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ABSTRACT In this study, a new spiral dual-band antenna integrated with an optical system for a small
CubeSat spacecraft was proposed. It is challenging to design an antenna with a limited space on a CubeSat
platform. To improve the space utilization, an antenna was designed based on the concept of not occupying
the sides of the CubeSat. A feature of the proposed antenna system is its compactness, dual-band operation in
the L- and S-bands, and possibility of integration with spacecraft cameras. As a result of the study, reflection
coefficients of —18 dB and —23 dB and gain of 6.8 dBi and 7.4 dBi, respectively, were achieved at resonant
frequencies of 1.7 GHz and 2.45 GHz. The conical shape of the spiral antenna allows the optical system to
increase the coverage area, and a simple deployment system with feedback ensures the mission safety. These

properties make the proposed antenna suitable for CubeSat systems.

INDEX TERMS CubeSat antenna, dual-band antenna, earth observation, helix antenna.

I. INTRODUCTION

At present, the use of small spacecraft (SS) and their con-
stellations is gaining increasing popularity for solving urgent
problems related to the study of Earth from space [1], [2].
SSs have a relatively smaller mass than large spacecraft (LS);
they undergo the stages of the life cycle faster, such as design,
construction, manufacturing, and testing, and require signifi-
cantly lower costs.

A Cubesat is a standard for SS proposed at the end of
the last century [3]. Due to their small size, such “micro”
and “nano” satellites are often launched on rockets, which,
according to the plan, put other, more bulky spacecrafts
into orbit [4]. This greatly reduces the cost of obtaining a
modern satellite with a relatively wider functionality. A fea-
ture of CubeSats is the fixed dimensions that change mul-
tiple times; that is, a 1U Cubesat (unit) is a space cube
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of 10 x 10 x 10 cm, and 2U is two cubes (10 x 10 x 20 cm).
1U, 3U, and 6U

were the three most common and relevant modifications
respectively. Nanosatellites have a wide range of applica-
tions, from interplanetary missions to space observations and
communications [5], [6], [7]. A special place is occupied by
remote sensing of Earth (ERS) [8], [9], [10], [11].

Despite their effectiveness, the small size of CubeSats
has forced scientists to seek new ways to solve the existing
problems. It is difficult to insert tools, appliances, or other
equipment into a small apparatus Therefore, the develop-
ment of new solutions for circuits and the miniaturization
of on-board systems, modules, and their optimal locations,
including antenna devices, make it possible to effectively use
the limited space on the surface [12], [13], [14].

Various types of antennas, depending on the mission,
capabilities of the spacecraft, and frequency band, are
used for transmitting and receiving data (Tracking, Teleme-
try and Control (TT&C), image, etc.) in many CubeSats,
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in operation, or under design. Most of the CubeSat missions
used VHF and UHF radio frequency (RF) communications
with typical data rates of 1.2 and 9.6 Kbps for both telemetry
and payload data transmission. As a rule, in the VHF and
UHF bands, wire, tape monopole and dipole antennas are
widely used because of the simplicity of their manufacture
[15], [16], [17], [18]. The typical monopole or dipole sizes
of these bands were larger than those on the surface of the
CubeSat. In [19], to achieve compact dimensions, a curved
meander line located on one side of the substrate was used
for the UHF antenna and a deployable design was used for
the VHF antenna. In [20], a simplified system was devel-
oped using a dual-band VHF/UHF antenna instead of the
standard dual-antenna system commonly used in CubeSats.
Even though VHF and UHF antennas are used in more than
50 % of launched nanosatellite missions [21], they have a
fundamental limiting factor related with downlink speeds.
Therefore, today there is a necessity to switch to higher
frequency ranges (L, S, X, Ka bands) that require appropriate
antennas [22].

Patch antennas, which mainly operate in the L- and
S-bands, are the second most popular because of their low
profile, light weight, and lack of additional deployment
mechanisms [23], [24], [25], [26], [27], [28], [29], [30].
The features of patch antennas have been listed, considered,
and noted in previous review articles [16], [17], [22], [31].
Although the gains in patch antennas are relatively high
compared to wire antennas, they are limited owing to their
structural features and manufacturing technology [32]. In the
same review paper [32], statistical data indicated that heli-
cal antennas allow for even more gain within the VHF to
S-bands compared to patch/planar antennas and can be eas-
ily assembled and deployed. In [33], conical log spiral and
quadrifilar helix antennas (QHA) were used for the UHF
band, as well as a deployment mechanism that includes spiral
pantograph and origami models with a Z-fold configuration.
The study [34] considered the 1U CubeSat mission, which
requires an antenna for bands such as L1, L2, and El, and a
microwave radiometry band (1400-1427 MHz) with a gain
of 8-12 dB. After a review analysis, the authors noted that
among the practically used antennas, the helical antenna is
the most suitable. The papers [35], [36] present and test a
mechanical deployment solution from a stowed configuration
of the same antenna, which allows the antenna to be deployed
from 25.5 mm to 506 mm. In [37] the miniaturization of
a QHA for space applications (TT&C) in the UHF band
was described. Previous studies [38], [39] have described the
principles of the mechanisms of the existing deployable UHF
helical antennas.

Despite their features and functionality, the patch and heli-
cal antennas discussed above have not been integrated into
their designs with other payloads. To date, remote sensing
nanosatellites have used separate locations on the surface
of antennas and at the base of the lenses of optical instru-
ments [40], [41], [42], [43], [44], [45], [46], [47], [48], [49].
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In the 3U nanosatellite Phoenix, built to study the urban heat
island (UHI) using thermal infrared (IR) remote sensing, the
lens base and S-band patch antenna are located on different
sides of a cube [40]. Such an approach to the arrangement
of components requires the physical reorientation of the
spacecraft during the transmission/reception of data. The 6U
Cubesat EIVE considered in [41] has no integrated payloads,
such as S- and E-band antennas and a 4 K camera on its board.
The S-band antennas of the Earth observation nanosatellites
Aalto-1 and GOMX-4 are also located separately from other
subsystems, such as the Attitude Determination and Control
System (ADCS), Spectral Imager (AaSI) and the NanoCam
optical camera [42], [43], [44], occupying a usable area for
solar panels. The 3U nanosatellite RITA considered in [45]
contains an L-band antenna array and a hyperspectral camera
(for vegetation analysis), which are also located separately
on its board. Thus, it can be seen that the integration of the
antenna system with remote sensing equipment for optimiza-
tion purposes is rarely practiced. Only [50] and our previous
paper [51] showed the combined location of a patch antenna
and an optical camera. However, as noted above, patch anten-
nas are only well suited for LEO CubeSats owing to their
directional properties and gain value (relatively low). There
is a need for a more directional antenna with relatively high
gains in cases of missions outside this orbit or where higher
data rate links are required.

In this paper, we propose the L- and S-band cone helical
antenna integrated with an optical camera. A conical shape
was selected to fit the viewing angle of the camera and
provide coverage over a larger area. Unlike the traditional
cylindrical shape, this does not create a static visual hindrance
during shooting. Thus, in this type of integration, each sub-
system — the antenna and the optical equipment for Earth
survey work independently of each other, although they are
structurally combined.

Il. MATERIALS AND METHODS

The proposed L- and S-band spiral antenna is intended for use
in CubeSat nanosatellites used in remote sensing of the Earth
and has a round window for the lens of optical equipment.
The basic configurations and geometric parameters of the
proposed antenna are shown in Fig. 1.

The proposed spiral antenna was simulated using CST
Microwave Studio (2018). A one-sided FR-4 (¢=4.3) mate-
rial with dimensions of 100 mm x 100 mm x 3 mm, with a
window for the optical system in the middle with a diameter
of D = 36 mm, and with cutouts at the corners repeating
the elevations of the end side of the CubeSat case with
dimensions of 9 mm x 9 mm were used as antenna substrate.
Brass (91%) with a thickness of d=1 mm and the SMA
vertical mount connector as the power port were chosen as
the spiral material. In this case, the spiral has the shape of a
cone, that expands as the height increases. The minimum and
maximum radii of the spiral circles were r; and r, respec-
tively. The power to the antenna emitter is supplied at point P
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FIGURE 1. The model of the proposed spiral antenna, (a) - side view,
(b) - top view.

FIGURE 2. A prototype antenna attached to a 3U CubeSat body.

and transmitted to the spiral via an L-shaped microstrip line
with overall dimensions of 6.9 mm x 8.5 mm (Fig. 1 (b)).
The antenna was designed to be attached to the end side of

VOLUME 11, 2023

a nanosatellite in the same direction as that of remote sensing
camera (Fig. 2).

Simultaneously, the research team chose a compact low-
turn version instead of a multi-turn (N>3) spiral because
of the peculiarities of the antenna configuration, where the
antenna with a helical receiver was located outside the end
part of the nanosatellite, without taking up space inside the
spacecraft. At the same time, the assembled antenna must not
be higher than the “legs” of the CubeSat located at the four
corners of the end part. Fig. 3 shows the dimensions of the
assembled spiral antenna, where the height of the antenna is
5.5 mm and does not exceed the height of the “legs” (7 mm).

Calculations of the resonant frequencies of the proposed
antenna were carried out for the axial mode of radiation,
where the circumference of the spiral antenna is C &~ A [52].
Due to the presence of two turns of unequal size, two resonant
frequencies were formed. The radiation of the first resonant
frequency fi of the antenna is related to the total physical
length of the spiral and it is determined as follows:

fi

Cc C

C|+ % 2y + 2”3r2

ey

where c is the speed of light, Cy, Coare the circumferences
of the small and large turns, respectively, rq, rp are the radii
of the small and large turns, respectively (Fig. 1(a)). Here, C2
is divided by 3, since the length of the second turn is 1/3 of
the whole circle. The frequency of the second resonance f; is
determined accordingly by the formula:

f

¢ <
- Ci T 27 ry’
As a result of calculations according to formulas (1) and

(2), the resonant frequencies f1 &~ 1.7 GHz and f, ~ 2.45GHz
were determined.

©))

FIGURE 3. Dimensions of the assembled antenna.

Fig. 4 shows the dependences of the resonant frequencies
on the geometric parameters of the antenna, as a result of
which the most optimal parameters were selected (Table 1).
According to Fig. 4(a), as the distance between the turns of
the spiral S increases, the resonant frequencies shift down-
ward. However, there was a less obvious shift in the first
resonant frequency. In the case of an increase in the angle
of expansion of the spiral cone 6 (Fig. 4(b)), both resonant
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FIGURE 4. Optimization of antenna parameters, (a) - the effect of the
length of the distance between the turns of the spiral S on the resonant
frequencies, (b) - influence of the spiral expansion angle ® on resonant
frequencies.

frequencies exhibited an even-dimensional downward shift
with a deterioration in the reflection coefficient.

The conical shape of the spiral antenna corresponded to the
viewing angle of the camera. The width of the swath (S) avail-
able on the market in (many) optical cameras and multispec-
tral imagers ranges from 5 to 195 km for height H=500 km
[53], [54]. With such parameters, the values of scan angle («)
lie in the range from 1° to 30°, which can be calculated using
the following formula (3) [55]:

S=2mem%y 3)

For example, when shooting a NanoCam C1U [56] with a
focal distances of 35/70 mm, the scan angle is 63/34°, respec-
tively. Thus, the opening angle of the proposed antenna,
which is equal to 70°, exceeds the viewing angle of existing
optical cameras, thereby does not create visual interference
during scanning.
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TABLE 1. The antenna design parameters.

Parameters Explanation (unit) Value
A Total height of the spiral (mm) 10
S Distance between turns (mm) 7.7
d Wire diameter (mm) 1
0 The angle of inclination (°) 35
h Substrate thickness (mm) 3
N Number of turns 1.33
I The minimum radius of the spiral 19.5

(mm)
r 26.5
The maximum radius of the spiral
(mm)

FIGURE 5. Block diagram of the measuring complex, 1 - rotary system,
2 - CubeSat frame, 3 - proposed antenna, 4 - special measuring antenna,
5 - analyzer N9915A.
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FIGURE 6. The appearance of the measuring complex.

MS46121A vector analyzer, RF signal generator NI PXIe-
1065, and the spectrum analyzer Agilent N9340B were used
to study S;; parameter, Axial Ratio (AR) and Gain of the
antenna. Physical measurements were performed in an ane-
choic chamber to determine the antenna characteristics. Fig. 5
and Fig. 6 show the block diagram and the measuring com-
plex to obtain radiation pattern respectively. A 3U CubeSat
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FIGURE 7. The antenna in the assembled state (a) and electrical circuit of
the deployment system (b).

frame 2"’ was attached to the upper part of the rotary system
“1”” along with the antenna ““3”. By installing them in this
way, we also aimed to determine the effect of the metal body
of the spacecraft on the antenna pattern. A special measuring
antenna “‘4” with known characteristics was used. The height
hy of both antennas from the ground was 1 meter. If we
consider the condition hg >> A, then this height is sufficient
to minimize the influence of reflective metals. The data were
measured and recorded using the analyzer N9915A “5” in
5-degree increments using a rotary system. The distance
between the antennas R is 1 meter, which fully satisfies the
condition of the far field (R 22)%2, where L is the maxi-
mum overall size of the antenna) for resonant frequencies of
1.7 GHz and 2.45 GHz.
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FIGURE 8. Results of modeling (dashed line) and measurements (full
line) of the antenna’s reflection coefficient.

To study the gain (G) of the antenna, a method using three
antennas was applied [57], where there are:

a) The proposed antenna;

b) An antenna with a known Reference Gain (Gger) indi-
cator operating at a given frequency;

c¢) The third antenna operates within a given range (it can
be used with unknown gain).

At the first measurement, considering the boundary con-
ditions of the study, a signal is transmitted using an
antenna (b) and received using the antenna (c). The power
level of received signal is designated as the Reference
Level (Lger). Subsequently, without changing the condi-
tions, the cables, connectors/adapters, and antenna (b) were
changed to antenna (a), and the operation was repeated. The
received power level of signal was recorded as the Measured
Level (Lpzeqs)- Using the obtained data, the antenna gain is
calculated as follows:

G (dB) = GRef + (LMeas - LRef) . 4)

To study the polarization of the antenna, a method for mea-
suring the axial ratio of antennas based on the rotation of the
polarization was used [58].

A. ANTENNA DEPLOYMENT SYSTEM

Owing to configuration features of the proposed antenna,
in which the emitter is a spiral of a certain height, it does not
fit the height of the legs of the end part of the nanosatellite
when opened. A spacecraft must be assembled before it is
separates from the launch container. A deployment system
was developed using the Altium Designer software environ-
ment. The features of this assembly/disclosure system include
the simplicity of implementation and sufficient design relia-
bility. The spiral antenna was loaded in a specific area on the
board between the output heating resistors. Since the spiral
antenna structure has the property of a tension spring, it must
be fixed with a nylon thread around the spiral wire and heating
resistors.
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FIGURE 9. The results of modeling 3D antenna radiation patterns at
frequencies of 1.7 GHz (a) and 2.45 GHz (b).

The heating resistors serve simultaneously as a starting
element for opening the antenna and guiding for proper fold-
ing, and between the heating resistors, there is a hole for a
reference point for tightening the antenna. When the antenna
was tightened and folded correctly, the end of the spiral was
mated to a special end cap (SW1) (Fig. 7 (a)), which provided
a feedback signal when opening. To open the antenna, power
was supplied to the resistors, and the resistor in turn ignited
and cut the nylon thread by fixing the antenna. Subsequently,
owing to the elasticity of the spiral, it opens, and the end
cap signals the success or failure of the disclosure. If the
antenna is not opened in the first attempt, the operation can
be repeated. The electrical circuit of the disclosure system
is shown in Fig.7(b). The resistors (R1, R2, R3, and R4)
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FIGURE 10. Results of simulation (dashed red line) and measurements
(full blue line) of E-plane (a) and H-plane (b) of the 2D radiation pattern
of the antenna at a frequency of 1.7 GHz.

were heated by opening the gate of the n-channel field-effect
transistors (Q1, Q2) that closed the circuit to the ground. The
heating control signal was supplied via a bayonet connector
with a pitch of 2.54 mm (X1). Output resistors with a nominal
value of 22 Ohm and dissipation power of 0.25 W were
selected as the heating resistors, and DMG2302 (Q1, Q2)
field-effect transistors in the SOT23 housing for the SMD
mounting were also selected. D3SH-A 1R was used as a side-
locking end cap (SW1). All other passive radio components
were selected for SMD mounting using a 0603 housing.

Ill. RESULTS

This section describes the results of the measurements and the

research on the main characteristics of the prototype antenna.
Fig. 8 shows the results of modeling and physical measure-

ment of parameter S11, according to which, in the selected

area, the antenna has two resonances with center frequencies
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FIGURE 11. Results of simulation (dashed red line) and measurements
(full blue line) of E-plane (a) and H-plane (b) of the 2D radiation pattern
of the antenna at a frequency of 2.45 GHz.

fi =1.7GHzand f, =2.45 GHz. If at a frequency of 1.7 GHz
the reflection coefficient is about -25 dB, then at a fre-
quency of 2.45 GHz it shows about -19 dB, with the achieve-
ment of -10 dB with impedance bandwidths of 80 MHz
(1660 MHz-1740 MHz) and 210 MHz (2390 MHz -
2600 MHz), respectively. The computer simulation and mea-
surement data were consistent except for a small offset at the
first resonant frequency.

Fig. 9 shows the results of modeling a 3D antenna pattern
at frequencies of 1.7 GHz and 2.45 GHz. According to the
figures, the maximum radiation is directed along the Z-axis
and shows the maximum gain values of 7.17 dBi and 8.28 dBi
at the first and second resonant frequencies, respectively.
Fig.10 shows the 2D radiation patterns of the E-plane (a) and
H-plan (b) at a frequency of 1.7 GHz. According to the
figures, the direction of the maximum radiation coincides
with the direction of sight with an aperture of —3 dB at
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FIGURE 12. Polarization diagrams in resonant frequencies of 1.7GHz
(a) and 2.45 GHz (b).

approximately 70° in the E and H-planes, respectively. As a
result of the measurement at the selected frequency, the
maximum gain of 6.8 dBi was achieved. Fig. 11 shows 2D
radiation pattern on the E-plane (a) and H-plane (b) at a
frequency of 2.45 GHz. At this frequency, the -3 dB aperture
has a width of approximately 60°. In addition, a maximum
gain of 7.4 dBi was achieved at this frequency. At the same
time, there is a slight discrepancy between the simulation
and measured results. This is since during physical measure-
ments, the antenna was integrated with the CubeSat body
(Fig. 6), which led to some small changes in the shape of
the radiation pattern. At the same time, the shapes of the
main lobes coincide. The results of the modeling and mea-
surements at both frequencies were in good agreement.

Fig. 12 shows polarization diagrams of the resonant fre-
quencies. The red arrows show the components of the ampli-
tudes, that is major and minor axes in orthogonal directions.
Axial ratio was found, as a result of which the types of
polarization were determined. For the first resonance with
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TABLE 2. Comparative characteristics of antennas.

Reference Type of Size (in the Resonant Measured
antenna deployed frequencies peak gain
state) (MHz) (dBi)
[23] patch 38.5 mm 2060 5.5
x43.5 mm %
2.1 mm
[25] patch 96 mm x 96 2450 3.7
mm X 2.1 mm
[34] Helix 87 mm x 87 1575 11.15
mm x 27.5
mm (515
mm)
[51] patch 100 mm x 2010 2
100 mm x 6.8 2200 4
mm
Proposed antenna Helix 100 mm x 1690 6.8
100 mm x 5.5 2450 7.4

mm (13 mm)

a frequency of 1.7 GHz, the AR values was 25 dB, and for
the second resonance, it was 10 dB. From these data, as well
as from the shape and angle of the polarization diagrams,
at the first resonance, the antenna has a polarization closer
to linear (Fig. 12(a)), since its orthogonal components have
a large difference in amplitudes, and at the second resonance
the type of polarization is closer to circular (Fig. 12(b)). The
presence of such types of polarization is explained by the
fact that the antenna has different radii at the turns and has a
small number of turns (N<3), which does not allow to obtain
circular polarizations in both bands.

The Table 2 shows the results of comparing the character-
istics of the proposed antenna and some of the antennas from
the references.

According to Table 2, the proposed antenna is inferior in
compactness to the patch antennas [23], [25], [S1], but it has
a higher gain. In addition, the proposed antenna, along with
the antenna from [51], has a dual-band gain compared to
the other considered antenna. Compared to antenna system
in [34], the proposed antenna is more compact and can be
integrated with the CubeSat camera, although it has a slightly
lower gain. Given these characteristics, it can be assumed that
the proposed antenna can be used in CubeSat spacecraft for
remote sensing missions.

IV. CONCLUSION

In this study, a compact, dual-band helical spiral antenna
integrated with a CubeSat optical system for remote sens-
ing missions was investigated. A prototype of the designed
antenna system has been fabricated and measured. The sim-
ulated results and measured results show good agreement.
A distinctive feature of the antenna is its compactness in com-
parison to existing analogs. The antenna can be attached to the
end side of the nanosatellite together with the camera, without
using additional space in the side area, thus providing space
for the solar panels or other equipments. Given the limited
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size of CubeSats, the antenna that we offer allows for efficient
use of the surface. The antenna operates in the L- and S-bands,
where the reflection coefficient is much lower than —10 dB,
VSWR is lower than 2, and gains of 6.8 dBi and 7.4 dBi are
achieved, respectively. In summary, the dual-band deployable
antenna system proposed in this study, which demonstrate
excellent performance and reliability, as well as simplicity of
manufacture and deployment system, compact dimensions,
can be used in similar Remote Sensing CubeSat applications.
In future we are going to do space environment tests, such
as vibration, thermal vacuum cycling, and thermal shock of
proposed antenna. In addition, the scientific group plans to
develop antenna arrays based on the proposed configuration
in the future.
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