
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(10) International Publication Number
(43) International Publication Date

23 June 2011 (23.06.2011) WO 2011/073876 A2

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
H04B 7/02 (2006.01) H04B 1/38 (2006.01) kind of national protection available): AE, AG, AL, AM,

AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(21) International Application Number: CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,

PCT/IB20 10/055763 DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,

12 December 2010 (12.12.2010) KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,

(25) Filing Language: English NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,

(26) Publication Langi English SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(30) Priority Data:
61/287,652 17 December 2009 (17.12.2009) US (84) Designated States (unless otherwise indicated, for every

61/294,000 11 January 2010 ( 11.01 .2010) US kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,

(71) Applicant (for all designated States except US): MAR- ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
VELL WORLD TRADE LTD [BB/BB]; LHorizon TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
Gunsite Road Brittons Hill, 14027 St. Michael (BB). EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,

LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,(72) Inventors; and
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,(75) Inventors/Applicants (for US only): ERELL, Adoram
GW, ML, MR, NE, SN, TD, TG).

[IL/IL]; 19 Pasman Street, 46424 Herzliya (IL). GO-
MADAM, Krishna, Srikanth [IN/US]; 1035 Aster Av Published:
enue, Apt 2247, Sunnyvale, California 94086 (US).

— without international search report and to be republished
ZHANG, Yan [CN/US]; 398 Creekside Drive, Palo Alto, upon receipt of that report (Rule 48.2(g))
California 94306 (US). MELZER, Ezer [IL/IL]; 17A
Moyal Street, 6935 1 Tel Aviv (IL).

(74) Agent: D. KLIGLER LP. SERVICES LTD; P.O. Box
33 111, 61330 Tel Aviv (IL).

(54) Title: MIMO FEEDBACK SCHEMES FOR CROSS-POLARIZED ANTENNAS

.

<
00

FIG. 1

(57) Abstract: A method includes receiving a Multiple-Input Multiple Output (MIMO) signal over multiple communication chan
nels from an antenna array (40) including a first set of antennas (44A...44D) having a first polarization and a second set of the an

o tennas (48 A...48D) having a second polarization that is orthogonal to the first polarization. First feedback information is calculat
ed relating to first interrelations between the antennas within either the first set or the second set. Second feedback information is

o calculated relating at least to second interrelations between the first set and the second set of the antennas. The first feedback in
formation is transmitted at a first time/frequency granularity, and the second feedback information is transmitted at a second
time/frequency granularity that is finer than the first time/frequency granularity.



MIMO FEEDBACK SCHEMES FOR CROSS-POLARIZED ANTENNAS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application

61/287,652, filed December 17, 2009, and U.S. Provisional Patent Application 61/294,000,

filed January 11, 2010, whose disclosures are incorporated herein by reference in their

entirety.

FIELD OF THE DISCLOSURE

[0002] The present disclosure relates generally to communication systems, and

particularly to methods and systems for providing channel feedback in Multiple-Input

Multiple-Output (MIMO) communication systems.

BACKGROUND

[0003] Various communication systems communicate using multiple transmit and/or

receive antennas. Such communication schemes are referred to as Multiple-Input Multiple-

Output (MIMO) schemes. MIMO configurations are used, for example, in Evolved Universal

Terrestrial Radio Access (E-UTRA), also referred to as Long Term Evolution (LTE), and

LTE-Advanced (LTE-A) systems. MIMO communication typically involves feeding back

communication channel information from the receiver to the transmitter.

[0004] Various techniques for calculating and transmitting channel feedback are

known in the art. For example, feedback schemes that are based on reciprocity between uplink

and downlink channel are described in document R l -094443 of the Third generation

Partnership Project (3GPP) Technical Specification Group (TSG) Radio Access Network

(RAN), entitled "On Channel Reciprocity for Enhanced DL Multi-Antenna Transmission,"

Jeju, Korea, November 9-13, 2009, which is incorporated herein by reference in its entirety.

As another example, GPP TSG RAN document Rl -094690, entitled "Use of UL Covariance

for Downlink MIMO in FDD," Jeju, Korea, November 9-13, 2009, which is incorporated

herein by reference in its entirety, discusses the use of the uplink covariance matrix for

downlink MIMO.

[0005] Some MIMO feedback schemes use precoding codebooks, i.e., predefined

sets of precoding matrices. Codebook-based feedback schemes are described, for example, in

3GPP Technical Specification 36.213, entitled "Technical Specification Group Radio Access

Network; Evolved Universal Terrestrial Radio Access (E-UTRA); Physical Layer Procedures

(Release 8)," (3GPP TS 36.213), version 8.6.0, March, 2009, which is incorporated herein by

reference in its entirety. Other codebook-based schemes are described in 3GPP TSG RAN



document R l -94686, entitled "Codebook for 8Tx DL SU-MIMO for LTE-A," Jeju, Korea,

November 9-13, 2009, which is incorporated herein by reference in its entirety. Yet another

example scheme is described in 3GPP TSG RAN document Rl-903888, entitled "Precoding

Options for 8Tx Antennas in LTE-A DL," Ljubljana, Slovenia, January 12-16, 2009, which is

incorporated herein by reference in its entirety.

[0006] Some MIMO feedback schemes are defined for cross-polarized antenna

arrays. An example technique of this kind is described in 3GPP TSG RAN document Rl-

94844, entitled "Low Overhead Feedback of Spatial Covariance Matrix," Jeju, Korea,

November 9-13, 2009, which is incorporated herein by reference in its entirety. Another

example is described in 3GPP TSG RAN document Rl-91229, entitled "Discussion on

Enhanced DL Beamforming," Seoul, Korea, March 23-27, 2009, which is incorporated herein

by reference in its entirety.

[0007] The description above is presented as a general overview of related art in this

field and should not be construed as an admission that any of the information it contains

constitutes prior art against the present patent application.

SUMMARY

[0008] An embodiment that is described herein provides a method, which includes

receiving a Multiple-Input Multiple Output (MIMO) signal over multiple communication

channels from an antenna array. The antenna array includes a first set of antennas having a

first polarization and a second set of the antennas having a second polarization that is

orthogonal to the first polarization. First feedback information is calculated relating to first

interrelations between the antennas within either the first set or the second set. Second

feedback information is calculated relating at least to second interrelations between the first set

and the second set of the antennas. The first feedback information is transmitted at a first

time/frequency granularity, and the second feedback information is transmitted at a second

time/frequency granularity that is finer than the first time/frequency granularity.

[0009] In some embodiments, calculating the first and second feedback information

includes calculating a feedback matrix, which is represented as a Kronecker product of a first

matrix depending on the first interrelations and a second matrix depending on the second

interrelations. In a disclosed embodiment, transmitting the first and second feedback

information includes reporting the first matrix at the first time/frequency granularity and

reporting the second matrix at the second time/frequency granularity. In an embodiment,



calculating the feedback matrix includes estimating elements of a Spatial Correlation Function

(SCF) matrix.

[0010] In another embodiment, calculating the feedback matrix includes selecting a

precoding matrix to be applied for subsequent transmission of the MIMO signal. In an

example embodiment, selecting the precoding matrix includes choosing the precoding matrix

from a predefined set of precoding matrices, at least some of which are represented as

Kronecker products of respective first matrices depending on the first interrelations and

respective second matrices depending on the second interrelations.

[0011] In a disclosed embodiment, transmitting the first and second feedback

information at the first and second time/frequency granularities includes transmitting only the

second feedback information and not the first feedback information. In an embodiment,

calculating the second feedback includes computing the second feedback based on at least one

additional feedback parameter, which depends on one or more of the antennas in the first set

and one or more of the antennas in the second set. In another embodiment, calculating the first

feedback information includes computing the first feedback information over first time

intervals and over first frequency bands, and calculating the second feedback information

includes computing the second feedback information over second time intervals that are

shorter than the first time intervals, and over second frequency bands that are narrower than

the first frequency bands.

[0012] There is additionally provided, in accordance with an embodiment that is

described herein, apparatus including a receiver, a processor and a transmitter. The receiver is

configured to receive a MIMO signal over multiple communication channels from an antenna

array including a first set of antennas having a first polarization and a second set of the

antennas having a second polarization that is orthogonal to the first polarization. The processor

is configured to calculate first feedback information relating to first interrelations between the

antennas within either the first set or the second set, and to calculate second feedback

information relating at least to second interrelations between the first set and the second set of

the antennas. The transmitter is configured to transmit the first feedback information at a first

time/frequency granularity, and to transmit the second feedback information at a second

time/frequency granularity that is finer than the first time/frequency granularity.

[0013] In some embodiments, a mobile communication terminal includes the

disclosed apparatus. In some embodiments, a chipset for processing signals in a mobile

communication terminal includes the disclosed apparatus.



[0014] There is further provided, in accordance with an embodiment that is

described herein, apparatus including an antenna array, a transmitter, a receiver and a

processor. The antenna array includes a first set of antennas having a first polarization and a

second set of the antennas having a second polarization that is orthogonal to the first

polarization. The transmitter is configured to transmit a MIMO signal over multiple

communication channels using the antenna array. The receiver is configured to receive, at a

first time/frequency granularity, first feedback information relating to first interrelations

between the antennas within either the first set or the second set, and to receive, at a second

time/frequency granularity that is finer than the first time/frequency granularity, second

feedback information relating at least to second interrelations between the first set and the

second set of the antennas. The processor is configured to combine the first and second

feedback information received respectively at the first and second time/frequency

granularities, and to adapt transmission of the MIMO signal based on the combined first and

second feedback.

[0015] The present disclosure will be more fully understood from the following

detailed description of the embodiments thereof, taken together with the drawings in which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Fig. 1 is a block diagram that schematically illustrates a Multiple-Input

Multiple-Output (MIMO) communication system, in accordance with an embodiment that is

described herein; and

[0017] Fig. 2 is a flow chart that schematically illustrates a method for providing

channel feedback in a MIMO communication system, in accordance with an embodiment that

is described herein.

DETAILED DESCRIPTION OF EMBODIMENTS

[0018] Embodiments that are described herein provide improved methods and

systems for providing channel feedback in MIMO communication systems. In some

embodiments, a MIMO transmitter (e.g., a base station such as an LTE eNodeB) transmits a

MIMO signal using a cross-polarized antenna array, i.e., an array comprising two sets of

antennas having mutually-orthogonal polarizations. The antennas in the cross-polarized array

are typically closely spaced, e.g., positioned at half wavelength (A/2) intervals. A receiver

(e.g., a mobile communication terminal) receives the MIMO signal, calculates feedback that is

indicative of the communication channels corresponding to the different transmitter antennas,



and sends the feedback to the transmitter. The transmitter controls subsequent MIMO

transmission based on the feedback from the receiver.

[0019] When receiving signals that are transmitted from a cross-polarized antenna

array, there is usually high correlation (over time and frequency) between communication

channels corresponding to transmitter antennas having the same polarization, and low

correlation between communication channels corresponding to antennas having the orthogonal

polarizations.

[0020] The level of correlation between the communication channels corresponding

to the different transmitter antennas typically determines the rate at which the BS antenna

interrelations (e.g., correlation or covariance) vary over time and frequency. Highly-correlated

communication channels typically correspond to slow variation of the interrelation over

time/frequency, and vice versa. Thus, the interrelations between transmitter antennas having

the same polarization typically vary slowly over time and frequency, whereas the interrelations

between antennas having orthogonal polarizations typically vary more rapidly.

[0021] In some embodiments, the receiver uses the difference in correlation (and

thus the difference in the rate of variation of the antenna interrelations) to reduce the volume

of feedback information that is calculated and sent to the transmitter.

[0022] In some embodiments, the receiver calculates two types of feedback

information. The first type of feedback information is based on interrelations between

transmitter antennas having the same polarization. The second type of feedback information is

based at least on interrelations between antennas having orthogonal polarizations. Since, as

explained above, the first type of feedback is typically slowly-varying, in an embodiment the

receiver sends the first type of feedback information at a relatively coarse time/frequency

granularity. The second type of feedback usually varies rapidly, and therefore in an

embodiment the receiver sends the second type of feedback information at a relatively fine

time/frequency granularity. In some embodiments, the receiver adds to the second feedback

type one or more additional feedback parameters, which do not necessarily depend on

antennas having orthogonal polarizations but are nevertheless updated at fine granularity.

[0023] By partitioning the feedback information in this manner, and updating part of

the feedback information at coarse time/frequency granularity, the receiver reduces the

bandwidth that is used for feedback transmission. Therefore, the disclosed techniques improve

the spectral efficiency of MIMO communication systems with little or no degradation in

feedback quality. Moreover, since part of the feedback information may be calculated at

coarse time/frequency granularity, the computational load in the receiver is reduced. Several



example schemes for partitioning the feedback information are described below. Some

schemes are based on Precoding Matrix Index (PMI) feedback, and other schemes are based

on Spatial Correlation Function (SCF) feedback.

[0024] Fig. 1 is a block diagram that schematically illustrates a Multiple-Input

Multiple-Output (MIMO) communication system 20, in accordance with an embodiment that

is described herein. In the present example, system 20 comprises an E-UTRA (LTE) system

that operates in accordance with the TS 36.213 specification, cited above. In alternative

embodiments, however, system 20 may operate in accordance with any other suitable

communication standard or specification that uses MIMO signals, such as, for example,

UMTS Terrestrial Radio Access (UTRA) systems (also sometimes referred to as Wideband

Code Division Multiple Access - WCDMA) and WiMAX systems operating in accordance

with IEEE 802.16 specifications.

[0025] System 20 comprises a Base Station (BS) 24 (e.g., an LTE eNodeB), which

communicates with a mobile communication terminal 28 (also referred to as User Equipment

- UE). Although Fig. 1 shows only a single BS and a single UE for the sake of clarity, real-life

communication systems typically comprise multiple BSs 24 and multiple UEs 28. BS 24

comprises a BS processor 32, which manages the operation of the BS. A BS transceiver (TRX)

36 generates downlink MIMO signals for transmission to UEs 28 and receives uplink signals

from the UEs. BS 24 transmits downlink signals and receives uplink signals using a cross-

polarized antenna array 40. Array 40 comprises a first set of antennas 44A...44D having a

certain polarization, and a second set of antennas 48A...48D having a polarization that is

orthogonal to the polarization of the first set.

[0026] In an example embodiment, one set of antennas is horizontally-polarized and

the other set is vertically-polarized. In another example embodiment, one set of antennas has a

+45° polarization and the other set has a -45° polarization. Alternatively, any other suitable

orthogonal polarizations can be used.

[0027] In the present example, array 40 comprises a total of eight antennas, four

antennas in each set. The antennas within each set are arranged in a Uniform Linear Array

(ULA) configuration, in which the spacing between adjacent antennas is half wavelength

(A/2). Alternatively, however, the antenna array may comprise any suitable number of

antennas having any suitable positions.

[0028] UE 28 comprises one or more antennas 52, which receive the MIMO

downlink signals that are transmitted from BS 24, and transmit uplink signals to the BS. UE

28 comprises a downlink receiver (RX) 56 that receives and demodulates the downlink



signals, an uplink transmitter (TX) 68 that generates and transmits the uplink signals, and a UE

processor 60 that manages the UE operation and controls the various UE elements.

[0029] In some embodiments, UE processor 60 comprises a feedback calculation

module 64, which calculates feedback information regarding the downlink communication

channels between the BS antennas (44A...44D and 48A...48D) and UE antennas 52. Module

64 calculates the feedback information based on the downlink signals received by downlink

receiver 56, e.g., based on reference signals or symbols that are transmitted as part of the

downlink signals. Examples of reference signals comprise Common Reference Signals (CRS)

in LTE systems, and Channel State Information Reference Signals (CSI-RS) in LTE-A

systems. Alternatively, module 64 may calculate the feedback information based on any other

suitable part of the received downlink signals.

[0030] Module 64 provides the calculated feedback information to uplink transmitter

68, and the uplink transmitter transmits the feedback information to BS 24. In some

embodiments, feedback calculation module 64 calculates certain parts of the feedback

information at fine time/frequency granularity and other parts of the feedback information at

coarse time/frequency granularity, as will be explained below.

[0031] In BS 24, BS TRX 36 receives and demodulates the uplink signal, so as to

extract the feedback information sent by UE 28. BS processor 32 uses the feedback

information to control subsequent downlink transmissions. In an example embodiment, the BS

processor sets the downlink precoding scheme (the relative signal phases and amplitudes in the

different antennas of array 40) based on the feedback information. Alternatively, the BS

processor may use the feedback information to control the downlink transmissions in any other

way, such as in making scheduling or channel assignment decisions.

[0032] Typically, the channel feedback information that is calculated by module 64

in UE 28 is indicative of interrelations between the BS antennas. In some embodiments, the

feedback information is based on correlations or covariances between pairs of BS antennas. In

other embodiments, the feedback is based on phase or amplitude relationships between sets of

antennas, e.g., between antennas 44A. . .44D and antennas 48A. . .48D.

[0033] The term "interrelations between antennas" is used to describe any kind of

relationship between the communication channels corresponding to the BS antennas, either

between pairs of the antennas or between entire sets of antennas (e.g., between the set having

one polarization and the set having the orthogonal polarization), or between the signals that are

received from these antennas. Interrelations may comprise, for example, correlation,

covariance, average phase and/or amplitude offset, and/or any other suitable quantity.



[0034] Typically, there exists high correlation (over time and frequency) between

the communication channels of BS antennas having the same polarization, and low correlation

between the communication channels of BS antennas having the orthogonal polarizations. In

system 20, for example, the communication channels corresponding to antennas 44A...44D

are typically highly-correlated with one another, the communication channels corresponding to

antennas 48A...48D are typically highly-correlated with one another, but communication

channels corresponding to antennas that do not belong to the same antenna set typically have

low correlation.

[0035] The level of correlation between the communication channels of the different

BS antennas typically determines the rate at which the BS antenna interrelations (e.g.,

correlation or covariance) vary over time and frequency. Highly-correlated communication

channels typically correspond to slow variation of the interrelation over time/frequency, and

vice versa. Thus, the interrelations between BS antennas having the same polarization

typically vary slowly over time and frequency, whereas the interrelations between BS antennas

having orthogonal polarizations typically vary more rapidly.

[0036] In some embodiments, feedback calculation module 64 calculates two types

of feedback information. The first type of feedback information is based on interrelations

between antennas having the same polarization (e.g., interrelations among antenna set

44A...44D or interrelations among antenna set 48A...48D). The second type of feedback

information is based at least on interrelations between antennas having orthogonal

polarizations (e.g., interrelations between set 44A. . .44D and set 48A. . .48D).

[0037] The first type of feedback information is typically slowly-varying over time

and frequency, and therefore in an embodiment module 64 is configured to calculate this

feedback information at a relatively coarse time/frequency granularity. The second type of

feedback information typically varies more rapidly over time and frequency, and therefore in

an embodiment module 64 is configured to calculate this feedback information at finer

time/frequency granularity than the granularity used for the first type.

[0038] In the present context, the term "time granularity" refers to the characteristic

time duration between successive updates of the feedback information. Thus, calculating the

feedback information at fine time granularity means updating the feedback information at

frequent intervals, and vice versa. The term "frequency granularity" refers to the characteristic

bandwidth over which the feedback information is averaged or otherwise calculated. Thus,

calculating the feedback information at fine frequency granularity means computing the

feedback information for a large number of narrow sub-bands, and vice versa.



[0039] In the description that follows, the feedback information that is based on

interrelations between antennas having the same polarization is referred to as "intra-

polarization feedback," and is sometimes denoted "ULA." The feedback information that is

based on interrelations between antennas having orthogonal polarizations is referred to as

"inter-polarization feedback," and is sometimes denoted "POL."

[0040] In an example embodiment, the inter-polarization feedback is averaged

separately in the frequency domain over each of several spectral sub-bands, and averaged and

transmitted in the time domain at intervals of several milliseconds. In an LTE system, for

example, a sub-band may comprise several LTE Resource Blocks (RBs). The intra-

polarization feedback, on the other hand, is averaged in the frequency domain over the entire

operating bandwidth of system 20, averaged in the time domain over a fraction of a second

and transmitted at a rate of several times per second, or even once every several seconds.

Alternatively, any other suitable time and frequency granularities can be used. Calculating and

transmitting the intra-polarization feedback at coarse time/frequency granularity enables

considerable reduction in feedback bandwidth and in the computational load on the UE

processor.

[0041] In some embodiments, module 64 calculates and feeds back only the inter-

polarization feedback and not the intra-polarization feedback. In an example embodiment, the

BS estimates the intra-polarization feedback from uplink signal measurements, assuming that

the uplink and downlink channels are at least partially reciprocal.

[0042] The BS and UE configurations shown in Fig. 1 are example configurations,

which are depicted solely for the sake of clarity. In alternative embodiments, any other

suitable BS and UE configurations can also be used. Some UE and BS elements that are not

mandatory for understanding of the disclosed techniques have been omitted from the figures

for the sake of clarity. The different elements of these units are typically implemented using

dedicated hardware, such as using one or more Application-Specific Integrated Circuits

(ASICs), Radio frequency Integrated Circuits (RFIC) and/or Field-Programmable Gate Arrays

(FPGAs). Alternatively, some elements may be implemented using software executing on

programmable hardware, or using a combination of hardware and software elements.

[0043] In some embodiments, some or all of the elements of LTE 28 may be

fabricated in a chip-set. When implementing the disclosed techniques in software on a

programmable processor, the software may be downloaded to the processor in electronic form,

over a network, for example, or it may, alternatively or additionally, be provided and/or stored

on non-transitory tangible media, such as magnetic, optical or electronic memory.



[0044] Fig. 2 is a flow chart that schematically illustrates a method for providing

channel feedback in a MIMO communication system, in accordance with an embodiment that

is described herein. The method begins at a downlink reception operation 70, with downlink

receiver 56 of UE 28 receiving downlink MIMO signals from BS 24. Feedback calculation

module 64 in UE processor 60 then calculates feedback information based on the received

MIMO signal.

[0045] Module 64 calculates the intra-polarization feedback, i.e., the feedback

information that is based on interrelations between antennas having the same polarization, at

an intra-polarization calculation operation 74. Module 64 calculates the inter-polarization

feedback, i.e., the feedback information that is based on interrelations between antennas

having orthogonal polarizations, at an inter-polarization calculation operation 78. In some

embodiments, the calculation of intra-polarization feedback is performed at coarser

time/frequency granularity than the calculation of inter-polarization feedback.

[0046] In an embodiment, uplink transmitter 68 of UE 28 transmits the intra-

polarization feedback to BS 24, at an intra-polarization feedback transmission operation 82,

and transmits at least the inter-polarization feedback at an inter-polarization feedback

transmission operation 86. The transmission of intra-polarization feedback is typically

performed at coarser time/frequency granularity than the transmission of inter-polarization

feedback. BS 24 adapts subsequent downlink transmissions based on the feedback received

from UE 28, at an adaptation operation 90. In an example embodiment, BS processor 32 of BS

24 sets the precoding scheme in subsequent downlink transmissions to the UE based on the

feedback.

[0047] In various embodiments, system 20 uses various kinds of channel feedback

between UE 28 and BS 24. Some feedback schemes are explicit, i.e., report the actual

estimated channel parameters, sometimes in some compressed form. An example of an

explicit feedback scheme is Spatial Correlation Function (SCF) feedback, in which the UE

estimates and reports elements of the SCF matrix. In an example embodiment, the UE reports

one or more of the matrix eigenvalues and/or eigenvectors. Other feedback schemes are

implicit. In a typical implicit feedback scheme, the BS and UE use a predefined set of

precoding matrices, referred to as a codebook, and the UE reports an index (Precoding Matrix

Index - PMI) of a preferred precoding matrix selected from the code book.

[0048] The disclosed techniques can be used with any suitable feedback scheme,

such as with the above-described explicit and implicit schemes. The description that follows

gives several examples of how module 64 in UE 28 partitions the feedback information into a



slowly-varying part that is reported at coarse time/frequency granularity and a rapidly-varying

part that is reported at fine time/frequency granularity.

[0049] Consider an example system in which the BS transmits using a cross-

polarized antenna array having four transmit antennas denoted A 1...A4, and the UE uses a

single receive antenna. Antennas Al and A2 have a certain polarization, and antennas A3 and

A4 have a certain polarization that is orthogonal to the polarization of antennas Al and A2. In

SCF feedback schemes, the SCF matrix R is defined as the expected value of the matrix H,

wherein H denotes the channel matrix. The SCF matrix is thus iven by

Equation 1: R

wherein the < > operator denotes expectation over a certain time/frequency range, and h

denotes the propagation channel corresponding to the signal transmitted from antenna A '.

(With a larger number of receive antennas, the expectation can be viewed as including some

averaging over the receive antennas.) Although the description that follows refers to

expectations in calculating the feedback information, the disclosed techniques can be used

with any other suitable type of averaging.

[0050] The channel matrix H is typically estimated in the UE based on received

reference signals, as explained above. The assumption here is that reference signals are

transmitted via all transmit antennas, and that the reference signals transmitted via different

transmit antennas are orthogonal.

[0051] In an embodiment, the SCF matrix R is modeled as the following Kronecker

product (also known as a direct product or a tensor product):

Equation 2 : R RpoL ® ULA

wherein matrix Rp has only inter-polarization elements and matrix R has only intra-

polarization elements. In other words, each element of RpoL depends only on antennas having

different polarizations, and each element of R LA depends only on antennas having the same

polarization. This modeling is described, for example, in 3GPP TSG RAN document Rl-

94844, cited above.

[0052] (Given an m-by-n matrix X and a p-by-q matrix Y, the Kronecker product of

these matrices, denoted C=X®Y, is an m-p-by-n-q matrix whose elements are defined by



and

-q j -\ )+l.)

[0053] Using the Kronecker model, the SCF matrix R can be represented using five

parameters denoted , β , p, η and δ:

Equation 3 : R ~ RpoL

wherein RpoL R LA Q given b

Equation 4 : u A

[0054] Module 64 typically estimates these five parameters and then reports them as

feedback information to BS 24 using uplink transmitter 68. Module 64 can estimate the five

parameters , β , p, η and δ in various ways. In an example embodiment, module 64 evaluates

the following expectations over time and frequency:

Equation 5 : a = (h*h + h / h + 3 3

= (h*h2 + h3
*h )/(h *h1 + h3

*h )

[0055] In order to calculate the inter-polarization and intra-polarization feedback at

different time/frequency granularities, module 64 evaluates the expectations in Equation 5

above over different time/frequency ranges. In an embodiment, module 64 evaluates the

expectations in a and β over larger bandwidth and/or longer time, and the expectations in p, η

and δ over smaller bandwidth and/or shorter time. Then, the estimated parameters , β , p, η



and δ are fed back using transmitter 68 at time/frequency granularities that match the

bandwidths and time intervals over which they were evaluated.

[0056] Let the time and frequency granularities for the intra-polarization (ULA)

feedback be denoted Tl and BW1, respectively. Let the time and frequency granularities for

the inter-polarization (POL) feedback be denoted T2 and BW2, respectively. Using this

notation, Equation 5 can be written as:

Equation 6 : , β = ( )TI,BWI / ( )TI,BWI

Ρ = ( )T2,BW2 ,BW2

δ ( )T2,BW2

wherein the expectations in Equation 6 are evaluated over the corresponding terms in Equation

5 above.

[0057] Note that the normalization factor δ is related to the overall signal power,

which often varies strongly with frequency and time. Therefore, although this normalization

factor does not contain inter-polarization terms, it is added to the feedback information that is

calculated and fed back at fine time/frequency granularity. Note also that δ does not affect the

precoding, and therefore it is not regarded as part of the precoding-related feedback.

[0058] The above parameterization and parameter estimation example refers to a

configuration of four transmit antennas. In alternative embodiments, this technique can be

generalized in a straightforward manner to any other suitable number of transmit antennas,

such as the eight antenna configuration of Fig. 1 above.

[0059] For eight receive antennas, the intra-polarization feedback (ULA) is

described by three real and six complex values. The inter-polarization feedback (POL),

excluding δ, is described by only a single real value p ) and a single complex value η). If, for

example, Tl is a hundred times longer than T2 and BW1 is ten times wider than BW2, the

intra-polarization feedback is reduced by a factor of 1000, and the total feedback overhead is

reduced from eighteen to three real values per T2 interval and BW2-wide frequency sub-band.

[0060] In alternative embodiments, e.g., when using more than two transmit

antennas, module 64 may describe RULA using any other suitable parameterization scheme.

Example schemes are described in 3GPP TSG RAN document R l -94844, cited above.

[0061] The following description explains yet another example of a parameterization

and estimation scheme that can be used by module 64 for calculating the inter-polarization and

intra-polarization feedback in a SCF-based feedback scheme. Without loss of generality,

Equation 2 above can be written as:



Equation 7 : uLA

[0062] Each of the covariance matrices in Equation 7 can be written as the product

of its correlation matrix and the corresponding magnitude matrix:

Equation 8 :

The correlation matrices are of the form:

1
Equation 9 :

ĉ
ULA

=
a 1

wherein | α| J β| <1. The corresponding magnitude matrices are given by:

0
a +a

Equation 10: UL = (a, + a )
,

0 1-
a +a

[0063] Substituting the above matrices into the expression for the covariance matrix

R gives:

Equation 11: R = M 5CM° 5

wherein µ denotes a scalar parameter of the estimator, and C and are given by:

Equation 12: C —CPol



[0064] In this embodiment, module 64 estimates and feeds back parameters µ , x, y,

a and β . In an example embodiment, module 64 estimates an empirical (measured) covariance

matrix denoted Remp . Module 64 decomposes this matrix into a normalized correlated form:

Equation 13: ^emp = trace{Remp)M^ pCempM p

wherein emp = diag m , m 2 , m , m 4 ) m ≤ and em ij} .

[0065] In some embodiments, module 64 estimates parameters µ , x, y , a and β by

numerically solving the expression:

Equation 14:

{µ , x , y , a , β )OPT arg mm x, y , a , ) - Remp

[0066] Module 64 may apply any suitable numerical method for this purpose, such

as various gradient descent and fixed-point iteration methods.

[0067] In an alternative embodiment, module 64 exploits the normalized

decomposition of the covariance matrix into a correlation component and a magnitude

component to simplify the parameter estimation. In this embodiment, the optimization

problem is given by:

Equation 15:

+ .

µ = trace (Remp )

[0068] In yet another embodiment, module 64 estimates parameters µ , x, y, a and β

by evaluating:

Equation 16: µ = trace (R
emp

)



' 12 + C34β =

a 13 + 24

x = m +m2

y = + 3

[0069] The latter scheme involves only simple computations such as addition and

multiplication, which simplifies implementation in UE 28. This scheme is also

computationally robust since it does not involve nonlinearities.

[0070] In an embodiment, upon receiving the above-described feedback in BS 24,

BS processor 32 reconstructs the covariance matrix R by evaluating:

Equation 17 :

[0071] In some embodiments, system 20 uses implicit, PMI-based feedback. In these

embodiments, BS 24 and UE 28 use a predefined codebook of precoding matrices. Each

precoding matrix in the codebook has a corresponding index, and the UE feedback comprises

an index of the preferred precoding matrix (PMI). In order to partition the feedback into an

intra-polarization part and an inter-polarization part, in some embodiments the codebook is

represented as a Kronecker product of two sub-codebooks. In these embodiments, the

precoding matrices in the codebook are constrained to have the form:

Equation 18: — Qi ^ULA

wherein V denotes a precoding matrix corresponding to pairs of antennas in which the

antennas in each pair have orthogonal polarizations, and V J denotes a precoding matrix

corresponding to pairs of antennas in which both antennas in each pair have the same

polarization.

[0072] Certain aspects of precoding codebooks that are constructed using Kronecker

products are also addressed in U.S. Patent Application Serial Number 12/652,044, which is



assigned to the assignee of the present patent application and whose disclosure is incorporated

herein by reference in its entirety, and in 3GPP TSG RAN documents Rl -94686 and Rl-

903888, cited above.

[0073] Typically, module 64 calculates Vp Q , and transmitter 68 feeds back Vp ,

at a relatively fine time/frequency granularity (e.g., T2/BW2). On the other hand, module 64

calculates VJ , and transmitter 68 feeds back V J , at a relatively coarse time/frequency

granularity (e.g., T1/BW1). Upon receiving a certain VpoL feedback at BS 24, the equality in

Equation 18 holds assuming V J has already been chosen.

[0074] Module 64 may choose the preferred V matrix using any suitable method.

In an example embodiment, module 64 conducts an exhaustive search for the optimal V J .

Consider, for example, a scenario in which T1=T2 and BW1»BW2. In an embodiment,

module 64 evaluates all possible V matrices and chooses the preferred matrix without

introducing delay. When T1»T2, module 64 can maintain the first V matrix that was

chosen by the exhaustive search on the first T2 interval within Tl .

[0075] In an alternative embodiment, module 64 searches at a given time and

frequency instant both for the preferred VpoL matrix (under the constraint of a previously-

chosen V matrix), and for an optimal matrix pair. The current VpoL feedback

comprises the former (preferred VpoL assuming a previously-chosen VJ , but the chosen

Vj indices from the latter (optimal pair) is stored in memory. When an update

of VJ is carried out, the update is determined by performing a majority vote between the

indices stored in memory.

[0076] In another alternative embodiment, module 64 estimates R LA a s described

in Equation 4 above, and then determines V J using Singular Value Decomposition (SVD).

This technique is useful, for example, in scenarios where BS 24 assumes reciprocity between

the uplink and downlink channels for inter-polarization precoding, so that V J does not have

to be quantized. If VJ does need to be quantized for feedback, quantization according to any

suitable metric, e.g., Chordal distance, can be used.



[0077] The description above refers to codebooks in which all precoding matrices

are structured according to the form of Equation 18. In alternative embodiment, only a subset

of the precoding matrices in the codebook are structures in this form, and one or more of the

precoding matrices in the codebook are free of this constraint.

[0078] In some embodiments, system 20 uses eigenvalue/eigenvector-based

feedback. In these embodiments, module 64 in UE 28 calculates and feeds back one or more

eigenvalues and/or eigenvectors of the channel covariance matrix R. Matrix R can be written

as:

Equation 19: R =VDV H

wherein V and D denote eigen-matrices, such that V is unitary and D is diagonal. Matrices V

and D can be represented using Kronecker products of inter-polarization and intra-polarization

matrices:

[0079] In an embodiment, module 64 chooses and feeds back the optimal V at a

relatively coarse time/frequency granularity, and selects and feeds back VPQL a a relatively

fine time/frequency granularity under the constraint that has already been selected. If the

eigenvalue-based feedback is quantized by a codebook, then, similar to the PMI-based

embodiments, this codebook should have the structure of Equation 12 above.

[0080] Module 64 may parameterize and report the inter-polarization and intra-

polarization parts of V and D in any suitable way. The following description gives an example

parameterization and estimation scheme. In a cross-polarized antenna array of 2N transmit

antennas, the Vand D matrices associated with the inter-polarization (POL) feedback are 2-by-

2 matrices, whereas the V and D matrices associated with the intra-polarization (ULA)

feedback are N-by-N matrices. Thus, for four transmit antennas, all the V and D matrices are

2-by-2 matrices, and therefore the unitary V and the diagonal D matrices can generally be

represented as:

Equation 2



wherein ≤ θ<π, 0<ε<1, and assuming the convention that the first column of matrix V

corresponds to the stronger eigenvector (i.e., the eigenvector having the larger eigenvalue).

The general form for either RpoL o r ^ULA becomes:

Equation 22: x 2 e j s s - cos

[0081] Using Equation 2 1 above, the ULA and POL eigen-matrices can be written

explicitly as:

cos a
Equation 23: V

ULA
=

-j-β sin —e cosa

cosy smy
Pol e J s\ny - e J cosy

+ ε 0
D = 0 - ε

wherein <ο≤π /2, ≤γ≤π /2, and whereing the total normalization factor µ is embedded in

POI.

[0082] The eigenvalue representation of R can thus be written as:

Equation 24:

whereing Trace(£>)=4/., and where (1+£·)·(1 + ν) denotes the largest eigenvalue. The

eigenvector matrix is given by:

Equation 24:



wherein A, B, C, E are real positive values and Φ is a 2-by-2 matrix whose left-most column

refers to the strongest eigenvector:

Equation 25: =COS COS 11

B =sin sin γ =

C =cos sin γ

E =sin a cos γ
[0083] Note that ε and v are defined to be positive, and therefore the largest

eigenvalue in Equation 24 is the top-left eigenvalue. The strongest eigenvector, denoted V\, is

thus given by:

Equation 26:

cos cos γ

wherein Ψ\ is the first column of Ψ.

[0084] The diagonal of matrix R is given by:

Equation 27:

1+ ε cos(2a))(l + v cos(2^))

1- ε cos(2a))(l + v cos(2^))
diagR = diag(R Po 0 R

ULA
) = µ

1+ ε cos(2a))(l - v cos(2^))

- ε cos(2a))(l - v cos(2^))

[0085] In some embodiments, module 64 computes an empirical covariance matrix

R emp averaging over a certain time/frequency range, and decomposing the averaged

matrix according to:



Equation 28: emp emp mp e p

[0086] In various embodiments, module 64 estimates the four parameters , β , γ, η)

from any one of the four eigenvectors, or from some optimal combination of them. In an

example embodiment, module 64 uses only the strongest eigenvector for estimation, since the

contribution of the weaker eigenvectors is typically noisier. Moreover, as explained further

below, there is ambiguity in the SVD components with regard to their column order, which

may complicate the estimation process. Using only the strongest eigenvector eliminates this

ambiguity. In this embodiment, module 64 identifies the strongest eigenvector V -emp of the

empirical covariance matrix. Module 64 cancels any redundant phase (that is inherent in the

SVD) by the following normalization, so as to ensure the top element is real-positive:

Equation 29:

[0087] Module 64 estimates β and η by:

Equation 30:

Φ , .

ή = (Φ + [( - β )( 2 π )]/2

[0088] Module 64 estimates and yby:

Equation 31: V

[0089] Module 64 obtains the values of ο&γ and α-γ by (the left-hand-sides of the

following equation should be regarded as composite symbol names and not products of single-

letter variables):

Equation 32: Cp c = COS - 1 (1) - (4))

p s = sin - 1( (2) + .(3))

ccmyc = cos 1( Ι) + ^(4))



sin-1( 1(2) - 1(3))

[0090] In an embodiment, module 64 then averages the terms cos l Q and sin l

after resolving the ambiguity of the sin () function. Alternatively, module 64 uses only the

cos () term, sacrificing some Signal to Noise Ratio (SNR) gain:

Equation 33: | ~ ys) ~

apys —π —apys

amys = π - amys

p y = (apyc + apys)

amy — am yc + amys)

a = {ap y + amy)

y = apy - a

[0091] In an embodiment, module 64 begins the estimation of the eigenvalues of the

inter-polarization and intra-polarization parts by calculating:

Equation 34: = Tr D
emp

) / 4

[0092] The elements of mp may require sorting in order to identify them with the

matrix elements in Equation 12 above. By definition, the largest element corresponds to

(1+£·)·(1 + ν), and the smallest element corresponds to (l-£) (l-v). However, there is no

guarantee as to which of the two remaining elements corresponds to 1- ) 1+ν) and which to

(1+£·)·(1- ν) . In an embodiment, module 64 therefore tests the two hypotheses and chooses the

one that exhibits the best fit between the empirical and modeled R.

[0093] For the first hypothesis, ε>v, module 64 evaluates:

Equation 35: D = µD
emp

([4,2,3, [4,2,3,l])

= (D + D ) -

2 = - (D
22

+ D ) + \



v2 =- (D +D ) +\

[0094] For the second hypothesis, < v, module 64 evaluates:

Equation 36: =/ µ D
emp

([4,3,2,l], [4,3,2,l])

\ = (D +D ) - l

l =- { +D ) +\

v \ = b +D ) - \

v2 =- + ) +

v = {v \ +v2)

[0095] Module 64 then computes the Euclidean distance between diag(R) and

diag(R mp) under the two hypotheses, and selects the hypothesis resulting in the smaller

distance. In other words, we define:

Equation 37:

wherein i=\,2 denotes the hypothesis index, and the winning hypothesis is the one producing

the smallest d .

[0096] In some embodiments, module 64 carries out a two-stage process that

calculates the intra-polarization feedback at coarse granularity and the inter-polarization

feedback at fine granularity. In an embodiment, module 64 computes a long-term empirical R

(denoted by RWB) by averaging over a relatively long time and (possibly) wideband

frequency sub-bands. Module 64 then follows the above-described process to estimate , β,



and ffrom R B- The estimated values are denoted α , βψΒ a WB respectively. Module

64 further computes a short-term empirical R (denoted R B) by averaging over a

relatively short time and (possibly) narrowband frequency sub-bands. Module 64 repeats the

above-described process to estimate γ,η, and fro R B-

[0097] In the latter process, however, the calculation of ή in Equation 30, the

calculation of γ in Equation 33 and the calculation of d in Equation 37 are replaced by:

Equation 38:

ή = [( φ 33 + ( φ 44 - )(π ά 2π )]/2

γ - αργ - a

[0098] When implementing the disclosed techniques, BS 24 is typically configured

to receive the inter-polarization and intra-polarization feedback at different time/frequency

granularities, and to combine the two feedback types. In some embodiments, the

time/frequency granularity for each feedback type is configurable, e.g., set by the BS and

signaled to the UE.

[0099] When implementing the disclosed techniques, in an embodiment the BS and

UE use an agreed convention with regard to indexing the transmit antennas. The disclosed

techniques can be used with any suitable antenna indexing scheme. For an eight-antenna

configuration, for example, in one scheme antennas A1,A2,A3,A4 have one polarization, and

antennas A5,A6,A7,A8 have the orthogonal polarization. This scheme was used in the

examples above. In another scheme, antennas A2,A4,A6,A8 have one polarization, and

antennas A1,A3,A5,A7 have the orthogonal polarization. The second scheme can be defined

irrespective of the number of antennas: One set comprises the even-order antennas and the

other set comprises the odd-order antennas. When using this indexing scheme with Kronecker-

based partitioning of the feedback, the order of multiplication in the Kronecker product should

be reversed (e.g., to RuLA®RpOL Equation 2, and to V ® V Q in Equation 18).



[0100] It is noted that the embodiments described above are cited by way of

example, and that the present invention is not limited to what has been particularly shown and

described hereinabove. Rather, the scope of the present invention includes both combinations

and sub-combinations of the various features described hereinabove, as well as variations and

modifications thereof which would occur to persons skilled in the art upon reading the

foregoing description and which are not disclosed in the prior art.



CLAIMS

1. A method, comprising:

receiving a Multiple-Input Multiple Output (MIMO) signal over multiple

communication channels from an antenna array including a first set of antennas having a first

polarization and a second set of the antennas having a second polarization that is orthogonal to

the first polarization;

calculating first feedback information relating to first interrelations between the

antennas within either the first set or the second set;

calculating second feedback information relating at least to second interrelations

between the first set and the second set of the antennas; and

transmitting the first feedback information at a first time/frequency granularity, and

transmitting the second feedback information at a second time/frequency granularity that is

finer than the first time/frequency granularity.

2 . The method according to claim 1, wherein calculating the first and second feedback

information comprises calculating a feedback matrix, which is represented as a Kronecker

product of a first matrix depending on the first interrelations and a second matrix depending on

the second interrelations.

3. The method according to claim 2, wherein transmitting the first and second feedback

information comprises reporting the first matrix at the first time/frequency granularity and

reporting the second matrix at the second time/frequency granularity.

4 . The method according to claim 2, wherein calculating the feedback matrix comprises

estimating elements of a Spatial Correlation Function (SCF) matrix.

5. The method according to claim 2, wherein calculating the feedback matrix comprises

selecting a precoding matrix to be applied for subsequent transmission of the MIMO signal.

6 . The method according to claim 5, wherein selecting the precoding matrix comprises

choosing the precoding matrix from a predefined set of precoding matrices, at least some of

which are represented as Kronecker products of respective first matrices depending on the first

interrelations and respective second matrices depending on the second interrelations.

7 . The method according to claim 1 or 2, wherein transmitting the first and second

feedback information at the first and second time/frequency granularities comprises

transmitting only the second feedback information and not the first feedback information.



8. The method according to claim 1 or 2, wherein calculating the second feedback

comprises computing the second feedback based on at least one additional feedback

parameter, which depends on one or more of the antennas in the first set and one or more of

the antennas in the second set.

9 . The method according to claim 1 or 2, wherein calculating the first feedback

information comprises computing the first feedback information over first time intervals and

over first frequency bands, and wherein calculating the second feedback information

comprises computing the second feedback information over second time intervals that are

shorter than the first time intervals, and over second frequency bands that are narrower than

the first frequency bands.

10. Apparatus, comprising:

a receiver, which is configured to receive a Multiple-Input Multiple Output (MIMO)

signal over multiple communication channels from an antenna array including a first set of

antennas having a first polarization and a second set of the antennas having a second

polarization that is orthogonal to the first polarization;

a processor, which is configured to calculate first feedback information relating to first

interrelations between the antennas within either the first set or the second set, and to calculate

second feedback information relating at least to second interrelations between the first set and

the second set of the antennas; and

a transmitter, which is configured to transmit the first feedback information at a first

time/frequency granularity, and to transmit the second feedback information at a second

time/frequency granularity that is finer than the first time/frequency granularity.

1 . The apparatus according to claim 10, wherein the processor is configured to calculate

the first and second feedback information by calculating a feedback matrix, which is

represented as a Kronecker product of a first matrix depending on the first interrelations and a

second matrix depending on the second interrelations.

12. The apparatus according to claim 11, wherein the transmitter is configured to report the

first matrix at the first time/frequency granularity and to report the second matrix at the second

time/frequency granularity.

1 . The apparatus according to claim 11, wherein the processor is configured to calculate

the feedback matrix by estimating elements of a Spatial Correlation Function (SCF) matrix.



14. The apparatus according to claim , wherein the processor is configured to calculate

the feedback matrix by selecting a precoding matrix to be applied for subsequent transmission

of the MIMO signal.

15. The apparatus according to claim 14, wherein the processor is configured to choose the

precoding matrix from a predefined set of precoding matrices, at least some of which are

represented as Kronecker products of respective first matrices depending on the first

interrelations and respective second matrices depending on the second interrelations.

16. The apparatus according to claim 10 or 11, wherein the transmitter is configured to

transmit only the second feedback information and not the first feedback information.

17. The apparatus according to claim 10 or 11, wherein the processor is configured to

compute the second feedback based on at least one additional feedback parameter, which

depends on one or more of the antennas in the first set and one or more of the antennas in the

second set.

1 . A mobile communication terminal comprising the apparatus of claim 10.

19. A chipset for processing signals in a mobile communication terminal, comprising the

apparatus of claim 10.

20. Apparatus, comprising:

an antenna array, which comprises a first set of antennas having a first polarization and

a second set of the antennas having a second polarization that is orthogonal to the first

polarization;

a transmitter, which is configured to transmit a Multiple-Input Multiple Output

(MIMO) signal over multiple communication channels using the antenna array;

a receiver, which is configured to receive, at a first time/frequency granularity, first

feedback information relating to first interrelations between the antennas within either the first

set or the second set, and to receive, at a second time/frequency granularity that is finer than

the first time/frequency granularity, second feedback information relating at least to second

interrelations between the first set and the second set of the antennas; and

a processor, which is configured to combine the first and second feedback information

received respectively at the first and second time/frequency granularities, and to adapt

transmission of the MIMO signal based on the combined first and second feedback.
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