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Abstract

Ultra-Dense Networks (UDN) and Reconfigurable Intelligent Surfaces (RIS) have emerged
as two pivotal technologies for meeting the growing demand for network capacity and
service quality. UDN boosts capacity by densely deploying femtocells, whereas RIS broadens
coverage by relaying obstructed signals toward the receiver. However, the dense femtocell
deployment introduces co-tier and cross-tier interference, and the reflective nature of RIS
aggravates this problem, since interfering signals are likewise steered toward the receiver.
To overcome this, the present study proposes an adaptive interference management
scheme that combines dynamic clustering and Soft Fractional Frequency Reuse (Soft-FFR)
within a RIS-assisted UDN. Clustering suppresses co-tier interference, while re-clustering
and channel allocation are triggered by the network state, namely the estimated SINR and
service zone of each femtocell. Four system models, the baseline, Dynamic Clustering,
Dynamic Soft-FFR, and the proposed integration were simulated on a three-macrocell
network with up to 330 femtocells. The proposed method achieves the best overall
performance among the evaluated schemes. Compared with the baseline, the SINR CDF at
20 dB falls from 64% to 43% and the throughput CDF at 70 Mbps decreases from 84% to
62%, indicating that a substantially larger proportion of users attain high SINR and
throughput. The spectral efficiency at 330 HeNBs increases from 5.9 to 6.9 bit/s/Hz, and the
bit error rate is reduced from about 0.13 to 0.05. These results confirm that adaptively
integrating Dynamic Clustering and Soft-FFR effectively suppresses both co-tier and cross-
tier interference, thereby improving the reliability and spectral efficiency of dense RIS-
assisted UDNs.

Keywords: Interference Management; RIS; Ultra Dense Network; Clustering; Soft
Fractional Frequency Reuse

1. Introduction

The increasing use of mobile broadband services has led to a massive surge in
wireless data traffic, making the need for high network capacity a major challenge in the
development of 5G and next-generation communication systems [1],[2]. To address this
challenge, Ultra-Dense Networks (UDN) are emerging as an effective technology for
increasing capacity through the efficient utilization of network resources [3]. Through
network densification specifically by deploying a large number of small cells, particularly
femtocells or Home eNodeBs (HeNBs), within the coverage area of macrocells the dense
deployment reduces the distance between base stations and users, thereby decreasing path
loss and allowing frequencies to be reused at more locations. This results in a significant
increase in network capacity [2], [4].
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However, these UDN advantages are accompanied by new challenges. The dense
deployment of small cells with limited frequency resources inevitably leads to complex
interference issues [5], [6]. Although UDNs promise substantial capacity enhancement, this
is constrained by co- tier interference from adjacent femtocells along with cross-tier
interference between macrocells and femtocells sharing a single channel, where each
contributes to a decline in the received signal quality [7], [8].

In addition to UDN, Reconfigurable Intelligent Surfaces (RIS) are increasingly
regarded as an effective technology for increasing signal quality in wireless
communications [9]. RIS consist of many passive reflector elements, each of which can be
phase-tuned to be directed toward the receiver in a focused manner so that the reflected
signals reinforce one another. [10]. Thus, RIS is capable of improving the quality of the
received signal, making it suitable for UDNs where femtocell transmission power is limited
[11]. However, in signal reflection, these elements lack selectivity, so that interference
signals are also reflected toward the receiver, making interference more complex with the
implementation of RIS in a UDN environment. Therefore, interference management is
required to handle interference resulting from dense femtocell deployment as well as
additional interference from RIS reflections, so that both technologies can operate
optimally.

The interference management techniques to be discussed are clustering and Soft
Fractional Frequency Reuse (FFR). The clustering method groups femtocells that are in
close proximity to one another; then, femtocells within a single group are assigned different
co-channel allocations to minimize the occurrence of co-channel interference [12].
Clustering can be performed statically or adaptively. Static clustering performs grouping
and co-channel allocation at the beginning and does not change, so it cannot adapt when
network conditions change. Conversely, Dynamic Clustering can dynamically update cluster
formation and channel allocation based on current interference conditions [13]. Thus,
Dynamic Clustering is superior because it maintains signal quality in dynamic networks and
is particularly effective at mitigating co-tier interference [14]. On the other hand, Soft-FFR
can handle cross-tier interference, which occurs between macrocells and femtocells. Soft-
FFR divides the macrocells coverage service area into two zones, referred to as the central
zone and the edge zone with different transmit power settings and frequency allocations in
each zone. Users in the edge zone, who are more susceptible to interference, are given
stricter co-channel allocation, while users in the central zone have more flexibility in using
co-channel allocation. This reduces signal overlap [15]. Thus, Soft-FFR complements the
clustering capability in handling co-tier and cross-tier interference in RIS-assisted UDNs

Several studies have examined RIS-assisted UDNs from various perspectives. Lin
and Yu [16] investigated the performance of RIS-assisted UDNs by employing a ternary
stochastic geometry approach. The results showed that the presence of RIS improves
system performance, particularly for users with high SINR. Huang et al. [17] optimized the
RIS reflector configuration for energy efficiency, enabling RIS to provide higher energy
efficiency compared to conventional amplifier systems. To address interference through
clustering, Farhan and Rizvi [18] formed clusters in a three-layer heterogeneous network
and managed inter-cluster channel allocation, thereby increasing system throughput and
reducing interference between small cells. Soleimani and Sabbaghian [19] clustered femto
access points and femto users according to the best line-of-sight connectivity; this approach
lowered co-channel interference and increased the achievable data rate. Several works also
discuss the use of FFR to address cross-tier interference. Novlan et al. [20] analytically
evaluated FFR in an OFDMA network and found improved SINR and data rates at the cell
edge, while Alotaibi [21] implemented dynamic FFR in a 5G network, resulting in reduced
interference between macrocells and femtocells and increased network capacity.
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Table 1 positions these studies with respect to the interference components they
address, whether the reflective behaviour of a RIS is taken into account, and whether the
allocation adapts to the network state.

Table 1: Positioning of the proposed scheme with respect to related work

Study Co-tier Cross-tier | RIS-aware | Adaptive
Lin and Yu [16] No No Yes No
Huang et al. [17] No No Yes No
Farhan and Rizvi [18] Yes No No No
Soleimani and Sabbaghian [19] Yes No No No
Novlan et al. [20] No Yes No No
Alotaibi [21] No Yes No Yes
Bai et al. [22] Yes No No Yes
Proposed scheme Yes Yes Yes Yes

The existing literature indicates that the integration of Dynamic Clustering and soft-
FFR in RIS-assisted UDN for the simultaneous mitigation of co-tier and cross-tier
interference has not been comprehensively investigated. Most studies focus only on one
component of interference, without adaptively integrating both. To address this gap, this
study proposes an adaptive interference management scheme that integrates Dynamic
Clustering with Soft-FFR in RIS-assisted UDNs.

The contribution of this work is therefore not the empirical pairing of two
established techniques, but an analysis of how a passive RIS scales the interference of an
ultra-dense network, together with the interference management scheme that this analysis
motivates. Three points are claimed. First, in Section 2.6 the RIS array gain of (1) is
substituted into the interference terms of (2), which shows that the same factor (N+1)?
multiplies the desired and the co-channel components. The attainable SINR therefore
saturates at a ceiling that is fixed by the reflected interference and is independent of the
number of reflecting elements, so that enlarging the surface cannot by itself improve the
SINR of an interference-limited UDN. Because the reflected interference carries a co-tier and
a cross-tier contribution, this ceiling can be raised only if both are reduced, and the joint use
of clustering and Soft-FFR therefore follows from the model rather than being assumed.
Second, we introduce the vulnerability weight in (10), which makes the cluster-formation
order an explicit function of the Soft-FFR zone label in (11) and of the normalised SINR
deficit with respect to the threshold, and we state it as a greedy priority rule for the
underlying channel-assignment objective. By construction the two mechanisms then
operate on a shared state variable rather than being applied one after the other, which is
the structural difference between the proposed scheme and a sequential combination of
[21],[22]. Third, the periodic re-clustering used in earlier dynamic schemes is replaced by
an event-triggered rule, so that the number of adaptation events follows the number of SINR
threshold violations rather than the length of the observation window; the resulting
behaviour is characterised in Section 2.6.

This paper proposes adaptive interference management using an Dynamic Clustering
approach that groups nearby femtocells and assigns different co-channels to each cluster
member, which can be adjusted according to network conditions to mitigate co-tier
interference, while FFR divides the macrocells area into central and peripheral zones with
tiered power levels to mitigate cross-tier interference. The integration of these approaches
is intended to simultaneously suppress both co-tier and cross-tier interference, thereby
enhancing the performance of RIS-assisted UDNs. System performance is evaluated in terms
of SINR, throughput, and BER.
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2.  System Model

This study aims to mitigate interference in UDN environments. The analysis is
conducted on cellular networks utilizing OFDMA-based downlink communication. Four
simulation scenarios are proposed and evaluated sequentially as follows: (1) the baseline
system, (2) the Dynamic Clustering System, (3) the Dynamic Soft-FFR System, and (4) the
proposed system that adaptively integrates clustering and Soft-FFR. The four scenarios are
evaluated under the same network topology, in which three macrocells are deployed using
a frequency reuse factor (FRF) of 3; as a result, each macrocell occupies one-third of the
total system bandwidth. In every macrocell, femtocells are distributed in a dense and
uniform manner, and the FRF scheme together with their locations determines the random
allocation of one-third of the available bandwidth to each of them. All femtocells are
assumed to actively transmit data from the Home eNodeB (HeNB) to the Femtocell User
Equipment (FUE). To enhance signal quality, a RIS is positioned at the intersection center of
the three macrocells, enabling directional reflection of wireless signals.

2.1 Baseline System

Macrocell 3

Desired Signal

Interference Signal

Reflected Signal
———

Macrocell 2

: ENodeB
(@) - Home Enhanced Node B (HeNB)

D Macrocell User Equipment (MUE)
[ : Femtocell User Equipment (FUE)

’ Reconfigurable Intellegence Surface (RIS)

Macrocell 1

Figure 1: Baseline System Scenario (RIS-Assisted UDN)

Based on the configuration shown in Figure 1, the analyzed femtocell network
experiences both co-tier and cross-tier interference. To manage spectrum resources,
different sub-bandwidth allocations are applied to macrocells and femtocells using the FRF
scheme. The macrocell operates with an FRF of 1, while the femtocells employ an FRF of 3.
Accordingly, the overall system bandwidth is divided into three identical channels, namely
Channel 1, Channel 2, and Channel 3, which are assigned cyclically to femtocells according
to their positions within the macrocell coverage region. This condition increases the
occurrence of interference between femtocells, especially at high femtocell densities. Cross-
tier interference results from interference from neighboring macrocells as well as signal
reflections through the RIS. Model 1 is configured without interference management to
serve as a baseline for the next three models.
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2.2 Dynamic Clustering System

Macrocell 3

Desired Signal

Interference Signal

Reflected Signal

Macrocell 2

({’ : Home Enhanced Node B (HeNB)
D : Macrocell User Equipment (MUE)

D Femtocell User Equipment (FUE)
. Reconfigurable Intellegence Surface (RIS)

Macrocell 1

Figure 2: Clustering System

The second scenario modifies the baseline by forming clusters of three adjacent
femtocells; following the FRF-3 scheme, every femtocell belonging to a cluster is then
allocated a different channel. Cluster formation begins by selecting the femtocell with the
shortest distance to the eNodeB as the reference femtocell; next, the two femtocells closest
to the reference are selected to complete the first cluster. Once formed, the procedure is
repeated until all femtocells in the macrocellsarea have formed clusters.

This method aims to increase the distance so that the co-tier interference received
by each femtocell decreases. This dynamic nature arises from periodic cluster updates as
network conditions change; for example, when the estimated SINR of a number of HeNBs
decreases, the clustering process is rerun, prioritizing HeNBs with low SINR values so that
the cluster configuration always adapts to current conditions.
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2.3 Dynamic Soft-FFR System

Macrocell 3

Desired Signal

Interference Signal

Reflected Signal

Macrocell 2

ENodeB
3} : Home Enhanced Node B (HeNB)
u : Macrocell User Equipment (MUE)

ﬂ Femtocell User Equipment (FUE)
.. Reconfigurable Intellegence Surface (RIS)

Macrocell 1

Figure 3: FFR System

210


http://u.lipi.go.id/1593679052
https://unp.ac.id/
https://creativecommons.org/licenses/by/4.0/

Jurnal Teknik Elektro Indonesia Hune

| L _Z _Jy ¥ | : = & '
JTEIN: Jurnal Teknik Elektro Indonesia, Vol. 7, No. 2, pp. 206-219, 2026 & 3
<é/3] JIEIn e-ISSN 2723-0589 =)

The third scenario divides each macrocells into a center zone and an edge zone based
on the FUE distance to the eNodeB, with the boundary set at half the macrocells radius. In
the center zone, all neighboring macrocells are counted as cross-tier interferers, and co-tier
interference is calculated in full, as in the baseline. In the edge zone, FRF 3 is applied so that
only macrocells using the same channel interfere, and co-tier interference is reduced by
25% to account for the elimination of a quarter of the subchannels. HeNBs in the edge zone
select channels based on their distance from the ENodeB. With this configuration, the third
model is optimized to improve user service quality in the edge zone, which is most
vulnerable to interference. The term “dynamic” refers to the determination of zones and the
relocation of edge channels, which are recalculated based on the user’s position and
conditions at each evaluation, rather than being set once at the beginning.

2.4 Proposed System

Macrocell 3

Desired Signal

Interference Signal
Reflected Signal

Macrocell 2

op
=]
o]
gl
<
W
-
—
)
op
ENodeB
(@) : Home Enhanced Node B (HeNB)
D : Macrocell User Equipment (MUE)
U Femtocell User Equipment (FUE)
’ Reconfigurable Intellegence Surface (RIS)
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Figure 4: Proposed System

The fourth scenario integrates the second and third scenarios into a single adaptive
framework. The approach involves assigning complementary roles to the two models: Soft-
FFR addresses cross-tier interference through zone partitioning, while clustering addresses
co-tier interference through channel separation between femtocells. To achieve an adaptive
configuration in this method, reclustering is not performed uniformly but is triggered by
network conditions and directed to protect vulnerable HeNBs. Reclustering is performed if
there is a HeNB with an estimated SINR value below the threshold. Each HeNB is assigned a
priority weight according to its level of vulnerability to interference, so that limited channel
resources are prioritized to maintain the HeNBs that need it most. Meanwhile, cross-tier
interference follows the Soft-FFR rules, while co-tier interference follows the channel
separation results from clustering; specifically, in the edge zone, an additional 25%
reduction is applied in accordance with the elimination of co-channel subchannels. The total
interference for each FUE also accounts for the reflection component from the RIS. In a
single cycle, this proposed model encompasses several stages, including femtocell
deployment, zone formation, SINR threshold calculation, evaluation of reclustering trigger
conditions, weighted cluster formation, channel allocation, per-zone interference
calculation, and SINR evaluation.
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2.5 Performance Metrics

The analysis of the RIS-based communication system in this work adopts the two-ray
channel model described in [23]. Based on this configuration, Equation (1) is used to
calculate the received signal power

B= (N + 12 P () ()

Interference occurs when femtocells using identical frequency channel allocations
transmit downlink signals simultaneously. In such cases, the Signal-to-Interference-plus-
Noise Ratio (SINR) is calculated using Equation (2)

_ Pfemto
SINRfemeo = S 1D+ B7_, 1) +Py Y

where P femeo is received the signal power of the target femtocell in mW or W. The
paramaters x and y indicate the number of co-channel interfering HeNBs and eNodeBs,
respectively. . I(j) and I(i) denote the interference powers generated by the j-th HeNB and
the i-th eNodeB operating on a shared frequency resource, while Py refers to the receiver
noise power.

The estimated signal strength in FUE, measured in decibels (dB), can be determined using
the following Equation (3)
P pyp(dBm) = P_yenp (dBm) — L (dB) (3)

In that Equation P yeyp is the HeNB transmit power in dBm, and L is the path loss in dB.
Since the network is assumed to operate in an urban environment, the macrocells and
femtocell channel models refer to 3GPP TR 36.922 version 10.0.0 Release 10 and 3GPP TR
36.814 version 10.2.0 [23]. The path loss equation for macrocells and femtocells are shown
in Equation (4) and (5).

L_macro (dB) = 153 + 37.6 loglo(r) + L_Oth (4‘)

L remto(dB) = 127 +30 logso (155=) (5)

where r indicates the separation between the transmitting and receiving nodes, measured
in meters, while L ¢, is the additional propagation loss expressed in dB.

The thermal noise power Py in Equation (2) is calculated from the spectral noise power
density Ny, the bandwidth B (in Hz), and the noise figure of the receiver, as shown in
Equation (6)

Py = Ny + 10log,o(B) + N (6)

The Cumulative Distribution Function (CDF) characterizes the cumulative probability of a
continuous random variable. In this study, the CDF of the SINR is determined according to
Equation (7)

P_oyr (SINR <r) =P[SINR <] (7N
where r represents the SINR value under analysis, which is assumed to remain constant
throughout the evaluation.

Throughput refers to the total number of bits successfully received by the destination per
unit time, serving as a key indicator of system capacity. This value is calculated based on
Shannon's capacity equation shown in Equation (8).

T =B X log,(1 + SINR) (8)
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where T i is the throughput attained by the system, expressed in Mbps, while (B) denotes
the total bandwidth allocated to the system in MHz.

The BER (Bit Error Rate) denotes the proportion of bits received incorrectly in a
communication system due to the effects of noise, interference, or synchronization errors.
In this study, the BER values for the 16-QAM modulation in the observed FUE were
calculated using the following Equation(9)

BER = %Q(Exi—’(’)) 9)

where Q(x) refers to the Q-function used in error probability analysisE), is the energy per
transmitted bit, and N, denotes the noise power spectral density. The Ej, /N, ratio is
determined based on the modulation scheme utilized by the communication system.

Each HeNB is assigned a priority weight wy, the value of which increases when its
estimated SINR falls below the threshold y;; or when it is in the edge zone, as shown in
Equation (10). The notation (x) denotes max (x, 0) and k is a weighting constant.

_ (o))" + k - 1{zone(f) = EDGE} (10)

w
f Yth

The adaptive mechanism in the proposed model is implemented by defining a soft-FFR zone
for each FUE based on its distance from the ENodeB, as given in the Equation(11).
EDGE, d(u,eNB) = R/2
CENTER, d(u,eNB) <R/2
(11)

2.6 Interference Scaling in RIS-Assisted UDN, Computational Complexity, and
Signaling Overhead

zone(u) = {

The received power model in (1) applies an array gain of (N+1)? to any signal that
reaches the receiver through the surface, in line with the quadratic power scaling reported
for passive reflecting surfaces [10],[24],[25]. Because the elements are passive and share a
single phase configuration, this gain is not selective: a co-channel signal whose path
traverses the surface is reinforced by the same factor as the desired signal. Consistent with
the reflection model adopted in (1), the surface is therefore assumed to apply its array gain
to every co-channel path that traverses it, which represents the worst case for a passive
surface whose phase configuration is not user-selective. Separating the interference of (2)
into a reflected component and a direct component then gives Equation (12).

(N+1)%P_df

SINR_f = (N+1)? RIS + I_dir,f + P_.N

(12)

where P_d,f is the desired power received from the serving HeNB, I_RIS,f the co-channel
interference whose path traverses the surface, and I_dir,f the co-channel interference
reaching the FUE directly. For N = 0 the expression reduces to the conventional
interference-limited SINR of (2), whereas for large N the factor (N+1)? cancels between the
numerator and the leading term of the denominator, which gives the far-field asymptote of
Equation (13) [23].

lim SINR_f = 2=4f
n—oo I_RIS,f

(13)

The attainable SINR is therefore bounded by a ceiling that depends only on the
reflected co-channel interference and is independent of N: once I_RIS, f dominates I_dir, f
and the noise, which is the regime of a UDN at high femtocell density, enlarging the surface
brings no further gain, and the ceiling can be raised only by reducing the number of
interferers whose paths traverse it. A comparable saturation has been reported for RIS-
assisted links limited by electromagnetic interference [25], although there the ceiling arises
from interference impinging on the surface rather than reflected by it. Since I_RIS, f carries
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both a co-tier and a cross-tier contribution, clustering and Soft-FFR must act together rather
than alternatively, so that the joint scheme of Section 2.4 follows from (13) rather than being
assumed. Because an exact assignment of K = 3 orthogonal channels is combinatorial and
intractable at these densities, (10) is used as a greedy priority rule: it orders the HeNBs by
normalised SINR deficit and promotes those in the edge zone, so that the zone label of (11)
and the deficit enter a single ordering and the two mechanisms act on a shared state variable
rather than in sequence. Re-clustering is triggered only when a HeNB falls below the
threshold.

The per-cycle cost is dominated by cluster formation, which selects a reference
HeNB together with its two nearest neighbour M/K times and is O(M?); zone assignment,
weighting and channel allocation are of lower order. The scheme is therefore of the same
complexity as the conventional Dynamic Clustering of Section 2.2, or about 5x10* distance
evaluations per cycle for the M = 330 of Section 3. Each cycle exchanges 2M control
messages, that is 660 per macrocell.

3. Results and discussion

The simulation was conducted on a multi-cell network consisting of three macrocells
with a FRF of 3. Each macrocells has a radius of 1000 m, while the femtocell radius is set at
30 m. A total of 330 femtocells were randomly distributed according to a uniform
distribution across the area of the each macrocells to form a UDN environment. The
femtocells also employ an FRF of 3 and serve a single FUE located at a fixed distance of 10
m from the HeNB. The maximum transmit power levels assigned to the eNB and HeNB are
46 dBm and 23 dBm, respectively. In addition, the network is configured with a total
bandwidth of 10 MHz and a 16-QAM modulation format. The simulation was conducted
using MATLAB and run for 10,000 iterations. In each iteration, performance parameters
such as SINR, throughput, and BER were calculated, and their average values were used for
system performance analysis. Additionally, the distributions of SINR and throughput were
evaluated using the CDF and the distributions of BER were evaluated using the CCDF. Table
2 gives an overview of the parameters used in the simulations conducted in this study.

Table 2: Simulation Setup Parameters

No. Parameter Value

1. Macrocells 3

2. HeNBs (in each macrocell) 330

3. | FUEs (in each macrocell) 330

4 Femtocell Radius 30m

5. Macrocell Radius 1,000 m

6. FRF of macrocells and femtocells 1and 3

7. System Bandwidth 10 MHz

8. HeNB TransmitPower 23 dBm

9. eNodeB TransmitPower 46 dBm
10. | Modulation scheme 16-QAM
11. | Noise Power Spectral Density -174 dBm/Hz
12. | Iterations 10,000 iterations

To evaluate the performance of the four systems considered, a thorough set of
simulations was performed. The first configuration, illustrated in Figure 1, represents the
baseline UDN network assisted by RIS and is denoted by the blue trendline. The second
configuration, referred to as Dynamic Clustering, implements the clustering mechanism
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presented in Figure 2 and is represented by the green trendline. The third configuration,
termed Dynamic Soft-FFR, incorporates the Dynamic Soft-FFRscheme described in Figure
3 and is indicated by the red trendline. Finally, the proposed integrated method combines
RIS-assisted UDN, Dynamic Clustering, and Dynamic Soft-FFR into a unified framework. The
performance of this integrated system is represented by the purple trendline. All four
configurations were evaluated under the same topology, transmit powers, bandwidth,
channel models and number of iterations, so that the differences reported below are
attributable to the interference management mechanism alone rather than to differing
simulation assumptions.
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Figure 5: The CDF of SINR
As shown in Figure 5 presents the CDF of the SINR. Because the CDF expresses the
probability that a user experiences an SINR lower than or equal to a given value, a curve
positioned further to the right (a lower CDF at a fixed SINR) indicates that a larger share of
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users obtains a high SINR, which is desirable. At the reference level of 20 dB, the baseline
records a CDF of about 64%, meaning that roughly two-thirds of users fall below 20 dB. This
value decreases to approximately 53% for Dynamic Soft-FFR and 47% for Dynamic
Clustering, while the proposed scheme attains the lowest value of about 43%.
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Figure 6: The CDF of throughput
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As depicted in Figure 6, the CDF of the throughput, which follows the same
interpretation: a lower CDF at a given throughput indicates that more users reach that data
rate. At a reference throughput of 70 Mbps, the baseline records a CDF of about 84%,
whereas Dynamic Soft-FFR, Dynamic Clustering, and the proposed scheme record
approximately 75%, 68%, and 62%, respectively. The proposed method therefore leaves
only about 62% of users below 70 Mbps, corresponding to a reduction of roughly 22
percentage points relative to the baseline.
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Figure 7: The CCDF of BER

Figure 7 depicts the CCDF of the BER for the 16-QAM modulation. At a CCDF of 0.5,
the proposed scheme yields a BER of about 0.05, compared with approximately 0.07 for
Dynamic Clustering, 0.10 for Dynamic Soft-FFR, and 0.13 for the baseline. The proposed
method therefore reduces the BER by roughly 60% relative to the baseline, indicating
markedly more reliable bit-level transmission. A notable observation is that Dynamic
Clustering achieves a lower BER than Dynamic Soft-FFR, even though their SINR and
throughput distributions are comparable. This suggests that, at the FUE located close to its
serving HeNB, the dominant source of bit errors is the co-tier interference generated by the
densely packed neighbouring femtocells rather than the cross-tier interference from the
macrocells. Channel separation through clustering attacks this dominant component
directly and therefore has a stronger effect on the error floor. The proposed scheme retains
the clustering benefit while adding the zone-based cross-tier mitigation of Soft-FFR, which
is why it attains the lowest BER among all configurations and offers the best communication
reliability
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Figure 8: The results of Spectral efficiency
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Figure 8 presents the spectral efficiency as the number of HeNBs increases. A general
downward trend is observed for all schemes, because a denser deployment intensifies the
aggregate interference and erodes the achievable efficiency. At the maximum density of 330
HeNBs, the baseline achieves about 5.9 bit/s/Hz, while Dynamic Soft-FFR, Dynamic
Clustering, and the proposed scheme reach approximately 6.4, 6.5, and 6.9 bit/s/Hz,
respectively. Although every scheme degrades as the network becomes denser, the
proposed method consistently sustains the highest spectral efficiency and exhibits the
gentlest decline, indicating that its adaptive interference management remains effective
even under heavy load. The gain of about 1.0 bit/s/Hz over the baseline at maximum density
(roughly a 17% improvement) demonstrates that combining clustering with Soft-FFR
allocates the available frequency resources more efficiently, so that the spectrum continues
to be exploited productively as the network scales.

The comparisons above are supported by the sampling statistics of the simulation
output. Each metric is estimated from the 10,000 independent simulation runs listed in
Table 2. Within a run, the per-user values are averaged first, since users in the same run
share a topology and are therefore not independent; the mean and its 95% confidence
interval are then computed across the 10,000 run averages and reported in Table 3.

Table 3: Mean performance with 95% confidence intervals

Scheme SINR (dB) Th(r;’,[‘l’)fg“t BER

Baseline 13.06 £0.01 46.41 + 0.04 0.1263 + 0.0002
Dynamic Soft-FFR 14.69 £ 0.01 51.27 + 0.04 0.1062 + 0.0002
Dynamic Clustering 16.85 + 0.01 57.02 + 0.03 0.0771 £ 0.0001
Proposed 17.91 £ 0.01 60.43 + 0.03 0.0670 + 0.0001

Pairwise comparisons using a two-sample Welch t-test on the means and a two-

sample Kolmogorov-Smirnov test on the distributions return p < 0.001 for every metric and
every pairing. The narrowest margin is the one over the clustering configuration, namely
1.06 dB in SINR, 3.40 Mbps in throughput and 0.0100 in bit error rate; the margins over the
frequency-reuse configuration and the baseline are larger, as Table 3 shows. Because the
number of replications is large, it is the magnitude of each margin rather than its statistical
significance that should be read as the practical result.
Since the Dynamic Clustering and Dynamic Soft-FFR configurations implement clustering
[13] and fractional frequency reuse [21] under the same topology, transmit powers,
bandwidth, channel models and number of iterations, the results above quantify the gain of
the proposed scheme over these established approaches and not over the unmanaged
baseline alone. Relative to the clustering configuration, the CDF of the SINR at 20 dB falls
from about 47% to 43%, that of the throughput at 70 Mbps from 68% to 62%, the BER at a
CCDF of 0.5 from 0.07 to 0.05, and the spectral efficiency at 330 HeNBs rises from 6.5 to 6.9
bit/s/Hz; the gains over the frequency-reuse configuration are larger still.

That the clustering margin is the narrower of the two follows from Section 2.6: at an
FUE close to its serving HeNB the co-tier term dominates the reflected interference, so a
scheme that already separates co-channel HeNBs recovers most of the available gain, and
the remainder comes from the zone-based mitigation of the cross-tier component. Both
approaches were re-evaluated here under a common set of assumptions rather than
compared through the values reported in their original studies, which assume different cell
radii, femtocell densities and propagation models and include no reflecting surface

4.  Conclusion
This study evaluated four RIS-assisted UDN configurations, namely a baseline system
and three adaptive interference management techniques: Dynamic Clustering, Dynamic
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Soft-FFR, and a proposed scheme that adaptively integrates clustering with Soft-FFR. The
simulations, carried out on a three-macrocell network with 330 femtocells per macrocell
over 10,000 iterations, consistently show that the proposed method delivers the best
overall performance among the considered systems.

At an SINR of 20 dB, the CDF decreases from about 64% for the baseline to 53% for
Dynamic Soft-FFR, 47% for Dynamic Clustering, and 43% for the proposed scheme,
meaning that more users achieve a high SINR. The same trend holds for throughput, where
the CDF at 70 Mbps falls from about 84% to 62%, and for spectral efficiency at 330 HeNBs,
which rises from about 5.9 to 6.9 bit/s/Hz. The proposed method also attains the lowest bit
error rate, approximately 0.05 against 0.13 for the baseline, confirming that it provides
more reliable communication.

These findings demonstrate that Dynamic Clustering and Dynamic Soft-FFR play
complementary roles in suppressing co-tier and cross-tier interference, respectively, and
that integrating them within an adaptive, vulnerability-aware framework yields the most
robust improvement in service quality for dense RIS-assisted UDNs. Future work may
extend the scheme by jointly optimising the RIS phase configuration with the clustering and
zone-allocation decisions, and by validating the approach under user mobility and more
diverse traffic conditions. A further limitation of the present study is that the comparison is
restricted to schemes in which the RIS phase configuration is fixed; benchmarking against
optimisation- or learning-based RIS configuration methods requires a system model in
which the phase configuration is itself a decision variable, and is left to future work
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