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CHANNEL COVARIANCE FEEDBACK FOR ENHANCED FD-MIMO

BACKGROUND
Field
{0001 Aspects of the present disclosure relate generally to wireless communication systems,

and more particularly, to channel covariance feedback for enhanced full dimension multiple
input, multiple output (eFD-MIMO) systems.
Background

{0002] Wireless communication networks are widely deployed to provide various
communication services such as voice, video, packet data, messaging, broadcast, and the like.
These wireless networks may be multiple-access networks capable of supporting multiple
users by sharing the available network resources. Such networks, which are usually multiple
access networks, support communications for multiple users by sharing the available network
resources.  One example of such a network is the Universal Terrestrial Radio Access
Network (UTRAN}. The UTRAN is the radio access network (RAN) defined as a part of the
Universal Mobile Telecommunications System (UMTS), a third generation (3G) mobile
phone techuology supported by the 3rd Generation Partnership Project (3GPP). Examples of
multiple-access network formats include Code Division Multiple Access {CDBMA) networks,
Time Division Multiple Access (TDMA) networks, Frequency Division Multiple Access
(FDMA) networks, Orthogonal FDMA (OFDMA) networks, and Single-Carrier FDMA (SC-
FDMA) networks.

[D003] A wireless communication network may include a number of base stations or node Bs
that can support communication for a number of user equipments (UHs). A UE may
communicate with a base station via downlink and uplink. The downlink (or forward hnk)
refers to the communication link from the base station to the UE, and the uplink (or reverse
link) refers to the communication link from the UE to the base station.

(80041 A base station may transmit data and control information on the downlink to a UE
and/or may receive data and conirol information on the uplink from the UE. On the
downlink, a f{ransmission from the base station may encounter interference due (o
transmissions from neighbor base stations or from other wireless radio {requency (RF)
transmitters. On the uplink, a transmission {rom the UE may encounter interference from

uplink transmissions of other UEs communicating with the neighbor base stations or from
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other wireless RF transmitters. This interference may degrade performance on both the
dowunlink and uphink.

As the demand for mobile broadband access continues to increase, the possibilities of
interference and congested networks grows with more UBs accessing the long-range wireless
communication unetworks and wmore short-range wireless systems being deployed in
communities. Research and development continue {o advance the UMTS technologies not
only to meet the growing demand for mobile broadband access, but to advance and enhance

the user experience with mobile communications.

SUMMARY

In one aspect of the disclosure, a method of wireless communication includes
obtaining a set of orthogonal basis vectors, measuring a channel state information (CSD
reference signal (CSI-RS) received from a base station, determining a spatial covariance of
the CSI-RS, compressing the spatial covariance into a covariance estimate using the set of
orthogonal basis vectors, and transmitting the covariance estimate to the base station.

In an additional aspect of the disclosure, an apparatus configured for wireless
communication includes means for obtaining a set of orthogonal basis vectors, means for
measuring a C51-RS received {rom a base station, means for determining a spatial covariance
of the CSI-RS, means for compressing the spatial covariance into a covariance estimate using
the set of orthogounal basis vectors, and means {or transmitting the covariance estimate to the
base station.

In an additional aspect of the disclosure, a non-transitory computer-readable mediom
having program code recorded thereon. The program code further includes code to obtain a
set of orthogonal basis vectors code to measure a CSI-RS received from a base station, code
to determine a spatial covariance of the CSI-RS, code to compress the spatial covariance into
a covariance estimate using the set of orthogonal basis vectors, and code to transmit the
covariance estimate (o the base station.

In an additional aspect of the disclosure, an apparatus configured for wircless
communication is disclosed. The apparatus includes at least one processor, and a memory
coupled to the processor. The processor is configured to obtain a set of orthogonal basis
vectors code to measure a CSI-RS received from a base station. to determine a spatial
covariance of the USRS, to compress the spatial covariance into a covariance estimate using

the set of orthogonal basis vectors, and to transmit the covariance estimate to the base station.
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{00161 The foregoing has outlined rather broadly the features and technical advantages of
examples according to the disclosure in order that the detailed description that follows may
be better understood. Additional features and advantages will be described hereinafter. The
conception and specific exarnples disclosed may be readily utilized as a basis for modifying
or designing other structures for carrying out the same purposes of the present disclosure.
Such equivalent constructions do not depart from the scope of the appended claius.
Characteristics of the concepts disclosed herein, both their organization and method of
operation, together with associated advantages will be better understood from the following
description when considered in connection with the accompanying figures. FEach of the
figures is provided for the purpose of illustration and description, and not as a definition of
the limis of the clais.

BRIEF DESCRIPTION OF THE DRAWINGS

{0011 A further understanding of the nature and advantages of the present disclosure may be
realized by reference to the following drawings. In the appended figures, similar components
or features may have the same reference label. Further, various components of the same type
may be distinguished by following the reference label by a dash and a second label that
distinguishes among the similar components. I just the first reference label is used in the
specification, the description is applicable to any one of the similar components having the

same first reference label irrespective of the second reference label.

10012} FIG. 1 is a block diagram illustrating details of a wireless communication system.
10613] FIG. 2 is a block diagram conceptually illustrating a design of a base station/eNB and

a UE configured according to one aspect of the present disclosure.

{00141 FIG. 3 is a block diagram illustrating a typical 2D active antenna array.
{0015] FIG. 4A is a block diagram lustrating an example base station transroitting non-

precoded CSI-RS.

{0016} FIG. 4B is a block diagram illustrating an example basc station transmitting
beamformed CS51-RS using C5I-RS resources.

{0617] FIG. 5 is a block diagram illustrating example blocks executed to implement one
aspect of the present disclosure.

{0618] FIG. 6 is a block diagram illustrating a UE and an eNB configured according to
aspects of the present disclosure.

{0019] FiGs 7A-7B are block diagrams illustrating a CSI reporting stream from a UE

configured according to aspects of the present disclosure.



WO 2017/166219 PCT/CN2016/078179
4

{00281 FIG. 8 is a block diagram illustrating a communication dialog between a UE and eNB
configured according to one aspect of the present disclosure.

100211 FIGs. 9A and 9B are block diagrams illustrating a call dialog between a UE and eNB
configured according to aspects of the present disclosure.

{00221 FI(3. 10 is a block diagram illustrating a UE configured according to one aspect of the

present disclosure.

DETAILED DESCRIPTION

{00231 The detailed description set forth below, in connection with the appended drawings, is
intended as a description of various possible configurations and is not intended to limit the
scope of the disclosure. Rather, the detailed description includes specific details for the
purpose of providing a thorough understanding of the inventive subject matier. It will be
apparent to those skilled in the art that these specific details are not required in every case and
that, in some instances, well-known structures and components are shown in block diagram
form for clarity of presentation.

{60241 This disclosure relates generally to providing or participating in authorized shared
access between two or more wireless communications systems, also referred to as wireless
communications networks. In various aspects, the techniques and apparatus may be used for
wireless comumunication networks such as code division multiple access {CDMA) networks,
time division multiple access (TDMA) networks, {requency division multiple access (FDMA)
networks, orthogonal FDMA (OFDMA) networks, single-carrier FDMA (SC-FDMA)
networks, LTE networks, GSM networks, as well as other communications networks.  As
described herein, the terms “networks” and “systems” may be used interchangeably.

{0025] A CDMA network may implement a radio technology such as wniversal terrestrial
radio access (UTRA), cdmaZ000, and the like. UTRA includes wideband-CDMA (W-
CDMA) and low chip rate (LCR). CDMAZ2000 covers IS-2000, IS-95, and IS-856 standards.

{0026} A TDMA network may implement a radio technology such as Global System for
Mobile Communications (GSM). 3GPP defines standards for the GSM EDGE (enhanced
data rates for GSM evolution) radio access network (RAN), also denoted as GERAN.
GERAN 15 the radio component of GSM/EDGE, together with the network that joins the base
stations (for example, the Ater and Abis interfaces) and the base station controllers (A
interfaces, etc.). The radio access network represents a component of a GSM network,
through which phone calls and packet data are routed from and to the public switched

telephone network (PSTN) and Internet to and from subscriber handsets, also known as user
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terminals or user equipments {(UEs). A mobile phone operator's network may comprise one
or more GERANs, which may be coupled with UTRANs in the case of a UMTS/GSM
network. An operator network may also include one or more LTE networks, and/or one or
more other networks. The various dilferent network types may use different radio access
techuologies (RATs) and radio access networks (RANs).

10027] An OFDMA network may implement a radio technology such as evolved UTRA (E-
UTRA), IEEE 802.11, IEEE 802.16, IEEE 802.20, flash-OFDM and the like. UTRA, E-
UTRA, and GSM arc part of universal mobile telecommunication system (UMTS). In
particular, long term evolution {LTE)} is a release of UMTS that vses E-UTRA. UTRA, E-
UTRA, GSM, UMTS and LTE are described in documents provided from an organization
named “3rd Generation Parinership Project” (3GPP), and odma2000 is described in
documents from an organization named “3rd Generation Partnership Project 27 (3GPP2).
These various radio fechoologies and standards are koown or are being developed. For

'3

example, the 3rd Generation Partnership Project (3GPP) is a collaboration between groups of
telecommunications associations that aims to define a globally applicable third generation
(3G) mobile phone specification. 3GPP long term evolution (LTE) is a 3GPP project aimed
at improving the universal mobile telecommunications systemm (UMTS) mobile phone
standard. The 3GPP may define specifications for the next generation of mobile networks,
mobile systems, and mobile devices. For clarity, certain aspects of the apparatus and
techniques may be described below for LTE implementations or in an LTE-centric way, and
LTE terminology may be used as illustrative examples in portions of the description below;
however, the description 18 not intended to be limited to LTE applications. Indeed, the
present disclosure is concerned with shared access to wireless spectrum between networks
using different radio access technologies or radio air inferfaces.

{6028] A new carner type based on LTE/LTE-A including in unlicensed spectrum has also
been suggested that can be compatible with carrier-grade WiFi, making LTE/LTE-A with
unlicensed spectrum an alternative to Wik, LTE/ALTE-A, when operating in unlicensed
spectrum, may leverage LTE concepts and may introduce some modifications to physical
layer (PHY) and media access control (MAC) aspects of the network or network devices fo
provide efficient operation in the unlicensed spectrum and meet regulatory requirements.
The unlicensed spectrum used may range from as low as several hundred Megahertz (MHz)
to as high as tens of Gigahertz (GHz), for example. In operation, such LTE/LTE-A networks
may opcrate with any combination of licensed or unlicensed spectrum depending on loading

and availability. Accordingly, it may be apparent to one of skill in the art that the systems,
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apparatus and methods described herein may be applied to other communications systems
and applications.

System designs may support various time-frequency reference signals for the
downlink and uplink to facilitate beamforming and other functions. A reference sigoal is a
signal generated based on known data and may also be referred to as a pilot, preamble,
training signal, sounding signal, and the like. A reference signal may be used by a receiver
for various purposes such as channel estimation, coherent demodulation, channel quality
measurement, signal strength measurement, and the like. MIMO systems using multiple
antennas generally provide for coordination of sending of reference signals between
antennas; however, LTE systerms do not in general provide for coordination of sending of
reference signals from mualtiple base stations or eNBs.

In some implementations, a system may utilize time division duplexing (TDD). For
TDD, the downlink and uplink share the same {requency spectrum or channel, and dowunlink
and uplink transmissions are sent on the same {requency spectrum. The downlink channel
response may thus be corrclated with the uplink channel response. Reciprocity may allow a
dowanlink channel to be estimated based on transmuissions sent via the uplink. These uplink
transmissions may be reference signals or uplink control channels (which may be used as
reference symbols after demodulation). The uplink transmissions may allow for estimation
of a space-selective channel via multiple antennas.

In LTE implementations, orthogonal frequency division multiplexing (OFDM) 1s used
for the downlink — that is, from a base station, access point or eNodeB (eNB} to a user
terminal or UE. Use of OFDM meets the LTE requirement for spectrum flexibility and
enables cost-efficient solutions for very wide carriers with high peak rates, and is a well-
established technology. For example, OFDM is used in standards such as IEEE 802.1la/g,
802.16, High Performance Radio LAN-2 (HIPERLAN-2, wherein LAN stands for Local
Arca Network) standardized by the European Telecommunications Standards Institute
(ETS1, Digital Video Broadcasting (DVB) published by the Joint Technical Committee of
ETSI, and other standards.

Time frequency physical resource blocks (also denoted here in as resource blocks or
“RBs” for brevity} may be defined in OFDM systems as groups of transport carriers (e.g.
sub-carriers) or inlervals that are assigoed to transport data. The RBs are delined over a tivne
and frequency period. Resource blocks are comprised of time-frequency resource elements

{also denoted here in as resource clements or “REs” for brevity), which may be defined by
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indices of time and frequency in a slot. Additional details of LTE RBs and REs are described
in the 3GPP specifications, such as, for example, 3GPP TS 36.21 1.

UMTS LTE supports scalable carrier bandwidths from 20 MHz down to 1.4 MHZ. In
LTE, an RB is defined as 12 sub-carriers when the subcarrier bandwidih 1s 15 kz, or 24 sub-
carriers when the sub-carrier bandwidth is 7.5 kHz. In an exemplary implementation, in the
time domain there is a defined radio frame that 1s 10 ms long and consists of 10 subframes of
I millisecond (ms) each. Every subframe consists of 2 slots, where each slot is 0.5 ms. The
subcarrier spacing in the frequency domain in this casc is 15 kHz. Twelve of these
subcarriers together (per slot) constitute an RB, so in this implementation one resource block
is 180 kHz. Six Resource blocks {it in a carrier of 1.4 MHz and 100 resource blocks fitin a
carrier of 20 MHz.

Various other aspects and features of the disclosure are further described below. It
should be apparent that the teachings herein may be embodied in a wide variety of forms and
that any specific structure, function, or both being disclosed herein is merely representative
and not himiting. Based on the teachings herein one of an ordinary level of skill in the art
should appreciate that an aspect disclosed herein may be implemented independently of any
other aspects and that two or more of these aspects may be combined in various ways. For
example, an apparatus may be implemented or a method may be practiced using any number
of the aspects set forth herein. In addition, such an apparatus may be implemented or such a
method may be practiced using other structure, functionality, or structure and {uoctionality in
addition to or other than one or more of the aspects set forth herein. For example, a method
may be implemented as part of a system, device, apparatus, and/or as 1ostructions stored on a
computer readable medium for execution on a processor or computer. Furthermore, an aspect
may comprise at least one element of a claim.

FIG. 1 shows a wireless network 100 for communication, which may be an LTE-A
network. The wireless network 100 includes a number of evolved node Bs (eNBs) 105 and
other network entities. An eNB may be a station that communicates with the UEs and may
also be referred to as a base station, a node B, an access point, and the like. Each eNB 105
may provide communication coverage for a particular geographic arca. In 3GPP, the term
“cell” can refer to this particular geographic coverage area of an eNB and/or an eNB
subsystem serving the coverage area, depending on the context in which the term is used.

An eNB may provide communication coverage for a macro cell or a small cell, such
as a pico cell or a femto cell, and/or other types of cell. A macro cell generally covers a

relatively large geographic area {e.g., several kilometers in vadius) and may allow
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unrestricted access by UEs with service subscriptions with the network provider. A small
cell, such as a pico cell, would generally cover a relatively smaller geographic area and may
allow unrestricted access by UEs with service subscriptions with the network provider. A
small cell, such as a femto cell, would also generally cover a relatively small geographic area
{e.g., a home) and, in addition to unrestricted access, may also provide restricted access by
UEs having an association with the femio cell (e.g.. UEs 1n a closed subscriber group (CSG),
UEs for users in the home, and the like). An eNB for a macro cell may be referred to as a
macro eNB. An eNB for a small cell may be referred to as a small cell eNB, a pico eNB, a
femto eNB or a home eNB. In the example shown in FIG. 1, the eNBs 105a, 105b and 105¢
arc macro eNBs for the macro cells 110a, 110b and 110c, respectively. The eNBs 105x,
105y, and 1052 are small cell eNBs, which may include pico or femio ¢NBs that provide
service to small cells 110x, 110y, and 110z, respectively. An eNB may support one or
multiple (e.g., two, three, four, and the like) cells.

The wireless network 100 may support synchronous or asynchronous operation. For
synchronous operation, the eNBs may have similar {frame timing, and {ransmissions {rom
different eNBs may be approximately aligned in time. For asynchronous operation, the eNBs
may have different frame timing, and transmissions from different eNBs may not be aligned
in time.

The UEs 115 are dispersed throughout the wireless network 100, and each UE may be
stationary or mobile. A UE may also be referred to as a terminal, a mobile station, a
subscriber unit, a station, or the like. A UE may be a cellular phone, a personal digital
assistant {(PDA), a wireless modem, a wireless communication device, a handheld device, a
tablet computer, a laptop computer, a cordless phone, a wireless local loop (WLL) station, or
the like. A UK may be able to communicate with macro eNBs, pico eNBs, {femto eNBs,
relays, and the like. In FIG. 1, a lightning bolt {e.g., communication links 125) indicates
wireless transmissions between a UE and a serving eNB, which is an eNB designated to serve
the UE on the dowunlink and/or uplink, or desired transmission between eNBs. Wired
backhaul communication 134 indicate wired backhaul communications that may occur
between eNBs.

ETE/-A utilizes orthogonal frequency division multiplexing {OFDM) on the downlink
and single-carrier frequency division muliiplexing (SC-FDM) on the uplink. OFDM and SC-
FDM partition the system bandwidth into multiple (X) orthogonal subcarriers, which are also
commonly referred to as tones, bins, or the like. Each subcarrier may be modulated with

data. In general, modulation symbols are sent in the {requency domain with OFBM and in
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the time domain with SC-FDM. The spacing between adjacent subcarriers may be fixed, and
the total number of subcarriers (X) may be dependent on the system bandwidth. For example,
X may be equal to 72, 180, 300, 600, 900, and 1200 for a corresponding system bandwidth of
1.4, 3, 5, 10, 15, or 20 megahertz (MHz), respectively. The system bandwidth may also be
partitioned into sub-bands. For example, a sub-band may cover 1.08 MHz, and there may be
I, 2, 4. 8 or 16 sub-bands for a corresponding system bandwidth of 1.4, 3, 5, 10, 15, or
20MHz, respectively.

{00401 FIG. 2 shows a block diagram of a design of a base station/eNB 105 and a UE 115,
which may be one of the base stations/eNBs and one of the UEs in FIG. 1. For a restricted
association scenario, the eNB 105 may be the small cell eNB 103z in FIG. 1, and the UE 115
may be the UE 115z, which in order to access small cell eNB 1052, would be included in a
list of accessible UEs for small cell eNB 105z. The eNB 105 may also be a base station of
some other type. The eNB 105 may be equipped with antennas 234a through 2344, and the
UE 115 may be equipped with antennas 252a through 252r.

(8041} At the eNB 105, a transmit processor 220 may receive data from a data source 212
and control information from a controller/processor 240. The control information may be for
the PBCH, PCFICH, PHICH, PDCCH, ctc. The data may be for the PDSCH, cte. The
transmit processor 220 may process {e.g., encode and symbol map) the data and control
information to obtain data symbols and control symbols, respectively. The transmit processor
220 may also generate reference syrobols, e.g., for the PSS, S58, and celi-specific relerence
signal. A transmit (TX) multiple-input multiple-output (MIMQO) processor 230 may perform
spatial processing (e.g., precoding) on the data symbols, the control symbols, and/or the
reference symbols, if applicable, and may provide output symbol streams to the modulators
(MODs) 232a through 232t. Each modulator 232 may process a respective oulput symbol
stream {e.g2., for OFDM, etc.) to obtain an output sample stream. Each modualator 232 may
further process (e.g., convert to analog, amplify, filter, and upconvert) the output sample
stream to obtain a downlink signal. Downlink signals {rom modulators 232a through 232t
may be transmitted via the antennas 234a through 2344, respectively.

10042] At the UE 115, the anteonas 252a through 252¢ may receive the downlink signals
from the eNB 105 and may provide received signals to the demodulators (DEMODs) 254a
through 254r, respectively. Hach demodulator 254 wmay condition (e.g., fter, amphity,
downconvert, and digitize} a respective received signal to obtain input samples. Each
demodulator 254 may further process the input samples (e.g., for OFDM, ctc.) to obtain

received symbols. A MIMO detector 256 may obtain received symbols from all the
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demodulators 254a through 254r, perform MIMO detection on the received symbols if
applicable, and provide detected symbols. A receive processor 258 may process {(e.g.,
demodulate, deinterleave, and decode) the detected symbols, provide decoded data for the UE
115 to a data sink 260, and provide decoded countrol information to a controller/processor
280.

{0043] On the uplink, at the UE 113, a transmut processor 264 may receive and process data
{(e.g., for the PUSCH) from a data source 262 and control information (e.g., for the PUCCH)
from the controller/processor 280. The transmit processor 264 may also generate refercnce
symbols for a reference signal. The symbols from the transmit processor 264 may be
precoded by a TX MIMO processor 266 if applicable, further processed by the modulators
254a through 254r {(e.g., for SC-FDM, etc.), and transmitled to the eNB 105, At the eNB
105, the uplink signals from the UE 115 may be received by the antennas 234, processed by
the demodulators 232, detected by a MIMO detector 236 if applicable, and further processed
by a receive processor 238 to obtain decoded data and conirol information sent by the UE
115. The processor 238 may provide the decoded data to a data sink 239 and the decoded
countrol information to the controller/processor 240.

{00441 The controllers/processors 240 and 280 may direct the operation at the eNB 105 and
the UE 115, respectively. The controller/processor 240 and/or other processors and modules
at the eNB 105 may perform or direct the execution of various processes for the techniques
described herein. The controllers/processor 280 and/or other processors and modules at the
UE 115 may also perform or direct the execution of the functional blocks illustrated in FIG.
5, and/or other processes for the technigues described herein. The memories 242 and 282
may store data and program codes for the eNB 105 and the UE 115, respectively. A
scheduler 244 may schedule UEs {or data transmission on the downlink and/or uphink.

{60451 Multiple-input multiple-output (MIMO) techoology generally allows communication
to take advantage of the spatial dimension through use of channel state information (CSI)
feedback at the eNB. An eNB may broadcast cell-specific CSI reference signals (CSE-RS)
for which the UE measures CS1 based on configurations signaled by ¢NB via RRC, such as
CSI-RS resource configuration and transmission mode. The CSI-RS are periodically
transmitted at periodicities of 5, 10, 20, 40, 80 ms, or the like. A UE may report €SI at CS1
reporting instances also configured by the eNB. As a part of CSI reporting the UE generates
and reports channel quality indicator (CQl), precoding matrix indicator (PMI}, and rank

indicator (RI). The CSI can be reported either via PUCCH or via PUSCH and may be
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reporied either periodically or aperiodically, with potentially different granularity. When
reported via PUCCH, the payload size for CSTmay be limited.

{0846} In order to increase system capacity, full-dimensional (FD)}-MIMO technology has
been considered, in which an eNB uses a two-dimensional (2D) active antenna array with a
large number of antennas with antenna ports having both horizontal and vertical axes, and has
a larger number of transceiver units. For conventional MIMO systems, beamforming has
typically implemented using only azimuth dimension, although of a 3D multi-path
propagation. However, for FD-MIMO each transceiver unit has its own independent
amplitude and phase control.  Such capability together with the 2D active antenna array
allows the transmitted signal to be steered not only in the horizontal direction, as in
conventional multi-antenna systems, but also simultaneously in both the horizontal and the
vertical direction, which provides more flexibility in shaping beam directions from an eNB to
a UE. Providing dynamic beam steering in the vertical direction has been shown to result in
significant gain in interference avoidance. Thus, FD-MIMO technologies may lake
advantage of both azimuth and clevation beamforming, which would greatly improve MIMO
system capacity and signal guality.

106471 FIG. 3 is a block diagram illustrating a typical 2D active antenna array 30. Active
antenna array 30 1s a 64-transmitter, cross-polarized uniform planar antenna array comprising
four columns, in which each column includes eight cross-polarized vertical antenna elements.
Active antenna arrays are often described according to the number of antenna columns (V),
the polarization type {(P), and the number of vertical elements having the same polarization
type in one column (M). Thus, active antenna array 30 has four columns (N = 4), with eight
vertical (M = 8) cross-polarized antenna elements (P = 2).

10048] For a 2D array structure, in order to exploit the vertical dimension by elevation
beamforming the €SI 1s needed at the base station. The CS1, in terms of PML RI and CQI,
can be fed back to the base station by a mobile station based on downlink channel estimation
and predefined PMI codebook(s). However, different from the conventional MIMO system,
the eNB capable of FD-MIMQ is typically equipped with a large scale antenna system and,
thus, the acquisition of full array CS1 from the UE is quite challenging due to the complexity
of channel estimation and both excessive downlink CSI-RS overhead and uplink CS1
feedback overhead.

{0049 For CSI reporting 1 systems having FD-MIMO, a CS1 process may be conligured

with either of two CSI reporting classes, class A non-precoded or class B beamformed. FIG.
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4A 1s a block diagram illustrating an example base station 400 transmitting non-precoded
CSI-RS 401, In class A non-precoded reporting, one non-zero power (NZP) CSERS resource
per 51 process may be used for channel measurement in which the number of CSI-RS ports
may be §, 12, or 16. Interference measurement in class A reporting may include one CS1-
interference measurement (IM) resource per CSI process.

[8656] Base station 400 serves UHs 403 and 404 and UEs 405 and 406 in structure 40. 2D
CSE-RS ports transmit non-precoded CSI-RS 401 and PDSCH 402 o UEs 403-406. In
reporting CS1 feedback, UEs 403-406 measure the non-precoded CSI-RS and reports CQL
precoding matrix indicator (PMI) (2D codebook), and rank indicator to base station 400.

{0051] FIG. 4B is a block diagram illustrating an example base station 407 transmitting
beamformed CSI-RS using CSI-RS resources 408-410. CSI-RS resources 408-410 may be
directed to serve different UE groups, such as UE group 415, including UEs 411 and 412, and
UE group 416, including UEs 413 and 414 in structure 41. Because dilferent CSI-RS
resources are used for different UE groups, when providing CSI feedback, UEs 411-414
report CQL PMI (1D codebook), rank indicator, as wel as the CSI-RS resource indicator
(CRI), if & > 1, which identifies to base station 447 which of the CSI-RS resources the UE
has measured and provided channel state information (CS]) feedback for.

{00521 In class B beamformed CSI reporting, each CSI process may be associated with K
NZP CSI-RS resources/configurations, with N, ports for the K" CSI-RS resource (K could be
> 1), in which Ny may be 1, 2, 4, or 8, and may be different {or cach CSI-RS resource. EHach
CSI-RS resource may also have different CSI-RS port virtualization, e.g., virtualized from
different sets of antenna elements or {rom the same set of antenna elements but with different
beamforming weights. Multiple CSI-IM per CSI process is also possible, with one-to-one
linkage to each NZP CS5I-RS resource.

186531 For both conventional MIMO and FD-MIMO in LTE, implicit feedback is applied,
for which the codebook is based on the discrete Fourier transform (DFT) vector with the
assumption of the single path channel. The performance of the DFT vector based codebook
for the channel with multiple paths and rays is limited and not sufficient for multiple user
precoding which uses accurate CSI to adequately steer a null for reducing multiple user
interference. For beamformed CSI-RS, the performance is more sensitive to precoding
accuracy due to the very narrow CSI-RS beam and wsing the DFT vector based PMI feedback
for CSI-RS beamforming may degrade beamformed CSI-RS performance. Explicit spatial
covariance feedback can provide significant performance gain compared with PMI based

schemes. However, element-wise quantization of the spatial covariance may not be practical
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for FD-MIMO with a larger number of antenna ports such as 32 or 64 antenna ports, due to a
very large feedback overhead.
Various aspects of the present disclosure may provide for use of spatial covariance

feedback based on an estimated covariance. A spatial covariance matrix can be approximated

via two steps: 1) finding a set of orthogonal basis vectors | iy and 2) compressing the

covariance matrix into a low dimension matrix by projecting cigenvectors onto N orthogonal
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basis vectors. Denoting the spatial covariance matrix as ° %, which can be computed from the
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. 1y 1
R = G lxesHyHy

small or long period of time W . where § is a set of subcarriers, or a
set  of subframes for averaging. Using the orthogonal
. N < 3
TS I e WA . NN 8
y LR W& G, a low dimension * XN parix O
Al

K \

1s the number of selected

generated, where

L It can be seen that

basis VECEOrs, where ¢

' 34 &F Ry R

; X EF f‘f NN RN o NORRR NN
g%g ‘\\‘s nnnnn PR JIFIX e § \\\\\\\ Ry \\\\\ RR E
; SN X ) X N #

, where

s

{1 is chosen to
cover the signal subspace of interest, ° Hi s an approximation of principle
e

B

.
R

’///2

gigenvector SN of covariance ** by projecting it onto the orthogonal basis vector. In this

g ap

7
2
"y
2o
Wiy

g

7
s
P,
K272

A

%
P2
//'11

instance, ° 1 is an approximation of the eigenvector of , which can be

24
P,
Yy

computed by the product of the selected set of orthogonal basis vectors, © | and eigenvector

A

,

////’Z

of the low dimension covariance estimate matrix, ¥, Since <% is a low dimension mairix, the

computational efforts for the eigenvectior may be very low. Therelore, the low dimeunsion

k\

matrix <~ and the basis vector L\ {

Y,
Wit

B 3
Y
f provide a good approximation of *N. Based on <Y and

4 r
4

P
e
rreze,
ey
P
Seviiand
Yotgers
//,,

, the eNB can derive the principle cigenvector of



{0035]

{0056]

WO 2017/166219 PCT/CN2016/078179
14

FIG. 5 is a block diagram illustrating example blocks executed to implement one
aspect of the present disclosure. The example blocks will also be described with respect to
UE 901 as illustrated in FIG. 10. FIG. 10 is a block diagram illustrating UE 901 configured
according to one aspect of the present disclosure. UE 901 includes the structure, hardware,
and components as illustrated for UE 115 of FIG. 2. For example, UE 901 includes
countroller/processor 280, which operates to execute logic or computer instructions stored in
memory 282, as well as controlling the components of UE 901 that provide the features and
functionality of UE 901. UE 901, under control of controller/processor 280, transmits and
recetves signals via wireless radios 1001a-r and antennas 252a-r. Wireless radios 1001a-r
includes various components and hardware as illustrated in FIG. 2 for UE 115, including
demodulator/moduolators  234a-r, MIMO detector 256, receive processor 258, transmit
processor 264, and TX MIMO processor 266.

At block 500, a UE, such as UE 901, obtains a set of orthogonal basis vectors. UE
901 may obtain the set of basis vectors from a base station through configuration signals or
may determine the basis vectors on its own. For example, the orthogonal basis vector may be
selected by UE 901 through execution of covariance estimator logic 1003 stored in memory
282 and execuied by controller/processor 280. In the example aspect in which UE 901
determines the set of basis vectors, the execution environment of covariance estimator logic
1003 determines a set of DFT vectors based on signals received from the base station. UE
901, under countrol of controller/processor 280, may select the set of basis vectors from a set

of DFT vectors, e.g.,
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where T is threshold. The selected set of orthogonal basis vectors is stored at basis vectors

1002 in memory 282.

At block 501, the UE measures a CSE-RS from the base station. For example, UE 901

receives and detects the CSI-RS via antennas 25Za-r and wireless radios 100la-r. Upon

executing measurement logic 1005, under control of controller/processor 280, measurements

of the CSI-RS are made.

At block 502, the UE determines the spatial covariance of the CSI-RS based on the

measurements.  For example, UE 901, under control of controller/processor 280, executes

covariance estimator 1003.

generates the spatial covariance matrix,
At block 503, the U

using the set of orthogonal basis vectors.

The execution environment of covariance estimator 1003
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w

. based on the measurements of the CSI-RS.
ompresses the spatial covariance into a covariance estimate

For example, UE 901, under conirol of

controller/processor 280, in the operation environment of the execufing covariance estimator

1603, the spatial covariance matrix is compressed into a low dimension covariance estimate

matrix, A, according to the relationship:
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where ¥ is the set of orthogonal basis vectors obtained in block 500 and s the spatial

covariance determined at block S02. The execution environment of covariance estimator

1603, thus, uses the orthogonal basis vectors and determined spatial covariance (o produce a
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covariance estimate that is a lower dimension matrix than the determined spatial covariance
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At block 504, the UE transmits the covariance estimate to the basc station. For

example, as a part of the CS1 feedback operation, UE 901, after compressing the spatial

/”//// k
Vord. v

Y into the low dimension covariance estimate, the covariance estimate is fed

covariance °
back to the base station via mobile radios 1001a-r and antennas 252a-r. In aspects in which

UE 901 determines the orthogonal basis vectors, UE 901 may also feed back the index of the

determined basis vector \\ Yand also the number of basis vectors. In additional
aspects in which the orthogonal basis vectors arc configured by the base station, UE 901 may
only feed back the covariance estimate without the index of the determined basis vectors or
number of basis vectors. Additionally, alternative aspects may provide for the base station to
configure the number of basis vectors with UE 901 determining the set of orthogonal vectors
using the number of basis vectors from the base station. In such additional aspects, UE 901
may feed back the covariance estimate and the index of the determined basis vector.

FIG. 6 is a block diagram illustrating eNB 60 and UE 61 configured according o one
aspect of the present disclosure. In the illustrated aspect, eNB 60 configures the basis vector
for spatial covariance compression. eNB 60 may determine the basis vector based on an
cstimate of the uplink received signal from UE 61 (not shown), e¢.g., a subset
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Once receiving the confliguration from eNB 60, UE 61 measures CSI-RS 601 o determine
the spatial channel covartance and computes a low dimension covariance approximation
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indicated above, it is also possible that eNB 60 only configures the number of basis vectors.

In such case, UE 61 may feed back the index of the determined basis vectors and also the
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“\ , inio the covariance estimate, A, in block

After compressing the spatial covariance,
503 of FIG. 5, overhead for the covariance feedback may be further reduced through
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number of basis vector * dcnotgs the maximum rank, the low dimension matrix, A, is

expressed as * ‘ST, it is possible to apply element-

> overhead can be further reduced by exploiting Hermitian

N - . . . . ~
symmetry. For , 5% is 2x2 matrix with 3 unique entries or 2 real values for
. . - S . : 1 :
diagonal entries and 1 complex eniry. Fm* ; 5, i5 4x4 matrix with 10 umque

entrics or 4 real values for diagonal entries and 6 complex entry. The real eniry

)

.th

corresponding to the ¢ diagonal denoted by & - may be normalized using a multiple bit

uniform guantization and complex entries may be quantized using a multiple bit uniform
quantization for phase in [0, 2n] and a multiple bit aniform quantization of the amplitude.
The multiple bit quantization may be implemented as 2-bit, 4-bit, or the like. In one example
aspect, a 4-bit uniform guantization

may be used. In such example aspect, the total

\% ‘{.-w"\i & _.»‘§ I \.: & \\\‘Q
& Lony o S e ol PN :\ .
quantization overhead for <% is ™ - : N k , 4241254216 bits for
n- E\\‘}"
$3d
=2 and 4*4+6%2%4=64 bits for * ¥ =4,

FiGs 7A and 7B are block diagrams illustrating CS1 reporting streams 70 and 71 from
elNB 60 and UE 61 configured according to aspects of the present disclosure. For periodic

CSI reporting, UE 61 shall report a first RE 700/704 corresponding to the number of

determined basis Vcctgr The beam indices (PMIs) of
the determined basis vectors will be reported cyclically, as Hustrated at 703, according to the
order from the best to the worst. It should be noted that the period of the first report is Mp; -
Nya subframes. The period of each basis vector in second report is Ny *Nyy sublrames, where
Nrris determined from the last report RL Both Mg; and Ny imay be configured by the higher-
layer signaling.

For aperiodic OS] reporting, UE 61 may report the number of determined basis vector

. s" \}
LY R Y and associated beam indices, the element-wise quantization coefficients S 8 Jof
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e

matrix X to eNB 60. The coefficients and indices of the basis vector may be reported
separately or jointly in the same subframe according to CSI triggering signaling from eNB
60. Table 1 below identifies an example of overhead estimation for spatial covariance
feedback for a 32 x-pol antenna array configured for spatial covariance estimation according

to various aspects of the present disclosure.

{Ny, Na, 01, 02)=(8.2,8,8) N=2 N=4
Indices of basis vector 2x10 = 20 bits 4x10 = 40 bts
Coeflicients of matrix A dx2+1x2x4 = 16 bits dx4+6x2x4 = 64 bits
Total Overhead 36 bits 104 bits
Table |
{0065] FIG. 8 is a block diagram illustrating a communication dialog between a UE 800 and

eNB 801 configured according to one aspect of the present disclosure. The proposed spatial
covariance feedback approach may enhance hybrid CSI-RS based FD-MIMO with two stage
feedback. At 802, eNB 800 transmits non-precoded CSI-RS {(e.g., configured with 8, 12, 16,
32, or 64 ports). In the first stage of the enhanced hybrid CSI-RS, UE 800 measures the non-
precoded CSI-RS and feeds back a compressed spatial covariance matrix, A, at 803. eNB 800
then transmits a UE-specific beamformed CSI-RS (e.g., configured with 1, 2, 4, or 8 ports) at
804. In the second stage of the enhanced hybrid CSERS, UE 800 measures the beamformed
CSI-RS, which is precoded based on the spatial covariance feedback of the first-stage report
and reports short-term CS1 feedback, at 805, At 806, using both the covariance estimate and
short-term CS1 feedback, eNB 800 may configure data transmissions via PDSCH at 806.

{3066} FIG. 9A is a block diagram illustrating a commumication dialog between an eNB 900
and a UE 901 configured according to onc aspect of the present disclosure. At 902, eNB 900
signals the mumber of antenna ports in the elevation and azimuth dimension (N, Nj} as well
as the oversampling factors (O, O,). The transmission may occur, for example, via RRC
signaling. At 903, eNB 900 transmits non-precoded CSI-RS. In the example aspect
illustrated and described with respect to FIG. 9A, UE 901 selects the orthogonal basis vectors
¥, at 904, and calculates the reduced dimension covariance estimate, A, along with the
clement-wise guantized coefficients.

{08671 At 903, UE 901 reports the covariance estimate, A, and the selected basis vectors, ¥
via PUCCH/PUSCH. At 906, eNB 900 generates beamf{ormed CS51-RS using beam{orming

weights. Two options can be used to precode the beamformed CSI-RS for the second stage
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of the enhanced hybrid CSI-RS feedback operations. In a f{irst approach, the beamforming
weight may be based on the reported DFT based basis vector, ¥, (BF Weight = ¥) Ina
second approach, the beamforming weight may be based on the eigenvector of the spatial
covariance feedback. (BF Weight = Yeig(4)). The second approach may achieve better
performance, however, for a channel with small angular spread, the eigenvector can be well
approximated by a DFT vector and the first approach may then have similar performance as
the second approach.

160681 At 907, eNB 900 transmits the beamformed CSI-RS formed according to one of the
two precoding approaches. At 908, UE 901 transmits short-term PMI-CQVRI based on the
beamformed CSI-RS. Using both stages of enhanced hybrid CSI-RS fecdback, eNB 900
configures downlink data transmissions at 909 via PDSCH transmissions.

{00691 FIG. 9B is a block diagram illustrating a communication dialog between elNB 900 and
UE 901 configured according to another aspect of the present disclosure. elNB 900 mitiates
the enhanced hybrid CSI-RS feedback operation again by transmitting the antenna numbers
and oversampling factors at 902. In the additional aspect illustrated in FIG. 9B, eNB 900
configures the basis vectors by transmitting, at 910, the index of the basis vector to UE 901,
As with the aspect illustrated in FIG. 94, eNB 900 transmits a non-precoded CSI-RS. At
911, with the basis vectors configured by eNB 900, UE 901 calculates the reduced dimension
covariance matrix, A, at element-wise guantized coefficients. UE 901 reports the covariance
estimate via PUSCH at 912.

106701 The remaining operations of the enhanced hybrid CSI-RS feedback are similar to
those ilustrated 1 FEG. 9A. At 906, using one of the precoding approaches, eNB 900
generates the beamformed CSI-RS and transmits it at 907. UE 901 will measure the
beamf{ormed CSI-RS and report the short-term PMI-CQI/RI at 908, Using both stages of CSI
reports, eNB 900 configures downlink data transmissions via PDSCH at 909,

{00711 Those of skill in the art would understand that various aspects of the present
disclosure may include different implementations, such as through non-transitory computer-
readable media, which, when code stored thercon is executed by one or more computers or
processors performs the features and functionality of the aspects, and such as through
apparatuses that have one or more processors and memory coupled to the processors, such
that when 1nstructions are executed, the apparatus may be configured to perform the {eatures
and functionality of the aspects. The following aspects represent statements that reflect the

various aspects of the present disclosure in different formats from the claims filed hercwith.
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The present disclosure comprises a first aspect, such as a non-transitory computer-
readable mediom having program code recorded thereon, the program code coraprising:

program code for causing a computer {o obtain a set of orthogonal basis vectors;

program code for causing the computer to measure a channel state information (CS1)
reference signal (CSI-R5) received {rom a base station;

programn code {or causing the compuier to determine a spatial covariance of the CSI-
RS

program code for causing the computer to compress the spatial covariance into a
covariance estimate using the set of orthogonal basis vectors; and

program code for causing the computer to transmit the covariance estimate to the base
station.

Based on the first aspect, the non-transitory computer-readable medium of a second
aspect, wherein the program code for causing the computer to obtain the set of orthogonal
basis vectors includes:

program code for causing the computer to receive the set of orthogonal basis vectors
from the base station, wherein the set of orthogonal basis vectors is based on an estimate of
an uplink received signal.

Based on the first aspect, the non-transitory computer-readable medium of a third
aspect, wherein the program code for causing the computer to obtain the set of orthogonal
basis vectors includes:

program code for causing the computer to calculate a first set of discrete Fourier
transform (DFT) vectors using the measured CSI-RS;

program code for causing the computer to identify a dominant DFT vector having a
value that is largest of the first set of DFT vectors;

program code for causing the computer to determine a second set of DFT vectors
orthogonal to the dominant DFT vector; and

program code {or causing the computer to generate the set of orthogonal basis vectors
by removing a plurality of DFT vectors from the second set of DFT vectors with values
below a threshold.

Based on the third aspect, the non-statutory computer-readable medium of a fourth
aspect, wherein the program code for causing the computer to transmit the covariance
estimate further includes:

program code for causing the computer to transmit an index of the dominant DFT

vector and a set of indices of vectors in the set of orthogonal basis vectors.
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Based on the third aspect, the non-statutory computer-readable medium of a fifth
aspect further includes:

program code for causing the compuier to receive a number of basis vectors from the
base station, wherein the program code for causing the computer {o remove the plurality of
DFT vectors from the second set of DFT vectors resnlts in the set of orthogonal basis vectors
having the mumber of basis vectors,

wherein the program code for causing the computer to transmit the covariance
estimate further includes:

program code for causing the computer to transmit an index of the dominant
DFT vector and a set of indices of vectors in the set of orthogonal basis vectors.

Based on the furst aspect, the non-statutory computer-readable mediom of a sixth
aspect further includes:

program code for causing the computer to perform an element-wise quantization of
the covariance estimate prior to execution of the program code for causing the computer to
transmit.

Based on the sixth aspect, the non-statutory computer-readable mednmm of a seventh
aspect, wherein the element-wise quantization includes:

a {irst multibit uniform quantization for real entries of the covariance estimate;

a second multibit uniform guantization for phasc in [0, 27] for complex entrics of the
covariance estimate; and

a third multibit bit uniform quantization of an amplitude.

Based on the seventh aspect, the non-statutory computer-readable medium of an
cighth aspect, wherein the first, second, and third multibit voiform guantizations are 4-but
uniform guantizations.

Based on the first aspect, the non-statuiory computer-readable mediom of a ninth
aspect. wherein the program code for causing the computer o transmit the covariance
cstimate occurs at a defined period and includes:

program code for causing the computer to transmit a f{irst report including a rank
corresponding to a number of vectors in the set of orthogonal basis vectors, wherein the first
report is transmitted at a {irst period configured by higher layer signaling; and

program code for causing the computer to transmit a second report including the set of
orthogonal basis vectors, a beamn index of each of the vectors in the covariance estimate,

wherein the second report is transmitted at a second period based in part on the first report.
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{00811 Based on the ninth aspect, the non-statutory computer-readable medium of a tenth
aspect, wherein the bearn index of each of the vectors in the covariance estimale are reported
cyclically from the beam index for a first vector in the covariance estimate having a highest
value to a last vector in the covariance estimate having a lowest value.

{0082} Based on the first aspect, the non-statitory computer-readable medium of an eleventh
aspect further includes:

program code for causing the computer to receive a trigger signal for reporting the
covariance estimate to the base station, wherein the program code for causing the computer to
transmit the covariance estimate includes:
program code for causing the computer to transmit a number of vectors in the
set of orthogonal basis vectors, a beam index of each of the vectors in the set of orthogonal
basis vectors, an element-wise quantization of one or more mairix coefficients of the
covariance estitnate.

{0083] Based on the eleventh aspect, the non-statutory computer-readable medium of a
twelfth aspect, wherein the program code for causing the computer to transmit the beam
index and the element-wise quantization of the one or more matrix coefficients is performed
one of: separately or jointly in a same subframe, based on the frigger signal.

{00841 Based on the first aspect, the non-statutory computer-readable medium of a thirteenth
aspect. wherein the CSI-RS is a non-precoded CSI-RS, the non-transitory computer-readable
medinm further includimg:

program code for causing the computer to receive a beamformed CSI-RS from the
base station after execution of the program code for causing the computer to transmit;

program code for causing the computer to generate a {SI report based on
measurement of the beamformed CRI-RS: and

program code for causing the computer to transmit the CSI report to the base station.

{0085] Based on the thirteenth aspect, the non-statatory computer-readable medivm of a
fourteenth aspect, wherein the beamformed CSI-RS i1s precoded based on one of: the set of
orthogonal basis vectors in the covariance estimate, or cigenvectors of the covariance
estimate.

10086] The present disclosure comprises a fifteenth aspect which further comprises the non-
transitory computer-readable mediurm of any combination the first through fourteenth aspects.

{0087} Based on a sixteenth aspect, an apparatus configured for wireless communication
COMmprises:

at least one processor; and
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a memory coupled to the at least one processor,
wherein the at least one processor is configured:
to obtain a set of orthogonal basis vectors;
to measure a channel state information (CSD reference signal (CSI-RS)
received from a base station:
to determine a spatial covariance of the CSI-RS;
to compress the spatial covariance into a covariance estimate using the set of
orthogonal basis vectors; and
to transimit the covariance estimate to the base station.

{0088] Based on the sixteenth aspect, the apparatus configured for wireless communication
of a seventeenth aspect, wherein the configuration of the at least one processor to obtain the
set of orthogonal basis vectors includes configuration to receive the set of orthogonal basis
vectors from the base station, wherein the set of orthogonal basis vectors is based on an
estimate of an uplink received signal.

{008Y] Based on the sixteenth aspect, the apparatus configured for wireless communication
of an eighteenth aspect, wherein the configuration of the at least one processor to obtain the
set of orthogonal basis vectors includes configuration of the at least one processor:

to calculate a first set of discrete Fourier transform (DFT) vectors using the measured
CSI-RS;

to 1dentily a dominant DFT vector having a value that is largest of the first set of DVFT
vectiors:

to determune a second set of DFT vectors orthogonal to the domunant DEFT vector; and

to generate the set of orthogonal basis vectors by removing a plurality of DFT vectors
from the second set of DFT vectors with valoes below a threshold.

{60961 Based on the eighteenth aspect, the apparatus configured for wireless communication
of a ninetcenth aspect, wherein the configuration of the at least one processor to transmit the
covariance estimate further includes configuration to transmit an index of the dominant DFT
vector and a set of indices of vectors in the set of orthogonal basis vectors.

{0091 Based on the eighteenth aspect, the apparatus configured for wireless communication
of a twentieth aspect further includes configuration of the at least one processor to receive a
number of basis vectors from the base station, wherein the configuration of the at least one
processor to remove the plurality of DFT vectors from the second set of DFT vectors results

in the sct of orthogonal basis vectors having the number of basis vectors,
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wherein the configuration of the at least one processor to transmit the covariance
estimate further includes configuration to transmit an index of the dominant DFT vector and a
set of indices of vectors in the set of orthogonal basis vectors.

{0092} Based oun the sixieenth aspect, the apparatos configured for wireless communication
of a twenty-first aspect further includes configuration of the at least one processor to perform
an elemeni-wise quantization of the covariance estimale prior {o execution of the
configuration of the at least one processor to transmit.

{0093] Based on the twenty-first aspect, the apparatus configored for wireless
communication of a twenty-second aspect, wherein the element-wise quantization includes:

a first multibit uniform quantization for real entries of the covariance cstimate;

a second multibit uniform quantization for phase in [0, 27t] for complex entries of the
covariance estimate; and

a third multibit bit uniform quantization of an amplitude.

{0094] Based on the twenty-sccond aspect, the apparatus configured for wireless
communication of a twenty-third aspect, wherein the first, second, and third multibit uniform
quantizations are 4-bit uniform quantizations.

{0095} Based on the sixteenth aspect, the apparatus configured for wireless communication
of a twenty-fourth aspect, wherein the configuration of the at least one processor to transmit
the covariance estimate occurs at a defined period and inchides configuration of the at least
ONE Processor:

to transmit a first report including a rank corresponding to a number of vectors i the
set of orthogonal basis vectors, wherein the first report is transmitted at a first period
configured by higher layer signaling; and

to transmit a second report including the set of orthogonal basis vectors, a beam index
of each of the vectors 1n the covanance estimate, wherein the secound report is transmitied af a
second period based in part on the first report.

{0096] Based on the twenty-fourth aspect, the apparatus configured for wircless
communication of a twenty-fifth aspect, wherein the beam index of each of the vectors in the
covariance estimate are reported cyclically from the beam index for a first vector in the
covariance estimate having a highest value to a last vector in the covariance estimate having a
lowest value.

{0097] Based on the sixteenth aspect, the apparatus configured for wireless communication
of a twenty-sixth aspect further includes configuration of the at least one processor to receive

a trigger signal for reporting the covariance estimale to the base station, wherein the
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configuration of the at least one processor to transmit the covariance estimate includes
configuration to transmit a number of vectors in the set of orthogonal basis vectors, a beam
index of each of the vectors in the set of orthogonal basis vectors, an elememi-wise
quantization of one or more matrix coefficients of the covariance estimate.

{0095} Based on the sixteenth aspect, the apparatus configured for wireless communication
of a twenty-seventh aspect, wherein the configuration of the at least one processor to transmit
the beam index and the element-wise quantization of the one or more matrix coefficients is
performed one of: separately or jointly in a same subframe, based on the trigger signal.

{0099 Based on the sixteenth aspect, the apparatus configured for wireless communication
of a twenty-cighth aspect, wherein the CSIRS is a non-precoded CSI-RS, the apparatus
further including configuration of the at least one processor:

to receive a beamformed CSI-RS from the base station after execution of the program
code for causing the computer to transmit;

to generate a {51 report based on measurement of the beamformed CSE-RS; and

to {ransmit the CSI report to the base station.

{60100] Based on the twenty-eighth aspect, the apparatus configured for wireless
communication of a twenty-ninth aspect, wherein the beamformed CSI-RS is precoded based
on one of: the set of orthogonal basis vectors in the covariance estimate, or eigenvectors of
the covariance estimate.

{00101] The present disclosure comprises a thirtieth aspect which forther comprises the
apparatus configured for wireless communication of any combination the sixteenth through
twenty-ninth aspects.

{00102] Those of skill in the art would understand that information and signals may be
represented using any of a variety of different technologies and technigues. For exaruple,
data, instructions, commands, information, signals, bits, symbols, and chips that may be
referenced throughout the above description may be represented by voltages, currents,
electromagnetic waves, magnpetic fields or particles, optical fields or particles, or any
combination thereof,

{00103] The functional blocks and modules described herein way comprise processors,
clectronics devices, hardware devices, electronics components, logical circuits, memories,
software codes, fitmware codes, elc., or any combination thereol.

{00104] Those of skill would further appreciate that the various illustrative logical blocks,
modules, circuits, and algorithm steps described in connection with the disclosure hercin may

be implemented as electronic hardware, computer software, or combinations of both. To
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clearly illustrate this interchangeability of hardware and software, various illustrative
components, blocks, modules, circuits, and steps have been described above generally in
terms of their functionality. Whether such functionality is implemenied as hardware or
software depends upon the particular application and design constraints imposed on the
overall system. Skilled artisans may implement the described functionality in varying ways
for each particular application, but such mplementation decisions should not be mterpreted
as causing a departure from the scope of the present disclosure. Skilled artisans will also
readily recognize that the order or combination of components, methods, or interactions that
are described herein are merely examples and that the compounents, methods, or interactions
of the various aspects of the present disclosure may be combined or performed in ways other
than those illustrated and described herein.

[901065] The various illustrative logical blocks, modules, and circuits described in connection
with the disclosure herein may be implemented or performed with a general-purpose
processor, a digital signal processor (DSP), an application specific integrated circuit (ASIC),
a field programmabile gate array (FPGA) or other programmable logic device, discrete gate or
transistor logic, discrete hardware components, or any cowmbination thercof designed to
perform the functions described herein. A gencral-purpose processor may be a
microprocessor, but in the alternative, the processor may be any conveuntional processor,
controller, microcontroller, or state machine. A processor may also be implemented as a
combination of computing devices, e.g., a combination of a DSP and a microprocessor, a
plurality of microprocessors, one or more microprocessors in conjunction with a DSP core, or
any other such configuration.

{00106] The steps of a method or algorithm described in connection with the disclosure herein
may be embodied directly in bardware, in a software module executed by a processor, or in a
combination of the two. A software module may reside in RAM memory, {lash memory,
ROM memory, EPROM memory, EEPROM memory, registers, hard disk, a removable disk,
a CD-ROM, or any other form of storage medinm known in the art. An exemplary storage
medium is coupled to the processor such that the processor can read information from, and
write information to, the storage roedium. In the allernative, the storage medivm may be
integral to the processor. The processor and the storage medium may reside in an ASIC. The
ASIC may reside in a user termival. In the alternative, the processor and the storage medium
may reside as discrete components in a user terminal.

{00107] In one or more exemplary designs, the functions described may be implemented

through computer-executable instructions in  hardware, software, {irmware, or any



WO 2017/166219 PCT/CN2016/078179
27

combination thereof. If implemented in software, the functions may be stored on or
transmitted over as one or more instructions or code on a computer-readable mediom.
Computer-readable media includes both computer storage media and communication media
including any medium that facilitates transfer of a computer program from one place o
another. Computer-readable storage media may be any available media that can be accessed
by a general purpose or special purpose computer. By way of example, and not limitation,
such computer-readable media can comprise RAM, ROM, EEPROM, (I3-ROM or other
optical disk storage, magnetic disk storage or other magnetic storage devices, or any other
medium that can be used to carry or store desired program code means in the form of
instructions or data structures and that can be accessed by a general-purpose or special-
purpose computer, or a general-purpose or special-purpose processor.  Also, a connection
may be properly termed a computer-readable medium. For example, if the software is
transmitted {rom a website, server, or other remote source using a coaxial cable, fiber optic
cable, twisted pair, or digital subscriber line (DSL), then the coaxial cable, fiber optic cable,
twisted pair, or DSL, are included in the definition of medium. Disk and disc, as used herein,
includes compact disc (CD), laser disc, optical dise, digital versatile disc (DVD), {loppy disk
and blu-ray disc where disks usually reproduce data magnetically, while discs reproduce data
optically with lasers. Combinations of the above should also be included within the scope of
computer-readable media.

[86168] As used herein, including in the claims, the term “and/or.” when used in a Hst of two
or more items, means that any one of the listed items can be employed by itself, or any
combination of two or more of the listed iterns can be employed. For example, if a
composition is described as containing components A, B, and/or C, the composition can
contain A alone; B alone; C alone; A and B in combination; A and C in combination; B and
C in combination; or A, B, and C in combination. Also, as wsed herein, including in the
claims, “or” as used in a list of items prefaced by “at Ieast one of” indicates a disjunctive list
such that, for example, a list of “at least one of A, B, or 7 means A or B or  or AB or AC
or BC or ABC (i.c., A and B and C) or any of these in any combination thereof.

{00109] The previous description of the disclosuare is provided to enable any person skilled in
the art to make or use the disclosure. Various modifications to the disclosure will be readily
apparent to those skilled in the art, and the generic principles defined herein may be applied
to other variations without departing from the spirit or scope of the disclosure. Thus, the

disclosure is not intended to be limited to the examples and designs described herein but is to
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be accorded the widest scope consistent with the principles and novel features disclosed

herein,

{00119] WHAT IS CLAIMED 1IS:
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CLAIMS

1. A method of wireless communication, comprising:

obtaining a set of orthogonal basis vectors;

measuring a channel state information (CS1) reference signal (CSI-RS) received from
a hase station;

determining a spatial covariance of the CSI-RS;

compressing the spatial covariance into a covariance estimate using the set of
orthogonal basis vectors; and

transmitiing the covariance estimate to the base station.

2. The method of claim 1, wherein the obtaining the set of orthogonal basis
vectors includes:
receiving the set of orthogonal basis vectors from the base station, wherein the set of

orthogonal basis vectors is based on an estimate of an uplink received signal.

3. The method of claim 1, wherein the obtaining the set of orthogonal basis
vectors includes:

calculating a first set of discrete Fourier transform (DFT) vectors using the measured
CSI-RS;

identifying a dominant DFT vector having a value that is largest of the first set of
DFT vectors;

determining a second set of DFT vectors orthogonal to the dominant DFT vector; and

generating the set of orthogonal basis vectors by removing a plurality of DFT vectors

from the second set of DFT vectors with values below a threshold.

4. The method of claim 3, wherein the transmitting the covariance estimate
further includes:
transmitting an index of the dominant DFT vector and a set of indices of vectors in the

set of orthogonal basis vectors.

5. The method of claim 3, Turther including:
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receiving a number of basis vectors {rom the base station, wherein the removing the
plurality of DFT vectors {rom the second set of DFT vectors results in the set of orthogounal
basis vectors having the number of basis vectors,
wherein the transmitting the covariance estumate further includes:
transmitting an index of the dominant DFT vector and a set of indices of

vectors in the set of orthogonal basis vectors.

6. The method of claim 1, further including:
performing an element-wise quantization of the covariance estimate prior to the

transmitting.

7. The method of claim 6, wherein the element-wise quantization includes:

a {irst multibit uniform quantization for real entries of the covariance estimate;

a second multibit uniform guantization for phase in [0, 2n] for complex entries of the
covariance estimate; and

a third multibit bit uniform quantization of an amplitude.

8. The method of claim 7, wherein the first, second, and third multibit uniform

quantizations are 4-bit uniform guantizations.

g, The method of claim 1, wherein the transmitting the covariance estimate
occurs at a defined period and inchudes:

transmitting a first report inclading a rank correspounding to a number of vectors in the
set of orthogonal basis vectors, wherein the {irst report is transmitted at a first period
configured by higher layer signaling; and

transmitting a second report including the set of orthogonal basis vectors, a beam
index of each of the vectors in the covariance estimate, wherein the second report is

transmitted at a second period based in part on the first report.

10 The method of claim 9, wherein the beam index of each of the vectors in the
covariance estimate are reported cyclically from the beam index for a first vector in the
covariance estimate having a highest value to a last vector in the covariance estimate having a

lowest value.
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it The method of claim 1, Turther including:
receiving a trigger signal for reporting the covariance estimate to the base station,
wherein the transmitting the covariance estimate includes:
transmitting a number of vectors in the set of orthogonal basis vectors, a beam
index of each of the vectors in the set of orthogonal basis vectors, an element-wise

guantization of one or more matrix coelficients of the covariance estimale.

12. The method of claim 11, wherein the transmitting the beam index and the
element-wise quantization of the one or more matrix coefficients is performed one of:

separately or jointly in a same subframe, based on the trigger signal.

13. The method of claim 1, wherein the CSI-RS is a non-precoded CSI-RS, the
method further including:

receiving a beamformed CSI-RS from the base station after the transmitting;

generating a CS1 report based on measurement of the beamtormed CSI-RS; and

transmitting the CS5] report to the base station.

14. The method of claim 13, wherein the beamf{ormed CSI-RS is precoded based
on one of: the set of orthogonal basis vectors in the covariance estimate, or eigenvectors of

the covarance estimate,

15. The method of any combination of claims 1-14.
16. An apparatus configured for wireless commaunication, comprising:

means for obtaining a set of orthogonal basis vectors;

means for measuoring a channel state information (CS1) reference signal (CSI-RS)
received from a base station:

means for determining a spatial covariance of the CSI-RS;

means for compressing the spatial covariance into a covariance estimate using the set
of orthogonal basis vectors; and

means for ransmitting the covariance estimate to the base station.

17. The apparatus of claim 16, wherein the means for obtaining the set of

orthogonal basis vectors includes:
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means for receiving the set of orthogonal basis vectors from the base station, wherein

the set of orthogonal basis vectors is based on an estimate of an uplink received signal.

18. The apparatus of claim 16, wherein the means {or obtaining the set of
orthogonal basis vectors includes:

means for calculating a first set of discrete Fourter transform (DFT) vectors using the
measured CSEI-RS;

means for identifying a dominant DFT vector having a value that is largest of the first
set of DEFT vectors;

means for determining a second set of DFT vectors orthogonal to the dominant DFT
vector; and

means for generating the set of orthogonal basis vectors by removing a plurality of

DFT vectors from the second set of DFT vectors with values below a threshold.

19. The apparatus of claim 18, wherein the means for transmitting the covariance
estimate further includes:
means for transmitting an index of the dominant DFT vector and a set of indices of

vectors in the set of orthogonal basis vectors.

20. The apparatus of claimn 18, further including:
means for receiving a number of basis vectors from the base station, wherein the
means for removing the plorality of DFT vectors from the second set of DFT vectors resulis
in the set of orthogonal basis vectors having the number of basis vectors,
wherein the means for transmitting the covariance estimate further includes:
means for transmitting an index of the dominant DFT vector and a set of

indices of vectors in the set of orthogonal basis vectors,

21. The apparatus of claim 16, further including:
means for performing an element-wise quantization of the covariance estimate prior

to the means for transmitting.

22. The apparatus of claim 21, wherein the element-wise quantization includes:

a first multibit uniform quantization for real entries of the covariance cstimate;
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a sccond multibit uniform quantization for phase in {0, 2%} for complex entrics of the
covariance estimate; and

a third multibit bit uniform quantization of an amplitude.

3. The apparatus of claim 22, wherein the first, second, and third multibit

uniform guantizations arc 4-bit uniform quantizations.

24. The apparatus of claim 16, wherein the means for transmitting the covariance
cstimate occurs at a defined period and includes:

means for transmitting a first report including a rank corresponding to a number of
vectors in the set of orthogonal basis vectors, wherein the first report is transmitted at a first
period configured by higher layer signaling; and

means for transmitting a second report including the set of orthogonal basis vectors, a
beam index of each of the vectors in the covariance estimate, wherein the second report is

transmitted at a second period based in part on the first report.

25. The apparatus of claim 24, wherein the beam index of each of the vectors in
the covariance estimate are reported cychically from the beam index for a first vector in the
covariance estimate having a highest value to a last vector in the covariance estimate having a

lowest value.

26. The apparatus of claim 16, further including:
means for receiving a frigger signal for reporting the covariance estimate (o the base
station, wherein the means for transmitting the covariance estimate includes:
means {or transmitting a number of vectors in the set of orthogonal basis
vectors, a beam index of each of the vectors in the set of orthogonal basis vectors, an

clement-wise quantization of one or more matrix cocfficients of the covariance estimate.

27. The apparatus of claim 26, wherein the means for transmitting the beam index

separately or jointly in a same subframe, based on the trigger signal.

28. The apparatus of claim 16, wherein the C51-RS is a non-precoded C51-RS, the

apparatus further including:
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means for receiving a beamformed CSI-RS from the base station after the
fransmitting;

means for generating a {S1 report based on measurement of the beamformed CSI-RS;
and

means for transmitting the CS1 report to the base station.
29. The apparatus of claim 28, wherein the beamformed CSI-RS is precoded
based on one of: the sct of orthogonal basis vectors in the covariance estimate, or

eigenvectors of the covariance estimate.

30. The apparatus of any combination of claims 16-29.
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