(12) STANDARD PATENT

(19) AUSTRALIAN PATENT OFFICE

(54)

(51)

(74)

(56)

Title
Non-coherent cooperative multiple-input multiple-output communications

International Patent Classification(s)

HO04B 7/024 (2017.01) HO4L 5/00 (2006.01)
HO04B 7/0408 (2017.01) HO4L 25/03 (2006.01)
HO04B 7/0413 (2017.01) HO04W 72/04 (2009.01)

H04B 7/06 (2006.01)
Application No: 2019388921 (22) Date of Filing:  2019.11.26
WIPO No:  WO020/112840

Priority Data

Number (32) Date (33) Country
62/771,994 2018.11.27 us
Publication Date: 2020.06.04

Accepted Journal Date: 2024.05.30

Applicant(s)
XCOM Labs, Inc.

Inventor(s)
BLACK, Peter John;KADOUS, Tamer Adel;FAN, Michael Mingxi;MALLIK, Siddhartha

Agent / Attorney
FB Rice Pty Ltd, L 33 477 Collins Street, Melbourne, VIC, 3000, AU

Related Art
US 2013/0053079 A1

(11) Application No. AU 2019388921 B2




wO 20207112840 A1 |0 000 KO0 A 0 00

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property '

Organization
=

International Bureau

(43) International Publication Date

(10) International Publication Number

WO 2020/112840 A1

04 June 2020 (04.06.2020) WIPOIPCT

(51) International Patent Classification:
H04B 7/024 (2017.01) Ho041 25/03 (2006.01)
H04B 7/0408 (2017.01) Ho4W 72/04 (2009.01)
H04B 7/0413 (2017.01) Ho041L 5/00 (2006.01)
H04B 7/06 (2006.01)

(21) International Application Number:
PCT/US2019/063350

(22) International Filing Date:
26 November 2019 (26.11.2019)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

62/771,994 27 November 2018 (27.11.2018) US

(71) Applicant: XCOM LABS, INC. [US/US]; 9450 Carroll
Park Drive, San Diego, California 92121 (US).

(72)

(74)

@81)

Inventors: BLACK, Peter John; 9450 Carroll Park Dri-
ve, San Diego, California 92121 (US). KADOUS, Tamer
Adel; 9450 Carroll Park Drive, San Diego, California 92121
(US). FAN, Michael Mingxi; 9450 Carroll Park Drive,
San Diego, California 92121 (US). MALLIK, Siddhartha;
9450 Carroll Park Drive, San Diego, CA 92121 (US).

Agent: CHRISTENSEN, Michael, R.; 2040 Main Street,
14th Floor, Irvine, California 92614 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,

(54) Title: NON-COHERENT COOPERATIVE MULTIPLE-INPUT MULTIPLE-OUTPUT COMMUNICATIONS

100

.

%

Fig. 14

(57) Abstract: Aspects of this disclosure relate to an improved coordinated multipoint (CoMP) network operating in a millimeter wave
frequency band in which user equipment (UEs) combine signals received across multiple spatial beams from multiple base stations.
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NON-COHERENT COOPERATIVE MULTIPLE-INPUT MULTIPLE-OUTPUT
COMMUNICATIONS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority under 35 U.S.C. § 119(e) to U.S.
Provisional Patent Application No. 62/771,994, entitled “NON-COHERENT
COOPERATIVE MULTIPLE-INPUT MULTIPLE-OUTPUT COMMUNICATIONS” and
filed on November 27, 2018, 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 communication services, such as in a multiple-input multiple-output system, are
desired.

[0003a]  Any discussion of documents, acts, materials, devices, articles or the like
which has been included in the present specification is not to be taken as an admission that
any or all of these matters form part of the prior art base or were common general knowledge
in the field relevant to the present disclosure as it existed before the priority date of each of
the appended claims.

[0003b] Throughout this specification the word "comprise”, or variations such as
"comprises" or "comprising”, will be understood to imply the inclusion of a stated element,
integer or step, or group of elements, integers or steps, but not the exclusion of any other

element, integer or step, or group of elements, integers or steps.

1



06 May 2024

2019388921

SUMMARY

[0003c] Some embodiments relate to a network system operating in a millimeter
wave frequency band, the network system comprising: a first serving node comprising a first
plurality of antenna elements, the first serving node configured to transmit first beam pilots
via the first plurality of antenna elements across a first plurality of spatial beams and receive,
from one or more user equipment (UEs), link strength data associated with the first plurality
of spatial beams in response to the transmission; a second serving node comprising a second
plurality of antenna elements, the second serving node configured to transmit second beam
pilots via the second plurality of antenna elements across a second plurality of spatial beams
and receive, from the one or more UEs, link strength data associated with the second plurality
of spatial beams in response to the transmission; and a baseband unit scheduler in
communication with the first and second serving nodes, the baseband unit scheduler
comprising a processor and computer-executable instructions, wherein the computer-
executable instructions, when executed by the processor, cause the baseband unit scheduler
to: select, based on the link strength data associated with the first plurality of spatial beams
and the link strength data associated with the second plurality of spatial beams, at least one
spatial beam in the first plurality of spatial beams across which the first serving node
transmits and at least one spatial beam in the second plurality of spatial beams across which
the second serving node transmits to serve a first UE in the one or more UEs; generate an
active set for the first UE that identifies the selected spatial beams; and cause transmission
of downlink data to the first UE across the selected spatial beams identified in the active set.

[0003d] Some embodiments relate to a computer-implemented method
comprising: causing a first serving node comprising a first plurality of antenna elements to
transmit first beam pilots via the first plurality of antenna elements across a first plurality of
spatial beams, wherein the first serving node is configured to receive, from one or more user
equipment (UEs), link strength data associated with the first plurality of spatial beams in
response to the transmission; causing a second serving node comprising a second plurality
of antenna elements to transmit second beam pilots via the second plurality of antenna
elements across a second plurality of spatial beams, wherein the second serving node is

configured to receive, from the one or more UEs, link strength data associated with the
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second plurality of spatial beams in response to the transmission; selecting, based on the link
strength data associated with the first plurality of spatial beams and the link strength data
associated with the second plurality of spatial beams, at least one spatial beam in the first
plurality of spatial beams across which the first serving node transmits and at least one spatial
beam in the second plurality of spatial beams across which the second serving node transmits
to serve a first UE in the one or more UEs; generating an active set for the first UE that
identifies the selected spatial beams; and causing transmission of downlink data to the first
UE across the selected spatial beams identified in the active set.

[0003e] Some embodiments relate to 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:
cause a first serving node comprising a first plurality of antenna elements to transmit first
beam pilots via the first plurality of antenna elements across a first plurality of spatial beams,
wherein the first serving node is configured to receive, from one or more user equipment
(UEs), link strength data associated with the first plurality of spatial beams in response to the
transmission; cause a second serving node comprising a second plurality of antenna elements
to transmit second beam pilots via the second plurality of antenna elements across a second
plurality of spatial beams, wherein the second serving node is configured to receive, from
the one or more UEs, link strength data associated with the second plurality of spatial beams
in response to the transmission, wherein the first serving node is configured to receive uplink
reference signals via at least one of the first plurality of antenna elements across at least one
of the first plurality of spatial beams, and wherein the second serving node is configured to
receive second uplink reference signals via at least one of the second plurality of antenna
elements across at least one of the second plurality of spatial beams; determine a range of
directions from which spatial beams of a first UE in the one or more UEs originate using at
least one of the uplink reference signals or the second uplink reference signals; select, based
on the link strength data associated with the first plurality of spatial beams and the link
strength data associated with the second plurality of spatial beams, at least one spatial beam
in the first plurality of spatial beams and at least one spatial beam in the second plurality of

spatial beams to serve the first UE; generate an active set for the first UE that identifies the
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selected spatial beams; and cause transmission of downlink data to the first UE across the
selected spatial beams identified in the active set.

[0004] One aspect of the disclosure provides a network system operating in a
millimeter wave frequency band. The network system comprises a first serving node
comprising a first plurality of antenna elements, the first serving node configured to transmit
first beam pilots via the first plurality of antenna elements across a first plurality of spatial
beams and receive, from one or more user equipment (UEs), link strength data associated
with the first plurality of spatial beams in response to the transmission. The network system
further comprises a second serving node comprising a second plurality of antenna elements,
the second serving node configured to transmit second beam pilots via the second plurality
of antenna elements across a second plurality of spatial beams and receive, from the one or
more UEs, link strength data associated with the second plurality of spatial beams in response
to the transmission. The network system further comprises a baseband unit scheduler in
communication with the first and second serving nodes, the baseband unit scheduler
comprising a processor and computer-executable instructions, where the computer-
executable instructions, when executed by the processor, cause the baseband unit scheduler
to: select, based on the link strength data associated with the first plurality of spatial beams
and the link strength data associated with the second plurality of spatial beams, at least one
spatial beam in the first plurality of spatial beams and at least one spatial beam in the second
plurality of spatial beams to serve a first UE in the one or more UEs; generate an active set
for the UE that identifies the selected spatial beams; and cause transmission of downlink data
to the first UE across the selected spatial beams identified in the active set.

[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 baseband unit scheduler to: cause transmission of a packet to the
first UE across the at least one spatial beam in the first plurality of spatial beams, and cause
transmission of the same packet to the first UE across the at least one spatial beam in the
second plurality of spatial beams; where the computer-executable instructions, when
executed, further cause the baseband unit scheduler to select the at least one spatial beam in
the first plurality of spatial beams and the at least one spatial beam in the second plurality of

spatial beams to serve the first UE based on information indicating spatial beams used to
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serve at least one UE in the one or more UEs that is different from the first UE; where the
first serving node is configured to receive uplink reference signals via at least one of the first
plurality of antenna elements across at least one of the first plurality of spatial beams, and
where the second serving node is configured to receive second uplink reference signals via
at least one of the second plurality of antenna elements across at least one of the second
plurality of spatial beams; where the computer-executable instructions, when executed,
further cause the baseband unit scheduler to determine a range of directions from which
spatial beams of the first UE originate using at least one of the uplink reference signals or the
second uplink reference signals; where the first serving node is further configured to transmit
the first beam pilots via the first plurality of antenna elements across the first plurality of
spatial beams in a direction corresponding to the determine range of directions; where the
second serving node is further configured to transmit the second beam pilots via the second
plurality of antenna elements across the second plurality of spatial beams in a direction
corresponding to the determine range of directions; where the computer-executable
instructions, when executed, further cause the baseband unit scheduler to determine a range
of directions from which spatial beams of the first UE originate using the uplink reference
signals and spatial signatures of each of the first plurality of antenna elements that receive
the uplink reference signals; where the uplink reference signals comprise at least one of
sounding reference signals or demodulation reference signals; where the computer-
executable instructions, when executed, further cause the baseband unit scheduler to select,
based on the link strength data associated with the first plurality of spatial beams, the link
strength data associated with the second plurality of spatial beams, and the uplink reference
signals, at least one spatial beam in the first plurality of spatial beams and at least one spatial
beam in the second plurality of spatial beams to serve the first UE; where the selected spatial
beams comprises a first spatial beam in the first plurality of spatial beams and a second spatial
beam in the second plurality of spatial beams; where the first serving node is further
configured to transmit the downlink data to the first UE via a first antenna element in the first
plurality of antenna elements across the first spatial beam; where the first serving node is
further configured to receive a no acknowledgment message from the first UE in response to
transmission of the downlink data to the first UE via the first antenna element across the first

spatial beam; where the first serving node is further configured to re-transmit the downlink
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data to the first UE via the first antenna element across the first spatial beam in response to
receipt of the no acknowledgment message; where the second serving node is further
configured to transmit the downlink data to the first UE via a second antenna element in the
second plurality of antenna elements across the second spatial beam in response to receipt of
the no acknowledgment message; where at least one of the first serving node is configured
to re-transmit the downlink data to the first UE via the first antenna element across the first
spatial beam or the second serving node is configured to transmit the downlink data to the
first UE via a second antenna element in the second plurality of antenna elements across the
second spatial beam in response to receipt of the no acknowledgment message; and where
the millimeter wave frequency band comprises a frequency range between 24 GHz and 300
GHz.

[0006] Another aspect of the disclosure provides a computer-implemented
method comprising: causing a first serving node comprising a first plurality of antenna
elements to transmit first beam pilots via the first plurality of antenna elements across a first
plurality of spatial beams, where the first serving node is configured to receive, from one or
more user equipment (UEs), link strength data associated with the first plurality of spatial
beams in response to the transmission; causing a second serving node comprising a second
plurality of antenna elements to transmit second beam pilots via the second plurality of
antenna elements across a second plurality of spatial beams, where the second serving node
is configured to receive, from the one or more UEs, link strength data associated with the
second plurality of spatial beams in response to the transmission; selecting, based on the link
strength data associated with the first plurality of spatial beams and the link strength data
associated with the second plurality of spatial beams, at least one spatial beam in the first
plurality of spatial beams and at least one spatial beam in the second plurality of spatial beams
to serve a first UE in the one or more UEs; generating an active set for the UE that identifies
the selected spatial beams; and causing transmission of downlink data to the first UE across
the selected spatial beams identified in the active set.

[0007] The computer-implemented method of the preceding paragraph can
include any sub-combination of the following features: where the first serving node is
configured to receive uplink reference signals via at least one of the first plurality of antenna

elements across at least one of the first plurality of spatial beams, and where the second
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serving node is configured to receive second uplink reference signals via at least one of the
second plurality of antenna elements across at least one of the second plurality of spatial
beams; where the computer-implemented method further comprises determining a range of
directions from which spatial beams of the first UE originate using at least one of the uplink
reference signals or the second uplink reference signals; where the first serving node is
further configured to transmit the first beam pilots via the first plurality of antenna elements
across the first plurality of spatial beams in a direction corresponding to the determine range
of directions; and where the uplink reference signals comprise at least one of sounding
reference signals or demodulation reference signals.

[0008] Another aspect of the disclosure provides non-transitory, computer-
readable storage media comprising computer-executable instructions, where the computer-
executable instructions, when executed by a scheduler in a baseband unit, cause the baseband
unit to: cause a first serving node comprising a first plurality of antenna elements to transmit
first beam pilots via the first plurality of antenna elements across a first plurality of spatial
beams, where the first serving node is configured to receive, from one or more user
equipment (UEs), link strength data associated with the first plurality of spatial beams in
response to the transmission; cause a second serving node comprising a second plurality of
antenna elements to transmit second beam pilots via the second plurality of antenna elements
across a second plurality of spatial beams, where the second serving node is configured to
receive, from the one or more UESs, link strength data associated with the second plurality of
spatial beams in response to the transmission; select, based on the link strength data
associated with the first plurality of spatial beams and the link strength data associated with
the second plurality of spatial beams, at least one spatial beam in the first plurality of spatial
beams and at least one spatial beam in the second plurality of spatial beams to serve a first
UE in the one or more UEs; generate an active set for the UE that identifies the selected
spatial beams; and cause transmission of downlink data to the first UE across the selected

spatial beams identified in the active set.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Embodiments of this disclosure will now be described, by way of
non-limiting example, with reference to the accompanying drawings.

[0010] FIG. 1A is a diagram illustrating a cooperative MIMO network
environment in which UEs and RRUs of a network wirelessly communicate according to an
embodiment.

[0011] FIG. 1B is a diagram illustrating the spatial beams selected to serve the
UEs of FIG. 1A according to an embodiment.

[0012] FIG. 1C is a diagram illustrating DL data transmissions occurring during
a first time slot according to an embodiment.

[0013] FIG. 1D is a diagram illustrating DL data transmissions occurring during
a second time slot according to an embodiment.

[0014] FIG. 1E illustrates a timing diagram for scheduled DL transmissions from
the RRUs of FIG. 1A during the operational mode.

[0015] FIG. 2A is another diagram illustrating the spatial beams selected to serve
the UEs of FIG. 1A according to an embodiment.

[0016] FIG. 2B illustrates another timing diagram for scheduled DL
transmissions from the RRUs of FIG. 1A during the operational mode.

[0017] FIGS. 3A-3E are block diagrams of the environment of FIG. 1A
illustrating the operations performed by the components of the environment of FIG. 1A to
select active sets and transmit DL data according to an embodiment.

[0018] FIG. 4 is a schematic diagram illustrating a cooperative MIMO wireless
network that includes a baseband unit according to an embodiment.

[0019] FIG. 5 is a block diagram illustrating an example baseband unit and
remote radio unit according to an embodiment.

[0020] FIG. 6 is a schematic block diagram of an example UE according to an
embodiment.

[0021] FIG. 7 is a flow diagram depicting an active set selection routine

illustratively implemented by a node and/or a BBU, according to one embodiment.
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DETAILED DESCRIPTION

[0022] 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 understood that elements
illustrated in the figures are not necessarily drawn to scale. Moreover, it will be understood
that certain embodiments can include more elements than illustrated in a drawing and/or a
subset of the elements illustrated 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.

[0023] 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.

[0024] 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.
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[0025] Typically, CoMP is implemented by having UEs coherently combine
signals received from the base stations. Coherently combining signals can allow a UE to
achieve better performance. Coherent combination, however, involves increased network
overhead because the base stations are typically calibrated to ensure that the base stations
transmit in phase. In fact, calibration becomes increasingly more difficult as transmit
frequencies increase. For example, calibration can be especially difficult in millimeter wave
(mmW) frequencies, such as between 24 GHz to 300 GHz. In general, mmW frequencies
can encompass at least some frequency ranges in the Super high frequency (SHF) bands (e.g.,
3 GHz to 30 GHz) and/or at least some frequency ranges in the Extremely High Frequency
(EHF) bands (e.g., 30 GHz to 300 GHz).

[0026] To reduce the network overhead, CoMP could be implemented by having
UEs non-coherently combine signals. Non-coherent combination would not involve the base
stations to be calibrated to transmit in phase, thereby reducing the network overhead. On the
other hand, the gains achieved by a UE non-coherently combining signals may not be as high
as the gains achieved by a UE coherently combining signals. However, the difference in
performance may be mitigated at higher frequencies, such as at mmW frequencies, given the
high throughput that can be achieved at these higher frequencies. Thus, because coherent
combining results in increased network overhead at higher frequencies and the difference in
coherent combining and non-coherent combining performance can be mitigated at higher
frequencies, implementing CoMP by having UEs non-coherently combine signals may be
viable if such a network can also achieve low latency and high reliability.

[0027] In addition, latency may be a performance metric evaluated on wireless
networks that run certain services, such as services that prefer latencies between 10ms and
Ims, if not lower. For these services, it may be desirable to avoid and/or reduce the reliance
on associated network Layer 3 (L3) procedures (e.g., L3 handover procedures) if, for
example, mobility is involved. A single-frequency network (SFN), in which multiple
transmitters simultaneously transmit the same data over the same frequency channel to a
wireless device, could be used for broadcast transmission reliability and/or efficient network
resource management. However, SFN techniques can also be used in a low latency context
because, for example, it may appear to the wireless device that just one cell is transmitting

(e.g., because the transmitters may each transmit using the same physical cell ID).

10
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[0028] Moreover, reliability may be a performance metric evaluated on wireless
networks that run certain services, such as services that are sensitive to packet loss. To
increase redundancy, and therefore reliability, the wireless network can trade-off network
capacity for redundancy if the wireless network otherwise has a sufficient amount of network
capacity to handle transmissions. A wireless network operating at high frequencies (e.g.,
mmW frequencies) may be able to sacrifice some capacity in favor of redundancy because,
for example, the capacity per link may be relatively high given the high bandwidth and signal
to noise ratio (SNR) at mmW frequencies. In fact, sacrificing some capacity in favor of
redundancy may be desirable given that transmissions at mmW frequencies may typically be
unreliable due to relatively high propagation losses at these frequencies.

[0029] Accordingly, aspects of this disclosure relate to a CoMP network
operating in a mmW frequency band in which UEs combine signals received across one or
more spatial beams from one or more base stations. As described in greater detail below, the
improved CoMP network can achieve high throughput, low latency, and/or high reliability
while maintaining a reasonable network complexity (e.g., lower network overhead than
CoMP networks implemented with coherent combining). For example, the improved CoMP
network can include a central processing system (e.g., a baseband unit (BBU)), one or more
remote radio units (RRUs), and one or more UEs. The RRUs may each have one or more
transmit antennas that each support one or more digital basebands. In some embodiments,
cach RRU has the same number of transmit antennas. In other embodiments, some or all
RRUs may have a different number of transmit antennas than other RRUs. Thus, the RRUs
may collectively be capable of transmitting N spatial beams, where N is the product of the
number of RRUs in the improved CoMP network and the number of transmit antennas
operated by a single RRU. Alternatively or in addition, the RRUs may each include part or
all of the physical layer implementation (e.g., the digital basebands), and the central
processing system (e.g., the BBU) may include the media access control (MAC) and/or layers
above the MAC layer. The central processing system and/or the RRUs (collectively referred
to herein as a “network system’) may operate in a training mode and in an operational mode.

[0030] In the training mode, the network system (e.g., the RRUs and/or the BBU)
can determine a best set of spatial beams to serve to a particular UE. For example, the RRUs

can sequentially transmit signals (e.g., synchronization signal block (SSB) signals) across

11
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the N spatial beams (e.g., only one RRU transmits a signal across one spatial beam at a time).
For some or all of the sequentially transmitted signals, one of more of the UEs can determine
a link strength of a spatial beam using the respective transmitted signal and provide the
determined link strength to some or all of the RRUs. A UE can provide the determined link
strength via a control signaling channel and/or via a channel that will be used to transmit
and/or receive data (e.g., in-band signaling). Alternatively or in addition, one or more of the
UEs can identify the spatial beam with the best (e.g., highest) link strength and provide this
data to some or all of the RRUs. A UE can send separate link strength data transmissions for
each spatial beam or can aggregate the link strength data corresponding to a plurality of
spatial beams and send the aggregated link strength data as a single transmission.

[0031] Optionally, the RRUs can sequentially transmit signals across the N
spatial beams in one or more different passes during the training mode. For example, the
RRUs can initially transmit the signals sequentially in a first pass over a wide area (e.g., a 30
degree angle, a 60 degree angle, a 90 degree angle, etc.) and the UE(s) can provide the
determined link strength or simply provide an acknowledgement message in response. The
network system can use the messages received from the UE(s) to determine a general
direction from which spatial beams of the respective UE originate. The RRUs can then
transmit the signals sequentially again in a second pass over a finer area (e.g., a 5 degree
angle, a 10 degree angle, etc.) that has a smaller angle than the previous transmission of
signals and that encompasses the determined general direction from which spatial beams of
the respective UE originate, and the UE(s) can provide the determined link strength or simply
provide an acknowledgement message in response. The network system can use the
messages received from the UE(s) in the second pass to determine a more specific direction
from which spatial beams of the respective UE originate. The network system can perform
zero or more additional passes to eventually determine a direction or range of directions from
which spatial beams of the respective UE originate for the purposes of selecting the
appropriate spatial beam(s) to serve to the respective UE.

[0032] While the multi-pass training process described above allows the network
system to eventually identify, for each UE, one or more spatial beams to serve to the
respective UE when transmitting data, the multi-pass training process can be slow given that

transmitting the signals to the UE(s) over a wide area is time-consuming and transmitting the
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signals in different passes is even more time-consuming even if each subsequent pass takes
less time than the previous pass. Thus, it may be beneficial to use other network data to
reduce the number of passes in the training process and/or to limit the number of passes to
one while still accurately determining a direction from which spatial beams of a UE originate.
For example, using uplink reference signals (e.g., sounding reference signals (SRSs),
demodulation reference signals (DMRSs), etc.) may allow the network system to reduce the
number of passes during the training mode.

[0033] Generally, the network system can use uplink reference signals obtained
by antenna(s) of the RRU(s) to estimate a quality of the uplink channel and/or downlink
channel. In mmW frequency bands, however, the phase noise is typically very high on the
uplink channel. Thus, any uplink and/or downlink channel quality estimate derived from the
uplink reference signals is likely to be inaccurate—even if the network system attempts to
perform a calibration—and therefore uplink reference signals are not used by network
systems operating in the mmW frequency bands.

[0034] The present disclosure, however, describes a network system operating in
the mmW frequency bands that can use the uplink reference signals to determine a general
spatial direction from which spatial beams of a UE originate. For example, the network
system can instruct or otherwise trigger one or more UEs to transmit uplink reference signals
periodically. Antenna(s) of the RRU(s) can each receive an uplink reference signal. Based
on an uplink reference signal received by an RRU antenna and a spatial signature of the RRU
antenna, the network system can determine a phase and amplitude. The network system can
use the phases and amplitudes to determine a general spatial direction (e.g., a general beam
pattern) for spatial beams originating from a UE. The network system can then use the
general spatial direction to perform a first pass in the training mode in which the RRUs
sequentially transmit signals over a finer area that encompasses the determined general
direction from which spatial beams of the respective UE originate. The network system can
optionally perform zero or more additional passes to eventually determine a direction or
range of directions from which spatial beams of the respective UE originate for the purposes
of selecting the appropriate spatial beam(s) to serve to the respective UE. In this way, the

network system can use the uplink reference signals to skip the pass in which signals are
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transmitted sequentially over a wide area, thereby reducing the time to complete the training
process.

[0035] As another example, the RRUs can initially transmit the signals
sequentially in a first pass over a wide area and the UE(s) can provide the determined link
strength or simply provide an acknowledgement message in response, with either message
including the uplink reference signals. Antenna(s) of the RRU(s) can each receive an uplink
reference signal. Based on an uplink reference signal received by an RRU antenna and a
spatial signature of the RRU antenna, the network system can determine a phase and
amplitude. The network system can use the phases and amplitudes to determine a general
spatial direction (e.g., a general beam pattern) for spatial beams originating from a UE. The
network system can then use the general spatial direction to perform a second pass in the
training mode in which the RRUs sequentially transmit signals over a finer area that
encompasses the determined general direction from which spatial beams of the respective
UE originate and that has an angle that is smaller than if the uplink reference signals were
not used to determine the general spatial direction. Thus, the uplink reference signals can be
used to reduce the number of passes that may occur after the second pass given that the uplink
reference signals result in a smaller area over which the sequential signals are transmitted.
The network system can optionally perform zero or more additional passes to eventually
determine a direction or range of directions from which spatial beams of the respective UE
originate for the purposes of selecting the appropriate spatial beam(s) to serve to the
respective UE.

[0036] The network system can identify, for each UE, one or more spatial beams
to serve to the respective UE when transmitting data based on the link strength data provided
by the UE(s), the determined direction or range of directions from which spatial beams of
the respective UE originate, and/or other network data. This can involve, for example, RRUs
sharing link strength data provided by the UEs and/or providing the link strength data to the
BBU. For example, when providing link strength data, a UE may also provide a link quality
of the corresponding beam (e.g., channel conditions of the corresponding beam). The
network system may use the provided link strength data, the determined direction or range
of directions from which spatial beams of the respective UE originate, the beam channel

conditions, and/or knowledge of which beams are being used to serve other UEs in
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determining which spatial beam(s) to allocate to the respective UE. In particular, the
determined direction or range of directions from which spatial beams of the respective UE
originate can be used by the network system to select spatial beam(s) for the respective UE
that are more capable of transmitting in the determined direction or range of directions. Thus,
the network system can use the uplink reference signals to not only reduce the time to
complete the training mode, but also to improve the accuracy of downlink transmissions.

[0037] In some embodiments, the network system can further use the uplink
reference signals to determine which spatial beam(s) to allocate to the respective UE. For
example, the network system can determine the beam channel conditions based on a weighted
combination of the provided link strength data and an uplink channel quality estimate derived
from the uplink reference signals. As another example, if there is a delay (e.g., 2 ms, 10 ms,
100 ms, 1 s, etc.) between transmission of the sequential signals that resulted in the UE
determining the link strength and receipt of the uplink reference signals, this may indicate
that the link strength data and/or link quality data provided by a UE is out of date. Thus, the
network system can determine the beam channel conditions using the uplink reference signals
instead.

[0038] Once the spatial beam(s) are determined, the network system can perform
a scheduling operation. For example, the RRUs and/or the BBU can group the determined
spatial beam(s) into an active set for the respective UE. In particular, the active set may
identify the RRU(s) that will serve the respective UE and/or the spatial beam(s) of the
identified node(s) that will serve the respective UE. The RRUs and/or BBU can then
schedule data to be transmitted across the spatial beam(s) in the active set to the respective
UE. In some cases, the RRUs and/or BBU can schedule data to be transmitted to multiple
UEs simultaneously (e.g., if the spatial beam(s) in each UE’s active set are not spatially
adjacent, such as not spatially adjacent within a threshold angle, within a threshold distance,
etc.). In some other cases, the RRUs and/or BBU can perform time division multiplexing
operations such that data is scheduled to be transmitted to multiple UEs at different times
(e.g., if at least some of the spatial beam(s) in each UE’s active set are spatially adjacent,
such as spatially adjacent within a threshold angle, within a threshold distance, etc.).

[0039] In the operational mode, the RRU(s) that serve a spatial beam in a UE’s

active set can each transmit the same downlink data to the UE using the spatial beam(s) in
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the active set. The UE 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, etc.) and
perform any corresponding operations. If the UE transmits a no acknowledgement message
indicating that downlink data was not received or there was an error in the transmission, any
antenna of any RRU that serves a spatial beam in the UE’s active set can re-transmit the
downlink data, regardless of whether the respective antenna was the antenna that initially
transmitted the downlink data that resulted in the no acknowledgement message. Thus, the
same antenna that initially transmitted the downlink data, a different antenna than the one
that initially transmitted the downlink data, the same antenna that initially transmitted the
downlink data and one or more different antennas than the one that initially transmitted the
downlink data, or two or more different antennas than the one that initially transmitted the
downlink data can re-transmit the downlink data, where each transmitting antenna is an
antenna that falls within the UE’s active set.

[0040] In some embodiments, the UE can continue to monitor the link strength
of the spatial beam(s) as data is received from the RRU(s) during the operational mode, and
provide the link strength data back to the node(s). The UE can also periodically transmit
uplink reference signals during the operational mode. The RRUs and/or BBU can then use
the link strength data and/or the uplink reference signals to optionally update, if warranted,
the selection of spatial beam(s) in the UE’s active set using the operations described above.
For example, a network system may update the selection of spatial beam(s) in the UE’s active
set if additional UEs in the CoMP network affect the quality of the spatial beam(s) currently
in the UE’s active set, if channel conditions of a spatial beam change, etc.

[0041] While the present disclosure is described herein such that the BBU
processes link strength data, selects spatial beam(s) for UEs, and performs the scheduling
operation, this is not meant to be limiting. In other embodiments, the RRUs may share data
and collectively perform the spatial beam selection, scheduling operation, and/or other
operations described herein as being performed by the BBU. In such embodiments, the BBU
is optionally present.

[0042] In an embodiment, the improved CoMP network is designed to operate at
higher frequencies, such as at mmW frequencies. The techniques described herein can be

applied to networks operating at any suitable range of frequencies. The techniques described
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herein can be used for a variety of use cases, such as media streaming, video chat, virtual
reality, etc.

[0043] Finally, the improved CoMP network is described herein as being
implemented with UEs non-coherently combining data. UEs can alternatively combine
signals received from different RRUs by selecting the best spatial beam, by performing a soft

combine, etc.

Cooperative MIMO Network

[0044] FIG. 1A is a diagram illustrating a cooperative MIMO network
environment 100 in which UEs 102A-102D and RRUs 104A-104D of a network wirelessly
communicate according to an embodiment. The cooperative MIMO network can function as
a CoMP network in which UEs 102A-102D non-coherently combine downlink data. The
RRUs 104A-104D may communicate with each other via a wired and/or wireless connection.
The RRUs 104A-104D, directly or via a central processing system (e.g., a BBU comprising
a scheduler), may further communicate with a core network (not shown) operated by a
network service provider. The RRUs 104A-104D may be configured to transmit data to
and/or receive data from UEs 102A-102D at mmW frequencies (e.g., at least some frequency
bands encompassing SHF and/or EHF bands, such as 24 GHz to 65 GHz, 30 GHz to 300
GHz, 20 GHz to 60 GHz, etc.).

[0045] In some embodiments, the base station functionality is subdivided
between a BBU (not shown in FIG. 1A) and multiple RRUs (e.g., RRUs 104A-104D). An
RRU may include multiple 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 may be physically coupled to the RRUs 104A-104D, such as a
via an optical fiber connection. The BBU (e.g., the scheduler) may provide operational
details to an RRU 104A-104D to control transmission and reception of signals from the RRU
104A-104D along with control data and payload data to transmit. The BBU (e.g., the
scheduler) may also use link strength, uplink reference signals, and/or other information
provided by the UEs 102A-102D to select spatial beam(s) to serve each UE 102A-102D, to
create active sets for the UEs 102A-102D, and/or to schedule data transmissions to the UEs
102A-102D. An RRU 104A-104D can provide service to devices (e.g., UEs 102A-102D)
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within a service area. The RRUs 104A-104D may provide data to the network (e.g., the
BBU) received from UEs 102A-102D within a service area associated with the RRUs 104A-
104D.

[0046] The RRUs 104A-104D may each have one or more transmit antennas that
each support one or more digital basebands. In some embodiments, each RRU 104A-104D
has the same number of transmit antennas. In other embodiments, some or all RRUs 104A -
104D have a different number of transmit antennas than other RRUs 104A-104D. Thus, the
RRUs 104A-104D may collectively be capable of transmitting N spatial beams, where N is
the product of the number of RRUs 104A-104D in the network environment 100 and the
number of transmit antennas operated by a single RRU 104A-104D. Similarly, each RRU
104A-104D can have the same number or different number of receive antennas. The BBU
and/or the RRUs 104A-104D can be collectively referred to herein as a “network system.”

[0047] Various standards and protocols may be included in the 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 modulation scheme via a
physical layer. OFDM standards and protocols can include the third generation partnership
project (3GPP) long term evolution (LTE), the Institute of Electrical and Electronics
Engineers (IEEE) 802.16 standard (e.g., 802.16¢, 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.

[0048] The wireless communication device may be referred to 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
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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 configured
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.

[0049] 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) communications. 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 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 simultancously receive
transmissions from the RRU 104. Each antenna included in an RRU 104 may be individually
configured to transmit and/or receive according to a specific time, frequency, power, and
direction configuration. 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. 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.

[0050] Each RRU 104A-104D 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-104D has. Thus, assuming each RRU 104A-104D has N; transmit
antennas supported by Ngq digital basebands, the maximum number of spatial beams that can
be supported by the RRUs 104A-104D is N; * 4 (e.g., the number of RRUs 104), referred to
herein as Npm, and the maximum number of independent streams that can be supported by
the RRUs 104A-104D is N4 * 4 (e.g., the number of RRUs 104), referred to herein as Nu.
For simplicity and ease of explanation, the RRUs 104A-104D illustrated in FIG. 1A each
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have 4 transmit antennas and 4 receive antennas. Thus, the maximum number of spatial
beams that can be supported by the RRUs 104A-104D is 16. The RRUs 104A-104D 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 an RRU 104A-104D can
both transmit DL signals and receive UL signals. The techniques described herein apply
whether the RRUs 104A-104D have the same or different number of antennas

[0051] The RRUs 104A-104D and/or the BBU can operate in a training mode
and in an operational mode. In the training mode, the RRUs 104A-104D can trigger or
otherwise instruct the UEs 102A-102D to transmit uplink reference signals (e.g., SRSs,
DMRSs, etc.) periodically. Antenna(s) of the RRUs 104A 104D can each receive an uplink
reference signal from each UE 102A-102D in response. Based on an uplink reference signal
received by an RRU 104A-104D antenna and a spatial signature of the RRU 104A-104D
antenna, the BBU (e.g., the scheduler) can determine a phase and amplitude for a particular
combination of UE 102A-102D and uplink reference signal. The BBU can determine the
phase and amplitude for a particular combination of UE 102A-102D and uplink reference
signal using an uplink reference signal received by one RRU 104A-104D antenna and/or
using uplink reference signals received by two or more RRU 104A-104D antennas (e.g.,
using uplink reference signals received by two or more RRUs 104A-104D). The BBU can
aggregate the phases and amplitudes corresponding to a UE 102A-102D and use the phases
and amplitudes corresponding to a UE 102A-102D to determine a general spatial direction
(e.g., a general beam pattern) for spatial beams originating from the UE 102A-102D.
Alternatively, one or more of the RRUs 104A-104D can determine the general spatial
direction for spatial beams originating from a UE 102A-102D using the same techniques.

[0052] For some or all of the UEs 102A-102D, the BBU can form signals (e.g.,
SSBs) based on the determined general spatial direction for spatial beams originating from
the respective UE 102A-102D. For some or all of the UEs 102A-102D, the RRUs 104A-
104D can then send the signals (e.g., SSBs) over a finer area (e.g., a 5 degree angle, a 10
degree angle, a 15 degree angle, etc.) that encompasses the determined general spatial
direction instead of over a wider area (e.g., a 30 degree angle, a 60 degree angle, a 90 degree

angle, etc.) to determine which spatial beam(s) should serve the respective UE 102A-102D.
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FIG. 1A illustrates the different spatial beams that may be used to transmit signals for
reception or detection by the UEs 102A-102D during the training mode. In the operational
mode, the RRUs 104A-104D can send DL data to the UEs 102A-102D using the determined
spatial beam(s).

[0053] For example, in the training mode after the BBU and/or RRU 104A-104D
determines the general spatial direction for spatial beams originating from some or all of the
UEs 102A-102D, the RRUs 104A-104D may transmit signals (e.g., SSBs), also referred to
herein as beam pilots, for reception by the UEs 102A-102D in a sequential manner and in a
general direction corresponding to at least one of the determined general spatial direction for
spatial beams originating from some or all of the UEs 102A-102D (e.g., within a 1 degree
angle of a determined general spatial direction, within a 2 degree angle of a determined
general spatial direction, within a 3 degree angle of a determined general spatial direction,
within a 5 degree angle of a determined general spatial direction, within a 10 degree angle of
a determined general spatial direction, etc.). In particular, RRU 104A may transmit a signal
across a first spatial beam (e.g., A1) using one or more RRU 104A transmit antennas, then
transmit a signal across a second spatial beam (e.g., Az) using one or more RRU 104A
transmit antennas, and so on. After RRU 104A has transmitted a signal across the four spatial
beams served by the RRU 104A (e.g., A1, Az, A3, and A4), RRU 104B can begin transmitting
a signal across a first spatial beam (e.g., B1) using one or more RRU 104B transmit antennas,
then transmit a signal across a second spatial beam (e.g., B2) using one or more RRU 104B
transmit antennas, and so on. In total, each RRU 104A-104D may transmit, in sequence, one
or more signals across each of the spatial beams served by the respective RRU 104A-104D
(e.g., A1, Az, A3, A4, Bi, B2, B3, B4, Ci, C2, Cs, C4, D1, D2, D3, and D4). The above example
is provided merely for explanatory purposes, as the RRUs 104A-104D can transmit the
signals in any order (e.g., RRU 104B can transmit signals before RRU 104A, RRU 104B can
transmit a signal across a first spatial beam using one or more RRU 104B transmit antennas
after the RRU 104A transmits a signal across a first spatial beam using one or more RRU
104A transmit antennas and before the RRU 104A transmits a signal across a second spatial
beam using one or more RRU 104A transmit antennas, etc.). The signals transmitted by each

RRU 104A-104D may include the same physical cell ID (PCI), and therefore the signals may
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appear to the UEs 102A-102D as if the signals are originating from the same node or base
station.

[0054] As an illustrative example, the RRU 104 A can transmit signals across four
spatial beams (e.g., A1, Az, Az, and A4), the RRU 104B can transmit signals across four
spatial beams (e.g., Bi, B2, B3, and B4), the RRU 104C can transmit signals across four spatial
beams (e.g., Ci, Cz, Cs, and C4), and the RRU 104D can transmit signals across four spatial
beams (e.g., D1, D2, D3, and D4). The spatial beams may be positioned in different directions
to provide a larger network coverage area. In some embodiments, the different directions
correspond to at least one of the general spatial directions determined by the BBU and/or
RRU(s) 104A-104D using the uplink reference signals. FIG. 1A depicts example directions
of the spatial beams served by the RRUs 104A-104D, but this is not meant to be limiting.
The RRUs 104A-104D may direct the spatial beams in any direction.

[0055] The UEs 102A-102D can receive or detect a signal transmitted across a
spatial beam and determine a link strength (e.g., a signal-to-interference-plus-noise ratio
(SINR)) of the spatial beam using the received or detected signal. The UEs 102A-102D can
repeat this process for some or all of the spatial beams collectively served by the RRUs 104A-
104D. Each UE 102A-102D can then provide an indication of the link strength of a spatial
beam to one or more of the RRUs 104A-104D via a control signaling channel and/or via in-
band signaling (e.g., using the channel over which data will be transmitted to and/or from the
UEs 102A-102D). The UEs 102A-102D may provide the indication of the link strength for
each spatial beam in the same transmission or in separate transmissions (e.g., where each
transmission corresponds to a particular spatial beam). For example, if transmitting the
indication of the link strength via in-band signaling, the UEs 102A-102D may aggregate link
strength data (e.g., aggregate the link strength determined for a plurality of spatial beams)
and send the aggregated link strength data via a single or a small number of transmissions.
For example, the UEs 102A-104D can transmit a link strength vector, where each element of
the vector includes an indication of the link strength of a particular spatial beam.

[0056] Alternatively or in addition, the UEs 102A-102D may each determine a
spatial beam with the best link strength (e.g., highest link strength). The UEs 102A-102D
may then transmit an indication of the spatial beam with the best link strength to the RRUs
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104A-104D, with or without also providing an indication of the link strengths of the other
spatial beams.

[0057] The RRUs 104A-104D can forward the link strength data to the BBU.
The BBU can then determine a direction or range of directions from which spatial beams of
some or all of the UEs 102A-102D originate using the link strength data, and select one or
more spatial beams for serving data to the UEs 102A-102D. For example, in addition to
providing the spatial beam link strengths, the UEs 102A-102D may also provide an indication
of a link quality and/or channel condition of each spatial beam, and the RRUs 104A-104D
can forward this information to the BBU. The BBU may also have information indicating
the physical layout of the transmit antennas of the RRUs 104A-104D and/or the direction in
which such transmit antennas transmit, and the spatial beams that are used to serve other UEs
102A-102D. The RRUS(s) 104A-104D and/or BBU may use the link strengths, the link
qualities (e.g., DL link qualities), the transmit antenna physical layout and/or directional
information, the determined direction or range of directions from which spatial beams of the
respective UE 102A-102D originate, the uplink reference signals, and/or information
indicating which spatial beams serve other UEs 102A-102D to select one or more spatial
beams for each UE 102A-102D. In particular, the determined direction or range of directions
from which spatial beams of the respective UE 102A-102D originate can be used by the BBU
and/or RRU(s) 104A-104D to select spatial beam(s) for the respective UE 102A-102D that
are more capable of transmitting in the determined direction or range of directions. Thus,
the BBU and/or RRU(s) 104A-104D can use the uplink reference signals to not only reduce
the time to complete the training mode, but also to improve the accuracy of DL transmissions.
As an illustrative example, the BBU may determine that a spatial beam could serve a UE
102A-102D if the link strength of the spatial beam provided by the UE 102A-102D is greater
than a threshold value and/or if there is minimal overlap with spatial beams selected to serve
other UEs 102A-102D (e.g., the interference with other spatial beams that would result from
serving the UE 102A-102D using the spatial beam under consideration is less than a threshold
value, if the spatial beam under consideration is not spatially adjacent to another spatial beam
used to serve another UE 102A-102D, such as not spatially adjacent within a threshold angle,

within a threshold distance, etc.).
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[0058] In some embodiments, the BBU and/or RRU(s) 104A-104D can further
use the uplink reference signals to determine which spatial beam(s) to allocate to a UE 102A-
102D. For example, the BBU and/or RRU(s) 104A-104D can determine the beam channel
conditions or link qualities based on a weighted combination of the provided link strength
data and an uplink channel quality estimate derived from the uplink reference signals. As
another example, if there is a delay (e.g., 2 ms, 10 ms, 100 ms, 1 s, etc.) between transmission
of the sequential SSBs that resulted in a UE 102A-102D determining the link strength and
receipt of the uplink reference signals by the RRUs 104A-104D, this may indicate that the
link strength data and/or link quality data provided by a UE 102A-102D is out of date. Thus,
the BBU and/or RRU(s) 104A-104D can determine the link qualities using the uplink
reference signals instead. In addition, the BBU and/or RRU(s) 104A-104D can use an UL
channel quality derived from an uplink reference signal to estimate the DL link quality if the
UL channel quality is sufficiently high (e.g., greater than a threshold SNR).

[0059] The BBU and/or RRU(s) 104A-104D can optionally perform zero or more
additional passes before selecting spatial beam(s) for each UE 102A-102D. For example,
after receiving and/or evaluating the link strength data provided by the UEs 102A-102D in
response to transmission of the SSBs, the RRUs 104A-104D can transmit another set of
SSBs, possibly over a narrower area than the first transmission of the SSBs (with the
narrower area being determined by the BBU and/or RRUs 104A-104D based on analyzing
the link strength data). The UEs 102A-102D can then provide additional link strength data
for evaluation, and the BBU and/or RRU(s) 104A-104D can use the additional link strength
data and/or any of the other data described herein to determine a direction or range of
directions from which spatial beams of a UE 102A-102D originate. The BBU and/or RRU(s)
104A-104D can then use the determined direction or range of directions to send another
round of SSBs to the UEs 102A-102D and repeat the analysis described herein, or can use
the determined direction or range of directions to select the appropriate spatial beam(s) to
serve to a UE 102A-102D.

[0060] To increase redundancy, and therefore reliability, the BBU can select
multiple spatial beams from one or more RRUs 104A-104D to a serve a UE 102A-102D.
Each spatial beam may be used to transmit the same DL data to the UE 102A-102D, and
therefore having multiple spatial beams serving a UE 102A-102D may ensure that the UE
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102A-102D receives the transmitted data even if other transmissions interfere with one or
more spatial beams. The BBU and/or RRUs 104A-104D may be able to sacrifice some
capacity in favor of redundancy because, for example, the capacity per link may be relatively
high given the high bandwidth and SNR at mmW frequencies. In fact, sacrificing some
capacity in favor of redundancy may be desirable given that transmissions at mmW
frequencies may typically be unreliable due to relatively high propagation losses at these
frequencies.

[0061] Once spatial beam(s) are selected for each UE 102A-102D, the BBU can
group the spatial beam(s) selected for a UE 102A-102D into an active set for the UE 102A-
102D. The active set may identify each RRU 104A-104D and spatial beam pair selected to
serve a particular UE 102A-102D. The set of spatial beams serving a UE 102A-102D may
be considered the active set of the UE 102A-102D. As an illustrative example, the active set
may be in the following format: {(node name, spatial beam), (node name, spatial beam),
(node name, spatial beam), . . . }.

[0062] FIG. 1B is a diagram illustrating the spatial beams selected to serve the
UEs 102A-102D according to an embodiment. As illustrated in FIG. 1B, the BBU has
selected one spatial beam from each RRU 104A-104D to serve each UE 102A-102D. For
example, the BBU has selected spatial beams A, By, Ci, and D to serve the UE 102A, spatial
beams Az, By, C», and D> to serve the UE 102B, spatial beams A3, B3, Cs, and D3 to serve the
UE 102C, and spatial beams Aa, Bs, Ca, and D4 to serve the UE 102D. Thus, the active set
for the UE 102A can be represented as {(RRU 104A, A1), {(RRU 104B, B1), (RRU 104C,
C1), {(RRU 104D, D)}, the active set for the UE 102B can be represented as {(RRU 104A,
Az), (RRU 104B, B»), (RRU 104C, C3), (RRU 104D, D»)}, the active set for the UE 102C
can be represented as {(RRU 104A, Az), (RRU 104B, Bs3), (RRU 104C, Cs), (RRU 104D,
Ds3)}, and the active set for the UE 102D can be represented as {(RRU 104A, A4), (RRU
104B, Ba4), (RRU 104C, C4), (RRU 104D, Da)}.

[0063] While FIG. 1B depicts no more than one spatial beam from a particular
RRU 104A-104D being selected to serve a UE 102A-102D, this is not meant to be limiting.
Two or more spatial beams from a particular RRU 104A-104D can be selected to serve a UE

102A-102D.
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[0064] Once the active sets are created, the BBU can transmit active set data (e.g.,
information identifying the spatial beam(s) selected to serve one or more UEs 102A-102D)
to one or more of the RRUs 104A-104D for transmission to one of more of the UEs 102A-
102D. Thus, the UEs 102A-102D may receive information indicating on which spatial
beam(s) to expect DL data to be transmitted. The UEs 102A-102D may each include a
receiver, and each UE 102A-102D may configure the receiver to receive DL data associated
with the spatial beam(s) identified in the active set data as being selected to serve the
respective UE 102A-102D. Before, during, and/or after transmitting the active set data, the
BBU can schedule corresponding DL data transmissions. The BBU may schedule
simultaneous transmissions to different UEs 102A-102D if the spatial beam(s) in each UE’s
active set are not spatially adjacent, such as not spatially adjacent within a threshold angle,
within a threshold distance, etc. If at least one spatial beam in each UE’s active set is spatially
adjacent (e.g., spatially adjacent within a threshold angle, within a threshold distance, etc.),
then the BBU can implement time division multiplexing such that transmissions are sent to
the UEs 102A-102D at different times to avoid potential interference.

[0065] Here, spatial beams A; and A4 may be spatially adjacent, spatial beams
Az and A3 may be spatially adjacent, spatial beams B; and B4 may be spatially adjacent,
spatial beams B> and B3 may be spatially adjacent, spatial beams C; and C4 may be spatially
adjacent, spatial beams Cz and C3 may be spatially adjacent, spatial beams D and D4 may be
spatially adjacent, and spatial beams D> and D3 may be spatially adjacent. Thus, the BBU
may schedule data transmissions such that transmissions across spatial beam A; occur at
different times than transmissions across spatial beam A4, such that transmissions across
spatial beam Az occur at different times than transmissions across spatial beam As, such that
transmissions across spatial beam B occur at different times than transmissions across spatial
beam B4, such that transmissions across spatial beam B> occur at different times than
transmissions across spatial beam Bs, such that transmissions across spatial beam C; occur
at different times than transmissions across spatial beam Cj, such that transmissions across
spatial beam C: occur at different times than transmissions across spatial beam Cs, such that
transmissions across spatial beam D; occur at different times than transmissions across
spatial beam D4, and such that transmissions across spatial beam D> occur at different times

than transmissions across spatial beam Ds.
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[0066] FIG. 1C is a diagram illustrating DL data transmissions occurring during
a first time slot according to an embodiment. As illustrated in FIG. 1C, RRU 104A transmits
DL data across spatial beams A and Az during the first time slot because such spatial beams
are not spatially adjacent. Similarly, RRU 104B transmits DL data across spatial beams B
and B> during the first time slot because such spatial beams are not spatially adjacent, RRU
104C transmits DL data across spatial beams C; and C; during the first time slot because
such spatial beams are not spatially adjacent, and RRU 104D transmits DL data across spatial
beams D1 and D: during the first time slot because such spatial beams are not spatially
adjacent.

[0067] FIG. 1D is a diagram illustrating DL data transmissions occurring during
a second time slot according to an embodiment. The second time slot may be before or after
the first time slot of FIG. 1C. As illustrated in FIG. 1D, RRU 104A transmits DL data across
spatial beams Az and A4 during the second time slot because such spatial beams are not
spatially adjacent. Similarly, RRU 104B transmits DL data across spatial beams B3 and B4
during the second time slot because such spatial beams are not spatially adjacent, RRU 104C
transmits DL data across spatial beams Cs; and Cs during the second time slot because such
spatial beams are not spatially adjacent, and RRU 104D transmits DL data across spatial
beams D3 and D4 during the second time slot because such spatial beams are not spatially
adjacent.

[0068] FIG. 1E illustrates a timing diagram for scheduled DL transmissions from
the RRUs 104A-104D during the operational mode. The timing diagram represents in graph
form the DL data transmission timing described above with respect to FIGS. 1B-1D. As
illustrated in FIG. 1E, the RRU 104A transmits DL data across the spatial beams A and A>
during one time slot, and transmits data across the spatial beams Az and A4 during another
time slot. Alternatively, the RRU 104A can transmit DL data across the spatial beam As
during the same time slot as the spatial beam A; and/or can transmit DL data across the
spatial beam A> during the same time slot as the spatial beam A4 because spatial beams A
and Az may not be spatially adjacent and spatial beams Az and As may not be spatially
adjacent.

[0069] Similarly, the RRU 104B transmits DL data across the spatial beams B

and B> during one time slot, and transmits data across the spatial beams B3 and B4 during
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another time slot. Alternatively, the RRU 104B can transmit DL data across the spatial beam
B3 during the same time slot as the spatial beam B and/or can transmit DL data across the
spatial beam B: during the same time slot as the spatial beam B4 because spatial beams B
and B3 may not be spatially adjacent and spatial beams B> and B4 may not be spatially
adjacent.

[0070] The RRU 104C can transmit DL data across the spatial beams C; and C»
during one time slot, and transmit data across the spatial beams C; and C4 during another
time slot. Alternatively, the RRU 104C can transmit DL data across the spatial beam Cs
during the same time slot as the spatial beam C; and/or can transmit DL data across the spatial
beam C; during the same time slot as the spatial beam C4 because spatial beams C; and Cs
may not be spatially adjacent and spatial beams C> and C4 may not be spatially adjacent.

[0071] The RRU 104D can transmit DL data across the spatial beams D; and D>
during one time slot, and transmit data across the spatial beams D3 and D4 during another
time slot. Alternatively, the RRU 104D can transmit DL data across the spatial beam Ds
during the same time slot as the spatial beam D; and/or can transmit DL data across the
spatial beam D> during the same time slot as the spatial beam D4 because spatial beams D
and D3 may not be spatially adjacent and spatial beams D> and D4 may not be spatially
adjacent.

[0072] The spatial beams that form the active set for a particular UE 102A-102D
may be used to transmit the same DL data to the UE 102A-102D at the same time. For
example, the RRU 104A, the RRU 104B, the RRU 104C, and the RRU 104D may transmit
the same DL data to the UE 102A at the same time during the operational mode, with the
RRU 104A transmitting the DL data over the spatial beam A1, the RRU 104BA transmitting
the DL data over the spatial beam B1, the RRU 104C transmitting the DL data over the spatial
beam Ci, and the RRU 104D transmitting the DL data over the spatial beam D;.

[0073] In further embodiments, if a UE 102A-102D transmits a no
acknowledgement message indicating that DL data was not received or there was an error in
the DL data transmission, any antenna of any RRU 104A-104D that serves a spatial beam in
the UE’s 102A-102D active set can re-transmit the DL data, regardless of whether the
respective antenna was the antenna that initially transmitted the DL data that resulted in the

no acknowledgement message. For example, if an antenna of the RRU 104D transmitted DL
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data to the UE 102A across spatial beam D1, and the UE 102A returned a no acknowledgment
message in response, the DL data can be retransmitted to the UE 102A across any
combination of the spatial beams A1, By, Ci, and D; given that each spatial beam forms the
UE 102A active set. Thus, the same antenna of an RRU 104A-104D that initially transmitted
the DL data, a different antenna of an RRU 104A-104D than the one that initially transmitted
the DL data, the same antenna of an RRU 104A-104D that initially transmitted the DL data
and one or more different antennas of one or more different RRUs 104A-104D than the one
that initially transmitted the DL data, or two or more different antennas of one or more
different RRUs 104A-104D than the one that initially transmitted the DL data can re-transmit
the DL data, where each transmitting antenna is an antenna that transmits across a spatial
beam that forms the UE’s 102A-102D active set.

[0074] FIG. 2A is another diagram illustrating the spatial beams selected to serve
the UEs 102A-102D according to an embodiment. Unlike an embodiment described above
with respect to FIGS. 1B-1E, FIG. 2A illustrates an embodiment in which some, but not all,
of the RRUs 104A-104D have spatial beams selected to serve all of the UEs 102A-102D. As
illustrated in FIG. 2A, the BBU has selected spatial beams A1 and C; to serve the UE 102A,
spatial beams A», B, C», and D; to serve the UE 102B, spatial beam B3 to serve the UE 102C,
and spatial beams A4, Bs, and D4 to serve the UE 102D. Thus, the active set for the UE 102A
can be represented as {(RRU 104A, A1), (RRU 104C, C))}, the active set for the UE 102B
can be represented as {(RRU 104A, A»), (RRU 104B, B>), (RRU 104C, C>), (RRU 104D,
Dz)}, the active set for the UE 102C can be represented as {(RRU 104B, Bs)}, and the active
set for the UE 102D can be represented as {(RRU 104A, A4), (RRU 104B, B4), (RRU 104D,
D4)}.

[0075] While FIG. 2A depicts no more than one spatial beam from a particular
RRU 104A-104D being selected to serve a UE 102A-102D, this is not meant to be limiting.
Two or more spatial beams from a particular RRU 104A-104D can be selected to serve a UE
102A-102D.

[0076] As described above, the BBU can schedule corresponding DL data
transmissions once the active sets are created. The BBU may schedule simultaneous
transmissions to different UEs 102A-102D if the spatial beam(s) in each UE’s active set are

not spatially adjacent, such as not spatially adjacent within a threshold angle, within a
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threshold distance, etc. If at least one spatial beam in each UE’s active set is spatially
adjacent (e.g., spatially adjacent within a threshold angle, within a threshold distance, etc.),
then the BBU can implement time division multiplexing such that transmissions are sent to
the UEs 102A-102D at different times to avoid potential interference.

[0077] Here, spatial beams A1 and A4 may be spatially adjacent, and spatial
beams B> and B3 may be spatially adjacent. Thus, the BBU may schedule data transmissions
such that transmissions across spatial beam A occur at different times than transmissions
across spatial beam Aa, and such that transmissions across spatial beam Bz occur at different
times than transmissions across spatial beam B3;. The BBU may schedule data transmissions
across the remaining spatial beams at the same time and/or at different times.

[0078] FIG. 2B illustrates another timing diagram for scheduled DL
transmissions from the RRUs 104A-104D during the operational mode. The timing diagram
represents in graph form the DL data transmission timing described above with respect to
FIG. 2A. As illustrated in FIG. 2B, the RRU 104A transmits data across the spatial beam A
during one time slot, and transmits DL data across the spatial beams Az and A4 during another
time slot. Alternatively, the RRU 104A can transmit DL data across the spatial beam A»
during the same time slot as the spatial beam A because spatial beams A and Az may not
be spatially adjacent.

[0079] Similarly, the RRU 104B transmits DL data across the spatial beam B3
during one time slot, and transmits DL data across the spatial beams B> and B4 during another
time slot. Alternatively, the RRU 104B can transmit DL data across the spatial beam By
during the same time slot as the spatial beam B3 because spatial beams B3 and B4 may not be
spatially adjacent.

[0080] The RRU 104C can transmit DL data across the spatial beams C; and C»
during the same time slot or during different time slots because these spatial beams are not
spatially adjacent. For example, the RRU 104C may transmit DL data across the spatial
beams C; and C; during different time slots so that UE 102A receives transmissions across
spatial beams A and C; at the same time and/or so that UE 102B receives transmissions
across spatial beams A, B2, Cs, and D> at the same time.

[0081] The RRU 104D can transmit DL data across the spatial beams D; and D4

during the same time slot or during different time slots because these spatial beams are not
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spatially adjacent. For example, the RRU 104D may transmit DL data across the spatial
beams D; and D4 during the same time slot so that UE 102B receives transmissions across
spatial beams A», Bz, Cs, and D; at the same time and/or so that UE 102D receives
transmissions across spatial beams Aas, Bs, and D4 at the same time.

[0082] The spatial beams that form the active set for a particular UE 102A-102D
may be used to transmit the same DL data to the UE 102A-102D at the same time. For
example, the RRU 104 A and the RRU 104C may transmit the same DL data to the UE 102A
at the same time during the operational mode, with the RRU 104A transmitting the DL data
over the spatial beam A and the RRU 104C transmitting the DL data over the spatial beam
Ci.

[0083] Once data is received by a UE 102A-102D across one or more spatial
beams, the UE 102A-102D can non-coherently combine the received signals. As mentioned
above, while the gain from non-coherently combining the received signals may not be as
high as the gain from coherently combining the received signals, the difference in gain may
be mitigated by the high throughput achieved by transmitting data at mmW frequencies. In
addition, the RRUs 104A-104D can conserve network resources by reducing the amount of
network overhead that would otherwise be involved to calibrate the RRUs 104A-104D allow
coherent combining. However, in alternate embodiments, the UEs 102A-102D can combine
the received signals by selecting the signal transmitted over the best spatial beam, by
performing a soft combine of the received signals, and/or by performing a coherent combine
of the received signals (which may involve RRU 104 calibration).

[0084] Optionally, one or more of the UEs 102A-102D can determine a link
strength of a spatial beam over which DL data is transmitted to the respective UE 102A-
102D. The UE(s) 102A-102D can supply the link strength to the RRUs 104A-104D in a
manner as described above, the RRUs 104A-104D can share the link strengths with the BBU,
and the BBU may use the link strengths to update the set of spatial beams included in a UE’s
102A-102D active set. For example, the BBU may update a UE’s 102A-102D active set if
additional UEs 102 are introduced in the environment 100 and are now being served by
spatially adjacent spatial beams, if channel conditions of a spatial beam change, etc. If an
active set is updated, the RRUs 104A-104D may begin transmitting DL data to the UEs
102A-102D according to the updated active set.
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[0085] Optionally, one or more of the UEs 102A-102D can periodically transmit
uplink reference signals to the RRUs 104A-104D during the operational mode (e.g., as a
result of an instruction or trigger by the RRU(s) 104A-104D to transmit the uplink reference
signals). The UE(s) 102A-102D can supply the uplink reference signals to the RRUs 104A-
104D in a manner as described above, the RRUs 104A-104D can share the uplink reference
signals with the BBU, and the BBU may use the uplink reference signals (alone or in
combination with other data, such as updated link strength data) to update the set of spatial
beams included in a UE’s 102A-102D active set. For example, the BBU may update a UE’s
102A-102D active set if additional UEs 102 are introduced in the environment 100 and are
now being served by spatially adjacent spatial beams, if channel conditions of a spatial beam
change, etc. If an active set is updated, the RRUs 104A-104D may begin transmitting DL
data to the UEs 102A-102D according to the updated active set.

[0086] In further embodiments, the BBU may schedule simultaneous
transmissions over spatial beams serving different UEs 102A-102D accordingly to a
scheduler metric. The scheduler metric may be a ratio of a link quality of a spatial beam
selected to serve a particular UE 102A-102D to a ratio of leakage between the spatial beam
selected to serve the particular UE 102A-102D and another spatial beam over which
transmissions may be scheduled simultaneously with the spatial beam selected to serve the
particular UE 102A-102D.

[0087] In further embodiments, the BBU can assign more than one digital
baseband to a UE 102A-102D. The BBU may assign multiple digital basebands (and
therefore more than one stream per RRU 104) to a UE 102A-102D in case more reliability is
desired and/or strong secondary streams (e.g., strong secondary digital basebands) are
available.

[0088] As illustrated in FIG. 2A, each RRU 104A-104D may not necessarily
serve each UE 102A-102D. For example, an RRU 104A-104D may not serve a UE 102A-
102D if the link strength and/or link quality from other RRUs 104A-104D is sufficient to
serve the throughput specifications of the UE 102A-102D and/or network, and/or if one or
more spatial beams originating from the RRU 104A-104D are not contributing much to the
UE’s 102A-102D link.
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[0089] In further embodiments, the BBU can select spatial beams to include in a
UE’s 102A-102D active set and/or the spatial beams across which transmissions can be made
simultaneously using a beam reception quality metric determined through receiving SSBs,
channel state information-reference signals (CSI-RS), and/or similar DL reference signals
from the UEs 102A-102D. Thus, the UEs 102A-102D can provide feedback on the quality
of the spatial beams, and the BBU can accordingly select spatial beams to include in each
UE’s 102A-102D active set.

[0090] In further embodiments, the BBU can set active sets based on physical
separation between reported best spatial beams. For example, if UE 102A reports that the
best set of spatial beams is set S1 and UE 102B reports that the best set of spatial beams is
set S2, the RRUs 104A-104D can simultaneously serve the UEs 102A and 102B as long as
the sets S1 and S2 are physically separated by a threshold gap (e.g., a threshold distance, a
threshold angle, etc.) that is sufficient to reduce and/or minimize interference.

[0091] FIGS. 3A-3E are block diagrams of the environment 100 of FIG. 1A
illustrating the operations performed by the components of the environment 100 to select
active sets and transmit DL data according to an embodiment. As illustrated in FIG. 3A, the
RRU 104A can transmit an uplink reference signal request to the UE 102A at (1A), the RRU
104B can transmit an uplink reference signal request to the UE 102A at (1B), the RRU 104C
can transmit an uplink reference signal request to the UE 102A at (1C), and the RRU 104D
can transmit an uplink reference signal request to the UE 102A at (1D). The RRUs 104A-
104D may transmit the uplink reference signal requests sequentially, in parallel, and/or
overlapping in time.

[0092] In response, the UE 102A can prepare and transmit an uplink reference
signal to the RRU 104A at (2A), can prepare and transmit an uplink reference signal to the
RRU 104B at (2B), can prepare and transmit an uplink reference signal to the RRU 104C at
(2C), and can prepare and transmit an uplink reference signal to the RRU 104D at (2D).
Alternatively, not shown, the UE 102A can transmit the uplink reference signals to a single
RRU 104A-104D.

[0093] As illustrated in FIG. 3B, the RRU 104A can transmit the received uplink
reference signal to BBU 302 at (3A), the RRU 104B can transmit the received uplink
reference signal to the BBU 302 at (3B), the RRU 104C can transmit the received uplink
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reference signal to the BBU 302 at (3C), and the RRU 104C can transmit the received uplink
reference signal to the BBU 302 at (3D). The BBU 302 can then process some or all of the
uplink reference signals to determine a general direction of the UE 102A spatial beams at
(4). For example, the BBU 302 can derive phase and amplitude measurements based on the
uplink reference signal received by the antenna(s) of the RRUs 104A-104D and/or the spatial
signatures of the antenna(s) that received the uplink reference signals. The BBU 302 can
then determine a general spatial beam direction (e.g., a spatial beam pattern) for spatial beams
that originate from the UE 102A.

[0094] As illustrated in FIG. 3C, the RRU 104A can transmit a beam pilot to the
UE 102A at (5A), the RRU 104B can transmit a beam pilot to the UE 102A at (5B), the RRU
104C can transmit a beam pilot to the UE 102A at (5C), and the RRU 104D can transmit a
beam pilot to the UE 102A at (5D). The RRUs 104A-104D may transmit the beam pilots
over different spatial beams sequentially. For example, the RRU 104A may transmit first,
then the RRU 104B, then the RRU 104C, and then the RRU 104D. Accordingly, one RRU
can transmit a beam pilot at a time. The RRUs 104A-104D can further transmit the beam
pilots in a general direction that corresponds with the general spatial beam direction of spatial
beams that originate from the UE 102A as determined by the BBU 302 (e.g., the BBU 302
can form the beam pilots, providing to the RRUs 104A-104D information on the direction or
range of directions to which the beam pilots should be transmitted). For example, the RRUs
104A-104D can transmit the beam pilots in a direction or range of directions that
encompasses the determined general spatial beam direction for the UE 102A and/or
determined general spatial beam directions for other UEs 102B-102D.

[0095] For each received beam pilot, the UE 102A can determine at (6) a link
strength of the spatial beam over which the respective beam pilot was transmitted. The link
strength may be represented as an SINR. The UE 102A can then transmit the determined
spatial beam link strength to the RRUs 104A-104D. For example, the UE 102A can transmit
the RRU 104A spatial beam link strength to the RRU 104A at (7A), the UE 102A can
transmit the RRU 104B spatial beam link strength to the RRU 104B at (7B), the UE 102A
can transmit the RRU 104C spatial beam link strength to the RRU 104B at (7C), and the UE
102A can transmit the RRU 104D spatial beam link strength to the RRU 104B at (7D).
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Alternatively, not shown, the UE 102A can transmit the spatial beam link strengths to a single
RRU 104A-104D.

[0096] As illustrated in FIG. 3D, the RRUs 104A-104D forward the received
spatial beam link strengths to BBU 302 at (8A), (8B), (8C), and (8D). The BBU 302 can
select spatial beam(s) to serve the UE 102A at (9), and can perform a scheduling operation
at (10). The BBU 302 can select spatial beam(s) to serve the UE 102A based on the provided
spatial beam link strengths, link quality data, information indicating the physical location of
and transmission direction of the RRU 104A-104D transmit antennas, a determined direction
or range of directions from which spatial beams of the UE 102A originate (where the
determination can be made by the BBU 302 and/or the RRUs 104A-104D based on a
direction from which the spatial beam link strengths are transmitted by the UE 102A as
detected by the RRUs 104A-104D and/or the BBU 302), uplink reference signals provided
by the UE 102A, and/or information indicating which spatial beams have been selected to
serve other UEs 102B-102D. The BBU 302 can perform the scheduling operation, including
creating an active set for the UE 102A and determining when to transmit data to the UE
102A, once the spatial beam(s) to serve the UE 102A are selected.

[0097] The BBU 302 can then transmit, to the RRU 104A at (11A), scheduling
data (e.g., DL data transmission timing and frequency data indicating when the RRU 104
should transmit DL data) and/or DL data for transmission to the UE 102A. Similarly, the
BBU 302 can transmit scheduling data and/or DL data for transmission to the UE 102A to
the node 102B at (11B), can transmit scheduling data and/or DL data for transmission to the
UE 102A to the node 102C at (11C), and can transmit scheduling data and/or DL data for
transmission to the UE 102A to the node 102D at (11D).

[0098] As illustrated in FIG. 3E, spatial beams provided by the RRU 104A, the
RRU 104B, the RRU 104C, and the RRU 104D have been selected to serve the UE 102A.
During an operational mode, the RRU 104A can transmit first DL data to the UE 102A across
one spatial beam at (12A). At the same time (or at an overlapping or different time), the
RRU 104B can transmit the same first DL data to the UE 102A across another spatial beam
at (12B), the RRU 104C can transmit the same first DL data to the UE 102A across another
spatial beam at (12C), and/or the RRU 104D can transmit the same first DL data to the UE
102A across another spatial beam at (12D). Thus, the RRUs 104A-104D can each transmit
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the same DL packet(s) to the UE 102A across one or more spatial beams. In further
embodiments, the RRUs 104A-104D can each transmit the same DL packet(s) and/or
different DL packet(s) to the UE 102A. The UE 102A can then non-coherently combine the
DL transmissions from the RRU 104A, the RRU 104B, the RRU 104C, and the RRU 104D
at (13).

[0099] Optionally, the UE 102A can determine, for each DL transmission, a link
strength at (14). The UE 102A can then transmit the link strength data and/or a new or
updated uplink reference signal to the RRU 104A at (15A), to the RRU 104B at (15B), to the
RRU 104C at (15C), and/or to the RRU 104D at (15D). The RRUs 104A-104D may share
the link strength data and/or the new or updated uplink reference signals with the BBU 302,
and the BBU 302 may then use the link strength data and/or new or updated uplink reference
signals to possibly update the active set of the UE 102A.

[0100] FIG. 4 is a schematic diagram illustrating a cooperative MIMO wireless
network 400 that includes a baseband unit 410 according to an embodiment. In this
embodiment, the RRUs 104A-104D may operate as serving nodes, and the baseband unit 410
may determine a direction or range of directions in which to transmit beam pilots to UEs
102A-102D, select spatial beam(s) to serve UEs 102A-102D, create active sets for the UEs
102A-104, and/or schedule data transmissions over the spatial beam(s) selected to serve the
UEs 102A-102D based on data provided by the RRUs 104A-104D (e.g., link strength data,
uplink reference signals, etc.).

[0101] As illustrated in FIG. 4, the baseband unit 410 includes a user data queue
block 412, a scheduler control 414, a time/frequency resource allocation block 416, an active
set and beam management block 418, a transceiver 420, a CSI computation block 422, and
an active set serving node update block 424. The baseband unit 410 can include any suitable
physical hardware to implement the illustrated blocks. For example, the baseband unit 410
can include a processor and computer readable storage to implement any suitable blocks
shown in FIG. 4. The cooperative MIMO wireless network 400 also includes the RRUs
104A-104D and one or more UEs 102.

[0102] The baseband unit 410 includes a scheduler that schedules user data for
wireless transmission from RRUs 104A-104D to UEs 102 over various spatial beams. The

scheduler can determine a direction or range of directions in which to transmit beam pilots

36



06 May 2024

2019388921

to UEs 102A-102D (e.g., based on uplink reference signals, link strength data transmissions,
and/or acknowledgment or no acknowledgment messages provided by the UEs 102A-102D,
in a manner as described herein), select spatial beam(s) to serve UEs (e.g., based on link
strength data provided by the UEs 102A-102D, uplink reference signals provided by the UEs
102A-102D, etc., in a manner as described herein), can create active sets for the UEs, can
schedule DL data traffic for simultaneous transmission to multiple UEs, and/or 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. The RRUs 104A-104D can alternatively be
referred to as transmission points for DL data transmission. The scheduler can schedule data
from any suitable number of RRUs 104A-104D to any suitable number of UE 102. The
scheduler can include the user data queue block 412, the scheduler control 414, the
time/frequency resource allocation block 416, the active set and beam management
block 418, the CSI computation block 422, and the active set serving node update block 424,
[0103] The transceiver 420 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 quality, uplink reference signals, and/or other CSI suitable for allowing the scheduler to
select spatial beam(s) to serve the UEs 102, create active sets for the UEs 102, and/or
schedule DL data transmissions. The CSI computation block 422 can compute CSI data from
data in the UE report. The active set serving node update block 424 can determine an updated
active set for one or more UEs 102 based on updated link strength information and/or new
or updated uplink reference signals provided by the UE(s) 102 (e.g., provided by the UE(s)
102 in response to receiving DL data traffic, as described above). In some instances, the
active set serving node update block 424 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 424 can use
any suitable metrics disclosed herein to update an active set associated with a UE 102.
[0104] The updated active set data is provided to the scheduler control 414. The
user data queue block 412 can provide user data to the scheduler control 414, including DL
data, beam pilot data, uplink reference signal transmission instructions, and/or the like. The
scheduler control 414 provides user data to the transceiver 420 and also provides instructions

to the time/frequency resource allocation block 416. The time/frequency resource allocation
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block 416 can schedule timing and frequency of DL data transmission from RRUs 104A-
104D (e.g., generate scheduling data), which can be forwarded to the RRUs 104A-104D via
the transceiver 420. This can avoid timing conflicts and conflicts in the frequency domain.
The active set and beam management block 418 can select RRUs 104A-104D and/or specific
spatial beams offered by these RRUs 104A-104D for providing wireless transmission
services to UEs 102, and create corresponding active sets for the UEs 102 in a manner as
described herein. The active set and beam management block 418 can also determine a
direction or range of directions in which the user data is to be transmitted. For example, the
active set and beam management block 418 can process uplink reference signals and/or RRU
104A-104D antenna spatial signatures to determine phase(s) and/or amplitude(s), and use the
phase(s) and/or amplitude(s) to determine a general spatial direction (e.g., a general beam
pattern) for spatial beams originating from a UE 102A-102D. Based on the determined
general spatial direction, the active set and beam management block 418 can determine a
direction or range of directions in which beam pilots should be transmitted to the UEs 102A-
102D in a training mode (e.g., the direction or range of directions may encompass and/or be
within an N degree angle of a determined general spatial direction for spatial beams
originating from at least one of the UEs 102A-102D). The active set and beam management
block 418 can further determine a direction or range of directions for DL data to be
transmitted to the UEs 102A-102D from the uplink reference signals, messages from the UEs
102A-102D sent in response to beam pilots that include link strength data, and/or the like.
The active set and beam management block 418 can group DL data transmissions and
manage beamforming from the RRUs 104A-104D to the UEs 102. The transceiver 420
provides data for transmission by the RRUs 104A-104D to UEs 102.

[0105] As illustrated in FIG. 4, the scheduler can cause a network system of the
cooperative MIMO wireless network 400 to wirelessly transmit first user data to a first UE
102 across one or more spatial beams, to transmit second user data to a second UE 102 across
one or more spatial beams, 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 400 to wirelessly transmit user data to any suitable number of UEs 102 across one

or more spatial beams served by one or more RRUs 104A-104D.

38



06 May 2024

2019388921

[0106] FIG. 5 is a block diagram illustrating an example baseband unit and
remote radio unit according to an embodiment. The baseband unit 502 may be coupled with
at least one remote radio unit 590. The remote radio unit 590 may include at least a first
antenna 596 and a second antenna 598 for MIMO wireless communications. Any antenna
disclosed herein, such as the antenna 596 or the antenna 598, can be referred to as antenna
element. The first antenna 596 and the second antenna 598 may be coupled with a radio
frequency (RF) front end 594. The RF front end 594 may process signals received via the
first antenna 596 and the second antenna 598. Part of processing a signal may include
transmitting the signal to a transceiver 520 included in the BBU 502.

[0107] A processor 505 may receive signals received by the transceiver 520. The
processor 505 may be configured to determine a type of the signal. For example, if the signal
includes a request for connection services, the processor 505 may provide the signal to an
active set selector 535. The active set selector 535 may be configured to identify an active
set of serving nodes to provide the requested downlink data transmission service. The active
set selector 535 can identify the active set for a UE based on information associated with the
UE. Alternatively or additionally, the active set selector 535 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 535 can identify specific spatial beam(s) selected to serve a UE. The
BBU 502 may include a network monitor 525 to detect characteristics of the network such
as the number of UEs served by each RRU 590, network data transmission load, and/or the
like. The active set selector 535 may receive the network characteristics from the network
monitor 525 as a factor considered when selecting spatial beam(s) to serve a UE and/or
identifying an active set for a UE.

[0108] A beamformer 515 may be included in the BBU 502 to further identify
parameters for the serving nodes (e.g., RRUs 590) 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 515 may determine optimal
parameters for RRUs 590 coupled with the BBU 502 that facilitate a network-wide
optimization of downlink data transmissions. In some implementations, the active set
selector 535 determines 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 502 may
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include an active set arbitrator 530 to reconcile a requested active set with an active set
selected by the active set selector 535. The active set arbitrator 530 may compare a requested
set of serving nodes to the serving nodes identified by the active set selector 535. The
comparison may include ordering the serving nodes according to the UE recommendation.
In some implementations, the active set arbitrator 530 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 502 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 530 may additionally or alternatively compare a requested transmission
mode to the transmission mode identified by the active set selector 535 or other element of
the BBU 502.

[0109] The BBU 502 may include a data store 510. The data store 510 may
include instructions that can be executed by the processor 505 to implement the features
described herein. In some implementations, the data store 510 may retain active sets or other
scheduling information assigned to UEs served by the BBU 502. The data store 510 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 590 or antenna element of an RRU
590).

[0110] In addition to providing the scheduling information to the UE, the
scheduling information may be used to configure the RRU 590. The configuration may
include adjusting the first antenna 596 such as by frequency modulation, time modulation,
altering transmission power from a power source 592, or adjusting direction, tone allocation,
or beamforming of the transmission.

[0111] 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. 6.

[0112] FIG. 6 is a schematic block diagram of an example UE 600 according to
an embodiment. The UE 600 is configured for wirelessly communicating with a base station

in a cooperative MIMO network. As illustrated in FIG. 6, the UE 600 includes a
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processor 640, a user interface 645, a data store 650, a beamformer 655, antennas 662
and 664, a transceiver 665, a motion detector 670, a signal quality analyzer 675, and an active
set selector 680. Some other UEs can include additional elements and/or a subset of the
elements illustrated in FIG. 6.

[0113] The UE 600 includes a plurality of antennas 662 and 664. Any suitable
number of antennas can be included for wireless communication. The UE 600 can include
one or more arrays of antennas. A radio frequency (RF) front end 660 can process RF signals
received via the antennas 662 and 664. The RF front end can also provide RF signals to the
antennas 662 and 664 for transmission. The transceiver 665 includes a transmitter and a
receiver. The transceiver 665 can provide processing for transmitting and receiving RF
signals associated with the antennas 662 and 664. For example, upon receiving active set
data, the processor 640 can configure the transceiver 665 (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 600.

[0114] The processor 640 is in communication with the transceiver 665. The
processor 640 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 640 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 and/or an uplink reference signal to a serving node
in accordance with any suitable principles and advantages disclosed herein. The
processor 640 can cause active set and neighbor set data to be stored and updated. The
processor 640 can perform any other suitable processing for the UE 600.

[0115] The processor 640 can be in communication with the motion detector 670
and the signal quality analyzer 675. Accordingly, the processor 640 can receive and process
information associated with conditions of the UE 600. The motion detector 670 can include
any suitable hardware arranged to detect mobility information associated with the UE 600.
The signal quality analyzer 675 can analyze the quality of signals received and/or transmitted
by the antennas 662 and 664. This can provide information associated with a spatial channel
condition of the UE 600. The information associated with conditions of the UE 600 can be

provided to the processor 640 for providing to the serving node(s). In some instances, some
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or all of the functionality of the motion detector 670 and/or the signal quality analyzer can
be implemented by the processor 640.

[0116] The active set selector 680 is optional and can identify a desired active set
of one or more serving nodes. The active set selector 680 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 600, a
spatial channel condition associated with the UE 600, 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 600. The active set selector 680 can cause the processor 640 to
generate a message for transmission 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 600 (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 600, be included in an updated active set for the UE 600). The
active set selector 680 can be implemented by dedicated circuitry and/or circuitry of the
processor 640.

[0117] The beamformer 655 can perform any suitable beamforming functionality
for the UE 600. The beamformer 655 can set and/or adjust one or more parameters
associated with receiving and/or transmitting signals associated with the antennas 662
and 664 of the UE 600. The beamformer 655 can be implemented by dedicated circuitry
and/or circuitry of the processor 640.

[0118] The UE 640 includes a data store 650. The data store 650 can store
instructions that can be executed by the processor 640 to implement the features described
herein. The data store 650 can store active set data and neighbor set data for the UE 600.
The data store 650 can store spatial beam link strengths and/or link qualities. The data
store 650 can store any other suitable data for the UE 600. The data store 650 can include
any suitable memory elements arranged to store data.

[0119] Several elements included in the UE 600 may be coupled by a bus 690.
The bus 690 can be a data bus, communication bus, other bus, or any suitable combination
thereof to enable the various components of the UE 600 to exchange information.

[0120] As illustrated in FIG. 6, the UE 600 also includes a user interface 645.

The user interface 645 can be any suitable user interface, such as a display and/or an audio
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component. In some instances, the user interface 645 can include one or more of touch screen
capabilities, a button, a knob, a switch, or a slider.

[0121] FIG. 7 is a flow diagram depicting an active set selection routine 700
illustratively implemented by a node and/or a BBU, according to one embodiment. As an
example, an RRU 104A-104D of FIG. 1A and/or a BBU, such as the BBU 302 of FIG. 3B,
the BBU 410 of FIG. 4, and/or the BBU 502 of FIG. 5, can be configured to execute the
active set selection routine 700. The active set selection routine 700 begins at block 702.

[0122] At block 704, uplink reference signals are received. For example, the
uplink reference signals can be received from one or more UEs 102A-102D periodically.
The uplink reference signals can include SRS data and/or DMRS data.

[0123] At block 706, a spatial beam direction is determined using the uplink
reference signals. For example, a general direction (e.g., a 5 degree angle, a 10 degree angle,
a 15 degree angle, etc. in a three-dimensional space) from which spatial beams originating
from a UE 102A-102D can be identified using the uplink reference signals and/or spatial
signatures of the antennas that receive uplink reference signals from the UE 102A-102D.
The uplink reference signals can be received and the spatial beam direction can be determined
during a training mode (e.g., prior to selection of an active set for a UE 102A-102D) or during
an operational mode (e.g., after an initial selection of an active set for a UE 102A-102D).

[0124] At block 708, beam pilots are transmitted. The beam pilots may be
transmitted across multiple spatial beams and be received by a UE. The beam pilots may be
transmitted in accordance with the determined spatial beam direction. For example, the beam
pilots may be transmitted over a fine area that encompasses at least a portion of the
determined spatial beam direction.

[0125] Atblock 710, an indication of spatial beam link strengths is received. For
example, the UE may provide an indication of the link strength of each spatial beam based
on the transmitted beam pilots.

[0126] At block 712, one or more spatial beams are selected for the UE. The
spatial beam(s) selected for the UE may be based on the received link strengths, received
link qualities, information associated with the physical layout and/or transmission direction
of various transmit antennas, and/or information identifying spatial beams selected to serve

other UEs.
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[0127] At block 714, the selected spatial beam(s) are grouped into an active set
for the UE. The active set may identify pairs of serving nodes and spatial beams that form
the active set for the UE.

[0128] At block 716, DL data transmissions for the UE are scheduled. DL data
may be transmitted to the UE across the spatial beam(s) included in the UE’s active set
simultaneously with other transmissions to other UEs and/or at different times from
transmissions to other UEs. After scheduling DL data transmissions for the UE, the active

set selection routine 700 is complete, as shown at block 718.

Terminology, Applications, and Conclusion

[0129] 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, operations,
or events can be performed concurrently, e.g., through multi-threaded processing, interrupt
processing, or multiple processors or processor cores or on other parallel architectures, rather
than sequentially.

7% ¢

[0130] Conditional language used herein, such as, among others, “can,” “could,”

Eh 19 Eh N1

“might,” “may,” “e.g.,

M

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
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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 clements in the list.

[0131] 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 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.

[0132] Unless otherwise explicitly stated, articles such as “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.

[0133] 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.

[0134] As used herein, the terms “determine” or “determining” encompass a wide
variety of actions. For example, “determining” may include calculating, computing,
processing, deriving, generating, obtaining, looking up (e.g., looking 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 receiving (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.

[0135] As used herein, the terms “provide” or “providing” encompass a wide

variety of actions. For example, “providing” may include storing a value in a location of a
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storage device for subsequent retrieval, transmitting a value directly to the recipient via at
least one wired or wireless communication 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.

[0136] As used herein, the term “message” encompasses a wide variety of
formats for communicating (e.g., transmitting 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
implementations, 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.

[0137] As used herein a “user interface” (also referred to as an interactive user
interface, a graphical user interface or a UI) 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 information 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) configured to communicate (e.g., send or receive data) in accordance with
one or more of the aspects described.

[0138] 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, digital-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.
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[0139] As used herein a “remote radio unit” (RRU) may refer to a device for
controlling and coordinating transmission 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 signals associated with
different TRPs.

[0140] 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-transitory 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.
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CLAIMS

WHAT IS CLAIMED IS:

1. A network system operating in a millimeter wave frequency band, the

network system comprising;:

a first serving node comprising a first plurality of antenna elements, the first
serving node configured to transmit first beam pilots via the first plurality of antenna
elements across a first plurality of spatial beams and receive, from one or more user
equipment (UEs), link strength data associated with the first plurality of spatial beams
in response to the transmission;

a second serving node comprising a second plurality of antenna elements, the
second serving node configured to transmit second beam pilots via the second
plurality of antenna elements across a second plurality of spatial beams and receive,
from the one or more UEs, link strength data associated with the second plurality of
spatial beams in response to the transmission; and

a baseband unit scheduler in communication with the first and second serving
nodes, the baseband unit scheduler comprising a processor and computer-executable
instructions, wherein the computer-executable instructions, when executed by the
processor, cause the baseband unit scheduler to:

select, based on the link strength data associated with the first plurality
of spatial beams and the link strength data associated with the second plurality
of spatial beams, at least one spatial beam in the first plurality of spatial beams
across which the first serving node transmits and at least one spatial beam in
the second plurality of spatial beams across which the second serving node
transmits to serve a first UE in the one or more UEs;

generate an active set for the first UE that identifies the selected spatial
beams; and

cause transmission of downlink data to the first UE across the selected

spatial beams identified in the active set.
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2. The network system of Claim 1, wherein the computer-executable
instructions, when executed, further cause the baseband unit scheduler to:
cause transmission of a packet to the first UE across the at least one spatial
beam in the first plurality of spatial beams; and
cause transmission of the same packet to the first UE across the at least one

spatial beam in the second plurality of spatial beams.

3. The network system of Claim 1 or Claim 2, wherein the computer-executable
instructions, when executed, further cause the baseband unit scheduler to select the at least
one spatial beam in the first plurality of spatial beams and the at least one spatial beam in the
second plurality of spatial beams to serve the first UE based on information indicating spatial
beams used to serve at least one UE in the one or more UEs that is different from the first

UE.

4. The network system of any one of Claims 1 to 3, wherein the first serving
node is configured to receive uplink reference signals via at least one of the first plurality of
antenna elements across at least one of the first plurality of spatial beams, and wherein the
second serving node is configured to receive second uplink reference signals via at least one
of the second plurality of antenna elements across at least one of the second plurality of

spatial beams.

5. The network system of Claim 4, wherein the computer-executable
instructions, when executed, further cause the baseband unit scheduler to determine a range
of directions from which spatial beams of the first UE originate using at least one of the

uplink reference signals or the second uplink reference signals.

6. The network system of Claim 5, wherein the first serving node is further
configured to transmit the first beam pilots via the first plurality of antenna elements across
the first plurality of spatial beams in a direction corresponding to the determine range of

directions.
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7. The network system of Claim 5 or Claim 6, wherein the second serving node
is further configured to transmit the second beam pilots via the second plurality of antenna
elements across the second plurality of spatial beams in a direction corresponding to the

determine range of directions.

8. The network system of any one of Claims 4 to 7, wherein the computer-
executable instructions, when executed, further cause the baseband unit scheduler to
determine a range of directions from which spatial beams of the first UE originate using the
uplink reference signals and spatial signatures of each of the first plurality of antenna

elements that receive the uplink reference signals.

9. The network system of any one of Claims 4 to 8, wherein the uplink reference

signals comprise at least one of sounding reference signals or demodulation reference signals.

10. The network system of any one of Claims 4 to 9, wherein the computer-
executable instructions, when executed, further cause the baseband unit scheduler to select,
based on the link strength data associated with the first plurality of spatial beams, the link
strength data associated with the second plurality of spatial beams, and the uplink reference
signals, at least one spatial beam in the first plurality of spatial beams and at least one spatial

beam in the second plurality of spatial beams to serve the first UE.

1. The network system of any one of Claims 1 to 10, wherein the selected spatial
beams comprises a first spatial beam in the first plurality of spatial beams and a second spatial

beam in the second plurality of spatial beams.

12. The network system of Claim 11, wherein the first serving node is further
configured to transmit the downlink data to the first UE via a first antenna element in the first

plurality of antenna elements across the first spatial beam.

13. The network system of Claim 12, wherein the first serving node is further

configured to receive a no acknowledgment message from the first UE in response to
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transmission of the downlink data to the first UE via the first antenna element across the first

spatial beam.

14. The network system of Claim 13, wherein the first serving node is further
configured to re-transmit the downlink data to the first UE via the first antenna element across

the first spatial beam in response to receipt of the no acknowledgment message.

15. The network system of Claim 13 or Claim 14, wherein the second serving
node is further configured to transmit the downlink data to the first UE via a second antenna
element in the second plurality of antenna elements across the second spatial beam in

response to receipt of the no acknowledgment message.

16. The network system of Claim 13, wherein at least one of the first serving node
is configured to re-transmit the downlink data to the first UE via the first antenna element
across the first spatial beam or the second serving node is configured to transmit the downlink
data to the first UE via a second antenna element in the second plurality of antenna elements

across the second spatial beam in response to receipt of the no acknowledgment message.

17. The network system of any one of Claims 1 to 16, wherein the millimeter

wave frequency band comprises a frequency range between 24 GHz and 300 GHz.

18. A computer-implemented method comprising:

causing a first serving node comprising a first plurality of antenna elements
to transmit first beam pilots via the first plurality of antenna elements across a first
plurality of spatial beams, wherein the first serving node is configured to receive,
from one or more user equipment (UEs), link strength data associated with the first
plurality of spatial beams in response to the transmission;

causing a second serving node comprising a second plurality of antenna
elements to transmit second beam pilots via the second plurality of antenna elements
across a second plurality of spatial beams, wherein the second serving node is
configured to receive, from the one or more UEs, link strength data associated with

the second plurality of spatial beams in response to the transmission;
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selecting, based on the link strength data associated with the first plurality of
spatial beams and the link strength data associated with the second plurality of spatial
beams, at least one spatial beam in the first plurality of spatial beams across which
the first serving node transmits and at least one spatial beam in the second plurality
of spatial beams across which the second serving node transmits to serve a first UE
in the one or more UEs;

generating an active set for the first UE that identifies the selected spatial
beams; and

causing transmission of downlink data to the first UE across the selected

spatial beams identified in the active set.

19. The computer-implemented method of Claim 18, wherein the first serving
node is configured to receive uplink reference signals via at least one of the first plurality of
antenna elements across at least one of the first plurality of spatial beams, and wherein the
second serving node is configured to receive second uplink reference signals via at least one
of the second plurality of antenna elements across at least one of the second plurality of

spatial beams.

20. The computer-implemented method of Claim 19, further comprising
determining a range of directions from which spatial beams of the first UE originate using at

least one of the uplink reference signals or the second uplink reference signals.

21. The computer-implemented method of Claim 20, wherein the first serving
node is further configured to transmit the first beam pilots via the first plurality of antenna
elements across the first plurality of spatial beams in a direction corresponding to the

determine range of directions.

22. The computer-implemented method of any one of Claims 19 to 21, wherein
the uplink reference signals comprise at least one of sounding reference signals or

demodulation reference signals.
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23.  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:
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cause a first serving node comprising a first plurality of antenna elements to
transmit first beam pilots via the first plurality of antenna elements across a first
plurality of spatial beams, wherein the first serving node is configured to receive,
from one or more user equipment (UEs), link strength data associated with the first
plurality of spatial beams in response to the transmission;

cause a second serving node comprising a second plurality of antenna
elements to transmit second beam pilots via the second plurality of antenna elements
across a second plurality of spatial beams, wherein the second serving node is
configured to receive, from the one or more UEs, link strength data associated with
the second plurality of spatial beams in response to the transmission, wherein the first
serving node is configured to receive uplink reference signals via at least one of the
first plurality of antenna elements across at least one of the first plurality of spatial
beams, and wherein the second serving node is configured to receive second uplink
reference signals via at least one of the second plurality of antenna elements across
at least one of the second plurality of spatial beams;

determine a range of directions from which spatial beams of a first UE in the
one or more UEs originate using at least one of the uplink reference signals or the
second uplink reference signals;

select, based on the link strength data associated with the first plurality of
spatial beams and the link strength data associated with the second plurality of spatial
beams, at least one spatial beam in the first plurality of spatial beams and at least one
spatial beam in the second plurality of spatial beams to serve the first UE;

generate an active set for the first UE that identifies the selected spatial beams;
and

cause transmission of downlink data to the first UE across the selected spatial

beams identified in the active set.
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