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Service decoupling for open and intelligent service-based RAN*
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Abstract: Task diversity is one of the biggest challenges for future sixth-generation (6G) networks. Taking the task as the center 
and driving the dynamic 6G radio access network (RAN) with artificial intelligence (AI) are necessary to accurately meet the 
personalized demands of users. However, AI can only configure the parameters of a monolithic RAN and cannot schedule the 
functions. The development trend of 6G RANs is to enhance dynamic capability and scheduling ease. In this paper, we propose a 
service-based RAN architecture that can deploy decoupled RAN functions and customize networks according to tasks. Protocol analysis 
shows that the interactive relationship between RAN control plane (CP) functions is complex and needs to be decoupled according 
to the principles of high cohesion and low coupling. Based on the graph theory rather than expert experience, we design a RAN 
decoupling scheme. The functional connection and interaction of the CP are represented by constructing an undirected weighted 
graph, followed by achieving decoupling of the CP through a minimum spanning tree. Then an integration decoupling scheme of 
a RAN-CN (core network) is introduced considering the duplicate and redundant functions of the RAN and CN. The granularity 
of decoupling in a service-based RAN is determined by analyzing the flexibility of decoupling, complexity of signaling, and 
processing delay. We find that it is more appropriate to decouple the RAN CP into four services. The integration decoupling of the 
RAN-CN resolves the technical bottleneck of low serial efficiency in the Ng interface, supporting AI-based global service scheduling.

Key words: Service decoupling; Open and intelligent; Service-based radio access network (RAN); Graph theory; Full-service 
6G network
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1  Introduction

In the future, the sixth-generation (6G) artificial 
intelligence (AI) will be applied to a wide range of 
tasks, and there will be a diverse demand for radio 
access networks (RANs) (Uusitalo et al., 2021). For 
example, multimedia AI tasks require a relatively 
large transmission bandwidth (Yang et al., 2023). 

Machine-controlled AI tasks require high timeliness 

of transmission (Xu et al., 2021), while those for 

autonomous driving have extremely high requirements 

for bandwidth, latency, and reliability (He et al., 2021). 

To support diverse AI tasks, a 6G RAN needs to have 

dynamic characteristics (Zhang X and Zhu, 2023). The 

RAN needs to support the orchestration of functions 

based on the non-real-time requirements of AI ser‐

vices, as well as the scheduling and optimization of 

functions based on real-time requirements. Dynamic 

customization of RANs for AI tasks can not only 

meet the task requirements but also improve the effi‐

ciency of RANs.
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Due to the benefits of AI enabling RAN, the con‐
cept of an open and intelligent RAN, called O-RAN, 
has been proposed (Puligheddu et al., 2023). The tran‐
sition to software-based, programmable, and virtual‐
ized environments will make cellular networks more 
flexible and dynamic systems, enabling rapid deploy‐
ment and network programming (Polese et al., 2024). 
O-RAN is based on the idea that 6G networks can be 
decomposed into finer-grained microservices, which 
can operate relatively independently (O-RAN, 2023). 
6GANA proposed that the control object of RAN sys‐
tems with native-AI will change from “sessions” to 
“tasks” (6GANA, 2023a). New bearers will be con‐
structed for the task-centric transmission of signaling 
and data. RAN and core network (CN) functions will 
need to be pushed to the network edge and deployed 
in a distributed manner (6GANA, 2023b). Logical sep‐
aration of RAN and CN functions will be redefined 
for dynamic deployment at the same physical site. The 
AI-RAN Alliance is committed to promoting RAN 
performance and capability through AI (Khan and 
Schmid, 2024). It uses open, software-based, and AI 
technologies to accelerate the development of new 
services and use cases (Upadhyaya et al., 2023). For 
future RANs, the above studies have proposed soft‐
warization and decoupled architecture based on cloud-
native software.

Native-AI needs an open and decoupled service-
based RAN (Zhang HM et al., 2022). Therefore, RANs 
need to undergo a disruptive evolution based on service-
based architecture (SBA) characterized by software 
and decoupling (Li et al., 2022). That is, monolithic 
RANs are evolving into distributed service-based 
RANs. Software-defined networking (SDN) and net‐
work function virtualization (NFV) are the fundamental 
technologies for 6G networks (Cao et al., 2022). Soft‐
warization liberates RANs from dedicated hardware. 
Compared to dedicated hardware, software is the key 
technology that supports a flexible, scalable, and sus‐
tainable evolutionary architecture. A 6G service-based 
RAN can not only support existing user plane (UP) 
and control plane (CP) functions but also extend its 
capabilities to include data plane, computing plane, or 
security plane functions (Yan et al., 2023). The modu‐
lar functions of a service-based RAN can be deployed 
independently and scheduled flexibly. Different func‐
tions or services exhibit high interoperability (Polese 
et al., 2023). By using open interfaces of the service 

level, the network can acquire operational status and 
intelligently schedule network capabilities, thereby effi‐
ciently achieving the objective of an AI task.

Referring to the concept of microservices, the CP 
is decoupled into a set of independent functions, includ‐
ing the quality-of-service analysis function (QAF), po-
licy configuration function (PCF), and resource con‐
trol function (RCF). By leveraging Kubernetes’ (K8s’) 
support for instantiation schemes, differentiated ser‐
vices were provided (Ding et al., 2023). In accordance 
with the principles of high cohesion and low cou‐
pling, the functionalities of existing protocols have 
been decoupled and integrated into new services, such 
as radio resource control message convergence service 
(RRC-MCS) and connection mobility management 
service (CMMS) (Du et al., 2023). Li et al. (2022) 
proposed a series of CP services, including radio bearer 
management service (RBMS), local location service 
(LLS), multicast broadcast service (MBS), data collec‐
tion service (DCS), signaling transport service (STS), 
paging service (PS), RAN exposure service (RES), 
and random access service (RAS). The CP was also 
proposed to be split into the following functions: radio 
connection control function (RCCF), radio bearer man‐
agement function (RBMF), mobility management func‐
tion (MMF), radio resource management and sched‐
uling function (RRMSF), and radio connection secu‐
rity function (RCSF) (Zong et al., 2023). Wang et al. 
(2022) proposed redefining the N2 interface to support 
service-based protocols, which enables direct interaction 
between RAN and access and mobility management 
function (AMF) through service invocations. Khaturia 
et al. (2024) proposed an end-to-end service-based net‐
work architecture that includes transforming the inter‐
faces between the RAN and CN, and enabling direct 
communication between the distributed unit (DU) and 
centralized unit (CU) CP through service-based inter‐
faces (SBIs), thereby reducing signaling latency.

Service-based RANs have been widely studied, 
with many researchers proposing their own decoupling 
solutions. However, the current state of the art is based 
mainly on the expertise of senior engineers. The pro‐
tocol stack is decoupled based on the engineer’s prior 
development experience with protocols and software, 
rather than using a theoretical approach. Therefore, 
there is no widely accepted solution for RAN decou‐
pling. The UP and CP have significant differences in 
their functional organizational architecture, requiring 
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the design of separate decoupling schemes based on 
organizational characteristics. In general, the functions 
of the UP are sequential and can be decoupled sequen‐
tially. The functions of the CP, however, have more 
complex connection characteristics. The signaling pro‐
cedure involves multiple network functions, each capa‐
ble of appearing in multiple signaling procedures. There‐
fore, the focus should be on decoupling the research 
and design of the CP. The contributions of this study 
are as follows:

1. We examine the protocol stack characteristics 
and the interoperability relationship between functions. 
A decoupling approach, based on a theoretical frame‐
work for data analysis rather than expert experience, 
is proposed.

2. The functional connection and interaction of 
the CP are represented by constructing an undirected 
weighted graph, followed by achieving decoupling of 
the CP through a minimum spanning tree. The signaling 
delay performance of different decoupling granularities 
is evaluated.

3. The service-based RAN and CN are both SBAs, 
which can be connected and interacted with through 

SBI. Considering the duplicate and redundant func‐
tions of the two, we study the integration decoupling 
scheme of RAN and CN. A full-service 6G network 
will provide an end-to-end virtualization environment 
for AI task programming and optimization.

2  RAN system based on service decoupling

A service-based RAN can be deployed based on 
the general computing infrastructure. It is a distributed 
set of functions that can be organized by AI tasks to pro‐
vide network-level services. AI tasks include AI-based 
decision scheduling network functions or AI-based 
application-based network functions. The service-based 
RAN is divided into two main parts: the operation 
and maintenance domain and the functional domain 
(Fig. 1). The operation and maintenance domain intelli‐
gently schedules network services by collecting and 
analyzing network data. The functional domain is the 
main body of the network, supporting the instantiation 
deployment of network services based on the general 
computing infrastructure.

Fig. 1  Dynamic service-based RAN (RAN: radio access network; CP: control plane; AI: artificial intelligence; UP: user 
plane; RRC: radio resource control; PDCP: packet data convergence protocol; RLC: radio link control; MAC: media access 
control; PHY: physical)
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2.1  Operation and maintenance domain

The distinguishing feature of a service-based RAN 
is that it is dynamic and flexible, but the dynamic 
change of the network is complex. Accurate service 
scheduling can be achieved through AI decisions 
which include network-level or function-level schedul‐
ing, optimization, and deployment. Network-level 
scheduling can realize simultaneous scheduling of mul‐
tiple services. Function-level optimization supports the 
scheduling of single services. The operation and main‐
tenance domain is responsible for monitoring and 
planning network capacity and realizes real-time and 
non-real-time operation and maintenance of the system 
according to tasks. The main functions include data 
management, an AI algorithm library, and a service 
library. Runtime data are collected at the function level, 
and heterogeneous data are stored in heterogeneous 
databases. Data management is conducted through the 
use of metadata. AI algorithms generate metadata based 
on task demands and facilitate data management for 
data utilization and retrieval. The data management 
mechanism adopts a scheme that separates data collec‐
tion and consumption. AI algorithms make network 
scheduling decisions based on data. The decisions are 
sent to scheduling execution modules, such as K8s, 
which pull service images from the service library, 
generate service instances, and deploy them in the gen‐
eral computing infrastructure.

2.2  Functional domain

A service-based RAN with native AI can effec‐
tively address the demanding requirements of dynamic 
tasks on network capacity while consistently maintain‐
ing streamlined network function and resource utili‐
zation. This requires flexible scheduling of the RAN 
at the function level, allowing seamless addition, dele‐
tion, and reconstruction of services. It enables fine-
grained scheduling and optimization of RAN’s capa‐
bility through AI-based approaches or dynamic alloca‐
tion of functions and resources for AI tasks. Conse‐
quently, the RAN UP and CP are all decoupled in this 
architecture. In the UP, service interactions follow a 
sequential connection mode in which uplink or down‐
link data undergo sequential processing. On the other 
hand, different signaling procedures in the CP traverse 

the same service, resulting in non-sequential connec‐
tions between services. Leveraging the general comput‐
ing power infrastructure allows multiple instances of any 
RAN service to be deployed as needed. Services offer 
open interfaces for external access and are registered 
within the system to facilitate easy discovery and estab‐
lishment of connections with other internal or external 
services. K8s or other management methods are used 
to achieve service instantiation, and service instances 
are scheduled for deployment on the general comput‐
ing infrastructure. Service instances can be dynami‐
cally created or deleted to enable function-level addi‐
tions, deletions, and reconstructions as required by 
tasks. The functional domain exhibits scalability by 
connecting data functions, computing functions, or secu‐
rity functions with other services through registration 
and discovery mechanisms.

3  RAN decoupling scheme

3.1  Model of RAN CP

The RAN issues new signaling information after 
multi-processing when the CP receives a message from 
the CN or terminal. In the CP, multiple components 
are responsible for completing the signaling procedure 
(Fig. 2). Specifically, the component is accountable for 
processing the signaling. Given the input data D, after 
applying operation O, the output result is A.

There are two types of data, local context and 
signaling-carried context, which can be represented as

D = {DC, DS}, (1)

where DC represents the context stored in the CP func‐
tion and DS represents the context carried in the signal‐
ing. “Operation” generally refers to the processing of 
data. “Result” generally refers to the result obtained 
after data processing. The result can be expressed as

A={AC, AS}, (2)

where AC represents the context saved by the CP func‐
tion in the result and AS represents the context of sig‐
naling transmission in the result. There may be an 
overlap between the two. For example, when an RRC 
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message (Data) is received, ASN.1 (abstract syntax 
notation one) decoding (Operation) is called to obtain 
the specific content of the new RRC message (Result). 
A component is defined as a set of data, operations, 
and results:

N={D, O, A}. (3)

To enhance network flexibility, the first step is to 
analyze and extract all components of each signaling 
procedure on the RAN CP. The processing of a sig‐
naling procedure needs to be forwarded and processed 
among different components. The signaling needs to be 
packaged and unpacked in each transmission, result‐
ing in a significant network overhead and a decrease 
in the efficiency of signaling transmission. Simulta‐
neously, the transmission of multiple messages will 
result in an increase in the total amount of signaling 
within the network, potentially surpassing the process‐
ing capacity of network signaling resources and lead‐
ing to signaling storms. Decoupling the network by 
components can improve the flexibility of RAN, but 
it also significantly affects the network performance. 
Therefore, to balance the flexibility and performance 
of the network, it is necessary to reasonably aggre‐
gate CP components into independently deployable 
services. Compared to making all components inde‐
pendent, this approach can significantly reduce the 
total amount of signaling in the network while main‐
taining flexibility.

3.2  Signaling procedure of RAN

Analyze the RAN CP protocol stack and extract all 

functional components N={N1,1, N1,2, …, N1,m} (Fig. 3). 

Analyze the signaling procedures P ={P1, P2, …, Pn }. 

Each signaling procedure Pi (i=1, 2, …, n) is composed 
of multiple components. The same component may 
appear multiple times in a single signaling procedure 
or may be involved in different signaling procedures.

The undirected graph G (V, E ) is established with 

CP components serving as vertices. The correlation 
between vertices is expressed by the number of con‐
secutive occurrences of CP components in different 
signaling procedures, i.e., the weight between two 
vertices in the undirected graph G.

Fig. 2  CP handling a signaling procedure (CP: control plane; RAN: radio access network)
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Fig. 3  Signaling procedure connection diagram
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The frequencies of different procedures are not 
the same, and their influence on the decoupling of the 
CP also varies. Therefore, the weight between vertices 
in the undirected graph G is expressed as

ω ij =∑
n=1

np

fPn
·ωprocess_ij , (4)

where ω ij is the weight between functional compo‐
nent i and functional component j, np represents the 

number of protocol procedures, fPn
 is the frequency 

of process Pn, and ωprocess_ij is the number of continu‐
ous occurrences between functional component i and 
functional component j in the procedure.

3.3  RAN decoupling scheme

The strong coupling between components can be 
considered as forming a service, which makes the capa‐
bilities of the service more focused and independent. 
A connecting line between components or services rep‐
resents the path of message transmission in the sig‐
naling procedure, so reducing coupling between ser‐
vices can decrease the number of signaling transmis‐
sions and enhance network performance. Based on the 
expectation of weak coupling between services, it is 
necessary to minimize the weight of the connecting 
lines between services.

The connecting lines between vertices in the undi‐
rected graph G are sorted in descending order based 
on their weights. Then the connecting line with the 
lowest weight is removed. The number of subgraphs 
in the graph after removing connecting lines can be 
calculated by the minimum spanning tree algorithm. 

The components corresponding to the vertices in the 
subgraph are the components included in the expected 
services. The removed connecting lines actually serve as 
connections between services, ensuring weak coupling 
between them. The retained lines are highly weighted, 
which guarantees high cohesion of the service.

The algorithm itself cannot automatically deter‐
mine when to stop removing connecting lines in the 
graph, so the number of subgraphs to be formed, namely, 
the number of services, needs to be taken as an input 
parameter. Some CP components occur a few times in 
the procedure, or the procedure containing the com‐
ponent appears too infrequently. Therefore, the weight 
of the corresponding vertices connecting lines is too 
low. Removing the connecting lines directly from these 
vertices will result in the formation of numerous “mi‐
croservices” that consist of only one component or 
function. These “microservices” will lead to a surge 
of signaling in some procedures. If there are “mi‐
croservices,” the previously removed connecting lines 
are restored and the next cycle is executed. Finally, 
the decoupling scheme of the service-based RAN CP 
is determined (Fig. 4). Algorithm 1 gives the RAN 
decoupling scheme.

4  Integration decoupling scheme of RAN-CN

4.1  Interaction between the RAN and CN

The introduction of SBA in the fifth-generation 
(5G) CN enhances a network’s flexibility. The func‐
tions of the CN communicate through the HTTP2 
protocol.

Fig. 4  Decoupling model (NF: network function)
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As depicted in Fig. 5a, any function within the 
CN that intends to establish or update RAN configu‐
ration must indirectly accomplish the task through the 
RAN CP. The RRC of the RAN CP exchanges signal‐
ing with the CN AMF through the Ng application pro‐
tocol (NGAP) interface. Considering that the RAN CP 
can be virtualized and deployed in the cloud with the CN 
after decoupling, the NGAP interface leads to ineffi‐
cient network control and becomes a bottleneck.

As shown in Fig. 5b, to break the limitation of 
NGAP on the CP, we analyze the possibility of the in‐
teraction of a service-based RAN and a lightweight 
CN. RAN CP functions can communicate with CN func‐
tions through SBI. By breaking the limitation that con‐
trol information of the CN must pass through AMF, the 
6G network is promoted to become a fully decoupled 
and full-service network. For example, the process of 
protocol data unit (PDU) session modification needs 
to be operated only in the converged session manage‐
ment function (SMF), which controls session-related 
parameters in the service-based RAN and applies the 
operation results to UP entities. Based on the service-
based RAN architecture, control signaling between 
the CP and SMF interacts through SBI without pass‐
ing through AMF. This means that delay and signaling 
overhead can be expected to be reduced in the con‐
trol procedure.

In private network scenarios such as intelligent 
manufacturing, there is a demand for deploying a RAN 

and lightweight CN in the same site. However, the 
current 5G architecture is designed mainly for sepa‐
rate deployment of the RAN and CN, which also leads 
to redundancy and duplication in functions. Although 
deployment in the same site reduces the propagation 
delay, it still causes resource loss and complex signal‐
ing. The functions of the service-based RAN and CN 
are connected and interact through SBI within the frame‐
work of the full-service network. This provides an oppor‐
tunity to merge the redundant functions of the RAN 
and CN. Therefore, the integration CP of the RAN and 
CN is proposed.

4.2  Signaling procedure of RAN and CN

The procedure of the RAN and CN is shown in 
Fig. 6. Extract RAN and CN CP components from 3GPP 
(the 3rd Generation Partnership Project) protocols:

Algorithm 1 RAN decoupling scheme
Input: expected number of services N; CP procedure P; CP 

component O
Output: expected services

  1: Calculate the weight ω between vertices, and the number 
of lines M according to P and O

  2: Generate an undirected graph G (V, E ) from O and ω

  3: Sort the weight of the connecting lines
  4: while number of subgraphs=N do
  5:  for i=1 to M do
  6:     Remove the connection
  7:      if the number of subgraphs increases
  8:    if “microservices”
  9:      Restore the line
10:    end if
11:    Generate expected services based on the subgraph
12:   end if
13:  end for
14: end while

Fig. 5  Signaling processing flow: (a) the signaling process is 
routed through the AMF; (b) the signaling process bypasses 
the AMF (CN: core network; NF: network function; AMF: 
access and mobility management function; CUCP: centralized 
unit control plane; CUUP: centralized unit user plane; DU: 
distributed unit; UE: user equipment; UDM: user data 
management; AUSF: authentication server function; SMF: 
session management function; UDSF: unstructured data 
storage function; PCF: policy control function; NGAP: Ng 
application protocol; CU: centralized unit)
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O={N1,1, …, N1, I ; N2,1, …, N2, J}, (5)

where N1,i (i=1, 2, …, I) is a RAN CP component and 
N2, j (j=1, 2, …, J) is a CN CP component. Therefore, 
a signaling procedure can be defined as

Ps ={N1,α, …, N1, β ; N2,ε, …, N2,ϵ}, (6)

where N1,α, …, N1, β are the component chains on the 
RAN side, and N2,ε, …, N2,ϵ are the component chains 
on the CN side. If the RAN sends commands to the 
CN, the signaling procedure is as shown in Eq. (6); if 
the CN sends commands to the RAN, Eq. (6) should be 
reversed. The undirected graph G (V, E ) is established 

with the CP components as vertices. The lines and 
weights on the edges represent the correlation between 
the CP components. The signaling interaction is used 
to establish the correlation.

In the signaling procedure Ps, ωs_ij represents the 
weight extracted from Vi and Vj. The weight between 
Vi and Vj can be expressed as

ωp_ij =
1
ns
∑
s_ij=1

ns

ωs_ij , (7)

where ns is the number of signaling interactions con‐
tained in procedure Ps. The weight between Vi and Vj 
in the graph can be expressed as

ω ij =
1
np
∑

p_ij = 1

np

ωp_ij . (8)

In this study, we select six signaling procedures, 
including “RRC establishment,” “RRC inactive state 
transition,” “RRC recovery,” “PDU establishment,” 
“PDU modification,” and “handover.”

4.3  Integration decoupling scheme

The traditional monolithic RAN and CN are two 
distinct systems with different logics. For the same 
event, RAN and CN maintain different contexts. For 
example, for user information, CN uses PDU descrip‐
tion and RAN uses data radio bearer (DRB) descrip‐
tion. For the integration of RAN and CN CP, the con‐
nection between the contexts of RAN and CN must 
first be established. The interaction between compo‐
nents is graphed using signaling procedures, similar 
to that in Section 3, and the functions of the CN and 
RAN are aggregated together through graph cluster‐
ing. The aggregated components form a CP service.

Some components appear more frequently and 
others less frequently. The components that appear 
more frequently must be able to reflect their associ‐
ation with other components in the procedure. For 
components that appear less frequently, the overall per‐
spective is that they are less relevant than other compo‐
nents. Therefore, when establishing the correlation 
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Fig. 6  Undirected graph of the procedure (RAN: radio access network; CN: core network; UE: user equipment; SM: session 
management; UPF: user plane function; PDU: protocol data unit)
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between the components of the RAN and CN, the 
components that appear fewer times (represented as 
outliers in Fig. 7) should be excluded first.

Fig. 7 shows the steps of integration decoupling of 
the RAN-CN. The colored squares represent the RAN 
components, and the colored spheres represent the CN 
components. The CN components are extracted mainly 
from various services of the CN but do not correspond 
to all services of the CN.

After the graph is established, the weight of the 
edge is normalized. The normalized weight of the 
edge is:

ω' =
ω−min (ω )

max (ω )−min (ω )
, (9)

where ω is the edge weight. ω0 is the threshold value 
for determining outliers. All edges with ω′<ω0 are 
removed, and the points not connected to the graph are 
considered outliers. The removal of outliers ensures 
that the graph remains connected. The edges in the 
connected graph are sorted in order of weight from 
high to low. The number of subgraphs in the graph is 

calculated by determining the minimum spanning tree 

and removing its edges. When the number of corre‐

sponding subgraphs is equal to the expected number of 

services, quasi-services are generated. The algorithm 

of integration decoupling is given in Algorithm 2.

Because removing outliers may result in the re‐

moval of some functional components, the quasi-services 

obtained at this stage are incomplete. It is necessary to 

put outliers back into the quasi-services according to 

the context similarity between outlier components and 

the quasi-services. Algorithm 3 describes this process. 

First, the relevance between components and quasi-

services is calculated. The Jaccard coefficient is used 

to measure the similarity between components and 

quasi-services:

S=
( )Do, Ao ∩ ( )DF, AF

( Do, Ao ) ∪ ( DF, AF )
, (10)

Fig. 7  Integration decoupling steps (CUCP: centralized 
unit control plane; CN: core network; NF: network function; 
RAN: radio access network). References to color refer to 
the online version of this figure

Algorithm 2 Integration decoupling

Input: expected number of services N; CP procedure P; CP 

component O

Output: quasi-services

  1: Calculate the weight ω between vertices, and the number of 

lines M according to P and O

  2: Generate an undirected graph G (V, E ) from O and ω ij

  3: Exclusion of outliers

  4: Sort the weight of the connecting lines

  5: while number of subgraphs=N do

  6:  for i=1 to M do

  7:   Remove the connection

  8:   Generate quasi-services based on the subgraph

  9:  end for

10: end while

Algorithm 3 Outlier matching

Input: quasi-services; outlier V

Output: expected services

  1: Calculate the context relevance

  2: while outliers exist do

  3:  for int i=0; i<k; i++

  4:   if similarity S>50%

  5:    Outlier points are placed in quasi-services

  6:    Recalculate the context relevance

  7:    Generate the expected services

  8:   end if

  9:  end for

10: end while
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where ( Do, Ao ) represents the context in the compo‐

nent, while ( DF, AF ) represents the context in the quasi-

service. The intersection of these two contexts, denoted 
by ( Do, Ao ) ∩ ( DF, AF ), signifies the degree of overlap 

in terms of words or elements, indicating the extent to 
which the component and quasi-service share common 
functionality or data dependencies. The union of the two 
contexts, represented by ( Do, Ao ) ∪ ( DF, AF ), encom‐

passes all the elements from both contexts. The outli‐
ers that have a similarity of more than 50% are added 
to the quasi-service. The exclusion of more outliers 
during the outlier exclusion stage could result in the 
failure of outlier matching. After each round of match‐
ing, the context similarity between the outlier and the 
quasi-service is recalculated and rematched until all 
outliers are placed in the quasi-services.

5  Analysis and results

The ICT/CAS (Institute of Computing Technology/
Chinese Academy of Sciences) has developed 5G RAN 
protocol stack software that conforms to the 3GPP 
standard. A part of the protocol stack has been pub‐
lished as open source in OpenXG. Based on the anal‐
ysis of protocol stack software and standard documents, 

we select some common procedures as objects for 

analysis and modeling. The selected procedures are 

the most important ones in a real wireless network 

environment. The labels of procedures are shown in 

Table 1.

5.1  Flexibility analysis

The monolithic RAN is decoupled into a set of 

services, and the resulting decoupling is evaluated. Dif‐

ferent services can be generated for different decoupling 

granularities. In most commercial systems, the ratio 

between each procedure is 172׃2׃1׃1׃1׃ (Choi et al., 

2022). The decoupling granularity is 3, 4, and 5. The 

decoupling results are shown in Table 2.

Table 1  Labels of procedures

Procedure

RRC establishment

RRC inactivate state transition

RRC recovery

PDU establishment

PDU modification

Handover

Label

P1

P2

P3

P4

P5

P6

RRC: radio resource control; PDU: protocol data unit

Table 2  Decoupling results under different granularities

Decoupling 
granularity

3 (E3)

4 (E4)

5 (E5)

Network 
service

NF 3-1

NF 3-2

NF 3-3

NF 4-1

NF 4-2

NF 4-3

NF 4-4

NF 5-1

NF 5-2

NF 5-3

NF 5-4

NF 5-5

Component

Establish/Update UE context; construct Ng signaling; select AMF; generate security key; update security key

Construct RRC signaling; update SRB context; construct F1 signaling; update DRB context; check information; 
construct E1 signaling; update PDU context

Handover decision; update measurement configuration

Establish/Update UE context; construct Ng signaling; select AMF

Generate security key; update security key

Construct RRC signaling; update SRB context; construct F1 signaling; update DRB context; check information; 
construct E1 signaling; update PDU context

Handover decision; update measurement configuration

Establish/Update UE context; construct Ng signaling; select AMF

Generate security key; update security key

Construct RRC signaling; update SRB context; construct F1 signaling

Update DRB context; check information; construct E1 signaling; update PDU context

Handover decision; update measurement configuration

NF: network function; UE: user equipment; AMF: access and mobility management function; RRC: radio resource control; SRB: signal radio 
bearer; DRB: data radio bearer; PDU: protocol data unit
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When the decoupling granularity is set to 3, the 
service NF 3-3 comprises “handover decision” and 
“update measurement configuration,” both of which 
are associated with handover. In scenarios such as 
smart factories or smart homes, in which the terminals 
are stationary or have limited mobility, the functionality 
related to handover is not required. Therefore, the de‐
ployment of NF 3-3 can be omitted, which makes the 
network lighter and simpler.

When the decoupling granularity is set to 4, it can 
be observed that the network services NF 4-1 and NF 
4-2 are essentially derived from the splitting of the 
network service NF 3-1 at a decoupling granularity of 
3. NF 4-1 consists mainly of “establish/update UE con‐
text” and “construct Ng signaling.” The possible rea‐
son for this is that in certain procedures, the “establish/
update UE context” results in changes to the UE selec‐
tion of the AMF.

Consequently, CP functionality for “construct Ng 
signaling” follows immediately. NF 4-2 is associated 
mainly with network security, demonstrating two aspects 
of flexibility:

1. In extreme cases, such as emergency calls, 
bypassing network functions related to security can 
improve network access speed.

2. The independent deployment of security-related 
network functions allows for the flexible addition, dele‐
tion, and upgrading of security and authentication algo‐
rithms without interfering with other network func‐
tions. This design can enhance network security.

When the decoupling granularity is set to 5, the 
actions of “update DRB context” and “update SRB 
context” should be grouped within the same network 
service. Similarly, “construct E1 signaling,” “construct 
F1 signaling,” and “construct Ng signaling” should be 
grouped within the same network service. However, 
from a procedural perspective, message construction 
and transmission are interrelated, and various functions 
for constructing messages may not occur consecu‐
tively. As a result, their association may not be imme‐
diately apparent, resulting in their allocation to different 
expected network services.

5.2  Decoupling performance

Six procedures are selected for decoupling and 
numerical evaluation. According to 3GPP (2024), the 
processing delay of signaling within a network function 

during simulation is 3 ms, while the propagation delay 
of signaling between network functions is 1 ms. The 
processing delay for a single procedure is:

t =∑
p=1

n

tp + ts + tq, (11)

where n is the total number of signaling messages, tp is 
the processing delay of the signaling, ts is the transmis‐
sion delay of the signaling, and tq is the queuing delay 
at the next network function after receiving the signal‐
ing. The queuing delay is directly proportional to the 
number of signaling messages in the message queue.

The number of CP signaling messages for differ‐
ent decoupling granularities under a light load is shown 
in Fig. 8. Compared to E3, E4, and E5, the use of 
expert experience in decoupling the RAN results in the 
highest number of signaling messages. When decou‐
pling is done with expert experience, components are 
divided into more services, leading to an increase in the 
number of extra signaling messages. In E3, there are 
10 CP signaling messages. In E4, this number increases 
by 30% to 13. However, in E5, the number of CP signal‐
ing messages rises sharply to 23, marking a 130% 
increase. In both E3 and E4, there are no CP signaling 
transmissions in the “RRC inactive state transition” or 
“PDU modification” procedure. This is because the 
CP signaling needs to be processed by only one net‐
work function before being routed to the CN or UE.

Fig. 9 shows the processing time of CP proce‐
dures at different decoupling granularities under a light 
load. The processing time is defined by Eq. (11), 

Fig. 8  Number of serviced-based radio access network (RAN) 
signaling messages
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where tq equals 0. Compared to E3, E4, and E5, the 
processing latency is highest when expert experience 
is used to decouple the RAN. The expert experience 
decoupling involves more services, resulting in a sig‐
nificant increase in additional transmission time. In 
both E3 and E4, the “RRC inactive state transition” and 
“PDU modification” procedures involve fewer signal‐
ing messages, resulting in lower CP processing time. 
For these procedures, E3 and E4 show performance 
equivalent to a monolithic RAN. For more frequent 
events such as “handover,” the processing time of E3 
and E4 is identical. Similarly, in scenarios with less 
frequent events such as “RRC establishment,” the 
processing time of E4 and E5 is identical. We con‐
clude that under a light load, the performances of E3 
and E4 are comparable, while the performance of E5 
is inferior.

Fig. 10 illustrates the signaling procedure of a 
service-based RAN. The UE sends signaling message 1 
to service A, which then generates signaling message 2 

and forwards it to service B. Upon receiving signaling 
message 2, service B places it into a message queue. 
After signaling message 2 has been queued and pro‐
cessed by internal components, signaling message 3 is 
generated and sent back to the UE. The process from 
sending signaling message 1 to the UE receiving sig‐
naling message 3 can be considered as one cycle.

If the message queue is full, service B will imme‐
diately discard signaling message 2 without generating 
signaling message 3. After a certain period of time with‐
out receiving signaling message 3, the UE will request 
to send signaling message 1 again, thus re-starting the 
procedure. Multiple requests from the UE will cause 
the message queue to be constantly full, resulting in 
many signaling messages being discarded and network 
congestion.

Occasional queuing delays may cause timers in the 
UE to expire, resulting in signaling retransmissions. The 
retransmissions will reactivate the signaling procedure. 
Therefore, the overall time delay of the process is:

t t = ( r−1) to + t, (12)

where r represents the total number of retransmis‐
sions, t denotes the processing time of the last retrans‐
mission, and to stands for the timeout period, which 
refers to the time for terminal timers to expire and 
resend signaling messages. In this experiment, the 
network service’s queue length is set to 10. Congestion 
occurs when the number of waiting signaling messages 
exceeds 10. In cases of network function congestion, 
any new signaling message received will be discarded, 
resulting in signaling retransmissions.

Fig. 9  Service-based radio access network (RAN) control 
plane (CP) processing time

Fig. 10  Service-based RAN signaling procedure (RAN: radio access network; CP: control plane; UE: user equipment)
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Fig.11 illustrates the processing delay at various 
decoupling granularities during congestion. In this sce‐
nario, 100 pieces of UE request services at different 
frequencies. The total processing delay of the CP is 
defined by Eq. (12). The cumulative distribution func‐
tion (CDF) represents the probability of each piece of  
UE issuing a signaling request per second. It is evi‐
dent that the processing time sharply increases when 
the CDF exceeds 0.3, indicating congestion in some 
network services.

The processing time of E3 and E4 is similar, 
which can be attributed to two reasons. First, under a 
light load, the processing time of E3 and E4 is similar. 
Second, in E3, each network service needs to process 
more signaling messages compared to E4. In situa‐
tions with high load or high signaling density, E3 is 
more susceptible to congestion and subsequent retrans‐
missions. Each network function in E4 must process 
a higher volume of signaling messages, which may 
result in congestion and longer processing time.

Fig. 12 compares the average processing delay 
between a service-based RAN and a monolithic RAN. 
The average processing delay represents the time it 
takes for different procedures initiated by the UE to 
be completed. The average processing delay is:

ta =
∑
i=1

n

tiω i

∑
i=1

n

ω i

, (13)

where ti represents the processing time of a certain pro‐
cedure under a light load and ω i represents the occur‐
rence frequency of the procedure. The performances of 

E3 and E4 are similar to that of a monolithic RAN. 
Due to the excessively fine granularity of decoupling 
in E5, its performance is inferior. The evaluation re‐
sults indicate that E4 is the optimal decoupling re‐
sult. Its performance is comparable to that of the mono‐
lithic RAN, offering greater flexibility in terms of han‐
dover and security.

5.3  Integration decoupling performance

During the phase of generating quasi-services, 
when the granularity of the service is 4 or higher, some 
of the generated quasi-services consist of only one 
component, indicating that these quasi-services are 
actually outliers. The outliers will be integrated with 
quasi-services, and the result is the same as that with a 
granularity of 3. Therefore, in the performance evalu‐
ation part, the granularity is 3. The integration RAN-CN 
CP services are shown in Table 3.

The request ratio for each procedure is set to 
 Due to significant .(Choi et al., 2022) 72׃2׃1׃1׃1׃1
structural changes in the network, messages are no 
longer being forwarded through the AMF. Table 4 pres‐
ents the processing and propagation delays among dif‐
ferent network functions (3GPP, 2024).

The numbers of signaling messages for the mono‐
lithic RAN, service-based RAN, and integration 
RAN-CN CP are shown in Fig. 13. In the monolithic 
RAN, there is no signaling transmission in the CP. The 
signaling messages interact between the RAN and the 
CN, as well as internal CN services. The three proce‐
dures of “RRC establishment,” “RRC inactive state 
transition,” and “RRC recovery” are related to the CP 
and have no connection with CN, so the total number 
of signaling interactions is small. In the “PDU estab‐
lishment,” “PDU modification,” and “handover,” which 

Fig. 11  Call frequency and processing time in congestion 
(CDF: cumulative distribution function)

Fig. 12  Average processing delay (RAN: radio access network)
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benefit from the simplified network structure, the inte‐
gration CP reduces the signaling events by 34.5% and 
36.8%, compared to the monolithic and service-based 
RANs, respectively.

The total processing delay for the three entities is 
shown in Fig. 14, where the processing delay is calcu‐
lated according to Eq. (11). Compared to the monolithic 
RAN and the service-based RAN, the integration 
RAN-CN reduces the processing time by 17.9% and 
23.0%, respectively.

6  Conclusions

In this paper, we propose a virtualization and 
decoupling service-based RAN architecture to meet 
dynamic task requirements. Services can be indepen‐
dently deployed, achieving high flexibility and schedu‐
lability at the function level based on AI. It offers an 
open RAN environment for AI optimization and a cus‐
tomized network. The decoupling of the RAN and the 
integration decoupling of RAN-CN are clarified by 
analyzing the protocol stack. A decoupling scheme 
based on a minimum spanning tree is proposed. The 
performance of the service-based RAN is comparable 

Table 3  Integration RAN-CN CP services

NF

NF A

NF B

NF C

Component

Establish/Update UE context (CP); obtain access information; select AMF; establish/update UE context (CN); provide 

access information; update measurement configuration; provide access subscription data; obtain access subscription data

Update DRB context; update SRB context; update PDU context; configure UPF; provide SM subscription data; obtain 

QoS subscription data; provide QoS information; select UPF; PDU handover supervise; establish/update SM context; 

obtain SM subscription data

Generate security key; update security key; calculate authentication vector; select SSC; activate integrity protection

RAN: radio access network; CN: core network; CP: control plane; UE: user equipment; NF: network function; DRB: data radio bearer; SRB: signal 
radio bearer; UPF: user plane function; QoS: quality of service; SM: session management; SSC: session and service continuity; AMF: access and 
mobility management function; PDU: protocol data unit

Table 4  Processing delay and propagation delay

Entity

UE

DU

CU

NF

Interface

UE–DU

DU–CU

CU–NF

NF–NF

Processing delay (ms)

5G

RRC uplink: 2, 
RRC downlink: 5

1

2

3

Propagation delay (ms)

5G

0.5

10

1

1

Integration CP

RRC uplink: 2, 
RRC downlink: 5

1

N/A

3

Integration CP

0.5

10

10

1

UE: user equipment; CU: centralized unit; DU: distributed unit; NF: 
network function; CP: control plane; RRC: radio resource control; N/A: 
not applicable

Fig. 13  Number of CP signaling messages (CP: control plane; 
RAN: radio access network; CN: core network)

Fig. 14  Processing delay (RAN: radio access network; CN: 
core network)
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to that of the monolithic RAN, and offers greater flexi‐
bility in terms of handover and security. The integration 
decoupling breaks through the serial signaling bottle‐
neck for both, overcoming the restrictions of the Ng 
interface. Under the six selected common functions, 
considering the number of signaling messages and 
delay, we recommend decoupling RAN CP into four 
services, and RAN-CN CP integration decoupling into 
three services.
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