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MU-MIMO-OFDMA SYSTEMS AND METHODS FOR SERVICING
OVERLAPPING CO-SCHEDULED USERS

RELATED APPLICATION INFORMATION

[0001] This application claims priority to provisional application serial number
61/138,608 filed on December 18, 2008, provisional application serial number
61/138,611 filed on December 18, 2008 and provisional application serial number

61/159,676 filed on March 12, 2009, each of which is incorporated herein by reference.

BACKGROUND

Technical Field
[0002] The present invention relates to orthogonal frequency-division multiplexing
based multiple access (OFDMA) multi-user (MU)-multiple input multiple output
(MIMO) systems and, more particularly, to the conveyance of scheduling information to

MU-MIMO users in such systems.

Description of the Related Art
[0003] In OFDMA MU-MIMO systems, each active user reports a preferred precoder
matrix index (PMI), which identifies a specific vector (or matrix) in a code-book of unit
norm vectors (or matrices) used to encode signals between the base station and users.
Further, each user can report a channel quality index (CQI) to the base station, which, in
turn, can use the PMI and CQI to determine an appropriate set of scheduled users and
scheduling parameters for each user. The base station provides each scheduled user with

its scheduling parameters indicating assigned resource blocks that comprise a set of
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subcarriers and OFDM symbols and that are used to transmit data to the respective

scheduled user.

SUMMARY

[0004] In contrast to known systems, exemplary aspects of the present invention
provide novel methods and systems that convey scheduling information of other co-
scheduled users to each user. The scheduling information of co-scheduled users can be
employed by a user to improve error correction on its received data and reduce
interference on its received channels. Furthermore, exemplary aspects of the present
invention also provide scheduled MU-MIMO users with a means to accurately estimate
the interference it may experience when selecting a preferred PMI and CQI initially
transmitted to a base station.

[0005] In one exemplary embodiment of the present invention, a method for
determining, at a given MU-MIMO user, scheduling information of overlapping co-
scheduled MU-MIMO users in an OFDMA system, includes: receiving identifiers
assigned to different MU-MIMO users, wherein said identifiers identify respective
regions of a control channel at which different scheduling information for respective MU-
MIMO users are located; determining which MU-MIMO users are overlapping users,
wherein an overlapping user is assigned at least one resource block (RB) that is also
assigned to the given user, wherein an RB is a set of subcarriers and OFDM symbols; and
accessing overlapping users’ scheduling information using said identifiers to perform at
least one of error correction on received data or interference reduction on received

signals.



WO 2010/080632 PCT/US2009/068808

[0006] In another exemplary embodiment of the present invention, a method for
determining attributes of communication channels of MU-MIMO users in an OFDMA
system, the method comprising: receiving from a base station, for at least one sub-band of

contiguous sub-carriers, an indication of an estimate of or an upper-bound on the total

number of MU-MIMO users (IS ‘) that are co-scheduled by the base station on the at least

one sub-band; determining a signal-to-interference-plus-noise ratio (SINR) for the at-
least one sub-band based on the estimate of or the upper-bound on the total number of
MU-MIMO users that are scheduled by the base station on the at least one sub-band; and
transmitting to the base station an indication of a channel quality index (CQI) that is
based on the SINR.
[0007] In an alternative exemplary embodiment of the present invention, a method for
informing a base station of an indication of a channel quality index for at least one
OFDMA sub-band employed by MU-MIMO users comprising: determining a signal-to-
interference-plus-noise ratio (SINR) for the at least one OFDMA sub-band by calculating
petut(r+ prmn | me
1-p¢THT (1 + [amﬂ)_1 H¢

, where p is ﬁ, 0 is a constant that is proportional to the

N

maximum bound of a sum power constraint, ¢ is a beam forming vector from a codebook
(C) of unit-norm vectors, H is a representative channel matrix for the at least one sub-
band and I is the identity matrix; and transmitting to the base station the indication of a
channel quality index, which is based on the determined SINR.

[0008] These and other features and advantages will become apparent from the
following detailed description of illustrative embodiments thereof, which is to be read in

connection with the accompanying drawings.
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BRIEF DESCRIPTION OF DRAWINGS

[0009]  The disclosure will provide details in the following description of preferred
embodiments with reference to the following figures wherein:

[0010] FIG. 1 is a high-level block diagram of an exemplary OFDMA-MU-MIMO
system in accordance with an exemplary embodiment of the present invention.

[0011] FIG. 2 is a high-level block diagram of an exemplary OFDMA-MU-MIMO
system illustrating data and control channels in accordance with an exemplary
embodiment of the present invention.

[0012] FIG. 3 is a high-level schematic of a downlink control channel in accordance
with an exemplary embodiment of the present invention.

[0013] FIG. 4 is a high-level schematic of a downlink control channel used in a multi-
access scheme in accordance with an exemplary embodiment of the present invention.
[0014] FIG. 5 is a high-level schematic of a downlink control channel used in an
extended scheduling scheme in accordance with an exemplary embodiment of the present
invention.

[0015] FIG. 6 is a high-level block/flow diagram of a base station and a MU-MIMO
user in accordance with an exemplary embodiment of the present invention.

[0016] FIG. 7 is a high-level block/flow diagram of a method for conveying scheduling
information of overlapping co-scheduled MU-MIMO users to a given MU-MIMO user in

accordance with one exemplary embodiment of a multi-access scheme.
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[0017] FIG. 8 is a high-level block/flow diagram of a method for receiving and
determining scheduling information of overlapping co-scheduled MU-MIMO users in
accordance with an exemplary embodiment of a multi-access scheme.

[0018] FIG. 9 is a high-level block/flow diagram of a method for conveying scheduling
information of overlapping co-scheduled MU-MIMO users to a given MU-MIMO user in
accordance with one exemplary embodiment of an extended scheduling scheme.

[0019] FIG. 10 is a high-level block/flow diagram of a method for receiving and
determining scheduling information of overlapping co-scheduled MU-MIMO users in
accordance with an exemplary embodiment of an extended scheduling scheme.

[0020] FIGS. 11A and 11B are diagrams of resource blocks including dedicated
reference symbol layers in accordance with exemplary embodiments of the present
invention.

[0021]  FIG. 12 is a block/flow diagram of a method for determining a PMI and/or a
CQI indication in accordance with one exemplary embodiment of the present invention.
[0022] FIG. 13 is a block/flow diagram of another method for determining a PMI and a
CQI indication in accordance with one exemplary embodiment of the present invention.
[0023] FIG. 14 is a block/tlow diagram of an alternative detailed method for
determining a PMI and a CQI indication in accordance with an exemplary embodiment of

the present invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0024] Referring now in detail to the figures in which like numerals represent the same

or similar elements and initially to FIG. 1, an OFDMA based multi-user (MU)- multiple
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input multiple output (MIMO) system 100 in which embodiments of the present
invention may be implemented is illustrated. In the downlink of system 100, multiple
scheduled users (UEs) 102 in a cell 106 are simultaneously served by a base station (BS)
104 on an available set of resource blocks (RBs), where each RB is a particular set of
subcarriers and consecutive OFDM symbols.

[0025] In such a system, performance can be improved if a scheduled user 1s informed
of some scheduling parameters of other overlapping co-scheduled users, such as their
corresponding precoding matrices, power levels and modulations. For example, as
discussed further below, such information permits the user to estimate effective channels,
reduce demodulation errors and suppress interference due to transmissions intended for
overlapping co-scheduled users. However, informing each user about the scheduling
parameters of other overlapping co-scheduled users, in addition to its own parameters,
also results in an increased signaling overhead. In addition, it is difficult to provide
adequate information concerning scheduling parameters of overlapping co-scheduled
users within the constraints imposed by the limited capacity of the downlink control
channel.

[0026] In exemplary embodiments of the present invention discussed herein below,
signaling design features are described which allow a base-station to efficiently convey
the scheduling parameters of some or all of the other overlapping co-scheduled users to
each scheduled user, in addition to that user’s own scheduling parameters. Further, such
features provide the scheduling parameters with only a relatively small increase in the
downlink signaling overhead. Moreover, exemplary embodiments of the present

invention increase system throughput as well as average user-throughput.
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[0027] With reference now to FIG. 2, a base station 104 can communicate with a
scheduled user 102 by employing a data channel 202 and a control channel 204. For
example, data of all scheduled users may be transmitted over the data channel 202, A
user can decode its data using the scheduling parameters made accessible to it. In turn,
scheduling parameters of all scheduled users may be transmitted over the control channel
204. Each user can access its scheduling parameters along with at least some scheduling
parameters of some or all of the overlapping co-scheduled users.

[0028] Referring to FIG. 3 with continuing reference to FIG. 2, a schematic 300 of the
downlink control channel 204 in which the scheduling parameters of all scheduled users
is transmitted is illustrated. For example, the scheduling parameters for each respective
user, user-1 to user-k, may be transmitted in separate blocks 302. Here, each scheduled
MU-MIMO user can access the part of the control region that includes its scheduling
information using its user-1D, as discussed in more detail below.

[0029]  With reference to FIG. 4, in accordance with one exemplary embodiment of the
present invention, referred to herein as a “multi-access scheme,” each scheduled MU-
MIMO user may be informed by the BS about the user [Ds of some or all of the other
overlapping co-scheduled MU-MIMO users. Thus, using the user IDs, a scheduled MU-
MIMO user can access the respective parts of the control region that include the
scheduling information for itself and for other users. For example, as shown in FIG. 4, a
user-2 401 can access the scheduling parameter information 404 for itself and the
scheduling parameter information 406 and 408 for user-3 and user-k, respectively.
[0030] Referring to FIG. 5 with continuing reference to FIG. 4, in accordance with

another exemplary embodiment of the present invention, referred to herein as an



WO 2010/080632 PCT/US2009/068808

“extended scheduling scheme,” a portion of the scheduling information of some or all of
the other overlapping co-scheduled MU-MIMO users can be added to the scheduling
information of a scheduled MU-MIMO user to form its extended scheduling information.
For example, as shown in FIG. 5, user-1 and user-3 may have scheduling parameters 402,
406 designated for users 1 and 3, respectively, while users 2 and k may have extended
scheduling parameters 502 and 504, respectively. Here, the extended scheduling
parameters can include the scheduling parameters designated for a particular user and at
least a portion of the scheduling parameters for some or all of the other overlapping co-
scheduled MU-MIMO users. The extended scheduling information of some or all
scheduled MU-MIMO users may be transmitted in the control channel in each sub-frame
and can be accessed by the respective MU-MIMO user via its user ID.

[0031] Inthe MU-MIMO OFDMA downlink, multiple scheduled users or UEs can be
simultaneously served by a base station (BS) on an available set of resource blocks
(RBs), where each resource block is a time-frequency resource unit comprising a
consecutive set of subcarriers and a consecutive set of OFDM symbols. The BS may
have one or more transmit antennas and each UE may have multiple receive antennas.
The BS may use linear transmit precoding to serve each scheduled user. The transmit
precoder used by the BS and the modulation and coding scheme (MCS) it assigns to each
scheduled user may depend on the feedback it receives from the users over the uplink
control or data channel.

[0032] Using some higher layer signaling, the BS can configure a user to be a MU-
MIMO user in a semi-static manner in which a user, once configured, remains in the MU-

MIMO mode for several sub-frames until it is re-configured by the BS. Alternatively, the
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user can decide to be a MU-MIMO user and report its feedback information accordingly.
A user can explicitly signal its preference to be a MU-MIMO user in its uplink feedback.
Alternatively, a user can report its feedback information in any format but the BS can
decide to schedule it as a MU-MIMO user. In this case, the user’s scheduling
information may include a flag or a feature that is unique to the MU-MIMO mode. Upon
accessing its scheduling information, the user can determine that it is in the MU-MIMO
mode.

[0033] The feedback procedure in which feedback is received by the base station from
each user on the uplink channel can be implemented in a variety of ways. Each MU-
MIMO user can report or feedback to the BS one precoder matrix index (PMI) per sub-
band, which is a set of consecutive RBs, as well as one channel quality index (CQI) per
codeword per sub-band. The size of the sub-band as well as the time interval between
consecutive UE reports may be configured by the system in a semi-static manner and can
be user-specific. The PMI determines a particular precoding matrix from a codebook, or
a set, of precoding matrices which is known to all users as well as to the BS.

[0034] It should be noted that the uplink channel typically has a finite capacity to
accommodate user feedback. Thus, to improve efficiency, methods that reduce the
feedback from each user without significantly degrading the system performance should
be employed.

[0035] One or more of the following aspects, or any appropriate combination thereof,
can be employed to achieve this goal. In accordance with one such aspect, the ranks of
all precoding matrices reported by a MU-MIMO user can be constrained to be identical.

The system can also constrain the common rank to correspond to a particular rank, which
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can be UE specific. For example, the common rank can be rank-1. The maximum
number of codewords that can be transmitted to each user is at-most equal to the rank of
the precoding matrices used to serve that user.

[0036] In accordance with another exemplary aspect, the number of codewords for
which the UE computes CQIs may be a function of the rank of its reported PMIs. This
function can be pre-determined and identical across all users. In a special case, each user
computes and reports only one CQI per sub-band for any rank, wherein this function
returns 1 for any input rank.

[0037] Alternatively or additionally, according to another aspect, the system can
constrain each MU-MIMO user to report or feedback to the BS, only one PMI, a
wideband PMI, that is identical across all subbands and one CQI per codeword per sub-
band. The system can also further constrain in a semi-static manner the reported PMI to
correspond to a precoding matrix of a particular rank, which can be UE specific, for
example, rank-1.

[0038] Alternatively or additionally, in another aspect, the system can constrain each
MU-MIMO user to report or feedback to the BS only one PMI as well as one CQI per
codeword that are identical across all subbands. The system can also further constrain
the reported PMI in a semi-static manner to correspond to a precoding matrix of a
particular rank, which can be UE specific, for example, rank-1.

[0039] Turning now to signaling on the downlink control channel, on the downlink
control channel, in each scheduling interval, hereinafter referred to as a “subframe,” the
BS can transmit each scheduled user’s scheduling information which can include its: RB

assignment, assigned modulation constellation per code word, coding rate per codeword,

10
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the PMI(s) used and/or the transmit power levels used. It should be understood that the
scheduling information for any given user can be different for different subframes. The
PMIs and the power levels can either be explicitly conveyed as part of the scheduling
information or, if user-specific dedicated pilots are employed, they can be implicitly
conveyed by informing the user about the positions in which its dedicated pilots are
transmitted. A dedicated pilot is a pilot, or reference symbol (RS), that is precoded using
the precoder used for precoding data transmitted to a particular user and is itself
transmitted on one or more subcarriers, OFDM symbol pair in an RB that is assigned to
that user. Further, a dedicated pilot or RS can be scaled proportionally to the power level
used for data transmission, where the proportionality factor can be known to the user.
The positions, or, equivalently, the OFDM symbol and subcarrier indices, in an RB on
which dedicated pilots for a given user are transmitted can be conveyed in the intended
user’s scheduling information. Moreover, the subband for which each dedicated pilot can
be used for channel estimation can be inferred from the user’s scheduling information.
The intended user can then estimate columns of the effective channel matrix after
accessing its scheduling information, which, as noted above, may include PMI(s), MCS
per codeword and RB assignment. The effective channel matrix is the channel matrix
multiplied by the precoding matrix, which, as stated above, can be scaled.

[0040] In each sub-frame, each scheduled user may have the ability to access the part
of the control channel including its scheduling information. The downlink control
channel has a finite capacity to accommodate the scheduling information of all scheduled
users. Thus, to improve efficiency, methods for reducing the signaling overhead without

significantly degrading system performance should be employed. One or more of the

11
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following aspects can be implemented to achieve this goal. In accordance with one such
aspect, the BS may assign only one codeword per subframe to each user in the MU-
MIMO mode so that the scheduling information for each user includes only one MCS
field per subframe. According to another aspect, the BS may employ precoders of an
identical rank to serve a user in the MU-MIMO mode. Further, in yet another aspect, the
BS may employ only one precoder to serve a user in the MU-MIMO mode.

[0041] In accordance with exemplary embodiments of the present invention, a
scheduled MU-MIMO user can access a part of the scheduling information of some or all
of the other overlapping co-scheduled users in addition to its scheduling information. An
“overlapping co-scheduled user” or “overlapping user” is one whose RB assignment has
a non-zero overlap or intersection with that of the user.

[0042]  Giving each scheduled user access to at least a part of some or all of the other
co-scheduled users’ scheduling information permits the user to utilize this information in
decoding its own data. For example, if the user is informed of the precoders and power
levels that are used to serve some or all of other co-scheduled users, or equivalently if the
user is informed of the positions of the dedicated RS (DRS) corresponding to these co-
scheduled users on each RB where there is an overlap, the user can estimate the
corresponding effective channels and can design minimum mean-square error (MMSE)
filters, for each one of its assigned subcarriers, to suppress the interference it encounters
due to the transmissions intended for the other co-scheduled users. Further, if for each
RB where there is an overlap, the user is informed of the precoders and power levels, or
DRS positions, as well as the modulations that are used to serve some or all of the other

co-scheduled users, the user can employ more sophisticated modulation-aware

12
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demodulators which generate more reliable log-likelihood ratios (LLRs) for its
codewords and hence reduce its error probability. In addition, if the user is informed of
the precoders and power levels, or DRS positions, the modulations and the coding rates
that are used to serve some or all of the other co-scheduled users that overlap completely
with itself, i.e., they have the same RB assignment, the user can perform interference
cancellation by decoding the codewords of some or all of the other co-scheduled users
and subtracting the re-constructed codewords.

[0043] It should be understood that although aspects of the present invention disclosed
herein permit a given user to perform error correction on received data and/or
interference reduction on a received signal by employing at least a portion of scheduling
information of one or more overlapping users, the given user need not employ the
received portion of scheduling information of overlapping users. For example, while
received portions of scheduling information for overlapping users permit a user to
perform error correction and/or interference reduction using the portions of scheduling
information, the user may decide to ignore the portions of scheduling information of
overlapping users to reduce complexity and thereby improve its processing speed.

[0044]  According to exemplary embodiments, each scheduled user can access the
portion of the control channel including its scheduling information by employing a user-
identification (ID) assigned to it. There are several ways a scheduled MU-MIMO user
can be provided access to all or a part of another overlapping co-scheduled MU-MIMO
user’s scheduling information. A few efficient, exemplary schemes are described herein
below. The schemes can be classified as multi-access schemes and extended scheduling

schemes, which were mentioned above with regard to FIGS. 4 and 5. It should be noted
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that, with the exception of the discussion concerning FIGS. 4 and 5, which distinguish
multi-access and extended scheduling schemes, all aspects discussed above can be
implemented in either or both the multi-access schemes and extended scheduling
schemes.

[0045]  With reference now to FIG. 6, a more detailed block/flow diagram of the base
station 104 system and the MU-MIMO user 102 system is illustrated. As noted above,
base station 104 and the MU-MIMO user 102 can be employed to implement multi-
access schemes and/or extended scheduling schemes in accordance with exemplary
embodiments of the present invention. As discussed above, the user 102 can employ a
transmitter/receiver 612 to transmit precoder matrix index information and channel
quality index information to the base station 104 along uplink control channel 602. In
turn, the base station 104 may transmit scheduling information to each MU-MIMO user
using a transmitter/receiver 608 along a downlink control channel 204. The base station
104 may further include a scheduler 604 and a controller 606 while the user 610 can
include controller to implement method embodiments of the present invention. The
elements of base station 104 and MU-MIMO user 102 are discussed in more detail below
with respect to multi-access schemes and extended scheduling schemes. It should also be
noted the functions and configuration of the MU-MIMO user 102 is representative and
can be implemented by any one or more or all other MU-MU-MIMO users serviced by
the base station. Further, it should be understood that each element depicted in FIG. 6
can be implemented, for example, in entirely hardware or both hardware and software

elements.
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[0046]  Multi-access scheme

[0047] In the multi-access scheme, each scheduled MU-MIMO user is informed of the
user IDs of some or all of the other overlapping co-scheduled MU-MIMO users. Here,
the user can employ the user [Ds to access the respective portions of the control regions
that include the scheduling information of the other overlapping co-scheduled MU-
MIMO users. A schematic of the multi-region access scheme is depicted in FIG. 4,
discussed above.

[0048] Referring to FIG. 7 with continuing reference to FIG. 6, a method 700 for
conveying scheduling information of overlapping co-scheduled MU-MIMO users to a
given MU-MIMO user in accordance with one exemplary embodiment of a multi-access
scheme is illustrated. An overview of method 700 is provided here. However, it should
be understood that detailed implementations and variations of method 700 are discussed
further below with respect to multi-access schemes in general. Method 700 may begin at
optional 702, in which the base station 104 can employ transmitter/receiver 608 to
receive preferred precoder matrix index information and/or channel quality index
information from each user, as discussed above. At step 704, the scheduler 604 of base
station 104 may select an appropriate set of users to schedule and may generate
scheduling information for each MU-MIMO user in the set, such as MU-MIMO user 102,
as discussed above. At optional step 706, for each scheduled MU-MIMO user, the
controller 606 may determine which of the scheduled MU-MIMO users are overlapping
users and may add identifiers that correspond to overlapping users to each user’s
scheduling information. As stated above, the identifiers can identify different regions of

the control channel 204 that include the scheduling information for the overlapping MU-

15



WO 2010/080632 PCT/US2009/068808

MIMO users. At step 708, the base station 104 can transmit respective scheduling
information to each user on the control channel 204 by employing transmitter/receiver
608.

[0049] With reference now to FIG. 8, with continuing reference to FIGS. 6 and 7, a
method 800 for receiving and determining scheduling information of overlapping co-
scheduled MU-MIMO users in accordance with an exemplary embodiment of a multi-
access scheme is illustrated. Like method 700, an overview of method 800 is provided
here and detailed implementations and variations of method 800 are discussed further
below with respect to multi-access schemes. Method 800 can be performed at any given
MU-MIMO user, such as user 102, and can complement method 700. The method can
begin at optional step 802, in which the controller 610 of user 102 may determine
preferred precoder matrix index information and/or channel quality information. The
determination of PMI and CQI information at a MU-MIMO user can be performed using
one or more novel methods discussed in more detail below with respect to FIGS. 12, 13
and 14. However, for the sake of brevity, a description of the PMI and CQI preliminary
determination methods are omitted here. At optional step 804, the MU-MIMO user 102
can employ transmitter/receiver 612 to transmit the preferred precoder and/or channel
quality information to the base station 104. At step, 806, using transmitter/receiver 612,
the user 102 can receive identifiers assigned to different MU-MIMO users. As noted
above, the identifiers can identify respective regions of control channel 204 at which
different scheduling information for respective MU-MIMO users are located. At step
808, the controller 610 can determine which MU-MIMO users are overlapping users. For

example, the controller 610 can determine the overlapping MU-MIMO users by
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comparing RB assignment fields in the scheduling information for each of the different
MU-MIMO users to RB assignment fields in scheduling information for user 102. Thus,
a MU-MIMO user is determined to be an overlapping user if it is assigned an RB that is
also assigned to user 102. Alternatively, as mentioned above, the scheduling information
for user 102 received from the base station can include identifiers assigned to overlapping
users. The controller 610 of user 102 can determine and access the overlapping users’
scheduling information by referencing the identifiers assigned to overlapping users in the
scheduling information for user 102. At step 810, the controller 610 of user 102 can
access the overlapping users’ scheduling information using the identifiers. At step 812,
controller 610 of user 102 can utilize the scheduling information of overlapping users to
perform at‘least one of error correction on received data or interference reduction on
received signals, as discussed above.

[0050] It should be understood that the multi-region access scheme can be
implemented in a variety of ways using one or more of the following aspects. In
accordance with one such aspect, as noted above, the IDs of some or all of the other
overlapping co-scheduled MU-MIMO users can themselves be a part of a scheduled MU-
MIMO user’s scheduling information.

[0051]  According to another such aspect, in each sub-frame, the BS can transmit or
broadcast the 1Ds of all MU-MIMO users scheduled in that sub-frame in a portion of the
control channel reserved for this purpose. For example, at step 808 of method 800, each
MU-MIMO user can thus determine the IDs of all co-scheduled MU-MIMO users. Each
user can then access their RB assignment fields in its respective scheduling information

and determine which co-scheduled MU-MIMO users are overlapping with itself. The
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starting point of this zone or portion of the control channel where the MU-MIMO UE IDs
are present may be fixed and may include the number of MU-MIMO users scheduled in
that sub-frame. Together, the starting point and the number will determine the size of the
zone including the MU-MIMO UE IDs. Further, the starting point can depend on the cell
ID and can be conveyed to a user by a base station once it enters the cell.

[0052]  In another aspect, the BS can configure a user as a MU-MIMO user in a semi-
static manner in that a user remains in the MU-MIMO mode for several sub-frames until
it is re-configured by the BS. In a semi-static manner, once in several sub-frames, the BS
can broadcast or transmit, for example, at step 708 of method 700, the IDs of all users
configured in the MU-MIMO mode in a portion of the control channel reserved for this
purpose. For example, at step 808 of method 800, each MU-MIMO user can thus
determine the IDs of all other MU-MIMO users. The particular sub-frame whose control
channel includes the MU-MIMO user IDs can be cell-specific. This sub-frame can be
transmitted by the base station in a periodic fashion, for example, once every several sub-
frames, or in an a-periodic fashion, in which case the users are informed about the
transmission of the user-1Ds using some other signaling. The starting point of the zone or
portion of the control channel of the particular sub-frame where all the MU-MIMO UE
IDs are present can be fixed and can include the number of users in the MU-MIMO
mode. Together, the starting point and the number will determine the size of the zone
including the MU-MIMO UE IDs.

[0053]  In accordance with another aspect, the semi-static case can be implemented
slightly differently. As noted above, in the semi-static case, a user remains in the MU-

MIMO mode for several sub-frames until it is re-configured by the BS. Here, in the
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control channel of each sub-frame, the BS can transmit or broadcast, for example, at step
708 of method 700, the scheduling information of all scheduled MU-MIMO users in a
part of the control channel reserved for this purpose. The starting point of this zone or
portion of the control channel where the scheduling information of all the scheduled MU-
MIMO users is present can be fixed and can include the number of MU-MIMO users
scheduled in that sub-frame. Together, the starting point and the number will determine
the size of the zone comprising the MU-MIMO scheduling information. The starting
point can depend on the cell ID and can be conveyed to a user once it enters the cell via a
composite ID. Thus, for example, at step 808 of method 800, each MU-MIMO UE can
determine the region of the control channel including its own scheduling information
using its UE ID and a mapping function specific to the MU-MIMO mode. Here, for
example, each MU-MIMO UE can first access its scheduling information and then access
the scheduling information of all users in the MU-MIMO zone. Alternatively, the
number of MU-MIMO scheduled in that sub-frame need not be conveyed. Instead, each
scheduled MU-MIMO user’s scheduling information can have a special flag unique to the
MU-MIMO mode of transmission. For example, each MU-MIMO user can first access
its scheduling information in the control channel using its UE ID and a mapping function
specific to the MU-MIMO mode. Each MU-MIMO UE can start accessing the
scheduling information of other MU-MIMO UEs beginning from the starting point of the
MU-MIMO zone in the control channel. Each user can determine that it has reached the
end of region of the control channel including the relevant scheduling information when

the user encounters scheduling information that belongs to a non MU-MIMO UE.
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[0054] It should be noted here that exemplary embodiments of the present invention
include employing dedicated reference symbol layers to convey assigned precoder matrix
index and power level information, as well as conveying modulation constellations
employed by co-scheduled MU-MIMO users. Dedicated reference symbol layers are
discussed in more detail below with respect to the extended scheduling scheme.
However, it should be understood that all features discussed herein below with respect to
dedicated reference symbol layers can be implemented in multi-access scheme
embodiments as well as other extended scheduling scheme embodiments as understood
by those of ordinary skill in the art. For example, indices directed to each user in the
extended scheduling scheme conveying the dedicated resource symbol layers and
modulation constellations employed by a user can be accessed by other users in the multi-
access scheme. For example, using control channel identifiers of overlapping users, a
given user can access the dedicated reference symbol layers and information about
modulation constellations located in the overlapping user’s scheduling information. The
access of scheduling information directed to other users can permit any given user to
learn precisely which other users employ which dedicated reference symbol positions and
which modulation constellations to improve error correction on received data and/or
interference reduction on received signals. For the sake of brevity, the details of how
dedicated reference symbol layers can be employed to convey precoder matrix index
information, power levels and other scheduling information are not repeated here.

[0055] Extended scheduling scheme

[0056] In the extended scheduling scheme, at least a portion of the scheduling

information of some or all of the other overlapping co-scheduled MU-MIMO users is
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added to the scheduling information of a scheduled MU-MIMO user to form its extended
scheduling information. A schematic of the downlink control channel is depicted in FIG.
5, discussed above. Here, the extended scheduling information of a scheduled MU-
MIMO user may be transmitted in the control channel in each sub-frame and may be
accessed by the respective MU-MIMO user via its user ID. Exemplary implementations
of an extended scheduling scheme are described herein below.

[0057]  With reference now to FIG. 9 with continuing reference to FIG. 6, a method
900 for conveying scheduling information of overlapping co-scheduled MU-MIMO users
to a given MU-MIMO user in accordance with one exemplary embodiment of an
extended scheduling scheme is illustrated. An overview of method 900 is provided here.
However, it should be noted that detailed implementations, variations and features of
method 900 are discussed further below. Method 900 may begin at optional 902, in
which the base station 104 can employ transmitter/receiver 608 to receive preferred
precoder matrix index information and/or channel quality index information from each
user, as discussed above. At step 904, the scheduler 604 of base station 104 may select
an appropriate set of users to schedule and may generate scheduling information for each
MU-MIMO user in the set, such as MU-MIMO user 102, as discussed above. Scheduling
information generation may comprise allocating or assigning to each MU-MIMO user
resource blocks, modulation constellation per codeword, coding rate per codeword, at
least one PMI and/or at least one transmit power value. Assignment of resource blocks is
discussed in more detail below. At step 906, for each scheduled MU-MIMO user, the
controller 606 may determine which of the scheduled MU-MIMO users are overlapping

users and may also compile for each scheduled user extended scheduling information.
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For any given user, such as user 102, the extended scheduling information may include
both the scheduling information generated for the given user at step 902 and an indication
of at least a portion of the scheduling information for at least one overlapping user. At
step 908, the base station 104 can transmit respective extended scheduling information to
each user on the control channel 204 by employing transmitter/receiver 608. As
discussed above, the indication of at least a portion of scheduling information for
overlapping users can be employed by the given user to perform at least one of error
correction on received data or interference reduction on a received signal.

[0058] With reference now to FIG. 10, with continuing reference to FIGS. 6 and 9, a
method 1000 for receiving and determining scheduling information of overlapping co-
scheduled MU-MIMO users in accordance with an exemplary embodiment of an
extended scheduling scheme is illustrated. Similar to method 900, an overview of
method 1000 is provided here and detailed implementations and variations of method
1000 are discussed further below with respect to extended scheduling schemes. Method
1000 can be performed at any given MU-MIMO user, such as user 102, and can
complement method 900. The method can begin at optional step 1002, in which the
controller 610 of user 102 may determine preferred precoder matrix index information
and/or channel quality information. The determination of PMI and CQI information at a
MU-MIMO user can be performed using one or more methods discussed in more detail
below with respect to FIGS. 12-14. At optional step 1004, the MU-MIMO user 102 can
employ transmitter/receiver 612 to transmit the preferred precoder and/or channel quality
information to the base station 104. At step, 1006, using transmitter/receiver 612 and the

controller 610, respectively, the user 102 can determine and process extended scheduling
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information. As noted above, the extended scheduling information can include both the
scheduling information generated for the user 102 and an indication of at least a portion
of the scheduling information for at least one overlapping user. At step 1008, controller
610 of user 102 can utilize the scheduling information of overlapping users to perform at
least one of error correction on received data or interference reduction on received
signals, as discussed above. Exemplary features and variations of extended scheduling
schemes that can be employed in methods 900 and/or 1000 are described herein below.
[0059] In accordance with exemplary features of the present invention, the system can
only allow complete overlap among any two overlapping co-scheduled MU-MIMO users.
In other words, any two overlapping co-scheduled MU-MIMO users will be assigned an
identical set of RBs. Moreover, each scheduled MU-MIMO user can be served using
only one precoder and one MCS per-codeword or only one precoder and one MCS per-
codeword per subframe. Here, the number of codewords for each user can at-most be
equal to the rank of the precoder used to serve that user. The (PMI, modulations) pairs of
some or all of the other overlapping co-scheduled MU-MIMO users can be a part of each
scheduled MU-MIMO user’s scheduling information, where each pair corresponds to one
overlapping co-scheduled MU-MIMO user. In each such pair (PMI, modulations), the
field “modulations” can convey the modulation constellation corresponding to each
codeword of the overlapping co-scheduled MU-MIMO user. Given such a pair (PMI,
modulations) and the assigned RBs, a mapping rule can be employed by the MU-MIMO
users to determine the modulation corresponding to each column of the precoder
determined by the PMI, for each assigned RB. This mapping rule can be pre-determined

and identical across all users and can be known to them. In case each MU-MIMO user 1s
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served using only one codeword or only one codeword per subframe, the field
“modulations” can include only one element that corresponds to all columns of the
precoder determined by the PMI. Alternatively, the system can be constrained to permit
only a common modulation constellation for all of its overlapping co-scheduled MU-
MIMO users. In this case, the field “modulations” can be dropped.

[0060] According to other exemplary features of the present invention, the extended
scheduling information can, for example, include the information on the positions used
for transmitting the dedicated pilots of some or all of the other overlapping co-scheduled
MU-MIMO users. It can also include the modulation schemes used to serve some or all
of the other overlapping co-scheduled MU-MIMO users. Further, the extended
scheduling information signaling design should permit each scheduled MU-MIMO user
to determine all the dedicated pilot positions corresponding to at least one other
overlapping co-scheduled MU-MIMO user on each of its assigned RBs for which there is
an overlap.

[0061] Optionally, on each of a MU-MIMO user’s assigned RBs for which there is an
overlap, the extended scheduling information can permit the MU-MIMO user to
determine if any two known dedicated pilot positions are assigned to the same user or
not. In addition, optionally, on each of a MU-MIMO user’s assigned RBs for which there
is an overlap, the extended scheduling information can permit the MU-MIMO user to
determine if any two known dedicated pilot positions are assigned to users with the same
modulation type and, if so, to determine the modulation constellation type.

[0062] With reference now to FIGS. 11A and 11B, exemplary diagrams of reference

blocks 1100 and 1150 having a sum rank of two and four, respectively, are illustrated.
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As shown in the examples in FIGS. 11A and 11B, the configurations of dedicated RS
positions, such as positions 1102 and 1152, on each RB can be pre-defined for each
choice of the sum rank, which is equivalent to the total number of layers, transmitted on
that RB, and can be known to all users and the BS. Thus, the total number of layers on
an RB can be indicative of a corresponding pre-defined configuration of RS layers. For a
given choice of the sum rank, or the total number of layers, transmitted on that RB, the
dedicated RS positions for each layer in a corresponding pre-defined configuration may
be identified by a unique number or index. For example, as shown in FIG. 11A, in RB
1100, with a sum rank of two, the dedicated RS positions for the first layer can
correspond to the blocks labeled “1”” while the dedicated RS positions for the second
layer can correspond to the blocks labeled “2.” Similarly, as shown in FIG. 11B, in block
1150, with a sum rank of four, the dedicated RS positions for the first, second, third and
fourth layers can correspond to the blocks labeled “P1,” “P2.” “P3,” and “P4,”
respectively. Accordingly, the positions of a particular dedicated RS layer in a pre-
defined configuration of dedicated RS layers on a given RB can be indicated by an index
assigned to the particular dedicated RS layer.

[0063] Thus, with pre-defined, per RB dedicated RS positions, a scheduled MU-
MIMO user’s scheduling information can include one or more indices for each of'its
assigned RBs, along with the total number of layers transmitted on that RB, which
together inform the user about its dedicated RS positions. Here, for a given total number
of transmitted layers, all dedicated RS positions corresponding to a layer, referred to
herein as a dedicated RS layer, may be identified by a unique index. In addition, a pilot

stream is one example of a dedicated RS layer.
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[0064] Optionally, a scheduled MU-MIMO user to which multiple layers are
transmitted, may only be assigned a set of dedicated RS layers with consecutive indices
on each of its allocated RBs. Further, each user that is assigned a particular RB can be
assigned a different set of RS layers, wherein the RS layers within a set have consecutive
indices. Moreover, the number of layers transmitted to a scheduled MU-MIMO user can
be identical across all its assigned RBs and can be the same as the rank of the precoder(s)
used to serve it. Thus, the scheduling information for a particular MU-MIMO user can
include the number of its layers and, for each of its allocated RBs, the total number of
layers transmitted on that RB and the smallest (first) index among its assigned dedicated
RS layers. Accordingly, for each of its allocated RBs, the MU-MIMO user can
determine that its dedicated RS positions are simply the smallest (first) index and the
next, (n -1) consecutive indexes, where n is the number of its layers for a corresponding
RB. Moreover, in the case in which each scheduled MU-MIMO user is also served using
only one codeword, for each RB assigned to that user on which there is an overlap, that
user’s extended scheduling information may include a field termed “modulations,” which
may in turn include the modulation constellations of some or all of the overlapping co-
scheduled users. The association of the modulation to the associated DRS layer should
be unambiguously conveyed. For example, a modulation field having a length equal to
the total number of layers assigned to other users can be included, where the leftmost
element corresponds to the DRS layer of the smallest index assigned to another user, the
second from left element corresponds to the DRS layer of the second smallest index
assigned to another user and so on. In addition, for example, if three distinct modulations

are employed, each element of the field can be a ternary digit specifying the three distinct

26



WO 2010/080632 PCT/US2009/068808

modulations, such as quadrature phase-shift keying (QPSK),16 quadrature (QAM) and 64
QAM, respectively. Alternatively, each element of the field can be a quaternary digit
specifying the three distinct modulations, QPSK,16 QAM and 64 QAM, for example, and
a modulation not-available option, respectively.

[0065] Optionally, each scheduled MU-MIMO user can be assigned a set of indices of
dedicated RS layers that is common for all of its assigned RBs. Here, the set of indices
may convey the dedicated RS layers for each of the corresponding user’s assigned RB’s.
In addition, the assigned dedicated RS layers can also, optionally, be restricted to have
consecutive indices, as discussed above. In other words, the base station can assign the
same number of dedicated RS layers to the user for each of the user’s assigned RBs such
that the indices of the dedicated RS layers assigned to the user are drawn from a common
set of consecutive integers. Thus, each scheduled MU-MIMO user’s scheduling
information may now include its assigned number of layers and the smallest (first) index
among its assigned dedicated RS layers and, for each of its allocated RBs, the total
number of layers transmitted on that RB. Accordingly, the assigned number of dedicated
RS layers and the smallest index from the set of consecutive integers can be transmitted
only once to convey the dedicated RS layers for all of the user’s assigned RBs.

[0066] In accordance with an exemplary aspect of the present invention, on any RB
and for any given choice of the total number of transmitted layers on that RB, if a
dedicated RS layer is assigned to some user, then all dedicated RS layers having smaller
indices shall also be assigned to one or more users. For example, a case in which each
scheduled MU-MIMO user is assigned only consecutively indexed dedicated RS layers

on each of'its assigned RBs is considered. Here, only the user’s assigned number of
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layers along with the per-RB, total number of layers transmitted and the per-RB, smallest
(first) index of the user’s assigned dedicated RS layers can be conveyed to adequately
inform the user of its dedicated RS positions.

[0067] For example, if the number of assigned layers is 2 and for a particular assigned
RB, the total number of transmitted layers is 4 and the smallest dedicated RS layer index
is 2, the user can employ the pre-defined dedicated RS pattern for 4 layers to infer that
dedicated RS layers with indices 2 and 3 are for the user, whereas dedicated RS layers
indexed 1 and 4 are for the other users. It should be noted that the user can, of course,
infer dedicated RS layers as discussed herein in steps 810 and 1006 of methods 800 and
1000, respectfully.

[0068] Additionally, the smallest index can also be identical across all the assigned
RBs, in which case it can be conveyed once (i.e., not repeated) for all the assigned RBs.
[0069] Optionally, for each scheduled MU-MIMO user, the base-station scheduler can
ensure that the same total number of layers are transmitted on all the user’s assigned RBs
on which there is an overlap. Here, each scheduled MU-MIMO user’s scheduling
information may include this number and a bit for each of its assigned RBs, which can
indicate whether there is an overlap or not. Optionally, for each scheduled MU-MIMO
user, the base-station scheduler can ensure that the same total number of layers are
transmitted on all of the user’s assigned RBs. Here, each scheduled MU-MIMO user’s
scheduling information can include this number. In either of these two optional cases,
each scheduled MU-MIMO user may be assigned only consecutively indexed dedicated
RS layers on each of its assigned RBs. Thus, only the number of its layers and, for each

of its assigned RBs, the smallest (first) index of its assigned dedicated RS layers are
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sufficient to permit a given user to infer all its dedicated RS layers and those of the other
overlapping users on each assigned RB. Here, the total number of layers can be
transmitted only once for all of the user’s assigned RBs. Optionally, as noted above, the
indices of the dedicated RS layers assigned to the user can also be identical across all the
user’s assigned RBs, in which case the smallest index can be conveyed only once to
permit the user to determine its dedicated RS positions. It should also be noted that
signaling may be reduced by accounting for the fact that, from a user’s perspective, for
each RB, there are three possibilities: not assigned, assigned with no overlap, and
assigned with overlap.

[0070]  Optionally, each scheduled MU-MIMO user can be permitted to overlap with
the same number of co-scheduled users on each of its assigned RBs for which there is an
overlap. Thus, the same total number of layers are transmitted on all its assigned RBs on
which there is an overlap. Here, each scheduled MU-MIMO user’s scheduling
information can include the total number of layers. Thus, where the same number of
users or the same troﬂtarl nqmber of dedicatedr RS 1ay¢rs on any RB asrsigineq’to a ursrer,rthe 7
number of users or the total number of dedicated RS layers can be transmitted by the base
station in the user’s scheduling information only once per subframe to convey the
dedicated RS layers for all of the user’s assigned RBs. The scheduling information can
also have a bit for each of'its assigned RBs which indicates whether there is an overlap or
not. Accordingly, from a user’s perspective, for each RB there are three possibilities:
not-assigned, assigned-no-overlap and assigned-with-overlap. Optionally, each
scheduled MU-MIMO user can be allowed to overlap with the same number of co-

scheduled users on all of its assigned RBs. Thus, the same total number of layers are
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transmitted on all of the scheduled MU-MIMO user assigned RBs. In either of these
optional cases, if each scheduled MU-MIMO user is assigned only consecutively indexed
dedicated RS layers on each of its assigned RBs, with the indices of the dedicated layers
being common across all assigned RBs, then the number of its layers and the smallest
(first) index of its assigned dedicated RS layers are sufficient to permit the user to infer
all its dedicated RS layers and those of the other overlapping users on each assigned RB.
Accordingly, the number of its layers and the smallest (first) index of its assigned
dedicated RS layers can be transmitted only once per sub-frame to indicate all its
dedicated RS layers and those of the other overlapping users on all RBs assigned to the
user.

[0071]  Optionally, each scheduled MU-MIMO user can be permitted to overlap with
the same set of co-scheduled users on each of its assigned RBs for which there is an
overlap. Thus, the same total number of layers are transmitted on all of a scheduled MU-
MIMO user’s assigned RBs on which there is an overlap. Each scheduled MU-MIMO
user’s scheduling information can include a bit for each of its assigned RBs which
indicates whether there is an overlap or not. Further, from a user’s perspective, for each
RB there are three possibilities: not-assigned, assigned-no-overlap and assigned-with-
overlap. Optionally, each scheduled MU-MIMO user can be permitted to overlap with
the same set of co-scheduled users on all of its assigned RBs. Thus, the same total
number of layers are transmitted on all of a scheduled user’s assigned RBs. In either of
these two optional cases, if each scheduled MU-MIMO user is assigned only
consecutively indexed dedicated RS layers on each of its assigned RBs, with the indices

of the dedicated RS layers being common across all its assigned RBs, then the number of
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its layers and the smallest (first) index of its assigned dedicated RS layers are sufficient to
permit the scheduled MU-MIMO user to infer all its dedicated RS layers and those of the
other overlapping users on each assigned RB. Moreover, the modulation(s)
corresponding to some or all of the overlapping users can be conveyed once in its
extended scheduling information, irrespective of the number of its overlapping assigned
RBs.

[0072] In accordance with an exemplary aspect of the present invention, it should be
noted that if an MU-MIMO user can be assigned multiple layers, the association of
dedicated RS layers to co-scheduled users can be conveyed via a user association field
(UAF), which can be implemented as a string of bits.

[0073] For example, implementing exemplary aspects of the present invention
discussed above, on any RB, if the total number of layers is 6 and the user has been
assigned 2 layers, the UAF length can be 4 bits. Moreover, if the user has been assigned
dedicated RS layers with indices 3 and 4, then dedicated RS layers with indices 1,2,5,6
correspond to the other users. Here, the UAF has a bit for each of these four layers with
the first, leftmost bit corresponding to the layer with the smallest index, 1 in this case,
and can always be 1. The last, rightmost bit corresponds to the layer with the largest
index, 6 in this case. Then, reading the field from left to right, a transition from [-to-0 or
0-to-1 can imply a change in the assigned user. For example, 1110 implies that the layers
1, 2 and 5 are assigned to a particular user and that the layer 6 is assigned to another user.

For example, 1010 implies that the layers 1, 2, 5 and 6 are all assigned to distinct users.
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[0074] In accordance with another exemplary aspect of the present invention, the
association of dedicated RS layers to modulations can also be conveyed via a modulation
association field (MAF), which can be implemented as a string of ternary digits.

[0075] For example, if the total number of layers is 6 and the user has been assigned 2
layers, the MAF length can be 4 digits. Again, using the same example mentioned above,
if the user has been assigned dedicated RS layers 3 and 4, then dedicated RS layers with
indices 1,2,5,6 correspond to the other users. The MAF can have a ternary digit for each
one of these four layers with the first, leftmost digit corresponding to the layer with the
smallest index, 1 in this case. The last, rightmost digit can correspond to the layer with
the largest index, 6 in this case. If the MAF is represented as a string of ternary digits,
then the three values each digit can take can correspond to the three distinct modulation
constellations, which may be, for example, QPSK,16 QAM and 64 QAM, respectively.
Alternatively, each element of MAF can be a quaternary digit specifying the three distinct
modulations QPSK,16 QAM and 64 QAM, along with a modulation not-available option,
respectively.

[0076] However, it should be understood that the number or type of digits employed
for the UAF and MAF, respectively, can be varied in accordance with design choice with
respect to the total number of layers employed for an RB and a total number of
modulation constellations utilized in the system, respectively.

[0077] The UAF and the MAF can be also conveyed on a per-RB basis for some or all
of the assigned RBs. In this case, they can be constructed by considering a particular
assigned RB and using the total number of layers transmitted on that RB and the

dedicated RS layers assigned to the user on that RB.
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[0078] Optionally, the base station scheduler can ensure that for each scheduled MU-
MIMO user, the modulations assigned to all other overlapping co-scheduled users,
respectively, which have been assigned dedicated RS layers with smaller indices, cannot
have a cardinality larger than that of the modulation assigned to the user. Additionally, in
this case, MAF, possibly for some or all assigned RBs, can also be conveyed as a string
of digits.

[0079]  Considering the previous example mentioned above, the total number of layers
for all RBs assigned to a user or a particular RB is 6, with dedicated RS layers having
indices 1,2,5,6 correspond to the other users. In this example, the user of interest has
been assigned 16 QAM. Thus, the MAF has a bit for each one of these four layers, 1, 2,
5, 6, with the first, leftmost bit corresponding to the layer with the smallest index, 1 in
this case. The last, rightmost bit can correspond to the layer with the largest index, 6 in
this case. In each position, a 1 can imply a modulation identical to the user, here, 16
QAM, whereas a 0 can imply a modulation different from that assigned to the user.
Moreover, for dedicated RS layers with indices lower than that corresponding to the user,
0 can imply a smaller modulation, which is 4 QAM in this case, whereas for dedicated
RS layers with indices larger than that corresponding to the user, O implies a larger
modulation, which is 64 QAM in this case.

[0080] Optionally, the BS can ensure that all overlapping scheduled MU-MIMO users
are assigned the same modulation.

[0081] With reference now to Table 1 below, one specific embodiment of a field that
can be transmitted to each MU-MIMO user from the base station is illustrated. The field

can be a four-bit index that can convey the number of dedicated RS layers, implemented
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here as pilot streams, transmitted on any RB assigned to a given user. In particular, the

four bit index can be used to identify the combination of the number of streams and the

allocated pilot stream index (PSI) in a transmission with MU-MIMO, and the modulation

constellation of a paired user in the case of 2 stream transmission. As shown in the table,

the modulation constellation in this exemplary embodiment employed by the other user in

the case of 2-stream transmission can be any one of QPSK, 16 QAM or 64 QAM.

TABLE 1
Four-bit index | Number of streams PSI assigned to user | Modulation constellation
on corresponding RB employed by other user

on corresponding RB

0b0000 2 streams stream1 QPSK

0b0001 2 streams stream1 16QAM

0b0010 2 streams stream1 64QAM

0b0011 2 streams stream 1 Unknown or not
available

0b0100 2 streams stream?2 QPSK

0b0101 2 streams stream?2 16QAM

0b0110 2 streams stream?2 64QAM

0bO111 2 streams stream?2 Unknown or not
available

0b1000 3 streams stream | -

0b1001 3 streams_ stream2 -

0b1010 3 streams stream3 -

0b1011 4 streams stream1 -

0b1100 4 streams stream?2 -

0b1101 4 streams stream3 -

Ob1110 4 streams stream4 -

Obl111 Unknown or not Unknown or not Unknown or not

available available available
[0082] MU-MIMO Receiver

[0083]

The scheduling information provided in accordance with exemplary

implementations discussed above, can be employed in a variety of receiver designs. Such

exemplary, high-level receiver design embodiments are described herein below. In
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particular, the receiver designs can exploit the knowledge of the precoding matrices,
power levels, modulations and coding rates used for the other co-scheduled users. The
scheduling information of the other overlapping co-scheduled users can be used to
decode, as reliably as possible, data transmitted to the user of interest by the base station.

[0084] The complex baseband model at the user of interest, here, user 1, can be written

as y = Hg x + z Hg,x, +7 . The model is obtained after a “whitening” step so that the

k=l
noise vector has uncorrelated elements. The channel £ and the precoding vectors {g, },
which can be scaled by the corresponding power levels, are known to the users. Thus,

the effective channel H = [hl yeeens By ] = H[g, yeeres &g ] is known to the user.

[0085] In an exemplary partial QR-MLD (soft output demodulation) receiver, the
complex base-band model seen by the user of interest (user-1) at any sub-carrier when

two users are co-scheduled on an RB containing that sub-carrier can be represented as

x

y=H|""|+n. x,x, may correspond to QAM symbols and may denote the symbols

X P2
2

intended for user-1 and the other co-scheduled user, respectively . H = [h] ,hz] denotes

the effective channel matrix which is known to user-1 and note that user-1 also knows the

modulation constellation from which x, is drawn. Using a modified QR decomposition

. : 2 Ly O x| :
of H the following model can be obtained: =U*y= +v, where L, is
X

2y Ly, 2

positive valued.

[0086] The receiver then generates soft-outputs in the form of Max-Log LLRs (log

likelihood ratios) for each coded bit associated with symbol x,. For each M-QAM
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. 2 2
symbol x, ;, the metric is defined as Q<x1,j>: rzl - Ll,xlyjj +min, }zz —Lyx, ;= x| . Let

q1; =z —Lyx ;. The following is determined using two simple slicing operations in

2 2
R R : ! !
qu—/\le +Inln[x2 qu“X2I

2 .
parallel: Q(xl‘j):izl —Lyyx ;| +ming,

[0087] Thus, the cost of determining all {Q(xl’ ; )}’J\’:l is O(M) instead of O(M?).
[0088] The LLR of the /" coded bit associated with symbol x; can be computed as

A= minm {Q(xu )}

tollows. First, the following is determined: _
X, ; =argmin {Q(xl,j

. Then, if the I
)

coded bit associated with x, ; is 1, then the following is used to determine the LLR:
Ay =], ”2 (minx] =0 Q(xl, ; )— /{) Alternatively, if the /™ coded bit associated with

X ; is 0, the following is used to determine the LLR: 4, , = th H7 (/i —min, , Q(xu ))

The computed LLRs are then fed to an outer-code decoder such as a Turbo-decoder
which then decodes the codeword transmitted for user-1.

[0089]  An enhanced partial QR-MLD receiver is an alternative exemplary receiver.
Similar to the partial QR-MLD receiver, the complex base-band model seen by the user

of interest (user-1) at any sub-carrier when two users are co-scheduled on an RB

X

including that sub-carrier, is given by y=H { } +n. Here the user of interest, user-1,

X
knows the effective channel matrix A =[A, 4, ]. It also knows the modulation
constellation from which x, is drawn along with the coding rate used for the other user.

Then, in the enhanced partial QR-MLD receiver, the partial QR-MLD receiver described

above can be first employed to decode the codeword-1 (i.e., the codeword of user-1). If
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the decoded codeword-1 passes the cyclic redundancy check (CRC), an event which
indicates that codeword-1 has been reliably decoded, then no further decoding operations
are done. Else, the partial QR-MLD receiver is used by user-1 to decode codeword-2
(i.e., the codeword intended for the other user). If the decoded codeword-2 fails the
CRC, then an error is declared by user-1 and it sends a decoding-error message to the BS.
Else the re-constructed codeword-2 is subtracted from the received observation vectors
{y}. A single-stream maximum ratio combining demodulator is used on the resulting
received observation vectors to again decode codeword-1. If the decoded codeword-1

passes the CRC, then no further decoding operations are done. Else an error is declared

by user-1 and it sends a decoding-error message to the BS.

[0090] CQI Computation and PMI Selection

[0091] Asdiscussed above, exemplary embodiments of the present invention are
directed to a MU-MIMO downlink channel where the base station may schedule several
user terminals on the same RB. It is assumed in the following that each scheduled user is
served a single data stream using beamforming techniques. As noted above, each active
user may report a PMI to the BS, which is an index that identifies a particular vector in a
code-book of unit norm vectors that is known in advance to the BS as well as all users.
Each user may also report a CQI, which is based on its estimate of the signal-to-
interference-plus-noise ratio (SINR). The reported PMIs and CQIs may then be
employed by the BS to determine a suitable set of scheduled users and their assigned
rates.

[0092] It should be understood that the methods discussed herein below can be

employed by any given MU-MIMO user, such as user 102, to determine PMI and/or CQI
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indications for transmission to the base station in methods 800 and 1000 discussed at
length above. For example, the methods discussed herein below may used to implement
steps 802 and 1002 of methods 800 and 1000, respectfully. Moreover, it should also be
understood that steps performed to implement PMI and/or CQI determination methods
discussed herein below may also be added to methods 700, 800, 900 and 1000 as
understood by those of ordinary skill in the art.

[0093] In accordance with various exemplary embodiments of the present invention, to
determine PMIs and CQIs, a user can employ an accurate estimate of the interference it
might encounter, if scheduled, from the signals intended for other co-scheduled users. As
discussed further herein below, in a one exemplary embodiment, each user may select a
PMI by maximizing a bound on the expected SINR. In another exemplary embodiment,
each user may employ a selfish approach in that it assumes it alone will be scheduled and
reports the PMI and CQI accordingly. According to another embodiment, each user may
attempt to mitigate the interference it might encounter, if scheduled, by selecting a PMI
using a quantization error minimizing strategy. It can be shown that the approach used in
the first embodiment outperforms the other two embodiments for all SNRs of interest.
[0094] To illustrate how a PMI may be selected by maximizing a bound on the
expected SINR in accordance with an exemplary embodiment of the present invention, a
narrowband received signal model at a user terminal of interest is considered. In the
model, the user of interest is equipped with N receive antennas and the base station has M
transmit antennas,

y=Hx+v (H
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where H e C"M is the channel matrix and v ~ CN(0, 1) is the additive noise. The

signal vector x transmitted by the BS can be expanded as

X = ngSk (2)

keS

where § is the set of users that are scheduled, g, is the beamforming vector and s, is

the data symbol corresponding to user & € S . The beamforming vectors are selected

from a codebook C of unit-norm vectors. The sum power constraint is given by

] St 2
E[x1x]: Z‘kl][zhsk[ JS Q.
[0095] To determine a suitable beamforming vector from C along with a channel

quality index (CQI), the user of interest may employ the following rule:

A oyt N
c=argmax{c H <I+pHH ) Hc} (3)
ceC

- 1 , : .
where p = ﬁj and M is the number of transmit antennas at the base station. Note

that the user is assumed to know M along with an estimate of p. Further, it is assumed

, the number of users that will be scheduled

here that the user of interest knows ]S

together by the BS. The user of interest can receive ’S l from the base station with the

user’s scheduling information. Thus, for example, in methods 700 and 900 discussed

above, a step may be added in which the base station 104 transmits }S t to each MU-

MIMO user prior to receiving preferred PMI information and CQI indications.

Alternatively, (S ‘ can be an estimate of the number of users that the user of interest

expects will be scheduled by the base station. In either case, it should be noted that [S ]
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may be an upper bound on the total number of users that will be scheduled together by

the BS. Furthermore, ’S{ may correspond to one or more sub-bands, such that different

sub-bands can have different values of ‘S , where the base station transmits each value of

1S{ for corresponding sub-bands to the MU-MIMO users. As noted below, a sub-band

comprises a set of contiguous subcarriers.
[0096] Once ¢ is determined, the user of interest may determine the (unit norm) linear

combiner as

M+ puEt)  HE
o v pun’)

- 4
H([ v pun )" He
[0097] In turn, the user may determine the CQI by using a look up table with the
following estimated SINR
~at +( S I
pc H I+pHH') Hce 5)
, + Y
1- et (1 prEt | H
where p = l—g-’ . The rules discussed above account for the interference due to signals

intended for the co-scheduled users and maximize a bound on the expected SINR,
[0098]  As discussed above, the CQI and the PMI corresponding to the beamforming
vector ¢ may be reported to the BS to permit scheduling of a set of users. Alternatively,
the SINR in equation 5 and the PMI corresponding to the beamforming vector ¢ may be
reported to the BS.

[0099] In accordance with another embodiment of the present invention, as noted

above, the user of interest may perform PMI selection and CQI computation by using a
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selfish approach in that it assumes it alone will be scheduled. For example, to determine
a suitable beamforming vector from C along with a channel quality index, the user of

interest may use the following SU-MIMO rule:

¢ = argmax{c*HTHc} (6)
ceC

[00100] Once ¢ is determined, the user of interest may determine the (unit norm) linear

combiner as

. Hc
M—HTCA. (7)

[00101] In addition, the user of interest can determine the CQI using a look up table

with the following estimated SINR

P etatHe. (8)

S|
[00102] The CQI, or alternatively, SINR, and the PMI corresponding to the
beamforming vector ¢ may be reported to the BS by the user.
[00103] In accordance with an alternative embodiment of the present invention, as noted
above, the user of interest may mitigate the interference it might encounter by selecting a
PMI using a quantization error minimizing strategy. For example, to determine a suitable
beamforming vector from C along with a CQI, the user of interest may use the following

quantization-error minimization based rule:

, P
¢ = argmax{cTHT(HH T) Hc} 9)
ceC

[00104] Once ¢ is determined, the user of interest may determine the (unit norm) linear

combiner as

41



WO 2010/080632 PCT/US2009/068808

+ Y\
( ,) n
oo HH Hc (10)

”(HHT )‘I Hé

[00105] Further, the user of interest determines the CQI is by using a look up table with

either of the following estimated SINR:

2

&y

£~luTHc”
S

]

or

%} ¢'HT (HH f )"1 H¢

(12)

1-etut(mat) B
[00106] It should be noted that the SINR computed in equation 12 is the high SNR limit
of the SINR computed in equation 5. The user of interest can report the CQI, or,
alternatively, the SINR, and the PMI corresponding to the beamforming vector ¢ to the
BS.
[00107] It can be shown that the PMI and CQI determination embodiment employing
equations 3 and 5 outperforms the other or alternate PMI and CQI determination
embodiments discussed above in all SNR regimes. The alternate embodiments fare
particularly worse, as they do not account for the multi-user interference in their reported
SINRs and consequently they over-estimate the SINR. Comparing the alternate
embodiments, the SU-MIMO embodiment employing equations 6 and 8 outperforms the
quantization minimizing embodiment employing equations 9 and 11 in the low SNR
regime. Conversely, the quantization minimizing embodiment employing equations 9
and 11 outperforms the SU-MIMO embodiment employing equations 6 and 8 in both

medium and high SNR regimes. In the low SNR regime, interference becomes negligible
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compared to the background noise, and thus the SU-MIMO embodiment has a better
performance. For medium and high SNRs, interference resulting from the quantization
error is dominant and hence the quantization minimizing approach performs better,
[00108] It should be understood that PMI and CQI determination can be tailored to the
properties of a wideband OFDMA downlink. When OFDMA is employed for downlink
transmission, the received signal at the user of interest and any subcarrier can be modeled
as in equation (1). Due to limitations on the amount of feedback that can be sent to the
BS, the available set of subcarriers may be partitioned into Q sub-bands as {BI,B2 ..... BQ},
where each sub-band is a set of contiguous subcarriers. In accordance with exemplary
embodiments, each user is permitted to report one CQI per sub-band. Further, the user
may be permitted to either report one PMI per sub-band or report just one PMI for all
available channels.

[00109] With reference now to FIG. 12, a method 1200 for determining a PMI and a
CQI indication in accordance with one exemplary embodiment of the present invention is
illustrated. As noted above, method 1200 can be used to implement steps 802 and 1002

of methods 800 and 1000, respectfully. Method 1200 can begin, for example, at step
1202, by receiving iS’ for at least one sub-band from the base station. As stated above,
'S ‘ is an indication of an estimate of or an upper-bound on the total number of MU-

MIMO users that are co-scheduled by the base station on a corresponding sub-band. It

should be noted that the base station can transmit one value of }S f per sub-band. Further,

the sub-band can be expanded or contracted by the base station accordingly to obtain

optimal performance. At step 1204, the MU-MIMO user can determine an SINR for at
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least one sub-band based on ‘S‘ . For example, the MU-MIMO user can determine the

SINR by employing equations (5), (8), (11) or (12), as discussed above. Moreover, as
stated above, the MU-MIMO user can employ the SINR to calculate a CQI using a
lookup table. In addition, step 1204 may further include determining a PMI by
employing equations (3), (6) or (9), as discussed above. At step 1206, the MU-MIMO
user can transmit an indication of the CQI and/or the PMI. For example, the PMI
indication can be only one PMI for all available sub-channels or it can be one PMI per
sub-band, as stated above. Additionally, the CQI indication may be the CQI or the SINR
and the CQI indication can be one CQI indication per sub-band, as discussed above. It
should be noted that the indication of the CQI and/or the PMI can be transmitted at steps
804 and 1004 in methods 800 and 1000, respectfully.

[00110] Referring to FIGS. 13 and 14 with continuing reference to FIG. 11, methods
1300 and 1400 for determining the CQI indication/PMI in accordance with exemplary
embodiments of the present invention are illustrated. It should be understood that
methods 1300 and/or 1400 may be employed to implement step 1204 of method 1200.
Further, method 1300 can be used in the case in which each MU-MIMO user can report
one CQI per sub-band and one PMI per sub-band while method 1400 can be used in the
case in which each MU-MIMO user reports one CQI per sub-band and one PMI for all
available channels.

[00111] Considering the first case in which each MU-MIMO user can report one CQI
per sub-band and one PMI per sub-band, method 1300 may begin, for example, at step
1302 in which the CQI indication and/or the PMI can be calculated for each sub-band.

The fact that the random channel matrices seen over different subcarriers in a sub-band
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are highly correlated can be exploited by defining a representative subcarrier for each

sub-band. This representative subcarrier may, for example, be the subcarrier lying in the

center of the sub-band. Letting H' denote the channel matrix seen by the user of interest
on the representative subcarrier of the /' subband, the user can determine the PMI and the

CQI indication for the i subband using equations 3 and 5, respectively, after replacing

H by H'. The O PMIs and/or Q CQI indications so determined may be transmitted to
the BS at step 1304. It should be noted that the Q PMIs and/or Q CQI indications can be
transmitted at step 1206 in method 1200. As noted above, a CQI indication can be a CQI
or an SINR.

[00112] In the case in which each user reports one CQI per sub-band and one PMI, as in
the previous case, the MU-MIMO user of interest may first perform step 1302 to

determine the PMI and the CQI for the i subband using equations 3 and 5, respectively,

after replacing H by H'. At step 1404, the user of interest can select the beam forming
vector from C having the highest CQI of the CQIs calculated for each sub-band. For
example, the user of interest may determine and select the maximum CQI among the
computed CQIs. If ¢ is the beamforming vector corresponding to the maximum
computed CQI, the user can select ¢ as its desired beamforming vector. At step 1406,
the user of interest can recompute the CQIls for all the other O — 1 sub-bands not
corresponding to the maximum by using ¢ in equation 5 after replacing H by the
channel matrix of the appropriate representative subcarrier. At step 1408, the user of
interest may transmit the PMI and/or Q CQIs so determined to the BS. It should be

noted that the PMI and/or Q CQIs can be transmitted at step 1206 in method 1200.
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[00113] In accordance with any of the different PMI and CQI determination
embodiments discussed above, the BS may employ each user’s reported CQI and PMI to
schedule a suitable set of users. Further, the BS may use the reported PMI and CQI to
implement steps 704 and 904 of methods 700 and 900 in which the scheduling
information for MU-MIMO users is generated. For example, to serve each scheduled
user, the BS may use the beamforming vector determined by the PMI it received from the
corresponding scheduled user and may schedule a set of users whose reported
beamforming vectors are either mutually orthogonal or close to orthogonal. For example,
close to orthogonal beamforming vectors of any scheduled two users have an inner
product whose magnitude is no greater than a predetermined constant & . Furthermore,

the BS may divide the available power p equally among the served users.

[00114] Let {I....,K} denote the set of users. Let ¢ and a, denote the precoding vector
and SINR reported by user k, respectively. The BS can use the following greedy
scheduling rule to schedule a suitable set of users. User &£ may choose ¢ by employing

either equations 3, 6 or 9. Further, user £ may compute the corresponding SINR using

either equations 5, 8, 11 or 12. It should be noted that he BS can choose any value
between 1 and M for ‘S‘ and may inform each user in advance, for example, by including
‘S' in a corresponding user’s scheduling information in a previous sub-frame.

[00115] With reference now to Table 2, an algorithm that can be employed by a base

station to schedule ]Sl users or less in accordance with an exemplary implementation of

the present invention is illustrated. In the following algorithm, the BS adopts a greedy
approach to determine a set of co-scheduled users. In particular, in each step of the

algorithm, it considers each user that has not been selected yet and determines if it
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satisfies a near-orthogonality condition, i.e., if the precoding vector reported by that user
is near-orthogonal to the ones reported by the users that have already been selected. Any
user that fails to meet this near-orthogonality condition is removed from future
consideration. The BS computes a rate increment for each user that satisfies this near-
orthogonality condition, where the rate increment is an estimate of the increase in sum
rate that can be achieved if the user is scheduled along with the already selected users.
The BS then selects the user with the highest rate increment in that step and accordingly
updates the set of users that have been selected and the set of users that have not been
selected. The process continues until |S| users have been selected, no user that has not
been selected yet meets the near-orthogonality condition, or the highest rate increment
among all users that meet the near-orthogonality condition is not positive.

[00116] Table 2

Algorithm 1 — User selection (Scheduling) Algorithm

Set U={l,..,K} and A=¢.
Repeat
U'=¢;x=0,k=¢

For each user k e U

If \éj;éj} <¢g, Vje A4 then
Update U' > U Uk

' 1S IS | S]
_ log| 1 T 208 T
Determine u log[l+ ]A‘—HakJJer” og( +]Ar+106,J ZJEA og( + {A‘ O!J

If u>x updatex =u; k=k
End If
End for

Set U=U"\k and A — AUk
Until U=¢ ork=¢ or ’A‘:‘S‘
Output: 4 is the set of users that are scheduled.

The rate assigned to user k € 4 is equal to R, = log{l + mak] .

4
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[00117] Let {gk} be the beamforming vectors used to serve the scheduled users. As

discussed above, the BS may inform each scheduled user about the power level, MCS
and the beamforming vector or PMI used to serve it. The received signal at the user of

interest, here user 1 in 4, post-combining can now be written as

S S o R -
i)y = Higsy+ i H s, + (13)
ke A k#1

[00118] Due to the normalization, Eh?, ]2 J: 1. The true SINR encountered by user |

post-scheduling is equal to

P laiyy o |2
~la'H
il 18

SINR™ = ] ’ - (14)
I+ Zkemﬂ \%{ ﬁ:-ngk _

SINR{™¢ can be estimated by the user. It should be noted that user 1 can support its rate

R1 only if log(l + SINR{"™* )z R .
[00119] In certain scenarios, each scheduled user can also accurately estimate the
covariance matrix of the interference plus noise, denoted by §'. The optimal estimate for

an arbitrary user, here user 1, is given by

S={1+£ S HgsH (15)
’A[ keA k1

[00120] In this case the user can re-compute its linear combiner and SINR. In

particular, user 1 may re-compute the linear combiner as
A —1 A
n =8 Hg (16)

and the true SINR as
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ot _ n
\%\g‘ HisH g (17)

Furthermore, in another exemplary implementation, the BS may employ the scheduling
algorithm described above with respect to Table 2 to first determine a set of users 4. It
can then inform each scheduled user in 4 about the power level and the beamforming
vector or PMI used to serve it. Each scheduled user may then estimate its true SINR
using (14) or (17) and report or feedback its estimated true SINR to the BS. Using the
true SINR estimate received from a user in A, the BS can assign an MCS and inform the
corresponding user about the assigned MCS.

[00121] It should be understood that the embodiments described herein may be entirely
hardware or including both hardware and software elements. In a preferred embodiment,
the present invention is implemented in hardware and software, which includes but is not
limited to firmware, resident software, microcode, etc.

[00122] Embodiments may include a computer program product accessible from a
computer-usable or computer-readable medium providing program code for use by or in
connection with a computer or any instruction execution system. A computer-usable or
computer readable medium may include any apparatus that stores the program for use by
or in connection with the instruction execution system, apparatus, or device. The
medium can be magnetic, optical, electronic, electromagnetic, infrared, or semiconductor
system (or apparatus or device). The medium may include a computer-readable medium
such as a semiconductor or solid state memory, magnetic tape, a removable computer
diskette, a random access memory (RAM), a read-only memory (ROM), a rigid magnetic

disk and an optical disk, etc.
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[00123] Having described preferred embodiments of a system and method (which are
intended to be illustrative and not limiting), it is noted that modifications and variations
can be made by persons skilled in the art in light of the above teachings. It is therefore to
be understood that changes may be made in the particular embodiments disclosed which
are within the scope of the invention as outlined by the appended claims. Having thus
described aspects of the invention, with the details and particularity required by the patent
laws, what is claimed and desired protected by Letters Patent is set forth in the appended

claims.
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WHAT IS CLAIMED IS:

1. A method for determining, at a given multi-user (MU)-multiple input multiple
output (MIMO) user, scheduling information of overlapping co-scheduled MU-MIMO
users in an orthogonal frequency division multiple access (OFDMA) system, the method
comprising:

receiving identifiers assigned to different MU-MIMO users, wherein said
identifiers identify respective regions of a control channel at which different scheduling
information for respective MU-MIMO users are located,

determining which MU-MIMO users are overlapping users, wherein an
overlapping user is assigned at least one resource block (RB) that is also assigned to the
given user, wherein an RB is a set of subcarriers and OFDM symbols; and

accessing overlapping users’ scheduling information using said identifiers to
perform at least one of error correction on received data or interference reduction on

received signals.

2. The method of claim 1, wherein said determining is performed by comparing

RB assignment fields in the scheduling information for each of the different MU-MIMO

users to RB assignment fields in scheduling information for the given user.

3. The method of claim 1, wherein scheduling information for the given user

includes identifiers assigned to overlapping users and wherein said accessing comprises
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referencing the identifiers assigned to overlapping users in the scheduling information for

the given user to determine the scheduling information for the overlapping users.

4. The method of claim 1, wherein the scheduling information for each scheduled
MU-MIMO user assigns only one codeword per subframe and one type of modulation

constellation per subframe for the corresponding scheduled MU-MIMO user.

5. The method of claim 1, wherein scheduling information for the given user
includes at least one of: RB assignment, assigned modulation constellation per codeword,
coding rate per codeword, at least one assigned precoder matrix index (PMI), or at least

one assigned transmit power value.

6. The method of claim 5, wherein information about PMIs and power levels is
transmitted to the given user as dedicated reference symbol (RS) layers, wherein a
dedicated RS layer is a signal that is precoded with a precoder having a PMI assigned to

one of the users and is transmitted on a portion of one of the RBs.

7. The method of claim 6, wherein positions of dedicated RS layers in each RB
are in predefined configurations that are known to each of the MU-MIMO users, wherein
a total number of dedicated RS layers transmitted on a given RB is indicative of the
corresponding configuration of dedicated RS layers on the given RB and wherein the
positions of a particular dedicated RS layer in the configuration of dedicated RS layers on

the given RB are indicated by an index assigned to the particular dedicated RS layer.
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8. The method of claim 7, wherein the same number of dedicated RS layers is
assigned to the given user for each of the given user’s assigned RBs such that the indices
of the dedicated RS layers assigned to the given user are drawn from a common set of
consecutive integers and wherein said scheduling information for the given user includes
only one indication for all of the given user’s assigned RBs that conveys the assigned
number of dedicated RS layers and the smallest index from the set of consecutive

integers.

9. The method of claim 8, wherein the same number of users or the same total
number of layers are assigned on each RB allocated to the given user and wherein the
indication for all of the given user’s assigned RBs conveys the number of users or total

number of layers assigned on each RB allocated to the given user.

10. The method of claim 1, further comprising:

receiving from a base station an indication, for at least one sub-band, of an

estimate of or an upper-bound on a total number of MU-MIMO users (‘S[) that are co-

scheduled by the base station on the at least one sub-band to determine a signal-to-
interference-plus-noise ratio (SINR), wherein the SINR is indicative of a channel quality

index and the at least one sub-band is a set of one or more contiguous RBs.

53



WO 2010/080632 PCT/US2009/068808

11. A method for determining attributes of communication channels of multi-user
(MU)-multiple input multiple output (MIMO) users in an orthogonal frequency division
multiple access (OFDMA) system, the method comprising:

receiving from a base station, for at least one sub-band of contiguous sub-carriers,

an indication of an estimate of or an upper-bound on the total number of MU-MIMO

users ([S ‘) that are co-scheduled by the base station on the at least one sub-band,

determining a signal-to-interference-plus-noise ratio (SINR) for the at-least one
sub-band based on the estimate of or the upper-bound on the total number of MU-MIMO
users that are scheduled by the base station on the at least one sub-band; and

transmitting to the base station an indication of a channel quality index (CQI) that

is based on the SINR.

12. The method of claim 11, wherein said determining further comprises
determining for the at-least one sub-band a precoder matrix index (PMI) by calculating
¢, wherein ¢ is

pUS |-

, 0 1s a constant that is
Sj(m 1)

. -1
arg max{c1 H' (I + ﬁHHT) Hc} , where pis
ceC

proportional to the maximum bound of a sum power constraint, M is the number of
transmit antennas at the base station, ¢ is an arbitrary beam forming vector from a
codebook (C) of unit-norm vectors, H is a representative channel matrix for the at least
one sub-band and wherein said transmitting further comprises transmitting the PMI to the

base station.
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13. The method of claim 12, wherein said determining further comprises

determining the SINR for the at-least one sub-band by calculating

ﬁé*H*(u;SHHT)”Hé

— , where p is P and T is the identity matrix.
-t Et(r+ ﬁHH*) He

S|

14. The method of claim 13, wherein said transmitting further comprises

transmitting to the base station only one PMI for all available channels.

15. The method of claim 14, wherein said transmitted PMI is determined by

calculating a CQI for each sub-band;

selecting a beam forming vector from C having a highest CQI of the CQIs
calculated for each sub-band;

re-computing a CQI for each sub-band other than the sub-band having the highest
CQI based on the selected beam forming vector, wherein said transmitting further

comprises transmitting the re-computed CQIs and the highest CQI to the base station.

16. The method of claim 11, wherein said transmitting further comprises

transmitting one PMI per sub-band.

17. The method of claim 11, wherein the indication is the determined SINR.
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18. The method of claim 11, wherein said determining further comprises
determining the CQI by employing a lookup table with the SINR and wherein the

indication is the channel quality index.

19. The method of claim 11, wherein said transmitting further comprises

transmitting one CQI indication per sub-band.

20. A method for informing a base station of an indication of a channel quality
index for at least one orthogonal frequency division multiple access (OFDMA) sub-band
employed by multi-user (MU)-multiple input multiple output (MIMO) users comprising:

determining a signal-to-interference-plus-noise ratio (SINR) for the at least one
OFDMA sub-band by calculating

petmt(r v prer | me

- , where p is ﬁ, p is a constant that is proportional to the
1= pet i (s pre | e

N

maximum bound of a sum power constraint, ¢ is a beam forming vector from a codebook
(C) of unit-norm vectors, H is a representative channel matrix for the at least one sub-
band and 7 is the identity matrix; and

transmitting to the base station the indication of a channel quality index, which is

based on the determined SINR.
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