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Abstract

Although data network performance optimization has received sustained
scholarly and industrial attention, integrated assessments of protocol
inefficiencies, wide area network (WAN) acceleration, and measurement
distortion across heterogeneous private and wireless environments remain
limited. This study evaluates throughput, delay, jitter, packet loss, and
application response time within a faculty network and a General Packet Radio
Service (GPRS)-based wide area wireless network. A quantitative experimental
design was employed, combining virtual web hosting, repeated download tests,
protocol-level measurements, and simulations of packet-loss sensitivity. Data
obtained from representative web workloads, network optimization appliances,
and monitoring outputs were analyzed using descriptive performance metrics,
Transmission Control Protocol (TCP) throughput models, and comparative
latency analysis. The findings demonstrate that web browsing over high-latency
connections substantially underutilizes available bandwidth because of sequential
object retrieval, connection-establishment delays, and sensitivity to packet loss.
Increasing the number of concurrent connections and implementing Hypertext
Transfer Protocol (HTTP) pipelining, compression, and proxy-based WAN
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optimization substantially reduced page latency. Segmented monitoring also
restored performance visibility across optimized WAN paths. These findings
establish an integrated framework for diagnosing and improving network
performance in heterogeneous institutional environments by linking application
behavior, transport-protocol limitations, optimization mechanisms, and
monitoring accuracy. The study concludes that effective network upgrades
should integrate infrastructure design, protocol optimization, monitoring
transparency, and context-sensitive reliability planning rather than rely solely on
increased bandwidth capacity.

Keywords: Data Network Performance; GPRS; Packet Loss; TCP Throughput;
WAN Optimization

INTRODUCTION

Data networks provide the technical foundation for electronic communication,
distributed computing, cloud services, academic administration, and digital research. In
institutional environments, users expect the network to move documents, learning resources,
multimedia objects, database transactions, and virtualized workloads with minimal delay and
loss. However, the performance experienced by users is often lower than the nominal link
speed advertised by the infrastructure. This gap occurs because network performance is not
determined by bandwidth alone. It is jointly shaped by throughput, latency, jitter, packet loss,
congestion control, routing path, application design, and measurement visibility (Afanasyev

et al., 2010; Barakabitze et al., 2020; Tanenbaum & Wetherall, 2011).

The performance problem becomes more complex in heterogeneous environments
where private campus networks, data center segments, virtual machines, and wireless wide
area network links interact. Virtualization improves server utilization and flexibility, but the
movement of workloads without network-aware placement can increase route length,
amplify congestion, and create uneven traffic concentration. Software-defined networking,
network function virtualization, and mobile edge computing provide useful frameworks for
managing such complexity, but they also require disciplined measurement and optimization

practices (Kreutz et al., 2015; Mao et al., 2017; Mijumbi et al., 2016).

A critical issue in the present study is the mismatch between application-layer
behavior and wireless link characteristics. Earlier investigations into General Packet Radio

Service (GPRS) and related mobile data links showed that web browsing performance can
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deteriorate sharply even when individual TCP connections appear functional. The cause is
the combination of high round-trip time, small embedded objects, repeated connection
establishment, retransmissions, and inefficient request sequencing (Benko et al, 2004;
Chakravorty & Pratt, 2002; Chakravorty et al., 2003). The difficulty is not only a radio access
problem. It is a cross-layer performance problem involving the transport, session, and

application layers.

Previous studies have proposed several optimization = strategies, including
performance enhancing proxies, web object compression, HTTP pipelining, flow
aggregation, multiple concurrent TCP connections, and modern transport protocols such as
QUIC (Belshe et al., 2015; Border et al., 2001; Bishop, 2022; Fielding & Reschke, 2014;
Iyengar & Thomson, 2021; Rodriguez et al., 2004). These approaches improve performance
by reducing round trips, increasing pipe utilization, lowering payload size, or hiding radio-
link impairments from end systems. Nevertheless, optimization can create a second problem:
monitoring distortion. In WAN-optimized paths, intermediate appliances may acknowledge
traffic locally or proxy transport behavior, causing ordinary monitoring systems to misread

response time and packet delivery conditions (Broadcom, 2024; Cisco Systems, 2010).

This study is positioned within that practical and scholatly gap. It evaluates how data
network performance metrics can be optimized while maintaining accurate end-to-end
visibility. The context is an engineering faculty network and a GPRS-based wide area wireless
network used for repeatable web performance testing. The study is also informed by recent
Nigerian engineering research showing that communication reliability must account for
environmental, infrastructural, and intelligent-control factors. Aigberemhon et al. (2025)
demonstrated that Harmattan dust haze can degrade microwave propagation and link
reliability, while Obi et al. (2026) applied hybrid artificial intelligence models to improve fault
diagnosis and predictive maintenance in smart solar photovoltaic grids. Both studies support
the broader argument that technical optimization must be adaptive, measurable, and context-

sensitive.

The objective of this study is to quantify the inefficiencies affecting throughput,
delay, jitter, packet loss, and page download latency in heterogeneous data network
environments. It further seeks to assess how multi-layer optimization strategies, including

connection parallelism, HTTP pipelining, compression, proxy acceleration, and segmented

Volume 3, Issue 3, 2026 311




Moses Ede Aigberemhon, Brian E. Usibe, Samuel Okon Essang

WAN monitoring, can improve user-perceived performance without sacrificing

measurement transparency.

METHODS

This study adopted a quantitative experimental and simulation-supported design. The
empirical component measured network behavior under controlled web workloads, while
the analytical component used standard throughput and delay models to interpret the
observed degradation. The design was selected because network performance is measurable
through objective indicators, and the same workload can be repeated under baseline and

optimized conditions.

The research design followed four stages. First, the relevant performance indicators
were defined as throughput, total delay, jitter, packet loss, connection setup latency, and
application response time. Second, a virtual web hosting environment was built to reproduce
representative pages such as mail, Yahoo-like, Amazon-like, and CNN-like workloads. Third,
repeated downloads were performed through a GPRS-based wireless link and through an
optimized WAN path. Fourth, the measured outputs were compared with model-based

estimates and appliance monitoring results.

The experimental sample consisted of representative web workloads rather than
human participants. The workloads were selected because they differ in embedded object
count, total page size, and request sequence complexity. This selection made it possible to
compare simple and complex web pages under the same wireless link condition. The study
location was an engineering faculty network environment with laboratory-controlled virtual

servers and monitoring instruments.

The main instruments were a laptop with a GPRS card, a commercial GPRS link,
virtual web servers, Cisco Wide Area Application Services appliances, and CA Application
Delivery Analysis monitoring components. The key configuration is summarized in Table 1.
The virtual web hosting method was used because direct measurement of live websites is
difficult to reproduce. Live websites change content, advertising, redirection, and content

delivery network behavior frequently, which can distort repeated tests.
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Table 1. Hardware and infrastructure specification

Component Specification Function
Mobile terminal Laptop with GPRS card | Client access and measurement
WWAN network Commercial GPRS link | Wireless transmission medium
Virtual server Replicated web content |Repeatable workload hosting
WAVE-294 appliance 200 GB HDD/SSD Branch-side WAN optimization
WAVE-594 appliance| 500 GB HDD Data center optimization
CA ADA manager  |Management console | Segmented performance monitoring

The primary metric, throughput, was computed as successfully delivered data divided

by observation time:
Throughput = successfully delivered data / observation time o)

For a TCP connection constrained by receiver window and round-trip time, the

theoretical throughput is expressed as:
TCP throughput = receiver window size / RTT 2)

Where packet loss is present, the loss-sensitive throughput relationship follows the
macroscopic TCP model proposed by Mathis et al. (1997) and extended by Padhye et al.
(1998):

TCP rate = MSS / (RTT X sqrt(packet loss probability)) 3

Total delay was modeled as the sum of propagation delay, transmission delay,

queuing delay, and processing delay:
Total delay = propagation delay + transmission delay + queuing delay + processing delay (4)

Jitter was treated as the variation in consecutive packet arrival times, while packet
error probability was interpreted as a function of bit error rate and packet length. These

equations were used as diagnostic tools rather than as substitutes for empirical measurement.

Validity and reliability were addressed through repeated measurements, controlled
server-side content, stable radio-link positioning, and comparison between empirical
observations and accepted TCP performance models. The mobile terminal was kept
stationary during measurements to reduce variation from radio cell reselection and mobility.
Measurement uncertainty was assessed using repeated observations and standard deviation

estimates.

Data analysis was performed through descriptive statistics, tabular comparison,

sensitivity analysis, and graph-based visualization. Download latency was separated into
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DNS lookup, connection setup, and object transfer components. Optimization impact was
calculated as the percentage reduction in latency from the baseline condition. WAN
Optimization Controller distortion was assessed by comparing ordinary end-to-end
monitoring with segmented flow-agent monitoring, consistent with the Cisco WAAS and CA

Application Delivery Analysis integration model (Broadcom, 2024; Cisco Systems, 2016).

RESULTS

The experimental results show a clear difference between nominal link capacity and
user-perceived application performance. Although the GPRS downlink capacity was rated
higher than the observed web throughput, complex web pages showed substantial
underutilization because many small objects had to be requested across a high-latency
wireless path. Table 2 presents the measured characteristics of representative web

downloads.

Table 2. Characteristics of web downloads over GPRS WWAN

Website Download latency (s) ‘Embedded objects | Total size (KB) ‘Throughput (kbps)
Mail 43.3 11 36.7 8.5
Yahoo 38.8 16 60.3 13.8
Amazon 102.3 42 91.9 9.6
CNN 204.0 67 180.8 7.6

The most severe case was the CNN-like workload, which recorded 204.0 seconds of
download latency and 7.6 kbps effective throughput. This result is consistent with the high
embedded object count and sequential request burden. In contrast, the mail-like workload
had fewer embedded objects and recorded lower total latency. The result indicates that page
structure, not merely page size, is a decisive determinant of web performance in high-RTT

environments.

Table 3 reports the measurement uncertainty values for selected indicators. The
standard deviation values show that wireless web measurements contain non-trivial variation
even when the content is controlled. This variation supports the decision to use repeated

measurement rather than a single download attempt.

Table 3. Measurement uncertainty analysis

Metric Measured value | Standard deviation | Uncertainty (%)
CNN latency 204.0 s 17.6s 8.6
Yahoo latency 38.8 s 4.1s 10.5
FTP 100 KB throughput | 30.5 kbps 3.2 kbps 10.4
314 Mikailalsys Journal of Advanced Engineering International
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Figure 1 presents the TCP throughput sensitivity to packet loss using the
macroscopic throughput model. Even small increases in loss probability produce a steep
decline in estimated throughput. This explains why wireless links with low but persistent

error rates can underperform despite acceptable nominal bandwidth.

Throughput decay under packet loss
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Figure 1. Throughput decay as packet loss increases in a high-latency WW.AN scenario.
Figure 2 decomposes latency into DNS lookup, connection setup, and object
transfer time for a CNN-like page. Optimization reduced every component, but the largest
improvement occurred when connection setup and object fetch time were reduced through

parallelism and proxy-based delivery.
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Figure 2. Latency composition before and after optimization for a complex web page.
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The optimization sequence in Figure 3 shows that the largest immediate gain came
from increasing concurrent TCP connections from two to six. Additional gains were
obtained through HTTP pipelining, compression, and WAN monitoring integration. The
result demonstrates that isolated optimization is less effective than coordinated cross-layer

optimization.

Cumulative latency reduction from multi-layer optimization
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Figure 3. Cumulative reduction in download latency through multi-layer optimization.

An anomalous observation was that some smaller objects did not benefit strongly
from dynamic compression because their payloads were already below one TCP segment or
were already compressed. This negative finding is important because it shows that

compression should be applied selectively rather than assumed to improve all traffic.

DISCUSSION

The findings confirm that the main bottleneck in the tested WWAN environment
was not only low bandwidth but protocol mismatch. HTTP/1.1 web browsing generates
multiple request-response exchanges, and each exchange is penalized by wireless round-trip
time. When a page contains many embedded objects, the browser spends a large fraction of
total time waiting for acknowledgments and connection setup instead of transferring useful

payload. This interpretation is consistent with earlier GPRSWeb and wireless WAN
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optimization studies (Chakravorty & Pratt, 2002; Chakravorty et al., 2003, 2004; Gomez et
al., 2008).

The improvement produced by higher connection concurrency and pipelining is
consistent with the session-level techniques proposed by Rodriguez et al. (2004). These
methods work because they keep the wireless path active while the browser and server
exchange object requests. However, such improvements must be applied carefully. Excessive
connection concurrency can increase congestion, buffer pressure, and unfairness, especially
when many users share the same access link. Jacobson's (1988) congestion avoidance
principles remain relevant because optimization must not create network instability while

improving individual user experience.

The study also demonstrates that WAN optimization is a monitoring problem as
much as a performance problem. When a WAN Optimization Controller locally
acknowledges traffic, ordinary monitoring tools may report unrealistically low network
round-trip time. This can conceal congestion or application delay on the true WAN path.
Segmented monitoring using flow-agent data provides a more reliable method because it
separates the client segment, WAN segment, and server segment. This position aligns with
Broadcom's (2024) documentation that CA Application Delivery Analysis uses Cisco WAAS

FlowAgent data to analyze optimized traffic.

The implication for the Faculty of Engineering is that a private network design
should not focus only on adding bandwidth. It should include traffic characterization,
topology-aware virtual machine placement, appropriate queue management, proxy-based
acceleration for remote services, and transparent performance monitoring. Modern
developments such as HTTP/2, HTTP/3, QUIC, and BBR congestion control further show
that protocol modernization can reduce head-of-line blocking, improve multiplexing, and
support more responsive application delivery (Belshe et al., 2015; Bishop, 2022; Cardwell et
al., 2017; Iyengar & Thomson, 2021).

The connection between this study and recent Nigerian engineering publications is
practical. Aigberemhon et al. (2025) showed that physical environmental factors such as
Harmattan dust haze can influence signal reliability, which reinforces the need to account for
local propagation and infrastructure conditions when designing network systems. Obi et al.
(2026) demonstrated the value of hybrid Al models for fault diagnosis and predictive

maintenance in smart grid systems, supporting the recommendation that future network
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optimization should incorporate intelligent anomaly detection and predictive maintenance

for routers, access points, and network appliances.

The study is limited by its reliance on GPRS-based measurements and laboratory-
controlled virtual content. Although GPRS remains valuable for isolating high-latency
behavior, modern networks such as 4G, 5G, and Wi-Fi 6 have different radio access
characteristics. The study also did not directly access operator-side Radio Link Control
parameters. Future research should extend the model to LTE, 5G, campus Wi-Fi, encrypted

HTTP/3 traffic, and Al-driven traffic engineering.

CONCLUSION

This study evaluated data network performance metrics optimization in
heterogeneous environments by combining empirical measurement, mathematical modeling,
and WAN optimization analysis. The results show that high-latency wireless links and chatty
web protocols can produce severe underutilization of available capacity. Page latency was
strongly affected by embedded object count, repeated connection setup, and packet loss

sensitivity.

The study contributes an integrated optimization framework that links throughput,
delay, jitter, packet loss, application response time, proxy acceleration, and monitoring
transparency. The evidence indicates that practical network improvement requires
coordinated action across the protocol stack rather than isolated bandwidth upgrades.
Increasing connection concurrency, using pipelining, applying selective compression, and
adopting segmented WAN monitoring can materially improve performance while preserving
diagnostic visibility.

Future research should evaluate the framework on 4G, 5G, and Wi-Fi 6 networks;
test encrypted application traffic under HT'TP/3; and incorporate machine learning models
for predictive detection of congestion, packet loss, and appliance failure. For institutional
networks, the immediate recommendation is to implement continuous performance
measurement, topology-aware workload placement, and transparent WAN optimization

before major infrastructure expansion.
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