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Highlights
What are the main findings?

e  Experimental evaluation of a drone-enabled hybrid UOC-RF communication for real-
time underwater video streaming from offshore to onshore.

What are the implications of the main findings?

e  The evaluation of RSSI, SINR, and throughput was conducted over 5G networks at 700
MHz and 2600 MHz, with ROV video streaming at 10 to 60 frames per second (fps).

e Results confirm feasibility and provide practical design insights for integrating un-
derwater drone-enabled hybrid communication into marine observation.

Abstract

This paper proposes a hybrid underwater drone communication system that combines
underwater optical communication (UOC) and radio-frequency (RF) communication to
support real-time video streaming in underwater environments. The system consists of a
remotely operated vehicle (ROV) that transmits video to a surface gateway, which relays
the video to onshore facilities through a 5G network. An outdoor experiment conducted
in a maritime environment measured the received signal strength indicator (RSSI), signal-
to-interference-plus-noise ratio (SINR), occupied bandwidth, and end-to-end (E2E)
throughput at 700 MHz and 2600 MHz with video frame rates ranging from 10 to 60 fps.
The results show that the 700 MHz frequency band provides higher RSSI and SINR, which
support more reliable long-range communications, while the 2600 MHz frequency band
provides lower RSSI and SINR but a larger bandwidth. The maximum E2E throughput
achieved was 53.5 Mbps at 700 MHz and 58.64 Mbps at 2600 MHz. Increasing frame rates
mainly affects throughput by reducing SINR. These results analyze the coverage—capacity
trade-off and provide valuable insights for drone-assisted hybrid UOC-RF communica-
tion in underwater video streaming applications.

Keywords: underwater drone; hybrid UOC-RF communication; RSSI and SINR
measurement; E2E throughput; real-time underwater video streaming;
marine observation
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1. Introduction

Underwater drones, commonly categorized as ROVs and autonomous underwater
vehicles (AUVs) [1], have become essential tools for marine exploration, environmental
monitoring, offshore inspection, and underwater imaging. Compared with human divers,
underwater drones can operate in hazardous environments, reach greater depths, and
provide continuous data collection without the associated safety risks. Among the col-
lected data types, real-time video streaming plays a critical role in situational awareness,
remote operation, and immersive virtual reality (VR) applications, particularly for marine
observation [2].

Figure 1 shows an integrated sensing and communication (ISAC) system for marine
observation that integrates underwater, surface, aerial, terrestrial, and satellite networks
to enable real-time data transfer and immersive applications for underwater drone sys-
tems. In the underwater environment, AUVs, ROVs, and Internet of Underwater Things
(IoUT) sensor nodes form an underwater wireless sensor network (UWSN). Data are
transmitted via underwater acoustic communication (UWAC) and underwater wireless
optical communication (UWOC), enabling high-fidelity sensing and video capture over
short- to medium-range distances, even in challenging aquatic conditions [2,3].
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Figure 1. Integrated sensing and communications for marine observation [2].

Surface-level platforms, such as smart buoys and vessels, serve as gateways that link
underwater communication systems to terrestrial networks. Hybrid UWOC and RF links
support surface-based data collection, reducing RF signal loss underwater. Unmanned
aerial vehicles (UAVs) enable aerial relaying via air-to-air (A2A), air-to-ground (A2G),
and ground-to-air (G2A) links, expanding coverage and improving connectivity reliabil-
ity in coastal and offshore areas [4-6].

At the terrestrial and space layers, surface and aerial gateways connect to terrestrial
5G/6G infrastructure and low-earth-orbit (LEO) satellite systems, enabling long-range,
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high-throughput data transmission to data centers and cloud-based platforms. These in-
frastructures support artificial intelligence (Al)-driven data processing, digital twin con-
struction, and immersive VR visualization, enabling users to interact with real-time un-
derwater scenes and sensor data [7,8].

Despite these advantages, reliable wireless communication between underwater
drones and remote users remains a fundamental challenge [9]. Traditional underwater
communication techniques, including acoustic and RF methods [10,11], are constrained
by low data rates, high latency, short communication ranges, and sensitivity to environ-
mental conditions. In contrast, RF communication offers seamless integration with terres-
trial wireless networks [12], particularly 5G cellular systems, which provide ultra-high
data rates, low latency, and wide coverage [13].

Recent advances in 5G networks have enabled new possibilities for extending underwa-
ter drone communication beyond line-of-sight (LOS) limitations through surface gateways
connected to 5G infrastructure [14,15]. By relaying underwater data to onshore cloud or edge
servers, real-time video streaming and remote operation can be achieved. However, the per-
formance of such systems is highly dependent on key physical-layer parameters, including
RSS], transmission rate, frequency band selection, and available bandwidth.

Although several studies have explored underwater communication technologies
[16-18], quantitative experimental evaluations of RSSI and throughput for underwater
drone systems integrated with commercial 5G networks remain limited. In particular, the
trade-offs among coverage, signal stability, and achievable data rates across different 5G
frequency bands remain insufficiently investigated.

To address the research gap, this paper experimentally examined the RSSI and
throughput of a drone-enabled hybrid communication system over a 5G network for real-
time underwater video streaming. The hybrid underwater communication system evalu-
ates UOC-RF at the physical layer, focusing on RSSI behavior, SINR, and real-time video
streaming throughput. The ROV captures live video and transmits it to a surface gateway
via an optical link. The analytical model is shown in Figure 2. From there, the surface
buoy, serving as a gateway, forwards the ROV’s video to a VR headset at a terrestrial

station via a 5G network. This communication framework relies on UOC-RF.

Figure 2. Video streaming through a hybrid communication system used in marine observation,

which integrates an underwater drone with a VR headset.
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The main contributions of this paper are summarized as follows.

e Design a practical underwater drone communication model that integrates an ROV,
a surface gateway, and the terrestrial 5G network.

e A two-state communication model is used for the underwater drone, first employing
the UOC communication state and then the RF communication state, as part of the
hybrid communication approach.

e  Evaluate the RSS], SINR, and E2E throughput across 5G frequencies at 700 MHz and
2600 MHz by varying the video frame rate from 10 to 60 fps for ROV video streaming.

e  The remainder of this paper is organized as follows: Section 2 reviews related work;
Section 3 presents the analytical model of the UOC-RF communication; Section 4 pro-
vides the experimental results and discussion; and Section 5 concludes the paper.

2. Related Works

Wireless communications for underwater drones have been widely used via acoustic,
optical, and hybrid methods [19-21]. Onasami et al. [22] introduced an acoustic commu-
nication system designed for long-distance underwater transmission that experiences low
water attenuation. However, this approach is constrained by limited bandwidth, elevated
latency, and susceptibility to multipath and Doppler effects, which hinder its ability to
support high-definition real-time video streaming.

Kaushal et al. [23] discussed the UWOC link used by underwater drones. This com-
munication method has gained interest due to its high data transfer rates, allowing giga-
bit-level real-time video streaming over short distances in AUV operations. However,
UWOC is highly sensitive to water turbidity, misalignment, and scattering, limiting its
practical use in dynamic marine environments.

Li et al. [24] introduced a hybrid communication system that combines RF and
UWOC at the surface to address the limitations of UWAC and UWOC. They show that
underwater drones send data to a surface buoy, which then forwards it to onshore infra-
structure via RF. This approach enables seamless integration with terrestrial networks and
helps overcome underwater propagation issues.

With the rollout of 5G networks, numerous studies have examined their impact on
maritime and aerial communications [25-27]. 5G delivers enhanced mobile broadband
(eMBB), ultra-reliable low-latency communication (URLLC), and massive machine-type
communication (mMTC), which are suitable for real-time video streaming and remote
operations [28]. Experimental results [29,30] indicate that lower-frequency bands, such as
sub-1 GHz, offer wider coverage, whereas mid-band frequencies provide higher data rates
but have shorter ranges.

Most existing research mainly concentrates on maritime surface communication,
UAVs, and simulation-based testing. There is a lack of experimental studies on RSSI,
SINR, and throughput for underwater drone systems connected to 5G networks. Addi-
tionally, few studies offer detailed comparisons of different 5G frequency bands in mari-
time channel modeling scenarios [31-33].

As shown in Table 1, prior work has typically focused on single communication or
partial 5G integration. In contrast, this work presents both a 5G network and real-time
underwater video streaming of a drone-enabled hybrid UOC-RF communication system.
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Table 1. Comparison between related works and this study.

Reference Communica-  Frequency 5G Video Distance Bandwidth  Throughput
tion Type Band Network Streaming (km) (MHz) (Mbps)
[22] UWAC kHz range X v >1 <0.1 <1
Optical
[23] UWOC (Blue/Green) v 0.01-0.5 10-100 100
[24] UWOC-RF Optical + RF X Partial <1 Not specified Not specified
[25-27] RF Sub-6 GHz Partial v >5 20-100 50-200
[29,30] RF 400-600 MHz v X 1-10 10-100 Not evaluated
[31-33] RF Sub-6 GHz Partial X Simulation 20-100 Theoretical
This study UOC-RF 700/2600 MHz v v 4 30/100 53.5/58.64

Recent studies [34,35] have further advanced underwater optical wireless communica-
tion by developing detailed channel models for IoUT environments and by investigating in-
telligent receiver designs to mitigate absorption, scattering, and turbulence. These works em-
phasize the importance of accurate physical-layer modeling and adaptive signal processing
for reliable high-speed underwater links. In contrast, this study experimentally evaluated a
hybrid optical-5G communication framework in a real maritime scenario, extending prior op-
tical modeling research toward the practical integration of drone-enabled systems.

3. System Model

The system model describes a two-hop uplink architecture for a real-time underwa-
ter video stream: the underwater state is from the ROV to the surface gateway via UOC,
while the surface state uses an RF link over a 5G network

3.1. UOC-RF Communication System

Considering the UOC-RF communication system shown in Figure 3, where the trans-
mitter is a 5G station and the receiver is a surface gateway. Figure 3 depicts a hybrid UOC-
RF architecture for real-time video streaming from an underwater ROV to the 5G network.

Note that the ROV at depth ' transmits the video via an underwater optical link to a
surface gateway. The surface gateway relays data to the 5G station over an above-water
RF channel. Because propagation occurs over the sea surface, the RF link is modeled as a

two-ray model [36]. The elevation angle 0 represents the geometry between the trans-
mitter and receiver, affecting the path difference and interference pattern.

UOC-RF channel model

Receiver M A )
()< £

Depth (m)

Figure 3. Schematic of the UOC-RF communication system.
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R (A
At the UOC state rate, determine ~ ° ( ) as the transmission rate between the ROV

R
and surface gateway, and ~” (d) as the throughput between the surface gateway and
5G onshore station. The end-to-end (E2E) achievable uplink UOC is

Ry (hd) =min(R, (), R, (d))n,, M

Myys €

For stable real-time video streaming, the feasibility condition is

REZE (h’ d) 2 R’eq = Rvid + Rctrl + Rma.\'gin (2)

0,1
where ’ ) is the efficiency of real-time video streaming.

R, . . R, .
where = ™ is the required datarate; = V¢ denotes the compressed video frame rate gen-
erated by the ROV camera, determined by video resolution, frame rate, and encoding

Iemargin

margin introduced to compensate for time-varying channel conditions, scheduling delays,

R . . .
scheme; ! accounts for the control, telemetry, and signaling data; is a rate

packet retransmissions, and short-term throughput fluctuations caused by fading, inter-
ference, and two-ray effects over the sea surface.

3.1.1. Underwater Optical Communication Link

The received power of UOC can be analyzed using the Beer-Lambert (BL) model [37],
which is expressed as

B, (h)=E nnG,(h)e™ @3)

P
where ~’° represents the optical transmit power of the ROV-mounted light source,

while 7+ and " denote the optical efficiencies of the transmitter and receiver, respec-
tively, accounting for losses due to optical components, coupling inefficiencies, and detec-

tor responsivity. The term of G, (h) is the geometric spreading loss and beam diver-
gence, which arise from the optical beam’s finite divergence angle and potential misalign-
ment between the transmitter and receiver. The ¢ is the attenuation coefficient of the
water medium.

The output of the signal-to-interference plus noise (SINR) ratio for the UOC link is
expressed as

P, (h
SINRO(h)=Pm( ) 4)

where Lo denotes the noise power and Lo represents the interference power at the
surface gateway.
Finally, the throughput of the UOC link is given by

R,(h)=n,B,log, (1+SINR, (1)) ©)

where B, represents the optical bandwidth channel and o captures the implementa-
tion loss.
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3.1.2. Radio Frequency Link

Considering the transmitter and receiver sides of the RF link, the geometry of the
two-ray model can be expressed as:
The line-of sight (LOS) path length is

n(d)=yd*+(h—h) (©)

where @ represents the distance between the transmitter and receiver sides, h and h,
denote the transmitter height and receiver height, respectively.
The reflection-path or non-LOS length is

ry(d)=\d*+(h+h) %)

The path difference is Ar(d) —h (d)_rl (d), while the elevation angle 0 ap-

proximation is
6 ~tan™ (h’ C_lh” j €)

3.1.3. Two-Ray Model

In the complex baseband, the received field is the sum of direct and reflected compo-

nents as
E (d) — \]PfGlGi efjkr](d) +F(9) PthGr efjkrz(d) (9)
’ i (d) (d)
2
where A and denote the propagation constants and the sea-surface reflec-

tion coefficient that depends on polarization, incidence angle, and sea state [34].
Thus, the received power at the receiver is

P(d)=|E (a) (10
Additionally, the Two-Ray path loss model is expressed as
PL, (d)[dB]=20log,, [4’”17(‘{)} ~20log,, [1+T(6) 2 ((Z)) eI )
Then, the total of received power is substituted as
P(d)[dBm|=P+G +G.—PL,, (d)-L,, (12)

L. .
where ™S represents miscellaneous system losses.
Considering the RSSI as the total received power at the surface gateway is given by

RSSI(f.d,R,,)[dBm]=10log,,[ P.(d)+P(d)+P,] (13)

where "’ ( ) represents the aggregate interference power received at the receiver, while

L, denotes the thermal noise.

The thermal noise over channel bandwidth B is
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P,[dBm]|=-174+10log,,(B)+ NF (14)
where NVF' denotes the noise figure.
The SINR is expressed as
£ (d)
SINR(d )= ——+——
=@ o

Hereby, the appropriate throughput for the RF channel as
R (d)=ny;Blog,(1+SINR(d)) (16)

where 56 represents the effective transmission efficiency of the 5G uplink, accounting
for the gap between the theoretical channel capacity and the practically achievable data
rate in a real 5G new radio (NR) system. It is a dimensionless factor with 0 <756 <1 .
3.1.4. End-to-End (E2E) Throughput

Combining substitutions (1), (5), and (16), the achievable E2E throughput is

Royp (hod)= min(nOBo log, (I_SINR0 (lz)),775GBlog2 (SINR (d)))nsys 17)

4. Experimental Result

This section presents the results of experimental tests evaluating the RSSI, SINR, and
E2E throughput characteristics for real-time underwater video streaming from drones
over the UOC-RF link.

4.1. Field Experimental Setup

The experiment was conducted at Had Phar-Jom beach on the KMITL Prince of
Chumphon campus, spanning both terrestrial and offshore areas in the Ao Thai Sea. Fig-
ure 4 shows the geographical layout and field deployment of the experimental setup used
to evaluate the proposed drone-enabled hybrid UOC-RF communication system.

11052000.0E 11062000.0 11065000.0E 11068000.0E

Chumphon

Transmitter side
(5G network)

1201000.0N
1201000.0N

Receiver side
(Surface buoy)

Ko Khai

1198000.0N
1198000.0N

Ao Thai Sea
IIOS?DU0,0E 11062000.0E 11065000.0E 11068000.0E
N
Scale 1:50,000 0.0 1.0 2.0 km A
[ —

Figure 4. Locations of field experiments in Chumphon province, Thailand.
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The onshore transmitter was connected to a commercial 5G network operating at 700
MHz (N28) and 2600 MHz (N44), both licensed in Thailand. It served as the terrestrial 5G
access point, where data from the surface gateway were monitored and logged. The trans-
mitter setup included a RUTX50 5G access point, a transmitter antenna, and a host com-
puter that controlled the streaming data. The field experiment was conducted under calm-
to-moderate sea conditions, with an estimated wave height below 0.5 m, light winds of
approximately 5-8 km/h, and a fixed onshore transmitter antenna at approximately 2 m,
ensuring stable maritime propagation during measurements.

The receiver was deployed offshore near Ko Khai as the surface gateway, equipped
with an ROV, a spectrum analyzer, a small ship, and a 5G mobile phone for reception. The
ROV captured live underwater video, transmitted it via a UOC link to the mobile phone,
and then sent the data to the onshore computer host through an RF uplink using RUTX50
equipment. The horizontal distance between the transmitter and receiver was set to 4 km.
RSSI measurements and video streaming rates were assessed by varying the video frame
rate from 10 to 60 fps during ROV data streaming. Table 2 presents the equipment list and
descriptions used in the field test.

Table 2. Equipment list and descriptions used in the field experiments.

Equipment Descriptions
RUTX50 o Industrial-grade 5G access point and router used as the terrestrial transmit-
ter and network gateway for uplink data transmission.
FiFish Evo ROV o ROV equipped. with an on‘?oard camera for real-time underwater video

streaming and experimental testing.

Spectrum rider FPH o Handhelq spectrum ana.ly?er used to measure RSSI and occupied spectral
bandwidth during 5G transmission.
. High-gain antenna used to transmit RF signals from the onshore 5G site to

Transmitter antenna the offshore receiver, operating in the 700-2600 MHz frequency range, with 16 dBi
gain.
o Control and processing unit used to manage the ROV, encode video streams,

Computer host

Small ship

and log experimental data.
. Small ship acting as the surface gateway, hosting the ROV control system
and relaying real-time video data to the onshore 5G network.

Figure 5a shows the onshore transmitter site, featuring a RUTX50 5G router con-
nected to the transmitter antenna operating in the 700-2600 MHz frequency band. A com-
puter host manages data transmission and records measurement data throughout the ex-
periments. Figure 5b shows the offshore receiver on a small ship that serves as the surface
gateway. This setup includes a FiFish EVO ROV, a remote-control unit, and an optical
fiber link connecting the ROV to the surface platform for real-time underwater video
transmission and control. Onboard, a spectrum analyzer tracks the RSSI and spectral char-
acteristics of the received 5G signal, while a mobile phone uses GPS to pinpoint its posi-
tion. Note that the ROV depth was set to 15 m at the nearest point to the seabed. The FiFish
EVO ROV communicates with a mobile phone via a manufacturer-provided wired optical
fiber tether. This link ensures stable high-rate video transmission from the ROV to the
surface controller. Since the tether is a physical optical fiber link with negligible packet
loss and delay relative to the 5G RF link, it was considered a high-capacity, stable segment
in the system model. Therefore, the performance bottleneck analyzed in this study was
primarily the 5G RF uplink between the surface gateway and the onshore station. The
mobile phone functions as a relay device without performing re-encoding or transcoding.
The FiFish application directly forwards the received video stream to the 5G uplink. The
measured end-to-end throughput inherently includes any minor processing delay
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introduced by the mobile device. However, its impact is negligible compared to wireless
transmission latency.

Transmitter antenna

- _

= Computer host

ol

RUTXS0
5G transmitter

(a) (b)

Figure 5. Experimental setups used in the field measurements: (a) onshore 5G transmitter configu-
ration with the RUTX50 router, transmitter antenna, and computer host; (b) offshore surface gate-
way configuration deployed on a small ship, including the FiFish EVO ROV, optical link, spectrum

analyzer, and control devices.

The RSSI was measured at the receiver site using a spectrum analyzer at 700 MHz and
2600 MHz, with video frame rates ranging from 10 fps to 60 fps, yielding varying traffic loads.
For each frame rate, the RSSI and average transmission rate were recorded over a consistent
observation period to ensure stable data. The reported throughput reflects the actual uplink
data rate during real-time video streaming, accounting for protocol overhead and network
scheduling. It is important to note that the RSSI measurement was taken during a clear day.

Figure 6a,b shows the measured occupied bandwidth (OBW) of 5G channels at 700 MHz
and 2600 MHz, respectively, at the transmitter site (RUTX50), as measured in field experi-
ments with a handheld spectrum analyzer. As shown in Figure 6a, the 700 MHz 5G signal had
an effective bandwidth of about 30 MHz, centered on the carrier frequency. The signal level
within this occupied band was approximately —48.32 dB, while the out-of-band noise floor
was notably lower, indicating clear spectral separation between the signal and noise.

Spectrum ) : _ _ _ : LB}

|
[ ]
T

e

& Spectrum i i i i : - B U
51212025
3 4 ! { ! ! ! ! { ! { 0:13

= 46.62 dB B = 100 MHz [ [ i  20d8m
=== Lo
—_— L 0dB

5/2/2025

3MHz

1 MHz

20 ms

| | Frequency at 2600 MHz
ter 723.323531 MHz r Clear Auto Peak Free Span 74632098 MHz o @-8-e 2632525431 MHz race1 Clear t Auto Peak Trig Free n 216.811712MHz @ 8e

Manual RBW Auto RBW Manual VBW Auto VBW Manual RBW Auto RBW Manual VBW Auto VBW

(b)

Figure 6. Measured occupied bandwidth of the 5G channels from the spectrum analyzer measure-
ments: (a) 700 MHz band with an occupied bandwidth of approximately 30 MHz; (b) 2600 MHz
band with an occupied bandwidth of approximately 100 MHz.
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Conversely, Figure 6b shows that the 5G channel at 2600 MHz spanned approxi-
mately 100 MHz, with an in-band signal level of -46.62 dB. The larger spectral occupancy
indicates the use of wider channel bandwidths within the mid-band spectrum.

4.2. RSSI Measurement and Analysis

The RSSI measurements at 700 MHz and 2600 MHz are shown in Figure 7a,b, respec-
tively, with the video frame rate varying from 10 fps to 60 fps.

RSSI vs Time at 2600 MHz (OBW = 100 MHz)
T T T T

T T -70 T
—10 fps
—20 fps
30 fps
S —— 40 £ps| |
ol —50 fps
i 60 fps
-80 -
—— 10 fps =
——20 fps 5
| 30 fps| | < g5l i
—— 40 fps &
——50 fps a
— 60 fps g
1 I 1 1 I
0 10 20 30 40 50 60
Time (s)
(a)

Figure 7. Measured RSSI versus time at the receiver site for different video frame rates: (a) 700 MHz
band; (b) 2600 MHz band.

Figure 7a,b shows the measured RSSI over time at the receiver site for the 700 MHz
and 2600 MHz 5G bands, respectively, at video frame rates ranging from 10 fps to 60 fps.
The measurements were collected over a 60 s (s) observation interval at a fixed gateway-
to-base-station distance of 4 km and an ROV operating depth of 15 m.

As illustrated in Figure 7a, the RSSI at 700 MHz remained relatively stable over time,
with average values ranging approximately from —75 dBm at 10 fps to =79 dBm at 60 fps.
Although short-term fluctuations were observed due to channel fading and marine envi-
ronmental dynamics, the overall RSSI degradation with increasing frame rate was gradual.
This behavior indicates that the sub-1 GHz band provides robust signal coverage and strong
penetration over long-distance maritime links, even under increased uplink traffic load.

In contrast, Figure 7b shows that the RSSI at 2600 MHz was consistently lower and
exhibited greater variation than at 700 MHz. The average RSSI decreased from approxi-
mately -89 dBm at 10 fps to -96 dBm at 60 fps, indicating a more pronounced sensitivity
to higher video frame rates. The steeper RSSI reduction at higher frame rates reflects the
combined effects of higher path loss, increased interference, and traffic-dependent re-
source allocation in the mid-band.

The results in Figure 7a,b confirm that RSSI decreased with increasing video frame
rate across both frequency bands, while the 700 MHz band maintained superior signal
stability and coverage compared with the 2600 MHz band.

Figure 8a,b illustrates the measured SINR over time for the 700 MHz and 2600 MHz
5G bands, respectively, at video frame rates ranging from 10 fps to 60 fps. The SINR values
were derived from the measured in-band RSSI and noise floor within the occupied band-
widths of 30 MHz for 700 MHz and 100 MHz for 2600 MHz.
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a5 SINR vs Time at 700 MHz (OBW = 30 MHz) 35 SINR vs Time at 2600 MHz (OBW = 100 MHz)
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Figure 8. Measured SINR versus time at the receiver site for different video frame rates: (a) 700 MHz
band; (b) 2600 MHz band.

As shown in Figure 8a, the 700 MHz band achieved relatively high and stable SINR val-
ues, with the average SINR decreasing gradually from approximately 30-31 dB at 10 fps to
26-27 dB at 60 fps. Despite short-term fluctuations caused by channel fading and dynamic
marine conditions, the SINR remained well above the minimum requirement for reliable real-
time video streaming. This behavior highlights the strong interference resilience and favorable
propagation characteristics of the sub-1 GHz band in maritime environments.

In contrast, Figure 8b shows that the 2600 MHz band had a significantly lower SINR,
with average values ranging from approximately 14-15 dB at 10 fps to 6-7 dB at 60 fps. The
SINR degradation became more pronounced as the frame rate increased, reflecting higher
path loss, increased interference, and the effects of wider bandwidth allocation at mid-band
frequencies. Although the SINR was lower than that of the 700 MHz band, it remained suffi-
cient to support higher throughput when combined with the larger occupied bandwidth.

Opverall, the SINR results confirm a clear coverage—capacity trade-off between the
two frequency bands: the 700 MHz band provides superior SINR stability and robustness,
while the 2600 MHz band offers higher capacity at the expense of lower SINR.

Figure 9a,b shows the mean RSSI and mean SINR, respectively, averaged over the
60-s measurement interval at 700 MHz and 2600 MHz, as a function of video frame rate
from 10 fps to 60 fps.
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Figure 9. Mean values of: (a) RSSI; (b) SINR as a function of video frame rate for 700 MHz and 2600
MHz 5G bands.

https://doi.org/10.3390/drones10030164


https://doi.org/10.3390/drones10030164

Drones 2026, 10, 164

13 of 20

As shown in Figure 9a, the mean RSSI decreased nearly linearly with increasing
video frame rate across both frequency bands. At 700 MHz, the mean RSSI declined from
approximately 75 dBm at 10 fps to =79 dBm at 60 fps, whereas at 2600 MHz, it dropped
more sharply from approximately -89 dBm to -96 dBm over the same frame-rate range.
The consistently higher RSSI at 700 MHz reflects superior propagation characteristics and
lower path loss over the long maritime link, whereas the steeper degradation at 2600 MHz
highlights greater sensitivity to traffic load and environmental attenuation.

Figure 9b showed a similar trend for the mean SINR, with a gradual reduction as the
frame rate increased. The 700 MHz band maintained high SINR values, decreasing from
approximately 30 dB at 10 fps to 26 dB at 60 fps, indicating robust interference resilience
and stable link quality. In contrast, the 2600 MHz band exhibited a more pronounced
SINR degradation, decreasing from approximately 14 dB to 6 dB as the frame rate in-
creased. This reduction was attributed to higher path loss, increased interference, and re-
source contention associated with wider bandwidth utilization at mid-band frequencies.

Summary: Figure 9a,b quantitatively confirms that higher video frame rates impose
additional uplink load, reducing RSSI and SINR, and emphasize the inherent coverage—
capacity trade-off between 700 MHz (sub-1 GHz) and 2600 MHz (mid-band) 5G frequen-
cies. Although the 2600 MHz band experiences lower RSSI and SINR, its significantly
larger occupied bandwidth enables higher achievable throughput, making it suitable for
high-capacity real-time underwater video streaming when sufficient link quality is main-
tained. Based on the experimental results, stable streaming at 10-30 fps was achievable
with approximately 20-30 MHz occupied bandwidth. For high-quality streaming at 50—
60 fps, bandwidths above 50 MHz significantly improve performance stability.

4.3. Throughput Analysis

The end-to-end (E2E) throughput can be obtained by substituting (17) into the mini-
mum achievable rate of the UOC-RF link. Figure 10 shows throughput performance as a
function of video frame rate for each segment of the proposed communication model, in-
cluding the ROV-to-surface gateway link, the surface gateway-to-onshore 5G links at 700
MHz and 2600 MHz, and the resulting E2E throughput.

140 T
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120 | = = =ROV to surface gateway

[ T R {(--- Surface gateway to onshore at 700 MHz
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Figure 10. Throughput versus video frame rate for individual communication segments and the
resulting end-to-end (E2E) throughput, including the ROV-to-surface gateway fiber link and the
surface gateway-to-onshore 5G links at 700 MHz and 2600 MHz.

The ROV-to-surface gateway throughput, implemented via a 15 m optical fiber
tether, increased almost linearly with the video frame rate. The black dot line graph shows
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a direct relationship between frame rate and required video data rate, indicating that the
fiber link can support higher throughput without significant degradation. In contrast, the
surface gateway-to-onshore 5G links exhibited different trends across operating fre-
quency bands. For the 700 MHz band, as shown by the red diamond dot line, the achiev-
able throughput remained relatively stable, decreasing only slightly as the frame rate in-
creased. This stability was attributed to the higher RSSI and SINR observed at sub-1 GHz
frequencies, which provide robust long-range maritime coverage but are constrained by
the approximately 30 MHz of occupied bandwidth.

In the 2600 MHz band, as shown by the black square-dot line, 5G throughput was signif-
icantly higher at low frame rates due to approximately 100 MHz of occupied bandwidth.
However, as the frame rate increased, throughput gradually decreased because of SINR deg-
radation, higher path loss, and increased uplink traffic load. This behavior highlights the
greater sensitivity of mid-band frequencies to channel conditions and traffic intensity.

The E2E throughput curves closely followed the minimum throughput across the in-
dividual segments, consistent with substituting (17). At lower frame rates, the E2E
throughput was primarily limited by the required video data rate rather than the wireless
link capacity. As the frame rate increased, the E2E throughput became constrained by the
5G uplink, particularly at 700 MHz due to bandwidth limitations and at 2600 MHz due to
SINR degradation. Beyond approximately 50 fps, the E2E throughput saturated and then
slightly decreased, indicating the onset of the wireless bottleneck.

Figure 11 shows the relationship between E2E throughput and mean RSSI for the 700
MHz and 2600 MHz 5G bands across video frame rates from 10 fps to 60 fps. Each point
represents a specific frame rate, highlighting how variations in received signal strength
affect the achievable E2E transmission rate.
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Figure 11. End-to-end (E2E) throughput versus mean RSSI for 700 MHz (30 MHz bandwidth) and
2600 MHz (100 MHz bandwidth) under different video frame rates.

In the 700 MHz band, E2E throughput rose as the average RSSI improved from
roughly =75 dBm to =79 dBm, reaching around 55-56 Mbps at higher frame rates. Alt-
hough it used a narrow 30 MHz bandwidth, the 700 MHz band maintained strong RSSI
due to favorable propagation conditions in maritime settings. This results in consistent
throughput across a broad RSSI range, indicating that E2E performance is primarily lim-
ited by bandwidth rather than signal strength.

In contrast, the 2600 MHz band operated at significantly lower RSSI levels, ranging from
approximately ~90 dBm to -97 dBm, yet achieved comparable or even higher E2E throughput
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at higher frame rates. This behavior is enabled by the substantially wider 100 MHz occupied
bandwidth, which compensates for the reduced signal strength. However, the steeper slope
of the 2600 MHz curve indicates that throughput is more sensitive to RSSI degradation, re-
flecting the greater impact of path loss and interference at mid-band frequencies.

Figure 12 shows the relationship between E2E throughput and mean SINR for the
700 MHz and 2600 MHz 5G bands under video frame rates from 10 fps to 60 fps. Each
marker corresponds to a specific frame rate, illustrating how link quality governs achiev-
able throughput in the hybrid UOC-RF system.
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Figure 12. End-to-end (E2E) throughput versus mean SINR for 700 MHz (30 MHz bandwidth) and
2600 MHz (100 MHz bandwidth) under different video frame rates.

In the 700 MHz band, SINR levels of 25-30 dB were observed due to favorable prop-
agation conditions and reduced path loss in maritime settings. As SINR improved, E2E
throughput increased from approximately 13 Mbps at 10 fps to approximately 55 Mbps at
50 fps, then to 56 Mbps at 60 fps, and finally to 60 Mbps at 60 fps. The curve showed
gradual saturation at higher SINR, indicating that throughput becomes bandwidth-lim-
ited rather than SINR-limited, which aligns with substitution (17).

In contrast, the 2600 MHz band had much lower SINR levels, roughly 6-14 dB, be-
cause of higher path loss and more interference. Despite this SINR disadvantage, its
broader bandwidth enables similar end-to-end throughput of 58-60 Mbps at higher frame
rates. Nevertheless, the sharper increase in the 2600 MHz curve indicates that throughput
is more sensitive to changes in SINR; even small decreases in SINR cause a noticeable drop
in throughput.

Comparing both bands revealed a clear robustness-capacity trade-off. The 700 MHz
band offers high SINR stability and reliable throughput over long distances, making it
suitable for persistent marine observation and control links. Meanwhile, the 2600 MHz
band offers higher capacity scalability due to its bandwidth, but requires sufficient SINR
margins to sustain high-frame-rate video streaming.

The experimental throughput results are consistent with the proposed analytical
framework described in substitution (17), where the E2E transmission rate is governed by
the minimum achievable rate between the optical tether and the 5G uplink. Since the fiber
link provides stable high-capacity transmission, the E2E performance is primarily deter-
mined by the RF segment, which follows a Shannon-type relationship proportional to

Blog, (SINR(d)). As observed in Figures 10-12, the 700 MHz band operated in a
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bandwidth-limited regime at high SINR, while the 2600 MHz band exhibited SINR-de-
pendent throughput behavior due to its wider bandwidth and lower signal margin. The
close agreement between analytical trends and measured E2E throughput validates the
modeling approach and confirms its applicability for predicting drone-enabled maritime
communication performance.

To further illustrate the impact of frame rate on perceived video quality, Figure 13
shows representative snapshot frames captured at the onshore computer host under 700
MHz-band transmissions at 10 fps and 60 fps. Both images were recorded under identical

environmental and channel conditions at an approximately 4 km transmission distance
and 15 m ROV depth.

Figure 13. Representative onshore snapshots at 700 MHz comparing real-time underwater video

streaming at 60 fps and 10 fps under identical maritime conditions.

At 10 fps, the video stream maintained stable transmission with relatively lower data
demand, resulting in smooth rendering and moderate motion representation. In contrast,
the 60 fps configuration generated a significantly higher data rate, increasing the load on
the 5G uplink. Although a higher frame rate enhanced motion continuity and temporal
resolution, the increased transmission demand resulted in slight visual degradation due
to throughput saturation and SINR-dependent limitations, as shown in Figures 11 and 12.

Table 3 quantitatively compares the two frequency bands and confirms that system
performance is governed by a clear coverage—capacity trade-off of real-time video stream-
ing: the 700 MHz band achieved higher RSSI and SINR stability due to favorable propa-
gation characteristics, whereas the 2600 MHz band, despite lower link robustness, at-
tained a higher peak throughput due to its significantly wider occupied bandwidth. These
results reinforce the analytical interpretation presented in Figures 10-12.

Table 3. Summarizes the quantitative differences between the 700 MHz and 2600 MHz 5G operation
in maritime conditions, clearly illustrating the experimental observation of real-time video stream-

ing via UOC-RF communication.

Parameters 700 MHz (Sub-GHz) 2600 MHz (Mid-Band) Engineering Implication
Occupied bandwidth 30 MHz 100 MHz - Mld—ban.d provides a higher
(OBW) spectral capacity.
Mean RSSI range -75 to -79 dBm -89 to —96 dBm Sub-GHz offers stronger sig-
nal coverage.
Mean SINR range 26-30 dB 6-14 dB - Sub-GHz provides higher link
robustness.
E2E Throughput 53.5 Mbps 58.64 Mbps - Mid-band achieves higher ca-
pacity.
- Mid-band i t
Sensitivity to load Moderate Higher ! l?an requires a stonger
SINR margin.
Stable monitoring, - Frequency selection depends

Suitable Application

High-quality video streaming

control links on mission requirement.

https://doi.org/10.3390/drones10030164


https://doi.org/10.3390/drones10030164

Drones 2026, 10, 164

17 of 20

4.4. Discussion

To discuss the experimental results of the proposed drone-enabled hybrid UOC-RF
communication system and highlight the key benefits for real-time underwater video
streaming in marine observation scenarios, the results showed that RSSI, SINR, band-
width availability, and video frame rate jointly affect E2E throughput.

Figure 7a,b shows RSSI measurements that confirm that the 700 MHz band consist-
ently delivered a stronger received signal strength than the 2600 MHz band under identi-
cal transmission conditions. This behavior was attributed to lower free-space path loss
and improved diffraction over the sea surface, both of which are critical advantages for
long-distance maritime links. As the video frame rate increased from 10 fps to 60 fps, a
gradual RSSI degradation was observed in both bands due to increased data load and
higher transmission activity. However, the RSSI degradation at 700 MHz remained mod-
erate, enabling a stable link operation even at higher frame rates.

In contrast, the 2600 MHz band exhibited lower RSSI, indicating greater susceptibil-
ity to path loss and environmental interference. Despite this limitation, the 2600 MHz
band remained operational because its substantially larger occupied bandwidth compen-
sates for reduced signal strength.

The SINR results in Figure 8a underscore the robustness of the 700 MHz band. High
SINR values exceeding 25 dB were maintained across all frame rates, ensuring reliable
demodulation and low error probability. This characteristic makes the 700 MHz band par-
ticularly suitable for mission-critical control signaling and long-duration marine observa-
tion tasks. In contrast, the 2600 MHz band operated at lower SINR levels, typically below
15 dB. The observed reduction in SINR with increasing frame rate highlights the sensitiv-
ity of mid-band frequencies to interference and noise in maritime environments. Never-
theless, the system remains capable of supporting real-time video streaming due to the
higher spectral resources available in this band.

The latency contribution is primarily due to 5G uplink scheduling and network pro-
cessing, rather than to the ROV-to-surface optical link, which introduces negligible delay.
These findings indicate that while throughput determines video quality and frame
smoothness, latency is governed mainly by wireless resource allocation and link quality.
Future work will include a more comprehensive characterization of latency under varying
maritime dynamics and mobility conditions.

The E2E throughput analysis showed that the proposed UOC-RF communication
system effectively decouples the constraints of underwater and surface communication.
The ROV-to-surface gateway link, implemented via optical fiber, provides a stable, high-
capacity underwater segment, eliminating the uncertainty associated with acoustic or op-
tical wireless channels. As a result, overall system performance is primarily governed by
the surface gateway-to-onshore 5G link, enabling the direct application of terrestrial 5G
optimization strategies in marine environments.

The results further highlight the fundamental trade-off between sub-GHz and mid-
band 5G frequencies: the 700 MHz band provides superior coverage robustness and
higher link stability due to lower path loss, whereas the 2600 MHz band enables higher
spectral capacity through a wider occupied bandwidth but with reduced propagation re-
silience in maritime environments.

To this end, it highlights that the proposed hybrid UOC-RF system offers a scalable,
reliable, and high-performance communication solution for underwater drones, bridging
underwater exploration and terrestrial 5G infrastructure. This makes the approach partic-
ularly attractive for applications such as marine monitoring, underwater inspection, smart
tourism, and environmental surveillance.
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5. Conclusions

This paper has proposed an experimental analysis of RSSI, SINR, and E2E through-
put for a drone-enabled hybrid UOC-RF communication system supporting real-time un-
derwater video streaming. The proposed system architecture combines an underwater
ROV, a surface gateway, and a 5G terrestrial network to support seamless data transfer
from the underwater environment to the onshore network.

Experimental results from offshore experiments have shown that the choice of 5G
frequency is critical to the performance of underwater drone communication systems. The
700 MHz frequency offers better RSSI and SINR with its favorable propagation properties,
which support reliable and robust connectivity over long ranges. On the other hand, the
2600 MHz frequency, with its relatively lower RSSI and SINR, offers higher peak through-
put with its vastly larger occupied bandwidth. These results show that the availability of
bandwidth can compensate for moderate signal degradation, especially for high-through-
put video streaming applications.

The E2E throughput analysis verified the proposed analytical model and showed that
the hybrid UOC-RF communication system can successfully separate underwater trans-
mission from surface and terrestrial communication. By employing a high-speed optical
link between the ROV and surface gateway, the system performance is mainly constrained
by the 5G RF link, which enables the direct application of terrestrial wireless optimization
methods in marine environments.

In the future, path loss models, latency analysis, and multi-distance and multi-depth
experiments for drone-enabled hybrid UOC-RF communication in maritime environ-
ments will be developed. The model will consider sea surface reflections, antenna types,
ROV depth and distance, frequency-dependent attenuation, and environmental changes
to improve the accuracy of system performance prediction and design.
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