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Abstract

This thesis presents the development of an antenna to transmit telemetry from ORCASat, a two-unit
CubeSat. The research includes four alternatives, followed by the in-depth analysis, manufacturing,
and testing in an anechoic chamber of the selected configuration. The chosen design operates at 2.4
GHz and combines two Planar Inverted-F Antennas (PIFA) in a crossed configuration with a feeding
port in the center and two shorting pins to tune the central frequency. This novel antenna design
offers a linear polarization omnidirectional radiation pattern identical to a dipole antenna, but in
a flat form factor, and without the need for a deployment system. Thus, the antenna eliminates
deployment-associated risks and complexities. When mounted on the satellite end face, the antenna
radiation pattern allows communication with Earth for every orientation of the satellite, making this
design advantageous when dealing with the initial tumbling phase. Simulations of the antenna show a
maximum gain of 2.8 dBi, a reflection coefficient of -29 dB at the 2.46 GHz working frequency and a
10 dB bandwidth of 54 MHz. The prototype was tested with a Virtual Network Analyzer (VNA) and
the measured central frequency was 2.37 GHz, an error of 3.6%. The results in the anechoic chamber
prove that the radiation pattern is omnidirectional.
Keywords: CubeSat, antenna, PIFA, radiation pattern.

1. Introduction

The space and telecommunication industries are
booming and CubeSat projects such as ORCASat
present an opportunity for university students to
be part of these scientific and engineering develop-
ments.

ORCASat stands for Optical Reference Calibra-
tion Satellite. The payload of the two-unit (2U)
CubeSat uses a laser to calibrate observation sys-
tems, eliminating measuring errors related with at-
mospheric interference. On-board of the satellite
the intensity of the emitted light beam is registered,
which is then compared with the value measured in
the observatory in order to determine the effects of
the atmospheric interference.

This project has the Canadian Space Agency
(CSA) as the main stakeholder and it is led by the
University of Victoria (UVic) Centre for Aerospace
Research (CfAR).

This master thesis focuses on the development of
alternate antenna designs for the ORCASat that
do not require a deployment system, eliminating
deployment associated risks and complexities, and
prove to be tumbling resistant, meaning that the
connection with the ground station is secured re-

gardless of the orientation of the CubeSat.

The selected antenna alternative is designed for
the next iteration of ORCASat, since the current
CubeSat is in the final stages of development and
is due to launch in 2022.

2. Background and Requirements

A brief recap of antenna theory is presented, fol-
lowed by the antenna requirements for the OR-
CASat project and three examples of commonly
used antennas for CubeSat applications.

2.1. Antenna Theory

According to the IEEE Standard Definitions of
Terms for Antennas (IEEE Std 145–2013), an an-
tenna is the component of a transmitting or receiv-
ing system that radiates or receives electromagnetic
waves [12].

The Return Loss (RL) is the ratio of the power
reflected at the antenna’s terminals with the power
that is fed from the transmission line [6], which can
be expressed by

RL(dB) = −20log|Γ|, (1)

where Γ is the reflection coefficient, given by
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Γ =
Zi − Z0

Zi + Z0
, (2)

where Z0 is the characteristic impedance of the
transmission line and Zi is the input impedance of
the matching circuit. When there is only one port,
the return loss can be defined as the S11 parameter.
The impedance bandwidth at -10 dB (BW) is the

difference between the upper and lower frequencies
for which each intermediate value has a return loss
lower than -10 dB.
Radiation patterns can be classified as isotropic,

when radiation is uniform in all directions, direc-
tional when a specific direction is favored com-
pared to others, and omnidirectional, a special
type of directional pattern which is essentially non-
directional in a given plane but has a directional
pattern in any orthogonal plane [12].
The antenna directivity (D) is the ratio between

the radiation intensity (U) per unit of solid angle
and the mean value of the radiation intensity per
unit of solid angle, which is equivalent to the ratio of
the radiation intensity with the radiation intensity
of an isotropic antenna with the same total radiated
power (Pra):

D(θ, φ) =
U(θ, φ)

< U(θ, φ) >
=

U(θ, φ)

Pra/4π
(3)

The antenna gain (G) is defined the same way as
the directivity except instead of taking into account
the radiated power, it is used the incident power
(Pi) at the receiver, as shown in equation (4).

G(θ, φ) =
U(θ, φ)

Pi/4π
(4)

The polarization can be characterized as linear
or elliptical. Linear Polarization (LP) occurs when
there is only one component Electric field (E) and
elliptical polarization occurs when there is a combi-
nation of the two. Circular Polarization (CP) is a
particular case of elliptical polarization where both
components have the same magnitude, and it can
be either Right-hand Circular Polarization (RHCP)
or Left-hand Circular Polarization (LHCP).

2.2. Antenna Requirements
To summarize, the requirements for the new an-
tenna are the following:

� Omnidirectional radiation pattern;

� G > 0 dBi;

� Same polarization type for the CubeSat’s an-
tenna and the ground station;

� Absence of moving parts;

� Area limited to 10×10 cm2;

� Tumbling resistant;

� SNR > 13.8 dB;

� Working frequency in either the 435-438 MHz
or the 2.40-2.50 GHz frequency bands;

� S11 < -15 dB;

� BW > 10 MHz.

2.3. Antenna Examples
In this section, three examples of commonly used
antennas in CubeSat applications are introduced
and characterized.

2.3.1 Monopole

A monopole is a one arm antenna that is typically
the length of a quarter wavelength of the working
frequency, λ/4. The size of the monopole antenna
is around 3 cm at 2.45 GHz and 17 cm at 438 MHz,
both cases rely on a deployment system, but in the
case of the 2.45 GHz it is simpler to accomplish,
given the smaller size.

The deployment system for monopole antennas
usually involves the use of a nichrome wire that is
heated to cut through a nylon wire, releasing the
antenna, as described in [13, 14].

Monopole antennas can achieve above average re-
turn loss values, such is the case of the work pre-
sented in [9], where a 58cm antenna reaches -31.9
dB of return loss at a working frequency of 146 MHz
and has a -15 dB impedance bandwidth of 9.5 MHz.

The monopole can also be used to take advan-
tage of resonant frequencies, creating antennas with
two distinct working frequencies, as the dual-band
monopole shown in [11].

Monopoles use linear polarization, but circular
polarization is possible resorting to a set of two
monopole antennas perpendicular to each other.

The main limitations of this type of antennas are
its dimensions and the use of deployment systems.
Therefore, given the ”absence of moving parts” re-
quirement, monopole antennas are not further con-
sidered.

2.3.2 Patch

A patch antenna is composed of a metal plate, gen-
erally copper, on top of a substrate. This type of an-
tennas is a flat form alternative to monopoles that
does not rely on a deployment system.

In [10], a miniaturized UHF patch is manufac-
tured and integrated in the BIRDS-1 CubeSat.
This design uses a meander line, a shorting pin and
a partial ground plane to lower and tune the work-
ing frequency to 437 MHz.

Circular polarization is achievable with methods
such as the dual feed presented in [5], and the
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cut corners of the metal plate of the patch pre-
sented in [8]. The antenna referred on [8] verifies
that patches can comply with the frequency require-
ments, achieving a BW of 60 MHz and a return loss
of -20 dB at 2.40 GHz.
This configuration of antennas is compact and of-

fers reasonable values for the gain, BW and return
loss, but lacks the broader radiation pattern that
is required for the ORCASat’s mission. This short-
coming may be compensated with the use of two
patch antennas and therefore further research on
this design is seen as beneficial.

2.3.3 PIFA

PIFA stands for Planar Inverted-F Antenna, a di-
rect reference to the typical shape of this antenna.
As described in [6], a PIFA can be obtained from
a monopole by bending it 90◦close to the ground
plane. Then a shorting pin is added to enhance the
impedance matching of the antenna. Instead of a
wire, a wide metal plate can be used to increase
the bandwidth. Figure 1 shows the referred design
steps. If only a wire or a narrow metal plate is used,
then it is considered an Inverted-F Antenna (IFA).

Figure 1: PIFA design[6].

The use of substrates between the PIFA and the
ground plane can also reduce the size of the an-
tenna, as it happens with the patch antennas.
The radiation pattern of the PIFA is not as ideal

as the one offered by the monopole, but it is an im-
provement when compared to the patch, radiating
more to the sides of antenna and to the back.
To obtain circular polarization it is necessary to

use at least two PIFAs. In the work presented in
[3], an array of four PIFAs generates circular polar-
ization and achieves a 107 MHz BW with a -20.7
dB return loss at 2.35 GHz.
The work presented in [2] shows the four IFA ar-

ray in the UHF band of the ANGELS 12U CubeSat.
The array is tuned to 401 MHz with a return loss
of -30 dB.
This type of antennas presents the required om-

nidirectional pattern as well as the other frequency,
BW and return loss requirements. Moreover, it does
not require moving parts and can be limited to one
face of the CubeSat. Henceforth, the PIFA design
is worth pursuing.

3. Design and simulation results
The designs of four different antennas were ex-
plored:

� S-band meshed patch antenna with CP that
can be integrated with solar panels;

� S-band PIFA with CP;

� S-band crossed PIFA with an omnidirectional
radiation pattern and LP;

� UHF crossed PIFA with an omnidirectional ra-
diation pattern and LP.

3.1. S-band meshed antenna integrated with
solar panels

An antenna that can be incorporated with a so-
lar panel has the potential to be a valuable advan-
tage, no longer being necessary to decide between
antenna space and solar energy.

This approach is based on the work presented in
[4]. The antenna was designed for the 2.40-2.50 GHz
band and is circularly polarized, resorting to two
orthogonal feed lines with a 90◦ phase difference.

The solar panel is simulated using a 98×82×1.1
mm3 FR4 substrate (εr = 4.4), while a borosili-
cate glass substrate (εr = 4.6, tan δ = 37×10-4)
with a height of 3.5 mm is placed on top to hold
the antenna. A transparent substrate such as the
borosilicate glass is required in order for the light
to reach the solar panel.

The meshed patch consists of seven horizontal
and seven vertical lines with a width of 0.6 mm,
length of 25.1 mm and a spacing of 3.48 mm. Two
feed lines extend for 15 mm where a coaxial feed is
placed through the substrates to the ground plane.

In order to compensate the high directivity of the
meshed antenna, two antennas were placed on op-
posite sides of the CubeSat, as shown in Figure 2
(a).

(a) Proposed design (b) Gain pattern

Figure 2: Two meshed antennas array.

The two meshed antennas maintain a working fre-
quency of 2.46 GHz with a respective simulated S11
of -20.7 dB. The BW decreased 2 MHz to 62 MHz
in total.

Despite the use of a second antenna, there are
still considerable nulls around the radiation pattern
in Figure 2 (b), which result from the interaction
between the two antennas.
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Regarding the CP, this was achieved with the two
meshed antennas, having been measured maximum
values of 2.1 dBi of RHCP and 0.4 dBi of LHCP.
The feed lines need to pass through the solar

panels and reach the ground beneath them, which
presents technical difficulties.
The case with the two antennas shows a radia-

tion pattern with clear nulls along the sides of the
CubeSat that do not have the antennas, making the
configuration unsuitable.

3.2. S-band PIFA with circular polarization
Contrarily to patch antennas, PIFAs have omnidi-
rectional radiation patterns, while still maintaining
the reduced size necessary to fit the requirements.
In [1], a dual-band PIFA antenna is proposed.

Given that the antenna’s working frequencies are
868 MHz and 915 MHz, the necessary alterations
were made to tune the antenna to the S-band.
The PIFA antenna consists of an 19.5×5×1.254

mm3 elevated Rogers RO4003 substrate (εr = 3.55,
tan δ = 27×10-4) at a distance of 5.35 mm from
the ground plane. The radiating patch on top of
the substrate has a 16.6×1 mm2 slot that stands 1
mm away from the feeding port. On the right side
of the feeding port, there is another 0.5×1 mm2 slot
that connects to the main slot in the middle of the
patch. A shorting pin was added on the left of the
feeding port to tune the working frequency. The
proposed design of the PIFA antenna can be seen
in 3 (a).

(a) Proposed design (b) Gain pattern

Figure 3: PIFA.

The PIFA antenna has a working frequency of
2.48 GHz with a respective simulated S11 of -18.9
dB and a BW of 30 MHz. The gain pattern in figure
3 (b) shows a maximum value of 4.8 dBi.
Two PIFAs were positioned on the corner of the

top face of the Cubesat to test the viability of using
the two antennas to emit CP, as shown in figure 4
(a). The PIFAs are placed as close to the edge as
possible to free the space for an extra solar panel.
For this configuration the working frequency is

2.44 GHz with a corresponding simulated S11 of -
24.1 dB and a measured BW of 87 MHz.
The two PIFAs were excited with a 90◦ phase

difference to obtain CP. As shown in Figure 4 (b),

(a) Proposed config-
uration

(b) Gain pattern

Figure 4: Different tested configurations for PIFA.

a maximum gain of 6.2 dBi was obtained, mainly
radiating in the -Y direction. In this case, both
RHCP and LHCP maximum gain values are posi-
tive and above 1, 1.3 and 4.0 dBi respectively, there-
fore losses are to be expected when emitting CP.

The case where the antenna is placed in the cen-
ter of the face offers a reasonable omnidirectional
radiation pattern, but slightly uneven.

Contrarily, the configuration with two PIFAs
does not have an omnidirectional radiation pattern
and therefore does not meet the requirements.

3.3. S-band crossed PIFA with linear polar-
ization

A linearly polarized PIFA is explored in order to
simplify the design and accomplish a more robust
solution that is easy to manufacture.

Figure 5 (a) shows the proposed design for a novel
crossed PIFA that consists of a crossed shape copper
plate with a width of 5 mm and a side length of 30
mm on top of a 3.175 mm Rogers RT/duroid 5880
substrate (εr = 2.2, tan δ = 9×10-4). The feeding
port is placed in the center of the cross and two
shorting pins are added 2 mm away from the feed.

(a) Proposed design (b) Gain pattern.

Figure 5: Printed crossed PIFA with substrate.

The measured working frequency of the printed
crossed PIFA is 2.46 GHz with a S11 of -17.4 dB
and a 34 MHz BW. The maximum gain measured
is 2.9 dBi and a omnidirectional radiation pattern
was achieved, as seen in Figure 5 (b).

The crossed PIFA with the substrate and the
printed copper plate has a height of only 3.175
mm, therefore obtaining a compact antenna with an
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omnidirectional radiation pattern. Moreover, the
PIFA can be easily produced by a PCB manufac-
turer, simplifying this process.

3.4. UHF crossed PIFA with linear polariza-
tion

Having a crossed PIFA with an omnidirectional ra-
diation pattern in the 435-438 MHz band would be
ideal, since the lower frequency would allow to use
an antenna with a lower gain in the ground station
to obtain the same Pr and SNR values as the 2.40-
2.50 GHz band.
Miniaturization techniques are necessary to fur-

ther lower the frequency of this antenna. The one
implemented consists on rotating the PIFA 45◦ and
creating a meander with each of the arms, as pre-
sented in figure 6 (a). Each arm has a width of 3
mm and is divided in ten 8 mm segments that are
4.5 mm apart and the offset of the shorting pins is
5 mm. Moreover, a high permittivity substrate is
used with a 2 mm air gap between the antenna and
the ground plane. The 2.5 mm Rogers RT/duroid
6010 substrate (εr = 10.2, tan δ = 23×10-4) was
selected, thus the height of the antenna amounts to
4.5 mm.

(a) Proposed design (b) Gain pattern

Figure 6: Meandered crossed PIFA with substrate.

The antenna has a working frequency of 436 MHz
with a respective simulated S11 of -20.4 dB and a
BW of 3 MHz. Figure 6 (b) shows the omnidirec-
tional gain pattern of the antenna with a maximum
value of 1.1 dBi.
The main disadvantage of the meandered crossed

PIFA is the low impedance bandwidth that is below
the 10 MHz requirement. However, the antenna
itself can also be produced by a PCB manufacturer.
Moreover, the design can not produce CP.

3.5. Antenna selection
All the antennas were successfully tuned to either
the 435-438 MHz or 2.40-2.50 GHz frequency bands,
have a maximum gain higher than 1 dBi, and meet
the S11 requirement of at most -15 dB. Furthermore,
the antennas are restricted to a 10×10 cm2 area and
do not require any kind of deployment system or
moving parts.
The two meshed patch antennas and the two-

PIFA array offer CP, but at the same time these
are the only antennas that do not have an omnidi-
rectional radiation pattern and therefore can not be
taken into further consideration.

The meandered crossed PIFA with substrate is
selected to be further analyzed since it offers a om-
nidirectional radiation pattern and is easy to man-
ufacture, even though it has an impedance band-
width lower than what is required.

The printed crossed PIFA with substrate fulfills
all of the referred requirements and is chosen for
further analysis.

4. Detailed Antenna Characterization

This section presents the parametric analysis and
coverage maps of the S-band and UHF PIFAs.

4.1. S-band Solution

There are four main parameters that affect the func-
tioning of the 2.46 GHz printed crossed , these are
the substrate thickness (h1), the length of each of
the four printed arms (dl), the width of the arms
(Warm) and the offset of the shorting pins in rela-
tion to the feed (offset). Thus, it is made a para-
metric analysis to measure the effects of alterations
in these variables.

To determine whether the proposed antenna rep-
resents an improvement in regards to the typical
patch antenna alternative, it is necessary to plot
and compare the corresponding Pr and SNR cov-
erage maps. For this purpose, a 42×42×3.175
mm3 patch was simulated with the same Rogers
RT/duroid 5880 substrate to use as reference. The
resulting working frequency is 2.43 GHz with a re-
spective simulated S11 of -31.4 dB and a BW of 62
MHz. The measured maximum gain is 8.2 dBi.

Before analyzing the coverage maps, a gain pat-
tern comparison between the reference patch and
the printed PIFA is made, as presented in figure 7.
The plane used is perpendicular to the Earth’s sur-
face, corresponding to θ ∈ [−180◦, 180◦] and φ =
0◦.

Out of the 360◦theta sweep of the gain patterns in
the plane perpendicular to the Earth’s surface, the
PIFA covers 191◦and the patch 114◦, which corre-
sponds to 53 and 32% of the plane, respectively.
Therefore, attending to this analysis, the PIFA is
the superior alternative.

Figure 8 presents the gain pattern of the printed
crossed PIFA in the plane that contains the an-
tenna, which corresponds to θ ∈ [0◦, 180◦] and φ
= 90◦.

The gain oscillates between 0.6 dBi, for the di-
rections perpendicular to the CubeSat’s faces, and
-0.8 dBi, for the directions of the edges. Therefore,
the omnidirectional characteristic of this radiation
pattern is evident in this plane.
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Figure 7: Gain patterns of the patch and the printed
crossed PIFA for the plane perpendicular to the
Earth’s surface.

Figure 8: Gain pattern of the printed crossed PIFA
for the plane that contains the antenna.

To simulate the coverage maps the following pa-
rameters were taken into consideration for both of
the antennas:

� 5 W transmitted power;

� 400 km satellite orbit;

� 25 dBi ground station antenna gain;

� Map centered in Victoria, Canada, the location
of the ground station, covering a total area of
1600×1000 km2.

The ranges considered for the coverage maps are
Pr ∈ [−105,−85] dBm and SNR ∈ [−10, 20] dB.
Parts of the coverage maps that do not present col-
ors signify a value below the minimum, if near a blue
area, or above the maximum, if near a red area.
The directional characteristic of the reference

patch antenna is evident on Pr coverage maps. In
the Z direction the maximum gain of the patch is
exposed, reaching -85 dBm of Pr in the center, the
case where antenna is pointing to Nadir. Moreover,
in the X direction the patch is pointing to Bow and
therefore, the power that reaches the Earth’s sur-
face is significantly lower with a maximum of -89
dBm, and the minimum goes below -104 dBm.
On the other hand, the printed crossed PIFA

shows a broader radiation pattern. In the X direc-
tion, for the Pr value of -96 dBm, the PIFA covers

an area 1.5 times larger, as presented on table 1. In
addition, in the Z direction the PIFA also covers a
larger area for the same -96 dBm Pr value, about
1.3 times larger, even though the patch reaches a
maximum Pr value that is 4 dBm higher.

The -Z direction reveals the most considerable
difference between the two antennas. While the
patch almost does not radiate backwards, showing
a maximum Pr value of -97 dBm, the PIFA has a
maximum Pr value of -89 dBm.

Table 1: Pr measured coverage area (S-band solu-
tion).

Antenna and Direction Area above -96 dBm

Patch X 594×103 km2

PIFA X 879×103 km2

Patch Z 1 174×103 km2

PIFA Z 1 501×103 km2

Patch -Z ——
PIFA -Z 365×103 km2

Both of the antennas reach the 13.8 dB mark for
every direction.

Table 2 shows that for the -Z direction the refer-
ence patch antenna has an area above 13.8 dB that
is 1.4 times larger than the printed crossed , which
apparently contradicts the Pr results presented in
table 1, but that is not the case. The reference
patch antenna covers a larger 13.8 dB area because
the part of the radiation pattern that points to the
Earth’s surface has a considerably lower gain, and
thus a lower antenna noise power. Therefore, be-
tween the two antennas, the patch requires a lower
Pr value to achieve the same SNR result for the -Z
direction.

Contrarily, the opposite happens for the Z di-
rection, when the antennas are pointing to Nadir.
Since the patch has a higher gain than the , it also
has a higher antenna noise power, which results on
a smaller area above 13.8 dB of SNR.

Table 2: SNR measured coverage area (S-band so-
lution).

Antenna and Direction Area above 13.8 dB

Patch X 485×103 km2

PIFA X 318×103 km2

Patch Z 345×103 km2

PIFA Z 356×103 km2

Patch -Z 358×103 km2

PIFA -Z 253×103 km2

4.2. UHF Solution
There are six main parameters that affect the func-
tioning of the UHF meandered crossed , these are
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the substrate thickness (h1), the height of the air
gap (hgap), the first part of the length of each
printed arm (dl1), the length of the meandered sec-
tions dl2), the distance between meandered sections
(movDist) and the offset of the shorting pins in re-
lation to the feed (offset). A parametric analysis of
these six variables is performed.
The same parameters as section 4.1 were used to

obtain the coverage maps of the PIFA meandered
crossed , changing only the gain of the antenna in
the ground station from 25 to 10 dBi.
For the X and -Z directions, the PIFA reaches

the Pr value of -96 dBm that was used as reference
for the S-band solution and in both cases it covers
an area larger than 600×103 km2, as presented on
table 3.
On the other hand, for the Z direction, the an-

tenna does not surpass the -99 dBm Pr value. The
antenna has a slightly asymmetric radiation pattern
with a bigger gain pointing to the back of the PIFA
than to the front side, which explains the lower mea-
sured values when the antenna is pointing to Nadir.

Table 3: Pr measured coverage area (UHF solu-
tion).

Antenna and Direction Area above -96 dBm

PIFA X 667×103 km2

PIFA Z ——
PIFA -Z 658×103 km2

The UHF PIFA only reaches the 13.8 dB mark
in the X direction, covering an area over 100×103

km2, as presented on table 4.

Table 4: SNR measured coverage area (UHF solu-
tion).

Antenna and Direction Area above 13.8 dB

PIFA X 115×103 km2

PIFA Z ——
PIFA -Z ——

The results obtained for both solutions can be en-
hanced if needed by either increasing the transmit-
ted power of the CubeSat antenna, that is limited
to a maximum of 10 W in the case of ORCASat,
or using a higher gain antenna in the ground sta-
tion. Although, it is important to notice that in the
case of the PIFA it would not be necessary to use a
ground station antenna with a gain higher than 15
dBi, while in the case of the S-band , the 25 to 30
dBi ground station antenna would require powerful
motors to steer it in the direction of the satellite.
The S-band printed crossed PIFA has fulfilled all

the design requirements and therefore is ready to

move to the prototype development stage.

5. Experimental Results
This section presents the design adjustments nec-
essary to manufacture the antenna prototype, the
assembly process and the experimental tests and
results.

5.1. Design adjustments
The PCB manufacturer did not have in stock the
3.175 mm Rogers RT/duroid 5880 substrate (εr =
2.2, tan δ = 9×10-4) that was used in the simula-
tions. Therefore, it was necessary to choose a sub-
strate that was available, in this case, the 1.524 mm
Rogers RO4003C (εr = 3.4, tan δ = 27×10-4).

After the substrate alteration, a 2 mm air gap was
introduced in the model to increase the frequency
and the BW. Moreover, the length of each arm was
changed to 15.5 mm to tune the working frequency.
The resulting frequency was 2.46 GHz with a re-
spective simulated S11 of -29.1 dB and a BW of 54
MHz. The main differences of the new substrate are
the increase of the BW by 20 MHz and the decrease
of 12 dB of the S11 value for the same frequency.
Figure 9 shows the side view of the final simu-

lated prototype design after the alteration of the
substrate and the addition of the of the 2 mm air
gap. The height of the antenna amounts to 3.5 mm.

Figure 9: Side view of the printed crossed PIFA
after the design adjustments.

The radiation pattern after the adjustments is
consistent with the one prior, the only difference
being a 0.1 dBi decrease of the maximum gain to a
value of 3.0 dBi.

5.2. Prototype materials and assembly
The PCB that constitutes the PIFA antenna was
designed in Altium Designer and the final file is pre-
sented on figure 10 (a), where one can observe the
simplicity of the design. The green area corresponds
to the Rogers RO4003C substrate and the brown to
the copper plate. The circle in the center is the via
where the feeding pin is placed and the other two
circles are the vias for the shorting pins.

Figure 10 (b) shows the antenna manufactured
by PCBWay [7].

The Amphenol RF MMCX connector model
number 908-24100 was selected to link a coaxial ca-
ble to properly feed the antenna.

The presence of an air gap in this design demands
for the addition of spacers to secure the antenna in
place. Four 2 mm spacers made of acetal are used
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(a) PCB file (b) Manufactured
antenna

Figure 10: Printed crossed PIFA PCB.

in the corners of the PIFA and glued with epoxy.
The ground plane is made with a 0.4 mm copper

plate that can be easily cut, drilled and soldered.
The assembling procedure of the PIFA is de-

scribed.
Figure 11 shows two close up side views of the

prototype after being assembled,where it can be ob-
served that the three pins are not perfectly parallel
to each other, which indicates that the holes of the
ground plane are slightly misaligned with the holes
of the PIFA.

Figure 11: Side view of the connector and shorting
pins.

5.3. Frequency testing with VNA
A Vector Network Analyzer (VNA) is used to mea-
sure the working frequency of the antenna and its
impedance matching.
Figure 12 shows the S11 results from the VNA

testing. The central frequency of the prototype is
2.37 GHz with a respective S11 of -44.6 dB and
a BW of 68 MHz. The upper limit frequency of
the impedance bandwidth is 2.40 GHz, which cor-
responds to the lower limit of the desired frequency
band.
The frequency of the antenna is lower than the

HFSS results by 88 MHz, corresponding to a 3.6 %
error. This error is within what it expected for a
first prototype of an antenna and does not imply
an error in the design phase. Instead, it reveals the
sensibility of the design to the assembly process.
Therefore the final antenna must be rigorously as-
sembled to assure the right working frequency and
corresponding S11 values.
The -44.6 dB S11 value verifies that the

impedance matching of the antenna was done cor-
rectly.
On the other hand, one can observe that the S11

line on figure 12 does not reach the 0 dB line on

Figure 12: S11 results of the prototype PIFA.

the left and right parts of the graphic, revealing the
existing of losses in the prototype. An error with
the manufacturing is causing part of the antenna
heat up unnecessarily, most probably related with
the poor soldering and positioning of the MMCX
connector and shorting pins.

The PIFA prototype was simulated in HFSS once
again, but this time incorporating the design dis-
crepancies between the assembled antenna and the
previous simulation. The four acetal spacers were
represented with a polyimide material (εr = 3.5,
tan δ = 8×10-3) and height of 2.4 mm, and only one
face of the CubeSat was considered for the ground
plane.

The simulated working frequency is 2.40 GHz
with a respective S11 value of -21.5 dB and a BW
of 54 MHz, showing that the unaccounted spacers
in the simulation and the extra 0.4 mm in the air
gap do indeed result on a decrease of the working
frequency.

5.4. Radiation pattern testing in an anechoic
chamber

A malfunction with the automatic positioner of the
anechoic chamber of UVic hindered the testing of
the radiation pattern of the prototype. Therefore,
a second prototype was produced at IT, where it
was possible to test the antenna in the anechoic
chamber.

The second prototype was mounted on a copper
plate square prism shape to simulate the 2U Cube-
Sat structure. The copper body is connected to the
antenna’s prototype to extend the ground plane of
the antenna to the surface of the structure.

Table 5 shows the frequency testing results with
the VNA for the two prototypes.

Table 5: Frequency testing of the two prototypes.

Antenna S11 Frequency Error

UVic’s Prototype -44.6 dB 2.37 GHz 3.6 %
IT’s Prototype -12.0 dB 2.45 GHz 0.4 %
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The received power measurements for the PIFA
were made in the anechoic chamber and a shift of 32
dB was applied to align and compare the simulation
and experimental results. The shift corresponds to
the estimated value of the scaling factor that con-
verts the received power to the gain.
Figure 13 compares the simulated and experi-

mental gain results of the PIFA for the plane per-
pendicular to the Earth’s surface, corresponding to
θ ∈ [−180◦, 180◦] and φ = 0◦.
For |θ| > 130◦, the experimental values are lower

than the simulation, which is due to the presence
of the antenna positioner that blocks part of the
measurements.
In the Bow direction, the null of the experimental

results is more noticeable and wider. However, the
remaining part of the radiation pattern is close to
the simulated results.

Figure 13: Simulated and experimental gain pat-
terns of the crossed PIFA for the plane perpendic-
ular to the Earth’s surface.

Figure 14 compares the simulated and experimen-
tal gain results of the PIFA for the plane that con-
tains the antenna, corresponding to θ ∈ [0◦, 180◦]
and φ = 90◦.
The experimental results show that the radia-

tion pattern is omnidirectional as the simulation
results indicated. In this plane, the positioner also
obstructs part of the measurement of the received
power for θ > 130◦.

Figure 14: Simulated and experimental gain pat-
terns of the crossed PIFA for the plane that con-
tains the antenna.

6. Conclusions
This thesis focuses on the development of an an-
tenna for CubeSat applications with an omnidirec-
tional radiation pattern that is resistant to tumbling
and does not rely on a deployment system or any
moving parts. A list of requirements was compiled
to evaluate the performance of the antenna in the
scope of the ORCASat’s mission. The selected an-
tenna is designed to replace the current dipole an-
tenna of the ORCASat in the next iteration of the
project.

Four antenna configurations were simulated in
HFSS obtaining different results and two designs
were selected to be further analyzed, the S-band
printed crossed PIFA and the UHF meandered
crossed PIFA. Both these antennas present a novel
design that combines two PIFAs in a cross pattern.
The simulated measurements are a maximum gain
of 2.9 dBi with a 2.46 GHz frequency and a corre-
sponding S11 value of -17.4 dB for the S-band an-
tenna, and a maximum gain of 1.1 dBi with a 437
MHz frequency and a corresponding S11 value of
-20.4 dB for the UHF antenna.

A parametric analysis of the two PIFAs was per-
formed where the impact of each design variable
was examined. Furthermore, the coverage maps of
both antennas were simulated to test if the SNR
and radiation pattern requirements were met and
to compare the results of the two solutions.

Even though the UHF PIFA requires a lower
gain antenna in the ground station, when com-
pared to the S-Band alternative, it also has a small
impedance bandwidth at -10 dB of only 3 MHz.
Thus, since the S-Band PIFA meets all the require-
ments and has an impedance bandwidth at -10 dB
of 34 MHz, it was selected to be manufactured.

The material used for the antenna’s PCB was
changed since it was out of stock. Due to this al-
teration, a air gap was introduced in the design to
tune the frequency with no negative impacts in the
results. Afterwards, the prototype was assembled
and frequency tested with a VNA, achieving an er-
ror of 3.6%, which is within the expected results for
a first prototype.

A malfunction in the automatic positioner of the
UVic’s anechoic chamber prevented the measure-
ment of the radiation pattern. As a solution, a sec-
ond prototype was assembled at IT.

The anechoic chamber results show that the ex-
perimental radiation pattern’s shape is close to the
one simulated and therefore the antenna is omnidi-
rectional.

6.1. Future Work
More work can be done to optimize the UHF mean-
dered crossed PIFA design in order to increase the
impedance bandwidth at -10 dB and consequently
obtain a more robust antenna. If accomplished, the
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same results of the S-band PIFA can be achieved
without resorting to complex mechanisms of an-
tenna steering in the ground station to track the
CubeSat.
A suggestion to avoid errors in the assembly pro-

cess of the antenna would be to manufacture a PCB
for the ground plane with vias in the exact locations
of the feeding and shorting pins.
The measurement of a reference antenna should

be done in the anechoic chamber in the same con-
ditions of the measurement of the second prototype
in order to obtain the received power and calculate
the gain of the crossed PIFA by comparison.
Further testing should be performed with the S-

band printed crossed PIFA mounted on the Cube-
Sat structure to evaluate the impact in the radia-
tion pattern and working frequency of the antenna.
If deemed necessary, additional tuning of the an-
tenna can be performed to assure a working fre-
quency within the 2.40-2.50 GHz band with a low
corresponding S11.
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