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DOWNLINK USER EQUIPMENT
SELECTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 16/397,954, entitled “DOWNLINK
USER EQUIPMENT SELECTION” and filed on Apr. 29,
2019, the entire disclosure of which is hereby incorporated
by reference herein.

BACKGROUND

Technical Field

[0002] Embodiments of this disclosure relate to wireless
communication systems, such as cooperative multiple-input
multiple output wireless communication systems.

Description of Related Technology

[0003] The types of modern computing devices continues
to increase along with the differing and dynamic needs of
each device. The wireless communication systems providing
services to such devices are facing increasing constraints on
resources and demands for quality and quantities of service.
Accordingly, improvements in providing wireless commu-
nication services, such as in a multiple-input multiple-output
system, are desired.

SUMMARY

[0004] One aspect of the disclosure provides a network
system comprising a plurality of transmit antenna elements
of one or more serving nodes. The network system further
comprises a scheduler in communication with the plurality
of transmit antenna elements, the scheduler comprising a
processor and computer-executable instructions, where the
computer-executable instructions, when executed by the
processor, cause the scheduler to: determine downlink chan-
nel information for channels between a plurality of receive
antenna elements associated with a plurality of user equip-
ment (UEs) and the plurality of transmit antenna elements;
determine, for each receive antenna element in the plurality,
a channel strength based on the downlink channel informa-
tion; order the plurality of receive antenna elements based
on the determined channel strengths; and in order from
highest-ordered receive antenna element to lowest-ordered
receive antenna element, select the respective receive
antenna element to be served by one or more of the plurality
of transmit antenna elements during a first time slot in
response to a determination that: a measurement that repre-
sents a spatial orthogonality between the respective receive
antenna element and one or more spatial elements of one or
more other receive antenna elements in the plurality selected
to be served by one or more of the plurality of transmit
antenna elements is greater than a threshold value, and a
number of spatial dimensions provided by one or more
receive antenna elements in the plurality selected to be
served by one or more of the plurality of transmit antenna
elements does not exceed a number of transmit antenna
elements in the plurality of transmit antenna elements.

[0005] The network system of the preceding paragraph
can include any sub-combination of the following features:
where the computer-executable instructions, when executed,
further cause the scheduler to determine the threshold value
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based on channel coefficients of a channel associated with
the highest-ordered receive antenna element; where the
computer-executable instructions, when executed, further
cause the scheduler to determine the threshold value based
on a constant value that is the same for all receive antenna
elements in the plurality; where the computer-executable
instructions, when executed, further cause the scheduler to
periodically determine the threshold value based on a con-
stant value that changes based on a block error rate perfor-
mance associated with at least one receive antenna element
in the plurality; where the computer-executable instructions,
when executed, further cause the scheduler to determine the
threshold value based on a constant value that is different for
receive antenna elements in the plurality; where the constant
value for a first receive antenna element in the plurality of
receive antenna clements is based on interference between
the first receive antenna element and one or more other
receive antenna elements in the plurality; where the com-
puter-executable instructions, when executed, further cause
the scheduler to: acquire uplink channel information for the
channels, and determine the downlink channel information
using the acquired uplink channel information; where the
computer-executable instructions, when executed, further
cause the scheduler to order the plurality of receive antenna
elements based on at least one of the determined channel
strengths, latency priority, spectral efficiency, average
throughput of the plurality of receive antenna elements over
a threshold period of time, or normalized throughput of the
plurality of receive antenna elements over the threshold
period of time; where the computer-executable instructions,
when executed, further cause the scheduler to determine a
downlink channel precoder for the selected receive antenna
elements; and where the computer-executable instructions,
when executed, further cause the scheduler to select the
respective receive antenna element to be served by one or
more of the plurality of transmit antenna elements for one of
a resource block, two or more resource blocks, or a fre-
quency band of a carrier.

[0006] Another aspect of the disclosure provides a com-
puter-implemented method comprising: determining down-
link channel information for channels between a plurality of
receive antenna elements associated with a plurality of user
equipment (UEs) and a plurality of transmit antenna ele-
ments associated with a plurality of serving nodes; deter-
mining, for each receive antenna element in the plurality, a
channel strength based on the downlink channel informa-
tion; ordering the plurality of receive antenna elements
based on the determined channel strengths; and in order
from highest-ordered receive antenna element to lowest-
ordered receive antenna element, selecting the respective
receive antenna element to be served by one or more of the
plurality of transmit antenna elements during a first time slot
in response to a determination that a measurement that
represents a spatial orthogonality between the respective
receive antenna element and one or more spatial elements of
one or more other receive antenna elements in the plurality
selected to be served by one or more of the plurality of
transmit antenna elements is greater than a threshold value.

[0007] The computer-implemented method of the preced-
ing paragraph can include any sub-combination of the
following features: where the computer-implemented
method further comprises determining the threshold value
based on channel coefficients of a channel associated with
the highest-ordered receive antenna element; where deter-
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mining the threshold value further comprises determining
the threshold value based on a constant value that is the same
for all receive antenna elements in the plurality; where
determining the threshold value further comprises periodi-
cally determining the threshold value based on a constant
value that changes based on a block error rate performance
associated with at least one receive antenna element in the
plurality; where determining the threshold value further
comprises determining the threshold value based on a con-
stant value that is different for receive antenna elements in
the plurality; where the constant value for a first receive
antenna element in the plurality of receive antenna elements
is based on interference between the first receive antenna
element and one or more other receive antenna elements in
the plurality; where determining downlink channel informa-
tion further comprises: acquiring uplink channel information
for the channels, and determining the downlink channel
information using the acquired uplink channel information;
where ordering the plurality of receive antenna elements
further comprises ordering the plurality of receive antenna
elements based on at least one of the determined channel
strengths, latency priority, spectral efficiency, average
throughput of the plurality of receive antenna elements over
a threshold period of time, or normalized throughput of the
plurality of receive antenna elements over the threshold
period of time; and where the computer-implemented
method further comprises determining a downlink channel
precoder for the selected receive antenna elements.

[0008] Another aspect of the disclosure provides non-
transitory, computer-readable storage media comprising
computer-executable instructions, where the computer-ex-
ecutable instructions, when executed by a scheduler in a
baseband unit, cause the baseband unit to: determine down-
link channel information for channels between a plurality of
receive antenna elements associated with a plurality of user
equipment (UEs) and a plurality of transmit antenna ele-
ments associated with a plurality of serving nodes; deter-
mine, for each receive antenna element in the plurality, a
channel strength based on the downlink channel informa-
tion; order the plurality of receive antenna elements based
on the determined channel strengths; and in order from
highest-ordered receive antenna element to lowest-ordered
receive antenna element, select the respective receive
antenna element to be served by one or more of the plurality
of transmit antenna elements during a first time slot in
response to a determination that a measurement that repre-
sents a spatial orthogonality between the respective receive
antenna element and one or more spatial elements of one or
more other receive antenna elements in the plurality selected
to be served by one or more of the plurality of transmit
antenna elements satisfies a threshold value.

[0009] Another aspect of the disclosure provides a net-
work system comprising a plurality of receive antenna
elements of one or more serving nodes. The network system
further comprises a scheduler in communication with the
plurality of receive antenna elements, the scheduler com-
prising a processor and computer-executable instructions,
where the computer-executable instructions, when executed
by the processor, cause the scheduler to: obtain uplink
channel information for channels between the plurality of
receive antenna elements and a plurality of transmit antenna
elements associated with a plurality of user equipment
(UEs); determine, for each transmit antenna element in the
plurality, a channel strength based on the uplink channel

Dec. 3, 2020

information; order the plurality of transmit antenna elements
based on the determined channel strengths; and in order
from highest-ordered transmit antenna element to lowest-
ordered transmit antenna element, select the respective
transmit antenna element to communicate with one or more
of the plurality of receive antenna elements during a first
time slot in response to a determination that: a measurement
that represents a spatial orthogonality between the respective
transmit antenna element and one or more spatial elements
of one or more other transmit antenna elements in the
plurality selected to communicate with one or more of the
plurality of receive antenna elements is greater than a
threshold value, and a number of spatial dimensions pro-
vided by one or more transmit antenna elements in the
plurality selected to communicate with one or more of the
plurality of receive antenna elements does not exceed a
number of receive antenna elements in the plurality of
receive antenna elements.

[0010] The network system of the preceding paragraph
can include any sub-combination of the following features:
where the computer-executable instructions, when executed,
further cause the scheduler to determine the threshold value
based on channel coefficients of a channel associated with
the highest-ordered transmit antenna element; where the
computer-executable instructions, when executed, further
cause the scheduler to determine the threshold value based
on a constant value that is the same for all transmit antenna
elements in the plurality; where the computer-executable
instructions, when executed, further cause the scheduler to
periodically determine the threshold value based on a con-
stant value that changes based on a block error rate perfor-
mance associated with at least one transmit antenna element
in the plurality; where the computer-executable instructions,
when executed, further cause the scheduler to determine the
threshold value based on a constant value that is different for
transmit antenna elements in the plurality; where the con-
stant value for a first transmit antenna element in the
plurality of transmit antenna elements is based on interfer-
ence between the first transmit antenna element and one or
more other transmit antenna elements in the plurality; where
the computer-executable instructions, when executed, fur-
ther cause the scheduler to obtain the uplink channel infor-
mation for the channels from one or more of the plurality of
transmit antenna elements; where the computer-executable
instructions, when executed, further cause the scheduler to
obtain the uplink channel information for the channels based
on one or more uplink pilot signals; where the computer-
executable instructions, when executed, further cause the
scheduler to order the plurality of transmit antenna elements
based on at least one of the determined channel strengths,
latency priority, spectral efficiency, average throughput of
the plurality of transmit antenna elements over a threshold
period of time, or normalized throughput of the plurality of
transmit antenna elements over the threshold period of time;
and where the computer-executable instructions, when
executed, further cause the scheduler to select the respective
transmit antenna element to communicate with one or more
of the plurality of receive antenna elements for one of a
resource block, two or more resource blocks, or a frequency
band of a carrier.

[0011] Another aspect of the disclosure provides a com-
puter-implemented method comprising: obtaining uplink
channel information for channels between the plurality of
receive antenna elements and a plurality of transmit antenna
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elements associated with a plurality of user equipment
(UEs); determining, for each transmit antenna element in the
plurality, a channel strength based on the uplink channel
information; ordering the plurality of transmit antenna ele-
ments based on the determined channel strengths; and in
order from highest-ordered transmit antenna element to
lowest-ordered transmit antenna element, selecting the
respective transmit antenna element to communicate with
one or more of the plurality of receive antenna elements
during a first time slot in response to a determination that a
measurement that represents a spatial orthogonality between
the respective transmit antenna element and one or more
spatial elements of one or more other transmit antenna
elements in the plurality selected to communicate with one
or more of the plurality of receive antenna elements is
greater than a threshold value.

[0012] The computer-implemented method of the preced-
ing paragraph can include any sub-combination of the
following features: where the computer-implemented
method further comprises determining the threshold value
based on channel coefficients of a channel associated with
the highest-ordered transmit antenna element; where deter-
mining the threshold value further comprises determining
the threshold value based on a constant value that is the same
for all transmit antenna elements in the plurality; where
determining the threshold value further comprises periodi-
cally determining the threshold value based on a constant
value that changes based on a block error rate performance
associated with at least one transmit antenna element in the
plurality; where determining the threshold value further
comprises determining the threshold value based on a con-
stant value that is different for transmit antenna elements in
the plurality; where the constant value for a first transmit
antenna element in the plurality of transmit antenna ele-
ments is based on interference between the first transmit
antenna element and one or more other transmit antenna
elements in the plurality; where obtaining uplink channel
information further comprises obtaining the uplink channel
information for the channels from one or more of the
plurality of transmit antenna elements; where obtaining
uplink channel information further comprises obtaining the
uplink channel information for the channels based on one or
more uplink pilot signals; and where ordering the plurality
of transmit antenna elements ordering the plurality of trans-
mit antenna elements based on at least one of the determined
channel strengths, latency priority, spectral efficiency, aver-
age throughput of the plurality of transmit antenna elements
over a threshold period of time, or normalized throughput of
the plurality of transmit antenna elements over the threshold
period of time.

[0013] Another aspect of the disclosure provides non-
transitory, computer-readable storage media comprising
computer-executable instructions, where the computer-ex-
ecutable instructions, when executed by a scheduler in a
baseband unit, cause the baseband unit to: obtain uplink
channel information for channels between the plurality of
receive antenna elements and a plurality of transmit antenna
elements associated with a plurality of user equipment
(UEs); determine, for each transmit antenna element in the
plurality, a channel strength based on the uplink channel
information; order the plurality of transmit antenna elements
based on the determined channel strengths; and in order
from highest-ordered transmit antenna element to lowest-
ordered transmit antenna element, select the respective
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transmit antenna element to communicate with one or more
of the plurality of receive antenna elements during a first
time slot in response to a determination that a measurement
that represents a spatial orthogonality between the respective
transmit antenna element and one or more spatial elements
of one or more other transmit antenna elements in the
plurality selected to communicate with one or more of the
plurality of receive antenna elements satisfies a threshold
value.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Embodiments of this disclosure will now be
described, by way of non-limiting example, with reference
to the accompanying drawings.

[0015] FIG. 1 is a diagram illustrating a cooperative
MIMO network environment that includes a baseband unit
(BBU), remote radio unit (RRUs), and UEs according to an
embodiment.

[0016] FIG. 2 is a diagram illustrating components of the
BBU of FIG. 1 for selecting active UEs to serve during the
same time slot over a particular set of spatial dimensions
according to an embodiment.

[0017] FIG. 3 is a schematic diagram illustrating a coop-
erative MIMO wireless network that includes the BBU of
FIG. 1 according to an embodiment.

[0018] FIG. 4 is a flow diagram depicting a UE selection
routine illustratively implemented by an RRU and/or a BBU
to select which users to serve during the same time slot,
according to one embodiment.

[0019] FIGS. 5A-5B are diagrams illustrated an example
selection of UEs to be served during the same time slot,
according to an embodiment.

[0020] FIG. 6 is a flow diagram depicting a user selection
routine for DL transmissions based on a threshold illustra-
tively implemented by a BBU and/or one or more RRUs,
according to one embodiment.

[0021] FIG. 7 is a flow diagram depicting a user selection
routine for DL transmissions illustratively implemented by
a BBU and/or one or more RRUs, according to one embodi-
ment.

[0022] FIG. 8 is a flow diagram depicting a user selection
routine for UL transmissions illustratively implemented by
a BBU and/or one or more RRUs, according to one embodi-
ment.

[0023] FIG. 9 is a block diagram illustrating an example
baseband unit and remote radio unit according to an embodi-
ment.

[0024] FIG. 10 is a schematic block diagram of an
example UE according to an embodiment.

DETAILED DESCRIPTION OF CERTAIN
EMBODIMENTS

[0025] The following description of certain embodiments
presents various descriptions of specific embodiments.
However, the innovations described herein can be embodied
in a multitude of different ways, for example, as defined and
covered by the claims. In this description, reference is made
to the drawings where like reference numerals can indicate
identical or functionally similar elements. It will be under-
stood that elements illustrated in the figures are not neces-
sarily drawn to scale. Moreover, it will be understood that
certain embodiments can include more elements than illus-
trated in a drawing and/or a subset of the elements illustrated



US 2020/0382169 Al

in a drawing. Further, some embodiments can incorporate
any suitable combination of features from two or more
drawings. The headings provided herein are for convenience
only and do not necessarily affect the scope or meaning of
the claims.

[0026] As wireless networks are increasingly used to run
services sensitive to reliability and/or latency issues (e.g.,
media streaming, video chat, virtual reality, etc.), multi-
antenna techniques have served as a prominent solution for
minimizing such issues. For example, one type of multi-
antenna solution is a traditional multiple-input multiple-
output (MIMO) network in which transmitters and receivers
each have multiple antennas over which communications are
sent. However, it has become difficult for certain wireless
devices (e.g., user equipment (UE), base stations, etc.) to
support multiple antennas and/or proper spacing between
antennas as the devices have evolved. Cooperative MIMO
networks, on the other hand, can achieve the benefits of
traditional MIMO networks without being constrained by
whether the wireless devices can support multiple antennas.
For example, one or more wireless devices can be grouped
together to create a virtual antenna array, and the grouped
wireless devices together can act as a MIMO device.
[0027] One version of Cooperative MIMO is Coordinated
Multipoint (CoMP) in which one or more base stations share
data, channel state information, etc., coordinating downlink
transmissions and jointly processing uplink transmissions.
Because base stations coordinate downlink transmissions,
disruptions and/or interruptions caused by handing over a
UE from one base station to another can be avoided. In
addition, the base stations can work collectively to cover
geographic areas that otherwise may not be covered by any
single base station. Thus, a CoMP network may provide a
seamless area of coverage for a UE.

[0028] Generally, base stations can serve a certain number
of UEs simultaneously within the same time slot or over
different time slots. However, the number of UEs that can be
served simultaneously within the same time slot may be
limited by the number of spatial dimensions or layers
collectively served by the base stations. As described herein,
the number of spatial dimensions collectively served by the
base stations may be the number of spatial beams served by
the base stations, the number of transmission layers served
by the base stations (during downlink scenarios), or the
number of receive layers provided by the base stations
(during uplink scenarios). For example, the number of
spatial dimensions collectively served by the base stations
may be based on the total number of transmit antennas
provided by the base stations. Assuming that the total
number of transmit antennas is N, the number of UEs that
can be served simultaneously within the same time slot is
some number K less than or equal to N.

[0029] Occasionally, the number of UEs that are active or
otherwise capable of receiving downlink messages or trans-
mitting uplink messages exceeds the number of spatial
dimensions collectively served by the base stations. Thus,
the base stations can serve just a subset of all of the active
UEs during the same time slot. In fact, as described below,
it may be beneficial for the base stations to serve just a subset
of all of the active UEs during the same time slot even if
there are a sufficient number of spatial dimensions to serve
all of the active UEs.

[0030] Selecting which active UEs to serve and which
active UEs not to serve during the same time slot can be
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difficult, however. For example, serving a particular com-
bination of active UEs using a particular combination of
spatial dimensions during the same time slot may result in
some UEs suffering from a high level of interference. In
particular, some UEs may suffer from a high level of
interference if the spatial dimensions over which commu-
nicates are sent to or received by the UEs are correlated (e.g.,
the spatial dimensions are not orthogonal to each other by at
least a threshold angle, the spatial dimensions are oblique or
parallel with each other at least within a threshold angle,
etc.). It, therefore, may be beneficial to select a combination
of active UEs to serve during the same time slot and a
combination of spatial dimensions over which the active
UEs are served that maximizes or improves downlink capac-
ity and/or throughput within the per base station transmit
antenna maximum power constraint and/or that maximizes
or improves uplink capacity and/or throughput within the
per UE transmit antenna maximum power constraint (e.g., a
combination that reduces potential active UE interference).
Depending on the number of base stations and active UEs in
the MIMO network, there may be hundreds to thousands of
possible combinations of active UE and spatial dimension
groupings. As an illustrative example, a number of spatial
dimensions served by the base stations may be 64 or 128,
which can result in thousands of different possible combi-
nations of active UE and spatial dimension groupings even
if the number of active UEs in the MIMO network is
relatively small (e.g., 4, 8, 12, etc.).

[0031] Whether a particular combination of active UE and
spatial dimension groupings maximizes or improves capac-
ity and/or throughput may depend on a precoder and/or sum
capacity computed for the particular combination. Given the
number of possible combinations, however, computing a
precoder and/or sum capacity for some or all of the possible
combinations can be resource intensive and involve
extremely high complexity, and therefore be impractical.

[0032] To reduce the complexity and the amount of
resources (e.g., hardware resources of a baseband unit or
other central processing system) allocated to identify a
particular combination of active UE and spatial dimension
groupings, a baseband unit or a central processing system in
the MIMO network can be configured to separate the
selection of a particular combination of active UE and
spatial dimension groupings from computations of the pre-
coder and/or the sum capacity. Rather, the baseband unit or
the central processing system can treat different spatial
dimensions as virtual UEs. In this way, the baseband unit or
the central processing system can schedule a single UE with
multiple spatial dimensions.

[0033] For example, the baseband unit or the central
processing system can select a particular combination of
active UE and spatial dimension groupings for a particular
frequency wholeband (e.g., a group of resource blocks
(RBs) that each correspond to a particular frequency range
and a single time slot, where the group of RBs collectively
correspond to the whole frequency band of a carrier) or a
frequency sub-band (e.g., a single RB or a group of con-
secutive RBs (e.g., RBG) that correspond with a portion of,
but not all of, the whole frequency band of a carrier). The
baseband unit or the central processing system can identify
separate groupings for uplink and downlink communica-
tions or can identify the same groupings for uplink and
downlink communications.
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[0034] For downlink communications (e.g., transmission
from base stations to UEs) and a particular frequency
wholeband or sub-band, the baseband unit or the central
processing system can determine uplink channel informa-
tion (e.g., uplink spatial or channel coefficients) for channels
between base stations and UEs. In particular, the baseband
unit or the central processing system can determine uplink
channel information for channels between each base station
receive antenna element and each UE transmit antenna
element. The baseband unit or the central processing system
can then estimate downlink channel information (e.g.,
downlink spatial or channel coefficients) using the uplink
channel information. Thus, the estimated downlink channel
information may correspond to channels between each base
station transmit antenna element and each UE receive
antenna element. In particular, the downlink channel infor-
mation can be estimated from the determined uplink channel
information because an assumption may be made that uplink
and downlink communications are multiplexed in a time
division duplexing manner (e.g., uplink and downlink com-
munications are scheduled during different time slots) and
that the uplink and downlink channels maintain reciprocity
over a short period of time (e.g., 1 ms, 5, ms, 10 ms, etc.).
Thus, for each UE, the baseband unit or the central process-
ing system can determine a matrix of estimated downlink
channel information, where each element in the matrix
corresponds to a particular base station transmit antenna
element and a receive antenna element of the respective UE.
The estimated downlink channel information is optionally
subject to a scaling correct as a result of calibration between
downlink and uplink radio frequency (RF) chains.

[0035] The baseband unit or the central processing system
can, for each UE, determine a matrix norm (e.g., the
L2-norm) of the matrix of estimated downlink channel
information corresponding to the respective UE. The matrix
norm may represent a strength of a channel between the base
stations and the respective UE, where a larger matrix norm
may represent a stronger channel.

[0036] The baseband unit or the central processing system
can then order the UEs. For example, the baseband unit or
the central processing system can factor channel strength,
latency, and/or a fairness metric in determining how to order
the UEs. As one example, the baseband unit or the central
processing system can determine an average throughput of
each UE over a period of time. Thus, if a UE has not been
served for a long period of time, the average throughput
determined for the UE may be a small value. Some UEs can
transmit over multiple spatial dimensions simultaneously,
and therefore the determined average throughput may be per
spatial dimension. The baseband unit or the central process-
ing system can compute a fairness metric for each UE by
dividing the matrix norm of the respective UE by the
average throughput of the respective UE. The baseband unit
or the central processing system can then order the UEs
based on the fairness metric. For example, the baseband unit
or the central processing system can order the UEs such that
the UE having the highest fairness metric is ordered first, the
UE having the second highest fairness metric is ordered
second, the UE having the third highest fairness metric is
ordered third, and so on.

[0037] Alternatively, in situations in which UEs can sup-
port multiple spatial dimensions simultaneously, the base-
band unit or the central processing system can determine a
normalized throughput for each UE to order the UEs. For
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example, the baseband unit or the central processing system
can determine an average throughput of each UE over a
period of time. The baseband unit or the central processing
system can then, for each UE, determine a number of
potential spatial dimensions that will be used by the respec-
tive UE, and divide the average throughput of the respective
UE by the number of potential spatial dimensions that will
be used by the respective UE to form the normalized
throughput for the respective UE. The baseband unit or the
central processing system can then determine the fairness
metrics using the normalized throughputs rather than the
average throughputs, and order the UEs using the fairness
metrics as described above.

[0038] Once the UEs are ordered, the baseband unit or the
central processing system can determine a threshold based
on the largest matrix norm. For example, the threshold can
be the product of a constant and the largest matrix norm. The
constant can be the same value for all UEs. Alternatively, the
constant can initially be one value and then adaptively
change based on block error rate (BLER) performance
associated with one or more of the UE receive antenna
elements. In another alternative, the constant can be a value
specific to a particular UE that optionally increases if the
particular UE experiences interference from other simulta-
neously scheduled UEs (e.g., where the amount of the
increase can be larger the more interference that is experi-
enced).

[0039] Using the determined threshold and the UE order,
the baseband unit or the central processing system can begin
the UE and spatial dimension selection process. For
example, the baseband unit or the central processing system
can select the UE ordered first to be served during the time
slot being scheduled. The baseband unit or the central
processing system can then compute QR decomposition(s)
to determine which additional UEs should be selected to be
served during the time slot being scheduled. For example,
computation of the QR decompositions may allow the
baseband unit or the central processing system to determine
whether the corresponding UEs would be associated with a
spatial dimension that is roughly orthogonal (e.g., orthogo-
nal by at least a threshold angle) to the spatial dimensions of
other UEs already selected by the baseband unit or the
central processing system to be served during the time slot.
As an illustrative example, each QR decomposition compu-
tation for a UE may result in the generation of a measure-
ment (e.g., value r described below) that represents the
spatial orthogonality between one or more receive antennas
of'the UE and spatial elements (e.g., spatial channels, spatial
beams, spatial dimensions, etc.) of one or more receive
antennas of other UE(s), such as other UE(s) already
selected to be served during the time slot being scheduled,
that can be compared to the determined threshold. If the
measurement satisfies the threshold (e.g., the measurement
is greater than the threshold), then the baseband unit or the
central processing system determines that the corresponding
UE would be associated with a spatial dimension that is
roughly orthogonal to the spatial dimensions of other UEs
already selected by the baseband unit or the central process-
ing system to be served during the time slot. Otherwise, if
the measurement does not satistfy the threshold (e.g., the
measurement is less than or equal to the determined thresh-
old), then then the baseband unit or the central processing
system determines that the corresponding UE would be
associated with a spatial dimension that is not roughly
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orthogonal to the spatial dimensions of other UEs already
selected by the baseband unit or the central processing
system to be served during the time slot. Thus, the baseband
unit or the central processing system can iterate through
each of' the remaining UEs and, using the QR decomposition
of the respective UE, determine if the spatial dimension of
the respective UE is roughly orthogonal to the spatial
dimensions of other UEs already seclected to be served
during the time slot. If the spatial dimension of the respec-
tive UE is roughly orthogonal to the spatial dimensions of
other UEs already selected to be served during the time slot,
then the baseband unit or the central processing system can
select the respective UE to also be served during the time
slot being scheduled. Otherwise, if the spatial dimension of
the respective UE is not roughly orthogonal (e.g., orthogonal
by less than a threshold angle) to the spatial dimensions of
other UEs already selected to be served during the time slot,
then the baseband unit or the central processing system can
decline to select the respective UE to be served during the
time slot being scheduled and move on to the next UE in the
order to determine whether the next UE should be selected
to be served during the time slot being scheduled. The
baseband unit or the central processing system can repeat
these operations until the maximum number of UEs that can
be served during the same time slot are selected or until all
UEs have been evaluated for possible selection.

[0040] After determining which UEs to serve during the
same time slot, the baseband unit or the central processing
system can compute the downlink precoder (e.g., the down-
link regularized zero forcing (RZF) precoder). The baseband
unit or the central processing system can use an identifica-
tion of the selected UEs, estimated downlink channel infor-
mation for the selected UEs, and/or QR decompositions of
the selected UEs to determine the downlink precoder.

[0041] For uplink communications (e.g., transmissions
from UEs to base stations) and a particular frequency
wholeband or sub-band, the baseband unit or the central
processing system can perform the same operations
described above to select a particular active UE and spatial
dimension grouping to serve during the same time slot.
However, the baseband unit or the central processing system
may not need to determine any downlink channel informa-
tion, and the uplink channel information can be substituted
for the downlink channel information in any computations
performed by the baseband unit or the central processing
system. Thus, for each UE, the baseband unit or the central
processing system can determine a matrix of uplink channel
information, where each element in the matrix corresponds
to a particular base station receive antenna element and a
transmit antenna element of the respective UE. Furthermore,
the baseband unit or the central processing system may not
compute a precoder when selecting a particular active UE
and spatial dimension grouping to serve during the same
time slot for uplink communications. However, the base-
band unit or the central processing system may compute
receiver beamforming weights so that a serving node can
receive data from multiple UEs simultaneously.

[0042] After the active UE and spatial dimension grouping
is selected for a time slot, the base station(s) that serve a
particular UE during the time slot can each transmit the same
downlink data to the UE during the time slot using one or
more spatial beams. The UE can then combine the received
data (e.g., by selecting the best spatial beam, by performing
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a soft combine, by performing a non-coherent combine, by
performing a coherent combine, etc.) and perform any
corresponding operations.

[0043] As described herein, the baseband unit or the
central processing system can compute and use vector norms
in place of the matrix norms to select a particular combi-
nation of active UE and spatial dimension groupings. For
example, the baseband unit or the central processing system
can compute vector norms instead of matrix norms if each
UE has a single receive (or transmit) antenna element. As
another example, the baseband unit or the central processing
system can compute vector norms instead of matrix norms
if the baseband unit or the central processing system treats
each UE receive (or transmit) antenna element as a different
“user.” In particular, the baseband or central processing
system may treat each UE as a different “user” when
computing matrix norms. By treating each UE receive (or
transmit) antenna element as a different “user,” the baseband
unit or the central processing system can select a particular
combination of active UE receive (or transmit) antenna
element and spatial dimension groupings to be served during
the same time slot rather than a particular combination of
active UE and spatial dimension groupings. Thus, the base-
band unit or the central processing system may ultimately
select some receive (or transmit) antenna elements of an
active UE, but not all of the active UE’s receive (or transmit)
antenna elements, to be served during the same time slot.
[0044] In some embodiments, the baseband unit or the
central processing system selects an active UE and spatial
dimension grouping for downlink transmissions during a
particular time slot and uses this selection for uplink trans-
missions during another time slot (e.g., a time slot contigu-
ous and after the downlink transmission time slot) as well.
Thus, the baseband unit or the central processing system can
perform the active UE and spatial dimension selection once
for both downlink and uplink transmissions. In other
embodiments, the baseband unit or the central processing
system performs the active UE and spatial dimension selec-
tion twice for each set of downlink and uplink time slots—
once for downlink transmissions and once for uplink trans-
missions. In this embodiment, the selection of active UE and
spatial dimension groupings for downlink transmissions can
be the same or different as the selection of active UE and
spatial dimension groupings for uplink transmissions.
[0045] The baseband unit or the central processing system
can select an active UE and spatial dimension grouping for
a single time slot or a group of time slots. For example, the
baseband unit or the central processing system can perform
the active UE and spatial dimension grouping selection prior
to a particular time slot, and repeat the operations prior to
each successive time slot. Alternatively, the baseband unit or
the central processing system can perform the active UE and
spatial dimension grouping selection once prior to a time
slot, and the selection can be used for one or more future
time slots.

[0046] While the present disclosure is described herein
such that the baseband unit or the central processing system
performs the active UE and spatial dimension grouping
selection and other related operations, this is not meant to be
limiting. In other embodiments, the base stations may share
data and collectively perform the active UE and spatial
dimension grouping selection and/or other related opera-
tions described herein as being performed by the baseband
unit or the central processing system independent of or
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jointly with the baseband unit or the central processing
system. In such embodiments, the baseband unit or the
central processing system is optionally present (e.g., the
baseband unit or the central processing system may not be
present if the base stations perform the operations indepen-
dent of the baseband unit or the central processing system).
[0047] The active UE and spatial dimension grouping
selection is described herein as being implemented within a
CoMP network in which UEs non-coherently combine
downlink data. The techniques described herein, however,
can be applied to any type of MIMO network. Furthermore,
the techniques described herein are not limited to MIMO
networks in which UEs non-coherently combine downlink
data. The UEs may combine downlink data in any suitable
manner.

[0048] In an embodiment, the CoMP network is designed
to operate at higher frequencies, such as at mmW frequen-
cies. The techniques described herein can be applied to
networks operating at any suitable range of frequencies. In
addition, the techniques described herein can be used for a
variety of use cases, such as media streaming, video chat,
virtual reality, etc.

Active UE Selection in a MIMO Network

[0049] FIG. 1 is a diagram illustrating a cooperative
MIMO network environment 100 that includes a baseband
unit (BBU) 110, remote radio unit (RRUs) 104A-104N, and
UEs 102A-102K according to an embodiment. For example,
the network environment 100 can be a cooperative, or cloud
radio access network (C-RAN) environment 100. The coop-
erative MIMO network can optionally function as a CoMP
network in which UEs 102A-102K non-coherently combine
downlink data. The RRUs 104A-104N may communicate
with each other via a wired and/or wireless connection. The
RRUs 104A-104N, directly or via a central processing
system (e.g., the BBU 110), may further communicate with
a core network (not shown) operated by a network service
provider. The RRUs 104A-104N may be configured to
transmit data to and/or receive data from some or all of the
UEs 102A-102K at mmW frequencies.

[0050] In the network environment 100, base station func-
tionality is subdivided between the BBU 110 and multiple
RRUs (e.g., RRU 104A-104N). An RRU may include mul-
tiple antennas, and one or more of the antennas may serve
as a transmit-receive point (TRP). The RRU and/or a TRP
may be referred to as a serving node or a base station. The
BBU 110 may be physically connected to the RRUs 104A-
104N, such as via an optical fiber connection. The BBU 110
may provide operational details to an RRU 104A-104N to
control transmission and reception of signals from the RRU
104A-104N along with control data and payload data to
transmit. The RRU 104A-104N may provide data to the
network received from UEs 102A-102K within a service
area associated with the RRU 104A-104N. An RRU 104A-
104N can provide service to devices (e.g., UEs 102A-102K)
with a service area. For example, wireless downlink trans-
mission service may be provided by an RRU 104A-104N to
the service area to communicate data to one or more devices
within the service area.

[0051] The RRUs 104A-104N may each have one or more
transmit antennas that each support one or more digital
basebands. In some embodiments, each RRU 104A-104N
has the same number of transmit antennas. In other embodi-
ments, some or all RRUs 104A-104N have a different
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number of transmit antennas than other RRUs 104A-104N.
Thus, the RRUs 104A-104N may collectively be capable of
transmitting N spatial beams, where N is the product of the
number of RRUs 104A-104N in the network environment
100 and the number of transmit antennas operated by a
single RRU 104A-104N. Similarly, each RRU 104A-104N
can have the same number or different number of receive
antennas. The BBU 110 and/or the RRUs 104A-104N can be
collectively referred to herein as a “network system.”

[0052] Various standards and protocols may be included in
the network environment 100 to wirelessly communicate
data between a base station (e.g., an RRU 104) and a
wireless communication device (e.g., a UE 102). Some
wireless devices may communicate using an orthogonal
frequency-division multiplexing (OFDM) digital modula-
tion scheme via a physical layer. OFDM standards and
protocols can include the third generation partnership proj-
ect (3GPP) long term evolution (LTE), the Institute of
Electrical and Electronics Engineers (IEEE) 802.16 standard
(e.g., 802.16e, 802.16m), which may be known as WiMAX
(Worldwide interoperability for Microwave Access), and the
IEEE 802.11 standard, which may be known as Wi-Fi. In
some systems, a radio access network (RAN) may include
one or more base stations associated with one or more
evolved NodeBs (also commonly denoted as enhanced
NodeBs, eNodeBs, or eNBs), next generation NodeBs
(gNBs), or any other suitable NodeBs (xNBs). In other
embodiments, radio network controllers (RNCs) may be
provided as the base stations. A base station provides a
bridge between the wireless network and a core network
such as the Internet. The base station may be included to
facilitate exchange of data for the wireless communication
devices of the wireless network.

[0053] The wireless communication device may be
referred to as a user equipment (UE). The UE may be a
device used by a user such as a smartphone, a laptop, a tablet
computer, cellular telephone, a wearable computing device
such as smart glasses or a smart watch or an ear piece, one
or more networked appliances (e.g., consumer networked
appliances or industrial plant equipment), an industrial robot
with connectivity, or a vehicle. In some implementations, the
UE may include a sensor or other networked device con-
figured to collect data and wirelessly provide the data to a
device (e.g., server) connected to a core network such as the
Internet. Such devices may be referred to as Internet of
Things devices (IoT devices). A downlink (DL) transmission
generally refers to a communication from a base station to
the wireless communication device, and an uplink (UL)
transmission generally refers to a communication from the
wireless communication device to the base station.

[0054] An active UE may be a UE for which a base station
has data ready to transmit to the UE or has been informed
(e.g., by another UE, by another base station, by the BBU
110, by the core network, etc.) that data will be arriving with
the UE as the intended destination. Similarly, an active UE
may also be a UE that has data ready to transmit to a base
station.

[0055] As described herein, an RRU 104 may include one
or more antennas, and one or more of the antennas may serve
as a TRP. An RRU 104 may include multiple antennas to
provide multiple-input multiple-output (MIMO) communi-
cations. For example, an RRU 104 may be equipped with
various numbers of transmit antennas (e.g., 1, 2, 4, 8, or
more) that can be used simultaneously for transmission to
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one or more receivers, such as a UE 102. Receiving devices
(e.g., UEs 102) may include more than one receive antenna
(e.g., 2, 4, etc.). The array of receive antennas may be
configured to simultaneously receive transmissions from the
RRU 104. Each antenna included in a RRU 104 may be
individually configured to transmit and/or receive according
to a specific time, frequency, power, and direction configu-
ration. Similarly, each antenna included in a UE 102 may be
individually configured to transmit or receive according to a
specific time, frequency, power, and direction configuration.
The configuration may be provided by the RRU 104 and/or
the BBU 110. The direction configuration may be generated
based on network estimate using channel reciprocity or
determined based on feedback from UE 102 via selection of
a beamforming codebook index, or a hybrid of the two.

[0056] Each RRU 104A-104N may support one or more
digital basebands, the number of which may be less than or
equal to the number of transmit antennas that the respective
RRU 104A-104N has. Thus, assuming each RRU 104A-
104N has N, transmit antennas supported by N, digital
basebands, the maximum number of spatial beams that can
be supported by the RRUs 104A-104N is N,*the number of
RRUs 104, and the maximum number of independent
streams that can be supported by the RRUs 104A-104N is
N *the number of RRUs 104. For simplicity and ease of
explanation, the RRUs 104A-104N are assumed to each
have 4 transmit antennas and 4 receive antennas. Thus, the
maximum number of spatial beams that can be supported by
the RRUs 104A-104N is 4*the number of RRUs 104. The
RRUs 104A-104N can include the same number of receive
antennas (e.g., used for UL transmissions) and transmit
antennas (e.g., used for DL transmissions) or a different
number of receive antennas and transmit antennas. In some
embodiments, one or more antennas of a RRU 104A-104N
can both transmit DL signals and receive UL signals. The
techniques described herein apply whether the RRUs 104A-
104N have the same or different number of antennas.

[0057] Similarly, the UEs 102A-102K can each include
the same number of receive antennas (e.g., used for DL
transmissions) and transmit antennas (e.g., used for UL
transmissions) or a different number of receive antennas and
transmit antennas. In some embodiments, one or more
antennas of a UE 102 can both transmit UL signals and
receive DL signals. Furthermore, the UEs 102A-102K and
RRUs 104A-104N can each include the same number of
antennas for DL and/or UL transmissions. Alternatively, one
or more of the UEs 102A-102K and/or one or more of the
RRUs 104A-104N can include a different number of anten-
nas for DL and/or UL transmissions than other UEs 102A-
102K and/or RRUs 104A-104N (e.g., RRU 104A can
include 3 transmit antennas and 3 receive antennas, UE
102A can include 4 receive antennas and 4 transmit anten-
nas, RRU 104B can include 4 transmit antennas and 2
receive antennas, UE 102B can include 2 receive antennas
and 3 transmit antennas, etc.). For simplicity and ease of
explanation, the UEs 102A-102N are assumed to each have
4 receive antennas and 4 transmit antennas. The techniques
described herein apply whether the UEs 102A-102K have
the same or different number of antennas.

[0058] The BBU 110 can include a scheduler (e.g., a
scheduler control, such as scheduler control 214 of FIG. 2)
that performs operations to select a grouping of active UEs
and spatial dimensions to serve during the same time slot.
The scheduler can perform the operations described herein
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for scheduling DL transmissions, UL transmissions, or both
DL and UL transmissions. In particular, the scheduler can
perform QR decompositions to select active UEs to serve
during the same time slot over a particular set of spatial
dimensions. The operations of the scheduler (e.g., the sched-
uler control 214) are described below with respect to FIG. 2.
[0059] FIG. 2 is a diagram illustrating components of the
BBU 110 for selecting active UEs to serve during the same
time slot over a particular set of spatial dimensions accord-
ing to an embodiment. As illustrated in FIG. 2, the BBU 110
includes various transmit (TX) buffers 212A-212K, the
scheduler control 214, and a channel state data store 230. A
TX buffer 212A-212K may store DL data for a UE 102A-
102K. For example, the BBU 110 may include one or more
TX buffers 212A-212K for each active UE 102A-102K
present in the network environment 100. For ease of expla-
nation, FIG. 2 is illustrated such that the TX buffer 212A
stores DL data for UE 102A, TX buffer 212B stores DL data
for UE 102B, TX buffer 212K stores DL data for UE 102K,
and so on.

[0060] The channel state data store 230 can store channel
state information (e.g., UL and/or DL channel state infor-
mation) for a variety of channels between the RRUs 104A-
104N and the UEs 102A-102K. The channel state informa-
tion may be associated with a specific RRU 104 and UE 102
combination, or the channel state information may be asso-
ciated with a specific transmit (or receive) antenna of an
RRU 104 and a specific receive (or transmit) antenna of a
UE 102. The channel state information can include UL
channel information acquired by the BBU 110 through UL
channel estimations based on UL pilot signals. For example,
UEs 102A-102K can transmit sounding reference signal
(SRS) and/or physical uplink shared channel (PUSCH)
demodulation reference signal (DMRS) pilot signals to one
or more RRUs 104A-104N, and the BBU 110 (and/or one or
more of the RRUs 104A-104N) can determine the UL
channel information based on the transmitted pilot signals.
[0061] The TX buffers 212A-212K can provide UE 102A-
102K DL data to the scheduler control 214, and the sched-
uler control 214 can obtain channel state information from
the channel state data store 230. The scheduler control 214
can determine which UEs 102A-102K are active based on
which UEs 102A-102K are associated with a TX buffer
212A-212K that is storing DL data for transmission to an
associated UE 102A-102K. For simplicity, FIG. 2 is illus-
trated as showing that each of TX buffers 212A-212K is
storing DL data for the associated UEs 102A-102K. Thus,
each of UEs 102A-102K is considered to be an active UE.

[0062] The scheduler control 214 can select some or all of
the active UEs 102A-102K to receive DL and/or UL trans-
missions over one or more spatial dimensions during the
same time slot. The number of active UEs 102A-102K
selected by the scheduler control 214 may not exceed the
total number of spatial dimensions collectively provided by
the RRUs 104A-104N present in the network environment
100. In an embodiment, the total number of spatial dimen-
sions collectively provided by the RRUs 104A-104N can be
the total number of transmit antennas (or receive antennas)
provided by the RRUs 104A-104N. The scheduler control
214 can select a particular combination of active UE 102A-
102K and spatial dimension groupings for a particular
frequency wholeband (e.g., a group of RBs that each cor-
respond to a particular frequency range and a single time
slot, where the group of RBs collectively correspond to the
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whole frequency band of a carrier) or a frequency sub-band
(e.g., a single RB or RBGs that correspond with a portion of,
but not all of, the whole frequency band of a carrier). The
scheduler control 214 can identify separate groupings for
UL and DL communications or can identify the same
groupings for UL and DL communications.

[0063] For DL communications and a particular frequency
wholeband or sub-band, the scheduler control 214 can
obtain, from the channel state data store 230, channel state
information or channel information (e.g., UL spatial or
channel coefficients) for channels between the RRUs 104A-
104N and the UEs 102A-102K. In particular, the scheduler
control 214 can obtain UL channel state information for
channels between each RRU 104A-104N receive antenna
and each UE 102A-102K transmit antenna. The scheduler
control 214 can then estimate DL channel state information
or channel information (e.g., DL spatial or channel coeffi-
cients) using the UL channel information. For example, the
scheduler 214 can set the DL spatial or channel coefficients
for a DL channel between a RRU 104A-104N and a UE
102A-102K to be the same as the UL spatial or channel
coefficients for an UL channel between the same RRU
104A-104N and the same UE 102A-102K. The estimated
DL channel state information is optionally subject to a
scaling correct (E.g., by the scheduler control 214) as a
result of calibration between DL and UL RF chains. Thus,
the estimated DL channel state information may correspond
to channels between each RRU 104A-104N transmit
antenna and each UE 102A-102K receive antenna. In an
embodiment, the DL channel state information can be esti-
mated from the obtained UL channel state information
because an assumption may be made that UL and DL
communications are multiplexed in a time division duplex-
ing manner (e.g., UL and DL. communications are scheduled
during different time slots) and that the UL and DL channels
maintain reciprocity over a short period of time (e.g., a 10
ms, 100 ms, 1 s, 10 s, etc.). Thus, for each active UE
102A-102K, the scheduler control 214 can determine a
matrix of estimated DL channel state information, where
each element in the matrix corresponds to a particular RRU
104A-104N transmit antenna and a receive antenna of the
respective UE 102A-102K.

[0064] As an illustrated example, H, can be an N;xN, ;
matrix of estimated DL channel state information for UE i,
where N is the total number of spatial dimensions (e.g., the
total number of transmit antennas, the total number of spatial
beams, etc.) collectively provided by the RRUs 104A-104N
and N, , is the total number of receive antennas provided by
the UE i. Each element of the matrix may therefore be DL
channel state information for a channel between an RRU
104A-104N provided spatial dimension (e.g., an RRU
104A-104N transmit antenna, an RRU 104A-104N spatial
beam, etc.) and a receive antenna of the UE where the
elements of the matrix collectively cover each possible
spatial dimension and UE i receive antenna pair. The sched-
uler control 214 can determine the matrix H, for each of the
active UEs 102A-102K (e.g., thereby determining K matri-
ces in this example). Alternatively or in addition, the sched-
uler control 214 can determine a combined matrix H corre-
sponding to each of the active UEs 102A-102K. The
combined matrix H can be an N, xK, matrix, where K, is the
sum of all receive antennas collectively provided by all of
the active UEs 102A-102K (e.g., ZileNr,i).
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[0065] The scheduler control 214 can, for each active UE
102A-102K, determine a matrix norm (e.g., the L.2-norm) of
the matrix of estimated DL channel information correspond-
ing to the respective UE 102A-102K. The matrix norm may
represent a strength of a channel between the RRUs 104A-
104N and the respective UE 102A-102K, where a larger
matrix norm may represent a stronger channel.

[0066] When determining the matrix norms, the scheduler
control 214 may treat each UE 102A-102K as an indepen-
dent “user” and ultimately selects or does not select a UE
102A-102K to be served during the time slot being sched-
uled. However, the scheduler control 214 can instead treat
each receive antenna of a UE 102A-102K as an independent
“user” and select or not select a receive antenna of a UE
102A-102K to be served during the time slot being sched-
uled. Thus, instead of selecting users to be served during the
time slot being scheduled at the UE 102A-102K level, the
scheduler control 214 can select users to be served during
the time slot being scheduled at the UE 102A-102K receive
antenna level. This can result, for example, in some receive
antennas of a particular UE 102A-102K being scheduled and
other receive antennas of the same UE 102A-102K not being
scheduled during the time slot. To make selections at the
receive antenna level, the scheduler control 214 can separate
the matrix associated with a UE 102A-102K into various
column vectors (or separately determine each column vec-
tor), where each column vector is a N,x1 vector associated
with a particular active UE 102A-102K receive antenna and
each element within the column vector includes DL channel
state information for a channel between an RRU 104A-104N
provided spatial dimension (e.g., a transmit antenna of an
RRU 104A-104N, a spatial beam of an RRU 104A-104N,
etc.) and the associated active UE 102A-102K receive
antenna. The elements within a column vector may collec-
tively cover each possible spatial dimension and associated
active UE 102A-102K receive antenna pair. The scheduler
control 214 can then determine a vector norm for each of
these column vectors. Like the matrix norm, the vector norm
may represent a strength of a channel between the RRUs
104A-104N and the associated active UE 102A-102K
receive antenna, where a larger vector norm may represent
a stronger channel.

[0067] The scheduler control 214 can then order the users
(e.g., active UEs 102A-102K or active UE 102A-102K
receive antennas). For example, the scheduler control 214
can factor channel strength, latency, and/or a fairness metric
in determining how to order the users. As one example, the
scheduler control 214 can determine an average throughput
of each user over a period of time. Thus, if a user has not
been served for a long period of time, the average through-
put determined for the user may be a small value. Some
users can transmit over multiple spatial dimensions simul-
taneously, and therefore the determined average throughput
may be per spatial dimension. The scheduler control 214 can
compute a fairness metric for each user by dividing the
matrix norm or vector norm of the respective user by the
average throughput of the respective user. The fairness
metric can be represented mathematically as follows:

Il il Ikl
T T



US 2020/0382169 Al

where ||, ||* represents a matrix norm associated with UE n
or a vector norm associated with UE receive antenna n, and
where T,, represents an average threshold for user n (e.g., UE

n or UE receive antenna n).

[0068] The scheduler control 214 can then order the users
based on the fairness metric. For example, the scheduler
control 214 can order the users such that the user having the
highest fairness metric is ordered first, the user having the
second highest fairness metric is ordered second, the user
having the third highest fairness metric is ordered third, and
SO on.

[0069] Alternatively, in situations in which users can sup-
port multiple spatial dimensions simultaneously, the sched-
uler control 214 can determine a normalized throughput for
each user to order the users. For example, the scheduler
control 214 can determine an average throughput of each
user over a period of time. The scheduler control 214 can
then, for each user, determine a number of potential spatial
dimensions that will be used by the respective user, and
divide the average throughput of the respective user by the
number of potential spatial dimensions that will be used by
the respective user to form the normalized throughput for the
respective user. The normalized throughput in this embodi-
ment can be represented mathematically as follows:

T
Ti=~—
Ny

where T, represents the normalized throughput of user i, T,
represents the average throughput of user i, and N, , repre-
sents the number of potential spatial dimensions (or number
of potential layers) that will be used by user i. The scheduler
control 214 can then determine the fairness metrics using the
normalized throughputs rather than the average throughputs,
and order the users using the fairness metrics as described
above.

[0070] The scheduler control 214 can optionally consider
other factors when ordering the users. For example, instead
of or in addition to determining the fairness metric using
average or normalized throughput, the scheduler control 214
can determine the fairness metric using latency priority (e.g.,
a quality of service (QoS) priority) and/or spectral efficiency
measurements.

[0071] Once the users are ordered, the scheduler control
214 can determine a threshold based on the largest matrix
norm or the largest vector norm. For example, the threshold
can be the product of a constant and the largest matrix norm
or the largest vector norm. The threshold can be represented
mathematically as follows:

Th = ¢+ max (||
where Th represents the threshold, ¢ is the constant, and
max ([l

represents the largest matrix or vector norm.
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[0072] The constant can be the same value for all users.
For example, the constant can be the square root of 0.1. The
value of the constant may be selected by the scheduler
control 214, another component of the BBU 110, or an
external computing system (not shown) that runs one or
more computer simulations to identify an appropriate con-
stant. Alternatively, the constant can initially be one value
(e.g., the square root of 0.1), and then the scheduler control
214 can adaptively change the constant based on the BLER
performance associated with one or more of the users (e.g.,
based on the BLER performance of one or more UEs
102A-102K, such as the UE 102A-102K associated with the
largest matrix or vector norm; based on the BLER perfor-
mance of one or more UE 102A-102K receive antennas,
such as the UE 102A-102K receive antenna associated with
the largest matrix or vector norm; etc.). In another alterna-
tive, the constant can be a value specific to a particular user,
such that one constant is associated with each user. The
scheduler control 214 can then change the value of a
constant associated with a user based on the user’s BLER
performance, such as the BLER performance of the first
hybrid automatic repeat request (HARM) transmissions. In
other words, the scheduler control 214 can change the value
of'the constant based on interference experienced by the user
from other simultaneously scheduled users. In particular, the
scheduler control 214 can increase the constant value for a
user if the user experiences interference from other simul-
taneously scheduled users, where the amount of the increase
can be larger the more interference that is experienced. For
example, the manner in which the scheduler control 214
adjusts the constant for a user i can be represented math-
ematically as follows:

c;=csA

where ci is the constant for user i, where A can be a small
positive step size parameter (e.g., 0.1, 0.2, 0.3, etc.), and
where s can be represented as follows:

s=sgn(BLER,,,,~BLER,

where BLER,, , is the instantaneous BLER performance
experienced by user i and BLER,,,,., is the target BLER
performance desired for user i.

[0073] Using the determined threshold and the user order,
the scheduler control 214 can begin the user (e.g., UE
102A-102K or UE 102A-102K receive antenna) and spatial
dimension selection process. For example, the scheduler
control 214 can select the user ordered first to be served
during the time slot being scheduled. The scheduler control
214 can then compute QR decomposition(s) to determine
which additional users should be selected to be served
during the time slot being scheduled. For example, compu-
tation of the QR decompositions may allow the scheduler
control 214 to determine whether the corresponding users
would be associated with a spatial dimension that is roughly
or approximately orthogonal (e.g., orthogonal by at least a
threshold angle, such as 30°, 45°, 60°, 75°, 90°, etc.) to the
spatial dimensions of other users already selected by the
scheduler control 214 to be served during the time slot. In
particular, the scheduler control 214 can, in the course of
computing a QR decomposition, determine a measurement
that represents a spatial orthogonality of a user relative to
spatial elements of other users already included in the
scheduled set (e.g., the amount of projection of the spatial
channel of the user onto the spatial channel of one or more
other users, such as other user(s) already scheduled during

target)
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the time slot being scheduled, where the spatial channel of
the user is completely orthogonal with the spatial channel of
the other user(s) if there is no amount of projection of the
spatial channel of the user onto the spatial channel(s) of the
other user(s); the amount of overlap between the desired
spatial beam to the user and the spatial beam(s) to one or
more other users, such as other user(s) already scheduled
during the time slot being scheduled, where the desired
spatial beam to the user is completely orthogonal with the
spatial beam(s) of the other user(s) if there is no overlap
(e.g., the desired spatial beam to the user would not cause
interference or leakage in the spatial beam(s) served to the
other user(s) if there is no overlap); etc.) that can then be
used to assess whether the user would be associated with a
spatial dimension that is roughly or approximately orthogo-
nal to the spatial dimensions of other users already selected
by the scheduler control 214 to be served during the time
slot. The measurement can also be referred to as represent-
ing a spatial orthogonality of a user with other user(s)
selected to be served during the time slot being scheduled,
or a spatial orthogonality between a spatial element of a user
and spatial element(s) of other user(s) already selected to be
in a scheduled set. Thus, the scheduler control 214 can
iterate through each of the remaining users and, using the
QR decomposition of the respective user, determine if the
spatial dimension of the respective user is roughly orthogo-
nal to the spatial dimensions of other users already selected
to be served during the time slot.

[0074] If the spatial dimension of the respective user is
roughly or approximately orthogonal to the spatial dimen-
sions of other users already selected to be served during the
time slot, then the scheduler control 214 can select the
respective user to also be served during the time slot being
scheduled. Otherwise, if the spatial dimension of the respec-
tive user is not roughly or approximately orthogonal (e.g.,
orthogonal by less than a threshold angle, such as 30°, 45°,
60°, 75°, 90°, etc.) to the spatial dimensions of other users
already selected to be served during the time slot, then the
scheduler control 214 can decline to select the respective
user to be served during the time slot being scheduled and
move on to the next user in the order to determine whether
the next user should be selected to be served during the time
slot being scheduled. The scheduler control 214 can repeat
these operations until the maximum number of users that can
be served during the same time slot are selected (e.g., K
users, where K is less than or equal to N, and where N is the
total number of spatial dimensions supported by the RRUs
104A-104N in the network environment 100) or until all
users have been evaluated for possible selection.

[0075] As an illustrative example, the scheduler control
214 can iterate through each of the remaining users, in order
starting with the second highest ordered user, and compute
the QR decomposition for the respective user. Computing
the QR decomposition for a user may include the scheduler
control 214 computing a vector, and the scheduler control
214 can determine a vector norm of the vector, compare the
vector norm of the vector to the determined threshold Th,
and select the user to be served during the time slot being
scheduled if the vector norm is greater than (or less than) the
determined threshold Th. The vector norm of the vector may
be a measurement that represents a spatial orthogonality of
the user relative to spatial elements of other user(s), such as
other user(s) already scheduled to be served during the time
slot being scheduled. The process of iterating through the
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remaining users to compute a vector norm of the vector
associated with the respective user and to compare the
vector norm to the determined threshold may be the opera-
tions that the scheduler control 214 performs to determine
whether the spatial dimension of the respective user is
roughly or approximately orthogonal to the spatial dimen-
sions of users already selected to be served during the time
slot being scheduled. By selecting users that have roughly or
approximately orthogonal spatial dimensions and not select-
ing users that do not have roughly or approximately orthogo-
nal spatial dimensions with other selected user spatial
dimensions, the scheduler control 214 can reduce future
transmission interference during the time slot being sched-
uled.

[0076] The QR decomposition and user selection process
for the highest ordered user can be represented mathemati-
cally as follows:

Hy = QiR = [hl] [r]

r

Hs =[]

where H, represents the QR decomposition (e.g., Q;R,) of
user 1 (e.g., the highest ordered user), h, represents the
matrix or vector of DL channel state information for user 1,
where r is the matrix or vector norm of h, (e.g., |h,|]), and
where H, represents a matrix or vector of DL channel state
information of users selected by the scheduler control 214 to
be served during the time slot being scheduled. Here, H,
currently only includes the matrix or vector of DL channel
state information of user 1 because user 1 is the first and only
user selected by the scheduler control 214 to be served
during the time slot so far.

[0077] For the remaining users (e.g., the K -1 users
remaining if K, is the total number of active users in the
network environment 100), the QR decomposition and user
selection process can be represented mathematically as
follows:

H=[hy - iy 200 R

where H,_, represents the QR decomposition (e.g., Q. ;R. )
of user k-1, and where the scheduler control 214 starts k at
2 (e.g., the second highest ordered user) and increments k by
1 until reaching K, or until the maximum number of users
have been scheduled. Given the QR decomposition of user
k-1, the scheduler control 214 can compute the QR decom-
position of user k as follows:

Ry p

Hy=[Hiy M) =[0-1Ret ]l =10k r/r]-[ 0y

}= QR

where p and r are vectors and are determined by the
scheduler control 214 as follows:

P=05"h;,
r=hi=Qp.1p
alul

The value r (e.g., a vector norm of vector r) may be a
measurement that represents a spatial orthogonality of user
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k relative to the spatial element(s) of user(s) 1 to k-1 already
selected to be served during the time slot being scheduled.
The scheduler control 214 can then use the value r to
determine whether to select or not select the user to be
scheduled during the time slot. The scheduler control 214
can use the value r to determine to select the user to be
scheduled during the time slot if the value r does satisty the
threshold Th, and can use the value r to determine to not
select the user to be scheduled during the time slot if the
value r does not satisty the threshold Th. For example, if the
value r is greater than the threshold Th (e.g., a measurement
that represents a spatial orthogonality of user k relative to the
spatial element(s) of user(s) 1 to k-1 already selected to be
served during the time slot being scheduled is greater than
the threshold Th), then the scheduler control 214 determines
that the spatial dimension of user k is roughly or approxi-
mately orthogonal to the spatial dimension(s) of other user
(s) already selected to be served during the time slot, and the
scheduler control 214 selects user k to also be served during
the time slot. In other words, the scheduler control 214 can
update H; to be as follows:

H=[Hy]

Otherwise, if the value r is less than or equal to the threshold
Th (e.g., a measurement that represents a spatial orthogo-
nality of user k relative to the spatial element(s) of user(s) 1
to k-1 (e.g., user(s) that have DL channel state information
represented within H,) already selected to be served during
the time slot being scheduled is less than or equal to the
threshold Th), then the scheduler control 214 determines that
the spatial dimension of user k is not roughly or approxi-
mately orthogonal to the spatial dimension(s) of other user
(s) already selected to be served during the time slot and
declines to select user k to also be served during the time
slot. After selecting or not selecting user k to be served
during the time slot, the scheduler controller 214 determines
whether k equals K, . If k equals K, or the maximum number
of users that can be scheduled during the time slot are
scheduled (e.g., where the maximum number of users that
can be scheduled during the time slot is equal to or less than
the total number of spatial dimensions or total number of
transmit antennas provided by the RRUs 104A-104N), the
scheduler control 214 has completed the QR decomposition
and user selection process. Otherwise, ifk is less than K and
the maximum number of users that can be scheduled during
the time slot are not scheduled, the scheduler control 214
repeats the QR decomposition and user selection process for
user k+1.

[0078] Thus, the scheduler control 214 can perform the
operations described herein to select users with low com-
plexity. For example, the QR decomposition process may
ensure that the condition number of H; is approximately
controlled by the threshold Th with low complexity. When
H, has a reasonably good condition number (e.g., a very
small value close to 0, such as 1, 0.1, 0.05, 0.01, etc.), the
matrix inversion may not put too much transmitting power
on weak Eigen directions that usually have more parameter
estimation errors. Thus, this process may boost the robust-
ness of the network environment 100 and reduce various
estimation errors.

[0079] After repeating the QR decomposition and user
selection process until either the maximum number of users
that can be scheduled during the time slot are scheduled or
all users have been evaluated, the scheduler control 214,
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another component of the BBU 110, and/or one or more
RRUs 104A-104N can compute the DL precoder (e.g., the
downlink regularized zero forcing (RZF) precoder). The
scheduler control 214, the other component of the BBU 110,
and/or one or more RRUs 104A-104N can use an identifi-
cation of the selected users, estimated DL channel informa-
tion for the selected users, and/or QR decompositions of the
selected users to determine the DL precoder. In particular,
the scheduler control 214 can output H_, an identification of
the selected users (e.g., K,), and the QR decompositions of
the selected users (e.g., Q, and R,) for use by another
component if the scheduler control 214 itself does not
compute the DL precoder.

[0080] For example, the DL precoder computation can be
represented mathematically as follows:

Prop se=Ho (HIHAN ' =H RRAN

where Pgp ,; represents the DL precoder, and A represents
a diagonal loading matrix.

[0081] After the users are selected for a time slot, the
RRU(s) 104A-104N that serve a particular UE 102A-102K
(or UE 102A-102K receive antenna) during the time slot can
each transmit the same downlink data to the UE 102A-102K
(or UE 102A-102K receive antenna) during the time slot
using one or more spatial beams. The UE 102A-102K can
then combine the received data (e.g., by selecting the best
spatial beam, by performing a soft combine, by performing
a non-coherent combine, by performing a coherent combine,
etc.) and perform any corresponding operations.

[0082] As described herein, the scheduler control 214 can
use the user selection for UL transmissions as well, or can
separately select users for UL transmissions. If the scheduler
control 214 selects users separately for UL transmissions,
the scheduler control 214 can select users for a particular
frequency wholeband or sub-band. The scheduler control
214 can perform the same operations described above to
select a particular user and spatial dimension grouping to
serve during the same time slot. However, the scheduler
control 214 may not need to determine any DL channel state
information. Rather, the scheduler control 214 can simply
use the UL channel state information obtained from the
channel state data store 230, and the UL channel state
information can be substituted for the DL channel state
information in any computations performed by the scheduler
control 214. Thus, for each user, the scheduler control 214
can determine a matrix or vector of UL channel state
information, where each element in the matrix or vector
corresponds to a particular spatial dimension (e.g., an RRU
104 A-104N receive antenna) and a UE 102A-102K transmit
antenna (e.g., a transmit antenna of the respective user). In
other words, RRU 104A-104N receive antennas and UE
102A-102K transmit antennas may be evaluated for UL
scheduling rather than RRU 104A-104N transmit antennas
and UE 102A-102K receive antennas. In addition, the BLER
performance that may be used to determine the constant may
be the BLER performance of one or more RRUs 104A-104N
receive antennas rather than of one or more UE 102A-102K
receive antennas. Furthermore, the scheduler control 214
may not necessarily compute a precoder after selecting the
users to serve during the time slot being scheduled for UL
transmissions. However, the scheduler control 214 may
compute receiver beamforming weights so that one or more
RRUs 104A-104N can receive data from multiple UEs
102A-102K simultaneously.
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[0083] FIG. 3 is a schematic diagram illustrating a coop-
erative MIMO wireless network 300 that includes the BBU
110 according to an embodiment. In this embodiment, the
RRUs 104A-104N may operate as RRUs or serving nodes,
and the BBU 110 may select users (e.g., UEs 102, UE 102
receive antennas, etc.) to be served by one or more RRUs
104A-104N during the same time slot allocated for DL or
UL transmissions over one or more spatial dimensions,
and/or schedule data transmissions over the spatial dimen-
sion(s) selected to serve the users.

[0084] As illustrated in FIG. 3, the baseband unit 110
includes user data TX buffers 212, the scheduler control 214,
a time/frequency resource allocation block 316, an active set
and beam management block 318, a transceiver 320, a CSI
computation block 322, an active set serving node update
block 324, and the channel state data store 230. The BBU
110 can include any suitable physical hardware to imple-
ment the illustrated blocks. For example, the BBU 110 can
include a processor and computer readable storage to imple-
ment any suitable blocks shown in FIG. 3. The cooperative
MIMO wireless network 300 also includes the RRUs 104 A-
104N and one or more UEs 102. The cooperative MIMO
wireless network 300 optionally includes other RRUs 104,
not shown.

[0085] The BBU 110 includes a scheduler that selects
users to serve over one or more spatial dimensions during
the same time slot and schedules user data for wireless
transmission between the RRUs 104A-104N and UEs 102
over various spatial dimensions (e.g., spatial beams, chan-
nels, etc.). The scheduler can perform the QR decomposition
and user selection process described herein to select users to
serve during the same time slot. The scheduler can also
schedule DL data traffic for simultaneous transmission to
multiple UEs 102, can schedule DL data traffic in a time
division multiplexed fashion such that DL data traffic is
transmitted to one UE 102 during a first time slot and is
transmitted to a second UE 102 during a second time slot
after (or before) the first time slot, can schedule UL data
traffic for simultaneous transmission by multiple UEs 102,
and can schedule UL data traffic in a time division multi-
plexed fashion such that UL data traffic is transmitted by one
UE 102 during a first time slot and is transmitted by a second
UE 102 during a second time slot after (or before) the first
time slot. The RRUs 104 can alternatively be referred to as
transmission points for DL data transmission. The scheduler
can schedule data from any suitable number of RRUs 104 to
any suitable number of UEs 102. The scheduler can include
the user data queue TX buffers 212, the scheduler control
214, the time/frequency resource allocation block 316, the
active set and beam management block 318, the CSI com-
putation block 322, the active set serving node update block
324, and/or the channel state data store 230.

[0086] The transceiver 320 can provide a UE report from
the UE 102 to the scheduler. For example, the UE report can
include spatial beam link strengths, spatial beam link qual-
ity, and/or other CSI suitable for allowing the scheduler to
select users to be served over one or more spatial dimensions
during the same time slot, schedule DL data transmissions,
and/or schedule UL data transmissions. The CSI computa-
tion block 322 can compute CSI data from data in the UE
report. The active set serving node update block 324 can
determine an updated active set for one or more UEs 102
based on updated link strength information provided by the
UE(s) 102 (e.g., provided by the UE(s) 102 in response to
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receiving DL data traffic) and/or by executing the QR
decomposition and user selection process described herein.
In some instances, the active set serving node update block
324 can determine an updated active set for a subset of one
or more antennas of a UE 102. The active set serving node
update block 324 can use any suitable metrics disclosed
herein to update an active set associated with a UE 102.

[0087] The updated active set data is provided to the
scheduler control 214. The user data queue TX buffers 212
can provide user data (e.g., DL user data) to the scheduler
control 214. The scheduler control 214 provides user data to
the transceiver 320 and also provides instructions to the
time/frequency resource allocation block 316. The time/
frequency resource allocation block 316 can schedule timing
and frequency of DL and/or UL data transmission from
and/or to RRUs 104 (e.g., generate scheduling data), which
can be forwarded to the RRUs 104 via the transceiver 320.
This can avoid timing conflicts and conflicts in the fre-
quency domain. The active set and beam management block
318 can select RRUs 104 and/or specific spatial beams
offered by these RRUs 104 for providing wireless transmis-
sion services to UEs 102, and create corresponding active
sets for the UEs 102. The active set and beam management
block 318 can group DL data transmissions and manage
beamforming from the RRUs 104 to the UEs 102. The
transceiver 320 provides data for transmission by the RRUs
104 to UEs 102.

[0088] As illustrated in FIG. 3, the scheduler can cause a
network system of the cooperative MIMO wireless network
300 to wirelessly transmit first user data to a first UE 102
across one or more spatial beams or spatial dimensions, to
transmit second user data to a second UE 102 across one or
more spatial beams or spatial dimensions, and so on. The
scheduler can cause the transmissions of the first user data,
the second user data, etc. to occur simultaneously and/or at
different times. Moreover, the scheduler can cause a network
system of the cooperative MIMO wireless network 300 to
wirelessly transmit user data to any suitable number of UEs
102 across one or more spatial beams or spatial dimensions
served by one or more RRUs 104.

[0089] FIG. 4 is a flow diagram depicting a UE selection
routine 400 illustratively implemented by an RRU and/or a
BBU to select which users to serve during the same time
slot, according to one embodiment. As an example, one or
more RRUs 104A-104N of FIGS. 1 and 3, RRU 990 of FIG.
9, the BBU 110 of FIGS. 1-3, and/or BBU 902 of FIG. 9 can
be configured to execute the UE selection routine 400. For
simplicity and ease of explanation, the UE selection routine
400 is described with respect to a “user” being a UE 102
receive antenna and for DL transmissions. However, the UE
selection routine 400 can also be performed in situations in
which a “user” is an entire UE 102 (e.g., by having variable
i referencing a UE rather than a receive antenna and/or
replacing “RX antenna” with “UE” in the process described
below). The UE selection routine 400 can also be performed
for UL transmissions, with the “user” being a UE 102
transmit antenna (e.g., by having variable i referencing a UE
102 transmit antenna and having variable j referencing an
RRU 104 receive antenna and/or replacing “RX antenna”
with “TX antenna” and replacing “TX antenna” with “RX
antenna” in the process described below) or the entire UE
102 (e.g., by having variable i referencing a UE 102 rather
than an antenna and having variable j referencing an RRU
104 receive antenna and/or replacing “RX antenna” with
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“UE” and replacing “TX antenna” with “RX antenna” in the
process described below). The UE selection routine 400
begins at block 402 and is executed for selecting users to
serve during the same time slot.

[0090] At block 404, a variable K is set equal to a number
of receive (RX) antennas present in the network environ-
ment, and a variable N is set equal to a number of transmit
(TX) antennas present in the network environment. The
number of RX antennas may be the total number of RX
antennas collectively provided by the UEs 102 in the net-
work environment, and the number of TX antennas may be
the total number of TX antennas collectively provided by the
RRUs 104 in the network environment. More generally, the
variable N can be set to the total number of spatial dimen-
sions collectively provided by the RRUs 104 in the network
environment. The variable N may represent the maximum
number of users (e.g., UE 102 RX antennas) that can be
selected to be served during the time slot being scheduled.
[0091] At block 406, a variable i is set equal to 1, and a
variable j is set equal to 1. Variable i may identify a
particular RX antenna, and variable j may identify a par-
ticular TX antenna.

[0092] At block 408, channel information is determined
for a channel between RX antenna i and TX antenna j. For
example, the channel information may be DL channel state
information (e.g., DL channel coefficients) for the channel,
and can be derived from UL channel state information
obtained from, for example, the channel state data store 230.
[0093] At block 410, a determination is made as to
whether the variable j equals the variable N. If the two
variables are equal, this may indicate that channel informa-
tion has been determined for each channel between the RX
antenna i and the TX antennas in the network environment.
Thus, the UE selection routine 400 then proceeds to block
414. Otherwise, if the two variables are not equal, this may
indicate that channel information has not been determined
for each channel between the RX antenna i and the TX
antennas in the network environment. Thus, the UE selec-
tion routine 400 then proceeds to block 412.

[0094] At block 412, the variable j is incremented by 1.
After incrementing the variable j, the UE selection routine
400 reverts back to block 408 so additional channel infor-
mation can be determined.

[0095] At block 414, a determination is made as to
whether variable i equals variable K. If the two variables are
equal, this may indicate that channel information has been
determined for each pair of RX antennas and TX antennas
in the network environment. Thus, the UE selection routine
400 then proceeds to block 418. Otherwise, if the two
variables are not equal, this may indicate that channel
information has not been determined for each pair of RX
antennas and TX antennas in the network environment.
Thus, the UE selection routine 400 then proceeds to block
416.

[0096] At block 416, the variable i is incremented by 1 and
the variable j is reset to 1. After incrementing the variable i
and resetting the variable j, the UE selection routine 400
reverts back to block 408 so additional channel information
can be determined.

[0097] At block 418, the variable i is reset to 1. After
resetting the variable i, the UE selection routine 400 pro-
ceeds to block 420.

[0098] At block 420, channel strength for each RX
antenna is determined. For example, the channel strength
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can be determined for an RX antenna by taking a vector
norm of a vector of channel information associated with the
RX antenna.

[0099] At block 422, the RX antennas are ordered based
on the determined channel strength. For example, the RX
antennas can be ordered based on a fairness metric deter-
mined using the determined channel strength and average or
normalized throughput.

[0100] At block 424, a threshold Th is determined. For
example, the threshold Th may be based on the highest
vector norm and/or a constant value that may or may not
remain static.

[0101] At block 426, a QR decomposition of RX antenna
i is determined. For example, variable i may initially be set
to 1 and refer to the highest ordered RX antenna. Each next
highest value of the variable i may refer to the next lower
ordered RX antenna. As an illustrative example, if the
variable 1 is equal to 2, the variable i may refer to the second
highest ordered RX antenna. If the variable i is equal to 3,
the variable 1 may refer to the third highest ordered RX
antenna, and so on.

[0102] At block 428, a determination is made as to
whether a spatial dimension of RX antenna i is roughly or
approximately orthogonal to the spatial dimension(s) of any
RX antennas already selected to be served during the time
slot being scheduled. For example, the norm of a vector r
determined using the QR decomposition of RX antenna i can
be compared to the threshold Th. If the norm of the vector
r is greater than the threshold Th, then the spatial dimension
of RX antenna i is roughly or approximately orthogonal to
the spatial dimension(s) of any RX antennas already selected
to be served during the time slot being scheduled. Here, the
spatial dimension of RX antenna 1 is roughly or approxi-
mately orthogonal given that no other RX antennas have yet
to be selected to be served during the time slot being
scheduled. If the spatial dimension of RX antenna i is
roughly or approximately orthogonal to the spatial dimen-
sion(s) of any RX antennas already selected to be served
during the time slot being scheduled, then the UE selection
routine 400 proceeds to block 434. Otherwise, if the spatial
dimension of RX antenna i is not roughly or approximately
orthogonal to the spatial dimension(s) of any RX antennas
already selected to be served during the time slot being
scheduled, then the UE selection routine 400 proceeds to
block 430.

[0103] At block 430, a determination is made as to
whether variable i equals variable K. If the two variables are
equal, this may indicate that all RX antennas have been
evaluated for possible selection. Thus, the UE selection
routine 400 then proceeds to block 442 and the UE selection
routine 400 is complete. Otherwise, if the two variables are
not equal, this may indicate that not all of the RX antennas
have been evaluated for possible selection and additional
RX antennas could be selected. Thus, the UE selection
routine 400 then proceeds to block 432.

[0104] At block 432, the variable i is incremented by 1.
After incrementing the variable i, the UE selection routine
400 reverts back to block 426 so another QR decomposition
can be performed to determine whether another RX antenna
can be selected to be served during the time slot being
scheduled.

[0105] At block 434, the RX antenna i is added to sub-
space H,, which is a data structure identifying the RX
antennas that have been selected to be served during the time
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slot being scheduled (and which stores channel information
for each of the selected RX antennas). In other words, the
RX antenna i is selected to be served during the time slot
being scheduled given that the spatial dimension of RX
antenna is roughly or approximately orthogonal to the
spatial dimension(s) of other RX antennas already selected.

[0106] At block 436, a determination is made as to
whether the size of subspace H, equals the variable N. If the
size of subspace H, equals variable N, this may indicate that
the maximum number of RX antennas have been selected
and no more RX antennas can be selected to be served
during the time slot being scheduled. Thus, the UE selection
routine 400 then proceeds to block 442 and the UE selection
routine 400 is complete. Otherwise, if the size of subspace
H, does not equal variable N, this may indicate that addi-
tional RX antennas could be selected to be served during the
time slot being scheduled. Thus, the UE selection routine
400 then proceeds to block 438.

[0107] At block 438, a determination is made as to
whether variable i equals variable K. If the two variables are
equal, this may indicate that all RX antennas have been
evaluated for possible selection. Thus, the UE selection
routine 400 then proceeds to block 442 and the UE selection
routine 400 is complete. Otherwise, if the two variables are
not equal, this may indicate that not all of the RX antennas
have been evaluated for possible selection and additional
RX antennas could be selected. Thus, the UE selection
routine 400 then proceeds to block 440.

[0108] At block 440, the variable i is incremented by 1.
After incrementing the variable i, the UE selection routine
400 reverts back to block 426 so another QR decomposition
can be performed to determine whether another RX antenna
can be selected to be served during the time slot being
scheduled.

[0109] FIGS. 5A-5B are diagrams illustrated an example
selection of UEs 102 to be served during the same time slot,
according to an embodiment. FIGS. 5A-5B illustrate the
selection process for DI communications. However, the
same techniques can be applied to make selections for UL
communications. Furthermore, FIGS. 5A-5B illustrate the
selection process with “users” being UEs 102. However, the
same techniques can be applied to make selections with
“users” being UE 102 receive antennas.

[0110] As illustrated in FIG. 5A, eleven active UEs 102A-
102K are present in the network environment, and eight
RRUs 104A-104H are present in the network environment.
Assuming that each of the RRUs 104A-104H has one
transmit antenna, the total number of active UEs 102A-
102K that can be served during the same time slot is eight
(e.g., the total number of RRUs 104A-104H multiplied by
the number of transit antennas that each RRU 104A-104H
has). Because there are more active UEs 102A-102K present
in the network environment than can be served during the
same time slot, the BBU 110 can perform the QR decom-
position described herein to identify which UEs 102A-
102K, if any, can be served during the same time slot.

[0111] Here, the BBU 110 selects active UEs 102A, 102D,
102E, 102H, 102J, and 102K to be served during the same
time slot, as illustrated in FIG. 5B. While the BBU 110 could
have selected up to eight UEs 102A-102K to serve simul-
taneously during the same time slot, the BBU 110 has
determined that only six UEs 102 are associated with spatial
dimensions that are roughly or approximately orthogonal
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with each other. Thus, the BBU 110 has selected fewer than
eight UEs 102A-102K to serve simultaneously during the
same time slot.

[0112] FIG. 6 is a flow diagram depicting a user selection
routine 600 for DL transmissions based on a threshold
illustratively implemented by a BBU and/or one or more
RRUs, according to one embodiment. As an example, the
BBU 110 or 902 and/or one or more RRUs 104 or 990 can
be configured to execute the user selection routine 600. The
user selection routine 600 begins at block 602.

[0113] At block 602, estimated downlink channel infor-
mation is obtained for channels between UE RX antenna
elements and base station (e.g., RRU) TX antenna elements.
For example, the estimated DL channel information can be
obtained using UL channel information obtained from UL
pilot signals. The estimated downlink channel information is
optionally subject to a scaling correct as a result of calibra-
tion between DL and UL RF chains.

[0114] Atblock 604, a threshold value is determined based
on at least the estimated downlink channel information. For
example, matrix or vector norms can be computed using the
estimated downlink channel information (e.g., representing
channel strength), and the threshold value can be based on
a product of a constant value and the highest computed
matrix or vector norm. The constant value can be the same
for all UEs or UE RX antenna elements, can be different for
some or all of the UEs or UE RX antenna elements, and/or
can be adjusted over time based on, for example, BLER
performance of one or more UE RX antenna elements.
[0115] Atblock 606, a first RX antenna element is selected
to be served by one or more of the TX antenna elements if
a representation of a spatial orthogonality of the first RX
antenna element relative to spatial element(s) of other RX
antenna element(s) already selected to be served during the
time slot is greater than the threshold value. For example, the
QR decomposition of the first RX antenna element can be
computed. As part of the computation, a vector r can be
determined, and a norm of the vector r can be the represen-
tation of the spatial orthogonality of the first RX antenna
element relative to spatial element(s) of other RX antenna
element(s) already selected to be served during the time slot.
If the representation of the spatial orthogonality of the first
RX antenna relative to spatial element(s) of other RX
antenna element(s) already selected to be served during the
time slot is greater than the threshold value, this may
indicate that the spatial dimension of the first RX antenna is
roughly or approximately orthogonal to the spatial dimen-
sion(s) of other RX antennas already selected to be served
during the time slot being scheduled.

[0116] FIG. 7 is a flow diagram depicting a user selection
routine 700 for DL transmissions illustratively implemented
by a BBU and/or one or more RRUs, according to one
embodiment. As an example, the BBU 110 or 902 and/or one
or more RRUs 104 or 990 can be configured to execute the
user selection routine 700. The user selection routine 700
begins at block 702.

[0117] At block 702, downlink channel information is
determined for channels between UE RX antenna elements
and base station (e.g., RRU) TX antenna elements. For
example, the DL channel information can be determined
using UL channel information obtained from UL pilot sig-
nals.

[0118] At block 704, for each RX antenna element, a
channel strength is determined based on the downlink chan-



US 2020/0382169 Al

nel information. For example, matrix or vector norms can be
computed using the downlink channel information to deter-
mine channel strengths for each of the RX antenna elements.

[0119] At block 706, the RX antenna elements can be
ordered based on the determined channel strengths. For
example, a fairness metric can be determined for each RX
antenna element based on the channel strength of the respec-
tive RX antenna element and an average or normalized
throughput of the respective RX antenna element. The RX
antenna elements can then be ordered based on the value of
their fairness metrics, with the RX antenna element having
the highest fairness metric being ordered first and the RX
antenna element having the lowest fairness metric being
ordered last.

[0120] At block 708, in order from highest-ordered RX
antenna element to lowest-ordered RX antenna element, the
respective RX antenna element can be optionally selected to
be served by one or more TX antenna elements based on
whether a measurement that represents a spatial orthogonal-
ity of the respective RX antenna element with RX antenna
elements already in a scheduled set (e.g., a spatial orthogo-
nality of the respective RX antenna element relative to
spatial element(s) of other RX antenna elements already
selected to be served during the time slot) is greater than a
threshold value (where the threshold value can be the
threshold Th). For example, the QR decomposition of the
RX antenna elements can be computed and used to deter-
mine a measurement that represents a spatial orthogonality
of an RX antenna element with RX antenna elements
already in a scheduled set (e.g., value r). The measurement
can then be compared to the threshold value, where a spatial
dimension of the respective RX antenna element is orthogo-
nal to the spatial dimensions of RX antenna elements
already selected to be served if the measurement is greater
than the threshold value.

[0121] FIG. 8 is a flow diagram depicting a user selection
routine 800 for UL transmissions illustratively implemented
by a BBU and/or one or more RRUs, according to one
embodiment. As an example, the BBU 110 or 902 and/or one
or more RRUs 104 or 990 can be configured to execute the
user selection routine 800. The user selection routine 800
begins at block 802.

[0122] At block 802, uplink channel information is
obtained for channels between base station (e.g., RRU) RX
antenna elements and UE TX antenna elements. For
example, the UL channel information can be obtained from
UL pilot signals.

[0123] At block 804, for each TX antenna element, a
channel strength is determined based on the uplink channel
information. For example, matrix or vector norms can be
computed using the uplink channel information to determine
channel strengths for each of the TX antenna elements.

[0124] At block 806, the TX antenna elements can be
ordered based on the determined channel strengths. For
example, a fairness metric can be determined for each TX
antenna element based on the channel strength of the respec-
tive TX antenna element and an average or normalized
throughput of the respective TX antenna element. The TX
antenna elements can then be ordered based on the value of
their fairness metrics, with the TX antenna element having
the highest fairness metric being ordered first and the TX
antenna element having the lowest fairness metric being
ordered last.
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[0125] At block 808, in order from highest-ordered TX
antenna element to lowest-ordered TX antenna element, the
respective TX antenna element can be optionally selected to
communicate with one or more RX antenna elements based
on whether a measurement that represents a spatial orthogo-
nality of the respective TX antenna element with TX antenna
elements already in a scheduled set (e.g., a spatial orthogo-
nality of the respective TX antenna element relative to
spatial element(s) of other TX antenna elements already
selected to communicate during the time slot) is greater than
a threshold value (where the threshold value can be the
threshold Th). For example, the QR decomposition of the
TX antenna elements can be computed and used to deter-
mine a measurement that represents a spatial orthogonality
of'a TX antenna element with TX antenna elements already
in a scheduled set (e.g., value r). The measurement can then
be compared to the threshold value, where a spatial dimen-
sion of the respective TX antenna element is orthogonal to
the spatial dimensions of TX antenna elements already
selected to communicate if the measurement is greater than
the threshold value.

[0126] FIG. 9 is a block diagram illustrating an example
baseband unit 902 and remote radio unit 990 according to an
embodiment. The baseband unit 902 may be coupled with at
least one remote radio unit 990. The remote radio unit 990
may include at least a first antenna 996 and a second antenna
998 for MIMO wireless communications. Any antenna
disclosed herein, such as the antenna 996 or the antenna 998,
can be referred to as antenna element. The first antenna 996
and the second antenna 998 may be coupled with a RF front
end 994. The RF front end 994 may process signals received
via the first antenna 996 and the second antenna 998. Part of
processing a signal may include transmitting the signal to a
transceiver 920 included in the BBU 902.

[0127] A processor 905 may receive signals received by
the transceiver 920. The processor 905 may be configured to
determine a type of the signal. For example, if the signal
includes a request for connection services, the processor 905
may provide the signal to an active set selector 935. The
active set selector 935 may be configured to identify an
active set of serving nodes to provide the requested down-
link data transmission service. The active set selector 935
can also identify which users to schedule during the same
time slot by performing QR decompositions, as described
herein. The active set selector 935 can identify the active set
for a UE based on information associated with the UE.
Alternatively or additionally, the active set selector 935 can
identify the active set for a UE based on information
associated with one or more other UEs. In some instances,
the active set selector 935 can identify specific spatial
beam(s) selected to serve a UE. The BBU 902 may include
a network monitor 925 to detect characteristics of the
network such as the number of UEs served by each RRU,
network data transmission load, and/or the like. The active
set selector 935 may receive the network characteristics
from the network monitor 925 as a factor considered when
selecting spatial beam(s) to serve a UE and/or identifying an
active set for a UE.

[0128] A beamformer 915 may be included in the BBU
902 to further identify parameters for the serving nodes (e.g.,
RRUs) included in an active set. The parameters may
include one or more of transmission mode, time, frequency,
power, beamforming matrix, tone allocation, or channel
rank. The beamformer 915 may determine optimal param-
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eters for RRUs coupled with the BBU 902 that facilitate a
network-wide optimization of downlink data transmissions.
In some implementations, the active set selector 935 deter-
mines an active set for a UE based, in part, on information
provided by the UE. In other implementations, a UE may
provide a requested active set. The BBU 902 may include an
active set arbitrator 930 to reconcile a requested active set
with an active set selected by the active set selector 935. The
active set arbitrator 930 may compare a requested set of
serving nodes to the serving nodes identified by the active
set selector 935. The comparison may include ordering the
serving nodes according to the UE recommendation. In
some implementations, the active set arbitrator 930 may
provide a message to the UE indicating confirmation or
other assessment for a requested active set. For example, if
the UE requested nodes A and B but the BBU 902 identified
only B in the active set, the message may include a code
indicating a partial match for the active set. Other status
codes may be included to facilitate efficient communication
and assessment of requested active sets. The active set
arbitrator 930 may additionally or alternatively compare a
requested transmission mode to the transmission mode iden-
tified by the active set selector 935 or other element of the
BBU 902.

[0129] The BBU 902 may include a data store 910. The
data store 910 may include instructions that can be executed
by the processor 905 to implement the features described
herein. In some implementations, the data store 910 may
retain active sets or other scheduling information assigned to
UEs served by the BBU 902 and/or channel state informa-
tion. The data store 910 may be indexed by UE identifier
and/or RRU identifier. This can expedite identification of
previously communicated scheduling information for the
UE and for monitoring network conditions (e.g., number of
UEs allocated to an RRU or antenna element of an RRU).
[0130] Inaddition to providing the scheduling information
to the UE, the scheduling information may be used to
configure the RRU 990. The configuration may include
adjusting the first antenna 996 such as by frequency modu-
lation, time modulation, altering transmission power from a
power source 992, or adjusting direction, tone allocation, or
beamforming of the transmission.

[0131] As discussed above, a variety of different UEs can
wirelessly communicate with serving nodes in a cooperative
MIMO network. An example UE will be discussed with
reference to FIG. 10.

[0132] FIG. 10 is a schematic block diagram of an
example UE 1000 according to an embodiment. The UE
1000 is configured for wirelessly communicating with a base
station in a cooperative MIMO network. As illustrated in
FIG. 10, the UE 1000 includes a processor 1040, a user
interface 1045, a data store 1050, a beamformer 1055,
antennas 1062 and 1064, a transceiver 1065, a motion
detector 1070, a signal quality analyzer 1075, and an active
set selector 1080. Some other UEs can include additional
elements and/or a subset of the elements illustrated in FIG.
10.

[0133] The UE 1000 includes a plurality of antennas 1062
and 1064. Any suitable number of antennas can be included
for wireless communication. The UE 1000 can include one
or more arrays of antennas. A radio frequency (RF) front end
1060 can process RF signals received via the antennas 1062
and 1064. The RF front end can also provide RF signals to
the antennas 1062 and 1064 for transmission. The trans-
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ceiver 965 includes a transmitter and a receiver. The trans-
ceiver 1065 can provide processing for transmitting and
receiving RF signals associated with the antennas 1062 and
1064. For example, upon receiving active set data, the
processor 1040 can configure the transceiver 1065 (e.g.,
receiver) to receive DL data associated with the spatial
beam(s) identified in the active set data as being selected to
serve the UE 1000.

[0134] The processor 1040 is in communication with the
transceiver 1065. The processor 1040 is implemented by
physical hardware arranged to perform specific operations to
implement functionality related to determining a link
strength of spatial beams over which beam pilots and/or user
data are transmitted. The processor 1040 can determine the
link strength, identify a spatial beam that provides the best
link strength, and/or generate one or more messages to
report the link strength to a serving node in accordance with
any suitable principles and advantages disclosed herein. The
processor 1040 can cause active set and neighbor set data to
be stored and updated. The processor 1040 can perform any
other suitable processing for the UE 1000.

[0135] The processor 1040 can be in communication with
the motion detector 1070 and the signal quality analyzer
1075. Accordingly, the processor 1040 can receive and
process information associated with conditions of the UE
1000. The motion detector 1070 can include any suitable
hardware arranged to detect mobility information associated
with the UE 1000. The signal quality analyzer 1075 can
analyze the quality of signals received and/or transmitted by
the antennas 1062 and 1064. This can provide information
associated with a spatial channel condition of the UE 1000.
The information associated with conditions of the UE 1000
can be provided to the processor 1040 for providing to the
serving node(s). In some instances, some or all of the
functionality of the motion detector 1070 and/or the signal
quality analyzer can be implemented by the processor 1040.
[0136] The active set selector 1080 is optional and can
identify a desired active set of one or more serving nodes.
The active set selector 1080 can select the desired active set
based on data associated with one or more of: one or more
serving nodes in the active set, one or more serving nodes in
the neighbor set, mobility data associated with the UE 1000,
a spatial channel condition associated with the UE 1000, the
link strength and/or the link quality of one or more spatial
beams served by one or more serving nodes, or one or more
characteristics of the UE 1000. The active set selector 1080
can optionally execute the active set management scheme to
identify a desired active set. The active set selector 1080 can
cause the processor 1040 to generate a message for trans-
mission to a serving node and/or a BBU to request that a
selected spatial beam (or selected spatial beams) be added to
an active set for the UE 1000 (e.g., request that a selected
spatial beam, which may be different than the spatial beam
(s) already included in an active set for the UE 1000, be
included in an updated active set for the UE 1000). The
active set selector 1080 can be implemented by dedicated
circuitry and/or circuitry of the processor 1040.

[0137] The beamformer 1055 can perform any suitable
beamforming functionality for the UE 900. The beamformer
1055 can set and/or adjust one or more parameters associ-
ated with receiving and/or transmitting signals associated
with the antennas 1062 and 1064 of the UE 1000. The
beamformer 1055 can be implemented by dedicated cir-
cuitry and/or circuitry of the processor 1040.
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[0138] The UE 1040 includes a data store 1050. The data
store 1050 can store instructions that can be executed by the
processor 1040 to implement the features described herein.
The data store 1050 can store active set data and neighbor set
data for the UE 1000. The data store 1050 can store spatial
beam link strengths and/or link qualities. The data store
1050 can store any other suitable data for the UE 1000. The
data store 1050 can include any suitable memory elements
arranged to store data.

[0139] Several elements included in the UE 1000 may be
coupled by a bus 1090. The bus 1090 can be a data bus,
communication bus, other bus, or any suitable combination
thereof to enable the various components of the UE 1000 to
exchange information.

[0140] Asillustrated in FIG. 10, the UE 1000 also includes
a user interface 1045. The user interface 1045 can be any
suitable user interface, such as a display and/or an audio
component. In some instances, the user interface 1045 can
include one or more of touch screen capabilities, a button, a
knob, a switch, or a slider.

TERMINOLOGY, APPLICATIONS, AND
CONCLUSION

[0141] Depending on the embodiment, certain acts,
events, or functions of any of the processes or algorithms
described herein can be performed in a different sequence,
can be added, merged, or left out altogether (e.g., not all
described operations or events are necessary for the practice
of the algorithm). Moreover, in certain embodiments, opera-
tions, or events can be performed concurrently, e.g., through
multi-threaded processing, interrupt processing, or multiple
processors or processor cores or on other parallel architec-
tures, rather than sequentially.

[0142] Conditional language used herein, such as, among
others, “can,” “could,” “might,” “may,” “e.g.,” and the like,
unless specifically stated otherwise, or otherwise understood
within the context as used, is generally intended to convey
that certain embodiments include, while other embodiments
do not include, certain features, elements, and/or steps.
Thus, such conditional language is not generally intended to
imply that features, elements, and/or steps are in any way
required for one or more embodiments or that one or more
embodiments necessarily include logic for deciding, with or
without other input or prompting, whether these features,
elements, and/or steps are included or are to be performed in
any particular embodiment. The terms “comprising,”
“including,” “having,” and the like are synonymous and are
used inclusively, in an open-ended fashion, and do not
exclude additional elements, features, acts, operations, and
so forth. Additionally, the words “herein,” “above,”
“below,” and words of similar import, when used in this
application, shall refer to this application as a whole and not
to any particular portions of this application. Where the
context permits, words in the above Detailed Description of
Certain Embodiments using the singular or plural may also
include the plural or singular, respectively. Also, the term
“or” is used in its inclusive sense (and not in its exclusive
sense) so that when used, for example, to connect a list of
elements, the term “or” means one, some, or all of the
elements in the list.

[0143] Disjunctive language such as the phrase “at least
one of X, Y, Z,” unless specifically stated otherwise, is
otherwise understood with the context as used in general to
present that an item, term, etc., may be either X, Y, or Z, or
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any combination thereof (e.g., X, Y, and/or Z). Thus, such
disjunctive language is not generally intended to, and should
not, imply that certain embodiments require at least one of
X, at least one of Y, or at least one of Z to each be present.
[0144] Unless otherwise explicitly stated, articles such as

[Tt}

a” or “an” should generally be interpreted to include one or
more described items. Accordingly, phrases such as “a
device configured to” are intended to include one or more
recited devices. Such one or more recited devices can also
be collectively configured to carry out the stated recitations.
For example, “a processor configured to carry out recitations
A, B and C” can include a first processor configured to carry
out recitation A working in conjunction with a second
processor configured to carry out recitations B and C.
[0145] The word “coupled,” as generally used herein,
refers to two or more elements that may be either directly
coupled to each other, or coupled by way of one or more
intermediate elements. Likewise, the word “connected,” as
generally used herein, refers to two or more elements that
may be either directly connected, or connected by way of
one or more intermediate elements.

[0146] As used herein, the terms “determine” or “deter-
mining” encompass a wide variety of actions. For example,
“determining” may include calculating, computing, process-
ing, deriving, generating, obtaining, looking up (e.g., look-
ing up in a table, a database or another data structure),
ascertaining and the like via a hardware element without
user intervention. Also, “determining” may include receiv-
ing (e.g., receiving information), accessing (e.g., accessing
data in a memory) and the like via a hardware element
without user intervention. Also, “determining” may include
resolving, selecting, choosing, establishing, and the like via
a hardware element without user intervention.

[0147] As used herein, the terms “provide” or “providing”
encompass a wide variety of actions. For example, “provid-
ing” may include storing a value in a location of a storage
device for subsequent retrieval, transmitting a value directly
to the recipient via at least one wired or wireless commu-
nication medium, transmitting or storing a reference to a
value, and the like. “Providing” may also include encoding,
decoding, encrypting, decrypting, validating, verifying, and
the like via a hardware element.

[0148] As used herein, the term “message” encompasses a
wide variety of formats for communicating (e.g., transmit-
ting or receiving) information. A message may include a
machine readable aggregation of information such as an
XML document, fixed field message, comma separated
message, or the like. A message may, in some implementa-
tions, include a signal utilized to transmit one or more
representations of the information. While recited in the
singular, it will be understood that a message may be
composed, transmitted, stored, received, etc. in multiple
parts.

[0149] As used herein a “user interface” (also referred to
as an interactive user interface, a graphical user interface or
a Ul) may refer to a network based interface including data
fields and/or other controls for receiving input signals or
providing electronic information and/or for providing infor-
mation to the user in response to any received input signals.
A Ul may be implemented in whole or in part using
technologies such as hyper-text mark-up language (HTML),
Flash, Java, .net, web services, and rich site summary (RSS).
In some implementations, a Ul may be included in a
stand-alone client (for example, thick client, fat client)
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configured to communicate (e.g., send or receive data) in
accordance with one or more of the aspects described.
[0150] As used herein a “transmit-receive point” (TRP)
(which can alternatively be referred to as a transmission
reception point) may refer to a transceiver device or one
transceiver element included in a device. When included as
a transceiver element, the device may include multiple
TRPs. The TRP may include one or more antennas which are
coupled to signal processing circuitry. The signal processing
circuitry may be included in the device. The TRP may
include additional elements to facilitate transmission or
receipt of wireless signals for one or more UEs. Example of
such elements may include a power source, amplifier, digi-
tal-to-analog converter, analog-to-digital converter, or the
like. When a TRP is allocated, such as by a BBU, to provide
service to a UE, the TRP may be said to be a “serving node”
for the UE.

[0151] As used herein a “remote radio unit” (RRU) may
refer to a device for controlling and coordinating transmis-
sion and receipt of wireless signals for one or more UEs. An
RRU may include or be coupled with one or more TRPs. The
RRU may receive signals from the TRP and include the
signal processing circuitry. The signal processing circuitry
may be selectively operated to facilitate processing of sig-
nals associated with different TRPs.

[0152] While the above detailed description has shown,
described, and pointed out novel features as applied to
various embodiments, it can be understood that various
omissions, substitutions, and changes in the form and details
of the devices or algorithms illustrated can be made without
departing from the spirit of the disclosure. For example,
circuit blocks and/or method blocks described herein may be
deleted, moved, added, subdivided, combined, arranged in a
different order, and/or modified. Each of these blocks may
be implemented in a variety of different ways. Any portion
of any of the methods disclosed herein can be performed in
association with specific instructions stored on a non-tran-
sitory computer readable storage medium being executed by
one or more processors. As can be recognized, certain
embodiments described herein can be embodied within a
form that does not provide all of the features and benefits set
forth herein, as some features can be used or practiced
separately from others. The scope of certain embodiments
disclosed herein is indicated by the appended claims rather
than by the foregoing description. All changes which come
within the meaning and range of equivalency of the claims
are to be embraced within their scope.

1. (canceled)
2. A network system comprising:
a plurality of first antenna elements of one or more first
devices; and
a scheduler in communication with the plurality of first
antenna elements, the scheduler comprising a processor
and computer-executable instructions, wherein the
computer-executable instructions, when executed by
the processor, cause the scheduler to:
determine channel information for channels between a
plurality of second antenna elements associated with
one or more second devices and the plurality of first
antenna elements;
determine, for each second antenna element in the
plurality of second antenna elements, a channel
strength based on the channel information; and
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for each second antenna element in the plurality of
second antenna elements in an order based on the
determined channel strengths, select the respective
second antenna element to communicate with one or
more of the plurality of first antenna elements during
a first time slot in response to a determination that a
measurement satisfies a threshold value, wherein the
measurement is derived from a characteristic of the
respective second antenna element and one or more
characteristics of one or more other second antenna
elements in the plurality of second antenna elements
selected to communicate with one or more of the
plurality of first antenna elements.

3. The network system of claim 2, wherein the computer-
executable instructions, when executed, further cause the
scheduler to determine the threshold value based on channel
coeflicients of a channel associated with a second antenna
element in the plurality of second antenna elements deter-
mined based on the determined channel strengths.

4. The network system of claim 3, wherein the computer-
executable instructions, when executed, further cause the
scheduler to determine the threshold value based on a
constant value that is the same for all second antenna
elements in the plurality of second antenna elements.

5. The network system of claim 3, wherein the computer-
executable instructions, when executed, further cause the
scheduler to periodically determine the threshold value
based on a constant value that changes based on a block
error rate performance associated with at least one second
antenna element in the plurality of second antenna elements.

6. The network system of claim 3, wherein the computer-
executable instructions, when executed, further cause the
scheduler to determine the threshold value based on a
constant value that is different for second antenna elements
in the plurality of second antenna elements.

7. The network system of claim 6, wherein the constant
value for one second antenna element in the plurality of
second antenna elements is based on interference between
the one second antenna element and one or more other
second antenna elements in the plurality of second antenna
elements.

8. The network system of claim 2, wherein the computer-
executable instructions, when executed, further cause the
scheduler to:

acquire second channel information for the channels; and

determine the channel information using the acquired
second channel information.

9. The network system of claim 2, wherein the order is
based on at least one of the determined channel strengths,
latency priority, spectral efficiency, average throughput of
the plurality of second antenna elements over a threshold
period of time, or normalized throughput of the plurality of
second antenna elements over the threshold period of time.

10. The network system of claim 2, wherein the computer-
executable instructions, when executed, further cause the
scheduler to determine a channel precoder for the selected
second antenna elements.

11. The network system of claim 2, wherein the computer-
executable instructions, when executed, further cause the
scheduler to select the respective second antenna element to
communicate with one or more of the plurality of first
antenna elements for one of a resource block, two or more
resource blocks, or a frequency band of a carrier.
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12. The network system of claim 2, wherein the computer-
executable instructions, when executed, further cause the
scheduler to determine the channel information for the
channels based on one or more pilot signals.
13. A computer-implemented method comprising:
determining channel information for channels between a
plurality of first antenna elements associated with one
or more first devices and a plurality of second antenna
elements associated with one or more second devices;

determining, for each first antenna element in the plurality
of first antenna elements, a channel strength based on
the channel information; and

for each first antenna element in the plurality of first

antenna elements in an order based on the determined
channel strengths, selecting the respective first antenna
element to communicate with one or more of the
plurality of second antenna elements during a first time
slot in response to a determination that a measurement
satisfies a threshold value, wherein the measurement is
derived from a characteristic of the respective first
antenna element and one or more characteristics of one
or more other first antenna elements in the plurality of
first antenna elements selected to communicate with
one or more of the plurality of second antenna ele-
ments.

14. The computer-implemented method of claim 13, fur-
ther comprising determining the threshold value based on
channel coefficients of a channel associated with a first
antenna element in the plurality of first antenna elements
determined based on the determined channel strengths.

15. The computer-implemented method of claim 14,
wherein determining the threshold value further comprises
determining the threshold value based on a constant value
that is the same for all first antenna elements in the plurality
of first antenna elements.

16. The computer-implemented method of claim 14,
wherein determining the threshold value further comprises
periodically determining the threshold value based on a
constant value that changes based on a block error rate
performance associated with at least one first antenna ele-
ment in the plurality of first antenna elements.

17. The computer-implemented method of claim 14,
wherein determining the threshold value further comprises
determining the threshold value based on a constant value
that is different for first antenna elements in the plurality of
first antenna elements.
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18. The computer-implemented method of claim 17,
wherein the constant value for one first antenna element in
the plurality of first antenna elements is based on interfer-
ence between the one first antenna element and one or more
other first antenna elements in the plurality of first antenna
elements.
19. The computer-implemented method of claim 13,
wherein the order is based on at least one of the determined
channel strengths, latency priority, spectral efficiency, aver-
age throughput of the plurality of first antenna elements over
a threshold period of time, or normalized throughput of the
plurality of first antenna elements over the threshold period
of time.
20. Non-transitory, computer-readable storage media
comprising computer-executable instructions, wherein the
computer-executable instructions, when executed by a
scheduler in a baseband unit, cause the baseband unit to:
determine channel information for channels between a
plurality of first antenna elements associated with one
or more first devices and a plurality of second antenna
elements associated with one or more second devices;

determine, for each first antenna element in the plurality
of first antenna elements, a channel strength based on
the channel information; and

for each first antenna element in the plurality of first

antenna elements in an order based on the determined
channel strengths, select the respective first antenna
element to communicate with one or more of the
plurality of second antenna elements during a first time
slot in response to a determination that a measurement
satisfies a threshold value, wherein the measurement is
derived from a characteristic of the respective first
antenna element and one or more characteristics of one
or more other first antenna elements in the plurality of
first antenna elements selected to communicate with
one or more of the plurality of second antenna ele-
ments.

21. The non-transitory, computer-readable storage media
of claim 20, wherein the computer-executable instructions,
when executed, further cause the baseband unit to periodi-
cally determine the threshold value based on a constant
value that changes based on a block error rate performance
associated with at least one first antenna element in the
plurality of first antenna elements.
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