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Abstract: The design and validation of 5G systems rely heavily
on standardized radio channel models to predict real-world
performance. The 3GPP TR 38.901 and the ITU-R M.2412
reports are the industry’s cornerstones for this purpose, yet they
exhibit significant technical differences, particularly in the sub-
6 GHz frequency band and millimeter-wave indoor scenarios.
This paper presents a rigorous comparative study of these two
standards, quantifying the performance impact of their diver-
gences across canonical deployment scenarios. Using a unified
simulation framework implemented in ns-3, we analyze pathloss
and Signal-to-Noise Ratio (SNR) in Rural Macro (RMa), Urban
Macro (UMa), Urban Micro (UMi), and Indoor Hotspot (InH)
environments.

Our results reveal that while the models align in rural scenarios,
they diverge fundamentally in complex urban environments. The
ITU-R model proves to be a more conservative benchmark in
UMa NLOS, predicting a median SNR up to 9.5 dB lower than
3GPP. Conversely, in UMi NLOS, the 3GPP model describes
a significantly more volatile channel (higher shadow fading vari-
ance), making it a risky predictor for Ultra-Reliable Low-Latency
Communications (URLLC). Furthermore, our analysis of the
indoor 28 GHz scenario exposes a dramatic discrepancy: the ITU-
R’s optional model is exceptionally optimistic, showing a perfor-
mance gap of up to 34 dB compared to the standard 3GPP model.
We conclude that these technical divergences reflect differing
design philosophies — optimistic prediction vs. conservative bench-
marking - dictating that model selection must be strategically
aligned with the specific 5G service pillar (eMBB or URLLC)

under evaluation.

Keywords: 5G, channel modeling, 3GPP TR 38.901, ITU-R
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1. Introduction

The fifth generation of mobile communications (5G), catego-
rized under the IMT-2020 vision, marks a paradigm shift from
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traditional mobile broadband to a diverse ecosystem of services.
As defined by ITU-R Recommendation M.2083 [1], 5SG is built
upon three distinct pillars: Enhanced Mobile Broadband (eMBB),
focusing on high data rates (up to 20 Gbit/s) and mobility; Massive
Machine-Type Communications (mMTC), targeting high-density
IoT connectivity; and Ultra-Reliable and Low-Latency Commu-
nications (URLLC), enabling mission-critical applications with
sub-millisecond latency and 99.999% reliability.

Designing networks that meet these varied and stringent
requirements necessitates highly accurate channel modeling. The
adoption of millimeter-wave (mmWave) frequency bands intro-
duces complex propagation characteristics, such as high free-
space path loss, extreme sensitivity to blockage, and sparse
scattering, which challenge conventional sub-6 GHz modeling
approaches [2]. Accurate simulation tools are therefore vital for
predicting key metrics like coverage, throughput, and reliability
before physical deployment [3].

Currently, the two industry-standard frameworks for 5G
channel modeling are the 3GPP TR 38.901 [4] and the ITU-
R M.2412 [5] reports. While the ITU-R model builds upon
the 3GPP specification, it introduces significant modifications,
particularly in pathloss formulations for the sub-6 GHz band
and new statistical distributions for angular spreads. However,
the practical impact of these technical divergences on system-level
performance is not always fully quantified. Model selection is
often treated as a minor configuration detail, yet it can fundamen-
tally alter simulation outcomes and, consequently, network design
decisions.

This paper presents a rigorous comparative study of the
3GPP and ITU-R channel models. We implement the ITU-R
M.2412 model within the ns-3 network simulator, creating
a unified framework to benchmark it against the established
3GPP implementation. We analyze performance across four
canonical scenarios: Rural Macro (RMa), Urban Macro (UMa),
Urban Micro (UMi), and Indoor Hotspot (InH). Our primary
objective is to quantify the differences in pathloss and Signal-
to-Noise Ratio (SNR) and to interpret these divergences
through the lens of the different service requirements (eMBB vs.
URLLC).

The remainder of this paper is organized as follows: Section 2
details the technical differences between the two channel models.
Section 3 describes our simulation framework in ns-3. Section 4
presents the comparative analysis of pathloss and SNR. Section 5
discusses the philosophical implications of the results for 5SG
service pillars, and Section 6 concludes the paper.
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2. Overview of Channel Models

The relationship between the 3GPP TR 38.901 [4] and ITU-R
M.2412 [5] channel models is one of foundation and refinement.
The 3GPP model provides a comprehensive baseline for frequen-
cies from 0.5 to 100 GHz. The ITU-R model adopts this baseline
but introduces a bifurcated architecture based on frequency, along
with specific modifications for indoor millimeter-wave scenarios.

2.1. Architectural Framework: Model A vs. Model B

While 3GPP defines a single, continuous framework across the
frequency spectrum, ITU-R M.2412 introduces a distinction:

e Model B (6—100 GHz): For frequencies above 6 GHz, the
ITU-R explicitly aligns with the 3GPP specification. Pathloss
formulas, line-of-sight (LOS) probabilities, and fast-fading
parameters are identical.

e Model A (0.5—6 GHz): For the lower frequency bands, which
are critical for wide-area 5G coverage (e.g., 700 MHz, 3.5 GHz),
ITU-R introduces distinct formulations.

2.2. Scenarios of Consensus and Alignment

Before analyzing the divergences, it is crucial to identify where the
standards harmonize.

2.2.1. Rural macro (RMa)

For the Rural Macro scenario, the ITU-R does not introduce a
unique formulation. It explicitly adopts the pathloss equations and
fading parameters defined in 3GPP TR 38.901 for both LOS and
NLOS conditions. The only minor distinction is the applicability
range: ITU-R extends the validity distance up to 21 km, whereas
3GPP typically defines it up to 10 km. Mathematically, however,
the models are identical.

2.2.2. Standard indoor hotspot (InH)

For standard office environments in the sub-6 GHz band, the ITU-
R introduces specific “InH-A” formulas. While technically distinct
from the generic 3GPP equations, they are designed to yield func-
tionally equivalent results. The mean pathloss trends and shadow
fading parameters (e.g., osr = 3 — 4 dB) are largely harmonized,
reflecting a consensus on the propagation physics within standard

buildings.

2.3. Critical Pathloss Divergences

The most impactful technical differences arise in urban environ-
ments and speciﬁc mmWave use cases.

2.3.1. Urban Macro (UMa) NLOS

The 3GPP model employs a generalized distance-dependent
formula. In contrast, the ITU-R Model A incorporates specific
environmental geometry. The 3GPP formula relies primarily on
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3D distance (d3p), carrier frequency (f;), and user terminal
height (hyr):

PL3Gpp = 13.54 +39.08 log; (d3p)

+201log;o () — 0.6(hyr — 1.5)

(1)

The ITU-R formula is significantly more complex, introducing
sensitivity to the average building height () and street width (177):

PLry = 161.04 — 7.1log,o (W) +7.5 log, (h)
— (24.37 = 3.7(h/bgs)*) logy (hps)
+ (43.42 — 3.1log (hps)) (logyo (d3p) — 3)
+201log;o (£) — (3.2(log; (17.625))* — 4.97)

This complexity aims to model diffraction loss over rooftops more
explicitly than the regression-based 3GPP approach.

2.3.2. Urban micro (UMi) NLOS

In the street canyon environment, the models diverge in their
regression coefficients and, crucially, in their statistical variance.
The mean pathloss formulas differ in slope and intercept:

PLsgpp = 22.4+35.3 Ioglo(d3D) +21.3 logIO (ﬁ) (3)

PLiry =367 10810 (d3D) +22.7+26 10810 (ﬁ) (4)

However, the most significant difference for system reliability is
the Shadow Fading (SF) standard deviation (sgr). The 3GPP
standard specifies a high ogr = 7.82 dB, implying a highly volatile
channel. The ITU-R standard specifies a much lower ogr =
4.0 dB, describing a more stable environment.

2.3.3. Indoor 28 GHz optional model

For indoor mmWave scenarios, ITU-R introduces “Optional
Model I”, a simplified deterministic model based on 2D
distance (da2p):

PLITU,Opt = 22.010g10 (dop) +61.2  (ogr =3.3dB) (5)

This model ignores the height component (d3p) and assumes
a very low shadow fading variance compared to the full 3GPP
stochastic model, representing an idealized propagation environ-
ment.

2.4. Small-Scale Fading and Angular Distributions

Beyond pathloss, the models differ in how they generate multipath
components (Fast Fading). Small-scale fading is typically modeled
according to classical distributions, as described in [6].

2.4.1. The Laplacian innovation

A major novelty in ITU-R M.2412 is the mandate to use the
Laplacian distribution for the Power Angular Spectrum (PAS) of
zenith angles (ZOD/ZOA) in sub-6 GHz scenarios, whereas 3GPP
exclusively uses the Wrapped Gaussian distribution [7].

Vol.2 2



Nicolo Avarino et al.

Table 1. Table 2.

Feature 3GPP TR 38.901 | ITU-R M.2412 Parameter InH UMi RMa UMa
RMa and InH Baseline Identical Aligned Carrier Freq. 4GHz | 4GHz | 700 MHz | 700 MHz
LOS BS Height 3m 25m 35m 25m
UMa NLOS Simplified Complex Formula UE Height 15m 15m 1.5m 1.5m

Formula Tx Power 24dBm | 44dBm | 49dBm | 49dBm
UMi NLOS o5z High (7.82 dB) Low (4.0 dB) UE Noise Fig. 7 dB 7 dB - dB 7 dB
Zenith Angles Wrapped Laplacian Thermal Noise ~174 dBm/Hz

Gaussian
Indoor mmWave | Full Stochastic Optional

Simplified (2D)

o Gaussian (3GPP): Symmetric, thin tails. Assuming scattering
clusters are concentrated around a mean direction.

o Laplacian (ITU-R): Sharper peak, heavier tails. This models
environments where strong reflections can occur at angles signif—
icantly offset from the main direction.

Table 1 summarizes these key technical characteristics.

3. Simulation Methodology

To conduct a fair and rigorous comparison, we developed a unified
simulation framework within the Network Simulator 3 (ns-3)
environment. ns-3 is a discrete-event network simulator widely
used in academia and industry for 5G research. While ns-3 natively
includes a robust implementation of the 3GPP TR 38.901 channel
model, it lacks the specific modifications introduced by ITU-R
M.2412. Therefore, our primary methodological contribution was
the extension of the ns-3 propagation module to incorporate the

ITU-R speciﬁcations.1

3.1. Framework Architecture

Our implementation extends the existing ns-3 architecture by
introducing new classes that inherit from the core Propagation
LossModel and ChannelConditionModel. Our simulation
framework was informed by the WWREF-IEG evaluation of IMT-
2020 candidate technologies [8]. This modular approach ensures
that the only variable in our comparative study is the channel
model definition itself; the underlying simulation engine, mobility
models, and antenna arrays remain consistent.
Key features implemented include:

e Dual-Mode Pathloss Engine: A logic switch that applies
either “Model A” (ITU-R sub-6 GHz formulas) or “Model B”
(standard 3GPP formulas) based on the carrier frequency and
scenario.

e Laplacian Angular Distribution: We modified the channel
generation procedure to support the Laplacian distribution for
zenith angles (ZOD/ZOA) as mandated by ITU-R, alongside
the standard Wrapped Gaussian distribution.

o Scenario-Specific Parameters: We integrated the complete set
of fast-fading parameters (delay spread, angular spread, cross-
correlations) from the ITU-R M.2412 report.

! The complete source code developed for this study is available at: hteps:
//github.com/simultelco/ns-3-itu
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3.2. Simulation Configuration

All simulations were configured according to the “Evaluation
configurations for test environments” specified in ITU-R M.2412.
We simulated single-link performance with a channel bandwidth
of 20 MHz. The key parameters for each of the four scenarios are
summarized in Table 2.

3.3. Evaluation Scenarios and Metrics

We evaluated performance in two distinct propagation conditions
for each scenario:

o Line-of-Sight (LOS): The receiver moves away from the trans-
mitter in a straight line (10 m to 100 m) with a clear optical path.

o Non-Line-of-Sight (NLOS): The receiver is positioned at a
distance where the LOS probability is negligible (e.g., >900 m
for UMa), ensuring that the channel is dominated by multipath
and obstructions. Shadow fading is enabled to capture large-
scale signal variations.

Our comparison relies on two primary metrics:

—

. Pathloss vs. Distance: This validates the correctness of the
large-scale attenuation models and visualizes the mean signal
decay predicted by each standard.

2. Signal-to-Noise Ratio (SNR) CDF: The Cumulative Distri-

bution Function of the SNR captures the combined effect of

pathloss, shadow fading, and fast fading. It allows us to quan-
tify link reliability (outage probability at the tail) and ergodic
capacity (median SNR).

3.4. Limitations

To focus on the fundamental differences in channel modeling,
certain complexities were simplified. Specifically, dynamic
blockage (e.g., by moving vehicles) was not modeled, and isotropic
antennas were used to isolate channel propagation effects from
beamforming gains.

4. Results and Comparative Analysis

This section presents the comprehensive simulation results across
four canonical deployment scenarios: Rural Macro (RMa), Urban
Macro (UMa), Urban Micro (UMi), and Indoor Hotspot (InH).
For each scenario, we first validate the pathloss models by
comparing theoretical formulas against simulated data, and then
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Theoretical Pathloss Comparison for RMa LOS
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Figure 1.
RMa LOS theoretical pathloss.

analyze the Signal-to-Noise Ratio (SNR) Cumulative Distribution
Functions (CDFs) to quantify system performance.

4.1. Rural Macro (RMa) Scenario

The RMa scenario serves as the validation baseline. Since ITU-R
M.2412 explicitly adopts the 3GPP TR 38.901 formulas for rural
environments at 700 MHz, we expect identical performance.

4.1.1. Pathloss Validation

As shown in Figure 1, the theoretical curves for 3GPP and
ITU-R are perfectly superimposed for both Line-of-Sight (LOS)
and Non-Line-of-Sight (NLOS) conditions. The simulated data
points (Figure 2) align flawlessly with the theoretical predictions,
confirming the correctness of the simulation framework imple-
mentation.

4.1.2. SNR analysis

Consequently, the SNR performance is identical. Figure 3 and 4
show a perfect overlap of the CDF curves. In LOS, the median
SNR is approximately 68 dB, dropping to 19 dB in NLOS. This
scenario confirms that where standards converge, the models yield
indistinguishable results.

4.2. Urban Macro (UMa) Scenario

In the UMa scenario, divergences appear due to the ITU-R’s
specific “Model A” formulations for the sub-6 GHz band.

4.2.1. Pathloss validation

In LOS conditions, the models remain identical (Figures omitted
for brevity as they mirror the RMa consensus). However, in NLOS

conditions, a significant gap emerges. Figure 5 shows that the
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Figure 2.
RMa LOS simulated data.
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Figure 3.
RMa LOS SNR CDF.

ITU-R model (red) predicts consistently higher pathloss than the
3GPP model (blue). While the simplified formulas might suggest
a minimal difference, the full implementation reveals a gap often
exceeding 10 dB due to environmental parameters like building
heights incorporated in the ITU-R model.

4.2.2. SNR analysis

In the LOS condition, the performance curves for 3GPP and ITU-
R are practically identical (Figure 6). It is important to note that
any minor behavioral variations observed in this state are not due
to signal attenuation, but are solely attributable to slight differences
in the fast-fading parameters (small-scale fading) defined by the two
standards.

In contrast, the NLOS condition shows a dramatic diver-
gence where pathloss dominates. The higher attenuation predicted

by ITU-R directly degrades link quality. The SNR CDF in Figure 7
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UMa NLOS simulated pathloss.

reveals a clear horizontal shift. The 3GPP model predicts a median
SNR of +4.5 dB, whereas the ITU-R model predicts —5 dB. This
9.5 dB deficit in the ITU-R model implies a much higher outage
probability, positioning it as a significantly more conservative
benchmark for urban coverage compared to the 3GPP baseline.

4.3. Urban Micro (UMi) Scenario

The UMi “Street Canyon” scenario at 4 GHz exhibits the most
complex behavior, with model superiority flipping between LOS
and NLOS.

4.3.1. Pathloss validation

In LOS (Figure 8), the ITU-R model is more optimistic,
predicting 2—3 dB lower pathloss than 3GPP. However, in NLOS
(Figure 9), the relationship inverts: the ITU-R model becomes
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Figure 7.
UMa NLOS SNR CDF (divergent).

more pessimistic, predicting 5-7 dB higher pathloss. The simula-
tion data confirms these trends.

4.3.2. SNR analysis and the capacity-reliability
trade-off

The SNR analysis for the UMi scenario provides the most critical
insight of this comparative study. While the LOS condition follows
the pathloss trend (ITU-R slightly better), the NLOS condition
reveals a fundamental trade-off driven by the statistical properties
of the channel.

Figure 10 confirms the inversion observed in the pathloss
analysis, but a closer examination of the Cumulative Distribution
Function (CDF) shape reveals a complex behavior that can be
analyzed in three distinct regions:

1. The Low-SNR Tail (Deep Fades): In the lower probability
region (e.g., below 10%), the 3GPP curve (blue) exhibits a
significantly shallower slope compared to the ITU-R curve

Wireless World Research and Trends 61



A Comparative Analysis of 3GPP and ITU-R 5G Channel Models

95 ¢ Simulated Pathloss Fluctuation for UMi LOS
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Figure 8.
UMi LOS simulated pathloss.
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Figure 9.
UMi NLOS simulated pathloss.

(red). This “heavy tail” indicates a much higher probability of
experiencing severe deep fades. For URLLC applications where
reliability is paramount, this tail behavior is critical: the 3GPP
model predicts that the link is more prone to catastrophic drops
in quality, making it 2 more volatile environment.

2. The Median Region (Average Capacity): In the central
portion of the distribution (probability between 20% and 80%),
the 3GPP curve is shifted horizontally to the right. Specifically,
the 3GPP model predicts a median SNR of approximately
13 dB, compared to 8 dB for the ITU-R model. This 5 dB
advantage implies that for standard eMBB services, which rely
on ergodic capacity and retransmissions, the 3GPP model is
decidedly more optimistic.

3. The High-SNR Tail (Signal Peaks): At the upper end of
the distribution (above 90%), the 3GPP curve extends much
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Figure 10.

UMi NLOS SNR CDF. 3GPP shows higher median capacity but
higher volatility (shallower slope) compared to ITU-R.

further to the right. This suggests a higher likelihood of encoun-
tering exceptionally strong signal peaks, which opportunistic
scheduling algorithms could exploit to maximize throughput.

The Root Cause: This distinct three-part behavior is a direct
mathematical consequence of the different coefficients in their
respective pathloss formulas:

PLyGpp = 22.4 +35.3log;, (d3p) + 21.3log,, (1)

- 0.3(hyr - 15) (6)
PLrry-gr = 36.7logy(d3p) +22.7 + 26 logy ()

- 0.3(hyr - 15) (7)

However, the most critical finding here lies in the link relia-
bility, which is governed by the shadow fading standard deviation,
asr [9]. The 3GPP model specifies an extremely high value of 7.82
dB, compared to the moderate ITU-R value of 4.0 dB. This higher
variance in the 3GPP model makes the channel fundamentally
more volatile.

The SNR CDF in Figure 10 visualizes this trade-off. We can
analyze its shape in three distinct regions:

1. The Low-SNR Tail (Deep Fades): In the region below
approximately 8 dB, the 3GPP curve has a much shallower
slope. This indicates a significantly higher probability of expe-
riencing severe deep fades, a critical vulnerability for URLLC
services.

2. The Median Region (Average Capacity): Between roughly
20% and 80% probability, the 3GPP curve is shifted to the right,
reflecting its S dB advantage in median SNR and thus its higher
ergodic capacity, favorable for eMBB.

3. The High-SNR Tail (Signal Peaks): Above approximately
27 dB, the 3GPP curve is again shallower. This means a higher
probability of exceptionally strong signal peaks, which oppor-

tunistic eMBB services can exploit.

This three-part behavior is a direct mathematical consequence of
the higher gz in the 3GPP model.
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InH NLOS SNR CDF (4 GHz).

4.4. Indoor Hotspot (InH) Scenario

We analyzed the InH scenario in two configurations: standard sub-
6 GHz (4 GHz) and the optional mmWave model (28 GHz).

4.41. Standard InH (4 GHz)

At4 GHz, the models show only minor nuances. InLOS, ITU-R is
marginally more optimistic (<1 dB)(Figure 11). In NLOS, despite
a theoretical crossover point in the pathloss formula, the simulated
SNR performance is functionally identical (median SNR ~43 dB),
as shown in Figure 12.

4.4.2. Optional model (28 GHz)

The contrast at 28 GHz is dramatic. We compared the standard
3GPP model against the ITU-R “Optional Model I”. Figure 13
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InH 28 GHz simulated pathloss.
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demonstrates a massive divergence. The ITU-R optional model
predicts significantly lower pathloss. This translates to the SNR
CDFs in Figure 14. In NLOS, the ITU-R optional model predicts
a median SNR of S8 dB, while the standard 3GPP model
predicts only 24 dB. This 34 dB gap confirms that the ITU-
R Optional Model is an idealized baseline that effectively ignores
severe mm Wave blockage effects.

5. Philosophical Implications for 5G Services

The comprehensive scenario-by-scenario analysis presented in
Section 4 allows us to synthesize a broader conclusion regarding
the design intent behind these standards.

It is crucial to frame this discussion within the genealog-
ical relationship of the models. Since ITU-R M.2412 is explicitly
derived from 3GPP TR 38.901, the differences we observed —
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especially the variance in ogr and the resulting SNR slope -
are not merely statistical curiosities. They embody two distinct
philosophies of system design. Consequently, the terms “opti-
mistic” and “conservative” used here are relational characteriza-
tions, describing how ITU-R deliberately deviates from the 3GPP
baseline.

5.1. Areas of Consensus: The Baseline Validation

The perfect alignment in the **Rural Macro (RMa)** scenario
and the functional equivalence in the **Standard Indoor (InH)**
scenario confirm that the ITU-R accepts the 3GPP baseline as
valid for “well-understood” environments. In these contexts, the
standardization bodies agree on the physics, and model selection
has negligible impact on simulation outcomes.

5.2. 3GPP: The Philosophy of Optimism (Trusting the
System)

Relative to the ITU-R modifications, the foundational 3GPP
model tends to yield results favorable for capacity-oriented
services. This reflects an **optimistic philosophy**: it assumes that
communication systems can adapt dynamically, exploit high-SNR
moments, and recover from deep fades.

e Capacity Optimism: In UMi NLOS, despite high volatility,
3GPP predicts a higher median SNR (+5 dB).

e Alignment with eMBB: This mindset fits naturally with
**Enhanced Mobile Broadband (eMBB)**. In scenarios like
video streaming, maximizing ergodic throughputis more impor-
tant than guaranteeing every single packet. The “heavy tails” of
the 3GPP model are acceptable because mechanisms like Hybrid
ARQ (HARQ) and adaptive coding can bridge the gaps caused
by deep fades [10].

Essentially, **3GPP trusts the system™ to mitigate channel
volatility, making it the appropriate choice for dimensioning
maximum network capacity.

5.3. ITU-R: The Philosophy of Discipline (Testing the
System)

In contrast, the specific formulas introduced by ITU-R (Model
A) act as a rigorous benchmark, adopting a **conservative philos-
ophy**. By introducing complex environmental variables in UMa
and deliberately limiting variability in UMi (lower ogF), it ensures
steadier and more predictable channel behavior.

o Stability in Reliability: The lower variance in UMi (g5 =
4.0 dB vs 7.82 dB) describes a stable channel. The “heavy tail”
of the 3GPP model represents a non-negligible probability of
catastrophic packet loss (outage), which is unacceptable for
autonomous systems [11].

o Alignment with URLLC: This approach aligns directly with
“*Ultra-Reliable Low-Latency Communications (URLLC)**,
where stability matters far more than peak capacity [12]. A high
average SNR is useless if the link is prone to unpredictable fades.
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Thus, *ITU-R tests the system™*: it provides the stable baseline
needed to verify “five-nines” reliability (99.999%), ensuring that a
successful simulation implies robustness in real-world deployment.

5.4. The Outlier: The 28 GHz Trap

Our analysis of the **Indoor 28 GHz** scenario highlights a unique
case where the ITU-R deviates in the opposite direction. Here,
the ITU-R “Optional Model I” exhibits extreme optimism (34
dB gap) compared to the 3GPP stochastic baseline. This reflects
a trade-off between computational simplicity and physical realism.
Researchers must be aware that this specific ITU-R model is an
idealized simplification. Using it to validate indoor URLLC would
be dangerous, as it hides the blockage dynamics that are the main
adversary at 28 GHz.

5.5. Strategic Model Selection

The choice of channel model acts as a silent “gain” or “loss” knob
in system simulations. In short, channel-model selection is not a
detail — it is a strategic modeling decision.

1. Use 3GPP TR 38.901 for eMBB capacity evaluation, where
the system is expected to exploit signal peaks.

2. Use ITU-R M.2412 (Standard) for URLLC reliability bench-
marking, where the model’s conservative nature provides a
necessary Stress test.

3. Avoid ITU-R Optional Models for realistic deployment plan-
ning at mm Wave frequencies.

6. Conclusion

This paper presented a comprehensive comparative study of the
3GPP TR 38.901 and ITU-R M.2412 channel models, imple-
mented within a unified ns-3 framework. By analyzing four canon-
ical deployment scenarios, we quantified the practical impact of
technical divergences in pathloss formulas and fading parameters.

Our results demonstrate that while the models converge in
simple rural and standard indoor settings, they diverge sharply
in complex urban environments. In UMa NLOS, the ITU-R
model proves to be significantly more pessimistic (9.5 dB median
SNR deficit). In UMi NLOS, a critical trade-off was identified:
3GPP predicts higher capacity but higher volatility, while ITU-R
describes a more stable, lower-capacity channel. Furthermore, we
exposed a massive 34 dB discrepancy in indoor mmWave modeling,
identifying the ITU-R Optional Model as an idealized outlier.

We conclude that these divergences represent distinct simu-
lation philosophies. The 3GPP model is an optimistic predictor
suitable for eMBB capacity planning, whereas the standard ITU-
R model serves as a conservative benchmark ideal for stress-testing
URLLC reliability. Together, they form the two necessary ends of
the 5G design spectrum.

Suggestions for Future Research

Looking forward, there are several meaningful ways to expand this
research to refine how we evaluate next-generation networks:
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e MIMO Beamforming: Incorporating massive MIMO and
spatial selectivity might either magnify or mitigate the diver-
gences seen in our SISO analysis.

e Hybrid & AI Models: A promising direction is to explore
hybrid models or AI/ML-based site-specific models Alkha-
teeb2021 to bridge the gap between stochastic estimation and
physical reality.

o Extension to sub-THz: Validating these models against
measurements in the 100-300 GHz range will be essential as the
industry moves towards 6G networks 6GFlagship2020.
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