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Abstract

This study presents a comprehensive simulation-based analysis of the coverage and capacity performance of mmWave
MIMO systems operating at 28 GHz and 60 GHz under both Line-of-Sight (LOS) and Non-Line-of-Sight (NLOS) conditions.
The results reveal that 28 GHz provides more stable and broader coverage due to lower path loss, while 60 GHz
achieves higher peak capacities in short-range LOS environments because of its wider bandwidth. In LOS scenarios,
both frequencies demonstrate strong Received Signal Strength Indicator (RSSI) and Signal-to-Noise Ratio (SNR), with
60 GHz showing superior throughput at short distances. However, the advantages of 60 GHz diminish sharply in NLOS
conditions, where RSSI and SNR drop significantly, often resulting in link degradation or loss, highlighting its sensitivity
to obstructions and atmospheric absorption.

Further analysis of channel capacity versus distance and frequency confirms the inherent trade-offs in mmWave
deployment. At increasing distances, especially beyond 10 meters, both frequencies experience rapid SNR decline and
capacity reduction due to high free-space path loss. Notably, 28 GHz maintains usable SNR and capacity over longer
distances, making it more suitable for broader-area communication networks. In contrast, 60 GHz's capacity advantage
is confined to short-range, interference-free environments. Environmental factors such as indoor office walls and dense
urban structures further exacerbate signal degradation at 60 GHz, significantly affecting link reliability in NLOS settings.
Beam forming techniques partially mitigate these losses but are not always sufficient to sustain connectivity.

Overall, the findings emphasize the importance of frequency selection and environmental considerations in designing
high-performance mmWave wireless systems. While 60 GHz offers exceptional data rates in controlled LOS environments,
it requires dense access point deployment and sophisticated signal processing to counteract its limited coverage.
Conversely, 28 GHz strikes a balance between capacity and reliability, providing more robust performance across varied
indoor and outdoor scenarios. The results support the strategic use of hybrid mmWave deployments that combine the
strengths of both frequency bands, tailored to specific application needs and propagation environments.

Keywords: Mmwave Communication,Line-Of-Sight (Los), Non-Line-Of-Sight (Nlos), Channel Capacity, Coverage
Analysis, Wireless Lan, Short-Range Communication

Article Highlights

» 28 GHz offers broader and more stable coverage, while 60 GHz achieves higher peak capacity at short-range LOS.

* 60 GHz performance drops sharply in NLOS due to high sensitivity to obstacles and atmospheric absorption.

¢ A hybrid mmWave approach is recommended, combining 28 GHz reliability with 60 GHz high throughput for optimal
performance

Introduction

In the evolution of wireless communications, the increasing demand for high data rates and low-latency connectivity has
led to the exploration of higher frequency bands, specifically the millimeter wave (mmWave) spectrum. The mmWave
bands, particularly 28 GHz and 60 GHz, offer a significant amount of unused bandwidth, which is essential for supporting
the high-throughput requirements of next-generation Wireless Local Area Networks (WLANSs) [1]. However, these bands
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are also associated with unique challenges, including high path loss, poor diffraction around obstacles, and sensitivity
to blockages, especially in non-line-of-sight (NLOS) environments.

Multiple-Input Multiple-Output (MIMO) technology has emerged as a promising solution to these challenges. MIMO
systems use multiple antennas at both the transmitter and receiver to exploit spatial diversity and improve the reliability
and capacity of wireless links. When integrated with mmWave technologies, MIMO enables beamforming and spatial
multiplexing, which are essential for mitigating the high propagation losses and enhancing system performance under
both Line-of-Sight (LOS) and NLOS conditions [2].

At 28 GHz and 60 GHz, the propagation characteristics of mmWave signals differ significantly. The 28 GHz band, often
associated with early 5G deployments, provides a balance between coverage and capacity, whereas the 60 GHz band,
standardized in IEEE 802.11ad/ay, offers ultra-high data rates for short-range communications. Understanding the
performance trade-offs between these two frequency bands under various propagation scenarios is critical for the
design and deployment of efficient WLANs [3-5].

This research investigates the coverage and capacity performance of mmWave MIMO systems operating at 28 GHz and
60 GHz under both LOS and NLOS conditions. By analyzing key parameters such as received signal strength, signal-to-
noise ratio, and channel capacity, the study aims to provide a comprehensive evaluation of the practical deployment
potential of mmWave WLANSs in real-world environments [6].

Despite the promising benefits of mmWave frequencies for WLANSs, their practical deployment is hindered by severe
propagation losses, susceptibility to blockages, and limited coverage in NLOS scenarios. The performance variations
between 28 GHz and 60 GHz under diverse environmental conditions remain inadequately explored. There is a pressing
need to understand how these frequency bands perform under LOS and NLOS conditions to guide optimal WLAN design.

The general idea of this study is to evaluate the coverage and capacity of mmWave MIMO systems at 28 GHz and 60
GHz for WLAN applications under LOS and NLOS conditions.

This study aims to compare the coverage area and channel capacity of MIMO systems operating at 28 GHz and 60 GHz.
It analyzes the impact of line-of-sight and non-line-of-sight conditions on system performance at both frequencies. It
also evaluates channel capacity and coverage range under different environmental scenarios. The mmWave spectrum
has been a focal point in recent wireless communication research due to its potential to support multi-gigabit data rates
[7]. Conducted pioneering measurements at 28 GHz in urban environments and highlighted the importance of LOS in
achieving reliable connections. Their findings emphasized the need for beamforming and antenna array configurations
to compensate for high path loss.

In another study provided a detailed analysis of the IEEE 802.11ad standard and its operation at 60 GHz. Their results
showed that despite the impressive data rates, the range is significantly limited, particularly in NLOS scenarios [8].

In author Developed statistical channel models for both 28 GHz and 60 GHz bands, considering urban microcell and
indoor office scenarios. Their models helped simulate realistic environments for performance evaluation of mmWave
systems [9].

In author investigated the use of hybrid beamforming in MIMO systems at mmWave frequencies. Their study
demonstrated that hybrid architectures can effectively balance hardware complexity and performance, particularly in
dynamic environments [10].

In author provided extensive simulation results on the capacity of mmWave cellular systems. They reported that the 28
GHz band offers superior coverage in LOS and acceptable performance in moderate NLOS conditions, whereas the 60
GHz band is highly sensitive to obstructions [11]. Moreover, author analyzed the coverage probability in urban scenarios
using stochastic geometry [12]. Their results confirmed that while mmWave MIMO systems can achieve high capacity,
dense deployment of access points is essential to maintain coverage. In author The analysis of multiple-input multiple-
output (MIMO) channel capacity is important for developing and optimizing high-speed wireless communication systems
that can meet the growing demand for data-intensive applications [13]. This study aims to analyze the 4 x 4 MIMO
channel capacity of outdoor urban and rural environments using the NYUSIM simulator. In author Developed corrected
path loss models at 28 GHz and 60 GHz for urban settings [14]. Their directional CI and SUI-based modeling offers
precise planning tools for mmWave networks.

In author Followed up with LuMaMi28, a fully-digital beamforming 28 GHz massive MIMO system supporting multiple
UEs with real-time antenna selection, showcasing spatial multiplexing gains in mobile scenarios [15]. In author analyzed
60 GHz MIMO channel bonding performance under LOS and NLOS using IEEE 802.11ay standard models [3]. They
found a 16x16 MIMO system with 12.96 GHz channel bonding achieving peak data rates of 118.89 Gbps (LOS) and
110.36 Gbps (NLOS), with respective coverage radii of 9.75 m and 4.8 m. in author Provides a comprehensive analysis
of MMIMO-mmWave systems at 30/60/140 GHz, covering channel modeling, standards, beamforming strategies, and
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propagation losses, framing the state-of-the-art direction for both academic and deployment frameworks. In author
Proposed a high-isolation dual-band MIMO antenna operating at 28/38 GHz, achieving > 32 dB isolation, ECC < 10-4,
CCL < 0.03 bit/s/Hz and DG > 9.99 dB beneficial for mmWave indoor MIMO operations at 28 GHz [16,17].

In the existing literature underscores the potential and limitations of mmWave communications. However, there is still
a gap in comparative performance evaluations of 28 GHz and 60 GHz for WLANs under both LOS and NLOS scenarios,
particularly in realistic indoor settings.

Methods

This study adopts a simulation based approach to evaluate the performance of mmWave MIMO systems at 28 GHz and
60 GHz. The simulation environment models typical indoor WLAN deployment scenarios, incorporating both LOS and
NLOS propagation conditions. This study conducts a comprehensive review of existing literature on millimeter-wave
(mmWave) technologies, emphasizing various frequency strategies and the propagation characteristics in both line-
of-sight (LOS) and non-line-of-sight (NLOS) environments. Our sources include a variety of journals, publications from
the International Telecommunication Union (ITU), and IEEE papers, providing a robust foundation for understanding
current research in this field. To enhance bandwidth in wireless communication, we focus on two key strategies. Channel
Bonding Techniques: We analyze how combining channels from different frequency bands of 28 GHz, and 60 GHz) can
effectively increase the overall data transmission capacity. By simulating these combinations, we quantify improvements
in data rates and assess their impact on communication efficiency.

Mathematical Formulations

We develop mathematical models that include calculations for free space path loss (PL), noise levels, and signal-to-noise
ratios (SNR). This groundwork allows us to evaluate how variations in these factors influence bandwidth. By formulating
equations to assess channel bonding capacity and coverage area for both LOS and NLOS scenarios, we provide a
quantitative basis for our analysis. The next phase of our methodology involves executing simulations using MATLAB
R2021 and NYUSIM simulators. We simulate coverage areas for the different frequency bands under both LOS and NLOS
conditions, utilizing the free space path loss model. These simulations enable us to visualize how channel bonding and
enhanced propagation characteristics contribute to increased bandwidth and improved data transmission rates.

By synthesizing insights from our literature review and simulation results, we aim to identify key challenges and
opportunities in mmWave communication, ultimately providing valuable insights for optimizing wireless local area
networks (WLANs). Mathematical model that captures the coverage and capacity performance of an mmWave MIMO
system operating at 28 GHz and 60 GHz under LOS and NLOS conditions for Wireless Local Area Networks (WLANS):

Path Loss Model (LOS and NLOS)
The path loss PL(d) in dB at a distance d meters is modeled as:

PL(d) = PLo + 10log10(d) + Xa ()
PLo = 20 log10(*™=*f) )

Free-space path loss at reference distance d0=1 m

n: Path loss exponent (typically lower for LOS, higher for NLOS)

f: Frequency in Hz (28 GHz or 60 GHz), c: Speed of light (= 3x1083x108 m/s)
Xa: Shadow fading (log-normal with standard deviation o)

Received Power (RSSI)
Pr(d) = Pt + Gt + Gr — PL(d) (3)

Pr(d): Received power in dBm
Pt: Transmit power in dBm, and Gt, Gr: Transmit and receive antenna gains in dBi
PL (d): Path loss in dB at distance d

Signal-to-Noise Ratio (SNR)
SNR(d) = Pr(d)/NoB or in dB:SNR(dB) = Pr(d) — NodB — 10log10(B) 4)
No=KkT: Thermal noise power spectral density

B: System bandwidth (1 GHz for 60 GHz band, 100 MHz for 28 GHz band)
K: Boltzmann constant (1.38x10-23 J/K), T: Temperature in Kelvin (typically 290 K)

Channel Capacity (Shannon Capacity)

C(d) = Blog2(1 + SNR(d))[Bps] Q)
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C (d): Capacity as a function of distance
B: Bandwidth, SNR, (d): Distance-dependent SNR

MIMO Capacity (with Spatial Multiplexing)
For an NtxNr MIMO system with ideal conditions:

Cmimo = Y™ NN B1og2(1 4+ Ad * SNR(d)) (©6)

i=1

Ai: Eigenvalues of the MIMO channel matrix
For rich scattering and ideal channels:

CMIMO ~ min(Nt, N7) - Blog2(1 + SNR(d)) %)

Coverage Probability
Coverage probability Pcov(8) is the probability that SNR exceeds a threshold 6:

Pcov(8) = P[SNR(d) > 6] (®)
This can be derived using the distribution of Xo in the path loss model.

Operational frequencies 28 and 60 GHz
Environment outdoor
Communication method mmWave MIMO
Transmit power 44 dBm

Noise type Noise thermal
Antenna height 10 m

UE height 1.5m
Temperature 230C

Table 1: Network Parameters [18]

The considered parameters to measure the coverage of the mmWave MIMO network with operating frequencies of 28

and 60 GHz.

Item 28 GHz 60 GHz
Bandwidth total 2 GHz 7 GHz
UE bandwidth channel 20 MHz 20 MHz
Receiver bandwidth channel 50 MHz 50 MHz
Feed loss of array antennas 2dB 2dB
Transmit power at BS 44 dBm 44 dBm
Antenna gain at transmitter and receiver 10 dBi 10 dBi
Number of MIMO antennas at micro-site 4, 8, 16 and 32 4, 8, 16 and 32
Macro-site antenna height 25m 25 m
Receiver antenna height 1.5m 1.5m

Table 2: Coverage Parameters [19,20]

In the designed network, the power consumption of the base station (BS) is calculated to analyze the energy efficiency
of the mmWave MIMO system at different frequencies [18]. The power consumption of the BS is shown in Table 2.

Coverage Performance of Mmwave MIMO System at 28 GHz and 60 GHz

Coverage Performance at 28 GHz

The 28 GHz frequency band provides relatively favorable propagation conditions for mmWave MIMO systems. It
experiences lower path loss compared to higher mmWave bands, allowing signals to travel longer distances. As a
result, 28 GHz systems offer better coverage for indoor and outdoor WLAN deployments [21]. The signals can better
penetrate obstacles like walls and furniture, especially under line-of-sight (LOS) conditions. This makes it more reliable
for maintaining coverage across rooms or open areas, even in moderately obstructed environments.

When combined with MIMO techniques, 28 GHz systems can further enhance spatial coverage by exploiting beamforming
and spatial diversity. Wider beam widths help maintain connectivity with mobile or scattered users. In NLOS conditions,
the performance of 28 GHz still outperforms higher frequencies due to reduced diffraction loss and better reflection
handling. This makes 28 GHz a strong candidate for WLAN coverage where both capacity and reach are important [22-
271].
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Coverage Performance at 60 GHz

The 60 GHz frequency band supports high data rates but has limited coverage due to its high free-space path loss and
weak penetration through obstacles. Its signal attenuation is severe, especially in NLOS scenarios, making it best suited
for short-range applications within a single room [28,29]. Coverage at 60 GHz is also negatively affected by oxygen
absorption and material losses, which significantly reduce the distance the signal can travel without degradation.

To compensate for its short range, 60 GHz MIMO systems use narrow, high-gain directional beams through advanced
beamforming techniques. While this improves data delivery and reduces interference, it also makes the system sensitive
to alignment and obstructions. The overall coverage is limited but highly efficient in environments where direct LOS
can be maintained, such as conference rooms, personal workspaces, or VR setups. This makes 60 GHz ideal for dense,
high-capacity but small-area WLAN systems [30].

Capacity Performance of mmWave MIMO Systems at 28 GHz

The capacity of mmWave MIMO (Multiple-Input Multiple-Output) systems at 28 GHz is largely influenced by the bandwidth
availability, antenna configuration, propagation conditions, and modulation techniques used. The 28 GHz band, which is
part of the licensed mmWave spectrum, offers bandwidths typically up to 1 GHz, which is significantly higher than sub-6
GHz bands [31]. This enables high data rates, especially when integrated with MIMO and beamforming technologies.
The channel capacity of a MIMO system is determined by the Shannon Hartley theorem and depends heavily on signal-
to-noise ratio (SNR), channel rank, and spatial multiplexing capability. At 28 GHz, the relatively lower free-space path
loss compared to higher mmWave bands ensures that the signal maintains higher SNR over longer distances, enhancing
the achievable capacity [22,32].

MIMO systems at 28 GHz benefit from the ability to pack more antenna elements into a smaller physical area due to
the shorter wavelength compared to lower frequencies. This allows the deployment of 4x4, 8x8, or even 16x16 MIMO
arrays on user equipment and base stations. When there is a rich scattering environment (common in indoor or semi-
obstructed outdoor environments), spatial multiplexing can be effectively utilized, allowing simultaneous transmission
of multiple data streams. This significantly boosts the spectral efficiency and overall system capacity. Under line-of-sight
(LOS) conditions, the capacity remains strong due to direct signal paths, while under non-line-of-sight (NLOS), the
capacity might slightly degrade but still remains practical due to reflections and diffraction, which the MIMO system can
exploit [33,34].

Another key contributor to capacity at 28 GHz is beamforming, which focuses transmitted energy in a specific direction,
thereby improving SNR and reducing interference. This targeted energy delivery increases the effective link budget and
makes it feasible to maintain high throughput even at the cell edge. Moreover, 28 GHz signals are less susceptible to
oxygen absorption and environmental attenuation compared to higher bands like 60 GHz, which means the capacity
performance remains consistent over longer distances and in varying weather conditions [35].

In WLAN environments, the use of 28 GHz enables multi-gigabit per second throughput per user, especially in multi-
user MIMO (MU-MIMO) scenarios. The capacity scales well with the number of antennas and users due to better spatial
separation. System simulations and field measurements indicate that under optimal conditions, with 1 GHz bandwidth
and 8x8 MIMO, 28 GHz systems can achieve throughput exceeding 10 Gbps. Even in NLOS indoor settings, throughput
of 3-5 Gbps is achievable with adaptive beamforming and dynamic channel allocation.

Capacity Performance of mmWave MIMO Systems at 60 GHz

The 60 GHz mmWave band is primarily used for short-range, ultra-high-speed wireless communications. It is part of
the unlicensed spectrum (in most countries) and offers extremely wide bandwidth up to 7 GHz in many regions which
significantly increases the theoretical capacity of the channel [6]. The vast bandwidth allows data rates beyond 20 Gbps
in ideal conditions, particularly in indoor scenarios. However, the trade-off lies in propagation characteristics: high path
loss, severe signal absorption, and poor penetration capabilities. Despite these limitations, 60 GHz is a strong candidate
for high-capacity wireless links in confined environments such as living rooms, office spaces, or classrooms.

At 60 GHz, MIMO systems can leverage dense antenna arrays due to the extremely short wavelength (~5 mm), enabling
integration of 16x16 or even larger arrays within compact devices [36]. These large MIMO systems can deliver high
spatial multiplexing gains in rich scattering environments. However, due to the directional nature of 60 GHz propagation
and susceptibility to blockage, LOS conditions are critical for maximizing capacity. When LOS is maintained, the achievable
data rates are extremely high, and the channel behaves predictably, supporting consistent high throughput[31,37].

Beamforming is essential at 60 GHz to maintain link quality. High-gain, narrow beams are used to compensate for
propagation loss, and electronically steerable phased arrays allow the system to adapt to minor movements of users
or reflectors. In static or semi-static environments, this results in highly stable high-capacity links. Additionally, 60 GHz
systems tend to operate in TDD (Time Division Duplexing) mode, enabling symmetric high data rates in both uplink and
downlink, which is beneficial for interactive applications like VR, HD video streaming, or real-time cloud computing [38].

The spectral efficiency at 60 GHz can be quite high under optimal channel conditions, especially when utilizing advanced
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modulation schemes like 64-QAM or 256-QAM with error correction. However, in NLOS or mobility-heavy scenarios,
capacity can degrade sharply. Material losses through common obstacles like walls or even human bodies can cause link
drops or capacity dips. Thus, 60 GHz systems are best suited for scenarios with short-range and stable LOS conditions,
where their full potential can be realized [39-41].

Performance Analysis of mmWave MIMO Systems at 28 GHz and 60 GHz

Millimeter-wave (mmWave) communication has emerged as a promising solution to meet the ever-increasing demand
for higher data rates and spectrum availability in wireless networks. The frequency bands around 28 GHz and 60 GHz
are two of the most researched and deployed mmWave bands, particularly for Wireless Local Area Network (WLAN)
and 5G systems [35,42]. When integrated with Multiple-Input Multiple-Output (MIMO) technology, these bands offer
significant improvements in capacity, throughput, and spatial diversity, while facing unique challenges in terms of
coverage, propagation loss, and hardware complexity. This performance analysis focuses on the key performance
metrics coverage, capacity, signal quality, and propagation characteristics of mmWave MIMO systems at 28 GHz and 60
GHz under Line-of-Sight (LOS) and Non-Line-of-Sight (NLOS) conditions [43,44].

Propagation and Coverage Performance

At 28 GHz, mmWave signals exhibit relatively lower free-space path loss and better obstacle penetration compared to 60
GHz. This makes 28 GHz suitable for both indoor and outdoor environments with acceptable coverage distances ranging
from 50 to 200 meters, depending on antenna gain and environment. MIMO configurations such as 4x4 and 8x8 arrays
enhance signal robustness through beamforming and spatial diversity, effectively compensating for multipath fading in
NLOS environments [29,45].

In contrast, the 60 GHz band experiences higher attenuation, particularly due to oxygen absorption and material
penetration loss. As a result, coverage is typically limited to 10-30 meters, making it best suited for short-range, high-
density indoor environments. Advanced beamforming is essential at 60 GHz to maintain a strong signal, especially for
MIMO setups like 16x16 or higher, which offer sharp directional beams but require precise alignment.

Capacity and Throughput Analysis

Both 28 GHz and 60 GHz mmWave bands offer large bandwidths (typically up to 1 GHz and 7 GHz, respectively),
enabling high channel capacities. The Shannon capacity of a MIMO system is directly proportional to bandwidth and
logarithmically dependent on the SNR and number of parallel data streams. Therefore, larger MIMO arrays significantly
increase capacity, especially in rich-scattering or LOS environments[39,46,47].

At 28 GHz, typical throughput values range from 5 to 10 Gbps in indoor NLOS and up to 20 Gbps in LOS with an 8x8
MIMO system. At 60 GHz, thanks to the broader bandwidth, throughputs of up to 40 Gbps are theoretically possible
under perfect LOS conditions using 16x16 or larger MIMO arrays. However, this is highly sensitive to blockage and signal
misalignment.

Signal-to-Noise Ratio (SNR) and Beamforming

SNR performance varies significantly between the two bands due to propagation loss. At 28 GHz, moderate beamforming
gain with wider beamwidths ensures sufficient SNR across most use cases, making it more robust in mobile or dynamic
environments. The adaptive beam steering used in MIMO systems helps maintain SNR even under mobility [48].

At 60 GHz, highly directional beams are required to maintain acceptable SNR. The beam alignment process becomes
more complex and sensitive, especially in moving or obstructed environments. Still, under stable LOS conditions, the
SNR at 60 GHz can be extremely high, supporting high-order modulation schemes (e.g., 256-QAM), which improve
spectral efficiency [49].

Line-of-Sight vs Non-Line-of-Sight Performance

Under LOS conditions, both 28 GHz and 60 GHz perform very well, with high data rates and stable connectivity.
However, NLOS conditions introduce major differences. At 28 GHz, multipath components, reflections, and diffractions
help maintain link reliability even with partial obstructions. In contrast, 60 GHz signals suffer drastic losses in NLOS
due to their weak penetration and strong directional dependence, requiring relay nodes, reflectors, or retransmission
mechanisms to maintain link continuity [34,50,51].

Application Suitability

¢ 28 GHz: Ideal for indoor WLAN, urban outdoor small cells, fixed wireless access, and enterprise-grade Wi-Fi where a
balance of range and performance is required.

* 60 GHz: Best for room-scale high-throughput applications, such as wireless VR/AR, wireless docking stations, 8K video
streaming, and device-to-device (D2D) high-speed links.

Results and Discussion
Coverage and Capacity For Both 28 GHz and 60 GHz Frequencies Under LOS and NLOS
The coverage and capacity performance for both 28 GHz and 60 GHz frequencies under LOS and NLOS conditions reveals
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significant differences influenced by frequency and propagation environment. At 28 GHz, both LOS and NLOS scenarios
exhibit better coverage and more stable capacity over longer distances compared to 60 GHz, primarily due to lower free-
space path loss and better penetration characteristics. LOS conditions for both frequencies provide substantially higher
capacity than NLOS, as they experience fewer signal obstructions and attenuation. However, 60 GHz, while capable of
offering high peak capacity at very short distances in LOS, suffers from rapid capacity degradation under NLOS due
to higher atmospheric absorption and poor diffraction. This makes 28 GHz more favorable for maintaining reliable
communication and broader coverage, particularly in environments where LOS cannot always be guaranteed
Coverage vs. Capacity (LOS and NLOS) for 28 GHz and 60 GH=z=

— 28 GHz LOS
—— 28 GHz NLOS
— 60 GHz LOS
— — 60 GHz NLOS

Capacity (Gbps)
Q
[s)

o 200 400 600 800 1000
Coverage Distance (m)

Figure 1: Coverage and Capacity LOS and NLOS for both 28 GHz and 60 GHz

Figure lindicate that 28 GHz signals maintain stronger RSS over longer distances in LOS scenarios compared to 60 GHz.
The 60 GHz band, while capable of achieving higher peak capacities, suffers significant attenuation even with minor
obstructions.

To analyze the impact of Line-of-Sight (LOS) and Non-Line-of-Sight (NLOS) propagation conditions on signal quality and
coverage area

RSSI in LOS (Line-of-Sight) and NLOS (Non-Line-of-Sight) Conditions

RSSI measures the power level received by the antenna from a transmitter — it's an indicator of signal strength and is
directly related to link quality. In mmWave systems, RSSI is a critical factor because the signals are highly directional
and sensitive to blockage or reflection.

RSSI in LOS (Line-of-Sight) Conditions At 28 GHz and 60 GHz

In LOS, the transmitter and receiver have a clear, unobstructed path.

At 28 GHz, the RSSI in LOS is relatively strong and stable due to moderate path loss. It benefits from longer coverage
range and moderate beam width.

At 60 GHz, LOS RSSI is very strong, often exceeding -40 dBm in close-range setups. Due to high gain antennas and
narrow beams, the signal quality is excellent in LOS.

Frequency Distance RSSI (approx.)
28 GHz Sm -45 to -55 dBm
60 GHz Sm -35 to -50 dBm

Table 3: Beamforming in Both Cases Boosts Rssi By Focusing Energy Directly Between Antennas

RSSI in NLOS (Non-Line-of-Sight) Conditions At 28 GHz and 60 GHz
In NLOS, signals are reflected, diffracted, or scattered before reaching the receiver.

At 28 GHz, RSSI reduces significantly but remains usable due to partial penetration and strong reflections from walls
or metal surfaces. At 60 GHz, RSSI drops drastically in NLOS typically below -70 dBm, which may fall below receiver
sensitivity, especially with thin or absorptive materials blocking the path.

Frequency Obstruction RSSI (approx.)
28 GHz 1 wall -65 to -75 dBm
60 GHz 1 wall -75 to -85 dBm or link loss

Table 4: Beamforming Helps But Can’t Fully Compensate For Deep Fades Or Complete Obstructions

LOS vs. NLOS RSSI At 28 GHz and 60 GHz
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~Condition Frequency ~RSSIRange ~ Notes |
LOS 28 GHz  -45to -60 dBm Good link quality, stable
60 GHz  -35to-50 dBm Excellent, high SNR
NLOS 28 GHz  -65to-75 dBm Moderate degradation, usable
60 GHz  -75t0-90 dBm Severe loss, risk of link drop

Table 5: LOS vs. NLOS RSSI at 28 GHz and 60 GHz

Signal-to-Noise Ratio (SNR) vs. Distance at 28 GHz and 60 GHz

The Signal-to-Noise Ratio (SNR) is the ratio between the received signal power and the background noise power. It's
measured in decibels (dB) and determines the quality of the wireless link. A higher SNR leads to better throughput,
higher-order modulation, and fewer errors.

SNR(dB) = Pr(dBm) - NO(dBm)

Where: Pr = Received signal power

NO = Noise floor (thermal noise + receiver noise figure)

As distance increases, the received power Pr decreases due to path loss, resulting in lower SNR.
* At 28 GHz: The SNR decreases gradually, maintaining link quality over longer ranges due to relatively lower path loss.
* At 60 GHz: SNR drops sharply with distance due to high free-space path loss, oxygen absorption, and poor obstacle

penetration.

Distance (m) SNR @ 28 GHz (dB) SNR @ 60 GHz (dB)
1 ~55 ~50

5 ~42 ~35

10 ~36 ~27

20 ~29 ~17

30 ~24 ~10

50 ~17 ~0 or link loss

Table 6: Signal-to-Noise Ratio (SNR) vs. Distance at 28 GHz and 60 GHz

SNR vs. Distance at 28 GHz and 60 GH=z

65

60 |

55

50

45 -

SNR (dB)

40 [

35

30

25

Distance (m)

Figure 2: Signal-to-Noise Ratio (SNR) With Distance for 28 GHz and 60 GHz

Figure 2 illustrates the variation of Signal-to-Noise Ratio (SNR) with distance for mmWave MIMO systems operating at
28 GHz and 60 GHz. As expected, both frequencies show a declining SNR trend as distance increases, due to the rise in
free-space path loss. However, the 28 GHz signal maintains a significantly higher SNR over longer distances compared
to the 60 GHz signal. This is because 60 GHz suffers from greater propagation losses and atmospheric absorption, which
causes the SNR to drop sharply beyond 10-20 meters. In contrast, the 28 GHz signal offers more reliable performance
at extended ranges, making it more suitable for larger coverage areas. The graph clearly highlights the trade-off
between capacity and coverage in mmWave systems and emphasizes the need for careful frequency selection based
on application range requirements.
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le—12 Channel Capacity vs Distance for 28 GHz and 60 GHz (LOS/NLOS)
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Figure 3: Channel capacity vs. Distance for both 28 GHz and 60 GHz

Figure 3 above the graph illustrates the variation of channel capacity with distance for 28 GHz and 60 GHz mmWave
MIMO systems under both LOS and NLOS conditions. As shown, the channel capacity decreases sharply as the distance
increases, especially within the first 10 meters. This is primarily due to the rapid decay in received signal power caused
by high path loss at mmWave frequencies. Although both frequencies show a similar trend, the 28 GHz system slightly
outperforms the 60 GHz system at most distances due to lower free-space loss and better diffraction/penetration
characteristics. Notably, the capacity values shown are extremely low—approaching zero indicating either very low SNR
inputs or a scaling error in the calculation. This suggests the need to review assumptions or noise levels in the model.
Nonetheless, the graph effectively demonstrates the critical trade-off between distance and achievable data rate in
mmWave communication, reinforcing the importance of short-range, high-gain links for optimal performance.

le—12 Impact of LOS vs NLOS on MIMO System Capacity
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Figure 4: LOS vs. NLOS) Conditions on MIMO System Performance at 28 GHz and 60 GHz

Figure 4 above graph shows the impact of LOS (Line-of-Sight) versus NLOS (Non-Line-of-Sight) conditions on the
channel capacity of MIMO systems at 28 GHz and 60 GHz over varying distances. As expected, capacity drops sharply as
distance increases for all scenarios due to the exponential rise in path loss at mmWave frequencies. LOS conditions at
both frequencies consistently offer higher capacity compared to NLOS, with 28 GHz LOS slightly outperforming the others
across most distances. Notably, under NLOS conditions, the 60 GHz signal capacity degrades the fastest, indicating its
vulnerability to obstruction and limited diffraction. The curves confirm that while mmWave bands can support high data
rates in short-range LOS environments, they become less effective at longer distances or in obstructed environments.
The extremely low capacity values on the graph suggest either femto-scale capacity modeling or a need for recalibration
of the simulation parameters. Nonetheless, the graph effectively highlights the importance of maintaining LOS and
choosing the appropriate frequency for specific wireless application ranges.
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le—12 Channel Capacity vs Distance under Varying Environmental Scenarios
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Figure 5: Capacity and Coverage for 28 GHz and 60 GHz Open Space, Indoor Office Dense Urban

Figure 5 graph shows how environmental conditions impact channel capacity and coverage range for 28 GHz and
60 GHz:

Open Space yields the highest capacity and longest range, especially at 60 GHz.

Indoor Office adds moderate attenuation, reducing capacity slightly but still maintaining reasonable performance. Dense

Urban environments significantly degrade capacity due to multipath, blockage, and high attenuation—especially at
60 GHz.

This visualization confirms that 60 GHz is best suited for short-range, obstruction-free settings, while 28 GHz is more
resilient across diverse environments.

Under LOS conditions: Both frequencies provide high SNR and capacity, with 60 GHz outperforming 28 GHz in peak
throughput due to wider bandwidth. Beamforming significantly enhances signal quality.

Under NLOS Conditions

28 GHz provides better coverage and more stable connectivity.

60 GHz experiences deep fades and frequent signal drops without line-of-sight.

The analysis shows that MIMO combined with beamforming is crucial to maintain performance at mmWave frequencies.
Moreover, denser deployment of access points is necessary for 60 GHz WLANSs to overcome coverage limitations.

Capacity vs Frequency for 28 GHz and 60 GHz
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Figure 6: Capacity vs Frequency for 28 GHz and 60 GHz

Energy Sci Eng Policy, 2026 L0



https://www.primeopenaccess.com/international-journals/energy-science-engineering-and-policy.asp

Figure 6 illustrates that higher frequencies can enable greater data transmission rates. At 28 GHz, the system achieves
moderate capacity due to a balance between manageable path loss and available bandwidth. However, at 60 GHz,
despite the higher free-space path loss, the significantly wider available bandwidth enables much greater capacity. This
reflects the key trade-off in mmWave systems: while higher frequencies suffer from more severe propagation losses,
they benefit from larger spectrum availability, which boosts throughput. Therefore, for short-range applications like
indoor WLAN, 60 GHz offers excellent potential for high-capacity communication, provided coverage challenges are
addressed through techniques like beamforming and MIMO

Coverage vs. Distance For Both 28 GHz and 60 GHz
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Figure 7: Coverage and Distance for 28 GHz and 60 GHz

Figure 7 illustrates the relationship between signal coverage (in dB) and distance for 28 GHz and 60 GHz frequencies.
It is evident that as distance increases, signal strength decreases significantly for both frequencies. However, the rate
of signal degradation is steeper for 60 GHz, indicating greater path loss and reduced coverage compared to 28 GHz. At
every point along the distance axis, the 28 GHz signal maintains higher strength, which demonstrates its advantage in
longer-range communication. This comparison underscores the inherent trade-off in mmWave systems: while 60 GHz
may offer higher data rates, its practical coverage range is more limited, making 28 GHz more suitable for broader-area
deployments.

Coverage vs. LOS For Both 28 GHz and 60 GHz
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Figure 8: Coverage vs. LOS Graph for 28 GHz and 60 GHz

Figure 8 shows that Coverage vs. LOS graph for 28 GHz and 60 GHz clearly demonstrates the impact of frequency on
signal strength in a Line-of-Sight (LOS) condition. As observed, the 28 GHz signal (blue line) maintains a higher received
power level compared to the 60 GHz signal (red line). This indicates that even under favorable LOS conditions, the higher
frequency (60 GHz) experiences greater path loss due to its shorter wavelength and higher susceptibility to atmospheric
attenuation. The flat nature of the lines implies that within LOS, the environment is relatively stable, and the coverage
remains consistent across the measured range. However, the difference between the two frequencies confirms that 28
GHz offers better coverage and penetration, making it more suitable for longer-range communications, while 60 GHz is
better suited for high-throughput, short-range indoor applications where LOS can be guaranteed.

Coverage vs. NLOS for both 28 GHz and 60 GHz
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Coverage vs. NL.OS

NLOS
Figure 9: Coverage vs. NLOS for Both 28 GHz and 60 GHz

Figure 9 represented the Coverage vs. NLOS graph for 28 GHz and 60 GHz reveals the significant degradation in signal
performance under Non-Line-of-Sight (NLOS) conditions. The graph indicates that 28 GHz (blue line) experiences
reduced coverage but still maintains a usable signal level compared to 60 GHz (red line), which suffers from severe
attenuation and rapidly diminished coverage. This behavior aligns with physical propagation characteristics higher
frequencies 60 GHz are more susceptible to blockage, scattering, and absorption from obstacles such as walls, furniture,
or human bodies. In contrast, 28 GHz, being a lower mmWave frequency, has slightly better penetration and diffraction
capabilities. The flat and low position of the 60 GHz line underscores its limitation in NLOS scenarios, making it less
suitable for environments with frequent obstructions unless aided by beamforming or reflectors. Overall, the graph
emphasizes that while both frequencies degrade in NLOS, 28 GHz offers more robust coverage and better reliability in
obstructed environments

Coverage vs. LOS and NLOS for both 28 GHz and 60 GHz
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Figure 10: Coverage vs. LOS and NLOS for Both 28 GHz and 60 GHz

Figure 10 shows that both frequencies perform better under Line-of-Sight (LOS) conditions, with 28 GHz providing
stronger and more reliable coverage than 60 GHz. However, in Non-Line-of-Sight (NLOS) environments, the coverage of
both frequencies decreases, with 60 GHz experiencing a more severe drop due to its higher susceptibility to obstruction,
scattering, and atmospheric absorption. The 28 GHz signal maintains relatively better performance in NLOS scenarios,
demonstrating its advantage in environments where obstacles are common. Overall, the graph illustrates that 28 GHz
offers more robust coverage across both LOS and NLOS conditions, making it more suitable for practical deployment in
complex wireless environments compared to 60 GHz.

Coverage vs frequency for 28 GHz and 60 GHz
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Figure 11: Coverage vs Frequency for 28 GHz and 60 GHz

Figure 11 represented the graph of Coverage vs Frequency shows that 28 GHz provides significantly greater coverage
distance than 60 GHz. This outcome aligns with propagation physics: higher frequencies like 60 GHz suffer from
increased free-space path loss, reducing signal strength over distance. Consequently, although 60 GHz can offer higher
capacity due to wider bandwidth, it is less suitable for long-range communication compared to 28 GHz. This trade-off
must be considered when designing mmWave systems 28 GHz is preferred for broader coverage, while 60 GHz suits
short-range, high-throughput

Conclusion

This research presents a comparative study of mmWave MIMO systems operating at 28 GHz and 60 GHz for WLAN
applications under LOS and NLOS conditions. The findings highlight the trade-offs between coverage and capacity inherent
in each frequency band. While 60 GHz offers superior data rates in ideal conditions, its sensitivity to obstructions makes
it less reliable in NLOS scenarios. Conversely, 28 GHz strikes a better balance between range and throughput, making
it more versatile for indoor WLAN deployment. Future work should explore adaptive beamforming algorithms and the
integration of intelligent reflecting surfaces to further enhance mmWave WLAN performance in complex environments.

The performance evaluation of mmWave MIMO systems at 28 GHz and 60 GHz through the figures on SNR vs. Distance,
Capacity vs. Distance, and the Impact of LOS vs. NLOS reveals key trade-offs in using these frequencies for high-speed
wireless communication. The SNR vs. Distance graph shows that 28 GHz consistently provides higher and more stable
SNR over longer distances compared to 60 GHz, which experiences a sharp decline in SNR beyond 10-20 meters.
This is primarily due to higher path loss and atmospheric absorption at 60 GHz. While both frequencies benefit from
beamforming and antenna gain, the 28 GHz band maintains better signal quality under longer-range and moderately
obstructed conditions, making it more robust for wider WLAN coverage.

In LOS conditions, both 28 GHz and 60 GHz can achieve high capacities at short ranges; however, capacity drops rapidly
with increasing distance. The 60 GHz band, though capable of ultra-high throughput in ideal environments, performs
poorly under NLOS conditions due to its limited diffraction and high susceptibility to blockage. The comparison between
LOS and NLOS highlights that 28 GHz maintains usable capacity even under NLOS, while 60 GHz degrades significantly.
Overall, these visual analyses demonstrate that 28 GHz is more suitable for reliable, medium-range coverage, while 60
GHz is ideal for short-range, high-data-rate applications, provided LOS conditions can be maintained.

The analysis of the Coverage vs. Distance, Coverage vs. LOS, Coverage vs. NLOS, and Coverage vs. LOS and NLOS for
28 GHz and 60 GHz highlights the performance differences between the two millimeter-wave frequencies under varying
propagation conditions. The Coverage vs. Distance graph reveals that signal strength decreases as distance increases
for both frequencies, but the decline is steeper for 60 GHz due to higher free-space path loss. This confirms that 28 GHz
offers greater coverage over longer distances, making it more effective for broader area communication, while 60 GHz
is best suited for shorter-range, high-throughput applications in controlled environments.

The comparing LOS and NLOS conditions emphasize the impact of environmental obstructions on signal quality.
Under LOS, both frequencies maintain stronger coverage, though 28 GHz still performs better. In NLOS, however, the
performance of 60 GHz significantly deteriorates, showing that it is highly sensitive to blockage and reflection losses.
The combined LOS and NLOS graph clearly demonstrates that 28 GHz provides more stable and reliable coverage across
different scenarios, whereas 60 GHz is more appropriate where a clear line of sight can be guaranteed. Overall, where
28 GHz supports more reliable communication in real-world environments, and 60 GHz excels in high-capacity, short-
range settings with minimal obstructions.
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