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Abstract—The growing demand for higher bandwidth has
pushed mobile carrier frequencies into the millimeter-wave
(mmWave) spectrum such as high-band 26 GHz, to meet the
requirements of 5G networks and advanced communication
technologies. While mmWave frequencies provide the neces-
sary bandwidth for high-speed data transmission, they pose
significant challenges, especially in urban environments where
signals interact with common building materials like glass. This
study focuses on the effects of 26 GHz mmWave propagation
through various glass types commonly found in modern urban
architecture. Our experiment measured electric field (E-field)
strength loss, attenuation, and temperature variations as the
waves passed through different glass samples. Results show that
highly reflective and coated glass types, such as Low-E and
silver reflective glass, caused significant E-field strength reduction
reaching up to 93% . The experiment also revealed a noticeable
temperature increase in some glass samples, further influencing
signal degradation. These findings underline the importance of
consideration of the glass materials as they can cause signal loss,
impacting reliability of the 5G and beyond connectivity in urban
environments.

Index Terms—5G, millimeter-wave, 26 GHz, urban infrastruc-
ture, signal propagation, dielectric materials.

I. INTRODUCTION

In the race to build faster, more reliable fifth-generation
(5G) networks, the ability of 26 GHz signals to navigate dense
urban environments is both promising and challenging. The
evolution of wireless communication from fourth-generation
(4G) to 5G represents a shift in how data is transmitted,
processed, and utilized across various industries. Unlike its
previous generation, 5G technology promises not only faster
data speeds but also lower latency, increased capacity, and
support for a much larger number of connected devices.
These advancements make 5G the foundation for enabling
emerging technologies such as autonomous vehicles, smart
cities, augmented reality (AR), and the Internet of Things
(IoT) [1]–[3]. To achieve these benefits, 5G relies on higher-
frequency bands, specifically millimeter waves (mmWave),
which offer the bandwidth necessary for handling massive data
transfers in real time [4], [5].

One of the critical frequency bands for 5G deployment is
26 GHz, part of the lower mmWave spectrum. This frequency
is crucial because it creates a balance between offering ultra-
high data transfer speeds and maintaining a usable transmis-
sion range. Unlike traditional 4G frequencies that operate
below 6 GHz, millimeter waves in the 24-52 GHz range offer
significantly more bandwidth, allowing for high bandwidth
applications that were previously unfeasible. However, the
shift to mmWave frequencies, including 26 GHz, introduces
new challenges, particularly in dense urban environments,
where signal penetration and stability are critical.

While mmWave frequencies like 26 GHz offer tremendous
potential, they also face significant challenges, primarily due
to signal attenuation and interference. mmWaves have much
shorter ranges than traditional sub-6 GHz frequencies, making
them more vulnerable to environmental interference from
materials such as buildings, glass, concrete, vegetation, and
even atmospheric conditions [6], [7]. The higher the frequency,
the more susceptible the signal is to physical obstructions. This
makes the propagation of 26 GHz signals particularly difficult
in urban areas, where physical objects constantly obstruct line-
of-sight transmission.

Urban environments are filled with reflective and absorptive
materials, including metal, concrete, and glass, which cause
signal weakening, reflection, and scattering. As 5G signals
attempt to navigate through densely packed city infrastructure,
they encounter significant signal loss, reducing the effective
communication range and requiring more frequent placement
of 5G base stations. This presents a critical challenge for
network designers tasked with optimizing 5G coverage in
cities. Understanding how these signals interact with different
building materials is crucial for improving network design,
performance optimization and reliability.

The 26 GHz frequency band is crucial for 5G as it balances
high data speeds and moderate range. However, it also faces
significant challenges, such as signal attenuation and obstruc-
tion in urban environments. While ideal for transmitting large
amounts of data in compact areas, 26 GHz signals are more
susceptible to interference from materials like buildings, glass,
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and metal, which can reflect or weaken the signal. Studies
have also shown that rain attenuation at these frequencies is
considerable, especially during heavy rainfall periods, further
compromising signal penetration and transmission quality.
This highlights the importance of studying how these signals
behave in real-world environments to optimize network de-
signs that ensure reliable 5G performance in urban settings
[8].

This paper investigates the propagation characteristics of
26 GHz mmWave signals in urban environments, focusing on
how different types of glass, commonly used in windows and
facades, affect signal strength and temperature. By analyzing
the attenuation and thermal effects of 26 GHz signals as
they pass through various glass types, we aim to identify
which glass causes the most signal loss and how much the
temperature increases during transmission.

The remainder of this paper is structured as follows: Sec-
tion II provides a review of existing literature on mmWave
propagation in urban environments. Section III outlines the
methodology, materials, and system architecture used in our
experiments, including the setup for testing signal attenuation
and temperature changes. Section IV presents and analyzes
the results, focusing on key findings related to signal atten-
uation through different types of glass. Finally, Section V
offers a summary of the findings and recommendations for
future research to enhance the implementation of 5G in urban
environments.

II. RELATED WORK

The usage of 5G technology is expected to revolutionize
connectivity due to significant improvements in data transfer
speeds, bandwidth, and low latency, which are essential for
advanced applications such as smart cities, autonomous vehi-
cles, and augmented reality [9]. An essential aspect in enabling
these developments is the use of mmWave frequencies, par-
ticularly in the 26 GHz region, which provides the high data
throughput required for these innovations [10]. However, one
of the key obstacles to the widespread deployment of 5G in
densely populated urban areas is the interaction of mmWave
signals with common building materials, particularly glass.
Due to its absorptive and reflective properties, glass plays a
critical role in determining the performance of 5G networks,
making it a significant focus of research in optimizing signal
propagation in urban environments [11], [12].

In urban environments, mmWave signal propagation faces
significant challenges due to the presence of materials like
glass, concrete, and metal, which either reflect or absorb the
signals. Glass, in particular, poses difficulties for mmWave
transmission because its dielectric properties cause reflection,
absorption, and scattering of signals. Certain glass types,
such as Low-E glass, can reflect up to 80% of incoming
signals, severely affecting indoor coverage and overall network
stability [13], [14]. Furthermore, when glass absorbs mmWave
signals, it converts the electromagnetic energy into heat, which
alters the glass’s physical properties and impacts how the
wave propagates [15]. These effects—reflection, absorption,

and heat conversion—not only weaken signal strength but
also contribute to complex interference patterns, making it
challenging to maintain strong and reliable 5G network per-
formance in densely populated urban areas [16].

Glass coatings, such as ultraviolet (UV) and solar control
films, further complicate mmWave signal transmission by
increasing both reflection and absorption. These coatings,
designed for energy efficiency, can significantly disrupt 5G
signals. The low E glass can lead to up to 20dB more
signal attenuation compared to standard glass, underscoring
the additional challenges posed by modern building materials
[17]. In urban environments with tall buildings and large glass
facades, these effects become even more pronounced, making
it difficult to maintain consistent reliable 5G connectivity and
requiring specific optimization strategies [18].

Beyond the direct signal loss caused by reflection and
absorption, the interaction of mmWave signals with glass can
also introduce thermal effects. When glass absorbs millimeter-
wave frequencies, it converts the energy into heat, which
affects its ability to transmit signals and further increases
attenuation [19]. The challenges associated with mmWave
propagation in urban environments are not merely theoretical
but have been observed in practical implementations. Case
studies from cities like Prato and L’Aquila provide critical
insights into how materials and urban environments affect 5G
performance, emphasizing the need for adaptive technologies
like beam-forming and network slicing to maintain reliable
signal quality in complex urban environments [20].

Given the substantial impact of glass on mmWave signal
propagation, it is evident that specialized technological solu-
tions are needed to optimize 5G performance in urban environ-
ments. Beamforming and beam-steering technologies, which
dynamically adjust the direction of signals to avoid reflective
obstructions, have shown significance in overcoming these
challenges [21]. Advanced techniques like machine learning-
driven adaptive beamforming enable real-time adjustments
based on environmental feedback, improving signal quality by
navigating around reflective surfaces like glass façades [22],
[23]. Furthermore, advances in glass materials also hold great
potential for reducing signal degradation. The development
of new coatings that minimize reflection while maintaining
energy efficiency could greatly enhance 5G performance in
urban settings. Innovative approaches such as nanomaterial
coatings, which can reduce signal reflection without compro-
mising thermal insulation, offer a balanced solution to the
challenges.

The integration of 5G technology into urban environments
will require innovative solutions to overcome the significant
challenges posed by the interaction between mmWave signals
and modern glass materials. As highlighted by real-world
studies in cities like Prato and L’Aquila, signal loss due to
reflective and absorptive glass coatings is a critical issue that
must be addressed.
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III. METHOD AND MATERIAL

Our experiment focused on analyzing the attenuation of
26 GHz mmWave as they passed through various glass types
commonly used in windows, doors, and building structures in
urban area. The experimental setup used for analyzing 26 GHz
mmWave propagation through glass was designed by adapting
the existing mmWave exposure system that operates between
26–40 GHz frequencies, as described by Foroughimehr et al.
[24], [25]. This system was specifically adapted to evaluate
how 26 GHz waves interact with different types of glass.

To ensure the accuracy of our results and minimize any
system malfunctions or discrepancies, each experiment was
conducted for at least 1 minute, and each test was repeated
at least twice for verification. The entire experiment was
conducted in an anechoic chamber, which helped eliminate
unwanted reflections and interference from external signals,
such as those from phones or other devices, ensuring accurate
and uncontaminated measurements during the process. The
core system components include a spot-focusing lens horn
antenna, a signal generator, a RadMan2 - Personal radiation
monitor, an infrared (IR) thermal camera, and power meters.

The core of our setup (shown in Figure 1) was a horn
antenna that focused the mmWave radiation into a precise 1
cm focal point. This beam was directed at the glass sample,
ensuring minimal wave dispersion. The signal was generated
by an HP 8673B Synthesized Signal Generator operating at
26 GHz and amplified using the MI-WAVE 955 Series Power
Amplifier to provide adequate power for signal propagation
through the glass. The antenna’s focal point was positioned
exactly 133 mm away from the glass sample for optimal wave
interaction.

The RadMan2 Personal Radiation Monitor was used to
measure the E-field strength of the mmWave after it passed
through the glass sample. This device was connected to a
laptop via USB (as shown in Figure 1) for real-time data
collection and monitoring. During the test, the RadMan2
monitor recorded the remaining percentage of the electric
field after the wave passed through the glass, which was later
converted into volts per meter (V/m) for calculating signal
attenuation.

The frequency range of the RadMan2 is from 1 MHz to
60 GHz, making it ideal for monitoring the 26 GHz mmWave
signals used in our study. The monitor provided percentage
values that represented the level of exposure relative to the In-
ternational Commission on non-ionizing Radiation Protection
(ICNIRP) safety limit for occupational exposure (137 V/m).

To track thermal changes on the surface of the glass, an
infrared (IR) thermal camera was used during the experiment.
This camera monitored the temperature of the glass during
the exposure to mmWaves, allowing us to determine how
much wave energy was being absorbed as heat. Any significant
increase in surface temperature would indicate energy absorp-
tion, which could affect signal transmission and contribute to
attenuation.

The testbed is where we made slight modifications to
accommodate the specific needs of our glass E-field measure-

ments and attenuation experiments. The testbed, illustrated in
Figure 1, securely holds the glass samples for precise and
repeatable measurements.

Fig. 1. Testbed during test which is connected with a laptop to collect the
result from the RadMan2 receiver.

The setup includes a custom-designed glass holder with a
precision-aligned hole to ensure that the mmWave beam from
the spot-focusing lens horn antenna passes directly through the
glass. This precise alignment was essential to ensure consistent
wave interaction across all samples, minimizing diffraction and
ensuring that the E-field strength & attenuation results were
comparable across different glass types.

A. Material

For this experiment, we used 23 unique glass samples to an-
alyze the attenuation of 26 GHz mmWave. These glass samples
were selected because they are commonly used in windows,
doors, and building structures in urban environments. The
experiment was designed to explore how different chemical
compositions, colors, and thicknesses of glass influence their
interaction with 26 GHz mmWave. In total, 43 experiments
were conducted using various combinations of glass types and
temperatures to account for different environmental conditions.

The 23 unique types of glass and their corresponding
combinations are outlined in Table I.Here, we used 23 different
types of glass, all of which had a width of 0.5 cm ± 1 mm. The
temperature during the experiment was approximately 18◦C
unless otherwise specified.

B. Data Collection

For our data collection, we primarily relied on the RadMan2
Personal Radiation Monitor to measure the signal strength of
the 26 GHz mmWave after it passed through each glass sam-
ple. The data collection process was facilitated by the RadMan
2-TS software, which allowed for real-time monitoring of the
exposure levels.

Each test was conducted for 1 minute and repeated twice to
ensure the accuracy and consistency of the results, eliminating
the possibility of system malfunctions or discrepancies. The
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TABLE I
TYPES OF GLASS USED IN THE EXPERIMENTS, ALONG WITH THE VARIOUS

COMBINATIONS AND TEMPERATURE SETTINGS.

Glass ID Glass Type Glass ID Glass Type

1 Clear float 24 Glass 19 and 6 combined

2 Navy blue reflective 25 Glass 19, 6 and 11 combined

3 Silver mirror 26 Glass 6 and 11 combined

4 Clear frosted 27 Glass 1 and 20 combined

5 Washing blue clear low-E glass 28 Glass 1 and 5 combined

6 Golden reflective 29 Glass 1 and 19 combined

7 Non-reflective Red 34 30 Glass 12, cold (8◦C)

8 Black tinted 31 Glass 12, hot (43◦C)

9 Coffee colored tinted 32 Glass 4, cold (4◦C)

10 Ribbed obscured 33 Glass 4, hot (36◦C)

11 Silver reflective 34 Glass 20, cold (6.1◦C)

12 Black float 35 Glass 20, hot (38◦C)

13 Crystal mirror blue 36 Glass 19, cold (6◦C)

14 Coffee colored float 37 Glass 19, hot (39◦C)

15 Obscured glass (dotted design) 38 Glass 11, cold (5 ◦C)

16 Washing blue reflective 39 Glass 11, hot (26◦C)

17 European bronze tinted mirror 40 Glass 22, cold (7◦C)

18 Clear frosted designed 41 Glass 22, hot (38◦C)

19 Green reflective 42 Glass 1, cold (5◦C)

20 Dark blackish blue float 43 Glass 1, hot (30◦C)

21 Textured obscured

22 Everglade fluted

23 Light blue tinted

percentage values recorded by the RadMan2 device were
calculated relative to the ICNIRP safety limit for occupational
exposure, and these values were then used in the calculation
of signal attenuation.

C. E-field Strength Calculation

Power density (S), defined as the power per unit area
perpendicular to the direction of propagation, is related to E-
field and magnetic (H) fields by the Equation 1.

S = E ·H =
E2

377
(1)

According to ICNIRP guidelines, the E-field limits are:

E =
√
377× S (2)

For occupational limits: E =
√
377× 50 = 137V/m

For public limits: E =
√
377× 10 = 61.4V/m

The E-field values were derived by converting the percent-
age readings from the RadMan2 device into volts per meter
(V/m), using the ICNIRP exposure limit. The formula applied
for this conversion was as follows:

E = Percentage Value × (limit)V/m (3)

This formula was applied across all glass samples to calcu-
late both the initial E-field (E initial) before the wave passed
through the glass and the final E-field (E final) after the wave
had passed through. These values were used in the attenuation
calculation.

We also collected temperature changes during the test using
an IR Thermal camera. The E-field Strength loss, temperature

values for all 43 glass combinations were calculated and shown
in the Figure 2 and 3.

IV. RESULTS AND DISCUSSION

Our experimental results are visually represented in Fig-
ure 2, providing a comparison of E-field loss across all 23
unique glass types and a total of 43 total glass combina-
tions.Temperature changes for the 23 unique glass samples
are illustrated in Figure 3.

From the result, we observed that the E initial values
were consistent across all glass types. This consistency is
critical for ensuring reliable baseline measurements, indicating
that the wave generation and experimental setup were stable
throughout the tests. However, the final E-field (E-final) values
varied significantly based on the glass type.

For an unique glass type, the Silver reflective glass (Glass
ID 11) had the highest electric field (E-field) loss. This signif-
icant reduction highlights the substantial impact of reflective
coatings on signal strength at 26 GHz mmWave frequencies.

Conversely, glass types such as Non-Reflective Red 34
(Glass ID 7) and Everglade Fluted (Glass ID 22) demonstrated
higher E-final values. This suggests that these glasses contain
fewer reflective or absorptive materials, resulting in lower sig-
nal attenuation. The reduced interaction between the 26 GHz
millimeter waves and these glass types indicates a minimal
impact on signal strength, allowing the waves to pass through
with less disruption.

The results indicate that the electric field loss varied con-
siderably across both single and combination glass types, as
shown in the Figure 3. The highest percentage of electric field
loss was observed for Silver reflective glass (Glass ID 11), with
a loss around 93%, making it highly unsuitable for mmWave
transmission due to its high reflective properties. Similarly, the
Green + golden + silver reflective glass combination (Glass ID
25) exhibited an extremely high electric field loss, exceeding
98%. This can be attributed to the multiple reflective coat-
ings that severely disrupt wave propagation. These coatings
increase reflection and absorption, leading to substantial power
loss and making such glass types inefficient for mmWave
transmission in 5G and beyond networks.

On the other hand, lower electric field losses were observed
for glass types such as Non-Reflective Red 34 (Glass ID 7)
and Ribbed Obscured glass (Glass ID 10), which exhibited
losses of approximately 30% to 40%, respectively. The lower
E-field loss for these glass types indicates minimal disruption
to the 26 GHz mmWave propagation. This suggests that the
less reflective or absorptive properties of these glasses allow
the waves to pass through with minimal interference, making
them more suitable for environments requiring efficient signal
transmission, particularly in 5G networks.

Temperature changes, as measured by the IR thermal cam-
era, provided important insights into the thermal absorption
properties of the glass samples. For most samples, there was
minimal temperature variation (less than 0.4◦C), indicating
that the absorption of mmWave energy did not lead to sig-
nificant heat accumulation. However, certain glass types such
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Fig. 2. Comparison of the e-field loss.

Fig. 3. Comparison of the temperature changes.

as crystal mirror blue glass, and Silver & blue reflective
glass, which exhibited the highest electric field strength loss
and signal attenuation, showed more considerable temperature
increases, particularly under hotter conditions.

This correlation between increased temperature and higher
attenuation suggests that glass types with more reflective or
absorptive coatings not only disrupt signal propagation but also
accumulate more heat when exposed to mmWave frequencies.
For example, silver reflective glass (hot 26◦C) demonstrated
E-field strength loss of 98%, compared to 93% under room
temperature (18◦C) conditions. This further highlights the

significant impact thermal effects have on mmWave signal
transmission for specific glass types, particularly in environ-
ments with fluctuating temperature conditions.

The results from this study show that glass type, reflective
coatings, and temperature conditions have a significant impact
on mmWave signal attenuation. Reflective glasses, such as
green, blue, or silver reflective glass, exhibited the highest
attenuation, while non-reflective glass types like non-reflective
float or tinted glass showed lower signal loss, making them
better suited for 5G applications. These findings highlight the
need of consideration of building materials in desiging future
5G networks.

V. CONCLUSION

This study highlights the critical impact that glass types,
coatings, and temperature conditions have on the propagation
of 26 GHz mmWave signals in urban environments. Through
detailed analysis of various glass samples, we observed that
highly reflective and coated glass, such as Low-E and silver
reflective glass, caused significant signal attenuation and E-
field strength loss. E-Field strength loss reached as high as
93% underscoring the challenges these materials pose for
the reliable deployment of 5G networks. Furthermore, the
interaction between mmWave signals and glass resulted in
noticeable temperature increases, which further exacerbated
signal degradation.

Our findings emphasize the importance of selecting glass
materials with optimized dielectric properties to minimize
signal loss and maintain reliable connectivity in densely pop-
ulated urban areas. As 5G networks become integral to smart
cities and high-data-rate applications, it is imperative that
building materials, especially glass, are designed to support
mmWave transmission.
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