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PLACEMENT OF DISTRIBUTED UNIT NETWORK FUNCTIONS (DU NF) IN A NETWORK

TECHNICAL FIELD
The present disclosure relates to wireless commumnications, and in particular, to
5 placement of network functions in a network where the network functions are associated

with carricy aggregation.

BACKGROUND
The Open Radio Access Network (O-RAN) alliance has developed and is
10 developing O-RAN standards and/or specifications for wircless communication systems
which may comprise O-RAN based mobile networks. Such systems provide, among other
features, broadband communication between network nodes (NNs), such as base stations,
and mobile wireless devices {WD) or user equipment (UE}), as well as communication

between network nodes and between Wils. The terms WD and UE can be used

[
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interchangeably throughout the present disclosure.

Further, G-RAN includes technology which is based on disaggregation,
virtualization, open interface, automation and intelligence. O-RAN provides flexibility,
scalability, robustness, and cost efficiency but also generates unprecedented new revenue
possibilities for the network operators and Communication Service Providers {CUSPs).

20 Disaggregation in O-RAN makes the Network Functions (NFs) beyond the Radio Unit
{R1)) be distributed into Centralized Units (CUs) and Distributed Units (DUs) based on a
specified network functional split, e.g., as shown in FIG. 1. Viralization helps the CUs
and DUs on the O-RAN Cloud {O-Cloud) nodes run efficiently by creating Virtualized
Network Functions (VINFs) or Containerized Network Functions (CNFs).

25 Finding the best O-Cloud nodes to host the VNFs of each DU and CU while
satistying the delay demand of the UEs is currently being studied. For example, the
latency aware DU-CU placement in the packet-based networks may be considered such as
to formuilate a problem as a Mixed Integer Linear Problem (MILP). A Deep
Reinforcement Learning (DRL) algorithm for the problem of joint DU and CU placement

30 and RU association may be used. Further, actor-critic learning algorithms may be used to

minimize the encrgy consumption while satisfying the delay targets of the users.

In addition, Carrier Aggregation (CA) techniques have been introduced in LTE-
advanced and used in 5G wireless mobile networks, in which Component Carriers (TCs)

are aggregated to improve the throughput of the WDs. In CA, cach WD is assigned to a
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Primary Cell (PCell) and this PCell always is active for that specific WD, However, the
Secondary Celis (58Cells) can be activated or deactivated during the time that WD 1s
connected to the network. Each cell has its own Mediom Access Control (MAC) and
Radio Link Control (RLC) while Radio Resource Control (RRC) and other upper lavers
are the same for the different cells. Since SCells are dynamically activated or deactivated
for ditferent users, it is beneficial to leverage the disaggregation and virtualization aspects
of cloud based RANs such as O-RAN 1o reduce the cost of network operators.

In current communication network technologies, the NFs of the DUs for each CC
run in a fixed node. If the DU for all Cs runs in one processing node, this leads to a long
delay from the DU to the WDs. The delay consists of propagation, processing,
transmission, and scheduling/quening. Purther, optimizing the placement of CCs in DU
NF instances, and DU NF instances in cloud nodes is an extremely complex and time

intensive task.

SUMMARY

Some embodiments advantageously provide methods, systems, and apparatuses
for RAN network function placement with carrier aggregation in cloud network(s) using
machine learning processes. In some embodiments, by exploiting the virtualization
techniqgue in a cloud network, the network nodes (e.g., optimum processing nodes) in the
cloud network may be determined to run the network functions of DUs for different CCs.

In some other embodiments, a Decp Q-Network (DQN) based Decp Reinforcement
Learning (DRL) scheme is used to minimize end-to-end delay (e.g., of the users) and the
number of network nodes {(e.g., O-Cloud nodes} used to place the DU NI, while
satistying the delay target of users. That is, an ML solution for the problem of DU network
function placement with carrier aggregation in O-RAN is described.

In some embodiments, a DRL model that minimizes the WD aser plane traffic
delay is used when using carrier aggregation in a RAN, while at the same time minimizing
the number of placed DU NFs so that a target WD delay is satisfied. In some other
embodiments, constraints inchide RAN NF (CU, DU and RU) compute resources and inter
NF communication link bandwidth.

In some other embodimennts, a method is described and may include one or more of
the following steps:

#  Modeling a communication network (i.c., network).
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& Modeling an end-to-end (E2E) delay in the communication network. Parameters
can be obtained from real data collected in the network (e.g., E2E WD delay
today).

* Including (e.g.. in the modeling} the processing, transmission, propagation, and
quening delay which is from CU to the WD throughout the Midhaunl (MH), IDU
(Inter DU) and FH (Fronthaul ).

#  Defining the WD Centric DU network function Placement with Carrier
Aggregation optimization problem.

# Jsing a weighted sum of the delay and the number of used network nodes (e.g.,
cloud nodes) to host DU network functions for the {Cx,

s Applying Deep Reinforcement Learning-based DU Placement with CA (DUPCA)
{e.g.. to the modeling).

¢ Using a DRL algorithm to minimize the number of placed DUs while satisfying
the delay target for each user. This is done by choosing the proper DU placement
for each CC.

Real world input data from NNs (c.g., RAN cloud nodes and NEs) and/or
constraints such as to produce model generation and a solution to a placement problem
such as an OAM system to configure the instantiation RAN NFs of CCs in a cloud
network. The model can be dynamically re-generated periodically as input parameters and
constraints change over tioe.

(Oue or more embodiments minimize end to end delay from the CU to the end WD
in a network (e.g., cloud network) while considering the number of NNs {e.g., cloud
1odes) to be used {o instantiate the DU NFs for the CCs. Une or more erabodiments
cnables {e.g., determine) an optimal number of DU NFs to be instantiated on NNs {e.g., O-
Cloud nodes) while satisfying the end user quality of service expectations, such as E2E
delay. This optimization also leads to significant cost savings for the network operator
such as:

&  Automating the DU placement operations. This is traditionally a highly skilied and
time intensive manual task.

¢ Providing network cnergy savings by optimizing the DU placements.

According {o one aspect, a method in a first network node (NN configured to
communicate with a plurality of NNs in a network is described. The method includes
letermining one or more distributed units (DUs) to be hosted by at least one NN of the

phirality of NNs based at least on a delay target associated at least with each wireless
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device (WD) of a plurality of WDs. Each DU of the one or more DUs being associated
with at least a component carrier (CC) usable by at least one WD of the plurality of WDs
to conununicate with one or more NNs of the plurality of NNs. The one or more DUs are
letermined using a learning process. The method also includes cavsing the at least one NN
of the plurality of NNs to host a corresponding DU of the one or more DUs based on the
determingd one or more DUs,

In some embodiments, the method further includes performing modeling of the
network to determine the one or more DUs.

In some other embodiments, the method further includes performing modeling of
an cnd-to-end delay in the network based on data collected in the network, where the one
or more DUs are determined based on the modeling of the end-to-end delay.

In some embodiments, determining the one or more DUs comprises determining a
DU placement on the at least one NN based on carrier aggregation parameters.

In some other embodiments, determining the one or more DUs comprises
determuning a weighted sum of a delay associated with data corresponding to the plurality
of WDis and a number of NNs used to host the one or more DUs. The weighted sum is
determined for the at least component carrier (CC) of a plurality of CCs.

In some embodiments, determining the one or more DUs using the leaming
process comprises one or more of (A) modeling a state as a delay satisfaction of one or
more users associated with the plurality of WDs; (B) determining an action associated
with the learning process, where the action is a placement of the one or more DUs in the at
least one NN for the at least one NN to host the one or more DUs, and the placement is for
a corresponding CC; and (C) determining a reward associated with the learning process,
the veward being the weighted sum of the delay and the number of NNs used to host the
one or more DUs for the plurality of CCs.

In some other embodiments, the one or more DUSs are further determined based on
one or more constraints, where the one or more constraints arc based on computing
capacity of the plurality of NNs, a bandwidth capacity of one or more mid-haul links, one
or more inter-DU links, and one or more fronthaul links, and the delay target.

In some embodiments, determining the one or more DUs using the learning
process comprises applying deep reinforcement learning-based DU placement with carrier
aggregation (DUPCA) to minimize a quantity of DUs that are to be hosted by the at least

one NN while satisfying the delay target of cach Wb
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In some other embodiments, the method further includes one or more of (A)
receiving a set of data corvesponding to the plurality of WDs; (B) hosting at least one DU
of the one or more DUs that corresponds to a first activated CC of the at least one CC; ()
one or both of transmitting and receiving signaling associated with a fivst subsct of the set
of data to communicate with at least with a WD via an access network node using the first
activated CC; and (D) forwarding a second subscet of data of the set of data to at least one
other DU of the one or more DUs. The at least one other DU corresponds 10 a second
activated CC of the at least one CC. The second activated CC and the first activated CC
are different.

In some embodiments, the one or more D1s are one or more DU network
functions.

According to another aspect, a first network node (NN} configured to communicate
with a plurality of NNs in a network. The first network node is configured to determine
one or more distributed units (DUs) to be hosted by at least one NN of the plurality of
NNs based at least on a delay target associated at least with each wireless device (WD of
a plurality of WDs. Each DU of the one or more DUSs is associated with at least a
component carrier (CC) usable by at least one WD of the plurality of Whs to
communicate with one or more NNs of the plurality of NINs. The one or more DUs are
determined using a learning process. Th first NN is configured to cause the at least one
NN of the plurality of NNs to host a corresponding DU of the one or moore DUs based on
the determined one or more DUs.

In some embodiments, the ficst NN is further configured to perform modeling of
the network to determine the one or more DUs.

In some other embodiments, the first NN is further configured to perform
modeling of an end-to-end delay in the network based on data collected in the network,
where the one or more DUs are determined based on the modeling of the end-to-end delay.

In some embodiments, determining the one or more DUs compriscs determining a
DU placement on the at least one NN based on carrier aggregation parameters.

In some other embodiments, determining the one or more DUs comprises
determining a weighted sum of a delay associated with data corresponding to the plurality
of WDs and a number of NNs used to host the one or more DUs. The weighted sum is
determined for the at least component carrier (CC) of a plurality of CCs.

In some embodiments, determining the one or more DUs using the learning

process comprises one or more of: (A) modeling a state as a delay satisfaction of one or
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more users associated with the plurality of WDs; (B) determining an action associated
with the learning process, where the action is a placement of the one or more DUs in the at
fcast one NN for the at least one NN to host the one or more DUs, and the placement is for
a corresponding CC; and (C) determining a reward associated with the learning process,
the reward being the weighted sum of the delay and the nomber of NNs used to host the
one or more DUs for the plurality of CCs.

In some other embodiments, the one or more DUs are further determined based on
one or more constraints. The one or more constraints are based on computing capacity of
the plurality of NNs, a bandwidth capacity of one or more mid-haul links, one or more
inter-DU links, and one or more fronthaul links, and the delay target.

In some embodiments, determining the one or more DUs using the learning
process comprises applying deep reinforcement learning-based DU placement with carrier
aggregation (DUPCA) to minimize a quantity of DUs that are to be hosted by the at least
one NN while satisfying the delay target of each WD.

In some other embodiments, the first network node is configured to one or more
of: {A) receive a set of data corresponding to the plurality of Ws; (B) host at lcast one
DU of the one or more DUs that corresponds to a first activated CC of the at least one CC;
{C) one or both of transmit and veceive signaling associated with a first subset of the set of
data to communicate with at least with a WD via an access network node using the first
activated CC; and (D) forward a second subset of data of the set of data to at least one
other DU of the one or more DUs. The at least one other DU corresponds to a second
activated CC of the at least one CC. The second activated CC and the first activated CC
are different.

In some embodiments, the one or more DUs are one or more DU network

fonctions.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present embodiments, and the attendant
advantages and features thercof, will be more readily understood by reference to the
following detatled description when considered in conjunction with the accompanying
drawings wherein:

FIG. | shows an O-RAN system including a RU, a DU and a CU;
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FIG. 2 i3 a schematic diagram of an exemplary network architecture iustrating a
comrnunication system connected via an intermediate network o a host computer
according o the principles in the present disclosure;

FIG. 3 is a block diagram of a host computer communicating via a network node
with a wireless device over an at least partially wireless connection according to some
embodiments of the present disclosure;

FIG. 4 is a flowchart illustrating exeroplary methods toplemented in a
comrnunication system including a host computer, a network node and a wireless device
for exccuting a clicnt application at a wireless device according to some embodiments of
the present disclosure;

FIG. 5 is a flowchart illustrating exemplary methods implemented in a
commumication system incloding a host computer, a network node and a wireless device
for receiving user data at a wireless device according to some cmbodiments of the present
disclosure;

FIG. 6 is a flowchart illustrating exemplary methods implemented in a
copamunication system including a bost computer, a network node and a wireless device
for receiving user data from the wireless device at a host computer according to some
embodiments of the present disclosure;

FIG. 7 is a flowchart illustrating exemplary methods implemented in a
communication system including a host computer, a network node and a wireless device
for receiving user data at a host computer according o some embhodiments of the present
disclosure;

FIG. 8 is a block diagram illustrating an example virtualization environment
according to some embodiments of the present disclosure;

FIG. 9 is a flowchart of an exemplary process in a network node according to some
embodiments of the present disclosure;

FIG. 10 1s a flowchart of an exemplary process in a network node according to
some embodiments of the present disclosure;

FIG. 11 shows an example network with CA including a CU, multiple DUs and/or
RUs serving multiple WDs according to some embodiments of the present disclosure; and

FIG. 12 shows an example service management and orchestration (SMQO)

framework according to some embodiments of the present disclosure.
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DETAILED DESCRIPTION

Before describing in detail exemplary embodiments, it is noted that the
embodiments reside primarily in combinations of apparatus components and processing
steps related to network function placement with carrier aggregation in cloud network(s)
using machine learning processes. Accordingly, components have been represented where
appropriate by conventional symbols in the drawings, showing only those specific details
that arc pertinent to understanding the embodiments so as not to obscure the disclosure
with details that will be readily apparent to those of ordinary skill in the art having the
benefit of the description herein. Like numbers refer o like clements throughout the
description.

23 &

As used herein, relational terms, such as “first” and “second,” “top” and “bottom,”
and the like, may be used solely to distinguish one entity or element from another entity or
clement without necessarily requiring or implying any physical or logical relationship or
order between such entities or clements. The terminology used herein is for the purpose of
describing particular embodiments only and is not intended to be limiting of the concepts
iescribed herein. As used herein, the singular forms “2”, “an” and “the” are intended to

include the plural forms as well, unless the context clearly indicates otherwise. It will be

59 4% 39 647

further understood that the terms “comprises,” “comprising,” “includes” and/or
“including” when used herein, specify the presence of stated features, integers, steps,
operations, elements, and/or components, but do not prechude the presence or addition of
one or more other features, integers, steps, operations, clements, components, and/or
groups thereof.

In embodiments described herein, the joining term, “in communication with” and
the like, may be used to indicate electrical or data communication, which may be
accomplished by physical contact, induction, electromagnetic radiation, radio signaling,
infrared signaling or optical signaling, for example. One having ordinary skill in the art
will appreciate that multiple components may interoperate and modifications and
variations are possible of achieving the electrical and data coromumnication.

In some embodiments described herein, the term “coupled,” “connected,” and the
like, may be used berein to indicate a connection, although not necessarily directly, and
may include wired and/or wireless connections.

The term “network node” used herein can be any kind of network node comprised
in a radio network which may further comprise any of base station (BS), radio base

~

station, base transceiver station (BTS), base station controller (BSC), radio network



WO 2024/214069 PCT/1B2024/053620

10

[
[97)

20

30

controller (RMC), g Node B (gNB), evolved Node B (eNB or eNodeB), Node B, muli-
standard radio (MSR) radio node sach as MSR BS, muld-cell/multicast coordination entity
(MCE), integrated access and backhaul (1AB) node, relay node, donor node controlling
relay, radio access point {AP), transmission points, transmission nodes, Remote Radio
Unit (RRU} Remote Radio Head (RRH), a core network node {g.g., mobile management
entity (MME), self-organizing network (SON) node, a coordinating node, positioning
1ode, MDT node, etc.), an external node (e.g., 3rd party node, a node external to the
carrent network}, nodes in distributed antenna systern (IDAS), a spectrum access system
{(5AS) node, an clement management system (EMS), a node such as a cloud node {e.g., O-
Cloud node), a CU, a DU, an RU, etc. The network node may also comprise fest
equipment. The term “radio node” used hercin may be used to also denote a wireless
device (WD) such as a wireless device (WD) or a radio network node.

In some embodiments, the non-limiting terms wireless device (WD) or a user
equipment (UE) are used interchangeably. The WD herein can be any type of wireless
device capable of communicating with a network node or another WD over radio signals,
such as wireless device (WD), The WD may alsc be a radio communication device, target
device, device to device (D2D) WD, machine type WD or WD capable of machine to
machine communication (M2M), low-cost and/or low-complexity WD, a sensor equipped
with WD, Tablet, mobile terminals, smart phone, laptop embedded equipped (LEE),
laptop mounted equipment (LME), USB dongles, Customer Premises Equipment (CPE),
an Internet of Things (Jo'T) device, or a Narrowband foT (NB-10T) device, etc.

Also, in some embodiments the generic term “radio network node” is used. It can
be any kind of a radio network node which may comyprise any of base station, radio base
station, base transceiver station, base station controller, network controller, RNC, evolved
Node B (eNB), Node B, gNB, Mult-cell/multicast Coordination Hatity (MCE), IAB node,
relay node, access point, radio access point, Remote Radio Unit {(RRU) Remote Radio
Head (RRH).

Note further, that functions described herein as being performed by a wireless
device or a network node may be distributed over a plurality of wireless devices and/or
network nodes. In other words, it is contemplated that the functions of the network node
and wireless device described herein are not limited to performance by a single physical
device and, in fact, can be distributed armong several physical devices.

Unless otherwise defined, all terms {inchuding technical and scientific terms) used

herein have the same meaning as commonty understood by one of ordinary skill in the art



WO 2024/214069 PCT/1B2024/053620

10

[
[97)

20

30

to which this disclosure belongs. It will be further understood that terms used herein
should be interpreted as having a meaning that 1s consistent with their meaning in the
context of this specification and the relevant art and will not be interpreted in an idealized
or overly formal sense unless expressly so defined herein.

Referring now to the drawing figures, in which like elements are referved to by bke
reference numerals, there is shown in Fi(s. 2 a schematic diagram of a communication
system 10, according to an embodiment, such as an O-RAN-type cellular network, which
comprises an access network 12, such as a radio access network, and a core network 14.
The access network 12 comprises a plurality of network nodes 16a, 16b, 16¢ {referred to
collectively as network nodes 16), such as wircless access points, each defining a
corresponding coverage area 18a, 18b, 18c (veferred to collectively as coverage areas 18).
A coverage area 18 may refer to a cell established by a network node 16. Thus, a cell may
form a coverage area 18. As such, cell 18 is used interchangeably herein with coverage
area 18. Fach network node 16a, 16b, 16¢ is comectable to the core network 14 (and/or
any other network nodes 14 such as network node 14d) over a wired or wireless
connection 20. A first wireless device (WD) 22a located in coverage arca 18a is
configured to wirelessly connect to, or be paged by, the corresponding network node 16a.
A second WD 22b in coverage area 18b is wirelessly connectable to the corresponding
network node 16b. While a plurality of WDs 22a, 22b {collectively refeired to as wireless
devices 22} are illustrated in this example, the disclosed embodiments are equally
applicable to a situation where a sole WD 1s in the coverage area or where a sole WD is
connecting to the corresponding network node 16. Note that although only two WDs 22
and three network nodes 16 are shown for convenience, the communication system may
inchide many more WDs 22 and network nodes 16.

Although communication systern 10 has been referred to as an O-RAN-type
cellular network, the present disclosure is not limited as such and may include any cellular
retwork such as a Third Generation Partnership Project (3GPP) cellular network. The
3GPP has developed and is developing standards for Fourth Generation (4G) (also referre
to as Long Term Evolution (L'TE)) and Fifth Generation (54 (also referred to as New
Radio (NR}) wircless communication systems. The 3GPP is also developing standards for
Sixth Generation (6(5) wircless comaunication networks. That is, the communication
system 10 may be a 3GPP-type cellular network that may support standards such as LTE
and/or NR (5G) and/or 6G. Other wireless systems, including without limitation Wide

Band Code Division Multiple Access (WCDMA), Worldwide Interoperability for

10
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Microwave Access (WiMax}, Ultra Mobile Broadband (UMB) and Global System for
Mobile Communications (GSM), may also benefit from explotting the ideas covered
within this disclosure,

Also, it is contemplated that a WD 22 can be in simultancoss communication
and/or configured to separately communicate with more than one network node 16 and
more than one type of network node 16. For example, a WD 22 can have dual
connectivity with a network node 16 that supports LTE and the same or a different
network node 16 that supports NR. As an example, WD 22 can be in comapumication with
an eNB for LTE/E-UTRAN and a gNB for NR/NG-RAN.

The communication system 10 may self be counected to a host comapuier 24,
which may be embodicd in the hardware and/or software of a standalone server, a cloud-
implemented server, a distributed server or as processing resources in a server farm. The
host computer 24 may be under the ownership or control of a service provider, or may be
operated by the service provider or on behalf of the service provider. The connections 26,
28 between the conununication system 10 and the host computer 24 may extend directly
from the core network 14 to the host computer 24 or may cxtend via an optional
intermediate network 30. The intermediate network 30 may be one of, or a combination of
more than one of, a public, private or hosted network. The intermediate network 30, if any,
may be a hackbone network or the Internet. In some embodiments, the intermediate
wetwork 30 may comprise two or more sub-networks (not shown). Any one of access
network 12, core network 14, and intermediate network 30 may be at least in part a cloud
network.

The communication system of FIG. Z as a whole enables connectivity batween one
of the connected WDs 22a, 22b and the host computer 24, The connectivity may be
lescribed as an over-the-top (OTT) connection. The host computer 24 and the connected
WDs 22a, 22b are configured to communicate data and/or signaling via the OTT
connection, using the access network 12, the core network 14, any intermediate network
30 and possible further infrastructure (not shown) as intermediarics. The OTT connection
may be transparent in the sense that at least some of the participating communication
devices through which the OTT connection passes are unaware of routing of uplink and
downlink communications. For example, a network node 16 may not or need not be
informed about the past routing of an incoming downlink conumnunication with data
originating from a host computer 24 to be forwarded {e.g., handed over) to a connected

WD 22a. Similarly, the network node 16 need not be aware of the future routing of an
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outgoing uplink communication originating from the WD 22a towards the host computer
24.

A network node 16 is configured to include a NN management unit 32 which is
configured to perform any step and/or task and/or process and/or method and/or feature
described in the present disclosure, e.g., NN functions. A wireless device 22 is configured
to include 3 WD management unit 34 which is configured to perform any step and/or task
and/or process and/or method and/or feature described in the present disclosure, e.g., WD
functions.

Example iraplementations, in accordance with an embodiment, of the WD 22,
network node 16 and host computer 24 discussed in the preceding paragraphs will now be
lescribed with reference to FIG. 2. In a communication system 10, a host computer 24
comprises hardware (HW) 38 including a communication interface 40 configured to set up
and maintain a wired or wireless connection with an interface of a different
communication device of the communication system 10, The host computer 24 further
comprises processing circuitry 42, which may have storage and/or processing capabilities.
The processing circuitry 42 may include a processor 44 and memory 46. In particular, in
addition to or instead of a processor, such as a central processing unit, and memory, the
processing circuiny 42 may comprise integrated circuitry for processing and/or control,
e.g., one or more processors and/or processor cores and/or FPGAs (Field Programmable
Gate Array) and/or ASICs (Application Specific Integrated Circuitry) adapted to exccute
instructions. The processor 44 may be configured to access (e.g., write to and/or read
from) memory 46, which may comprise any kind of volatile and/or nonvolatile memory,
£.g., cache and/or buffer memory and/or RAM (Random Access Memory} and/or ROM
{Read-Only Memory) and/or optical memory and/or EPROM (Hrasable Programimable
Read-Only Memory).

Processing circuiiry 42 may be configured to control any of the methods and/or
processes described herein and/or to cause such methods, and/or processes to be
performed, e.g., by host computer 24. Processor 44 corresponds to one or more processors
44 for performing host computer 24 functions described hervein. The host computer 24
includes memory 46 that is configured to store data, progranunatic software code and/or
other information described herein. In some embodiments, the software 48 and/or the host
application 50 may include instructions that, when executed by the processor 44 and/or

processing circuitry 42, causes the processor 44 and/or processing circuitry 42 to perform
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the processes described herein with respect to host comaputer 24, The instructions may be
software associated with the host computer 24,

The software 48 may be cxecutable by the processing circuitry 42. The software 48
includes a host application 50. The host application 50 may be operable to provide a
service to a remote user, such as a WD 22 connecting via an OTT connection 52
terminating at the WD 22 and the host computer 24. In providing the service to the remote
user, the bost application 50 may provide user data which is transmitted using the OTT
connection 52. The “user data” may be data and information described herein as
implementing the described functionality. In one embodiment, the host computer 24 may
be configured for providing control and functionality to a service provider and may be
operated by the service provider or on behalf of the service provider. The processing
circuntry 42 of the host computer 24 may enable the host computer 24 to observe, monitor,
control, transmit to and/or receive from the network node 16 and or the wireless device 22.
The processing circuitry 42 of the host computer 24 may include a host management unit
54 configured to enable the service provider to observe/monitor/ control/transmit
to/receive from the network node 16 and/or the wireless device 22,

The communication system 10 further includes a network node 16 provided in a
communication system 10 and including hardware 58 enabling it to communicate with the
host computer 24 and with the WD 22, The hardware 58 may include a communication
interface 60 for setting up and maintaining a wired or wircless connection with an
interface of a different commumication device of the commumication system 10, as well as
a radio interface 62 for setting up and maintaining at ieast a wireless connection 64 with a
WD 22 located in a coverage area 18 served by the network node 16. The radio interface
62 may be formed as or may include, for example, one or more RF transmitters, one or
more RF receivers, and/or one or move RF transceivers. The communication interface 60
may be configured to facilitate a connection 66 to the host computer 24. The connection
66 may be direct or it may pass through a core network 14 of the communication system
10 and/or through one or more intermediate networks 30 outside the communication
system 10.

In the embodiment shown, the hardware S8 of the network node 16 further
includes processing circuitry 68. The processing circuitry 68 may include a processor 70
and a memory 72, In particular, in addition o or instead of a processor, such as a central
processing unit, and memory, the processing circuitry 68 may comprise integrated

circuitry for processing and/or control, ¢.g., one or more processors and/or processor Cores
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and/or FPGAs (Field Programmable Gate Array) and/or ASICs (Application Specific
Integrated Circuitry) adapted to execute instructions. The processor 70 may be configured
to access (e.g., write to and/or read from) the memory 72, which may comprise any kind
of volatile and/or nonvolatile memory, e.g., cache and/or buffer memory and/or RAM
{Random Access Memory) and/or ROM (Read-Only Memory) and/or optical memory
and/or EPROM (Erasable Programmable Read-Only Memory).

Thus, the network node 16 further has software 74 stored internally in, for
example, memory 72, or stored in external memory {e.g., database, storage array, network
storage device, etc.) accessible by the network node 16 via an external connection,
Software 74 may include one or more software applications such software applications
associated with O-RAN and/or confirming with O-RAN specifications. In some
embodiments, the software application may be at least one rApp. The term rApp may refer
to a software application configured run on the Non-Real Time RAN Intelligent Controller
{(Non-RT RIC) (e.g., processing circuitry 68 and/or processor 70) to realize different
functions such as RAN management and optimization. Software 74 may also inchude
services configured to enable and/or provide and/or perform functions for software
applications such as rApps. Software 74 may also include a framework such as a
collection of reusable software components that may be usable to develop and execute
software applications. An example of a framework is a Non-RT RIC framework.

The software 74 may be executable by the processing circuitry 68, The processing
circuitry 68 may be configured o control any of the methods and/or processes described
herein and/or to cause such methods, and/or processes to be performed, e.g., by network
node 16. Processor 70 corresponds to one or more processors 76 for performing network
node 16 functions described herein. The mermory 72 is configured to store data,
programunatic software code and/or other information described herein. In some
embodiments, the software 74 may include instructions that, when executed by the
processor 70 and/or processing circuitry 68, causes the processor 70 and/or processing
circuitry 68 to perform the processes described herein with respect to network node 16.
For example, processing circuitry 68 of the network node 16 may include a NN
management unit 32 which is configured to perform any step and/or task and/or process
and/or method and/or feature described in the present disclosure, ¢.g., NN functions.
Further, processing circuitry 68 of the network node 16 may include CU 106, DU 102,
and/or RU 104. CU 100 may be configured to perform centralized unit functions, DU 102

may he configured to perform distributed unit functions including distributed unit network
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functions, and RU 104 may be configured to perform radio unit functions such as in an O-
RAN and/or 3GPP network. DU 102 may refer to a DU network function (DU NF), e.g.,
where DU 102 is a BU NF, performs a network function (DU NE) and/or comprises a DU
NF.

The commmumcation system 10 further includes the WD 22 already referred to. The
WD 22 may have hardware 80 that may include a radio interface 82 configured to set up
and maintain a wireless connection 64 with a network node 16 serving a coverage area 18
in which the WD 22 1s currently located. The radio interface 82 may be formed as or may
include, for example, one or more RF transmiiters, one or more RF receivers, and/or one
or more RE fransceivers,

The hardware 80 of the W 22 further includes processing circuitry 84. The
processing circuitry 84 may include a processor 86 and memory 88. In particular, in
addition to or instead of a processor, such as a central processing unit, and memory, the
processing circoitry 84 may comprise integrated circuitry for processing and/or control,
£.2., One of more processors and/or processor cores and/or FPGAs (Field Programmable
Gate Array) and/or ASICs (Application Specific Integrated Circuitry) adapted to execute
instructions. The processor 86 may be configured to access {(e.g., write {0 and/or read
from) memory 88, which may comprise any kind of volatile and/or nonvolatile memory,
e.g., cache and/or butfer memory and/or RAM (Random Access Memory) andfor ROM
{Read-Ouly Memory) and/or optical memory and/or EPROM (Erasable Programmmable
Read-Only Memory).

Thus, the WD 22 may further comprise software 90, which is stored in, for
example, memory 88 at the WD 22, or stored in external memory (e.g., database, storage
array, network storage device, etc.) accessible by the WD 22, The software 90 may be
executable by the processing circuitry 84. The software 90 may include a client
application 92. The client application 92 may be operable to provide a service to a human
or non-human user via the WD 22, with the support of the host computer 24. In the host
computer 24, an executing host application 50 may comumunicate with the executing client
applhication 92 via the OTT connection 52 terminating at the WD 22 and the host computer
24. In providing the service to the user, the client application 92 may receive request data
from the host application 50 and provide user data in response to the request data. The
OTT connection 52 may transfer both the request data and the user data. The client

application 92 may interact with the user to generate the user data that if provides.
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The processing circuitry 84 may be configured to control any of the methods
and/for processes described herein and/or to cause such methods, and/or processes to be
performed, e.g., by WD 22. The processor 86 corresponds to one or more processors 86
for performing WD 22 functions described herein. The WD 22 includes memory 88 that
is configured to store data, programmatic software code and/or other information
described herein. In some embodiments, the software 90 and/or the client application 92
moay include instructions that, when executed by the processor 86 and/or processing
circuitry 84, causes the processor 86 and/or processing circuitry 84 to perform the
processes described herein with respect to WD 22, For example, the processing circuitry
84 of the wircless device 22 may include a WD management unit 34 which is configured
to perform any step and/or task and/or process and/or method and/or feature described in
the present disclosure, e.g., WD functions. In some embodiments, the inner workings of
the network node 16, WD 22, and host computer 24 may be as shown in FIG. 3 and
independently, the surrounding network topology may be that of FIG. 2.

In FIG. 3, the OTT connection 52 has been drawn abstractly to illustrate the
copmmunication between the host computer 24 and the wireless device 22 via the network
node 16, without explicit reference to any intermediary devices and the precise routing of
messages via these devices, Network infrastructire may deterniine the routing, which it
may be configured to hide from the WD 22 or from the service provider operating the host
computer 24, or both. While the OTT connection 32 is active, the network infrastructure
may further take decisions by which it dynamically changes the routing (e.g., on the hasis
of load balancing consideration or reconfiguration of the network).

The wireless connection 64 between the WD 22 and the network node 16 1s in
accordance with the teachings of the embodiments described throughout this disclosure.
One or more of the various embodiments improve the performance of OTT services
provided to the WD 22 using the OTT connection 52, in which the wireless connection 64
may form the last segment. More precisely, the teachings of some of these embodiments
may improve the data rate, latency, and/or power consuraption and thereby provide
benefits such as reduced user waiting time, relaxed restriction on file size, better
responsiveness, extended battery lifetime, ete.

In some embodiments, a measurement procedure may he provided for the purpose
of momtoring data rate, latency and other factors on which the one or more embodiments
improve. There may further be an optional network functionality for reconfiguring the

OTT connection 52 between the host computer 24 and WD 22, in response to variations in
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the measurement results. The measurement procedure and/or the network functionality for
reconfiguring the OTT connection 52 may be implemented in the software 48 of the host
computer 24 or in the software 90 of the WD 22, or both. In cmbodiments, sensors (not
shown) may be deployed in or in association with commuimication devices through which
the OTT connection 52 passes; the sensors may participate in the measurement procedure
by supplying valucs of the monitored quantities exemplified above, or supplying vaiues of
other physical quantities from which software 48, 90 may compute or estimate the
ronitored quantities. The reconfiguring of the OTT connection 52 may include message
format, retransmission scttings, preferred routing ctc.; the reconfiguring need not affect the
network node 10, and it may be unknown or imperceptible to the network node 16. Some
such procedures and functionalities may be known and practiced in the art. In certain
embodiments, measurements may involve proprictary WD signaling facilitating the host
computer’s 24 measuremenis of throughput, propagation times, latency and the like. In
some embodiments, the measurements may be implemented in that the software 48, 90
causes messages to be transmitted, in particalar empty or “‘dumimy’ messages, using the
OTT connection 52 while it monifors propagation times, errors, efc.

Thus, in some embodiments, the host computer 24 includes processing circuitry 42
contigured to provide user data and a conmunication interface 40 that is configured to
forward the uvser data to a cellular network for transmission to the WD 22. In some
embodiments, the cellular network also inchides the network node 16 with a radio
interface 62. In some embodiments, the network node 16 is configured to, and/or the
network node’s 16 processing civeuitry 68 is configured to perform the functions and/or
methods described herein for preparing/initiating/maintaining/supporting/ending a
transmission to the WD 22, and/or preparing/terminating/maintaining/supporting/ending in
receipt of a transmission from the WD 22.

In some embodiments, the host computer 24 includes processing circuitry 42 and a
conmununication interface 40 that is configured to a coromunication interface 40 configured
to receive user data originating from a transmission from a WD 22 to a network node 16.
In some embodiments, the WD 22 is configured to, and/or comprises a radio interface 82
and/or processing circuitry 84 configured to perform the functions and/or methods
described herein for preparing/initiating/maintaining/supporting/ending a transmission to
the network node 16, and/or preparing/terminating/maintaining/supporting/ending in

receipt of a transmission from the network node 16.
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Although FIGS. 2 and 3 show various “units” such as NN management onit 32,
and WD management unit 34 as being within a respective processor, it is contemplated
that these units mway be implemented such that a portion of the unif is stored in a
corresponding memory within the processing circuitry. In other words, the units may be
implemented in hardware or in a combination of hardware and software within the
processing circuitry.

FIG. 4 is a flowchart illustrating an exemplary method implemented in a
comrnunication system, such as, for example, the communication system of FIGS. 2 and 3,
in accordance with one embodiment. The communication system may inciude a host
computer 24, a network node 16 and a WD 22, which may be those described with
reference to FIG. 3. In a first step of the method, the host computer 24 provides user data
{Block S100). in an optional substep of the first step, the host computer 24 provides the
user data by executing a host application, such as, for example, the host application 30
{Block 5102). In a second step, the host computer 24 initiates a transmoission carrying the
user data to the WD 22 (Block S104). In an optional thivd step, the network node 16
transmits to the WD 22 the user data which was carried in the transmission that the host
compuier 24 initiated, in accordance with the teachings of the embodiments described
throughout this disciosure (Block S106). In an optional fourth step, the WD 22 executes a
client application, such as, for example, the client application 92, associated with the host
application 50 cxecuted by the host computer 24 (Block S108).

FIG. 5 is a flowchart illustrating an exemplary method implemented in a
communication system, such as, for example, the communication system of FIG. 2, in
accordance with one embodiment. The comamunication system may include a host
computer 24, a network node 16 and a WD 22, which may be those described with
reference to FIGS. 2 and 3. In a first step of the method, the host computer 24 provides
user data {(Biock S110). In an optional substep (not shown) the host computer 24 provides
the user data by executing a host application, such as, for example, the host application 50.
In a second step, the bost computer 24 initiates a transmission carrying the user data to the
WD 22 (Block S112). The transmission may pass via the network node 16, in accordance
with the teachings of the embodiments described throughout this disclosure. In an optional
third step, the WD 22 receives the user data carried in the transmission (Block S114).

FIG. 61s a flowchart illustrating an exemplary method implemented in a
communication system, such as, for example, the communication system of FIG. 2, in

accordance with one embodiment. The communication systent may include a host
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computer 24, a network node 16 and a WD 22, which may be those described with
reference to FIGS. 2 and 3. In an optional first step of the method, the WD 22 veceives
input data provided by the host computer 24 (Block S116). In an optional substep of the
first step, the WD 22 executes the client application 92, which provides the user data in
reaction to the received input data provided by the host computer 24 (Biock 5118).
Additionally or alternatively, in an optional second step, the WD 22 provides user data
{Block 5120). In an optional substep of the second step, the WD provides the user data by
executing a client application, such as, for example, client application 92 (Block 5122). In
providing the user data, the executed client application 92 may turther consider user input
received from the user. Regardless of the specific manner in which the uscr data was
provided, the WD 22 may initiate, in an optional third substep, transmission of the user
data to the host computer 24 (Block 5124). In a fourth step of the method, the host
computer 24 receives the user data transmitted from the WD 22, in accordance with the
teachings of the embodiments described throughout this disclosure (Block $126).

FIG. 7 is a flowchart illustrating an exemplary method implemented in a
communication system, such as, for example, the communication system of FIG. 2, in
accordance with one embodiment. The communication systern may include a host
computer 24, a network node 16 and a WD 22, which may be those described with
reference to FIGS. 2 and 3. In an optional first step of the method, in accordance with the
teachings of the crabodiments described throughout this disclosure, the network node 16
receives user data from the WD 22 (Block 5128). In an optional second step, the network
node 16 initiates transmission of the received user data to the host computer 24 (Block
S5130). In a third step, the host computer 24 receives the user data carried in the
transmission initiated by the network node 16 (Block S132).

FiG. 8 is a block diagram illustrating a virtualization environment 200 in which
functions implemented by some embodiments may be virtualized. In the present context,
virfualizing means creating virtual versions of apparatuses or devices which may include
virtualizing hardware platforms, storage devices and networking resources. As used
herein, virtualization can be applied o any device described herein, or components
thereof, and relates to an implementation in which at least a portion of the functionality is
implemented as one or more virtual components. Some or all of the functions described
herein may be implemented as virtual components executed by one or more virtual
machines {(VMs) implemented in one or more virtual environments 200 hosted by one or

more of hardware nodes, such as a hardware computing device that operates as a network
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node, WD, core network node, or host. Further, in embodiments in which the virtual node
does not require radio connectivity {e.g., a core network node or host), then the node may
be entirely virtualized.

Applications 202 (which may alternatively be called software instances, virtual
appliances, network functions, virtual nodes, virtual network functions, etc.) are run in the
virtualization environment 200 to implement some of the features, functions, and/or benefits
of some of the embodiments disclosed herein.

Hardware 204 includes processing circuitry, memory that stores software and/or
instructions executable by hardware processing circuitry, and/or other hardware devices as
described herein, such as a network interface, input/output interface, and so forth. Software
may be executed by the processing circuitry to instantiate one or more virtualization layers
206 (also referred to as hypervisors or virtual machine monitors {VMMSs)), provide VMs
208a and 208b (one or more of which may be generally referred to as VMs 208), and/or
perform any of the functions, features and/or benefits described in relation with some
embodiments described herein. The virtualization layer 206 may present a virtual operating
platform that appears like networking hardware to the VMs.

The VMs 208 comprisce virtual processing, virtual memory, virtual networking or
interface and virtual storage, and may be run by a comresponding virtualization layer 206.
Different embodiments of the instance of a virtual appliance 202 may be implemented on
one of more of VMs 208, and the iroplementations may be made in different ways,
Virtualization of the hardware is 11 some contexts referved to as network function
virtualization {(NFV). NFV may be used to consolidate many network equipment types onto
industry standard high volume server hardware, physical swiiches, and physical storage,
which can be located in data centers, and customer premise equipment.

In the context of NFV, a VM 208 may be a software implementation of a physical
machine that runs programs as if they were executing on a physical, non-virtualized
machine. Each of the VMs 208, and that part of hardware 204 that executes that VM, be it
hardware dedicated to that VM and/or bardware shared by that VM with others of the VMs,
forms separate virtual network elements. Still in the context of NFV, a virtual network
function is responsible for handling specific network functions that run in one or more VMs
208 on top of the hardware 204 and corresponds to the application 202.

Hardware 204 may be implemented in a standalone network node with generic or
specific components. Hardware 204 may implement some functions via virtualization.

Alternatively, hardware 204 may be part of a larger cluster of hardware (e.g. such as in a

20



WO 2024/214069 PCT/1B2024/053620

10

[
[97)

20

30

data center or CPE} where many hardware nodes work together and are managed via
management and orchestration 210, which, among others, oversees lifecycle management
of applications 202. In some embodiments, hardware 204 is coupled to one or more radio
units that each include one or more transmitters and one or more receivers that may be
coupled to one or more antennas. Radio umits may communicate directly with other
hardwarc nodes via one or more appropriate network interfaces and may be used in
combination with the virtual components to provide a virtual node with radio capabilitics,
such as a radio access node or a base station. In some embodiments, some signaling can be
provided with the use of a control system 212 which may alternatively be used for
communication between hardware nodes and radio units.

FIG. 9 is a flowchart of an exemplary process in a network node 16, One or more
blocks described herein may be performed by one or more elements of network node 16
such as by one or more of processing circuitry 68 (including the NN management unit 32},
processor 70, radio interface 62 and/or communication interface 60. Network node 16
such as via processing circuitry 68 and/or processor 70 and/or radio interface 62 and/or
communication interface 60 is configured to determine (Block S134) a plurality of
distributed units network functions (DU NFs) (i.e., DUs 102} to be hosted by a group of
NNs 16 of the piurality of NN 16 based on a delay target of each wireless device (WD) 22
of a plurality of Whis 22, where each DU NF is associated with at least a component
carrier usable by at least one WD 22, the plurality of DU NFs is determined using a
learning process, and trigger (Block $136) each NN 16 of the group of NN 16 to host a
corresponding DU NI of the plurality of DU NFs .

In some embodiments, the method further comprises performing modeling of the
network and performing modeling of end-to-end delay in the network based on data
collected in the network to determine the phurality of DU NEs. In one or more
embodiments, end-to-end delay refers to the time that elapses from the transmission of a
packet or signaling from one component of system 10 to the reception (andfor processing)
of the packet or signaling by another component. For example, end-to-end delay may be
the time that elapses between the transmission of a signal by CU 100 (or DU 102) until the
signal is received by a WD 22, Sirailarly, end-to-end delay may be the time that elapses
between the transmission of a signal by WD 22 unti! the signal s received by a CU 100
{or DU 102). Further, end-to-end delay may refer to the time that elapses from the
transmission of a packet or signaling from one segment of a network uniil reception by

another segment of the network.
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In some other embodirnents, determining the plarality of DUs 102 comprises
determining a WD centric DU NF placement based on carrier aggregation parameters and
performing a weighted sum of a delay and a nurober of NNs 16 used to host DU NFs for a
phurality of component carriers.

In some embodiments, determining the plurality of DU NFs using the learning
process comprises onc or more of modeling a state as a delay satisfaction of users,
determining an action, where the action is a placement of at least one DU NF for the at
least component carricr in the network, and determining a reward. The reward is the
weighted sum of the delay and the number of NNs used to host DU NFs for the plurality
of cormnponent carriers and the satisfaction of one or more constraints, The one or more
constraints arc based on cormputing capacity of the phurality of NNs, a bandwidth capacity
of midhaul, inter-DU, and fronthaul links, and the delay target.

In some other embodiments, determining the phurality of DU NFs using the
learning process comprises applying deep reinforcement learning-based DU placement
with carrier aggregation (BUPCA) to minimize a quantity of DU NFs that are to be hosted
by the group of NNs 16 while satisfving the delay target of each WD 22.

FIG. 10 is a flowchart of an exemplary process in a network node 16, One or more
blocks described herein may be performed by one or more elements of network node 16
such as by one or more of processing circuitry 68 (including the NN management unit 32},
processor 70, radio interface 62 and/or communication interface 60. Network node 16
such as via processing circuitry 68 and/or processor 70 and/or radio interface 62 and/or
comrnunication interface 60 is configured to determine (Block S1338) one or more
distributed units (DUs) 102 to be hosted by at least one NN 16 of the plurality of NNs 16
hased at least on a delay target associated at least with each wireless device (WD) 22 of a
phurality of Wis 22. Each DU 102 of the one or more DUs 102 being associated with at
least a component carrier (CC) 302 usable by at least one WD 22 of the plurality of WDs
22 1o conununicate with one or more NNs 16 of the plurality of NNs 16. The one or more
DUs 102 are determined using a learning process. The network node 16 is further
configured to cause (Block S140) the at least one NN 16 of the plurality of NNs 16 to host
a corresponding DU 102 of the one or more DUs 102 based on the determined one or more
DiJs 102,

In some embodiments, the method further includes performing modeling of the

retwork to determine the one or more DUs 102,
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In some other embodiments, the method further includes performing modeling of
an end-to-end delay in the network based on data collected in the network, where the one
or more DUs 102 are determined based on the modeling of the end-to-cnd delay.

In some embodiments, determining the one or more DLUs 102 comprises
determining a DU placement on the at least one NN 16 based on carrier aggregation
parameters.

In some other embodiments, determining the one or more DUs 102 comprises
determining a weighted sum of a delay associated with data corresponding to the plurality
of Whis 22 and a number of NNs 16 used to host the one or more BUs 102, The weighted
sum is determined for the at least component carrier (CC) 302 of a plurality of CCs 302,

In some embodiments, determining the one or more DUs 102 using the leaming
process comprises one or more of (A) modeling a state as a delay satisfaction of one or
more users associated with the plurality of WDs 22; (B) determining an action associated
with the learning process, where the action is a placement of the one or more DUs 142 in
the at least one NN 16 for the at least one NN 16 to host the one or more DUs 102, and the
placement is for a corresponding CC 302; and (C) determining a reward associated with
the learning process, the reward being the weighted sum of the delay and the number of
NNs 16 used to host the one or more DUs 102 for the plurality of CCs 302.

In some other embodiments, the one or more DUs 102 are further determined
based on one or more constraints, where the one or more constraints are based on
computing capacity of the plurality of NNs 16, a bandwidth capacity of one or more mid-
haul links, one or more inter-DU links, and one or more fronthan! Hinks, and the delay
target.

In some embodiments, determining the one or more DUs 102 using the leaming
process comprises applying deep reinforcement learning-based DU placement with carrier
aggregation (DUPCA) to minimize a quantity of DUs 102 that are to be hosted by the at
least one NN 16 while satisfying the delay target of cach WD 22,

In some other embodiments, the method further includes one or more of (A)
receiving a set of data corresponding to the plurality of WDs 22; (B) hosting at least one
DU 102 of the one or more DUs 102 that corresponds to a first activated CC 302 of the at
feast one CC 302; (C) one or both of transmitting and receiving signaling associated with a
first subset of the set of data to communicate with at least with a WD 22 via an access
retwork node using the first activated CC 302; and (D) forwarding a second subset of data

of the set of data to at least one other DU 1402 of the one or more DUs 102. The at least
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one other DU 102 corresponds to a second activated CC 302 of the at least one CC 302.
The second activated CC 302 and the first activated CC 302 are different.
In some embodiments, the one or more D1s 102 are one or more DU network

fonctions.

Having described the general process flow of arrangements of the disclosure and
having provided exarmpiles of hardware and software arrangements for implementing the
processes and functions of the disclosure, the sections below provide details and examples
of arrangements for network function placement with carrier aggregation in network(s)
{e.g., cloud network(s)) which may include the use of machine learning processes for
determining the network function placement. In one or more embodiments, the functions
and/or tasks and/or steps described herein may be performed by one or more network
nodes 16 and/or one or more WDs 22.

FIG. 11 shows a system 10 (e.g., 3G network configured for carrier aggregation
(CA}) which includes NNs 16 (e.g., NNs 16a-16k), WDs 22 (e.g., Ws 22a, 22b, 22¢,
223, a CU 100 (which may be comprised in NN 16), multiple BUs 102 {c.g., DU NFs}
and RU 104 (e.g., in NN 16a} serving multiple WDs 22. More specifically, NNs 16 may
comprise an access NIN 10a, such as a RAN network node, and other network nodes 16
such as O-Cloud nodes. Data 300 may be transmitted between components of systern 10
or to/from any other component not comprised in system 10. Farther, multiple component
carriers (CCs) 302 may be used for communication with WDs 22,

For example, using CA, each W13 22 may have a given set of supported CCs 302.
Each WD 22 has one primary cell 18 (PCell) and several activated secondary cells 18
{SCells). The PCell may be active at all times for a given WD 22, Network functions
{NFs} of cach DU 102 related to cach CC 302 may run in one NN 16 (¢.g., O-Cloud node).
in this nonlimiting example, the data 300a, 300b, 300c¢, 300d (collectively referred to as
data 300) of cach WD 22 is transmitted from the CU 100 to the serving DU 102 (e.g., DU
NF) for the PCell of that WD 22. Data 300a, 300b, 300c, and 3030d may be referred to as
w1, Uz, U3, Uy, respectively. In some embodiments, data 300a may correspond to WD 224,
data 300b may comvespond to WD 22b, data 300¢ may correspond to WD 22d, and data
300d may correspond to WD 22¢. However, to which WD 22 data 300 corresponds is not
limited as such, and any combination of data 300 may correspond to one or more Wils 22.
in some embodiments, data 300 may also refer to data payload.

The PCell of each WD 22 may have the role of distributing the user data 300

among DUs 102 of all activated CCs 302 {e.g., one or more of CC 302a, 302b, 302¢, 3024,
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302e, 3021, etc.) for that specific WD 22, Hence, there is an inter DU (IDU)
communication between the DU 102 {e.g., DU NF) serving the PCell and the DU 102
{c.g., DU NF) serving the SCell of the given user (i.e., WD 22} in the given time interval.

In this nonlimiting example, there are six CCs 302 and four WDs 22, CCs 302a,
302¢ {e.g., a first CC and a third CC) are activated for WD 22a. CCs 302b, 302¢ {c.g., a4
second CC and the third CC) are activated for WD 22b. CCs 302b, 302¢, 302f (c.g., the
second CC, a fifth CC, a sixth CC) are activated for W1 22¢, and CCs 302a, 302¢, 302
{e.g., the first CC, the third CC and a fourth CC) are activated for WD 22d. CC 302a may
be assumed to be the PCell for WD 22a and W22d, and CC 302b may be assumed to be
the PCell for WD 22b and WD 22¢. The data 300 of cach WD 22 may be received in its
PCell, and then it is split among all activated CCs 302

In some embodiments, downlink traffic may be considered, and the end-to-end
delay from the CU 100 to each WD 22 may be determined. Decisions about NNs 16 {e.g.,
the O-Cloud nodes) which are to be sclected to instantiate the NFs of the DUs 102 (e.g.,
DU NFs) for the CCs 302 may be executed every time duration {T1). In some
embodiments, during TD, the decisions may not be changed. The arrived burst of data
payloads of WD u (c.g., UE u) in the current duration time is transmitted from CU 100 to a
NN 16 {e.g., a cloud node) serving the DU 102 {e.g., DU NF) of the WD PCell and then is
split among its activated CCs. For example, the burst of data may be data 300a, 300b,
300c, 300d. The delay from CU 100 to each WD 22 includes processing, transmission,
propagation, queuing, etc. These delays are related to CU 100, DU nodes (NNs 16 hosting
a DU 102, DU NFs, etc.) and RU 104, as well as MH, IDU and FH links. In some
embodiments, to satisty the delay target, the delay to transmit one data packet of cach WD
22 must be lower than or equal to its target such as a predetermined delay threshold.

In some embodiments, noting the delay experienced by the WDs 22 (e.g., users),
the delay may increase if the DU 102 (e.g.. DU NF) of all CCs run in one NN 16.
Morcover, if the DUs 102 (e.g., DU NFs) for the CCs 302 are distributed in difforent NNs
16, the 1DU delay, and the number of processing nodes increases. In some other
embodiments, the delay may be mintmized while minimizing the number of placed DUs
102 and satisfving the delay target of each user or WD 22.

In the example shown, NN 16d receives data 300a, 300b, 300c, 300d for WDs 224,
22b, 22¢c, 224, respectively. Each WD 22 has CCs 302 activated as described above. NN
16d is selectad to instantiate and/or comprise and/or perform the functions of DU 1024d.

NN 16¢ is selected to instantiate and/or comprise and/or perform the functions of DU
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102e. NN 16g is selected to instantiate and/or comprise and/or perform the functions of
DU 102g. NN 16j is selected to instantiate and/or comprise and/or perform the functions
of DU 102). Each selected DU 102 may be configured to commmunicate with a
corresponding WD 22, e.g., via network node 16a and corvesponding CCs 302, For
exampie, DU 102d may be configured to communicate with WDs 22a, 224, by
transmitting signaling assoctated with data 300z, 300d to WDs 22a, 22d {(e.g., via NN 16a)
using CC 302a. Further, DU 102d may be configured 1o comununicate with WDs 22b, 22¢,
by transmitting signaling associated with data 300b, 300c to WDs 22h, 22¢ {e.g., via NN
16a} using CC 302b.

DU 102e may be configured to communicate with Wiis 22a, 22b, 224, by
transmitting signaling associated with data 300a, 300b, 300d to Ws 22a, 22b, 22d {e.g.,
via NN 16a) using CC 302¢. DU 102¢g may be configured to communicate with WD 224,
by transmitting signaling assoctated with data 300d to WD 224 (e.g., via NN 16a) using
CC 302d. DU 102) may be configured to comnumicate with WD 22¢, by transmitting
signaling associated with data 300c to WD 22c¢ {e.g., via NN 16a) using CCs 302e, 3021,

Put differently, CC 302a associated with DU 102d may be used to transmit and/or
receive data 300a to/from Wiis 223, 224, CC 302b associated with DU 102d may be used
to transmit and/or receive data 300b to/from WDs 22b, 22¢. CC 302¢ associated with DU
102¢ may be used to transmit and/or receive data 300a, 300b, 300d to/from WDs 224, 22h,
22d. CC 302d sssociated with DU 102g may be used to transmit and/or receive data 300d
to/from WD 22d. CC 302e associated with DU 102j may be used to transmit and/or
receive data 300c wo/from WD 22¢. In addition, CC 302j associated with DU 102 may be
used to transmit and/or receive data 300c to/from WD 22¢c.

In one or more embodiments, data 304 that 18 associated with a CC 302 is
forwarded 1o the corresponding DU 102, For example, data 300a, 300b, 300d associated
with CC 302¢ may be forwarded by DU 1024 to DU 102¢ for DU 102e to perform one or
more actions (¢.g., transmitting/receiving signaling) associated with CC 302¢ and data
300a, 300b, 300d. Data 300d associated with CCs 302d may be forwarded by DU 102d to
DU 102g for DU 102g to perform one or more actions (e.g., ransmitting/receiving
signaling} associated with CC 302d and data 300d. Data 300c associated with CC 302,
3021 may be forwarded by DU 102d to DU 1025 for DU 102 to perform one ot more
actions {e.g., transmitting/receiving signaling) associated with CC 302e, 3021 and data

300c.
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In some embodiments, DU 102 may refer to a DU NF. In some other
embodiments, the selection of DUs 102 (and/or corresponding NN 16) may be performed
by any component of system 10 such as a NN 16, may be based on optimization variables
such as a delay target of one or more WDs 22, and may be performed using a learning
process and/or artificial inteiligence process. In one or more embodiments, the term “to
host” may refer to performing one or more actions associated with the hosted entity. For
example, a NN 16 may be configured to host a DU 102 (or DU NF) or an instance of DU
102. Thus, NN 16, by hosting DU 102, may be configured to perform or cause the hosted
DU 102 1o perform one or more DU functions. In addition, by hosting DU 102, NN 16
may execute software, e.g., via hardware components, to perform the DU functions. In
some embodiments, causing a NN 16 to host a DU may comprise caosing a DU to be
instantiated or deployed to the NN 16.

In some embodiments, optimization variables may include the optimum placement
of DU 102 (e.g., DU NFs) for each CC. Further, a weighted sum scheme may be used to
solve this multi-objective probiem (the delay and the number of placed DUs). The
problem, which may be non-linear, may be solved by using a Deep Reinforcement
Learning (DRL) algorithm or any other artificial intelligence process and/or machine
learming process.

In some other embodiments, DLR algorithms may use one or more agents
configured to receive one or more states {of the system) and/or perform one or more
actions that produce one or more rewards such as based on the one or more states. In
some embodiments, using the DRL approach, a DU NF placement for each CC may be
determined. In each iteration, the DU placement for the CCs, the wireless channel and the
user traffic causes an environment change, and the DRL agent gets a reward. An objective
function may be used to determine the reward. In the DRL algorithm, the problem may be
modeled as a Markov Decision Process (MDP). The MDP approach may involve one or
more of the following:

& A state is modelled as the delay satisfaction of the users associated with the Wis

22.

# The action is the placernent of the DU 102 (e.g., DU N¥Fs) for the CCs in the
network {e.g.. cloud network).
# The reward is the weighted sum of the delay and the number of consumed NNs 16

{e.g., cloud nodes) vsed for DUs 102 and the satisfaction of one or more

constraints. The constraints may depend on computing capacity of the NNs 16
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(e.g., cloud nodes), the bandwidth capacity of the links (MH, DU, FH} and the

WD delay target/threshold.

In some embodiments, by using an ML algorithm based on the DQN, an optimum
solution for the stated delay problern may be determined. Specifically as part of the
problem definiton, the following formulation is defined:

0= [() sk

neN meM

where O(f) denotes the number of placed DUs 102 (e.g., DU NFs) at the current time, t,
and
i (1, x>0
fo0) = {.0, x=0

Constraints may ensure that the total computing resources in CU, RU and BU #n are
lower than a maximum resource. In addition, the constraints may ensure that the
bandwidth requirements of the MH, IDU and FH links are supported. FIG. 12 shows an
example service management and orchestration (SMO) framework. The SMQO framework
may comprise non-RT RIC (i.e., processing circuitry 68 and/or processor 70 of network
node 16) and software 74 which may comprise one or more rApps, services that enable
rApps, and/or a non-RT RIC framework. rApps may communicate with the services such
as via interface R1 {which may be comprised in communication interface 60). Further,
other interfaces may include O2, O, Open FH M-plane Al, any of which may perform
one or more functions corresponding to cornmunication interface 60.

In some embodiments, the functions and/or tasks and/or processes and/or steps
described in the present disclosure are performed by one or more rApps, €.g., comprised in
network node 16.

CUme or more embodiments are applicable to cloud networks. In some
embodiments, in order to gain the full optimization of DU NF placement, the DU NFs
may be instantiated on any capable NN 16 (2.2, clond node) and is not limited solely to
NNs 16 that provide wireless communication to WDs 22 (and conversely is not excluded
from to NNs 16 that provide wireless communication to Whis 22). As such, although FIG.
3 shows NN 16 in communication with WD 22, such illustration is for case of explanation.

Implementations are not limited solely to what is shown in the figures of the
present disclosure. Purther, the embodiments of the present disclosure are not Hmited to a
type of network such as cloud networks and may be applicable to any network, including

those conforming to O-RAN O-Cloud specifications, cloud networks supported by 3GPP,

28



WO 2024/214069 PCT/1B2024/053620

or those provided by cloud providers such as Microsoft Azure, Google, Apple, Amazon
Web Services, etc.

The following is a nonlimiting list of example embodiments.

Embodiment Al. A first network node (NN} 16 configured to communicate

5 with a with a plurality of NINs 16 in a network, the fivst network node 16 configured to,

and/or comprising a communication interface 60 and/or comprising processing circuitry
68 configured to:

determine a plurality of distributed unit (DU NFs) to be hosted by a group of NNs
16 of the plurality of NNs 16 based on a delay target of each wireless device (WD) 22 of a

10 pharality of Wis 22, cach DU NF being associated with at least a component carrier

usable by at least one WD 22, the plurality of DU NFs being determined ssing a fearning
process; and

trigger cach NN 16 of the group of NNs 16 to host a corresponding DU NF of the
plorality of DU NFs.

[
[97)

Embodiment A2, The first network node of Embodiment Al, wherein the first
NN 16 is further configured to:
perform modeling of the network; and
perform modeling of end-to-end delay in the network based on data collected in the
network to determine the plurality of DU NFs.
20 Embodiment A3. The first network node of any one of Embodiments Al and
AZ, wherein determining the plarality of DUs comprises:

determining a WD centric DU NF placement based on carrier aggregation
paramcters; and

performing a weighted sum of a delay and a number of NNs 16 used to host DU

25 NFs for a plurality of component carriers.

Embodiment A4. The first network node of any one of Embodiments A1-A3,
wherein determining the plurality of DU NFs using the learning process compriscs one or
more of:

modeling a state as a delay satisfaction of users;

36 determining an action, the action being a placerent of at least one DU NF for the
at least component carricr in the network; and

determining a reward, the reward being the weighted sum of the delay and the
rember of NNs 16 used to host BU NFs for the plurality of component carriers and the

satisfaction of one or more constraints, the one or more constraints being based on
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computing capacity of the plurality of NNs 16, a bandwidth capacity of midhaul, inter-
DU, and fronthaul links, and the delay target.

Embodiment A3, The first network noede of any one of Embodiments Al-Ad4,
wherein determining the plurality of DU NFs using the learning process comprises:

applying deep reinforcement learning-based DU placement with carrier
aggregation (DUPCA) to minimize a quantify of DUSs that are to be hosted by the group of
NNs 16 while satisfving the delay target of each WD 22.

Embodiment B1. A method implemented in a first network node (NN} 16
configured to communicate with a plurality of NNs 16 in a network, the method
comprising:

determining a plurality of distributed unit network functions (DU NFs) to be
hosted by a group of NNs 16 of the plurality of NN based on a delay target of cach
wircless device (WD) 22 of a plurality of WDs 22, each DU NF being associated with at
least a component carrier usable by at least one WD 22, the plurality of DU NFs being
determuned using a learning process; and

triggering each NN 16 of the group of NNs 16 to host a corresponding DU NF of
the plurality of BU NFs.

Embodiment B2. The method of Embodiment B, wherein the method further
comprises:

performing modeling of the network; and

performing modeling of end-to-end delay in the network based on data collected in
the network to determine the plurality of DU NFs,

Embodiment B3. The method of any one of Embodiments B1 and B2,
wherein determining the plurality of DUs comprises:

determining a WD centric DU NF placernent based on carrier aggregation
parameters; and

performing a weighted sum of a delay and a number of NNs 16 used to host DU
NFs for a plurality of component carricrs.

Embodiment B4, The method of any one of Embodiments B1-B3, wherein
determining the plurality of DU NFs using the learning process comprises one or more of:

modcling a state as a delay satisfaction of users;

determining an action, the action being a placement of at least one DU NF for the

at least component carrier in the network; and
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determining a reward, the reward being the weighted sum of the delay and the
nurnber of NNs 16 used to host DU NFs for the plurality of component carriers and the
satisfaction of one or more constraints, the onc or more constraints heing based on
computing capacity of the plurality of NNs 16, a bandwidth capacity of midhaul, inter-
DU, and fronthaul links, and the delay target.

Embodiment BS. The method of any one of Embodimenis B1-B4, wherein
determining the phlurality of DU NFs using the [earning process compriscs:

applying deep reinforcement learning-based DU placernent with carrier
aggregation (BUPCA) to minimize a quantity of DUs that are to be hosted by the group of
NNs 16 while satisfying the delay target of cach WD 22,

As will be appreciated by one of skill in the art, the concepts described herein may
be embodied as a method, data processing system., computer program product and/or
computer storage media storing an exccutable computer program. Accordingly, the
concepts described herein may take the form of an entirely hardware embodiment, an
entirely software embodiment or an embodiment combining software and hardware
aspects all gencrally referred to hercin as a “circuit” or “module.” Any process, step,
action and/or functionality described herein may be performed by, and/or associated to, a
corresponding module, which may be implemented in software and/or firmware and/or
hardware. Furthermore, the disclosure may take the form of a computer program product
on a tangible computer usable storage medium having computer program code embodied
in the medium that can be executed by a computer. Any suitable tangible computer
readable medium may be utilized including hard disks, CD-ROMs, electronic storage

ievices, optical storage devices, or magnetic storage devices.

Some embodunents are described herein with reference to flowchart illustrations
and/or block diagrarns of methods, systems and computer program products. It will be
understood that each block of the flowchart llustrations and/or block diagrams, and
combinations of blocks in the flowchart illustrations and/or block diagrams, can be
implemented by computer program instructions. These computer program instructions
may be provided to a processor of a general purpose computer (to thereby create a special
purpose computer), special purpose computer, or other programmable data processing
apparatus to produce a machine, such that the instructions, which exccute via the processor
of the computer or other programmable data processing apparatus, create means for
implementing the functions/acts specified in the flowchart and/or block diagram block or

blocks.
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These computer program instructions may also be stored in a computer readable
memory or storage mediun that can direct a computer or other programmable data
processing apparatus to function in a particular manner, such that the instructions stored in
the computer veadable memory produce an article of mansfacture including instruction
means which implement the function/act specified in the flowchart and/or biock diagram
block or blocks.

The computer program instructions may also be loaded onto a computer or other
programmable data processing apparatus to cause a serics of operational steps to be
performed on the computer or other programumable apparatus to produce a computer
implemented process such that the instructions which execute on the computer or other
programunable apparatus provide steps for implementing the functions/acts specified in the
flowchart and/or block diagram block or blocks.

It is to be understood that the functions/acts noted in the blocks may occur out of
the order noted in the operational illustrations. For example, two blocks shown in
succession may in fact be executed substantially concurrently or the blocks may
sometimes be executed in the reverse order, depending upon the functionality/acts
involved. Although some of the diagrams include arrows on communication paths to
show a primary divection of communication, it is {0 be understood that communication
may occur in the opposite direction to the depicted arrows.

Computer program code for carrving out operations of the concepts described
herein may be written in an object oriented programuming language such as Python, Java®
or C++. However, the computer program code for carvying out operations of the
disclosure may also be written in conventional procedural programming languages, such
as the "C" programming language. The program code may execute entirely on the user's
computer, partly on the user's computer, as a stand-alone software package, partly on the
user's computer and partly on a remote conmputer or entirely on the remote computer. In
the latier scenario, the remote computer may be connected to the user's computer through
a local area network (LAN) or a wide area network (WAN), or the connection may be
made to an external computer (for example, through the Internet using an Internet Service
Provider).

Many different embodiments have been disclosed herein, in connection with the
above description and the drawings. It will be understood that it would be undaly
repetitious and obfuscating to literally describe and illustrate cvery combination and

subcombination of these embodiments. Accordingly, all embodiments can be combined in
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any way and/or combination, and the present specification, including the drawings, shall

be construed to constitute a complete written description of all combinations and

subcombinations of the embodiments described herein, and of the manner and process of

making and using them, and shall support claims to any such combination or

subcombination.

Abbreviations that may be used in the preceding description include:

CA
cC
CNF
cuU
DON
DRL
DU
DUPCA
FH
DU
MDP
MH
MILP
ML
NF
PCell
RAN
RU
SCell
UE
VNF

Carrier Aggregation

Coroponent Carrier
Containerized Network Function
Central Unit

Deep Q-Network

Deep Reinforcement Learning
Distributed Unit

DU Placement with Carrier Aggregation
Front Haul

Inter-DU

Markov Decision Process

Mid Haul

Mixed Integer Linear Problem
Machine Learning

Network Function

Primary Cell

Radio Access Network

Radio Unit

Secondary Cell

User Equipment

Virtualized Network Function

it will be appreciated by persons skilled in the art that the embodiments described

herein are not limited to what has been particularly shown and described herein above. In

addition, unless mention was made above to the contrary, it should be noted that all of the

accompanying drawings are not to scale. A variety of modifications and variations are

possibie in light of the above teachings without departing from the scope of the following

claims.
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What s claimed is:

1. A method in a first network node, NN, (16) configured to communicate
with a plurality of NNs (16} in a network, the method comprising:

determining (58138} one or more distributed uvnits, DUs, (102) to be hosted by at
ieast one NN (16) of the plurality of NNs (16} based at least on a delay target associated at
feast with cach wircless device, WD, (22) of a plurality of WDs (22), cach DU of the one
or more DUs (102) being associated with at least a component carrier, CC, (302) usable by
at least one WD (22) of the plurality of Ws (22) to coramunicate with one or more MNs
(16) of the plurality of NNs (16}, the one or more DUs (102) being determined using a
fearning process; and

causing (5140} the at least one NN (16) of the plurality of NNs (16) to host a
corresponding DU (102) of the one or more DUs (102) based on the determined one or

more DUs (102).

2. The method of Claim i, wherein the method further includes:

performing modeling of the network to determine the one or more DUs {(102).

3. The method of any one of Claims 1 and 2, wherein the method further
includes:

performing modeling of an end-to-end delay in the network based on data collected
in the network, the one or more DUs (102) being determined based on the modeling of the

end-to-end delay.

4. The method of any one of Claims 1-3, wherein determining the one or more
DUs (102) comprises:
determining a DU placement on the at least one NN (16) based on carrier

aggregation paramefers.

5. The method of any one of Claims 1-4, wherein determining the one or more
DUs (1023 comprises:

determining a weighted sum of a delay associated with data corresponding to the
phirality of Wiis (22} and a number of NNs (16} used to host the one or more BUs (102),
the weighted sum being determined for the at least component carrier, CC, (302) of a

plurality of CCs (302},
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6. The method of Claim 5, wherein determining the one or more DUs (102)

using the learning process comprises one or more of:

modeling a state as a delay satisfaction of one or more users associated with the
phirality of Wiis (22};

determining an action associated with the learning process, the action being a
placement of the onc or more DUs (102) in the at least one NN (16) for the at least one
NN (16) to host the one or more DUs (102), the placement being for a corresponding CC
(302); and

determining a reward associated with the learning process, the reward being the
weighted sum of the delay and the number of NNs (16) used to host the one or more DUs

{102) for the plurality of CCs (302).

7. The method of any one of Claims 1-6, wherein the one or more DUs (102)
are further determined based on one or more constraints, the one or more constraints being
based on computing capacity of the plurality of NNs (16), a bandwidth capacity of one or
more mid-haul links, one or more inter-DU lnks, and one or more fronthaul links, and the

delay target.

&. The method of any one of Claims 1-7, wherein determining the one or moore
DUs (102} using the learning process comprises:

applying deep reinforcement learning-based DU placement with carrier
aggregation, DUPCA, to minimize a quantity of DUs (102) that are to be hosted by the at

least one NN (16} while satisfying the delay target of each WD (22).

9. The method of any one of Claims 1-8, wherein the method further includes
one or more of:

receiving a set of data corresponding to the plurality of WDs (22);

hosting at least one DU (102) of the one or more DUs (102) that corresponds o a
first activated CC (302) of the at least one CC (302)

onc or both of transmitting and receiving signaling associated with a first subsct of
the set of data to commumnicate with at least with a WD (22) via an access network node

using the first activated CC (302); and
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forwarding a second subset of data of the set of data to at least one other DU (102)
of the one or more DUs (102), the at least one other DU (102} corresponding to a second
activated CC (302) of the at least one CC (302), the second activated CC (302) and the

firat activated CC (302) being different.

10, The method of any one of Claims 1-9, wherein the one or more DUs (102)

are one or more DU network functions.

it A first network node, NN, (16) configured to communicate with a plurality
of NNs (16) in a network, the first network node being configured to:

determine one or mote distributed units, DUs, (102) to be hosted by at least one
NN (16) of the plurality of NNs (16) based at least on a delay target associated at least
with each wireless device, WD, (22) of a plurality of Whis (22}, each DU (102) of the one
or more DUs (102) being associated with at least a component carrier, CC, {302) usable by
at least one WD (22) of the plurality of WDs (22} to communicate with one or more NNsg
(16) of the plurality of NNs (16}, the one or more DUs (102) being determined using a
fearning process; and

cause the at least one NN (16) of the plurality of NNs (16) to host a corresponding

DU (132) of the one or more DUs (102) based on the determined one or more DUs (1023,

12 The first network node of Claim 11, wherein the first NN (16) is further
configured to:

perform modeling of the network fo determine the one or more BUs (102).

13 The first network node of any one of Claims 11 and 12, wherein the first
NN (16} is further configured to:

perform modeling of an end-to-end delay in the network hased on data collected in
the network, the one or more DUs (102) being determined based on the modeling of the

end-to-end delay.

14. The first network node of any one of Claims 11-13, wherein determining
the one or more DUs (102) comprises:
determining a DU placement on the at least one NN (16) based on carrier

aggregation paramefers.
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15. The first network node of any one of Claims 11-14, wherein determining
the one or more DUs (102} comprises:

determining a weighted sum of a delay associated with data corresponding to the
phirality of Wiis (22} and a number of NNs (16} used to host the one or more BUs (102),
the weighted sum being determined for the at least component carrier, CC, (302) of a

plurality of CCs (302},

i6. The first network node of Claim 15, wherein determining the one or more
DUs (102} using the fearning process comprises one or more of:

modeling a state as a delay satisfaction of one or more users associated with the
phirality of Wiis (22};

determining an action associated with the learning process, the action being a
placerent of the one or more DUs (102) in the at least one NN (16) for the at least one
NN (16} to host the one or more DUs {(102), the placement being for a corresponding CC
(302); and

determining a reward associated with the learning process, the reward being the
weighted sum of the delay and the number of NNs (16) used to host the one or more DUs

{102) for the plurality of CCs (302).

17. The first network node of any one of Clairns 11-16, wherein the one or
more DUs {102) are further determined based on one or more constraints, the one or more
constraints being based on computing capacity of the plurality of NNs (16), a bandwidth
capacity of one or more mid-haul links, one or more inter-DU links, and one or more

fronthaul links, and the delay target.

18&. The first network node of any one of Claims 11-17, wherein determining
the one or more DUs (102) using the learning process comprises:

applying deep reinforcement learning-based DU placement with carrier
aggregation, DUPCA, to minimize a quantity of DUs (102) that are to be hosted by the at

least one NN (16} while satisfying the delay target of each WD (22).

19. The first network node of any one of Claims 11-18, wherein the first

wetwork node is configured to one or more of:
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receive a set of data corresponding to the plurality of WDs (22);
host at least one DU (102) of the one or more DUs {102} that corresponds to a first
activated CC (302) of the at least one CC (302);

one or both of transmit and receive signaling associated with a first subset of the
5 setof data to communicate with at least with a WD (22) via an access network node using
the first activated £ (302); and

forward a second subset of data of the set of data to at least one other DU (102) of

the one or more DUs (102), the at least one other DU (102) corresponding to a second
activated CC (302) of the at least one {C (302}, the second activated CC (302} and the

10 first activated CC (302) being different.

23, The first network node of any one of Claims 11-19, wherein the one or

more DUs (102 are one or more DU network functions.

[
[97)

38



WO 2024/214069 PCT/1B2024/053620
1/10

[ Core Network ]

I Backhaul

FIG. 1



PCT/1B2024/053620

WO 2024/214069
2/10

10

26~

o
_ VAN /| Management
e~ ) L it

o &
O

Management
Unit

e 186

F1G. 2



WO 2024/214069
Host Computer 24
7 SW 48 N
Host application 50
HW | Communication - — +
38 interface 40 .,
Processing circuitry 42 )
Memory 46
Processor 44
Host
Management
Unit 54

&

Wireless Devics 22

/7 SW 90 ~
Client application 92
AW 80 :
Radio interface 82 -

Processing circuitry 84

Memory 88

Processor 86

WD Management
Unit 34

PCT/1B2024/053620

3/10
10
r'd
Network Node 16
4 I
% SW 74
//
4
i HW 58
§ _ 1 JCommunication interface
® - . -5;0;
TTo"®  Radio interface 62
E " Antennas 76
E JProcessing circuitry 68
g : Memory 72
IS Processor 70
g N NN Management
e Unit 32
i\ )
NP
7
164
/
5(2 {Other Network Node(s) 16

FIG. 3



WO 2024/214069 PCT/1B2024/053620
4/10

{ BEGIN }

k:d

MHost computer |
Host computer ! | { BEGIN )
: i executes host
provides user data je—, o 3
3100 z application a Il
= o o102
¥ Host computer
Host computer provides user data
initiates S110
transmission
carrying the user ¥
data o the wireless Host computer
d§§’528 initiates
— transmission
e carrying the user
Eﬂ Network node | data to the wireless
| ransmits the user g device
E data ; $112
| 106

| Wireless device | [ "Wireless device {

executes client | receives the user |

i
g data i
i

]

' application |

| s | -
END )

FIG. 4 FIG. 5



WO 2024/214069

5/10

(" BEGIN

0000 10000 0000 90008

b Wireless device 3
recaives input datad .
gxecutes chient

. i
g provided at host M application
i computer

Pos118 LS8
. rgiéss dovios
P Wireless device .

! provides user data —,| executes client |
E 8170 f a application E
e L

B oo cons sceee o wo s 8T

b initiates |
Vtransmission of the|
| userdatatothe |
| hostcomputer |
| S124 |

Host computer
receives user data
transmitted from
the wireless device
128

FIG. 6

PCT/1B2024/053620

~ BEGN

o

Network node
g feceives user data g
y fromwireless 8
g device
i
&mméfamm
I "Network node
initiates
transmission of g
user data to the 8

host computer
K

-- St

4PO0 CODD S0ODC OODD GOOD¢  WDODO  GOTO

Host computer
receives the user
data
$132

FIG. 7



WO 2024/214069 PCT/1B2024/053620
6/10

VIRTUALIZATION ENVIRONMENT 200

APPLICATION { VIRTUAL APPLIANCE / VIRTUAL NODE
OR SERVER /INSTANCE
202

MANAGEMENT AND
ORCHESTRATION VM 2082 VM
210

VIRTUALIZATION LAYER 208

HARDWARE CONTROL SYSTEM

FI1G. 8



WO 2024/214069 PCT/1B2024/053620
7/10

€ BEGIN }

4

Determine a plurality of distributed unit network functions (DU
NFs) to be hosted by a group of NNs of the plurality of NNs based
on a delay target of each wireless device (WD) of a plurality of
WDs, each DU NF being associated with at least a component
carrier usable by at least one WD, the plurality of DU NFs being
determined using a leaming process
S134

¥

Trigger each NN of the group of NN {0 host a corresponding DU
NF of the plurality of DU NFs
S136

FIG. 9



WO 2024/214069 PCT/1B2024/053620
8/10

" BEGIN )

Determine one or more distributed units, DUs, to be hosted by at
least one NN of the plurality of NNs based at least on a delay
target associated at least with each wireless device, WD, of a

plurality of WDs, each DU of the one or more DUs being
associated with at least a component carrier, CC, usable by at
least one WD of the plurality of WDs to communicate with one or
more NNs of the plurality of NNs, the one or more DUs being
determined using a learning process
138

¥

Cause the af least one NN of the plurality of NNs fo host a
corresponding DU of the one or more DUs based on the
determined ¢ne or more DUs
$140




PCT/1B2024/053620

WO 2024/214069

9/10

ANy

. T O00E T 1T 'DId
%Nom.mmom.ﬂwmm\HVAnmmmﬁxixx_mass

X8 azoe
PZOE '920¢ BZ0E

a0

00

¥

GO0

6T Ny

108 \\h““““unmumxX\wa

9%
RS,

BET MM

A 57 NN yd
BN \\\\ BT

Uol MK S
POGE '200€ 'a00¢ B00E

"l
5
i:'}

0L




WO 2024/214069

10/10

//«» 68, 7¢

Non-RTRIC

/’74

rApps

R1 /’ &

Services that enable rApps

Non-RT RIC Framework

3 02 I 01 3 Open FH M-Plane | A1

FIG. 12

PCT/1B2024/053620



INTERNATIONAL SEARCH REPORT

International application No

PCT/IB2024/053620
A. CLASSIFICATION OF SUBJECT MATTER
INV. H04w24/02 H041.41/08 H041.41/16 H041.43/0852 H041.41/0823
H041.41/083
ADD. H04wW88/08

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO4W GO6N HO4L

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category”

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X,P JODA ROGHAYEH ET AL:

RADIO COMMUNICATIONS (PIMRC),

Xp034458040,

[retrieved on 2023-10-31]
the whole document

"UE Centric DU
Placement with Carrier Aggregation in 18
O-RAN using Deep Q-Network Algorithm",
2023 IEEE 34TH ANNUAL INTERNATIONAL
SYMPOSIUM ON PERSONAL, INDOOR AND MOBILE
IEEE,

5 September 2023 (2023-09-05), pages 1-6,

DOI: 10.1109/PIMRC56721.2023.10293958

1,8,11,

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance;; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance;; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

10 July 2024

Date of mailing of the international search report

17/07/2024

Name and mailing address of the ISA/
European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040,
Fax: (+31-70) 340-3016

Authorized officer

Kahl, Marcus

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/IB2024/053620

C(Continuation).

DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y

JODA ROGHAYEH ET AL: "Deep Reinforcement
Learning-Based Joint User Association and
CU-DU Placement in O-RAN",

TEEE TRANSACTIONS ON NETWORK AND SERVICE
MANAGEMENT, IEEE,

vol. 19, no. 4,

10 November 2022 (2022-11-10), pages
4097-4110, XP011933980,

DOI: 10.1109/TNSM.2022.3221670

[retrieved on 2022-11-11]

page 4099; figure 1

page 4101, left-hand column, line 1

B. CU and DU Placement Requireements;
page 4100, left-hand column

C: Delay Model and Corresponding
Constraints;

page 4100, right-hand column

IIT. Joint USer Association and CU-DU
Placement Problem Formulation;

page 4101, right-hand column

ELSAYED MEDHAT ET AL: "Reinforcement
Learning Based Energy-Efficient Component
Carrier Activation-Deactivation in 5G",
2021 IEEE GLOBAL COMMUNICATIONS CONFERENCE
(GLLOBECOM) , IEEE,

7 December 2021 (2021-12-07), pages 1-6,
XP034074681,

DOI: 10.1109/GLOBECOM46510.2021.9685223
[retrieved on 2022-01-18]

abstract

chapter Introduction

US 2020/195506 Al (PENG MUGEN [CN] ET AL)
18 June 2020 (2020-06-18)

paragraphs [0018], [0034], [0056],
[0089], [0120], [0121]

MOLLAHASANI SHAHRAM ET AL: "Dynamic CU-DU
Selection for Resource Allocation in O-RAN
Using Actor-Critic Learning",

2021 IEEE GLOBAL COMMUNICATIONS CONFERENCE
(GLLOBECOM) , IEEE,

7 December 2021 (2021-12-07), pages 1-6,
XP034073478,

DOI: 10.1109/GLOBECOM46510.2021.9685837
[retrieved on 2022-01-18]

page 3; figure 1

1-4,6,7,
9-14,16,
17,19,20

5,8,15,
18

1-4,6,7,
9-14,16,
17,19,20

5,6,8,
15,16,18

Form PCT/ISA/210 (continuation of second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/IB2024/053620
Patent document Publication Patent family Publication
cited in search report date member(s) date
Us 2020195506 Al 18-06-2020 CN 109688597 A 26-04-2019
uUs 2020195506 Al 18-06-2020

Form PCT/ISA/210 (patent family annex) (April 2005)




