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Abstract: In this study, we demonstrate an application for 5G networks in mobile and
remote GPR scanning situations to detect buried objects by experts while the operator
is performing the scans. Using a GSSI SIR-30 system in conjunction with the RealSense
camera for visual mapping of the surveyed area, subsurface GPR scans were created and
transmitted for remote processing. Using mobile networks, the raw B-scan files were
transmitted at a sufficient rate, a maximum of 0.034 ms mean latency, to enable near real-
time edge processing. The performance of 5G networks in handling the data transmission
for the GPR scans and edge computing was compared to the performance of 4G networks.
In addition, long-range low-power devices, namely Wi-Fi HaLow and Wi-Fi hotspots,
were compared as local alternatives to cellular networks. Augmented reality headset
representation of the F-scans is proposed as a method of assisting the operator in using
the edge-processed scans. These promising results bode well for the potential of remote
processing of GPR data in augmented reality applications.

Keywords: GPR; edge computing; 5G network; visual mapping; 4G network; image
processing; Wi-Fi HaLow; SLAM

1. Introduction

The process of scanning and monitoring underground infrastructure is often expensive
and time-consuming. Ground penetrating radar (GPR) is one of the non-destructive
methods to monitor underground facilities. The GPR works based on electromagnetic fields,
in which the transmission antenna must generate the spatially and temporally distributed
field distortions by excitation voltages, and the receiving antenna must read the recordable
signal from the identified temporal variation [1]. In the typically processed scans of the
received data, hyperbolic patterns represent the buried objects [2]. Annan [3] reviewed
the history and future aspects of using GPR. As GPR proves to be a practical means of
subterranean imaging, researchers use it in a variety of applications such as monitoring
transport infrastructures [4], concrete pavements [5], and river embarkments [6]. Jiao
et al. [7] used 900 MHz GPR to recognize and detect substantial defects in concrete images.
Various techniques can be used for source localization, such as time-reversal [8]. This
method can be incorporated using Multistatic data from radar imaging to locate the buried
targets [9].
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Additionally, GPR scanning methods have been improved by the addition of neural
networks for non-traditional applications such as locating burial sites [10]. As the interpre-
tation of GPR data is challenging, methods for creating 3D images of reinforced concrete
have been proposed [11]. Moreover, GPR is used in tandem with emerging technologies
such as augmented reality (AR) [12] to create 3D models of underground pipelines. In
2020, a new GPR-augmented reality method for monitoring underground structures was
proposed, which reduces the time required to post-process the data [13]. The system was
later implemented to observe signal strength in real time using AR [14]. GPR scanning
can also be used in conjunction with other computationally expensive methods such as
deep reinforcement learning, which was demonstrated by Omwenga et al. [15] in 2021. The
autonomous cognitive GPR method outperforms other comparable methods in terms of
identifying objects with high accuracy in a timely manner.

Apart from the use of GPR scanning methodology, another important feature is the
mapping and localization of the area. The localization was previously performed manually,
which was not only time-consuming but could also lead to potential human errors. For this
reason, RealSense cameras are widely used. Tsykunov et al. [16] used depth and tracking
RealSense cameras to create a 3D map and localization of an indoor area. Bayer et al. [17]
utilized two RealSense cameras on their Hexapod walking robot to autonomously explore
outdoor and indoor spaces. Furthermore, the RealSense camera can be used in conjunction
with the NVIDIA Jetson Nano for Simultaneous Localization and Mapping (SLAM) using
the Robot Operating System (ROS) on mobile platforms [18].

Wireless communication is defined as data transmission from one place to another.
Some of the popular wireless networks are wireless personal area networks, wireless
local area networks, wireless metropolitan area networks, wireless wide area networks,
and cellular networks [19]. Frattasi et al. [20] used a user-centric approach to describe
4G network properties. Switching to 4G from previous generations has a number of
advantages, including lower costs and the ability to access the network via a variety of
platforms [21]. In 2014, Li et al. [22] estimated the maximum improvement that could be
achieved with 5G as a 90-160 times increase in range. In 2017, Al-Falahy and Alani [23]
investigated the necessities and requirements for achieving low latency and high data
throughput. Hao [24] compared the performance of 4G and 5G networks, finding that the
time delay improved by more than ten times and the peak data rate increased by more than
twenty times.

In 2021, Lee et al. [25] evaluated the IEEE 802.11ah [26] (Wi-Fi HaLow) and demon-
strated its capability as a low-power, high-throughput, and long-range protocol with field
tests for indoor and outdoor environments. Verhoeven et al. [27] compared the perfor-
mance of long-range IoT wireless technologies such as LoRa and Wi-Fi HaLow. Although e
LoRa works in higher frequency ranges, Wi-Fi HaLow proved to have higher throughput.
Furthermore, the Wi-Fi HaLow network is applicable to situations that current IT infrastruc-
ture is incapable of, such as multi-sided applications for medical emergencies [28]. Table 1
shows an overview of the literature review.

Table 1. Literature review summary table.

Studies Focus
Jol [1] and Dell’Acqua et al. [2] GPR Theories
Solla et al. [4], Joshaghani and Shokrabadi .
[5], and Di Prinzio et al. [6] GPR Applications
Pereira et al. [12], Childs et al. [13], and GPR-AR

Girard et al. [14]
Mazurkiewicz et al. [10] GPR Neural Network
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Table 1. Cont.
Studies Focus
Tsykunov et al. [16] RealSense Camera for Localization
Newman et al. [18] RealSense Camera for SLAM
Islam and Jin [19] Wireless Networks
Frattasi et al. [20] and Khan et al. [21] 4G Network
Lietal. [22] 5G Network
Hao [24] 4G and 5G Network Comparison
Lee etal. [25], Aciztar;e [eztgé}l' [26], and Purat HaLow Network and applications
Verhoeven et al. [27] HaLow and LoRa Comparison

The challenges associated with performing GPR scanning include the following proce-
dures: (1) the operator scanning the entire area, (2) manually mapping and marking the
site, (3) presenting the saved data to an expert with spatial coordination, (4) the expert
interpreting the data and locating the targets of interest, and (5) the operator returning
to the site several times to create full scans of the target infrastructures. By moving the
interpretation and processing of GPR data to an edge processing site, the time between
collection and onsite interpretation can be greatly reduced. GPR surveys are conducted in
diverse environments, ranging from densely populated regions to isolated tracts of land,
each providing unique communication challenges. In 2022 [29], the POWDER (Platform
for Open Wireless Data-driven Experimental Research) [30] network was evaluated as
a potential solution for data transmission to edge processing sites. While the POWDER
network showed promise, its implementation area is geographically restricted, leading to
the need for more widely available data transmission solutions.

This paper proposes a method to overcome these time-consuming challenges by incor-
porating the Intel RealSense T265 tracking camera for localization, transitioning processing
and marking operations to edge-computing sites using the best available network to obtain
real-time feedback on processed scans. A method for generating AR representations of the
collected F-scans is implemented at the edge, taking advantage of the increased computa-
tional power made available by fast network transmission. Using edge computing with a
fast network can significantly improve the efficiency of the GPR system. This proposed
workflow has the potential to move the processing of raw data out of the office and into the
cloud, allowing for faster, onsite interpretation. To accomplish this, both Wireless Local
Area Networks (WLAN) and Cellular Networks infrastructures were investigated.

A description of the proposed data generation system as well as the arrangement
of the WLAN and Cellular transmission modes are provided in Section 2. Results of
freeform F-Scan visualization in AR, wireless local transmission, and cellular network data
transmission are given in Section 3. Finally, the comparison of the generated results and
future directions are provided in Section 4.

2. Materials and Methods
2.1. Data Generation with Ground Penetrating Radar

The proposed system consists of two data-generating devices: a Geophysical Survey
Systems (GSSI) SIR-30 GPR system (Geophysical Survey Systems Inc., Nashua, NH, USA)
and an Intel RealSense T265 tracking camera (Intel, Santa Clara, CA, USA). These two data
streams are merged together to create both traditional B-Scans as well as F-Scans. In a
traditional B-scan, individual traces are stacked along the x-axis creating a cross-sectional
image with an x-axis corresponding to the scan’s length and y-axis corresponding to depth.
Conversely, an F-scan depicts a subsurface cross-section that curves across the x-y plane
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with the z-axis representing depth. An F-scan is unique in that the original radar data
are collected in conjunction with positional data, which is then used to project the initial
flat scan into 3D space. GPR DZT data files are passed through a Panasonic Toughpad
(Panasonic, Kadoma, Japan) to a Raspberry Pi 4 Model B and packaged together with
pose data from RealSense. The total size of these packages is dependent on the survey
they represent and is typically less than one megabyte in size. A TCP connection is then
made to the edge processing unit through a 4G or 5G link to Verizon Wireless (Figure 1).
After receiving the data, it is unpacked and processed using custom geometry creation
algorithms to generate both an F and B scan image, which are returned along the same link.

Intel

RealSense \

TCP Connection
_— Edge

— Processing
Unit

Wireless
+ Network
Module

Raspberry Pi
4 Model B

B scans from
GSSI SIR-30

—P‘ ToughPad H/

Figure 1. Schematic of the process to create F-Scans and wireless edge processing.

Position data are collected from RealSense every 6 ms over the course of the scan and
are used to associate each trace to an approximate X-Y coordinate. This creates a relatively
dense dataset, which must be reduced to create parsable 3D geometry. The reduction is
carried out by stepping through the series of points sequentially and merging vertices
within the module’s stated accuracy, approximately 1%. This creates a relatively smooth
path while maintaining the features of the survey line. Following the reduction, the points
are loaded into Blender and extruded in the Z direction to create a surface. The generation
of these models can be seen below in Figure 2. A B-Scan can then be applied to that surface
as a texture map, allowing the B-Scan to conform to the surface geometry and create the
desired F-Scan. These digital objects are finally transferred to a Unity application run on an
AR headset (Microsoft HoloLens 2), allowing for an AR view of the subsurface features
with the ability to interact with the 3D object for thorough inspection of the underground
infrastructure in the environment.

Figure 2. Generation of an F-Scan in Blender: (a) merging of vertices to create a smoother path; (b) 3D
model in open space.
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2.2. Wireless Local Area Network Data Transmission

In this section, possible wireless communication networks are investigated to find
the optimal solutions for edge processing. In this cyber-physical system (CPS) [31], the
near real-time data transmission between the operator and the edge processing unit is of
importance for the operator’s decision-making; thus, the latency metric is considered to
compare different technologies for evaluating the CPS. In locations where connectivity to
5G and 4G networks is not possible, the edge processing for GPR scanning of underground
structures requires alternative fast, high-throughput networks. Therefore, we evaluated the
possible alternatives to perform similar tasks by using long-range, high-throughput, and
low-power IEEE 802.11ah (Wi-Fi HaLow) [32] and compared its performance with 2.4 GHz
and 5 GHz IEEE 802.11ac Wi-Fi hotspots [33].

For this purpose, a network is created consisting of three single-board computers
(Raspberry Pi 4 Model B) augmented with Wi-Fi HaLow HATs from AFLA. In this network
configuration displayed in Figure 3, the first station chunks the B-scans (or F-scans) collected
from the GSSI SIR-30 into packets and sends them with a delay to another station connected
via the access point while timing the process.

Access Point

Raspberry Pi Wi-Fi
4 Model B ISEGH

B scans from

GSSI SIR-30

Figure 3. Network setup for transmitting data over Wi-Fi HaLow.

For comparison, a similar configuration displayed in Figure 4, is set up by substituting
the single-board computer with a Wi-Fi hotspot (HTC 5G hub or Orbic Speed 5G UW)
through 2.4 GHz and 5 GHz IEEE 802.11ac Wi-Fi. The process of chunking the data and
sending it to the other station continues until the B-scan completely transfers and the timed
values of latency are compared.

2.3. Cellular Network Data Transmission

A similar arrangement of components was used to compare the latency of 4G and
5G connections on the Verizon mobile network. Figure 5 illustrates the path taken by
the transmitted data. Data were generated, as described in Section 2.1, and transmitted
from a single-board computer to an Orbic Speed 5G UW via Wi-Fi. Two tests were then
performed using Orbic’s 4G and 5G connectivity through the Verizon network, connecting
to a workstation approximately 1 mile from the lab. The packets were processed on this
remote workstation and B-scans were returned to the single-board computer along the same
path. Though F-scans were generated at the remote station, for simplicity only B-scans
were transmitted.
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Wi-Fi Hotspot

Raspberry Pi
4 Model B

Raspberry Pi
4 Model B

B scans from

GSSI SIR-30

Figure 4. Network setup for transmitting data over Wi-Fi hotspots.

WLAN

GSSI SIR-30

Panasonic Intel
ToughPad RealSense

gt

LAN

AMD Ryzen

RaspberryPi
4B 31200

Quad-Core
Processor
3.30 GHz

Orbic Speed TP-Link
5G Hotspot Router

Verizon Wireless
Network

Local ISP

Figure 5. Flow of data through the networks and components of the proposed system. Solid lines
indicate single hops, while dashed lines represent paths with an undetermined number of hops.

3. Results
3.1. Visualization of Generated F-Scans via Hololense

The data transmitted for this experiment is intended to be used in the Microsoft
HoloLens 2 system to enable simple visualization of GPR scans. The AR representation
allows the user to inspect the subsurface thoroughly in the corresponding physical environ-
ment. Figure 6 shows this application in action in varied environmental conditions. The
scans shown are positioned in the physical space manually by the user by aligning a virtual
origin point with its physical counterpart. After placement, the user may move around the
virtual objects as needed to inspect the represented subsurface.
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Figure 6. A digitally rendered representation of F-scans in AR displayed over (a) snow-covered
ground and, (b) uncovered ground.

3.2. Wireless Local Area Network Latency Comparison

The potential wireless communication networks are put to the test to verify their
effectiveness in the edge processing of the GPR B-scans. For the comparison, a B-scan file
of 2.7 megabytes is transferred using each Wi-Fi technology. A packet size of 32 bytes with
a 0.5-millisecond delay was found to be optimal for this transmission case [34]. In the two
setups, the access point and Wi-Fi hotspot are located at a distance of approximately 6 m
apart from each other stations in another room of the building, with multiple objects placed
between them. For each of the five configurations, the latency for each packet is plotted
over the time delay to that packet and is shown in Figure 7.
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Figure 7. Latency test of B-scans transmission over (a) Wi-Fi HaLow, (b) 2.4 GHz HTC Wi-Fi hotspot,
(c) 5 GHz HTC Wi-Fi hotspot, (d) 2.4 GHz Orbic Wi-Fi hotspot, and (e) 5 GHz Orbic Wi-Fi hotspot.

In Figure 7, the latency is shown to be the lowest in the HaLow Wi-Fi setup (0.0062 ms)
and the highest in the 2.4 GHz Orbic Wi-Fi hotspot setup (3.5 ms). Additionally, the HaLow
Wi-Fi setup shows the lowest number of outliers compared with the other setups, indicating
higher stability.

For comparison, Figure 8 depicts the resulting latencies versus time in one graph.
While the maximum latency times can be interpreted with this graph, further statistical
analysis is required to analyze the latency data in terms of consistency and performance.
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Figure 8. Comparison of latency while transmitting B-scans over Wi-Fi HaLow, 2.4 GHz HTC Wi-Fi
hotspot, 5 GHz HTC Wi-Fi hotspot, 2.4 GHz Orbic Wi-Fi hotspot, and 5 GHz Orbic Wi-Fi hotspot.

Probability density histograms for each case are depicted in Figure 9 with each setup
nominally following a log-normal distribution. From this figure, it can be interpreted
visually that higher probability density in low latencies indicates better performance. By
this standard, Wi-Fi HaLow shows its superiority in consistency and low latency compared
with the other four cases. While Figure 9a shows several outliers for the Wi-Fi HaLow setup,
the low probability density of these outliers indicates the stability of the Wi-Fi HaLow.
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Figure 9. Comparison of probability density in terms of latency while transmitting B-scans over
(a) Wi-Fi HaLow and, (b) 2.4 GHz HTC Wi-Fi hotspot, (¢) 5 GHz HTC Wi-Fi hotspot, (d) 2.4 GHz
Orbic Wi-Fi hotspot, and (e) 5 GHz Orbic Wi-Fi hotspot.

The numerical statistical values, such as mean, median, standard deviation, and total
latency, are compared in the five network setup cases in Table 2. In this table, the HaLow
setup has the lowest values for the four parameters. The HaLow is followed in performance
by the Orbic setup and then by the HTC setup.
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Table 2. Comparison of the five network setup cases using mean, median, standard deviation, and
total latency statistical data.

Wi-Fi Network HaLow 2.4 GHz HTC 5 GHz HTC 2.4 GHz Orbic 5 GHz Orbic
Mean (ms) 0.01861 0.03362 0.03366 0.03133 0.03134
Median (ms) 0.01431 0.02646 0.02694 0.02575 0.02575
STD (ms) 0.02002 0.03529 0.03837 0.03642 0.03277
Maximum (ms) 1.11628 1.67227 3.15857 3.503561 1.76930
Total Latency (ms) 1598.11 2887.42 2891.37 2691.27 2692.15

3.3. Cellular Network Latency Comparison

Similarly, latency values are calculated again, as described in Section 3.2, using a
file of 395 kilobytes with a packet size of 32 bytes, and the corresponding parameters are
calculated for comparison. Though a smaller file was utilized, using the same 32-byte
packet size described in Section 3.1, the mean, median, maximum, and standard deviation
of the recorded latencies will remain comparable.

Latency data collected in the cellular network case, shown in Figures 10 and 11,
indicated a minor increase in per-packet performance of the 5G network over 4G. Over
the course of an entire data file, these minor increases compound into a more significant
reduction in total latency. Figure 10a shows the packet latency for 4G technology while
Figure 10b shows the packet latency for 5G technology.

0.8

0.6 1

0.4

Latency (ms)

0.2

0.0 -
0 2000 4000 6000 8000 10,000 12,000

Packet Number

0.8

0.6

0.4 1

Latency (ms)

0.2 4

0.0 -

0 2000 4000 6000 8000 10,000 12,000
Packet Number

Figure 10. Packet latency for (a) 4G cellular and (b) 5G cellular.

Figure 11 shows the latency for both tests plotted together to better compare the two.
It can be seen that for a majority of packets, the latency for 5G remains below that of 4G. It
is also shown that the 5G network exhibits fewer outliers and is of smaller magnitude than
its 4G counterparts.
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Figure 11. Packet latency for 4G and 5G technologies for each packet.

These outliers are better illustrated in Figure 12a,b, which show the probability density
of latency for 4G and 5G technologies, respectively. The probability density of the outliers
depicted in Figure 11 is so low that it is not visible on the same axes. The mean, median,
and standard deviation for each histogram are shown in Table 3, as well as the total latency.
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Figure 12. Comparison of latency histograms for (a) 4G technology and (b) 5G technology.

Table 3. Comparison of the mean, median, and standard deviation for calculated transmission

metrics.
Technology 4G 5G
Mean (ms) 0.0221 0.0212
Median (ms) 0.0167 0.0169
STD (ms) 0.0215 0.0173
Maximum (ms) 0.7586 0.3061
Total Latency (ms) 279.923 268.059

The mean latency for 4G was found to be 0.0009 ms greater than in the 5G case;
however, the median value was 0.0002 ms less in the 4G case than in 5G. The standard
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deviation was 0.0042 ms smaller in the 5G test, demonstrating the greater stability of the
5G connection. The total latency was found to be 11.864 ms shorter for 5G.

The mean latency time for transmitting the B-scan in each setup case is depicted in
Figure 13 for a visual comparison. It can be observed that transmission over the HaLow
Wi-Fi network resulted in a mean latency time that was 42.7% faster than the mean value of
the other WLAN cases and performed 12.2% faster than the 5G network.
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0.030 A

0.025 A

0.020 A

0.015 A

Mean Latency (ms)

0.010 -

0.005 -

0.000 -

2.4 GHz HTC 2.4 GHz Orbic 5 GHz HTC 5 GHz Orbic HalLow 4G 5G

Figure 13. Comparison of mean latency time in each setup case using WLAN and cellular network
transmission.

4. Discussion

The current method of associating local coordinates to each A-Scan is imprecise as
it assumes an even distribution of scans along the entire survey line. As the GPR cart is
triggered spatially by a survey wheel and the RealSense module is triggered temporally
by the system clock, the two streams are not perfectly in sync and the association may
become less accurate. This can be improved by tying the RealSense trigger to the survey
wheel. In this arrangement, each pulse from the survey wheel causes both an A-Scan and a
coordinate to be created simultaneously.

The process by which 3D models are created and made available to the HoloLens
has not yet been automated, and as such still requires human intervention. In the fu-
ture, this process will become automated, along with the expansion of the processing
techniques applied to the scan, such as background removal and back projection for 3-D
image formation.

Comparing the alternatives in the WLAN transmission of B-scan shows the advantage
of using the Wi-Fi HaLow HAT setup for its low latency in comparison to the HTC and
Orbic hotspots in conjunction with the single-board computer’s onboard Wi-Fi module.
However, it should be noted that the performance of the Wi-Fi hotspots is limited by the
onboard Wi-Fi technology of the single-board computers, which is entirely replaced in the
HaLow setup.

Considering this fact, it is demonstrated that switching from the HTC Wi-Fi hotspot
to the Orbic Wi-Fi hotspot lowers the mean latency values in both 2.4 and 5 GHz network
cases, even though they are both restricted by the single-board computer’s onboard wireless
communication technology. The improvement of the Orbic hotspot over the HTC hotspot
may be due to the increased load the HTC experiences while running Android OS.



Appl. Sci. 2025, 15, 6552

12 of 14

References

While comparing the 5G network to its last generation counterpart, e.g., 4G LTE, the
tests show slight performance improvements. It is worth noting that the carrier used in this
experiment does not offer its highest performance service, 5G UWB, in this test area. Future
experiments will include multiple test periods; additional Orbic stations, allowing for more
data to be collected concurrently; optimization of processing times to better characterize
round-trip times; and evaluation of the 5G coverage of the test area for comparison to
previous literature.

The proposed wireless communications methods satisfy the low latency data transfer
requirements for near real-time edge computing and AR representation of the F-scans.
Using this fast network, the operator can receive nearly real-time feedback from the experts
and AR representation of the scan to adjust the path of the GPR scanning based on the
new information.

Furthermore, by edge computing of the F-scans, the operators do not need to scan the
entire area, as they can identify the important targets through AR representation or expert
feedback in the field. Therefore, they can focus their efforts on scanning the paths that give
necessary information about the target rather than scanning the entire area.

Comparing the WLAN and cellular network solutions presented here indicates com-
parable latency values between 5G and HaLow, but lower variance for 5G. While the
performance is similar, it should be noted that the two systems are not interchangeable.
To achieve the range allowed by cellular networks, multiple HaLow stations would be
needed with each station increasing the total latency. This limitation is countered by the
decentralized nature of HaLow technology.

Further efforts to characterize and compare the performance of WLAN and cellular
networks may be aimed at examining the effects of network congestion and saturation
by measuring packet latency in diverse geographic locations and times. Additionally, the
number of intermediaries between the sender and receiver in the cellular network should
be characterized, allowing for more uniformly comparable results.
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