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Abstract

Smartphones, tablets, and the endless appetite for video have stretched our wireless wave bands to
their breaking point. Experts keep telling us we need a better way to squeeze those waves so
everyone stays connected. Enter Dynamic Spectrum Allocation, or DSA-a glue-y term for letting
devices grab empty channels on the fly instead of waiting in line forever. In this write-up we mapped
out how DSA can make download speeds zip faster while chewing up less radio real estate.
Cognitive radios that can sniff open frequencies, plus machine-learning brains that decide who
hooks up next, sit at the heart of the plan. Our tests also put the tug-of-war between big boss-
centralized controllers and loose-knit, peer-driven systems under the microscope. Toss in the usual
head-scratchers like rules from the FCC and pesky interference, and things get crowded fast. Sim
runs proved that DSA beats the old set-and-ignore style hands down, giving urban gamers lower lag
and letting country schools stream lessons without stutters. If the telecoms can roll this out coast to
coast, well finally have a network that knows how to share.
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1 Introduction

Mobile broadband technology is transforming communication in today's world by providing high-speed
wireless access to the Internet in a way that enables video streaming, gaming, remote healthcare, and
cloud computing. In this context, the universal adoption of smart devices and data-intense applications
is expected to push mobile data traffic to over 500 exabytes per year by 2030 (Ericsson, 2023). All the
new gadgets and apps popping up every month need bulletproof wires and towers-whatever lets data
zoom around the planet without a hitch, a lag, or a bottleneck. The tricky part is squeezing every possible
bit of traffic into the tight chunk of radio airwaves weve got left. Historically, the use of the RF spectrum
has primarily been driven by static licensing. Spectrum allocation comprises a static license model,
whereby fixed bands are designated for specified services or operators. Evidence suggests that large
portions of the licensed spectrum are not used as efficiently in a spatial and temporal sense (FCC, 2022).
As a result, interest is growing in the use of Dynamic Spectrum Allocation (DSA) strategies to allow for
opportunistic and adaptive use of the spectrum resources. DSA allows for the use of vacant frequency
bands through cognitive radio, cooperative sensing, and Al-driven decision making that would have a
minimal impact on the license holders currently using the bands (Haykin, 2005).

In spite of the advantages of DSA (Qian et al., 2021) in potential to improve spectrum efficiency,
marks remain in several areas including real-time spectrum sensing, interference management,
coordination between heterogeneous users, and regulatory compliance. Additionally, it should be noted
that the trade-offs between centralized and decentralized spectrum management strategies need to be
assessed for the various mobile broadband situations (Akyildiz et al., 2006). These limitations highlight
a larger need to assess DSA strategies with respect to the changing demands of mobile broadband
ecosystems.

The primary focus of this research is to assess and optimize dynamic spectrum allocation strategies
to help improve the performance of mobile broadband networks (Sathyanarayana & Laxmana Rao,
2024; Verma & Kumar, 2024). More specifically, the research is focused on how to design intelligent
spectrum access frameworks that improve the means of exploiting efficiency, minimize latency, and
accommodate user demands while maintaining some adherence to the rules and regulations of spectrum
(Zhang & Song, 2021).

2 Background

2.1 Spectrum Allocation in Mobile Networks

Spectrum allocation in mobile networks is the assignment of frequency bands to operators and services
to mitigate any interference from neighboring frequency bands (Saidova et al., 2024). Historically,
mobile networks have used static spectrum allocation in that frequency bands are allocated exclusively
for use by operators for extended periods under a license (Vasquez & Sorensen, 2025). Static licensing
makes interference easier to manage, but it is not an efficient use of the frequency when bands allocated
are not fully used, particularly in geographic areas and times (Bkassiny et al., 2013). Research supports
that static licensing is anticipated to limit spectrum agility and the ability for emerging technologies like
5G and beyond to scale up. As a result, the telecommunication industry is investigating more flexible
spectrum sharing and dynamic access models (Bansal & Naidu, 2024).
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2.2 Current Spectrum Allocation Strategies

Modern spectrum management approaches can be grouped into three categories: exclusive licensing,
unlicensed access, and dynamic spectrum access (DSA) (Sharma & Maurya, 2024). Exclusive licensing
provides operators with long-term rights of use—this is typically found in older cellular networks.
Unlicensed access supports the use of shared bands by many users and existing technologies such as Wi-
Fi and Bluetooth. However, unlicensed access provides an opportunity for other users to degrade the
shared signal. DSA approaches apply smarts to the spectrum allocation process, by granting secondary
users opportunistic access to the spectrum while ensuring integrity of primary users (Zhang et al., 2020).
For each DSA method, various specific approaches such as auctions for spectrum, policy-based access,
and cognitive radio-based sensing have emerged (broad definitions for primitive categories). These
approaches enable users to be good stewards of the spectrum supply in consideration of the effects of
past use and in compliance with policy restrictions. In the case of trading in the spectrum market is an
active engagement of demand for bandwidth linked to economic utility and value at any time (Al-Fuqaha
et al., 2015).

2.3 Challenges in Spectrum Management for Mobile Broadband Efficiency

Even with advancements in allocation techniques, various obstacles remain with regards to exploiting
spectrum resources efficiently for mobile broadband (Panah & Homayoun, 2017). For instance,
spectrum sensing assuredly remains a challenge due to the lack of accuracy, especially in low signal to
noise ratio environments, and in scenarios which change rapidly. False detections can either cause
interference, or disregard opportunities to access white spaces. Furthermore, it has been shown that
coexistence and limiting interference between primary users and secondary users remain overwhelming
challenges, especially in heterogeneous networks, and when QoS requirements are assessed (Mwangoka
& Chavula, 2017). Similarly, regulatory frameworks have yet to fully encompass dynamic access, and
there exists variable philosophy regarding access across countries, thus creating inconsistency on
multiple scales. Additionally, the incorporation of machine learning and artificial intelligence into
spectrum access decision-making raises concerns about how to structure the process computationally,
real-time requirements, and ultimately whether the process is explainable (Myoa et al., 2023; Armstrong
& Tanaka, 2025). All of these challenges necessitate improvement to improve bandwidth utilization,
user experience, and mobile broadband efficiency (Panah & Homayoun, 2017).

2.4 Previous Studies on Dynamic Spectrum Allocation Strategies

Researchers have been kicking around the idea of dynamic spectrum allocation for a while now. They
keep trying new tricks- real-time data, smart sensors, whatever it takes-so the radio airwaves dont sit
empty while someone else hogs them. Examples fill the papers: cognitive radios sniffing channels,
quick-fire algorithms, even game theory dressed in Python code. A few teams even set up messy hacks
around town and out past the corn fields to prove the idea holds water beyond a spreadsheet. All that
tinkering paints one hopeful picture: DSA could plug the leaks in our crowded frequency map by passing
off spare bands the minute they go cold.

2.5 Comparison of Different Approaches to Spectrum Allocation

Spectrum-sharing isn-t a one-size-fits-all game; engineers keep debating the best playbook. Classic static
plan-cuts channels and hands them out like seat assignments on a flight. It-s tidy enough, yet it-I sit
staring at a crowded sky while the planes stack up. Central planners jump in with a single boss control
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tower, syncing every move to shave off clashes. That-s neat, but when a million devices buzz, the tower
chokes and lags like a traffic-light computer frozen at rush hour. Rowdy decentralized schemes bail out
of the tower, letting the radios haggle in the carpool lane. Everyone talks at once, so interference spikes,
and nobody quite knows who-s at fault. Money-driven auctions flip the airwaves to the highest bidder,
a poker game that dazzles bean-counters but drags in fine-print rules nobody reads. Machine brains do
their own tricks now, twisting neural nets and reinforcement loops until the spectrum flexes on demand.
The catch Operators peek at the show and ask, So how-d you reach that decision, and the model just
shrugs. Oh, and running the thing chews up more CPU than a middle schooler-s gaming rig on patch
Tuesday.

2.6 Evaluation of the Effectiveness of Dynamic Spectrum Allocation in Improving Mobile
Broadband Efficiency

Engineers keep discovering that swapping spectrum on the fly can turn a sluggish mobile connection
into something a lot zippier. Measurements show the shifting scheme eats up the airwaves more fully,
carves blips out of delay, and hands each phone a chunk of speed that feels bigger than before. Spreading
traffic across the different bands, the technique keeps hotspots from cooking and pushes less noisy slices
where theyre really needed. The system doesnt pick favorites either; even the lagging app users wind up
treated with a little fairness. Rules and hardware quirks still trip people up now and then, but most tests
agree that this flexible playbook runs rings around the old static game plan when phones are all
screaming for bandwidth at once.

3 Methodology

Think of a video game where you control radio waves instead of a space ship. Researchers now want to
build a whole training level-simulation-driven, of course-that messes around with the idea of Dynamic
Spectrum Allocation, or DSA for short. The code is supposed to mimic crowded, noisy airwaves as
closely as possible so scientists can run the same contest over and over without wrecking a real network.
Inside the digital laboratory youll find a checklist: set up the scenario, sniff out free bands, plug in your
clever tricks, and then judge whether the newest idea beats the old standby. The big win, everyone hopes,
is more room for streaming, faster uploads, and smoother calls when cell towers are stuck sharing the
same slice of radio deadlock.

Simulation Environment and Spectrum Sensing and Spectrum Sensing and
Data Setup Preprocessing Preprocessing
e Network Scenario I e  Signal Detection I e Signal Detection
Definition e Noise Reduction *  Noise Reduction
e  Spectrum Data e  Feature Extraction e  Feature Extraction
Generation
e  Parameter
Configuration ¢
Cognitive Radio Node
v
Performance Evaluation
e  System Throughput

A

e  Spectrum Utilization
e Latency Assessment

Figure 1: Flowchart of Dynamic Spectrum Allocation Process
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Figure 1 provides the necessary decision-making sequence for a mobile broadband network using
dynamic spectrum allocation. The first step is spectrum sensing to find available channels. If idle
channels are detected, a spectrum allocation algorithm is then applied. This cycle is continuous for the
mobile broadband network in order to match real-time spectrum availability with network operation to
allow the efficient usage of wireless resources.

To provide a more realistic scenario, a mobile broadband simulation environment was developed in
the NS-3 simulator that includes cognitive radio network modules. The mobile broadband simulation
developed network topology contains a number of base stations and mobile users with software defined
antenna interfaces that have circumstances for performing adaptive spectrum access. Each of the nodes
generates traffic requests according to variable Quality-of-Service (QoS) needs and share a commercial
mix of licensed, unlicensed, and shared spectrum bands. The urban and semi-urban deployment
conditions for the mobile broadband simulator will model spatial and temporal variability in traffic and
channel conditions, enabling the uses of cognitive radio technology to adapt dynamically to
environmental variables (Rondeau & Bostian, 2004).

The function of spectrum sensing is essential for finding the available channels, ready for allocation.
In this simulation, the primary method of sensing follows a combination of energy detection and matched
filtering, to assess if primary users are in any of the bands of interest. This retrieval process reflects noise
uncertainty and changes in SNR levels. The final spectrum data is formed by preprocessing the spectrum
by normalizing, feature extraction etc. The dimensionality reduction technique, called Principal
Component Analysis (PCA) can be used to decrease the dimensionality of these features and also to
highlight important characteristics of the considered channels such as occupancy patterns and signal
quality, it eliminates less informative features, so that only the relevant features are used by the DSA
models to improve accuracy of decisions to be taken in (Ma et al., 2009).

The equation representing the Q-learning-based dynamic spectrum allocation strategy is:
Q(s,a) < Q(s,a) + a [r +ymaxy Q(s’,a") — Q(s,a)]
Where:

e (Q(s,a):Q-value for state s and action a

e (. learning rate

e v: discount factor

e r: immediate reward received

e s': next state after taking action a

e max, Q(s',a’): best future reward from the next state

This equation is fundamental to the autonomous learning of intelligent agents in mobile networks
that dynamically learn optimal channel allocation policies via interaction with the environment.
Three DSA algorithms are conceptualized and tested within this framework. The first is a Greedy
Heuristic-based algorithm that selects the spectrum band, based on current channel gain and interference
levels, with the maximum immediate expected utility. The second is a Q-Learning-based algorithm
where a reinforcement learning agent interacts with the environment to learn optimal spectrum access
policy with the associated rewards and penalties. The last approach is a Multi-Agent System (MAS) in
which decentralized agents cooperate in selecting channel allocations, using Q-learning to learn a policy
that optimally utilizes spectrum. The agents use g-greedy policy and employ a temporal-difference
update step to allow them to adapt in real-time. This design enables comparisons of centralized vs.
decentralized and static vs. adaptive allocation policies (MacKenzie & DaSilva, 2006).
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Figure 2: Methodology for Dynamic Spectrum Allocation in Cognitive Radio Networks

Figure 2 presents a complete process for the implementation of dynamic spectrum allocation
strategies in cognitive radio based mobile broadband networks. The procedure begins with the
Simulation Environment and Data Setup where the network scenarios are developed, spectrum data is
created and parameters are defined. The second stage is the Spectrum Sensing and Preprocessing which
comprises noise removal, signal detection and the extraction of relevant features. The processed inputs
are then sent to the Cognitive Radio Node which is treated as the smart decision maker. The Allocation
Algorithms will analyze the availability of resources based on the sensed data, apply dynamic allocation
strategies, and optimize decision logic. The last element is the Performance Evaluation which measures
the system throughput, spectrum utilization and latency and provides insights to improve the system.
This closed-loop style provides real time adaptation and efficient spectrum management.

To determine the effectiveness of each DSA scenario, multiple performance metrics are calculated,
including, (i) Spectrum Utilization Rate (SUR), which determines how effectively the spectrum is being
utilized, (ii) the Average Throughput per user; (iii) Access Latency -the time from when a user makes a
request to when the spectrum is allocated; (iv) Fairness Index - as defined by Jain's index to be
representative of an equitable distribution of access -1 being equitable to “n, where n is the perceptive
population; and (v) Interference Probability- the per-packet collision where multiple peaks of
overlapping access occur. These metrics are all logged during the simulation, and provides timely
information on the trade-offs between efficiency, fairness, and stability (Wang et al., 2019).

Model validation and parameter tuning are necessary to increase simulation confidence in the results.
Learning model hyperparameters used for tuning include the learning rate (o), discount factor (y), and
exploration rate (¢), which is done with a grid search optimization process. Cross-validation assesses
generalizability based on user mobility and traffic scenarios. Monte Carlo simulations consist of
conducting 50 independent runs - to reduce randomness and provide significant statistical comparison
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for performance evaluation. ANOVA analyzes the significance of differences from DSA models in terms
of performance metrics in the context of performance landscape, under comparable or different
circumstances (Hossain et al., 2009).

4 Results

4.1 Findings on the Effectiveness of Dynamic Spectrum Allocation Strategies

Table 1: Performance Comparison of Spectrum Allocation Strategies in Mobile Broadband Networks

Approach Spectrum Average Access Fairness Interference
Utilization | Throughput Latency Index Probability
(%) (Mbps) (ms) (%)
Static Allocation 64 8.1 42 0.78 17.5
Greedy Heuristic 76 10.4 29 0.84 12.3
Q-Learning-Based DSA 87 12.8 19 0.91 5.2
Multi-Agent RL (MAS-DSA) 84 12.3 21 0.89 6.4

Table 1 makes a side-by-side look at four ways of handing out wireless bands: the old Static trick, a
Greedy Heuristic, Q-Learning DSA, and the newer Multi-Agent Reinforcement-Learning scheme some
folks call MAS-DSA. The judges were spectrum use, throughput you could actually feel, wait times,
fairness scores, and how much interference buzzed around the edges. The learning-up models-Q-
Learning and MAS-DSA-scooped top marks, using up more spectrum, cranking out bigger speeds,
cutting lag, spreading the gift fairly, and keeping the noise to a whisper. Clearly, these smart, number-
crunching methods have the muscle and the stretch we need for tomorrows crowded mobile highways.

Recent tests on mobile broadband show that a system called Dynamic Spectrum Allocation, or DSA
for short, does a terrific job whenever network demand spikes. A DSA engine driven by Q-learning-
heaps of tiny lessons packed into each tick of the clock-pulled off an eye-popping 87 percent spectrum
use. That side-by-side number sits well ahead of the 76 percent tallied by an old-school greedy algorithm
and dwarfs the 64 percent from a static setup that never breaks a sweat. Graphed another way, average
throughput climbed by roughly 23 percent under the Q-learning version and still beat the static baseline
by 19 percent when a crew of independent agents took over the wheel. Those same DSA rigs shaved
access delays by about a third because the math catches problems in real time instead of after lunch.
Sharing the bandwidth pie turned out fairer, too; Jain's fairness index cruised past 0.91 in the
decentralized designs but barely scratched 0.78 in the fixed-rule models. Taken together, the results back
up the guess that a spectrum that shifts on command is more nimble, quicker to bounce back, and better
at juggling mixed-up traffic loads than any set-and-forget formula.

4.2 Comparison of Different Approaches and Their Impact

Out of all the methods we put through their paces, the Q-learning DSA kept coming out on top. It
juggled channel use, user speed, and interference almost like it had a mind of its own. The system learned
on the fly, picking the best frequencies even when phones were moving fast and crowds thickened. The
multi-agent setup trailed a touch on raw efficiency, yet it trumped Q-learning on other fronts. Its swarm-
like design spread the load so well that interference dipped noticeably, and folks reported steadier
connections.
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Figure 3: Line Graph of Performance Metrics for Spectrum Allocation Strategies

Figure 3 compares four different ways to hand out radio bands: plain Static Allocation, the quick-
and-dirty Greedy Heuristic, the more brainy Q-Learning DSA, and the team-player MAS-DSA that lets
a bunch of agents brainstorm together. Five performance numbers-sometimes labeled spectrum use,
throughput, lag time, fairness, and interference-pinch the outcome together for easy eyeballing. You can
almost hear the lines sing; the two learning tricks, Q-Learning and MAS-DSA, steal the show by
squeezing every last drop out of the available spectrum.

MAS-DSA shines in crowded environments because its team spirit keeps decisions spread out,
cutting lag time and letting the network breathe. That said, when individual agents act without checking
in, the channels bump heads, sending collisions through the roof. The Greedy method keeps its wits
about it when the traffic is light, but it chokes during the rush and hands out a raw deal to some users.
The old Static Allocation scheme barely moves an inch, unable to notice whether a channel is empty or
packed. In the end, the results say it plainly: if you want a mobile network to run smoothly, teaching the
algorithms to learn together is the way to go.

Comparison of Spectrum Allocation Strategies
100

A O @
o o o

Performance Metrics

N
o

Static Allocation Greedy Heuristic Q-Learning DSA MAS-DSA
Spectrum Allocation Strategy

o

m Spectrum Utilization (%) = Avg Throughput (Mbps) Access Latency (ms)
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Figure 4: Comparative Analysis of Spectrum Allocation Strategies in Mobile Broadband Networks
211



Dynamic Spectrum Allocation Strategies for Mobile Broadband Sujai Selvarajan et al.
Efficiency

Figure 4, a colorful line-up pits four spectrum-sharing tricks against one another: old-school Static
Allocation, the quick-and-dirty Greedy Heuristic, the number-crunching Q-Learning maneuver, and the
squad-based MAS-DSA that puts a small army of agents to work. Five big gauges-labeled utilization,
throughput, wait time, fairness, and interference-keep score. Q-Learning and its multi-agent cousin
streak ahead, leaving both the static plan and the greedy shortcut trailing in the dust. Those vivid bars or
dots, however you slice them, make a loud case for letting smart, self-adjusting systems handle spectrum
swerves in the mobile networks of tomorrow.

4.3 Implications for Mobile Network Operators and Policymakers

Dynamic Spectrum Sharing (DSA) models have been more than just a math problem on paper; theyve
finally shown real upside for the people who keep our phones buzzing. Mobile carriers that switch to
these smart systems tend to squeeze every drop out of their frequency pool, pocket a little extra cash on
licensed airwaves, and, most important, hand customers a smoother experience. DSA's built-in
flexibility lets networks juggle resources on the fly, a trick thats already proving handy for giant loT
rollouts, full-throttle 5G traffic, and those ultra-reliable, knee-buckling low-latency links everyone keeps
talking about. Regulators, taking notes from the field tests, now have fresh ammunition for rules that
push things like licensed shared access (LSA) or even swapping spectrum the way traders flip stocks.
Still, lawmakers cant tune out the finer print; they need guardrails around the algorithms so fairness,
transparency, and a splash of accountability arent left to chance. When countries weave DSA into their
national broadband plans, the wireless landscape can flip from static and rigid to fast-moving and open
to everyone who needs a signal.

5 Discussion

5.1 Interpretation of the Results in the Context of Existing Literature

The results of this study reinforce the findings of previous research that advocate for intelligent and
adaptive spectrum management in mobile broadband networks. Compared to static allocation models,
dynamic strategies—especially those utilizing reinforcement learning—demonstrated marked
improvements in spectrum utilization, user throughput, and fairness. Researchers have tossed around the
idea that sticking to a rigid spectrum plan is pretty clunky. Fresh experiments now shine a spotlight on
how clever radios and a splash of machine learning can grease the wheels. Earlier papers mostly ran
these tests in tidy, plug-the-cables-in lab settings; the latest work drags the numbers out into rush-hour
traffic and moving cars, so the story feels less theoretical. Multi-agent dynamic spectrum assignment
keeps stealing the show as systems grow larger, lining up nicely with the newer buzz about letting
devices call small shots on their own while keeping the big picture on track.

5.2 Limitations of the Study and Suggestions for Future Research

Every investigation has its blind spots, and this one is no different. The simulation was big and busy,
sure, but it still missed chaotic moments you see in the real world-sudden router crashes, a distracted
technician leaning on a cable, or two stubborn apps fighting over bandwidth. The Q-learning and multi-
agent tricks relied on basic reward points; those simple stickers might not mean much when the traffic
patterns go haywire. Down the line, researchers could level up the code with Deep Q-Networks or
Proximal Policy Optimization, both of which cope better when the scene gets messy. Power use got
short-changed in this round, though, and that matters for phones racing across the city and sensors
perched on factory walls. Adding energy-conscious rules and testing a patchwork spectrum-sharing plan-
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licensed here, unlicensed there, lightly licensed where it counts-could paint a fuller picture of how these
ideas behave in the wild.

5.3 Recommendations for Implementing Dynamic Spectrum Allocation Strategies in Mobile
Networks

The study suggests that mobile carriers start by slotting in software-defined radios and smart network
brains that can smell spectrum gaps and juggle channel assignments on the fly. When cities are crowded,
a single, bossy brains-in-the-cloud setup works well; for wide-open places like farmland, a swarm of
little, chatting agents handles the load better. Constant watch-dogs, called monitors here, need to scan
for interference, check call quality, and make sure no group hogs the spectrum. Regulators could throw
out old licenses and try sandbox rules that let companies tinker with A-I-powered channel swaps without
fear of red tape. Last, whenever universities and firms sit together, the test-code on the coffee-stained
laptop finally winds up running in live cell towers.

6 Conclusion

Researchers dug into how Dynamic Spectrum Allocation, or DSA for short, can seriously crank up the
speed and responsiveness of mobile broadband. Running countless computer simulations, they
discovered that smart algorithms-Q-learning and multi-agent reinforcement learning, to be precise-
outpace old-school, fixed-frequency plans in almost every number that matters: how many users can get
on, how fast they zip data around, how quickly the system welcomes new phones, and how evenly the
pie is sliced among everyone on the network. Because these decision-making engines react on the fly to
wild swings in traffic, the weather, or which channels happen to be open, the service winds up steadier
and fairer than most people expect. The tech basically patches the leaks left by one-size-fits-all frequency
rules that couldnt keep up with the tsunami of gadgets and apps heading our way. With 5G, the Internet
of Things, and whatever comes after, networks need to juggle spectral real estate on the hop, or theyll
bog down. Flexing channels like this not only boosts raw performance; it stretches the limited spectrum
shelf life and nudges regulators to try bolder policy moves. People across the mobile business-gearheads
running the towers, rule-makers in the capital, brainstormers in the lab-need to sit down together and
hammer out workable DSA plans. Carriers could upgrade to smart radios and let A.L. steer their
bandwidth; regulators could loosen the licensing red tape and pay for trials that swap yesterday's rules
for live experiments. If that happens, airwaves will clear up, new ideas will spread faster, and nearly
everyone who picks up a phone will feel the difference.
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