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30 AS AN ADDITIVE OBJECTIVE FUNGTION
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OPTIMAL USER PAIRING FOR DOWNLINK
MULTIUSER MIMO

RELATED APPLICATION

[0001] This patent application claims priority to U.S. Pro-
visional Application No. 61/009,333, filed Dec. 28, 2007, the
disclosure of which 1s incorporated by reference herein 1n 1ts
entirety.

TECHNICAL FIELD

[0002] The exemplary and non-limiting embodiments of
this 1nvention relate generally to wireless communication

systems, methods, devices and computer program products
and, more specifically, relate to techniques for transmitting
multiple-input, multiple-output radio frequency signals to a
receiver.

BACKGROUND

[0003] Various abbreviations that appear 1n the specifica-
tion and/or 1n the drawing figures are defined as follows:

[0004] BS base station

[0005] CDMA code division multiple access

[0006] DL downlink (BS to MS)

[0007] EUTRAN evolved universal terrestrial radio

access network

[0008] FDMA frequency division multiple access
[0009] LTE long term evolution
[0010] MIMO multiple-input, multiple-output

[0011] MF matched filter
[0012] ML maximum likelihood

[0013] MMSE mimmum mean squared error

[0014] MS mobile station

[0015] MU multiuser

[0016] SDMA spatial division multiple access

[0017] TDMA time division multiple access

[0018] WiIMAX worldwide interoperability for micro-

wave access (IEEE 802.16)

[0019] MIMO takes advantage of multiplexing to increase
wireless bandwidth and range. MIMO algorithms send 1nfor-
mation out over two or more antennas and the information 1s
received via multiple antennas. While 1n a conventional sense
such multiplexing would cause mterference, MIMO uses the
additional pathways to transmit more information and then
recombines the signal at the recerver. A MIMO system pro-
vides a significant capacity gain over conventional single
antenna systems, 1n addition to more reliable communication.

[0020] Various publications that may be of interest herein
include:
[0021] W. Ajib and D. Hoccoun, “An overview of schedul-

ing algorithms in MIMO-based fourth-generation wireless
systems,” IEEE Network, September/October 2005, incorpo-
rated by reference;

[0022] R. W. Heath Jr., M. Airy, and A. J. Paulraj, “Mul-

tiuser diversity for MIMO wireless systems with linear
receivers” Conference Record of the Thirty-Fifth Asilomar

Conterence on Signals, Systems and Computers, 4-7 Novem-
ber 2001, Vol. 2, pp. 1194-1199, incorporated by reference;

[0023] B. Bandemer, S. Visuri, “Capacity-Based Uplink
Scheduling Using Long-Term Channel Knowledge,” 1CC
"07. IEEE International Conference on Communications,

24-28 Jun. 2007, pp. 785-790, incorporated by reference; and

.il L__L_J
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[0024] H.W. Kuhn, “The Hungarian Method for the assign-
ment problem,” Naval Research Logistic Quarterly, 2:83-97,
1953, and also incorporated by reference.

[0025] Reference may also be made to C. Wang, R. Murch,
“Adaptive Downlink Multi-User MIMO Wireless Systems
for Correlated Channels with Imperfect CSI”, 11I Transac-
tions on Wireless Communications, Vol. 3, No. 9, pp. 2455-
2446, September 2006, and 1incorporated by reference. This
publication discusses 1n Section D an adaptive MU-MIMO
grouping algorithm, where a number of users 1n a group may
be constrained to be two.

[0026] In general, a MU-MIMO uplink (multipoint-to-
point) system 1s characterized by K users with n, antennas
cach communicating to a base station or to a receirver with n .
receive antennas. Since each user faces a different channel
condition in different time/frequency/code (TFC) slots it 1s
possible to improve the overall system capacity by MU
scheduling. Provided that spatial separation of the users 1s
suificient, 1t 1s possible to have two or more users assigned to
the same time-frequency-code slot (1.e., to also use SDMA or
Spatial Division Multiple Access). This technique attempts to
increase the system capacity by intelligently allocating the
channel to different subgroups of users. In downlink (point-
to-multipoint) channels, the problem 1s different in that there
1s one source transmitting to K users. A general introduction
to this topic can be found in W. Ajib and D. Hoccoun, “An
overview of scheduling algorithms 1n MIMO-based fourth-
generation wireless systems,” IEEE Network, September/Oc-
tober 2005. Among the most popular MU scheduling schemes
are opportunistic scheduling and best subset selection. All
scheduling schemes are confronted with a fairness 1ssue that
may force the sacrifice of overall network optimality 1n order

to guarantee all users with a minimum service requirement.

SUMMARY

[0027] The foregoing and other problems are overcome,
and other advantages are realized, by the exemplary embodi-
ments of this mnvention.

[0028] Inoneexemplary aspect thereof the embodiments of
this 1nvention provide a method that includes operating a
transmitter connected with n, transmit antennas serving K
users having n_recerve antennas each; and scheduling which
users are to be simultaneously served 1n a same time-ire-
quency-code slot. A particular user pairing configuration 1s
denoted by & within a set of all configurations 11, and where
optimally scheduling comprises expressing mutual informa-
tion as an additive objective function and maximizing the
additive objective function over a particular choice of mell.

BRIEF DESCRIPTION OF THE DRAWINGS

10029]

[0030] FIG. 1 shows a simplified block diagram of various
clectronic devices that are suitable for use in practicing the
exemplary embodiments of this invention.

[0031] FIG. 2 1s a graph that plots capacity versus a number
of users, and shows the significant improvement that can be
achieved using optimal pairing of users 1n accordance with
the embodiments of this invention, as compared to no pairing
and random pairing of users.

In the attached Drawing Figures:
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[0032] FIG. 3 1s a logic flow diagram that 1s descriptive of
a method, and the execution of computer program code, 1n
accordance with the exemplary embodiments of this mven-
tion.

DETAILED DESCRIPTION

[0033] Theexemplary embodiments of this invention relate
to downlink (or point-to-multipoint) wireless channels that
include user scheduling. In particular, the exemplary embodi-
ments of this invention relate to the use and allocation of, for
example, beamformed or multi-antenna channels 1n MIMO
links. The exemplary embodiments of this invention may be
used 1n, as non-limiting examples, LTE and WiMax/WikF1
communication systems.

[0034] The use of the exemplary embodiments of this
invention provides scheduling decisions (comprising particu-
lar ways of pairing users (recervers) for downlink beams) that
are network optimal in that they maximize total capacity 1n
accordance with certain fairness criteria. In particular, the
exemplary embodiments of this invention provide an optimal
polynomial-time algorithm for determining scheduling and
beam-assignment of K users to time-frequency-code (TFC)
slots, where 1n at least one slot there are simultaneously at
least two users present.

[0035] The exemplary embodiments of this invention per-
tain as well to fixed beamforming and to spatial division
multiple access (SDMA) techniques.

[0036] Reference 1s made first to FIG. 1 for illustrating a
simplified block diagram of various electronic devices that
are suitable for use 1n practicing the exemplary embodiments
of this invention. In FIG. 1 a wireless network 1 1s adapted for
communication with mobile stations (MSs) 10, also referred
to as user equipment (UEs) or as user terminals (UTs), via a
base station (BS) 12, also referred to as a Node B or, 1n the
E-UTRAN (LTE) system as an evolved Node B (eNB). The
wireless network 1 may include a network control element
(NCE) 14 or a gateway that may provide connectivity with a
network 16, such as the Internet. The MS 10 includes a data
processor (DP) 10A, a memory (MEM) 10B that stores a
program (PROG) 10C, and a suitable radio frequency (RF)
transcerver 10D for bidirectional wireless communications
with the BS 12, which also includes a DP 12A, a MEM 12B
that stores a PROG 12C, and a suitable RF transceiver 12D.
[0037] The BS 12 1s assumed to mclude a MS 10 scheduler
unit or function 12E that operates in accordance with the
exemplary embodiments of this invention described below.
As such, at least the PROG 12C 1s assumed to include pro-
gram 1nstructions that, when executed by the associated DP
12A, enable the BS 12 to operate in accordance with the
exemplary embodiments of this mvention. The exemplary
embodiments of this invention may be implemented at least in
part by computer soitware executable by the DP 12A of the
BS 12, or by hardware, or by a combination of soitware and
hardware.

[0038] In the preferred embodiments the wireless link 11
between the BS 12 and the MSs 10 1s a multiuser MIMO link,
and there typically are plural transmit antennas 11 A at the BS
12 and plural recerve antennas 11B at the MS 10.

[0039] In general, the various embodiments of the MS 10
can include, but are not limited to, cellular telephones, per-
sonal digital assistants (PDAs) having wireless communica-
tion capabilities, portable computers having wireless com-
munication capabilities, image capture devices such as digital
cameras having wireless communication capabilities, gam-
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ing devices having wireless communication capabilities,
music storage and playback appliances having wireless com-
munication capabilities, Internet appliances permitting wire-
less Internet access and browsing, as well as portable units or
terminals that incorporate combinations of such functions.
[0040] The MEMSs 10B and 12B may be of any type suit-
able to the local technical environment and may be 1mple-
mented using any suitable data storage technology, such as
semiconductor-based memory devices, flash memory, mag-
netic memory devices and systems, optical memory devices
and systems, fixed memory and removable memory. The DPs
10A and 12 A may be of any type suitable to the local technical
environment, and may include one or more of general purpose
computers, special purpose computers, miCroprocessors,
digital signal processors (DSPs) and processors based on a
multi-core processor architecture, as non-limiting examples.
[0041] Inaccordance with an aspect of the invention only a
subset of the users are to be transmitting simultaneously, and
a different two users are designated to occupy least two dii-
terent slots. These scheduling decisions are made using chan-
nel state information (feedback, or channel reciprocity). The
fact that two users are active 1s a practical (non-limiting)
assumption that reflects a desire to achieve implementation
simplicity (fewer interferers for terminals, simpler transmait
processing with or without predistortion). The transmitter
obtains channel state information (CSI) of different users, and
uses the CSI to compute an assignment matrix or assignment
information.

[0042] The use of the exemplary embodiments of this
invention maximizes channel capacity by optimal user pair-
ing, while enabling the use of a simple recerver at the desti-
nation node. When the pairs of users are computed optimally,
MMSE detection reaches essentially ML performance with
suificiently many users.

[0043] The exemplary embodiments are now described 1n

further detail.

MU-MIMO Downlink System Model

[0044] A multiuser multiple-input-multiple-output (MU-
MIMO) downlink system 1s comprised of a transmuitter,
embodied as the BS 12, withn, transmit antennas 11A serving
K users (MSs 10) with n, receive antennas 11B each (note that
the MSs 10 may have different numbers of antennas, however
it 1s assumed herein that they all have the same number of
antennas to simplily the notation). The BS 12 sends 1ndi-
vidual information to the K users as in a wireless system.
Time/frequency/code (TFC) slots are assumed to be orthogo-
nal resources and can be used to serve the different MSs 10.
Alternatively, beamforming can be performed by the trans-
mitter (BS 12) in the same TFC slot 1n order to serve more
than one MS 10.

[0045] Beamiorming requires knowledge of the channel of
cach user at the BS 12 transmaitter. When this channel knowl-
edge 1s not pertect, or preceding 1s not fully optimized (e.g.,
some clipping 1s introduced due to some peak power limita-
tion), beamforming becomes a non-orthogonal resource.
[0046] Using different orthogonal resources each MS 10
can detect its information using a recerver which has knowl-
edge of its own channel matrix only. With non-orthogonal
resources each MS 10 can extract their respective information
by using MF, or MMSE, or ML detection. In the case of
multiuser MMSE or ML detection, however, the MS 10
requires the channel or modulation mformation of all the
other MSs 10, or at least two receiver antennas. Because of
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this requirement only MF detection 1s a viable approach.
However, MF detection suflers from large losses with high
multiuser interference.

[0047] Itis possible to improve the overall system capacity
by user scheduling, 1.e., selecting which users should be
served on the non-orthogonal resources.

[0048] The signal received by user k 1s given by

K (1)
Y H(k}z DD 4
(=1

where:

[0049] H®eC™” the channel coefficient matrix to user
k;

[0050] UYeC™" the channel beamforming matrix to
user

[0051] x“eC” are the transmitted vectors to users =1, . .
., K containing N information symbols; and

[0052] 7z®eC™ the white Gaussian noise vector distrib-

uted as N(0, I,, ).
[0053] Let P be the total transmitted power by the BS 12
and SNR=P. Assume that the k-th user receiver (the k-th MS
10 1n FIG. 1) has knowledge of only 1ts own channel matrix
H® and U%. One may rewrite Eq. (1) in equivalent matrix
form as:

el (2)

y(k} :H(k}[U(I}l |U(K}] : _I_Z(k}_
K)

[0054] The beamiorming matrices may be arbitrary, but
different for at least two different users. They may correspond
to transpose conjugates of the corresponding channel matri-
ces H, or any other matrices or operators (possibly non-linear)
that depend on H. As an example, a viable beamforming
matrix may be found from a scalar multiple (power normal-
1zed) pseudo-inverse of H, which nulls the mterference com-
pletely between any paired users at the expense of lower
received signal power. In any case, the exemplary embodi-
ments of this invention are specified for any particular trans-
mitter operations.

Scheduling Users

[0055] Considerajoimntdesignofa TDMA/FDMA/CDMA/

SDMA scheme to reduce the number of stmultaneous users
allocated 1n different TFC slots within a given frame. In order
to preserve fairness all users should obtain the same amount
of TFC slots within a frame. Since the channel matrices for
the users are different, and determine how the user signals
interfere at the recerver, the exemplary embodiments of this
invention optimally schedule which users should simulta-
neously be served in the same TFC slot 1n order to at least
improve the total system throughput. This optimal scheduling
may be assumed to be performed by the scheduler function
12E at the BS 12.

[0056] It 1s assumed herein for convenience that the matri-
ces H® are constant over the entire frame.

Pairing Users

[0057] First consider the case where K 1s even and users are
paired to transmit simultaneously in the same TFC slot. The
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total number of TFC slots (or channel orthogonal resources)
in one frame should be at least N=K/2 (or some multiple
thereol). Fairness 1s provided by the fact that all users access
the channel once within a frame of N TFC slots. In this case 1t

can be shown thattherecerved signals by usersk, and k, inthe
n-th TFC slot 1s

y(kl)(ﬂ):H(kl) [U(kl)x(kl) 4 [ JRD,(R2) i +z(k1)(n) n=1,...,
N (3)

YD () =F12 LD D L DR 10Dy =1
N (4)

where there are N distinct pairs (k,, k,) ot users, with k, =k, .
[0058] Note that the users are assumed to be unable to
cooperate in decoding, so that only the MF scheme 1s possible
to use.

[0059] Denote by z a particular pairing configuration,
within the set of all configurations I1. For example, with K=4
users there are three configurations:

[0060]  IT={{(12)(34)}, {(13)(24)}, 1(14)(23)} }.

For K=2.,4,6,8,10,16 there are a number of configurations:
[0061] IIII=1,3,15,105,945,2027025.

[0062] Mutual information may be written as additive
objective functions to be maximized over the choice of mell

(V) (9)
max Z Jiy e (0.

rell
(kl,kz}E il

[0063] Exhaustively selecting the pair of users that maxi-
mizes the above mutual information can become a formidable
task. As such, 1t 1s shown below how this can be accommo-
dated by the Hungarian method.

Both Single Users and Paired Users

[0064] Consider now the case where some users are
allowed to receive alone (not paired with another user), and
some other users are to be paired in the TFC slots.

[0065] A user k; which 1s not paired recerves:

D () =FIO) [T EDR D L DR D 1 KOGy =1
N (6)

[0066] The total number of users 1s K=2N_ _+N

pair’ - \sing? where
N, .- 18 the number of pairs of simultaneous transmissions
using one TFC slot, and N, 1s the number of transmissions
to single users. In this case the total number of TFC slots used
in one frame 1s N=N__. +N_. . and the total number of con-

paiy Sip g’

figurations II 1s much larger.

[0067] For example, for K=2.,4,6,8,16 we have [111=2,10,
76,764, 46206736, and with K=4 users we have the following
10 configurations

[0068]  TI={{(12)34)}, {(13)(24)}, {(1H)(23)}, {(1)(2)
BH}AMB3)24)}. {(1)A)23)}, {(12)(3)(H)}, {(13)(2)
4}, 11423}, {(HP)B)H) 1}

User Scheduling Scheme

[0069] Inorder to have a fixed frame length for all configu-

rations with different N, ; and N, .. one may assume that the
N
£

. pairs of users are served in two TFC slots, thereby
essentially doubling their data rate. The N, unpaired users
are allowed, as a compensation, to receive double the power
of the paired users. In this way, the total number of TFC slots

used 1n one transmission frame 1s N=2N_ . +N .. =K.

paiy SIng
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[0070] It 1s now shown how a pairing configuration
T={ 1T T, airs sin g} can be mapped to a permutation o of K ¢le-
ments of the form

1 2 ... K] (7)

?1'=}>LT{ .
a(l) o(2) ... oK)

[0071] For example,
il S10. 43 | 1 2 3 45
={(1, 5)(2, 4)( )}=>~:T-(5 43 9 1]-
[0072] Under the assumptions made above this limits the

permutations O to have, at most, cycles of length 2.

[0073] In this scheduling scheme one may further expand
the possible pairing configurations to mclude any user per-
mutation o, 1.e., to consider K pairs of users (k,o(k)). For
example, one may have a permutation with a cycle of length
4 from

1 2 3 4 5
={(1, 5)(2, 3, )&, 1)(5, 2)} = fr:[ ]

5431 2)

[0074] The optimization problem can now be written as:

(8)

where S, denotes the group of all permutations (symmetric
group) and 0 1s some suitable performance measure, such as
aggregate mutual information, capacity, signal-to-noise ratio,
signal-to-noise-interference ratio (or some function of these),
for the users of a given pairing, based on the corresponding
signal models (3) and (4). In some cases, the performance
measure reflects minimizing error probability, in which the
function 0 outputs an error measure based at least in part on
the equations (3) and (4). Then, the maximization problem 1s
converted to a maximizing function -0 (change of sign).

The Hungarian Method

[0075] The above combinatorial optimization problem 1n
Eq. (8) can be solved in polynomial time O(n’) using a tech-
nique known as the Kuhn-Munkres algorithm, and also as the
Hungarian method, which 1s commonly used to solve a so-
called assignment problem. Reference 1n this regard can be
made to the attached H. W. Kuhn, “The Hungarian Method for
the assignment problem,” Naval Research Logistic Quarterly,
2:83-97, 1955.

[0076] Assignment problem: Given a weighted complete
bipartite graph G=(XUY; XxY), where edge xy has weight
w(xy), ind a matching M from X to Y with maximum weight.
[0077] Inacommon application, X={X,:X,: . ..X, } may be
a set of workers, Y=1{y,,Y,, ...y, } may be a set of jobs, and
w(xy) may be the profit made by assigning worker x to job v.
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[0078] Mathematically, the problem can be stated as fol-
lows: given an nxn matrix W=[w, = w(X,y,)],
find a permutation ceS, of n elements for which

D W Vo)
k=1

1S a maximum.

Optimal Scheduling

[0079] The Hungarian method may be used to solve Eq. (8)
by se‘Eting W(X . yg(k))ze ro()- 1 this case, j[he same user can
be paired with two different users, 1n two different the T/F/C
slots.

[0080] Inorderto solvethe problem of Eq. (5) in the case of
even K, 1t 1s sufficient to initialize the matrix W with zero
entries on the diagonal and symmetric entries w; , =w, ; =0
(e e

[00@1] The final solution 1s found by taking only the pairs
(k, o(k)), for k=1, , K/2.

[0082] Referring to FIG. 2, based on the foregoing 1t should
be appreciated that the use of these exemplary embodiments
provides a substantial capacity gain as compared to the single
user case, due to the beneficial effect of the optimal user
pairing for spatial multiplexing. In particular, the gain
achieved by the use of optimal scheduling, as compared to
fixed random pairing, increases for increasing numbers of
users (note that for K=2 there 1s obviously no difference). The
gain achieved by the use of these exemplary scheduling
embodiments 1s due at least to the reduction of the multiuser
interference at the recerver of a given user. In fact, the sched-
uling solution finds those optimal user pairs that optimize a
desired performance measure (as non-limiting examples,
maximum capacity or minimum error measure) for K users
jomtly.

[0083] Inthese exemplary embodiments there 1s a point-to-
multipoint communication link, where the transmit antennas
11A (at the BS 12) can joimntly decide their transmission
decisions (e.g., form channel matched beams, zero-forcing
beams, etc.), and the scheduling decisions depend on the
selected beamforming solution and the performance metric
used for evaluation. For example, the performance metric
may be the sum of the sum of the rates of different pairs of
users, so that each user obtains channel access at least once,
but preferably twice. The scheduler function 12E preferably
forms user pairs with at least two different users 1n at least two
different slots.

[0084] Based on the foregoing 1t should be apparent that the
exemplary embodiments of this invention provide a method,
apparatus and computer program that implement an optimal
polynomial-time algorithm for determining scheduling and
beam-assignment of K users to TFC slots, where 1n at least
one slot there are simultaneously at least two users present.
[0085] Referring to FIG. 3, a method 1n accordance with
this mvention includes: (Block 3A) operating a transmuitter
having n, transmit antennas serving K users n, receive anten-
nas each; (Block 3B) optimally scheduling which users are to
be stimultaneously be served in a same time-frequency-code
slot in order to at least improve the total system throughput,
where a particular user pairing configuration i1s denoted by
within a set of all configurations II, and where optimally
scheduling comprises (Block 3C) expressing mutual infor-
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mation as an additive objective function; and (Block 3D)
maximizing the additive objective function over a particular
choice of mell.

[0086] The method of the preceding paragraph, where the
additive objective function that 1s maximized 1s expressed as:

(V)

max > fi k().

el
(k1.ko)erm

and where maximizing uses a method that comprises, given
an nxn matrix W=[w,_|=[w(x.y )],

find a permutation oeS  of n elements for which

D W Vo)
k=1

1S a maximum.

[0087] Themethod of the preceding paragraph, where for a
case of even K, maximizing initialize the matrix W with zero
entries on the diagonal and symmetric entries w, , =w, , =0
((x,1,)» and obtaining a final solution by taking only the pairs
(k, o(k)), fork=1, ... K/2.

[0088] The method of paragraph (A), where there are

paired users and unpaired (single) users, where a pairing
configuration m={7,, ;.. § is mapped to a permutation o of
K elements of the form:

1 2 ... K]

rr::rc:r:[
a(l) o(2) ... oK)

[0089] The method of the previous paragraph, where the
additive objective function that 1s maximized 1s expressed as:

Where S, denotes the group of all permutations (symmetric
K group P Yy

group ), and where maximizing uses a method that comprises,

given an nxn matrix

W= W =W o Yol
find a permutation ceS_ of n elements for which

Z WXy Yorik))
k=1

1s a maximum, and by setting. W(X.¥ )79 . oayy» a0d where
a final solution 1s found by taking only the pairs (k, o(k)), for
k=1,...,K/2.

[0090] The various blocks shown 1n FIG. 3 may be viewed
as method steps, and/or as operations that result from opera-
tion of computer program code, and/or as a plurality of
coupled logic circuit elements constructed to carry out the
associated function(s).
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[0091] In general, the various exemplary embodiments
may be implemented 1n hardware or special purpose circuits,
soltware, logic or any combination thereof. For example,
some aspects may be implemented 1n hardware, while other
aspects may be implemented 1n firmware or software which
may be executed by a controller, microprocessor or other
computing device, although the mvention 1s not limited
thereto. While various aspects of the exemplary embodiments
of this invention may be 1illustrated and described as block
diagrams, tlow charts, or using some other pictorial represen-
tation, 1t 1s well understood that these blocks, apparatus,
systems, techniques or methods described herein may be
implemented 1n, as non-limiting examples, hardware, sofit-
ware, lirmware, special purpose circuits or logic, general
purpose hardware or controller or other computing devices,
or some combination thereof.

[0092] As such, 1t should be appreciated that at least some
aspects of the exemplary embodiments of the inventions may
be practiced 1n various components such as integrated circuit
chips and modules. The design of integrated circuits 1s by and
large a highly automated process. Complex and powerful
soltware tools are available for converting a logic level design
into a semiconductor circuit design ready to be fabricated on
a semiconductor substrate. Such software tools can automati-
cally route conductors and locate components on a semicon-
ductor substrate using well established rules of design, as well
as libraries of pre-stored design modules. Once the design for
a semiconductor circuit has been completed, the resultant
design, 1 a standardized electronic format (e.g., Opus,
GDSII, or the like) may be transmitted to a semiconductor
tabrication facility for fabrication as one or more 1ntegrated
circuit devices.

[0093] Various modifications and adaptations to the fore-
going exemplary embodiments of this invention may become
apparent to those skilled 1n the relevant arts 1n view of the
foregoing description, when read in conjunction with the
accompanying drawings. However, any and all modifications
will still fall within the scope of the non-limiting and exem-
plary embodiments of this invention.

[0094] For example, while the exemplary embodiments
have been described above in the context of the WiMAX and
EUTRAN (UTRAN-LTE) systems, it should be appreciated
that the exemplary embodiments of this invention are not
limited for use with only these particular types of wireless
communication system, and that they may be used to advan-
tage 1n other wireless communication systems. Further, the
particular mathematic expressions shown and described
above are meant to be exemplary, as changes may be made to
these expressions, or other expressions used instead. Further,
the use of the Hungarian method 1s not to be construed as
limiting as to techniques that may be used to solve the com-
binatorial optimization problems expressed by Egs. (5) and
(8).

[0095] It should be noted that the terms “connected,”
“coupled,” or any varnant thereof, mean any connection or
coupling, either direct or indirect, between two or more ele-
ments, and may encompass the presence of one or more
intermediate elements between two elements that are “con-
nected” or “coupled” together. The coupling or connection
between the elements can be physical, logical, or a combina-
tion thereol. As employed herein two elements may be con-
sidered to be “connected” or “coupled” together by the use of
one or more wires, cables and/or printed electrical connec-
tions, as well as by the use of electromagnetic energy, such as
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clectromagnetic energy having wavelengths 1n the radio fre-
quency region, the microwave region and the optical (both
visible and 1invisible) region, as several non-limiting and non-
exhaustive examples.

[0096] Furthermore, some of the features of the various
non-limiting and exemplary embodiments of this invention
may be used to advantage without the corresponding use of
other features. As such, the foregoing description should be
considered as merely 1llustrative of the principles, teachings
and exemplary embodiments of this invention, and not 1n
limitation thereof.
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What 1s claimed 1s:

1. A method, comprising:

operating a transmitter connected with n, transmit antennas
serving K users having n, recerve antennas each; and

scheduling which users are to be simultaneously served in
a same time-frequency-code slot, where a particular user
pairing configuration 1s denoted by x within a set of all
configurations II, and where scheduling comprises
expressing mutual information as an additive objective
function and maximizing the additive objective function

over a particular choice of mell.
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