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Abstract — A compact super-wideband (SWB)
Hilbert Slot Antenna (HSA) is designed and
simulated in this work for high-frequency satellite
and CubeSat communication systems. The proposed
antenna provides wide impedance matching at
24.66—62.59 GHz covering the entire 5G Frequency
Range 2 (FR2) band and extending into the lower
mmWave spectrum suitable for satellite links. The
antenna was designed based on a third-order Hilbert
fractal curve, achieving electrical miniaturization
while maintaining wide bandwidth and high gain.
Despite  its compact  structure (7.31 mm
x7.31 mmx 0.508 mm), the antenna provides a
simulated peak gain of 7.35 dBi, stable radiation
patterns and a wide impedance bandwidth of
~38 GHz. The antenna is designed on a low-loss semi
flexible substrate (Rogers RT/Duroid 5880), to
facilitate its integration into deployable structures or
curved surfaces in CubeSat missions. The use of a
Hilbert fractal geometry allows for antenna
miniaturization while supporting broad bandwidth
and stable gain, features that align well with CubeSat
communication demands where space and weight
are limited.

I. INTRODUCTION

Cube Satellites, or CubeSats, revolutionize satellite
technology with 10-centimeter (1U) sides. They are cost
effective and very practical for student’s projects. They
attracted aerospace companies, researchers, institutes,
and governments worldwide due to their small size and
standard form factors (1U, 2U, 3U, etc.) [1]. They
facilitate the process of many scientific, commercial,
and educational missions where they can reach orbit
quickly and cheaply [2].

CubeSats can communicate with each other and form a

swarm to monitor and sense enormous areas. CubeSats
need broadband, compact, high-gain antennas to
communicate with each other and the ground station.
However, CubeSats' limiting size and weight create
major antenna design problems. Optimizing radiation
performance requires compact, lightweight antennas
with high gain and wide bandwidth [1,3].

To achieve the development in millimetre-wave
communication systems, efficient compact antennas
with super-wideband (SWB) frequency range (all the
FR2) capabilities are required. These antennas offer low
cost, size, and high performance in terms of high gain
and high data rate which is very important for high-
speed communication [4,5].

For CubeSat satellite communication systems, antennas
play an important role for data transmission between the
satellite and ground stations or other spaceborne
platforms. CubeSat antennas must be designed to
provide wide bandwidth (BW), high gain, compact size,
low profile, and mechanical robustness to withstand the
harsh space environment [3]. Different antenna types are
proposed in the literature for CubeSat communication;
details can be found in [3,6,7].

The advantage of using fractal antennas for modern
wireless communication systems such 5G, Bluetooth,
WLAN, GPS, and CubeSat nanosatellites is explained in
[8]. The iteration of fractal geometries improves the
BW, multiband operation, performance and
compactness. Zhanabaev and Sierpinski carpet fractals
are designed and simulated using Ansys HFSS resulting
in acceptable matching, gain, and radiation pattern
characteristics.

A compact S-band (2.25-2.45 GHz) Koch curve fractal
microstrip antenna is designed in [9] for CubeSat
communication. The antenna was designed based on
second iteration of the Koch snowflake on FR-4
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substrate achieving maximum gain of 4.39 dBi and
omnidirectional radiation pattern which in turns
ensuring reliable communication without the need for
attitude control. This makes the proposed antenna a
good candidate for CubeSat structural constraints in
terms of size, weight, and integration simplicity,
demonstrating the effectiveness of fractal geometries for
achieving compact, wideband, and efficient antennas in
small satellite systems. A square Koch fractal slot
antenna for CubeSat UHF telemetry, tracking, and
command (TT&C) applications was presented by [10].
The design, fabricated on both FR4-G10 and Cuclad 250
substrates, operates at 458 MHz and fits within the 10 x
10 cm CubeSat face. The FR4-G10 version
demonstrated cost-effective and reliable performance
with Si1 =—16.53 dB, 22.62 MHz bandwidth, VSWR =
1.35, and directivity = 2.24 dBi. The antenna’s second-
iteration Koch fractal geometry helps in reducing the
size while maintaining omnidirectional radiation and
this reflects its compatibility with CubeSat structures
and solar panel integration, highlighting the practicality
of fractal slot designs for low-cost CubeSat UHF
communication systems.

A dual-band (S-band ) patch antenna integrated with an
optical imaging system for Earth-observation CubeSats
was proposed by [11]. The antenna is designed to match
the end face of the CubeSat, enabling -efficient
integration with onboard imaging systems. Based on
double-sided FR-4 glass epoxy, the antenna provides
gains of 1-4 dBi and 0.85-2.15 dBi at its two resonant
frequencies 2.04 GHz and 2.45 GHz, respectively. Its
compact size, low cost, dual-band operation, and system
integration allow the CubeSat to use a single face for
multiple functions, freeing other surfaces for solar
energy generation. The consistent simulation and
measurement results demonstrate the effectiveness of
anisotropic  fractal-inspired patch geometries in
enhancing CubeSat subsystem efficiency.

In [12], Ismail's entropy which is a generalized version
of Shannon, Tsallis, and Rényi entropies that connects
information theory and fractal geometry, was proposed.
The study emphasized the applicability of this fractal-
based model to educational applications and CubeSat
technologies, as well as its potential to describe both
short- and long-range interactions. This study
demonstrated the increasing significance of fractal
principle in developing small and effective space
communication system designs.

Due to their unique advantages, Hilbert Slot Antennas
(HSAs)—including compact geometry, wide operating
BW, high radiation efficiency, and ease of integration
with CubeSat structures—are excellent candidates for
CubeSat communication payloads [8,12,13]. The fractal
configuration of Hilbert antennas (HAs) allows
significant miniaturization while maintaining stable
performance across wide frequency bands, making them
ideal for both uplink and downlink communication links
in small satellite systems. Furthermore, their design

supports mechanical stability and radiation consistency
under environmental stresses such as vibration,
temperature variation, and launch shock [3]. These
characteristics position HSAs as a promising alternative
to conventional antenna designs for next-generation
CubeSat satellite communication systems.

Several mmWave fractal antennas have been developed
for 5G and related applications, demonstrating the
advantages of compact size, wide BW, high gain, and
multi-band operation. Designs include tree-shaped,
Koch, Hilbert, Minkowski, Sierpinski, and circular
fractals, implemented as single antennas, arrays, or
MIMO systems, and optimized using techniques such as
defected ground structures (DGS), substrate-integrated
waveguides (SIW), and artificial intelligence algorithms
[14-25]. These antennas cover frequencies from 15 GHz
to 61 GHz and have been applied in wearables, vehicular
communications, IoT devices, and terrestrial 5G
networks, achieving gains ranging from 2 to 10 dBi,
bandwidths spanning several GHz, and high radiation
efficiency. However, no studies have explored
mmWave fractal antennas for CubeSat communication,
leaving an opportunity to exploit fractal geometries for
compact, wideband, high-gain satellite antennas.

In this work, a compact super-wideband (SWB) Hilbert
Slot Antenna (HSA) is proposed for high-frequency
satellite and CubeSat communication systems using
Computer Simulation Technology (CST). The antenna
operates across 24.66—62.59 GHz, effectively covering
the entire 5G Frequency Range 2 (FR2) spectrum and
extending into the lower mmWave bands relevant for
emerging satellite links. The antenna provides compact
footprint (7.31 x 7.31 mm?), super wide BW of 37.93
GHz and peak gain of 7.35 dBi. The semi flexible
Rogers RT/Duroid 5880 substrate is used to ensure
robust performance and enables potential integration
into deployable or conformal CubeSat structures.

In addition to this Section, Section II addresses the
design development of the proposed HSA. Section III
presents the outcomes, while Section IV provides the
conclusion of the work.

II. DESIGN AND ANALYSIS

A Hilbert curve with n > 1 promotes electrical
compactness by increasing electrical length while
retaining exterior dimensions. A meandering line is
used, but the iterations' segments excite more
resonances, resulting in multi-band operating
frequencies and a broader bandwidth. First, divide the
unit square into four half-squares to get the Hibert curve
[26,27]. Next, scale down, rotate, or reflect the original
curve to generate a space-filling curve for each sub-
square. Choose reflection and rotation procedures so
that the four partial curves can be joined to maintain
continuity. Fig. 1 shows the Hibert curve construction
from the unit square (n=1) to three-unit squares.

Following the design procedure in [13], The proposed
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HSA was designed using the third-order Hilbert fractal
geometry to achieve compactness and broad impedance
bandwidth across the 24—64 GHz range.

(a) (b) (©)
Fig. 1. Geometry of Hilbert curve (a) n=1, (b) n=2 and
(c) n=3[27]

The final optimized design is shown in Fig. 2, integrates
a modified ground plane, an etched matching slot, and
extended patch edges to achieve superior performance.
Results are discussed in the next section.
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Fig. 3. The proposed SWB HAS with its optimized
dimensions

III. RESULTS AND DISCUSSION

As shown in Fig. 4(a), the proposed SWB HAS provides
broad impedance matching across the operational
mmWave spectrum (S;; < -11.34 dB at 15.96-<-12.18,
24.66— 62.59=37.93 GHz) although of it its small size
(7.31 mm x 7.31 mm). This matching can be explained
in Fig. 4(b) where the real and imaginary components
oscillate around 50 Q and 0 Q, respectively. As shown
in Fig. 4(c), the simulated gain increases steadily with
frequency, reaching 3.9 dBi at 34 GHz and peaking at
7.35 dBi at 56.5 GHz, indicating excellent radiation
performance. The simulated radiation efficiency ranges
from 74.38% to 97.17%.

Because of the semi flexible Rogers RT/Duroid 5880
substrate, the proposed HAS is easily integrated into
compact or curved CubeSat structures. In addition to
that, its super BW (37.93 GHz), compactness, and high
gain ensure efficient power transfer and reliable signal
transmission.  This making it good candidate for
CubeSat communication systems, where space and
weight constraints are critical design considerations.
The 3D radiation patterns of the proposed antenna at 28
GHz, 38 GHz, 48 GHz and 58 GHz are shown in Fig.
5(a), 5(b), 5(c) and (d), respectively. The antenna
provides quasi-directional patterns with stable main

lobes oriented along the z-axis which in turns ensures
reliable communication links for CubeSat applications,
maintaining efficient transmission toward the ground
station despite satellite attitude variations.
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Fig. 4. The simulated (a) Si1, (b) input impedance, and
(c) maximum realized gain with radiation efficiency of
the proposed SWB HAS.
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Fig. 5. The simulated 3D radiation patterns of the
proposed SWB HAS at (a) 28 GHz, (b) 38 GHz, (c) 48
GHz, and (d) 58 GHz.

IV. CONCLUSIONS

In this study, a 5G FR2 compact super-wideband (SWB)
Hilbert Slot Antenna (HSA) was effectively designed
and simulated using CST for high-frequency satellite
and CubeSat communication systems. The proposed
HSA provides super wide impedance matching of the
24.66-62.59 GHz, compact dimension (7.31 mm x 7.31
mm x 0.508 mm), stable radiation patterns, and high
peak gain of 7.35 dBi. The low-loss Rogers RT/Duroid
5880 substrate guarantees compatibility with flexible or
curved CubeSat surfaces, while the utilization of a third-
order Hilbert fractal geometry facilitated substantial
miniaturization without sacrificing performance.

For future work, the antenna will be fabricated and its
results will be measured to validate the simulated ones.
Further optimization can also explore array
configurations and integration with  CubeSat
communication modules to enhance link reliability and
coverage.

V. REFERENCES

[1] S. Abulgasem, “High Gain Antennas for
Communication between CubeSat and Ground
Station,” Thesis, University of Wollongong.,
2025. doi: 10.71747/uow-
r3gk326m.29311067.v1.

[2] T. Saeidi, S. Saleh, and S. Karamzadeh,
“Miniaturized and Circularly Polarized Dual-
Port Metasurface-Based Leaky-Wave MIMO
Antenna for CubeSat Communications,”
Electronics (Switzerland), vol. 14, no. 14, Jul.
2025, doi: 10.3390/electronics14142764.

[3] T. Saeidi and S. Karamzadeh, “Enhancing
CubeSat Communication Through Beam-
Steering Antennas: A Review of Technologies
and Challenges,” Feb. 01, 2025,
Multidisciplinary Digital Publishing Institute
(MDPI). doi: 10.3390/electronics14040754.

[4] X. Meng, J. Li, D. Zhou, and D. Yang, “5G

[3]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

technology requirements and related test
environments for evaluation,” China
Communications, vol. 13, no. Supplement2, pp.
42-51, 2016.

H. Al Jamal, C. Hu, E. Kwao, K. Zeng, and M.
M. Tentzeris, “Toward 5G/mm-Wave Shape-
Changing Origami-Inspired Phased Arrays for
Near-Limitless ~ Arbitrarily = Reconfigurable
Radiation Patterns: Realization, Actuation, and
Calibration,” IEEE Trans Microw Theory Tech,
2024, doi: 10.1109/TMTT.2024.3463484.

S. Abulgasem, F. Tubbal, R. Raad, P. L
Theoharis, S. Lu, and S. Iranmanesh, “Antenna
Designs for CubeSats: A Review,” 2021,
Institute of Electrical and Electronics Engineers
Inc. doi: 10.1109/ACCESS.2021.3066632.

Y. Rahmat-Samii, V. Manohar, and J. M.
Kovitz, “For Satellites, Think Small, Dream
Big: A review of recent antenna developments
for CubeSats,” Apr. 01, 2017, IEEE Computer
Society. doi: 10.1109/MAP.2017.2655582.

B. Karibayev, N. Meirambekuly, T.
Namazbayev, B. Kozhakhmetova, K.
Chizhimbayeva, and A. Kulakayeva, “The
Possibilities of Using Fractal Antennas in
Modern Wireless Communication
Technologies,” in SIST 2023 - 2023 IEEE
International Conference on Smart Information
Systems and  Technologies, Proceedings,
Institute of Electrical and Electronics Engineers
Inc., 2023, pp- 184-188. doi:
10.1109/SIST58284.2023.10223571.

O. F. G. Palacios, R. E. D. Vargas, J. A. H.
Perez, and S. B. C. Erazo, “S-band koch
snowflake fractal antenna for cubesats,” in 2016
IEEE ANDESCON, 1EEE, 2016, pp. 1-4.

J. Simon et al., “A second-iteration square koch
fractal slot antenna for UHF downlink telemetry
applications in cubesat small satellites,” Int J
Antennas Propag, vol. 2020, 2020, doi:
10.1155/2020/9672959.

N. Meirambekuly et al, “Dual-band optical
imaging system-integrated patch antenna based
on anisotropic fractal for earth-observation
CubeSats,” Ain Shams Engineering Journal,
vol. 13, no. 2, Mar. 2022, doi:
10.1016/j.asej.2021.07.010.

D. I. A Mageed, “Fractal Dimension of Ismail’s
Third Entropy with Fractal Applications to
CubeSat Technologies and Education,” Feb. 19,
2024. doi: 10.20944/preprints202402.0954.v1.
S. Saleh, T. Saeidi, N. Timmons, C. McDaid,
and S. Karamzadeh, “Semi-Flexible Compact
Wi-Fi 6E Hilbert Curved Based Antenna for
Wearable  Applications,” in 2025 6th
International Conference on Bio-engineering
Jfor Smart Technologies (BioSMART), 2025.

W. Li, W. He, Z. Lai, and S. Liu, “Study of A

43" ESA Antenna Workshop on Antenna Technologies Bridging Legacy and New Space
20 - 23 October 2025 at ESA-ESTEC in Noordwijk, The Netherlands.



[15]

[16]

[17]

[18]

[19]

[20]

(21]

(22]

(23]

28-GHz tree-shaped fractal millimeter wave
antenna,” in /OP Conference Series: Earth and
Environmental Science, 10P Publishing Ltd,
Sep. 2020. doi: 10.1088/1755-
1315/558/5/052026.

M. U. Tahir, U. Rafique, and M. M. Ahmed,
“Rhombus-Inscribed Circular Ring Fractal
Array Antenna for Millimeter-Wave 5G
Applications,” Int J Antennas Propag, vol.
2022, 2022, doi: 10.1155/2022/8254785.

Y. Feng et al., “An ISGW-based 5G millimeter
wave ultra-bandwidth, high-gain fractal
magnetic dipole antenna,” in [EEE MTT-S
International Microwave Workshop Series on
Advanced Materials and Processes for RF and
THz Applications, IMWS-AMP 2022 -
Proceedings, Institute of Electrical and
Electronics Engineers Inc., 2022. doi:
10.1109/IMWS-AMP54652.2022.10106919.

S. M. Rizvi Jarchavi et al., “A High-Gain Quasi-
Fractal Antenna with Wide Range Operation for
5G Applications over V-Band Spectrum,” in
2022 IEEE-APS Topical Conference on
Antennas and Propagation in  Wireless
Communications, APWC 2022, Institute of
Electrical and Electronics Engineers Inc., 2022,
pp. 99-102. doi:
10.1109/APWC49427.2022.9899930.

N. K. Mallat, A. Jafarieh, H. Noorollahi, and M.
Nouri, “A Novel Fractal Arrow-Shaped
mmWave Flexible Antenna for IoT and 5G
Communication Systems,” 2022.

R. Karanam and D. Kakkar, “Artificial neural
network optimized ultra wide band fractal
antenna  for  vehicular  communication
applications,”  Transactions on Emerging
Telecommunications Technologies, vol. 33, no.
12, Dec. 2022, doi: 10.1002/ett.4620.

S. ENAHORO, S. C. EKPO, M. UKO, S.
ALABI, F. ELAS, and R. Unnikrishnan, “A
Metamaterial-Grounded Ultra-Wideband
Cross-Fractal MIMO Antenna for K, Ka, and
mmWave Applications,” Ka, and Mmwave
Applications, 2023.

H. Imane, B. Mohammed, and B. R. Ilyas,
“Antenna design based on fractal geometry
compact for several application on 33Ghz and
35 Ghz,” Przeglad Elektrotechniczny, no. 9, pp.
247-251, 2024, doi: 10.15199/48.2024.09.48.
K. Shet, G. S. Karthikeya, and H. S. Suraj, “A
wideband probe-fed low cost mm wave fractal
antenna array for 5G,” in Journal of Physics:
Conference Series, IOP Publishing Ltd, Dec.
2020. doi: 10.1088/1742-6596/1706/1/012094.
A. Raj and D. Mandal, “Design and Analysis of
Sierpinski Fractal Antennas for Millimeter-
Wave 5G and Ground-Based Radio Navigation
Applications,” Transactions on Emerging

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Telecommunications Technologies, vol. 35, no.
11, Nov. 2024, doi: 10.1002/ett.70001.

A. Raj and D. Mandal, “Design and
performance analysis of fractal slot array
antenna for advanced 5G  mm-wave
applications,”  International — Journal  of
Electronics, 2024, doi:
10.1080/00207217.2024.2408788.

P. Garu and W. C. Wang, “Design and Analysis
of a PDLC-Based Reconfigurable Hilbert
Fractal Antenna for Large and Fine THz
Frequency Tuning,” Micromachines (Basel),
vol. 13, mno. 6, Jun. 2022, doi:
10.3390/mi13060964.

A. Mondir, M. Ali Ennasar, L. Setti, and F.
Mustapha, “Design, Analysis, of High
Performance Antennas for 5G Communications
Analysis Using WCIP,” 2023.

A. Kaur Sidhu and J. Singh Sivia, “Design of
Wideband Fractal MIMO Antenna using
Minkowski and Koch Hybrid Curves on Half
Octagonal Radiating Patch with High Isolation
and Gain for 5G Applications,” 2023.

A. Raj and D. Mandal, “Comparative Analysis
of the 2X2 Patch Antenna Array with Modified
Fractal Antenna for 5G Communication and
Wireless  Applications,” in 2022 IEEE
Microwaves, Antennas, and Propagation
Conference, MAPCON 2022, Institute of
Electrical and Electronics Engineers Inc., 2022,
pp- 670-675. doi:
10.1109/MAPCONS56011.2022.10046924.

N. Bisht, P. K. Malik, S. Das, T. Islam, S. Asha,
and M. Alathbah, “Design of a Modified MIMO
Antenna Based on Tweaked Spherical Fractal
Geometry for 5G New Radio (NR) Band N258
(24.25-27.25 GHz) Applications,” Fractal and
Fractional, vol. 7, no. 10, Oct. 2023, doi:
10.3390/fractalfract7100718.

R. Kassym et al, “DEVELOPMENT A
NOVEL DESIGN OF MINIATURIZED
HEPTAGONAL KOCH FRACTAL WIDE
BAND ANTENNA FOR 5G MM WAVE AND
I0OT APPLICATIONS,” Eastern-European
Journal of Enterprise Technologies, vol. 3, no.
5(129), pp. 6-14, 2024, doi: 10.15587/1729-
4061.2024.306712.

, Ngozi Peggy machine-to-machine
communication, S. I. Orakwue, and M. L
Ehikhamenle, “Design of a Tri-band Minkowski
Fractal MIMO Antenna for FR2 5G
Applications,” Journal of Engineering Research
and Reports, vol. 26, no. 9, pp. 190-205, Sep.
2024, doi: 10.9734/jerr/2024/v26i91272.

43" ESA Antenna Workshop on Antenna Technologies Bridging Legacy and New Space
20 - 23 October 2025 at ESA-ESTEC in Noordwijk, The Netherlands.



