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Since the launch of fifth generation (5G) services in Thailand in 2020, there
have been continuous improvements in 5G coverage. Currently, 5G
coverage extends to most areas throughout the country. However, coverage
issues persist not only in rural areas but also in high-rise buildings in urban
areas. Consequently, a study was conducted within such buildings. This
paper assesses the performance of 5G at different altitude test points. The
chosen location for the field tests was a high-rise building within a crowded
public hospital, which receives numerous patients every weekday, in the
major urban area of Bangkok. Two smartphones from the same
manufacturer, both supporting 5G technology and equipped with the
Speedtest application, were employed as tools for this study. Tests were
carried out on the third and twenty-fourth floors of the high-rise building for
data collection. The primary finding of this study reveals that download
speeds exhibited a significant decrease with increasing altitude of the test
points, as evidenced by statistical analysis (p-values<0.001). This implies an
issue with altitude-induced variations, indicating a need for the improvement
of indoor 5G coverage in high-rise buildings.
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1. INTRODUCTION

After the fifth generation (5G) spectrum auction in 2020 and the 5G systems rollout by mobile
network operators (MNOs), most of Thailand is currently covered by 5G [1]. It has been predicted that there
will be a rise in the number of 5G mobile subscribers from 0.45 million in 2020 to nine million in 2023 and
14 million in 2025 [2]. One of the factors contributing to the increase in 5G mobile customers is the rapidly
increasing data usage of consumers. Thai customers' monthly data consumption climbed from 25 GB in 2021
to about 33 GB in 2022 [3]. Furthermore, it is predicted to reach approximately 80 GB per month in 2025 [3].

As is well known, distributing signals across a large coverage area is a significant challenge for 5G
mobile network providers in Thailand, quality of service (QoS) is a particular concern. While 5G-QoS
research projects were carried out in Thailand and other nations [4]-[7], it should be noted that the studies
examined 5G performance or QoS, but there were not any research projects that compared 5G quality across
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various test points at different altitudes or investigated the effects of various altitudes. Therefore, this study
was carried out to close this research gap. To go beyond earlier studies that concentrated on 5G, particularly
in Thailand (e.g., [7]), this study was carried out at Rajvithi Hospital, a very busy public hospital that serves
approximately 6,000 outpatients each day in the Dasamindradhiraj building, which is the tallest building with
a 25-story structure, see Figure 1, MNOs will be able to use the findings to improve 5G-QoS in these
healthcare facilities.

Figure 1. The selected 25-story building in the major urban area in Bangkok for this study

According to 5G, the number of people who use mobile internet is continuously increasing due to
the development and spread of wireless communications at present. Especially the International Mobile
Telecommunications-2020 (IMT-2020) or the 5G mobile technologies will be widely adopted and
extensively utilized worldwide by 2025 [8]. These communication technologies have become the most
significant part of everyone’s life [9]. 5G networks can be used by industries and consumers in many
purposes, especially in wireless devices. When compared to 4G, 5G offered substantially greater
connectivity, lower latency, higher data speeds, and increased capacity, which revolutionized mobile network
communications [10]. 5G technology serves as the fundamental infrastructure for emerging services and
exceptional services, including high spectral efficiency, flexibility, quick convergence, uncompromised
security, and high data rates. [11]. Thus, 5G networks can support a wider range of technologies and
applications, including the internet of things, device-to-device and machine-to-machine communications,
telehealth, telemedicine, and telesurgery. 5G technologies offer fast data transfer speeds and low latency,
enabling the creation of novel automation and applications in the physical and social environment [12]. The
development of 5G technology brings significant changes in various sectors, such as increased productivity,
efficiency, and innovation, but also raises security and privacy concerns that need to be addressed [13].
However, one of the most classic issues for mobile communications is QoS. It refers to different
types of priority for many purposes by the requirements and ensures a particular level of data transmission
performance [14]. QoS is normally impacted by a variety of performance metrics, including delay [14]. QoS
in a network is the ability of the network to provide good or appropriate services to the user with efficiently.
Particularly, QoS is crucial for real-time services and applications (e.g., voice over internet protocol (VolP),
video telephony and online gaming) [15]-[17]. QoS is associated with network performance level. Therefore,
QoS metrics are used to manage telecommunication services’ usability, reliability, and performance [18].
Several QoS parameters can be used to measure the quality of mobile or telecommunication networks (e.g.,
loss, delay, and jitter) [5], [7], [10], [19]. However, in this paper, only four QoS parameters are focused on,
each can be described as follows [7], [10], [20], [21]:
Download (DL): this term refers to the process of receiving data from a remote server or another device
and saving it to a user’s device. For instance, when a movie is downloaded from a streaming service, the
movie file is transferred from the service's servers to the device for viewing.

— Upload (UL): this means sending data from a user’s device to a remote server or device. For example,
when photos are uploaded to a server of a social media platform, the image files are sent to the platform's
server for storage and sharing. In general, the DL rate is higher than UL.
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— Latency which is also known as ping or delay. it measures how quickly the terminal or device receives a
response after sending a request over the connection. In real-time applications where time is critical, a
low latency indicates a more responsive connection. Especially, in the theory of 5G, a latency of <1 ms is
required for ultrareliable and low-latency communications (URLLC).

— litter: this is a variation in the delay or latency time of sequential packets that is usually caused by
congestion in communication networks. It is a vital QoS metric that substantially affects the end-to-end
experience of real-time applications or services and users’ perceptions.

In addition, according to some previous works, most of the altitude studies focused on high-altitude
platforms (HAPs). For example, an analysis of the 5G massive multiple-input multiple-output (MIMO)
systems with triangular lattice arrays for HAPs stations showed that a triangular lattice array offered a higher
performance when compared to square one, making it useful for the 5G massive MIMO paradigm [22]. A
study utilizing an unmanned aerial vehicle (UAV) service for smart cities is presented in [23], which found
that the QoS result from a 5G network is more sensitive to altitude changes than a 4G network. There are
some other similar studies in [24]-[27] but they focus on improvements to coverage, QoS, and related issues.
A study of 5G service deployment via the HAPS system was conducted and presented that appropriate or
higher elevation angles of ground users provided higher performance [28]. However, there are also a few
studies associated with antenna performance and propagation [29]-[31], while other studies were associated
with femtocells for indoor coverage [32], [33]. In addition, there are a few studies based on long-term
evolution (LTE) with indoor design, implementation, and/or deployment [34], [35], whereas ray-tracing
simulation for 5G coverage in indoor hotspots was conducted and presented in [36]. Also, there was a study
associated with the electromagnetic field effects of 5G antennas over school and hospital buildings, but it did
not focus on QoS or high-rise buildings [37]. No previous work has focused on a comparison of low and high
altitudes based on a high-rise building, such as Rajvithi Hospital. Thus, there is space and opportunity for this
study to conduct 5G field tests and analysis. The findings about the impact of different altitudes might be
useful for 5G-QoS improvement in high-rise buildings.

This article was extended from [10]. It has been organized into four main sections. This section is
the introduction, including background information and significance, an overview of 5G systems, and related
works. The next section is section 2, which presents the methodology. Next, section 3 presents the results and
the analysis. In section 4, it presents the discussion. In the final section, section 5, the conclusion are
described, highlighting the major finding that download speeds tend to decrease as the altitude of the test
points increases.

2. METHOD

This study used stationary tests to focus on the DL and UL speeds, latency, and jitter of the 5G
networks from two MNOs, hereafter called Operator-A and Operator-B [4]. The tools used for the
measurements were two 5G smartphones, the same brand and model that contain the central processing unit
(CPU) called Snapdragon 695 5G/Octa-core, and the memory of 128GM/8GB RAM, while its operating
system is Android 13. Furthermore, the Speedtest application by Ookla (version 5.2.1) is the same
application used in [38].

The data were collected during one day in the last week of October and one day in the first week of
November 2023, at the Rajvithi Hospital's tallest building (indoors only), which stands at a height of 105
meters from the ground to its pinnacle. For comparison between the results measured from the ground, the
middle, and the high stories of the building, the ground and the second floors were represented as low
altitude, while the 121 and 13" floors were represented as middle altitude, and the 23" and 24™ floors were
represented as high altitude. The middle altitude is about 45-50 meters, approximately from ground level,
while the high altitude is about 90-95 meters.

The raw data were gathered from each floor at least 24 times per operator. Therefore, there were at
least 48 records of data gathered from each level. Then the data were pre-processed by eliminating outliers
and uncompleted records. Overall, there were about 44 records per parameter per altitude for creating the
graphic results before an analysis was conducted. After the processes as shown in Figure 2, the results and
analysis are presented in section 3.
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Figure 2. The processes for obtaining the results
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3. RESULTS AND ANALYSIS
3.1. Results from the field tests

After conducting the field tests in the 25-story building at Rajvithi Hospital, the results from the
low, middle, and high altitudes were analyzed and presented as shown in Figure 3. Overall, (a) one can see
that the average download speeds from testing at the low altitude (about 268-298 Mbps provided by two
operators in the test) are greater than the average download speeds at the middle and high altitudes (the
average speeds are in the range of about 100-180 Mbps), whereas the average download speeds at the high
altitude (about 106-141 Mbps) are less than those at the middle and low altitudes. When comparing the
average download speeds provided by Operator-A and Operator-B, one can see that at low altitude, Operator-
A showed a higher average speed than Operator-B (Figure 3). However, the average upload speeds at each
level, as shown in Figure 4, provided by each operator are almost the same, while the average upload speeds
from Operator-A (about 50-55 Mbps) are slightly higher than those from Operator-B (about 36-39 Mbps).

For latency at a low altitude level, see Figure 5, Operator-B provided better average latency (about
18 ms) than the average latency provided by Operator-A (about 26 ms), while the average latency values
from both MNOs are almost the same at the middle and the high altitudes (19-22 ms, approximately).
However, it is surprising that at low altitudes, Operator-A provides the worst latency when compared to the
middle and high altitudes. Nevertheless, as the average jitter values shown in Figure 6, every condition shows
an average jitter value of less than 10 ms, except for the value at the middle altitude provided by Operator-B
which shows about 13 ms at the middle altitude. Furthermore, one can see that several scenarios show
different results when the two MNOs are compared or the three different altitudes on the high-rise building;
therefore, analytical techniques were applied in this study to test the hypotheses. Further details are presented
in the next section.
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Figure 4. The results of UL speeds
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Figure 5. The results of the latency values
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Figure 6. The results of the jitter values

3.2. Analysis

The first is a comparison of the QoS results, consisting of DL, UL, latency, and jitter, at the low (L),
middle (M), and high (H) altitudes of the building, for each MNOs using analysis of variance (ANOVA) to
compare the means of two or more groups of a dependent variable. Using this method to test the hypotheses,
the variations within each sample are compared to the variance between samples. When the differences
between the variances are greater than the means of several samples, they are not equal. However, if there is
no discernible difference in the means of the samples, then they are equal [39], [40]. Moreover, the analysis
in this study also makes use of the t-Test method known as the two-sample t-Test or unpaired t-Test, to find
out if there is a significant difference between the means of two independent groups [41]. The analytical
hypothesis test assumes that the variances of the two groups are equal, and that the data is normally
distributed [41]. About the second perspective, a comparison between the QoS results at each level provided
by the two MNOs, was analyzed by using the same technique.

The first steps of the analysis used ANOVA. The following hypotheses (H1-H8) were investigated,
and then the results of the hypotheses test are presented in Table 1.
— HZ1: the average DL speeds at the L, M, and H altitudes provided by Operator-A are the same or not.
— H2: the average DL speeds at the L, M, and H altitudes provided by Operator-B are the same or not.
— H3: the average UL speeds at the L, M, and H altitudes provided by Operator-A are the same or not.
— H4: the average UL speeds at the L, M, and H altitudes provided by Operator-B are the same or not.
— H5: the average latency values at the L, M, and H altitudes provided by Operator-A are the same or not.
— HB6: the average latency values at the L, M, and H altitudes provided by Operator-B are the same or not.
— H7: the average jitter values at the L, M, and H altitudes provided by Operator-A are the same or not.
— HB8: the average jitter values at the L, M, and H altitudes provided by Operator-B are the same or not.

Table 1. ANOVA results at 3 levels with each MNOs

Hypothesis p-values Remarks
H1 <0.001*  Significant (DL@L#M#H; Operator-A)
H2 <0.001*  Significant (DL@L#M#H; Operator-B)
H3 0.403 Insignificant (UL@L=M=H; Operator-A)
H4 0.560 Insignificant (UL@L=M=H; Operator-B)
H5 0.013* Significant (Latency@L#M+#H; Operator-A)
H6 0.004* Significant (Latency@L#M#H; Operator-B)
H7 0.284 Insignificant (Jitter@L=M=H; Operator-A)
H8 0.029* Significant (Jitter@L=M=H; Operator-B)

Remark: the ‘*” is p-value<0.05, which means significant with 95% confidence.

Table 1 shows the ANOVA results or p-values for the five hypotheses, including H1, H2, H5, H6,
and H8, are less than 0.05. This means that there is at least one pair of the data at different altitudes of the
building that has significant differences. The post-hoc t-Tests were then conducted with ten hypotheses, H9—
H18. Then, the results are presented in Table 2. However, it is noted that the post-hoc t-Tests for L and H
altitudes were not conducted because those QoS parameters were obviously different.

— H9: the average DL speeds at the L and M altitudes provided by Operator-A are the same or not.
— H10: the average DL speeds at M and H altitudes provided by Operator-A are the same or not.

— H11: the average DL speeds at the L and M altitudes provided by Operator-B are the same or not.
— H12: the average DL speeds at M and H altitudes provided by Operator-B are the same or not.
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— H13: the average latency values at the L and M altitudes provided by Operator-A are the same or not.
— H14: the average latency values at M and H altitudes provided by Operator-A are the same or not.

— H15: the average latency values at the L and M altitudes provided by Operator-B are the same or not.
— H16: the average latency values at M and H altitudes provided by Operator-B are the same or not.

— H17: the average jitter values at the L and M altitudes provided by Operator-B are the same or not.

— H18: the average jitter values at M and H altitudes provided by Operator-B are the same or not.

Table 2. Post-hoc t-Tests after the ANOVA analysis

Hypothesis p-values Remarks
H9 <0.001*  Significant (DL@L#M; Operator-A)
H10 <0.001*  Significant (DL@M#H; Operator-A)
H11 <0.001*  Significant (DL@L#M; Operator-B)
H12 <0.001*  Significant (DL@M+#H; Operator-B)
H13 0.230 Insignificant (Latency@L=M; Operator-A)
H14 <0.001*  Significant (Latency@M#H; Operator-A)
H15 0.002* Significant (Latency@L+#M; Operator-B)
H16 0.151 Insignificant (Latency@M=H; Operator-B)
H17 0.016* Significant (Jitter@L#M; Operator-B)
H18 0.158 Insignificant (Jitter@M=H; Operator-B)

Remark: the **’ is p-value<0.05, which means significant with 95% confidence.

Furthermore, to investigate if the 5G-QoS results obtained from the two MNOs at the same altitude
level were the same or different, an additional analysis using t-Tests was also conducted to test the
hypotheses in H19-H30. The results are shown in Table 3.

— H19: the average DL speeds at the L altitude provided by Operator-A and Operator-B are the same or not.
— H20: the average DL speeds at the M altitude provided by Operator-A and Operator-B are the same or not.
— H21: the average DL speeds at the H altitude provided by Operator-A and Operator-B are the same or not.
— H22: the average UL speeds at the L altitude provided by Operator-A and Operator-B are the same or not.
— H23: the average UL speeds at the M altitude provided by Operator-A and Operator-B are the same or not.
— H24: the average UL speeds at the H altitude provided by Operator-A and Operator-B are the same or not.
— H25: the average latency values at the L altitude provided by Operator-A and Operator-B are the same or not.
— H26: the average latency values at the M altitude provided by Operator-A and Operator-B are the same or not.
— H27: the average latency values at the H altitude provided by Operator-A and Operator-B are the same or not.
— H28: the average jitter values at the L altitude provided by Operator-A and Operator-B are the same or not.
— H29: the average jitter values at the M altitude provided by Operator-A and Operator-B are the same or not.
— H30: the average jitter values at the H altitude provided by Operator-A and Operator-B are the same or not.

One can see p-values from the hypotheses in Tables 1-3; some of them are higher than 0.05,
whereas some of them are lower than 0.05. Therefore, additional discussion is required. Thus, all the results
obtained from the analysis in this section are discussed and described in section 4, which is the last section
that includes the conclusion.

Table 3. t-Test results from a comparison of the two MNOs

Hypothesis  p-values Remarks
H19 0.058 Insignificant (DL@L from Operator-A=Operator-B)
H20 0.039 Significant (DL@M from Operator-A#Operator-B)
H21 0.002 Significant (DL@H from Operator-A#Operator-B)
H22 <0.001*  Significant (UL@L from Operator-A#Operator-B)
H23 <0.001*  Significant (UL@M from Operator-A#Operator-B)
H24 <0.001*  Significant (UL@H from Operator-A#Operator-B)
H25 0.002*  Significant (Latency@L from Operator-A#Operator-B)
H26 0.833 Insignificant (Latency@M from Operator-A=Operator-B)
H27 0.239 Insignificant (Latency@H from Operator-A=Operator-B)
H28 0.983 Insignificant (Jitter@L from Operator-A=Operator-B)
H29 0.004*  Significant (Jitter@M from Operator-A#Operator-B)
H30 0.014*  Significant (Jitter@H from Operator-A#Operator-B)

Remark: the ‘*” is p-value<0.05, which means significant with 95% confidence.
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4. DISCUSSION

Unlike [25], [28] based on LTE, and [21] that used simulation for 5G indoor coverage, this study
conducted realistic field tests based on 5G technology within the building with a high density of mobile
phone equipment. Furthermore, this study is unlike [7], which conducted the studies within the BTS Skytrain
station areas in Bangkok, which are classified as low altitude only. Although this article has been extended
from [10], there are several issues presented in this article that advance beyond the previous version,
including the additional tests at the middle level of the building and the additional study and analysis with
jitter.

Figures 3-6 show that the average download speeds on the ground floor were the best when
compared with the other altitudes, while other QoS parameters require additional statistical analysis for more
confidence. Furthermore, one can see that in some scenarios, the standard deviations are wide, which means
that the mobile networks may have an instability issue. The results of the statistical analysis of the data, as
shown in Figures 3-6, are presented in Tables 1-3. However, this section focuses firstly on the results in
Tables 1 and 2, where many issues need to be discussed, as follows:

— H1 confirms that the average download speeds provided by Operator-A at the low altitude (the first and
the second floors) of the building are significantly better (p-value<0.001) than the middle altitude (the
12" and 13" floors) and the high altitude (23 and 24" floors). This result is also consistent with the
result from H2. This means that both MNOs provide better download speeds at the low altitude of the
building than at the middle and high altitudes. Therefore, the MNOs may utilize this evidence to improve
5G-QoS in high-rise buildings.

— H3 confirms that the average upload speeds provided by Operator-A at the low altitude (the first and the
second floors) of the building are not significantly different from the speeds at the middle and the high
altitude (p-value<0.403). This result is consistent with H4 for Operator-B, which has the p-value of 0.506.
This means that both MNOs provide the same upload speeds at all three altitudes, which is different from
the download speeds.

— H5 confirms that the average latency values at the low, middle and high altitudes provided by Operator-A
are significantly different (p-value=0.013). This is consistent with the result associated with H6 for
Operator-B (p-value=0.004).

— H7 shows that the average jitter values at the three altitudes of the building for Operator-A are not
significantly different (p-value=0.284), which is different from the results for H8 associated with
Operator-B which shows a significant difference between the jitter values for the three altitudes of the
building (p-value=0.029).

— H9 and H10 confirm that there are significant differences between the average download speeds at the
low and the middle altitudes provided by Operator-A (p-value<0.001), and between the download speeds
at the middle and high altitudes provided by the same MNOs. These p-values are consistent with the
results for Operator-B from H11 and H12.

— H13 (p-value 0.23) shows that there is no significant difference between the average latency values at the
low and the middle altitudes of the building provided by Operator-A but this is inconsistent with the
results for the same operator from H14 (p-value<0.001) which showed that there are significant
differences between the latency values at the middle and high altitudes.

— Unlike H13 and H14, the p-values from H15 and H16 are 0.002 and 0.151, respectively. This means that
there are significant differences between the latency values at the low and middle altitudes of the building
for Operator-B, whereas there is no significant difference between the middle and the high altitudes of the
building.

— With regard to jitter, only the results referring to Operator-B were considered using post-hoc t-Tests since
there is no significant difference between the three altitudes for Operator-A. H17 shows significant
differences between the jitter values at the low and middle altitudes (p-value=0.015), whereas there is no
significant difference between the jitter values at the middle and high altitudes in H18 (p-value=0.158).

In addition, a comparison was made between the 5G-QoS parameters provided by Operator-A and
Operator-B. Thus, the additional issues associated with the results in Table 3 are considered. Then, each issue
can be discussed as follows:

— The hypothesis test result for H19 shows that there is no significant difference between the average
download speeds for Operator-A and Operator-B at the low altitude of the building (p-value=0.058). On
the other hand, the results for H20 and H21 show that Operator-B provides significantly different better
average download speeds than Operator-A at the middle and high altitudes (p-values are 0.039 and 0.002,
respectively).

— According to hypotheses H22-H24, the average upload speeds provided by Operator-A are significantly
better at all three altitudes of the building than the upload speeds provided by Operator-B
(p-values<0.001).
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— Hypothesis H25 shows that the average latency value at the low altitude of the building provided by
Operator-B is significantly higher than the latency value for Operator-A (p-value=0.002). Nevertheless,
there is no significant difference between the average latency values for both MNOs at the middle and
high altitudes of the building (p-values from H26-H27 are 0.833 and 0.239, respectively).

— Lastly, the hypothesis test result for H28 confirms that the average jitter values at the low altitude of the
building from both MNOs are the same statistically (p-value=0.983). By contrast, the results from the
hypothesis tests for H29-H30 show that the average jitter values from Operator-A and Operator-B at the
middle and high altitudes of the building are not the same. Operator-A provides significantly different
better average jitter values than Operator-B (p-values are 0.004 and 0.014, respectively.

5. CONCLUSION

This study conducted within a high-rise building situated in one of Bangkok's major hospitals,
located in the capital city of Thailand, demonstrates the varying impact of different altitudes on the quality of
5G service, specifically concerning download speeds. The higher the altitude the lower the download speed.
However, in practice, several factors may impact QoS (e.g., location and alignment of the antennae and
interference). Furthermore, the data in this study were gathered on a few weekdays. Users’ perspectives on
the use of mobile phones could be affected by those of others, population density, and the time of data
collection. Thus, a future study should consider testing at the weekends, putting more emphasis on
minimizing other conflicting factors, conducting an in-depth investigation, and providing greater indoor
coverage of this particular building and other tall towers (e.g., condominiums where mobile users usually
have internet service and voice quality issues). Moreover, other QoS parameters referring to signal quality
(e.g., signal-to-noise ratio (SNR), reference signal received power (RSRP), and reference signal received
quality (RSRQ)) have not been considered in this paper, therefore, these parameters can be gathered and
analyzed for further study and analysis in future work.

In conclusion, the data gathered from field tests in a crowded hospital in urban Bangkok using a
popular mobile application and analysis using One-way ANOVA and a t-Test showed that different altitudes
or altitude variations impact 5G performance significantly (p-values<0.05). In particular, the lower altitude of
5G mobile devices tends to obtain better download speeds than the higher altitudes, whereas different
altitudes do not appear to impact upload speeds significantly. Therefore, operators who provide mobile
network services can apply the findings from this study as the evidence for their network improvement,
particularly by enhancing QoS for high-rise buildings. However, this study was conducted in a hospital area
only; future work can be conducted in other areas or places, including high-rise condominiums. Additionally,
other cases in other countries may also benefit from the methodology described in this study.
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