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Abstract—Real-time
high-definition
(HD)
video
transmission for long distances (≥1 km) between an unmanned
aerial vehicle (UAV) and a ground station is a challenging
problem. The existing real-time solutions are limited to
relatively low-quality video streaming, whereas an HD video,
which is stored in the local memory, is accessible only when the
UAV returns to the ground. In this study, a real-time HD video
transmission system (VTS) with a multiple-input multipleoutput (MIMO) antenna configuration and state-of-the-art
coverage is proposed for security and inspection applications.
The proposed VTS employs ultrathin, lightweight antennas that
are suitable for seamless integration with a UAV’s body without
any protrusion. A 3 × 3 MIMO configuration with large antenna
bandwidths (3.9% at 2.4 GHz and 6.9% at 5.2 GHz ) enables the
simultaneous transmission of multiple data streams with high
data rates (>30 Mbps), and a high antenna gain (~10 dBi) allows
a relatively long communication range (>3 km). In field
experiments, the UAV module (comprising thin conformal
antennas, embedded electronics, an RF transceiver, and an HD
camera) is attached to a commercial drone DJI Matrice 600 Pro.
The HD video’s reception performance is investigated for
operation in two frequency bands (2.4 and 5.2 GHz) for both
horizontal and vertical antenna orientations. The maximum and
average data rates for various distances are reported. Based on
the conducted field experiments, it is found that the proposed
VTS is capable of transmitting real-time HD video up to a 3.56km distance with a receiver sensitivity of −76 dBm. The
maximum achieved data rates at a 500-m distance are ~10 and
~43 Mbps for operation in the 2.4- and 5.2-GHz frequency
bands, respectively.
Index Terms—Inspection,
streaming, security.
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Introduction

Unmanned aerial vehicles (UAVs), also known as drones,
have been used in various applications, such as aerial
photography, search and rescue, precision agriculture,
pipeline/overhead transmission-line monitoring, aerial
mapping, wildlife monitoring, surveillance, disaster
management, and delivery of medical supplies [1-18].
Depending on the requirements of such applications, UAVs
are equipped with various types of sensors and modules for
transmitting sensed/acquired data to a remotely located
control/ground station. In addition, real-time high-definition

(HD) video transmission of a scene is also becoming an asset
for drones. Significant reports on video transmission systems
(VTSs) have been recently published [19-23]. However, the
air-to-ground transmission poses several challenges due to
diverse environmental conditions, such as signal fading,
attenuation, interference, and obstacles. In addition, the
available link budget [24, 25] and antenna performance can
affect the transmission range [26].
Currently, the popular choices for UAV antennas are blade
antennas, wire monopoles, printed and conformal monopoles
or dipoles, annular slot antennas [27-32], etc. Blade or wire
monopole antennas require an aerodynamic enclosure, which
increases the payload and affects the antenna gain. In contrast,
thin monopoles/dipoles can directly be attached to a drone’s
body seamlessly. However, their key performance parameters
(i.e., resonance frequency and bandwidth) are sensitive to the
electrical properties of the platform material. Conformal
monopoles have been used to address the platform sensitivity
issue by employing a full ground plane. However, they suffer
from narrow bandwidths and large thicknesses [28, 30]. The
cavity-backed annular slot antennas provide better platform
insensitivity due to the presence of a full ground plane.
However, this type and other types, such as the
printed/conformal monopoles, exhibit relatively low gains
(approximately 1.0–2.5 dBi) [28, 29, 33].
The above discussion indicates that the commonly used
UAV antennas exhibit low gains because they are designed
for omnidirectional coverage under a single-input singleoutput approach. Therefore, their communication range is
limited by the available link budget. Specifically, their
communication range is restricted to a few hundred meters in
point-to-point communication on private/ad-hoc networks
[34]. This range can be increased by employing repeater/relay
nodes on the ground [35] or a swarm of multiple UAVs to
create an ad-hoc network [36]. Infrastructure networks, such
as the GSM, 3G, and 4G, can also be used to increase the
communication range [37-39]. In this study, we focus on
point-to-point communication without using any external
network infrastructure (such as GSM, 3G, and 4G) or a
network cloud (repeaters or a swarm of drones). Instead, to
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increase the communication range and capacity, we aim to use
directional antennas in an MIMO configuration. In this study,
the communication range is increased using conformal highgain antennas (with ~6-dB more gain compared to
conventional UAV antennas) and the data rate is enhanced by
forming multiple data streams using a 3 × 3 MIMO
configuration. In addition, the proposed antennas are ultrathin
(0.0128λ0) and conformal and can be seamlessly mounted on
any surface without requiring any aerodynamic enclosure.
The proposed VTS is capable of transmitting an HD video in
two operating frequency bands (2.4 and 5.2 GHz) under
different antenna orientations. Various field experiments for
ground-to-ground and air-to-ground connectivity scenarios
are conducted. The feasibility of the proposed system is
presented in the following section.

II. Proposed Video
Transmission System
The proposed VTS consists of UAV and ground modules.
A conceptualized representation of the VTS is shown in Fig.
1, where the UAV module captures the HD video feed and
then compresses and encodes it for transmission to a ground
station through a 3-channel MIMO link. The ground station
receives, processes, and displays the HD video stream
received from the UAV module. The ground station module
is equipped with a graphical user interface, which is used to
select the network parameters such as frequency band,
encoding scheme, and video stream reception initiation.

Fig. 1. Pictorial representation of the proposed high-definition video data
transmission system.

Fig. 2. (a) Block diagram of the unmanned aerial vehicle (UAV) module, (b)
UAV module components, (c) front view of the assembled UAV
module/system, and (d) back view of the assembled UAV module/system.

UAV module includes an HD video camera connected as
shown in Fig. 2(b) to a micro USB port, a battery, and three
custom designed antennas as shown in Fig. 2 (b). These
antennas are connected to the radio frequency (RF) ports of
the NM-DB-3 module using 50-ohm coaxial cables. The
complete UAV module (front and back view) is shown in Fig
2(c)-(d). A NiMH 10.8-V and 500-mAh rechargeable battery
is used to power the UAV module, providing backup power
of approximately 60 min at the maximum RF power out
setting. The UAV module uses a customized OpenWRTbased firmware running on the SBC. When the UAV module
is powered, this firmware boots the hardware initializes all
drivers and interfaces and reads the video data stream from
the HD camera connected to a micro USB port. The ground
station transmits commands to configure the frequency band
(2.4 or 5.2 GHz), Wi-Fi channel and its parameters (i.e.,
bandwidth and guard interval), encoding scheme (modulation
and coding scheme (MCS) number), transmitted power,

A. UAV and Ground (Base) Module System Architecture
The block diagram and the UAV module’s components
are shown in Fig. 2. The UAV module as shown in Fig. 2(a)
employs a Gateworks GW5530 single-board computer
(SBC). The SBC comprises an 800-MHz dual-core Arm
cortex A9 processor, coupled with a 512-Mbyte DDR3 RAM,
a 256-Mbyte flash memory, a mini PCIe, a mini HDMI, and
micro USB ports in a miniature form (3.5 cm × 10 cm). This
miniature structure allows easy integration with UAVs. The
mini PCIe slot on the Gateworks SBC is used to connect the
Doodle’s NM-DB-3 WLAN module as shown in Fig. 2(b),
which is a three-channel WLAN module. In addition, the

(b)
(a)
Fig. 3. (a) Block diagram and (b) picture of ground station.

SSID, authentication protocol, authentication credentials, and
command to start the video stream. Upon receiving the “start
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video stream” command, the UAV module starts reading the
stream data from the HD camera. Then, it compresses the
data using the H.264 compression standard, encodes the data
for transmission, and sends the encoded, compressed data
stream to the ground station through the WLAN
communication link.
Furthermore, the ground station is using the same SBC
module (i.e., GW5530) and WLAN card (i.e., NM-DB-3)
connected to the PCIe slot on the SBC, as shown in Fig. 4. In
addition, the ground station module has an HDMI display
connected to the mini HDMI port on the SBC and a keyboard
and mouse connected to a micro USB port using a USB
extender. Three commercial horn antennas are connected to
the RF ports of the WLAN module using 50-ohm coaxial
cables. The ground station (i.e., SBC and HDMI display) is
powered using a portable generator and wall socket.
B. Dual Mode Antenna Design and 3×3 MIMO
Configuration
The proposed antenna is a circular patch resonating at two
modes (i.e. TM11 and TM01) at 2.4 GHz and 5.2 GHz bands
simultaneously. The antenna is composed of one driven patch
positioned in the center and four parasitic patches around the
driven patch as shown in Fig. 4. The standard coaxial SMA
configuration is used to feed the antenna. The Antennas are
designed and fabricated on Roger 5880 substrate with
dielectric permittivity (𝜀𝑟 ) of 2.2 and loss tangent (tanδ) of
0.0009. The final antenna dimensions are tabulated in Table
I.

A detailed systematic design procedure, parametric
sensitivity analysis, and comparison of measured and
simulated results (viz. reflection coefficient and radiation
pattern) of a unit antenna element are presented elsewhere in
[40]. In this work, a 3×3 practical MIMO antenna
configuration is investigated to enhance the channel capacity
for HD video transmission. To position the antenna in MIMO
configuration, the mutual coupling (isolation) between the
antenna elements must be examined. The isolation between
adjacent elements is measured under the following two
configurations (co- and cross-polarization). The measured
isolation results are shown in Figs. 5 and 6, respectively.

Fig. 5. Isolation between antennas at different separation distances ds (copolarization).

Fig. 6. Isolation between antennas at different separation distances ds (crosspolarization).

Fig. 4. Proposed antenna model (a) top view and (b) bottom view
TABLE I
OPTIMIZED ANTENNA DESIGN PARAMETERS (IN MILLIMETERS )

Rsub

Rp

Rproxy1

Rproxy 2

g1

g2

tsub

fl

76

23.25

22.90

10.19

0.98

0.15

1.57

7.41

In the first configuration, where both antennas operate in
the same polarization, the minimum distance for maintaining
isolation > 20 dB is found approximately 10 mm, as shown
in Fig. 5. However, when the antennas operate in cross
polarization, the minimum distance for maintaining isolation
> 30 dB in both bands is approximately 10 mm, as shown in
Fig. 6. In the three-antenna MIMO configuration, the
antennas are placed to maintain this minimum separation. In
the proposed MIMO configuration shown in Fig. 7, the
antenna elements are placed on the vertices of an equilateral
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triangle of side 20 cm and an edge-to-edge separation of 48
mm. To achieve low correlation in the radiated fields, two
antennas (i.e., Ant#2 and Ant#3) are rotated by 30 degrees in
the clockwise and counter-clockwise direction, respectively,
with respect to Ant#1.
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Fig. 9. Total active reflection coefficient (TARC).

III.
Fig. 7. MIMO antenna array configuration.

Measurements and Field
Experiments

A. Laboratory VTS Testing

Fig. 8. Total active reflection coefficient (TARC).

Key MIMO parameters for the proposed configuration are
estimated with the measured scattering parameters. Envelop
Correlation Coefficient (ECC), Directive Gain (DG), and
Total Active Reflection Coefficient (TARC) are calculated
with the procedure given in [41] and plotted for both the
frequency bands in Fig. 8 and Fig. 9. From Fig. 8, ECC is
found to be below 0.0005, which is legitimately good
isolation. As the correlation coefficient is well below 0.0005,
the DG values are consistently around 10. The total active
reflection coefficient (TARC) response for different phases
shown in Fig. 9 indicates a decent MIMO configuration as it
covers almost the similar -10dB bandwidths as of individual
antenna without any significant deviation.

To demonstrate real-time video transmission, the proposed
VTS incorporates the 3-thin, semiflexible antennas as well as
an HD camera, an SBC (Gateworks GW5530), and a Wi-Fi
transceiver (doodle NM-DB-3) were assembled in the
payload form shown in Figs. 2(c), (d). The platform was
made of cardboard, and each component was attached using
adhesive tape. The front view (Fig. 2(c)) shows the antennas
placed in a triangular pattern forming an array and a camera
in the center. The back view (Fig. 2(d)) shows the UAV
electronics and battery. The testing of the VTS in real time
was initially performed in a laboratory environment. The
payload is shown in Fig. 2(b) was used as a UAV station. The
three UWB-printed monopole antennas (instead of horn
antennas) were attached to the ground station (based on the
configuration shown in Fig. 3 for each channel of the RF
transceiver). The MCS number was set to 3, which
corresponds to a 16-quadrature amplitude modulation (16QAM) scheme with a ½ coding ratio, and the RF transceiver
was set for the maximum power output. A spectrum analyzer
was used to measure the power transmitted by each RF
channel of the transceiver. The maximum power transmitted
from the RF transceiver that is being fed to the UAV antennas
was approximately 18 dBm (i.e., Ch1 = 18.16 dBm, Ch2 =
17.99 dBm, and Ch3 = 18.4 dBm) in the 2.4 GHz band. In the
5.2 GHz band, the measured maximum RF power from the
transceiver was relatively lower at approximately 10 dBm
(Ch1 = 10.04 dBm, Ch2 = 9.92 dBm, and Ch3 = 10.12 dBm).
To measure the maximum power transmitted from each
individual channel, the spectrum analyzer was configured for
a max-hold function. An average of 10 sample values was
considered to estimate the RF power output.
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B. Radiated Power Pattern Measurement
The radiated power patterns were measured for the
MIMO antenna configuration in an open field, where a table
with a movable radial arm was used, as shown in Fig. 10. The
UAV station was configured for the maximum power and
was placed at a distance d (100 m in the 2.4-GHz band and
15 m in the 5.2-GHz band) from the ground station. The
ground station comprised a horn antenna connected to a
spectrum analyzer. The UAV payload was then rotated
around the principal axes to cover the 90 (up/down
direction) elevation plane and 90 (right/left direction)
azimuth plane of the radiation hemisphere. The measured
power levels for both frequency bands were plotted against
the angle, as shown in Figs. 11 and 12. The active power
pattern of the MIMO antenna array exhibited broadside
radiation coverage on both the principal axes in the 2.4-GHz
band; however, in the 5.2-GHz band, it showed a null in the
broadside direction suggesting a quasi-isotropic behavior.

Fig. 10. Setup for measuring the radiated power patterns of the MIMO
antenna configuration.

Fig. 12. Power pattern of the MIMO antenna array measured for the
configuration shown in Fig. 7 for operation in the 5.2-GHz band.

ground-to-ground transmission tests, the channel throughput
was measured for different distances (300, 500, 700, and 900
m) for operation in both frequency bands. The achieved data
rates of the proposed MIMO configuration are presented in
Figs. 14 and 15. The real-time HD video was successfully
received up to 2.70-km and 840-m distances for operation in
the 2.4- and 5.2-GHz bands, respectively. The received signal
strength measured at the ground station for a stable HD video
stream received from the camera installed in the payload was
approximately −72 dBm for operation in both frequency
bands.

Fig. 13. Map view of the terrain considered for field experiments.
Fig. 11. Power pattern of the MIMO antenna array measured for the
configuration shown in Fig. 7 for operation in the 2.4-GHz band.

C. Field Experiment: Ground-to-ground Transmission
The communication range of the proposed system was
tested for a ground-to-ground transmission scenario. The
ground station, which comprised 3-high-gain horn antennas
(Fig. 3(b)) and the payload (Figs. 2 (c) and (d)), was carried
by a team member along the terrain shown in Fig. 13. In the

D. Field Experiment: Air-to-ground Transmission
The communication range of the proposed system was
also tested for an air-to-ground transmission scenario. The
payload platform was placed on the drone based on the
configurations shown in Fig. 16 to assess the system
performance under different mounting conditions. Using this
setup, a ground station employing three high-gain directive
horn antennas was established at the point shown in Fig. 13.
The HD video stream was successfully received at
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approximately 3.56 km from the ground station at a very low
altitude of ≥50 m for operation in the 2.4-GHz band. The
measured signal strength for each channel at the ground
station was approximately −72 dBm. However, in the 5.2GHz band, the HD video stream was successfully received at
~1 km at a very low altitude of ≥50 m with the measured
signal strength of approximately −70 dBm for each channel.
The reason for the shorter communication range in the 5.2GHz band than in the 2.4-GHz band is due to the low output
power from the RF transceiver in the 5.2-GHz band (i.e., 8
dB below the 2.4-GHz output power) and the large free space
path loss, which is expected owing to the high operating
frequency.

Fig. 14. Measured data rate of the MIMO antenna array of the configuration
shown in Fig. 10 operating in the 2.4-GHz band.

Fig. 16. Payload attachment on the UAV (a) vertical and (b) horizontal
orientation.

Fig. 15. Measured data rate of the MIMO antenna array of the configuration
shown in Fig. 10 operating in the 5.2-GHz band.

Table-II: Comparison of proposed VTS Specs with commercial solutions
#
Particular

Frequency
(GHz)

[42]
[43]

DJI FPV
Caddx Vista Digital

[44]

VDC-7 Long Range Video
Transmission System
Herelink 2.4 GHz Long Range
HD Video Transmission System
DVL-C Long Range HD Video
Transmission System
Proposed Video Transmission
System

[45]
[46]
This
work

5.725-5.850
5.725-5.850

Power
Transmitted
(dBm)
30/19/14
30/14

Range
(Km)

Date rate
Video Seamless Dual-band
(Max) resolution Antenna Switchable

MIMO

4/2.5/0.7
4/0.7

-

720p
720p

NO
NO

NO
NO

NA*
NA*

2.4

25

7

~ 5Mbps

1080p

NO

NO

NA*

2.4

-

20*

-

1080p

NO

NO

NA*

5

20/29

0.8/3

-

1080p

NO

NO

NA*

2.4,
5170–5330

18 @2.4GHz
10@5.2 GHz

3.57/0.970+

~8 Mbps
~30 Mbps

720p

Yes

Yes
2.4/5.2 GHz

3

NA*: Information is not available

The performance of the proposed HD video transmission
system is compared with a few commercial solutions
available in the market as shown in Table II. After careful
comparison with the specs available from various
manufacturers, it is found that the proposed VTS is providing
a decent data rate, which indicates high-quality video
transmission. In addition, our system is utilizing the semiflexible dual mode high gain MIMO antenna systems that can

provide seamless integration with the UAV body while all the
commercial solutions are employing the vertically mounted
monopole antennas of low gains. In conclusion, our solution
shows performance in a real scenario (not ideal like some
commercial companies show), we are the only solution with
dual switchable bands operation, and we are showing the
highest data rate and comparable range with the lowest
transmitted power.
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Conclusion
An indigenously developed HD VTS was tested in open
field conditions. The proposed system uses a three-element
triangular array of thin, semi-flexible antennas, particularly
designed for wide bandwidth and coverage. The active power
pattern of the proposed array was obtained in the radiation
hemisphere to determine the coverage. A full system
characterization was initially performed in a laboratory
environment, and the power levels were measured for each
channel for operation in two frequency bands. Next, the UAV
module was placed on a commercial drone, and an HD video
stream was received at a remote ground station for operation
in both frequency bands. It was found that the proposed VTS
could establish an HD video link between a UAV and ground
station at distances of 3.56 km and ~1.0 km for operation in
the 2.4- and 5.2-GHz bands, respectively.
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