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Abstract—The 5G core network faces increasing chal-
lenges in handling dynamic traffic growth,)stringent
latency requirements, and control-plane scalability.due to
its largely centralized processing modelt Software-Defined
Networking (SDN) improves network programmability,
while edge computing reduces latency by’ decentraliz-
ing control and processing closer to, users. However,
existing SDN-based approaches for 5G cores still face
limitations in dynamic signaling management, mobility
handling, and resilience undeér varying traffic loads. The
research proposes an Adaptive’\SDN-Edge 5G Architec-
ture (ASE-5G) that integrates SDN\programmability with
edge-assisted control-plane coordination while preserving
compatibility “with thethe 3rd Generation Partnership
Project (3GPP) ‘sexvice-based architecture. ASE-5G in-
troduces rule-based hand threshold-driven mechanisms
to dynamically manage control-plane signaling, flow
redirection, and controller failover without relying on
GPRS Tunneling Protocol-User Plane (GTP-U) tunneling.
The proposed architecture is evaluated using Objective
Modular Network Testbed in C++ (OMNeT++) simula-
tions and validated through analytical queueing models,
focusing on control-plane signaling performance met-
rics, including latency, throughput, controller utilization,
and failover behavior under different traffic conditions.
Simulation results show that ASE-5G achieves low and
stable signaling latency under moderate load, bounded
throughput saturation under realistic protocol overheads,
controlled resource utilization, and resilient controller
failover behavior. A qualitative comparison with rep-
resentative prior work indicates that ASE-5G extends
existing SDN-based and edge-assisted 5G core designs by
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providing quantitatively validated performance insights
while maintaining alignment with standardized 3GPP
control procedures. These findings suggest that ASE-5G is
a suitable and practical architecture for edge-centric and
private 5G deployments requiring adaptive and resilient
control-plane operation.

Index Terms—5G Core Network, Software-Defined
Networking (SDN), Edge Computing, Control-Plane Sig-
naling, Adaptive SDN-Edge (ASE-5G)

I. INTRODUCTION

HE fifth-generation (5G) mobile network has

been envisioned as a transformative enabler of
ultra-fast connectivity, massive device integration, and
low-latency communication. Unlike its predecessor
fourth-generation (4G), which has provided peak data
rates of up to 1 Gbps for stationary users, 5G is
designed to meet the exponentially growing demand
driven by multimedia applications, mission-critical ser-
vices, and the proliferation of Internet of Things (IoT)
devices [1-5]. According to the Ericsson Mobility
Report (2024) [6], global mobile data traffic reached
the order of 157 exabytes per month in Q3 2024, and it
was projected to approach 200 exabytes per month in
2025 nearly doubling in just a few years. This growth
reflects not only the rising number of smartphone users
but also the increasing consumption of high-bandwidth
applications such as video streaming [7], cloud com-
puting, and Augmented/Virtual Reality (AR/VR) [8].
Such trends pose significant challenges for mobile
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Fig. 1. 5G core network architecture based on the 3rd Generation Partnership, Projéct (3GPP) service-based model. Note: Network Slice

Selection Function (NSSF), Network Exposure Function (NEF), Network Repository Function (NRF), Policy Control Function (PCF),
Unified Data Management (UDM), Application Function (AF), Autliéntication Server, Function (AUSF), Access and Mobility Management
Function (AMF), Session Management Function (SMF), Short¢Message| Service Function (SMSF), User Equipment (UE), User Plane

Function (UPF), and Packet Data Network (PDN).

operators in terms of scalability, latency reduction, and
efficient resource management [4, 9, 10].

To address these challenges, the Next Generation
Mobile Networks (NGMN) Alliance has outlined sev-
eral 5G use cases, including efihanced Mobile " Broad-
band (eMBB), Ultra-Reliable Low=katency Communi-
cation (URLLC), and massive Machine,;Type Commu-
nication (mMTC) [11-13]. Each use €ase imposes dis-
tinct requirements in‘which eMBB demands extremely
high throughput, URLEC, requites end-to-end latency
as low as one millisecondjand ‘mMTC emphasizes
energy efficiency and large-scale connectivity [14].
Fulfilling these heterogeneous and increasingly strin-
gent requirements simultaneously has proven difficult
under conventional network architectures, particularly
as traffic dynamics and service diversity continue to
expand [15].

Beyond current 5G capabilities, research is increas-
ingly shifting toward sixth-generation (6G) networks
to support wider bandwidths, higher data rates, and
intelligent services. 6G is expected to leverage upper
mid-band and sub-terahertz spectrum to enable multi-
gigahertz bandwidths and peak data rates reaching
hundreds of gigabits per second (Gb/s) [16]. In ad-
dition, emerging concepts, such as Integrated Sensing
and Communications (ISAC), introduce new control
signaling and processing demands, particularly under

high mobility and ultra-low latency conditions [17, 18].
These trends further emphasize the need for adaptive,
low-latency, and resilient control mechanisms within
the core and edge networks.

The 5G core network standardized by the 3rd Gen-
eration Partnership Project (3GPP) adopts a Service-
Based Architecture (SBA), primarily defined in 3GPP
Release 15 and enhanced in Release 16, which modu-
larizes control and user plane functions [19-21]. Key
components include the Access and Mobility Manage-
ment Function (AMF), Session Management Function
(SMF), Authentication Server Function (AUSF), Net-
work Slice Selection Function (NSSF), Unified Data
Management (UDM), and Policy Control Function
(PCF), all of which interact through standardized in-
terfaces to enable efficient network slicing and ser-
vice differentiation [22-25]. The overall structure of
the 5G system is illustrated in Fig. 1. It shows the
interaction among the User Equipment (UE), Next-
Generation Radio Access Network (NG-RAN), and
core entities such as AMF, SMF, AUSF, and User Plane
Function (UPF) through service-based interfaces. This
modular design enhances scalability but also increases
complexity in coordination, resource allocation, and
signaling overhead as traffic and application diversity
grow rapidly.

To manage this complexity, Software-Defined Net-
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Fig. 2. Simple Software-Defined Networking (SDN) architecture
with three layers: application, control, and infrastructure. The con-
troller manages forwarding devices centrally.
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Fig. 4. Logically Centralized-Physically Distributed (LC-PD)
control-plane design with logical centralization and physical distri-
bution. Note: Software-Defined Networking (SDN) and Packet Data
Network (PDN).

working (SDN) has emerged as a promising paradigm
by decoupling the control-plane from the data-plane
and enabling centralized programmability via open
interfaces such as OpenFlow [26-28]. As illustrated in
Fig. 2, the SDN architecture is typically composed of
three layers. There are application, control, and infras-
tructure layers, which together enable programmable

and centralized network management.

This separation improves flexibility, accelerates ser-
vice deployment, and optimizes resource utilization,
thereby reducing both capital and operational expen-
ditures (CAPEX/OPEX) [26, 29-32]. At the infras-
tructure layer, OpenFlow switches manage data for-
warding through flow tables, group tables, and meter
tables, as illustrated in Fig. 3, enabling fine-grained
traffic engineering and policy enforcement. Various
SDN-based designs have been explored in mobile
networks, such as SoftNet which combines centralized
and distributed control for improved scalability [9], and
the Logically Centralized-Physically Distributed (LC-
PD) control-plane @esign, which coordinates multiple
controllers to maintain aginified global network view
for latency reduction’and higher  throughput. Figure 4
illustratesgthe \LC-PD contrel-plane concept, where
multiple distributedycontrollers collaborate under log-
ical centralization, ensuring scalability and resilience
against controller failures.

Complemefitingf SDN, edge computing brings com-
putation and control closer to end users, reducing
latency anddlleviating core network congestion [8, 12,
22,32, 33| Rather than relying solely on centralized
data“centers, edge nodes perform localized process-
ingsthereby reducing latency, alleviating core conges-
tion, and enhancing service reliability [32, 34, 35].
This architecture is particularly beneficial for time-
sensitive applications, such as autonomous driving,
remote surgery, and industrial automation, where even
milliseconds (ms) of delay can jeopardize safety [1, 36,
37]. Previous research has demonstrated that combin-
ing SDN and edge computing improves traffic manage-
ment and latency performance [1, 38—41]. For instance,
relocating 5G core functions closer to the edge im-
proves network responsiveness and efficiency [23, 42].
Nevertheless, many existing SDN-edge frameworks re-
main extensions of LTE-based designs and lack explicit
alignment with the SG SBA model [15, 43]. Moreover,
legacy network management practices often rely on
static configurations and manual or checklist-based
evaluations, offering limited capability to adapt dynam-
ically to fluctuating traffic loads, controller congestion,
or signaling bursts [26, 44].

To address these limitations, this research proposes
the Adaptive SDN-Edge 5G (ASE-5G) architecture.
The adaptability in ASE-5G is achieved through rule-
based and threshold-based control mechanisms, where
key indicators, such as controller utilization, signal-
ing queue occupancy, and registration or handover
request rates, trigger dynamic control actions. These
actions include adaptive flow redirection, controller
failover, and signaling load redistribution across edge
SDN controllers. Unlike prior SDN-based designs,
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Fig. 5. ASE-5G architecture. Note: Software-DefinedNetworking (SDN), Network Slice Selection Function (NSSF), Network Exposure
Function (NEF), Network Repository dfunction (NRF), Policy Control Function (PCF), Unified Data Management (UDM), Application
Function (AF), Authentication Server Funetion (AUSF), Access and Mobility Management Function (AMF), Session Management Function
(SMF), Short Message Service Function (SMSF), User Equipment (UE), User Plane Function (UPF), and Packet Data Network (PDN).

ASE-5G is explicitlyralignedywith the 3GPP service-
based core model and introduces modified control-
plane interactions to suppOit seamless mobility and
resilience. The performance of ASE-5G is evaluated
using analytical queueing models and Objective Modu-
lar Network Testbed in C++ (OMNeT++) simulations,
focusing on control-plane signaling procedures such
as registration and handover under varying network
loads. Comparative results demonstrate improvements
in latency, throughput, resource utilization, and con-
troller failover performance when compared with con-
ventional SDN-based architectures. The contributions
of this research are summarized as follows. First,
the research proposes an ASE-5G architecture that
integrates SDN and edge computing while preserving
standard 3GPP release 15/16 control-plane functions.
Second, the research introduces an adaptive control-
plane mechanism based on rule-based and threshold-
based triggers to dynamically manage signaling load

and controller failover. Third, the research evaluates
the proposed architecture through analytical modeling
and OMNeT++ simulations to assess signaling latency,
throughput, resource utilization, and resilience.

II. RESEARCH METHOD
A. Proposed Architecture

The proposed ASE-5G architecture integrates the
programmability of SDN with the distributed intelli-
gence of edge computing to address the limitations of
conventional 5G core networks [13]. As illustrated in
Fig. 5, the UPF is replaced by an SDN. While LC-
PD and SoftNet mainly address controller scalability
through distributed control, ASE-5G extends these con-
cepts by being explicitly aligned with the 3GPP SBA
control procedures and by introducing modified Packet
Forwarding Control Protocol (PFCP)-based signaling
between SMF and edge SDN controllers to support
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mobility-aware flow reconfiguration and failover with-
out GPRS Tunneling Protocol-User Plane (GTP-U)
tunneling [21].

Within the ASE-5G, the next-generation Node B
(gNB) is redefined to function as an OpenFlow switch,
supporting both its native control-plane roles and data-
plane programmability [30]. Consequently, gNBs are
required to support the OpenFlow protocol to interface
with edge SDN controllers. It eliminates the need for
tunneling protocols and avoids header encapsulation
overhead, thereby improving data throughput. Unlike
conventional deployments, gNBs in this architecture
do not utilize the X,, application protocol to inter-
connect with one another. The X,, is the standardized
interface between neighboring gNBs in 5G networks,
primarily used to support handover signaling and co-
ordination between adjacent gNBs. In ASE-5G, the
SMF operates as an application-layer entity within the
SDN network relaying forwarding information to the
edge SDN controllers through the modified PFCP. It
is important to clarify that ASE-5G is designed to
preserve the standard 5G core control-plane procedures
defined by 3GPP Release 15/16 service-based architec-
ture, while selectively modifying the realization of the
user plane [45]. The proposed architecture focuses on
replacing the UPF implementation with an "SDN-based
data plane, without altering the logicalaoles of‘control-
plane functions such as AMF andSMF.

The edge controllers in turn€analyze and manage
local resources, exchange state “imforimation across
east-west interfaces, and install optimized forwarding
rules into OpenFlow switehes. Based onthese rules,
the switches forward packetsyaccording to flow table
entries while confinweusly updating their state to the
controllers. This adaptive interaction between SMEF,
edge SDN controllers; and OpenFlow switches estab-
lishes the foundation of “ASE-5G, enabling improved
latency reduction, dynamic resource allocation, and
resilient traffic management under diverse network
conditions.

B. Software-Defined Networking (SDN) Function
Comparison

To further clarify the implementation of the pro-
posed architecture, the ASE-5G framework introduces
a new approach to user-plane processing by replac-
ing the conventional UPF with an SDN-based data
plane. In a conventional 5G network, the UPF acts as
the central point for packet forwarding and mobility
handling, especially for routing traffic when a device
moves between different network segments [46]. In the
ASE-5G design, this role is taken over by OpenFlow
switches, which function as the main forwarding nodes

in the data plane. These switches forward user traffic
based on flow rules that are dynamically installed by
the SDN controllers, allowing more flexible traffic
management compared to the static behavior of a
conventional UPF.

In the ASE-5G framework, the SDN-based data
plane does not have a built-in mechanism to assign IP
addresses, unlike a conventional UPF. For this reason,
the architecture relies on the second and third methods
IP assignment by the SMF or by external servers to
ensure that every user device receives a valid address.
This approach maintains compatibility with existing
5G core procedures while simplifying the data-plane
design. Furthermor@, even though the UPF has been
replaced, the OpenFlow-basedhdata-plane nodes still
maintain full conneetivity with external networks. It is
achieved ghrough forwardingdrules configured by the
edge SDN contrellers, which determine how packets
should be,retited in\and out of the network. These
rules also allow the gystem to optimize traffic routing,
improve, responsiveness during mobility events, and
mainfain efficient connections between the 5G network
and external‘data services [13].

Packetfforwarding in ASE-5G is adaptive. The SMF
sends, Forwarding Action Rules (FARs) to the SDN-
@dge controllers through the modified PFCP. Upon re-
ceiving these rules, the SDN-edge controllers compute
the optimal forwarding paths and configure the Open-
Flow switches accordingly. Packets are then classified
and processed according to performance-driven for-
warding policies. The forwarding performance is eval-
uated using key metrics, including latency, throughput,
resource utilization, and SDN controller failover. Based
on these performance objectives, the SMF provisions
the corresponding forwarding parameters into the flow
rules, ensuring that packet forwarding is aligned with
the intended network performance objectives.

Next, mobility management, particularly handover,
is also redefined. In conventional designs, UPF gen-
erates end-marker packets to facilitate session release
at the Source gNB (S-gNB) and packet reassembly at
the Target gNB (T-gNB). In ASE-5G, this process is
coordinated by the edge SDN controllers.

After computing the new forwarding path, the con-
troller instructs the OpenFlow switch to release old
flows and establish new ones. ASE-5G maintains func-
tional equivalence to standard end-marker behavior
through controller-assisted signaling and switch-level
notifications. Instead of relying on dedicated end-
marker packets in the data plane, the completion
of flow termination is confirmed using OpenFlow
mechanisms such as OFP_FLOW_REMOVED messages,
which explicitly notify the controller when a flow
expires or is removed. This approach preserves ses-
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Fig. 6. Protocol Data Unit (PDU) session establishment procedure in ASE-5G architécture. Note: Adaptive SDN-Edge 5G (ASE-5G),
User Equipment (UE), Next Generation Node B (gNB), Acces$ and Mobility Management Function (AMF), Session Management Function
(SMF), Edge Software-Defined Networking (SDN) Controller, OpenFlow (OF), Packet Forwarding Control Protocol (PFCP), Policy Control
Function (PCF), Unified Data Management (UDM), AuthenticationiServer Function (AUSF), Packet Data Unit (PDU).

sion continuity while reducing signaling @verhedd and
simplifying data-plane operations. Flow “enfries are
further reinforced with timeout. mechanisms, Yallow-
ing OpenFlow switches to autongmously expire<stale
flows or delete them upon explicitiinstructions (e.g.,
OFPFC_DELETE messages ffompeontrollers). These
mechanisms directlyfeontribute to performance metrics
by reducing handover latency ‘and improving resilience
against failures.

C. Operational Procedures in ASE-5G

The Protocol Data Unit (PDU) session
establishment procedure in ASE-5G is illustrated
in Fig. 6. The AMF forwards the UE registration
area information to the SMF through the
Nsmf_PDUSession_CreateSMContext
message. This information is then relayed to the
Edge SDN controller, which calculates and determines
the optimal forwarding path between the gNB and
the OpenFlow switch. The SMF also communicates
session establishment to the Edge SDN controller
via a modified PFCP. The controller subsequently
updates the flow entries on the OpenFlow switch to
configure both the downlink (DL) and uplink (UL)
paths. Unlike conventional networks, where DL and

UL are established separately, ASE-5G configures
both simultaneously. The controller then responds to
the SMF through the modified PFCP to finalize the
procedure.

The UE-triggered service request procedure is
shown in Fig. 7. The SMF transmits a message to the
Edge SDN controller to initiate a new session. The
controller updates the flow entries on the OpenFlow
switch and establishes both DL and UL forwarding
paths. The controller subsequently sends a response
to the SMF to confirm the session establishment.
The network-triggered service request procedure is
depicted in Fig. 8. When the OpenFlow switch receives
a DL packet that it cannot process, it transmits a
PACKET_IN message to the Edge SDN controller.
The controller forwards the packet to the SMF, while
the SMF temporarily buffers the packet until new
forwarding rules are established.

Inter-UPF handover ASE-5G preserves the intent
of the standard N2 handover with UPF reallocation
while adapting it to an SDN data plane, as illus-
trated in Fig. 9. Instead of relocating a centralized
UPF and maintaining GTP-U tunnels, ASE-5G updates
forwarding at the relevant edge SDN controllers and
OpenFlow switches using controller-assisted signaling
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and switch notifications. The source-side controller
detects the mobility event, coordinates with the target-
side controller, and installs/updates flow rules to steer
the UE traffic to the new path. The SMF still acts as
the session anchor for policy and mobility decisions,
but its actions are translated into SDN rule updates (via

the modified PFCP messaging used in the prototype).
It yields comparable handover behavior at the service
level (session continuity, path update, and state syn-
chronization) while reducing tunneling overhead and
enabling edge-local control [20, 26, 30].

The intra-UPF handover procedure in ASE-5G is
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Fig. 10. ASE-5G workflow for intra-UPF handover. Note: Adaptive SDN-Edge 5G (ASE-5G), Source Next Generation Node B (S-gNB),
Target Next Generation Node B (T-gNB), Access and Mobility Management Function (AMF), Session Management Function (SMF), Edge
Software-Defined Networking (SDN) Controller, OpenFlow (OF), Packet Forwarding Control Protocol (PFCP), User Plane Function (UPF),
OpenFlow Flow Modification (OFPT_FLOW_MOD), and OpenFlow Flow Removed (OFPT_FLOW_REMOVED).
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shown in Fig. 10. During the initial PDU session
creation, the forwarding path between the gNB and
the OpenFlow switch is already set up to support nor-
mal data transmission. To maintain service continuity
during handover and avoid packet loss, the Edge SDN
controller dynamically configures an indirect data path
from the S-gNB to the T-gNB. This additional path
allows user traffic to continue flowing smoothly while
the handover takes place, ensuring that no packets are
dropped and the connection remains stable until the
new direct path is fully established.

D. Analytical Model of the Proposed Architecture

The analytical modeling of the ASE-5G architecture
is developed using the Jackson network framework,
which is widely applied for analyzing multi-node com-
munication systems. Under this framework, the system
is assumed to operate in steady state, so the perfor-
mance evaluation is independent of time. In addition,
the arrival and service processes at each network node
are assumed to be mutually independent and follow
a Poisson distribution. These assumptions allow every
processing node in the system including the gNB, SDI\N:
switch, and SDN controller to be represented asdan
M/M/1 queue. As a result, the arrival rate at each node
can be computed analytically, and the overall,delay
performance can be derived using standafd queueing
theory.

Although the ASE-5G architecture adoptsan LC-
PD control-plane model with multiple distributed edge
SDN controllers, the analytical model represents, the
control plane as a single logical“centroller. This ab-
straction models the collective behayior of multi-
ple edge controllers, as amyaggregatéd service entity
with equivalent proeessing “capacity, which is suffi-
cient to capture the avetage control-plane delay and
throughput. Such an abstraction“1s commonly used
in queueing-based performange analysis to simplify
mathematical formulation while preserving essential
system dynamics. As long as the distributed controllers
operate under similar configurations and load-sharing
mechanisms, the aggregated Jackson network provides
a valid approximation of the ASE-5G control-plane
behavior.

The analytical model focuses on the UE regis-
tration procedure, which is used as a representative
proxy for evaluating handover delay and throughput
in ASE-5G. Both registration and handover involve
similar control-plane interactions, including signaling
exchanges among the gNB, SMF, and SDN controllers,
as well as forwarding rule installation and update
processes. Consequently, the dominant delay compo-
nents in both procedures are governed by comparable

queueing and processing behaviors at the involved net-
work entities. Therefore, the registration-based model
provides meaningful insights into the relative delay and
throughput performance of ASE-5G during mobility-
related events, including handover scenarios.

Next, M/M/1 queueing model is adopted to enable
tractable analytical derivation and to provide baseline
insights into the control-plane behavior of ASE-5G.
While real 5G traffic may exhibit bursty or self-similar
characteristics, the focus of this analytical model is on
control-plane signaling procedures, such as UE regis-
tration and handover, which are commonly approxi-
mated as Poisson processesgififeontrol-plane analysis.
More complex queueingdmodels such as G/G/1 can
capture traffic burstiness \moreffaccurately. However,
they significantly increase“analytical /complexity and
reduce analytical transparency. Thetefore, M/M/1 is
employed as a first-ordefmapproximation to highlight
the relationship:between system parameters and perfor-
mance metrics. The potentidl impact of bursty traffic is
acknowledgedsas a dimifation of the analytical model
and\1s, partially mitigated through the complementary
discrete-évent simtilation presented in the following
section.

The queueing structure of the ASE-5G system is
illustrated’in Fig. 11. Packets enter the system at the
gNB with an initial external arrival rate denoted as Ag.
From the gNB, a fraction of packets is forwarded to the
SDN switch with probability gps. At the switch, pack-
ets may either be processed directly or forwarded to
the SDN controller with probability ¢,,,. The controller
processes the incoming packets and returns a portion
of them to the switch with probability ¢., forming
a feedback loop commonly observed in SDN-driven
architectures.

Based on this flow structure, the total arrival in-
tensity at each node can be expressed analytically.
Equation (1) defines the arrival rate at the gNB (\ps),
which accounts for both the initial arrival rate A\g and
the portion of traffic returning from the SDN switch.
Then, Eq. (2) represents the arrival intensity at the
SDN switch (Ag,,), which is influenced by the packets
forwarded from the gNB and the packets looped back
from the controller.

Abs = AO + (1 - QSw))\swa (1)
Asw = qbs)\bs + QC)\suw (2)

Equation (3) describes the arrival rate at the SDN
controller (\.), which depends on the fraction gg,
of messages forwarded from the switch. By substi-
tuting Eq. (3) into Eq. (2), the resulting closed-form
expression for the switch arrival rate is obtained in
Eq. (4). Next, substituting Eq. (4) into Eq. (1) yields
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(1-q) x qsw x As) T Gsw X Asw
Server <«
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Arrival 2 i

I  Server w — Server
gNB Hps OpenFlow Switch l_ - Hsw

(1 1 qsw) x lsw)

Fig. 11. Queueing model of the proposed ASE-5G architecture. The notation uséd is shown in Table Iy

the expression for the gNB arrival rate, as shown in
Eq. (5). Then, using Egs. (4) and (5), the arrival rates
for the switch and controller are derived in Egs. (6)
and (7).

Ae = QswAsw, 3)
)\sw = b -)\bsa (4)
1 = qeqsw
1 — g4y
Abs = A ) ®)
0 1- qeqsw — qbs(]- - (sz)
Gbs
)\sw = ) (6)
0 1- qcqsw — qbs(l < QSw)
)\c _ )\O dbsqsw (7)

1- qeqsw s qbs(l - QSw) ’

With these arrival fatespqueueing-delay analysis can
be performedaSince€ach node is‘'modeled as an M/M/1
system with service rateSyiips, [sw, and fi., the average
waiting time at eachynode'is,given by 1/(— \). Thus,
the total end-to-end ‘delay for a registration request in
ASE-5G is expressed in Eq. (8) as the sum of the mean
delays at the gNB, switch, and controller. The formula
is as follows:

1 1 1

+ .
Hbs — Abs Hsw — Asw He — Ac

This analytical formulation demonstrates that the
total end-to-end delay in the proposed ASE-5G ar-
chitecture is jointly determined by the arrival rates
and service capacities of the gNB, OpenFlow switch,
and Edge SDN controller. As the traffic arrival rate
at any network entity approaches its corresponding
service rate, the queuing delay increases significantly
due to congestion effects. Conversely, efficient traffic-
forwarding probabilities and adequate processing ca-
pacities enable the system to maintain low latency, high

®)

E[Dror] =

service stability, and efficient control-plane signaling
performance.“Therefore, the proposed queueing model
provides a quantitative basis for evaluating the scalabil-
ity and laténcy performance of the ASE-5G architec-
ture_ under varying traffic conditions. The notation and
parameter definitions used in the analytical queueing
model are summarized in Table 1.

III. RESULTS AND DISCUSSION
A. Results of Network Simulator

This research evaluates the performance of the ASE-
5G architecture using key metrics, namely latency,
throughput [27], resource utilization, and SDN con-
troller failover. These metrics reflect essential aspects
of network efficiency, stability, and resilience in 5G
systems. All simulations are conducted with a fixed
duration of 10 minutes, which is sufficient to capture
the steady-state behavior of the system under different
traffic loads. Each scenario is repeated 30 times, and
the reported results represent the average values, re-
ducing the impact of random variations and improving
result reliability.

B. Comparative Performance Analysis with Standard
5G Core and SoftNet

In terms of throughput, ASE-5G reaches satura-
tion at approximately 1,000 packets/s in OMNeT++,
whereas the analytical queueing model predicts an ide-
alized saturation point of about 1,600 packets/s. This
difference reflects protocol-level overheads and event
handling captured by OMNeT++ but abstracted in the
analytical model. For consistency between throughput
and utilization analysis, the effective controller service
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TABLE I
NOTATION USED IN THE ASE-5G ANALYTICAL AND PERFORMANCE EVALUATION MODEL
Notation Definition
Ao Initial external arrival rate of signaling messages entering the gNB.
Abs Arrival rate at the gNB, including external arrivals and packets returning from the Software-Defined Networking (SDN) switch.
Asw Arrival rate at the SDN switch, contributed by gNB-forwarded packets and packets looped back from the SDN controller.
Ae Arrival rate at the SDN controller, determined by the fraction of messages forwarded from the SDN switch.
Qbs Forwarding probability from the gNB to the SDN switch.
qsw Forwarding probability from the SDN switch to the SDN controller.
qe Probability that packets processed at the SDN controller are returned to the SDN switch (loop-back probability).
Ubs Service rate of the gNB (requests/s).
Hsw Service rate of the SDN switch (requests/s).
e Service rate of the SDN controller (requests/s).
E[Dror) Expected end-to-end delay of a registration request in the ASE-5G architecture.
Teend, Transmission start time of the i-th request.
Treceive, s Reception completion time of the i-th request.
Total number of requests (observations) within the measurement interval.
Trecovery,i Recovery completion time of the i-th controller failure event.
Thailure, i Time at which the ¢-th controller failure is detected.
Latency Time elapsed for a single request, calculated as Treceive,i — Tsend, i -
Throughput  Number of packets successfully processed by the controller per second (packets/s).
Utilization Percentage of controller workload relative to its maximum processing capacity.
TABLE 11
QUANTITATIVE PERFORMANCE METRICS OF ASE-5G COMPARED WITH EITERATURE BASELINES
. Standard 5G Core
Metric (3GPP UPF + GTP-U) SoftNet ASE-5G
Registration latency Higher due to centralized anchoring and _Not reported. 5410 ms (low load), 10-25 ms (moderate load),

GTP-U overhead.

Intra-UPF / handover latency Higher because of encapsulation afd

anchoring.

Inter-UPF handover latency Higher due to UPF relocation and tun-
neling.

Controller throughput satura-  Limited by centralized pro€essing.

tion

Controller effective service  N/A

rate

SDN controller failover time Implementation dependent.

Controller utilization Higher under centralized proeessing.

GTP-U encapsulation Yes
Mobility-aware flow redirec-  Limited.
tion

Multi-controller coordination No.

PFCP signaling Standard PFCP.

>70 ms (saturation).

~~10 ms (low load), 10-20 ms (moderate load),
sharp increase near saturation.

~~10-15 ms (low load), increases with load, >80
ms near saturation.

~1000 packets/s (OMNeT++), ~1600 packets/s
(queueing model).

~1000 packets/s.

Not réported.
Not reported.
Not reported.
N/A

Not reported. 5-10 s (low load), 15-25 s (moderate load), >80
s (saturation); inter-UPF: /20-30 s.

Not reported. ~20-27% (moderate load, p.f s-based).

Not explicitly ad-  No.

dressed.

Partially supported. Fully supported.

Yes. Yes (LC-PD aligned).
Not the main focus. Modified PFCP (deployment challenge acknowl-
edged).

Note: The 3rd Generation Partnership Project (3GPP), Software-Defined Networking (SDN), GPRS Tunneling Protocol-User Plane (GTP-U), User
Plane Function (UPF), Logically @entralized-Rhysically Distributed (LC-PD), Objective Modular Network Testbed in C++ (OMNeT++), and Packet

Forwarding Control Protocol (PFCP):

rate is defined as perp =~ 1,000 packets/s. Using this
effective rate, controller utilization remains relatively
low (=~ 20-27%) under moderate-load conditions, in-
dicating that ASE-5G preserves processing headroom
for mobility management and failover handling. The
results further show that saturation occurs first at
upstream elements, such as the gNB and OpenFlow
switch, before the controller becomes a bottleneck.
Failover performance analysis indicates that ASE-5G
achieves bounded control-plane recovery times, with
failover durations of 5-10 s under light load and 15-25
s under moderate load, increasing sharply only under
extreme saturation.

Table II and Fig. 12 complement the numerical

results by illustrating a capability-oriented architectural
comparison across key dimensions, including control-
plane adaptability, signaling efficiency, edge scala-
bility, and failover resilience. The standard 5G core
shows strong alignment with 3GPP SBA but is con-
strained by centralized control and GTP-U tunneling.
SoftNet improves controller scalability and supports
multi-controller coordination but lacks full SBA align-
ment and quantitative performance evaluation. ASE-
5G achieves higher capability scores by eliminating
GTP-U tunneling, enabling mobility-aware flow-level
redirection, supporting LC-PD-aligned multi-controller
coordination, and maintaining compatibility with 3GPP
service-based procedures. While the use of modified
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Failover Resilience

Fig. 12. Architecture comparison graph of ASE-5G, standard the
3rd Generation Partnership Project (3GPP) 5G core, and SoftNet
across key control-plane and edge-network capabilities.

PFCP signaling introduces deployment challenges, this
limitation is explicitly acknowledged and motivates
future standardization efforts [21].

Latency is defined as the time required for afrequest
or packet to travel from the source to thedestination
across the network [32]. In this research, latency ‘is
calculated by subtracting the time wheniithe request is
received from the time when it is mitially sent (see
Eq. (9)). The final value of ldtency is /btained by
taking the average across all requests,observed during
the experiment.

Latency = Treceivén— Tisend,
L N
Average Latency = N Zl (Frective,i — Tiend,i) s (9)

where Tienq,; denotes theltransmission start time of the
i-th request, Tieceive 4 denotes the reception completion
time of the i-th request, and N represents the total
number of requests observed during the experiment.
The latency results for the registration request in
ASE-5G are presented in Fig. 13. This trend reflects
the onset of saturation, primarily due to the limited
processing capability of the gNB, OpenFlow switch,
and edge SDN controller. The observed bottleneck is
aligned with previous research, where system delay
increases rapidly once packet arrival rates approach
the maximum processing capacity. The comparison
between OMNeT++ and queueing simulations further
validates the formulation in Eq. (9). Both approaches
produce closely matching values, showing moderate
latency growth under light to medium traffic and a
sharp increase once saturation occurred. The consis-
tency between analytical and simulation-based results
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Fig. 13. Latency perfommafice of registration request processing.
Note: ObjectiveModular Network Testbed in C++ (OMNeT++).
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Fig. 14. Latency performance in intra-User Plane Function (UPF)
handover procedures. Note: Objective Modular Network Testbed in

C++ (OMNeT++).

reinforces the accuracy of the measurement method
and the reliability of the experimental data.

The results for the Intra-Registration Area (Intra-
RA) handover request are illustrated in Fig. 14. The
simulation compares the average delay obtained from
OMNeT++ and queueing-based analysis across varying
arrival rates. At lower arrival rates, the observed delay
remains relatively small, with OMNeT++ simulation
results starting around 10 ms and queueing analy-
sis yielding values below 5 ms. As the arrival rate
increases, both results exhibit a gradual increase in
delay. The OMNeT++ curve demonstrates a steady
growth, maintaining values between 10 and 20 ms up
to on the order of 600 requests/sec. In contrast, the
queueing simulation consistently reports lower delays,
showing the analytical model’s efficiency in estimating
performance under light to moderate traffic conditions.

The results of the X, -based handover with UPF
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Fig. 15. Latency performance in inter-User Plane Function (UPF)
handover procedures. Note: Objective Modular Network Testbed in
C++ (OMNeT++).

reallocation are presented in Fig. 15. A sharp increase
in delay is observed when the system approaches satu-
ration, with latency exceeding 80 ms at the maximum
traffic load. This phenomenon aligns with queueing
theory, where delays rise exponentially under heavy
traffic conditions. These results confirm that the appli¢
cation of UPF reallocation in the handover procedure
contributes to additional latency, and the discrepaney
between the two approaches highlights thes€ommplex=
ity of real network processing compared to abstract
queueing models.

Next, throughput is defined as the rate atwhich the
SDN controller successfully processes packetsywithin
a given unit of time [14]. As formulated in Eq- ¢10),
throughput is computed by dividingithe total number
of packets processed by{théidusation ofithe simulation
period. The formulagis shown as follows:

Packets, Processed

. 10
Simulation Time (10)

Throughput =

This expression provides ‘a>direct measure of the
controller’s service efficiency. In the context of ASE-
5G, throughput reflects the controller’s ability to handle
signaling packets generated during the registration and
X,,-based handover procedures. The average through-
put reported in this research is obtained by calculating
the mean value across 30 independent simulation repli-
cations, ensuring that the results represent consistent
and statistically reliable performance under different
traffic loads. The average throughput observed at the
SDN controller during the registration procedure is
shown in Fig. 16.

On the other hand, the OMNeT++ simulation
reaches saturation much earlier, stabilizing around
1,000 packets/sec once the arrival rate exceeds roughly
300 requests/sec. This earlier saturation occurs be-

Average Arriy@al Rate (requests/sec)

Fig. 16. Throughput performance forgfegistration request process.
Note: Objective Modular Network Testbed in C++ (OMNeT++).
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Fig. 17. Throughput performance in the intra-User Plane Function
(UPF) handover request process. Note: Objective Modular Network
Testbed in C++ (OMNeT++).

cause OMNeT++ captures realistic packet-level behav-
ior, including signaling exchanges, event scheduling,
message handling, and protocol processing, which in-
troduce additional control-plane overhead. Comparing
the saturation points of the analytical model (=~ 1,600
packets/sec) and the OMNeT++ simulation (= 1,000
packets/sec) indicates that protocol-level and event-
handling overhead account for approximately 37-40%
reduction in effective throughput. This overhead arises
from signaling exchanges, event scheduling, message
parsing, and controller—switch interactions that are
explicitly modeled in OMNeT++ but abstracted in the
queueing formulation

The intra-UPF handover procedure is presented in
Fig. 17. The results compare the OMNeT++ with the
queueing simulation across a range of arrival rates. At
lower arrival rates, both models exhibit a steady linear
increase in throughput, indicating that the controller is
able to efficiently process signaling packets without

276



Cite this article as: V. Monita, N. H. Lutfianto, B. Prasetya, and A. S. Karnyoto, “Performance evaluation of
control plane signaling in 5G: A novel adaptive software-edge architecture”, CommlIT Journal 20(2), 263-282,

2026.

60onerage Throughput at Controller for Inter-UPF Handover Request

—e- OMNeT++ Simulation

1400 Queueing Simulation

1200 1

Throughput (s)

=

58 8 &8 8
o o o o

[N]
[=]
o

200 300 400 500 600
Average Arrival Rate (requests/sec)

0 100

Fig. 18. Throughput performance in inter-User Plane Function
(UPF) handover request process. Note: Objective Modular Network
Testbed in C++ (OMNeT++).

Average Failover at Controller for Registration Request

1001 OMNeT++ Simulation

Queueing Simulation v

—-

80 1 {

=)
o
bl .

Failover (s)

40 1

I
M
I
P e ]
ool ° o (
y

20

pr T s

—

,M"‘",'.‘
0 100

0 T T T T T
200 300 400 500 600
Average Arrival Rate (requests/sec)

Fig. 19. Failover performance of régistration request processing.

congestion. However, has the arrival rate continues
to grow, the behaviors©of the two models diverge.
The queueing simulation ‘reaches a saturation point
at on the order of 15600 packets/sec. It corresponds
to the theoretical capacity derived from the base sta-
tion processing time under idealized conditions. In
contrast, the OMNeT++ simulation reaches a lower
saturation point of around 1,000 packets/sec once the
arrival rate exceeds roughly 300 requests/sec. This
reduced saturation point reflects more realistic oper-
ating conditions, as OMNeT++ accounts for packet-
level overheads, such as protocol processing, signaling
interactions, event scheduling, and system delays. The
inter-UPF handover requests are shown in Fig. 18.
These saturation points represent extreme operating
conditions, whereas the utilization analysis focuses on
moderate load regimes that reflect practical deployment
scenarios.

Next, to address the apparent inconsistency between

throughput saturation and SDN controller utilization,
it is important to distinguish between the theoretical
service capacity derived from the controller processing
time and the effective throughput observed in OM-
NeT++, which includes protocol and event-handling
overhead. Based on the configured processing time of
0.2 ms/request, the theoretical maximum service rate
is 1/0.0002 = 5,000 requests/s. However, OMNeT++
captures additional operations (e.g., event scheduling,
message handling, and protocol processing), which
reduce the effective throughput and lead to earlier
saturation around 1,000 packets/s.

Failover refers to_theyprocess of transferring net-
work control from' the primary SDN controller to a
backup controller when th€ primary controller becomes
unavailable [21]. “This" mechanism is essential for
maintainig network continuity and preventing service
disruption in thegproposed ASE-5G architecture. In
this researchy the duration of failover is measured by
cdlculating the timefdifference between the moment
when the failureffis detected and the moment when
the backup controller fully restores network operations.
The failovef time for each event is computed using
Eq. ¢l 1)#where the recovery time Trecovery is subtracted
from“the failure detection time 7Tfjjure

Failover Time = T‘recovery - T‘failurea

N

. . 1
Average Failover Time = N ;(Tmovery,i — Thailure,i) -
(11

To obtain a reliable and representative metric, the
average failover time is calculated by taking the mean
value across all observed failover events, as defined
in Eq. (11). In this formulation, Thjire,; indicates the
time at which the ith failure event occurs, Trecovery,i
represents the time at which the system successfully
completes the recovery process for the corresponding
event, and N denotes the total number of failure-
recovery cycles recorded during the simulations. By
averaging the failover time across multiple events, the
resulting metric provides a reliable and statistically
representative measure of the network recovery per-
formance under varying network conditions.

The results of the failover analysis for the registra-
tion request are presented in Fig. 19. At lower arrival
rates below 200 requests/s, the average failover time
remains relatively short, ranging from 5 to 10 s in
OMNeT++ and slightly lower in the queueing-based
model. Under light traffic conditions, the system can
rapidly switch to the backup controller without intro-
ducing significant service disruption. As the arrival
rate increases to the range of 200 to 600 requests/s,
the average failover time gradually increases, reaching
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Fig. 20. Failover performance in intra-User Plane Function (UPF)
handover procedures. Note: Objective Modular Network Testbed in
C++ (OMNeT++).

approximately 15 to 25 s. This trend is consistent
with queueing theory, in which higher arrival rates
increase the controller workload, thereby extending the
recovery process. A critical escalation is observed once
the arrival rate exceeds 5,000 requests/s. In this region,
Eq. (11) produces average failover times exceeding 80
s for both the OMNeT++ simulation and the queu€ing-
based model, indicating the onset of system_saturas
tion. The OMNeT++ simulation consistently reports
slightly higher failover times because it incorporates
additional packet-level overheads, including signaling,
synchronization, and protocol interactions, wWhich are
not considered in the analyticaléqueueing formulation.

The failover performance duringithe intra-UPF han-
dover procedure is presented in Figh 20. When the
arrival rate exceeds 5000 requests/sec, Eqgs. (11) re-
sults in a sharp escalation ofyfailover time, with both
approaches reporting values beyond 80 s. The OM-
NeT++ simulation producesislightly higher results than
the analytical model, which®€an be attributed to the
inclusion of detailed network overhead such as packet
signaling and synchronization delays.

The failover performance during the inter-UPF han-
dover procedure is illustrated in Fig. 21. According to
Eq. (11), the failover time is defined as the interval
between the detection of a controller failure and the
successful restoration of network operations by the
backup controller. At low arrival rates (below 200
requests/s), both the OMNeT++ simulation and the an-
alytical queueing model report relatively short failover
durations, typically ranging from 5 to 10 s. This
behavior indicates that, under light traffic conditions,
the proposed ASE-5G architecture can recover from
controller failures with minimal service disruption.

As the arrival rate increases to between 200 and 600

Average Arrival'Rate (fequests/sec)

Fig. 21. Failover performance in intez@ser Plane Function (UPF)
handover procedures. Note: Objective Modular Network Testbed in
C++ (OMNeT++).

requests/s§the average failover time gradually increases
to appfoximately 20, to 30 s because of the higher
controller workload and increased queueing delays.
Compared! with theyregistration and intra-UPF han-
dover scenarios, the difference between the OMNeT++
simulation‘and'the analytical queueing model becomes
moregnoticeable. The OMNeT++ simulation consis-
tently reports slightly higher failover times because
it explicitly models protocol-level interactions, packet
processing, event scheduling, controller synchroniza-
tion, and signaling overhead, which are abstracted in
the analytical queueing model.

A substantial increase in failover time is observed
once the arrival rate exceeds approximately 5,000
requests/s. Under this traffic condition, both the OM-
NeT++ simulation and the analytical queueing model
predict failover times exceeding 80 s, indicating that
the system has entered the saturation region. The
larger discrepancy between the two approaches reflects
the additional processing overhead introduced by UPF
relocation during inter-UPF handover, which requires
more complex control-plane operations than the intra-
UPF handover procedure.

It should be emphasized that the failover durations
reported in this research, which exceed 80 s under sat-
uration conditions, correspond exclusively to control-
plane recovery processes rather than user-plane packet
delivery. The latency requirements defined for 5G
URLLC apply to user-plane packet transmission and
require end-to-end delays on the order of milliseconds,
whereas controller failover represents an infrequent
network-management operation. In practical deploy-
ments, controller failover is typically mitigated through
controller redundancy, state synchronization, and pre-
installed backup forwarding rules to minimize service
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Resource Utilization at SDN Controller
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B Registration
B Intra-UPF

B Inter-UPF
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10 -
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Fig. 22. SDN controller utilization under different traffic load conditi

Modular Network Testbed in C++ (OMNeT++) simulations. Not

controller

Utilization x 100%, (12)

C’controlle:r
where T P.onwoller denotes the throughput measured
at the SDN controller, and Cgopyoner represents the
effective processing capacity of the controller.

Based on the configured processing time of 0.2
request/ms, the theoretical maximum service capacity
of the SDN controller is 5,000 requests/s. However,
the OMNeT++ simulation explicitly models additional
control-plane overheads, including protocol process-
ing, signaling exchanges, event scheduling, queue
management, and controller-switch interactions. These
overheads reduce the effective processing capacity,
resulting in an observed throughput saturation of ap-
proximately 1,000 packets/s. Therefore, to ensure con-
sistency between the analytical evaluation and the sim-

44 .45

OMNeT++ simulation. The controller utilization
under different traffic loads is illustrated in Fig. 22.

IV. CONCLUSION

The research proposes and evaluates the ASE-5G ar-
chitecture, which integrates SDN programmability with
edge computing intelligence to improve control-plane
signaling efficiency and resilience in 5G core networks.
Through OMNeT++ simulations and analytical mod-
eling, the results demonstrate that ASE-5G achieves
lower latency, stable throughput, controlled resource
utilization, and improved robustness under controller
failover in light to moderate traffic conditions. These
findings confirm the effectiveness of combining SDN-
based forwarding with edge-assisted control-plane co-
ordination for dynamic signaling management. Per-
formance saturation appears under extreme signaling
loads. Therefore, ASE-5G is best positioned for edge-
centric/private 5G and enterprise deployments rather
than carrier-scale cores. Within this scope, ASE-5G
simplifies mobility handling and avoids GTP-U tunnel-
ing while keeping SDN controller headroom for control
tasks. However, the key deployment barriers remain
regarding the use of modified PFCP and the lack of
a standardized east—west interface for multi-controller
interoperability.

Future work should prioritize the formal specifica-
tion and standardization of eas-west controller commu-
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nication, including interoperable signaling mechanisms
and control abstractions, potentially aligned with on-
going 3GPP and European Telecommunications Stan-
dards Institute (ETSI) initiatives. Further research may
also explore scalable load distribution mechanisms and
selective integration of learning-based techniques to
enhance predictive adaptation. Finally, validation on
realistic testbeds and controlled experimental platforms
will be essential to assess the practical feasibility of
ASE-5G beyond simulation-based evaluation, partic-
ularly once interface standardization constraints are
addressed.
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