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A METHOD OF COMBINED USER AND COORDINATION PATTERN
SCHEDULING OVER VARYING ANTENNA AND BASE-STATION
COORDINATION PATTERNS IN A MULTI-CELL ENVIRONMENT

PRIORITY

[0001] The present patent application claims priority to and incorporates by
reference the corresponding provisional patent application serial no. 61/088,712,
titled, “A Method of Combined User and Coordination Pattern Scheduling over
Varying Antenna and Base-Station Coordination Patterns in a Multi-Cell

Environment,” filed on August 13, 2008.

RELATED APPLICATIONS
[0002] The present application is related to the following applications:
United States Patent Application No. 12/538,729, filed August 10, 2009, titled “A

Variable Coordination Pattern Approach for Improving Performance in Multi-Cell
or Multi-Antenna Environments™ and United States Patent Application No.
12/538,739, filed August 10, 20009, titled “A Method for Varying Transmit Power

Patterns in a Multi-Cell Environment”, concurrently filed herewith.

FIELD OF THE INVENTION

[0003] Embodiments of the present invention relates to the field of wireless

transmission in a multi-cell wireless environment; more particularly, embodiments
of the present invention relate to scheduling in a wireless communication system by
varying user terminal rates based on some criteria (e.g., fairness) while varying

coordination patterns.

BACKGROUND OF THE INVENTION
Operation of Cells and Multi-Cells and Cell Clusters

[0004] For purposes herein, a “cell” is used to describe a geographic area
serviced by a set of (number of) transmit antennas. Such antennas can reside on one
or more base-stations. They may be co-located at one point, or geographically
spread over the cell. They may not even physically reside in the geographic
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boundary of the cell, though it is often the case they are physically located in the
cell. For downlink traffic, this set of antennas services user terminals in the cell by
jointly transmitting signals to such users. The transmitted signals are produced and
controlled by a single common physical layer mechanism. That is, within a given
“cell” the transmit antennas are coordinated. Such a common physical layer
mechanism can be implemented by a number of processing entities that may be
spread over a number of base stations, but which are jointly controlled to achieve a
common result. The mechanism may also be implemented by a single processing
entity. A classic example of such “cells” is shown in Figure 1. Here the antennas
are collocated at a base-station. Referring to Figure 1, user terminals within classic
hexagonally shaped cells are mapped to the base-station site that is “geographically
closest” (e.g., the center of the call). This closest mapping results in the classic
hexagonal pattern. For example, Cell 1 consists of a central set of 4 antennas at a
single base-station, BS1, supporting a group of users including but not limited to
userl, user2, user3, and user4. This “geographically closest” station rule makes
sense in a model in which the received signal energy a user gets from any base-
station (or antenna) decreases monotonically with the distance from that station, and
by the same mathematical function for every station. In general, with shadowing
and other effects, the cell boundaries will not conform to such a regular structure. In
this classic multi-cell scenario, which has a fixed classic cell structure mapping
users on a one-to-one basis with base-stations, a single base-station transmits only to
users assigned to its cell.

[0005] It is well known that if neighboring base-stations use the same
transmission resource (e.g., send signals on the same frequency band at the same
time) that users in a cell will experience interference from other cells. Such “inter-
cell interference” (ICI) can be quite extreme near the edges of cells, thus limiting
performance for users in such areas. This is a classic problem with any cell
structure. For example, user4 and user5 in Figure 1 will experience high
interference levels relative to their received signal levels. In contrast, users such as
user]l and user2 may see less interference and less effect from a multi-cell

environment. Nonetheless, all users do experience ICI.
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[0006] A scheduling algorithm, such as a proportionally fair scheduling
algorithm, can be used to ensure that users such as userl and user2 are balanced
fairly (or a desired fashion) with users seeing less favorable channel conditions such
as user4 and userS. Without such a mechanism, if the system simply wanted to
deliver the maximum per cell throughput, it would simply transmit only to users
with the best channel conditions, severely penalizing other users such as user4 and
usersS.

[0007] To alleviate the detrimental effects of ICI, one can assume that cells
coordinate their transmissions. One such way of doing so is to make sure
neighboring base-stations do not use the same frequency at the same time. This
results in the classic frequency reuse approach of a cellular system. Another way is
to allow neighboring cells to use the same frequency at the same time, but to select
signals for transmission that result in low ICI. One way to do so is to have a single
underlying physical layer mechanism jointly control antennas from neighboring
base-stations. In the extreme, one mechanism controls all transmit antennas over all
stations, and the system reduces essentially to a single distributed antenna system
with a common MIMO (downlink) broadcast (shared) channel. Here a user such as
userd in cell 1 is in fact serviced by signals coming from all antennas. In such an
approach, ICI can be significantly reduced, even set to zero by Multi-user MIMO
techniques such as Linear Zero-Forced Beamforming. In fact, in such an extreme
the boundaries of “cells” have no meaning, and there are no longer uncoordinated
signals crossing cell boundaries creating ICI. However, such a system is
impractical.

[0008] A partial coordination may be more practical as shown in Figure 2.
Referring to Figure 2, groups of cells (in this case three neighboring cells) can
coordinate with each other. As illustrated, cells 1, 2 and 3 coordinate transmissions,
cells 4, 5 and 6 coordinate transmissions, cells 7 and 8 coordinate, and cell 10
operates without coordinating with others. Each of these groups of three cells act as
a single “cell”, or what is termed a “cluster”. If such coordination between base-
stations is done correctly, users such as user4 and userS can be made to see both less
interference, and possibly better signal terms because they are no longer at a

boundary with a neighboring cluster. They have now the option to use
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transmissions from up to 12 antennas over 3 remote locations. Thus, the system
becomes more efficient. In addition, the scheduling of users in the cluster of cells
1, 2 and 3 can be done together.

[0009] However, because coordination is partial, such a system will
inherently always have boundaries where users that see less favorable conditions.
This is the case of users user6 and user7 in Figure 2 which are at the boundary of

two coordinating clusters.

SUMMARY OF THE INVENTION

[0010] A method and system is disclosed herein for scheduling in a multi-

cell environment. In one embodiment, the system comprises a plurality of user
terminals; a plurality of base stations to communicate with the plurality of user
terminals, wherein the plurality of antennas from the base stations are grouped into
coordination patterns that specify which antennas operate together as a cluster to
coordinate transmissions with a subset of the plurality of user terminals, and further
wherein the defined pairs of the antenna set and its associated user set vary over
transmission resources based on coordination pattern changes such that different
sets of antennas in the plurality of antennas are grouped together on different
resources to coordinate transmissions to different subsets of users; and at least one
controller to execute at least one scheduling algorithm to schedule transmissions
with user terminals by specifying which user terminal to schedule for service by
which sets of antennas and on which transmission resource and with what

transmission rate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The present invention will be understood more fully from the

detailed description given below and from the accompanying drawings of various
embodiments of the invention, which, however, should not be taken to limit the
invention to the specific embodiments, but are for explanation and understanding

only.

Figure 1 illustrates user terminals within classic hexagonal cells mapped to

a base-station in center of the cell.



WO 2010/019613 PCT/US2009/053466

Figure 2 is a diagram of a wireless communication system configured as a

multi-cell environment with coordination among groups of cells.

Figure 3 illustrates a multi-cell case with coordination among groups of

cells with a different coordination pattern than is shown in Figure 2.

Figure 4 illustrates constituent schedulers that may be used in the

coordination pattern of Figure 2.

Figure 5 illustrates constituent schedulers that may be used in the

coordination pattern of Figure 3.

Figure 6 illustrates information is shared between constituent schedulers in
Figure 4 and Figure 5 where some scheduler serves the same (common) users over
different coordination patterns (such patterns exist on different transmission

resources),

Figure 7 illustrates a communication system where some of the information
necessary for each constituent scheduler to perform its own scheduling is stored
centrally.

Figure 8 is a flow diagram of one embodiment of a scheduling process
which uses a central repository.

Figure 9 is a diagram of one embodiment of a communication system that

includes a coordination controller that decides what coordination pattern to use.

Figure 10 is a flow diagram of another embodiment of a scheduling process.

Figure 11 is a block diagram of a communication system that uses

scheduling entities that handle (operate over) multiple clusters.

Figure 12 is a block diagram of one embodiment of a controller as described

herein.

DETAILED DESCRIPTION OF THE PRESENT INVENTION

[0012] A method and communication system for operating a user scheduling

algorithm within a multi-cell system are described. In the multi-cell systems of

interest, different subsets of antennas are used to transmit to different subsets of
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users, antennas within each subset can be coordinated in their transmissions, and the
subset definitions can change over different transmission resources. A subset of
antennas and the associated subset of users served by such antennas constitute what
is termed an antenna-user pair. The totality of such pairs for a given transmission
resource constitutes a coordination pattern. Such a pattern exists on a transmission
resource, €.g. at a given time, and/or at a given frequency, and/or given tones, and/or
different codes in a Code Division Multiple Access (CDMA) system. In all
embodiments, the system varies the coordination patterns with transmission
resources, such that at least two such patterns exist. For example, the coordination
patterns can change over time (e.g., periodically) and/or over frequency (e.g., only
some patterns on some frequencies) or some combination of both, or over any units
of transmission resources, as described in United States Patent Application No.
12/538,729, tiled August 10, 20009, titled “A Variable Coordination Pattern
Approach for Improving Performance in Multi-Cell or Multi-Antenna
Environments”, which is a non-provisional application of Application No.
61/088,714, filed on Aug 13, 2008. Such changes in coordination patterns may
occur in a known, and/or pre-determined controlled, fashion over time and/or over
frequency. The operation of the user terminal scheduling algorithm described
herein is for use with such a system whereby it takes particular advantage of such
changes in coordination patterns. Its novel implementation in various embodiments
is also tied directly to the physical embodiment of a system with varying
coordination patterns. For example, the scheduling algorithm may be divided into a
number of constituent scheduling entities which exchange sufficient information to
make equivalent scheduling decisions to what a single global entity (knowing all
information) would make. In one embodiment, the scheduling algorithm also
directs (decides) what coordination pattern to use on what resource in an adaptive
fashion.

[0013] Techniques disclosed herein include joint, or semi-joint, scheduling
algorithms used to operate with a communication system that varies the multi-cell
coordination topology. The scheduling algorithm itself can also influence the way

the multi-cell system coordination topology is varied.
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[0014] In the following description, numerous details are set forth to provide
a more thorough explanation of the present invention. It will be apparent, however,
to one skilled in the art, that the present invention may be practiced without these
specific details. In other instances, well-known structures and devices are shown in
block diagram form, rather than in detail, in order to avoid obscuring the present
invention.

[0015] Some portions of the detailed descriptions which follow are
presented in terms of algorithms and symbolic representations of operations on data
bits within a computer memory. These algorithmic descriptions and representations
are the means used by those skilled in the data processing arts to most effectively
convey the substance of their work to others skilled in the art. An algorithm is here,
and generally, conceived to be a self-consistent sequence of steps leading to a
desired result. The steps are those requiring physical manipulations of physical
quantities. Usually, though not necessarily, these quantities take the form of
electrical or magnetic signals capable of being stored, transferred, combined,
compared, and otherwise manipulated. It has proven convenient at times,
principally for reasons of common usage, to refer to these signals as bits, values,
elements, symbols, characters, terms, numbers, or the like.

[0016] It should be borne in mind, however, that all of these and similar
terms are to be associated with the appropriate physical quantities and are merely
convenient labels applied to these quantities. Unless specifically stated otherwise as
apparent from the following discussion, it is appreciated that throughout the
description, discussions utilizing terms such as "processing” or "computing" or
"calculating" or "determining" or "displaying" or the like, refer to the action and
processes of a computer system, or similar electronic computing device, that
manipulates and transforms data represented as physical (electronic) quantities
within the computer system's registers and memories into other data similarly
represented as physical quantities within the computer system memories or registers
or other such information storage, transmission or display devices.

[0017] The present invention also relates to apparatus for performing the
operations herein. This apparatus may be specially constructed for the required

purposes, or it may comprise a general purpose computer selectively activated or
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reconfigured by a computer program stored in the computer. Such a computer
program may be stored in a computer readable storage medium, such as, but is not
limited to, any type of disk including floppy disks, optical disks, CD-ROMs, and
magnetic-optical disks, read-only memories (ROMs), random access memories
(RAMs), EPROMs, EEPROMs, magnetic or optical cards, or any type of media
suitable for storing electronic instructions, and each coupled to a computer system
bus.

[0018] The algorithms and displays presented herein are not inherently
related to any particular computer or other apparatus. Various general purpose
systems may be used with programs in accordance with the teachings herein, or it
may prove convenient to construct more specialized apparatus to perform the
required method steps. The required structure for a variety of these systems will
appear from the description below. In addition, the present invention is not
described with reference to any particular programming language. It will be
appreciated that a variety of programming languages may be used to implement the
teachings of the invention as described herein.

[0019] A machine-readable medium includes any mechanism for storing or
transmitting information in a form readable by a machine (e.g., a computer). For
example, a machine-readable medium includes read only memory (“ROM”);
random access memory (“RAM”); magnetic disk storage media; optical storage

media; flash memory devices; etc.

Clusters in Multi-cell Environments and User and Coordination Pattern Scheduling

[0020] Embodiments of the invention include a method and operation of
user scheduling for wireless multi-cell systems in which the pattern specifying the
coordination of antennas, or equivalently the “cell” structure with coordinated base-
station or distributed antenna systems, or coordination pattern of cells, is made to
vary in a controlled fashion over transmission resources. Examples of such
resources include slots in time and/or frequency. Such systems are described in
more detail in United States Patent Application No. 12/538,729, filed August 10,
2009, titled “A Variable Coordination Pattern Approach for Improving Performance

in Multi-Cell or Multi-Antenna Environments”. Such systems are made up of
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clusters of base stations coordinating, or cooperating, together for transmissions
with user terminals in the respective clusters. The clusters are specified in
coordination patterns. In one embodiment, the communication system varies the
coordination pattern to enable users to see different interference levels over time (or
other transmission resource), where the result is that some levels are more favorable
than others. More specifically, coordinating transmissions across multiple cells, and
varying such coordination patterns, can help prevent a user from being permanently
disadvantaged with a high interference level, as happens to edge users in a system
where coordination patterns do not vary.

[0021] Two example coordination patterns that may be used are the patterns
illustrated in Figures 2 and 3.  Cells of the same shading coordinate their
transmissions. That is, the antennas contained within these cells constitute one
subset of antennas which coordinate. In Figure 2, users “user4” and “user5” are at
the center of a cluster of cells 1, 2 and 3 which coordinate. In contrast, “user6” is at
the edge of this cluster. All users within cells 1, 2, and 3 form the user subset
served by the antenna subset defined by antennas within these cells. In Figure 2,
also, “user7” is at the edge of a cluster of cells 4, 5 and 6 which coordinate. This
cluster defines another antenna subset and another user subset. In Figure 3, users
“user6” and “user7” are now near the center of a different coordinating cluster of
cells made up of cells 3, 4 and 5. Here now other users, e.g. user4 and user3, are at
the edge of a cluster made up of cells 1 and 2. Thus, in the system, one can expect
userd and user5 to generally have more favorable interference levels under the
pattern of Figure 2 than under the pattern of Figure 3. The opposite is true for users
“user6” and “user7”. Using a plurality of such patterns on different transmission
resources, €.g. on different time and/or frequency slots (e.g., Figure 2 is used on
some frequencies while Figure 3 is used on other frequencies), performance can be
greatly increased for all users. This is particularly true for users that were
originally “cell edge” users in Figure 1.

[0022] Still, the invention disclosed in United States Patent Application No.
12/538,729, tiled August 10, 20009, titled “A Variable Coordination Pattern
Approach for Improving Performance in Multi-Cell or Multi-Antenna

Environments,” allows for users to be served by multiple patterns. For example, it
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is not impossible (or preferable) to limit user6 and user7 to be serviced only when
the cluster pattern in Figure 3 is in effect. They may (through random variations in
channels or other criteria) also find it advantageous to be serviced for other cluster
patterns (e.g., the pattern in Figure 2 or any other pattern). However, for this system
to work, given a user has many opportunities over many coordination patterns and
transmission resources and instances to be served, there needs to be a system in
place to decide which users are scheduled on which cluster patterns, and when

scheduled with what rate.

User and Coordination Pattern Scheduling

[0023] To serve all users in a wireless system, and to serve them in an
efficient and/or fair fashion, it is often the case that it is either necessary and/or
beneficial to decide when to transmit users across the available transmission
resources. For example, if resources are in slots in time, in each slot a decision is
made on which user or users to serve. Similarly if resources are in bands or tones of
frequencies, on each tone or within each band, the system may decide on different
subsets of users to serve. This is of course required to share such resources among
users in a fashion deemed fair, acceptable, or in accordance to the goal of the
system. However, further benefits can be obtained from scheduling. For example,
benefits can be gained by taking advantage of what is termed “user diversity”,
whereby users are scheduled when it is advantageous to do so (e.g., given variations
in channel conditions). This operation is performed by a scheduler executing a
scheduling algorithm, and it applies to many wireless systems.

[0024] Embodiments of this invention are focused on a class of wireless
systems in which the coordination of antennas, or equivalently the “cell” structure
with coordinated base-station or distributed antenna systems, or coordination pattern
of cells, of the wireless multi-cell system is made to vary in a controlled fashion
over transmission resources. Such resources can be for example defined in terms of
time slots and/or frequency bands or tones. Here, with such variation in patterns,
the operation and design of an efficient scheduler is not obvious or a trivial
extension of systems either with a simple (fixed) single cell structure or a single

coordination pattern. In such fixed systems, a given user is only served by one cell,

10
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or only served by one set of coordinated antennas, or only served by one cluster.
Opportunities to serve this user are limited to transmission resources available to
that single cell, or single coordinated set of antennas, or single cluster. It is
therefore sufficient that each cell, coordinated set of antennas (CSoAs), or cluster
have its own scheduling algorithm that operates independently of other
cells/CSoAs/clusters with respect to this user. Each such algorithm can operate in
well known fashions. However, when users can be served by multiple patterns, use
of independent algorithms over each cluster over each pattern can become very
inefficient. Users are members of multiple cells/CSoAs/clusters, over multiple
transmission resources. The system then has multiple pairs of CSoAs and user sets
(or multiple pairs of cells and user sets, or multiple pairs of clusters and user sets)
where such user sets intersect (have common members). For the sake of simplicity
such pairs of sets simple will be referred to herein as “antenna-user pairs”.
Balancing when a user is scheduled over each pair requires some coordination
among schedulers across cells/CSoAs/clusters and across resources and
transmission opportunities.

[0025] The systems described herein include one or more schedulers that
execute a scheduling algorithm(s) to perform scheduling for the variable
coordination pattern system. Methods and structures for performing a scheduling
algorithm that acts in a joint (not independent) fashion over multiple coordination
patterns.

[0026] In some embodiments, a single, effective, global scheduling
algorithm can be composed of smaller constituent scheduling algorithms that focus
on each of the antenna-user associated pairs (or associated cell-user pairs, or
associated cluster-user pairs). To operate effectively as a global algorithm, these
constituent schedulers pass and share sufficient information between each other so
as to operate jointly, or semi-jointly. In some embodiments, such “sufficient
information” consists of which users were scheduled and the sum or average rates
such users have seen over a given time period. Such sufficient information can
allow the joint operation of constituent schedulers to make the same scheduling
decisions as a single (global) joint scheduler, implemented by a single processing

entity having all necessary information.

11
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[0027] In one embodiment, the way the constituent scheduling algorithms
are executed is linked to the way the system varies the coordination pattern of
antennas to users. That is, a constituent scheduling algorithm is tied to a given
antenna-user associated pair or group, or a pair existing on a given transmission
resource.

[0028] In another embodiment, the global scheduling algorithm can
determines which coordination patterns to use at a given transmission resource (e.g.,
at a given time and frequency), and thus directs when and what constituent
schedulers operate (e.g., over time and frequency).

[0029] In yet another embodiment, a global central scheduling algorithm, for
a given set (or sequence of) transmission resource (e.g., set or sequence of time or
frequency instances), examines all users, all antennas, and schedules user terminals
according to the constraints of which antennas can signal to which user terminals

and when. In this case, a central entity makes the scheduling decisions.

Example of Fair Scheduling

[0030] In one embodiment, a scheduler (whether constituent or global)
executes a scheduling algorithm to select which user terminals to transmit to on
what transmission resource, and with what rate. For a given resource, the user is a
member of an antenna-user pair, which specifies what antennas/cell/cluster serves
the user on this resource. The scheduling algorithm ensures that users are given fair
access to the transmission resources. Fair is determined with respect to a criterion
(e.g., proportional fair rate, maximizing minimum per user rate, etc.). Those skilled
in the art are familiar with such algorithms when used for systems in which the
antenna-user pair is fixed over all possible resources that may be used to serve a
user. It should also be stressed that the criterion under which the scheduler operates
can be one of a variety of criteria and do not necessarily have to be “fair criterion”.
It can for example be one based on a purposeful differentiated service which tries to
give some users more rate than others, for reasons such as cost, revenue, application
requirements.

[0031] In order to meet the “fair criterion”, a scheduler keeps track of when

users were scheduled, and at what rate, in order to operate in an intended fashion. If

12
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a user is associated with only a single antenna-user pair, it is sufficient that each
such antenna-user pair have its own independent scheduling algorithm handling
only users in this pair. This for example happens in a fixed cell structure or in
cluster systems with a fixed cluster structure. In systems considered in this
invention a user is served by different cell/CSoAs /cluster arrangements, and
different schedulers. In this case, it is not sufficient that each scheduler keep track
only of the rates and users it schedules for a given antenna-user pair.

[0032] As mentioned, embodiments of the invention can use many types of
schedulers. In one embodiment, the scheduler tries to schedule users (in a cell or

cell cluster) so as to maximize a weighted sum rate criterion

> w(k)R(k)

Al k
where R(k) is the average rate with which user-k is to be (or is) served, and w(k) is a
weight, such that w(k)>0. Of course, over the operation of the system, the vector of
achieved values R(k) is influenced by w(k), the physical layer and the scheduler.
Thus these values can additionally be functions that adapt over time, i.e. R(k) may
be R(k) where “t” determines the value at time “t”.

[0033] In one embodiment, the choice of the weight is determined off-line.
In another embodiment, the weights are selected to make the scheduler give each
user a what is termed a proportionally fair share of the rate, proportional to what it
can achieve. Such a scheduler is called a Proportionally Fair Scheduler (PES),
which is well-known in the art. For example, see D. Tse and P. Viswanath,
Fundamentals of Wireless Communications, Cambridge University Press,
Cambridge, 2005. In such an embodiment, to select weights in order to achieve
PFS, approximately, one can select weights at the j-th scheduling event as

1
R, (k)

Wj(k):

where R ;(k) 1s an estimate of the rate a user has received up to the j-th scheduling

event (“J” being similar to the time “t” but in units of scheduling instances). In one
embodiment, the estimate is done based on past scheduled events. In one

[IPebd

embodiment, the estimate is the average rate received by the user up to that point *j

13
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in time. In another embodiment, the estimate is a weighted average rate (e.g., an
exponential weighting going back in time). For a system to operate in the desired
fashion, the estimate should reflect the average rate a user sees over all possible
resources that are serving that user.

[0034] In a system which serves only one user per antenna-user pair at the j-
th scheduling event, a scheduler determines rate it can serve each user, and which
user to serve based on the weighted metric, given the weights. For example, assume
based on the channel state information or signal to noise ratio, or signal to
interference and noise ration, of its users, it is determined that at the j-th scheduling

event arate Z, (k) can be the rate sent to the user k, if it is scheduled alone. Then

the scheduler tries to select the user “k*” so as to maximize the scheduled weighted
sum rate at the j-th interval, as determined by the user “k*” maximizing the
following equation:

k* =argmax, w;(k)Z,(k)

In the embodiment, the weights are determined for a user using information about
the user’s scheduled rates over all coordination patterns, not just the antenna-user
pair of this (or one) scheduler.

[0035] In systems which can serve more than one user at a given
transmission opportunity, a decision is made on a subset of users to serve. A subset
of user terminals is denoted as . Therefore, Z is now a function of both k and Q,

ie. Z,(k,Q). Inone embodiment, the scheduling algorithm executed by the

scheduler tries to select users forming a subset Q* so as to maximize at the j-th

interval

Qf=argmax, Y.w,(k)Z,(k,Q)

over k in subset Q

Note, in a MU-MIMO wireless communication system in particular, the user rates

Z,(k,Q) often does depend on the subset of users scheduled for transmission. For

example, Linear Zero Forcing (the beams/zero forcing vectors and power
allocations to those vectors) or Dirty Paper Coding solutions depend on the subset €2

of users. Such procedures are known to those familiar with the state of the art. In
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the embodiment, the weights are determined for a user using information about the
users’ scheduled rates over all coordination patterns, not just the antenna-user pair
of this (or one) scheduler.

[0036] Recall, for a system to operate in the desired fashion, information
such as the rate estimate R ;(k) should reflect the average rate a user sees over all

possible resources that are serving that user. For each associated pair of transmit
antennas and users, a naive and inefficient system can operate scheduling algorithms

that are independent of the scheduling algorithms run for other pairs. Here the
values “w;” (equivalently values 1/ R ;(k) for schedulers such as PFS) are values

local to each scheduling algorithm, and independent (and different) from scheduler
to scheduler despite the fact that a user-j may be common to many antenna-user
pairs. In this sense, each of the scheduling algorithms operate independently for
each pair, making whatever use of the user diversity, transmission options, etc.
represented in the pair. This is the standard operation in most prevailing systems
since the associated pair of antennas and users is fixed, and a user is a member of
only one such pair. When antenna-user pairs change over transmission resources, so
that a user is a member of at least two or more pairs over at least two or more
resources, independent operation is not efficient.

[0037] The scheduling algorithms for systems of interest in this invention, in
which users are served over multiple antenna-user pairs, do not operate
independently. In some embodiments, independent schedulers are replaced by
“constituent” scheduling algorithms that work together to effectively implement a
global scheduling algorithm. To do this, if two different pairs of antenna and users
share some common users, the operation of the schedulers for such pairs is made
dependent. In one embodiment, this is achieved effectively by changing the
calculation of the weights “w;”. Specifically the weight “w;”, for a user j common to
two or more antenna-user pairs (common to two or more constituent schedulers) is a
value that depends on the operation of all corresponding schedulers that can
schedule this user. In one embodiment, there is a global common “w;” value, stored
possibly in a central repository, and requested when needed by the constituent

schedulers. To make this value meaningful, schedulers would also send updates on
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the average rate at which they are serving user j so that the central repository can
adjust and update the global common “w;” value accordingly to reflect the average
rate over all schedulers. In one embodiment, there is a global common “w;” value
that is shared via transmissions forwarded between constituent schedulers that can
schedule user j.

[0038] In another embodiment, each scheduler has their own copy of “w;”,
where local values may not be the same. However, the values are dependent on
each other and are approximately the same. To make values dependent in this way,
information about user-j is exchanged between schedulers to ensure the individual
values of weight “w;” are either the same, or sufficiently similar (and thus
dependent). For example, in one embodiment, all schedulers send their own local
copies of “w;” to all schedulers that handle user j. Each scheduler replaces their
local copy of “w;” by a (sufficiently) weighted mean of all the individual “w,” values
it receives from other schedulers. The weighting of such a mean may reflect how
much resources each scheduler has at its disposal, where more weighting is given to
“w;” values from schedulers with more resources. Then each scheduler would
operate for a number of transmission opportunities using this value, and operating
independently of other schedulers, updating its local measure of “w;” based on its
own independent scheduling events, after which local copies of “w;” are exchanged
again, and the process repeats. Thus individual weight values “track™ each other
and are sufficiently close.

[0039] An interesting feature of such a system is that the schedulers do not
have to exchange information about each and every scheduling event, or interact
with schedulers about each and every scheduling event. They (for many schedulers
including PFS) sufficiently only need to exchange information such as the sum of

rates with which they serve a user over intervals of time.

Deployment and Inter-connectivity of Constituent Schedulers

[0040] In one embodiment, the scheduling system is composed of a number
of constituent schedulers. Figure 6 is a diagram of a communication system that
includes constituent schedulers that serve common users and share information

(such as that mentioned in [0038-39] about those users.
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[0041] Referring to Figure 6, the system is shown with two coordination
patterns, which are depicted in Figures 4 and 5. Figure 4 illustrates a number of
such schedulers S1, S2, S3, S4, corresponding to the clusters of Figure 2. Scheduler
S1 is the scheduler for base stations (BS) 1, 2 and 3 of cells 1, 2 and 3 respectively,
scheduler S2 is the scheduler for base stations 4, 5, and 6 of cells 4, 5 and 6
respectively, scheduler S3 is the scheduler for base stations 7 and 8 of cells 7 and 8
respectively, and scheduler S4 is the scheduler for base station 10 of cell 10. Figure
5 illustrates a number of such schedulers S5, S6, S7, S8, corresponding to the
clusters of Figure 3. Scheduler S5 is the scheduler for base stations 3, 4, and 5 of
cells 3, 4 and 5 respectively, scheduler S6 is the scheduler for base stations 1 and 2
of cells 1 and 2 respectively, scheduler S7 is the scheduler for base stations 6 and 10
of cells 6 and 10 respectively, and scheduler S8 is the scheduler for base station 8 of
cell 8. Connections between schedulers and base-stations signify which base-
stations are used in the respective cluster of the scheduler. Note that connections
can be via wired or wireless communication.

[0042] As shown together by Figures 4 and 5, user terminals can be
members of different clusters over time or frequency. For example, userS and user6
are scheduled by scheduler S1 in the channel resource used (e.g., frequency and/or
time interval) by Figure 4, and by scheduler S5 in channel resource used (e.g.,
frequency and/or time interval) by Figure 5. This reflects operations of the varying
multi-cell systems of interest.

[0043] Referring back to Figure 6, each of the schedulers receive from the
physical layer channel state information that provides information on the state of the
channels that exist between user terminals in a cluster and antennas in a cluster. The
schedulers also know which user terminals are associated with each of the antennas.

In one embodiment, the schedulers also have access to information about one or
more of the users’ estimated service rate R i (k) , users’ rate requirements, users’

previous scheduled events, and users’ assigned rates.

[0044] In this embodiment, the schedulers behave in a joint fashion, and
different schedulers handle the same users over different transmission resources,
e.g. over different time and/or frequency intervals. They do this by sufficiently

sharing information that is sufficient for scheduling. The sharing of such
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information is illustrated by the lines of communication between schedulers in
Figure 6. More specifically, schedulers S1 and S6 share information about common
users in cells 1 and 2, schedulers S8 and S9 share information about common users
in cell 3, schedulers S2 and S5 share information about common users in cells 4 and
5, schedulers S2 and S7 share information about common users in cell 6, scheduler
S2 and S8 share information about common users in cell 8, and schedulers S4 and
S7 share information about common users in cell 10. For example, for a
Proportionally Fair Scheduler (PFS), they share sufficient information to make “w;”
values of common users either the same or approximately the same.

[0045] In one embodiment, the scheduler determines the rate information by
sharing only sufficient information for this purpose by directly transferring such
information between constituent schedulers (without use of a central repository). In
one embodiment, the only information that is shared is the sum or average rates of
such users are given by each of the schedulers. For example, in one embodiment, it
is sufficient for S1 to tell S5, and S5 to tell S1, when and with what rate it has
scheduled user terminals such as user5 and user6 common to both schedulers. In
other embodiments, this may be more than sufficient information. For example, if
wi(k) is set as the average rate as discussed above, it is also sufficient for S1 to tell
S5, and for S5 to tell S1, only the average rate that it has served such users over a
given number of transmission opportunities. Therefore, each scheduler can, with
the average for each coordination pattern, weigh each average over the number of
scheduling opportunities a scheduler has, and compute the average rate each user
terminal has been served over all coordination patterns.

[0046] It may also be sufficient for S1 to tell S5, and S5 to tell S1, the
weight it used. In one embodiment, weights are updated within each scheduler (e.g.,
S1) based on its scheduling of user terminals, and the change in such weights as
seen {rom interval to interval by other schedulers (e.g., S5) provides information as
to how a user terminal was served.

[0047] In one embodiment, the weights are determined for a given user
terminal using past information on when and at what rates user terminals were
scheduled. In one embodiment such weights are determined for a user terminal

using information about the user terminal’s scheduled rates over all coordination
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patterns (all schedulers which consider the user). At the same time, when a
constituent scheduler is making a decision (e.g., scheduler S1), it is sufficient for
scheduler to know or determine only the weights “w;” of its user terminals. For
PFS, this is just the inverse of the average rate.

[0048] In one embodiment, the schedulers also ensure user terminals are
scheduled with a maximum latency. Such a maximum latency value may be
application dependent. For example, in voice communication, it is necessary to
send a packet at least once every block of x msec, where “x” depends on the system
but is typically on the order of 10 to 30 msec. If schedulers also have some
requirement to ensure users are scheduled (given some rate) with some maximum
latency, it is sufficient for S1 to tell S5, and S5 to tell S1, only the average rate (or
weights) that it has served such user terminals, and the last time it served such user
terminals.

[0049] In one embodiment, weights are determined by some other criteria
(e.g., how much a user pays, the application it is running, etc.). If the weights are
determined by some other criterion/criteria, the scheduler may not in fact update
weights, but would use (or set) weights according to that criterion/criteria.

[0050] In one embodiment, the channel state information is not (necessarily)
exchanged between the constituent schedulers. The information shared is
sufficiently limited to only the scheduling information (i.e., information sufficient
for scheduling). In one embodiment, each constituent scheduler uses the channel
state information to compute the potential scheduled rates Z;(k), along with the
computed weights, that apply only to users in its cluster. Another constituent
scheduler does not need to know such channel state information. It just needs to
know the rates (or sum rate) for each user scheduled.

[0051] In another embodiment, which can use similar scheduling techniques
and information sharing requirements as described above, the information used by
the schedulers to operate in joint or semi-joint fashion is stored in one or more
central repository locations. In one embodiment, for PEFS schedulers, the
information in the central repository should be sufficient to provide a measure of the
average rate a user has received up to a given time over all possible transmission

resources it has. Such information thus does not need to include each and every
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scheduling instance, and the rates for each instance; it only needs to be sufficient to
determine the average rate a user has seen. Sufficient information for such a
purpose could be periodic (not real time) updates on the total rate each constituent
scheduler has given the user. As such, a total rate over all schedulers can be
determined and converted to an average measure over various intervals in time.
[0052] Figure 7 illustrates the case with a single central location at central
entity 701 serving all of the scheduling entities S1-S8. In one embodiment, this
central entity 701 resides for example on a backbone network (e.g., an IP based
network). The latencies over such a backbone may be large compared to the
interval of scheduling events. In one embodiment, if this is true, the system
considers that information up to a certain time is sufficient to do the scheduling in
the j-th interval. For example, it is possible that the central entity 701 may only
have, at the j-th interval, information up to the (j-K)-th interval, where K is some
acceptable number. In this way, coordination of the scheduling over the entire
system does not have to be done with the stringent latency requirements as may be
required by a full coordination at the physical layer signaling.
[0053] The schedulers S1-S8 request updates from central entity 701 either
before every slot they operate, or with some regular interval. The schedulers S1-S8
entities also send updates to central entity 701 either after every slot they operate, or
with some regular interval. When updating over intervals, often information need
only reflect the sum or average of such information over the interval, e.g. the sum or
average rate with which a scheduler served each of its users over the interval.
[0054] Scheduling entities may also send information via other entities. As
shown in Figure 7, scheduler S6 sends information through scheduler S1, scheduler
S5 sends information through scheduler S3, and scheduler S7 sends information
through scheduler S8. This allows

1. Some entities to get necessary information they need before it is sent to the

central entity. In fact, they would therefore not need to request such
information from a central repository.
2. Possibly to simplify the backbone interconnection of entities.
3. Reduce the information requested from the central entity, particularly where

all information comes between entities. For example, they may able to
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obtain all the information they need for their users through such inter-

scheduler exchanges and forwarding of information.
[0055] In another embodiment, the information sent from the central entity
to schedulers is only the weights wj(k). The central entity maybe able to calculate
such weights. This calculation may be made by seeing a sufficient amount of past
scheduling information from all schedulers, and then sending only the weights
needed to each of the constituent schedulers.
[0056] In yet another embodiment, only a subset of controllers needs to
know and track the rates of any given user terminal for scheduling. Consider an
arbitrary user terminal k. Let A(k) denote the set of controller/schedulers that can
schedule user k.. In one embodiment, another set of entities B are associated with
storing scheduling information about distinct user terminals. In this embodiment,
one or more entities in the union of the sets A(k) and B is used as scheduling
information repository for user terminal k. As such, the repositories for the “k”’th
user terminal are responsible for providing the scheduling algorithm weights for the
“k”th user terminal to the controllers scheduling that user terminal at an given time,
as well as for knowing the scheduled rates of the “k”th user terminal and calculating
its updated weights.
[0057] In one embodiment, the repositories are chosen from user terminal k
from the set A(k) only. The repositories can be selected according to, for example,
one of the following methods: (1) the controller that is closest to user terminal k is
chosen as a single repository for that user; (ii) each of the controllers in the set A(k)
is chosen as repository for a given period (e.g., a round robin fashion over some
period of transmission opportunities); (iii) all the controllers are chosen as
repositories; and (iv) a subset of controllers is a priori designated as repositories and
all the designated repositories in the set A(k) is chosen as repositories for user k.
[0058] Figure 8 is a flow diagram of one embodiment of a scheduling
process. The process is performed by processing logic that may comprise hardware
(circuitry, dedicated logic, etc.), software (such as is run on a general purpose
computer system or a dedicated machine), or a combination of both. The

scheduling process is performed by a scheduler.
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[0059] Referring to Figure 8, the process begins by processing logic
receiving information on which coordination pattern to use (processing block 801).
This pattern could be predetermined, e.g. as determined by a sequence of stored
pattern decisions. After receiving information on which coordination pattern to use,
for each coordination cluster (antenna-user pair) in the pattern, processing logic in
the constituent scheduler serving this antenna-user pair requests and obtains
information (if it does not already have it) from a central repository or other
schedulers (processing block 802) and creates necessary information to make local
scheduling decisions (processing block 803). In one embodiment, the necessary
information includes information to determine the weights in a PFS algorithm.
[0060] Next, for each coordination cluster in the pattern, processing logic
obtains an estimate of the rate it can support to a user terminal or terminals
(processing block 804). In one embodiment, the estimates include estimates of user
terminal SINRs from channel state information. In another embodiment, the
estimates include estimates of rates supported for various subsets of users. In yet
another embodiment, the estimates include both the user terminal SINRs and the
rates supported for the various subsets of users.

[0061] Then, for each coordination cluster in the pattern, processing logic
selects a user terminal, or subset of user terminals to be scheduled (processing block
805), updates and stores information it and other schedulers require for future
scheduling (processing block 806), and sends the information (required to update
weights or other variables for common users) to a central repository, if necessary
(processing block 807). Such updates can happen after every scheduling event, or
after a number of scheduling events as previously described. Thereafter, the process
transitions to processing block 801 and the process repeats.

[0062] In another embodiment, a central repository is not used. Here
processing block 802 does not get information from a central repository, but
possibly from a number of repositories and/or a number of other constituent
schedulers as, for example, previously described when discussing Figure 6.

[0063] In another embodiment, processing block 807 does send update

information to a central repository, but possibly to a number of repositories and/or a
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number of other constituent schedulers as previously described when discussing

Figure 6.

A Coordination Controller Embodiment

[0064] In one embodiment, the communication system is as shown in Figure
6, includes a single central entity and an additional entity referred to herein as a
coordination controller. This is illustrated in Figure 9. A flow diagram of another
embodiment of a scheduling process used in such a system is shown in Figure 10.
[0065] Referring to Figure 9, the system includes coordination controller
901. Coordination controller 901 has access to the centrally collected scheduling
information 902, which is stored in memory accessible via wired or wireless
connections. If coordination controller 901 operates with schedulers that are PFS,
then coordination controller 901 can also poll constituent entities directly for
updates on such information (e.g. weights, rates scheduled in the past, etc.).

[0066] In one embodiment, controller 901 determines, given scheduling
history, if it is advantageous to change the operation of the coordination patterns.
For example, if it is noted that some user terminals are getting a higher rate than
needed, and this happens when certain coordination patterns operate, while other
users are not getting what they require, but are better served by other coordination
patterns, the controller may decide to change the relative number of transmission
opportunities or assigned transmission resources (e.g., time and/or frequency slots)
assigned to various patterns. For example, if user6 and user7 have much higher rate
requirements than user4 and userS, and user terminals such as user]l and user2 get
the rate they need regardless of which pattern is used, then the controller may decide
to use the pattern in Figure 3 more than the pattern in Figure 2. This could have
advantages in cases where the number of patterns is limited, or where rate
requirements are set externally, outside of the PFS, that are not possible with an
equal or fixed sharing of patterns.

[0067] In one embodiment, controller 901 also decides to remove or add
some coordination patterns into the system as required.

[0068] Figure 10 is a flow diagram of one embodiment of a scheduling

process. The process is performed by processing logic that may comprise hardware
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(circuitry, dedicated logic, etc.), software (such as is run on a general purpose
computer system or a dedicated machine), or a combination of both. The
scheduling process is performed by a scheduler.

[0069] Referring to Figure 10, the process begins by processing logic
decides on a coordination pattern (processing block 1001). After receiving
information on which coordination pattern to use, for each coordination cluster in
the pattern, processing logic in the scheduler requests and obtains information from
a central repository or other schedulers (processing block 1002) and creates
necessary information to make local scheduling decisions (processing block 1003).
In one embodiment, the necessary information includes any such information that is
able to specify the weights in a PFS algorithm.

[0070] Next, for each coordination cluster in the pattern, processing logic
obtains an estimate of the rate it can support to a user terminal or terminals
(processing block 1004). In one embodiment, the estimates include estimates of
user terminal SINRs from channel state information. In another embodiment, the
estimates include estimates of rates supported for various subsets of users. In yet
another embodiment, the estimates include both the user terminal SINRs and the
rates supported for the various subsets of users.

[0071] Then, for each coordination cluster in the pattern, processing logic
selects a user terminal, or subset of user terminals to be scheduled (processing block
1005), updates and stores information it and other schedulers require for future
scheduling (processing block 1006), and sends the information to a central
repository, if necessary (processing block 1007). Thereafter, the process transitions

to processing block 1001 and the process repeats.

Constituent Schedulers for Multiple Clusters

[0072] This embodiment shares principles of the previous embodiments.
The difference is that a single entity is used to schedule over multiple clusters. An
example of this is shown in Figure 11.

[0073] Referring to Figure 11, a single entity CS1 is used to schedule over
two clusters taken from Figure 2 at a given time (or frequency). In one

embodiment, this scheduler also coordinates over another pattern, at a different time
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or in a different frequency band, for example the cluster represented by Cell 3 + Cell
4 + Cell 5 in Figure 3. Therefore, it may be able to make concurrent joint decisions
on user terminals common to both time or frequency intervals.

[0074] Also, in one embodiment, a scheduler such as CS1 makes concurrent
joint decisions on scheduling users and scheduling which coordination patterns to
user. In one embodiment, if Figure 2 operates in one frequency band, and Figure 3
in another, at the same time, it can consider the scheduling of user6 and user7
jointly.

[0075] In one embodiment, the scheduler CS1 decides to schedule in each
band in a way such that a user terminal is not scheduled over both (or more than a
given number of) bands simultaneously. In another embodiment, the scheduler CS1
decides to schedule over bands jointly which enable further cooperative signaling
over coordination patterns in different frequencies. For example, in an OFDM
system the signal may be split over multiple bands. However, in forming the signal
one needs to know ahead of time the supported rates and how many bands are being
used.

[0076] The interconnectivity represented in Figure 11 also has implications
to the amount of information that needs to be passed between these wider entities.
In one embodiment, there may be only one entity. For example, the coordination
controller in Figure 9 only does the scheduling, in which case “S17, ..., “S8” may

be less complex entities.

Further Design Considerations

Physical Layer and Pattern Considerations In One Embodiment

[0077] In the above-described embodiments, the scheduling algorithm
determines, based on information (e.g., channel state information), the rate that a
user can be scheduled at a given point in time. The rates over all users are
compared, and a subset of users are scheduled in line with the over all criterion
(e.g., a weighted criterion). The embodiments do not necessarily depend on the
physical layer. In a multi-cell system, the physical layer transmissions within each
cluster of cells operate independently of other clusters. For purposes herein the

transmitting signals themselves can use any technique it chooses, e.g. single-input
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single-output (SISO) transmission; multiple input multiple output (MIMO)
transmission; and, multi-user MIMO (MU-MIMO) transmission whereby multiple
antennas coordinate a joint concurrent transmission to multiple users. Underlying
transmissions can be based on Orthogonal Frequency Division Multiplexing
(OFDM), Code Division Multiple Access (CDMA), etc.

[0078] MU-MIMO is of particular interest in these multi-cell designs, and
has nice properties for scheduling algorithms since constituent schedulers can in fact
assume that interference within each cluster is controlled. By jointly coordinating
transmissions over every cell within a cluster, using MU-MIMO as the underlying
signaling, these can be significant benefit in alleviating problems due to
interference. MU-MIMO transmission in the form of Linear Zero Forcing (LLZF),
Dirty Paper Coding (DPC), or Minimum Mean Square Error (MMSE) driven
signaling, all have the advantage of controlling the effect of interference within each
cluster. When MU-MIMO is used with PES, one can look at various techniques to
jointly select the user terminals and the MU-MIMO physical layer signaling
solution.

[0079] With Linear Zero Forcing (I.ZF), one can consider a greedy
scheduling algorithm which starts in step 1) by selecting only one user terminal in
the cluster based on the assumption it is scheduled alone (in which case the LZF
solution is trivial), then searches for the best combination of 2 users, limiting the
search such that the user in step 1) is one of the users (the .ZF solution changes
with 2 users), and so on until a maximum number of user terminals is selected (the
LZF solution changes with each additional user terminal).

[0080] In one embodiment, the selection of user terminals at each step
would look at individual and sum weighted rates w;(k)Z,(k) and sum over potential

users wi(k)Z;(k) in making decisions.

Physical Layer and Pattern Considerations in Another Embodiment

[0081] In one embodiment, the scheduling algorithm includes in the rate
terms Z;(k) provision for interference coming from outside of the cluster.

[0082] In one embodiment, in Figure 2, one could provide estimates of

average interference levels seen by different users. This information can be
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estimated by the users themselves, by sensing transmission levels they see from
stations which do not serve them. Such information can be implicit on a user’s
geographic locations. In one embodiment, such an estimate is derived based on
geographic considerations and assumed powers radiating from antennas from other
cluster(s). For example, user6 would probably be given a different (higher)
estimated (whether sensed or determined by location) interference than usersl, 2, 3,
and 4 for this coordination pattern

[0083] Furthermore, since users are members of different clusters at
different times, in one embodiment, they in fact also have partial information useful
in helping to give estimated interferences. For example, in Figure 2, user6 is not
being served by transmissions from base stations BS4 or BSS5. However, when the
system is operating as in Figure 3, it does have information on the channel between
itself and BS4 and BSS. In one embodiment this information is used in determining
the interference under the operation of Figure 2. This would for example assume
that, under Figure 2, BS4 and BSS5 are radiating about the same power/signal as it

did under Figure 3.

Other Physical Layer and Pattern Considerations

[0084] The embodiments of the joint scheduling and coordination pattern
variation can use the concepts described in other pattern varying schemes such as
those in which, power levels applied to different frequency bands over the clusters
over the coordination patterns can be chosen in a way which helps the scheduling.
See United States Patent Application No. 12/538,7309, filed August 10, 2009, titled

“A Method for Varying Transmit Power Patterns in a Multi-Cell Environment”.

Objectives with Respect to Coordination Patterns and the Users They Serve
[0085] User terminals such as userl and user2 in Figure 2 may overwhelm
other user terminals, since the rates they may be able to be served with are good
irrespective of the coordination pattern used. As a result, it is possible that the
scheduler, unless it reacts to this imbalance, may not serve users such as user4,

userS, user6, or user7 sufficiently. This is true even when using algorithms such as

PES.
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[0086] As an extension to embodiments, and particularly as an extension to
some of the concepts in described above, one can consider schedulers which further
limit the subset of user terminals being scheduled at each constituent scheduler, or
within each coordinated cluster, in a purposeful fashion. In one embodiment this
can, for example, be done as a function of frequency band depending on either the
user’s geographic location or a user’s estimated rate. For example, in Figure 2, a
scheduler reserves some bands for user terminals such as user4 and user5,
prohibiting user terminals such as userl and user2 from being scheduled in such
bands.

[0087] In one embodiment, one purposefully changes the weighting in the
scheduling algorithm to accomplish this. Restricting a user terminal is equivalent
to setting its weight w(k) to zero. In one embodiment, discouraging the scheduling
of a user terminal is accomplished by reducing w(k) further (e.g., scaling w(k) and
using a new value p(k)w(k), where 0<p(k)<1.0). This scaling can be used when
scheduling in a given band or a given coordination patterns, and would over-ride

some of the default operation of a PFS.

Advantages of Embodiments of the Invention

[0088] Embodiments of the invention include a joint user+rate+pattern
scheduling algorithm within a multi-cell environment for which the coordination
pattern between cells vary. Furthermore, the scheduling itself can determine the
scheduling of coordination patterns.

[0089] Embodiments of the invention have one or more of the following
advantages. The joint operation allows the scheduling algorithm, which is made of
many smaller “constituent” scheduling algorithms operating in a joint fashion, to
make better decisions about which user terminals to schedule and when. By
allowing the scheduling algorithm effectively link all possibilities (all possible
scheduling opportunities) over all coordination patterns (all possible antenna-user
pairs over all transmission resources), user terminals can be scheduled when it is
best with respect to all such possibilities. This has advantages in terms of the total
rate served to user terminals, with respect to fairness between users, with respect to

individual rates user terminals see, and with respect to latency of serving user
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terminals. The joint operation also allows the scheduling algorithm to influence the
operation of the variation of coordination patterns. The scheduling algorithm may
in fact also direct this operation, making a fully joint decision not only over all

constituent schedulers, but over the scheduling of patterns themselves.

An Example of a Scheduler

[0090] Figure 12 is a block diagram of one embodiment of a scheduler that
performs one or more of the functions described above, including performing a
scheduling algorithm for a cluster or for multiple clusters. In one embodiment,
schedulers are located within base stations. In another embodiment, the scheduler is
separate from base stations.

[0091] Referring to Figure 12, the scheduler 1200 includes a

[0092] a control interface 1202 to send and receive control information. It
can use this interface to send information to control base stations, such as, for
example, information specifying which user terminal to schedule in which cluster
and on which transmission resource, as well as transmission rates for the user
terminals.. It can also use this information to receive information required to make
its scheduling decisions, such as user weights “w;”, user average or sum rates from
other schedulers and or a central repository, user channel state information, user
estimated SINRs, etc. The control interface 1202 may interface with one base
station or multiple base stations and may comprises wired or wireless
communication functionality.

[0093] Processor(s) 1201 executes one or more scheduling algorithms, such
as those described above, to control, or cause to be controlled, many of a base
station’s operations (or operations of other base stations). This would include
selecting user sets such as € given the scheduling criterion and information received
from to control interface 1202. User rates are also determined by this unit. It can
make decisions on what coordination pattern to use. Memory 1203 stores
instructions and other data, along with pre-defined coordination patterns and
scheduling algorithm(s), such as those described above. A timing/clock unit 1204
provides timing and/or clocking for the base station, in a manner well-known in the

art.
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[0094] Whereas many alterations and modifications of the present invention
will no doubt become apparent to a person of ordinary skill in the art after having
read the foregoing description, it is to be understood that any particular embodiment
shown and described by way of illustration is in no way intended to be considered
limiting. Therefore, references to details of various embodiments are not intended
to limit the scope of the claims which in themselves recite only those features

regarded as essential to the invention.
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CLAIMS

We claim:

1. A wireless communication system comprising:

a plurality of user terminals;

a plurality of antennas to communicate with the plurality of user
terminals, wherein the plurality of antennas are grouped into coordination
patterns that specify which antennas operate together as a cluster to coordinate
transmissions with a subset of the plurality of user terminals, and further wherein
the defined pairs of the antenna sets and associated user sets vary over
transmission resources based on coordination pattern changes such that different
sets of antennas in the plurality of antennas are grouped together at different
times to coordinate transmissions to different subsets of users; and

at least one controller to execute at least one scheduling algorithm to
schedule transmission with user terminals by specifying which user terminal to
schedule for service by which set of antennas and on which transmission resource

and with what transmission rate.

2. A method comprising:

varying clusters of antennas into new coordination patterns that specify
which antennas operate together as a cluster to coordinate transmissions with a
subset of the plurality of user terminals, wherein clusters vary over transmission
resources based on coordination pattern changes such that different sets of
antennas in the plurality of antennas are grouped together at different times to
coordinate transmissions to different subsets of users; and

executing at least one scheduling algorithm to schedule transmissions with
user terminals by specifying which user terminal to schedule in which cluster and

on which transmission resource and transmission rates for the user terminals.

3. A method for scheduling user terminals in a wireless

communication system having a plurality of user terminals and a plurality of
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antennas that are grouped based on coordination patterns that specify which
antennas operate together as a cluster to coordinate transmissions with a subset of
the plurality of user terminals, the method comprising:
for each coordination cluster specified in a coordination pattern, performing

operations including

receiving information required to implement a scheduling criterion;

creating information to make a scheduling decision;

obtaining an estimate of a rate the system using the set of antennas can
support to a user terminal;

selecting the user terminal for scheduling based on the rate estimate;

determining the rate a user is to be given if it is scheduled.
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For each coordination cluster in pattern, the constituent scheduler used does:

802
1) Request and obtains scheduling information from central repository or other schedulers -

, , , i ,— 803
2) Creates necessary information to make local scheduling decisions, e.g.

a) Weights in a PFS algorithm

3) Obtains an estimate of the rate it can support to a user, or users, using weights from 803, e.g.

a) Estimates user SINRs from channel state information, and/or

b) Estimates rates supported for various subsets of users

805
4) Selects a user, or a subset of users to be scheduled -

5) Updates and stores information it and other schedulers require for future scheduling 806

6) Send this information to a central repository (if necessary)
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