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APPARATUS AND METHOD FOR SELECTION OF BEAM GROUPS

AND SUBSET OF BEAMS IN A COMMUNICATION SYSTEM
TECHNICAL FIELD

The present invention is directed, in general, to communication systems and, in particular,

5  to an apparatus, method and system for selecting a beam group and a subset of beams in a

communication system:.

BACKGROUND

Long term evolution (“LTE”) of the Third Generation Partnership Project (“3GPP”), also
referred to as 3GPP LTE, refers to research and development involving the 3GPP LTE Release 8
10  and beyond, which is the name generally used to describe an ongoing effort across the industry
aimed at identifying technologies and capabilities that can improve systems such as the universal
mobile telecommunication system (“UMTS”). The notation “LTE-A” is generally used in the
industry to refer to further advancements in LTE. The goals of this broadly based project include
improving communication efficiency, lowering costs, improving services, making use of new
15  spectrum opportunities, and achieving better integration with other open standards. The 3GPP

LTE project produces new standards as well as standards recommendations for the UMTS.

The evolved universal terrestrial radio access network (“E-UTRAN”) in 3GPP includes
base stations providing user plane (including packet data convergence protocol/radio link
control/medium access control/physical (“PDCP/RLC/MAC/PHY™) sublayers) and control plane

20  (including radio resource control (“RRC”) sublayer) protocol terminations fowards wireless
communication devices such as cellular telephones. A wireless communication device or
terminal is generally known as user equipment (also referred to as “UE”). A base station is an
entity of a communication network often referred to as a Node B or an NB. Particularly in the E-
UTRAN, an “evolved” base station is referred to as an eNodeB or an eNB. For details about the

25  overall architecture of the E-UTRAN, see 3GPP Technical Specification (“TS”) 36.300 v8.7.0
1 EIE100124PCT
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(2008-12), which is incorporated herein by reference. For details of the radio resource control
management, see 3GPP TS 25.331 v.9.1.0 (2009-12) and 3 GPP TS 36.331 v.9.1.0 (2009-12),

which are incorporated herein by reference.

As wireless communication systems such as cellular telephone, satellite, and microwave
communication systems become widely deployed and continue to attract a growing number of
users, there is a pressing need to accommodate a large and variable number of communication
devices that transmit an increasing quantity of data within a fixed spectral allocation and limited
transmit power. The increased quantity of data is a consequence of wireless communication
devices transmitting video information and surfing the Internet as well as performing ordinary
voice communication. To address these ongoing needs, a current topic of general interest in
3GPP is the efficient use of spatially multiplexed cellular transmission. The efficient use of
spatially multiplexed transmission can enable a higher data rate to be transmitted per hertz (“Hz”)
of bandwidth at a limited transmit power level, thereby enabling a larger amount of data to be
transmitted by a wireless communication device in a 'shorter period of time, or, equivalently,
accommodation of substantially simultaneous operation of a larger number of wireless
communication devices.

In order to meet peak spectral efficiency requirements (up to 30 bit(s)/Hz), support of up
to eight transmit (“Tx”) antennas in a downlink (“DL”) will be standardized in 3GPP LTE Rel-
10, enabling downlink spatially multiplexed transmission with up to eight spatial layers. Both
eight-transmit downlink multi-input/multi-output (“MIMO”) and enhanced multi-user multi-
input/multi-output (“MU-MIMO”) are now agreed to be part of a Rel-10 work item on enhanced
downlink MIMO transmission. Such processes will enable the higher data rate to be transmitted

with a limited transmitter power level per hertz of bandwidth.

The processes, however, to enable a wireless communication device to communicate

channel state and other related information back to a base station so that spatially multiplexed
2 EIE100124PCT
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transmission in a downlink. can be efficiently performed by the base station introduces a number
of challenges. One of the more problematic issues is how to how to deal with the increased
communication channel dimensionality and degrees of freedom associated with downlink
antenna beam formation without burdening the uplink communication channel for the wireless
communication device. Another issue is enabling improved single-user multi-input/multi-output
(“SU-MIMO”) performance with large azimuthal spread of the downlink antenna beam space. It

is generally recognized that coverage for wireless communication devices located at the crossing

of beams in the antenna beam space can be poor with present arrangements.

In view of the growing deployment of communication systems such as cellular
communication systems and these unresolved issues, it would be beneficial to employ an
improved codebook format to enable a wireless communication device to efficiently determine

and communicate channel state and antenna beam characteristics to a base station that avoids the

deficiencies of the current communication systems.

3 EIE100124PCT
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SUMMARY OF THE INVENTION

These and other probléms are generally solved or circumvented, and technical advantages
are generally achieved, by embodiments of the present invention, which include an apparatus,
method and system for selecting a beam group and a subset of beams in a communication system.
In one embodiment, an apparatus includes a processor and memory including computer program
code. The memory and the computer program code are configured to, with the processor, cause
the apparatus to measure channel state information on a downlink from a base station, and
identify a selected beam group out of a set of beam groups according to a wideband property of
the channel state information. The characteristic of the set of beam groups depends on a
transmission rank. The memory and the computer program code are further configured to, with
the processor, cause the apparatus to identify a selected subset of beams in the selected beam
group according to at least one subband. The number of beams in the selected subset of beams is

equal to the transmission rank.

The foregoing has outlined rather broadly the features and technical advantages of the
present invention in order that the detailed description of the invention that follows may be better
understood. Additional features and advantages of the invention will be described hereinafter,
which form the subject of the claims of the invention. It should be appreciated by those skilled
in the art that the conception and specific embodiment disclosed may be readily utilized as a
basis for modifying or designing other structures or processes for carrying out the same purposes
of the present invention. It should also be realized by those skilled in the art that such equivalent

constructions do not depart from the spirit and scope of the invention as set forth in the appended

claims.

4 EIE100124PCT
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BRIEF DESCRIPTION OF THE DRAWINGS

- For a more complete understanding of the invention, and the advantages thereof,

reference is now made to the following descriptions taken in conjunction with the accompanying
drawings, in which:

FIGURES 1 and 2 illustrate system level diagrams of embodiments of communication
systems including a base station and wireless communication devices that provide an

environment for application of the principles of the present invention;

FIGURESs 3 and 4 illustrate system level diagrams of embodiments of communication
systems including wireless communication systems that provide an environment for application

of the principles of the present invention;

FIGURE 5 illustrates a system level diagram of an embodiment of a communication

element of a communication system for application of the principles of the present invention;

FIGURESs 6A, 6B, 7A and 7B illustrate graphical representations of embodiments of

forming beam groups according to the principles of the present invention; and

FIGURE 8 illustrates a flow diagram of an embodiment of a method of operating a

communication system according to the principles of the present invention.

5 EIE100124PCT
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

- The making and using of the presently preferred embodiments are discussed in detail
below. It should be appreciated, however, that the present invention provides many applicable
inventive concepts that can be embodied in a wide variety of specific contexts. The specific
embodiments discussed are merely illustrative of specific ways to make and use the invention,
and do not limit the scope of the invention. In view of the foregoing, the present invention will
be described with respect to exemplary embodiments in a specific context of an apparatus,
method and system for determining and communicating channel state and antenna beam
characteristics from a wireless communication device such as a user equipment to a base station
in a communication system. The apparatus, method and system are applicable, without
limitation, to any communication system including existing and future 3GPP technologies (i.e.,

UMTS, LTE, and its future variants such as 4th generation (“4G”) communication systems).

Turning now to FIGURE 1, illustrated is a system level diagram of an embodiment of a
communication system including a base station 115 and wireless communication devices (e.g.,
user equipment) 135, 140, 145 that provides an environment for application of the principles of
the present invention. The base station 115 is coupled to a public switched telephone network
(not shown). The base station 115 is configured with a plurality of antennas to transmit and
receive signals in a plurality of sectors including a first sector 120, a second sector 125, and a
third sector 130, each of which typically spans 120 degrees. Although FIGURE 1 illustrates one
wireless communication device (e.g., wireless communication device 140) in each sector (e.g.
the first sector 120), a sector (e.g. the first sector 120) may generally contain a plurality of
wireless communication devices. In an alternative embodiment, a base station 115 may be
formed with only one sector (e.g. the first sector 120), and multiple base stations may be

constructed to transmit according to co-operative multi-input/multi-output (“C-MIMO”)

operation, efc.
6 EIE100124PCT
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The sectors (e.g. the first sector 120) are formed by focusing and phasing radiated signals
from the base station antennas, and separate antennas may be employed per sector (e.g. the first
sector 7120). The plurality of sectors 120, 125, 130 increases the number of subscriber stations
(e.g., the wireless communication devices 135, 140, 145) that can simultaneously communicate
5 with the base station 115 without the need to increase the utilized bandwidth by reduction of
interference that results from focusing and phasing base station antennas. While the wireless
communication devices 135, 140, 145 are part of a primary communication system, the wireless
communication devices 135, 140, 145 and other devices such as machines (not shown) may be a

part of a secondary communication system to participate in, without limitation, device-to-device

10  and machine-to-machine communications or other communications.

Turning now to FIGURE 2, illustrated is a system level diagram of an embodiment of a
communication system including a base station 210 and wireless communication devices (e.g.,
user equipment) 260, 270 that provides an environment for application of the principles of the
present invention. The communication system includes the base station 210 coupled by

15 communication path or link 220 (e.g., by a ﬁbef—optic communication path) to a core
telecommunications network such as public switched telephone network (“PSTN™) 230. The
base station 210 is coupled by wireless communication paths or links 240, 250 to the wireless

communication devices 260, 270, respectively, that lie within its cellular area 290.

In operation of the communication system illustrated in FIGURE 2, the base station 210
20  communicates with each wireless communication device 260, 270 through control and data
communication resources allocated by the base station 210 over the communication paths 240,
250, respectively. The control and data communication resources may include frequency and
time-slot communication resources in frequency division duplex (“FDD”") and/or time division
duplex (“TDD”) communication modes. While the wireless communication devices 260, 270

25  are part of a primary communication system, the wireless communication devices 260, 270 and
7 : EIE100124PCT
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other devices such as machines (not shown) may be a part of a secondary communication system

to participate in, without limitation, device-to-device and machine-to-machine communications
or other communications.

Turning now to FIGURE 3, illustrated is a system level diagram of an embodiment of a
communication system including a wireless communication system that provides an environment
for the application of the principles of thelpresent invention. The wireless communication
system may be configured to provide evolved UMTS terrestrial radio access network (“E-
UTRAN?”) universal mobile telecommunications services. A mobile management entity/system
architecture evolution gateway (“MME/SAE GW,” one of which is designated 310) provides
control functionality for an E-UTRAN node B (designated “eNB,” an “evolved node B,” also
referred to as a “base station,” one of which is designated 320) via an S1 communication link
(ones of which are designated “S1 link™). The base stations 320 communicate via X2
communication links (ones of which are designated “X2 link™). The various communication
links are typically fiber, microwave, or other high-frequency metallic communication paths such

as coaxial links, or combinations thereof.

The base stations 320 communicate with wireless communication devices such as user
equipment (“UE,” ones of which are designated 330), which is typically a mobile transceiver
carried by a user. Thus, communication links (designated “Uu” communication links, ones of
which are designated “Uu link™) coupling the base stations 320 to the user equipment 330 are air
links employing a wireless communication signal such as, for example, an orthogonal frequency
division multiplex (“OFDM”) signal. While the user equipment 330 are part of a primary
communication system, the user equipment 330 and other devices such as machines (not shown)
may be a part of a secondary communication system to participate in, without limitation, device-

to-device and machine-to-machine communications or other communications.

8 EIE100124PCT
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Turning now to FIGURE 4, illustrated is a system level diagram of an embodiment of a

communication system including a wireless communication system that provides an environment
for the application of the principles of the present invention. The wireless communication
system provides an E-UTRAN architecture including base stations (one of which is designated

5  410) providing E-UTRAN user plane (packet data convergence protocol/radio link control/media
access contrbl/physical) and control piane (radio resource control) protocol terminations towards
wireless communication devices such as user equipment 420 and other devices such as machines
425 (e.g., an appliance, television, meter, ezc.). The base stations 410 are interconnected with X2
interfaces or communication links (designated “X2”). The base stations 410 are also connected

10 by S! interfaces or communication links (designated “S1”) to an evolved packet core (“EPC™)
including a mobile management entity/system architecture evolution gateway (“MME/SAE
GW,” one of which is designated 430). The S1 interface supports a multiple entity relationship
between the mobile management entity/system architecture evolution gateway 430 and the base
stations 410. For applications supporting inter-public land mobile handover, inter-eNB active

15  mode mobility is supported by the mobile management entity/system architecture evolution

gateway 430 relocation via the S1 interface.

The base stations 410 may host functions such as radio resource management. For
instance, the base stations 410 may perform functions such as internet protocol (“IP”) header
compression and encryption of user data streams, ciphering of user data streams, radio bearer

20  control, radio admission control, connection mobility control, aynarnic allocation of
communication resources to user equipment in both the uplink and the downlink, selection of a
mobility management entity at the user equipment attachment, routing of user plane data towards
the user plane entity, scheduling and transmission of paging messages (originated from the
mobility management entity), scheduling and transmission of broadcast information (originated

25  from the mobility management entity or operations and maintenance), and measurement and

9 EIE100124PCT
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reporting configuration for fnobility and scheduling. The mobile management entity/system

architecture evolution gateway 430 may host functions such as distribution of paging messages

to the Base stations 410, security control, termination of U-plane packets for paging reasons,

switching of U-plane for support of the user equipment mobility, idle state mobility control, and
5  system architecture evolution bearer control. The user equipment 420 and machines 425 receive

an allocation of a group of information blocks from the base stations 410.

Additionally, the ones of the base stations 410 are coupled a home base station 440 (a
device), which is coupled to devices such as user equipment 450 and/or machines (not shown)
for a secondary communication system. The base station 410 can allocate secondary

10 communication system resources directly to the user equipment 420 and machines 425, or to the
home base station 440 for communications (e.g., local communications) within the secondary
communication system. For a better understanding of home base stations (designated “HeNB”),
see 3 GPP TS 32.871 v.9.1.0 (2010-03), which is incorporated herein by reference. While the
user equipment 420 and machines 425 are part of a primary communication system, the user

15  equipment 420, machines 425 and home base station 440 (communicating with other user
equipment 450 and machines (not shown)) may be a part of a secondary communication system
to participate in, without limitation, device-to-device and machine-to-machine communications

or other communications.

Turning now to FIGURE 5, illustrated is a system level diagram of an embodiment of a
20 communication element 510 of a communication system for application of the principles of the
present invention. The communication element or device 510 may represent, without limitation,
a base station, a wireless communication device (e.g., a subscriber station, terminal, mobile
station, user equipment, machine), a network control element, a communication node, or the like.
The communication element 510 includes, at least, a processor 520, memory 550 that stores

25  programs and data of a temporary or more permanent nature, an antenna 560, and a radio
10 EIE100124PCT
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frequency transceiver 570 coupled to the antenna 560 and the processor 520 for bidirectional

wireless communication. The communication element 510 may provide point-to-point and/or

point-to-multipoint communication services.

The communication element 510, such as a base station in a cellular network, may be
coupled to a communication network element, such as a network control element 580 of a public
switched tclecommunicatidn network (“PSTN”). The network control element 580 may, in turn,
be formed with a processor, memory, and other electronic elements (not shown). The network
control element 580 génerally provides access to a telecommunication network such as a PSTN.
Access may be provided using fiber optic, coaxial, twisted pair, microwave communication, or
similar link coupled to an appropriate link-terminating element. A communication element 510
formed as a wireless communication device is generally a self-contained device intended to be

carried by an end uvser.

The processor 520 in the communication element 510, which may be implemented with
one or a plurality of processing devices, performs functions associated with its operation
including, without limitation, precoding of antenna gain/phase parameters (precoder 521),
encoding and decoding (encoder/decoder 523) of individual bits forming a communication
message, formatting of information, and overall control (controller 525) of the communication
element, including processes related to management of communication resources (resource
manager 528). Exemplary functions related to management of communication resources include,
without limitation, hardware installation, traffic management, performance data analysis,
tracking of end users and equipment, configuration management, end user administration,
management of wireless communication devices, management of tariffs, subscriptions, security,
billing and the like. For instance, in accordance with the memory 550, the resource manager 528
is configured to allocate primary and second communication resources (e.g., time and frequency

communication resources) for transmission of voice communications and data to/from the
11 EIE100124PCT
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communication element 510 and to format messages including the communication resources

therefor in a primary and secondary communication system.

The execution of all or portions of particular functions or processes related to
management of communication resources may be performed in equipment separate from and/or
coupled to the communication element 510, with the results of such functions or processes
communicated for execution to the communication element 510. The processor 520 of the
communication element 510 may be of any type suitable to the local application environment,
and may include one or more of general-purpose computers, special purpose computers,
microprocessors, digital signal processors (“DSPs”), field-programmable gate arrays (“FPGAs”),
application-specific integrated circuits (“ASICs”), and processors based on a multi-core

processor architecture, as non-limiting examples.

The transceiver 570 of the communication element 510 modulates information on to a
carrier waveform for transmission by the communication element 510 via the antenna(s) 560 to
another communication element. The transceiver 570 demodulates information received via the
antenna(s) 560 for further processing by other communication elements. The transceiver 570 is

capable of supporting duplex operation for the communication element 510.

The memory 550 of the communication elemént 510, as introduced above, may be one or
more memories and of any type suitable to the local application environment, and may be
implemented using any suitable volatile or nonvolatile data storage technology such as a
semiconductor-based memory device, a magnetic memory device and system, an optical memory
device and system, fixed memory, and removable memory. The programs stored in the memory
550 may include program instructions or computer program code that, when executed by an
associated processor, enable the communication element 510 to perform tasks as described
herein. Of course, the memory 550 may form a data buffer for data transmitted to and from the

communication element 510. Exemplary embodiments of the system, subsystems, and modules
12 EIE100124PCT
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as described herein may be implemented, at least in part, by computer software executable by
processors of, for instance, the wireless communication device and the base station, or by
hardware, or by combinations thereof. As will become more apparent, systems, subsystems and

modules may be embodied in the communication element 510 as illustrated and described herein.

5 Discussion in the 3GPP has recently focused on codebook design for eight base station
transmit anterinas, which is missing from the new LTE Rel-10 standard. In the RANT No. 59
workgroup, it has been agreed to extend the Rel-8 implicit feedback framework to LTE Rel-10.
This is based on a modular {(or multi-granular) design, combining two feedback components
from separate codebooks representing different characteristics of channel state information. One

10  feedback component represents long-term (e.g., wideband) communication channel properties
. (also referred to as long-term properties), while the other targets short-term (e.g., frequency
selective) communication channel properties (also referred to as short-term properties). An
example of a long-term property is the directional structure of transmit beams. For example, a
user equipment’s location may not change quickly and, accordingly, its azimuthal direction may
15  be substantially stationary. Accordingly, the directional structure of transmit beams may be
represented with a long-term property. An example of a short-term property is rapid amplitude
and phase fluctuations of the over-the-air communication path. Such rapid fluctuations may be

represented with a short-term property.

This communication channel feedback structure is also referred to herein as a double
20  codebook structure. While the missing LTE Rel-10 standard specifications are related to eight
base station transmit antennas, the principles of a double codebook structure can be generalized
to an arbitrary number of transmit antennas. As introduced herein, a new codebook design and
structure for dual codebook-based channel state information (“CSI”) feedback in support of

downlink SU-/MU-MIMO operation is described for application, without limitation, in LTE Rel-

25 10 and beyond.
13 EIE100124PCT
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The 3GPP LTE downlink MIMO operation is one of several work items under
consideration in LTE Rel-10. Two new enhancements to LTE Rel-8/-9 of downlink MIMO are
being considered. One enhancement is the optimization of MU-MIMO operation, which benefits
from a new reference symbol (“RS”) design package that employs precoded user equipment-

5  specific reference symbols (referred in the 3GPP community as UE-RS, or “dedicated reference
symbols “DM-RS”), and periodic common state information reference symbols (“CSI-RS” or

“CRS”). A second enhancement is extension of downlink transmit operation up to eight-layer

downlink SU-MIMO.

These enhancements will be supported by a user equipment feedback mode, following
10 the implicit feedback principles from LTE Rel-8. Accurate channel state information feedback
plays an important role for reliable, interference-free (or substantially free) communication,
especially for MU-MIMO. Moreover, signaling aspects and codebook sizes are importance
when considering extension to eight-transmit SU-/MU-MIMO operation because of the increased

communication channel dimensionality and degrees of freedom therein.

15 The design of an implicit double codebook format dates back to 3GPP Workgroup RANI
No. 59 where in the slide presentation represented in 3GPP document R1-101683 entitled “Way
Forward for Rel-10 Feedback Framework,” which is incorporated herein by reference, it was
described that a precoder for a subband is composed of two matrices belonging to distinct
codebooks. One codebook targets wideband communication channel properties (also referred to

20 as wideband properties) and/or long-term properties, the matrix therefor denoted herein as “W,.”
The other codebook targets frequency-selective and/or short-term properties, the matrix therefor

denoted herein as “W,.” The resulting precoder for each subband can be constructed, for

example, as the matrix multiplication of the two matrices.

In a recent 3GPP RAN1 meeting, several codebook design proposals and ways of

25  utilizing the long-/short-term properties were presented. Several key design aspects are included
14 EIE100124PCT
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among these proposals: A feedback concept is envisioned to operate with cross-polarized (“XP”)

and uniform linear array (“ULA”) array types of base station antenna setups, and hence the
codebéoks have to be designed and optimized accordingly. The long- and short;tenn properties
can be sampled with the same or different time periodicities and reported accordingly (at same or
5 different time instances). While considering a relatively fixed total feedback rate budget (i.e., a
fixed total number of bits over a given time interval), one may try to find the best balance in
investing the feedback bits between the long-term and short-term properties. The final precoder

is the output of an operation (a matrix multiplication) between the long-term and short-term
precoders.

10 The order of short-term and long-term precoder arrangement in such a product can
further differentiate the concepts. If the long-term properties are handled next to the
communication channel (i.e, the channel matrix “H” is multiplied from the right as H*W), it can
be seen as steering the main antenna beams towards the user equipment signal space, while
further refinement can enhance either co-phasing (transmission rank-1) or orthogonality

15 (transmission rank>1) among the beams/precoders at a subband level. This can be secen as a
W, *W, matrix multiplication operation. On the other hand, one can create a larger beam space
for matrix W, which is further refined by the matrix W, muitiplied from the left. The final
precoder matrix W is the output of a W,*W, matrix multiplication. Arguably these two ways of
forming the product of the two codebooks are the same. The main difference is how the beams

20 and refinements of the matrices W, and W, are defined. A common denominator is the
construction of the matrix W using (oversampled) discrete Fourier transform (“DFT”) vectors or

matrices.

The way of selecting the matrices W and W at the user equipment of the
communication channel is also important from a complexity perspective, and this may impact the

25  performance of the scheme itself. For instance, one feedback proposal may perform best under
15 EIE100124PCT
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an assumption of an exhaustive search over all possible combinations of long-term and short-

term precoders (matrices Wy and W5), while loosing ground under a more practical and less
complex precoder selection. While up to eight spatial layers (or streams) are considered, the
double codebook concept is mainly considered attractive for lower transmission ranks, namely

5  transmission ranks 1-2, and perhaps also transmission ranks 3-4, while higher transmission ranks
might operate relying only on a single feedback component (e.g., matrix W), with the other

component being conceptually set to the identity matrix (e.g., matrix W,=I).

As presented in the points above, the double codebook concept can be reduced to the
definition of beams and beam selection/combining vectors or precoders that are part of the two
10 codebooks. Since the construction of the matrix W may employ oversampled discrete Fourier
transform matrices, the designs are effectively some form of the well-known grid-of-beams
concept, where the user equipment effectively chooses one beam (a column of a discrete Fourier

transform matrix) that provides best transmission performance.

The Rel-10 feedback concept should support both SU-MIMO and MU-MIMO, where

15  SU-MIMO is typical for less correlated scenarios with higher communication channel azimuth
(angular) spread, while MU-MIMO is typical for highly correlated scenarios with small azimuth
spread. In a case of higher azimuth spread and SU-MIMO operation, just selecting one beam (or
multiple beams in case of transmission rank>1) for the whole band as in a usual grid of beams is
typically not be sufficient for good communication performance, because frequency-selective

20  precoding and beam selection at a subband level is known to perform the best in this situation.
On the other hand for very low azimuth spread and MU-MIMO operation, a grid of beams is
known to perform well as it is, because in this case wideband and frequency selective precoding
achieve very close performance, and wideband precoding is more attractive because of much

lower associated feedback overhead. As introduced herein, the traditional grid-of-beams cohcept

16 EIE100124PCT
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is enhanced so that it still supports low azimuth spread scenarios well, but improves performance

of SU-/MU-MIMO operatioh in scenarios with high azimuth spread.

Main codebooks structures were introduced during a RAN1 No. 61 meeting in Montreal,
Canada, May 10 - 14, 2010. However, parts of the concepts are even older. One codebook
5  structure is described in 3GPP TSG-RAN WG! #61 document R1-102630 entitled “Refinements
of Feedback and Codebook Design,” Montreal, Canada, May 10 - 14, 2010, which is

incorporated herein by reference.

In one proposal for a codebook structure, the precoder matrix W is mainly handled in the

wideband sense, compressing the communication channel in the spatial dimension such that the

10 resulting equivalent communication channel matrix H*W) is of lower dimensionality than the
physical transmission communication channel matrix H. Further combining (co-phasing) of the
two remaining dimensions (or beams) (for cross-polarized antennas) or orthogonalization
between the streams is handled through the matrix W,. The precoder matrix W) is block
diagonal, wherein each block includes columns of oversampled discrete Fourier transform

15  matrices. Careful design of both the matrices W, and W, can allow supporting both cross-
polarized and uniform linear array antenna configuration with the same codebooks. This is
achieved by using four bits for the matrix W, and two bits for the matrix W,. The four bits for
the matrix W, essentially translates into an oversampling factor of four for discrete Fourier
transform matrices in the four-antenna transmit case. The entries in the codebook for the matrix

20 W, consist of the Rel-8 2 transmit codebook, as the concept also addresses transmission rank 1-2
operation in Rel-10. The purpose of the precoder matrix W, is to handle the cross-polarized
combining (co-phasing and orthogonalization) of the W matrix structure, and also to provide
support for uniform linear array operation. The main difference compared to the usual grid of
beams is that the feedback is based on the double codebook format or structure, wherein the

25  format is used to provide a grid of beams-like operation for both uniform linear array and cross-
17 EIE100124PCT
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polarized-type of arrays with the same feedback. The issue with this scheme is exactly the one

referred to previously hereinabove (i.e., the scheme does not allow improved SU-MIMO

performance when azimuth spread is higher).

In another proposal, the precoder matrix W) selects a set of vectors from the oversampled
5  discrete Fourier transform matrices. For the case of cross-polarized antennas, four antenna

beams are created per polarization, while eight beams are used for uniform linear array. Making

use of one bit for matrix W, signaling, the codebook splits the codeword (beam) space into two

non-overlapping parts and selects one of them to be further used for refinement or proper beam

adjustment at a subband level via the precoder matrix W,. Note that in the one-bit selected space,
10 the beams are predefined for further processing; hence the size of the matrix W) is an 8x8 matrix

in the case of eight transmit antennas. The codebook structure is described in 3GPP TSG-RAN

WG1 #61 document R1-102823 entitled “8 Tx Codebook Design,” Montreal, Canada, May 10 -

14, 2010, which is incorporated herein by reference.

It is also noted that a main difference with the previous proposal was compressing the
15 communication channel in the spatial dimension with the matrix W;. Allowing a larger space
(i.e., with full communication channel dimensionality) to be further processed at a subband level
with the matrix W, can be seen as an advantage of one of the concepts, especially in scenarios
with larger azimuth spread and higher transmission rank SU-MIMO transmission. The precoder
matrix W, is signaled with four bits, and the associated codebook consists of combiners and
20  beam selectors for the uniform linear array case.
The freedom of selecting multiple beams per subband, due to the main partitioning
operated by the matrix W, can be seen as an advantage, especially in SU-MIMO case described
hereinabove. However this flexibility brings its own disadvantage as the matrix W) cannot be

used well alone since the beam space defined by one matrix W is very large. Moreover, due to
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the two spaces created with the matrix W1, there is poor coverage for the user equipment located

at the crossing of the spaces.

In a further proposal, multiple beams are allowed per subband, through the matrix Wi.
The second precoder matrix W, refines the matrix W, by multiplication to the left (i.e., W2*W)),
5 thereby performing a rotation of the initial beam. The first codebook (i.e., the one associated

with the matrix W) also contains combiners along the main beams and has a larger size of 32
beams in total, while the second codebook (i.e., the one associated with the matrix W;) may have
only 2-3 bits, consisting of several rotation matrices. In fact there are only two inter-pole
combiners available for cross-polarized operation, which can be seen as a drawback. A

10 codebook subset restriction for W is also possible. The codebook structure is described in 3GPP
TSG-RAN WGI #61 document R1-103026 entitled “Views on the Feedback F:ramework for Rel.

10,” Montreal, Canada, May 10 - 14, 2010, which is incorporated herein by reference.

A summary of the main proposed concepts is illustrated in TABLE 1 below:

Proposal # beams #icombiners Wi W
1 16 4 4-bit beam 2-bit phase
2 8 4 1-bit beam 2-bit beam + 2-bit phase
3 32 2 3-bitbeam + 1-bit phase 2-bit phase
4 16 4 2-bit beam 2-hit beam +2-bit phase
15 TABLE 1

TABLE II below illustrates feedback rates of the main proposed concepts, considering
the same time reporting for the matrices W and W (which affects physical uplink shared
channel (“PUSCH?”) utilization) and 50 physical resource blocks (“PRBs”) with six-PRB

granularity of the matrix W and 10 millisecond (*“ms”) periodicity for reporting.
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Proposat Wi | W, | #bits for W over whole band # bits in one report Precoder bit rate
1 4 2 18 22 2200 bps
2 1 4 36 37 3700 bps
3 4 3 27 31 3100 bps
4 2 4 36 38 3800 bps
TABLE II

As introduced herein, a codebook structure is described that provides improved support
for scenarios with low spatial correlation/high azimuth spread wherein improved frequency-
selective feedback is required for good performance. The codebook format or structure provides

improved support for higher transmission ranks, especially for the case of uniform linear arrays.

The codebook structure is based on similar beam grouping as in the second proposal as
described previously hereinabove (i.e., the first part of the feedback signal performs beam group
selection and the second part of the feedback signal performs beam selection from the selected
beam group). The first part of the feedback applies to the whole band or the wideband properties,
whereas the second part of the feedback is subband-specific. To enable this with the double
codebook format or structure, there is a precoder matrix W) that contains, for example, discrete
Fourier transform-based sub-matrices, ahd precoder matrices W that contain column selection

vectors and phase shifting such that the actual beams in the beam group are determined by matrix

multiplications of the form:
W= W| *Wz.

As introduced herein, groups of beams may overlap. Overlapping beams is intended to
cover cases with higher azimuth spread wherein the enhanced wideband/long-term transmit

direction is at the “edges” of two beam groups. Without overlapping of beam groups in such
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cases, part of the azimuth spread may not be captured with precoding because it falls in the

adjacent beam group. Note that overlapping means here that the groups of beams partly contain
the same beams.

Secondly, the number of beam groups and/or beam group size (number of beams in the
group) and/or beam group total angular span (total angular range spanned by the beam group)
depend on the transmission rank. Typical eight-transmit antenna arrays have very closely
physically spaced antennas. Since higher transmission ranks employ fairly uncorrelated
communication channels, the communication channel azimuth spread has to be large to allow for
higher rank transmission. With the double codebook format or structure, such azimuth spread
can be captured properly if the beam group size and total span is large enough such that it covers
a large range of azimuth angles. Hence for higher transmission ranks, the beam group size and
total span should be made larger. The two aspects thus introduced can be combined.
Overlapping groups of beams are constructed, where the size, number, and angular span of the

overlapping groups of beams may vary according to the transmission rank.

Hence, user equipment feedback is employed wherein a user equipment first measures
the channel state information and then selects the beam group according to wideband or long-
term channel state information, wherein the size of each beam group (i.e., a number of beams in
each beamn group of a set of beam groups) and/or the number of beam groups (i.e., a number of
beam groups in a set of beam groups) and/or the total angular span of each beam group (i.e., a
total angular domain spanned by each beam group in a set of beam groups) depend on the
transmission rank and/or wherein the different beam groups are overlapping. In other words, a
characteristic of a set of beam groups includes at least one of a number of beams in each beam
group of the set of beam groups, a number of beam groups in the set of beam groups, and a total
angular domain spanned by each beam group in the set of beam groups. For each subband, the

user equipment selects a subset of the beams in the selected beam group wherein the subset size
21 EIE100124PCT
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is equal to the transmission rank. The user equipment encodes the feedback information into a

double codebook or precoder format employing matrices Wy and W, for transmission on an

uplink communication channel, and transmits the double codebook format to the base station.

The base station receives the feedback transmitted on an uplink communication channel,
decodes the feedback information, and translates it into a double codebook or precoder format or
structure (i.e., into matrices W; and W3). The base station computes the final precoder (i.e., the
antenna weights) to be used for transmission to the user equipment per frequency subband based
on the matrices W; and W», for example by matrix multiplication as:

W= W,*W,.
When transmitting data to the user equipment, the base station does the antenna weighting on the
scheduled subbands according to the weights in the matrix W.

To compute the feedback to the base station, the user equipment first measures channel
state information. In case of a LTE-based communication system, this measurement could be
done using reference signals, for example the CSI-RS in case of eight transmit antennas, or either
CSI-RS in case of four transmit antennas (or fewer). The user equipment then obtains the

channel state information for the whole system bandwidth or the wideband.

Once the user equipment has obtained channel state information, the feedback can be
computed (i.e., the user equipment determines the beam group as well as selecting a beam for
each subband). With the double codebook format or structure, the user equipment selects a
wideband precoder matrix W; and a precoder matrix W, for each sub_band, conditioned on the
chosen precoder matrix W;. In one aspect, the beam group is selected with the matrix Wy, while
the precoder matrices W and W together form the final beams (precoders) within each beam

group. The final precoders are then constructed employing the matrix multiplication:
W= W] *Wz.
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Turning now to FIGURES 6A and 6B, illustrated are graphical representations of
embodiments of forming beam groups according to the principles of the present invention. It
should be understood that the azimuthal gain characteristic of a particular transmit beam is not
flat and precisely limited in angular span as represented in the FIGUREs. In FIGURE 6A,

5 illustrated are four beam groups for the case of transmission ranks 1-2, each beam group
including, for example, of four beams. As illustrated in FIGURE 6B for transmission ranks 3-4,
there are two beam groups, but with larger beam group angular (azimuthal) span, each group
including, for example, of eight beams. The sizes of the beam groups and/or the number of beam
groups and/or total angular span of the beam groups depend on the transmission rank.

10  Exemplary codebook entries for precoder matrices Wy, W> supporting this format or structure are
presented below.
Turning now to FIGUREs 7A and 7B, illustrated are graphical representations of

embodiments of forming beam groups according to the principles of the present invention. In the

illustrated embodiment, the beam groups overlap. Note that the number of beam groups, sizes

15  and angular span of each beam group are transmission rank-dependent. Exemplary codebook

entries for such a format or structure are presented below.
Both the base station and the user equipment know the codebook constructed using these

principles. The user equipment may select the codebook entries using, for example, the

following exemplary matrix selection scheme. First, the user equipment computes the wideband

20 communication channel spatial covariance matrix R:
R=E{H"H}
where E is the expectation operator and the superscript operator “H” represents the Hermetian

operator (i.e., conjugating and transposing the respective matrix). Again, the (unsuperscripted)

H represents the communication channel matrix. The user equipment then utilizes, for example,
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and without limitation, one of the following ways to choose the matrix W;.

~ In an exemplary method, the user equipment forms all combinations of the matrices,

W=W,*W,
by sweeping (searching) over all possible choices for the matrices W, and W. The user
5  equipment then finds the precoder matrix W that reduces (e.g:, minimizes) a chordal, Fubini-
Study, or projection two-norm distance to V where the matrix S,
R=USV"
is the singular value decomposition of the matrix R. The matrices U and V are the customary
unitary matrices associated with transforming the matrix R into the diagonal matrix S. The

10 precoder matrix W is selected as the one corresponding to an enhanced (e.g., optimum) W.

In another exemplary method, the user equipment forms all combinations of the matrices,

W= W] *Wz
by sweeping over all possible choices for the matrices Wy and W,. The user equipment then
finds the precoder matrix W that enhances (e.g., maximizes) capacity (e.g., maximizes the

15  expression):

det(7 + W7 RW)

The precoded matrix W is selected as the one corresponding to an enhanced (e.g., optimum) W.
To reduce complexity in the above methods, the combinations,
W= W1 *Wz
20  could be sampled such that, for example, only one beam from each beam group is selected as
representative of that beam group, and the selection is done based on that subset of matrices W,

the matrix W, is selected that enhances (e.g., maximizes),

det(7 + ;" RW;)
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A second option is to select the matrix W, that enhances (e.g., maximizes),
1 H
trace\l + 1z W," RW,

Once the precoder matrix W has been selected, the precoder matrices W, are selected per
frequency subband, for example, by finding the precoder matrix W, that enhances (e.g.,
5  maximizes) throughput on a given subband conditioned on the choice of the matrix W.

Once the user equipment has determined the beam group and the beam selection within
that beam group per subband, the user equipment encodes the selections for transmission on an
uplink communication channel. Both the matrices W; and W are encoded as indices in
codebooks known both by the base station and the user equipment. The user equipment

10  transmits the index of the selected matrix W, as well as the indices of the selected matrices W5 to
the base station (e.g., the double codebook format). In case of an LTE-based communication
system, the uplink communication channel used for feedback transmission may be either a
physical uplink control channel (“PUCCH”) or PUSCH. In case of PUCCH, at least two

alternative signaling solutions are envisioned:

15 In one signaling solution, the index of the matrix W; may be encoded together with the
transmission rank indicator in a first PUCCH report, and index of the matrix W> may be encoded
together with channel quality indicators (“CQI(s)”) in another PUCCH report. In another
signaling solution, the transmission rank indicator is transmitted separately in a first PUCCH
report, and the index of the matrix W, as well as the index of the matrix W and the CQI(s) are

20 transmitted in another PUCCH report. In an exemplary embodiment, data for the matrix W, as
and data for the matrix W, may be reported with the same frequency, or data for the matrix W>
may be reported with a higher frequency than data for the matrix W;. In case of PUSCH, all
information including transmission rank indicator, both codebook indices (e.g., double codebook

format) as well as CQI(s) would be transmitted in one PUSCH report. The transmission of
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PUSCH feedback reports is typically triggered by the base station, as opposed to PUCCH, which

happens periodically according to some semi-static coﬁﬁgurations.
The base station obtains the final precoder matrix as a result of the matrix multiplication,

W=W*W,.

5 As none of the codebook matrices is self-contained, receiving both matrices in one report can be
advantageous. However, as the matrix W; exploits the long-term properties of the
communication channel, reporting of the matrix W, can be made with a lower time periodicity,
while the matrix W5 refinement can be sent with a higher time periodicity. Provided that the
matrix W is fairly constant over time and non-erroneous transmission has been performed, such

10  decoupled signaling can be employed.

An exemplary codebook design for transmission rank-dependent beam groups with
transmission rank 1-4 operation is now described. In this exemplary design, there are four beam
groups in the case of transmission ranks 1 and 2, and two beam groups spanning a larger beam
space in the case of transmission ranks 3 and 4. The four beam groups in the case of

15  transmission ranks 1 and 2 are described with discrete Fourier transform-based block-diagonal

matrices as follows.
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The two beam groups in case of transmission ranks 3-4 may be described as follows:
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Corresponding W, vectors/matrices are composed of beam-selection vectors, multiplied

by a complex number to shift the phase of the vectors. These are listed below in Table 3 only for

transmission rank-1, but transmission rank-2-4 designs follow similarly by taking transmission

rank 2-4 beam selection vectors with proper phase shifting. In TABLE III below, e; denotes a

4x1 vector that selects the ith beam, for example,

e,=[0 1 0 o]

Index | W2 Applicable to
0 |12lel €1 XP, ULA
1 i2lel —ef]T | XP
2 | 12le] el Xp
3 [1n2lef —jeflT | XP
4 1/¥V2[el eI1F XP
5 142[el —ell” XP

28
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6 12[e]  jell” XP, ULA
7 1N2[e] —jell* | XP
8 121l 51T XP
9 |1/2le] —eZIF | XP,ULA
10 | 1/V2[e] jell” XP
11 1/v2le] —jellF | XP
12 [ ip/2lel €T XP
13 [1/2lel —€llI” | XP
14 1/2[e jeilt XP
15 1/V2lel -jelP | XP,ULA
TABLE I

*

An exemplary codebook design for overlapping beam groups for transmission rank 1-2

operation are now described. In this exemplary design, there are eight beam groups that partially

S overlap. The overlap is visible in the W1 matrices by providing some of the columns the same in

two adjacent matrices.
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Corresponding W, vectors/matrices are similar as in the first exemplary cookbook design (i.e.,

these matrices are composed of beam selection column vectors).

Thus, improved support of higher azimuth spread scenarios can be achieved in the case of
grid of beams-type of feedback. The whole signal space can be better captured in a frequency
selective manner when there is less spatial correlation in the communication channel (i.e., there

is a higher azimuth spread). The benefits of grid of beams for MU-MIMO in highly correlated

cases are also retained.

Turning now to FIGURE 8, illustrated is a flow diagram of an embodiment of a method
of operating a communication system according to the principles of the present invention.
Following a start step or module 810, an element of a communication system (e.g., a user
equipment and/or base station therein) measures channel state information on a downlink from a
base station in a step or module 820. In a step or module 830, a selected beam group out of a set
of beam groups is identified according to a wideband property of the channel state information,
wherein a characteristic of the set of beam groups depends on a transmission rank. The
characteristic of the set of beam groups may be a number of beams in each beam group of the set
of beam groups, a number of beam groups in the set of beam groups, and/or a total angular
domain spanned by each beam group in the set of beam group§. In a step or module 840, a
selected subset of beams in the selected beam group is identified according to at least one
subband, wherein a number of beams in the selected subset of beams is equal to the transmission
rank. In a step or module 850, encoded feedback information is generated to identify the
selected beam group and the selected subset of beams for each subband in a double codebook
format. The double codebook format is structured as a first matrix representing the selected
beam group and a second matrix representing the selected subset of beams for each subband.
The first matrix may be formed employing sets of columns taken from oversampled discrete

Fourier transform matrices. The selected beam group may overlap in angular domain with an
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adjacent beam group. The selected beam group may be employed to drive eight transmit
antennas of a base station. In accordance with the encoded feedback information, a precoder is
formed for transmission of a signal in the communication system using the double codebook

format, in a step or module 860. The method ends at step or module 870.

Thus, an apparatus, method and system are introduced herein for selecting a beam group
and a subset of beams in a communication system. In one embodiment, an apparatus (e.g.,
embodied in a user equipment) includes a processor and memory including computer program
code. The memory and the computer program code are configured to, with the processor, cause
the apparatus to measure channel state information on a downlink from a base station, and
identify a selected beam group out of a set of beam groups according to a wideband property of
the channel state information. The characteristic of the set of beam groups depends on a
transmission rank. The memory and the computer program code are further configured to, with
the processor, cause the apparatus to identify a selected subset of beams in the selected beam

group according to at least one subband. The number of beams in the selected subset of beams is

equal to the transmission rank.

Additionally, the memory and the computer program code are further configured to, with
the processor, cause the apparatus to generate encoded feedback information identifying the
selected beam group and the selected subset of beams for each subband in a double codebook
format, and transmit the encoded feedback information to the base station. The double codebook
format includes a first matrix representing the selected beam group and a second matrix
representing the selected subset of beams for each subband. The first matrix is formed
employing sets of columns taken from oversampled discrete Fourier transform matrices.
Additionally, the characteristic of the set of beam groups includes at least one of a number of
beams in cach beam group of the set of beam groups, a number of beam groups in the set of

beam groups, and a total angular domain spanned by each beam group in the set of beam groups.
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The selected beam group may overlap in angular domain with an adjacent beam group. Also, the

selected beam group may characterize eight transmit antennas.

In another embodiment, an apparatus (e.g., embodied in a base station) includes a
processor and memory including computer program code. The memory and the computer
program code are configured to, with the processor, cause the apparatus to receive encoded
feedback information from a user equipment identifying a selected beam group and a selected
subset of beams for at least one subband in a double codebook format. The selected beam group
represents one of a set of beam groups according to a wideband property of channel state
information measured by the user equipment and a characteristic of the set of beam groups is
based on a transmission rank. Also, the selected subset of beams in the selected beam group is
selected according to the at least one subband and a number of beams in the selected subset of
beams is equal to the transmission rank. The memeory and the computer program code are
further configured to, with the processor, cause the apparatus to form a precoder for transmission
of a signal to the user equipment using the double codebook format. Although the apparatus,
method and system described herein have been described with respect to cellular-based
communication systems, the apparatus and method are equally applicable to other types of

communication systems such as a WiMax® communication system.

Program or code segments making up the various embodiments of the present invention
may be stored in a computer readable medium or transmitted by a computer data signal
embodied in a carrier wave, or a signal modulated by a carrier, over a transmission medium. For
instance, a computer program product including a program code stored in a computer readable
medium may form various embodiments of the present invention. The “computer readable
medium” may include any medium that can store or transfer information. Examples of the
computer readable medium include an electronic circuit, a semiconductor memory device, a read

only memory (“ROM™), a flash memory, an erasable ROM (“EROM?™), a floppy diskette, a
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compact disk (“CD”)-ROM, an optical disk, a hard disk, a fiber optic medium, a radio frequency
(“RF”) link, and the like. The computer data signal may include any signal that can propagate
over a transmission medium such as electronic communication network communication channels,
optical fibers, air, electromagnetic links, RF links, and the like. The code segments may be

downloaded via computer networks such as the Internet, Intranet, and the like.

As described above, the exemplary embodiment provides both a method and
corresponding apparatus consisting of various modules providing functionality for performing
the steps of the method. The modules may be implemented as hardware (embodied in one or
more chips including an integrated circuit such as an application specific integrated circuit), or
may be implemented as software or firmware for execution by a computer processor. In
particular, in the case of firmware or software, the exemplary embodiment can be provided as a
computer program product including a computer readable storage structure embodying computer

program code (i.e., software or firmware) thereon for execution by the computer processor.

Although the present invention and its advantages have been described in detail, it should
be understood that various changes, substitutions and alterations can be made herein without
departing from the spirit and scope of the invention as defined by the appended claims. For
example, many of the features and functions discussed above can be implemented in software,
hardware, or firmware, or a combination thereof. Also, many of the features, functions and steps

of operating the same may be reordered, omitted, added, efc., and still fall within the broad scope
of the present invention.

Moreover, the scope of the present application is not intended to be limited to the
particular embodiments of the process, machine, manufacture, composition of matter, means,
methods and steps described in the specification. As one of ordinary skill in the art will readily
appreciate from the disclosure of the present invention, processes, machines, manufacture,

compositions of matter, means, methods, or steps, presently existing or later to be developed,
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that perform substantially the same function or achieve substantially the same result as the
corresponding embodiments described herein may be utilized according to the present invention.
Accordingly, the appended claims are intended to include within their scope such processes,

machines, manufacture, compositions of matter, means, methods, or steps.
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WHAT IS CLAIMED IS:

- 1. An apparatus, comprising:
a processor; and
memory including computer program code;
5 said memory and said computer program code configured to, with said processor, cause
said apparatus to perform at least the following:
measure channel state information on a downlink from a base station,
identify a selected beam group out of a set of beam groups according to a
wideband property of said channel state information, wherein a characteristic of said set of beam
10 groups depends on a transmission rank, and
identify a selected subset of beams in said selected beam group according to at

least one subband, wherein a number of beams in said selected subset of beams is equal to said

transmission rank.

2. The apparatus as recited in Claim 1 wherein said memory and said computer
15  program code is further configured to, with said processor, cause said apparatus to perform at

least the following:

generate encoded feedback information identifying said selected beam group and
said selected subset of beams for each subband in a double codebook format, and

transmit said encoded feedback information to said base station.

20 3. The apparatus as recited in Claim 2 wherein said double codebook format
comprises a first matrix representing said selected beam group and a second matrix representing

said selected subset of beams for each subband.
4. The apparatus as recited in Claim 3 wherein said first matrix is formed employing

sets of columns taken from oversampled discrete Fourier transform (DFT) matrices.
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5. The apparatus as recited in Claim 1 wherein said characteristic of said set of beam
groups comprises at least one of a number of beams in each beam group of said set of beam

groups, a number of beam groups in said set of beam groups, and a total angular domain spanned

by each beam group in said set of beam groups.

5 6. The apparatus as recited in Claim 1 wherein said selected beam group overlaps in

angular domain with an adjacent beam group.

7. An apparatus, comprising:
means for measuring channel state information on a downlink from a base station;
means for identifying a selected beam group out of a set of beam groups according to a

10 wideband property of said channel state information, wherein a characteristic of said set of beam

groups depends on a transmission rank; and

means for identifying a selected subset of beams in said selected beam group according to

at least one subband, wherein a number of beams in said selected subset of beams is equal to said

transmission rank.

15 8. The apparatus as recited in Claim 7, further comprising:
means for generating encoded feedback information identifying said selected beam group
and said selected subset of beams for each subband in a double codebook format; and

means for transmitting said encoded feedback information to said base station.

9. A computer program product comprising a program code stored in a computer

20  readable medium configured to:
measure channel state information on a downlink from a base station;
identify a selected beam group out of a set of beam groups according to a wideband

property of said channel state information, wherein a characteristic of said set of beam groups

depends on a transmission rank; and
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identify a selected subset of beams in said selected beam group according to at least one

subband, wherein a number of beams in said selected subset of beams is equal to said

transmission rank.

10.  The computer program product as recited in Claim 9 wherein said program code
stored in said computer readable medium is configured to:

generate encoded feedback information identifying said selected beam group and said
selected subset of beams for each subband in a double codebook format; and

transmit said encoded feedback information to said base station.

11. A method, comprising:

measuring channel state information on a downlink from a base station,

identifying a selected beam group out of a set of beam groups according to a wideband
property of said channel state information, wherein a characteristic of said set of beam groups
depends on a transmission rank; and |

identifying a selected subset of beams in said selected beam group according to at least
one subband, wherein a number of beams in said selected subset of beams is equal to said

transmission rank.

12 The method as recited in Claim 11, further comprising:
generating encoded feedback information identifying said selected beam group and said
selected subset of beams for each subband in a double codebook format; and

transmitting said encoded feedback information to said base station.

13. The method as recited in Claim 12 wherein said double codebook format
comprises a first matrix representing said selected beam group and a second matrix representing

said selected subset of beams for each subband.
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14. The method as recited in Claim 11 wherein said characteristic of said set of beam

groups comprises at least one of a number of beams in each beam group of said set of beam

groups, a number of beam groups in said set of beam groups, and a total angular domain spanned

by each beam group in said set of beam groups.

5 15. The method as recited in Claim 11 wherein said selected beam group overlaps in

angular domain with an adjacent beam group.
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16. An apparatﬁs, comprising:

a processor; and

memory including computer program code;

said memory and said computer program code configured to, with said processor, cause
said apparatus to perform at least the following:

receive encoded feedback information from a user equipment identifying a

selected beam group and a selected subset of beams for at least one subband in a double
codebook format, wherein said selected beam group represents one of a set of beam groups
according to a wideband property of channel state information measured by said user equipment
and a characteristic of said set of beam groups based on a transmission rank, and wherein said
selected subset of beams in said selected beam group is selected according to said at least one
subband and a number of beams in said selected subset of beams is equal to said transmission
rank, and

form a precoder for transmission of a signal to said user equipment using said

double codebook format.

17. The apparatus as recited in Claim 16 wherein said double codebook format
comprises a first matrix representing said selected beam group and a second matrix representing

said selected subset of beams for each subband.

18. The apparatus as recited in Claim 17 wherein said first matrix is formed

employing sets of columns taken from oversampled discrete Fourier transform (DFT) matrices.

19. The apparatus as recited in Claim 16 wherein said characteristic of said set of
beam groups comprises at least one of a number of beams in each beam group of said set of
beam groups, a number of beam groups in said set of beam groups, and a total angular domain

spanned by each beam group in said set of beam groups.
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20.  The apparatus as recited in Claim 16 wherein said selected beam group overlaps

in angular domain with an adjacent beam group.

21.  The apparatus as recited in Claim 16 wherein said selected beam group

characterizes eight transmit antennas.

22.  An apparatus, comprising:

means for receiving encoded feedback information from a user equipment identifying a
selected beam group and a selected subset of beams for at least one subband in a double
codebook format, wherein said selected beam group represents one of a set of beam groups
according to a wideband property of channel state information measured by said user equipment
and a characteristic of said set of beam groups based on a transmission rank, and wherein said
selected subset of beams in said selected beam group is selected according to said at least one
subband and a number of beams in said selected subset of beams is equal to said transmission
rank; and

means for forming a precoder for transmission of a signal to said user equipment using

said double codebook format.

23.  The apparatus as recited in Claim 22 wherein said double codebook format
comprises a first matrix representing said selected beam group and a second matrix representing

said selected subset of beams for each subband.

24. A computer program product comprising a program code stored in a computer

readable medium configured to:

receive encoded feedback info@ation from a user equipment identifying a selected beam
group and a selected subset of beams for at least one subband in a double codebook format,
wherein said selected beam group represents one of a set of beam groups according to a

wideband property of channe! state information measured by said user equipment and a
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characteristic of said set of beam groups based on a transmission rank, and wherein said selected
subset of beams in said selected beam group is selected according to said at least one subband
and a number of beams in said selected subset of beams is equal to said transmission rank; and

form a precoder for transmission of a signal to said user equipment using said double

5  codebook format.

25.  The computer program product as recited in Claim 24 wherein said double
codebook format comprises a first matrix representing said selected beam group and a second

matrix representing said selected subset of beams for each subband.

26. A method, comprising:

10 receiving encoded feedback information from a user equipment identifying a selected
beam group and a selected subset of beams for at least one subband in a double codebook format,
wherein said selected beam group represents one of a set of beam groups according to a
wideband property of channel state information measured by said user equipment and a
characteristic of said set of beam groups based on a transmission rank, and wherein said selected

15  subset of beams in said selected beam group is selected according to said at least one subband
and a number of beams in said selected subset of beams is equal to said transmission rank; and

forming a precoder for transmission of a signal to said user equipment using said double

codebook format.

27. The method as recited in Claim 26 wherein said double codebook format
20  comprises a first matrix representing said selected beam group and a second matrix representing

said selected subset of beams for each subband.

28. The method as recited in Claim 27 wherein said first matrix is formed employing

sets of columns taken from oversampled discrete Fourier transform (DFT) matrices.
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29. The method as recited in Claim 26 wherein said characteristic of said set of beam

groups comprises at least one of a number of beams in each beam group of said set of beam

groups, a number of beam groups in said set of beam groups, and a total angular domain spanned

by each beam group in said set of beam groups.

5 30. The method as recited in Claim 26 wherein said selected beam group overlaps in

angular domain with an adjacent beam group.
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ABSTRACT

An apparatus for selecting a beam group and a subset of beams in a communication
system. In one embodiment, an apparatus includes a processor (520) and memory (550)
including computer program code. The memory (550) and the computer program code are
5  configured to, with the processor, cause the apparatus to measure channel state information on a
downlink from a base station, and identify a selected beam group out of a set of beam groups

according to a wideband property of the channel state information. The characteristic of the set
of beam groups depends on a transmission rank. The memory (550) gnd the computer program
code are further configured to, with the processor, cause the apparatus to identify a selected

10  subset of beams in the selected beam group according to at least one subband. The number of

beams in the selected subset of beams is equal to the transmission rank.

46 EIE100124PCT

IPR2023-01273 Page 51



1/8 *‘gAP
=g

FIGURE 1

/8 EIE100124PCT

IPR2023-01273 Page 52



X
Ry

¢ 3dNOIl4

0s¢

(i%4
N1Sd

— S—
SNt Snmm ovSns sevwes mwes et Svm—— ——

ove

— ——— —— R C— p——— o sty
— - e

EIE100124PCT

2/8

IPR2023-01273 Page 53



8/¢

J1OdpZ1001d1d

MME/SAE GW
310

A

X2 link

UE

MME/SAE GW

e i

\ cNB

UE

7AW

UE

eNB

Ju \‘\“\(

330

X2 link

UE

\ eNB

UE

ARA

FIGURE 3

UE

8/€

IPR2023-01273 Page 54



4/8

¥ 34NO1d

<« ¢V
...... N .a )
......... k-
...... n 7 4
NvdIN-3 <

] 3 A
: .M“.u mu. | <« Ol
! |
@ 7 \ L
Q| \
Py v
i V!
- T, ¥
v Y
MO 3VS/INN MS IVS/ZWN

@T ocy

<« 0CV

EIE100124PCT

4/8

IPR2023-01273 Page 55



8/S

10dpZ1001d1d

560

Processor 520

m
=
[xd
o
Q.
[1:]
=
o
(13
Q
o
o,
@
-
8

- WE D e wes sy G M e e

-——————-——-—.-———

Transceiver

A 4

270

A\

> Memory 550

Communication Element
510

Network Control Element

Telecommunication Network

FIGURE 5

8/

a

IPR2023-01273 Page 56



8/9

LOdpe1000drd

-90°

Ranks 1.2

FIGURE 6A

90°

Group 1 Group 2

-30°

Ranks 34

FIGURE 6B

90°

8/9

IPR2023-01273 Page 57



8/L

LOdtZ1001d1d

Group

2

FIGURE 7A  Group1_
Group 8
-90°
Group 1 N
FIGURE 7B

Group 4

-

W

Group 4

-90°

Ranks 34

90°

8/L

[PR2023-01273 Page 58



8/8

LDdyZ1001d1d

Start
810
I

Measure CSI

©o
[=4

2

“

Identify selected beam group

(=]
o

3

|

Identify a selected subset of heams

840

A

Generate encoded feedback information

85

o

v

Form precoder

60

End
870

FIGURE 8

8/8

%

o

—
|

>

IPR2023-01273 Page 59



Document made available under the
Patent Cooperation Treaty (PCT)

International application number: PCT/CN2010/073463

International filing date: 02 June 2010 (02.06.2010)
Document type: Certified copy of priority document
Document details: Country/Office:. CN
Number: PCT/CN2010/073411
Filing date: 01 June 2010 (01.06.2010)

Date of receipt at the International Bureau: 23 September 2010 (23.09.2010)

Remark: Priority document submitted or transmitted to the International Bureau in
compliance with Rule 17.1(a),(b) or (b-bis)

World Intellectual Property Organization (WIPO) - Geneva, Switzerland
Organisation Mondiale de la Propriété Intellectuelle (OMPI) - Genéve, Suisse

IPR2023-01273 Page 60



	13698419 11-16-2012 Certified Copy of Foreign Priority Application



