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ABSTRACT

Ultra-dense cellular networks (UDNs) are the main architectural solution to exponential
mobile data demand in 5G and future 6G systems. When small cell density goes over 200
nodes per square kilometre, unmanaged co-tier and cross-tier interference makes the
achievable SINR go below levels where spectral efficiency and user coverage cannot be
achieved. Existing solutions such as extended inter-cell interference coordination (eICIC) and
even basic coordinated multipoint (CoMP) transmission cannot adequately scale to a high-
density deployment of heterogeneous networks. This paper presents an adaptive power
control framework by combining cross-tier coordination and dynamic resource partitioning
for mitigating macro-small cell interference. Simulation results with 200 small cells per
square kilometre show that our proposed framework achieves a mean SINR of 18.4 dB,
spectral efficiency of 4.72 bps/Hz and interference leakage -74.3 dBm which outperforming
the best competing method by 21% in SINR and 37% in suppressing leakages These results
demonstrate the feasibility of real-time density adaptive mitigation in 5G heterogeneous

networks.

KEYWORDS: Adaptive power control, heterogeneous networks, interference mitigation,

spectral efficiency, ultra-dense networks.

1. INTRODUCTION
Mobile data traffic worldwide exceeded 100 exabytes per month in 2024, and is expected to
quadruple by 2030 against the combined environment of a roll-out of 5G technology, an

increasing number of video streams and ubiquitous Internet of Things (IoT) expansion
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(Kamel et al., 2020). To handle this increase, network operators have largely mitigated its
effects by densifying spatially (in dense urban environments deploying small cells to increase
area spectral efficiency). The Ultra Dense Network (UDN) paradigm is characterized by a
network density higher than 100 nodes per square kilometre and has now established itself as
the key candidate for 5G heterogeneous network architecture (Lopez-Perez et al., 2021).
Densification, however, creates severe interference conditions. As inter-site distances shrink
below 50 metres, interference from neighbouring small cells and macro base stations
accumulates at the user equipment, depressing SINR and triggering frequent outages. Cross-
tier interference, where macro cell downlink transmissions degrade small cell reception, is
particularly damaging at cell boundaries. Previous efforts on inter-cell interference
coordination such as fractional frequency reuse and ABS-based eICIC can only alleviate the
problem partially because they are based on static or semi-static resource allocation, which
cannot adapt to fast channel variability in dense deployments (Hossain et al., 2020).

While CoMP only brought joint processing from multiple base stations to solve co-tier
interference, the backhaul latency targets imposed by CoMP is too harsh for dense small cell
deployments without fibre connectivity or prohibitive capital expenditures (Irmer et al.,
2021). Although the field has seen promising machine learning approaches to interference
management, such as using deep Q-networks for BS coordination (Huang et al., 2022) and
designing graph neural network schedulers per-packet by ticket type (Sun et al., 2023), they
typically fail to show good convergence under the non-stationary channel conditions found in
high-mobility UDN environments. The identified gap relates to the lack of a computationally
lightweight and density-adaptive framework that enables interference suppression with no
centralized coordination or high-latency backhaul.

This paper fill the gap by proposing a local cross-tier interference estimation based adaptive
power control framework integrating with distributed dynamic resource partitioning. It only
requires periodic pilot-based channel state information and is designed to work with the
existing 3GPP signaling infrastructure that enables it to be implemented in current 5G NR
networks. The specific contributions of this work are:

Contribution 1: A density-aware adaptive power control algorithm that dynamically adjusts
small cell transmission power based on estimated aggregate interference from co-tier and
cross-tier sources.

Contribution 2: A distributed cross-tier coordination mechanism that partitions time-
frequency resources between macro and small cell tiers without centralised scheduling,

reducing backhaul signalling overhead by more than 60% relative to CoMP.
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Contribution 3: A comprehensive simulation-based evaluation framework benchmarking the
proposed approach against four baseline methods across SINR, spectral efficiency, outage
probability, and interference leakage metrics under varying small cell densities from 50 to
400 nodes per square kilometre.

Three research questions guide this investigation:

RQI1: To what extent does the proposed adaptive power control framework improve SINR
relative to existing interference mitigation techniques at small cell densities of 200 nodes per
square kilometre?

RQ2: How does the proposed framework perform in terms of spectral efficiency and
interference leakage as network density scales from 50 to 400 small cells per square
kilometre?

RQ3: Which individual components of the proposed framework contribute most significantly

to observed interference suppression performance?

2. Literature Review

2.1 Interference Characterisation in Ultra-Dense Networks

The stochastic geometry (SG) framework established by Haenggi, et al. (2021) obtained a
theoretical framework to analyze interference distributions in cellular networks with Poisson
point processes. Kamel et al. (2020) generalizes this to extreme UDN scenarios, where
interference intensity has super-linear density scaling when the base station placement differs
from classic hexagonal grid models. For example, they quantified the amount of SINR
degradation that occurred (about 8 dB) when small cell density goes from 50 to 400 nodes per
square kilometre, and used this as an empirical baseline to test mitigation techniques against.
Yunas et al. (2020) compared spectral and energy efficiency performance under dense and
ultra-dense deployment scenarios and showed that the spectral efficiency gains saturate above
a density of 150 nodes per square kilometre when interference is unconnected. Cho et al.
(2020), which showed that co-tier interference in full-duplex small cell self-interference
components not included in typical half-duplex mitigation models. Our results show that
interference modelling methods must consider cross-tier and co-tier interference jointly, a
condition that many previous frameworks have not satisfied.

2.2 Coordinated Multipoint and Inter-Cell Interference Coordination

In 3GPP Release 10, enhanced inter-cell interference coordination (eICIC) appeared as a
practical solution for macro-small cell interference management via transmitting almost blank

subframes that restrict both macro transmission in targeted resource blocks. Damnjanovic et
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al. (2021) achieved eICIC SINR gains of up to 4dB at cell edge but pointed that ABS
scheduling is static under a mixed traffic load. The authors explored fast muting coordination
as a potential solution to this limitation and were able to achieve additional gains of 1.5 dB
using tighter ABS timing; in their method however, still requiring a global centralised
coordination across base stations (Soret & Pedersen, 2022).

CoMP transmission is capable of causing greater amounts of interference cancellation since it
allows joint signal processing from multiple transmission points. Irmer et al. Spectral
efficiency gains of up to 32% were reported in field trials, with Backhaul latency <5 ms
strictly required (Andreev et al. With practical dense deployments and wireless backhaul,
roundtrip latencies often must be less than 20 ms for CoMP to be usable. Nigam et al. (2020)
proposed clustered CoMP, which reduces dependence on the backhaul but at the cost of
coordination delays arising from cluster formation that unfortunately scale adversely with
node density.

2.3 Massive MIMO and Beamforming-Based Mitigation

The unique spatial degrees of freedom achieved with massive MIMO open a new avenue in
fighting interference through beam-domain isolation. Lu et al. In (2021) showed that with 64
or more antenna elements on the base station, it is possible to put transmission nulls toward
dominant interference sources, thus effectively reducing inter-cell interference levels as much
as 15 dB in controlled environment. In Bogale and Le (2021), this was further extended to
hybrid beamforming architectures suitable for millimetre-wave small cells, where
interference suppressed of 12 dB was reported using leak arrays with 16-elements under line-
of-sight propagation.

A fundamental limitation is pilot contamination, where users in adjacent cells transmit
identical pilot sequences, corrupting channel estimates and degrading precoder quality.
Balevi and Andrews (2021) applied deep learning to pilot decontamination and improved
channel estimation accuracy by 22%, but their approach required 500 or more training
epochs, introducing unacceptable initialisation delays in high-mobility scenarios. The
computational overhead of massive MIMO precoder design at high node densities remains a
practical barrier to deployment in cost-constrained small cell hardware.

2.4 Al and Machine Learning Approaches to Interference Management

Resource allocation based on reinforcement learning has received significant research interest
in the development of adaptive interference coordination. Akbar et al. (2022) trained a deep
Q-network to perform frequency-selective power control in heterogeneous UDNSs, achieving

3.2 dB SINR gains over static power allocation. Huang et al. (2022) used multi-agent deep
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reinforcement learning for joint scheduling and power control, with spectral efficiency
improvement of 0.8 bps/Hz but requiring 1200 simulation episodes to converge, making
practical deployment potentially problematic.

Interference graph scheduling using Graph neural networks by Sun et al. (2023) showed that
the implicit learning ability of message-passing architectures enables them to capture
interference patterns arising from the network topology and generalise across density
configurations. As fruitful as their approach was, it beat greedy schedulers by 18%
throughput but relied on a priori training with labelled interference graphs (i.e. data
dependency is hard to satisfy in dynamic deployments). Ngo et al. (2023) introduced a
decentralised game-theoretic approach with Nash bargaining that enabled nearly-optimal
interference coordination for the user and 40% less computation complexity compared to
centralised methods.

2.5 Identified Trade-offs and Open Gaps

The reviewed literature reveals a persistent tension between coordination gain and scalability.
Centralised approaches, including CoMP and multi-agent learning, achieve the highest
interference suppression but impose backhaul and computational requirements that scale
adversely with node density. Distributed approaches, including eICIC and game-theoretic
methods, are more deployable but yield lower suppression gains. No existing framework
simultaneously addresses adaptive power control, cross-tier coordination, and dynamic
resource partitioning in a distributed manner applicable to dense 5G deployments above 150

small cells per square kilometre. The present study addresses this gap directly.

3. Data and Methodology

3.1 Network Model and Assumptions

The simulation environment models a single macro cell of radius 500 metres overlaid with
small cells distributed according to a homogeneous two-dimensional Poisson point process
with density parameter lambda ranging from 50 to 400 small cells per square kilometre. Each
small cell serves a single user equipment located uniformly within its Voronoi coverage
region. The macro base station operates at 46 dBm with an inter-site distance of 500 metres,
consistent with 3GPP UMa channel models. Small cells operate at a maximum transmit
power of 23 dBm with a minimum of 0 dBm, forming the power control range.

The channel model incorporates large-scale path loss following the 3GPP UMi-Street Canyon
model with an exponent of 3.67, log-normal shadowing with standard deviation 7.8 dB, and

independent Rayleigh fast fading per subcarrier. The simulation operates in the 3.5 GHz band
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with 100 MHz bandwidth divided into 25 resource blocks. Channel state information is
assumed available at the transmitter through periodic uplink pilot transmission with a
coherence interval of 10 milliseconds. Pilot contamination and pilot reuse effects are
modelled using the stochastic geometry-based interference model.

3.2 Interference Model and Problem Formulation

The aggregate interference at a reference user u served by small cell b is the sum of co-tier
interference from all other active small cells and cross-tier interference from the macro base
station transmitting on the same resource block. The SINR at user u is expressed as SINR u
=P b*h {b,u}/(sigma”2+1 co+ 1 cross), where P_b is the transmit power of serving cell
b, h_{b,u} is the effective channel gain, sigma”2 is additive white Gaussian noise power,
I co is aggregate co-tier interference, and I cross is cross-tier interference from the macro
base station. The optimisation objective is to maximise the sum SINR across all users subject
to per-cell power constraints and a minimum SINR threshold of 5 dB for service continuity.
The cross-tier interference component [ _cross is estimated at each small cell through periodic
measurement reports from served user equipment. The estimated interference is fed into the
adaptive power control module to trigger power reduction when the estimated I cross
exceeds a threshold of -65 dBm, equivalent to a 6 dB margin above the noise floor in the
simulated scenario. This threshold is optimised through a grid search over 1,000 simulation
runs and validated against theoretical outage probability bounds derived from the Laplace
functional of the interference process.

3.3 Proposed Adaptive Power Control Framework

The proposed framework integrates three coordinated components. The adaptive power
control module reduces small cell transmit power by 3 dB increments when estimated cross-
tier interference exceeds the defined threshold, up to a maximum reduction of 20 dB. Power
levels are adjusted every coherence interval using a gradient descent update rule applied to
the estimated SINR gradient. The cross-tier coordination module exchanges interference
threshold status between neighbouring small cells and the macro base station through a
lightweight X2 interface message requiring 12 bytes per exchange, reducing signalling
overhead by 63% relative to CoMP cluster coordination.

The dynamic resource partitioning component assigns resource blocks to small cells based on
estimated local interference density, reserving the highest-interference resource blocks for
macro cell exclusive use and scheduling small cell transmissions on comparatively
interference-free blocks. Partitioning decisions are updated every 40 milliseconds based on a

sliding window of interference measurements. The complete framework operates in a
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distributed manner with no requirement for a centralised controller, with each small cell
executing local power control and resource selection decisions independently. Algorithm
pseudocode is provided in Appendix A.

3.4 Simulation Environment and Evaluation Metrics

Simulations were implemented in MATLAB R2024a using the 3GPP New Radio link-level
simulation library. Each configuration was evaluated over 1,000 independent drops with
random user and small cell placement, yielding statistically stable estimates with 95%
confidence intervals computed via bootstrap resampling with 2,000 bootstrap samples.
Network density configurations of 50, 100, 200, 300, and 400 small cells per square
kilometre were evaluated. The four baseline methods are the no-mitigation reference,
fractional frequency reuse with reuse factor 3, eICIC with 25% ABS ratio, and CoMP joint
transmission with a two-cell cluster size. Primary evaluation metrics include average SINR,
spectral efficiency in bits per second per hertz, outage probability defined as the fraction of

users below 5 dB SINR, and cross-tier interference leakage in dBm.

4. RESULTS AND DISCUSSION

4.1 SINR Performance

Figure 1 presents the cumulative distribution function of SINR at 200 small cells per square
kilometre across all five methods. The proposed framework achieves a mean SINR of 18.4
dB (95% CI [17.9, 18.9]), representing a 21% improvement over CoMP at 15.2 dB and a
121% improvement over the no-mitigation reference at 8.3 dB. The SINR distribution of the
proposed framework is more tightly concentrated, with a standard deviation of 2.1 dB
compared to 4.7 dB for the no-mitigation case, reflecting the stabilising effect of adaptive

power control on interference fluctuations. These results confirm a positive answer to RQ1.
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Figure 1. Cumulative Distribution Function of SINR at 200 Small Cells per Square
Kilometre for All Compared Methods.

Note. Proposed = adaptive power control framework; CoMP = coordinated multipoint; e[CIC
= enhanced inter-cell interference coordination, No Mit. = no mitigation baseline. CDF

curves are derived from 1,000 independent simulation drops.

4.2 Spectral Efficiency and Interference Leakage

Table 1 summarises algorithm performance across the principal evaluation metrics at 200
small cells per square kilometre. The proposed framework achieves spectral efficiency of
4.72 bps/Hz, exceeding CoMP by 21.3% and eICIC by 38.4%. Interference leakage at -74.3
dBm reflects the efficacy of dynamic resource partitioning in reserving interference-prone
resource blocks for macro-exclusive use. Figure 2 illustrates spectral efficiency as a function
of small cell density, revealing that the proposed framework maintains near-linear efficiency
growth to 300 small cells per square kilometre, whereas CoMP and eICIC plateau beyond

150 due to coordination overhead.

Table 1: Algorithm Performance Comparison Under Various Network Densities. (95% CI)

Algorithm Avg. SINR | Spectral Eff. | Outage Prob. | Int. Leakage

(dB) (bps/Hz) (%) (dBm)
Proposed (Adaptive | 18.4 [17.9—-|4.72[4.61-4.83] |3.1[2.8-3.4] |-74.3 [-75.1 to -
PC) 18.9] 73.5]
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CoMP (Joint Tx) 152 [14.7-|3.89[3.74-4.04] | 6.4[5.9-6.9] -68.7 [-69.4 to -
15.7] 68.0]

elCIC (ABS-Based) | 13.6 [13.1-]3.41[3.29-3.53] |9.2[8.6-9.8] -63.9 [-64.7 to -
14.1] 63.1]

Fractional Frequency | 11.8 [11.3—13.05[2.94-3.16] | 12.7 [12.1- | -60.2 [-61.1 to -

Reuse 12.3] 13.3] 59.3]

No Mitigation | 8.3 [7.9-8.7] | 2.14 [2.05-2.23] |21.4  [20.6—|-52.1 [-52.8 to -

(Baseline) 22.2] 51.4]

Note. Values represent means from 1,000 simulation runs at 200 small cells’km? CI =

confidence interval. Int. = Interference. PC = Power Control.

Spectral Efficiency vs. Small Cell Density
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Figure 2. Spectral Efficiency (bps/Hz) as a Function of Small Cell Density for All
Compared Methods.
Note. Results are mean values from 1,000 independent simulation drops. SC/km? = small

cells per square kilometre.

4.3 Outage Probability and Coverage Analysis

The proposed framework reduces outage probability to 3.1% at 200 small cells per square
kilometre compared to 6.4% for CoMP and 21.4% for the no-mitigation reference. Figure 3
plots coverage probability as a function of distance from the serving base station,
demonstrating that the proposed framework maintains coverage probability above 0.9 within

the first 300 metres of the serving small cell, whereas CoMP falls below 0.8 beyond 200
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metres. The cross-tier coordination component is primarily responsible for coverage at
medium distances where macro cell interference is dominant, as confirmed by the ablation

analysis in Section 4.5.

Coverage Probability vs. Distance from Serving BS
(200 Small Cells/km?)
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Figure 3. Coverage Probability as a Function of Distance from the Serving Base Station

at 200 Small Cells per Square Kilometre.

Note. Coverage probability is defined as the fraction of users exceeding 5 dB SINR. Results

from 1,000 simulation drops. Proposed framework maintains >0.9 coverage within 300 m.

4.4 Cross-Tier Interference Leakage

Table 2 presents cross-tier interference leakage across density scenarios from 50 to 400 small
cells per square kilometre. The proposed framework consistently achieves the lowest leakage
at all densities, with a graceful degradation of 6.3 dBm between 50 and 400 small cells per
square kilometre compared to 10.2 dBm for eICIC and 7.2 dBm for CoMP. At 400 small
cells per square kilometre, the proposed framework retains -71.8 dBm leakage, maintaining
the 6 dB margin above the noise floor, while CoMP degrades to -65.1 dBm and eICIC to -
59.7 dBm. The scalability advantage reflects the adaptive power reduction mechanism that

responds to real-time interference estimates rather than pre-configured ABS patterns.
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Table 2: Cross-Tier Interference Leakage (dBm) at Varying Small Cell Densities (p <.001

for all pairwise comparisons.)

Method 50 SC/km? | 100 SC/km? | 200 SC/km? | 400 SC/km?
Proposed (Adaptive PC) | -78.1 -76.4 -74.3 -71.8
CoMP (Joint Tx) -72.3 -70.9 -68.7 -65.1
elCIC -68.2 -66.4 -63.9 -59.7
No Mitigation -57.4 -54.9 -52.1 -48.3

Note. SC = small cells per km?. All measurements taken at macro cell edge (350 m).
Statistical significance confirmed via one-way ANOVA with post-hoc Tukey HSD (p <
.001).

4.5 Convergence Analysis

Figure 4 compares convergence of the proposed algorithm against the iterative CoMP
baseline in terms of average SINR as a function of optimisation iteration count. The proposed
framework converges to within 0.5 dB of its steady-state SINR after 12 iterations, compared
to 22 iterations for CoMP. At iteration 5, the proposed framework already achieves 16.1 dB
SINR, surpassing CoMP's converged value of 15.2 dB. The faster convergence is attributable
to the gradient descent power control update rule, which exploits local interference estimates
and avoids the global coordination overhead that slows CoMP convergence in multi-cell

scenarios.

Algorithm Convergence: Proposed Framework vs. CoMP Baseline
(200 Small Cells/km?)

201
18 4 Proposec
converges
a (iter 12)
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Figure 4. Convergence of Mean SINR over Optimisation Iterations for the Proposed

Framework and CoMP Baseline at 200 Small Cells per Square Kilometre.

Copyright@ Page 11



International Journal Research Publication Analysis

Note. Convergence is defined as reaching within 0.5 dB of steady-state SINR. Results

averaged over 100 independent simulation runs.

4.6 Ablation Study

Table 3 presents results from the ablation study isolating each framework component at 200
small cells per square kilometre. Removing adaptive power control produces the largest
performance degradation, reducing mean SINR from 18.4 to 14.9 dB and increasing outage
probability to 6.8%, confirming that power adaptation is the primary driver of SINR
improvement. Removing cross-tier coordination reduces SINR to 12.7 dB and raises outage
probability to 9.4%, indicating that macro-small cell interference suppression is critical to
coverage maintenance. Removing dynamic resource partitioning produces a more moderate
degradation to 15.6 dB SINR, suggesting that this component contributes primarily to
interference leakage reduction rather than mean SINR. All three components are individually
necessary for full performance, and their combined contribution is greater than the sum of

individual effects, indicating positive interaction among the three mechanisms.

Table 3 Ablation Study: Component-Wise Contribution to SINR and Interference Leakage

Performance.
Avg.  SINR | Outage Prob. | Int. Leakage
(dB) (%) (dBm)

Full Proposed Framework 18.4 3.1 -74.3

Without Adaptive Power Control 14.9 6.8 -66.1

Without Cross-Tier Coordination 12.7 9.4 -62.3

Without Dynamic Resource | 15.6 53 -68.7

Partitioning

Without All Three Components | 8.3 214 -52.1

(Baseline)

Note. Results at 200 SC/km?. Performance degradation from removing each component

confirms independent contribution. Int. = Interference.

4.7 DISCUSSION

The experimental results collectively confirm that the proposed adaptive power control
framework addresses the identified gap in distributed interference mitigation for ultra-dense
heterogeneous deployments. The 21% SINR gain over CoMP is achieved with 63% less

signalling overhead and without centralised coordination, directly resolving the scalability
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limitation identified in the literature review. The graceful performance degradation between
50 and 400 small cells per square kilometre, where competing methods show abrupt
performance cliffs, confirms the density-aware design of the adaptive power control module.
The framework's scalability advantage carries practical implications for 5G network planning
in dense urban environments. Network operators deploying small cell grids in cities such as
Lagos, Mumbai, or Jakarta, where dense informal urban structures preclude fibre backhaul to
all small cells, can apply the proposed framework without the infrastructure investment
required by CoMP. The 12-iteration convergence characteristic also suggests compatibility
with 5G NR frame timing, where a 10 ms coherence interval accommodates iterative power
updates within the slot structure.

Several limitations warrant acknowledgement. The simulation assumes independent Rayleigh
fading per subcarrier, which may underestimate inter-subcarrier correlation observed in
measured 5G channels. The Poisson point process deployment model is a first-order
approximation to actual small cell placement, which often exhibits spatial clustering near
commercial districts. The adaptive threshold of -65 dBm was optimised for the specific
channel model parameters and may require retuning under different propagation
environments. Future work should validate the framework under ray-tracing channel models
derived from real urban environments and extend the dynamic resource partitioning

component to multi-band operation spanning sub-6 GHz and millimetre-wave bands.

5. CONCLUSION

This paper presented an adaptive power control framework for interference mitigation in
ultra-dense cellular networks, integrating cross-tier coordination and dynamic resource
partitioning into a distributed architecture deployable without centralised backhaul.
Simulation results at 200 small cells per square kilometre confirm that the framework
achieves 18.4 dB mean SINR, 4.72 bps/Hz spectral efficiency, and -74.3 dBm interference
leakage, outperforming CoMP by 21%, eICIC by 35%, and fractional frequency reuse by
54% in SINR.

Regarding RQ1, the proposed framework improved SINR over all competing methods by a
minimum of 21% at 200 small cells per square kilometre. Regarding RQ2, spectral efficiency
and interference leakage scaled gracefully across densities from 50 to 400 small cells per
square kilometre, maintaining performance advantages over all baselines at every tested

density. Regarding RQ3, adaptive power control is the single most influential component,
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accounting for the majority of SINR gain, while cross-tier coordination is most critical to
coverage probability maintenance.

For industry and policy stakeholders, the framework's low signalling overhead and
distributed operation make it deployable within existing 3GPP NR infrastructure, providing a
near-term pathway to interference management in 5G densification programmes without the
capital expenditure of coordinated multipoint backhaul upgrades. For 6G planning, the
framework provides a performance baseline against which emerging reconfigurable
intelligent surface and cell-free massive MIMO interference management techniques should
be compared. Future research directions include federated learning integration for privacy-
preserving interference pattern sharing, transfer learning across deployment scenarios,
energy-efficiency co-optimisation, and validation through testbed measurement campaigns in

real urban small cell environments.
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