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ABSTRACT

The recent surging demand of interactive digital services such as mobile and cloud gaming, and the user-generated
live streaming have compounded the pressure on the deployment of low-latency, highly reliable uplink performance
in commercial 5G Standalone (SA) networks. Most of the workloads of this nature cannot be supported well through
the static Quality-of-Service (QoS) configurations due to bursty nature and uplink-intensive characteristics that are
seen during medium to high cell congestion. The 3GPP Network Data Analytics Function (NWDAF) presents a
common, analytics-based, framework of closed-loop optimization of network resources, using service-level and
user-level quality metrics. In addition to the SG Gaming Assurance guidelines published by GSMA Foundry and its
Intelligent Packet Engine (IPE)-based assurance ideas, the paper can be considered one of the first empirical
evidences of a live NWDAF- and IPE-assisted deployment by a Tier-1 GCC operator, on both interactive game and
live-streaming uplink loads.

A Proof-of-Concept (PoC) has been performed on a commercial 5G SA network with real live-streaming applications
as realistic proxies of uplink-sensitive interactive applications. The experiment shows that NWDAF-based analytics,
along with the dynamic component of IPE-based Quality of Experience (QoE) reinforcement, can significantly
enhance the stability of uplink and Quality of Experience (QoE) during realistic conditions of congestion. On various
radio platforms and positions, the confidence users gained uplink throughput improvements of between 8-78 percent,
as well as a reduction In video delay, stalling and frame freezing when compared to the users on the baseline. These
findings offer operator-quality indication that, with standardized NWDAF-based closed-loop control, coupled with
an IPE-style assurance framework, it is feasible to have a useful improvement of QoE in uplink-interactive services,
with a positive effect on the difference between theoretical 5G performance and the practical user experience.

Keywords:
NWDATF, Intelligent Packet Engine (IPE), 5SG Standalone, uplink QoE optimization, interactive gaming, live-
streaming performance, analytics-driven QoS

1. INTRODUCTION

The spread of interactive digital services, such as mobile gaming, cloud gaming, and live streaming by users, has
imposed serious Quality of Experience (QoE) demands on commercial 5G Standalone (SA) networks. These new
loads are highly uplink-reliant, extremely jitter sensitive, and sensitive to even small spikes in latency, unlike the
legacy downlink-dominant loads like Video-on-Demand (VoD). Even minimal failures in the scheduling or stability
of the uplink can be manifested as a lag in input in competitive gaming, as slow responses with cloud-rendered
interactions, or perceptible jitter in live-streaming. With the emerging global trends in traffic patterns towards two-
way and creator-based media, mobile network operators are increasingly being pressured by the demands to provide
dynamic and context-sensitive performance guarantees as opposed to an unchanging bandwidth level.

Despite the significant differences that have been offered by 5G New Radio (NR) and cloud-native 5G Core (5GC),
day-to-day network management practices have not changed significantly. Premeditated QoS profiles, QoS Flow
Identifiers (QFIs), and rule-based prioritization find it hard to manage rapid temporal changes in cell load, uplink
scheduling contention, and multi-user interference. Live-streaming workloads and interactive gaming loads often
exhibit uplink throughput collapses, high levels of packet delay variation and high levels of frame delivery jitter in
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medium- to high-load conditions. This reveals a definite discrepancy between theoretical potential of SG SA and
QoE experienced in practice among users of uplink-interactive applications.

To deal with these constraints, 3GPP proposed Network Data Analytics Function (NWDAF) as a standardized
component of analytics and automation of the 5GC, standardized in TS 23.288 and based on specifications. The
measures made by the network functions aggregated by NWDAF include User Plane Function (UPF), Access and
Mobility Management Function (AMF) and Session Management Function (SMF), and expose descriptive and
predictive analytics to consumer functions such as Policy Control Function (PCF). This architecture allows closed-
loop optimization, whereby QoS policies, the flow priorities, and traffic steering decisions are dynamically set in
near real-time, based on the service-level performance, user mobility and risk of congestion. Concurrently, the efforts
of GSMA Foundry on 5G Gaming Assurance and Intelligent Packet Engine (IPE)-oriented assurance ideas point at
the necessity of analytics-based, experience-oriented control systems that would enable stabilizing uplink behavior
of latency-sensitive and uplink-intensive services.

In spite of this momentum, the majority of current NWDAF studies and initial operator analysis have been limited
to simulations and synthetic traffic models or small-scale testbed experiments. Published literature that looks at
NWDAF behavior in live commercial networks is sparse, and that which does exist specifically looks at uplink-
interactive situations in which congestion, interference, and scheduling conditions vary in an unpredictable manner.
This is a blinding mistake: QoE of competitive gaming and user-generated live streaming is disproportionately
sensitive to uplink scheduling delay, throughput variation and short-lived bursts of congestion-phenomena, which
are hard to faithfully recreate in the laboratory. Consequently, the practical usefulness of the NWDAF-enabled
automation in uplink QoE stabilization in real-world deployments is ill-reported.

This paper fills this gap by providing an empirical analysis of an NWDAF- and IPE-enabled traffic assurance solution
implemented by a Gulf Cooperation Council (GCC) mobile operator of the Tier-1 in its commercial 5G SA network.
The research problem is which analytics generated by the NWDAF and consumed by the PCF, and regulated by
implementing dynamic changes in the QoS, affect the stability of throughput in uplink, delay in video transmission,
and probability of stalling under realistic medium- and high-workload conditions. Interactive live-streaming
workloads, which have been selected as experiments due to their closely comparable uplink sensitivity and frame-
timing characteristics with those of real-time gaming, are practical experiment subjects in near-, mid-, and far-cell
radio locations.

The findings indicate that analytics-based assurance can provide a significant improvement in uplink performance
and user experience among assured users with uplink throughput improvements of up to 8-78 percent and a massive
reduction in observed playback delays and freezing events compared to baseline users. To the knowledge of the
world, this is one of the earliest operator-grade validations of NWDAF-enabled, closed-loop QoE maximization of
uplink-interactive services in a live 5G SA. The work helps to provide new empirical information by linking the
ideas of 3GPP NWDAF and GSMA IPE-aligned assurance principles with tangible Proof-of-Concept (PoC) results
and demonstrates that standardized analytics and policy automation are applicable to provide predictable, service-
aware performance of newly emerging interactive gaming and live-streaming workloads at scale.

2. RELATED WORK
2.1 QoE Modeling for Interactive and Uplink-Intensive Applications
Quality of Experience (QoE) in real time interactive services, including competitive online gaming, cloud gaming,
and user-generated live streaming, has attracted rising attention as uplink-centric applications gain in popularity.
Interactive workloads are based on low latency, low jitter, frame-timing stability, and dependable uplink scheduling,
unlike Video-on-Demand (VoD), where perceptual quality is dominated by downlink throughput and buffering
probability. The experiments on the responsiveness of multiplayer gaming (Tan et al., 2022; Khan, 2022) show that
even such minor impairments in the uplink connections as delays in Scheduling Requests (SR) or too high Buffer
Status Report (BSR) wait times cause observable input lag or frame delivery stalls.
QoE estimators based on machine learning also support these dependencies. Recent models (Almeida et al., 2024;
Chouman et al., 2024) are reasonably accurate in predicting QoE based on network KPIs, but most of them are based
on offline traces or controlled emulation as opposed to real-time analytics on a commercial 5G core. Importantly,
these models make assumptions of steady or gradually changing uplink conditions, whereas actual 5G cells suffer
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milliseconds long changes in PRB utilisation, HARQ retransmissions, and uplink scheduler contention. Due to this,
they cannot reflect the volatility of interactive gaming and live-streaming users when using the service at the hour
of peak traffic.

This understanding is further developed by the 5SG Gaming Assurance (2025) by GSMA Foundry, which indicates
that scheduling competition and PRB congestion are the main factors ruling QoE of uplink-interactive applications.
On a comparable note, GSMA Intelligent Packet Engine (IPE) Framework (2025) mentions the necessity of
intelligent, analytics-based, context-sensitive uplink reinforcement. Both of these whitepapers hold that the existing
QoS constructs are not rich enough, and need to be extended with dynamic service-conscious prioritization, a
technique that directly corresponds to the closed-loop control made possible with NWDAF.

2.2 NWDAF: 5G Analytics and Closed-Loop Automation in the Standard.

The 3GPP Network Data Analytics Function (NWDAF), specified in TS 23.288 and TS 29.520, proposes a native
analytics and automation framework into the 5G Core (5GC). NWDAF consolidates measurements of the Access
and Mobility Management Function (AMF), the Session Management Function (SMF) and the User Plane Function
(UPF), and translates them into either descriptive or predictive insights made available through the
Nnwdaf AnalyticsSubscription and Nnwdaf AnalyticsInfo services. Examples of these analytics may be mobility
prediction, load estimation, QoE degradation risk, slice performance, and abnormal behavior detection.
The Policy Control Function (PCF) and other consumer processes make use of these analytics to initiate real time
policy adjustments via Npcf SMPolicyControl, Npcf-PolicyAuthorization, or session updates to the SMF via Nsmf-
UpdateSMContext. This uniform signaling facilitates the automation of closed loop operation, where the fixed QoS
policies are replaced by the dynamic process that responds to congestion, service-level degradation, or anticipated
experience losses by users.

Despite the large amount of literature regarding NWDAF in the theoretical context, little has been evaluated
empirically. Previously, simulations (de Oliveira Pereira, 2024), synthetic traffic generators, or mini-testbeds were
used to perform the previous research. Other publications (Efunogbon, 2025; Hussein et al., 2025) investigate ML-
based extensions of NWDAF but do not often combine analytics with real-life QoS changes implemented in a live
network through the PCF. A fundamental weakness is that the majority of works presuppose stable uplink conditions
and are unable to replicate the dynamic and multi-user congestion that is typical of the commercial 5G
implementations.

The IPE framework by GSMA highlights this gap, stating that the improvement of uplink by analytics is not a well-
explored aspect in the operator settings, even though it is essential to interactive services. Verification of concepts in
the real world is thus necessary in order to ascertain how the NWDAF analytics, PCF decision logic, and UPF
enforcement would interact with the reality of congestion and mobility patterns.

2.3 Shortcoming of Static QoS in Uplink Resource Management.

In conventional 5G QoS schemes, there are predefined QoS Flow Identifiers (QFIs), Guaranteed Bitrate (GBR)
profiles, and rule-based traffic classification. Although they perform well with predictable loads, these static policies
do not work with multiple users making simultaneous uplink demands, such as in live-streaming hotspots and in
real-time gaming. The studies of the 5G gaming performance (Kao and Wu, 2023; Kumbhar, 2025) prove that spikes
in latency are more likely to be caused by a collision of SRs, delays in the scheduler, or the BSR queuing rather than
by the lack of raw throughput.

Vendor-based solutions like DPI-based prioritization are also partial solutions that do not have predictive intelligence
and are not based on standard interfaces. More to the point, they are unable to scale heterogeneous service categories.
Gradually shifting to analytics-supported assurance, based on NWDAF and IPE, where predictive congestion
indicators are directly used to modify PCF and SMF policies, is thus better recommended by GSMA Foundry.
With 5G traffic being less amassed and increasingly uplink-based, fixed QoS structures cannot offer stable QoE to
interactive traffic any longer.

2.4 Research Gaps and Contribution of This Study

The surveyed literature reveals four key research gaps:

(1) Lack of empirical NWDAF validation in operational 5G SA networks

Most  studies are theoretical or simulation-based, with minimal real-world measurements.
(2) Insufficient focus on uplink-interactive workloads
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Prior evaluations emphasize downlink video streaming, neglecting the uplink-sensitive behaviors of gaming and
live-streaming.

(3) Limited evidence of closed-loop NWDAF—PCF—UPF enforcement

Few works measure how analytics directly alter QoS flows or enhance QoE in practice.

(4) Scarce evaluation under realistic congestion conditions

Prior studies rarely incorporate real PRB utilization patterns or multi-user contention dynamics.

Contribution of this work.

This paper presents one of the first operator-grade, real-world demonstrations of NWDAF-assisted QoE assurance
for uplink-interactive services. Using live-streaming workloads as practical proxies for real-time gaming, the study
evaluates how analytics delivered over Nnwdaf AnalyticsInfo influence PCF-driven QoS reinforcement and UPF
enforcement behavior. The findings validate the feasibility of GSMA’s Gaming Assurance and IPE frameworks in a
Tier-1 GCC operator’s commercial SG SA network, providing empirical evidence of uplink performance gains (8—
78%) and QoE improvements during real congestion scenarios.

3. SYSTEM ARCHITECTURE AND METHODOLOGY

3.1 3GPP-Compliant NWDAF Architecture

The Tier-1 GCC operator implemented a fully standard-aligned NWDAF deployment based on the architectural
framework specified in 3GPP TS 23.288 and TS 29.520. The solution consists of analytics producers, analytics
consumers, and a closed-loop enforcement plane orchestrated through PCF-SMF-UPF interactions. The high-level
architecture supports dynamic QoS reinforcement for uplink-interactive services such as mobile gaming and live
streaming, where uplink consistency is critical for maintaining frame delivery stability and interaction
responsiveness.
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Figure 1. High-Level NWDAF—-IPE Architecture
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This figure illustrates how a NWDAF-driven assurance cycle is activated for a VIP user receiving enhanced QoE
treatment in the 5G Core. The process integrates the PCF, SMF, UPF, NWDAF, and AMF/MME through standardized
3GPP interfaces. The PCF initiates the VIP service package, subscribes to analytics, and coordinates policy
decisions. NWDAF performs continuous analytics generation, allowing the network to identify degradation, trigger
corrective actions, and request dedicated QoS treatment. The SMF and UPF enforce these decisions by establishing
a dedicated bearer or prioritized QoS flow. The result is a closed-loop, analytics-driven mechanism that ensures
uplink stability and real-time service quality for VIP or assured users across latency-sensitive applications such as
live streaming and gaming.

3.1.1 NWDAF Functional Components

The operator’s NWDAF deployment consists of three logical components consistent with 3GPP releases and the
GSMA IPE model:

(a) Data Collection Function (DCF)

The DCF aggregates raw measurements from producer NFs, including:

* AMF: mobility events, registration updates, RRC state changes

* SMF: session KPIs, active QFI mapping, PDU session context

» UPF: uplink buffer occupancy, packet delay variation, throughput time series, QFI behavior

These measurements enable UE-level and cell-level analytics with high temporal resolution, essential for
evaluating interactive uplink behavior.

(b) Analytics Logic Function (ALF)

The ALF computes both descriptive and predictive analytics, including:

* UE-Level QoE Estimation

* Congestion Risk Analytics

* Uplink Scheduling Contention Indicators

These analytics map directly to categories defined in GSMA’s Intelligent Packet Engine (IPE) Framework, which
emphasizes real-time detection of service degradation for uplink-interactive applications.

(c) Analytics Exposure Function (AEF)

The AEF exposes insights to the PCF via the standardized interfaces:

* Nnwdaf AnalyticsSubscription

* Nnwdaf AnalyticsInfo

The operator deployed NWDAF centrally within the core, but optimized DCF ingestion to incorporate high-
frequency UPF metrics for accurate near-real-time analytics.

3.2 NWDAF Producer Functions

3.2.1 User Plane Function (UPF)

The UPF is the primary analytics producer for interactive traffic. It provides:

* Uplink Classifier (ULCL)

Identifies uplink flows and tags encrypted real-time applications (Gaming, Live Streaming, Cloud Gaming) using
behavioral signatures.

* QoS & Buffer Monitoring

Exposes per-flow KPIs:

o uplink throughput samples

o packet delay variation (jitter)

o queue depth / buffer occupancy

o QFI-level performance

* Measurement Reporting

UPF registers with NWDAF as a data producer, supplying high-granularity KPIs needed for short-time-scale QoE
estimation.
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Figure 2. UPF Measurement Exposure and Flow Classification Within the NWDAF-Assisted QoE Assurance
Architecture.
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The diagram shows how service assurance is achieved through closed-loop analytics and dynamic policy control.
The NWDAF continuously collects and processes network insights (4), generating analytics that are consumed by
the PCF to determine whether policy adaptations are required (C). The PCF then issues updated QoS or traffic
treatment rules to the SMF (4, 5). The SMF enforces these rules by modifying the active PDU session (9, 10) and
configuring the UPF to apply new QoS parameters, priority levels, or traffic filters. The UPF integrates with a
Signature Database and Session Steering Unit (SSU) to classify flows and apply prioritization policies. The BOSS
(Business/Operations Support System) interacts with the PCF and NWDAF (1, 2, 11) to trigger service activation,
retrieve analytics insights, and manage assurance procedures (E). This architecture implements a standards-aligned,
NWDAF-enabled closed loop where analytics drive real-time policy adjustments, enabling improved uplink stability
and service quality for interactive applications such as gaming and live streaming.

3.2.2 Session Management Function (SMF)

The SMF contributes session-level context including:

* QFI — application mapping

* GBR vs non-GBR flow configurations

* session modification history

This enables NWDAF to correlate raw UPF data with specific PDU sessions and service flows.

3.2.3 Access and Mobility Management Function (AMF)

AMF provides mobility and accessibility context essential for QoE interpretation, including:

* handover events

* RRC state transitions

» cell reselection triggers

This ensures NWDAF can differentiate radio-driven QoE degradation from congestion-driven degradation.

3.3 NWDAF Consumer Functions and Closed-Loop Enforcement

3.3.1 Policy Control Function (PCF)

The PCF is the main consumer of NWDAF analytics. It subscribes to:

* Application-level QoE Degradation Analytics
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* Cell Congestion Indicators
Upon receiving Nnwdaf AnalyticsInfo notifications, the PCF triggers corrective actions to elevate the QoS
treatment of impacted flows.
3.4 Policy Enforcement Chain
The control loop follows a strict standards-compliant enforcement path:
1. PCF — SMF
o PCF issues Npcf SMPolicyControl to modify the PDU Session
o Upgrades a non-GBR QFI (e.g., 5QI=9) to an assured priority flow (e.g., 5SQI=4)
2. SMF — UPF
o SMF applies Nsmf UpdateSMContext
o Modifies scheduling weights and QoS enforcement parameters
3. UPF Enforcement
o UPF activates enhanced QoS behavior in real time
o Aligns with GSMA-IPE’s principle of analytics-guided reinforcement
3.4 Analytics Workflow and Control Loop
The full NWDAF-IPE assurance loop operates as follows:
1. Data Collection
UPF reports instantaneous throughput, packet delay distribution, and buffer depth.
2. Analytics Generation
NWDAF computes:
o UE-level QoE degradation score
0 5-10 second congestion risk forecast
3. Policy Decision
PCEF elevates QoS flow to a GBR/QFI configuration or increases priority weighting.
4. QoS Enforcement
SMF issues session updates; UPF enforces new rules immediately.
3.5 PoC Methodology
3.5.1 Test Environment
The PoC was conducted on a live 5G SA network using a mid-band NR carrier under realistic congestion:
* Downlink PRB Utilization: 59% — 77%
* Uplink PRB Utilization: 44% — 62%
* Concurrent Users per Cell: 70 — 105

Category
Test Items
Test
Objective

Test
Conditions

Test
Procedure

Table 1. PoC Network Load Characteristics and Test Methodology.
Updated Description
X (Twitter), Facebook, and YouTube Live Streaming Sessions
To evaluate and compare the live-streaming performance of users receiving NWDAF-assisted
uplink prioritization (assured users) versus users without prioritization (baseline users) under real
network congestion conditions at a busy commercial 5G NR site.
1. Four test devices were used: one device with the IPE/NWDAF-assisted service and one device
without the service performing live-stream uploads; two additional devices located remotely
received and monitored the streams over Wi-Fi to ensure stable viewing conditions. 2. Separate
live-streaming and viewing accounts were prepared for X (Twitter), Facebook, and YouTube
platforms. 3. A high-traffic 5G NR site was selected, and tests were conducted at near, mid, and
far distances from the serving cell. 4. Network-side user tracking and uplink throughput
monitoring were enabled to capture performance differences across scenarios.
1. Deploy test devices at a busy site and initiate parallel live-stream uploads using IPE-enabled
and non-IPE UEs. Remote viewing devices monitored lag, delay, freeze events, and playback
continuity, with all sessions screen-recorded for analysis. 2. Repeat the experiment across three
radio positions (near, mid, far) for each platform: X, Facebook, and YouTube. 3. Due to YouTube’s
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restrictions on concurrent live sessions, IPE-enabled and non-IPE tests were executed sequentially
while maintaining identical radio and load conditions.
Expected 1. The NWDAF-assisted user is expected to receive an enhanced QoS flow (dedicated bearer or
Results priority QFI adjustment) during uplink-intensive live streaming. 2. Assured users are expected to
demonstrate higher uplink stability, lower variance, and fewer freeze/delay events, resulting
in a measurably better live-streaming QoE than baseline users.

This table summarizes the test conditions, procedures, and expected outcomes for live-streaming sessions under real
network congestion conditions. It highlights key test items (X, Facebook, YouTube live sessions), the test objective,
and expected results for users receiving NWDAF-assisted uplink prioritization (Assured users) versus users without
prioritization (Baseline users).
3.5.2 Devices and Traffic
Two devices were used simultaneously:
* Device A — Assured User
Receives NWDAF-triggered prioritization
* Device B — Baseline User
Standard best-effort service
Applications tested:
* X (Twitter) Live
* Facebook Live
* YouTube Live
Figure 3. NR PRB Utilization Rate (%) over a 24-hour period at the test site.
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This graph illustrates the hourly variation in downlink (DL) and uplink (UL) Physical Resource Block (PRB)
utilization on 26 July 2025. The DL load ranges from approximately 58% to 95%, while the UL load varies between
42% and 82%. The increasing trend toward evening hours reflects peak traffic conditions, confirming that the
NWDAF IPE evaluation was conducted under realistic medium-to-high congestion.

3.5.3 Metrics Collected

KPIs captured include:

* uplink throughput time-series

* video frame delay / alignment offset

* frequency and duration of stalling or freezing events

These metrics reflect the uplink stability characteristics critical for gaming and live-streaming QoE.
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Figure 4. NR User Count distribution across the same 24-hour period.
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This figure shows the average and maximum number of connected NR users at the test location throughout the day.
User numbers fluctuate between approximately 550 and 750 active devices, with peaks occurring during evening
hours. The consistent presence of a high user base indicates substantial multi-user scheduling contention, reinforcing
the relevance of evaluating NWDAF-assisted QoS adaptations in a heavily loaded commercial environment.

3.5.4 Rationale for Proxy Traffic

Live-streaming workloads were selected as realistic proxies for real-time gaming because both require:

» predictable uplink frame delivery

* jitter minimization

« resilience to burst-level congestion

This aligns with GSMA Foundry’s assertion that stabilizing uplink behavior is a prerequisite for competitive
gaming assurance.

3.6 Ethical and Operational Considerations

All tests were executed on commercial cells without impacting other subscribers. No subscriber-identifying data
was collected; all analytics operated on anonymized flow-level KPIs.

4. RESULTS
This part provides quantitative results of the Quality of Experience (QoE) assurance Proof-of-Concept (PoC) carried
out on the commercial 5G Standalone (SA) network of the Tier-1 GCC operator. Based on the PoC dataset, they
analyze the time-series samples of uplink, the video delays, and the freeze events that are interpreted in accordance
with the conventional QoE modeling principles of uplink-interactive services (Tan et al., 2022; Khan, 2022). The
assessment is also consistent with NWDAF producer-consumer analytics processes defined in 3GPP TS 23.288 and
current studies on analytics-based assurance (Tiwari et al., 2025; Efunogbon, 2025).
The two types of users were tested:
1) Assured User: A device that is the recipient of PCF policy triggered by NWDAF and IPE-congruent QoS
enhancement, in accordance with GSMA Intelligent Packet Core guidelines (GSMA IPC, 2025).
2) Baseline User: This is used to refer to a device on which standard best-effort treatment is applied and the
prioritization is not based on analytics.
All the scenarios were run with medium-to-high congestion with uplink PRB utilization of 43.8-62.0,
downlink PRB utilization of 59.8-76.9, and 70-105 concurrent active users. These conditions recreate
real-life congestion characteristics, which are known to undermine uplink QoE (Kao and Wu, 2023;
Kumbhar, 2025) and confirm the necessity of a closed-loop enforcement (Vogt et al., 2023).
4.1 Uplink Throughput Performance.
Cases of uplink throughput for X (Twitter) Live, Facebook Live and YouTube Live were obtained at Near radio, Mid
radio and Far radio scenarios. However, previous research demonstrates that stability of the uplink throughput is a
key factor determining the QoE of both interactive and real-time services (Chouman et al., 2024; Almeida et al.,
2024), particularly when it comes to the case of multi-user contention (GSMA Gaming Assurance, 2025).
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4.1.1 Improvement in the mean throughput.
The Assured User had a better mean uplink throughput across all of the conditions that were evaluated because of
NWDAF-based QoS flow uplift. This is in line with the research that prioritization based on analytics lowers the
scheduling contention and enhances uplink consistency (Efunogbon, 2025; Hussein et al, 2025).
Radio  position and use gave varying gains of about 8§ percent to 78  percent.
Near-cell conditions reported moderate improvement whereas Mid and Far-cell scenarios reported significant uplink
reinforcement because of the increased sensitivity to contention spikes, as expected. Kumbhar (2025) and Kao &
Wu (2023).

Figure 5. Mean uplink throughput for Assured vs Baseline Users
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The graph shows the uplink transmission rate over time for two simultaneous X live streams under identical radio
and network conditions. The assured user (blue curve) maintains significantly more stable throughput, with fewer
drops and faster recovery, while the baseline user (orange curve) experiences frequent fluctuations and multiple
near-zero throughput collapses. The average uplink throughput improves from 2.293 Mbps (baseline) to 2.56 Mbps
(assured), representing an 11.6% gain. These fluctuations in the baseline users curve reflect scheduler contention
and uplink variance, which manifest as perceptible playback delay and stalling in the received video stream.
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Figure 6 — X (Twitter) Live Stream — Mid-Site Uplink Throughput Comparison
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This figure illustrates a more congested condition, where uplink PRB utilization exceeds 60%. The assured user (blue
curve) sustains a higher and more stable throughput profile, while the baseline user (orange curve) experiences
severe throughput collapses, including prolonged near-zero intervals and high jitter. Average uplink rates measured
2.38 Mbps (assured) versus 1.388 Mbps (baseline), indicating a 77.9% improvement. The pronounced drops in the
baseline curve correspond to the observed playback freezes and delayed video progression. This scenario
demonstrates the strongest evidence of NWDAF-assisted prioritization reducing uplink variance and improving
service continuity under medium-to-high congestion.
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Figure 7 — X (Twitter) Live Stream — Near-Site Uplink Throughput Comparison
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This figure shows two simultaneous X live-stream sessions running under identical near-site radio conditions. The
assured user (blue curve) maintains a consistently higher uplink throughput with small, recoverable dips, while the
baseline user (orange curve) experiences multiple severe collapses—dropping to nearly zero throughput at several
intervals (e.g., around samples 70, 100, 140, 200, and 330). These drops indicate scheduler starvation and uplink
contention effects. The mean throughput improves from 2.1 Mbps (baseline) to 2.34 Mbps (assured), representing an
11.3% performance increase. The reduced variability in the assured user’s uplink behavior directly correlates with
smoother video transmission and fewer playback interruptions.

4.1.2 Stability and Short-Term Variability

Time-series throughputs showed that Baseline Users had common spikes of throughput-time, which are common
indicators of uplink scheduler contention and queue accumulation (Tan et al., 2022). On the contrary, the NWDAF -
enabled flow upgrading generated less oscillation and fewer collapses in the Assured User, which is in line with the
predictive control mechanisms reported in recent NWDAF studies (Vogt et al., 2023; de Oliveira Pereira, 2024).
This action demonstrates the principle of GSMA IPE according to which real-time analytics should actively support
QoS flows in the case of congestion potential (GSMA IPC, 2025).

4.2 Movie Behavior Video Delays and Latencies.

Frame-alignment differences that are observable in the PoC dataset were used to calculate video delay offset (live-
stream latency difference). Baseline Users showed a high frequency of additional delay of 6-20-seconds, particularly
in Mid- and Far-cell positions. It is in line with the previous study that poor uplink stability results in applications
rebuffering or downgrading encoding, which leads to the cumulative visual delays (Tan et al., 2022; Almeida et al.,
2024).

These delays were cut by NWDAF-enhanced QoS reinforcement, and allowed keeping the Assured User within

IJETRM (http://ijetrm.com/) [765]


https://ijetrm.com/
http://ijetrm.com/

Volume-09 Issue 12, December -2025 ISSN: 2456-9348

Impact Factor: 8.232

International Journal of Engineering Technology Research & Management
(LJETRM)
https://ijetrm.com/

closer proximity to real-time conditions, and confirmed the closed-loop enforcement model presented in Tiwari et
al. (2025).

4.3 Freezing and Stalling Events.

The time-aligned observations and PoC screenshots reveal that the Baseline User has encountered visible frame
freezing and buffering incidents more often, whereas the Assured User stream seemed to be a smooth flow with
fewer disruptions. This is supposed to happen when there is congestion, where the propagation of uplink packet
scheduling directly causes frame-loss or buffering (Kao and Wu, 2023).

Similar findings are observed through interactive gaming research that the disruption of gameplay by even minor
spikes in uplink variance is noticeable (Tan et al., 2022; GSMA Foundry, 2025). The lower stalling rate of the Assured
User proves that the analytics-based reinforcement of QoS countermeasures uplink starvation.

Figure 8 — Facebook Live Stream — Far-Site Uplink Throughput Comparison
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The graph captures uplink performance at a farther distance from the serving cell, where radio conditions and
contention effects are more pronounced. The assured user (blue curve) sustains stable throughput across the session
with brief, rapid dips that quickly recover. In contrast, the baseline user (orange curve) shows recurring throughput
collapses—dropping below 1 Mbps or to zero at several points (around samples 90, 120, 185, 250, and 310). These
instability episodes align with observed playback delays and buffering. The average throughput improves from 2.36
Mbps to 2.55 Mbps for the assured user, yielding a 7.9% gain. This behavior demonstrates that analytics-driven
prioritization enhances uplink resilience even at cell edges, where jitter and packet delay variation typically degrade
real-time streaming quality.
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Figure 9 — YouTube Live Stream — Mid-Site Uplink Throughput Comparison
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This figure presents the uplink transmission behavior for two UEs streaming YouTube Live under identical mid-cell
radio conditions. The assured user (blue curve) maintains a higher and more stable throughput profile throughout
the session, with quick recovery from momentary dips. In contrast, the baseline user (orange curve) experiences
repeated throughput collapses, including several extended intervals where uplink throughput falls close to zero (e.g.,
around samples 80, 165, 245, and 305). Such collapses correspond to stalling, micro-freezes, and degraded video
continuity. The average throughput improves from 2.20 Mbps (baseline) to 2.57 Mbps (assured), representing a
16.8% gain. The stability of the IPE-enabled flow demonstrates the effectiveness of NWDAF-assisted prioritization
in mitigating uplink variance—a key factor influencing QoF for real-time streaming and gaming applications.

4.4 Summary of Findings

The results demonstrate that NWDAF-guided, IPE-aligned assurance significantly improves performance for
uplink-interactive applications in congested 5G SA environments. Key outcomes include:

Higher mean throughput and reduced short-term variability

Lower frame delay offsets and improved real-time alignment

Fewer stalling/freezing events

Strong alignment with predicted NWDAF/PCF/UPF closed-loop behavior (Tiwari et al., 2025)

Validation of GSMA’s recommendations for intelligent, analytics-driven uplink assurance

These findings fill a major research gap identified in Section 2.4 by demonstrating real-world NWDAF
performance—something missing from prior simulation-based studies (Vogt et al., 2023; Hussein et al., 2025).
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5. DISCUSSION
This section interprets the empirical findings of the PoC in relation to established models of uplink-dependent
QoE, 3GPP’s NWDAF analytics framework, and GSMA’s Intelligent Packet Core (IPC) and Gaming Assurance
recommendations. The goal is to evaluate how NWDAF-assisted closed-loop control improves uplink stability,
why its impact is strongest under congestion, and how these improvements generalize to interactive gaming and
live-streaming applications.
5.1 NWDATF as a Real-Time Uplink Variance Stabilization Mechanism
Across all radio locations, the PoC demonstrated that NWDAF-assisted prioritization yields measurable uplink
gains, with mean throughput improvements ranging from 8% to 78%. However, the most significant result was the
reduction in throughput variance, which directly governs QoE for uplink-interactive services.
From the statistical reconstruction of PoC time-series data:
Assured User:
Mean (p) =~ 2.51 Mbps
Variance (6?) = 0.09
Baseline User:
Mean (p) = 2.10 Mbps
Variance (62) = 0.31
This =70% reduction in variance indicates that NWDAF’s key effect is not simply higher throughput, but greater
temporal continuity of uplink frame delivery—a point emphasized in both GSMA Gaming Assurance and IPC
frameworks, which identify inconsistency (e.g., jitter, queue oscillation) as the primary cause of real-time service
degradation rather than absolute bitrate.
This outcome is consistent with interactive QoE literature, which shows that uplink jitter and delay variation
produce perceptible lag and frame starvation even when mean throughput appears adequate. NWDAF’s
analytics—specifically UE-level QoE Degradation, Congestion Risk, and Flow Anomaly Indicators—trigger PCF-
driven QFI upgrades that stabilize the uplink during scheduler contention.
5.2 Data-Derived QoE Degradation Model
To quantitatively interpret the PoC results, we derive a simple probabilistic model linking congestion, throughput
variance, and QoE impairment:
P(QoE _fail)=a-p+p-(c"2/u)
Where:
p = uplink PRB utilization (0—1)
p = mean uplink throughput
o2 = throughput variance
a, B = sensitivity coefficients
Using PoC conditions (UL PRB 0.44—0.62), freeze counts, and throughput variance differences, solving the system
yields:
o~ 1.25 (impact of congestion)
B =~ 4.08 (impact of variance relative to mean throughput)
Because B > a, the model confirms that instability is a stronger predictor of QoE degradation than raw congestion.
This aligns precisely with GSMA IPC guidance that variance—not bitrate—is the dominant impairment factor for
uplink-interactive services.
5.3 Predicting QoE Under Congestion
Applying the model under high-load conditions (p = 0.75):
Baseline User
P=1.25(0.75)+4.08(0.31/2.10)=1.54
Assured User
P=1.25(0.75)+4.08(0.09/2.51)=1.08
This analytical reduction of ~<30% mirrors the empirical findings:
Freeze frequency reduction: ~72%
Freeze duration reduction: ~78%
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Delay accumulation (6—20s) significantly mitigated

Thus, NWDAF’s closed-loop flow reinforcement directly improves upper-percentile performance (p90—p99),
where QoE failures originate.

5.4 Alignment With GSMA Intelligent Packet Core Principles

The GSMA IPC whitepaper states that "interactive services fail due to uplink inconsistency, not insufficient
throughput." The PoC validates this principle:

Baseline users had acceptable mean throughput but unstable frame transmission.

Assured users maintained consistent uplink scheduling even above UL PRB > 0.60.

The synergy between NWDAF analytics and IPE policies demonstrates the practical realization of GSMA’s
“analytics-guided session optimization” framework in a commercial 5G SA network.

5.5 Generalization to Real-Time Gaming and Interactive Workloads

Although the trial used social live-streaming workloads, their transport characteristics—steady uplink generation,
sensitivity to jitter, and reliance on frame timing—are fundamentally similar to online/mobile gaming.
Typical gaming QoE thresholds:

Latency < 30 ms

Jitter < 8 ms

Frame delivery consistency > 98%

NWDAF’s ~70% variance reduction moves the uplink performance into these thresholds even during mid/high
congestion. Therefore, the mechanism is expected to yield comparable gains in:

Competitive multiplayer gaming

Cloud gaming

Uplink-driven XR/AR interactive applications

This aligns with GSMA Gaming Assurance recommendations on uplink stabilization for real-time workloads.
5.6 Summary of Findings

NWDAF significantly reduces uplink variance—the dominant contributor to QoE degradation.

The derived analytical model quantitatively explains the observed improvements.

NWDAF — PCF — SMF — UPF enforcement works reliably in a live operator network.

Results confirm GSMA IPC and Gaming Assurance predictions with empirical evidence.

The mechanism generalizes to multiple uplink-interactive services beyond streaming.

CONCLUSION

This paper is one of the first measurements of real-life NWDAF-aided QoE assurance of uplink-interactive services
in a commercial 5G Standalone network. Combining 3GPP-based analytics, GSMA-based principles of service
assurance and a live operator PoC, the findings prove the feasibility of closed-loop uplink optimization in practice,
as well as its quantifiable advantages in practice, to mobile gaming and real-time live-streaming services.
The PoC results verify that there is less influence of lack of average throughput and more of transient uplink variance
in 5G networks due to scheduler contention and congestion. Under guaranteed Users, all variants were observed to
have a higher level of performance (both uplink throughput and freeze events) and reduced accumulation of delay
to a large extent, which underscores the fact that ensuring that the uplink transmission chain is stable is a key
constituent in achieving high-quality real-time user experiences.

These observations are also supported by the analytical model that has been created in this paper and demonstrates
that throughput variance is much more influential on the probability of QoE impairment compared to raw congestion.
This offers a numeric context of knowing why NWDAF-led QoS reinforcement is best applied in the mid-to-high-
load scenarios, and why predictive analytics is essential in responding to temporary degradation in interactive traffic
flows.

The operational maturity of standardized analytics interfaces and their interoperability with the GSMA Intelligent
Packet Core architecture is also evidenced by the fact that NWDAF - PCF - SMF - UPF closed-loop policy
enforcement in a live deployment is operational. Such outcomes confirm industry anticipations that NWDAF-
enabled automation will be one of the cornerstone capabilities of next-generation service assurance.
Although the analysis was based on social live-streaming, the traffic behavior under consideration is quite similar to
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interactive gaming and other uplink-intensive applications. In turn, the gains on the PoC should apply to a wider
range of real-time workloads, which require scheduled uplink and low-latency transmission of frames.
The next step in the work is to make the testing more widespread to cover multi-vendor networks, extra NR frequency
bands, and larger datasets to ensure that it can be scaled to a greater variety of network scenarios. However, the
results introduce clear empirical evidence that analytics based uplink assurance provides a solid and efficient
approach towards enhancing the Quality of Experience of novel interactive services in commercial 5G networks.
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