1s a matrix block with N./2 rows and
belongs to a set of N Q different DF'T-based beams, where
Q 15 an integer equal to or greater than 2, and where each
tuning precoder 34 includes a phase shiit element taken from
a 2Q Phase Shift Keying (PSK) alphabet and provides at
least 2Q) relative phase shifts for oflsetting beam phases
between the antenna-subgroup precoders 38 in a correspond-
ing one of the conversion precoders 32.

Continuing with FIG. 1, the second transceiver 12
includes a number of antennas 40 and associated transceiver
circuits 42 (1including one or more radio frequency receivers
44 and transmitters 46). The transceiver 12 turther includes
control and processing circuits 48. At least functionally, the
control and processing circuits 48 1nclude received signal
processing circuitry 50, e.g., demodulation/decoding cir-
cuits, one or more estimation circuits 52 for estimating
channel conditions and/or signal quality, a precoding feed-
back generator 54, and one or more memory/storage devices
56 (e.g., non-volatile memory such as EEPROM or FLASH,
simply referred to as “memory 56 for convenience).

Memory 28 at the transceiver 10 and memory 56 at the
transceiver 12 each store a copy of the same one or more
codebook(s) 30, or equivalently, they store codebook(s) or
equivalent information that allow the transceiver 10 and the
transceiver 12 to have the same understanding 1n terms of
the precoders selected by the transceirver 12 as “precoder
recommendations.” That 1s, in operation the transceiver 10
precodes transmissions 60 to the transceiver 12 based on
determining a precoder operation to apply—i.e., based on
determining the particular MIMO configuration and corre-
sponding precoder weights to be used for multi-antenna
transmission irom the transceiver 10 to the transceiver 12.

The transceiver 10 determines the precoder operation
based at least 1n part on recerving channel state information
(CSI) 62 from the transceiver 12, which includes precoder
information 64. The precoder information 64 may be under-
stood as providing recommendations for precoder selection,
and the precoder information 64 thus may be provided as
Precoder Matrix Indicator (PMI) values for indexing into the
one or more codebooks 30, or as some other type of selection
indicators. In one or more embodiments, the transceiver 10
sends control signaling 66 to the transceiver 12, to control 1ts
precoder information 64. For example, the control signaling
66 may restrict precoder selections to a particular subset of
precoders—e.g., those itended for SU-MIMO mode, or
those intended for MU-MIMO mode.

In at least one embodiment, the control and processing
circuits 22 of the transceiver 10 at least 1n part comprise
computer-based circuitry, €.g., one or more miCroprocessors
and/or digital signals processors, or other digital processing
circuitry. In at least one embodiment, such circuitry 1is
specially configured to implement the methods taught herein
for the transceiver 10, based on executing stored computer
program instructions. These instructions are, 1n one or more
embodiments, stored 1n the memory 28. Likewise, 1n at least
one embodiment, the control and processing circuits 48 of
the transceiver 12 are implemented at least in part via
programmable digital processing circuitry. For example, the
control and processing circuits 48 in one or more embodi-
ments mnclude one or more microprocessors or digital signal
processors configured to implement at least a portion of the
method taught herein for the transceiver 12, based on
executing computer program instructions stored in the
memory 36.
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Such implementations may be understood in the example
case of FIG. 3 where the transceiver 10 1s configured as a
wireless communication network base station 70 operating,
in a wireless communication network 72. The transceiver 12
1s configured as a UE 74 and 1s supported by the network 72.
The simplified network diagram further depicts a Radio
Access Network (RAN) 76, including one or more the base
stations 70, and an associated Core Network (CN) 78. This
arrangement communicatively couples the UE 74 to other
devices 1n the same network and/or in one or more other
networks. To this end, the CN 78 1s commumnicatively
coupled to one or more external networks 80, such as the
Internet and/or the PSTN.

The base station 70 stores the one or more codebooks 30,
as does the UE 74. Accordingly, one sees precoded trans-
missions 60 sent from the base station 70 to the UE 74, along
with optional control signaling 66 that controls the precoder
recommendations made by the UE 74. Such signaling may
be sent using Radio Resource Control (RRC) signaling, for
example.

One also sees the transmission of precoder information 64
(1.e., precoder selection feedback) from the UE 74 to the
base station 70. As noted, these recommendations comprise
selection 1ndicators, such as PMIs, that indicate the particu-
lar conversion and tuning precoders 32 and 34 that are
currently recommended by the UE 74 for use by the base
station 70 1n precoding transmissions to the UE 74. In
another embodiment, the recommendations comprise 1ndi-
cations of the selected overall precoder 36, which corre-
sponds to the selection of a particular conversion precoder
32 and a particular tuming precoder 34. However, even 1n this
embodiment, an indication of the recommended overall
precoder 36 can be understood as being equivalent to the
indication of recommend conversion and tuning precoders
32 and 34.

FIG. 4 provides a better illustration of this “factorized
precoder” flexibility, where an overall precoder 36 (denoted
as “W”) 1s formed as the matrix multiplication of a selected
conversion precoder 32 (denoted as “W”) and a selected
tuning precoder 34 (denoted as “W®”"). The codebook(s) 30
can comprise one codebook that includes a number of
conversion precoders 32 at first index positions and a
number of tuning precoders 34 at second index positions,
thus allowing diflerent ranges of index values for denoting
conversion precoder selections and tuning precoder selec-
tions. Alternatively, the codebook(s) 30 can be implemented
as two codebooks, such as shown in FIG. 5. Here, one
codebook 82 contains conversion precoders 32, and one
codebook 84 contains tuning precoders 34. As a further
alternative, F1G. 6 1llustrates that the one or more codebooks
30 may comprise one codebook 86 that contains a set of
overall precoders 36, with each overall precoder 36 formed
as the product (matrix multiplication) of a particular con-
version precoder 32 and a particular tuning precoder 34.

In the case where separate conversion and tuning precoder
codebooks 82 and 84 are used, the precoder information 64
may comprise a first index value that indexes (points) to
particular conversion precoder 32 1n the codebook 82, and a
second 1ndex value that indexes (points) to a particular
tuning precoder 34 1n the codebook 84. In the case where
one codebook 86 of overall precoders 36 1s used, the index
values may be two-dimensional row-column index values
that point to a particular overall precoder 36 in a table
structure.

Advantageously, in any of these cases, the precoder
information 64 may include separate indications for conver-
sion and tuning precoder selections. This provides for
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advantageous gains in signaling efliciency. For example, the
transceiver 12 sends conversion precoder recommendations
on a first interval, and tuning precoder recommendations on
a second, shorter interval. In this case, from the perspective
of the transceiver 10, the overall precoder 36 as recom-
mended by the transceiver 12 1s the product of the most
recently recommended conversion precoder 32 and the most
recently recommended tuning precoder 34. In another
example embodiment, the transceiver 12 recommends one
conversion precoder 32 for an overall frequency band, and
recommends two or more tuning precoders 34 for each of
two or more sub-bands. The transceiver 10 in this case
recognizes the precoder information 64 as two or more
overall precoders 36, each formed from the common con-
version precoder 32 and a respective one of the two or more
recommended tuning precoders 34.

In the case where a single codebook 86 of overall pre-
coders 36 1s used, that codebook may be arranged such that
cach row (or column) corresponds to a particular conversion
precoder 32, while each column (or row) corresponds to a
particular tuning precoder 34. A complete index thus com-
prises a row pointer and a column pointer, and the trans-
ceiver 12 can send these together or separately. For example,
row pointer updates can be sent on one time interval or for
an overall frequency band, for the conversion precoder
selection, while column pointer updates can be sent on
another faster time interval, or for particular sub-bands of
the overall frequency band, for the tuning precoder
selection(s). In this regard, 1t should be understood that one
conversion precoder 32 can be used as a common base for
two or more overall precoders 36, based on multiplying 1t
with each of two or more tuning precoders 34.

With these examples 1n mind, FIG. 7 illustrates a method
700 implemented 1n the transceiver 12. The transceiver 12 1s
configured to carry out the method 700 based on executing
computer program instructions stored in i1ts memory 56
and/or or based on having specifically configured circuitry.
In any case, the method 700 includes the transceiver 12
selecting entries from one or more codebooks 30 as a
selected conversion precoder 32 and a selected tuning pre-
coder 34, or as a selected overall precoder 36 corresponding
to a selected conversion precoder 32 and a selected tuning
precoder 34 (Block 702). It will be understood that the
precoding feedback generator 54 1s adapted to perform these
selections, based on computing the recommendations
according to the factorized conversion and tuning precoder
format.

Further, 1t will be understood that the transceiver 12 stores
the codebook(s) 30 in 1ts memory 56—=<¢.g., 1t stores one
codebook 82 of conversion precoders 32 and another code-
book 84 of tuning precoders 34, or 1t stores a codebook 86
of overall precoders 36, e.g., with each representing the
combination of a particular conversion precoder 32 and a
particular tuning precoder 34. With that in mind, the method
700 continues with transmitting precoder information 64 to
the transcerver 10 (Block 704).

As noted, separate indications for the selected conversion
precoder 32 and the selected tuning precoder 34 may be
used, to allow more frequent or higher resolution signaling
of the tuning precoder recommendations and slower or
lower (frequency) resolution signaling of the conversion
precoder recommendations. In at least one embodiment,
tuning precoder recommendations are sent on a lower layer
of the signaling protocol used for communicatively coupling
the transceiver 12 to the transceirver 10 that i1s used for
signaling the conversion precoder recommendations. For
example, referring to the wireless network case of FIG. 3,
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the conversion precoder recommendations are sent using
Radio Resource Control (RRC) signaling, while the tuning
precoder recommendations are sent on a lower layer.

Regardless, the transceiver 12 makes 1ts precoding rec-
ommendation selections based on, for example, evaluating
channel conditions via the estimation circuits 52, which
estimate channel conditions and/or evaluate received signal
quality, such as SNR. And, as noted, 1t may control 1its
recommendations responsive to control signaling 66
received from the transceiver 10. Such an arrangement 1s
seen 1 the example of FIG. 8, wherein the precoding
teedback generator 54 (abbreviated as “PFG” 1n the 1llus-
tration) performs dynamic selection of conversion precoders
32 and tuning precoders 34 from the codebook(s) 30, based
on evaluating the channel properties as determined by the
estimation circuits 52.

It will be understood that the channel property informa-
tion comprises, for example, complex coeflicients represent-
ing multi-path propagation channel characteristics and/or
channel properties such as impairment correlations, etc. The
precoder selections may be made subject to any restrictions
imposed by the control signaling 66, which may restrict the
recommendation selections to predefined subsets of the
precoders, such as one subset for the case where the trans-
ceiver 10 1s operating 1n an MU-MIMO mode, and another
subset for case where the transceiver 10 1s operating 1n a
SU-MIMO mode. This example 1s particularly pertinent to
the example network case of FIG. 3, where the transceiver
10 1s a base station 70 and may support pluralities of UEs 74

“users”).

While FIG. 7 illustrates what might be considered as an
example of the “receive” side method, FIG. 9 1llustrates an
example case for the “transmit” side method—i.e., 1t details
example operations implemented by the transceiver 10. The
method 900 1s directed to precoding multi-antenna trans-
missions 60 to the transceiver 12, and includes receiving
channel state information 62 from the other transcerver 12,
including receiving selection indicators as the precoder
information 64 (Block 902). The method 900 continues with
identifving the precoder information 64 by selecting entries
from one or more codebooks 30 stored at the transceiver 10,
based on the selection indications included 1n the channel
state information 62 (Block 904). Here, 1t will be understood
that the feedback processor 24 at the transceiver 10 1s
adapted to handle the factorized feedback contemplated for
the precoder information 64. That 1s, the feedback processor
24 15 configured to extract and provide the conversion and
tuning precoder recommendations 1mcluded 1n the channel
state information 62.

The method 900 further includes the transceiver 10 pre-
coding a transmission 60 to the transceiver 12, based at least
in part on the precoder information 64 (Block 906). As
noted, the “selection” performed in Block 904 can be
understood as the transceiver 10 identifying the overall
precoder 36 that the transceiver 12 recommends for precod-
ing the transmission 60 to the transceirver 12. However,
when the transceiver 10 determines the actual precoding
operation to apply 1n generating the transmission 60, 1t may
follow the recommendations or make its own selections or
modifications.

FIG. 10 illustrates an example configuration where the
teedback processor 24 and precoding controller 26 (abbre-
viated “FP” and “PC”") determine the actual precoder selec-
tions to be used for precoding the transmissions 60 to the
transceiver 12. These decisions depend on, for example, the
precoder information 64 and channel properties as indicated
in the channel state information 62, and on scheduling
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information. In particular, in the case where the transceiver
10 transmits to multiple transceivers 12, it may consider
plural sets of data (e.g., channel conditions and scheduling
data for multiple transceivers 12) in determining its precod-
ing operations.

As for generating the precoded transmission 60, FI1G. 11
depicts a precoding circuit 90 included in the transmitter 18
of the transcerver 10 and 1t will be understood as being
associated with the precoding controller 26. The precoding
circuit 90 enables the transceiver 10 to precode transmis-
sions according to an applied precoding operation, and the
transceiver 10 may have more than one such circuit.

According to the example illustration, the precoding
circuit 90 receives mput data, e.g., information symbols to
be transmitted, and it includes layer processing circuits 92
that are responsive to a rank control signal from the pre-
coding controller 26. Depending on the transmit rank in use,
the mput data 1s placed onto one or more spatial multiplex-
ing layers and the corresponding symbol vector(s) s are
input to a precoder 94.

As an example, the precoder 94 1s shown as applying a
selected overall precoder 36 (denoted as “W”) that 1s formed
as the matrix multiplication of a selected conversion pre-
coder 32 (denoted as “W'“”) and a selected tuning precoder
34 (denoted as “W”). More broadly, the precoder 94
applies a precoding operation determined by the precoding
value(s) provided to it by the precoding controller 26. Those
values may or may not follow the precoder information 64
included in the channel state information 62 received from
the transceiver 12, but the transcerver 10 at least considers
those recommendations 1n 1ts precoding determinations. In
any case, the precoder 94 outputs precoded signals to
Inverse Fast Founier Transform (IFFT) processing circuits
96, which 1 turn provide signals to a number of antenna
ports 98 associated with the antennas 14 shown i FIG. 1.

Note that these ports are managed as a ULA 1n one
embodiment, and are managed as antenna subgroups in
another embodiment. Advantageously, the same conversion
precoders 32 can be used for either case because each
conversion precoder 32 comprises a block diagonal matrix.

In more detail, each conversion precoder 32 1s one out of
N, Q different entries 1n a codebook. Each conversion pre-
coder 32 comprises a block diagonal matrix. Each such
block diagonal matrix 1s a DFI-based antenna-subgroup
precoder 38 that corresponds to a subgroup of N transmit
antenna ports 98 and provides N, Q different DFT based
beams for the corresponding subgroup, where () 1s an integer
value and where the N Q) diflerent conversion precoders 32,
together with one or more of the tuning precoders 34,
correspond to a set of N Q) different overall precoders 36,
cach overall precoder 36 thus representing a size-N .- DFT-
based beam over the N transmit antennas ports 98.

To better understand the above arrangement, consider that
antenna-subgroup precoder 38 1s a matrix block with N /2
rows and belongs to a set of N, Q different DFT-based
beams, where Q 1s an integer equal to or greater than 2.
Further, each tuning precoder 34 includes a phase shiit
clement taken from a 2Q) Phase Shift Keying (PSK) alphabet
and provides at least 2Q relative phase shifts for oflsetting
beam phases between the antenna-subgroup precoders 38 in
a corresponding one of the conversion precoders 32. With
this structure, each overall precoder 36 comprises a DFT-
based precoder providing for N transmit beams across N
transmit antenna ports.

As such, 1n at least one embodiment, the transceiver 10 1s
configured to perform DFT-based precoding of transmis-
s1ons 60 from two or more subgroups of the antennas 14 at
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the transceiver 10. These operations are based on the trans-
ceiver 10 using the antenna-subgroup precoders 38 1n one of
the conversion precoders 32, as selected by the transceiver
10 from the one or more codebooks 30 based at least 1n part
on the precoder information 64.

To better understand the advantages of the above precoder
structure and 1n development of the underlying mathemati-
cal operations, consider a general precoder matrix. If the
precoder matrix 1s confined to have orthonormal columns,
then the design of the codebook of precoder matrices
corresponds to a Grassmannian subspace packing problem.
In any case, the r symbols 1n the symbol vector s each
correspond to a layer and r 1s referred to as the transmission
rank. In this way, spatial multiplexing 1s achieved because
multiple symbols can be transmitted simultaneously over the
same time/frequency resource element (TFRE). The number
of symbols r 1s typically adapted to suit the current propa-
gation channel properties.

LTE uses OFDM i1n the downlink (and DFT precoded
OFDM 1n the uplink) and hence the received N;X1 vector vy,
for a certain TFRE on subcarrier n (or alternatively data
TFRE number n) 1s thus modeled by:

yn= HHWN T r5n+en.

(1)

where e, 1s a noise/interference vector obtained as realiza-
tions of a random process and H_ 1s the complex channel.
The precoder, W, ., can be a wideband precoder, which 1s
constant over frequency, or frequency selective.

Conventionally, the precoder matnx 1s often chosen to
match the characteristics of the N XN, MIMO channel
matrix H, resulting 1n so-called channel dependent precod-
ing. This 1s also commonly referred to as closed-loop
precoding and essentially tries to focus the transmit energy
into a subspace which 1s strong in the sense of conveying
much of the transmitted energy to the targeted receiver. In
addition, the precoder matrix also may be selected with the
goal of orthogonalizing the channel, meaning that after
proper linear equalization at a UE or other targeted receiver,
the inter-layer interference 1s reduced.

According to the factorized precoder structure disclosed
herein, the conversion precoders 32 are configured to have
dimension N Xk, where k 1s configurable and preferably 1s
less than the number of transmit antenna ports N.. considered
for precoding. In this regard k<N advantageously restricts
the number of channel dimensions that must be accounted
for 1n the tuning precoders 34. Correspondingly, the tuning

precoders 34 are configured to have dimension kxr, where r
1s the transmission rank. This arrangement 1s shown below:

WNTxr=WNTxk(C}ka r(r}} (2)

where the conversion precoder 32, W ', strives for
capturing wideband/long-term properties of the channel
such as correlation, while the tuning precoder 34, W, 7,
targets frequency-selective/short-term properties of the
channel.

The conversion precoder 32 exploits the correlation prop-
erties for focusing the tuning precoder 34 1n “directions”
where the propagation channel H on average 1s “strong.”
Typically, this 1s accomplished by reducing the number of
dimensions k covered by the tuning precoder 34. In other
words, the conversion precoder 32 becomes a tall matrnx
with a reduced number of columns. Consequently, the
number of rows k of the tuning precoder 34 1s reduced as
well. With such a reduced number of dimensions, the
codebook used for storing the tuning precoders 34 can be
made smaller, while still maintaining good performance.

In one arrangement already shown, the conversion pre-
coders 32 are 1n one codebook 82 and the tuning precoders
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34 are 1n another codebook 84. This arrangement exploits
the fact that the conversion precoders 32 should have high
spatial resolution and thus are advantageously implemented
as a codebook 82 with many elements, while the codebook
84 for the tuning precoders 34 should be made small to keep
the signaling overhead at a reasonable level.

To see how correlation properties are exploited and
dimension reduction achieved, consider the case where the
N.. different antennas 14 at the transceiver 10 are arranged
into N./2 closely spaced cross-poles. Based on the polar-
1zation direction of the antenna subsets, the antennas 1n the
closely spaced cross-pole setup can be divided into two
groups, where each group 1s a closely spaced co-polarized
Uniform Linear Array (ULA) with N/2 antennas. Closely
spaced antennas often lead to high channel correlation and
the correlation can in turn be exploited to maintain low
signalling overhead. The channels corresponding to each
such antenna group UL A are denoted H, and H,, respectively.

For convenience 1n notation, the following equations drop

the subscripts indicating the dimensions of the matrices as
well as the subscript n. Assume that each conversion pre-
coder 32 has a block diagonal structure,

(3)
W) —

The product of the MIMO channel H and the overall
precoder 36 can then be written as:

HW = [H, H, [woOw® 4)
w0
= [H; Hm][ ()]W(r)
0 W°
=7 B W woe
= Hpp W

As seen, the matrix W' separately precodes each antenna
group ULA, thereby forming a smaller and improved effec-
tive channel H, .. As such, the blocks within W' are referred
to as antenna subgroup precoders 38. If W'®’ corresponds to
a beamforming vector, the effective channel would reduce to
having only two virtual antennas, which reduces the needed
size of the codebook(s) 30 used for the second tuning
precoder matrix W% when tracking the instantaneous chan-
nel properties. In this case, instantaneous channel properties
are to a large extent dependent upon the relative phase
relation between the two orthogonal polarizations.

It 1s also helpful for a fuller understanding of this disclo-
sure to consider the theory regarding a “grid of beams,”
along with Discrete Fourier Transform (DFT) based precod-
ing. DFT based precoder vectors for N, transmit antennas
can be written 1n the form:

(Np.O) (N7, (N7.0) (N7 1L 5
W o [WI,HT WZ,HT WNTEZH ] ()
(Np.0) ( Zn ]
W = exp|] mn|, m=0, ..., Nrp—1,
N7Q

n=0,..,QN, -1,

where w,, ‘"7 is the phase of the m:th antenna, n is the
precoder vector index (1.e., which beam out of the QN
beams) and Q 1s the oversampling factor. As seen, the phase
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increases with the same amount from one antenna port to
another, 1.e., linearly growing phase with respect to the
antenna port mdex m. This 1s 1n fact a characteristic of
DFT-based precoding. Thus DFT based precoder vectors
may 1nclude additional phase shifts on top of those shown 1n
the above expression as long as the overall phase shift 1s
increasing linearly with m.

For good performance, 1t 1s important that the array gain
function of two consecutive transmit beams overlaps 1n the
angular domain, so that the gain does not drop too much
when going from one beam to another. This requires an
oversampling factor of at least Q=2. Thus for N, antennas,
at least 2N beams are needed.

An alternative parameterization of the above DFT based
precoder vectors 1s:

VD WD (OO (N7.0) ]T (6)
g R 1.0i+g 2,.00+g Np,Ql+g

(N7.0 27 4

v =il g)

form=0,...,N~—-1,1=0,...,N-—-1,9g=0,1, ..., Q-1, and
where 1 and g together determine the precoder vector index
via the relation n=QIl+q. This parameterization also high-
lights that there are Q groups of beams, where the beams
within each group are orthogonal to each other. The g:th
group can be represented by the generator matrix:

(N, (Np,O)
0,4q Wf,q

(7)

GE;NT) _ [W (N7.0) ]

Wir-14

By insuring that only precoder vectors from the same
generator matrix are being used together as columns 1n the
same precoder, 1t 1s straightforward to form sets of precoder
vectors for use 1mn so-called unitary precoding where the
columns within a precoder matrix should form an orthonor-
mal set.

Further, to maximize the performance of DFT based
precoding, 1t 1s useful to center the grid of beams symmetri-
cally around the broad size of the array. Such a rotation of
the beams can be done by multiplying from the left the
above DFT vectors w,“™% with a diagonal matrix W,_,
having elements:

(3)

[er]mm — ﬂ}{p[j Q;T H'l]

The rotation can either be included 1n the precoder codebook
or alternatively can be carried out as a separate step where
all signals are rotated 1n the same manner and the rotation
can thus be absorbed into the channel from the perspective
of the receiver (transparent to the receiver). For the remain-
der of DFT-precoding discussion herein, it 1s tacitly assumed
that rotation may or may not have been carried out as part
of DFT-based precoding.

One aspect of the above-described factorized precoder
structure relates to lowering the overhead associated with
signaling the conversion and tuning precoders 32 and 34,
based on signaling them with different frequency and/or
time granularity. The use of a block diagonal conversion
precoder 32 1s specifically optimized for the case of a
transmit antenna array comprising closely spaced cross-
poles, but other antenna arrangements exist as well. In

10

15

20

25

30

35

40

45

50

35

60

65

14

particular, efficient performance with a ULA of closely
spaced co-poles should also be achieved using the same
conversion precoders 32. The precoder structures disclosed
herein advantageously provide for use of the same conver-
sion precoder structure, nrespective of whether the trans-
ceiver 10 uses 1ts antennas as a ULA of N closely-spaced
co-poles, or as two subsets cross-poles, each subset having
N./2 antenna elements.

In particular, 1n one or more embodiments, the conversion
precoders 32 comprise DFT-based precoders which are
suitable for the two N/2 element antenna group ULAs 1n a
closely spaced cross-pole setup, while still providing for
their re-use 1n forming the needed number of DFT based size
N.. precoders for an N_. element ULLA. Moreover, one or
more embodiments disclosed herein provide a structure for
the conversion precoder that allows re-using existing code-
books with DFT based precoders and extending their spatial
resolution.

In any case, an example embodiment illustrates re-using
DFT based precoder elements for an antenna group ULA 1n
a closely spaced cross-pole and also 1n creating a grid of
beams with sufficient overlap for a ULA of twice the number
of elements compared with the antenna group ULA. In other
words, the conversion precoders 32 can be designed for use
with the multiple antennas 14 of the transceiver 10, regard-
less of whether those antennas 14 are configured and oper-
ated as an overall ULA of N, antennas, or as two cross-
polarized ULA sub-groups, each having N_/2 antennas.

Consider again the block diagonal factorized precoder
design given as:

50 ) 0
w0 o (%)
0o W9

W = Wehwe —

and note that 1n order to tailor the transmission to *43
degrees cross-poles, the structure of a conversion precoder
32 can be modified by means of a multiplication from the
left with a matrix:

II [e/? ]
L

which, for ¢=0, rotates the polarizations 45 degrees to align
with horizontal and vertical polarization. Other values of ¢
may be used to achieve various forms of circular polariza-
tion.

For an N, element ULA, the overall precoder 36 for rank
1 1s to be an N x1 vector as:

(10)

(Nr.0) (Np, ) (Np.{) (Np, O 17 11
W=w, ™ = [WLHT Wan N;E:n ] - (1D
For antennas m=0, 1, . . ., N/2-1,
20 27 12
) exp(j mn] = exp] j mn | = wag >, ()
NrQ Ny
TQQ)

n=0,..,QN, -1,

while for the remaining antennas m=N_24+m', m'=0,
1, ..., N/2-1,
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27
NzQ

(Np /2 +m’ )n]
- 2m
J N7

(2Q)

m’ n]exp( j % n)
2

T
= w0 exp( ] 6 1:1)

(N7.0) (13)

WNr24m' n

= exp(j

= exXp

m

Npi2.2
N/ Q)a{

— ' on ?

n=0,..,0QN; —1.

Here,

o E{exp(j%n):n: 0.1.....20— 1}.

Any N, element DFT overall precoder 36 can thus be
written as:

N,
WEI 79 _ (14)
(Np.0)  __(Np.O) (Np.O) (N7.O) (N7.O) (Np.O) 1T _
[WD,H Win - Wyein Won & Wi, @ ... WNT—LH@’] =
Npi2200 1 [ (Np/2.2 1
WiNT/230) 1T V220 0 [1]
Npf2,2 - Npj2,2 '
WEI Tf Q){l’_ _ 0 W;EI ]'!’”'f &) _ 4

One sees in the above arrangement that w_‘“7¢ may be
regarded as an example of an overall precoder 36 formed
from a conversion precoder 32 given as:

O ( J'll E )-

and a tuning precoder 34 given as

Note further that each block, w, V7% of the conversion

precoder 32 represents one of the antenna-subgroup precod-
ers 38 included 1n the conversion precoder 32, and note that
the tuning precoders 34 are determined as:

(15)

n=0,1,... ,QQ—l}.

ez

The above arrangement swits the closely spaced cross-
polarized antenna array perfectly because size N/2 DFI-
based antenna-subgroup precoders 38 are now applied on
each antenna group ULA and the tuning precoder 34 pro-
vides 2Q) different relative phase shifts between the two
orthogonal polarizations. It 1s also seen how the N /2
element antenna-subgroup precoders 38 are reused for con-
structing the N, element overall precoder 36. Of further
note, the oversampling factor Q 1s twice as large 1n the
cross-polarized case as 1t 1s for the co-polanzed case, but
those elements are not wasted because they help to increase
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the spatial resolution of the grid of beams precoders even
further. This characteristic 1s particularly useful in MU-
MIMO applications where good performance relies on the
ability to very precisely form beams towards the UE of
interest and nulls towards the other co-scheduled UEs.

For example, take a special case of N,=8 transmit anten-
nas—1.e., assume that the transceiver 10 of FIG. 1 includes
eight antennas 14, for use in precoded MIMO transmissions,
and assume that Q=2 for the closely spaced ULA. One sees
that the overall precoder 36 1s built up as:

. - WETNTJZ,ZQ) 7 (16)
Wl =1 a0
| Wi 4
) w0 1;;
o wied | exo(i )|

n=0,..,2N;—1,n" =0, 1,2, 3.

The codebook entries for the tuning precoders 34 can then
be chosen from the rank 1.2 Tx codebook 1n LLTE and hence
that codebook can be re-used 1n the teachings disclosed
herein. The codebook for the conversion precoders 32
contains elements constructed from four DFT based genera-
tor matrices as 1n Eq. (7). The codebook(s) 30 can contain
other elements 1n addition to the DFT based ones being
described here. Broadly, the principle of constructing N
element DFT-based overall precoders 36 out of smaller, N/2
element DFI-based antenna-subgroup precoders 38 can be
used 1n general to add efficient closely spaced ULA and
cross-pole support to a range of codebook-based precoding
schemes. As a further advantage, the disclosed precoder
structure can be used even if the antenna setups differ from
what 1s being discussed here.

Further, note that DFT-based overall precoders 36 can be
used for higher transmission ranks than one. One way to
accomplish this 1s to pick the conversion precoders 32 as
column subsets of DFT-based generator matrices, such as
shown 1 Eq. (7). The tuning precoders 34 can be extended
with additional columns as well, to match the desired value
of the transmission rank. For transmission rank 2, a tuning
precoder 34 can be structured as:

1 1
@ —

(17)

W“):[ ],afe{exp(j%n):n:(),l, ,ZQ—l}.

It 1s sometimes beneficial to re-use existing codebooks 1n
the design of new codebooks. However, one associated
problem 1s that existing codebooks may not contain all the
needed DFT precoder vectors to provide at least Q=2 times
oversampling of the grid of beams. Assuming for example
that one has an existing codebook for N,/2 antennas with
DFT precoders providing Q=Q_ 1n oversampling factor and
that the target oversampling factor for the N/2 element
antenna group ULA 1s Q=Q,. The spatial resolution of the
existing codebook can then be improved to the target over-
sampling factor 1n factorized precoder design as:

i N/, ]
A{?WE: r/20e) 0 [1 ]

Nmpi2,
0 Agwn 11798

(15)

n=0,...,QNr-1,4=0,1,...,Q:/Q. -1
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-continued
A, = diag[l, exp[j 7 4 1], exp| = 2}, o
Nr Q, Nr Q,
P P
2 §
6KP[J N, G(NT/Q = 1)]]
P

Here, the w,*7*“% could be elements in the existing LTE 4
Tx House Holder codebook, which contains & DFT based
precoders (using an oversampling factor of Q=2 so that there
1s some overlap among the beams spanning four antennas)
for rank 1. When the transmission rank 1s higher than one,
the block diagonal structure can be maintained and the
structure thus generalizes to:

AW 0 (19)

0 AW

4

W) :

(c)

where W is now an N xr matrix, W' is a matrix with at least
one column equal to a DFT based antenna-subgroup pre-
coder w,““7%22 and the tuning precoder W has r columns.

To see that that the spatial resolution can be improved by
multiplying an antenna-subgroup precoder 38 with a diago-
nal matrix as described above, consider the alternative
parameterization of DFT precoders in Eq. (6),

o (20)
NP9~ exp|j— 1+i)] =0,... ,Np—1
1=0:"' :NT—I:C_[:O,... :Qr_lp
=0, ..., N,~1,q=0, ..., Q~I,
and let:
Q; Q; 21)
q=—9 +4§,94 =0,...,Q,-1,=0,... , —-1,
Q. Q.
to arrive at:
(N7, 0) (22)

(i o (oo +a)))

=explj—=—m|1+ +

PUN™ Tt T
i+ & Jeelinmg )

= CX — M|l + — |IeX m
PUN; Q. ) PUIN MG

2 s
. (NT:QE} . q
e

H, QII+ QL q) +&
Qe

form=0,...,Ny—-1,1=0, ..., Np -1,

Q

=1
Q.

5> Qe—1,4=0

The above formulations demonstrate an advantageous
aspect of the teachings presented herein. Namely, a code-
book containing DFT precoders with oversampling factor Q,
can be used for creating a higher resolution DFT codebook
by multiplying the m:th element with exp
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(,2}1’ El]
2n 4
N0,

and hence proving that the diagonal transformation given by
A, 1indeed works as intended.

Another 1ssue to take mnto account when designing pre-
coders 1s to ensure an efficient use of the power amplifiers
(PAs), e.g., the PAs 1n the transmitters 18 used for multi-
antenna transmission from the transceiver 10. Usually,
power cannot be borrowed across antennas because there 1s
a separate PA for each antenna. Hence, for maximum use of
the PA resources, 1t 1s important that the same amount of
power 1s transmitted from each antenna. In other words, an
overall precoder matrix W for precoding from the transmuit

antennas should fulfill

[(WW*] =k, Ym.

(23)

Thus, 1t 1s beneficial from a PA utilization point of view
to enforce this constraint when designing precoder code-
books. Full power utilization 1s also ensured by the so-called
constant modulus property, which means that all scalar
elements 1n a precoder have the same norm (modulus). It 1s
easily verified that a constant modulus precoder also fulfills
the full PA utilization constraint 1n Eq. (23). Hence, the
constant modulus property constitutes a sufficient but not
necessary condition for full PA utilization.

With the beneficial aspect of full PA utilization 1n mind,
another aspect of the teachings presented herein relates to
providing precoders that yield full PA utilization. In particu-
lar, one or more embodiments proposed herein solve the
problems associated with full PA utilization and satisfaction
of the rank nested property, in the context of a factorized
precoder design. By using a so-called double block diagonal
tuning precoder 34 combined with a block diagonal conver-
sion precoder 32, full PA utilization 1s guaranteed and rank
override exploiting the nested property 1s also possible for
the overall precoder formed as the combination of a con-
version precoder 32 and a tuning precoder 34 having the
properties and structure disclosed herein.

A first step 1n designing efficient factorized precoder
codebooks while achieving full PA uftilization and fulfilling
rank nested property 1s to make the conversion precoders
block diagonal as shown in Eq. (3), for example. In a
particular case, the number of columns k of a conversion
precoder 1s made equal to 2 1/2 ], where | - | denotes the ceil
function. This structure 1s achieved by adding two new
columns contributing equally much to each polarization for
every other rank. In other words, the conversion precoder 32
at issue here can be denoted as W' and written in the form:

- [ = (C) = (C) = (C) .
W(::') _ [W(E] 0 ]: W‘ic W(ZE W((;m 0 0 ... 0 (24)

0 w91 1o o ... 0 @ WP ..

where W, 1s an N,/2x1 vector.

Extending the conversion dimension in this manner helps
keep the number of dimensions small and 1n addition serves
to make sure that both polarizations are excited equally
much. It 1s beneficial if the conversion precoder, denoted
here as W'®, is also made to obey a generalized rank nested
property in that there is freedom to choose W' with L
columns as an arbitrary column subset of each possible W’
with L+1 columns. An alternative 1s to have the possibility
to signal the column ordering used in W, Flexibility in the
choice of columns for W' for the different ranks is benefi-
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cial so as to still be able to transmit mnto the strongest
subspace of the channel even when rank override using a

column subset 1s performed.

Further, as regards to ensuring full PA utilization, e.g., at
the transceiver 10, the tuning precoders 34, which are
denoted as W, are in one or more embodiments con-
structed as follows: (a) the conversion vector W _“’ is made
constant modulus; and (b) a column 1n the tuning precoder
has exactly two non-zero elements with constant modulus. If
the m:th element 1s non-zero, so 1s element m+|_ 1'/2_‘. Hence
for rank r=4, the columns 1n the tuning precoder 34 are of the
following form:

(25)

o T T . R
e O

where x denotes an arbitrary non-zero value which 1s not
necessarily the same from one X to another. Because there
are two non-zero elements 1 a column, two orthogonal
columns with the same positions of the non-zero elements
can be added before columns with other non-zero positions
are considered. Such pairwise orthogonal columns with
constant modulus property can be parameterized as:

1171 1 (26)
0 0

0 | _eit |

o]l 0O

Rank nested property for the overall precoder 1s upheld
when increasing the rank by one by ensuring that columns
for previous ranks excite the same columns of the conver-
sion precoder also for the higher rank. Combining this with
Eq. (25) and the mentioned pairwise orthogonal property of
the columns leads to a double block diagonal structure of the
tuning precoder taking the form:

= ) N (27)

W3
0 0 ... 0

= (C)
. W|-?ﬂjff2--| O 0 " O

= (C)
Wfr}ﬂ |

Wi Wy L

>

>

Using the pairwise orthogonality property in Eq. (26), and
representing the structure for the overall precoder 36,
denoted as W, as W=W' "W, the precoder structure can be

further specialized into:

W w9y 0 0 .. 0

= (C) = C)
I 0 0 A 0 Wo - wf;*"fﬂ,

' ﬁ,(lﬂ) (28)

W'
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-continued
1 1 0 0

0 0 1 1

e/l _e/1 () 0

0 0 /2 _e/2

Note that the double block diagonal structure for the tuning
precoder can be described 1n different ways depending on
the ordering of the columns used for storing the conversion
precoders W' as entries in the codebook 30. It is possible
to equivalently make the tuning precoders W block diago-
nal by writing:

W #00 wY 0 ... .. v 0 (29)
0 w? o0 w9 .. .. 0 Wy
0 0 . 0 0
0 0 :
0 0 x x °
X X
0 0 -
: 0 0
. X X
0000 ... 0 x x

Re-orderings similar to these do not affect the overall
precoder W and are thus considered equivalent and assumed
to be covered under the terms “block diagonal conversion
precoder and double block diagonal tuning precoder.” It 1s
also 1nteresting to note that i1f the requirements on the
orthogonality constraint and full PA utilization are relaxed,
the design for rank nested property can be summarized with
the following structure for the tuning precoders 34:

el
el
et
et
el
el

(30)

el
el
et
et
el
el

Further, 1t 1s worth mentioning that rank nested property
can be useful when applied separately to the conversion
precoders 32 and the tuning precoders 34. Even applying 1t
only to the tuning precoders 34 can help save computational
complexity, because precoder calculations across ranks can
be re-used as long as the selected conversion precoder W'
remains fixed.

As an 1llustrative example for eight transmit antennas 14
at the transceiver 10, assume that

Rank r=1:

[ [ 1 ] 31)
- _ W(ll) L

Rank r = 2:
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, q
W wil 1 1 (32)
W(ll)d ek el
Rank r =3
1 1 0 (33)
1 1
W:[W(l) Wy ] 0 0
o) g f e e o
0 0 &%
Rank r = 4:
1 1 0 0 (34)
1 1
W w wil Q 0_ 1 1
w(ll) W(ZU eﬁﬁk _eﬁﬂk 0 0
0 0 e/¥r —er |
Rank r=5:
W W W (35)
W= B L0 D
Wi Waoo Wi
1 1 0 0 0
0 0 1 1 0
0 0 0 0 1
e’k —el¥k () 0 0
0 0 e/ —e/t
0 0 0 0 e/¥m |
Rank r = 6:
Wi owl w (36)
W= 0 A (D
Wi Who Wi
1 1 0 0 0 0
0 0 1 1 0 0
0 0 0 0 1 1
ek —e/¥k () 0 0 0
0 0 &% —e¥1 0 0
0 0 0 0 e/¥m _e/¥m |
Rank r=7:
o[ e el 37
W(11} W(21} wé”wﬁ”d
1 1 0 0 0 0 0
0 0 1 1 0 0 0
0 0 0 0 1 1 0
0 0 0 0 0 0 1
ek —e/k () 0 0 0 0
0 0 &% —e/t 0 0
O 0 0 0 e/¥m  _el¥m ()
0 0 0 0 0 0 /¥
Rank r = &:
o e e 39
W(11} W(21} w(gl)wgrlj_
! 1 0 0 0 0 0 0
0 0 1 1 0 0 0 0
0 0 0 0 1 1 0 0
0 0 0 0 0 0 1 1
ek —el¥k () 0 0 0 0 0
0 0 e —e¥ 0 0 0
0 0 0 0 efvm _eim () 0
0 0 0 0 0 0 e/¥n _e¥n

The four Tx case follows 1n a similar manner.

With the above in mind, the following structure and
provisions are proposed herein, for one or more embodi-
ments that provide for full PA utilization:
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1. The overall precoder 36 can be factorized into a

conversion precoder 32 and a tuning precoder 34.

a. the conversion precoder 32 1s block diagonal

b. the tuning precoder 34 has the properties:
1. all non-zero elements are constant modulus
11. every column has exactly two non-zero elements
111. every row has exactly two non-zero elements

2. Two columns 1n the tuning precoder 34 either have
non-zero elements 1n the same two rows or do not have
any non-zero elements 1n the same rows.

3. Two columns i1n the tuning precoder 34 having non-
zero elements 1n the same two rows are orthogonal to
each other.

4. The conversion precoder 32 has 2| k/2 | columns and if
row m 1n a tuning precoder column has a non-zero
element, so does row m+|_ k/2_‘.

5. The columns of the tuning precoder 34 for rank r 1s a
subset of the columns of the tuning precoder for rank
r+1

With the above 1n mind, one method herein comprises a
method of precoding multi-antenna transmissions 60 from a
wireless communication transceiver 10 to another wireless
communication transceiver 12. The method 1ncludes select-
ing an overall precoder 36, determining transmission
weights for respective ones of two or more transmit antennas
14 according to the selected overall precoder 36, and trans-
mitting weighted signals from the two or more transmit
antennas 14 1n accordance with the transmission weights.
The selected precoder 1s selected at least in part based on
considering precoder information received from the second
transceiver 12, which includes indications of precoder selec-
tions made by the second transceiver 12, which are intended
as precoding recommendations to be considered by the first
transceiver 10.

According to the above method, the overall precoder 36
factorizes mto a conversion precoder 32 and a tuning
precoder 34, wherein the conversion precoder 32 1s block
diagonal and wherein the tuning precoder 34 has the fol-
lowing properties: all non-zero elements are constant modu-
lus; every column has exactly two non-zero elements; and
every row has exactly two non-zero elements; two columns
either have non-zero elements 1n the same two rows or do
not have any non-zero elements in the same rows; and two
columns having non-zero elements 1n the same two rows are
orthogonal to each other. Further, the conversion precoder
32 has 2| k/2 | columns, where k is a non-negative integer,
and 1f row m 1n a tuning precoder column has a non-zero
element, so does row m+ k/Z_‘.

Further, 1n at least one such embodiment, the columns of
a tuning precoder 34 for rank r 1s a subset of the columns of
a tuning precoder for rank r+1.

Similarly, another method disclosed herein provides for
sending precoding information from a second transceiver 12
to a first transceiver 10 that considers the precoding infor-
mation 1n selecting precoders for precoding multi-antenna
transmissions 60 to the second transceiver 12.

The method includes the second transceiver 12 selecting
an overall precoder 36 that factorizes into a conversion
precoder 32 and a tuning precoder 34, or selecting the
conversion precoder 32 and the tunming precoder 34 corre-
sponding to a particular overall precoder 36, and sending to
the first transceiver 10 as said precoder information an
indication of the selected overall precoder 36 or indications
of the selected conversion and tuning precoders 32, 34.

For this method, the conversion precoders 32 are each
block diagonal and each tuning precoder 34 has the follow-
ing properties: all non-zero elements are constant modulus;
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every column has exactly two non-zero elements; and every
row has exactly two non-zero elements; two columns either
have non-zero elements 1n the same two rows or do not have
any non-zero elements 1n the same rows; and two columns
having non-zero elements 1n the same two rows are orthogo-
nal to each other. Additionally, according to the method, the
conversion precoder 32 has 2| k/2 | columns, where k is a
non-negative integer, and if row m 1n a tuning precoder
column has a non-zero element, so does row m+ k/Z_‘. Still
further, 1n at least one embodiment, the columns of a tuning
precoder 34 for rank r 1s a subset of the columns of a tuning
precoder for rank r+1.

Of course, the teachings herein are not hmited to the
specific, foregoing 1llustrations. For example, terminology
from 3GPP LTE was used in this disclosure to provide a
relevant and advantageous context for understanding opera-
tions at the transceivers 10 and 12, which were 1dentified in
one or more embodiments as being an LTE eNodeB and an
LTE UE, respectively. However, the teachings disclosed
herein are not limited to these example 1llustrations and may
be advantageously applied to other contexts, such as net-
works based on WCDMA, WiMax, UMB or GSM.

Further, the transceiver 10 and the transceiver 12 are not
necessarily a base station and an 1tem of mobile equipment
within a standard cellular network, although the teachings
herein have advantages 1n such a context. Moreover, while
certain wireless network examples given herein involve the
“downlink” from an eNodeB or other network base station,
the teachings presented herein also have applicability to the
uplink. More broadly, 1t will be understood that the teach-
ings herein are limited by the claims and their legal equiva-
lents, rather than by the illustrative examples given herein.

The 1nvention claimed 1s:

1. A method 1n a wireless communication transceiver,
wherein another transceiver precodes transmissions to the
transceiver based at least in part on the transceiver sending
channel state information to the other transceiver that
includes precoder mformation and wherein the method 1s
characterized by:

selecting entries from one or more codebooks as a

selected conversion precoder and a selected tuning
precoder, or as a selected overall precoder correspond-
ing to a selected conversion precoder and a selected
tuning precoder; and

transmitting indications of the selected entries as said

precoder 1nformation included in the channel state
information;

wherein the one or more codebooks include entries com-

prising N_Q different conversion precoders, N being a
number of transmit antenna ports and Q being an
integer value, and entries comprising a number of
corresponding tuning precoders, or include entries
comprising a plurality of overall precoders, with each
overall precoder comprising a product of a conversion
precoder and a tuning precoder; [and}

wherein each said conversion precoder out of said N,Q

different entries comprises a block diagonal matrix 1n
which each block comprises a discrete Fourler trans-
form (DFT)-based antenna-subgroup precoder that cor-
responds to a subgroup of N transmit antenna ports at
the transceiver[and provides N_Q different DFT based
beams for the corresponding subgroup], where the N, Q
different conversion precoders, together with one or
more of the tuning precoders, correspond to a set of
N,Q different overall precoders|, wherein each overall
precoder represents a size-N DFI-based beam over the
N, transmit antenna ports,];
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wherein said one or more codebooks includes conversion
and tuning precoders or corresponding overall precod-
ers for multiple transmission ranks|[,]; and
wherein for transmission rank r>2:
the tuning precoder has 2[r/2] rows and r columns,
where r 1S the transmission rank;
all non-zero elements of the tuning precoder are con-
stant modulus;

every column of the tuning precoder has exactly two
non-zero elements;

every row of the tuning precoder has exactly two
non-zero elements; and

two columns of the tuning precoder having non-zero
elements 1n the same two rows are orthogonal to
each other.

2. The method of claim 1, further characterized in that the
other transceiver 1s a base station 1 a wireless communi-
cation network and the transceiver 1s a user equipment, UE,
sending said channel state information to said base station.

3. The method of claim 2, further characterized in that
transmitting said indications of the selected entries as the
precoder information from the UE to the base station com-
prises transmitting index values indicating the selected
entries within the one or more codebooks.

4. The method of claim 1, further characterized in that
said each antenna-subgroup precoder 1s a matrix block with
N/2 rows and belongs to a set of NQ different DFT-based
beams, where Q 1s an 1nteger equal to or greater than 2, and
where each said tuning precoder includes a phase shift
element taken from a 2Q Phase Shift Keying (PSK) alphabet
and provides at least 2Q relative phase shifts for offsetting
beam phases between the antenna-subgroup precoders 1n a
corresponding one of the conversion precoders.

5. The method of claim 1, wherein the columns of a tuning
precoder for rank r 1s a subset of the columns of a tuning
precoder for rank r+1.

6. The method of claim 1, further characterized in that
each conversion precoder can be written 1n the form

Nopf2.2
S e 0
Nr/2200 |°
where
(Np.O) (Np,O)  (Np.O) (Np, O T
Wi = [WLH > oo W ] ,,
and
(Ny.0) ( 27 ]
W = exp|] mn|, m=0, ..., Nrp—1,
N7Q

n=0,..,QN, -1,

where w_“79) ig a phase of the m:th antenna port, n is a

precoder vector index indicating one of [the] a plurality of
N_-Q beams and Q represents an oversampling factor, and
where each tuning precoder can be written 1n the form
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where

n=OJq_w2Q—1}

.
o (e

and where the corresponding overall precoder can be written
in the form

[wfﬂ 440) 0o [ 1 ]
N w2200

7. A wireless communication transceiver configured to

send channel state information to another wireless commu-
nication transceiver that precodes transmissions to the trans-
ce1ver based at least 1n part on the channel state information,
said transceiver including a receiver for receiving signals
from the other transceiver and a transmitter for transmitting
signals to the other transceiver, including transmitting sig-
nals conveying said channel state information, wherein said
transceiver 1s characterized by:
a memory storing one or more codebooks mcluding
entries comprising N-Q different conversion precoders,
N, being a number of transmit antenna ports, and
being an mteger value, and entries comprising a num-
ber of corresponding tuning precoders, or entries com-
prising a plurality of overall precoders, with each
overall precoder comprising a product of a conversion
precoder and a tunming precoder, wherein each said
conversion precoder out of said N Q different entries
comprises a block diagonal matrix in which each block
comprises a discrete Fourier transform (DFT)-based
antenna-subgroup precoder that corresponds to a sub-
group of N, transmit antenna ports at the transceiver
[and provides N,Q different DFT based beams for the
corresponding subgroup], where Q is an integer value
and where the N_Q different conversion precoders,
together with one or more of the tunming precoders,
correspond to a set of N_Q different overall precoders],
wherein each overall precoder represents a size-N-
DFT-based beam over the N, transmit antennas ports]:
and
a precoding feedback generator configured to select
entries from the one or more codebooks as a selected
conversion precoder and a selected tuning precoder, or
as a selected overall precoder corresponding to a
selected conversion precoder and a selected tuning
precoder;
said precoding feedback generator further configured to
transmit, via said transmitter, indications of the selected
entries as precoder information included 1n said chan-
nel state informationl|.};
wherein said one or more codebooks includes conversion
and tuning precoders or corresponding overall precod-
ers for multiple transmission ranks|[,]; and
wherein for transmission rank r>2:
the tuning precoder has 2[r/2] rows and r columns,
where r 1s the transmission rank;
all of the tuning precoder non-zero elements are con-
stant modulus;
every column of the tuning precoder has exactly two
non-zero elements;
every row of the tuning precoder has exactly two
non-zero elements; and
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two columns of the tuning precoder having non-zero
elements 1n the same two rows are orthogonal to
each other.

8. The transceilver of claim 7, further characterized in that
the other transceiver 1s a base station 1n a wireless commu-
nication network and the transceiver 1s a user equipment,
UE, sending said channel state information to said base
station.

9. The transceiver of claim 7, further characterized in that
each conversion precoder can be written 1n the form

Npj2,2
N (2.2 ?
0 wy T/
where
(N7.0) (N7,.0) (N7, 0) (Np.O !
Wr = [wl,n WE,H N ] c
and
2
wgg’gjzexp(j mn),m:(},... Ny -1,
Ny
n=0,...,0N; -1,
where w,, "% is a phase of the m:th antenna port, n is a

precoder vector index indicating one of [the] a plurality of
NQ beams and Q represents an oversampling factor, and
where each tuning precoder can be written 1n the form

where

wE{Iexp(ﬁ%n)‘:ﬂzo’ 1, ... ,QQ—I},

and where the corresponding overall precoder can be written
in the form

- (Np/2.2
Wg 7/2,20) 0

1
e

10. A method of precoding multi-antenna transmissions
from a wireless communication transceiver to another wire-
less communication transceiver, based at least in part on
receiving channel state information from the other trans-
ce1ver that includes precoder information, said method char-
acterized by:

1denfifying the precoder information by selecting entries

from one or more codebooks known at the transceiver
responsive to selection indications included in the
channel state information; and

precoding a transmission to the other transceiver based at

least 1n part on the precoder information;
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wherein the one or more codebooks as known by the
transceiver include entries comprising N Q different
conversion precoders, N being a number of transmit
antenna ports and QQ being an integer value, and entries
comprising a number of corresponding tuning precod-
ers, or entries comprising a plurality of overall precod-
ers, with each overall precoder comprising a product of
a conversion precoder and a tuning precoder, and
wherein each said conversion precoder out of said N, Q
different entries comprises a block diagonal matrix 1n
which each block comprises a discrete Fourier trans-
form (DFT)-based antenna-subgroup precoder that cor-
responds to a subgroup of N, transmit antenna ports
[and provides N Q different DFT based beams for the
corresponding subgroup], wherein the N,Q different
conversion precoders, together with one or more of the
tuning precoders, correspond to a set of N different
overall precoders|, wherein each overall precoder rep-
resents a size- N DFI-based beam over the N transmit
antenna ports,]; and
wherein said one or more codebooks includes conversion
and tuning precoders or corresponding overall precod-
ers for multiple transmission ranks, and wherein for
transmission rank r>2:
the tuning precoder has 2[r/2] rows and r columns,
where r 1s the transmission rank;
all non-zero elements of the tuning precoder are con-
stant modulus;
every column of the tuning precoder has exactly two
non-zero elements;
every row of the tuning precoder has exactly two
non-zero elements; and
two columns of the tuning precoder having non-zero

elements 1n the same two rows are orthogonal to each
other.

11. The method of claim 10, further characterized by
performing DFT-based precoding of transmissions from two
or more subgroups of the antennas at the transceiver using
the antenna-subgroup precoders 1n one of the conversion
precoders, as selected by the transceiver from the one or
more codebooks based at least in part on the precoder
information.

12. The method of claim 10, further characterized 1n that
each conversion precoder can be written 1n the form

- (Np 22
wy 115 0
Nmpj2.2 ’
0 ng 7/2,20)) _
where
(N7.,O) (Np,Oy  (Np.,0) (Np.On?
Whr = [Wl,ﬁ szﬂ - WNT,H ] .
and
(V7.0 27
Wmn = exp| ] mn|,m=0,..., No.-1,n=0, ..., QN; -1,
NzQ
where w,,, ™% is a phase of the m:th antenna port, n is a
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NQ beams and Q represents an oversampling factor, and
where each tuning precoder can be written 1n the form

where

G{E{Iexp(j'%n)‘:ﬂzo’ 1, ... ,QQ—I},

and where the corresponding overall precoder can be written
1in the form

W o )
Nepi2 2 '
0 ng 7/2,20)) |

13. A wireless communication transceiver configured to
precode multi-antenna transmissions to another wireless
communication transceiver based at least 1in part on recei1v-
ing channel state information from the other transceiver, said
transceiver including a transmitter and a plurality of anten-
nas for transmitting said multi-antenna transmissions and a
receiver for receiving the channel state information, and
wherein the transceiver 1s characterized by:

a memory storing one or more codebooks including

entries comprising N-Q different conversion precoders,

N, bemng a number of transmit antenna ports and Q
being an integer value, and entries comprising a num-
ber of corresponding tuning precoders, or entries com-
prising a plurality of overall precoders, with each
overall precoder comprising a product of a conversion
precoder and a tuning precoder, wherein each said
conversion precoder out of said NQ different entries
comprises a block diagonal matrix 1n which each block
comprises a discrete Fourler transform (DFT)-based
antenna-subgroup precoder that corresponds to a sub-

group of N_. transmit antenna ports [and provides N_Q

different DFT based beams for the corresponding sub-

group], where the N, Q different conversion precoders
together with one or more of the tuning precoders
correspond to a set of N, different overall precoders],

wherein each overall precoder represents a size- N

DFT-based beam over the N transmit antenna ports]:
a feedback processor configured to 1dentify precoder

information from the other receiver based on using

selection 1ndications included 1n the channel state infor-
mation to 1dentify from the one or more codebooks
selected conversion and tuning precoders or a selected
overall precoder corresponding to selected conversion
and tuning precoders; and

a precoding controller and associated precoding circuit
configured to precode the transmission to the other
transceiver, based at least in part on the precoder
informationl,];

wherein said one or more codebooks includes conversion

and tuning precoders or corresponding overall precod-
ers for multiple transmission ranks|[,]; and
wherein for transmission rank r>2:
the tuning precoder has 2[r/2] rows and r columns,
where r 1s the transmission rank;
all non-zero elements of the tuning precoder are con-
stant modulus;
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every column of the tuning precoder has exactly two
non-zero elements;

every row of the tuning precoder has exactly two
non-zero elements|,]; and

two columns of the tuning precoder having non-zero
elements 1n the same two rows are orthogonal to
each other.

14. The transceiver of claam 13, further characterized in
that the precoding controller and associated precoding cir-
cuit are configured to precode the transmission to the other
transceiver by performing DFT-based precoding of trans-
missions from two or more subgroups of the antennas using
antenna-subgroup precoders in the conversion or overall
precoder selected by the transceiver from the one or more
codebooks, where said selection by the transceiver 1s based
at least 1n part on the precoder information.

15. The transceiver of claim 13, further characterized in
that each conversion precoder can be written 1n the form

- (N /2.2
ng 7/2:20) 0
Npj22on |
0 WE‘: r/ Q)_
where
(N7, (Np. )  (Np.O) (Np.ON T
W = [wl,ﬂ 2 - WNT,H ] .

and
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),m=0,,... , Nr —1,n=0, ... ,QN, -1,

= exp(j N, an

where w,, ‘"% is a phase of the m:th antenna port, n is a
precoder vector index indicating one of [the] a plurality of

N-Q beams and Q represents an oversampling factor, and
where each tuning precoder can be written 1n the form

where

and where the corresponding overall precoder can be written
in the form

~ (N /2.2

1
Nepi22 [ ]
0w |la
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It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Specification

In Column 11, Line 20, delete “vector y,” and msert -- vector y, --, therefor.

In Column 13, Line 32, in Equation (7), delete
ANy 1 (N h (Ng i
(3£§ i 7.4 _

¥ *&w 1%;1-& .. .' _.-‘li:‘.l;!-#-ﬂﬁ-ﬂe-..' e
¢4 { {}aig fi? .

V) _ [ Np D) (NpO)
{3**5? = [ W@ﬁf | §“WZ;

In Column 15, Line 1, 1n Equation (13), delete

/2 + ' n)

P *? and insert

)n]
—-, therefor.

In Column 16, Line 23, delete ““1.2 TX” and insert -- 1, 2 Tx --, therefor.

In Column 17, Lines 40-41, delete « #bd Je&: &
therefor.

In Column 18, Line 6, delete “Ay” and msert -- Aj --, theretor.

” and 1nsert

: #ﬂ%ﬂcﬁ;;ﬁﬁlﬁ. .. —— ° there for .

and 1nsert -- and let: -,
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Katherine Kelly Vidal
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In the Claims

In Column 24, Line 5, in Claim 1, delete “2[1/2]” and insert -- 2| k/2 | --, therefor.
In Column 25, Line 60, in Claim 7, delete “2[r/2]” and insert -- 2{k/2} --, theretor.
In Column 27, Line 25, in Claim 10, delete “2[1/2]” and 1nsert -- 2]k/2] --, therefor.

In Column 28, Line 64, 1n Claim 13, delete “2[1/2]” and 1nsert -- 2]k/2] --, therefor.
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