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Abstract

In this paper, we propose a signal intelligence (SIGINT) drone swarm system with a three-
dimensional (3-D) volumetric self-complementary array configuration. In the proposed
system, multiple drones form two array layers separated along the boresight direction of
the system, providing sufficient spacing between drones mounting an antenna element.
The antenna elements in one array layer are arranged in a complementary manner to fill
empty spaces in the other layer, allowing the system to maximize the number of drones
deployed within the aperture area. As a result, the effective electrical spacing at 300 MHz
is reduced from 1.7A and 0.9A to 0.85A and 0.45A along the x- and y-axes, respectively.
The array gains of the proposed system are 3.96 dBi, 6.40 dBi, and 15.3 dBi at 100 MHz,
200 MHz, and 300 MHz, and the side-lobe levels (SLLs) are —13.0 dB, —12.7 dB, and
—13.0 dB. In addition, the proposed drone swarm SIGINT system is evaluated in a practical
SIGINT environment that considers terrain features, and then the detection performance is
compared with those of conventional ground-based and airborne SIGINT systems. In this
SIGINT scenario, the proposed system can detect signals over an extended detection range
of 150 km than those of ground-based and airborne systems.

Keywords: SIGINT system; drone swarm system; volumetric array antenna;
self-complementary array

1. Introduction

In modern radio frequency (RF) environments, demands for monitoring and identify-
ing signal sources over wide areas and across multiple frequency bands are increasing [1-3].
In accordance with these demands, signal intelligence (SIGINT) systems are often used to
collect and analyze RF signals generated by various RF systems [4,5]. For accurately de-
tecting signals at long distances, SIGINT systems require a high antenna gain to overcome
path loss, so antenna elements with large aperture sizes are utilized in these systems [6,7].
In particular, to detect signals operating in meter-wavelength bands, such as those used in
air traffic control systems and military tactical communications in the VHF and UHF bands,
array antennas with larger apertures are required. Although ground-based SIGINT systems
have traditionally been employed to accommodate large antenna apertures [8], the line-
of-sight (LOS) propagation path can be blocked by surrounding obstacles in mountainous
terrain, resulting in a limited detection range [9]. Since this LOS limitation can be overcome
as the operating altitude of the system increases, airborne SIGINT systems operating at
high altitudes have been introduced [10]. In airborne SIGINT systems, antenna elements
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are typically installed in mission pods attached to the side of the aircraft [11], where the
pod size is constrained by the dimensions of the aircraft, making it difficult to expand the
antenna aperture. Due to this limitation, airborne SIGINT systems may not achieve suffi-
cient antenna gains and also have a disadvantage of high operational costs. Thus, drone
swarm systems can be used as an alternative that operates at high altitudes while forming
a large virtual antenna aperture [12]. Drone swarm systems can overcome terrain-induced
blockage by increasing the operating altitude and achieve high antenna gain by deploying
multiple drones in an array configuration. However, due to the operational issues of the
drone swarm, such as collisions between propellers of drones and downwash [13], the
drone swarm system requires sufficient physical spacing between each drone for safety.
Such a wide physical spacing increases the electrical spacing between antenna elements,
resulting in performance degradation, such as side-lobe level (SLL) values moving toward
0 dB and the generation of grating-lobes. Considering these challenges of the drone swarm
system, methods to enhance electrical performance while maintaining sufficient physical
spacing between drones are required from a practical standpoint. To address operational
and electrical challenges of the drone swarm, a previous study has introduced a drone
swarm system adopting aperiodic three-dimensional (3-D) array configurations [14]. De-
spite these efforts, such systems face difficulties in improving an antenna gain by expanding
the aperture size due to the complex and aperiodic array configuration, and verification of
detection performance in practical SIGINT environments remains insufficient. Therefore,
an array configuration that improves array performance under the operational constraints
of the drone swarm is required for the SIGINT system, and verification of the system’s
feasibility should be conducted considering practical SIGINT environments.

In this paper, we propose a SIGINT drone swarm system with a 3-D volumetric self-
complementary array configuration. In the proposed system, multiple drones form two
array layers separated along the boresight direction of the system, providing sufficient
spacing between drones mounting an antenna element. The antenna elements in one array
layer are arranged in a complementary manner to fill empty spaces in the other layer,
allowing the system to maximize the number of drones deployed within the aperture area.
As a result, the proposed system can achieve a high gain similar to that of conventional
planar arrays while maintaining low SLL values under the operational constraints of drone
swarms. Moreover, since the antenna elements are arranged with periodic array spacings
in the proposed system, the array gain of the proposed system can easily be enhanced by
expanding the aperture size without additional optimization of antenna element positions.
The performance of the proposed array configuration is analyzed using a simulation
in the VHF and UHF bands, assuming that broadband spiral antennas operating from
50 MHz to 300 MHz are mounted on the drones. In this simulation, the antenna elements
mounted on the drones are arranged in a 12 x 8 3-D volumetric self-complementary array
configuration, and the array gain and beam-steering performance are evaluated over the
operating frequency band using the EM simulator CST [15]. In addition, the proposed
drone swarm SIGINT system is evaluated in a practical SIGINT environment that considers
terrain features, and the detection performance is compared with those of conventional
ground-based and airborne SIGINT systems. These results demonstrate that the proposed
system provides an extended detection range not only in terms of array performance but
also in practical SIGINT environments.

2. Design of the Proposed Drone Swarm System
2.1. Design of the Drone Swarm Array Configuration

Figure 1 illustrates the basic configuration of a planar SIGINT drone swarm and
its array directivity. The drone swarm system consists of multiple drones operating at
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an altitude of approximately 2000 m to overcome terrain-induced blockage. Each drone
mounts a single antenna element with broadband characteristics and is arranged in a
regular planar grid, forming a large virtual antenna aperture, as shown in Figure 1a. In this
configuration, as the number of drones increases, the aperture size of the system expands,
resulting in an enhanced array directivity [16]. This indicates that the expansion of the
planar drone swarm configuration provides a high directivity for long-range detection,
as shown in Figure 1b. However, increasing the number of drones leads to additional
side-lobes in the radiation pattern. When these side-lobes increase in the radiation pattern,
the SLL value of the system is also raised, which can lead to target detection errors. Here,
the SLL represents the magnitude difference (in dB) between the main-lobe peak and the
highest side-lobe peak [17]. Therefore, low SLL values are required to improve the detection
performance of the system.

Drone
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Figure 1. Basic theory of the drone swarm systems: (a) geometry of the drone swarm system;
(b) array directivity according to the number of elements.

Figure 2 illustrates the operational and electrical constraints in a planar drone swarm
system. In the drone swarm, there are operational issues such as collisions between
propellers of drones and downwash, as shown in Figure 2a. In particular, to detect signals
operating in meter-wavelength bands, an antenna element with a large aperture size and
heavy weight is mounted on the drone [18]. Heavy-lift drones [19,20] can be utilized in
the drone swarm system to carry these heavy antenna elements, providing a payload
capacity of up to 8.5 kg, as shown in Table 1. They can operate for 1 to 3 h at an altitude of
2000 m. Since these heavy-lift drones have a wide distance between propellers exceeding
1.5 m, a wider physical spacing between drones should be applied to the drone swarm
system. To address the operational issues of the drone swarm, sufficient physical spacing
between drones is required to be at least 0.2 m beyond their physical dimensions along
both the x- and y-axes, as shown in Figure 2b [21-23]. When the drone swarm system
employs heavy-lift drones, the required physical spacing becomes 1.7 m along the x-axis
and 0.9 m along the y-axis. These physical spacings correspond to electrical spacings
(antenna array spacings) of 1.7A and 0.9A at the highest operating frequency of 300 MHz,
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respectively. The large electrical spacing exceeding 0.9A leads to SLL values moving toward
0 dB and the generation of grating-lobes from the array antenna perspective, as shown
in Figure 2c [24,25]. These grating-lobes can lead to detection errors at high operating
frequency bands. Therefore, an array configuration, which can provide sufficient array

performance across multiple frequency bands while maintaining the physical spacing
between drones, is required for the drone swarm system.
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Figure 2. Cont.
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Figure 2. Diagrams of operational and electrical constraints in the drone swarm system: (a) opera-

tional issue of the drone swarm system; (b) exclusion zone of drone swarm system; (c) grating-lobe-
free region at a high frequency band.

Table 1. Specifications of the commercial heavy-lift drones.

Specifications [18] [19]
Between propellers 1.558 m 1.925m
Maximum altitude 2400 m 2000 m

Payload capacity 8.5kg 20 kg
Maximum operating time 50 min 2 h 42 min
Battery 25,000 mAh 15,000 mAh

Figure 3 shows the configuration of the proposed 3-D volumetric self-complementary
array. In the proposed system, multiple drones form two array layers separated along the
boresight direction of the system, providing sufficient spacing between drones mounting
an antenna element, as shown in Figure 3a. The antenna elements in one array layer are
arranged in a complementary manner to fill empty spaces in the other layer, allowing the
system to maximize the number of drones deployed within the aperture area, as shown in
Figure 3b. In this configuration, since the elements in one layer compensate for the spacing
in the other layer, the effective array spacing can be reduced on the virtual antenna aperture
plane while maintaining the physical spacing between drones, as shown in Figure 3c. In
particular, at an operating frequency of 300 MHz, the effective electrical spacing is reduced
from 1.7\ and 0.9A to 0.85A and 0.45A along the x- and y-axes, respectively. As a result,
the proposed system can achieve a high array gain similar to that of conventional planar
arrays with the same aperture size while maintaining low SLL values under the operational
constraints of drone swarms. Moreover, since the antenna elements are arranged in a
periodic array, the array gain of the proposed system can be easily enhanced by expanding
the aperture size without additional optimization of antenna element positions, as shown
in Figure 3d.
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Figure 3. Configuration of 3-D volumetric self-complementary array: (a) isometric view of the
proposed drone swarm system; (b) self-complementary array layers of the proposed drone swarm
system; (c) front view of the proposed drone swarm system; (d) isometric view of the fully extended
drone swarm system.

Figure 4 illustrates the drone positions and array performance of the 2-D planar and
proposed array configurations. To compare array performance, the two array configurations
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are expanded to a 12 x 8 array (M x N), and the SLL and grating-lobe-free regions are
evaluated at 300 MHz. As shown in Figure 4a, due to the operational constraints of the
drone swarm, the 2-D planar array has large array spacings of 1.7A and 0.9A along the x-
and y-axes, respectively. This large array spacing results in grating-lobes with amplitudes
comparable to that of the main-lobe in the radiation pattern, as shown in Figure 4b. In
contrast, in the proposed array configuration, the effective electrical spacing is reduced
to 0.85A and 0.45A along the x- and y-axes, respectively, as shown in Figure 4c. The array
factor (AF) of the proposed system is calculated using Equations (1) and (2) [26]. When the
antenna elements are placed in the front array layer, the AF of these elements is calculated
using Equation (1). For the antenna elements deployed in the other array layer, Equation
(2) is used to calculate the AF. The normalized amplitudes of the grating-lobes are reduced
to —13.5 dB relative to the main-lobe, as shown in Figure 4d. In addition, in the proposed
array configuration, the main-lobe can be steered over an azimuth angle range of —10° to
+10°, and over an elevation angle range of —90° to +90° without generating grating-lobes,
as shown in Figure 4e. These results indicate that the proposed drone swarm system can
achieve an array gain comparable to that of 2-D planar array with the same aperture size,
while providing improved electrical performance.
AF — % g oKl (m—1)dx+(n—1)dy]
m=1n=1 (1)
(m+n = even)

AF = 5% 3 pMlin-1)det(n-1)dy-+dz]

2.2. Geometry and Performance of a Broadband Characteristic Antenna Mounted on a Drone

Figure 5 illustrates the geometry of the broadband spiral antenna used in the proposed
drone swarm system. The performance of the proposed array configuration is analyzed
using a simulation in the VHF and UHF bands, assuming that broadband spiral antennas
operating from 50 MHz to 300 MHz are mounted on the drones. The antenna element
consists of a spiral arm of width w, which winds circularly Nim times and gradually
expands from an inner diameter D; to an outer diameter Dy, as shown in Figure 5a. When
the antenna element is mounted on the drone, large-scale drones are required as the
aperture size of the antenna element increases. In the drone swarm, the required physical
spacing between drones also increases due to the large drone size, which degrades the array
performance. To minimize the size of the antenna element and accommodate the limited
payload capacity of the drones, the spiral arm is printed on a ceramic substrate with a high
dielectric constant of &, [27]. To enhance the gain of the antenna element, cavities of height
hy are applied to the side faces of the substrate with height /11, as shown in Figure 5b [28].
The detailed geometrical parameters of the broadband spiral antenna are listed in Table 2.

Table 2. Geometrical parameters of the broadband spiral antenna.

Parameters Values
D1 20 mm
Dy 700 mm
Nturn 20
w 5 mm
hl 55 mm
hy 100 mm
& 20
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Figure 4. Drone positions and array performance of the 2-D planar and proposed array configurations:
(a) drone positions in the 2-D planar array configuration; (b) array factor of the 2-D planar array
configuration; (c) drone positions in the proposed array configuration; (d) array factor of the proposed
array configuration; (e) grating-lobe-free region of the proposed array configuration.
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Figure 5. Geometry of the broadband spiral antenna used in the drone swarm system: (a) isometric
view; (b) side view.

Figure 6 illustrates the simulated performance of the broadband spiral antenna. The
blue and red solid lines indicate the simulated results of the antenna element without
the drone (free space) and mounted on the drone, respectively. The spiral antenna has a
reflection coefficient of —21.2 dB at the center frequency of 175 MHz. The average reflection
coefficient from 50 MHz to 300 MHz is observed to be —14.5 dB, which is similar to the
result without the drone, as illustrated in Figure 6a. As shown in Figure 6b—d, the maximum
gains of the antenna are —13.7 dBi, —9.4 dBi, and —1.2 dBi at 100 MHz, 200 MHz, and
300 MHz, respectively. When this antenna element is mounted on a drone, the maximum
gains are —11.8 dBi, —10.5 dBi, and —1.2 dBi, respectively. These results indicate that
the spiral antenna provides broadband and directional radiation characteristics suitable
for the multiple bands signal reception, even under platform-mounted conditions. Since
both the reflection coefficients and radiation patterns are preserved after mounting on
the drone platform, the antenna performance is not affected by the drone structure. To
verify the feasibility of the proposed system, this antenna element is applied to the array
configuration, and the array performance across multiple frequency bands, such as the
array gain, SLL, and beam steering range, is investigated using the EM simulator CST.

Figure 7 shows the variation of array performance with respect to the array spacing
ina 12 x 8 drone array configuration. In the proposed array configuration, as the array
spacing along the z-axis increases, the effective array spacing along the x- and y-axes can
be reduced. As shown in Figure 7a, when the array spacing along the z-axis exceeds
1.47 m, the effective array spacing along the x- and y-axes is reduced to 0.85 m and 0.45 m,
respectively. This indicates that a z-axis array spacing greater than 1.47 m is required to
sufficiently reduce the effective array spacing on the aperture plane. However, excessive
separation along the z-axis can cause partial blockage of the antenna radiation patterns by
adjacent drones, so the array spacing along the z-axis is adjusted to balance the array gain
and SLL at 300 MHz, while maintaining array spacings along the x- and y-axes, as shown
in Figure 7b. When the array spacing along the z-axis increases from 0 m to 2.5 m, the array
gain decreases from 11.8 dBi to 9.1 dBi. In contrast, under the same conditions, the SLL
decreases from 0 dB to —12.1 dB due to the reduced effective array spacings along the x-
and y-axes. When the array spacing along the z-axis exceeds 1.6 m, the amplitude of the
main-lobe decreases, and the SLL value correspondingly is raised. Thus, the z-axis array
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spacing exceeding 1.6 m, at which the proposed system achieves low SLL values while
maintaining sufficient array gain, is selected for the proposed system.
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Figure 6. Performances of the broadband spiral antenna: (a) reflection coefficients; (b) 2-D radiation
patterns at 100 MHz; (c) 2-D radiation patterns at 200 MHz; (d) 2-D radiation patterns at 300 MHz.

Figure 8 shows the 3-D radiation patterns according to the array configurations.
Figure 8a—c presents the results for the planar array configuration, whereas Figure 8d—f
shows the 3-D radiation patterns of the proposed array configuration. These results are
obtained by the simulation when 96 antenna elements mounted on the drone are deployed
ina 12 x 8 array. The radiation patterns of each antenna element are synthesized to obtain
the array gain for the two configurations. Here, the array gains are determined by the
single element pattern and the array directivity. To ensure a fair comparison, the minimum
array spacing required to prevent operational issues of the drone swarm is applied to
each array configuration. For the 2-D planar array configuration, wide array spacings of
1.7A and 0.9A along the x- and y-axes are employed, considering the physical dimensions
of the drones and antennas. At the low frequency band of 100 MHz, the array gain and
SLL are 4.18 dBi and —13.0 dB, respectively, as shown in Figure 8a. However, due to the
large array spacing, the system exhibits SLLs of —6.2 dB and —1.4 dB at higher frequency
bands of 200 MHz and 300 MHz, respectively, as shown in Figure 8b,c. In contrast, the
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proposed 3-D self-complementary configuration can reduce the effective array spacings to
0.85A and 0.45A along the x- and y- axes, respectively, while maintaining the same physical
spacing between the drones. The array gains of the proposed system are 3.96 dBi, 6.40 dBi,
and 15.3 dBi at 100 MHz, 200 MHz, and 300 MHz, respectively, and the SLLs are
—13.0dB, —12.7 dB, and —13.0 dB, as shown in Figure 8d—f. These results demonstrate that
the proposed system achieves low SLL values using the 3-D volumetric self-complementary
array configuration. In addition, to investigate the stability of the proposed drone swarm
system, the performance degradation is investigated considering the position error of
the heavy-lift drones, as shown in Figure 9. Since the heavy-lift drones [18,19] have a
GPS and LIDAR accuracy of approximately 2 cm and 2.5 cm, the random position errors
are set to a maximum of 2.5 cm along x-, y-, and z-axes. At a high frequency band of
300 MHz, the variation of the array directivity ranges from 0 dB to 0.2 dB, and the maxi-
mum variation of SLL is 1.2 dB. These results indicate that the drone swarm system can
have low performance degradation by position errors of drones.
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Figure 7. Variation of array performance with respect to the array spacing: (a) variation of the array
spacing on the xy-plane; (b) variation of array gain and SLL.

Figure 10 shows the beam steering performance of the proposed drone swarm system.
To evaluate the beam steering performance, the main-lobe is steered in both azimuth
and elevation directions within ranges where grating-lobes do not occur. As shown in
Figure 10a, at 100 MHz, when the main-lobe is steered from an azimuth angle of 0° to 45°,
the array gain is maintained above 1.52 dBi, and the maximum SLL is —10.5 dB. As shown
in Figure 10b, at the same frequency, when the main-lobe is steered from an elevation angle
of 0° to 45°, the array gain remains above 1.21 dBi, and the SLL stays below —14.9 dB.
Under the same steering condition, at 200 MHz, the main-lobe can be steered up to an
azimuth angle of 30° and an elevation angle of 35° without grating-lobes, as shown in
Figure 10c,d. In this case, the array gains at the azimuth angle of 30° and the elevation angle
of 35° are 3.82 dBi and 3.75 dBi, respectively, while the SLLs are —13.2 dB and —12.1 dB.
At the highest frequency band of 300 MHz, the proposed system can steer the main-lobe
to an azimuth angle of 25° and an elevation angle of 30°, as shown in Figure 10e,f. When
the main-lobe is steered to the maximum azimuth and elevation angles, the array gains
are 13.6 dBi and 9.8 dBi, respectively, and the SLLs remain below —14.2 dB and —10.1 dB.
These results indicate that the proposed system can scan a wide angular region without
generating grating-lobes using the 3-D volumetric self-complementary array configuration.
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Figure 8. 3-D radiation patterns according to the array configurations: (a) 2-D planar array at
100 MHz; (b) 2-D planar array at 200 MHz; (c) 2-D planar array at 300 MHz; (d) proposed array at
100 MHz; (e) proposed array at 200 MHz; (f) proposed array at 300 MHz.

Table 3 shows the performance comparison table between the 3-D aperiodic [14], 2-D
planar, and proposed array configurations. To prevent the operational issues of the drone
swarm, the previous study proposes the 3-D aperiodic array configuration, which achieves
the array directivity of 20 dBi and SLL value of —9 dB at 1 GHz. However, since this array
configuration applies the aperiodic array spacing, the SLL varies in accordance with the
operating frequency, and additional optimization processes are required to expand array
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configuration. In contrast, the proposed system adopts a drone swarm design method
using the 3-D self-complementary array configuration, which can reduce the effective
electrical spacing between antenna elements while maintaining sufficient physical spacing
between drones. Consequently, it can achieve high array directivity above 15.0 dBi and
low SLL values below —12.7 dB from 100 MHz to 300 MHz. Since the system has a
periodic array configuration, the drone swarm system can be easily expanded without
additional optimization.

250

200

501

0 0.05 0.1

Variation of array directivity (dB)

0.15 0.2 0 0.2 0.4 0.6 0.8 1 1.2

Variation of SLL (dB)
(a) (b)

Figure 9. Performance degradation by the position error of the drones at 300 MHz: (a) variation of
the array directivity; (b) variation of the SLL.

Table 3. Comparison of the various drone swarm systems.

. Our Work Our Work
Properties [14] (2-D Planar) (Proposed)
Number of 36 9%

elements
1.74 dBi @ 100 MHz
Single element , :
Directivity 6 dBi@1GHz 3.74 dBi @ 200 MHz
7.74 dBi @ 300 MHz
209dBi@100 MHz 15 dBi @ 100 MHz
Array directivity ~ 20dBi@1GHz  25.9dBi @200 MHz  22.1 dBi @ 200 MHz
28.7 dBi @ 300 MHz 23.8 dBi @ 300 MHz
—-13dB@100 MHz —13 dB @ 100 MHz
SLL —9dB@1GHz —6.2dB@200 MHz —12.7 dB @ 200 MHz
-14dB@300MHz —13dB @ 300 MHz
Operating 1 GHz 100 MHz ~ 300 MHz
frequency band
Array . Aperiodic Periodic
configuration
Performance . . EM simulation and
e EM simulation only Lo .
Verification propagation simulation
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Figure 10. Beam steering performance of the proposed system: (a) azimuth angle steering at
100 MHz; (b) elevation angle steering at 100 MHz; (c) azimuth angle steering at 200 MHz;
(d) elevation angle steering at 200 MHz; (e) azimuth angle steering at 300 MHz; (f) elevation angle

steering at 300 MHz.
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3. Detection Ranges of the Proposed SIGINT System
3.1. SIGINT Scenario of Systems Based on Various Applications

To investigate the advantages of the proposed system, the proposed drone swarm
SIGINT system is evaluated in a practical SIGINT environment that considers terrain
features, and the detection performance is compared with those of conventional ground-
based and airborne SIGINT systems. In this SIGINT scenario, to evaluate performance
under terrain-induced blockages, the systems are located at the center of the Korean
Peninsula, which is characterized by mountainous terrain, and the received power at
300 MHz is evaluated up to 250 km, as shown in Figure 11a. Herein, the antenna gain
and transmitted power of the unknown signal are assumed to be 0 dBi and 30 dBm
(1 W), respectively, and the receiver sensitivity of the SIGINT systems is assumed to be a
commercial value of —95 dBm [29]. The aperture sizes of the ground-based and airborne
systems are 50 m? (10 m x 5 m) and 8.5 m? (5 m x 1.7 m), respectively, which represent
typical aperture sizes of each system [30,31]. The proposed system has an aperture size of
30 m? (10 m x 3m), where 12 x 8 drones are arranged at spacings of 0.85 m and 0.45 m along
the x- and y-axes, respectively. Based on these aperture sizes, the ground-based, airborne,
and proposed systems have array gains of 19.1 dBi, 8.1 dBi, and 15.3 dBi, respectively.
The ground-based system is positioned on a mountain with an altitude of 300 m, and the
airborne system operates at 15,000 m. Since drones used for the proposed system can
fly to 2000 m, the operating altitude of the proposed system is set to 2000 m. To analyze
this SIGINT scenario, the path loss is calculated using the propagation EM simulator
Advanced Refractive Effects Prediction System (AREPS) [32], which accounts for terrain-
induced diffraction and tropospheric refraction effects. The terrain profile is extracted
from digital elevation model (DEM) data provided by the Ministry of Land, Infrastructure
and Transport of the Republic of Korea (MOLIT) [33]. Using this simulation, the path loss
considering the propagation distance, system altitude, and terrain profile is obtained. The
received power is calculated using Equation (3), which accounts for the transmitted power,
antenna gains, path loss, and system loss [34]. The detection range is then defined as the
maximum distance at which the received power exceeds the system sensitivity, as defined by
Equation (4) [35]:

P -Gt -G, drd
P = —_—y, L = e 3
' LPath ’ LSYStem ( path ( A ) ) ©
A Pt Gt - Gy
Amax = — 4
T an \/P sensitivity * Lsystem @

where P, denotes the received power, P; presents the transmitted power, G; and G, refer to
the gains of the transmitting (signal sources) and receiving (antenna elements of the SIGINT
system) antennas, respectively, L,aq, is the path loss calculated by the AREPS simulator,
Lsystem denotes a system loss of 10 dB accounting for practical implementation margins,
including losses from cables, connectors, and calibration uncertainties [36], and Pgensitivity
is the sensitivity of the SIGINT system. The detailed parameters of the SIGINT systems,
including antenna aperture sizes, operating altitudes, and receiving antenna gains, are
listed in Table 4.

Table 4. Parameters of the SIGINT systems.

SIGINT System Aperture Size Altitude Antenna Gain
Ground-based 50 m?2 300 m 19.1 dBi
Airborne 8.5 m? 15,000 m 8.1 dBi
Drone swarm 30 m? 2000 m 15.3 dBi

https:/ /doi.org/10.3390/app16052249


https://doi.org/10.3390/app16052249

Appl. Sci. 2026, 16, 2249

17 of 21

——=>-. Airborne system

W‘ﬁ%ﬁfﬁ}f Drone swarm system

(proposed)

20,
" ~—~ 10f
$250km 7
= o
R=
< —10f
_ o
Korean Peninsula =
O -
N
:
@ —30r
L Ground-based system
Qﬁ | — Airborne system |
—40 Pr
roposed system
—50 : : . : :
< W —-90 —60 -30 0 30 60 90
Al . o
Mountainous terrain Azimuth (°)
(a) (b)

Figure 11. SIGINT scenario of various systems: (a) environment of the SIGINT scenario; (b) 2-D
radiation patterns of each system.

3.2. Detection Ranges of Systems Based on Various Applications

Figure 12 shows the received power distribution of various SIGINT systems. The LOS
of the ground-based system is blocked by terrain at approximately 50 km, which limits the
detection range to 47.5 km despite the high array gain of 19.1 dBi at 300 MHz, as shown
in Figure 12a. To overcome the LOS limitation by terrain, the airborne system operating
at a high altitude of 15,000 m can be employed, and the LOS of the airborne system is
not constrained by terrain, as shown in Figure 12b. However, since the array gain of the
airborne system is limited to 8.1 dBi due to a small aperture size of 8.5 m?, the detection
range is also limited to 115 km. In contrast, the proposed drone swarm system operates
at a higher altitude of 2000 m than the ground-based system, and the array gain of the
proposed system is 15.3 dBi, which is higher than that of the airborne system. Therefore,
the proposed drone swarm system achieves an extended detection range of 150 km, as
shown in Figure 12¢. In addition, at other frequency bands of 100 MHz and 200 MHz, the
detection ranges are observed to be 85.2 km and 101 km, when the array gains are 3.96 dBi
and 6.40 dBi, respectively.

Figure 13 shows the 2-D received power distributions of various SIGINT systems.
The LOS of the ground-based system is limited by terrain and low altitude, resulting in
a detection range of about 47.5 km. In contrast, since the airborne system operates at
15,000 m, the received power varies with the distance regardless of the terrain. However,
the array gain of the airborne system is lower than that of the other systems, so the received
power is lower than the system sensitivity of —95 dBm beyond a distance of 115 km. For
the proposed system operating at 2000 m, terrain-induced blockage is significantly reduced
compared to the ground-based system. In addition, the proposed system can form a larger
aperture size than that of the airborne system, and the array gain of the proposed system
also can be enhanced to a level higher than that of the airborne system. These results
demonstrate that the proposed system provides an extended detection range of 150 km in
practical SIGINT environments.
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Figure 12. Received power distributions of various SIGINT systems: (a) ground-based system;

(b) airborne system; (c) drone swarm system.

https://doi.org/10.3390/app16052249


https://doi.org/10.3390/app16052249

Appl. Sci. 2026, 16, 2249 19 of 21

Received power

(dBm)
200 =
150

. —100

g

=

— 100

—150
50
0 - N —200
—200 —100 0 100 200
X (km)
(@
Received power
(dBm)
200 %0
’
‘.
150 2
—_ A i —100
g
=
S 100
—150
50
0 —200
—200 200
Received power
(dBm)
200
-50
150

=~ —100

g

=
100}

P~

—150
501
L S
0 | PRasl SBR . —200
—200 200

Figure 13. 2-D received power distributions of various SIGINT systems: (a) ground-based system;
(b) airborne system; (c) drone swarm system.
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4. Conclusions

In this paper, we proposed a SIGINT drone swarm system with a 3-D volumetric
self-complementary array configuration. In the proposed system, multiple drones formed
two array layers separated along the boresight direction of the system, providing sufficient
spacing between drones mounting an antenna element. The antenna elements in one array
layer were arranged in a complementary manner to fill empty spaces in the other layer,
allowing the system to maximize the number of drones deployed within the aperture
area. In the proposed array configuration, the effective electrical spacing at 300 MHz was
reduced from 1.7A and 0.9A to 0.85A and 0.45A along the x- and y-axes, respectively. The
array gains of the proposed system were 3.96 dBi, 6.40 dBi, and 15.3 dBi at 100 MHz,
200 MHz, and 300 MHz, respectively, while the SLLs were —13.0 dB, —12.7 dB, and
—13.0 dB. Therefore, the proposed system achieved a high gain similar to that of conven-
tional planar arrays while keeping low SLL values under the operational constraints of
the drone swarm. In addition, the proposed drone swarm SIGINT system was evaluated
in a practical SIGINT environment that considers terrain features, and the detection per-
formance was compared with that of conventional ground-based and airborne SIGINT
systems. In this SIGINT scenario, the proposed system achieved an extended detection
range of 150 km than ground-based and airborne systems. These results demonstrated
that the proposed system provided an extended detection range not only in terms of array
performance but also in practical SIGINT environments.
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