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ABSTRACT

Nano- and pico-satellites in low earth orbit (LEO), unlikeir larger counterparts, have more stringent limitations
on antenna design due to power constraints that govern the opal#étequency and size that defines the mass and
volume constraints. High bandwidth applications use higheuémecies and require higher transmission power.
High gain antennas can reduce the transmission power requotger@ibeSat’'s with body-mounted solar cells are
limited in power generation due to limited surface abEgployable solar panels offer a solution to the limited grow
by maximizing the surface area of solar cells exposedl#&r gdiation. The metallic deployable solar panel suppor
structure can be exploited to behave as an electricahdrand microwave signal reflector for a high gain antenna in
several configurations. This paper presents multiple nlogdl-gain S-band antennas that exploit the structure of a
3U CubeSat equipped with deployable solar panels for ggimowement. The configuration of the satellite is
designed to operate in a low drag configuration by opeyatintside of the passive gravity gradient stabilized
attitude by using passive or active attitude controinGaprovements of more than 3 dB are obtained through
careful packaging. The antenna configurations have a gaimod than 7dBi and bandwidth of more than 10MHz.
Analysis is provided with considerations of power, satetlibverage, as well as attitude stability. This technajue
improving antenna gain can be extended to higher as well as fquency of operation.

INTRODUCTION high resolution imaging equipment. This high power

Reduced cost, rapid development time and thé}lemand coupled with the surface area constraint

availability of small form factor attitude control sgsts imposed by the CubeSat form factor inhibits the
has pavgd the way for high-utility applicatsigns of possibility of sufficiently increasing the transmission

CubeSats such as fire detection, animal tracking anower to meet the demands on the communication

o . o downlink. Friss’ free-space path loss equation shows
weather monitoring. However, this new mission

o . . that the transmission power for S-band communication
applications impose a heavier demand on the

communication subsystem. For example, fire detectiono be reduced by employing high gain anterinas.

requires high resolution imaging of specific geographiébes@nlng high gain antennas for a size constrained 3U

areas and hence increases the bandwidth re uireme(r:lkjbesalt is challenging and with increased antenna
T . q directivity (gain) it is necessary to have higher attitude
for the communication downlink.

control system to maintain reliable communication link.

Bandwidth-intensive applications motivate the need forFortunately, recent advances in small form factor active
higher frequency communications downlinkhe S-  attitude control systems makes it possible to use high-
band frequency spectrum, ranging from 2.2GHz togain directional antennas on CubeSats to minimize
2.3GHz as defined by the Federal Communicationeommunication link quality degradation due to pointing

Commission (FCC), is one such frequency band thatccuracy loss associated with such antennas.

can be used for such applicatidrStudies have been Basic analysis shows that 3U CubeSats employing

performed on the use of S-band communication .
capabilites of 3U CubeSals. However, higher deployable solar panels are capable of generating up to

frequencies are subject to higher path loss. Thus, t30W of power. The deployable solar panels metallic

maintain  a aood communication link.  higher ounting structure can be exploited to achieve higher
- good . ' 9 antenna gains through smarter packaging without
transmission power is required.

necessitating the need for complex antenna designs.
High resolution imaging through CubeSats requires Y

Q'ﬁéﬂe(cﬂ)ogs)ax:mdﬁ ?;tgr?z\?vagfg_seindreg%?gnmantenna gain. Thus the antenna design should be such
Y P P " that the gain is sufficient to meet the required link

Additionally, these systems contain other power-hungry " . .
hardware such as dedicated image-processing units aﬁgahty and coverage. In this paper a novel concept for

atellite ground coverage reduces with increased
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high gain antenna design that exploits the structure of g -t . (F -)T, 3)
3U CubeSat equipped with deployable solar panels and”’

designed to be in a low drag configuration by operatingyhere T. =Antenna noise temperature (150K)y=

ant™

outside of the passive gravity gradient attitude usingggom temperature (300K)[; = transmission line and

active attitude control is presented. connector loss temperature (290k)= connector loss
APPROACH (1dB); F = noise factor (2dB); antlys = System noise
temperature.

Utilizing some of the possible deployable solar panel ) )

configurations, several S-band antenna designs arEN€ antenna noise temperature is assumed to be 150K.
developed for gain values derived from detailed linkTaking all these parameters into consideration, the
budget ana'ysis through consideration of power andequ“ed receliver SenSItIVIty to aCh|eVe a data rate Of

footprint. Analysis is performed to evaluate satellite10Mbps is approximately -121.5dB. Thus the received
coverage and attitude stability. signal strength should be a minimum of -121.5dB to

o _ obtain 10MHz bandwidth.
To evaluate the characteristics of each antenna design,

the ANSYS HFSS 3D electromagnetic simulation toolFriss’ free-space path loss in Eq. (4) shows that the
computes the gain, beam width and impedance. Mockeceived signal powelP() is governed by transmission
configurations of the antennas are developed to evaluaRower €) of 1W (0 dB), distanceR) of 500km,
the antenna impedance and improvement of receivedfansmitter antenna gainG{, receiver antenna gain
signal strength due to increased gain. Tests are thef@), atmospheric loss A} of 3dB, polarization
performed on antenna prototypes USing an S_banﬂnsmatch |OSSFO of ZdB, reflecthn Coeff|C|ent'YQ of -
transceiver and HP Agilent Vector Network Analyzer 20dB and 13cm wavelength of signal at 2.3GHZ @
(VNA) HP8720ES. It is shown that the mission utility Sensitivity of -121.5dB can be attained through careful
of each design is dictated by the mission requiremerg€lection of antenna gain.

and the design concepts described can be extended to 2

higher frequencies and other CubeSat form factors. [ ] (4

P =10l0g) PG G A
COMMUNICATION LINK BUDGET 4R

ot

Image transmission over a wireless channel is a

bandwidth-intensive  process  requiring  higherThe ground station is assumed to use an S-band

transmission power than typical CubeSat missionsparabolic dish antenna with a 2m diamet®y, {vorking

High-resolution images captured for applications likeat 2.3GHz frequencyf) and with an aperture efficiency

fire detection are shown to require about 33Mbits of(;;) of 55%. The gairG, of the antenna is 30.8dB where

information per imagé.Ilf QPSK modulation scheme is c is speed of light’

assumed, then the required transmission bandwidth is

33MHz. Such high bandwidth is difficult to achieve due ot )2 (5)

to system complexities at higher frequencies. Hence®r = 10109 '7(?]

the data should be transmitted with lower data rates. Fo

the antenna design developed in this paper a bandwidftor a low earth orbit satellite’s communication link, the

of 10MHz is considered. distance (h) between the satellite and ground station

Image transmission requires a lower bit error raté’afies due to orbital mot.ion. This motion leads to non-

(BER) and hence the sensitivity (S) requirement for thniform strength of received signals due to path length

receiver increases such that variations. Given the parameters of elevation angle (
nadir angle §), radius of Earth (Re), Earth central angle

R, = 10log(kTsysBF ) + SNR 1) (¥), the variation in path with elevation (d) can be
evaluated.
where k = Boltzmann constantTsys = system noise
temperature;SNR = signal-to-noise ratio (9.2dB for ¢= g—ﬂ—f (6)
QPSK modulation scheme with bit error rate oft®
= bandwidth (LOMHz); an& = noise factor (1.5). {Re ) @)
§ = arcco$ — CcosE
The system noise temperature is given iff by
Tantenna =1o'a/1°Tant +(1 —1O_a/10)T| (2) £= arcco{RLsinﬁ) 8
and
d =\/Re2+r2—2Rercos¢ 9)
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Excluding the transmit antenna gain, the path los§0degrees with minimum gain of 6.5dB. This is a
variation with elevation angle is shown in Figure 2. Itfundamental design criteria for the antenna discussed in
shows about 2dB difference between path loss at zenitthis paper.
and at elevation of 60 degrees leading to power
fluctuation at receiver. If the elevation angle for a goodANTENNA DESIGN
communication link is set to 60 degrees, then the patﬂ/lonopole and patch antennas have found wide
loss obtained is about -128dB, which is 6.5dB loweryppjication in wireless communication. While patch
than the sensitivity requirement of 121.5dB obtainedyntennas can have high gain depending on the
earlier. At zenith the loss is 4.5dB lower than theconfigyuration, monopole antennas have lower gain, but
sensitivity requirement. To compensate for thisomni girectionality. Patch antennas, being planar, can
variation, the antenna gain should be increased, as 3 integrated easily onto the body of a CubeSat
increase in transmission power is not an option fokyhereas a CubeSat monopole antenna requires a
CubeSats. Thus, the antenna radiation pattern shoulghyioyment mechanism. The gains of both patch and
have a minimum beam-width of 60 degrees, such thghonopole antennas can be increased through careful
the corresponding gain at 60 degrees elevation angle #esign  consideration of antenna  packaging.
more than 6.5dB. Specifically, the gain of patch and monopole antennas
—  satellite increases with ground plane si"z@a@n also depends on

] the ground plane shape, as seen in the parabolic corner
reflector antenna.

Given that the CubeSat body and deployable solar panel

support structure are metallic, the structure can behave

as an extended ground plane or reflector, as in the case
v of a parabolic corner reflector antenna, to improve the

\ / antenna gaifl. Employing this concept, three antenna

\ Earth configurations are designed, developed, and tested:

\\ » 1U and 3U Reflector Antenna with Radiating

e Monopole.

Figure 1: Geometric Representation of Slant > Extended Parabolic Reflector Antenna with
Distance deployable panels.

125 ‘ ‘ ‘ ' ' ' ST om— » Extended Inclined Ground Patch Antenna.
-128dB loss at 60 degree elevation ..+

i 1U Reflector Antenna with Radiating Monopole

130 o i A monopole antenna is the simplest antenna design,
consisting of a quarter-wavelength radiating element
F. with a low gain of 1.65dB. This gain can be increased
135 8 proportionally to a ground plane size increase.
Improvement in gain and directionality can also be
; achieved by placing a reflector behind the monopole as

g s , , ‘ : in case of reflector antenna with dipoleThe distance
0 % between the reflector and the antenna defines the
impedance and gain. The distance is maintained at

Figure 2: Path L oss vs Elevation about 0.21 as in case of Yagi-Uda anterh&or a 1U
ubeSat, the dimension of each side is limited to 10cm
10cm. Hence the ground and reflector sizes are
nstrained to the same. Designing the metallic solar
anel support structure to act as a reflector and using
e body of the CubeSat as ground, a monopole

Pathloss in dB

2030 40 50 60 70
Elevation angle in Degrees

The antenna radiation pattern shows a variation o
antenna gain across the space. The received signg)
strength, being related to the transmitter antenna gai
depends on the region of radiation pattern pointed to b

lt.h?( groul_nd sthat|on antenﬁaﬁenlge,bto dattgun c(ijesw_er? reflector antenna with a monopole as radiation element
Ink quality, the antenna should be designed WIth &, e constructed. This design differs from a dipole
radiation pattern profile such that the gain as seen byih reflector as in Yagi-Uda antenfid.ength of the

ground station at 60 degrees elevation corresponds onopole-radiating element is a quarter wavelength at

th.e system .requirement of 6.5dB and hence the bea®& ;14 2 3GHz frequency, which equates to about 3cm.
width requirement of antenna should be about
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The antenna is placed at the ground plane center as
shown in Figure 3. The distance between the reflector
and antenna is a quarter wavelength, or 3cm. This
distance is adjusted such that the antenna input
impedance is close to the monopole input impedance, of
about 40 ohms, to obtain reflection coefficient of less
than -10dB such that the loss due to impedance
mismatch is minimized. ANSYS HFSS simulation
configuration of the antenna, along with the appropriate
dimensions, is shown in Figure 3. Figure 5 shows a
computer aided design (CAD) model of the antenna
setup used for evaluating the 1U CubeSat monopole
performance.

Figure5: CAD Model of 1U Reflector Antenna with
Radiating M onopole

The 2D and 3D radiation pattern, as obtained from
ANSYS HFSS, are shown in Figure 6 and Figure 7,
respectively. It is observed that the gain of this ramte
configuration with the reflector is about 7.5dB with
6.5dB gain at 30 degrees, thus providing the
corresponding gain at elevation of 60 degrees. The
corresponding reflection coefficient plots as simulated
with ANSYS HFSS and measured using VNA are
shown in Figure 8. It is noticed that the simulation and
measurement results are in good agreement with the
Figure 3: Simulation Setup of 1U Reflector Antenna minimum rgflection coefficient at 2.SG_Hz, which is -
with Radiating M onopole 20dB. The impedance of the antenna is measured to be
about 42o0hms.

10cm

dB{GainTotal)

7. 45EYe+EER
5. 8890 +00R

4, 5215e+BE8

2. 7541e+BB8

1. 1866e+BEE

-3, gBs4e-a@1

-1, 94335 e+0E8

-3, 5158e+808

-5.B832e+200

-G, 6587 e+a08

-8, 2181e+808

- -9, 7856 +BE8

| -1.1353e+881

-1, 29268e+801

-1. 44+38e+a@1

-1, BESSe+EE1

-1, 7623e+@@1
Figure 6: 3D Radiation Pattern Simulation Result
Figure 4: Physical Model of 1U Reflector Antenna for 1U Reflector Antenna with Radiating M onopole
with Radiating M onopole
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much more than the required 60-degree beam width.
Hence, the 3U configuration of reflector antenna with
monopole has marked improvement in ground coverage

Beamwidth

90 60d
egrees Ga

Angle
(degrees)

-1t‘30
Figure 7: 2D Radiation Pattern Simulation Result
for 1U Reflector Antenna with Radiating M onopole
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Figure 8: Simulation and M easurement Results of
Reflection Coefficient for 1U Reflector Antenna with
Radiating Monopole

The 1U CubeSat model discussed up to this point hs
served as a proof of concept for the concept of usin
deployable structures for improved gain. The following
designs show the extension of the lessons learned fro
the 1U model to the more capable 3U form factor
utilizing deployable panels.

3U Monopole with Deployable Reflector Structure

The 3U monopole with reflector is shown with
dimensions in Figure 9 and with the full structure in
Figure 10. Similar to the 1U design, the monopole is
placed at the center of one of the long faces at aboi
3.2cm from the panel reflector to obtain a good
impedance matching at 2.3GHz.

The simulation results for 3D radiation pattern are
shown in Figure 11 with corresponding 2D radiation
pattern of Figure 12 show a peak gain of 8.6dB with

and gain.

10cm

10cm

Figure 9: Simulation Setup of Reflector Antenna
with Radiating M onopole

Figure 10: CAD Model of 3U Reflector Antenna

with Radiating M onopole

dB{GainTotal)

. &, 6157 e+000

6. 6990 +A0R
4. 7823e+E00

2. GBS T e+AOR

9, 4597 e-E01
-9, 6772e-001
-2, BE4Ye+E0a
-4, 6811e+E08
=6, 7178e+008
-G, B345e+00E
-1.8551e+BA1
-1.zZ4G8e+BA1
-1.4385e+@A1
-1.63@1e+0011
-1.B218e+B@1
-2.8135e+@a1
~2.2051e+@A1

Figure 11: 3D Radiation Pattern Simulation Result
for 3U Reflector Antenna with Radiating M onopole

6.5dB beam width at 90 degrees. This observed gain is
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Beamwidth  Gain
90 degrees 7,95

Angle
(degrees)

|
-180

Figure 12: 2D Radiation Pattern Simulation Result
for 3U CubeSat Setup of Reflector Antenna with
Radiating Monopole

Monopole with Parabolic Reflector

A parabolic reflector antenna can also be designed for
the case where it is not possible to have deployable
panels. In this case, the reflector is packaged into the
body of the 3U CubeSat. The monopole with

rectangular reflector, discussed in previous section, can
be modified to have a parabolic reflector similar to a

parabolic corner reflector used with dipole antennas.
Locus of parabolic reflector is governedby

x ®)

Y="081

The monopole antenna, having a quarter wavelength of
about 2.8cm and operating at 2.3GHz, is placed at a
distance of about quarter wavelength to maximize the
gain and to improve the impedance matching. The
monopole antenna is positioned such that the
impedance of the antenna provides a reflection
coefficient of less than -10dB and bandwidth greater
than 10MHz. Figure 13 and 14 show the configuration
of parabolic reflector antenna with monopole. From
Fig. 15 the radiation pattern as obtained from ANSYS
HFSS simulation at 2.3GHz shows a gain of 7.7dB.
Since the gain is proportional to the reflector arearit ¢

be further improved by increasing size of the reflector.

Parabolic
Reflector

10cm
Figure 13: Simulation Setup of M onopole with
Parabolic Reflector

Figure 14: Physical Model for M onopole with
Parabolic Reflector

db{GainTotal)

7. 75B87e+E0R
5, 7917 e+@08
. 3. 8247 e+@08
1. 857 7e+A08

-1.8923e-0011
-Z.0783e+000
-4, A433e+E08

| -6. 0183 +808
—7.9773e+000
-9, 944 3e+008
1 -1.1911e+@01

| -1.35878e+0@1

-1.5845e+0E1
-1, 7812e+001
-1.9779e+0A1
-2, 1746e+0E1
-2, 3713e+001

This antenna design can be accommodated by both thE1gure 15: 3D Radiation Pattern Simulation Result
3U and 1U CubeSat form factor.

for 3U with Parabolic Reflector at 2.3GHz
3U Parabolic Antenna with Deployable Extended
Reflector

The previous parabolic reflector antenna gain can be
further improved with deployable solar panels such that
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the metallic solar panel support structures act a# physical model of this antenna configuration, shown
extensions of the parabolic reflector. The parabolidn Figure 18, has been developed to evaluate its
reflector antenna is placed in the middle of the longesperformance. The HFSS simulation results of Figure 19
side of 3U CubeSat containing a deployable solar paneand Figure 20, shows a gain of 9.7dB with 6.5dB gain
The parabolic structure is embedded onto the body dbeam width of about 74 degrees, which is more than
CubeSat, such that the body, as well as the deployabtiesign requirement. The reflection coefficient
solar panel support structure, acts as an extension of tktemputed from ANSYS HFSS simulation and
reflector, thus improving the antenna gain.measured using VNA show good agreement as depicted
Additionally, inclining the solar panel leads to further in Figure 21. The reflection coefficient plot shows a -
gain improvement. A simulation setup of the antenna ori0dB bandwidth of more than 10MHz with a minimum

a 3U CubeSat with deployable panels and its associatad -24dB reflection coefficient at 2.3GHz. Note, the
CAD and physical setup are shown in Figures 16, 1Tmpedance of the antenna is about 42ohms.

and 18, respectively.

=

Figure 18: Physical Model of 3U Parabolic Antenna
Figure 16: Simulation Setup of 3U Parabalic with Deployable Extended Reflector
Antennawith Deployable Extended Reflector

Q 10cm

dB{GainTotal)
9. 7844e+008

7. 3248e+AE00
4. 9437 e+E0A
2. 5633e+008

1. 8287e-E@A1
-2, 1975e+280
=4, 5779e+AR8
-6.9583+008
~9. 3387 e+0@0
-1.1719e+0@1
-1. 4899e+0@1
-1. 6480e+0E1
-1. 88E@e+0A1
-2, 1241le+BE1
-2, 36821e+0@1
-2. 6B81e+0E1
-2, 83B2e+0A1

Deployable Panel Metallic /-
Structure

Figure 19: 3D Radiation Pattern Simulation Result
for 3U Parabolic Antennawith Deployable Extended

Reflector
Figure 17: CAD Model of 3U Parabolic Antenna
with Deployable Extended Reflector
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Figure 20: 2D Radiation Pattern Simulation Result

for 3U Parabolic Antennawith Deployable Extended
Reflector
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Figure 21: Simulation and M easurement Results of
Reflection Coefficient

Thus, placing the parabolic antenna in the center of on
of the sides with deployable panels provides ar
additional gain of more than 2dB above the gain of
parabolic reflector with monopole without deployable
panels and an improvement in coverage through a wide
beam width. The insight gained from this design can b
extended in the development of new designs by placin
other antenna types at the center of a 3U CubeSat fa
to improve gain. Examples include patch and patct
array antennas.

3U Extended Inclined Ground Patch Antenna

The metallic body of the satellite can be used as an
extension of the patch antenna ground, which leads to
an increase in gain due to increased ground plane size.
Patch antennas with lower gains, like annular ring patch
antennas with gain of 4.7dB, can be made to have more
than 3dB gain improvement through such configuration.

The annular-ring patch antenna, shown in Figure 22,
consists of a ring-like configuration of copper traceaon
substrate, which is assumed to be Rogers5880 with
1.59cm thickness. The ring is designed such that the
circumference of the center circle of the ring is
approximately a wavelength corresponding to a
frequency of 2.4GHZ! Position of the antenna feed is
adjusted to obtain 50 ohm input impedance. Figure 23
shows that annular-ring patch antenna, without
deployable structures, has a gain of 4.79dB.

5cm

Figure 22: S-Band Annular Ging Patch Antenna
Design

['4

db{GainTotal)

4. 79268 +800
2.9224e+000
1.8528+808
| -8, 1678e-281

-2, BBE4e+BER
-4, 5568c+888
-6. 4256 +808
| -8.2952e+8680
-1.8165e+881
-1.z2834E+081
-1, 3984e+861
- -1.5774e+E81
-1, 7643e+881
-1.8513e+881
-2.1382e+B81
-2.3252e+801
-2.5121e+881

In the previous section it was concluded that placing thegjgyre 23: Simulated Annular Ring Patch Antenna

antenna in center of one of the 3U CubeSat sides wit

h 3D Radiation Pattern

deployable panels could improve the gain. This concept
can be extended to gain improvement of patch antennas.
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3U Extended Inclined Ground Patch Antenna with
Deployable Panels

The gain of the annular-ring patch antenna can be
increased by placing the antenna in the center of one of
the sides of the 3U CubeSat with metallic deployable

solar panels. The packaging is similar to the

configuration used in Figure 17. Figure 24 shows the

antenna setup on the 3U CubeSat. The fabricated
antenna with the test model of 3U CubeSat

configuration is as shown in Figure 25.

Figures 25 and 26 show the 3D and 2D radiation pattern
as obtained from simulation. It is observed that by using Figure 25: Physical Model of Annular Ring Patch
deployable panels, the gain is 7.9dB, which is a 3dB Antenna

gain improvement on the annular-ring patch antenna
gain of 4.5dB without deployable panels. Additionally, |d®(saintotat)
the antenna has a 6.5dB beam width of 56 degrees th i
is closer to the required 60 degrees beam width. Th . 2. 8E07e4000
concept can be extended to other patch antennas il g
rectangular patch antenna. -4, 71814000

-7. Z444e+B08

- -9, 77EEe+EE0
-1,2297e+801
-1.45z5e+881
-1, 7349e+001

-1, 9876e+E@1
-2, 24AZe+EA1
-2, 49Z8e+E01
-2, 7454e+EE1
-2, 9981e+B01
-3, 2507 e+B01

Figure 26: Simulated 3D Radiation Pattern of
Annular Ring Patch Antenna on 3U CubeSat

Gain7.85_0

¥

Figure 24: CAD Model of 3U Annular Ring Patch

Antenna
Angle
(degrees)

Figure 27: Simulated 2D Radiation Pattern of
Annular Ring Patch Antenna on 3U CubeSat

Antenna Measurement Testbed
Up to this point, all of the designs have been verified

through simulation. All of the presented antenna
designs developed were evaluated with a testbed
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consisting of a transceiver, microcontroller and » Gravity-gradient stabilized attitude

commercial 7dBi gain patch antenna. It consists of . . . .

transmitter setup with software embedded on anN€ OPerating attitude is determined by the
MSP430f2012 microcontroller that communicates withdiréctionality of the antenna and the orientation of the
an Atmel At86rf212 S-band transceiver to transmit@t€nna relative to the spacecraft body. Gravity-
packets with output power of OdBm through gradlgnt torque is applle_d to non_-qnlform inertia
commercially available patch antenna with 7dBi gain S&tellites, which acts to align the minimum principal
Packets are received and evaluated for the ReceivéaﬁqS with the gravity vector. If the operating attitusfe
Signal Strength Indicator (RSSI) to verify the gaint e antenna and thg graV|Fy-grad|ent stgblllzed attitude
improvement over the 7dBi gain antenna. The setup iconflict, Fhen an active attitude control is necessary to
as in Figure 28. Table 1 lists the RSSI values obtaine§ommunicate with each of the directional antenna
with a reference antenna each tested antenna. It can BESI9N-

observed that the received signal strength for thevithout loss of generality, the principal axes of the 3U
antennas shows improvement in gain comparable to theubeSat will be assumed to align with the standard
antenna gain improvement over 7dBi. body-fixed axes such that the z-axis is parallel to the
longitudinal body-fixed axis pointing out of one of the
10cm x 10cm faces. The x- and y-axis point out of the
30cm x 10cm satellite faces and complete a right-hand
triad to form a basis.

The gravity gradient torque acting on the spacecraft is
reo =35 Ex(3E),
r

where p is Earth’s gravitational parameter, r is the
magnitude of the position vector€ is the nadir-
pointing direction and J is the inertia tensor. Given the
aforementioned principal basis, then the moment of
inertia tensor coordinated in body coordinates about the
center of mass is

J, 0 0
. _ . J= 0 J 0 |
Figure 28: RSSI Evaluation setup for S-band c vy
Antenna
0 0 J,
Tablel: Style Specifications
where the components of the inertia matrix are ordered
Antenna RSSI Improvement h th
of 7dBi gain such that
antenna
, J <J,.<J..
1U reflector with monopole 1dB z vy X
3U reflector with monopole 2dB Since the z-axis is the minimum moment of inertia axis
3U Parabolic reflector with monopole  3dB for a 3U CubeSat, it is well known that under this
3U Annular patch antenna 1dB condition the satellite will reach a gravity-gradient
- i i — stabilized attitude pointing the z-axis along the dsavi
Antenna Configurations Attitude Stability vector. However, this attitude is contrary to the antenna

. . designs presented in this paper. Therefore, the main
Multiple antennas were designed, developed, and testeffiective of the attitude control system is to ensure tha

for the purpose of gain improvement with the intentiony,e  attitude for communication is maintained when
of implementation on orbit. One important ., munication is necessary.

consideration for the implementation of these antennas

is how they impact the satellite’s attitude stability. There are two possible attitude scenarios that exist for

There are two aspects that must be considered: utilization of the communication system:

» Operating attitude of the antenna design
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» The satellite is operating as a dedicatedon sensitivity requirements such that the maximum
downlink and always needs to have thetransmit power is limited to 1W that is representative of
directional antenna pointing within a boresight the standard power consumption of available CubeSat
cone of the nadir direction communication subsystems. The antennas were also

] . _ tested to evaluate the improvement in received signal

» The satellite has other attitude objectives,strength using an Atmel transceiver and software
based on a primary mission, such as imaggunning on an MSP430f2012 microcontroller. Although
capture, that possibly conflicts with the these designs apply to linear polarized antennas, the
attitude necessary to communicate with theconcepts presented can be extended to circular
directional antenna polarized antennas, like crossed dipoles, instead of

Under the conditions of the first scenario, passiveMonopole configurations to further improve link
attitude control is sufficient to maintain required quality.

attitude. One such solution is to utilize a strong enoug
permanent magnet with hysteresis to overcome th

cknowledgments

gravity-gradient torque and align the antenna boresighthe work presented here could not have been
direction with nadir by creating an appropriate magneticompleted without the support of all the members of

moment.

In the second scenario, active 3-axis attitude control i
necessary. At a minimum, the attitude control systenM
must be capable of producing a torque greater than tf}e
gravity gradient torque. Depending on the slew-rate and’

Space Systems Group at the University of Florida. We
.would also like to acknowledge the support of Kelly
Jenkins and Malathy Elumalai, the engineers from the
cKnight Brain Institute at the University of Florida,

r assisting us with antenna measurements.

precision requirements, angular momentum exchanggqterences

devices, such as reaction wheels and control moment
gyroscopes, exist for overcoming gravity-gradientl.
effects to provide full 3-axis attitude control. Giversthi
control, the satellite can then reorient between the
attitude for image capture and downlink.

Drag and Orhital Lifetime Considerations 9

A significant advantage of the proposed antenna
designs is that their communication attitude
requirements result in increased orbital lifetime. Sinceg
each of the designs operates with the 3U longitudinal
axis (z-axis) parallel to the velocity vector, the drag
area is minimized. Minimizing area is important
because orbital decay is a direct result of deltass |
due to the drag acceleration and other acceleration
perturbations. However, as discussed in the previous
section, this does come at the cost necessitating s
passive or active attitude control system to overcome
gravity-gradient effects. 6

Conclusion

7.
Several antenna concepts have been developed to
achieve high gain in a space constrained CubeSat. The

antenna models are developed, simulated, and test&d

with respect to gain performance. These antennas
designs were packaged for 1U and 3U CubeSat
platforms. Each antenna was required to have a beam
width of greater than 60 degrees, bandwidth greater
than 10MHz, and gain greater than 7dB. Simulation and
test measurements verified the performance of the.
antenna configuration. A link budget analysis was

performed to estimate the gain requirements for based
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