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METHOD AND APPARATUS FOR SUPPORTING
MULTI-USER AND SINGLE-USER MIMO IN
A WIRELESS COMMUNICATION SYSTEM
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No. 61/087,066, entitled “INTER-CELL DOWN-LINK DISTRIBUTED MULTI-USER
MIMO,” filed August 7, 2008, U.S. Application Serial No, 61/087,063, entitled
“INTER-CELL DOWN-LINK DISTRIBUTED SINGLE-USER MIMO,” filed August
7, 2008, and U.S. Application Serial No. 61/087,922, entitled “METHOD AND
APPARATUS FOR SUPPORTING DISTRIBUTED MIMO IN A WIRELESS
COMMUNICATION SYSTEM,” filed August 11, 2008, all assigned to the assignee

hereof and incorporated herein by reference.

BACKGROUND
L. Field

[0002] The present disclosure relates generally to communication, and more
specifically to techniques for supporting data transmission in a wireless communication

System.

II.  Background

[0003] Wireless communication systems are widely deployed to provide various
communication content such as voice, video, packet data, messaging, broadcast, etc.
These wireless systems may be multiple-access systems capable of supporting multiple
users by sharing the available system resources. Examples of such multiple-access
systems include Code Division Multiple Access (CDMA) systems, Time Division
Multiple Access (TDMA) systems, Frequency Division Multiple Access (FDMA)
systems, Orthogonal FDMA (OFDMA) systems, and Single-Carrier FDMA (SC-
FDMA) systems.

[0004] A wireless communication system (e.g., a cellular system) may include a
number of Node Bs that can support communication for a number of user equipments
(UEs). A UE may communicate with a Node B via the downlink and uplink. The
downlink (or forward link) refers to the communication link from the Node B to the UE,



WO 2010/017482 PCT/US2009/053162

2

and the uplink (or reverse link) refers to the communication link from the UE to the
Node B.

[0005] A UE may be within the coverage of multiple cells, where the term “cell”
can refer to a coverage area of a Node B and/or a Node B subsystem serving the
coverage area. One cell may be selected as a serving cell for the UE, and the remaining
cells may be referred to as non-serving cells. The UE may observe strong interference
from the non-serving cells. It may be desirable to transmit data to the UE in a manner

to achieve good performance even in the presence of strong neighbor cells.

SUMMARY

[0006]  Techniques for supporting single-user and multi-user distributed multiple-
input multiple-output (MIMO) transmissions are described herein. For multi-user
distributed MIMO (or MU-MIMO), multiple cells may concurrently send data
transmissions to multiple UEs on the same time-frequency resources and may perform
precoding to reduce interference to the UEs. For single-user distributed MIMO (or SU-
MIMO), multiple cells may send a data transmission to a single UE on resources not
used for data transmissions to other UEs, For both MU-MIMO and SU-MIMO, the
cells may transmit data in different manners depending on the number of transmit
antennas at each cell, the number of receive antennas at each UE, the level of
coordination between the cells, ete.

[0007]  In one design that may be applicable for both MU-MIMOQO and SU-MIMO, a
UE may determine channel estimates for multiple cells, which may operate as a virtual
cell for data transmission to the UE. The UE may report the channel estimates, e.g., to a
serving cell. The UE may thereafter receive a data transmission sent by the multiple
cells to the UE based on the channel estimates. In one design, the data transmission
may comprise at least one data stream, and each data stream may be sent by the multiple
cells to the UE. In another design, the data transmission may comprise multiple data
streams, and each data streamn may be sent by one cell to the UE. For MU-MIMO, the
data transmission may be sent on resources that may be used to send another data
transmission to another UE. For SU-MIMO, the data transmission may be sent on
resources not used to send data transmissions to other UEs,

[0008] In another design that may be applicable for MU-MIMO, a first UE may

determine a first channel estimate for a first cell and may also determine a second
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channel estimate for a second cell. The first UE may report the first and second channel
estimates, e.g., to a serving cell. The first UE may receive a first data transmission sent
by the first cell to the first UE based on the first channel estimate. The first UE may
receive a second data transmission sent by the second cell to a second UE and steered
away from the first UE based on the second channel estimate. The first and second data
transmissions may be sent concurrently by the first and second cells on common
resources. The first data transmission may be sent by the first cell based on a first
precoding vector, which may be determined based on the first channel estimate from the
first UE and a third channel estimate from a third UE not served by the first cell. The
first data transmission may be steered away from the third UE by the first precoding
vector. The second data transmission may be sent by the second cell based on a second
precoding vector, which may be determined based on the second channel estimate from
the first UE and a fourth channel estimatc from the second UE.

[0009] Various aspects and features of the disclosure are described in further detail

below.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] Fi1G. ] shows a wireless communication system.
[0011] F1G. 2 shows downlink transmission for MU-MIMO.
[0012] F1G. 3 shows downlink transmission for SU-MIMO.
[0013] FIGS. 4 to 9 show MU-MIMO for various antenna configurations.
[0014] FIGS. 10 to 13 show SU-MIMO for various antenna configurations.
[0015] FIG. 14 shows a distributed antenna system.
[0016] FIGS. 15 and 16 show a process and an apparatus for receiving data.
[0017] FIGS. 17 and 18 show a process and an apparatus for sending data.
[0018] FIGS. 19 and 20 show another process and apparatus for receiving data.
[0019] FIGS. 21 and 22 show another process and apparatus for sending data,
[0020] FIGS. 23 and 24 show a process and an apparatus for scheduling UEs.
[0021] FIG. 25 shows a block diagram of a Node B and a UE.

DETAILED DESCRIPTION

[0022] The techniques described herein may be used for various wireless

communication systems such as CDMA, TDMA, FDMA, OFDMA, SC-FDMA and
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other systems. The terms “system” and “network”™ are often used interchangeably. A
CDMA systemn may implement a radio technology such as Universal Terrestrial Radio
Access (UTRA), ¢cdma2000, etc. UTRA includes Wideband CDMA (WCDMA) and
other variants of CDMA., c¢dma2000 covers I1S-2000, 18-95 and 1S-856 standards. A
TDMA system may implement a radio technology such as Global System for Mobile
Communications (GSM). An OFDMA system may implement a radio technology such
as Evolved UTRA (E-UTRA), Ultra Mobile Broadband (UMB), IEEE 802.11 (Wi-Fi),
IEEE 802.16 (WiMAX), IEEE 802.20, Flash-OFDM®, etc. UTRA and E-UTRA are
part of Universal Mobile Telecommunication System (UMTS). 3GPP Long Term
Evolution (LTE) and LTE-Advanced (LTE-A) are new releases of UMTS that use E-
UTRA, which employs OFDMA on the downlink and SC-FDMA on the uplink.
UTRA, E-UTRA, UMTS, LTE, LTE-A and GSM are described in documents from an
organization named “3rd Generation Partnership Project” (3GPP). ¢dma2000 and UMB
are described in documents from an organization named “3rd Generation Partnership
Project 2” (3GPP2). The techniques described herein may be used for the systems and
radio technologies mentioned above as well as other systems and radio technologies.
For clarity, certain aspects of the techniques are described below for LTE.

[0023] FIG. 1 shows a wireless communication system 100, which may be a
cellular system such as an LTE system or some other system. System 100 may include
a number of Node Bs and other network entities that can support communication
services for a number of UEs. For simplicity, only three Node Bs 110a, 110b and 110¢
are shown in FIG. 1. A Node B may be a station that communicates with the UEs and
may also be referred to as an evolved Node B (eNB), a base station, an access point, etc.
Each Node B 110 may provide communication coverage for a particular geographic
area 102, To improve system capacity, the overall coverage area of a Node B may be
partitioned into multiple smaller areas, e.g., three smaller areas 104a, 104b and 104c.
Each smaller area may be served by a respective Node B subsystem. In 3GPP, the term
“cell” can refer to the smallest coverage area of a Node B and/or a Node B subsystem
serving this coverage arca. In 3GPP2, the term “sector’” or “cell-sector” can refer to the
smallest coverage area of a base station and/or a base station subsystem serving this
coverage area. For clarity, 3GPP concept of cell is used in the description below. In
general, a Node B may support one or multiple (e.g., three) cells.

[0024] A number of UEs may be dispersed throughout the system, and each UE

may be stationary or mobile. For simplicity, FIG. 1 shows only one UE 120 in each
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cell. A UE may also be referred to as a mobile station, a terminal, an access terminal, a
subscriber unit, a station, etc. A UE may be a cellular phone, a personal digital assistant
(PDA), a wireless modem, a wireless communication device, a handheld device, a
laptop computer, a cordless phone, a wireless local loop (WLL) station, etc. The terms
“UE” and “‘user” arc used interchangeably herein,

[0025]  As shown in FIG. 1, sectorization may be performed to split the coverage
arca of cach Node B into three cells in order to improve system capacity. For each cell,
a directional antenna with a fixed beam pattern may be used to focus the transmit power
of the cell and to reduce interference to other cells. The cells may operate
independently without coordination among these cells, and cach cell may transmit data
to its UEs independently. Some UEs may be located at the boundary of neighbor cells
and may be referred to as cell-edge UEs. The cell-edge UEs may observe strong inter-
cell interference from non-scrving cells and may suffer greatly due to the strong
interference. This degradation may occur in both (i) intra-Node B scenarios in which
the cells belong to the same Node B and (ii) inter-Node B scenarios in which the cells
belong to different Node Bs.

[0026] Several schemes may be used to coordinate data transmissions to UEs in
different cells, which may belong to the same Node B or different Node Bs. These
schemes may exploit spatial dimension to reduce interference and improve the

performance of the cell-edge UEs. For example, the following schemes may be used:

¢ Multi-user distributed MIMO (or MU-MIMO) - send data transmissions from
multiple cells to multiple UEs on the same time-frequency resources with
beamsteering to reduce interference, and

¢ Single-user distributed MIMO (or SU-MIMO) — send a data transmission from
multiple cells to a single UE on resources not used for data transmissions to
other UEs.

[0027] Beamsteering is a process to control the spatial direction of a transmission
toward a target receiver and/or away from an unintended receiver. Beamsteering may
be performed by applying a precoding vector to the transmission at a transmitter, as
described below.

[0028] FIG. 2 shows downlink transmission with MU-MIMO for one Node B with
three cells 7, j and & covering different geographic areas. The adjacent cells typically

overlap one another at the edges, which may allow a UE to receive communication
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coverage from one or more cells at any location as the UE moves about the system. For
simplicity, FIG. 2 shows only two UEs # and v. UE « is a cell-edge UE located at the
boundary of cells 7 and j. Cell 7 may be selected as a serving cell for UE u, and cell §
may be a non-serving cell for UE . UE v is located within cell /. Cell j may be a
serving cell for UE v, and cell 7 may be a non-serving cell for UE v. In general, a UE
may be located within the coverage of any number of cells and may have any number of
non-serving cclls.
[0029] For MU-MIMO, multiple cells may transmit data to multiple UEs while
reducing interference to UEs in other cells. For example, cell i may transmit data to UE
u while reducing interference to UE v in neighbor cell j. Similarly, cell j may transmit
data to UE v while reducing interference to UE u in neighbor cell /. Each cell may form
spatial beams directed toward its UEs while reducing interference to UEs in neighbor
cells. The UEs in the neighbor cells may then observe less inter-cell interference.
[0030] FIG. 3 shows downlink transmission with SU-MIMO for one Node B with
three cells 7, 7 and k. For SU-MIMO, multiple cells may concurrently transmit one or
more data streams to the same UE. In one design, both cells 7 and j may transmit one
data stream to UE w, which may be equipped with a single receive antenna. In another
design, cell 7 may transmit one data stream to UE u, and cell j may transmit another data
stream to UE w, which may be equipped with multiple receive antennas. For both
designs, the received power for both cells 7 and j at UE u would be desired power
(instead of just serving cell i providing desired power and non-serving cell j providing
interference power). Non-serving cell j may be referred to as a cooperating cell when
transmitting data to UE #.
[0031] For simplicity, much of the description below is for data transmission to UE
u, which may have one serving cell 7 and one or more non-serving cells with index j. In
one MU-MIMO scheme, non-serving cell j may act as a cooperating cell, and cells / and
j may both transmit data to UE «. In another MU-MIMO scheme, serving cell { may
transmit data to UE u, and non-serving cell j may perform interference nulling for UE w.
In one SU-MIMO scheme, both serving cell 7 and cooperating cell j may transmit data
to UE u. These various MIMO schemes are described in detail below.
[0032] In general, each cell may be equipped with one or multiple transmit
antennas. Each UE may also be equipped with one or multiple receive antennas. Data
may be sent in different manners depending on the number of transmit antennas at each

cell, the number of receive antennas at each UE, the level of cooperation between the
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cells, etc. For clarity, much of the description below covers data transmission by two
cells / and j. The MIMO schemes described herein may be extended to more than two

cells.

I. Multi-User Distributed MIMO

[0033]  FIG. 4 shows a design of MU-MIMO with each cell equipped with a single
transmit antenna and each UE equipped with a single receive antenna. Each UE may
determine a complex channel gain for a single-input single-output (SISO) channel from
the transmit antenna at each cell to its receive antenna. UE u may obtain a channel gain
hiy for cell i and a channel gain Ay, for cell j. Similarly, UE v may obtain a channel gain
hiw for cell i and a channel gain Ay, for cell /. The channel gain for cach cell may be
treated as a component of a virtual channel vector. UE # may obtain a virtual channel

row vector h,=[#4, £,], and UE v may obtain a virtual channel row vector
h,=[#, h,]. Conceptually, the two cells, cach with a single transmit antenna, may be

considered as a virtual cell with two transmit antennas.

[0034]  Inone MU-MIMO scheme with a single transmit antenna at each cell, a data
stream may be sent to each UE from both transmit antennas at the two cells i and j
(instead of from only one transmit antenna at one cell). Cell / may receive data streams
u and v intended for UEs u and v, respectively. Cell i may perform precoding on the
two data streams with a precoding vector w; to obtain an output stream and may send
the output stream via its transmit antenna. Similarly, cell j may receive data streams u
and v, perform precoding on the two data streams with a precoding vector w; to obtain
an output stream, and send the output stream via its transmit antenna. Precoding vectors
w; and w; may be determined in various manners.

[6035] In one design, the precoding vectors may be determined based on a zero-

h
forcing (ZF) technique. A 2x2 virtual channel matrix may be formed as H,_ = [h“} LA

i

2x2 precoding matrix W may be determined based on zero-forcing, as follows:

W, =AH![H, HI]", Eq (1)

where A is a diagonal matrix that normalizes the transmit power of the two cells, and

«H> denotes a Hermetian or conjugate transpose.
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[0636] W includes two precoding vectors in two columns. One precoding vector
in Wy may be provided as a precoding vector wz; for cell 7, and the other precoding
vector in Wy may be provided as a precoding vector w,; for cell j. If the virtual
channel matrix is accurate, then UE u may observe little interference from cell 7, and UE
v may observe little interference from cell 7.
[0037] In another design, a precoding vector W,,s.; for cell i may be determined

based on a minimum mean squarc crror (MMSE) technique, as follows:

-1

Wmm.re,i = [Nu I +P1 Ehf hv J hf ? Eq (2)
vEN

where N, is the noise observed by UE u, P; is the transmit power of cell 7, and I is an

identity matrix.

[0038] The MMSE precoding vector Wyums.; may maximize a signal-to-caused-

interference ratio (SCIR) for cell 7, which may be expressed as:

2

e - Eq (3)

[0039] As shown in equation (3), SCIR; is the ratio of the received power at UE u
(the numerator) over the interference power at UE v plus noise at UE u (the
denominator). Using Wyuse,; for w; in equation (3) may maximize SCIR;.

[0040]  The precoding vectors for cells i and j may also be determined in other
manners. For example, the precoding vectors may be determined based on a maximum
ratio combining (MRC) technique, etc.

[0041] Cell i may perform precoding with its precoding vector wy, as follows:
xn=d;w,, Eq (4

where d;is a 1x2 data vector comprising data symbols in data streams » and v, and

x; is an output symbol for cell i.

[0042] Cell 7 may use Wi OF Wymse; OF some other precoding vector for w; in
equation (4). Precoding vector w; includes two precoding weights. One precoding
weight may be applied to data steam u, and the other precoding weight may be applied

to data steam v.
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[0043] For a time division duplexed (TDD) system, the downlink and uplink share
the same frequency channel, and the downlink channel response may be highly
correlated with the uplink channel response. In this case, the cells may estimate h,, and
h, based on pilots sent on the uplink by UEs u and v. For a frequency division duplexed
(TDD) system, the downlink and uplink use different frequency channels, and the
downlink channel response may not correlate well with the uplink channel response. In
this case, UE u may estimate h, and send it to its serving cell 7, and UE v may estimate
h, and send it to its serving cell ;.

[0044] In one design, UE # may determine channel direction indicator (CDI)
information as follows. UE w may first obtain an estimate of h,, c.g., based on a
reference signal or pilot received from each cell. UE u may divide the channel vector
by its magnitude to obtain a unit norm vector, as follows:

~ h
h =—**— Eq (5
T 16)

where ||h, || is the magnitude of the virtual channel row vector h,, and

~

h, is a normalized virtual channel vector with unit magnitude.

[0045]  UE u may select a channel vector h, in a codebook of 2® channel vectors

that most closely matches h,. UE « may then send a B-bit index of the sclected

channel vector as CDI information.

[0046]  FIG. 5 shows a design of MU-MIMO with each cell equipped with a single
transmit antenna and cach UE equipped with multiple (R) receive antennas. Each UE
may determine a channel response vector (or simply, a channel vector) for a single-input
multiple-output (STMQ) channel from the transmit antenna at each cell 1o its R receive

antennas. UE « may obtain an Rx1 channel vector h, =T[4, ...k, 1" for cell f, where

i
hug for #e{1,..,R} is a complex channel gain from the transmit antenna at cell 7 to
receive antenna 7 at UE u, and “ "> denotes a transpose. UE x may also obtain an Rx|1
channel vector hy, for cell ;. UE u may determine an equivalent channel gain Ay, ., for
cell i by applying a receive filter to hy,. For example, UE u may determine A by

applying a dominant left eigenvector u, of a channel matrix for UE #, as follows:

itteq = uu hiu - Eq (6)
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The dominant left eigenvector may be determined as described below.
[0047] UE u may also determine an equivalent channel gain A, for cell j by
applying the same dominant left eigenvector, as follows:

)/ ey =W, M Eq (7)
[0048] A virtyal channel vector for UE u may then be formed as h, =[#,,, 4.1
The processing described above for the case of one receive antenna may be applied to h,
obtained with multiple receive antennas at UE u.
[0049] Scheduling may be performed in various manners for the case in which each
cell is equipped with a single transmit antenna. In one design, each cell may schedule
its UEs independently and may select UEs for data transmission based on any set of
criteria, At a beamforming/precoding stage, the selected UEs may be paired for joint
transmission. Each UE pair may include one UE in one cell and another UE in another
cell. Precoding vectors may be determined for the paired UEs and may be used to send
data streams to these UEs, e.g., as described above.
[0050] In another design, a joint scheduler may operate across multiple cells. In one
design of joint scheduling across two cells, the scheduler may first select a UE with a
highest metric {e.g., based on fairness, etc.) among the UEs in the two cells. If the
selected UE is in cell 4, then the scheduler may select a compatible UE in the other cell
J- To select a compatible UE, the scheduler may identify a subset of UEs in cell j whose
channel vectors have small correlation relative to the channel vector of the selected UE
in cell /. The scheduler may then select a UE with a highest metric from the subset of
UEs in cellj. The scheduler may then pair the selected UE in cell i with the selected UE
in cell . This UE selection scheme may reduce power loss from precoding.
[0051] In one scheduling design, one UE may be selected from each cell, e.g., as
described above. In another scheduling design, one or both UEs in a given cell may be
selected, e.g., as long as both UEs have high metrics and their channel vectors have
small correlation. For this scheduling design, a UE may be associated with a virtual cell
(instead of a physical cell) and may be served by one or more physical cells in the
virtual cell.
j0052] The designs described above can serve two UEs in two cells on the same
time-frequency resources. These designs may be extended to serve three or more UEs

in three or more cells on the same resources. The virtual channel vector for each UE
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may be dependent on the number of cells that will transmit to that UE. The precoding
vector for each cell may be dependent on the virtual channel vectors for all UEs to
which that cell will transmit data.

[0053] When each cell is equipped with multiple {T) transmit antennas, data may be
sent with precoding in several manners. In a first MU-MIMO scheme, precoding may
be performed across multiple cells. In a second MU-MIMO scheme, precoding may be
performed by each cell.

[0054] FIG. 6 shows a design of precoding across cells for the first MU-MIMO
scheme, with each cell equipped with multiple (T) transmit antennas and each UE
equipped with a single receive antenna. Each UE may determine a channel response
row vector (or simply, a channel vector) for a multiple-input single-output (MISO)
channel from the T transmit antennas at each cell to its receive antenna. UE u may

obtain a channel vector h, =[A hy, 11 for cell i, where hy,, for te{l,..,T} is a

i, o e T
complex channel gain from transmit antenna # at cell / to the receive antenna at UE u.
UE u may also obtain a channcl vector hy, for cell j. The channel vector for each cell
may be freated as a component of a virtual channel vector. UE u may form a virtual

channel vector h, =[h,, h,]. Similarly, UE v may obtain a channel vector h, for cell i

and a channel vector hy, for cell / and may form a virtual channel vector h, =[h,, h wl-

[0055] For the first MU-MIMO scheme, a data stream may be sent to each UE from
the 2T transmit antennas at the two cells 7 and j (instead of from only T transmit
antennas at one cell). Cell / may receive data streams # and v intended for UEs « and v,
respectively. Cell 7 may perform precoding on the two data streams with a precoding
matrix W; to obtain T output streams and may send these T output streams via its T
transmit antennas. Similarly, cell j may receive data streams « and v, perform precoding
on the two data streams with a precoding matrix W; to obtain T output streams, and
send these T output streams via its T transmit antennas. Precoding matrices W; and W;
may be determined based on zero-forcing, MMSE, etc.

[0056] FIG. 7 shows a design of precoding across cells for the first MU-MIMO
scheme, with ecach cell equipped with multiple (T) transmit antennas and each UE
equipped with multiple (R) receive antennas. Each UE may determine a channel
response matrix (or simply, a channel matrix) for a MIMO channel from the T transmit
antennas at each cell to its R receive antennas. UE u may obtain an RxT channel matrix

H;, for cell 7 and a channel matrix Hy, for cell j. UE u may determine cquivalent
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channel vectors h;, and hy, based on the channel matrices and a receive filter for UE u.
Similarly, UE v may obtain a channel matrix H;, for cell 7 and a channel matrix Hj, for
cell /. UE v may determine equivalent channel vectors hy, and hy, based on the channel
matrices and a receive filter for UE v.
[0057] In one design, singular value decomposition of channel matrix Hs, may be

expressed as:

Hm = Uiu A‘iﬂ VH ? Eq (8)

in

where Uj, is an RxR unitary matrix of left eigenvectors of Hy,,
A is an RxT diagonal matrix of singular values of H,, and

Vi is a TxT unitary matrix of right eigenvectors of Hj,,

[0058] A unitary matrix U is characterized by the property U” U=1. The columns
of U are orthogonal to one another, and each column has unit power. The diagonal
clements of A;, are singular values that represent the channel gains of the eigenmodes of
H,. The singular values in A, may be ordered from largest to smallest along the
diagonal. The vectors in Uy, and V;, may be ordered in the same way as the singular
values in As. After ordering, the first column of Uy, is the dominant left eigenvector
and may be denoted as u;;. The first column of V,, is the dominant right eigenvector
and may be denoted as v;;.

[0059] In one design, the channel vector hy, for serving cell i may be defined as:
hiu = uf@ Hz‘u = ll',l .Vfl > Eq (9)

where 4; is the largest singular value in Ay,
[0060] For the design shown in equation (9), UE « may be assumed to perform
MIMO receive filtering (or MIMO detection) by pre-multiplying its received signals
with a receive filter u;;. h;, may then be an equivalent channel defined by a scaled
version of the dominant right eigenvector v; ;.

[0061] In one design, the channel vector hy, for non-serving cell j may be defined as:

h, =uf; H, . Eq (10)
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In the design shown in equation (10), the channel vector hj, for non-serving cell j is
obtained by applying the same receive filter u;; to the channel matrix Hj, for non-
serving cell j.
[0062] For the case with multiple receive antennas at each UE, as shown in FIG. 7,
precoding matrices W; and W; may be determined based on hy and hy and in
accordance with zero-forcing, MMSE, etc. Cells i and j may then send data to UEs
and v with precoding matrices W; and W/, respectively, in similar manner as for the case
with a single receive antenna at cach UE.
[0063] In one design, antenna permutation may be applied to data stream(s) sent to
onc UE in order to achieve symmetry, balance and/or robustness among the data
streams. For antenna permutation, each data stream may be sent from different
antennas in different time interval and/or different frequency subcarriers.
[0064] In general, two or more cells may simultaneously transmit data to two or
more UEs with precoding across these cells. The number of data steams (Ns) that may
be sent simultaneously to a given UE may be given as Ng <min { N, N}, where Ny
is the total number of transmit antennas at all cells sending the data steams, and Ny is
the total number of receive antennas at the UE. If one data stream is sent to each UE,
then more than one UE may be scheduled per cell as long as the total number of UEs to
be served is less than or equal to the total number of transmit antennas (Ny) at all cells.
The precoding matrix for each cell may be determined based on the virtual channel
vectors from all UEs being served and may be derived with zero-forcing, MMSE, etc.
[0065] Scheduling may be performed in various manners for the case in which each
cell is equipped with multiple transmit antennas. In one design, the number of UEs
scheduled for data transmission may be equal to the number of cells, and one data
stream may be sent to each scheduled UE. In this design, scheduling and UE selection
may be performed as described above for the case in which each cell is equipped with
one transmit antenna. In particular, each cell may perform scheduling independently,
and one UE may be selected per cell, e.g., in a sequential order. Alternatively,
scheduling may be performed jointly across cells, and UEs may be selected (e.g., in a
sequential order) from among the UEs in these cells.
[G066] In another design, the number of UEs to serve may be greater than the
number of cells and/or more than one data stream may be sent to a scheduled UE. In

this design, a UE may send M virtual channel vectors in order to receive up to M data
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streams, where M = 1. Each virtual channel vector may be treated as if it is received
from a single-antenna UE. UEs may then be sclected, ¢.g., in a sequential order based
on a metric. Additional constraints may be applied in scheduling. For example,
scheduling may be performed such that at least one UE is selected from each cell, at
most L data strcams (e.g., L = 2) is sent to a given UE, etc. The total number of data
streams sent to all scheduled UEs may be less than or equal to the total number of
transmit antennas (Nr) at all cells sending these data streams.
[6067] In general, if the UEs are well separated spatially, then it may be better to
select more UEs with one data stream than to select fewer UEs with multiple data
streams, Selecting more UEs may provide greater diversity gain while reducing
precoding power loss.
[0068] For the second MU-MIMO scheme, precoding may be performed by each
cell instead of across cells. Each cell may send a data stream to its UE and may perform
beamforming in a manner to reduce interference to another UE served by another cell.
For example, cell i may send a data stream to UE « and may perform beamforming to
reduce interference to UE v. Similarly, cell j may send a data stream to UE v and may
perform beamforming to reduce interference to UE w.
[0069] FI1G. 8 shows a design of precoding per cell for the second MU-MIMO
scheme, with each cell equipped with multiple (T) transmit antennas and each UE
equipped with a single receive antenna. UE u may obtain a channel vector hy, for
serving cell 7 and a channel vector hy, for non-serving cellj. Similarly, UE v may obtain
a channel vector h;, for non-serving cell 7 and a channel vector by, for serving cell j. A
precoding vector w; for cell { may be determined based on channel vectors h;, for hy,
such that a data transmission may be steered toward UE « and away from UE v.
[0070] In one design, the precoding vector for cell { may be determined based on
MMSE, as follows:

-1
‘vmmse,i = (Nu 1+}31 th:'r hiv ] hf: . Eq (1 1)

VEH

[0071] The SCIR for cell # may be expressed as:
|hizl “Ii |2 ‘Pz
Z |h;'v wi |‘2 R +(‘v;'H “’I)Nu -

vEu

SCIR, =

Eq (12)
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[0072]  The use of Wiumse,; for w; would maximize the SCIR of the data transmission
from cell 7 to UE #. Woumse; may be used as a receive filter by cell i to maximize a
signal-to-noisc-and-interference ratio (SINR) if cell / were to receive a data transmission
from UE u via channel h;, and an interfering transmission from UE v via channel h;,.
[0073]  In another design, the precoding vector for cell i may be determined based

on zero-forcing, as follows:

w,, = (A8 [H,, | ] 1 o Eq (13)

h,
where H,, = [h'"} is a 2xT virtual channel matrix for cell i.

[0074] As shown in equations (11} and (13), the precoding vector for cell / may be
derived based on channel vectors hy, for hy, that arc localized to cell i, Thus, each cell
may make its decision independently at the beamforming/precoding level. For both
MMSE and zero-forcing, if the channel vectors h;, and h;, are accurate, then UE v may
observe little interference from cell .

[0075] FIG. 9 shows a design of precoding per cell for the second MU-MIMO
scheme, with each cell equipped with multiple (T) transmit antennas and each UE
equipped with multiple (R} receive antennas. UE « may obtain a channel matrix H;, for
cell 7 and a channel matrix Hj, for cell ;. Similarly, UE v may obtain a channel matrix
H;, for cell / and a channel matrix Hy, for cell j.

[0076] Cell i may transmit M data streams to UE », where M > 1. Channel vectors

v and hyy,m for the m-th data stream, where m e {1,.., M}, may be expressed as:

hizr,m = ufm Hz‘u = ﬁ’i,m : me H and Eq. (14)
b, =ul, H, . Eq (15)

[0077] A precoding vector for the m-th data stream may be determined based on
MMSE, as follows:

-1
‘vmmse,m = (Nu I + 'Pr zhz{;{,m h:'v.m J hg,m . Eq (16)
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[0078] A precoding vector for the m-th data stream may also be determined based

on zero-forcing. In this case, a 2MxR equivalent channel matrix may be defined as

H,, =[hy, ..hi,h, ..k, 1% The precoding vector for the m-th data stream may

then be determined as follows:

W, =(AHE [H,, B 1) Eq(17)

Heq #-~th column

[0079] As shown in FIG. 9, cell / may transmit M data streams to UE « based on a
precoding matrix W, for cell . W; may be determined based on zero-forcing, MMSE,
etc. Similarly, cell j may transmit M data streams to UE v based on a precoding matrix
W; for cell . 'W; may also be determined based on zero-forcing, MMSE, etc. Cells i
and j may transmit the same or different numbers of data streams to UEs u and v,
respectively.

[0080] The number of data streams (M) to send to UE u may be equal to or less than
the number of receive antennas at UE u. M may be selected such that at least one
receive dimension (or degree of freedom) will be available for suppression of residual
inter-UE interference. In addition, cell / may send data to more than one UE as long as
the total number of UEs served by cell i is equal to or less than the number of transmit
antennas (T) at cell i, assuming one data stream per UE.

[0081] Scheduling may be performed in various manner when each cell is equipped
with multiple transmit antennas. In one design, each cell may independently schedule
its UEs and may inform the neighbor cells of the scheduled UEs. Each cell may
examine UEs (or data strcams) to be served by the neighbor cells and may perform
beamforming for its UEs based on the channel vectors from its UEs as well as the
channel vectors from the UEs in the neighbor cells in order to reduce interference to the
UEs in the neighbor cells.

[0082] In another design, scheduling may be performed across multiple cells. In
this design, a scheduler may first select a UE (or a data stream) with a highest metric in
the multiple cells. The scheduler may then select another UE with a high metric and
small correlation between its channel vector and the channel vector of the selected UE.
The scheduler may select each subsequent UE (or data stream) in similar manner until
all UEs (or data streams) are selected. This design may reduce power loss from
precoding. Certain restrictions may be applied, e.g., to limit one UE per cell, to limit at

most L data streams per UE, etc. One or more cells may be shut off in case there are
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new compatible UEs, which may be considered as adaptive factional frequency reuse
(FFR).

[0083]  In a third MU-MIMO scheme with multiple (T) transmit antennas at each
cell, the precoding vectors for cells in the same Node B may be selected jointly across
these cells. In one design, a codebook of precoding vectors may be available for use.
One precoding vector may be selected for each cell based on one or more selection
criteria. In one design, a selection criterion of maximizing a sum rate or a harmonic
mean of rates for UEs may be used to select the precoding vectors. The sum rate R for a

set of UEs may be expressed as:

R=Y log(l+SINR,), and Eq (18)
¢

|hifwf|2'8
N+ |b,w,|*P °

FES

SINR, = Eq (19)

where SINR, is the SINR of UE ¢ and ¢e{u, v,...}.

[0084] In one design, a set of UEs may be selected for data transmission, ¢.g., based
on their metrics. The sum rate may then be computed for different sets of precoding
vectors for the cells for the selected set of UEs. The set of precoding vectors that
provides the highest sum rate may be selected for use. In another design, the UEs may
be selected in a sequential order. For example, the UE with the highest metric (e.g., the
largest SINR) may first be selected. The precoding vector for this UE may be
determined based on zero-forcing or MMSE to reduce interference caused to a second
UE. The precoding vector for the second UE may be sclected from the codebook, e.g.,
to maximize the sum rate. Scheduling may also be performed as described above for
the second MU-MIMO scheme.

[0085] For all of the MU-MIMO schemes described above, UE u may be equipped
with multiple receive antennas and may apply a receive filter (c.g., a dominant left
eigenvector) to obtain equivalent channel vectors for feedback purpose. Cell i may
obtain equivalent channel vectors from UE u as well as UE v in cell /. Cell i may derive
a precoding vector for UE « based on the equivalent channel vectors from UEs u and v.
Similarly, cell j may derive a precoding vector for UE v based on the equivalent channel

vectors from UE v and . If the equivalent channel vectors are accurate, then UE v may
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observe little interference from cell j after applying the receive filter. However, the
actual channel observed by UE u may be different from the equivalent channels
assumed by cells / and j. This discrepancy may be due to various factors such as
quantization errors, channel variations, channel estimation errors, etc.

[0086] In one design, UE u may derive a receive filter based on MMSE, as follows:

-1
qmm.s‘e‘m = (Nu I+ ]D_.' Zhi{«m hjza,m] hﬁ,m s Efl (20)

FL
WREre Quumse,m is an MMSE receive filter for data stream 1.
[0087] The MMSE receive filter may null out residual interference due to
mismatches between the actual channel and the equivalent channel. If only one data
stream 15 sent to UE u, then R-1 receive antennas at UE u may be used for interference

suppression purpose. UE u may perform receive filtering with the MMSE receive filter,

as follows:
du,m :q:mSE’,Il! ru ? Eq (21)

where r, is a vector of reccived symbols obtained via the R receive antennas at UE u, and

dym 18 & detected symbol for data stream .

11. Single-User Distributed MIMO

[0088] For SU-MIMO, multiple cells may cooperate to send one or morc data
streams to a given UE. These cells may send a single data stream to the UE via more
transmit antennas to obtain beamforming gain. These cells may also send more than
one data stream to the UE to improve data performance.

[0089] FIG. 10 shows a design of SU-MIMO with each cell equipped with a single
transmit antenna and UE u equipped with a single receive antenna. UE u may obtain a
channel gain Ay, for cell 7 and a channel gain A, for cell j. UE « may form a virtual

channel vector h, =[k, &, ].

i "Tju

[0090] In one SU-MIMO scheme with a single transmit antenna at each cell, a data
stream may be sent to UE « from both transmit antennas at the two cells i and j. A
precoding vector w, may be derived for UE u based on the virtual channel vector h,

(eg, w,=[w, w,]"=h =[h, A

] ™y and may include two weights for the two cells 7
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and j. Cell /i may apply one weight w; to the data stream sent to UE u, and cell j may
apply the other weight w; to the same data stream sent to UE . Only one data stream
may be sent to UE v from the two cells since UE u is equipped with one receive
antenna. Cell j does not serve any UE on the time-frequency resources used for UE u.
[0091] If UE u is equipped with multiple (R) receive antennas, then multiple data
streams may be sent to UE u in several manners. In a first SU-MIMO scheme, multiple
data streams may be sent with precoding across multiple cells. In a second SU-MIMO
scheme, multiple data streams may be sent with precoding per cell.
[0092] FIG. 11 shows a design of the second SU-MIMO scheme, with each cell
equipped with a single transmit antenna and UE u cquipped with multiple (R) receive
antennas. UE u may obtain a channel vector hy, for cell 7 and a channel vector hy, for
cell j. UE u may determine the SINR for each cell based on the channel vector for that
cell. The SINR for cach cell may be dependent on a receive filter used by UE «, which
may be zero-forcing, MMSE, MMSE with successive interference cancellation (SIC),
maximum likelihood detection (MLD), some other receive filter, UE i may determine
channel quality indicator (CQI) information for each cell based on the SINR for that cell
and may send CQI information for cells 7 and j. Cell i may send one data stream to UE
u at a rate determined based on the CQI information for cell i. Cell j may send another
data stream to UE u at a rate determined based on the CQI information for cell j. UE u
may perform receive filtering based on zero-forcing, MMSE, MMSE-SIC, etc., to
recover the two data streams sent by the two cells to UE u.
[0093] FIG. 12 shows a design of the first SU-MIMO scheme, with each cell
equipped with a single transmit antenna and UE w equipped with multiple (R) receive

antennas. UE u« may obtain a channel vector hy, for cell i and a channel vector hy, for

cellj. UE u may obtain a 2xR channel matrix for the two cellsas H = [::m} and may
Ju

determine the SINRs for the two cells jointly. UE u may determine CQI information for
two spatial layers based on the channel matrix and may send the CQI information as
feedback.

[0094]  Two data streams may be sent by cells 7 and j to UE « in several manners. In
one design that is shown in FIG. 12, each data stream may be sent from both cells with
precoding. A 2x2 precoding matrix W, may be derived for UE u based on the channel

matrix H,, e.g., using zero-forcing, MMSE, etc. Each data stream may be sent from the
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two transmit antennas at cells 7 and j based on one row of W,, which is a precoding
vector for both transmit antennas at the two cells i and j. Each cell may perform
precoding for the two data streams based on a precoding vector corresponding to one
column of W,
[0095] In another design that is not shown in FIG. 12, each data stream may be sent
by the two cells with antenna permutation (and no precoding) in order to increase spatial
symmetry between the different data streams.
[0096] FIG. 13 shows a design of the first SU-MIMO scheme, with each cell
equipped with multiple (T) transmit antennas and UE u equipped with multiple (R)
receive antennas, UE u may obtain a channel matrix H;, for cell 7 and a channel matrix
Hy, for cell j. UE » may treat the channel matrices for the two cells jointly and may
determine the SINRs for M spatial layers, where M > 1. UE « may determine CQI
information for the M spatial layers based on the SINRs and may send the CQI
information as feedback. The total number of transmit antennas at the two cells may be
larger than the number of receive antennas at UE #. UE u may then determine the
precoding matrices for the two cells and may send the precoding matrices to the cells.
The two cells may send M data streams to UE u in accordance with the CQI information
and the precoding matrices.
[0097] For the second SU-MIMO scheme, which is not shown in FIG. 13, each cell
may send one or more data streams to UE  and may perform precoding for each data
stream sent to UE u. For both the first and second SU-MIMO schemes, UE u may
perform receive filtering based on zero-forcing, MMSE, MMSE-SIC, ectc., to recover
the data streams sent by the two cells.
[0098] For all MIMO schemes described above, UE u« may obtain channel estimates
for multiple cells. The channel estimate for each cell may comprise a channel gain, a

channel vector, a channel matrix, etc. In one design, UE ¥ may map a channel vector

h;, for cell i to a channel vector h, in a codebook and may send h, as CDI

information for cell i. Similarly, UE « may map a channel vector hy, for cell j to a
channel vector h 4 10 the codebook and may send h s« 88 CDI information for cell j. In
another design, UE u may determine one or more precoding vectors for one or more

cells based on the channel estimates and may send the precoding vector(s) as feedback.

This design may be more applicable for the SU-MIMO schemes with multiple transmit
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antennas at cach cell, since the total number of transmit antennas may be greater than
the number of receive antennas at UE u,
[0099] For all MIMO schemes described above, UE u may estimate the SINR for
each data stream to be sent to UE . UE » may determine CQI information for all M
data streams to be sent to UE u based on the SINR for each data stream. The SINR and
hence the CQI information may be determined based on a particular receive filter used
by UE u. The CQI information may indicate the SINR or data rate for cach data stream
and/or other information. UE » may send the CQI information to the serving cell and/or
the cooperating cell(s). The serving cell and possibly the cooperating cell(s) may send
the M data streams at data rates sclected in accordance rate the CQI information to UE
u.
[00100] UE u may send feedback information (e.g., CQI and CDI information) to
support MU-MIMO or SU-MIMO. For MU-MIMO, UE « may send CQI information
for the serving cell and CDI information for the serving cell and cooperating cell(s).
For SU-MIMO, UE u may send CQI and CDI information for the serving cell and
cooperating cell(s), where the CDI information may represent phase rather than
amplifude. In one design, UE u may send the feedback information to the serving cell,
which may forward the feedback information for the cooperating cell(s) via the
backhaul to the cooperating cell(s). In another design, UE « may send the feedback
information for each cell directly to that ceil.
[00101] The techniques described herein may be used to support distributed MIMO
from multiple cells in the same Node B or different Node Bs, as described above. The
techniques may also be used to support distributed MIMO in a distributed antenna
systern.
[00102] FIG. 14 shows a distributed antenna system 1400. A Node B 1410 may
include multiple (e.g., three} antennas 1412a, 1412b and 1412¢ that may be placed at
different locations to enhance coverage. Antenna 1412a may provide communication
coverage for cell i, antenna 1412b may provide communication coverage for cell 7, and
antenna 1412¢ may provide communication coverage for cell £. Antennas 1412a, 1412b
and 1412¢ may be coupled to Node B 1410 via wireline or wireless backhaul links,
which are shown by dashed lines in FIG. 14, The MU-MIMO and SU-MIMO schemes
described above may be applied to system 1400 in analogous manners.
[00103] The techniques described herein may improve the performance of cell-edge
UEs. Various MU-MIMO and SU-MIMO schemes and different levels of cooperation
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between cells have been described above, Some schemes utilize high-level coordination
where a virtual cell may be formed by multiple physical cells and may transmit data to
multiple UEs in the physical cells. Some schemes utilize low-level coordination where
each cell may transmit data its UE(s), and improved performance may be achieved by
selecting compatible UEs and/or by beamforming away from UEs in neighbor cells.
[00104] FIG. 15 shows a design of a process 1500 for receiving data in a wireless
communication systcm. Process 1500 may be performed by a UE (as described below)
or by some other entity. The UE may determine channel estimates for multiple cells,
which may operate as a virtual cell for data transmission to the UE (block 1512). The
multiple cells may belong to a single base station or multiple base stations. The
multiple cells may also be associated with multiple antennas distributed at different
locations, e.g., as shown in FIG. 14, The UE may send the channel estimates to at least
one of the multiple cells, ¢.g., to a serving cell (block 1514). The UE may receive a
data transmission sent by the multiple cells to the UE based on the channel estimates
(block 1516). The UE may report CQI information for one or more cells, and the data
transmission may be sent based further on the CQI information.
[00105] In one design, the data transmission may comprise at least one data stream,
and each data stream may be sent by the multiple cells to the UE. In another design, the
data transmission may comprise multiple data streams, and each data stream may be
sent by one cell to the UE.
[00106] In one design, for MU-MIMO, the data transmission may be sent by the
multiple cells on resources that may be used to send another data transmission to
another UE. In another design, for SU-MIMO, the data transmission may be sent by the
multiple cells on resources not used to send data transmissions to other UEs.
[00107] In one design, the data transmission may be sent by the multiple cells based
on at least one precoding vector determined based on the channel estimates from the
UE. In another design, the data transmission may comprise at least one data stream, and
each data stream may be sent with precoding by the multiple cells based on a precoding
vector for that data stream. In general, a data stream may be sent to the UE with
precoding across the multiple cells or with precoding by one cell.
[00108] In one design, the multiple cells may each be equipped with a single transmit
antenna, and the UE may be equipped with a single receive antenna, e.g., as shown in
FIGS. 4 and 10. The channel estimates may comprise a channel gain for each of the

multiple cells. In another design, the multiple cells may each be equipped with a single
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transmit antenna, and the UE may be equipped with multiple receive antennas, e.g., as
shown in FIGS. 5, 11 and 12. The UE may determine a channel vector for each cell and
may determine a channel gain for the cell based on the channel vector and a receive
filter. In yet another design, the multiple cells may each be equipped with multiple
transmit antennas, and the UE may be equipped with a single receive antenna, e.g., as
shown in FIGS. 6 and 8. The channel estimates may comprise a channel vector for each
cell. In yet another design, the multiple cells may cach be equipped with multiple
transmit antennas, and the UE may be equipped with multiple receive antennas, e.g., as
shown in FIGS. 7, 9 and 13. The UE may determine a channel matrix for each cell and
may determine a channel vector for the cell based on the channel matrix and a receive
filter. The channel estimates for the multiple cells may also comprise other information.
For all designs, the number of data streams that may be sent to the UE may be limited
by the number of transmit antennas at the multiple cells and the number of reccive
antennas at the UE.
[00109] FIG. 16 shows a design of an apparatus 1600 for receiving data in a wireless
communication system. Apparatus 1600 includes a module 1612 to determine channel
estimates for multiple cells by a UE, a module 1614 to send the channel estimates from
the UE to at least one of the multiple cells, and a module 1616 to receive a data
transmission sent by the multiple cells to the UE based on the channel estimates.
[00110] FIG. 17 shows a design of a process 1700 for sending data in a wircless
communication system. Process 1700 may be performed by a base station or some
other entity. Channel estimates for multiple cells may be received from at least one UE
(block 1712). The multiple cells may operate as a virtual cell and may belong to a
single base station or multiple base stations. At least one data transmission may be sent
from the multiple cells to the at least one UE based on the channel estimates, with each
data transmission being sent by the multiple cells to a respective UE (block 1714).
[00111] In one design, the data transmission for each UE may comprise at least one
data stream, and each data stream may be sent by the multiple cells to the UE. In
another design, the data transmission for each UE may comprise multiple data streams,
and each data stream may be sent by one cell to the UE.
[00112] In one design, for MU-MIMO, at least two data transmissions may be sent
concurrently by the multiple cells to at least two UEs on common resources. In another
design, for SU-MIMO, a single data transmission may be sent by the multiple cells to a

single UE on resources not used to send data transmissions to other UEs.
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[00113] In one design of block 1714, at least one precoding vector may be
determined based on the channel estimates, e.g., with zero-forcing or MMSE. Each
precoding vector may comprise a weight for each transmit antenna at the multiple cells.
Each data transmission may be sent based on a respective precoding vector by the
multiple cells to the respective UE. In another design of block 1714, each data
transmission may comprise at least one data stream. A precoding vector may be
determined for each data stream based on the channel estimates. Each data stream may
be sent based on the precoding vector for that data stream by the multiple cells,
[00114] FIG. 18 shows a design of an apparatus 1800 for sending data in a wireless
communication system. Apparatus 1800 includes a module 1812 to reccive channel
estimates for multiple cells from at least one UE, and a module 1814 to send at least one
data transmission from the multiple cells to the at lecast one UE based on the channel
estimates, with cach data transmission being sent by the multiple cells to a respective
UE.
[00115] FIG. 19 shows a design of a process 1900 for receiving data in a wircless
communication system. Process 1900 may be performed by a first UE (as described
below) or by some other entity. The first UE may determine a first channel estimate for
a first cell (block 1912) and may also determine a second channel estimate for a second
cell (block 1914). The first UE may send the first and second channel estimates to at
least one of the first and second cells, e.g., to a serving cell (block 1916). The first UE
may receive a first data transmission sent by the first cell to the first UE based on the
first channel estimate (block 1918). The first UE may receive a second data
transmission sent by the second cell to a second UE and steered away from the first UE
based on the second channel estimate (block 1920). The first and second data
transmissions may be sent concurrently by the first and second cells on the same
resources, €.g., the same resource block in LTE.
[00116] The first data transmission may be sent by the first cell based on a first
precoding vector, which may be determined based on the first channel estimate from the
first UE and a third channel estimate from a third UE not served by the first cell. The
first data transmission may be steered away from the third UE by the first precoding
vector, which may reduce interference to the third UE. The second data transmission
may be sent by the second cell based on a second precoding vector, which may be

determined based on the second channel estimate from the UE and a fourth channel
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estimate from the second UE. The second precoding vector may reduce interference to
the first UE.
[00117] In one design, the first and second cells may each be equipped with multiple
transmit antennas, the first UE may be equipped with a single receive antenna, and the
first and second channel estimates may each comprise a channel vector. In another
design, the multiple cells may each be equipped with multiple transmit antennas, and
the first UE may be equipped with multiple receive antennas. The first channel estimate
for the first cell may comprise a first channel vector determined based on a first channel
matrix for the first cell and a receive filter. The second channel estimate for the second
cell may comprise a sccond channel vector determined based on a second channel
matrix for the second cell and the same receive filter. The receive filter may be
determined based on an eigenvector of the first channel matrix for the first cell. The
first and second channel estimates may also comprise other information.
[00118] The first UE may derive a second receive filter based on the first and second
channel estimates, e.g., in accordance with MMSE technique, as shown in equation
(20). The first UE may perform receive filtering for the first data transmission based on
the second receive filter.
[00119] FIG. 20 shows a design of an apparatus 2000 for receiving data in a wireless
communication system. Apparatus 2000 includes a module 2012 to determine a first
channel estimate for a first cell by a first UE, a module 2014 to determine a second
channel estimate for a second cell by the first UE, a module 2016 to send the first and
second channel estimates from the first UE to at least one of the first and second cells, a
module 2018 to receive a first data transmission sent by the first cell to the first UE
based on the first channel estimate, and a module 2020 to receive a second data
transmission sent by the second cell to a second UE and steered away from the first UE
based on the second channel estimate.
[00120] FIG. 21 shows a design of a process 2100 for sending data in a wireless
communication system. Process 2100 may be performed by a base station or some
other entity. A first channel estimate for a cell may be received from a first UE (block
2112). A second channel estimate for the cell may be received from a second UE
(block 2114). The first UE may be selected based on low correlation between the first
and second channel estimates. A precoding vector may be determined based on the first

and second channel estimates, e.g., with zero-forcing or MMSE technique (block 2116).
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A data transmission may be sent from the cell to the first UE and steered away from the
second UE based on the precoding vector (block 2118).
[60121] FIG. 22 shows a design of an apparatus 2200 for sending data in a wireless
communication system. Apparatus 2200 includes a module 2212 to receive a first
channel estimate for a cell from a first UE, a module 2214 to receive a second channel
estimate for the cell from a second UE, a module 2216 to determine a precoding vector
based on the first and second channel estimates, and a module 2218 to send a data
transmission from the cell to the first UE and steered away from the second UE based
on the precoding vector.
[00122] FIG. 23 shows a design of a process 2300 for scheduling UEs in a wirclcss
communication system. Process 2300 may be performed by a base station or by some
other entity. At least one UE may be selected from among multiple UEs in multiple
cells, which may operate as a virtual cell (block 2312). At lcast one data transmission
may be sent from the multiple cells to the at least one UE (block 2314). In one design
of block 2312, a first UE in a first cell may be selected, e.g., based on at least one
metric. A second UE in a second cell may then be selected, ¢.g., based on low
correlation between channel estimates from the first and second UEs. In one design of
selecting the second UE, a set of UEs with channel estimates having low correlation
with the channel estimate from the first UE may be determined. A UE with a highest
metric among the set of UEs may be selected as the second UE. The UE selection in
block 2312 may be governed by one or more constraints such as at least one UE being
selected from each cell, at most L UEs being selected from any one cell, where L > 1,
ete.
[00123] FIG. 24 shows a design of an apparatus 2400 for scheduling UEs.
Apparatus 2400 includes a module 2412 to select at least one UE among multiple UEs
in multiple cells, and a module 2414 to send at least one data transmission from the
multiple cells fo the at least onc UE.
[00124] The modules in FIGS. 16, 18, 20, 22 and 24 may comprise processors,
electronics devices, hardware devices, electronics components, logical circuits,
memories, software codes, firmware codes, efc., or any combination thereof.
[00125] FIG. 25 shows a block diagram of a design of a Node B 110 and a UE 120,
which may be one of the Node Bs and one of the UEs in FIG. 1. Node B 110 may be
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equipped with T antennas 2534a through 2534t, and UE 120 may be equipped with R
antennas 2552a through 2552r, where in general T>1and R > 1.
[00126] At Node B 110, a transmit processor 2520 may receive data for one or more
UEs from a data source 2512, process (e.g., encode, interleave, and modulate) the data
for cach UE based on one or more modulation and coding schemes selected for the UE,
and provide data symbols for all UEs. Transmit processor 2520 may also receive
control information from a controller/processor 2540, process the control information,
and provide control symbols. Transmit processor 2520 may also generate pilot symbols
for a reference signal or pilot. A transmit (TX) MIMO processor 2530 may perform
precoding/beamsteering on the data symbols, control symbols, and/or pilot symbols, if
applicable, and may provide T output symbol streams to T modulators (MOD) 2532a
through 2532t. Each modulator 2532 may process its output symbol stream (e.g., for
OFDM, etc.) to obtain an output sample stream. Each modulator 2532 may further
condition (e.g., convert to analog, filter, amplify, and upconvert) its output sample
stream and generate a downlink signal. T downlink signals from modulators 2532a
through 2532t may be transmitted via antennas 2534a through 2534t, respectively.
[00127] At UE 120, antennas 2552a through 2552r may receive the downlink signals
from Node B 110 and may provide received signals to demodulators (DEMOD) 2554a
through 2554r, respectively. Each demodulator 2554 may condition (e.g., filter,
amplify, downconvert, and digitize) its received signal to obtain samples and may
further process the samples (e.g., for OFDM, etc.) to obtain received symbols. Each
demodulator 2554 may provide received data and control symbols to a MIMO detector/
equalizer 2560 and may provide received pilot symbols to a channel processor 2594.
Channel processor 2594 may estimate the response of the wireless channel from Node B
110 o UE 120 based on the received pilot symbols and may provide a channel estimate
for each cell of interest. MIMO detector/equalizer 2560 may perform receive filtering
(i.c., MIMO detection/cqualization) on the received data and control symbols based on
the channel estimates and may provide detected symbols, which are estimates of the
transmitted data and control symbols. A receive processor 2570 may process (e.g.,
demodulate, deinterleave, and decode) the detected symbols, provide decoded data to a
data sink 2572, and provide decoded control information to a controller/processor 2590,
[00128] UE 120 may evaluate the channel conditions and generate feedback
information, which may comprise CDI information, CQI information, and/or other

information for the serving cell, cooperating cells, non-serving cells, etc. The feedback
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information and/or data from a data source 2578 may be processed by a transmit
processor 2580, precoded by a TX MIMO processor 2582 (if applicable), and further
processed by modulators 2554a through 2554r to generate R uplink signals, which may
be transmitted via antennas 2552a through 2552r. At Node B 110, the uplink signals
from UE 120 may be received by antennas 2534a through 2534t, processed by
demodulators 2532a through 2532, spatially processed by a MIMO detector/equalizer
2536, and further processed by a receive processor 2538 to recover the feedback
information and data sent by UE 120. The decoded data may be provided to a data sink
2539. A controller/processor 2540 may control data transmission to UE 120 based on
the decoded feedback information,
[00129]  Controllers/processors 2540 and 2590 may direct the operation at Node B
110 and UE 120, respectively. Processor 2540 and/or other processors and modules at
Node B 110 may perform or direct process 1700 in FIG. 17, process 2100 in FIG. 21,
process 2300 in FIG. 23, and/or other processes for the techniques described herein.
Processor 2590 and/or other processors and modules at UE 120 may perform or direct
process 1500 in FIG. 15, process 1900 in FIG. 19, and/or other processes for the
techniques described herein. Memories 2542 and 2592 may store data and program
codes for Node B 110 and UE 120, respectively. A scheduler 2544 may sclect UE 120
and/or other UEs for data transmission on the downlink and/or uplink based on the
feedback information (e.g., CDI and CQI information) received from all UEs.
[00130] Those of skill in the art would understand that information and signals may
be represented using any of a variety of different technologies and techniques. For
example, 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, magnetic fields or particles, optical fields or
particles, or any combination thereof.
[00131] Those of skill would further appreciate that the various illustrative logical
blocks, modules, circuits, and algorithm steps described in connection with the
disclosure herein may be implemented as electronic hardware, computer software, or
combinations of both. To 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
implemented as hardware or software depends upon the particular application and

design constraints imposed on the overall system. Skilled artisans may implement the
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described functionality in varying ways for each particular application, but such
implementation decisions should not be interpreted as causing a departure from the
scope of the present disclosure.
[00132] 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 programmable gate array (FPGA) or other programmable logic
device, discrete gate or transistor logic, discrete hardware components, or any
combination thereof designed to perform the functions described herein. A general-
purpose processor may be a microprocessor, but in the alternative, the processor may be
any conventional 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.
[00133] The steps of a method or algorithm described in comnection with the
disclosure herein may be embodied directly in hardware, in a software module executed
by a processor, or in a combination of the two. A software module may reside in
RAM memory, flash memory, ROM memory, EPROM memory, EEPROM memory,
registers, hard disk, a removable disk, a CD-ROM, or any other form of storage medium
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 medium.
In the alternative, the storage medium may be integral to the processor. The processor
and the storage medium may reside in an ASIC. The ASIC may reside in a user
terminal. In the alternative, the processor and the storage medium may reside as
discrete components in a user terminal.
[00134] In one or more exemplary designs, the functions described may be
implemented in hardware, software, firmware, or any 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 medium. Computer-readable media
includes both computer storage media and communication media including any medium
that facilitates transfer of a computer program from one place to another. A 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, CD-ROM or other optical disk storage,
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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, any connection is properly
termed a computer-readable medium. For example, if the software is transmitted from a
website, server, or other remote source using a coaxial cable, fiber optic cable, twisted
pair, digital subscriber line (DSL), or wircless technologies such as infrared, radio, and
microwave, then the coaxial cable, fiber optic cable, twisted pair, DSL, or wireless
technologies such as infrared, radio, and microwave are included in the definition of
medium. Disk and disc, as used herein, includes compact disc (CD), laser disc, optical
disc, digital versatile disc (DVD), floppy 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.

[00135]  The previous description of the disclosure 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 be accorded the widest scope consistent with the

principles and novel features disclosed herein.
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CLAIMS

1. A method of receiving data in a wireless communication system,
comprising:

determining a channel estimate for each of multiple cells (104a, 104b, 104c) by a
user equipment (UE) (120); characterized by further comprising the steps of:

computing a receive filter based at least on a channel estimate of a serving cell in
the multiple cells (104a, 104b, 104c);

generating a virtual channel vector by applying the receive filter to the channel
estimates for said each of the multiple cells (104a, 104b, 104c);

sending the virtual channel vector from the UE (120) to at least one of the
multiple cells (104a, 104b, 104c); and

receiving a data transmission sent by the multiple cells (104a, 104b, 104c) to the
UE (120) based on the virtual channel vector.

2. The method of claim 1, wherein the data transmission comprises:

at least one data stream, the at least onc data stream being received by the
UE (120) from the multiple cells (104a, 104b, 104c); or,

multiple data streams, each data stream being received by the UE (120)
from one of the multiple cells (104a, 104b, 104c).

3. The method of claim 1, wherein the data transmission is received from
the multiple cells (104a, 104b, 104c) on resources utilized in common with a second UE
(120), or is received from the multiple cells (104a, 104b, 104c) on resources not used to

send data transmissions to other UEs (120).

4, The method of claim 1, wherein the data transmission comprises at least
one data stream, the at least one data stream being sent with precoding determined from

a component of the virtual channel vector.

5. The method of claim 1, wherein the data transmission comprises a single
data stream sent with precoding based on a precoding vector determined from the virtual

channel vector.
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6. The method of claim 1, wherein the multiple cells (104a, 104b, 104c) are
each equipped with a single transmit antenna, wherein the UE (120) is equipped with
multiple receive antennas, and wherein generating the virtual channel vector comprises:

determining a channel vector for each of the multiple cells (104a, 104b, 104c),
and

determining a channel gain for each cell based on the channel vector for the cell

and the receive filter.

7. The method of claim 1, wherein the multiple cells (104a, 104b, 104c) are

associated with multiple antennas distributed at different locations.

8. The method of claim 1, wherein the virtual channel vector comprises a
plurality of components, and wherein each component comprises a channel gain
associated with a communications link between the UE (120) and one of the multiple
cells (104a, 104b, 104c).

9. An apparatus for receiving data in a wireless communication system,
comprising:

means for determining a channel estimate for each of multiple cells (104a, 104b,
104c) by a user equipment (UE) (120); characterized by further comprising;

means for computing a receive filter based at least on a channel estimate of a
serving cell in the multiple cells (104a, 104b, 104c);

means for generating a virtual channel vector by applying the receive filter to the
channel estimates for each of the multiple cells (104a, 104b, 104c¢);

means for sending the virtual channel vector from the UE (120) to at least one of
the multiple cells (104a, 104b, 104c); and

means for receiving a data transmission sent by the multiple cells (104a, 104b,

104c) to the UE (120) based on the virtual channel vector.

10. A computer program product, comprising:
a computer-readable medium comprising:
code for causing at least one computer to carry out the method according to any

one of claims 1 to 8.
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11. A method of sending data in a wireless communication system,
comprising:

receiving a virtual channel vector for multiple cells (104a, 104b, 104c) from a
user equipment (UE) (120), characterized in that the virtual channe} vector is generated
at the UE (120) by applying a receive filter that is based at least on a channel estimate of
a serving cell in the multiple cells to channe] estimates determined at the UE (120) for
each of the multiple cells (104a, 104b, 104c); and further characterized by comprising
the step of

sending at least one data transmission from one of the multiple cells (104a,
104b, 104c) to the UE (120) based on the virtual channel vector, the data transmission
being sent to the UE (120) in coordination with other cells in the multiple cells (104a,
104b, 104c).

12.  The method of claim 11, wherein the data transmission for the UE (120)
comprises:
at least one data stream, the at least one data stream being sent by the
multiple cells (104a, 104b, 104c) to the UE (120); or,
multiple data streams, each of the multiple data streams being sent by
one of the multiple cells (104a, 104b, 104c¢) to the UE (120).

13, The method of claim 11, wherein the sending the at least one data
transmission comprises:
sending at least two data transmissions by the multiple cells (104a, 104b,
104c¢) to at ieast two UEs (120) on common resources; or,
sending a single data transmission by the multiple cells (104a, 104b,
104c¢) to the UE (120) on resources not used to send data transmissions to other
UEs (120).

14, The method of claim 11, wherein the sending the at least one data
transmission comprises:

determining at least one precoding vector based on the virtual channel vector;
and,

sending each data transmission based on a respective precoding vector by the

multiple cells (104a, 104b, 104c) to the UE (120).
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15. The method of claim 14, wherein the at least one precoding vector is

determined based on zero-forcing or minimum mean square error (MMSE) technique.

16.  The method of claim 14, wherein each precoding vector comprises a

weight for each of multiple transmit antennas at the multiple cells.

17.  The method of claim 11, wherein each data transmission comprises at
least one data stream, and wherein the sending the at least one data transmission
comprises:

determining a precoding vector for each data stream based on the virtual channel
vector; and,

sending each data stream based on the precoding vector for the data stream by

the multiple cells.

18. The method of claim 11, further comprising:
determining precoding information for data transmissions to the UE
(120) by the multiple cells (104a, 104b, 104c) based on information obtained from the

virtual channel vector.

19.  An apparatus for sending data in a wireless communication, comprising:

means for receiving a virtual channel vector for multiple cells (104a, 104b,
104c¢) from a user equipment (UE) (120), characterized in that the virtual channel vector
is generated at the UE (120) by applying a receive filter that is based at least on a
channel estimate of a serving cell in the multiple cells to channel estimates determined
at the UE for each of the multiple cells (104a, 104b, 104c), (120); and further
characterized by

means for sending at least one data transmission from one of the multiple cells
(104a, 104b, 104c) to the UE (120) based on the virtual channel vector, the data
transmission being sent to the UE (120) in coordination with other cells in the multiple

cells (104a, 104b, 104c).



