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1
MULTI-USER PAIRING AND SINR
CALCULATION BASED ON RELATIVE
BEAM POWER FOR CODEBOOK-BASED DL
MU-MIMO

This application is a 35 U.S.C. § 371 national phase filing
of International Application No. PCT/IB2018/058116, filed
Oct. 18, 2018, the disclosure of which is incorporated herein
by reference in its entirety.

TECHNICAL FIELD

The present disclosure relates to multi-user pairing and
Signal to Interference Plus Noise Ratio (SINR) in a cellular
communications system.

BACKGROUND

An Active Antenna System (AAS) is one of the key
technologies adopted by Fourth Generation (4G) Long Term
Evolution (LTE) and Fifth Generation (5G) New Radio (NR)
to enhance the wireless network performance and capacity
by using Full Dimension Multiple Input Multiple Output
(FD-MIMO) or Massive Multiple Input Multiple Output
(M-MIMO). A typical AAS consists of a two-dimensional
antenna element array with M rows, N columns, and K
polarizations (K=2 in case of cross-polarization) as shown in
FIG. 1.

A typical application of an AAS is to perform codebook-
based downlink (DL) Multi-User Multiple Input Multiple
Output (MU-MIMO), which allows the same time-fre-
quency resources to be shared by multiple User Equipments
(UEs) at same time by using a predefined a set of beams,
which are defined by corresponding precoding vectors. The
optimum Precoding Matrix Index (PMI) for a particular UE
is obtained from a PMI report from the UE or estimated at
the base station (i.e., the enhanced or evolved Node B (eNB)
for LTE or the next generation Node B (gNB) for NR) using
uplink (UL) reference signals.

With codebook-based DL MU-MIMO, the co-channel
interference from co-scheduled UEs has significant impacts
on performance. The co-channel interference comes from
the side-lobe leakage of the beam (i.e., precoding vector) of
one UE to the main-lobe of the beam(s) (i.e., precoding
vector(s)) of the other, co-scheduled UE(s), as shown in FIG.
2.

FIG. 2 shows the beam radiation pattern for a Discrete
Fourier Transform (DFT)-based codebook (index 0) with
eight (8) transmit antennas in a Line of Sight (LOS) channel
model. There are multiple side-lobes to each side of the main
lobe. Leakages from the side-lobes might be dominant
interference to other co-scheduled UEs scheduled on beams
located at side-lobe directions and with high Single User
Multiple Input Multiple Output (SU-MIMO) Signal to Inter-
ference plus Noise Ratio (SINR). Thus, one of challenges of
DL codebook-based MU-MIMO is to have MU-MIMO UE
pairing and SINR calculation schemes at the base station
that find the best MU-MIMO UE pairing and accurate SINR
for link adaptation.

Two existing MU-MIMO UE pairing (also referred to
herein as multi-user pairing) and SINR calculation mecha-
nisms that utilize existing codebook feedback as summa-
rized below.

“Type-I” Codebook-Based

In Release 15 of NR [1], the ““Typel-SinglePanel”” code-

book allows a UE to report a single best PMI with a
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SU-MIMO hypothesis as shown in FIG. 3. The correspond-
ing Channel Quality Indication (CQI) with SU-MIMO
hypothesis is also reported.

With this single best PMI and SU-MIMO CQI report, the
only way to pair a UE for MU-MIMO is based on the
distance of PMI. That is, the UEs with maximum PMI
distance are selected for co-scheduling with an assumption
that the side-lobe interference is decreased with PMI dis-
tance increase. In fact, this is not always true. For instance,
FIG. 4 is an illustration of side-lobe interference related to
PMI distance. As can be seen in FIG. 4, UEO at boresight
suffers more interference from UE2 with PMI #5 than UE1
with PMI #4, as an example. Furthermore, there is no way
to quantify the interference from paired UEs.

Furthermore, since interference from co-scheduled UEs is
unknown, it is not possible to obtain an accurate SINR using
SU-MIMO CQI report. Usually, the MU-MIMO SINR val-
ues are guessed based on the SU-MIMO SINR values with
power split, which results in inaccurate link adaptation.
“Type-1I” Codebook-Based

In Release 15 NR [1], the “Type-II" codebook allows the
UE to report up to four orthogonal beams per polarization
with quantized amplitude and phase. With the multi-beam
Channel State Information (CSI) report, the DL channel is
known by the gNB. Then, Zero-Forcing (ZF), or Minimum
Mean Square Error (MMSE) based multi-user pairing and
SINR calculation can be used for DL MU-MIMO. However,
this approach suffers from problems. First, the number of
beams with a type-II CSI report is limited to four. The
information on other beams is unknown. Furthermore, the
amplitude and phase are quantized, and these quantized
values are not sufficiently accurate for multi-user pairing and
SINR calculation. Second, it is too complicated to do
multi-user pairing and SINR calculation with ZF or MMSE
based algorithms, in which the matrix inverse is needed per
hypothesis. Third, the type-II CSI feedback is dependent on
UE capability. It is not supported by UEs of releases prior to
Release 15. Lastly, the overhead required for the “type-11”
CSI report is very high.

In light of the discussion above, there is a need for
systems and methods of MU-MIMO UE pairing and SINR
calculation that address the aforementioned problems.

SUMMARY

Systems and methods are disclosed herein for multi-user
pairing and, in some embodiments, Signal to Interference
plus Noise Ratio (SINR) calculation in a cellular commu-
nications system. In some embodiments, a method per-
formed in a base station of a cellular communications
system to perform downlink scheduling for Multi-User
Multiple Input Multiple Output (MU-MIMO), comprises,
for each User Equipment (UE) of a plurality of UEs con-
sidered for MU-MIMO UE pairing, obtaining a relative
beam power at the UE for each of the plurality of beams. The
relative beam power at the UE for each beam is a value that
represents a relative beam power of the beam at the UE
relative to a beam power of a strongest of the plurality of
beams at the UE. The method further comprises selecting a
MU-MIMO UE pairing based on the relative beam powers
obtained for the plurality of UEs, the MU-MIMO UE pairing
comprising a set of UEs {UE,, . . ., UE,} on a respective
setofbeams {b,, ..., by}, where N is an integer greater than
1, the set of UEs {UE,, . .., UE,} is a subset of the plurality
of UEs considered for the MU-MIMO UE pairing, and the
set of beams {b,, ..., by} is a subset of or all of a plurality
of beams available for downlink (DL) transmission at the
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base station. In this manner, an optimal MU-MIMO UE
pairing can be selected taking into consideration the co-
channel interference from beams selected for the other UEs
in the pairing.

In some embodiments, for each UE of the plurality of
UEs, obtaining the relative beam power at the UE for each
of the plurality of beams comprises receiving, from the UE,
the relative beam power at the UE for each of the plurality
of beams.

In some embodiments, for each UE of the plurality of
UEs, obtaining the relative beam power at the UE for each
of the plurality of beams comprises receiving, from the UE,
the relative beam power at the UE for each of a subset of the
plurality of beams. Further, in some embodiments, for each
UE of the plurality of UEs, the subset of the plurality of
beams for which the relative beam powers are obtained from
the UE are those beams for which the relative beam power
is greater than a reporting threshold. In some embodiments,
for each UE of the plurality of UEs, obtaining the relative
beam power at the UE for each of the plurality of beams
further comprises setting the relative beam power for each of
the plurality of beams other than those comprised in the
subset of the plurality of beams to a default value.

In some embodiments, for each UE of the plurality of
UEs, obtaining the relative beam power at the UE for each
of the plurality of beams comprises receiving, from the UE,
beam powers measured at the UE for at least a subset of the
plurality of beams, respectively, and computing, for the UE,
the relative beam powers for the plurality of beams based on
the beam powers measured at the UE.

In some embodiments, for each UE of the plurality of UEs
considered for MU-MIMO UE pairing, obtaining the rela-
tive beam power at the UE for each of the plurality of beams
comprises obtaining measurements at the base station of
uplink (UL) reference signals transmitted by the UE and
estimating beam powers at the UE for each of the plurality
of beams based on measurements.

In some embodiments, selecting the MU-MIMO UE
pairing comprises selecting the MU-MIMO UE pairing such
that each pair of UEs, UE, and UE, in the set of UEs

{UE,, . . ., UE,}, satisfies:
RBP,(i,j)>Thand RBP,(j,iy>Th
where:
. . RBP(D . RBP,())
RBP:(i, j) = Wk(/) and RBP,C(j, i) = RBP, ()
and:

RBP,(i) is the relative beam power at the UE, for the
beam, b,, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP,(j) is the relative beam power at the UE, for the
beam, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP,(j) is the relative beam power at the UE, for the
beam, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP, (i) is the relative beam power at the UE, for the
beam, b,, selected for the UE, in the MU-MIMO UE

4

pairing relative to the beam power of the strongest of
the plurality of beams at the UE ; and
Th is a predefined threshold value.
In some embodiments, the method further comprises
5 calculating a MU-MIMO SINR for a k-th UE in the set of
UEs {UE,, ..., UE,} in the MU-MIMO UE pairing based
on a Single User Multiple Input Multiple Output (SU-
MIMO) SINR for the k-th UE and a Relative Beam Power
(RBP) sum value for the k-th UE. The RBP sum value for
the k-th UE (UE,) is defined as:

—_
<

Z RBP,(j, i)

JF
where

RBP.(])
RBP(i)

20 RBP,(j. )=

and
RBP,(i) is the relative beam power at the UE, for the
= beam, b,, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,; and
RBP,(j) is the relative beam power at the UE, for the
beam, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,.

In some embodiments, the method further comprises
calculating a MU-MIMO SINR for a k-th UE in the set of
UEs {UE,, ..., UE,} in the MU-MIMO UE pairing based
33 on a SU-MIMO SINR for the k-th UE and a RBP sum value

for the k-th UE in accordance with:

SINRSY (k) x RBP, (i) | K
1+ SINRSU (k) X RBP(i)X 3. RBP,(j, i)/ K
JF

40 SINRMU (k) =

where the RBP sum value for the k-th UE, UE,, is defined

45 4as:

> RBP(j. D

JE

50 and

RBP.(j)
RBP,(i)

RBP(j, D) =

where:

RBP,(i) is the relative beam power at the UE, for the
beam, b,, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP,(j) is the relative beam power at the UE, for the
beam, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

SINR®?(k) is a SU-MIMO SINR for the k-th UE; and

K is a total number of UEs in the MU-MIMO UE pairing.

In some embodiments, the method further comprises

performing link adaptation for the k-th UE in the MU-

55
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5
MIMO UE pairing based on the calculated MU-MIMO
SINR for the k-th UE in the MU-MIMO UE pairing.

Embodiments of a base station are also disclosed. In some
embodiments, a base station for a cellular communications
system for performing DL scheduling for MU-MIMO com-
prise a radio interface and processing circuitry whereby the
base station is operable to, for each UE of a plurality of UEs
considered for MU-MIMO UE pairing, obtain a relative
beam power at the UE for each of the plurality of beams. The
relative beam power at the UE for each beam is a value that
represents a relative beam power of the beam at the UE
relative to a beam power of a strongest of the plurality of
beams at the UE. The base station is further operable to
select a MU-MIMO UE pairing based on the relative beam
powers obtained for the plurality of UEs, the MU-MIMO
UE pairing comprising a set of UBs {UE,, ..., UE,} on a
respective set of beams {b,, . .., by}, where N is an integer
greater than 1, the set of UEs {UE,, . .., UE,} is a subset
of the plurality of UEs considered for the MU-MIMO UE
pairing, and the set of beams {b,, . . ., b,} is a subset of or
all of a plurality of beams available for DL transmission at
the base station.

In some embodiments, in order to obtain the relative beam
power at the UE for each of the plurality of beams, the base
station is further operable to, via the radio interface and the
processing circuitry, receive the relative beam power at the
UE for each of the plurality of beams from the UE.

In some embodiments, in order to obtain the relative beam
power at the UE for each of the plurality of beams, the base
station is further operable to, via the radio interface and the
processing circuitry, receive the relative beam power at the
UE for each of a subset of the plurality of beams from the
UE. In some embodiments, for each UE of the plurality of
UEs, the subset of the plurality of beams for which the
relative beam powers are obtained from the UE are those
beams for which the relative beam power is greater than a
predefined or preconfigured reporting threshold. In some
embodiments, in order to obtain the relative beam power at
the UE for each of the plurality of beams, the base station is
further operable to, via the processing circuitry, set the
relative beam power for each of the plurality of beams other
than those comprised in the subset of the plurality of beams
to a default value.

In some embodiments, in order to obtain the relative beam
power at the UE for each of the plurality of beams, the base
station is further operable to, via the radio interface and the
processing circuitry: receive beam powers measured at the
UE for at least a subset of the plurality of beams, respec-
tively, from the UE, and compute the relative beam powers
for the plurality of beams for the UE based on the beam
powers measured at the UE.

In some embodiments, in order to obtain the relative beam
power at the UE for each of the plurality of beams, the base
station is further operable to, via the radio interface and the
processing circuitry, obtain measurements at the base station
of UL reference signals transmitted by the UE and estimate
beam powers at the UE for each of the plurality of beams
based on measurements.

In some embodiments, in order to select the MU-MIMO
UE pairing, the base station is further operable to, via the
processing circuitry, select the MU-MIMO UE pairing such
that each pair of UEs, UE, and UE, in the set of UEs
{UE,, . . ., UE,}, satisfies:

RBP,(i,jy>Thand RBP,(j,iy>Th
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where:

RBP (i)
RBP(])

_ RBP.())

RBP (i, j) = = RBP.O)

and RBP,(j, i)

and:

RBP,(i) is the relative beam power at the UE, for the
beam, b,, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP,(j) is the relative beam power at the UE, for the
beam, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP,(j) is the relative beam power at the UE, for the
beam, b,, selected for the UE,, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP,(i) is the relative beam power at the UE, for the
beam, b,, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,; and

Th is a predefined threshold value.

In some embodiments, via the processing circuitry, the
base station is further operable to calculate a MU-MIMO
SINR for a k-th UE in the set of UEs {UE,, ..., UE,} in
the MU-MIMO UE pairing based on a SU-MIMO SINR for
the k-th UE and a RBP sum value for the k-th UE, the RBP
sum value for the k-th UE, UE,, being defined as:

> RBP(j. D

JE

where:

RBP,(i) is the relative beam power at the UE, for the
beam, b,, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,; and

RBP,(j) is the relative beam power at the UE, for the
beam, b,, selected for the UE,, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,.

In some embodiments, via the processing circuitry, the
base station is further operable to calculate a MU-MIMO
SINR for a k-th UE in the set of UEs {UE,, ..., UE,} in
the MU-MIMO UE pairing based on a SU-MIMO SINR for
the k-th UE and a RBP sum value for the k-th UE in
accordance with:

SINRSY (k) x RBP, (i) | K
1+ SINRSU (k) X RBP(i)X 3. RBP,(j, i)/ K
JF

SINRMU (k) =

where the RBP sum value for the k-th UE, UE,, is defined
as:

> RBP(j. D

JF
where

RBP(j)
RBP, (i)

RBP(j, ) =
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and:

RBP,(i) is the relative beam power at the UE, for the
beam, b,, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP,(j) is the relative beam power at the UE, for the
beam, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

SINR®?(k) is a SU-MIMO SINR for the k-th UE; and

K is a total number of UEs in the MU-MIMO UE pairing.

In some embodiments, via the radio interface and the

processing circuitry, the base station is further operable to
perform link adaptation for the k-th UE in the MU-MIMO
UE pairing based on the calculated MU-MIMO SINR for the
k-th UE in the MU-MIMO UE pairing.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawing figures incorporated in and
forming a part of this specification illustrate several aspects
of the disclosure, and together with the description serve to
explain the principles of the disclosure.

FIG. 1 illustrates a typical Active Antenna System (AAS)
consisting of a two-dimensional antenna element array with
M rows, N columns, and K polarizations (K=2 in case of
cross-polarization);

FIG. 2 illustrates the beam radiation pattern for a Discrete
Fourier Transform (DFT)-based codebook (index 0) with
eight (8) transmit antennas in a Line of Sight (LOS) channel
model;

FIG. 3 illustrates how a User Equipment (UE) can report
a single best Precoding Matrix Index (PMI) with a Single
User Multiple Input Multiple Output (SU-MIMO) hypoth-
esis;

FIG. 4 illustrates side-lobe interference related to PMI
distance;

FIG. 5 illustrates one example of a cellular communica-
tions network according to some embodiments of the present
disclosure;

FIG. 6 is a flow chart that illustrates the operation of a
base station in accordance with some embodiments of the
present disclosure;

FIGS. 7 through 9 are diagrams that illustrate example
mechanisms by which the base station can obtain the relative
beam power values for the UEs in step 600 of FIG. 6 in
accordance with some embodiments of the present disclo-
sure;

FIG. 10 is a schematic block diagram of a radio access
node according to some embodiments of the present disclo-
sure;

FIG. 11 is a schematic block diagram that illustrates a
virtualized embodiment of the radio access node of FIG. 10
according to some embodiments of the present disclosure;

FIG. 12 is a schematic block diagram of the radio access
node of FIG. 10 according to some other embodiments of the
present disclosure;

FIG. 13 is a schematic block diagram of a UE according
to some embodiments of the present disclosure;

FIG. 14 is a schematic block diagram of the UE of FIG.
13 according to some other embodiments of the present
disclosure;

FIG. 15 illustrates a telecommunication network con-
nected via an intermediate network to a host computer in
accordance with some embodiments of the present disclo-
sure;
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FIG. 16 is a generalized block diagram of a host computer
communicating via a base station with a UE over a partially
wireless connection in accordance with some embodiments
of the present disclosure;

FIG. 17 is a flowchart illustrating a method implemented
in a communication system in accordance with one embodi-
ment of the present disclosure; and

FIG. 18 is a flowchart illustrating a method implemented
in a communication system in accordance with one embodi-
ment of the present disclosure.

DETAILED DESCRIPTION

The embodiments set forth below represent information to
enable those skilled in the art to practice the embodiments
and illustrate the best mode of practicing the embodiments.
Upon reading the following description in light of the
accompanying drawing figures, those skilled in the art will
understand the concepts of the disclosure and will recognize
applications of these concepts not particularly addressed
herein. It should be understood that these concepts and
applications fall within the scope of the disclosure.

Radio Node: As used herein, a “radio node” is either a
radio access node or a wireless device.

Radio Access Node: As used herein, a “radio access node”
or “radio network node” is any node in a radio access
network of a cellular communications network that operates
to wirelessly transmit and/or receive signals. Some
examples of a radio access node include, but are not limited
1o, a base station (e.g., a New Radio (NR) base station (gNB)
in a Third Generation Partnership Project (3GPP) Fifth
Generation (5G) NR network or an enhanced or evolved
Node B (eNB) in a 3GPP Long Term Evolution (LTE)
network), a high-power or macro base station, a low-power
base station (e.g., a micro base station, a pico base station,
a home eNB, or the like), and a relay node.

Core Network Node: As used herein, a “core network
node” is any type of node in a core network. Some examples
of a core network node include, e.g., a Mobility Manage-
ment Entity (MME), a Packet Data Network Gateway
(P-GW), a Service Capability Exposure Function (SCEF), or
the like.

Wireless Device: As used herein, a “wireless device” is
any type of device that has access to (i.e., is served by) a
cellular communications network by wirelessly transmitting
and/or receiving signals to a radio access node(s). Some
examples of a wireless device include, but are not limited to,
a User Equipment device (UE) in a 3GPP network and a
Machine Type Communication (MTC) device.

Network Node: As used herein, a “network node” is any
node that is either part of the radio access network or the
core network of a cellular communications network/system.

Note that the description given herein focuses on a 3GPP
cellular communications system and, as such, 3GPP termi-
nology or terminology similar to 3GPP terminology is
oftentimes used. However, the concepts disclosed herein are
not limited to a 3GPP system.

Note that, in the description herein, reference may be
made to the term “cell”; however, particularly with respect
to 5G NR concepts, beams may be used instead of cells and,
as such, it is important to note that the concepts described
herein are equally applicable to both cells and beams.

Systems and methods for downlink (DL) Multi-User
Multiple Input Multiple Output (MU-MIMO) UE pairing
(i.e., multi-user pairing) are disclosed. In some embodi-
ments, Multi-User (MU) Signal to Interference plus Noise
Ratio (SINR) is also computed and, in some embodiments,
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used to perform a DL transmission (e.g., provide link
adaptation for the DL transmission).

In some embodiments, a network node (e.g., a base
station) performs DL MU-MIMO pairing and, optionally,
MU-SINR calculation for codebook-based DL MU-MIMO.
As described below in detail, in some embodiments, the
network node obtains Relative Beam Power (RBP) values
for multiple beams (i.e., multiple predefined precoding
vectors that define the multiple beams). These beams are the
transmit beams that can be used for DL MU-MIMO trans-
mission. In some embodiments, the network node obtains at
least some of the RBP values from the respective UEs (e.g.,
via full or partial RBP reports). In some other embodiments,
the network node estimates the RBP values based on mea-
surements on uplink reference signals (e.g., Demodulation
Reference Signal (DMRS) or Sounding Reference Signal
(SRS)) transmitted by the respective UEs. The network node
pairs multiple UEs for a DL, MU-MIMO transmission based
on pair-wise RBP values. In some embodiments, the net-
work node selects the pairing such that the pair-wise RBP
values for any two UEs in the pairing are both greater than
a predefined or preconfigured threshold. In some embodi-
ments, the network node also calculates MU-MIMO SINR
values for the UEs in the pairing based on respective Single
User Multiple Input Multiple Output (SU-MIMO) SINR
values (e.g., SU-MIMO SINR values with power split plus
backoff) and respective RBP sum values. In some embodi-
ments, the network node performs the DL MU-MIMO
transmission using the calculated MU-MIMO SINR values
for the UEs in the pairing. In particular, in some embodi-
ments, for each UE in the pairing, the network node per-
forms link adaptation for that UE using the MU-MIMO
SINR value calculated for that UE.

While not limited to or by any particular advantage,
embodiments of the present disclosure provide a number of
advantages over existing MU-MIMO UE pairing and SINR
calculation schemes. For example, embodiments of the
present disclosure find the best MU-MIMO UE pairing. As
another example, embodiments of the present disclosure
provide accurate SINR estimation with co-scheduling inter-
ference considered for codebook-based DL MU-MIMO.

In this regard, FIG. 5 illustrates one example of a cellular
communications network 500 according to some embodi-
ments of the present disclosure. In the embodiments
described herein, the cellular communications network 500
is a 5G NR network; however, the present disclosure is not
limited thereto. In this example, the cellular communications
network 500 includes base stations 502-1 and 502-2, which
in 5G NR are referred to as gNBs, controlling corresponding
macro cells 504-1 and 504-2. The base stations 502-1 and
502-2 are generally referred to herein collectively as base
stations 502 and individually as base station 502. Likewise,
the macro cells 504-1 and 504-2 are generally referred to
herein collectively as macro cells 504 and individually as
macro cell 504. The cellular communications network 500
may also include a number of low power nodes 506-1
through 506-4 controlling corresponding small cells 508-1
through 508-4. The low power nodes 506-1 through 506-4
can be small base stations (such as pico or femto base
stations) or Remote Radio Heads (RRHs), or the like.
Notably, while not illustrated, one or more of the small cells
508-1 through 508-4 may alternatively be provided by the
base stations 502. The low power nodes 506-1 through
506-4 are generally referred to herein collectively as low
power nodes 506 and individually as low power node 506.
Likewise, the small cells 508-1 through 508-4 are generally
referred to herein collectively as small cells 508 and indi-
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10
vidually as small cell 508. The base stations 502 (and
optionally the low power nodes 506) are connected to a core
network 510.

The base stations 502 and the low power nodes 506
provide service to UEs 512-1 through 512-5 in the corre-
sponding cells 504 and 508. The UEs 512-1 through 512-5
are generally referred to herein collectively as UEs 512 and
individually as UE 512.

FIG. 6 illustrates the operation of a network node (e.g., a
base station 502) to perform DL, MU-MIMO UE pairing and,
optionally, MU-MIMO SINR calculation in accordance with
some embodiments of the present disclosure. Note that
optional steps are represented by dashed boxes. As illus-
trated, the network node obtains, for each UE (e.g., UE 512)
of multiple UEs (e.g., a group of UEs to be considered for
DL MU-MIMO UE pairing), a RBP at the UE for each beam
of multiple beams available for use for a DL MU-MIMO
transmission) (step 600). More specifically, for a given UE
referred to as UE,, a RBP at UE, of an i-th beam relative to
a j-th beam is defined by:

Pe®
P

RBP (i, )= o

where P.(i) is a power of the i-th beam observed at UE, and
P, (j) is a power of the j-th beam observed at UE,. The RBP
of the i-th beam relative to the strongest beam power
observed at UE, is defined by:

P
Piclimax)

RBP, (i) = @

where P.(i,,,,) is the strongest beam power observed by
UE,. Then, the RBP of the i-th beam relative to the j-th beam
for UE, can be expressed by:

RBP(i)
RBP.(])

RBP (i, )= @

In step 600, for each UE, in the set of UEs to be considered
for the DL. MU-MIMO pairing, the network node obtains
RBP,(i) values for each beam, b,, in the set of beams
available for use for DL MU-MIMO.

The network node obtains the RBP,(i) values using any
suitable mechanism. For example, in some embodiments,
each UE, computes its RBP,(i) values for all of the beams
and sends the computed RBP,(i) values to the network node
in a report(s). As another example, in some other embodi-
ments, each UE, computes its RBP,(i) values for all of the
beams and sends a subset of the computed RBP,(i) values to
the network node in a report(s). This subset can be, e.g.,
those RBP,(i) values that are greater than a predefined or
preconfigured reporting threshold. In this case, the network
node can set any unreported RBP,(i) values to a default
value (e.g., 0). As yet another example, in some other
embodiments, each UE, measures the beam power observed
at UE, for each beam and sends the measured beam power
values or a subset of the measured beam powers (e.g., those
beam power values that are greater than a predefined or
preconfigured reporting threshold) to the network node in a
report(s), where the network node then uses the reported
beam power values to compute the RBP,(i) values. Any
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unreported beam power values can be set to a default value
(e.g., 0). As a final example, in some other embodiments, for
each UE,, the network node obtains measurements of uplink
reference signals (e.g., DMRS or SRS) transmitted by UE,
and estimates the RBP,(i) values for UE, based on those
measurements. Note that, for all embodiments, RBP,(i)
values may be wideband or obtained for different sub-bands,
e.g., with unit of decibels (dB).

The network node selects a MU-MIMO UE pairing for a
DL MU-MIMO transmission based on the obtained RBP,(i)
values (step 602). One example of a scheme for selecting the
MU-MIMO UE pairing based on the obtained RBP,(i)
values will now be described. Note that this scheme is only
an example. Other schemes and variations of this scheme
may be used. More specifically, for UE, with beam b, (i.e.,
the i-th beam) for MU-MIMO precoding to be paired with
UE,, with beam b; (ie., the j-th beam) for MU-MIMO
precoding, the ratio of the desired signal power of UE, to the
interference power from paired UE, can be calculated by:

Pe®
P

)

SIR, = = RBP.(, )

So, for a given UE, and any other UE, to be paired, the
pair-wise RBP values RBP,(i,j) and RBP,(j,i) should each
satisfy a predefined (e.g., preconfigured) threshold (Th) in
order to minimize the co-channel interference from co-
scheduled UEs. That is,

RBP,(i jy>ThAND RBP,(j,i}>Th )

In some embodiments, the RBP values obtained in step 600
are the RBP values relative to the strongest beam at the
respective UE. In this case,

RBP,(i)
RBP(j)

RBP,(j)
RBP, (D)

©

RBP (i, )= and RBP,(j, i) =

where:
RBP,(i) is the relative beam power at UE, for the beam,
b,, selected for UE, in the MU-MIMO UE pairing,
RBP,(j) is the relative beam power at UE, for the beam,
selected for UE,, in the MU-MIMO UE pairing,
RBP,(j) is the relative beam power at UE, for the beam,
selected for UE,, in the MU-MIMO UE pairing,
RBP, (i) is the relative beam power at UE,, for the beam
direction, b,, selected for UE, in the MU-MIMO UE
pairing, and
Th is a predefined (e.g., preconfigured) threshold value
that is the minimum separation of two UEs to be paired
for codebook-based DL MU-MIMO.
In some other embodiments, the RBP values obtained in step
600 are the RBP values of beam i relative to beam j relative
to the strongest beam at the respective UE. In this case,

Pe(®
Pe()

P

. @]
and RBP,(j, i) = P

RBP (i, j) =

where the beam power values may be reported by the UEs
or computed (e.g., estimated) by the network node.

Thus, in step 602, the network node selects the MU-
MIMO UE pairing for the DL, MU-MIMO transmission,
where the MU-MIMO UE pairing includes a set of UEs
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{UE,, ..., UE,} on arespective set of beams {b,, ..., by},
where N is an integer greater than 1 and is the number of
UEs in the MU-MIMO UE pairing, the set of UEs
{UE,, ..., UE,} is a subset of the UEs considered for the
MU-MIMO UE pairing, and the set of beams {b,, . .., by}
is a subset of or all of the available beams. Further, the
MU-MIMO pairing is selected such that, for each pair of
UEs (UE, and UE,) in the set of UBs {UE,, ..., UE.}:

RBP,(i jy>Thand RBP,(j,i)>Th.

Optionally, the network node computes, for each UE, in
the selected MU-MIMO UE pairing, a MU-MIMO SINR for
UE,, based on a SU-MIMO SINR for UE, and a sum of
pair-wise RBP values RBP,(j, 1) where beam b, is the beam
selected for UE, in the MU-MIMO UE pairing and the sum
of RBP,(j, 1) values is for all beams j=l (step 604). More
specifically, for UE, with beam b, for MU-MIMO precoding
where UE, is co-scheduled with other UEs with beam j (j=1),
the MU-MIMO SINR of UE(k) can be calculated by:

SINRMU () = _ R/K
T+N+Zp P/ K
1/K
T+N _ Pilma) 1 P
- X o X -
Pilimax)  Pe(D) K Pi(i)
1/K
B 1 T;+iRBP(J. )
SINRSU)(i) x RBP; (i) K

SINRSY (k) x RBP, (i) | K
1+ SINRSY (k) X RBP, () X £+ RBP (j, D)/ K

Piclimax)

here SINRSY) (k) =
where k) TEN

is the SU-MIMO SINR of UE, from a UE CSI report (e.g.,
“Type-I" CSI report [1]) with corresponding strongest beam
b, and SU-MIMO hypothesis. [+N denotes the interference
from neighboring cells plus the noise. K is the total number
of UEs co-scheduled in the MU-MIMO UE pairing, and
2 _RBP.(, 1) is the sum RBP of beams for paired UEs
relative to the beam (b,) selected for UE,. Note that the RBPs
for UE,’s MU-MIMO SINR calculation are derived from
UE,, instead of the RBPs of paired UEs, except for the beam

indexes used for paired UEs.

The factor 1/K represents the transmit power split due to
co-scheduled transmission with K UEs at same time. RBP,
(1) represents SINR back-off if selecting the non-strongest
beam for MU-MIMO transmission for UE,. Then, the SU-
MIMO SINR for UE, with power-split and back-off can be
denoted by:

SINRSYHPSEE) |)=SINRS(k)x RBP,(i)/K.

Then, MU-SINR of UE, for MU-MIMO transmission can
be further expressed by:

SINR(SU+PS+Bﬂ(k)

SINRMU k) =
® 1+ SINRSU+PSBEY () X T i RBP, (, )
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In dB domain:

SINRM(j)(dB)=SINR S¥+P5+B5) 1) (dB)+Penaty
(dB)

where

SINRSYHPSEE) ) (dB)=SINR S (k) (dB)+10xlog
10(1/K)+RBP,(i)(dB)

where

Penaty(dB)=—10xlog 10(1+SINREVHSBE) ()
2 RBP(0.7)-

Optionally, the network node performs the DL MU-
MIMO transmission using the MU-MIMO SINRs computed
for the UEs in the MU-MIMO UE pairing (step 606). For
example, for each UE in the MU-MIMO UE pairing, the
network node performs link adaptation for that UE using the
MU-MIMO SINR computed for that UE.

FIGS. 7 through 9 are diagrams that illustrate example
mechanisms by which the network node can obtain the RBP
values for the UEs in step 600 of FIG. 6 in accordance with
some embodiments of the present disclosure. Optional steps
are represented by dashed lines or dashed boxes. In these
examples, the network node is a base station 502, and the
UEs are UEs 512. Looking first at FIG. 7, in this embodi-
ment, the base station 502 receives RBP reports from the
UEs 512. More specifically, the base station 502 optionally
configures the UEs 512 with a RBP reporting threshold (step
700). The base station 502 transmits reference signals on
each of multiple beams available for downlink transmission
at the base station 502 (step 702). Each UE 512 measures
beam power at the UE 512 for each beam (step 704) and
computes a RBP value for each beam relative to a strongest
beam at the UE 512 (step 706). Thus, the computed RBP
values in this example are the RPB values (RBP,(i) for each
i-th beam relative to the strongest beam b, at the UE 512,
denoted at UE,), as defined in Equation 2"above. Each UE
512 sends a RBP report including at least a subset of the
computed RBP values to the base station 502 (708). In some
embodiments, the UEs 512 report all computed RBP values
(i.e., RBP values for all beams). In some other embodiments,
the UEs 512 report only those computed RBP values that
satisfy the RBP reporting threshold (e.g., are greater than the
RBP reporting threshold).

At this point, the base station 502 has obtained the RBP
values from the UEs 512, and the base station 502 proceeds
as described above with respect to FIG. 6. Specifically, the
base station 502 selects a MU-MIMO UE pairing for a DL,
MU-MIMO transmission based on the RBP values as
described above with respect to step 602 of FIG. 6 (step
710). Optionally, the base station 502 also computes a
MU-MIMO SINR for each UE 512 in the selected MU-
MIMO UE pairing as described above with respect to step
604 (step 712). The base station 502 optionally performs the
DL MU-MIMO transmission based on the MU-MIMO
SINRs as described above with respect to step 606 of FIG.
6 (step 714). Step 714 is optional because, e.g., the MU-
MIMO UE paring may be selected by a network node other
than the network that performs the DL MU-MIMO trans-
mission.

Now turning to FIG. 8, in this embodiment, the base
station 502 receives Beam Power (BP) reports from the UEs
512. More specifically, the base station 502 optionally
configures the UEs 512 with a BP reporting threshold (step
800). The base station 502 transmits reference signals on
each of multiple beams available for DL transmission at the
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base station 502 (step 802). Each UE 512 measures beam
power at the UE 512 for each beam (step 804). Each UE 512
sends a BP report including at least a subset of the measured
BP values to the base station 502 (step 806). In some
embodiments, the UEs 512 report all measured BP values
(i.e., BP values for all beams). In some other embodiments,
the UEs 512 report only those measured BP values that
satisfy the BP reporting threshold (e.g., are greater than the
BP reporting threshold). For each UE 512, the base station
502 computes RBP value(s) for each beam (step 808). In
some embodiments, for each UE 512, the base station 502
compute an RBP,(i) value for each i-th beam relative to the
strongest beam b, at the UE 512, denoted as UE,. In some
other embodimenr%asx, for each UE 512 denoted as UE,, the
base station 502 uses the reported BP values (i.e., P, values)
to compute RBP, (i, j) values for each combination of i and
j in accordance with Equation (1) above.

At this point, the base station 502 has obtained the RBP
values from the UEs 512, and the base station 502 proceeds
as described above with respect to FIG. 6. Specifically, the
base station 502 selects a MU-MIMO UE pairing for a DL,
MU-MIMO transmission based on the RBP values in accor-
dance with Equation (5), as described above with respect to
step 602 of FIG. 6 (step 810). Optionally, the base station
502 also computes a MU-MIMO SINR for each UE 512 in
the selected MU-MIMO UE pairing as described above with
respect to step 604 (step 812). The base station 502 option-
ally performs the DL MU-MIMO transmission based on the
MU-MIMO SINRs as described above with respect to step
606 of FIG. 6 (step 814).

Now turning to FIG. 9, in this embodiment, the base
station 502 computes the RBP values for the UEs 512 based
on measurements made at the base station 502. More spe-
cifically, each UE 512 transmits uplink (UL) reference
signals (e.g., DMRS or SRS in a Time Division Duplexing
(TDD) system) (step 900). The base station 502 performs
measurements on the UL reference signals from the UEs 512
(step 902). More specifically, for each UE,, the base station
502 measures a power per beam for each beam, where the
power per beam for UE, for beam b, is denoted as P, (i) and
can be expressed as:

P()=w/ Ry,

where w, is the precoding vector of i-th beam, and R, is the
covariance matrix of UE, measured with UL reference
signals (e.g., DMRS or SRS). Then, the RBP of each beam
irelative to beam j is calculated with Equation (1) (step 904).

At this point, the base station 502 has obtained the RBP
values from the UEs 512, and the base station 502 proceeds
as described above with respect to FIG. 6. Specifically, the
base station 502 selects a MU-MIMO UE pairing for a DL,
MU-MIMO transmission based on the RBP values as
described above with respect to step 602 of FIG. 6 (step
906). Optionally, the base station 502 also computes a
MU-MIMO SINR for each UE 512 in the selected MU-
MIMO UE pairing as described above with respect to step
604 (step 908). The base station 502 optionally performs the
DL MU-MIMO transmission based on the MU-MIMO
SINRs as described above with respect to step 606 of FIG.
6 (step 910).

FIG. 10 is a schematic block diagram of a radio access
node 1000 according to some embodiments of the present
disclosure. The radio access node 1000 may be, for example,
a base station 502 or 506. As illustrated, the radio access
node 1000 includes a control system 1002 that includes one
or more processors 1004 (e.g., Central Processing Units
(CPUs), Application Specific Integrated Circuits (ASICs),



US 11,996,913 B2

15

Field Programmable Gate Arrays (FPGAs), and/or the like),
memory 1006, and a network interface 1008. The one or
more processors 1004 are also referred to herein as process-
ing circuitry. In addition, the radio access node 1000
includes one or more radio units 1010 that each includes one
or more transmitters 1012 and one or more receivers 1014
coupled to one or more antennas 1016. The radio units 1010
may be referred to or be part of radio interface circuitry. In
some embodiments, the radio unit(s) 1010 is external to the
control system 1002 and connected to the control system
1002 via, e.g., a wired connection (e.g., an optical cable).
However, in some other embodiments, the radio unit(s) 1010
and potentially the antenna(s) 1016 are integrated together
with the control system 1002. The one or more processors
1004 operate to provide one or more functions of a radio
access node 1000 (e.g., the functions of a base station or a
network node) as described herein, e.g., with respect of
FIGS. 6 through 9. In some embodiments, the function(s) are
implemented in software that is stored, e.g., in the memory
1006 and executed by the one or more processors 1004.

FIG. 11 is a schematic block diagram that illustrates a
virtualized embodiment of the radio access node 1000
according to some embodiments of the present disclosure.
This discussion is equally applicable to other types of
network nodes. Further, other types of network nodes may
have similar virtualized architectures.

As used herein, a “virtualized” radio access node is an
implementation of the radio access node 1000 in which at
least a portion of the functionality of the radio access node
1000 is implemented as a virtual component(s) (e.g., via a
virtual machine(s) executing on a physical processing
node(s) in a network(s)). As illustrated, in this example, the
radio access node 1000 includes the control system 1002
that includes the one or more processors 1004 (e.g., CPUs,
ASICs, FPGAs, and/or the like), the memory 1006, and the
network interface 1008 and the one or more radio units 1010
that each includes the one or more transmitters 1012 and the
one or more receivers 1014 coupled to the one or more
antennas 1016, as described above. The control system 1002
is connected to the radio unit(s) 1010 via, for example, an
optical cable or the like. The control system 1002 is con-
nected to one or more processing nodes 1100 coupled to or
included as part of a network(s) 1102 via the network
interface 1008. Each processing node 1100 includes one or
more processors 1104 (e.g., CPUs, ASICs, FPGAs, and/or
the like), memory 1106, and a network interface 1108.

In this example, functions 1110 of the radio access node
1000 (e.g., the functions of a base station or a network node)
as described herein, e.g., with respect of FIGS. 6 through 9
are implemented at the one or more processing nodes 1100
or distributed across the control system 1002 and the one or
more processing nodes 1100 in any desired manner. In some
particular embodiments, some or all of the functions 1110 of
the radio access node 1000 (e.g., the functions of a base
station or a network node) as described herein, e.g., with
respect of FIGS. 6 through 9 are implemented as virtual
components executed by one or more virtual machines
implemented in a virtual environment(s) hosted by the
processing node(s) 1100. As will be appreciated by one of
ordinary skill in the art, additional signaling or communi-
cation between the processing node(s) 1100 and the control
system 1002 is used in order to carry out at least some of the
desired functions 1110. Notably, in some embodiments, the
control system 1002 may not be included, in which case the
radio unit(s) 1010 communicate directly with the processing
node(s) 1100 via an appropriate network interface(s).
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In some embodiments, a computer program including
instructions which, when executed by at least one processor,
causes the at least one processor to carry out the function-
ality of radio access node 1000 or a node (e.g., a processing
node 1100) implementing one or more of the functions 1110
of the radio access node 1000 in a virtual environment
according to any of the embodiments described herein is
provided. In some embodiments, a carrier comprising the
aforementioned computer program product is provided. The
carrier is one of an electronic signal, an optical signal, a
radio signal, or a computer readable storage medium (e.g., a
non-transitory computer readable medium such as memory).

FIG. 12 is a schematic block diagram of the radio access
node 1000 according to some other embodiments of the
present disclosure. The radio access node 1000 includes one
or more modules 1200, each of which is implemented in
software. The module(s) 1200 provide the functionality of
the radio access node 1000 (e.g., the functions of a base
station or a network node) as described herein, e.g., with
respect of FIGS. 6 through 9. This discussion is equally
applicable to the processing node 1100 of FIG. 11 where the
modules 1200 may be implemented at one of the processing
nodes 1100 or distributed across multiple processing nodes
1100 and/or distributed across the processing node(s) 1100
and the control system 1002.

FIG. 13 is a schematic block diagram of a UE 1300
according to some embodiments of the present disclosure.
As illustrated, the UE 1300 includes one or more processors
1302 (e.g., CPUs, ASICs, FPGAs, and/or the like), memory
1304, and one or more transceivers 1306 each including one
or more transmitters 1308 and one or more receivers 1310
coupled to one or more antennas 1312. The transceiver(s)
1306 includes radio-front end circuitry connected to the
antenna(s) 1312 that is configured to condition signals
communicated between the antenna(s) 1312 and the proces-
sor(s) 1302, as will be appreciated by on of ordinary skill in
the art. The processors 1302 are also referred to herein as
processing circuitry. The transceivers 1306 are also referred
to herein as radio circuitry. In some embodiments, the
functionality of the UE 1300 (e.g., the functions of a UE) as
described herein, e.g., with respect of FIGS. 6 through 9,
may be fully or partially implemented in software that is,
e.g., stored in the memory 1304 and executed by the
processor(s) 1302. Note that the UE 1300 may include
additional components not illustrated in FIG. 13 such as,
e.g., one or more user interface components (e.g., an input/
output interface including a display, buttons, a touch screen,
a microphone, a speaker(s), and/or the like and/or any other
components for allowing input of information into the UE
1300 and/or allowing output of information from the UE
1300), a power supply (e.g., a battery and associated power
circuitry), etc.

In some embodiments, a computer program including
instructions which, when executed by at least one processor,
causes the at least one processor to carry out the function-
ality of the UE 1300 according to any of the embodiments
described herein is provided. In some embodiments, a
carrier comprising the aforementioned computer program
product is provided. The carrier is one of an electronic
signal, an optical signal, a radio signal, or a computer
readable storage medium (e.g., a non-transitory computer
readable medium such as memory).

FIG. 14 is a schematic block diagram of the UE 1300
according to some other embodiments of the present disclo-
sure. The UE 1300 includes one or more modules 1400, each
of which is implemented in software. The module(s) 1400
provide the functionality of the UE 1300 described herein.
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With reference to FIG. 15, in accordance with an embodi-
ment, a communication system includes a telecommunica-
tion network 1500, such as a 3GPP-type cellular network,
which comprises an access network 1502, such as a Radio
Access Network (RAN), and a core network 1504. The
access network 1502 comprises a plurality of base stations
1506A, 1506B, 1506C, such as NBs, eNBs, gNBs, or other
types of wireless Access Points (APs), each defining a
corresponding coverage area 1508A, 1508B, 1508C. Each
base station 1506A, 15068, 1506C is connectable to the core
network 1504 over a wired or wireless connection 1510. A
first UE 1512 located in coverage area 1508C is configured
to wirelessly connect to, or be paged by, the corresponding
base station 1506C. A second UE 1514 in coverage area
1508A is wirelessly connectable to the corresponding base
station 1506A. While a plurality of UEs 1512, 1514 are
illustrated in this example, the disclosed embodiments are
equally applicable to a situation where a sole UE is in the
coverage area or where a sole UE is connecting to the
corresponding base station 1506.

The telecommunication network 1500 is itself connected
to a host computer 1516, which may be embodied in the
hardware and/or software of a standalone server, a cloud-
implemented server, a distributed server, or as processing
resources in a server farm. The host computer 1516 may be
under the ownership or control of a service provider, or may
be operated by the service provider or on behalf of the
service provider. Connections 1518 and 1520 between the
telecommunication network 1500 and the host computer
1516 may extend directly from the core network 1504 to the
host computer 1516 or may go via an optional intermediate
network 1522. The intermediate network 1522 may be one
of, or a combination of more than one of, a public, private,
or hosted network; the intermediate network 1522, if any,
may be a backbone network or the Internet; in particular, the
intermediate network 1522 may comprise two or more
sub-networks (not shown).

The communication system of FIG. 15 as a whole enables
connectivity between the connected UEs 1512, 1514 and the
host computer 1516. The connectivity may be described as
an Over-the-Top (OTT) connection 1524. The host computer
1516 and the connected UEs 1512, 1514 are configured to
communicate data and/or signaling via the OTT connection
1524, using the access network 1502, the core network 1504,
any intermediate network 1522, and possible further infra-
structure (not shown) as intermediaries. The OTT connec-
tion 1524 may be transparent in the sense that the partici-
pating communication devices through which the OTT
connection 1524 passes are unaware of routing of uplink and
downlink communications. For example, the base station
1506 may not or need not be informed about the past routing
of an incoming downlink communication with data origi-
nating from the host computer 1516 to be forwarded (e.g.,
handed over) to a connected UE 1512. Similarly, the base
station 1506 need not be aware of the future routing of an
outgoing uplink communication originating from the UE
1512 towards the host computer 1516.

Example implementations, in accordance with an embodi-
ment, of the UE, base station, and host computer discussed
in the preceding paragraphs will now be described with
reference to FIG. 16. In a communication system 1600, a
host computer 1602 comprises hardware 1604 including a
communication interface 1606 configured to set up and
maintain a wired or wireless connection with an interface of
a different communication device of the communication
system 1600. The host computer 1602 further comprises
processing circuitry 1608, which may have storage and/or
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processing capabilities. In particular, the processing cir-
cuitry 1608 may comprise one or more programmable
processors, ASICs, FPGAs, or combinations of these (not
shown) adapted to execute instructions. The host computer
1602 further comprises software 1610, which is stored in or
accessible by the host computer 1602 and executable by the
processing circuitry 1608. The software 1610 includes a host
application 1612. The host application 1612 may be oper-
able to provide a service to a remote user, such as a UE 1614
connecting via an OTT connection 1616 terminating at the
UE 1614 and the host computer 1602. In providing the
service to the remote user, the host application 1612 may
provide user data which is transmitted using the OTT
connection 1616.

The communication system 1600 further includes a base
station 1618 provided in a telecommunication system and
comprising hardware 1620 enabling it to communicate with
the host computer 1602 and with the UE 1614. The hardware
1620 may include a communication interface 1622 for
setting up and maintaining a wired or wireless connection
with an interface of a different communication device of the
communication system 1600, as well as a radio interface
1624 for setting up and maintaining at least a wireless
connection 1626 with the UE 1614 located in a coverage
area (not shown in FIG. 16) served by the base station 1618.
The communication interface 1622 may be configured to
facilitate a connection 1628 to the host computer 1602. The
connection 1628 may be direct or it may pass through a core
network (not shown in FIG. 16) of the telecommunication
system and/or through one or more intermediate networks
outside the telecommunication system. In the embodiment
shown, the hardware 1620 of the base station 1618 further
includes processing circuitry 1630, which may comprise one
or more programmable processors, ASICs, FPGAs, or com-
binations of these (not shown) adapted to execute instruc-
tions. The base station 1618 further has software 1632 stored
internally or accessible via an external connection.

The communication system 1600 further includes the UE
1614 already referred to. The UE’s 1614 hardware 1634 may
include a radio interface 1636 configured to set up and
maintain a wireless connection 1626 with a base station
serving a coverage area in which the UE 1614 is currently
located. The hardware 1634 of the UE 1614 further includes
processing circuitry 1638, which may comprise one or more
programmable processors, ASICs, FPGAs, or combinations
of'these (not shown) adapted to execute instructions. The UE
1614 further comprises software 1640, which is stored in or
accessible by the UE 1614 and executable by the processing
circuitry 1638. The software 1640 includes a client appli-
cation 1642. The client application 1642 may be operable to
provide a service to a human or non-human user via the UE
1614, with the support of the host computer 1602. In the host
computer 1602, the executing host application 1612 may
communicate with the executing client application 1642 via
the OTT connection 1616 terminating at the UE 1614 and
the host computer 1602. In providing the service to the user,
the client application 1642 may receive request data from
the host application 1612 and provide user data in response
to the request data. The OTT connection 1616 may transfer
both the request data and the user data. The client application
1642 may interact with the user to generate the user data that
it provides.

It is noted that the host computer 1602, the base station
1618, and the UE 1614 illustrated in FIG. 16 may be similar
or identical to the host computer 1516, one of the base
stations 1506A, 15068, 1506C, and one of the UEs 1512,
1514 of FIG. 15, respectively. This is to say, the inner
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workings of these entities may be as shown in FIG. 16 and
independently, the surrounding network topology may be
that of FIG. 15.

In FIG. 16, the OTT connection 1616 has been drawn
abstractly to illustrate the communication between the host
computer 1602 and the UE 1614 via the base station 1618
without explicit reference to any intermediary devices and
the precise routing of messages via these devices. The
network infrastructure may determine the routing, which
may be configured to hide from the UE 1614 or from the
service provider operating the host computer 1602, or both.
While the OTT connection 1616 is active, the network
infrastructure may further take decisions by which it
dynamically changes the routing (e.g., on the basis of load
balancing consideration or reconfiguration of the network).

The wireless connection 1626 between the UE 1614 and
the base station 1618 is in accordance with the teachings of
the embodiments described throughout this disclosure. One
or more of the various embodiments improve the perfor-
mance of OTT services provided to the UE 1614 using the
OTT connection 1616, in which the wireless connection
1626 forms the last segment. More precisely, the teachings
of these embodiments may improve e.g., data rate, latency,
and/or power consumption and thereby provide benefits
such as e.g., reduced user waiting time, relaxed restriction
on file size, better responsiveness, and/or extended battery
lifetime.

A measurement procedure may be provided for the pur-
pose of monitoring data rate, latency, and other factors on
which the one or more embodiments improve. There may
further be an optional network functionality for reconfigur-
ing the OTT connection 1616 between the host computer
1602 and the UE 1614, in response to variations in the
measurement results. The measurement procedure and/or
the network functionality for reconfiguring the OTT con-
nection 1616 may be implemented in the software 1610 and
the hardware 1604 of the host computer 1602 or in the
software 1640 and the hardware 1634 of the UE 1614, or
both. In some embodiments, sensors (not shown) may be
deployed in or in association with communication devices
through which the OTT connection 1616 passes; the sensors
may participate in the measurement procedure by supplying
values of the monitored quantities exemplified above, or
supplying values of other physical quantities from which the
software 1610, 1640 may compute or estimate the monitored
quantities. The reconfiguring of the OTT connection 1616
may include message format, retransmission settings, pre-
ferred routing, etc.; the reconfiguring need not affect the base
station 1618, and it may be unknown or imperceptible to the
base station 1618. Such procedures and functionalities may
be known and practiced in the art. In certain embodiments,
measurements may involve proprietary UE signaling facili-
tating the host computer’s 1602 measurements of through-
put, propagation times, latency, and the like. The measure-
ments may be implemented in that the software 1610 and
1640 causes messages to be transmitted, in particular empty
or ‘dummy’ messages, using the OTT connection 1616
while it monitors propagation times, errors, etc.

FIG. 17 is a flowchart illustrating a method implemented
in a communication system, in accordance with one embodi-
ment. The communication system includes a host computer,
a base station, and a UE which may be those described with
reference to FIGS. 15 and 16. For simplicity of the present
disclosure, only drawing references to FIG. 17 will be
included in this section. In step 1700, the host computer
provides user data. In sub-step 1702 (which may be
optional) of step 1700, the host computer provides the user
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data by executing a host application. In step 1704, the host
computer initiates a transmission carrying the user data to
the UE. In step 1706 (which may be optional), the base
station transmits to the UE the user data which was carried
in the transmission that the host computer initiated, in
accordance with the teachings of the embodiments described
throughout this disclosure. In step 1708 (which may also be
optional), the UE executes a client application associated
with the host application executed by the host computer.

FIG. 18 is a flowchart illustrating a method implemented
in a communication system, in accordance with one embodi-
ment. The communication system includes a host computer,
a base station, and a UE which may be those described with
reference to FIGS. 15 and 16. For simplicity of the present
disclosure, only drawing references to FIG. 18 will be
included in this section. In step 1800 of the method, the host
computer provides user data. In an optional sub-step (not
shown) the host computer provides the user data by execut-
ing a host application. In step 1802, the host computer
initiates a transmission carrying the user data to the UE. The
transmission may pass via the base station, in accordance
with the teachings of the embodiments described throughout
this disclosure. In step 1804 (which may be optional), the
UE receives the user data carried in the transmission.

Any appropriate steps, methods, features, functions, or
benefits disclosed herein may be performed through one or
more functional units or modules of one or more virtual
apparatuses. Each virtual apparatus may comprise a number
of these functional units. These functional units may be
implemented via processing circuitry, which may include
one or more microprocessor or microcontrollers, as well as
other digital hardware, which may include Digital Signal
Processor (DSPs), special-purpose digital logic, and the like.
The processing circuitry may be configured to execute
program code stored in memory, which may include one or
several types of memory such as Read Only Memory
(ROM), Random Access Memory (RAM), cache memory,
flash memory devices, optical storage devices, etc. Program
code stored in memory includes program instructions for
executing one or more telecommunications and/or data
communications protocols as well as instructions for carry-
ing out one or more of the techniques described herein. In
some implementations, the processing circuitry may be used
to cause the respective functional unit to perform corre-
sponding functions according one or more embodiments of
the present disclosure.

While processes in the figures may show a particular
order of operations performed by certain embodiments of
the present disclosure, it should be understood that such
order is exemplary (e.g., alternative embodiments may per-
form the operations in a different order, combine certain
operations, overlap certain operations, etc.).

At least some of the following abbreviations may be used
in this disclosure. If there is an inconsistency between
abbreviations, preference should be given to how it is used
above. If listed multiple times below, the first listing should
be preferred over any subsequent listing(s).

3GPP Third Generation Partnership Project

4G Fourth Generation

5G Fifth Generation

AAS Active Antenna System

AP Access Point

ASIC Application Specific Integrated Circuit

BP Beam Power

CPU Central Processing Unit

CQI Channel Quality Indication

CSI Channel State Information
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dB Decibel
DEFT Discrete Fourier Transform
DL Downlink

DMRS Demodulation Reference Signal

DSP Digital Signal Processor

eNB Enhanced or Evolved Node B

FD-MIMO Full Dimension Multiple Input Multiple Out-

put
FPGA Field Programmable Gate Array
gNB New Radio Base Station
LOS Line of Sight
LTE Long Term Evolution
MME Mobility Management Entity
M-MIMO Massive Multiple Input Multiple Output
MMSE Minimum Mean Square Error
MTC Machine Type Communication
MU Multi-User
MU-MIMO Multi-User Multiple Input Multiple Output
NR New Radio
OTT Over-the-Top
P-GW Packet Data Network Gateway
PMI Precoding Matrix Index
RAM Random Access Memory
RAN Radio Access Network
ROM Read Only Memory
RRH Remote Radio Head
SCEF Service Capability Exposure Function
SINR Signal to Interference plus Noise Ratio
SRS Sounding Reference Signal
SU-MIMO Single User Multiple Input Multiple Output
TDD Time Division Duplexing
UE User Equipment
UL Uplink
ZF Zero-Forcing
Those skilled in the art will recognize improvements and
modifications to the embodiments of the present disclosure.
All such improvements and modifications are considered
within the scope of the concepts disclosed herein.
What is claimed is:
1. A method performed in a base station of a cellular
communications system to perform downlink scheduling for
Multi-User Multiple Input Multiple Output, MU-MIMO,
comprising:
for each User Equipment, UE, of a plurality of UEs
considered for MU-MIMO UE pairing, obtaining a
relative beam power at the UE for each of a plurality of
beams, the relative beam power at the UE for each
beam being a value that represents a relative beam
power of the beam at the UE relative to a beam power
of a strongest of the plurality of beams at the UE; and

selecting a MU-MIMO UE pairing based on the relative
beam powers obtained for the plurality of UEs, the
MU-MIMO UE pairing comprising a set of UEs
{UE,, . . ., UE,} on a respective set of beams
{by, ..., by}, where N is an integer greater than 1, the
set of UEs {UE, . .., UE,} is a subset of the plurality
of UEs considered for the MU-MIMO UE pairing, and
the set of beams {b,, . . ., by} is a subset of or all of
a plurality of beams available for downlink transmis-
sion at the base station.

2. The method of claim 1, wherein, for each UE of the
plurality of UEs-, obtaining the relative beam power at the
UE for each of the plurality of beams comprises receiving-,
from the UE-, the relative beam power at the UE for each of
the plurality of beams.

3. The method of claim 1, wherein, for each UE of the
plurality of UEs, obtaining the relative beam power at the
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UE for each of the plurality of beams comprises receiving,
from the UE, the relative beam power at the UE for each of
a subset of the plurality of beams.

4. The method of claim 3, wherein, for each UE of the
plurality of UEs, the subset of the plurality of beams for
which the relative beam powers are obtained from the UE
are those beams for which the relative beam power is greater
than a reporting threshold.

5. The method of claim 1, wherein, for each UE of the
plurality of UEs, obtaining the relative beam power at the
UE for each of the plurality of beams further comprises
setting the relative beam power for each of the plurality of
beams other than those comprised in the subset of the
plurality of beams to a default value.

6. The method of claim 1, wherein, for each UE of the
plurality of UEs, obtaining the relative beam power at the
UE for each of the plurality of beams comprises:

receiving, from the UE, beam powers measured at the UE

for at least a subset of the plurality of beams, respec-
tively; and

computing-, for the UE, the relative beam powers for the

plurality of beams based on the beam powers measured
at the UE.

7. The method of claim 1, wherein, for each UE of the
plurality of UEs considered for MU-MIMO UE pairing,
obtaining the relative beam power at the UE for each of the
plurality of beams comprises:

obtaining measurements at the base station of uplink

reference signals transmitted by the UE; and
estimating beam powers at the UE for each of the plurality
of beams based on measurements.

8. The method of claim 1, wherein selecting the MU-
MIMO UE pairing comprises selecting the MU-MIMO UE
pairing such that each pair of UEs, UE, and UE,, in the set
of UEs {UE,, . .., UE,} satisfies:

RBP,(i jy>Thand RBP,(j,i)>Th

where:

RBP, (i)
RBP(j)

RBP,(j)
RBP,(D)

RBP(i, j) = and RBP,(j, i) =

and:

RBP,(i) is the relative beam power at the UE, for the
beam, b,, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP,(j) is the relative beam power at the UE, for the
beam, b;, selected for the UE,, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP,(j) is the relative beam power at the UE,, for the
beam, b, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP, (i) is the relative beam power at the UE,, for the
beam, b,, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,; and

Th is a predefined threshold value.

9. The method of claim 1, further comprising calculating
a MU-MIMO Signal to Interference plus Noise Ratio, SINR,
for a k-th UE in the set of UEs {UE,, . . ., UE,} in the
MU-MIMO UE pairing based on a Single-User Multiple
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Input Multiple Output, SU-MIMO, SINR for the k-th UE
and a Relative Beam Power, RBP, sum value for the k-th UE;
wherein:
the RBP sum value for the k-th UE, UE,, is defined as:

> RBP(j. D

J#
where

RBP())

RBR(). D)= e

and:

RBP,(i) is the relative beam power at the UE, for the
beam, b,, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,; and

RBP,(j) is the relative beam power at the UE, for the
beam, b, selected for the UE,, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,.

10. The method of claim 9, further comprising performing
link adaptation for the k-th UE in the MU-MIMO UE pairing
based on the calculated MU-MIMO SINR for the k-th UE in
the MU-MIMO UE pairing.

11. The method of claim 1, further comprising calculating
a MU-MIMO Signal to Interference plus Noise Ratio, SINR,
for a k-th UE in the set of UEs {UE,, . . ., UE,} in the
MU-MIMO UE pairing based on a Single-User Multiple
Input Multiple Output, SU-MIMO, SINR for the k-th UE
and a Relative Beam Power, RBP, sum value for the k-th UE
in accordance with:

SINRSY (k) x RBP, (i) | K

SINRM (k) = . —
1+ SINRSY (k) x RBP (i) XX ;i RBP, (j, D)/ K

where the RBP sum value for the k-th UE, UE,, is defined
as:

> RBP(j. D

g

and

... RBP.()

RBP(J, i) = REP.()
where:

RBP,(i) is the relative beam power at the UE, for the
beam, b,, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP,(j) is the relative beam power at the UE, for the
beam, b, selected for the UE,, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

SINR®?(k) is a SU-MIMO SINR for the k-th UE, and

K is a total number of UEs in the MU-MIMO UE
pairing.

12. A base station for a cellular communications system
for performing downlink scheduling for Multi-User Mul-
tiple Input Multiple Output, MU-MIMO, the base station
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comprising a radio interface and processing circuitry
whereby the base station is operable to:
for each User Equipment, UE, of a plurality of UEs
considered for MU-MIMO UE pairing, obtain a rela-
tive beam power at the UE for each of a plurality of
beams, the relative beam power at the UE for each
beam being a value that represents a relative beam
power of the beam at the UE relative to a beam power
of a strongest of the plurality of beams at the UE; and

select a MU-MIMO User Equipment, UE, pairing based
on the relative beam powers obtained for the plurality
of UEs, the MU-MIMO UE pairing comprising a set of
UEs {UE,, . . ., UE,} on a respective set of beams
{b,, ..., by}, where N is an integer greater than 1, the
set of UEs {UE,, . .., UE,} is a subset of the plurality
of UEs considered for the MU-MIMO UE pairing, and
the set of beams {b,, . . ., by} is a subset of or all of
a plurality of beams available for downlink transmis-
sion at the base station.

13. The base station of claim 12, wherein in order to, for
each UE of the plurality of UEs, obtain the relative beam
power at the UE for each of the plurality of beams, the base
station is further operable to, via the radio interface and the
processing circuitry:

receive, from the UE, the relative beam power at the UE

for each of the plurality of beams.

14. The base station of claim 12, wherein in order to, for
each UE of the plurality of UEs, obtain the relative beam
power at the UE for each of the plurality of beams, the base
station is further operable to, via the radio interface and the
processing circuitry:

receive, from the UE, the relative beam power at the UE

for each of a subset of the plurality of beams.

15. The base station of claim 14, wherein, for each UE of
the plurality of UEs, the subset of the plurality of beams for
which the relative beam powers are obtained from the UE
are those beams for which the relative beam power is greater
than a predefined or preconfigured reporting threshold.

16. The base station of claim 14, wherein in order to, for
each UE of the plurality of UEs, obtain the relative beam
power at the UE for each of the plurality of beams, the base
station is further operable to, via the processing circuitry:

set the relative beam power for each of the plurality of

beams other than those comprised in the subset of the
plurality of beams to a default value.

17. The base station of claim 12, wherein in order to, for
each UE of the plurality of UEs, obtain the relative beam
power at the UE for each of the plurality of beams, the base
station is further operable to, via the radio interface and the
processing circuitry:

receive, from the UE, beam powers measured at the UE

for at least a subset of the plurality of beams, respec-
tively; and

compute, for the UE, the relative beam powers for the

plurality of beams based on the beam powers measured
at the UE.

18. The base station of claim 12, wherein in order to, for
each UE of the plurality of UEs, obtain the relative beam
power at the UE for each of the plurality of beams, the base
station is further operable to, via the radio interface and the
processing circuitry:

obtain measurements at the base station of uplink refer-

ence signals transmitted by the UE; and

estimate beam powers at the UE for each of the plurality

of beams based on measurements.
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19. The base station of claim 12, wherein, in order to
select the MU-MIMO UE pairing, the base station is further
operable to, via the processing circuitry:
select the MU-MIMO UE pairing such that each pair of
UEs, UE, and UE,, in the set of UEs {UE,, . .., UE,}
satisfies:

RBP,(i,jy>Thand RBP,(j,iy>Th

where:

RBP,(i RBP.(j
D a RBP,(, iy = RBE)

RBRG D= RERa) = RBP,()

and:

RBP,(i) is the relative beam power at the UE, for the
beam, b,, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP,(j) is the relative beam power at the UE, for the
beam, b, selected for the UE,, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP,(j) is the relative beam power at the UE,, for the
beam, b, selected for the UE,, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;

RBP, (i) is the relative beam power at the UE, for the
beam, b,, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,,; and

Th is a predefined threshold value.

20. The base station of claim 12, wherein, via the pro-
cessing circuitry, the base station is further operable to:
calculate a MU-MIMO Signal to Interference plus Noise

Ratio, SINR, for a k-th UE in the set of UEs

{UE,, ..., UE,} in the MU-MIMO UE pairing based

on a Single-User Multiple Input Multiple Output, SU-

MIMO, SINR for the k-th UE and a Relative Beam

Power, RBP, sum value for the k-th UE, the RBP sum

value for the k-th UE, UE,, being defined as:

Z RBP,(j, i)

g

where:
RBP,(i) is the relative beam power at the UE, for the
beam, b,, selected for the UE, in the MU-MIMO UE
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pairing relative to the beam power of the strongest of
the plurality of beams at the UE,; and
RBP,(j) is the relative beam power at the UE, for the
beam, b, selected for the UE, in the MU-MIMO UE
5 pairing relative to the beam power of the strongest of
the plurality of beams at the UE,.

21. The base station of claim 20, wherein, via the radio
interface and the processing circuitry-, the base station is
further operable to:

perform link adaptation for the k-th UE in the MU-MIMO

UE pairing based on the calculated MU-MIMO SINR
for the k-th UE in the MU-MIMO UE pairing.

22. The base station of claim 12, wherein, via the pro-
cessing circuitry, the base station is further operable to:

calculate a MU-MIMO Signal to Interference plus Noise
15 Ratio, SINR, for a k-th UE in the set of UEs

{UE,, .. ., UE,} in the MU-MIMO UE pairing based

on a Single-User Multiple Input Multiple Output, SU-

MIMO, SINR for the k-th UE and a Relative Beam

Power, RBP, sum value for the k-th UE in accordance
20 with:

10

SINRSY (k) x RBP, (i) | K

SINRM ) ) = . —
5 1+ SINRSY (k) x RBP () X Z ;i RBP, (j, D)/ K
where the RBP sum value for the k-th UE, UE,, is defined
as:
30
> RBP(j. i)
£
where
35 ... RBP())
RBRCD = RER)
and:
RBP,(i) is the relative beam power at the UE, for the
40 beam, b,, selected for the UE, in the MU-MIMO UE
pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;
RBP,(j) is the relative beam power at the UE, for the
beam, b;, selected for the UE,, in the MU-MIMO UE
45

pairing relative to the beam power of the strongest of
the plurality of beams at the UE,;
SINR®?(k) is a SU-MIMO SINR for the k-th UE, and
K is a total number of UEs in the MU-MIMO UE
pairing.



