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DESCRIPTION

RELATED APPLICATIONS

[0001] This application claims priority from the U.S. provisional patent application filed on 7
April 2010 and identified by Application No. 61/321,679.

THE INVENTION

[0002] 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 efficient precoder signaling.

BACKGROUND

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

[0004] The 3GPP LTE standard is currently evolving with enhanced MIMO support. A core
component of this support in LTE is the support of MIMO antenna deployments and MIMO
related techniques. A current working assumption in LTE-Advanced is the support of an 8-layer
spatial multiplexing mode for 8 transmit (Tx) antennas, with the possibility of channel
dependent precoding. The spatial multiplexing mode provides high data rates under favorable
channel conditions.

[0005] With spatial multiplexing, an information carrying symbol vector s is multiplied by an Nt
x r precoder matrix Wprx,, which serves to distribute the transmit energy in a subspace of the
Nt (corresponding to Nt antenna ports) dimensional vector space. The precoder is typically
selected from a codebook of possible precoders, and typically indicated by means of a

precoder matrix indicator (PMI). The PMI value specifies a unique precoder in the codebook
for a given number of symbol streams.

[0006] However, certain challenges arise in this context. For example, different antenna
configurations can require precoder structures of one type or another, which complicates the
storage of predefined codebooks of precoders. Still further, the dynamic use of Single User
(SU) MIMO and Multi-User (MU) MIMO modes complicates codebook design because
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precoders that are optimal for SU-MIMO generally will not be optimal for MU-MIMO. As a
further complication, the overhead associated with reporting precoder information, e.g.,
precoder recommendations, from a receiver to a transmitter may be problematic. This is true,
for example, in the LTE downlink where the Physical Uplink Control Channel (PUCCH) cannot
bear as large a payload size as the Physical Uplink Shared Channel (PUSCH).

[0007] A number of approaches are known for the Implementation of codebooks, to address
at least some of the noted challenges. For example, the document R1-101742, as submitted In
April 2010 to 3GPP TSG-RAN WG1 60bis, proposes using of the correlation domain for
separating user equipment (UEs) in Multi-User MIMO (MU-MIMO) modes. In this context, R1-
101742 proposes the use of subband precoders composed of two precoder matrices, each
stored in a separate codebook. One such component matrix addresses long-term or wideband
channel properties, while the other one addresses short-term or frequency-selective channel
properties. More particularly, R1-101742 proposes the use of DFT-based precoders having a
block-diagonal structure that provides efficient support for beamforming from different antenna
configurations, e.g., co-polarized or cross-polarized antenna groups.

[0008] For further reference, see the document R1-102104 also submitted in April 2010 to
3GPP TSG RAN WG1 60bis. That document addresses, among other things, the design of
precoders for the eight-antenna case (8Tx) in the Rel-10 downlink. In particular, the document
highlights one or more approaches for efficiently supporting multiple antenna configurations
through the use of a component precoders that, similar to R1-101742, proposes a precoder
composed from two component precoders that respectively address long-term and short-term
channel properties. The R1-102104 document also discusses certain aspects of its proposed
codebook design in the context of Uniform Linear Arrays (ULAs) and In cross/dual-polarized
antenna configurations.

SUMMARY

[0009] The teachings herein present a method and apparatus as defined by the claims that
implement and use a factorized precoder structure that is advantageous in terms of
performance and efficiency. In particular, the teachings presented herein disclose an
underlying precoder structure that allows for certain codebook reuse across different
transmission scenarios, including for transmission from a single Uniform Linear Array (ULA) of
transmit antennas and transmission from cross-polarized subgroups of such antennas.
According to the contemplated precoder structure, an overall precoder is constructed from a
conversion precoder and a tuning precoder. The conversion precoder includes antenna-
subgroup precoders of size N1/2, where Nt represents the number of overall antenna ports

considered. Correspondingly, the tuning precoder controls the offset of beam phases between
the antenna-subgroup precoders, allowing the conversion precoder to be used with cross-
polarized arrays of N7/2 antenna elements, and with co-polarized arrays of Nt antenna

elements.
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[0010] One embodiment disclosed herein relates to a wireless communication transceiver and
an associated method, where another transceiver precodes transmissions to the transceiver
based at least In part on receiving channel state Information from the transceiver. Here, the
channel state information includes precoder information for the other transmitter. As an
example case, the transceiver is a user equipment (UE) and the other transceiver is a base
station in 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 Is an eNodeB configured for MIMO operation In an LTE
network, and the UE is an LTE handset or other item of communication equipment configured
for MIMO operation in the LTE context.

[0011] The transceiver is configured to select entries from one or more codebooks, where
indications of the selected entries serves as the aforementioned precoder information 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 is further configured to transmit the indications of the
selected entries in the channel state information.

[0012] Several aspects of the above operations center on the stored codebook(s) and, in
particular, the underlying structure of the conversion and tuning precoders (or corresponding
overall precoders) stored in them. The one or more codebooks stored at the transceiver
include entries comprising NTQ different conversion precoders and entries comprising a

number of corresponding tuning precoders, or include entries comprising a plurality of overall
precoders, with each overall precoder comprising the product of a conversion precoder and a
tuning precoder.

[0013] Each conversion precoder comprises a block diagonal matrix in which a block
comprises an antenna-subgroup precoder. In turn, each antenna-subgroup precoder is a
matrix block with N7/2 rows and belongs to a set of N1Q different DFT-based beams, where Q

is 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 2Q
relative phase shifts for offsetting beam phases between the antenna-subgroup precoders in a
corresponding one of the conversion precoders. Thus, each overall precoder comprises a
DFT-based precoder providing for Ny transmit beams across the Ny transmit antenna ports.

[0014] 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 transmission. Further, that
same precoder structure allows for beamforming across an equal-sized overall array of
antennas, where the beam-phase offsets between subgroups is provided by the
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correspondingly selected tuning precoder.

[0015] Still further, this arrangement in one or more embodiments is exploited by reporting
conversion precoder selections 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 tuning precoder more frequently than it sends indications of the selected conversion
precoder. The other transceiver is configured to determine the selected overall precoder in
between receiving conversion precoder selections, based on keeping the same conversion
precoder but updating the overall precoder calculation with each newly received tuning
precoder selection. The transceiver also may send one conversion precoder selection to be
used in common with two or more tuning precoder selections, each one representing a
different subband of a frequency band associated with the common conversion precoder.

[0016] In another embodiment, a method and associated transceiver are directed to
precoding multi-antenna transmissions 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, in this example, the
transceiver, which may be a base station precoding to a targeted UE, receives channel state
information from the other transceiver, where that information includes precoder information,
such as indications of precoder selections representing precoder recommendations.

[0017] The transceiver is configured to use the received precoder information to identify 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 selection indicators to select eniries from one or more
codebooks. The transceiver is further configured to precode a transmission to the other
transceiver, based at least in part on the precoder recommendations. In this regard, it will be
understood that the transceiver may simply follow the precoder recommendations sent by the
other transceiver. However, the transceiver does not necessarily use the precoder selections
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 in use,
etc.

[0018] 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.

[0019] As such, the transceiver's codebook(s), which may be held in a memory of the
transceiver, store entries comprising N7Q different conversion precoders and entries
comprising a number of corresponding tuning precoders, or entries comprising a plurality of
overall precoders, where each overall precoder comprises the product of a conversion
precoder and a tuning precoder. Further, as previously described, each conversion precoder
out of the NyQ different entries for the conversion precoders comprises a block diagonal
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matrix, in which each block comprises a DFT-based antenna-subgroup precoder that
corresponds to a subgroup of Nt transmit antenna ports. Each such antenna-subgroup

precoder provides N7Q different DFT based beams for the corresponding subgroup, where Q
is an integer value and where the N7Q different conversion precoders, together with one or
more of the tuning precoders, correspond to a set of NyQ different overall precoders. Each
overall precoder in that set represents a size-Nt DFT-based beam over the Ny transmit

antennas ports.

[0020] The transceiver in one or more embodiments is a base station configured for operation
in 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 recommendations from the other transceiver, which may be a UE or other
wireless communication device that is supported by the base station.

[0021] Of course, the above brief summary of features and advantages is not limiting. Other
features and advantages will be apparent from the following detailed description of example
embodiments and from the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022]

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

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

Fig. 3 is a block diagram of an example wireless communication network, where the first
transceiver of Fig. 1 is represented as a network base station and the second transceiver of
Fig. 1 is represented as an item of user equipment.

Fig. 4 is a diagram of example conversion and tuning precoders, as used to form an overall
precoder.

Figs. 5 and 6 are diagrams of example codebooks, where Fig. 5 depicts one codebook
containing conversion precoders and another one containing tuning precoders, and where Fig.
6 depicts one codebook containing overall precoders, each corresponding to a particular
conversion precoder and a particular tuning precoder.

Fig. 7 is a logic flow diagram of one embodiment of a method of providing precoder
recommendations from a second transceiver to a first transceiver, such as is shown in Fig. 1.
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Fig. 8 is a partial block diagram of one embodiment of processing circuitry in the second
transceiver, for determining precoder recommendations.

Fig. 9 is a logic flow diagram of one embodiment of a method of precoding transmissions from
a first transceiver to a second transceiver, such as are shown in Fig. 1.

Fig. 10 is a partial block diagram of one embodiment of processing circuitry within the first
transceiver for controlling the precoding of transmissions to the second transceiver.

Fig. 11 is a block diagram of one embodiment of further precoding circuits for the first
transceiver.

DETAILED DESCRIPTION

[0023] Fig. 1 depicts a first wireless communication transceiver 10 and a second wireless
communication transceiver 12, referred to for convenience as transceivers 10 and 12. The
transceiver 10 includes a number of antennas 14 and associated transceiver circuits 16,
including one or more radiofrequency transmitters 18 and receivers 20. Still further, the
transceiver 10 includes control and processing circuits 22, which include a feedback processor
24, a precoding controller 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.

[0024] The one or more codebooks 30 stored at the transceiver 10 include entries comprising
N7 Q different conversion precoders 32 and entries comprising a number of corresponding

tuning precoders 34, or include entries comprising a plurality of overall precoders 36, with each
overall precoder 36 comprising the product of a conversion precoder 32 and a tuning precoder
34. Here, it will be understood that the reference number "32" is used to refer to conversion
precoders in the plural and singular senses, but each conversion precoder 32 generally is
unique from the others, in terms of the numeric values representing its matrix elements. The
same understanding applies to the reference numbers "34" and "36" as used for the tuning
precoders and overall precoders, respectively.

[0025] Each conversion precoder 32 comprises a block diagonal matrix in which each block
comprises a DFT-based antenna-subgroup precoder 38 (shown in Fig. 2). Each antenna-
subgroup precoder 38 is a matrix block with N7/2 rows and belongs to a set of N7Q different
DFT-based beams, where Q is an integer equal to or greater than 2, and where each tuning
precoder 34 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 38 in a corresponding one of the conversion precoders 32.

[0026] Continuing with Fig. 1, the second transceiver 12 includes a number of antennas 40
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and associated transceiver circuits 42 (including one or more radio frequency receivers 44 and
transmitters 46). The transceiver 12 further includes control and processing circuits 48. At least
functionally, the control and processing circuits 48 include received signal processing circuitry
50, e.g., demodulation/decoding circuits, one or more estimation circuits 52 for estimating
channel conditions and/or signal quality, a precoding feedback 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).

[0027] 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 in terms of the precoders selected by the transceiver 12 as "precoder
recommendations." That is, 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 corresponding precoder weights to be used for multi-
antenna transmission from the transceiver 10 to the transceiver 12.

[0028] The transceiver 10 determines the precoder operation based at least in part on
receiving channel state information (CSI) 62 from the transceiver 12, which includes precoder
information 64. The precoder information 64 may be understood 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 its precoder
information 64. For example, the control signaling 66 may restrict precoder selections to a
particular subset of precoders-e.g., those intended for SU-MIMO mode, or those intended for
MU-MIMO mode.

[0029] In at least one embodiment, the control and processing circuits 22 of the transceiver 10
at least in part comprise computer-based circuitry, e.g., one or more microprocessors and/or
digital signals processors, or other digital processing circuitry. In at least one embodiment,
such circuitry is specially configured to implement the methods taught herein for the
transceiver 10, based on executing stored computer program instructions. These instructions
are, in one or more embodiments, stored in the memory 28. Likewise, in 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 embodiments include 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 56.

[0030] Such implementations may be understood in the example case of Fig. 3 where the
transceiver 10 is configured as a wireless communication network base station 70 operating in
a wireless communication network 72. The transceiver 12 is configured as a UE 74 and is
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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 in the
same network and/or in one or more other networks. To this end, the CN 78 is
communicatively coupled to one or more external networks 80, such as the Internet and/or the
PSTN.

[0031] The base station 70 stores the one or more codebooks 30, as does the UE 74.
Accordingly, one sees precoded transmissions 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.

[0032] One also sees the transmission of precoder information 64 (i.e., precoder selection
feedback) from the UE 74 to the base station 70. As noted, these recommendations comprise
selection indicators, such as PMIs, that indicate the particular conversion and tuning precoders
32 and 34 that are currently recommended by the UE 74 for use by the base station 70 in
precoding transmissions to the UE 74. In another embodiment, the recommendations comprise
indications of the selected overall precoder 36, which corresponds to the selection of a
particular conversion precoder 32 and a particular tuning precoder 34. However, even in 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.

[0033] Fig. 4 provides a better illustration of this "factorized precoder” flexibility, where an
overall precoder 36 (denoted as "W") is formed as the matrix multiplication of a selected

conversion precoder 32 (denoted as "W(C)") and a selected tuning precoder 34 (denoted as

"WO"). 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 32 at second index
positions, thus allowing different ranges of index values for denoting conversion precoder
selections and tuning precoder selections. 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, Fig. 6 illustrates 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 conversion precoder 32 and a particular tuning
precoder 34.

[0034] 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 in the codebook 82, and a second index value that indexes
(points) to a particular tuning precoder 34 in the codebook 84. In the case where one
codebook 86 of overall precoders 36 is used, the index values may be two-dimensional row-
column index values that point to a particular overall precoder 36 in a table structure.
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[0035] Advantageously, in any of these cases, the precoder information 64 may include
separate indications for conversion and tuning precoder selections. This provides for
advantageous gains in signaling efficiency. 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 recommended by the transceiver 12 is 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 conversion precoder
32 and a respective one of the two or more recommended tuning precoders 34.

[0036] In the case where a single codebook 86 of overall precoders 36 is used, that codebook
may be arranged such that each 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 comprises a row pointer and a column pointer, and the transceiver 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, it 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 it with each of two or more tuning precoders 34.

[0037] With these examples in mind, Fig. 7 illustrates a method 700 implemented in the
transceiver 12. The transceiver 12 is configured to carry out the method 700 based on
executing computer program instructions stored in its 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 precoder 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 is adapted to perform these selections, based on
computing the recommendations according to the factorized conversion and tuning precoder
format.

[0038] Further, it will be understood that the transceiver 12 stores the codebook(s) 30 in its
memory 56-e.g., it stores one codebook 82 of conversion precoders 32 and another codebook
84 of tuning precoders 34, or it 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 transceiver 10 (Block 704).

[0039] 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
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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 transceiver 10 than is used for signaling the conversion
precoder recommendations. For example, referring to the wireless network case of Fig. 3, the
conversion precoder recommendations are sent using Radio Resource Control (RRC)
signaling, while the tuning precoder recommendations are sent on a lower layer.

[0040] Regardless, the transceiver 12 makes its precoding recommendation 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, it may
control its recommendations responsive to control signaling 66 received from the transceiver
10. Such an arrangement is seen in the example of Fig. 8, wherein the precoding feedback
generator 54 (abbreviated as "PFG" in the illustration) 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.

[0041] It will be understood that the channel property information comprises, for example,
complex coefficients representing 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 transceiver 10 is operating in an MU-MIMO mode, and another subset for case
where the transceiver 10 is operating in a SU-MIMO mode. This example is particularly
pertinent to the example network case of Fig. 3, where the transceiver 10 is a base station 70
and may support pluralities of UEs 74 ("users").

[0042] While Fig. 7 illustrates what might be considered as an example of the "receive" side
method, Fig. 9 illustrates an example case for the "transmit" side method-i.e., it details
example operations implemented by the transceiver 10. The method 900 is directed to
precoding multi-antenna transmissions 60 to the transceiver 12, and includes receiving
channel state information 62 from the other transceiver 12, including receiving selection
indicators as the precoder information 64 (Block 902). The method 900 continues with
identifying the precoder information 64 by selecting entries from one or more codebooks 30
stored at the transceiver 10, based on the selection indications included in the channel state
information 62 (Block 904). Here, it will be understood that the feedback processor 24 at the
transceiver 10 is adapted to handle the factorized feedback contemplated for the precoder
information 64. That is, the feedback processor 24 is configured to extract and provide the
conversion and tuning precoder recommendations included in the channel state information
62.

[0043] The method 900 further includes the transceiver 10 precoding 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
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overall precoder 36 that the transceiver 12 recommends for precoding the transmission 60 to
the transceiver 12. However, when the transceiver 10 determines the actual precoding
operation to apply in generating the transmission 60, it may follow the recommendations or
make its own selections or modifications.

[0044] Fig. 10 illustrates an example configuration where the feedback processor 24 and
precoding controller 26 (abbreviated "FP" and "PC") determine the actual precoder selections
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 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
precoding operations.

[0045] As for generating the precoded transmission 60, Fig. 11 depicts a precoding circuit 90
included in the transmitter 18 of the transceiver 10 and it will be understood as being
associated with the precoding controller 26. The precoding circuit 90 enables the transceiver
10 to precode transmissions according to an applied precoding operation, and the transceiver
10 may have more than one such circuit.

[0046] According to the example illustration, the precoding circuit 90 receives input 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 precoding controller 26. Depending on the transmit
rank in use, the input data is placed onto one or more spatial multiplexing layers and the
corresponding symbol vector(s) s are input to a precoder 94.

[0047] As an example, the precoder 94 is shown as applying a selected overall precoder 36
(denoted as "W") that is formed as the matrix multiplication of a selected conversion precoder

32 (denoted as "W(©)") and a selected tuning precoder 34 (denoted as "WU"). 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 transceiver 10 at least considers those recommendations in its precoding
determinations. In any case, the precoder 94 outputs precoded signals to Inverse Fast Fourier
Transform (IFFT) processing circuits 96, which in turn provide signals to a number of antenna
ports 98 associated with the antennas 14 shown in Fig. 1.

[0048] Note that these ports are managed as a ULA in 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.

[0049] In more detail, each conversion precoder 32 is one out of NTQ different entries in a

codebook. Each conversion precoder 32 comprises a block diagonal matrix. Each such block
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diagonal matrix is a DFT-based antenna-subgroup precoder 38 that corresponds to a
subgroup of N7 transmit antenna ports 98 and provides NtQ different DFT based beams for

the corresponding subgroup, where Q is an integer value and where the NyQ different

conversion precoders 32, together with one or more of the tuning precoders 34, correspond to
a set of N7Q different overall precoders 36, each overall precoder 36 thus representing a size-

Nt DFT-based beam over the Nt transmit antennas ports 98.

[0050] To better understand the above arrangement, consider that antenna-subgroup
precoder 38 is a matrix block with N7/2 rows and belongs to a set of NyQ different DFT-based

beams, where Q is an integer equal to or greater than 2. Further, each tuning precoder 34
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 38 in a corresponding one of the conversion precoders 32. With this
structure, each overall precoder 36 comprises a DFT-based precoder providing for Ny transmit

beams across Nt transmit antenna ports.

[0051] As such, in at least one embodiment, the transceiver 10 is configured to perform DFT-
based precoding of transmissions 60 from two or more subgroups of the antennas 14 at the
transceiver 10. These operations are based on the transceiver 10 using the antenna-subgroup
precoders 38 in one of the conversion precoders 32, as selected by the transceiver 10 from
the one or more codebooks 30 based at least in part on the precoder information 64.

[0052] To better understand the advantages of the above precoder structure and in
development of the underlying mathematical operations, consider a general precoder matrix. If
the precoder matrix is 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 in the symbol vector s each correspond to a layer and r is referred to as the
transmission rank. In this way, spatial multiplexing is achieved because multiple symbols can
be transmitted simultaneously over the same time/frequency resource element (TFRE). The
number of symbols r is typically adapted to suit the current propagation channel properties.

[0053] LTE uses OFDM in the downlink (and DFT precoded OFDM in the uplink) and hence
the received Nr x 1 vector y, for a certain TFRE on subcarrier n (or alternatively data TFRE

number n) is thus modeled by

¥n = HpWhpxSy +ep (1)

where e, is a noise/interference vector obtained as realizations of a random process and H,, is
the complex channel. The precoder, Wntx,, can be a wideband precoder, which is constant
over frequency, or frequency selective.

[0054] Conventionally, the precoder matrix is often chosen to match the characteristics of the
Ngr x Nt MIMO channel matrix H, resulting in so-called channel dependent precoding. This is

also commonly referred to as closed-loop precoding and essentially tries to focus the transmit
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energy into a subspace which is 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 is reduced.

[0055] According to the factorized precoder structure disclosed herein, the conversion
precoders 32 are configured to have dimension Nt x k, where k is configurable and preferably

is less than the number of transmit antenna ports Ny considered for precoding. In this regard k
< N7 advantageously restricts the number of channel dimensions that must be accounted for in

the tuning precoders 34. Correspondingly, the tuning precoders 34 are configured to have
dimension k X r, where r is the transmission rank. This arrangement is shown below:

—_wlic) (t)
WNT xr— WNTkaer ’ (2)

where the conversion precoder 32,

(c)
Wapxk:

strives for capturing wideband/long-term properties of the channel such as correlation, while
the tuning precoder 34,

targets frequency-selective/short-term properties of the channel.

[0056] The conversion precoder 32 exploits the correlation properties for focusing the tuning
precoder 34 in "directions” where the propagation channel H on average is "strong." Typically,
this is accomplished by reducing the number of dimensions k covered by the tuning precoder
34. In other words, the conversion precoder 32 becomes a tall matrix with a reduced number
of columns. Consequently, the number of rows k of the tuning precoder 34 is 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.

[0057] In one arrangement already shown, the conversion precoders 32 are in one codebook
82 and the tuning precoders 34 are in 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.

[0058] To see how correlation properties are exploited and dimension reduction achieved,
consider the case where the Nt different antennas 14 at the transceiver 10 are arranged into
Nt/2 closely spaced cross-poles. Based on the polarization direction of the antenna subsets,
the antennas in the closely spaced cross-pole setup can be divided into two groups, where
each group is a closely spaced co-polarized Uniform Linear Array (ULA) with Nt/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 ULA are denoted H; and H,, respectively.
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[0059] For convenience in notation, the following equations drop the subscripts indicating the
dimensions of the matrices as well as the subscript n. Assume that each conversion precoder
32 has a block diagonal structure,
we g
wi - . @)
0 w©

The product of the MIMO channel H and the overall precoder 36 can then be written as
HW=[H , H\]W(")W(t)
we

ah20Y N L @

- y(©) #(© () - (v
=[m,WO B WO WO =R W
As seen, the matrix W() separately precodes each antenna group ULA, thereby forming a

smaller and improved effective channel Hggr. As such, the blocks within W0 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 channel properties. In this case, instantaneous channel properties are to a large
extent dependent upon the relative phase relation between the two orthogonal polarizations.

[0060] It is also helpful for a fuller understanding of this disclosure to consider the theory
regarding a "grid of beams." along with Discrete Fourier Transform (DFT) based precoding.
DFT based precoder vectors for Nt transmit antennas can be written in the form

T
(Np,0) Ny @ (N1,0) (N1.Q)
Wn e =[wl nT w2,nT weow T }
’ Npsn
®)

(Nt O) , 2m
wm!,}r =exp( J

mn], m=0,--,Ny =1, n=0,--,ONT -1,
NTQ

where
(N )
Wm,r’ar

is the phase of the m:th antenna, n is the precoder vector index (i.e., which beam out of the
QNT beams) and Q is the oversampling factor. As seen, the phase increases with the same

amount from one antenna port to another, i.e., linearly growing phase with respect to the
antenna port index m. This is in fact a characteristic of DF T-based precoding. Thus DFT based
precoder vectors may include additional phase shifts on top of those shown in the above
expression as long as the overall phase shift is increasing linearly with m.

[0061] For good performance, it is important that the array gain function of two consecutive
transmit beams overlaps in 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
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for Nt antennas, at least 2Nt beams are needed.

[0062] An alternative parameterization of the above DFT based precoder vectors is

T
V.0 | (Np.Q) (V@) (V7,2
Yig =[W1,Qz+q Ya0ivg T Yy o
o ©®
W@ 27 (g
Wi, Ol+q = exp[; N—Tm(l+—éJ}

form=0,Nt-1,/1=0,-Nt-1,¢=0,1,-,Q- 1, and where / and q together determine the
precoder vector index via the relation n = Qi + q. This parameterization also highlights that
there are Q groups of beams, where the beams within each group are orthogonal to each
other. The q:th group can be represented by the generator matrix

ol =[WBZ\;T,Q) W0 w(NT,Q)]' -
' ' Np-Lg

By insuring that only precoder vectors from the same generator matrix are being used together

as columns in the same precoder, it is straightforward to form sets of precoder vectors for use

in so-called unitary precoding where the columns within a precoder matrix should form an

orthonormal set.

[0063] Further, to maximize the performance of DFT based precoding, it is useful to center
the grid of beams symmetrically 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

Np,
w0

with a diagonal matrix wyq having elements

oo

The rotation can either be included in the precoder codebook or alternatively can be carried
out as a separate step where all signals are rotated in 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 remainder of DFT-precoding discussion herein, it is tacitly assumed that
rotation may or may not have been carried out as part of DF T-based precoding.

[0064] 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 is specifically optimized for the case of a transmit antenna array
comprising closely spaced cross-poles, but other antenna arrangements exist as well. In
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 conversion precoder structure, irrespective of
whether the transceiver 10 uses its antennas as a ULA of Ny closely-spaced co-poles, or as

two subsets cross-poles, each subset having N1/2 antenna elements.
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[0065] In particular, in one or more embodiments, the conversion precoders 32 comprise
DFT-based precoders which are suitable for the two Nt/2 element antenna group ULAs in a
closely spaced cross-pole setup, while still providing for their re-use in forming the needed
number of DFT based size Nt precoders for an Nt element ULA. Moreover, one or more

embodiments disclosed herein provide a structure for the conversion precoder that allows re-
using existing codebooks with DFT based precoders and extending their spatial resolution.

[0066] In any case, an example embodiment illustrates re-using DFT based precoder
elements for an antenna group ULA in a closely spaced cross-pole and also in 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, regardless of whether those antennas 14 are
configured and operated as an overall ULA of Nt antennas, or as two cross-polarized ULA

subgroups, each having N1/2 antennas.

[0067] Consider again the block diagonal factorized precoder design given as
we o
W = W(c)w(t) = W(t) , C)]
0 W(c)

and note that in order to tailor the transmission to +45 degrees cross-poles, the structure of a
conversion precoder 32 can be modified by means of a multiplication from the left with a matrix

I Iej¢
s (10)

I —Ie”’
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 polarization.

[0068] For an Nt element ULA, the overall precoder 36 for rank 1 is to be an Nt x 1 vector as

T

Wi O

wowl' T =[WI(IZT,Q) wg nT,Q) W(NT,Q)} ‘ 1)
) b NT’"
Forantennas m=0, 1, ..., Ny/2 -1,
,(,,ﬁ,',r’Q) =exp(j mnl=exp jz—ﬂmn =wg\,,;,r/2’2Q), n=0,--,ONt-1,(12)
e L(0)
5 (20

while for the remaining antennas m=Nt/2+m', m'=0,1, ..., Ny/2 -1,

N 2,
w( T2 =exp j2—”(NT/2+m')n
NT/2+m',n NTQ

. 2 , ¥
=exp| j————m'n cxp[}an]
2L(20)

FE N NPLRS I'e A

(13)
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_ ANqi220) T
=Wy expij-nJ

_(#p/220)

' o, n=0,--,0Nt-1.

Here,

ae{exp[jgn):n=0,1,---,2Q—1}.

[0069] Any Nt element DFT overall precoder 36 can thus be written as

T
N, Ner, N, N, N, 3 ’

wE: Q) _ w((lnT 19) w](nT 9 w( 1:9) w((, "T Q)a waT Q)a w(NT Q)a

? ’ NT =ln ’ 3 NT ~Ln

(14)
Ny/2,2 12,2
_ w,(., T/220) _ wf,NT 2 0 H
Nnl2,2 Ni/2,20) |L& ‘
wf, T Q)a 0 wf, T/220)

One sees in the above arrangement that

Nr,
w0
may be regarded as an example of an overall precoder 36 formed from a conversion precoder
32 given as

wf’NTIZ,ZQ) g

0 ngT 12,20)

and a tuning precoder 34 given as

1
B
Note further that each block,
(NT/2,2Q)
Wy ,
of the conversion precoder 32 represents one of the antenna-subgroup precoders 38 included

in the conversion precoder 32, and note that the tuning precoders 34 are determined as
1

(‘n J in=0,1,-+,20~13. (15)
exp j-Q—n

[0070] The above arrangement suits the closely spaced cross-polarized antenna array
perfectly because size N1/2 DFT-based antenna-subgroup precoders 38 are now applied on

each antenna group ULA and the tuning precoder 34 provides 2Q different relative phase
shifts between the two orthogonal polarizations. It is also seen how the N1/2 element antenna-

subgroup precoders 38 are reused for constructing the Nt element overall precoder 36. Of

further note, the oversampling factor Q is twice as large in the cross-polarized case as it is for
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the co-polarized case, but those elements are not wasted because they help to increase the
spatial resolution of the grid of beams precoders even further. This characteristic is 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.

[0071] For example, take a special case of Nt = 8 transmit antennas-i.e., assume that the
transceiver 10 of Fig. 1 includes eight antennas 14, for use in precoded MIMQO transmissions,
and assume that Q = 2 for the closely spaced ULA. One sees that the overall precoder 36 is
built up as

(Np/2,20)
w®2) | Wn
n

(N1 /2,:20)
Wp a
1

“449 g
_|W¥n o N n=0--2Np-1, n'=0,123.
0 w£,4'4) exp jEn

The codebook entries for the tuning precoders 34 can then be chosen from the rank 1, 2 Tx

(16)

codebook in LTE and hence that codebook can be re-used in the teachings disclosed herein.
The codebook for the conversion precoders 32 contains elements constructed from four DFT
based generator matrices as in Eq. (7). The codebook(s) 30 can contain other elements in
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 DFT-based antenna-
subgroup precoders 38 can be used in 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 is being
discussed here.

[0072] Further, note that DFT-based overall precoders 36 can be used for higher transmission
ranks than one. One way to accomplish this is to pick the conversion precoders 32 as column
subsets of DFT-based generator matrices, such as shown in 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

w(‘)=[1 1}, ae{exp[jln):n=o,1,--~,2Q—1}. “17)
a ~a Q

[0073] It is sometimes beneficial to re-use existing codebooks in the design of new
codebooks. However, one associated problem is 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 N1/2 antennas with DFT

precoders providing Q = Qg in oversampling factor and that the target oversampling factor for
the N1/2 element antenna group ULAis Q = Q. The spatial resolution of the existing codebook

can then be improved to the target oversampling factor in factorized precoder design as

[A;WE,NTQ'Q‘? ) 0 ]r .
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w=| [aJ n=0,+,0e Ny -1, §=0,L--,0 /0 -1
N 12,
0 Aqwg, T/%Le)
(18)

Aq=diag 1.exp jz—”il L,eXp jz—”iz 5=, €Xp jz—ﬂi(NTIZ—l)

Nt O Nt & Nt &

2 2 2
Here, the

N2,

W V120:)

could be elements in the existing LTE 4 Tx House Holder codebook, which contains 8 DFT
based precoders (using an oversampling factor of Q = 2 so that there is some overlap among
the beams spanning four antennas) for rank 1. When the transmission rank is higher than one,
the block diagonal structure can be maintained and the structure thus generalizes to

<(c
AN o w®
0 Aq‘,'v(c) '

W= (19)

where W is now an Nt X r matrix, W() is a matrix with at least one column equal to a DFT

based antenna-subgroup precoder
Np /2,
w200

and the tuning precoder W has r columns.

[0074] To see that that the spatial resolution can be improved by multiplying an antenna-
subgroup precoder 38 with a diagonal matrix as described above, consider the alternative
parameterization of DFT precoders in Eq. (6),

Ny, .
w( TQ1)=exp{j2—”m[l+i]], m=0,Ny=1,/=0,+,Ny-1,¢4=0,:-,0; ~1,(20)

mQylq NT Ot
and let
e=Lg4q g'=0,0,-1 =02 (21)
Qe Oe
to arrive at
w(NT’Qt) =exp[j—21m[l+L Q—tq'ﬂiD]
m 1+ 2 g N\ G\
Oe
=exp[j—2£n{1+q— Jexp{jz—ﬂmiJ (22)
Nt Oe Nt &
=w(NT,Qe) exp j2_zmi
mQel+g’ Nt G
for

o,

m=0,-+,Ny =1, =0,--, Ny -1,¢'=0,--,0, ~1,§ = 0,---,
Qe
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[0075] The above formulations demonstrate an advantageous aspect of the teachings
presented herein. Namely, a codebook containing DFT precoders with oversampling factor Qe

can be used for creating a higher resolution DFT codebook by multiplying the m:th element
with

[ 2r  § J
exp| j—m—
Nt &

and hence proving that the diagonal transformation given by A5 indeed works as intended.

[0076] Another issue to take into account when designing precoders is to ensure an efficient
use of the power amplifiers (PAs), e.g., the PAs in the transmitters 18 used for multi-antenna
transmission from the transceiver 10. Usually, power cannot be borrowed across antennas
because there is a separate PA for each antenna. Hence, for maximum use of the PA
resources, it is important that the same amount of power is transmitted from each antenna. In
other words, an overall precoder matrix W for precoding from the transmit antennas should
fulfill

[ww‘]m =x, Vm. (23)

[0077] Thus, it is beneficial from a PA utilization point of view to enforce this constraint when
designing precoder codebooks. Full power utilization is also ensured by the so-called constant
modulus property, which means that all scalar elements in a precoder have the same norm
(modulus). It is easily verified that a constant modulus precoder also fulfills the full PA utilization
constraint in Equation (23). Hence, the constant modulus property constitutes a sufficient but
not necessary condition for full PA utilization.

[0078] With the beneficial aspect of full PA utilization in mind, another aspect of the teachings
presented herein relates to providing precoders that yield full PA utilization. In particular, 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
conversion precoder 32, full PA utilization is guaranteed and rank override exploiting the
nested property is also possible for the overall precoder formed as the combination of a
conversion precoder 32 and a tuning precoder 34 having the properties and structure
disclosed herein.

[0079] Afirst step in designing efficient factorized precoder codebooks while achieving full PA
utilization and fulfilling rank nested property is 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 is made equal to 2 r/2q, where r.q denotes the ceil function. This
structure is 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

- - T za FORN A T
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() w7 w9 oL W 0 0 0
W 0 2
wo - ©| - © @ @ [
X - {C ~{C ~
where
~(c)
Wi

is an N1/2 x 1 vector.

[0080] Extending the conversion dimension in this manner helps keep the number of
dimensions small and in addition serves to make sure that both polarizations are excited

equally much. It is 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
is to have the possibility to signal the column ordering used in w(e), Flexibility in the choice of

columns for W() for the different ranks is beneficial so as to still be able to transmit into the
strongest subspace of the channel even when rank override using a column subset is
performed.

[0081] Further, as regards to ensuring full PA utilization, e.g., at the transceiver 10, the tuning

precoders 34, which are denoted as WO are in one or more embodiments constructed as
follows: (a) the conversion vector
w©
is made constant modulus; and (b) a column in the tuning precoder has exactly two non-zero
elements with constant modulus. If the m:th element is non-zero, so is element m+ r/2q.
Hence for rank r = 4, the columns in the tuning precoder 34 are of the following form

x{10

01x (25)
x’lol
0 | x

where x denotes an arbitrary non-zero value which is not necessarily the same from one x to
another. Because there are two non-zero elements in 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

1 1

ol o
It | ¢ | (26)
0 0

Rank nested property for the overall precoder is upheld when increasing the rank by one by
ensuring that columns for previous ranks excite the same columns of the conversion 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
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Using the pairwise orthogonality property in Eq. (26), and representing the structure for the

overall precoder 36, denoted as W, as W= WOWO, the precoder structure can be further
specialized into

( 1 1 0 0 T
0 0 |
=€) () . (c)
- e)  z(c) (0 fle -e o 0
0 0 0 W Wy . o) . )
0 0 emz -eJ¢2
(28) ) ]

Note that the double block diagonal structure for the tuning precoder can be described in
different ways depending on the ordering of the columns used for storing the conversion

precoders W) as entries in the codebook 26. It is possible to equivalently make the tuning

precoders W() block diagonal by writing

x x 0 0 « 0 0
xx 00
{0 7 e WO 00 x x°
AL R rcS I PR
0 & o &9 .. .. 0 00"
! 2 f-r/2-| . 0 0
. X X
0000 -+ 0 x x|
(29)

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 is also interesting to note that if 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

X x x X

0 0 x x

Lo L T
=

(30)
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[0082] Further, it is worth mentioning that rank nested property can be useful when applied
separately to the conversion precoders 32 and the tuning precoders 34. Even applying it 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(c)
remains fixed.

[0083] As an illustrative example for eight transmit antennas 14 at the transceiver 10, assume
that Rank r=1

~w§1) Ir 1 }
W= ‘ (31)
e
Rank r=2
@p 1 1
W= . . (32)
- ng)_ _ej'pk —emk
Rank =3
[ 1 1 0
wgl) W(21) 0 0 1
W= e J% (33)

W W

Rank r=4
1 1 0 0
w il ] . ? I (34)
= wsl) W(zl) e!{”k _el¢k 0 0
] 0 0 eJ‘PI _e1¢[
Rank r=5
[ 1 1 0 0 0]
0 0 1 0
w W’ W) Wl . . o0 l 35
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WO G0 Lol = 0 0 0 |9
1 W2 W3 ; :
- Jp Je
0 0 el 'l 0
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W= Je, je, “ . n .
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The 4 Tx case follows in a similar manner.

[0084] With the above in mind, the following structure and provisions are proposed herein, for
one or more embodiments that provide for full PA utilization:

1. 1. The overall precoder 36 can be factorized into a conversion precoder 32 and a tuning
precoder 34.
1. a. the conversion precoder 32 is block diagonal
2. b. the tuning precoder 36 has the properties:
1. i. all non-zero elements are constant modulus
2. ii. every column has exactly two non-zero elements
3. iii. every row has exactly two non-zero elements
2. 2. Two columns in the tuning precoder 34 either have non-zero elements in the same
two rows or do not have any non-zero elements in the same rows.
3. 3. Two columns in the tuning precoder 34 having non-zero elements in the same two
rows are orthogonal to each other.
4. 4. The conversion precoder 32 has 2 rk/2q columns and if row m in a tuning precoder
column has a non-zero element, so does row m+ k/2q .
5. 5. The columns of the tuning precoder 34 for rank r is a subset of the columns of the
tuning precoder for rank r+1
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[0085] With the above in 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 includes selecting 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 transmitting weighted signals from the two
or more transmit antennas 14 in accordance with the transmission weights. The selected
precoder is selected at least in part based on considering precoder information received from
the second transceiver 12, which includes indications of precoder selections made by the
second transceiver 12, which are intended as precoding recommendations to be considered by
the first transceiver 10.

[0086] According to the above method, the overall precoder 36 factorizes into a conversion
precoder 32 and a tuning precoder 34, wherein the conversion precoder 32 is block diagonal
and wherein the tuning precoder 34 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 in the same two
rows or do not have any non-zero elements in the same rows; and two columns having non-
zero elements in the same two rows are orthogonal to each other. Further, the conversion
precoder 32 has 2 rk/2q columns, where k is a non-negative integer, and if row m in a tuning
precoder column has a non-zero element, so does row m + rk/2q .

[0087] Further, in at least one such embodiment, the columns of a tuning precoder 34 for rank
r is a subset of the columns of a tuning precoder for rank r+1.

[0088] Similarly, another method disclosed herein provides for sending precoding information
from a second transceiver 12 to a first transceiver 10 that considers the precoding information
in selecting precoders for precoding multi-antenna transmissions 60 to the second transceiver
12.

[0089] 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 tuning precoder 34 corresponding 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.

[0090] For this method, the conversion precoders 32 are each block diagonal and each tuning
precoder 34 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 in the same two rows or do not have any non-zero
elements in the same rows; and two columns having non-zero elements in the same two rows
are orthogonal to each other. Additionally, according to the method, the conversion precoder
32 has 2 rk/2q columns, where k is a non-negative integer, and if row m in a tuning precoder
column has a non-zero element, so does row m+k/2q. Still further, in at least one
embodiment, the columns of a tuning precoder 34 for rank r is a subset of the columns of a
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tuning precoder for rank r+1.

[0091] Of course, the teachings herein are not limited to the specific, foregoing illustrations.
For example, terminology from 3GPP LTE was used in this disclosure to provide a relevant and
advantageous context for understanding operations at the transceivers 10 and 12, which were
identified 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 illustrations and may
be advantageously applied to other contexts, such as networks based on WCDMA, WiMax,
UMB or GSM.

[0092] Further, the transceiver 10 and the transceiver 12 are not necessarily a base station
and an item of mobile equipment within a standard cellular network, although the teachings
herein have advantages in 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, it will be
understood that the teachings herein are limited by the claims, rather than by the illustrative
examples given herein.
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Patentkrav

1. Fremgangsmade (700) i en trddles kommunikationstransceiver (12), hvor
en anden transceiver (10) forkoder transmissioner (60) til transceiveren (12)
baseret i det mindste delvist pa transceiveren (12), der sender kanaltilstands-
informationer (62) til den anden transceiver (10), som indeholder forkoder-
informationer (64), der omfatter en forkoderanbefaling fra transceiveren (12)
til transceiveren (10), og hvor fremgangsmaden er kendetegnet ved:
udveelgelse (702) af indlaesninger fra en eller flere kodebager (30) som en
valgt konversionsforkoder (32) og en valgt tuning-forkoder (34) eller som en
valgt generel forkoder (36), som er produktet af en valgt konversionsforkoder
(32) og en valgt tuning-forkoder (34); og

sending (704) af indikationer af de valgte indlaesninger som forkoder-
informationerne (64), der er indeholdt i kanaltilstandsinformationerne (62); og
hvor der er 2Nt konversionsforkodere (32), som hver omfatter en blokdiago-
nalmatrix, som har to eller flere kolonner med blokke pa matrixdiagonalen,
hvor hver sadan blok omfatter en DFT-baseret antenne-undergruppe-
forkoder (38), som svarer til en undergruppe af Nt/2 af Nr sendeantennepor-
tene (98) ved transceiveren (10) og tilvejebringer 2N forskellige DFT-
baserede straler for den tilsvarende undergruppe, og hvor alle 2N7 forskellige
konversionsforkodere (32) er genanvendelige sammen med en eller flere af
tuning-forkoderne (34) til dannelse af et seet af 2N+ forskellige generelle for-
kodere (36), hvor hver generel forkoder (36) repreesenterer en DFT-baseret
strale af en stgrrelse Nt via Nt sendeantenneportene (98),

hvor den ene eller flere kodebager (30) indeholder konversions- og tuning-
forkodere (32, 34) eller tilsvarende generelle forkodere (36) for flere trans-
missionsklasser, og hvor for transmissionsklasse r>2:

tuning-forkoderen (34) har 2 rr/24 reekker og r koloner, hvor r er transmissi-
onsklassen, hvor alle ikke-nul-elementer er et konstant modul, hvor hver ko-
lonne har ngjagtigt to ikke-nul-elementer, og hver raekke har ngjagtigt to ikke-
nul-elementer, og to kolonner, som har ikke-nul-elementer i de samme to
reekker, er ortogonale i forhold til hinanden,

og konversionsforkoderen (32) har 2 r/24 kolonner, og hvis reekke m i en
tuning-forkoder-kolonne i tuning-forkoderen (34) har et ikke-nul-element, sa-
ledes ogséa raekke m + /2.
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2. Fremgangsmade (700) ifglge krav 1, hvilken fremgangsmade yderligere er
kendetegnet ved, at den anden transceiver (10) er en basestation (70) i et
tradlgst kommunikationsnetveerk (72), og transceiveren (12) er en brugerind-
retning (74), UE, som sender kanaltilstandsinformationerne (62) til basestati-
onen (70).

3. Fremgangsmade (700) ifglge krav 1, hvor kolonnerne af en tuning-forkoder
(34) for klasse r er en delmaengde af kolonnerne af en tuning-forkoder for
klasse r+1

4. Tradlgs kommunikationstransceiver (12), som er konfigureret til at sende
kanaltilstandsinformationer (62) til en anden trddles kommunikationstrans-
ceiver (10), som forkoder transmissioner (60) til transceiveren (12) baseret i
det mindste delvist pa kanaltilstandsinformationerne (62), hvilken transceiver
(12) indeholder en modtager (44) til modtagelse af signaler fra den anden
transceiver (10) og en sender (46) til sending af signaler til den anden trans-
ceiver (10), indbefattende sending af signaler, der overfgrer kanaltilstandsin-
formationerne (62), som omfatter en forkoderanbefaling fra transceiveren
(12) til transceiveren (10), hvor transceiveren (12) er kendetegnet ved:

en hukommelse (56), som lagrer en eller flere kodebgger (30), indbefattende
indlzesninger omfattende 2Nr forskellige konversionsforkodere (32) og en
eller flere tuning-forkodere (34) eller indlaesninger, som omfatter en flerhed af
generelle forkodere (36), hvor hver generel forkoder (36) omfatter produktet
af en valgt konversionsforkoder (32) og en valgt tuning-forkoder (34), hvor
hver konversionsforkoder (32) omfatter en blokdiagonalmatrix, som har to
eller flere koloner med blokke pa matrixdiagonalen, hvor hver sadan blok om-
fatter en DFT-baseret antenne-undergruppe-forkoder (38), som svarer til en
undergruppe af N1/2 af Nr sendeantenneportene (98) ved transceiveren (10)
og tilvejebringer 2N7 forskellige DFT-baserede straler for den tilsvarende un-
dergruppe, og hvor alle 2N forskellige konversionsforkodere (32) er genan-
vendelige sammen med en eller flere af tuning-forkoderne (34) til dannelse af
et saet af 2N forskellige generelle  forkodere (36), og hver generel forkoder
(36) repreesenterer en DFT-baseret strale af en stgrrelse Ny via Nr-
sendeantenneportene (98); og
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en forkodningsfeedbackgenerator (54), som er konfigureret til at udveelge
indlzesninger fra den ene eller flere kodebager (30), der repraesenterer en
valgt generel forkoder (36) som forkoderanbefalingen;

hvilken forkodningsfeedbackgenerator (54) desuden er konfigureret til via
senderen (46) at sende forkoderanbefalingen i kanaltilstandsinformationerne
(62),

hvor den ene eller flere kodebgger (30) indeholder konversions- og tuning-
forkodere (32, 34) eller tilsvarende generelle forkodere (36) for flere trans-
missionsklasser, og hvor for transmissionsklasse r>2:

tuning-forkoderen (34) har 2 r/24 raekker og r koloner, hvor r er transmissi-
onsklassen, hvor alle ikke-nul-elementer er et konstant modul, hvor hver ko-
lonne har ngjagtigt to ikke-nul-elementer, og hver reekke har ngjagtigt to ikke-
nul-elementer, og to kolonner, som har ikke-nul-elementer i de samme to
reekker, er ortogonale i forhold til hinanden,

og konversionsforkoderen (32) har 2 r/24 kolonner, og hvis reekke m i en
tuning-forkoder-kolonne i tuning-forkoderen (34) har et ikke-nul-element, sa-
ledes ogsé raekke m + r/2+.

5. Transceiver (12) ifglge krav 4, yderligere kendetegnet ved, at den anden
transceiver (10) er en basestation (70) i et tradlgst kommunikationsnetvaerk
(72), og transceiveren (12) er en brugerindretning (74), UE, som sender ka-
naltilstandsinformationerne (62) til basestationen (70).

6. Fremgangsmade (900) til forkodning af multi-antenne-transmissioner (60)
fra en tradlgs kommunikationstransceiver (10) til en anden tradlgs kommuni-
kationstransceiver (12) baseret i det mindste delvist pa modtagelse (902) af
kanaltilstandsinformationer (62) fra den anden transceiver (12), som indehol-
der forkoderinformationer (64), der omfatter en forkoderanbefaling, hvilken
fremgangsmade er kendetegnet ved:

identificering (904) af forkoderinformationerne (64) ved udveelgelse af ind-
lzesninger fra en eller flere kodebager (30), som kendes i transceiveren (10),
som reaktion pa udveelgelsesindikationer indeholdt i kanaltilstandsinformatio-
nerne (62); og

forkodning (906) af en transmission (60) til den anden transceiver (12) base-
ret i det mindste delvist pa forkoderanbefalingen;
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hvor den ene eller flere kodebgger (30) indeholder indlaesninger, som omfat-
ter 2Nr-forskellige konversionsforkodere (32) og en eller flere tuning-
forkodere (34) eller indlaesninger, som omfatter generelle forkodere (36),
hvor hver generel forkoder (36) er udformet som produktet af en valgt kon-
versionsforkoder (32) og en valgt tuning-forkoder (34), og hvor hver af 2Nt
konversionsforkoderne (32) omfatter en blokdiagonalmatrix, som har to eller
flere kolonner med blokke pa matrixdiagonalen, hvor hver sadan blok omfat-
ter en DFT-baseret antenne-undergruppe-forkoder (38), som svarer til en
undergruppe af N1/2 af Nt sendeantenneportene (98) ved transceiveren (10)
og tilvejebringer 2N7 forskellige DFT-baserede straler for den tilsvarende un-
dergruppe, og hvor alle 2N forskellige konversionsforkodere (32) er genan-
vendelige sammen med en eller flere af tuning-forkoderne (34 til dannelse af
et saet af 2Ny forskellige generelle forkodere (36), og hvor generel forkoder
(36) repraesenterer en DFT-baseret strale af en stgrrelse Nr via Nr sendean-
tenneportene (98),

hvor den ene eller flere kodebgger (30) indeholder konversions- og tuning-
forkodere (32, 34) eller tilsvarende generelle forkodere (36) for flere trans-
missionsklasser, og hvor for transmissionsklasse r>2:

tuning-forkoderen (34) har 2 /2 reekker og r kolonner, hvor r er transmissi-
onsklassen, hvor alle ikke-nul-elementer er et konstant modul, hvor hver ko-
lonne har ngjagtigt to ikke-nul-elementer, og hver reekke har ngjagtigt to ikke-
nul-elementer; og to kolonner, som har ikke-nul-elementer i de samme to
reekker, er ortogonale i forhold til hinanden,

og konversionsforkoderen (32) har 2 /24 kolonner, og hvis reekke m i en
tuning-forkoder-kolonne i tuning-forkoderen (34) har et ikke-nul-element, sa-
ledes ogséa reekke m + /2.

7. Fremgangsmade (900) ifglge krav 6, yderligere kendetegnet ved udfgrel-
se af DFT-baseret forkodning af transmissioner fra to eller flere undergrupper
af antenner (14) ved transceiveren (10) ved anvendelse af antenne-
undergruppe-forkoderne (38) i en af konversionsforkoderne (32) som valgt af
transceiveren (10) fra den ene eller flere kodebgger (30) baseret i det mind-
ste delvist pa forkoderanbefalingen.
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8. Tradlgs kommunikationstransceiver (10), som er konfigureret til at forkode
multi-antenne-transmissioner (60) til en anden tradles kommunikationstrans-
ceiver (12) baseret i det mindste delvis pa modtagelse af kanaltilstandsinfor-
mationer (62) fra den anden transceiver (12), hvilken transceiver (10) inde-
holder en sender (18) og en flerhed af antenner (14) til sending af multi-
antenne-transmissionerne (60) og en modtager (20) til modtagelse af kanal-
tilstandsinformationerne (62), og hvor transceiveren (10) er kendetegnet
ved:

en hukommelse (28), som lagrer en eller flere kodebgger (30), som indehol-
der indlaesninger, der omfatter 2N forskellige konversionsforkodere (32) og
en eller flere tuning-forkodere (34) eller indlaesninger, som omfatter generelle
forkodere (36), hvor hver er udformet som produktet af en valgt konversions-
forkoder (32) og en valgt tuning-forkoder (34), og hvor hver af 2Nr konversi-
onsforkoderne (32) omfatter en blokdiagonalmatrix, som har to eller flere ko-
lonner med blokke pa matrixdiagonalen, hvor hver sadan blok omfatter en
DFT-baseret antenne-undergruppe-forkoder (38), som svarer til en under-
gruppe af Nt/2 af Nr sendeantenneportene (98) ved transceiveren (10) og
tilvejebringer 2N7 forskellige DFT-baserede straler for den tilsvarende under-
gruppe, og hvor alle 2Nr forskellige konversionsforkodere (32) er genanven-
delige sammen med den ene eller flere af tuning-forkoderne (34) til dannelse
af et seet af 2N7 forskellige generelle forkodere (36), hvor hver generel fork-
oder (36) repraesenterer en DFT-baseret strale af en starrelse Nrvia N7 sen-
deantenneportene (98);

en feedbackforkoder (24), som er konfigureret til at identificere forkoderanbe-
falingen fra den anden transceiver (12) baseret pa anvendelse af udveelgel-
sesindikationer indeholdt i kanaltilstandsinformationerne (62); og

en forkodningsstyreenhed (26) og associeret forkodningskredslgb (20), som
er konfigureret til at forkode transmissionen (60) til den anden transceiver
(12) baseret i det mindste delvist pa forkoderanbefalingen,

hvor den ene eller flere kodebager (30) indeholder konversions- og tuning-
forkodere (32, 34) eller tilsvarende generelle forkodere (36) for flere trans-
missionsklasser, og hvor for transmissionsklasse r>2:

tuning-forkoderen (34) har 2 r/24 reskker og r koloner, hvor r er transmissi-
onsklassen, hvor alle ikke-nul-elementer er et konstant modul, hvor hver ko-
lonne har ngjagtigt to ikke-nul-elementer, og hver reekke har ngjagtigt to ikke-
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nul-elementer, og to kolonner, som har ikke-nul-elementer i de samme to
reekker, er ortogonale i forhold til hinanden,

og konversionsforkoderen (32) har 2 r/24 kolonner, og hvis reekke m i en
tuning-forkoder-kolonne i tuning-forkoderen (34) har et ikke-nul-element, sé&-
ledes ogséa raekke m + /2.

9. Transceiver (10) ifelge krav 8, yderligere kendetegnet ved, at forkod-
ningsstyreenheden (26) og det associerede forkodningskredslgb (90) er kon-
figureret til at forkode transmissionen (60) til den anden transceiver (12) ved
udferelse af DFT-baseret forkodning af transmissioner fra to eller flere un-
dergrupper af antennerne (14) ved anvendelse af antenne-undergruppe-
forkodere (38) i konversionen eller den generelle forkoder (32, 36) valgt af
transceiveren (10) fra den ene eller flere kodebager (30), hvor udvaelgelsen
ved transceiveren (10) er baseret i det mindste delvist pa forkoderanbefalin-
gen fra den anden transceiver (12).
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