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ABSTRACT

Telemetry, tracking, and command (TT&C) systems on
traditional small satellites have advanced significantly in
capacity, throughput, and complexity over the last several
decades. The CubeSat community 1is in need of similar
advancements. The Naval Postgraduate School Solar Cell
Array Tester (NPS-SCAT) seeks to provide the foundation for
advances iIn Tfuture iterations of CubeSats at NPS. This
thesis explains the design, test, and integration of a full
TT&C sub-system for NPS-SCAT. The satellite will have two
TT&C systems that provide full telemetry for the experiment
through a primary communications channel and secondary
telemetry through an amateur band beacon. The thesis
explains the development of the concept of operations for
the satellite that drove the data requirements provided by
the TT&C system. The thesis also explains the testing
procedures of the transceiver and the design, test, and
integration of the primary and secondary antennas.
Finally, the thesis explains the frequency [licensing
process through the Navy-Marine Corps Spectrum Center and

the Federal Communications Commission.
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1. INTRODUCTION

A. THE GROWTH OF THE CUBESAT COMMUNITY

Since the formalization of the CubeSat standard in
1999 by California Polytechnic State University and
Stanford University, the CubeSat community has seen
significant growth (Puig-Suari, Turner, & Ahlgren, 2001, p.
4). The growth can be partially attributed to the long
design, fTabrication, and testing timelines associated with
traditional small satellite programs. The lengthy
timelines create difficulty when iIntegrating a satellite
program into an academic environment. The timelines for
small satellites are not conducive to traditional student
graduate program requirements, and do not permit students
to see a satellite program development effort through from
its 1iInception to completion. The traditional timelines
could potentially complicate a Master’s Thesis or a
Doctoral Dissertation that relies upon experimental results
to be published to fulfill degree requirements.

To date, there have been five batches of CubeSat
launches, and one solo launch. Those batches were
comprised of 30 1U CubeSats, three 2U CubeSats, and five 3U
CubeSats (denMike, 2009). There are an additional three
batches scheduled to launch in 2009 on various platforms,
and are comprised of 16 1U CubeSats and one 3U CubeSat.
There are also more than 20 documented 1U CubeSats in
varying stages of development, and perhaps many more that
have not been Tformally introduced. CubeSats are being
developed 1in every corner of the scientific community:

international and domestic; commercial, academic, and
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government; and public and private. However, government
involvement in the CubeSat community has, until recently,

been limited.

B. THE NAVAL POSTGRADUATE SCHOOL SMALL SATELLITE PROGRAM

The first autonomous satellite from the Naval
Postgraduate School was conceived 1in March 1989. The
Petite Navy Satellite (PANSAT) was then launched in October
1998, ten years after original conception. Efforts for the
follow-on to PANSAT, the Naval Postgraduate School (NPS)
Spacecraft Architecture and Technology  Demonstration
Satellite (NPSAT1) were initiated 11n 1999, and have
resulted 1n a planned 2010 Qlaunch date. Both of these
satellites have significantly enhanced the educational and
professional growth of student military officers in the
Space Systems Curriculums at NPS. PANSAT contained all the
traditional satellite subsystems, except attitude control,
and included an experiment that provided a global messaging
system that used spread spectrum techniques within the
amateur band. NPSAT1 also was similarly built, and
included six experiments (Koerschner, 2008, p. 2). PANSAT
resulted in more than 50 Masters Theses at NPS and NPSAT1
has resulted in many more. Both satellites were extremely
valuable to the NPS [learning environment and were

relatively complex in their design.

The introduction of the CubeSat standard ushered in
new opportunities to Tfurther reduce the complexity of
satellites. The reduced satellite complexity thereby
offers increased student opportunities for hands-on
learning through the design and integration of a satellite
and i1ts subsystems over a shorter development timeline. As

2



the CubeSat program at NPS matures, it is conceivable that
a student could experience the majority of the program
lifetime, from its feasibility study, through its design,
and to iIts system integration and potentially its launch
during an academic tour at NPS. The more comprehensive
programmatic experience offered by a CubeSat will enhance
the academic and professional development of the students
at NPS and the effectiveness of the Professional Military

Space community.

C. THE NAVAL POSTGRADUATE SCHOOL CUBESAT PROGRAM

The Tirst CubeSat at NPS is the NPS Solar Cell Array
Tester or NPS-SCAT. The satellite i1s a 1U or 10
centimeters cubed satellite. To maintain the simplicity of
the program, the payload for the satellite 1s taken
directly from NPSAT1. The similarities will allow NPS-SCAT
to harness some of the technical expertise on Solar Cell
Array Testers within NPS and focus more attention on the
subsystem design and the systems integration processes. By
focusing on the subsystem design for NPS-SCAT, the program
will establish a baseline subsystem that will be leveraged
in future CubeSats that can be incrementally improved upon.
Once the baseline is established, future CubeSats will be
designed, built, and integrated over a shorter timeframe
and students and researches <can focus more on the

experiments within the CubeSat.

One of the critical enabling subsystems for the NPS
CubeSat baseline 1is the communications system. The
communications system will ultimately allow for the
transfer of experimental data as well as the command and
control of the satellite. CubeSat programs throughout the

3



community have demonstrated mixed success with their
communications systems. There is not a common variable
that can be identified for the success or failure of these
programs, but it is useful to briefly explain the details
of previous programs, those that are in design phase, and

the future of the community.

NPS-SCAT may be scheduled to launch aboard a Space
Transportation System (STS) flight in 2010. Secondary
payloads aboard the space shuttle are launched using the
Space Shuttle Payload Launcher (SSPL). The launcher
dimensions are 5 inches by 5 inches by 10 inches, more than
4000 cubic centimeters volume (Schulenburg, 2008, p. 8). A
1U Cubesat has dimensions of 10 centimeters by 10
centimeters by 10 centimeters, or 1000 cubic centimeters
volume. This presented a systems integration issue and
potentially an opportunity. There were several concepts
developed to provide an interface from the SSPL to NPS-
SCAT. The Tfirst concept was a simple sleeve that would
eject from the SSPL and launch two CubeSats, as shown in
Figure 1.



. Sleeve
(507

NPS-SCAT

Figure 1. First SSPL Adapter Concept (From
Schulenburg, 2008, p. 8)

The simple adapter concept that was TfTirst explored,
wastes volume that can be used for other experiments.
Simply transforming the adapter into another functioning
satellite creates additional volume that would not
otherwise be available iIn a 1U CubeSat. The additional
volume 1is gained as a result of no longer requiring the
feet on the second satellite, and the volume that i1s lost
by extending the feet beyond the main structure. Instead,
that volume can be completely cubed out and used for other

payloads or sub-systems. The design for the second concept
iIs shown In Figure 2.



SCAT++ Volume

SCAT++ Door {Satellite)

Figure 2. Second SSPL Adapter Concept (From
Schulenburg, 2008, p. 8)

Regardless of which concept was chosen, i1t was decided
that NPS-SCAT would adhere to the ICD for the Poly
Picosatellite Orbital Deployer (P-POD) Mk 111 and, thus,
allow the satellite to deploy i1n a conventional launch
vehicle, 1f the STS opportunity did not materialize (Lan,
2007, p- 3). The second concept was chosen based on its
ability to potentially provide extra volume for additional
experiments. The second satellite was named NPS-SCAT++ and
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will have identical functionality to NPS-SCAT. It will
also contain two risk mitigation experiments for another
CubeSat program at NPS. The first is a CubeSat Class
Momentum Exchange Device that will allow a CubeSat to have
an Attitude Determination Control System. The second risk
mitigation experiment is an innovative release mechanism
that will allow the door on NPS-SCAT++ to release and eject
NPS-SCAT.

D. A BRIEF HISTORY OF CUBESAT COMMUNICATIONS SYSTEMS
1. Pletsak Launch: June 30, 2003

The first batch of CubeSats launched June 30, 2003, on
a Eurockot launch vehicle from Pletsak, Russia, contained a
wide array of CubeSats with diverse communications systems
suites (denMike, 2009). Two characteristics that were
common among the CubeSats, were the use of the AX.25 Link
Layer Protocol specification and the frequency range from
432-438 MHz i1n the Amateur radio band (AM). The only
deviation from the AX.25 protocol was the CanX-1 satellite
due to the proprietary nature of the information it was
collecting. The choice of this widely used protocol
allowed amateur vradio operators worldwide to collect
information from the satellites and enhance the ground
station effort. By utilizing the amateur radio community,
the satellites could potentially transmit more data, thus
provide more utility, if the data could be effectively re-
assembled by the ground station. Generally, the CubeSats
used a Commercial Off-the-Shelf (COTS) radio, and modified
it for use in space. The only published exception from the
use of COTS equipment was the Japanese CubeSat XI1-1V, which
used a transceiver and beacon that was developed within the
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University. However, the first three development versions
of the satellite integrated a COTS transceiver until the
flight model was ready (Klofas & Anderson, 2008, p. 10).

The results from the first batch of CubeSats have been
mixed. The two Japanese satellites, Cute-1 and XI-1V, were
perhaps the most successful, as they were still sending
telemetry data in March 2009, and had provided a
significant amount of downlinked telemetry. QuakeSat-1 can
also be considered a success because i1t worked for more
than seven times the design life of six months, and
provided significant useable data. CanX-1 and DTUsat-1,
however, never functioned on orbit and AAUl had a
significantly decreased lifetime, due to battery packaging
problems, and a degraded communications system that led to
only beacon packets being transmitted for the life of the
satellite. The most notable characteristic for the launch,
iIs the use of dedicated beacon transmitters by the two
Japanese satellites Cute-1 and XI-1V. These satellites
also utilized dedicated antenna designs for the transceiver
and the beacon, monopoles for Cute-1, and dipoles for XI-1V
that worked well (Klofas & Anderson, 2008, p. 13).

2. Pletsak Launch: October 27, 2005

The second batch of satellites were launched aboard
the SSETI Express launch. Again, the satellites all
operated iIn the Amateur (AM) Band and used the amateur
AX.25 protocol to simplify the ground station operation and
increase the number of worldwide downlink points. Though
the types of transceivers 1is unknown, it is known that
NCube-2 and UWE-1 utilized commercial transceivers and the
X1-V satellite family (identical to XI-1V in every aspect)

8



continued to use the transceivers and beacons developed

within the University of Tokyo.

NCube-2 never transmitted to its ground station, and
was declared dead on orbit. XI-V and UWE-1 both functioned
as intended and utilized monopole antennas for their
communications subsystem. Again, the Japanese Satellite

XI1-V used a beacon to provide redundancy (denMike, 2009).

3. Baikonur, Kazakhstan: July 2006

The Blaunch aboard the Dnepr Launch Vehicle contained
five P-PODs that then housed 14 CubeSats. The missions
suffered a launch vehicle failure and as a result all of
the CubeSat payloads as well as several other satellites
were lost (Clark, 2006). Common characteristics among the
satellites were the use of the AX.25 protocol within the
432-438 MHz AM Band. The only deviations from the standard
within the Jlaunch were the MEROPE by Montana State
University which utilized the AX.25 protocol and operated
within the AM Band, but at a significantly lower frequency
(144-146 MHz range) (Hunyadi, Klumpar, Jepsen, Larsen, &
Obland, 2002, p. 1) and the AeroCube-1 that operated in the
Amateur Band between 902-928 MHz (California Polytechnic
University, 2006). Most of the satellites utilized
monopole or dipole antennas. Notable exceptions were the
use of a patch antenna by ICE Cubes 1 and 2 from Cornell
University (Hammer, et al., 2003, p. 21) and the
incorporation of an active antenna array on Mea Huaka from
the University of Hawaii as part of the experimental
payload (Fujishige, et al., 2002, p. 3). This batch of
satellites also began to incorporate the use of an attitude
control system. At least eight of the satellites i1ncluded
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either magnetorquers, hysteris rods, or electronic
propulsion systems in the satellite (denMike, 2009). The
use of stablizing devices in Cubesats could significantly
improve the capabilities of the communications subsystem
and allow a link to be closed with a reduction In power

using a higher data rate (Wertz & Larson, 1999, p. 313).

4. Baikonur, Kazakhstan: April 2007

The fourth major CubeSat Jlaunch contained several
unique elements as Boeing entered the fray of the CubeSat
community with their entry of CTSB-1 and three tethered
CubeSats designated as MAST were Qlaunched by Tethers
Unlimited. Aerospace Corporation also launched their
second CubeSat and California Polytechnic Institute
Launched CP3 and CP4, their third and fourth CubeSat
(California Polytechnic Institute, 2007).

CTSB-1, AeroCube-2, and MAST utilized proprietary
packet protocols for their missions. These missions were
also unique in their use of the frequency spectrum and the
licensing requirements associated. CTSB-1 used an
experimental Jlicense and operated at 400.0375 MHz, a
traditional satellite communications carrier (National
Telecommunications and Information Administration, 2008),
AeroCube-2 used a frequency between 902-928 Megahertz using
an Industrial, Scientific, and Medical (ISM) [license
(Klofas & Anderson, 2008, p. 16), and MAST used a Microhard
MHX2400 transceiver operating at 2.4 Gigahertz (Newton,
2009)

The remaining satellites in the flight continued to
use the AX.25 Protocol along with frequencies within the

432-438 MHz portion of the AM Band. These satellites have
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had a mixed rate of success. Essentially all of the
satellites have established communications with the ground.
The exceptions are: CAPE, which was integrated with a non-
functioning receiver due to time constraints and Libertad-
1, which had a non-functioning ground station when it was
launched and the university personnel were not able to
complete repairs iIn time to communicate with the satellite
(Klofas & Anderson, 2008, p. 18). The remainder had
downlinked telemetry from several hundred kilobytes to
several megabytes over the course of a year (Klofas &
Anderson, 2008, p. 5).

5. Satish Dhawan Space Centre, India: April 28, 2008

The Tfirst launch of multiple CubeSat outside of the
Former Soviet Union consisted of satellites from Canada,
Europe, and Japan. The satellites were launched using an
XPOD on a flight coordinated by the University of Toronto
Institute for Aerospace Studies (Chin, Coelho, Brooks,
Nugent, & Suari, 2008, p. 8). Notably, the Canadian
Mission of CanX-2 focused on the development of future
systems for other CanX flights; Delfi-C3 from Delft
University of Technology in Holland was deployed to test
wireless link data transfer within the satellite and new
thin film solar cells; and Nihon University deployed SEEDS,
a satellite similar to one destroyed in the DNEPR Launch
Vehicle failure in July 2006.

Every satellite within the fifth batch used the 432-
438 MHz portion of the AM band for part of 1its
communications subsystem. CanX-2 also used the 2.390-2.450
GHz portion of the Amateur band for an additional downlink

using a modified AX.25 protocol that the design team named
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the Nanosatellite Protocol (NSP). CanX-2 used two patch
antennas for the S-Band transceiver and a quad-canted
turnstile antenna for the downlink 1in the 70-centimeter
band (Tuli, Orr, & Zee, 2006, p. 2). CUTE 1.7 + APD 11
used the Amateur frequencies available from 1240-1300
Megahertz for its uplink and maintained the AX.25 protocol
for 1its transmissions (Tokyo Institute of Technology,
2008) . At the time of this thesis, all the satellites
launched in the fifth batch were still iIn operation and

transmitting to the ground station.

6. Separate Launches: CUTE 1.7 + APD and GeneSat 1

Individual CubeSat launches have been rare. They have
made up less than ten percent of the total CubeSat volume
launched. Cute 1.7 + APD is a 2U CubeSat that was launched
from Japan and tested an upgrade to the Tokyo Pico-
satellite Orbital Deployer (T-POD) that could accommodate
2U CubeSats (Chin, Coelho, Brooks, Nugent, & Suari, 2008).
GeneSat 1 was a joint project between NASA and academia
that sought to “validate the use of research quality
instrumentation for iIn situ Dbiological research and
processing (Mas & Kitts, 2007, p. 1).” The primary
telemetry, tracking, and command link for GeneSat was a
Microhard MHX-2400 Frequency Hopping Spread Spectrum Radio
operating at 2.44 GHz and transmitted through a patch
antenna. GeneSat also used a beacon operating 1in the
Amateur Band from 432-438 MHz to serve as a risk reduction
for the Microhard Radio, and to provide Amateurs the
opportunity to collect satellite information (Mas & Kitts,
2007, p- 2). CUTE 1.7 + APD had a Hlifetime of several
months and successfully transmitted mission information to
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the ground station. GeneSatl was also successful and
downloaded the 500 Kilobytes required for 1its primary
mission and continues to transmit beacon information
(Klofas & Anderson, 2008, p. 5).

7. Wallops, Maryland: June 2009

The second batch of United States based launch of
CubeSats will include NASA’s second CubeSat, Pharmasat-1;
Aerocube-3; Hawksat-1; and CP6 from California Polytechnic
State University aboard a Minotaur-1 rocket (Chin, Coelho,
Brooks, Nugent, & Suari, 2008, p. 6). Pharmasat’s
subsystems will be largely the same as Genesat. NASA has
developed a Microsatellite Free Flyer program that will
leverage a standard subsystem baseline iIn 1U of the cube
and allow various payload configurations iIn the remaining
20 of the satellite (National Aeronautics and Space
Administration, 2008). Aerocube-3 and Hawksat-1 do not
publish information regarding the project. CP6 has also
limited information on the subsystems available to the
public. However, based on the published frequencies and
available computer assisted drawings of CP6 and Hawksat-1,
it can be assumed that the communications systems use a
half-wave dipole antenna and transmit in the 432-438
portion of the AM band.

E. FUTURE CUBESAT COMMUNICATIONS SYSTEMS

The majority of CubeSat projects that are planned to
launch 1n the next two years utilize transceivers, beacons,
or both that continue to operate iIn the 432-438 Megahertz
portion of the Amateur Band. They also continue to use the
AX.25 protocol. There are also several that plan to
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operate at frequencies up to 2.4 GHz and as low as 145 MHz.
Currently there are not any formal programs that plan to
deviate from the previously used frequencies iIn the CubeSat
community. Conceptual CubeSat programs could use higher
frequencies in either the C-Band or X-Band and further
reduce the size and mass of the transceiver and the antenna
and gain additional bandwidth to support payloads that have
a significant data downlink requirement. The designers
would have to consider the utility of additional bandwidth
and decreased size and weight against increased power
requirements to close the link with the ground station as
the energy-per-bit 1i1s decreased for the same power
consumption. As CubeSat power generation systems become
more effective and the satellites achieve three axis
stability, higher operating frequencies become increasingly
feasible while permitting smaller components and increased

antenna gain.

Though there i1s no developmental work leading to near-
term changes in the frequencies 1iIn which CubeSats are
operating, there has been, and will continue to be,
development within systems wused 1iIn the ground station
network. The ground station network Tfor CubeSats 1s a
critical component because 1t ultimately leads to the
success or TfTailure of the mission. Libertad-1 1is an
excellent example of a program that was able to take
advantage of the amateur ground station network. The
university’s ground station never functioned during the
lifetime of the satellite. Despite this, the satellite was
able to transmit and was heard by the amateur community
worldwide (Klofas & Anderson, 2008, p. 6). Theoretically,

the more ground stations that a CubeSat can transmit to,
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the more information it will be able to pass to the
principal investigator of a program. The ultimate goal is
to network ground stations so that a CubeSat can begin
transmitting its downlink information as soon as It has
commenced start up operations not when just when It is 1iIn
view of the developer’s ground station and continue until
all the intended data has been downlinked. The satellite
will just be transmitting the information to different
ground stations that are active during its entire pass.
Basic experiments have been conducted using this concept
and have demonstrated that the time to transmit the
information can be reduced by as much as seventy percent
(Klofas B., 2006, p. 4). This concept is actively being
pursued by the European Space Agency’s GENSO program as
well as Professor James Cutler at the University of
Michigan (James & Boone, 2009).
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I1. SOLAR CELL ARRAY TESTER COMMUNICATIONS SYSTEM
REQUIREMENTS

A. DATA REQUIREMENTS
1. Data Overview

The ultimate purpose of a satellite communication
subsystem 1i1s to “allow the satellite to function by
carrying tracking, telemetry, and command data (TT&C) or
mission data between i1ts elements (Wertz & Larson, 1999, p.
381).” The complexity of the system is heavily driven by
the amount of TT&C that the satellite and the ground
station require. Though the requirement can be flexible,
depending on where processing for the mission takes place,

there is a minimum baseline that defines mission success.

In the case of NPS-SCAT, the data baseline is defined
by the receipt of data that is collected by the Solar
Measurement System and basic system health data that allows
the program to accurately characterize the sub-system
design before future iterations are launched. The data
will be generated by the Solar Measurement System, the
Clyde-Space 1U CubeSat Electrical Power System, temperature
sensors placed throughout the spacecraft, and the FM430
Flight Module. Two versions of telemetry have been
identified: primary telemetry and secondary telemetry.
Primary telemetry will 1include all measurements by the
Solar Measurement System and comprehensive system health.
Secondary telemetry will 1include an abbreviated weekly
measurement by the Solar Measurement System and
instantaneous system health measurements.
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2. Solar Measurement System

The payload for NPS-SCAT is a Solar Cell Measurement
System that allows the satellite to measure voltages,
currents, and  temperatures produced from the four
experimental solar cells and correlate the measurements
with a sun angle obtained from a Sinclair Interplanetary
Two-Axis Digital Sun Sensor. The system generates 1-V
curves based on the measurements. The curve in Figure 3,
contains sufficient data point to characterize the solar

cells and their efficiency, the ultimate goal of the
project.

IV curve: Current ve Voltage)

Currend (mA)

'Uﬂl‘l\ (1]
Figure 3. Sample 1-V Curve

The curve is useful because the open circuit voltage
was represented, the short circuit current was represented,
and the knee of the curve can be accurately interpreted
because there are sufficient data points. Based on

analysis conducted within the program, it was deemed that
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one-hundred data points were sufficient for to define a
full I-V curve and fifteen data points were sufficient for
an abbreviated 1-V curve. An abbreviated 1-V curve would
still allow the program to monitor the efficiency of the
solar cells over the Hlife of the satellite. The
abbreviated I1-V curve 1is the minimum number of points
required to understand the current efficiency of the solar
cell and would provide open circuit voltage, short circuit
current and a sufficient number of points to accurately
characterize the knee of the curve. Temperatures are
measured throughout the satellite and are measured at each
solar cell in order to better quantify the effect of
temperature on the efficiency of the panel. The
temperatures measured on the prototype are included in
Figure 2 and reflect temperatures on fTour different faces
of the satellite at any point on the graph.
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Figure 4. NPS-SCAT Solar Panel Temperatures

The flight version will contain more iInstrumentation
throughout the satellite iIn addition to the temperature

sensors 1installed on the same fTace as the experimental
solar cells.

3. Clyde-Space 1U Electrical Power Subsystem

The purpose of the Electrical Power Subsystem (EPS) is
to store, distribute, and control spacecraft power (Wertz &
Larson, 1999, p. 303). In this respect, the EPS is a
critical enabler of the communications subsystem. However,
the EPS can also generate data that allows the ground
station to monitor its performance as well as the overall
performance of the satellite. This data is critical to
properly managing the satellite operations, performance,
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and better understanding the -conditions that could
potentially affect future satellite design. This becomes
even more critical in a CubeSat design because of the
limited power availability for generation, as well as
storage. For NPS-SCAT, the data generated and collected by
the EPS will affect the operations over the life of the
satellite and will drive future CubeSat designs that seek
to leverage the baseline subsystem design developed for the

CubeSat Program.

There are several specific measurements that will be
recorded and stored for the occasions that primary
telemetry i1s transmitted. The measurements are delineated
by the four modes that the spacecraft operates during:
sampling, transmission, beacon, and eclipse. The specific
definition of the modes will be addressed iIn Paragraph B,
SCAT Concept of Operations, and Appendix A. For each mode
the EPS will record the beginning battery voltage, ending
battery voltage, and the current draw for each subsystem
during 1ts operation. These measurements will be stored
for transmission with primary telemetry to the ground
station. The measurements will allow the CubeSat program
to adjust Ffuture CubeSat designs based on actual
operational data and thus adjust the baseline subsystem

design to be more effective.

4. Temperature Sensors

Another source of data that 1is important to
understanding the satellite’s performance and preparing for
future 1iterations of the CubeSat design at NPS are the
temperature sensors located throughout the system. The
temperature sensors will primarily allow the project to
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more accurately characterize the efficiency of the solar
cells. These sensors also allow the satellite to determine
which solar panel is In the sun and activate the payload at
the correct time, and allow the ground operations to
understand the temperature variations throughout the
satellite and to validate the thermal design estimates.
Some temperature measurements will be embedded within the
I-V Curve data and will then become part of both the
primary and secondary telemetry. Other temperature
measurements will be recorded for the various operational
conditions and transmitted with the primary telemetry.
Real time measurements will also be transmitted with the
secondary telemetry to provide a current status of the
satellite through the beacon transmission.

5.  FM430 Flight Module

The FM430 flight module 1is the processor for the
satellite. All telemetry generated within the satellite
will be sent to the FM430 and processed as necessary. Once
the telemetry is processed the FM430 will route data to the
correct communications subsystem for transmission to the
ground. Though the FM430 does not generate much original
data, it is a critical component to the functioning of the

communications subsystems.

B. SCAT CONCEPT OF OPERATIONS
1. Overview

To acquire the necessary telemetry, the project team
developed a concept of operations. The concept of
operations was tailored within the scope of the data

requirements, the satellite operational capabilities, and
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the overall intent of the experiment. The initial concept
of operations allowed the software engineer to progress
through the software development iteration and Tfurther
refine the flight software. The team divided states of
operation into initial modes: Start-Up Operations and
Normal Operations. Normal Operations was then subdivided
into four additional modes: Transmission Mode, Sun Mode,
Eclipse Mode, and Beacon Mode. The modes within normal
operations were not mutually exclusive and are further
defined 1In the in the following paragraphs. An extended
dialogue with assumption and graphical depiction are
contained iIn Appendices A and B.

2. Start-Up Operations

The team defined Start-Up Operations as the time from
which NPS-SCAT i1s launched from NPS-SCAT++. At the time of
deployment, the FM430 Flight Module is powered on and the
satellite begins operations with a four-hour timer. The
intent of the timer is to allow the satellite to fully
charge its batteries over the course of several orbits and
prepare for normal operations. Normal Operations may be
initiated after four hours iIf the battery voltage exceeds a
threshold. 1f the satellite progresses through more than
three four-hour cycles and does not exceed the minimum
required battery voltage, then it will transition to Normal
Operations in order to prevent the satellite from remaining
in Start-Up Operations indefinitely. Start-Up Operations
may also be entered from Beacon Mode if the battery voltage

drops below the required threshold to maintain operations.
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3. Normal Operations

Normal Operations is the state that the satellite is
intended to operate iIn for the majority of its useful
lifetime. Normal Operations facilitate the functioning of
the payload, the periodic transmission of abbreviated
telemetry from the beacon, the transmission of primary
telemetry from the primary transceiver, and the operations
in eclipse. Each mode exists within Normal Operations and
can be nested within other modes if necessary. From Start-
Up Operations, Normal Operations will Tfirst query the
primary radio to see 1f the satellite 1Is receiving a
transmission. IT this i1s true, then the satellite will
proceed to Transmission Mode. IT the spacecraft is not
receiving a transmission, then the system will determine if
the satellite is In the sun or eclipse by checking the
voltage of the solar cells against the voltage of the
batteries. The normal operating voltage of the solar cells
is 5.4 Volts and the battery is 8 Volts fully charged. |If
there is more voltage at the batteries, then the spacecraft
is In eclipse and the software scheduler will transition
the system to eclipse mode. |If there is a charging current
from the solar cells, then the software will check to see
if the Z-Axis is producing current, if not, the scheduler
will assume control. IT the Z-Axis 1is producing voltage,
then the software will check to see which Z face is warmer
and infer which face is i1lluminated by the sun. Once all
the states are known by the software the schedule will
transition the satellite to the appropriate mode. The modes

are further defined below.
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a. Transmission Mode

The purpose of the Transmission Mode is to allow
the satellite to transmit Full Telemetry, as defined in
Appendix A, to the ground station and thus Tulfill the
intent of the experiment. Because the transmission of full
telemetry is power intensive, the Tfirst action 1in
Transmission Mode is to check the voltage of the batteries.
IT the voltage is not sufficient (i.e., less than 5.4
volts) the system will transmit “Low Battery Warning.” IFf
the voltage 1is within pre-defined parameters the system
will prepare to transmit full telemetry if it is iIn the
field of view of the ground station or return to normal
operations.

b. Sun Mode

The purpose of Sun Mode 1is to regulate the
functions of the SMS and allow the spacecraft to acquire
the data that is the primary purpose of the experiment.
When entering the Sun Mode within Normal Operations, the
system will always check the voltage of the batteries
against the voltage of the solar cells for redundancy.
Though the payload does not have a significant power
requirement, the team determined that caution was preferred
to depleting the batteries on orbit. IT the spacecraft
does not have sufficient voltage, it will return to Normal
Operations. IT the voltage exceeds the minimum threshold,
the spacecraft will acquire Tull telemetry. After
telemetry has been acquired, the system will check the
voltage of the batteries against the solar cells to ensure
that the satellite is still In the sun. IT the satellite
iIs In the sun, three timers will be initiated; one for the
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Beacon Mode, one to acquire fTull telemetry, and the third
to acquire abbreviated telemetry. The duration of the
Beacon timer will be based upon the orbit and what the
requirement 1is to assist iIn the acquisition of the
spacecraft as it approaches the horizon, as well as any
requirements Tfor transmitting call sign on the Amateur
Bands. The duration of the full telemetry timer is based
on the maximum number of samples that the team would like
to acquire fTor downlink over the course of an orbit.
Satellite Took Kit models show that the satellite should
spend about 60 minutes of i1ts 90-minute orbit in the sun.
A 15-minute timer would allow about four collections of
full telemetry during the orbit of the satellite, which
would equate to about 64 collections per day of full
telemetry. A summary of the calculations is included in
Table 1. The Tull telemetry Tile sizes are based upon
initial estimates by the program software engineer and are
explained further iIn Appendix A. Because the exact
protocol has not yet been defined, the file sizes are based

on a minimum and maximum possible size.
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NPS-SCAT Data Rate Budget (Primary Radio)

Minimum  Maximum | Minimum Maximum | Minimum  Maximum | Units
Size of Full 2003 3611 2003 3611 2003 3611 | bytes
Telemetry File
Number of
Collects per Orbit 3 3 3 3 ’ ’
Data CoIIe(.:ted 6009 10833 6009 10833 6009 10833 bytes
per Orbit
Number of Orbits 16 16 16 16 16 16
per Day
DataCollected | o614, 17338 | 96144 173328 | 96144 173328 | bytes
per Day
Primary Radio 172800 172800 118200 118200 19200 19200 bps
Data Rate 21600 21600 14775 14775 2400 2400 Bps
Time to Transmit
Primary 4.45 8.02 6.51 11.73 40.06 72.22 Seconds
Telemetry Daily
Data Collected | 73008 1213296 | 673008 1213296 | 673008 1213296 | bytes
per Week
Time to Transmit
Primary 31.16 56.17 45.55 82.12 28042 505.54 | Seconds
Telemetry
Weekly
Table 1. NPS-SCAT Data Rate Budget

The duration of the abbreviated telemetry timer
IS based on the minimum data that the satellite can
transmit to effectively quantify the degradation of the
solar cells. The system will acquire the secondary
telemetry once a week and then transmit the secondary
telemetry for one week before it updates the data for
transmission. Over the course of one-year satellite
lifetime, this operating profile would generate 52 1-V
curves per experimental solar cell which would allow the
program to quantify any degradation of the solar cells
during their operational lifetime. Once the timers have
been set, the system will return to normal operations.
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C. Eclipse Mode

The purpose of Eclipse Mode 1is to manage the
power draw and to ensure that the beacon only transmits
when there 1is sufficient power available at the battery.
To ensure that the power exists, the system will check the
battery voltage against a pre-determined threshold before
it continues in Eclipse Mode to the Beacon Mode. |If there
is sufficient voltage, the system will set a pre-determined
timer that activates the Beacon Mode. The timer duration
iIs based on several variables. The beacon serves primarily
as a risk mitigation system to ensure that the minimum
amount of mission critical data reaches the ground station,
and to ensure that the ground station can acquire the
satellite as i1t enters the ground station field of view.
As such, the duty cycle of the beacon transmission is based
on the relative velocity from the ground station to the
satellite, the typical time 1iIn view, and the maximum
distance that the ground station can acquire the satellite.
It is generally preferred to shorten the beacon
transmission time and increase the frequency of the beacon
transmission to ultimately decrease the time that it would
take to acquire the satellite, once it enters the field of
view. The system will continue along the same cycle in

Eclipse Mode until it is back in the sun.

d. Beacon Mode

The purpose of the Beacon Mode i1s to manage the
collection of abbreviated telemetry and manage the
transmission time of the subsystem before it returns to the
previous operational state. The beacon transmission time
will be determined based on two factors: the amount of data
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contained within secondary telemetry and the allowable duty
cycle of the beacon based on the power budget for the
satellite. Initial estimates for the beacon transmission
time, based on the current secondary telemetry file
estimate, are included in Table 2, and demonstrate that the
information could be transmitted several times over a
relatively short time. This would ensure that the
listeners had sufficient time to acquire the satellite and

receive a coherent file.

NPS-SCAT Beacon Duration/Frequency Budget

Data Rate 1200 | 9600 Baud (AFSK Two Tone)
Percent Overhead 80% 80%
Effective Data Rate 960 | 7680 bps
120 960 Bps
Size of Secondary Telemetry File 989 989 bytes
Time to Transmit Secondary File 8.24 1.03 Seconds
Table 2. NPS-SCAT Beacon Duration/Frequency Budget

C. POWER REQUIREMENTS
1. Primary Radio

The primary radio used for testing is the Microhard
Systems MHX 2420. One of the major considerations that
drove the concept of operations for the communications
subsystem was the power requirement to transmit both the
primary telemetry and secondary telemetry. To a certain
extent the power draw was Tixed. The Tlink budget, as
explained later, has limited margin, so i1t is critical that
the maximum power output is used at the satellite. The
Microhard MHX series of radios that provide a Commercial-
Off-the-Shelf (COTS) solution are not easily modified, and
the MHX 2420 current draw is generally fixed for a given
data rate. Thus, the preferred method to modify the power
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draw is to operate at the maximum power transmitted, but
manage the duty cycle. To accomplish the objective of the
experiment, the radio had to be on during its pass over the
ground station. This time was defined as the minimum radio
activation time during an orbit for the purpose of the
power budget. It would seem relatively easy to activate
only the radio when it is in view of the ground station.
However, the satellite does not have any self-location
knowledge, and so, an algorithm must be 1incorporated to
activate the radio when it is likely to be in view of the
ground station. To address this requirement, the team had
to build protocols iInto the modes to turn the radio on
during 1i1ts time iIn the sun, to listen for a specified
duration. This maintains the radio iIn the states of
minimum power usage unless i1t receives a transmission from
the ground station. |If the radio receives traffic from the
ground station, it will then transition to the transmission
mode, which has the most significant power draw, and can
only be operated during periods in the sun when the battery
has a nearly full charge. Further detail regarding power
draw for the radio, i1s discussed in Chapter 111, and in the
Electrical Power System sub-system thesis.

2. Beacon

The beacon power requirements were simpler to change
and adapt to the power availability of the CubeSat. The
beacon radio will be designed by The California Polytechnic
University CubeSat program as a risk mitigation platform
for fTollow on beacons on the CP CubeSat series. The
beacon’s power usage can be lower than the primary radio
because 1t operates at a lower frequency that generally
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requires less power to close a link with a ground station.
The data rate of the beacon may be significantly less than
that of the primary radio, which also allows it to provide
more energy-per-bit for the transmission than a radio with
the same power and a higher data rate. Also, the beacon is
generally a simpler and better known design, due to its
extensive heritage. The beacon design permits the system
to approach a more optimal maximum power transfer point
than the Microhard series of radios that require a
significant amount of power iIn to radiate an equivalent
output power to the beacon. Despite the significantly
lower power usage, the best way to manage the beacon power
draw is still to manage its duty cycle. The additional
considerations for the Dbeacon duty cycle must Dbe
understood, as discussed earlier in section 3.d. of this
chapter.
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111.RADIO DEVELOPMENT

A. PRIMARY TT&C LINK
1. Basis for Radio Selection

One of the primary focuses of NPS-SCAT is to develop a
baseline sub-system design for future NPS CubeSats and
leverage COTS technology during that process. With that
philosophy in mind, the program chose the Pumpkin Inc. 1U
CubeSat Skeletonized Structure and the FM430 Flight Module
that 1i1s already integrated within the Pumpkin structure
(Pumpkin Incorporated, 2005, p. 2). Pumpkin markets the
system as a CubeSat Kit. Microhard Systems Inc.
manufactures products that are complementary to the Pumpkin
structure and the FM430 Flight Module called the MHX 2400
Series radios (Pumpkin Incorporated, 2005, p 11). When the
flight module and Pumpkin system were originally designed,
Microhard sold the MHX 2400 radio, and it was compatible
with the flight module and the power output of the Clyde
Space 1U EPS. The MHX 2400 also has a flight heritage,
having been successfully used with GeneSatl from NASA and
MAST from Tethers Unlimited Inc. (Klofas & Anderson, 2008,
p- 5). Following the success of GeneSat, two students, who
worked on the subsystem with NASA, published a paper at the
2007 Small Satellite Conference. The paper outlined some
of the key performance parameters of the system, namely
power and sensitivity (Mas & Kitts, 2007, p. 4).
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Table 1: MHX-2400 Specifications

Parameter Value
Band 2.4GHz ISM
Transmission Method Freq. Hopping Spread Spectrum
Serial Data Rate up to 115kbps
RF Output Power up to 1W, selectable
Power Consumption (Rx Tk{) 1.I5W /438 W
Sensitivity (@25°C) -105 dBm
Max. Throughput 83kbps (no delay)
Weight 75 grams
Size 90 mm x 53 mm X 25 mm
Table 3. MHX 2400 Specifications (From Mas & Kitts, 2007,
P- 4)

Given the specifications in the paper, the MHX 2400
would provide sufficient sensitivity, throughput, and a low
enough power draw to allow a 3 meter ground station to
effectively command and control the platform over the life
of the satellite. As components to the MHX 2400 became
obsolete, and users demanded additional features on the
radio such as encryption, enhanced sensitivity, higher data
rates, and higher voltage supply, Microhard introduced a
new version of the radio operating In the same band called
the MHX 2420 (Catherwood, 2009). Pumpkin began to market
the new radio as a component that was compatible with its
CubeSat Kit. Based on Pumpkin’s recommendation and the
success of the GeneSat, PharmaSat, and MAST CubeSats with
the Microhard product line, the NPS-SCAT team purchased and
began to conduct initial testing with the MHX 2420 with the
intent to integrate it in the prototype for NPS-SCAT.
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2. MHX 2420 Specification

The MHX 2420 published specifications appear very
similar to those of the MHX 2400. The complete
specifications are included in Appendix C, but appear to be
generally the same as the MHX 2400. Table 4 contains the
specifications for the MHX 2420 similar to those that NASA
measured for the GeneSat mission.

Parameter Value

Band 2.4 Ghz ISM

Transmission Method Freq. Hop Spread Spectrum

Serial Data Rate up to 230.4kbps (special order)

RF Output Power up to 1W, selectable

Power Consumption (Rx/Tx) | Not provided in latest specs

Sensitivty -108 dBm @ 115.2kbps link rate

Max. Throughput Not provided in specs

Weight 55 grams

Size 89 mm x53.4 mmx 17.8 mm

Table 4. MHX 2420 Specifications (Microhard Systems Inc.,

2008)

Most 1importantly, Microhard maintains that the MHX
2420 i1s still a low power consumption radio, even though
specific figures are not provided in the latest
specifications.

3. Primary Radio Link Budget

Flight heritage is an iImportant factor in the choice
of a radio to perform the Command and Control of the
satellite. However, a link budget must also be calculated
to determine the viability of the radio, given the power
transmitted, the gain of the transmitting antenna, the data
rate of the link, the carrier frequency, and the gain of
the receiving antenna. For NPS-SCAT, a Ulink budget is

required for the primary telemetry uplink and downlink, as
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well as the beacon downlink. Because the satellite iIs not
a primary payload and is subject to the availability of a
launch vehicle, the propagation path length variable can
vary significantly. It is best then to model a scenario
based on the current assumption that the satellite will be
launched on the Space Shuttle Payload Launcher at an orbit
20 kilometers below the International Space Station. For
example, the altitude of the International Space Station
was 410 kilometers so the altitude of NPS-SCAT would be 390
kilometers. The remaining portions of the link budget are
based on the characteristics of antennas and equipment
previously discussed or that have been quantified 1In
previous theses. It is useful to explain the calculation
of a one link budget for the program and the remaining will
follow with explanations of the changes in variables. The
scenario with the smallest likely margin is the downlink
from the satellite to the ground station because of the
reduced power transmission originating from the satellite.

a. Propagation Path Length

The propagation path length of the satellite iIs a
function of the orbital altitude and the elevation angle.
For the purpose of the link budget the path length was
calculated for every fTive degrees of elevation starting
with the horizon at zero degrees. There is a practical
limit on the elevation angle that a satellite can acquire
the ground station due to obstructions and terrestrial
noise. That limitation is typically five to ten degrees
(Gordon & Morgan, 1993, p- 150). A  graphical
representation of the variables is included in Figure 5.
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p = angular radius of Earth
A = Earth central angle
Target 1 = nadir angle
g=elevationangle
D H=altitude
D = slantrange

Figure 5. 2-D Satellite & Earth Center Geometry (From
Wertz & Larson, 1999, p. 113)

Using these variables, the slant range, D, can be
calculated for every elevation angle over the satellite
path assuming a Nadir pass. The baseline equations are
included in Space Mission Analysis and Design (SMAD) (1999)
Table 5-4.
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Parameter Formula . No.
Earth Angular Radius, p {sin p= Rg/{Rg + H) 5-18
Pericd, P P =1658669 x 104 x(6,378.14 + 42| 7-7
Max Nadir Angle, npay | Sin 2mac = Sin pcos g , 536
ot L R
Max Distance, Dpay Dy = Re {SI0 Agy / 80 Dmay) 5-38
Min Earth 8in Ay = $in-fatpue Sin latys 543

Central Angle, A + COS lalpo COS falys COS (Along)

Min Nadir Angle, 1, 18N Npin = (SN p8IN L) /(1 —sinpcos | 5-44

Amin}

Max Efevation Emax =90 deg - Amin — Hmin 5-45
Angle, Emax

Min Distance, D Dmin = Rg (8In Ap/ SiN 11min) 5-46
Max Angutar Rate, Omax | Bmax = [(2% (g + H)] / {P Dy 547
Azimuth Range, A¢ cos (A¢/2) = {(tan A/ 1an dm,,) 5-48
Time in View, T T={FP/1B0 deg) cos™ (CO8 Apg,/ COS Ay} | 5-48

Table 5. SMAD Slant Range baseline equation table (From

Wertz & Larson, 1999, p. 113)

These formulas can be developed iInto a single
equation that may be used in a link budget spreadsheet to
calculate the slant range, as iIn equation (3-1), and be
used to determine the free path space loss in the link
budget, accounting for the curvature of the Earth.

D:JR5+(R;44f—szg(Rﬁ+ﬂxcw[n—@0+gysm1[5£%ﬁ§%iQ}J (3-1)

Where D 1s the slant range, R Is the radius of the earth or
6378 Km, H is the altitude of the satellite, and ¢ i1s the
elevation angle of the satellite relative to the ground
station. For an orbital altitude of 390 kilometers and a
ground station elevation angle of zero degrees, this
returns a path length of 2264 Kkilometers. This is an order

of magnitude farther than when the satellite transmits
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to a ground station at the sub-satellite point. The link

budget must account for the changes in slant range to be

useful.

b. Free Path Space Loss

Typically, the most significant losses occur
because of distance in a communications system. However,

the losses are a function of the frequency of the carrier
as well as the path length. The theoretical value for path
loss i1s calculated using the equation

2 2
I—s=(4”Dj =(47rf Dj (3-2)
A C
or the value can be calculated in dB using the equation
Ls =20log(D) +20log(f)+92.45 (3-3)

where D 1s the slant range distance iIn Kkilometers and T is
the receiver frequency iIn GHz (Gordon & Morgan, 1993, p.
39). For the 2264 Km slant range calculated 1iIn the
previous paragraph and using a frequency of 2.44 GHz, there
would be a free path space loss of 167.3 Decibels (dB)
which decreases to 151.9 dB at an elevation angle of zero

degrees and an altitude of 390 Km.

C. Transmitting and Receiving Communications
System Characteristics

There are several constants in the transmitting
communications system that feed variables 1i1In the [link
budget. These are constants because they are a function of
the component and its capabilities or characteristics that
are required to close the link. Transmitting power is not
a constant and can be adjusted on the MHX 2420. However,

because the maximum power transmitted by the MHX 2420 is
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only one Watt and the margin in the link budget may not
meet the 10 to 20 dB recommended to account for fading, the
maximum power s used and is considered a constant for the
purpose of these calculations (Gordon & Morgan, 1993, p.
251). For use in the link budget the transmitted power is

converted to dB using the formula

Pccey =10L0,5 (Pyyans) ) (3-4)
The frequency of 2.44 GHz is a function of the
radio that was chosen, which was explained previously.
Once the signal Ileaves the radio it travels through a
transmission line to the antenna. The transmission line
has a loss that is often standardized to one dB to account
for connector mismatch and coupling inefficiency but may
not be necessary based on inherent inaccuracies within the
link equation. The actual value can be measured more
accurately once the actual connectors and the length of
transmission cable within the system are known. (Wertz &
Larson, 1999, p. 557). A transmitting antenna gain of 2 dB
was used for the link budget because i1t is typical for a
dipole, which was the assumed antenna when the link budget
was initiated. The modeled values and the measured values
of the antenna will be addressed iIn Chapter 1V of the
thesis, but a 2 dB assumption is valid for the calculation
of the link budget. The transmitting system constants are
added 1n dB to produce the Equivalent Isotropic Radiated
Power (EIRP) of the system iIn the equation

EIRP5) = Ps) + Canas) (3-5)

(d8) — Tt(aB)

(Gordon & Morgan, 1993, p. 36).

The receiving system located on the roof of

Spanagel Hall at NPS was characterized for a previous
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thesis by Luke Koerschner in 2007. With the exception of
the frequency, his calculations and measurements are
applicable to NPS-SCAT and can be used in the link budget.
The ground station antenna is a 3.048 Meter mesh parabolic
antenna. The thesis also uses a conservative aperture
efficiency, or n, of 55 percent. Antenna efficiencies can
range from 40% to 80% and are normally approximated at 55%
for estimating purposes (Gordon & Morgan, 1993, p. 36).
Antenna efficiencies are normally specified in the mid-50%
range for horns and iIn the mid-60% range for parabolic
antennas (Stutzman & Thiele, 1998, p. 299). The antenna
diameter, receiver efficiency, and frequency can be used to
calculate the maximum receive antenna gain. The antenna
gain i1s a ratio that represents the power transmitted with
the antenna pointed directly towards the receiver, versus
the power transmitted without an 1isotropic antenna that
radiates uniformly 1in all directions. The standard
equation for a parabolic reflector is

Gain = 4’2’ZA (3-6)

where A 1i1s the physical area of the aperture. After
substitution, the equation becomes

G4 =20log,, D+20log,, f +10log,,77+20.4 (3-7)
(Gordon & Morgan, 1993, p. 140), where D i1s the diameter in
meters and F is the frequency in GHz. The parabolic

reflector used for the NPS-SCAT ground station has a peak
gain of 35.10 dB, as reflected in the link budget. A
critical characteristic of an antenna is the half-power
beamwidth. This characteristic represents the point in the
transmitting or receiving beam where the power received or

transmitted is three decibels less, or where the power is
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one-half of what it would be if the antennas were perfectly
aligned. Generally, this is considered the effective beam
of the antenna to transmit or receive and anything outside
that beam has significant losses that may not be overcome.
An approximate equation to calculate the half power
beamdwidth 1is

21
9 = — 3_8
3dB fD ( )

which returns a value in degrees (Gordon & Morgan, 1993, p.
143). Where T is the frequency in GHz and D is the antenna
diameter iIn meters. For a circular aperture, the half-

power beamwidth is approximately equal to 102%%(nxﬂmm):2-36

degrees when evaluated at 2.44 GHz and for a 3.048 meter
diameter dish antenna. This value directly affects the
pointing error loss. IT the tracking system 1iIs not
accurate enough to maintain the receiving system iIn 1Its
beamwidth then the losses increase. The NPS-SCAT ground
station pointing error was quantified in the previous work
by Luke Koerschner to be two degrees (Koerschner, 2008, p.
20). Using these values the pointing error loss can be

calculated using the equation

Lgdb:—12( ¢ J (3-9)

3dB
where e i1s the pointing error in degrees (Wertz & Larson,
1999, p. 556). For the NPS-SCAT link budget, this returns
a value of 5.82 dB. The values for peak receive

antennagain, receive antenna line loss (L,.), and pointing
error loss (L,) can be added in dB form to provide the

receive antenna gain with pointing error using the equation
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er(dB) = Grp(dB) + I-Iine(dB) + Lpt(dB) (3_10)
(Gordon & Morgan, 1993, p. 167).

A critical loss that must be accounted for in the
link budget is the loss due to polarization.
Theoretically, if a system has perfect pointing and the
polarization of the receiver and the transmitter are the
same, there is no loss iIn the system due to polarization
(Cushcraft Corporation, 2002, p. 3). However, this 1s
often not the case. The industry rule of thumb is a 3 dB
loss due to polarization (Wertz & Larson, 1999, p. 264).
For the NPS-SCAT Communications system the primary on orbit
antenna is right hand circularly polarized and the ground
station 1is selectable to right or left hand circularly
polarized. Given perfect alignment, there could be =zero
polarization loss iIn the system. However, 1f the axial
ratio of the two antennas iIn the system is close to 90
degrees, there could be losses in the tens of dB. Because
the value of polarization loss varies so significantly, the
industry standard value will be used for the link budget
(Cushcraft Corporation, 2002, p. 5).

d. Energy per Bit versus Noise

The ultimate value that a link budget seeks to

calculate is the Energy per Bit versus Noise or -El- The

0o

{%— for the link provides a basis for comparison against

0

the known required {%— for a specific modulation scheme and

0

the measure i1s relatable to the signal-to-noise ratio. |If
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the link {%L does not exceed the required %%L then the link

o [0}

may not close successfully and transfer data. |If the link

—b  does exceed the required {%— then the link may close

o] o]

but it is not guaranteed (Gordon & Morgan, 1993, p. 230).
The standard equation 1is

E, _PLGLLG,
N KT.R

0

(3-11)

where P 1s the transmitter power iIn Watts, L, is the

transmitter to antenna line loss, G, is the transmit antenna

gain, L i1s the space loss, L, 1i1s the loss due to

S a

atmospheric conditions, G, is the receiver antenna gain, Kk

r

is the Boltzman Constant, T is the system noise

S

temperature, and R 1is the data rate. This can be
calculated in dB using the equation

E
F=EIRPL, L+, +G, +2286-10log, T, -10log, R (3-12)

0

(Wertz & Larson, 1999, p. 554).

Where for an elevation angle of zero degrees, using the

previously described parameters, this gives an {%— of 18.2

[0}

dB. The Microhard series of radios utilize frequency shift

keying, which has a required {?L of 13.5 dB (Wertz &

0

Larson, 1999, p. 561). The difference of the system -El

0

and the required {%— gives a margin which i1s +2.7 dB at a

o]

zero degree elevation angle from the ground station.
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Despite a small margin at zero degrees elevation angle, the
margin increases significantly as the elevation angle
increases and surpasses the recommended 10 dB margin
recommended to account for signal fading at 20 degrees
elevation affording the satellite more than 200 seconds
time in view of the ground during a nadir pass. The
spreadsheets in Appendix D show the comprehensive link
budget for a downlink and uplink at 390 km. The last
calculations for the link budget spreadsheet, are estimates
for the time iIn view given the appropriate elevation angle.
Based on the time 1in view the +total amount of data
transferred in a given pass can be calculated.

4. Radio Characterization and Testing

Characterizing the radio 1s a key step 1iIn the
evaluation process. Characterization serves to validate
manufacturer specifications, as well as measure
characteristics critical to the system’s functions within
the satellite. Based on the requirements for NPS-SCAT, two
major tests were conducted on the radios well as other

tests that will be explained in section 3c.

a. Current Draw Testing

A current draw test was not initially planned to
measure the radio characteristics. The concept was
discussed but reduced iIn iImportance to the other testing
that was thought to be more valuable. The current draw was
also assumed to be in line with the MHX 2400 which had
proven acceptable to several CubeSat programs previously.
The 1mportance of characterizing the current drawn by the
radio iIncreased after attempting to incorporate the radio
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in the Pumpkin CubeSat Kit. The ClydeSpace EPS was unable
to provide adequate current at 5 volts to transmit data.
Because of this incident, further work was pursued testing

the current characteristics of the radio.

Initially, testing was designed to be minimally
invasive. The initial testing was conducted on the
Microhard Spectra 2420, a hardened case with a self-
contained power supply and MHX 2420 radio card, as well as
a serial interface and hard base antenna mount pictured

below.

VecPins1 &2
Figure 6. Microhard Spectra 2420

The tests used a Mastech MY60 Multimeter to
measure the current supplied to the Spectra 2420 through a
12-volt AC power connection. This proved inaccurate
because there 1i1s a significant amount of additional
circuitry that draws on this current to power the Spectra,
as shown iIn Figure 6. A more accurate test to measure
current was designed to isolate the current supplied to the
radio card, and the current supplied to the peripheral
circuitry. An MHX 2420 development board kit was used,
similar to the board in the right-hand picture of Figure 4.
Voltage is provided to the radio through pins one and two

on the board, as depicted In Figure 4. To 1isolate the
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radio card, 50 mm of trace that supplies current to pins
one and two was removed. A shunt was soldered onto the
trace iInto pin one and two, the positive supply voltage,
and an additional shunt was soldered onto the trace for pin
13, ground for the radio card and what would be considered
ground for the power supply. With the shunts installed, the
DC current for the radio card could be provided by a
standard lab DC power supply at +5 Volts. An Agilent
E3631A DC Triple Output Power Supply was used for the test.
The current was measured using a Hall Effect Current Probe
placed over the positive supply lead, connected to the DC
power supply to Vcc pins one and two. The probe measures
the inductive magnetic field produced by the current, and
amplifies the measurements for output to an oscilloscope.
The Tektronix A6302 20 Ampere AC/DC Current Probe was used
to measure the current, which was then amplified by the
Tektronix AM503B AC/DC Current Probe Amplifier and
displayed on a Tektronix TDS3034C Digital Phosphor
Oscilloscope. The test setup iIs depicted iIn Figure 7.

Amplifier  Current Probe
icrohard MHX2420 Display Oscilloscope

Figure 7. Current Draw Test Setup
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To maximize the use of the available throughput
for the radio, a Python program was written that could be
configured for the data rates used by the radio. The
program operates on both the master PC interface as well as
the slave in different modes. The master PC uses a pseudo
random number generator to produce data. The data 1is
stored on the master PC for comparison later. The data is
transmitted through the COM3 port on the PC through a
serial connection to the Microhard Spectra 2420 at the
specified data rate. The radio then applies its protocol
to communicate from the master radio to the slave radio and
transmit the data. The data 1i1s decoded at the slave
Spectra 2420, and transmitted to the COM3 port on the slave
radio PC over a serial link. Concurrent to the master PC
running the Python program, the slave radio PC also
operates the program 1In receive mode. The receive mode
version of the program simply takes the data that 1t
receives from the slave radio and resends it to the slave
radio for transmission to the master. Once the master PC
receives the data, i1t compares what was received to what
was transmitted and infers a Bit Error Rate, as well as an
effective data rate. The program can run indefinitely and
test the capabilities of the radio link for an extended
time period or can be altered to provide a test environment
that allows for measurement of the current at different
states of operation. The data flow of the program 1is

graphically depicted iIn Figure 8.
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Python 8erial Teat Program Flow Diagram
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Figure 8. Python Serial Test Program Diagram

The testing examined three states of power output
from the radio. The radio was tested at 1 Watt, 0.5 Watts,
and 0.1 Watt power transmitting. The testing showed two
distinct states of current draw, periods when the radio was
receiving from the distant station and when the radio was
transmitting. The data rate was held constant at 115200
bits per second (bps) in order to eliminate one variable of
the test. This was also the lowest data rate available for
this radio model and i1t was assumed that iIncreasing the
data rate would only increase the current draw. The 115200
bps data rate would also meet the TT&C requirements
discussed earlier for the satellite so it was not useful to
examine the 172800 bps data rate. The first state that was
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quantified was the 1 Watt power output transmitting data at
115200 bps. The results of the test are shown in Figure 9.

MHX 2420 Current Test Transmit (1Watt, 115200bps)
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Figure 9. MHX 2420 Current Test Transmit (1 Watt;
115200 bps)

From the figure and from additional testing, it
was inferred that the radio transitions through three
states. One state i1s the transmitting state, during which
the radio transmits a packet for approximately 17
milliseconds. Following the packet transmission, the radio
waits approximately 3 milliseconds during which it waits
for an acknowledgement from the distant station. This
corresponds to a short transmission from the other radio iIn
the network, which is the master. The radio then transmits

additional bits on the same cycle 22 times, which produces
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a transmit period of approximately 450 milliseconds. Over
the course of the cycle, the Figure 9 data shows that the
radio can draw about 2.25 Amps when transmitting at the
maximum data rate at 1 Watt power output. The minimum
transmit current measured is just below 2.0 Amps. The
second state is an idle period during which the radio that
was previously receiving is ensuring that the channel is
clear to begin transmitting. The 1i1dle period current
measurements are shown in Figure 10 and average almost 400

millTamps.

MHX 2420 Current Test Idle (1Watt; 115200bps)
S/N 010-0013001
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Figure 10. MHX 2420 Current Test ldle (1 Watt;
115200bps)

The third state that the radio operates in is the
receive state, during which the radio accepts data from the
other radio in the network and sends acknowledgement and

handshaking bits throughout the transmission. The receive
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state is effectively the complement to the transmit stage.
The current draw throughout the receive stage is shown in

Figure 11.

mm;u “II“: b L]

[ - ) [ ] o= _fl_ - L) L | wa -
Figure 11. MHX 2420 Current Test Receive (1 Watt;
115200bps)

Though the average current draw through the
receive state is low and is around 0.5 Amps, the transient
currents exceed 2.5 Amps and are significant for this
application. The testing was conducted on three different
radio cards and was consistent through all three. The
documented characteristics were also verbally confirmed
with the University of Michigan RAX program as well as the
Kentucky Space Consortium, both of whom plan to use the MHX
2420 in their CubeSats.
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Further testing was planned to manage the data
rate input to the radio, effectively throttling the serial
connection between the radio and the PC. It was
hypothesized that if the data rate over the serial
connection to the radio were reduced, the current draw
would also be reduced. Though this would not be a long-
term solution it would allow the program to use the radio
for terrestrial tests without modifications to the EPS.
Prior to the test completion, the program was able to order
the previous version of the Microhard MHX 2400 series radio
that had been tested extensively in support of the NASA
CubeSats and MAST. Based on the potential to use these
radios, the testing of the MHX 2420 was temporarily

suspended.

b. Sensitivity Testing

One of the critical characteristics of a radio is
the sensitivity, or the ability, to detect a received
signal. Radios that have higher sensitivities can
typically detect radio signals that originate at a greater
distance or have a lower power output, or both (Gordon &
Morgan, 1993, p. 283). The sensitivity experiment was
conducted using the radio frequency shielded chamber in the
Small Satellite Lab at NPS to completely isolate the two
radio sets and ensure there were not any spurious RF
emissions detected by the other radio. The two radios were
physically connected through the 1interface panel on the
chamber and a series of iIn-line, selectable attenuators.
The attenuators allowed the signal strength to be reduced
in a similar manner to the free space losses that occur
because of physical separation distance. The test was
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performed to determine if the receiving radio could detect
and decipher the incoming signal at significantly reduced
power levels. The capability to detect the reduced signal
was measured by transmitting packets using the Python
Serial Test program described earlier. The effective data
rate of the link, as well as the time for the radios to
connect and synchronize, was measured. The test was
initiated with the radio transmitters off, and the
transmitters were required to synchronize 1in order to
replicate the most likely on orbit scenario. Data was then
transmitted over the [link, while the attenuation was
incrementally increased. The data rate used for the test
was 115200 bps. The effective data rate was measured over
a ten minute time period to develop an effective average.
Initially, the attenuation was increased in increments of
10 dB until the test reached a point where the link was
expected to Tail. At that point, the attenuation was
increased i1n increments of 1 dB. The results are included
in Table 6.
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Microhard MHX2420 Attenuation Test

Transmitter Output Power 30 dBm

Line Loss (Measured) 6 d8

Digled Attenuation (dB) |Total Attenuation (dB) Expected Receive Signal Strength (dBm) |Effective Half-Duplex Data Rate (kbps) |Connect Time (Sec)

0 6 24 38.3 1

10 16 14 38.26
20 26 4 38.3
30 36 -6 38.32
40 46 -16 38.32
50 56 -26 38.38
60 66 -36 38.3
70 76 -46 38.33
80 86 -56 38.31
50 96 -66 38.32
100 106 -76 38.28
110 116 -86 37.6
120 126 -96 37.1
125 131 -101 32.8
126 132 -102 31.1
127 133 -103 31
128 134 -104 30.5
129 135 -105 29.8
130 136 -106 24.4
131 137 -107 19.2
132 138 -108 13.2
133 139 -109 0.1
134 140 -110 0.1
135 141 -111 0.05

Constants

o [ fe o [ e e e e [ | e e e e o e [ | e

|
L =

Table 6. Microhard MHX 2420 Attenuation Test

The test results validated the manufacturer
claims that the radio has a sensitivity of -106 dBm. The
results show that the receiving radio was still able to
coherently detect the distant signal with losses up to -108
dBm, albeit at a reduced data rate and a need for a longer
connect time. It is likely that the ability to transmit
data through increased attenuation would be even greater if
the forward error correction settings were enabled. The
software that was used to test the effective data rate did
not count packets toward the total throughput that were not
error free. This method also has some 1inherent error
because the packets were sized for 4096 bits. IT only 1
bit out of the 4096 was an error, the entire packet was
counted as an error. The sensitivity test is the primary
test that should be conducted on the radio prior to

integrating it iInto a communications system. The test
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validates the manufacturing claims for the series and can
be considered a quality check on the individual radio prior

to being used for further testing or operations.

C. Setting and Configuration Testing

Qualitative testing was conducted on the radio
configurations to develop recommended on orbit
configurations. The tests were conducted iIn a terrestrial,
high noise setting and were similar to those conducted by
Tethers Unlimited 1Inc. (TUl) on their MAST satellite
transceiver. The Microhard MXH 2420 and the MHX 2400 store
the radio setting 1i1n numbered registers than can be
directly accessed by the user in command mode. Each
register i1s 1identified by the letter S and a three-digit
number. The registers are set by entering the command mode
of the radio and then entering the register number and
setting it to a value, n. For example, the data mode is
entered by entering +++ into a Terra Term interface. The
register is then set by entering the value ATS108=30. This
would set the output power to 30 dBm or 1 Watt. The
qualitative register settings and rationale will be
explained and summarized in tabular format in section D of

this chapter.

B. BEACON
1. Specifications

A beacon transmitter was not originally planned for
the satellite. However, the utility and need for a beacon
became more apparent as the program progressed through the
early part of 2009. Over the course of years, CubeSat

programs had incorporated a beacon as risk mitigation to a
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primary radio. The paths of other CubeSat programs, as
outlined iIn Chapter I, as well as NPS-SCAT’s problems with
the MHX 2420, made cost benefit analysis of a beacon for
the satellite more apparent. Based on these factors, the

choice was made to pursue a beacon for NPS-SCAT.

As of May 2009, the beacon will be designed and built
in cooperation with the CubeSat program at California
Polytechnic State University (Cal Poly). The beacon 1is
part of a risk mitigation experiment for future Cal Poly CP
satellites, and will allow NPS-SCAT to transmit beacon
telemetry on the AM Band using a Cal Poly radio. The
beacon will be built around the ADF7021 High Performance
Narrowband ISM Transceiver IC. Though the transceiver is a
COTS i1tem, the complete beacon system 1is a custom
development by the Cal Poly CubeSat Program. This allows
the NPS-SCAT team to coordinate with Cal Poly on
modifications that will improve the integration of the
beacon iInto NPS-SCAT and NPS-SCAT++. Some of the
interfaces that NPS-SCAT and Cal Poly have agreed upon are
footprint and configuration, power output, data rate, and
interface with the FM430. There were two primary concepts
for the beacon circuitry. The Tfirst would be to make a
custom PCB compatible with the Cubesat Kit PC104 form
factor for installation into NPS-SCAT and NPS-SCAT++. The
second concept was to build a complete beacon antenna board
for mounting on the positive X face of the NPS-SCAT. That
is, the beacon transceiver and circuitry would exist on the
reverse of the beacon antenna board. This concept would
allow the beacon to be self-contained and also reduce the
need for integration into the original concept for the NPS-

SCAT. However, after discussion and review, the Tfirst
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option was chosen to reduce the overall complexity of the
system and ease the burden on the student working with the
EPS The beacon power output will be limited to 0.5 Watts.
As the beacon link budget discusses, this is sufficient to
close the link. The data rate will be 9600 baud. The 9600
baud is using the AX.25 protocol, which contains
approximately 20% overhead. Once the overhead is accounted
for, the data rate is still sufficient for NPS-SCAT and
allows room for growth for NPS-SCAT++ as discussed earlier.
The beacon will interface with the FM430 using the SPI
protocol through the main bus. Once the 1initial beacon
design is reviewed, the exact pins and placement will be
assigned.

2. Link Budget

The link budget calculations and values for the beacon
are largely the same as the primary radio discussed 1iIn
section 3 of this chapter. The variances relate to the
radio specific values and the differences in the proposed
ground station for the beacon transmissions. The beacon
will operate at a lower frequency in the amateur band. As
discussed in Chapter 1, many satellites have used the
amateur frequencies from 430-438 MHz successfully. The
NPS-SCAT beacon will also operate in this frequency range.
For the purpose of the link budget, the highest frequency
iIs used because it provides the lowest margin for the link.
The transmitted power for the radio i1s planned for 0.5
Watts and this figure was used for the link budget. Based
on the margins in the link budget, i1t is unlikely that any
additional power would be required to close the link at any
elevation. The antenna gain figure of 2.12 dB i1s based on
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typical gains for half-wave dipoles which is the planned
antenna for the beacon (Beasley & Miller, 2005). The peak
receive antenna gain for the ground station is based on the
gain for a double-Yagi circularly polarized antenna. The
Space Systems Academic Group used the antenna as the ground
station Tfor PANSAT. The ground station will be re-
initiated as the ground station for NPS-SCAT. The antenna
for the ground station 1is an M2 436CP42 U/G Circular
Polarized Yagi. The Yagi antenna is stacked to provide the
double Yagi configuration that increases the gain by
approximately 3 dB (Rigmaiden, 2009). The data rate for
the link budget is based on the current plan to transmit
telemetry. Table 2 shows that either a 1200 baud or 9600
baud will be sufficient for NPS-SCAT but NPS-SCAT++ may
require additional telemetry so a higher data rate may be
desired. The link budget was developed using the worst
case scenario which would be 9600 bps due to the potential
requirement Tfor additional secondary telemetry for NPS-
SCAT++. The change i1n values returns a 12.6 dB margin at
zero degrees elevation increasing to 20.0 dB at 20 degrees
elevation, which well surpasses any recommended margin to
account for fading. The complete link budget i1s included
in Appendix D.

3. Beacon Characterization and Testing

Due to the unavailability of the beacon at the time of
this thesis, there has not been any testing of the actual
sub-system. Once the beacon becomes available, tests
similar to those conducted on the MHX 2420 will be
conducted to characterize the beacon current draw and
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sensitivity. Once the baseline testing is complete, the
beacon can be further integrated into the satellite for

more integrated tests.

C. OTHER RADIO TESTING
1. Field Testing
a. First Field Test

To test the radio in an environment other than a
laboratory, the Tfirst tests were conducted in the Tfield.
It was hypothesized that this would be valuable testing for
the program and allows the program to validate the use of
the MHX 2420. Extensive testing was conducted and planned
in the Monterey Peninsula Area. The testing measured
receive signal strength at the radio, which is indicated on
register S123 on the MHX 2420 and the effective data rate
was measured using the Python Serial Test Program. The
initial tests were conducted with the roof of Spanagel Hall
as the Master Station and a mobile station was established
that moved from point to point along the test path. The
first test is summarized in Appendix E, Radio
Experimentation Guide. The Tfirst test resulted 1In an
inability to close the link at a distance greater than 13
Kilometers. The fTairlure of this test forced the team to
review the test setup and the equipment iIn use.

b. Test Antenna

The initial testing used the standard antenna
sold with the Microhard Spectra 2420 and included with most
2.4 GHz 80.11 wireless network equipment, an antenna often
referred to as a “Rubber Ducky. (Pot, 2007)” and is

pictured in Figure 12.
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Figure 12. 2.4 GHz ““Rubber Ducky” Antenna (From Pot,
2007)

When the testing was conducted, the antenna was
assumed to be a monopole antenna, based on its shape and
conversations with communications engineers on the team.
Further examination and a quick search on the internet
revealed that the antenna was actually a half-wave dipole
with a horizontal beamwidth of 360 degrees, a vertical
beamwidth of 75 degrees, and a gain of 2 dB (Pot, 2007).
One element of the antenna i1s the conductor stripped away
and the other i1s the metal casing and allows the antenna to
be tuned to the correct length. The discussion regarding
the type of antenna being used was generated from
conjecture about the effect of multi-path on the testing.
As shown 1in Appendix E, the first failed test was over
water, which can contribute significantly to multi-path.
It was unknown what affect the multi-path would have upon
the signal but the concept was worthwhile to explore
further. Ultimately, the antenna was not a significant
difference from what was assumed but allowed the test to
isolate an additional variable that had been unaccounted
for previously and introduced the 1idea of using multiple

antenna types during the test.
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C. Additional Planned Field Testing

An additional limitation that was revealed during
the i1nitial fTield testing was the noise environment in the
vicinity of the school. A simple spectrum analyzer
measurement of the noise environment in the Small Satellite
Laboratory shows a -92 dB noise floor in the ISM Band. The
noise floor around NPS is likely to be elevated beyond the
local noise floor because the lab environment is relatively
shielded from the rest of the campus and the wireless
access signal is weaker. Typical satellites do not have to
deal with noise levels that have been experienced 1iIn
testing. The noise fTloor drops off for elevation angles
above seven degrees and drops off significantly for the
ground stations at elevation angles above 10 degrees. The
noise floor i1s lower for on orbit satellites in that band
because galactic noise is reduced and ISM band noise 1is
largely attenuated by the distance (Gordon & Morgan, 1993).
Based on the results alternate locations were sought to
conduct testing. Ideal locations were considered in less
populated environments or Qlocations where an elevation
angle of greater than 10 degrees would be needed to
transmit to the mobile station. Based on the additional
requirement, additional [locations were researched using
Spanagel Hall as the master station. It proved difficult
to identify locations that would allow for an elevation
angle of greater than 10 degrees and allow the team to

incrementally test the signal at greater ranges.

The search for acceptable test points was
expanded to Big Sur. The Big Sur location would mitigate

the noise using iIntervening terrain and less densely
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populated areas. A point of contact was developed at the
Point Sur Lighthouse to assist 1iIn this effort. The
lighthouse would serve as an acceptable master station and
had line of sight to several acceptable locations where the
mobile station could be located as shown 1in Figure 13

below.

Google

Figure 13. Big Sur Test Point Locations (From Google)

The locations were all in clear line of sight of
the Point Sur Ilighthouse. Based on the Ilocations, the
distance of the link could be incrementally increased and
increased path losses could be measured. However, the
noise environment in Big Sur was never formally sampled and

should be completed before any test iIs conducted.
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The final set of test points that were developed
are the most promising. Coordination was made with a local
Monterey communications company that owns access rights to
Mount Toro and Fremont Peak. A large number of microwave
repeater towers in the Central Coast region are located at
these sites because of their line of site over long
distances and their elevation above the surrounding
terrain. Based on access to these sites, an additional
test plan was developed. The test plan is the most complex
and is the most movement iIntensive. The plan requires
locating the master station at two points during the course
of the test. Mount Toro 1iIs used as a master station
location for three radio links and Fremont Peak is used for
three additional links. Despite the complexity of movement
for the test, the geography 1is the most promising and
offers several links where the elevation angle for a
station iIs above seven degrees. The test areas are also at
significantly higher elevations than the surrounding urban
environment, which would further attenuate local RF noise
resulting from 1SM band emissions. A graphical
representation of the test plan is included in Figure 14.
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Figure 14. Mount Toro/Fremont Peak Test Point Locations
(From Google)

This test plan has the most potential for future
terrestrial testing and should be used when It is
determined whether additional testing is required for the
communications system. Additional testing using balloons
may also be considered and will be discussed further in
Chapter VI.

Additional testing should also incorporate
standard gain horn antennas available iIn the Small
Satellite lab. The test can incorporate various antenna
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configurations at the master and distant station to test
for polarization losses as well as free space path loss.
Once the standard losses are accounted for, the actual
prototype antenna can be iIncorporated to be characterized

in a field environment.

2. Maximum Data Rate Testing

One of the risks of using COTS equipment is a lack of
fundamental knowledge about the system. The Jlack of
knowledge forces a program to trust the manufacturer
specifications to a point but also verify those
specifications such as current draw and sensitivity.
Another parameter that is 1mportant to quantify 1is the
throughput. Because the radio is a COTS i1tem and has a
proprietary protocol, there 1s an unknown amount of
overhead dedicated to communication with the distant
station radio and not allocated to NPS-SCAT Primary TT&C.
In order to quantify this overhead the maximum throughput
was measured by adjusting the packet size and rate from the
pc to the radio. There are several variables that can be
adjusted within the radio to manage the throughput, but
unfortunately they were too numerous to effectively test.
Ultimately, the realized throughput was in-line with those

listed In the sensitivity testing within a small error.

3. Doppler Shift and Path Delay Considerations

Two unique characteristics to space communications are
the significant Doppler shift and the path delay. The
Doppler shift results from the transmitter having a
significant relative velocity to the receiver. In a Low
Earth Orbit (LEO) this i1s about 7.5 Km per Second. The
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path delay is a result of the large distances that the
signal has to travel. This 1is major consideration at a
geosynchronous orbit but also must be considered at LEO.

The calculation is simple:

T = Dl 3-13
p(seC)_T (3-13)

For NPS SCAT at a slant range of 2667 Km this i1s a 9
mS delay for the downlink and another 9 mS for the uplink.
This must be considered for the hop interval setting
explained later 1In this chapter. Given the Doppler
equation for change In frequency

v

Af =-— C f, (3-14)

and a relative velocity of 7.5 Km per second at nadir with
a frequency of 2.44 GHz, the Doppler shift is about 61 KHz.
The MHX 2420 transmitted signal 1is approximately 176 KHz
wide. The receive bandwidth 1is about 400 KHz. This
feature allows the receiver and transmitter to accommodate
Doppler shift. The GeneSat program conducted a Doppler
shift and path delay analysis that documented similar
results (Mas & Kitts, 2007, p. 7).

D. RECOMMENDED PRIMARY RADIO CONFIGURATIONS

The primary radio configurations are critical to the
proper operation of the satellite on orbit. Because the
MHX 2400 version of the radio has flight heritage, previous
operators were contacted and their configurations were
requested. In both cases, NASA and TUIl, the operators
provided their configurations to the NPS-SCAT team. TUI

67



also provided their test notes,

Appendix G.

which are included 1in

The configurations for each radio are included

in Table 7 and Appendix G.

uHard Configuration

Command Function Comments
AT&F2 Reset system to defaults AT&F1 for gnd
system
ATEO Echo (0=0ff)
ATQ1 Enter quiet mode
ATVO Re_sult codes display
(O=numbers)
ATW1 Connection result
Register Value Function Comments
SO 1 Power up in Data mode
S101 230r 2 = Master Mode, 3 = Slave Mode
S104 *x Network address
S105 ** Unit address
S106 8 Primary hopping pattern
S206 22 | Secondary hopping pattern
S107 o Encryption
S108 6 Power level 0 for lab use
S109 9 Hopping interval
S112 255 | Packet max size
S114 1 Packet size control
S213 5 Packet retry limit
Quick enter to command mode
S119 O | (0=Disabled)
S122 1 Remote Control (1=Enabled)
Data Protocol (O=data
S126 0 transparent)
** See 'Satellite Specific
IDs'
Table 7. NASA Microhard MHX 2400 Radio Configurations

The configurations from NASA and TUlI

(Diaz, 2009)

were used along

with qualitative testing to develop the recommended radio
configurations for the MHX 2420. Though i1t is likely that

this radio will not be used for the final flight article,

many of the

registers and characteristics are similar
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across the Microhard MHX Series of radios and the settings
can be translated to the final radio. The discussion will
be organized 1iInto three categories: arbitrary radio
settings, radio to input interface, and radio to radio

settings,

1. Arbitrary Radio Settings

The arbitrary radio settings can be configured based
purely upon the desires of the developer. Though the
settings are arbitrary, they are not unimportant. The
settings must be carefully matched by both radios and
documented to ensure that the two radios will communicate.
The MHX radio operates iIn two configurations, Data and
Command mode. In Data Mode, the radio transmits to the
distant station and accepts serial iInputs. In Command
Mode, the operator can configure the register settings of
the radio. There is a default command to enter the Command
Mode, +++. The command is based upon an unlikely series of
characters that would be transmitted by the radio. When
the radio receives this series of characters, it
transitions from Data Mode to Command Mode and is ready to
receive register settings and queries. Unless there is the
possibility of transmitting the +++ characters, the radio
should remain iIn the default state. The network address,
S104, is a ten-digit number that uniquely identifies the
network between the two radios, and allows the radios to
identify the stations with which they should Dbe
communicating. The default setting is 1234567890, which 1is
not recommended. A unique number should be generated to
prevent the radios from communicating unintentionally with

another radio and wasting the limited power available. The
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Unit Address for the Master is set at 1. The slave address
is arbitrary but must be noted because it must be the
destination address; register S140, of the master radio. A

user can also identify a network mask to provide additional

security for the radio. The network mask 1s a coding
scheme iIn addition to the network address. It is
identified by register S107. Because there are several

million potential network addresses, this Is not necessary
and would only reduce the throughput of the radio. The
destination address register, S140, is arbitrary but must
be configured correctly or the data will not be recognized
by the slave station. This setting, register S140, is not
applicable to the slave station because its destination is
always the master, with a unit address of 1, iIn a PTP
network. Register S140 on the master should be set to the
same value as register S104 on the slave radio.

2. Radio to Input Interface Settings

The fundamental register of the radio, SO or Auto
Answer, determines if the radio powers up in Command or
Data Mode. It is important that the radio power up in Data
Mode on orbit to maximize the amount of time that it could
transmit when in sight of the ground station. The serial
baud rate, S102, 1is configured based upon the maximum
serial transfer rate between the radio and the FM430. The
radio has a buffer that allows i1t to manage data flow
between itself and the serial input. It is preferred to
maintain data to be transferred at the radio as opposed to
the flight module, because the radio is designed to account
for variable data rates. This would be more important if a

forward error correction scheme 1is i1mplemented or the
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packet size is modified on orbit. The Data Format register
should be set to 8N1, which translates to 8 data bits, no
parity, and 1 stop bit. This is the standard protocol
between the radio and the FM430.

3. Radio to Radio Settings

Register S101 configures the radio for a point-to-
point (PTP) network. The point-to-multi-point (PMP)
network and the peer-to-peer (P2P) network are not
desirable because those networks are designed for
communication between a master radio and many remote
stations or to create an ad hoc network. This 1s not
required for satellite operations. The wireless link rate
IS based on what i1s available. The MHX 2420 normal data
rates are 115800 bps and 172800 bps. However, the SL
version could be purchased to reduce the data rate to 19200
bps. As explained in the Hlink budget portion of the
thesis, this maximizes the energy per bit and still allows
sufficient bandwidth to transfer the data from the
satellite to the ground station. The output power,
register S108, is based upon the need to improve the link
margin and 1is explained further in previous portions of
this thesis. The hop interval per unit time 1is an
important setting that can ultimately drive the ability of
the satellite to maintain a link once 1t has been
established. Longer hop intervals allow the link to be
maintained in higher noise environment and under greater
losses, because the amount of timing drift decreases with
fewer frequency hops. Unless there 1is a significant
security concern with the frequency, this should be
maximized. Testing demonstrated that a good value was 40
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mS and greater values might further improve the ability of
the CubeSat to communicate with the ground station. The
Max Packet Size, register S112, determines the size of each
packet that is sent from the transmit station to the
receive station 1In each burst. This 1s graphically
portrayed 1in the current draw in Figure 9. IT this
decreases, corrupted packets would have less iImpact on the
quality of the link, and retransmitted packets would have
less impact on the overall throughput of the network. This
can be reduced, but it is recommended to wait until there
is more information on the size and requirement of the
primary telemetry. Packet Retransmissions defines the
number of times a modem will attempt to retransmit a packet
to its distant station it there i1s no acknowledgement from
that station. The default of register S113 1is 5, and
adjustments to this register should be conducted in concert
with modifications to register S158, Forward Error
Correction. The modem has several settings associated with
the sniffing and sleep functions. The testing conducted on
these functions showed them to be unreliable. These
registers, S143, S144, and S145, should be maintained as
Sleep Mode off, and the power should be controlled In the
FM430 software. The final setting that could improve the
data transmission between the radios is the Forward Error
Correction (FEC) Mode. The initial recommendation is to
keep this setting off until test data from a full system
simulation can be analyzed for errors. There are several
well known FEC modes available in the software that would
serve the program well if needed and provide from 50% to
66% of the throughput available without FEC (Microhard
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Systems Inc.,

2008) .

A summary of all

radio settings is included in the following table.

the recommended

MHX2420 Recommended Radio Settings

M
R:zti(e)r Slave Default
Register Function Radio Notes Setting?
(Ground 1 o icliite) (Y/N)
Station)
SO Auto Answer 1 1 1=Power up in Data Mode Y
S1 Escape Code + + Rarely Used Character Y
S101 Operating Mode 0 2 0=Master; 2=Slave Y
5102 Serial Baud Rate 1 1 1=115200 bps N
5103 Wireless Link Rate 1 1 1=115200; Recommend Lowest to N
Maximize Eb/No
5104 Network Address Arbitrary Arbitrary Master & Slave Must Have Same N
Network Address
5105 Unit Address N/A Arbitrary Master Defaultes to 0; Slave N
Arbitrary
S107 Network Mask Arbitrary Arbitrary Added Security but Arbitrary; N
Master=Slave
Unless Able to Reduce Need 1
$108 Output Power 30 30 W:30dBm Out Y
11=40ms; As hop interval slows
S109 Hop Interval 11 11 radios stay synch better at greater N
distances
S110 Data Format 1 1 8N1; Driven by Serial Port Feed Y
S112 Max Packet Size 255 255 Smaller Packets Could Improve Link Y
S113 Packet Retransmission 5 5 More Could Increase Capability & Y
Decrease Throughput
S115 Repeat Interval N/A N/A Only applicable for PMP Networks N
0=Forces Modem to Transmit
S116 Character Timeout 0 0 Minimum Packet Size and does not N
increase buffer
118 Roaming Slave S105 1 In PTP Network Master Must Have v
Slave Address
S119 Quick Enter CMDMode 0 0 Delays data mode 5 secs on startup Y
S123 Average RSSI Output Output Displays Recgwe Sig SFrenght from Y
distant unit
S133 Network Type 1 1 Identifies PTP Network N
S140 Destination Address Slave S105 1 Identifies Destination Unit Address N
S141 Repeaters (Y/N) 0 0 0=No Repeaters Y
S142 Serial Channel Mode 0 0 0=RS232 Interface N
Sleep For Radio Will Be Controlled
S143 Sleep Mode N/A 0 by FM; Sniff Mode 1(3) could also Y
be used
S144 Sleep Time N/A N/A Not Used unless $143>0 N
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5145 Wake Time N/A N/A Not Used unless $143>0
0, 1 .
$149 LED Brightness 0 0 %LED Brightness; to conserve
Power=0
Quick Sych Allows Faster Synch
5150 Sync Mode 1 N/A Between Master & Slave
S151 Fast Synch Timeout N/A N/A Only applies when S150=2
S153 Address Tag 0 0
5158 FEC Mode 0 0 Could be Changeq if P'roblems with
Data Fidelity
S217 Protocol Type 0 0 Not Applicable to this Application
S237 Sniff Timeout N/A N/A Only applicable if $143>0
S244 Channel Request Mode N/A N/A Only applies in PMP Network
Master Hop Allocation Lo
S251 Timeout N/A N/A Only applies in PMP Network
&Cn Data Carrier Detect 1 1 1=Only Accepts Data When
Synched
&Dn Data Terminal Ready 0 0 0=DTR ignored
&Kn Handshaking 0 0 O=handshaking disabled
Table 8. MHX 2420 Recommended Settings for NPS-SCAT
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IV. ANTENNA DESIGN

A. ANTENNA DESIGN CONSIDERATIONS
1. Primary Radio

The primary antenna has three major constraints.
First, the antenna has to operate effectively in the 2.40-
2.48 GHz range because of the radio being used. The second
constraint was that the antenna has to have a reasonable
omni-directional pattern because the satellite i1s tumbling,
and the team cannot control which direction the antenna is
facing when the primary telemetry 1is transmitted. The
definition of reasonable 1s vague, and in reality iIs the
best front-to-back ratio based on the other two
constraints. The third constraint is that the form factor
and deployment mechanism for the antenna must fit iIn the
CubeSat volume. Because power is already at a premium, it
is not feasible to dedicate an entire face to an antenna.
Instead, the antenna must integrate with the overall solar
panel layout, be simply deployed or require no deployment,
and fit within the constraints of the P-POD (Lan, 2007, p.
3). The P-POD constraints were still used because it
allowed the program additional flexibility if the expected

launch aboard an STS flight were to become unavailable.

2. Beacon

The constraints for the beacon antenna were as
stringent as those of the primary radio antenna. This was
despite the fact that the beacon was iIncorporated into the
overall system design relatively late In the program, as

described previously. The beacon has to transmit
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effectively at 430-438 MHz; adhere to the P-POD ICD
constraints; have a reasonable omni-directional pattern;
deploy simply, if at all; and have a footprint that allows
for maximum surface area for the solar cells on the beacon

antenna fTace.

B. EARLY DESIGN CONCEPTS

The 1i1nitial concepts for the primary radio antenna
included many of the traditional CubeSat antenna designs
discussed i1n Chapter 1. Most CubeSat antenna designs have
used half-wave or quarter-wave dipole antennas. A quick
analysis of the wavelength at the transmitting frequency
shows that a half-wavelength at 2.425 GHz i1s much smaller
than a quarter-wavelength at 435 MHz, and i1t would be
difficult to incorporate a similar antenna designs for NPS-
SCAT at that frequency.

Available Amateur & Non-Licensed Frequency Band/A Table
Band Center
Frequency Use A(m) A2 (m) | A/4(m)
(MHz)
21.225 Amateur Satellite 14.12450 | 7.06225 | 3.53112
24.940 Amateur Satellite 12.02055 | 6.01027 | 3.00514
28.850 Amateur Satellite 10.39142 | 5.19571 | 2.59785
145 Amateur Satellite 2.06753 | 1.03377 | 0.51688
435 Amateur 0.68918 | 0.34459 | 0.17229
915 ISM 0.32764 | 0.16382 | 0.08191
2425 Amateur 0.12363 | 0.06181 | 0.03091
5740 Amateur 0.05223 | 0.02611 | 0.01306
10475 Amateur Satellite 0.02862 | 0.01431 | 0.00715
Table 9. Available Amateur & Non-Licensed Frequency

Bands/x Table (After National Telecommunications &
Information Administration, 2008)
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The designs tradeoffs of both antennas were considered
in parallel. Because the beacon was being developed in
cooperation with Cal Poly, the natural design for a beacon
antenna became a half-wave dipole, similar to those proven
on the CP series of CubeSats launched by Cal Poly. This
antenna design will be discussed further in the following
section. In an effort to reduce the complexity of the
primary system, the deployable antenna options were
eliminated for the primary radio antenna. This drove the
design considerations to a printed circuit board (PCB) log
periodic or Yagi or a microstrip or patch antenna that has
been used on several CubeSats to date and i1s employed 1n
terrestrial communications and on many GPS receivers that
operate at frequencies between 1 and 2 GHz (GPS Wing,
2009). Based on the required surface area for a PCB
antenna, 1t was eliminated and designs for a patch antenna

were pursued.

C. ANTENNA DESIGN AND MODELING
1. Primary Radio

A patch antenna 1is essentially a metal conducting
plate suspended over a ground plane by a substrate
(Wikipedia, 2009). During the antenna design process, It
was identified that the requirement for a low profile
antenna was a complementary requirement to the relatively
high operating frequency and the need for 80 MHz of
bandwidth for spread spectrum communications (Balanis,
2005, p. 811). This 1s because higher frequency devices
generally require smaller components. The ground station
at NPS can be configured to provide either right-hand or
left-handed circular polarization. To minimize
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polarization loss, a circularly polarized patch antenna is
preferred, but not required. IT a linearly polarized
antenna is used, the losses would still be acceptable, and
the ground station could be easily reconfigured to a linear

feed 1T necessary.

Circular polarization for patch antennas can be
obtained In two ways. The antenna can either be fed by two
feed lines with a 90 degree time-phase difference between
the two feeds accomplished 1in a rectangular patch by
feeding the conducter at two different ends of the
conductor. The antenna can be a single feed with the feed
line offset from the center of the patch as iIn Figure 15,

ibi Left-hand circular e LHCOC ) o1 Haghtr=hand crroulbar § RHC

Figure 14.33  Single-feed ammangements for circular polarization of rectangular muicrosiri|

patches,

Figure 15. Circular Polarized Single Feed Patch
Arrangement (Feed Offset) (From Balanis, 2005, p. 862)

78



Alternatively, a slot can be cut into the center of
the patch, as in Figure 16, or the patch can be configured

as a timmed square pattern as in Figure 17
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Figure 14.34 Circular polarization for square patch with thin slots on patch (¢ = W/2.72 =
L{2.72. d =c/10 = W/21.2 = Lj27.2).
Figure 16. Circular Polarized Single Feed Patch
Arrangement (Slot) (From Balanis, 2005, p. 864)
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Figure 14.35 Circular polarization by trimming opposite comers of a square patch and by
making circular patch shightly elliptical and adding tabs.

Figure 17. Circular Polarized Single Feed Patch
Arrangement (Trimmed Square) (From Balanis, 2005, p.
864)
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The  fabrication of a patch could have Dbeen
accomplished at NPS, though it was not preferred. As one
of the fundamental philosophies of the program is to seek
COTS items whenever available, the patch was the perfect
opportunity to integrate a COTS item into the program and
perhaps purchase them 1In sufficient quantity to supply
future CubeSats, without concern of supplier availability.
The Small Satellite Lab Electronics Engineer, Mr. David
Rigmaiden, 1identified a potential patch antenna solution
manufactured by Spectrum Controls Incorporated. The
specifications of the patch are included in Appendix E.
Part number PA28-2450-120SA was chosen based on the
specifications provided as well as the form factor. The
specifications state the antenna may be either right hand
or left hand circularly polarized, has a center frequency
of 2450 MHz, a voltage standing wave ratio (VSWR) of 2:1,
bandwidth of 120 MHz, and a 4.0 dB gain for a ground plane
of 45mm by 45mm (Spectrum Controls Inc., 2006). The form
factor listed in the catalog was almost ideal for a CubeSat
application. The dimensions provided are a dielectric of
2.8 mm square, a height of 6.36 mm, and an additional
solder point feature that protrudes approximately 1 mm
above the radiating surface. Given the P-POD specification
of 6.5 mm clearances for the side rails, a clever mounting
solution would allow the antenna to be mounted without

infringing upon the P-POD ICD specifications.

There was some difficulty ordering the patch antenna
through traditional suppliers, because they are typically
sold In quantities of 100 pieces or more. NPS-SCAT was not
prepared to purchase antennas on that scale. While efforts

were undertaken to order the antenna through other
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suppliers, a model was built in CST Microwave Studio based
on the form factor in Appendix E and conversation with a
Spectrum Controls Inc. sales representative. The materials
in the patch antenna were identified with the help of the
sales representative to allow realistic modeling. The
substrate was identified as Alumina with a dielectric
constant of 9 and the conductor was 1identified as thin

plated silver.

To better understand the antenna, several properties
were TFirst calculated using the design equations from an
IEEE paper by Jackson and Alexopoulos and the PA28-2450-
120SA antenna sales drawing included in Appendix E (Jackson
& Alexopoulos, 1991). Then a computer assisted design
model was built and tested using CST Microwave Studio. To
perform the calculations several constants must Tirst be
defined. The resonant length, L., of the patch antenna is
first calculated using the formula
_0.492 (4-1)

NES

Using a center frequency of 2.45 GHz, with a wavelength of

LR

0.12245 meters, and the dielectric constant of Alumina, &,

of 9, gives a value of ~2 cm for the resonant length of the
antenna. The paper derives a calculation constant P that
can then be used to calculate 1input iImpedance and

bandwidth. The equation for P is

a, 2 3& 4 b_2 2 _i i _ _ B
p{uﬁ(ﬂw) B+ 2 (1) }(1 12+57714j [0.9537](0.894) = 0.8526 (4-2)

Where a,=-0.16605, a,=0.00761, and b,=-0.0914 are constants

provided iIn the paper based on the patch geometry and the
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frequency. The propagation phase constant, fg, is -%? |

and w are the length and the width of the patch overall,
and, the relative permeability, x4, 1s 1, and the
refractive index, 7 1s s or 3 for this calculation. To
calculate the radiation efficiency, ¢, ., the power radiated,
P, and the surface power, P, , must first be calculated.

The three are related by the formulas

2
P, = 80(%j (1—%+i4j = 49985
A

n, o
60( Sha, )’ ’
Pt :%(]‘_%J =3014.4 (4-3)
™
Erad = l =0.6238=62.38%
F)rad + Psurf

The 1nput impedance, R,, is defined by the formula
R, = 20 ) e [lT sin’ (”—XOJ - 565.20 (4-4)
P w I
The expected bandwidth of the antenna 1is the final
calculation that can be completed with the design formulas.
The expected bandwidth is 120MHz based on the manufacturer
specification. The equation for bandwidth is

By - 16P (ﬂ](ﬁj: 16(0.8526) (1)(0'00635j=2.97%=73MHz(4—5)
3v2e,06, \ 1 \ 1) 342(0.6238)(9) " '\ 0.12245

This specifies that the antenna can provide 3% of the
bandwidth at a center frequency of 2.45 GHz which 1s 73 MHz
of bandwidth (Jackson & Alexopoulos, 1991, p. 409). This

is significantly less than the specification but does not
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detract from the antenna capability if the performance is

consistent across the desired frequencies.

The CAD model 1is shown iIn Figure 18 with a copper
ground plane of 45 mm by 45 mm.

|

Figure 18. CST Microwave Studio Modeled Patch, Part
#PA28-2450-120SA

Using CST Microwave Studio, an estimated VSWR and gain

pattern were produced. The Voltage Standing Wave Ratio
(VSWR) varied from 1.82 at 2.400 GHz to 2.1 at 2.440 GHz,
with the center frequency VSWR of 1.89. Gain was

calculated for the modeled antenna using the Tfar Tfield
monitoring tool of Microwave Studio. The pattern was
produced by the Frequency Domain Solver for the frequency
of 2.420 GHz. The Absolute gain pattern is shown in Figure
19 from three perspectives. In the figures, the positive Z
AXis represents the direction the antenna is pointing or
the face that the solder point occupies.
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Figure 19. Patch Antenna Absolute Gain Pattern, Part#
PA28-2450-120SA

From Figure 19, the absolute gain of the patch 1is
predicted to be 5.65 dB in the positive Z direction of the
antenna. Figure 20 represents the RHCP gain pattern.
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Figure 20. Patch Antenna RHCP Gain Pattern, Part# PA28-
2450-120SA

From Figure 20, the RHCP gain of the patch 1is
predicted to be 3.83 dB in the positive Z direction of the
antenna. The front-to-back ratio is 8 dB. There are two
nulls in the pattern shown in Figure 20. Based on the gain
pattern, the antenna was considered a good candidate for
the primary communications system. Because there were a
variety of mounting option on the satellite and the exact
specifications were not known, further modeling with the
satellite In Microwave Studio was not considered valuable.

2. Beacon

A half-wave dipole antenna 1i1s comprised of two
quarter-wavelength radiating elements. The half-wave
dipole has been used extensively in the CubeSat Community
and 1s commonly used iIn the amateur community as well. The
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design and integration of the dipole is well documented and
could be simply integrated into NPS-SCAT using a design

similar to the CP series of satellites in Figure 21.

Figure 21. CP2 With Beacon Antenna Structure Visible

The radiation pattern of a dipole of arbitrary length
can be generated through a MATLAB script called thin_wire
used for the antenna theory classes at NPS. The script
uses well developed formulas from the class to model the
gain pattern for dipoles of arbitrary length. The equations
model the current distribution along the antenna a as well
as the electric far field pattern. The equation for the

current distribution is:

1(2) = Iosin(ﬂ[lz—zn;og
Iu):%sm(ﬂ[%—zl}—%gzso
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Where 1, 1is the maximum drive current, g 1is the

propagation phase constant or %;, | is the physical length

of the antenna, and z is the axis length. The E field

pattern is then defined by the equation:
Al Al

_ cos| £=—cos @ |-cos
_ iBR ( 2 ) 2

E,, = j60I,sin 9% 0 4-7

sin’ @

Where 6@ i1s the orientation of the antenna relative to the Z
Axis, and R 1i1s the distance of the observer from the
antenna. The equations can be specifically derived for
half-wave dipoles but 1t 1is not necessary for this
discussion. The thin_wire script produces a normalized
gain pattern for the antenna. The three dimensional
normalized gain pattern is shown in Figure 22. The figure

is normalized producing a maximum gain of 2.12 dB.
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Figure 22. Half-wave dipole normalized gain pattern

The 78 degree half power beamwidth is shown iIn Figure

23 from the script.
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Figure 23. Half Power Beamwidth & Normalized Gain Plot
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Because the characteristics of a half-wave dipole are
relatively well understood, a significant amount of effort
has gone into developing procedures to properly design and
implement the antenna. Though many of the antenna design
properties are a function of the antenna requirements such
as directivity and half-power beamwidth, typically
designers wish to optimize the efficiency of the antenna to
ensure that minimal power is lost during the transmission
of power from the transceiver to the emitter (Balanis,
2005, p-. 854). The antenna efficiency 1is typically
expressed as:

8, =€,6.8, (4-8)

Where e, is the dimensionless total efficiency, e 1S

r

the dimensionless reflection or mismatch efficiency, e 1is

C

the dimensionless conduction efficiency, and e, 1is the

dimensionless dielectric efficiency. The reflection
efficiency can be measured independently by computing the
voltage reflection coefficient at the 1input terminals of
the antenna, I'. This is also directly related to the VSWR
through the follow equations.

Z -7
e
1+r]
1|
e, =(1-|rf)

The designer can control the line characteristic i1mpedance

VSWR = (4-9)

or Z, through the matching network in order to minimize T

and thus minimize the VSWR, which in turn 1improves the
reflection efficiency. For example, a resonant half-wave

dipole 1s relatively well characterized and known to have
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about 73 Ohms of resistance. Also typical is a 50 Ohm feed
line due to availability. Based on formula 4-9, this would
produce a reflection coefficient of 0.187 and a VSWR of
1.46, which 1is considered acceptable for Ilow frequency
radios. Based on the value of I', loss due to reflection at
the antenna terminal can also be calculated using the

formula
ol =1-|rf

L, =-10log(|[") (4-10)

In this example, that would translate to a loss of 0.155 dB
for a VSWR of 1.46. Because the feed will likely be an
unbalanced coaxial cable, a matching network will have to
be 1incorporated in the design to match the feed to the
balanced radiating dipole. A common method is to introduce
a balanced to unbalanced transformer or Balun, iInto the
network that essentially limits the current returning iInto
the feed by presenting an open circuit to the current waves
(Knorr & Jenn, 2007). The conduction and dielectric
efficiencies are difficult to compute iIndependently. They

are usually expressed as a single variable, e, or antenna

radiation efficiency (Balanis, 2005). The total efficiency

of the system can then be written as

%::qqd:ew(L{FF) (4-11)

The antenna radiation efficiency then allows the designer

to translate input power, P,, to radiated power P, through
the equation

Paa =€ R (4-12)

Directivity can also be translated to Gain using the same

factor through the equation
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Dyey =G, (4-13)
The length of the radiating element is a key component
to the efficiency of the antenna and 1its ability to
accommodate the bandwidth required for the sub-system. To
a certain extent, the length of the antenna is fixed. As
the name of the antenna implies, half-wave dipole, the
total length of the antenna is one-half the wavelength at
the center frequency. Table 9 shows the various wavelengths
of the available frequencies. Though the wavelength 1is
known, this 1is not the appropriate length of a resonant
dipole. An antenna length equal to half the wavelength
would produce a non-resonant condition and decrease the
efficiency of the antenna (Knorr & Jenn, 2007). The non-
resonant condition is mostly due to the 1iImaginary
components of the impedance of the antenna which will store
power instead of radiating. The antenna must be tuned to
produce a resonant condition by decreasing the length to
produce a resonant half-wave dipole and eliminate the
imaginary i1mpedance component. The amount of tuning
required i1s also a function of the ratio of the length of
the antenna to the diameter. In the case of NPS-SCAT, the
antenna i1s not cylindrical, but rather a strip of copper
beryllium. In this case the performance of the antenna is
equivalent i1t the width, w, is approximately equal to four
times the diameter or
W= 4a (4-14) (Knorr & Jenn, 2007)
In this case, the width of the antenna strip is fixed to 4
mm based on the structure of solar panel and the clearance
of a P-POD. Given the width of the antenna strip, a
corresponding radius would be 1 mm. The ratio of design

length to twice the antenna radius must be calculated to
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determine the percent shortening required to properly tune

the antenna.

Because there are several possible frequencies

that the antenna could operate within, Table 10 is provided

to

required to

properly tune

the

available amateur frequencies.

antenna

based

on

illustrate the amount of shortening that would be

the

Wire Lengths Required to Produce a Resonant Half-Wave Dipole for a Wire Diameter of 2a and
Length L
NPS-SCAT | Length to Percent Resonant Half- | _. Resonant| Dipole
, . Dipole Element .
Frequency | Diameter Shortening | Wave Antenna Length (cm) Length | Thickness
(MHz) | Ratio (L/2a) Required Length (cm) g L*\ Class
N/A 5000 2.000 N/A N/A 0.490000 | Very Thin
435 172 4.926 32.784 16.392 0.475371 Thin
N/A 50 5.000 N/A N/A 0.475000 Thin
N/A 10 9.000 N/A N/A 0.455000| Thick
Table 10. Resonant Length Calculation Table (After Knorr &

The amount

also an

This
VSWR,

in the previous paragraph.

of bandwidth

important consideration

Jenn, 2007)

the antenna can accommodate

is largely a function of the operating frequency,

is

in the antenna design.

the

and the length to twice the diameter ratio addressed

Although charts are available

that can be used to estimate the approximate bandwidth for

a given

significant empirical

length to diameter

this thesis.

Based on

calculations,

antenna and the deployment structure was developed and

shown in Figure 24.

the previously discussed
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Figure 24. NPS-SCAT Beacon Antenna and Structure

Each element of the antenna will need to be the length
specified in Table 11. Additional tuning can also be
conducted once the antenna is installed to account for the
electro-magnetic interaction with the satellite. This
tuning should only be conducted once the flight model 1is
fully configured and there are no other planned changes in
the structure. The tuning will simply consist of cutting a
bit of antenna length from the radiating element to match
the network.
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D. ANTENNA ANACHOIC TESTING
1. Anechoic Chamber Background and Description

The purpose of testing antennas in an anechoic chamber
IS to measure the antenna radiation patterns for each
antenna. The actual gain of the antenna is not measured
directly but is inferred from measuring the returns of the
test antenna and comparing them to the returns of a
reference antenna. The difference between the two antennas
is then subtracted from the gain of the reference to
calculate the gain of the test antenna (Broadston, 2009).
The receive antenna is linearly polarized while the antenna
to be tested is RHCP. This adds 3 dB of losses to the test

data, as well that will be accounted for in the plots.

The anechoic chamber at NPS 1is designed to measure
frequencies above 3 CGHz. The design frequencies are
primarily driven by the size and composition of the
pyramidal radiation absorbent material (RAM) that lines the
chamber (Broadston, 2009). Though this introduces
inaccuracies into the measurement and pattern, it was the
best method available to test the antenna iIn a controlled
environment. There are additional inaccuracies introduced
from the layout of the chamber. Due to space limitations,
the anechoic chamber 1s not a perfect rectangle,
introducing additional reflections that are, nevertheless,
acceptable for measuring the pattern of the antenna. A
schematic drawing of the equipment i1s included In Appendix
F.
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2. Primary Antenna Anechoic Chamber Testing and
Results

The primary antenna testing was conducted in two
phases. The Tfirst phase consisted of testing the mounting
procedure of the antenna on a simple plastic backing. A
picture of the Tirst test article i1s shown below.

Figure 25. NPS-SCAT Primary Radio Patch Antenna First
Test Article

The antenna was Tfirst tested for its VSWR in the NPS
Microwave Lab. The VSWR was 1.67 at 2.44 GHz. The entire

VSWR test results are shown below.
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Figure 26. Mounted Patch Antenna VSWR Results

This was in line with the modeling and based on these
results the decision was made to proceed with a test in the
anechoic chamber. The anechoic chamber results are shown

in the following figures.
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Mounted Patch Antenna Gain Pattern

o, g

Figure 27. First Patch Antenna Test Article Primary
Gain Pattern

Patch Antenna Mounted on CubeSat Rotated Gain Pattern

m,s

1]

Figure 28. First Patch Antenna Test Article Rotated
Gain Pattern
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The measured pattern corresponds relatively well with
the modeled pattern. The maximum gain of the measured
pattern is 6.2 dB compared to 3.83 of the modeled antenna.
The increased directivity of the measured antenna iIs not
significant but can be attributed to differences iIn modeled
materials than those on the test article. The substrate,
Alumina, has different dielectric properties based on which
type i1s used. The model also provided a perfect electrical
connection between the ground plane that is incorporated
into the antenna design and the additional 45 mm by 45 mm
copper ground plane. Differences in the electrical
connection could reduce the fringing effects and thus
increase the directivity. Ultimately, the test article has
a front to back ratio of 12 dB, which is greater than the
modeled antenna but not unreasonable. Improved mounting
procedures, or the elimination of the copper ground plane,
could reduce the directivity and thus the front to back
ratio, increasing the antennas omni-directional
characteristics. Overall, the pattern of the first test
article was very similar to that of the modeled patch,
antenna and proved the validity of the modeling and the
fundamental mounting procedures for the patch antenna.

The second phase of testing was conducted with the
antenna mounted on the satellite frame in order to test the
mounting procedures for the flight article, and the gain
pattern that results from the interaction with the frame.
Because the mounting was similar to the first test article,
the antenna was quickly tested iIn the anechoic chamber.
While monitoring the test, observable results showed very
poor propagation characteristics that were more than 20 dB

less than measurements on the first test article. Several
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variations of the test setup were attempted to correct the
problem. First, the boresight of the antenna to the
receiver was verified, the stability of the mount on the
satellite was verified, and the test receiver was verified.
Further examination showed that coax connection to the feed
pin on the antenna was loose and the solder was dislodged
and connecting intermittently. Additional stress relief
was implemented on the antenna mount using epoxy. After
the mounting was modified, the VSWR was checked using the
same procedure as the Tirst test article. The VSWR was
1.62 at 2.40 GHz. This was in line with the Tfirst test
article and anechoic chamber testing was initiated. The
second test article i1s shown below.

Figure 29. NPS-SCAT Primary Radio Patch Antenna Second
Test Article
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The results from the second test article are shown
below.
Patch Antenna Mounted on CubeSat Primary Gain Pattern
'El;l;,.s
{20 [ B0
a .
I\"’____.,-o-'-'_'"_ — \
15 e \ 75 -
AN L/ N\
) | °
!MN
\ LAX
24n
2
Figure 30. Patch Antenna Mounted on CubeSat Primary

Gain Pattern
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Patch Antenna Mounted on CubeSat Rotated Gain Pattemn
a0,

150

Figure 31. Patch Antenna Mounted on CubeSat Secondary
Gain Pattern

The test results show that the antenna maximum gain
increased to 6.8 dB for the patch antenna mounted on the
CubeSat aluminum skeleton. This 1i1s not a significant
change from the Tirst test article. The front to back
ratio has increased significantly to 23 dB compared to 12
dB on the fTirst test article. An increase iIn this value
was expected based on the increase iIn conducting material
directly behind the antenna. It would be useful to conduct
further analysis of the antenna pattern without the 45 mm
by 45 mm copper ground plane and simply rely on the ground
plane incorporated with the antenna and the satellite
structure. A graphical analysis of the pattern reveals
that that the maximum gain point, as well as the center
angle of the half power beamwidth is no longer at an normal
to the antenna face. This change in the pattern is logical
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based upon the increased ground plane area in the form of
the CubeSat skeleton that is no longer evenly distributed
behind the patch antenna. The primary pattern has a
peculiar feature at 210 degrees. It was surmised during
the testing that this feature was indeed a null but was
also enhanced by a test artifact in the form of an
intermittent connection from the transmitter cabling to the
CubeSat Antenna. The null should not be this significant,
and there are irregularities at angles greater than where
the null occurs 1In the pattern, that suggest other
potential test artifacts. An 1mportant Tfeature of the
pattern is a half power beamwidth of 110 degrees, which
also corresponds to the manufacturer literature.
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V. FREQUENCY COORDINATION

A. EARLY PROGRAM ASSUMPTIONS AND INITIAL FREQUENCY WORK

When the NPS CubeSat team embarked on 1its initial
CubeSat design, it was assumed that the program would be
able to use similar equipment operating with the same
emissions as other CubeSat programs. Very little
documentation about CubeSat communications sub-systems
mentions frequency coordination. This assumption was also
based on the fact that the Microhard Radio is widely
marketed as a CubeSat communications solution by Pumpkin
Inc., and has been used by NASA In GeneSat and Pharmasat.
It was known that there were differences 1In frequency
allocation for civil and federal use, but since the
frequency had been used by NASA, 1t was assumed that NPS,
as a fTederal user would be able to use the same frequency.

Initial frequency coordination was accomplished by a
directed study student working with the FCC. The student
sought assistance based upon side note in the Microhard MHX
2420 Operating Manual. The note stated that the radio’s
EIRP could not exceed 36 dBm without FCC approval. Based
on preliminary link budgets it was known that the ground
station would have to exceed the EIRP threshold in order to
close the communications link. The student began
contacting the FCC to seek approval or an exception to the
rule in Part 15 of the FCC regulations. Shortly after
initial contact was made with the FCC, the student was re-
directed to the Navy-Marine Corps Spectrum Center (NMSC)

for further information. It was noted by the point of
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contact that the only frequency coordinating authority that
the school should deal with is the NMSC.

B. TRADITIONAL SMALLSAT AND CUBESAT FREQUENCY
COORDINATION MEASURES

Based on the mixed experiences of the directed study
student and the methods that NASA and others apparently
employed to receive frequency approval, Tfurther research
was undertaken into the frequency coordination process and

to document previous program’s efforts.

1. PANSAT and NPSAT1 Frequency Coordination

Since there was already an experienced employee at NPS
for satellite frequency coordination, research was Tirst
conducted within the Small Satellite Program. Though there
are not any published papers on the frequency coordination
of PANSAT and NPSAT1, the personnel who effected the
coordination are still iIn the program and were available
for interviews. Mr. David Rigmaiden, the Small Satellite
Laboratory Manger was primarily vresponsible for the
frequency coordination of PANSAT and NPSATL1. PANSAT
operated at a frequency of 436.5 MHz, 1n the AM Band. The
program first attempted to coordinate frequency use through
the NMSC. However, when the NMSC adjudicated the request,
they allowed the school to directly contact and request
frequency approval through the FCC (Rigmaiden, 2009).
Approval to operate at 436.5 MHz was granted by the FCC.

NPSAT1 is significantly different from PANSAT in that
it does not use the AM Band for TT&C. Instead NPSAT1
utilizes 1767.565 MHz for uplink and 2207.3 MHz for its
downlink frequency (Sakoda & Horning, 2002, p. 7). Both of
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these frequencies are within traditional space to earth and
earth to space operational frequency allocations for
federal use (National Telecommunications & Information
Administration, 2008, p. 4-36). In these specific cases
the frequencies are assigned to the U.S. Air Force
Satellite Control Network (AFSCN) (Rigmaiden, 2009). The
team was able to attain permission to operate on these
frequencies by coordinating directly with the AFSCN, and
then submitting a standard form DD1494, once informal
permission to operate had been granted, to formalize the
frequency allocation. The process fTor NPSAT1 could be
considered a more traditional government satellite
frequency assignment process as opposed to that used for
PANSAT (Rigmaiden, 2009).

2. AMSAT Frequency Coordination

Frequencies that reside within the portions of the
frequency band that are designated as the AM Band are
available for use by any amateur wishing to operate a
radio. The only governing body of these frequencies for
non-federal users is the Federal Communications Commission
(FCO). There exists an organization whose mission is to
promote the use of the amateur frequencies for satellite
communication in a responsible manner for the purpose of
educating amateur vradio operators. The Radio Amateur
Satellite Corporation, or AMSAT does not manage any of
these frequencies, but provides support to the amateur
community for the efficient use of the frequencies. The
organization has several documents intended to support this
goal and educate the community regarding what is and is not
permissible in the AM band. Several of these restrictions
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are applicable to the CubeSat community and must be
carefully examined in the context of each CubeSat Project
(The International Amateur Radio Union, 2006). There are
several critical restrictions that limit the use of the AM
band. They are that the purpose of the satellite must be
intended to either provide a communication resource for the
amateur community or provide self-training and technical
investigation relating to radio technique (The
International Amateur Radio Union, 2006). The operator of
the station must be serving solely for personal gain with
no pecuniary interest (The International Amateur Radio
Union, 2006). This eliminates many university programs
that would need to use fTunded staff or even students in
some cases to operate the ground station. The
communications over the AM band may not be concealed iIn any
manner (The International Amateur Radio Union, 2006). This
restricts encoding or encryption of the signal for anything
other than “space telecommand (The International Amateur
Radio Union, 2006, p. 8).” The most useful point of the
entire paper, Tfrom the perspective of NPS-SCAT, 1is the
direction given to apply for an experimental license i1f the
operator cannot meet the restrictions of an amateur license
and still wishes to operate iIn that portion of the
spectrum. Experimental licenses must be sought directly
through the FCC.

3. NASA and Others Program Frequency Coordination

Based on the knowledge gained from AMSAT and the
previous NPS satellite projects, a third area of frequency
licensing research was conducted 1i1n Tfederal programs
operating in the AM or ISM bands and programs that had used
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radios similar to those planned aboard NPS-SCAT. Chapter I
identified several NASA programs that used the MXH 2400
operating in the AM band, GeneSat and PharmaSat. There is
another program that used the MHX 2400 radio that was not
federally managed but was a private corporation, the MAST
satellite by TUI. An additional program that was
identified In the process of this research was the Kentucky
Space Grant Consortium and their KySat family of satellites
(Malphrus, 2009). The consortium owns and operates a 23
Meter parabolic satellite dish at Morehead State Space
Science Center that is using a Microhard MHX2400 to provide
primary telemetry to KySat. The frequency request process
associated with the NASA satellites and the others is
different. Based on the NTIA, federal agencies such as
NASA should seek experimental licenses for their CubeSat
applications through the Office of Spectrum Management
(OsSm) which resides within the NTIA (National
Telecommunications & Information Administration, 2008, p.
8-1). The non-federal wusers should seek experimental
licenses through the FCC. Both the OSM and FCC are
governed by an overarching frequency management document
that specifies what frequencies can be used for what and by
whom published by the Department of Commerce. The document
is the Manual of Regulations and Procedures for Federal
Radio Frequency Management and it is derived from federal
code and international agreements governing frequency usage
(National Telecommunications & Information Administration,
2008, p. 3-1). In reality, NASA did not acquire the
license for GeneSat or PharmaSat. The license holder is a
Mr. Michael Miller with Intellus who was contracted by

Santa Clara University, the operator of the ground station
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(Miller, 2009). Because the ground station and the primary
telemetry link of the satellite are licensed by a non-
federal entity, Santa Clara University and Mr. Michael
Miller, they are not subject to the same licensing
procedures as federal entities, which would normally apply
to organizations such as NASA and NPS. The procedure used
for GeneSat and PharmaSat is applicable to both the MAST
satellite from TUl and the Kentucky Space Grant Consortium
23 meter ground station. The entities requested an
exception to the emission and operator restrictions imposed
on the AM Band and operate under an experimental license
granted by the FCC. In the case of the Kentucky Space
Grant Consortium, Mr. Michael Miller was contracted as well
to expedite and hold the experimental Hlicense (Malphrus,
2009).

C. THE FREQUENCY APPLICATION PROCESS FOR NPS-SCAT

1. Implications of Regulations for Federal Frequency
Management on NPS-SCAT

As discussed earlier in this chapter, there exists an
overarching document that governs frequency usage for
federal and non-federal entities within the United States
and worldwide. Many of these regulations are applicable to
the NPS-SCAT program, some of which restrict the program’s
ability to request a frequency, and others give the program
direction on which path to pursue. The Tfirst critical
restriction is the use of the specific frequencies. The
table headers first divide the frequency allocations into
international and United States as shown in the
accompanying Tfigure. The 1international segment 1is then
divided iInto three regions based on the area of the world

shown below.

108



.01

i~
1607 140¢ 120° 100° 80° AO° 40° 20° 0" 20° 400 a0 R0 100° 1200 B40° L6D° 1EO° —

B ] et s 2 | g
| e \. el
20 '[—-—' = 7"—{"’\ tor—4 = 20
1 4 | I - 4 — PR— - » T+ - " | F' g “I “
3y mE
40 t—. | | - I - iﬂ?_'_ a w I 40°
| [REGION 3 ! [l e |
(Tl e —{——ﬁ—l—-—f—._ — o — — -I— -—u-{\:—"—'J— -—-——L——l————l i

= LB 140° 1200 100° 80° 60 40° 2070 0° 200 40° &0° B0° 100° 1207 140F° 1607 18
= ™~

The shaded part FEpresenis the Tropacal Zones as defined in MNos 5.16 vo 5.20 and 5.21

.00

Figure 32. NTIA Geographic Regional Divisions (From
National Telecommunications & Information
Administration, 2008, p. 5-01)

The United States is divided into federal and non-
federal users. Once a user has identified their region or
their user category the specific uses for their frequency
of interest can be i1dentified. In the case of NPS-SCAT the

beacon operates in the 430 MHz range and the primary radio

operates in the 2.44 GHz range. Based on Chapter 8,
Paragraph 2.17 of the NTIA regulations, NPS is considered a
Federal Station. The following Ffigures show the

delineation of these frequency ranges by the NTIA for both
frequency ranges.
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Figure 33. NTIA Allocation Table for the Amateur Band
(From National Telecommunications & Information
Administration, 2008, p. 4-28)

Table of Frequency Allocations 2200-2655 MHz (UHF)
International Table United States Table FCC Rule Pantis) -
Region 1 Table Region 2 Table [ Region 3 Table Federal Table Non-Federal Table Remarks
2417-2450 2417-2450
Radivocation G2 Amaleur
5150 5282 53% 5150 5282 5393 5394 53% 5150 G124 5150 5282
2450-24835 2450-2483.5 2450-2483.5 2450-24835 15M Equipment (18)
FIXED FIXED FIXED TV Auxiiary
MOBILE MOBILE MOSBILE EIVDEGCESUHQ {?QFJ
Radiolocation RADIOLOCATION Radiolocation Private Land Mobile
(80)
5150 5397 5150 5394 5150 US41 5150 US41 Fixed Microwave (101)
2481 A 3RAN AR R_IRAA Taaaz & a=nn A48T R_IRAA 2483 R24G8

Figure 34. NTIA Allocation Table for the ISM Band (From
National Telecommunications & Information
Administration, 2008, p. 4-39)

The table shows that the use of the frequencies from
420-450 MHz 1is allowed for non-federal amateurs but is
restricted to radiolocation for federal users with
footnotes of US217, G2, and G219. In this case the
footnotes are not applicable to the applications required
for NPS-SCAT and further define the ability to operate
radiolocation devices in that frequency band. The second
table shows that the frequencies from 2417-2450 MHz are

reserved for radiolocation iIn the federal allocations and
110



for amateur use in the non-federal allocations. The FCC
Rule Part(S) Remarks column states that the equipment in
operation in that portion of the band must comply with the
Industrial, Scientific, and Medical (ISM) band restrictions
and the AM band restrictions, which are contained in Parts
18 and 97 respectively of the FCC Code. The 1ISM code
restricts non-licensed devices operating in those
frequencies to an EIRP of 36 dBm or less. Based on this
restriction, the other CubeSat programs that have used ISM
devices as their radio must still seek an experimental
license, because a ground station with a EIRP of 36 dBm or
less i1s not likely to close the link. In the case of
GeneSat, PharmaSat, and MAST; the 60 foot parabolic mesh
antenna at Stanford Research Institute (SRI) was used
initially as the ground station (Newton, 2009). In order
to create a wider beamwidth, only a 10 meter diameter area
of the dish was illuminated, but that would still generate
an EIRP of 42 dBm (Mas & Kitts, 2007, p- 5). Based on the
EIRP, the ground station does not conform to the ISM
restrictions and would still require an experimental
license to operate. The Kentucky Space Consortium antenna
has an ever greater EIRP at nearly 50 dBm and would need
the same licensing as SRI. In the process of researching
previous work many of these experimental licenses were

acquired and are included in Appendix H.

Though experimental licenses do allow for additional
flexibility when operating a radio in a frequency other
than what it is regulated for, there are still conditions
imposed on experimental stations and those are outlined in
Title 47, Part 5 of the Code of Federal Regulations (CFR).

For the purposes of NPS-SCAT, the CFR permits stations
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operating in the Experimental Radio Service to conduct
“Communications essential to a research project”
(Government Accounting Office, 2009, Title 47, Part 5.51).

2. Frequency Request Process fTor NPS-SCAT Primary
Radio

Based on the discussion in the previous section, the
type of license required for the primary radio on NPS-SCAT
seemed clear. An experimental license would be required to
operate COTS equipment in the ISM Band, by a federal user,
with an EIRP exceeding 36 dBm. The team continued the work
that was completed by the directed study student, and
initiated further dialogue with the NMSC. The iInitial
response of the NMSC was that the program could not use
frequencies In the ISM band because it was considered a
federal user. After a lengthy discourse with the NMSC,
that was elevated to the Office of the Chief of Naval
Operations N6 and lasted several months, the determination
was made that the NPS-SCAT could apply for the use of the
amateur frequency under an experimental license. NPS-SCAT
was directed to apply for an experimental license directly
to the FCC using the FCC Form 422. The application was
submitted to the FCC on 31 March 2009 and returned the next
day as denied without prejudice. Further conversation with
a representative from the FCC clarified the problem with
the application. The FCC views the application as a method
to assign liability, in the case where the radio interferes
with another emitter that has priority to operate within
that portion of the band. Based on this viewpoint, and the
fact that NPS i1s part of the Department of the Navy, the
application must first be submitted in whole to the NMSC,
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approved, and then routed to the FCC for final approval.
This process assures that the Department of the Navy has
complete cognizance over radios operating outside of normal
parameters and iIs prepared to assume responsibility in case
there are any problems with liability. Because the NMSC
does not deal with FCC forms, the NPS-SCAT team was
directed to submit a DD1494 for the licensing process. The
DD1494 1is the standard licensing document used by the NMSC

and the Joint Spectrum Center.

3. Frequency Request Process for NPS-SCAT Beacon

The frequency request process appears simple but
became complex as explained earlier in the previous
paragraph. Based on this experience, a different path was
sought to Ulicense the beacon. Cal Poly assumed the
responsibility to license the beacon as well as build it.
Their standing as a non-federal wuser, simplified the
overall process, and reduced the iInteraction required with
the licensing authority to the FCC. Based on this
licensing arrangement, Cal Poly will control the beacon and
the emissions associated with it, and NPS personnel can
only receive the transmitted data like any other amateur

radio operator.

D. EXPERIMENTAL LICENSE APPLICATION
1 Application Scenarios

The experimental license application was developed for
two scenarios. The Tfirst scenario included the use of the
MHX 2420 radio. Though this radio was not desired, it
could function given a more capable EPS that could be
available aboard NPS-SCAT++ or other variants of the NPS-
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SCAT standard sub-system design. The second scenario
developed a license request for the MHX 2400. The
licensing plan with two contingencies was developed because
there remained a possibility that the MXH 2400 could be
procured even though the radio was no Qlonger actively
manufactured by Microhard. 1f the MHX 2400 is procured, the
NPS-SCAT team will conduct the same series of tests as were
conducted on the MXH 2420 and described in Chapter I1I.
The tests will allow the team to validate the viability of
the radio and submit a license application based on the

performance of both radios.
2 DD1494 Explanation

Completed applications for both scenarios have been
generated and are included in the thesis Appendix H. The
Joint Spectrum Center has developed software named EL-CID
that automates the licensing application by generating
database. The actual DD1494 was completed with this
software and electronic copies of the application database
are maintained on the Small Satellite Laboratory server.
Because characterization testing was conducted on the MHX
2420, the Tull explanation of an experimental license
application will use the fTirst scenario described in the
previous paragraph for the MHX 2420. A significant portion
of the application was provided by the radio manufacturer,
Microhard Systems 1Inc., through the DD1494 that was
originally submitted for approval to the Joint Spectrum
Center. The portions provided iIn that DD1494 that are
applicable to this application will not be explained, only
the exceptions. The original DD1494s provided by Microhard

Systems Inc. are included in Appendix H. The application
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is divided into five sections, DoD General Information,
Foreign Coordination General Information, Transmitter
Equipment Characteristics, Receiver Equipment

Characteristics, and Antenna Equipment Characteristic.

a. DoD General Information

The DoD General information 1is iIntended to
identify the originating agency of the licensing request.
The originating address on the applications is the NPS
Small Satellite Laboratory. Block 4 i1s not applicable to
the program because it 1s completed in subsequent pages for
the receive and transmit modes of the radio. Block 5,
Target Starting Date For Subsequent Stages, shows that
Stage 2, or the experimental stage is planned to start on 1
April, 2010. This is based on an expected launch date for
the satellite. Because this form is not designed for an
experimental license, like the FCC Form 422, the other
stages are not applicable to this application. Block 6,
extent of use, is based upon a normal day of passes by NPS-
SCAT in the ground field of view based on the previously
described orbitology. Block 7, is not applicable because
it is documented in the geographic area documentation for
each station. Block 8, 2 unites used In Stage 2, is based
on the number of units operating iIn the same environment.
In the case of NPS-SCAT or SCAT++, there will only be two
units operating simultaneously because of the constraints
of a single ground station. The remarks in Block 13 are
included to mitigate the requirement to coordinate the
satellite frequency use with the Radiocommunications Bureau

of the International Telecommunications Union.
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b. Foreign Coordination General Information

Block 6 of this page is the first unique item to
the application. The block, entitled “purpose of system,
operational and system concepts,” describes the concept of
operations for the satellite. It is a brief summary of
Chapter 11 of this thesis. The block also describes the
Federal Code that allows vradios to operate 1iIn the
experimental service. This part of the code 1is what
provides NPS-SCAT the justification to operate with an
experimental license. Block 7 of this page outlines the
data requirements of the satellite as described 1In the data
budget portion of this thesis. Also i1ncluded 1n Block 7
are operating characteristics of the radio, the frequencies
it operates within and the ability to lock out specific

frequencies.

C. Transmitter Equipment Characteristics

Much of the transmitter equipment characteristics
are the same as those in the Microhard Systems Inc. DD1494
that was provided to the NPS-SCAT Team by Microhard Systems
Inc.. There are additional items required on the
application that were obtained through a dialogue with the
Microhard Technical Support Office. Typically, the
transmitter and receiver equipment characteristics would be
a single system for each it they are the same equipment at
both locations. However, the ground station for NPS-SCAT
will include an additional High Power Amplifier (HPA) that
modifies the power output of the transmitter. Based on
this, two types of transmitters were 1iIncluded 1in the
application for the different transmitted powers. The
first block that deviates from the Microhard DD1494 is
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Block 13, Maximum Bit Rate. Block 13 is listed as 19200
bps based on the slowest bit rate available on the MHX
2420. This requirement is explained earlier iIn the thesis.
Block 19.a, the Mean Power is also different for the
transmitter at the ground station. This is listed as 10.0

Watts based on the HPA capabilities for the ground station.

d. Receiver Equipment Characteristics

The receiver equipment characteristics are the
same as those in the Microhard MHX 2420 DD1494 with the
exception of Block 16, maximum bit rate. Because NPS-SCAT
will operate at 19200 bps, that is the bit rate listed in
Block 16.

e. Antenna Equipment Characteristics

The antenna equipment characteristics are
independent of the Microhard radio system used for NPS-
SCAT. The parameters are based on the characteristics of
the NPS Ground Station configured by Luke Koerschner and
documented in the thesis listed in the bibliography and the
testing conducted for this thesis on the patch antenna for
NPS-SCAT. For the NPS Ground Station, all the parameters
required Tfor the application are included 1in Luke
Koerschner”s thesis and are listed in the DD1494 included
in the Appendix H. For the satellite antenna equipment,
most of the information can be extracted from Chapter 1V of
this thesis. Important points iIn the applications are
Block 8.a, Main Beam Gain, which is listed at 4.20 dBi and
Block 8.b, First Major Side Lobe Gain, listed as -21.8 dBiI.
Also included are the beamwidths of 110 degres which were

discussed previously.
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V1. CONCLUSIONS AND FUTURE WORK

A. RADIO
1. Primary Radio
a. Conclusions

The testing conducted on the MHX 2420
demonstrated that it is not a good candidate given the
limitations of a 1U EPS typical iIn CubeSats. This 1is
primarily based on the current draw and power consumption
of the radio. The form factor of the device i1s i1deal for
the requirements of a CubeSat and a radio of similar
capabilities, with a similar form factor, and lower current
draw would be an excellent candidate for future CubeSat
implementation. Until a better radio is introduced, the
best option for the program is to procure MHX 2400s for
operation in the satellite. The MHX 2400s have been tested
and documented by NASA and would provide the means to
complete the NPS-SCAT mission until better products are
available.

A valuable lesson learned during the testing
process is that testing should begin at fundamental level,
isolating unknown  variables and then extend into
environments where unknown or uncontrolled variable are
introduced. In the case of the testing on the MHX 2420,
testing in the outdoor environment should have been
balanced with [laboratory testing. The tests that
characterized the fundamental aspects of the radio should
have then been followed by more in depth testing of the
effects of radio settings iIn a quiet RF environment;

conducted concurrently with tests iIn a terrestrial setting.
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b. Future Work

IT the program 1is able to procure MHX 2400s,
testing similar to that described in Chapter 111 should be
conducted on the radios. Following the fundamental
characterization of the radio, more 1iIn depth optimal
setting research should be conducted depending on the
differences from the MHX 2400 to the MHX 2420. Finally, an
improved set of terrestrial tests should be conducted.
These tests should attempt to elevate the slave radio above
ten degrees elevation from the ground station. The tests
should utilize both directional horn antennas as well as
the NPS-SCAT prototype antenna. The terrestrial tests
should be conducted i1n several phases. The Tfirst phase
would simply be MHX 2400s transmitting to each other at
distances from 1 to 60 Km. The distances that can be
tested will vary because the radios require line of sight
in order to communicate. A good plan for testing in the
Monterey Peninsula is included in Chapter 111 of this
thesis. The second phase would incorporate the ground
station transmitting to a slave radio serving as the
satellite at various distances. The third stage would
resemble the final launched version of the satellite, with
an MHX 2400 in the NPS-SCAT prototype transmitting through
the primary antenna. Throughout all the tests Bit Error

Rate should be measured as well as realized throughput.

Finally, the ground station remains to be built
and integrated. The fundamental structure for the ground
station i1s in place, but there is a significant amount of
work to integrate an MHX radio, integrate and test the High
Power Amplifier and Low Noise Amplifier, develop an
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automation of operations scheme, develop a database

management plan, and test the completed system.

2. Beacon
a. Conclusions

The choice to implement a beacon into NPS-SCAT
was timely. Though an additional communications sub-system
introduces more workload, the risk mitigation that 1t
provides for the overall system as well the enhancements
that i1t provides to the concept of operations makes it

worthwhile.

b. Future Work

The beacon system has a significant amount of
work remaining. The beacon development board has been
constructed but the Tflight article and final integration
plan has vyet to be finalized and will need to be
incorporated into the satellite. The beacon ground station
at NPS is in the midst of a repair, and like that of the
primary radio, will need to be re-integrated with a
transceiver, an automation scheme developed, and the system
tested. Because the data to be downlinked has a relatively
low refresh rate, an automated database i1s not necessary
but could be incorporated. Over the long term, i1t will be
useful to begin an iteration on the next generation of
beacon design or fTirmly establish a relationship with a

beacon provider such as Cal Poly.
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B. ANTENNA
1. Primary Radio Antenna
a. Conclusions

The primary radio antenna selection process
worked out well. The antenna that was purchased was a good
fit for the program and the form factor. The difficult
portion of the antenna development was the mounting and the
testing. The mounting diagrams provided by the
manufacturer in appendices are ambiguous and not well
described. The mounts that were used for testing were
largely trial and error and as a result were sub-optimal.
This was also a result of the author’s antenna mounting
experience. Given more assets and time, it would be
worthwhile to conduct several practice antenna mountings
before attempting mounting an antenna for test. The value
of a high-quality mount cannot be understated and can save
a significant amount of time iIn the end. In the case of
this thesis, three weeks of test time would have been

saved.

b. Future Work

Much of the work for the primary antenna has been
completed. Future work should 1include refining the

mounting procedure to further reduce the VSWR. Also, tests
should examine the value of the 45 mm by 45 mm ground plane
against only using the ground plane provided by the antenna
itself. It Is an 1iInteresting thought to eliminate the
ground plane, and thus reduce the directivity of the
antenna, producing a more omni-directional antenna. The

reduction of the ground plane might also add additional
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placement options or increase the amount of surface area
available for solar cells. Finally, testing should be
conducted on a completed solar panel with the antenna
mounted. Conducting a final characterization of a
completed panel would serve as an assurance that the

pattern is acceptable for operations on orbit.

2. Beacon Antenna
a. Conclusions

The fundamental aspects of the beacon antenna
have been completed. The design is simple but will require
fine tuning upon the integration with the beacon. Because
a half-wave dipole design is well documented, there are no

significant conclusions for this portion of thesis.

b. Future Work

Future work for the beacon includes the
construction of the actual antenna. The deployment device
will also have to be designed, though i1t is simple and well
documented throughout the CubeSat community. Finally, the
antenna will need to be tested. Unfortunately, there is
not an anechoic chamber at NPS for the frequencies that the
beacon will operate within. Unless an anechoic chamber can
be located, a test similar to one conducted on the PANSAT
antenna will have to suffice to characterize the gain 1iIn
the far field. VSWR testing may also be conducted which is
extremely valuable as demonstrated through the testing on

the primary antenna.
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C. FREQUENCY COORDINATION
1. Primary TT&C
a. Conclusions

The AMSAT paper referenced in Chapter V leads off
with sage advice regarding satellite communications, start
the frequency coordination process as soon as possible.
Generally this means during the development process of the
radio. If a COTS item is the preferred solution, then the
frequency research would begin during the process of
researching potential products. IT nothing else can be
gained from the frequency coordination narrative, it should
be that i1t is not a simple process. Based on obstacles
encountered and the experience of the author coordinating
frequencies in the operational forces, it might be valuable
for NPS to explore a frequency manager position. A Tull
time expert operating within the institution’s framework
would significantly simplify the task, would enhance the
corporate knowledge of the frequency coordination process,
and would help formalize the relationship between NPS and
the NSMC. Without a dedicated individual, the process will
likely be re-invented every time a frequency 1iIs required,
because the frequency of any individual seeking a frequency
is low. Even if a more permanent frequency manager
position 1s not established a more formal process and
regular point of contact must be established at the NMSC in
order to alleviate the burden of requesting and

coordinating a frequency for every application.

The complexity of requesting an experimental
license, as well as the NMSCs reluctance to allow an
experimental license application to proceed, demonstrates
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the value of operating within the bands normally allocated
for satellites, as documented within the NTIA regulations.
In the future, if a radio can be built or bought and tuned
to these frequencies, 1its value should be thoroughly
explored against the value of a COTS radio operating in the

ISM or amateur band.

b. Future Work

Once the actual system 1is Tinalized the only
frequency coordination work remaining 1i1Is to submit the
application. As mentioned iIn the previous paragraph, there
are several actions that could be initiated to simplify
this process for future projects. Another avenue that
should be explored is requesting that NPS be added to the
list of experimental station in Chapter 7 of the NTIA
regulations. These stations are permitted to use any
frequency for “short or intermittent periods without prior
authorization of specific frequencies (National
Telecommunications & Information Administration, 2008).”
Base on the testing and experimentation at NPS and the
other stations listed on the exemption this seems like a
logical path. The only obstacle may be the requirement of
a Trequency manager to support the experimental station
designation, though the value of this designation would far

exceed the cost of a dedicated frequency manager.
2. Beacon Frequency

a. Conclusions

Based on the restrictions to operate in the
amateur band, the NPS-SCAT team cannot take any action to

request an amateur license to operate a beacon. Because of

125



this, the only option is for a non-federal collaborator to
build the beacon and coordinate the frequency for its
operation. In this light, a partnership with Cal Poly is a
great opportunity for both parties and allows for risk
mitigation of a critical subsystem for future CP satellites
and allows NPS satellites to broadcast using a Cal Poly

radio operating with a legitimate amateur license.

b. Future Work

There 1s not much opportunity for future work on
beacon frequencies. Unless an overall exemption to the
NTIA licensing requirements may be obtained, as described
earlier, NPS will never be permitted to use a transmitter
on orbit operating iIn the amateur band without an
experimental license. Again, this restriction and the
ability to overcome 1it, demonstrates the value of a

dedicated frequency manager to the entire school.
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APPENDIX A. CONCEPT OF OPERATIONS NARRATIVE

Assumptions:

Approximately 92 minute orbit period
56 minutes in eclipse and sunlight each

Data values for current and voltage measurements need to only be
16 bit floats

Abbreviated Telemetry (includes system health and 15 point 1V
Curve) is between 154 and 242 bytes depending on SLIP characters

Full Telemetry (includes historical system health, 100 point 1V
curve, temperature and sun angle) is between 494 and 922 bytes

System Health is defined as current draw for each subsystem,
battery voltage, temperature, and count of watchdog timer resets

Historical System Health is defined as System Health that is
sampled once during an operational period for each operating mode

An operational period is defined as the timeframe from one
primary TT&C downlink to the next

There are four operational modes:

0 Sun Mode — The generation of IV Curves for each
experimental solar cell, temperature, and sun angle.

o Eclipse Mode — The mode active during which there is no
voltage generated by the power cells and minimum systems
are functional

0 Transmission Mode — The broadcast of Full Telemetry and
active communication with the ground station

0 Beacon Mode — The broadcast of Abbreviated Telemetry using
a simplex communication link, transmitting every two
minutes for 30 seconds

Operational Timeline:

Launch
0o NPS-SCAT i1s launched from SSPL via NPS-SCAT++ OR from P-POD

0 Four hour timer is initiated to ensure batteries are fully
charged prior to commencing operations; FM430 is powered on
after launch
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- Start-up Operations
o Verify battery voltage is within required tolerance

o |If battery voltage is within tolerance, then NPS-SCAT will
commence Normal Operations

o If the batteries are not within tolerance, timer will be
reset for 4 hours and repeat Start-up Operations

o |If Start-up Operations has been cycled three times and the
battery voltage is not within tolerance, then NPS-SCAT will
commence Normal Operations

- Normal Operations
0 Check for power generated from solar cells

= |IFf power is being produced (i.e. NPS-SCAT is in the
sun):

e |If power is produced by the z-axis solar cells,
the positive and negative z-axis temperature
sensors will be compared

e IT the positive z-axis is warmer (i.e., sun is
shining on experimental solar panel), enter Sun
Mode

e Fifteen minute timer will be activated. Taking
one full I-V curve every 15 mins.

= If power is not produced (i.e., NPS-SCAT is in
eclipse):

e Enter Eclipse Mode

o |If a ground transmission is received, any ongoing
operations will be interrupted and NPS-SCAT will enter
Transmission Mode.

= Upon completion of necessary communications, NPS-SCAT
will be directed to return to Normal Operations.

0 Beacon Mode will be continuously active

Data Analysis:

Based upon the above orbital assumptions and preliminary data
packet size, the worst case required downlink time over the ground
station was calculated to be 129 seconds per week.

As per the CONOPS:

128



Primary Telemetry (MHX2420):
Each Full Telemetry message (including +full 100 point 1[IV Curve,
temperature, sun angle, and system health) is between 764 and 1264

bytes.

Number of Watchdog Timer Resets: 15-19 Bytes

15 Temperature Measurements: 225-285 Bytes
Sun Angle: 21-31 Bytes
Battery Temp, Current Voltage: 90-114 Bytes
100 Point 1V Curve: 413-815 Bytes
TOTAL: 764-1264 Bytes

For the most probable case (approximately 764 bytes per message), there
will be three IV Curves and other data generated per orbit resulting in
2292 bytes of data per orbit. There are approximately 16 orbits per
day resulting in 36672 bytes generated per day. The primary telemetry
will be transmitted at an interval not to exceed one week which will
result iIn 256704 bytes available for downlink. Using the MHX2420
lowest data rate available of 19200 bps (2400 Bytes per second) would
result in a total downlink time of 106 seconds

For the worst case (approximately 1264 bytes per message), there will
be three IV Curves and other data generated per orbit resulting in 3792
bytes of data per orbit. There are approximately 16 orbits per day
resulting in 60672 bytes generated per day. The primary telemetry will
be transmitted at an interval not to exceed one week which will result
in 424704 bytes available for downlink. Using the MHX2420 lowest data
rate available of 19200 bps would result in a total downlink time of
176 seconds. Downlink time will be shorter since downlink will be in
shorter intervals, with fewer SLIP characters and a potentially higher
data rate.

Secondary Telemetry (Beacon):

Each Abbreviated Telemetry message (including abbreviated 1V Curve,
temperature, sun angle, and system health) 1is between 424 and 584
bytes. The abbreviated 1V Curve and System Health will be broadcast
continuously during the active period of the transmitter.
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APPENDIX B. CONCEPT OF OPERATIONS VISUAL FLOW
CHART
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APPENDIX C.

MICROHARD MHX2420 SPECIFICATIONS

2.4 GHz OEM Industrial Wireless Modem

The MHX2420 is a 2.4 GHz Frequency Hopping Spread Spectrum Modem, which can be opfimized
for long distance communication over 30 miles (50km). MHX2420 radios offer the fastest
communication over the longest distances

Applications

SCADA (PLCs, MODBUS), Telemekry
c 8l C B

GFS Vehicle Data/Traching, DGFS
Elecinic. O & Gas Sensors/Detecion
Dusplay Sagns
Transparent Low Latency Commumnication

Microhard Systems Inc.’s proprietary radio

technology excels in the most demanding

RF and physical environments.

The: MHX2820 features robuwst, bow Latency, secure data communications. It has full serial port and separate diagnostics podt for
real-time diagnostcs without intermupting data communications. Excellent notse figure, superior interference rejection, very ag ile
frequuency synthesis, digital modulation, and maiched fiker detection, are ameng the many advantages to using thie M40

Features of the MHXZ2420

Transparent, low latency link, providing 2320 kbps continuous.
throughput to suppont protocels such as MODBUS

Cammunkcates wth virtually all PLCs, RTUs, and senal devices
Imdustrial Geade . extendod temparature spoefication

Suppoits Point-to-Point, Point-to-Mulipoint, Peer-to-Peer, Store
anid Fofward Repaater, TOMA, Mullimakbes

Maxirmurm allowabde transrmit power [ 1W)

Low power constemption in Steep Maode and High Vokage Option
32 bits of CRC, saipetable Ferward Erfer Cormaetion with retrans.
mission

Séparate dagnoshes port - anspatent femols dagnoshes and
onling network control

Footprint backwards compatible with MHA2400

CONFIDENTIAL
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,f;-'-

MHX2420 m«ﬁr

Frequency 24000 - 2 4835 GHz Core VoRlage 4.0VDIC bo 5 VDG, TVDC 1o

| AWDE (see =HV option)
Spreading Method Frequency Hopping I3 Vighage VDG o SEVDG,
(user selectable) RE2EXNABSMZT lovels (See —HV
| Band Segments Salectable via Freq. Restiction option)
Error Detection 32b#s of CRC, ARG e S M
Encryption Optional (Carada & USA only, NOT | Environmental -A0°F - *BSF [40°C - +85°C)
AVAILABLE for sxport, see —=MES op- 5-85% humidity, noncandensing
tion) weight Approx. 202 (55 grams)
Ranpe 30+ miles (S0+ km) (dependant on ink | Bimensions Approw. 3.5 % 21" x T
rate- and ling- of sight) [@9mm x 53.4rmm x 17.8mm)
15.247
Ouput Power 100 b 1%V {30dEm) L pprcirel mgﬂ
Sensitivity ~108¢Bm & 115 2kbps link rade (Also = =
see option —5L) Order QOpltions
System Gain 14208 (wirubbar duck antennas) i HEE mm%“
Dirvers
Sarial Interface REIIVRSIBEREAIZ TTL Drives Level
(see —HV opton) A iekopa - 20 aips
Santal Baud Rate 300bps 1o 230.4 -FT1 Extended FAST mode
e 115Kbps - 345, Gkbps
Link Rate 19.2 kbps - 230, 4kbps (See Order Op- |5 Extended sensitiity { SLOW Mode
tions) 18 Zibps - 230 dkbps
Operating Modes Pair-to-Pairt, Point-to-Multipoint, Store | -C102 Class 1 Div 2 {for use in hazard-
& Forsard Repeater, Peer-io-Fesr, LIS ViR e nde)
TOMLA, Mullimaster AES 128-AES Encryption (Canada &
LS anly, MOT AVAILABLE for
Signals Inertace REDN, TxD1, RTS, CTS, DCD, DSR, wapor)

DOTR, RxD2, TxD2, R 55 LEDss, TwRx
LEDs. Reset, Config, \Wake-up,

REmode
Duagnostics Baltery Vaoltage, Temparatune, RSSI],
and remate dagnostics
Rejection Excedent strong signal interesence &
g b

Contact Information

Microhard Systems Ine /_ '
#17, 2135 - 32nd Avenue N E
Calgary, AB, Canada T2E 623
Email:  info@microhardcorp. com
Tel  (403) 2480028 rd systeEMmS InC.
Fax:  (403) 2482762
VW (h W
e CONFIDENTIAL
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APPENDIX D LINK BUDGETS

NPS SCAT 2 4GHz DownLink Budget

em fymbol  Umits  Source
bt Abtuce fiom) b inpul parameter
Sleevion Ange S putparameter
Fraquescy f GHz  nput panameber
Trangmtter Dywier p Wess  inpud parameher
Transmiisr Power P &N IyF)
Transmbier Line Loss U oW input parameter
Ay Trasami Anbensa Gain Gt & pul paramester
Transed Totsl Gan @ @& Gpelp
£0. sairagic Aasated Power ERP AW PedGpl
Fropagaton Path Lesglh 5 b FromAL andEl
Space Loss ls @&  Eqiiti)
Propagation and Polarzaion Luss la @ Fig 10
Resaive Anteona Dianster o u Input paramatir
s Antsna £1F 1] Ipu parmmssr
Peat Beceive Animans Gain Gp @i Eqik1E)
Recait Anleena Ling Loss Lr & hpul panameter
B=gaive Anteang Seamwitth Thels deg  EQ11%
Racaive Anisena Poiring Emoe E da)  Inpul paramebér
AU Anfennd Pointing Ermor Loss Liets @  Egiidan
Recetve bnimeng Canwihpontngerer Gr @8 Grpelprd el
Syestum Noise Temparature * T K Tabet:id
Dans Rale R tos  Inpulparameter
i (1) Ebo @ Eg(i-1y
Bt Error Rade BER spid parameter
Requred Bbtio (2) ReqEbMe dBHz Fig. 138
Impismaniation Loss (3 & Estmated

Wargn @ (I3
g Nacir Angle Etsba  deg  Eqi>-35)
Ut Earm Contonl Angle Lasbdalee deq  Egisan
Uz Bangs Omax  im  EqiS-38)
Ui Earth Casiral Angie LLarmida Un Eq (5-43)
Tome in View T [

T o
Ko By Per Pas Kes

* Assumes Ground sabenna s parabolc
" Rix noe: thmps 525K (Wanufactumer dats)
A1 squeions refarancad are from SWAD
Spreadshinel assumes Tenlh pass of SC.

(2 FEK Raqu13 508

oL [ oL oL o n o oL o L o e oL o o oL
30 390 0 I O3 W W W W 30 k1 50 T k]
L] § 0 15 ] ] 3 35 4 45 50 ] L2 ] T 15
14 24 4 14 14 4 14 24 4 24 4 24 14 i 24 it
1 1 1 1 1 1 1 1 | 1 1 1 1 1 ! 1
] ] ] 0 0 ] ] ] 0 ] o ] ] ] ¥ ]
-1 - -1 -1 - -1 -1 -1 -1 -1 -1 -1 -1 -f -1 1
] i) u ] i bl u ] ki u 0 i i ] 0 ] A
10 10 18 10 10 10 18 10 148 18 1.0 18 (1] 10 18 H]
W w1 1 10 1 1k LD 1 1 10 10 1M 1 W
D2GA275 ATHSEM 1410099 1151378 DERTM2 BMEM TI095 BHL0H1 BERTIE RIGAGE ADAAT4 AGOSRE MA0E3 DTG N4 MZAN
T2 1650 163 B3 BAT 1884 AST2 ) 1860 1554 16 B0 0535 0430 MSRT 184 ERD
- - -3 - -l - E -3 - - -3 -3 - 3 - -
LME | TDEE 304B 3048 | DORE  ZD4S BMB 304 3B D4R 304 3048 G0 30RE  TME DB
055 O 0% 055 D58 0S8 0% | 055 Q35 0 0S5 0 @SS 085 085 035 0% 0%
DWW/ B[N B/ | DWW/ /A0 W B0 B B/ ][0 B BE W0 BN
45 45 08 48 L5 L8 45 H5 Hp8 0 H5 0 485 p8 0 45 H5 0 05 A5
AW O Aam 1 | ER M M LA 24T 2ET 0 2BT 0 & | M 2m 2y AW
200 | 200 3 200 | 200 200 1O 200 290 200 200 200 | 20O 200 200 200
8 4R SR 4R S8 4R SR AR SR 4R 48 SR 4R SR SR 4w
&HE M8 B8 W8 WA MA WME ME M5 WM& R MY WA N6 208 0 oAb
25 55 5% 56 | BN BN | 5K 5% &% - T . % 85 55 5%
100 15300 100 10000 1900 14R00 (330D 0300 45000 G0 GO0 EOOD  dGBM0 13000 B0 14
B2 03 B M BE D WM BN W MY WY WY OXNT O X2
WS 106 wE 0 WS | P 108 W 10E 108 0E 0 e M0E 0 W B NS 1
13 | NS | NS | 1S | 135 0 135 | 1S | 195 | 3% 1 18 | RS | RS | 138 | 1% NS | BS
-2 -2 2 - - Z 2 -2 4 b -2 Z -2 Z 2 -
ir 4 63 RE 104 115 f2E 138 0 WE 0 182 ) 18R R4 182 12 M5 M
ThEs | BRED BRI} G RN OWE MM | VR &N 4 VWA RN AN A4 1M | uR
19556 | 1505 1MET  f48 | WEE  BM | M 44T AT 3 WM ¥R 18 153 1M dBe
A TR 1WF NE S 85 TR M WM % 4w am i 428 41 i
) ] ] 0 0 [ ] L] [ ] 1] [} a ] ] |
0B TATIED BOEOT ABRDGEE 1SN D67 LTNAD LMOBM 104060 1GABRD LGN LATOW 096E0 O7ES12 QM 045G
GTOTT 466411 65284 JOLAG1 2MEATI 19537 1R300 13TEM 116511 SROMTD BMGEM 7007 SRANT 410073 GBS ITATH

115528 29554

T35 558k3 4540

M WG AR5

284 18993 1660

1420

1163 95 7076 | SHE
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APPENDIX E. SPECTRUM CONTROL INC., PATCH ANTENNA
SPECIFICATIONS, DRAWINGS, AND MOUNTING PHOTO

SPECTRUM CONTROL INC.

A Control Products and Systesms Comparsy

“antenn

elements
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SPECTRUM CONTROL INC.
A Control Products and Systoms Compsany

antenna solutions
Ceramic patch antennas. are growing in
popularity duse o thesit low peofile dasign and
their cffiectre balanoe of performance and price, |
g Spectrm Control we have developed 3 complate |
Bine of patch antennas that are desggned to optieeze
the tmeimasian snd reception of gl for modem
wirghess products. Beyond the procluct ituel]
from our experienced engineering depariment. ..
an a waekengh you can understard

spectrum patch antenna attributes

= Semuall Foatprints Dimensions For antennas from | CHe o 3 CHe

patch antenna are: from 13mm to 30mm square (excluding the ground planc),
: . Anlernas Fe :
applications : i degnad h Sigher Susckte s s SNy s

be s low as dmen.

Sateliite Based ; . :
.mmﬂ_nlmm 1z .wm:“l:mim:mmwumﬂrm
:mﬁmmwm 'l'h"‘F M"mu':“ M‘“'w". it and meeive cirulady polarized

oy —— -m&mmmm&mnwﬂuﬂﬂ*nmm
Tﬁrﬁhﬂﬂlﬂd ) -mwmhm.ﬂwmywm

= |50 (Industry. Scientific £ Medical) profotypeg quick and cost effective.

= Zighee * Omini-directional: Antenna rackstion patterrs provade excellent gain

* Bluetcoth across ol hevation angles but can abio be maniudited for more

= RAD focused requirersents.

Commast Faartory cesber bl appiec rtom » Performance: These passie devices offer typacal gain response from

0 s o 3 dBi for half-power beamwicdths of 100 degrees. Cain ak
boresite (90 degrees elevation] can esceed 6 dils depending upon
the proper selection of a ground plans:,

» Millitary: We huve exterrsive experience in bulding hardened
latary designs.

= Testing: All of owr products ane tested 1007 on curstom Lesting
Sysbems o enjune quality perfermance.

prototyping

W can provide quick lurm prototypes by using our om-site engincering Labs
; ' to hand tune an existing design to meet your speciic needs. For advanced

& : . design. we wtlize 5-D computer modeling 1o optimize: anfenna performance

and provide expected real world sesalts of high volumse prodesction.
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Features

& Termperature stable (-40°C fo +105°C)
B Low refurn loss

B Uniform diglectric constant

u Offse! single-point feeding method

B Custom designs availabie (900 MHz lo 5.8 GHz)
B Siver plated electrode and probe QHS
B Surface mount COMPLIAN

§ 50 Ohm impadanca
W RoHS parts avadable

Ordering Information - Standard Single Frequency Patch Element

PA 25 - 1575 - 008 S A
T T ] T -T -1
Class Sire Center Bumndwidih Configurmtion Seriea
Frequency (MHE)  (MHz)
Pasch & ges W Usa 4 dhgin Usa 3 g G = Sopaann As g
AT lbry Enciory
[ 1 VSWR Gain | Tested ground | Reference
| Applicallan | Part i Folariza tsn Hﬁt—ﬂgﬂﬂm&_@,_l plane {mm) | Outlines
GPFS PRS- 1575-O0BGA AHCE 1878 20 28 R B
GFS PAZS- 157900454 RHCP 1379 21 25 FRAAS a
[F] PAZS- 2T -DUBGA RHCF wr | o oo a0 B
GPS PR -1 580010254 AHCE 1580 15 .0 B00I50 G
P PALT 156000554 RHGP 158 | [ 25 AXI0 ]
Giohalszar PAZS- 18150 R84 LHCP 115 125 30 TOXTD B
ridum PAIS- 162002550 RHCP | B 20 EONB0 a
Inranal PRS- 1 5401 G54 LHCP 152 5 a0 OB a
rwrarsat PASE-TSLH02 504 LHCP w3 | 2 a0 SONEG a
] PAAS-1552-1 TESA LHCP 15 | 125 5.0 EOXE0 F
Satndes Rade LECP 2k | &0 an anyay A
Satelite Flsta PAZS- 2500154 LHCP 2350 -] 20 45KA5 a
1] PAIT- 240005054 RHCPorLHCP| 200 || 50 an AEXEE E
154 BAAT- 2450 BOGA RHCP o LHCP L 153 a0 ABNEL E
15 PAZE-2450-1 2054 RHCH or ILHCP| Ms0 | 120 a0 40%a0 A
Saedor Radc PAZH- 237001454 LHCP ZATO 80 a0 aaxas A

To oveder RoH S wervorn, nemowe daskus im part mumsber and add “LF” to the ond of the paart. Ex: PAZSISTS008 SALF fRoHS weruion)
Comult Foctory for condom party or optimized contier frequeencies flor pour specific applcation.

Dual Frequency SMD Patch Element

Spectrum Control offers &n innovative solution for dual frequency applicaions.
Qur indradusal SMD antennas can be mouried on an single ground plang 1o
acddreess both frequencies al once,

Part & Tewst Size Dutling

o R R e e ey
PRAS1G1-1 |__bedein § GRS [Coenvm) ki3 80 E
Comallt Foctory for il prodict detmlc

SPECTROM CONTROL BIC. « BOST Avcnia Rd + Fainview, PR 18415 = Phone §14-074-1571 = Fac B T8 0100 « Wistale. wew Sonme S0
SPECTRUM CONTROL GmdH « H 8 = 911 Sch Qemrrany = Phov. HOREERTRE0 « Fac (850 220 TS-50
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Patch Antenna
Elements

ﬁ'fﬁm Outlines

Note: Sou 808 Grawing for detaled spechcasons on each par.

SPECTRUM CONTROL IPC. » 5081 dAvonia Bd. » Fairview, P 18415 = Phonsr BR-374-1571 = Fax B 1000100« Wt wew somosm oom
SPECTROM CONTROL GimbH + HorsasSmsss & » 511008 Scheaitach, Gesmany + Phons ($0R9122-T650 » Fac (49512070058
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Patch Antenna
Assembly Options

Features

8 Available i partial assembly bo complete
*Plug-n-Play” assembdies

m Single or muli-frequency packages

B Dptimized designs lor peak perormance

u 100% lesied

§ Custom designs
= Flaxibilty on cable and connacior salaction

® Standard designs availabie

= AgroAsiro SENS
= Gilobalstar

* Iridium

«GPS

B RoHS compalible parls avalable

Design Options

Spectrum Control can supply neary any variaton
16 il your désign needs, uBing 1he thide Ganaral
classificatioms of assemiblies that wa manufaciure,

O distaging &am b modied bo Ml your mbchancl,
cabde lenglh, conneclor and other specification. Each
design (s evalvates 1o provide an optimized perormance
bo achigve mMmaximum gain, Please comult Factory with your
specific deiods.

Antenna Design

Considerations

AC Series

Falch Andenna mounded o a grownd plane with a
connector mounied dineclly to the PCB. Standard
connecior is MMCX,

©

AR Series

Paltch Andenna mounied om an oplimized ground plana
with a pigtail cable to a connector, which is tuned

and packcaged for the: plaske radome thal covers tha
complete assambly. Standard cable is RG-316 1o
MMICK or SMA conneclors, others avalabie,

r-

‘@,

Ground plane Optimization

Fundamental io the perlormance of a patch antennm
is the interaction with thea ground plana. The loliowing is
a bried overvigw of the mierplay between tihe elemant
and iFe ground plane. Consider the classie case of
GPS reception, whene It is oaty that the cuslomer may
have the receiver in & less than an ideal emvingnment
(.9 under Erees, inside of bulldings, varous elewations)
reducing the possbeity of reception, “ON-ne-Shet”™
componens do nol addness this concem, which why
It s s0 important for the element 1o be designed lor
the ground plane, Increasing efficency can reduce the
cold start times and draw bess power lrom the battery
supply, in addition 1o the improving pedormance.

SPECTROM CONTROL BNC. « BOST Avoria Rd
SPECTROM CONTROL GmdH + H 8 = 9110 Sch

AT Series

Palch Andenna mounied o a ground plane with a
poptail calbie o a conmector. Standand designs: have

B' {15.2 em) RG-316 cables, conmacior varias by
application. Alernative lengths & conneclors available.
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35 mm sq.
Ground plane
Ground plane
thickness is minimal

SPECTRUM CONTROL INC.

Antenna Design
Considerations

Figure 1 through 3 detail changes in ground plane
sizes and the eflect of the radiation pattern and the
gain as shown via our computer medeling. Design =
enhancements that can be considered to improve
periormarce include the use of a thicker ground plane, ¥

Figure 4 details the same 35nmm plane as in Figure 1,
however, it is thicker at 6 mm. This effectively improves

the resultant directive gain. The front to back ratios have 55 mm sq.
also improved, as well as paftern fullness or axial ratio Ground plane
measurement. Ground plang

fhickness i mnemal

While it may be understood that a larger ground
plane willimprove the gain of an antenna. there may
be a degradation of the axial ratio of the system if the
element is not tuned for the ground plane, In Figure 5,
the best axial ratio for the element under the test occurs

with the 55 mm zero thickness ground plene. Proper _
evaluation and tuning can improve designs. Spectrum
Conltrol offers experierced engineering sululions 1o z
optimize your system. In addtien tc specialized design
assistance, we also provide complete optmized s "
assemblies.
Additional Interaction Notes: Eﬁ ':Tas:nm Figure3 500
* Center frequency shift: A 13mm GPS element o il 500
designed for a 70 mm GP wil have a f, = 1580MHz by tickncss & mivimal i
design. The same element on a 35 mm ground plane 200
will have a fy =1569 MHz and on an effectively zero 1.08
ground plane (13mm), the f, = 1549MHz. ?-g
* Radiation patiern nulls: When a palch antenna is 300
mounted off center on a ground plane, it will realize ncn-
spherical radiation patterns. *Gain tit" will occur as the s
radiation pattern will adjus! toward the larger surface, P &
and conversely be reduced an the smaller surface. J
x ¥ Gain(dB) 1.585GHz
o Amwopes  Foures Ground plane Figured 501
Ground plane 400
3 thickness is 6 mm 3.00
&ue
K 1.00
2 n —a— =0 0.00
s RS gt i
! - 3.00

\?___f—-" & rigai
1]

55

mm

k] = Ir
“Hy" is ground plane
thickness in mm o

Gain({dB) 1.578GHz

SPECTRUM CONTROL INC. = 8061 Avonia Re. = Fairview, PA 16415 » Phone: 814-4741571 » Fax:614-474-3110 = Wabsia: www.spacamc.com
SPECTRUM CONTROL GmbH * Hansastrasse § * 91128 Schwebach, Germany + Phone: (49)-9122-795-0 « Fax: {49)-9122-795-58
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faqg’s
antenna handling & processing

Operating: ~40°C 1o +105°C
Sioragea: Mo min o +150°C

¥is, the pin is attached with 562 on the Non-RoHS versions: and Snd6 for AoHS verskons
The adhesive 5 also deshigned o meet expected poofles, (Do not refiow the solder on the top
surtace e meong than 8 ducaion of ome mrlte = 1o okl the risk |L'm¢v1r‘nl] tha sibver patiom.)

Auything that is well adhared o the substratum and clean. For example, if you place a paich anlenna
on standard copper FR-4- for longer than a few days, you will Ekely pull the séver electode and some
cermmic off the patch duing rermoval. (The fired on siver slecirode passes -150 bair.)

Clean, de-grease and dry. The pressune sensithve adbesive will contings thiy process of bonding 10
thi substratum for days. N0 OTHER ADHESIVES ane naadad. ... they will lowar the canter frequancy
of the patch (lor example, one more kayer of adhesive would reduce the Trequency by -1.5MHz).

Yes, any covering of the antenma will change ils peromance characieristics, This would includes anmy
Soldaf mask of & conhanmal coating. Thi dass: Eampkt B APphing & mosma (S0 sad tha pan

Generally the radorme should b a menimumm of 10mm from fhe sides of the patch and Smm
above the paich elemant on the ground plana

Yes. The ground plane ks a piotal part of the antenna, and different sizes and thickness change
performance. Pleaza refar 1o the ground plane optimization section of this catalog

SPECTRUM COMTROL IMC.
WWW.Specemc.com
north america cUrope china
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APPENDIX G. TETHERS UNLIMITED INC., MICROHARD
CONFIGURATION NOTES

For MAST, we had what I referred to as two different types of radio parameter sets: stuff
that never changed and was hard-coded in the software and stuff that was configurable
post-launch. For the stuff that never changed, there was a hard coded sequence of
commands sent in the following order (this was an array of strings in program memory):

"E1", // Command Echos: O=disable command echos, 1=enable command echos
"QO0", // Quite Mode: O=enable results, 1=disable results

"V1", /I Verbose Responses: 0=responses as numbers, 1=responses as words
"WQ", /I Connection Result: 0=CONNECT xxxx, 1=CARRIER xxxx, 2=CONNECT
XXXX

"&C1", // DCD: 0=always on, 1=on when synchronized, 2=output data framing, 3=sync
pulse

"&D2", /[ DTR: O=ignored, 2=force command mode, 3=resets modem

"&K3", // Handshaking: O=disabled, 2=RTS/CTS input framing, 3=enabled
"&S1", /| DSR: 0=always on, 1=on in data mode only, 2=DSR/DTR signaling
"&EQ", // Framing Errors: O=disable checking, 1=enable checking

"S0=0", // Auto Answer: O=power up in command mode, 1=power up in data mode
"S2=43", |/ Escape Code: 43="+' set to default and known value

"S3=13", // Carriage Return: set to default and known value

"S4=10", // Line Feed: set to default and known value

"S5=8", // Backspace: set to default and known value

"S101=3", // Operating Mode: 1=Master P-M, 2=Master P-P, 3=Slave, 4=Rpeater,
5=Master Diagnostics

"S109=7", // Hopping Interval: unused in slaves but set to known value, 7=80msec
"S110=1", // Date Format: 1=8N1, 2=8N2, 3=8E1, 4=801, 5=7N1, 6=7N2, 7=7E1,
8=701, 9=7E2, 10=702, 11=9N1

"S113=0", // Packet Retransmissions: unused in slaves, but set to known value
"S117=0", // Modbus Mode: O=disabled, 1=enabled

"S119=1", // Quick Enter to Command: O=disabled, 1=enabled

"S120=0", // RTS/DCD Framing Interval: unused without input framing, but set to known
value

"S121=0", // DCD Timing: unused without input framing, but set to known value
"S122=1", // Remote Control: O=disabled, 1=enabled

"S124=0", // TDMA Duty Cycle: unused in slaves, but set to known value
"S125=0", // TDMA Max Address: unused in slaves, but set to known value
"S126=0", // Data Protocol: 0=Transparent IN/OUT

"S127=1", /| Address Filtering: O=disabled, 1=enabled

"S128=1", // Multicast Association: 0=65535 only, 1=0 and 65535

"S129=0", // Secondary Master: unused in slaves, but set to known value
"S206=0", // Secondary Hopping Pattern: unused in slaves, but set to known value
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For the stuff that was configurable post-launch, these are the defaults that we used:

- output power (we intelligently varied this between 250mW and 1W based on current
battery charge level because we were having voltage regulator dropouts at the higher
output powers when the battery was more discharged)

- minimum packet size: 6 bytes (this was our minimum frame size for our messaging
protocol)

- maximum packet size: 100 bytes (I think | remember increasing this to 255 during
operations to increase overall throughput)

- packet size control (S114) (I don't remember what this means, but we defaulted to NOT
overriding)

- packet buffer timeout: 250ms

- packet retry limit: 4

- packet repeat interval: 1

- network address: arbitrary

- unit address: arbitrary

- encryption key: arbitrary

- slave roaming: enabled

1. Slave Roaming
a. When enabled, a slave will scan other hopping
patterns while attempting to synchronize with a
master. In essence, i1t will tune to the hopping
pattern of any communicating a master.
b. Results
1. When enabled, synchronization is possible
regardless of the slave’s hopping pattern.
The synchronization process is noticeably
(albeit not by much) faster when the hopping
patterns are set to the same pattern.
When disabled, synchronization is only
possible when the master”s hopping pattern
matches that of the slave. Synchronization
appeared a little slower than when roaming
was enabled and the hopping patterns
matched. Also, the master was unable to
synchronize with the slave even iIf iIts
hopping pattern was within the same group.
The manual states that the master must be
using a hopping pattern from the same group
for the roaming slave to tune to the master.
This statement seems to be false as the
slave would synchronize with the master even
iT the slave’s hopping pattern was in an
entirely different group than the master’s.
c. Implications
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i. Allowing the slave to roam In a noisy and
low link margin environment with other
transmitting masters, will likely increase
the time in which it takes to synchronize to
a slave.

IT roaming i1s disabled, and a single event
upset changes the hopping pattern of the
slave and goes unnoticed by the flight
software, then communication will be
impossible. Each pattern would need to be
scanned by the master iIn an attempt to find

the slave.
2. Hop Interval
a. Results

iI. Very short hop intervals made
synchronization impossible. The hopping
interval should be at least 20msec to allow
synchronization to succeed. Synchronization
was possible at every hopping interval
greater than and equal to 20msec.

3. Address Filtering and Multicast Association
a. With both of these enabled, a slave can receive
data if Its unit address does not match that of
the master and if the unit address of the master
iIs O or 65535. For the slave to transmit, its
unit address must match that of the master.
b. Implications

1. Both of these should be enabled as i1t will
allow the slave to receive packets (and
thereby the flight software can receive
commands) even i1f a single event upset
alters the slave’s unit address.

4_ Point-to-Multipoint vs. Point-to-Point
a. Synchronization appears to be much quicker when
the master is configured as a point-to-multipoint
than when 1t is configured as a point-to-point.
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APPENDIX H. DD1494 AND FCC FORM 422 APPLICATIONS
FOR GENESAT, KENTUCKY SPACE CONSORTIUM, AND NPS-

SCAT
FCC FORM 442 - FEDERAL COMMUNICATIONS COMMISSION ""’"’ﬂ“;:" by
APPLICATICN FOR NEW OR MODIFIED RADIO STATION UNDER PART o -
5 OF FCC RULES - EXPERIMENTAL RADIO SERVICE (OTHER THAN
BROADCAST) Expires
09/30/98

Applicant’'s Name (company): Morehead State University File Mo.: 0354-EX-PL-2008

HMailing Addiess

Attention: Or. Benjamin K. Malphrus (5pace Science Cenber]
Street Addrass: 200 A B, Chandler Place

PO, Box:

City: Morehead

Stale: K

Country:

Zip Code: 40351

E-Mail Address: b.malphrus@moreheadstate. edu

Application Purpose
Application is for: NEW LICENSE

For Modification indicate below
File No.: Callsign:

Government Contract

1= this authorization to be used for fulfilling the requirement of a government
contract with an agency of the United States Government? If "YES", include as
an exhibit a narrative statement describing the government project, agency and
contract number. Yes

Foreign Government Use

Is this authorization o be used for the exclusive purpose of developing radio
equipment for export to be employed by stations under the jurisdiction of a
fareign government? If "YES", include the contract number and the name of the
Moreign govermment concerned as an exhilit. BNo

Research Project

15 this authorization to be used for providing communications essential to a
resgarch project? (The radio communication is nol the objective of tha research
project)? If "YES". include as an exhibit the following information:

a. A description of The nature of the research project being conducted.

b. A showing that the communications facilities requested are necessary for the
research project involved.

. & showing that existing communications facilities are inadequete.

ves
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Exhibit Information

If all the answers to Items 4, 5, 6 are "NO", include as an exhibit a narrative
statement describing In detail the following items:

a. The complete program of research and experimentation proposed including
description of equipment and theory of oparation.

b. The specific objectives sought to be accomplished.

. How the program of expesimentation has a reasanable promisa of
cartribution to the developmaent, extension, expansion or utilization of the
radio art, or is along line not already investigated.

Estimated Duration

Give an estimate of the length of time that will be required to complete the
program of experimentation proposed in this application: 24 Months

Environmental Impact
Would a commission grant of this application come within Section 1.1307 af the
FELC Rules, such that it may have a significant environmental impact? If "YES",

include as an exhibit an Environmental Assessment as required by Section
1.1311. Mo

Manufacturer

List Desleww Lransanilling eguipgmeant (o e insbal bed
(if experimental, so state) if additional rows are
required, please submit equipment list as an

exhibit :
Modal No. Of
Manufacturer Number Units Experimental
Microhard HY 2400 1 No
Station ID

Is thae equipment listed in Item 10 capable of station identification pursuant to
Section 5.1157 No

Applicant Typa
Applicant is: Other

Foreign Government

Is applicant a foreign govarnment or a representative of a foreign government?
Mo

License Denied or Revoked

Has applicant or any party to this application had any FCC station license or
permit revoked or any application for permit, license or renewal denied by this
Commission?

If "YES®, include as an exhibit a statement giving call sign of license or permit
révokéd and relate circumstances. No
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Oherniér and Dperabor
Wil applicant be owner and operator of the statlon? Yes

Contact Informatiomn

Giwve the following information of pearson who can best handle inguiries
pertaining to this application: First Mame: Michae!

Last Mama: Millar

Title: Communications Codrdinatar

Fhona Numbar: 415 385-3842

E-Mail Address: mimillerfintellws.us

Drug Abusa Question

APPLICANT ANTI-DRUG ABUSE CERTIFECATION: By checking “YES", the
imdividual a pplicant certifies that he or she is eligible for this loens-a. This
requires that he or she is not subject to a denial .of federal benefits, including FCC
benefits, a5 a result of a drug offense conviction pursuant to Section 5301 of the
Anti-Drug Abuse Act of 1988, 21 U.S.C. B62. A non-individual applicant, &.g.,
corporation. partnership or other unincorporated association, certifies that mo
party to the application is subject to a denial of federal benefits, pursuant to that
section. For definition of a "party” for these purposes, seé A7CFR 1.2002({b). Yes

Certification

THE APPLICANT CERTIFIES THAT:

a. Copies of the FCC Rule Parts 2 and 5 are on Band: and

5. Adeguete financial appropriations have been made to carry on the program
of experimentation which will be conducted by gualified personnel; and

. All operations will be on an experimental basis in aceardance with Part 5 and
other a pplicable rules, and will be conducted in such & manner and at such a
time as to preclude harmful interference to any authorized station; and

dl. Grant of the authorizatiom requested herein will not be construed as a
finding on the part of the Commission:

1. that the frequencies and other technical parameters specifiied in the
autthorization are the best suited for the proposed program of
experimentation, and

2. that the applicant willl be authorized to aperate on any bagis other than
experimental, and

3. that the Comission is obligated by the results of the experimental
program to make provision in its rules including its table of frequen cy
allocations for applicant's type of oparation on a regularly licensed
basis,

THE APPLICANT FURTHER CERTIFIES THAT:

=, All the statements in the application and attached exhibits are true,
complete and correct to the best of the applicant’'s knowledge; and

f. The applicant is willing to finance and condwct the experimental program
with full knowledge and understanding of the above limitations; and

@- The applicant waives any claim to the use of any particular frequency or of
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the electromagnetic spectrum as against the regulatory power of the USA.

Mame of Applicant: Morehesd State Unnersty

Signature (Authorized person filing form): Benama K. Maphou

Signature Date (Authorized person filing form): 08,11/2008

Title of Person Signing Application: Director, Space Soente Center

Classification: ALthorired employes

WILLFUL FALSE STATEMENTS MADE ON THIS FORM ARE PUNISHABLE BY FINE

AND/OR IMPRISONMENT (U.S. CODE, TITLE 18, SECTION 1001), AND/OR

REVOCATION OF ANY STATION LICENSE OR CONSTRUCTION PERMIT (U.S. CODE,

TITLE 47, SECTION 312(A)(1)), AND/OR FORFEITURE (U.S. CODE, TITLE 47,
SECTION 5013).
NOTIFICATION TO INDIVIDUALS UNDER PRIVACY ACT OF 1974 AND THE
PAPERWORK REDUCTION ACT OF 1980

Information requested through this form is authorized by the Communications
Act of 1934, as amended, and specified by Section JOB therein, The information
will be used by Federal Communications Commission stalfl to determine eligibiity
for issuwing authorizations in the use of the frequency spectrum and to effect the
provisions of regulatory responsibilities rendered by the Commission by the Act.
Information requeiled by this form will be available 1o the public unléess
otherwise requested pursuant to 47 CFR 0.459 of the FCC Rules and Regulations.
Your response is required to obtain this authorization.

Public reporting burden for this collection of information is estimated to average
four (4) hours per response, including the time for reviewing instructions,
searching existing data sources, gathering and maintaining the data needed, and
completing and reviewing the collection of information. Sead comments

Reduction Project (1J060-0065), Washington DC 20554. DO NOT send completed
applications to this address. Individuals are not required to respond to this
collection unless it displays a currently valid OMD control number,

THE FOREGOING NOTICE IS REQUIRED BY TME PRIVACY ACT OF 1974, P.L. 93-
579, DECEMBER 31, 1974, 5 US.C. 552a(e)(3), AND THE PAPERWORK
REDUCTION ACT OF 1980, P.L. 96-511, DECEMBER 11, 1980, 44 U.S.C. 3507.

Station Location

Street [or
other Radws of
City State  Latitude Longitude Mobile o o o County o ration
loCation)
North 38 Weit 8)
uﬂouhm:mucuv“ 30 2 20 Satelite Drive  ROWAN 400.00

Datum: NAD 81

Is a directional antenna (other than radar) used? "o
Exhibit submitted: Yes

(a) Width of beam in degrees at the half-power point: 050
(b} Orientation in horizontal plane:
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{c) Orientation in vertical plame: 10.00

Will the antenna extend more than 6 meters above the ground, or if mounted on

an existing building, will it extend more than 6 meters above the building, or will

the proposed antenna be mounted on an existing structure other than a building?
No

(@) Overall height abowe ground to tip of antenna in meters: 2500

(b) Elevation of ground at antenna site above mean sea level in meters: 348 00

(<) Distance to nearest aircraft landing area in kilometers: 16.00

(d) List any natural formations of existing man-made structures (hills, trees,

water tanks, towers, etc.) which, in the opinion of the applicant, would tend to

shield the antenna from alrcrafl: Antenna has Alrcraft obstruction light installed, Hill

NW range 209 meters, slevation 361 meters. Hill ESE range 121 meters, elevation, 349

metérs. Structure - Communication Tower [Adelphia Ste) N at 209 meters, elévation 391

meters. Structure - KySat Tower SE at 121 meters, elevation 361 meters

Station Output  Mean TToUENCY o L sion  Modulating

Action Frequency Class Power/ERP Peak Tolerance Designator Signal

(+/=)
2401 . 20000000- 1.000000 W
New 2431.20000000 FX 168.000000 P E,":'Dm':'m ISONFID 86000 baud
MM kW

QUESTION 6: PURPOSE OF EXPERIMENT

6. *

Is this authorization to be used for providing communications essential to a research project? (The
radio communication is not the objective of the research project)? If "YES", include as an
exhibit the following information:
a. A description of the nature of the research project being conducted.

b. A showing that the communications facilities requested are necessary for the research project.
C. A showing that existing communications facilities are inadequate.

NOTE: When submitting this exhibit, please enter "QUESTION
6: PURPOSE OF EXPERIMENT"™ in the description field and
select the type of document as "Text Documents'™.)

ANTENNA DRAWING:

Submit as an exhibit a vertical profile sketch of total
structure including supporting building, 1f any, giving
heights 1In meters above ground for all significant
features. Clearly indicate existing portion, noting
particulars of aviation obstruction lightly already
available. Submit this sketch under the ™"Antenna Drawing"
exhibit type.

NECESSARY BANDWIDTH DESCRIPTION
Please indicate the necessary bandwidth measurement and
indicate the units by selecting one of the values iIn the
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drop-down list. Submit an exhibit describing how the
necessary bandwidth was calculated for all the 1indicated
frequencies. Exhibits may be entered i1mmediately after
submitting this form or later by selecting the "Add
Attachments™ option from this web site"s menu. NOTE: When
submitting this exhibit, please enter "NECESSARY BANDWIDTH
DESCRIPTION™. in the exhibit description.

MODULATING SIGNAL DESCRIPTION
(entered “BPSK™)

Insert as appropriate for the type of modulation (e.g. The
maximum speed for keying in bauds, maximum audio modulating
frequency, frequency deviation of carrier, pulse duration
and repetition rate). For complex emissions, submit an
exhibit describing in detail the modulating signal and
indicate the frequency range that It i1s associated with.
Exhibits may be entered immediately after submitting this
form or later by selecting the "Add Attachments™ option
from this web site"s menu. NOTE: When submitting this
exhibit, please enter "MODULATING SIGNAL DESCRIPTION". 1in
the exhibit description.

Morehead State University
21 M Space Tracking Antenna

ANTENNA DRAWING:

Vertical profile sketch of total structure of the Morehead
State University 21 M Space Tracking Antenna including
supporting building, with heights iIn meters above ground
for all significant features.
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Alrcraft Warning Light

Lightning Fod

) \'\"_ RF Feed

Reflector Panels

Beflecton Suppon Structure Feed Suppon Structure

Redlector Hubs Structure
Elewation Asis

Elewation A Platlasm

Eb=vation Sector Gear
Counter Welghts
Upprr Bufler
Elevation Stow

Ratating Platform/Ladder ——ab=

| It - AzimuthBearing
l — Agirmanh Drive

Emengency Stop Switch

a5
-
-

O
=

N
5 Pedestal Platform (fxed)

Lower Eqquiptment Roosm (LER) —-J

Dimensions

Reflector: 21 m (68.9 ft)

Maximum vertical height above ground (apex of feed at 90 degrees
elevation): 25.6 m (84 ft)

Height to elevation axle: 14.17 m (46.5 ft.)

Height to center of feed ring at 0 degrees pointing elevation: 14.17 m
(46.5 ft.)

Height of LER 3.08 m (10 .1 ft)
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Photograph of the Morehead State University Space Science Center 21
Meter Space Tracking Antenna September, 2007
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Dr. Banjamin K. Maiphrus (Space Science Canier), 200 & R Chandier Place, Momshead, KY 40361,

United States of America
FEDERAL COMMUNICATIONS COMMISSION

EXPERIMEMTAL
RADIO STATION CONSTRUCTION PERMIT
AND LICENSE
EXPERIMENTAL WE2XUG
{Mature of Servica) (Call Sign)
XC__ FX 0354-EX-PL-2008
(Class of Station) {File Mumber)
MAME Marehaad State University

Subject to the provisicns of the Communications Act of 1934, subsequent acts, and treaties, and all
regulations herelofore or hereafter made by this Commission, and further subject to the conditions
and requirements set forth in this license, the licensee hereof is hereby authorized to use and operate
the radio transmitting facilities hereinafter described for radio communications in accordance with the
program of experimen lation described by the licensee in its application for license.

Operation:  In accordance with Sec. 5.3(h) of the Commission's Rules

Station Locations
(1) Meorehead (ROWAN), KY - ML 38-11-30; WL 83-26-20
Frequency Information

Morehead (ROWANY, KY - NL 38-11-30; WL 83-25-20

Station Emission Authorized Frequency
Frequency Class Designator Power Tolerance (+-)
2417.2-2431.2 MHz FX 168 KW [ERP)
I50KF1D

Special Conditions:

{1}  Licensee should be aware that other stations may be licensed on these frequencies
and if any interference occurs, the licensee of this authorization will be subject to
immediate shut down.

(2)  Imlieu of frequency tolerance, the occupied bandwidth of the emission shall not
extend beyond the band limits set forth above,

{3) The station identification requirements of Section 5115 of the Commission's Rules

are waived.
FEDERAL
MMUNICATIONS
This autherization effectiva October 27, 2008 and WGQHHIBEIGH

will expine 300 AM EST  Nowember 01, 2010

Page 10f 2
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Licensee Name: Morehead State University File Number: 0354-EX-PL-2008 Call Sign: WE2XUG
Special Conditions:

4)

This authorization is issued for the express purpose of conducting experimental
operations described in the related application and required by The National
Aeronautics and Space Administration; contract number NNGO5GHO7H. The use of
this radio station in any other manner or for any other purpose will constitute a
violation of the privileges herein authorized. Except as subsequently authorized by
the Commission, this radio station shall not be operated after the expiration date of
the contract designated in the related application and enumerated above.
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CLASSIFICATION UNCLASSIFIED PAGE 11

ANTENNA DATA OVERFLOW PAGE

2. NOMENCLATURE, MANUFACTURER'S MODEL NO.

(U) PA28-2450-120SA

CLASSIFICATION

UNCLASSIFIED

EL-CID ver. 5.1 rev 81 05/31/2009

173




UNCLASSIFIED

SECURITY SUMMARY & SPECIAL HANDLING REQUIREMENTS

The title of this applicationis : NAVAL POSTGRADUATE SCHOOL CUBESAT COMMUNICATIONS SUBYSTEM

The overall classification of this applicationis : UNCLASSIFIED

Refer to your Security Manual for further guidance.

The Application Level Special Handling is : A
Approved for public release; distribution is unlimited (DoD Directive 5230.24)

DOWNGRADING INSTRUCTIONS

Special Handling Instruction : A

CLASSIFICATION

UNCLASSIFIED

EL-CID ver. 5.1 rev 81 05/31/2009
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APPLICATION FOR EQUIPMENT | CLASSIFICATION DATE

FREQUENCY ALLOCATION UNCLASSIFIED 4/7/2009 PAGE 1

DOD GENERAL INFORMATION

TO (U) Departmentof The Navy, Navy-Marine FROM (U) Naval Postgraduate School; 777 Dyer
Corps Spectrum Center; 2461 Road, Rm-121; Monterey, CA; 93940
Eisenhower Ave., Suite 1202;
Alexandria, VA 22331-1400

1. APPLICATION TITLE (U) Naval Postgraduate School CubeSat Communications Subystem

2. SYSTEM NOMENCLATURE (U) Naval Postgraduate School CubeSat Ground Station

3. STAGE OF ALLOCATION ) a. STAGE 1 b. STAGE 2 c. STAGE 3 d. STAGE 4
CONCEPTUAL EXPERIMENTAL DEVELOPMENTAL OPERATIONAL

4. FREQUENCY REQUIREMENTS
a. FREQUENCY(IES)

b. EMISSION DESIGNATORS

5. TARGET STARTING DATE FOR SUBSEQUENT STAGES

a. STAGE 2 (U) 4/1/2010 b. STAGE 3 c. STAGE 4

6. EXTENT OF USE (U) 12 Minutes per day; when satellite is in Field Of View of Ground Station

7. GEOGRAPHICAL AREA FOR

a. STAGE 2

b. STAGE 3

c. STAGE 4

8. NUMBER OF UNITS

a. STAGE 2 (U2 b. STAGE 3 ‘ c. STAGE 4
9. NUMBER OF UNITS OPERATING SIMULTANEOUSLY IN THE SAME ENVIRONMENT ()2
10. OTHER J/F APPLICATION ID(S) TO BE 11.1S THERE ANY OPERATIONAL REQUIREMENT AS DESCRIBED IN
s SUPERSEDED THE INSTRUCTIONS FOR PARAGRAPH 112
H b. RELATED D a. YES D b. NO D c. NAVAIL

12. NAMES AND TELEPHONE NUMBERS

(U) David Rigmaiden 831-656-75639

(U) Matthew Schroer 831-656-7522

13. REMARKS (V)
(U) This link will only be established over the United States.

(U) The proposed satellite has been assigned an STP number of NFS0801.

DOWNGRADING INSTRUCTIONS

Special Handling Instruction : A

CLASSIFICATION
UNCLASSIFIED

DD Form 1494, MAY 91 S/N 0102-LF-001-4941
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APPLICATION FOR FOREIGN CLASSIFICATION
SPECTRUM SUPPORT UNCLASSIFIED PAGE 2

FOREIGN COORDINATION GENERAL INFORMATION

1. APPLICATION TITLE (U) Naval Postgraduate School CubeSat Communications Subystem

2. SYSTEM NOMENCLATURE (U) Naval Postgraduate School CubeSat Ground Station

3. STAGE OF ALLOCATION (U) | |, grace 1 b. STAGE 2 | ] staces | |4 staces
CONCEPTUAL EXPERIMENTAL DEVELOPMENTAL _ OPERATIONAL

4. FREQUENCY REQUIREMENTS
a. FREQUENCY/(IES)

b. EMISSION DESIGNATORS

5. PROPOSED OPERATING LOCATIONS OUTSIDE US&P

6. PURPOSE OF SYSTEM, OPERATIONAL AND SYSTEM CONCEPTS

(U) The NPS CubeSat Ground Station will allow the school to conduct communications with any Microhard
2.4 Ghz Frequency Hopping Spread Spectrum Radio on orbit. The ground station will operate in
the experimental radio service per Title 47, Part 5.3.c of the Code of Federal Regulations.

7. INFORMATION TRANSFER REQUIREMENTS
(U) The system requires a 2 Kbps transfer rate for all primary TT&C. It has 272 Channels operating
from 2.4016-2.477.6GHz. Channelsffrequencies can be locked out.

8. NUMBER OF UNITS OPERATING SIMULTANEOUSLY IN THE SAME ENVIRONMENT (U) 2

9. REPLACEMENT INFORMATION
(U) Not Applicable

10. LINE DIAGRAM None 11. SPACE SYSTEMS

12. PROJECTED OPERATIONAL DEPLOYMENT DATE (U) 3/1/2010

13. REMARKS (U)
(U) This link will only be established over the United States.

(U) The proposed satellite has been assighed an STP humber of NPS0801.

DOWNGRADING INSTRUCTIONS

Special Handling Instruction : A
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PAGE 3

TRANSMITTER EQUIPMENT CHARACTERISTICS

1. NOMENCLATURE, MANUFACTURER'S MODEL NO.
(U) MHX-2420 2.4 Ghz OEM Industrial Mod (5ee Data Overflow Page)

2. MANUFACTURER'S NAME
(U) MICROHARD SYSTEM, INC.

3. TRANSMITTER INSTALLATION

4. TRANSMITTER TYPE
(U) Spread Spectrum Communications

5. TUNING RANGE
(U) 2401.6 MHz - 2477.6 MHz

6. METHOD OF TUNING
(U) PLL Synthesizer

7. RF CHANNELING CAPABILITY

8. EMISSION DESIGNATORS
(U) 8OMOF7D

(U) 280.00 kHz Increments

9. FREQUENCY TOLERANCE
(U)3 ppm

10. FILTER EMPLOYED

12. EMISSION BANDWIDTH

|| carcuLaten [ <] measureD

3dB  (U) 176kHz

11. SPREAD SPECTRUM

T |

(See Data Overflow Page)

@ a. YES D b. NO

t

.20dB (U) 269kHz
(
(

d. -60dB (U) 8830 kHz

See Remarks

13. MAXIMUM BIT RATE

)
)
c. dode (U) 450kHz
)
)

e. OC-BW (U)280.00 kHz

(U) 19200 bps

14. MODULATION TECHNIQUES AND CODING

15. MAXIMUM MODULATION FREQUENCY
{U) 11520 kHz

Digital

17. DEVIATION RATIO

16. PRE-EMPHASIS {U)1.00
D a. YES D b. NO 18. PULSE CHARACTERISTICS

19. POWER a. RATE

a. MEAN  (U)0.100 W-(U) 1.00 W b. WIDTH

b. PEP c. RISE TIME

c. CARRIER d. FALL TIME

20. OUTPUT DEVICE

e. COMP RATIO

(U) Other 21. HARMONIC LEVEL

22. SPURIOUS LEVEL a. 2nd (U) -350dB
(U)-60.0 dB b.

23. FCC TYPE ACCEPTANCE NO. OTHER

(U) NS907P22

24. REMARKS (U)

(U) The transmitter of the CubeSat will only be active when commanded by the ground station at
Monterey, CA. Other times, the trasceiver will be listening. The satellite is expected
to pass over the ground station 3 times a day with an average pass lasting 3 minutes. Those

time periods are the only times that the satellite will be transmitting
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CLASSIFICATION
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PAGE 4

TRANSMITTER DATA OVERFLOW PAGE

1. NOMENCLATURE, MANUFACTURER'S MODEL NO.

(U) MHX-2420

11. SPREAD SPECTRUM

Modulation (U)80MOF7D is Spread Spectrum

CLASSIFICATION UNCLASSIFIED

EL-CID ver. 5.1 rev 81 05/31/2009

178




CLASSIFICATION
UNCLASSIFIED

PAGE 5

TRANSMITTER EQUIPMENT CHARACTERISTICS

1. NOMENCLATURE, MANUFACTURER'S MODEL NO.
(U) MHX-2400 2.4 Ghz OEM Indsutrial Mod (See Data Overflow Page)

2. MANUFACTURER'S NAME
(U) MICROHARD SYSTEM, INC.

3. TRANSMITTER INSTALLATION

4. TRANSMITTER TYPE
(U) Spread Specrtrum Communications

5. TUNING RANGE
(U) 2401.6 MHz - 2477.6 MHz

6. METHOD OF TUNING
(U) PLL Synthesizer

7. RF CHANNELING CAPABILITY
(U) 280.00 kHz Increments

8. EMISSION DESIGNATORS
(U) 8OMOF7D

9. FREQUENCY TOLERANCE
(U)3 ppm

10. FILTER EMPLOYED

12. EMISSION BANDWIDTH

|| carcuLaten [ <] measureD

3dB  (U) 176kHz

11. SPREAD SPECTRUM

T |

(See Data Overflow Page)

@ a. YES D b. NO

t

.20dB (U) 269kHz
(
(

d. -60dB (U) 8830 kHz

See Remarks

13. MAXIMUM BIT RATE

)
)
c. dode (U) 450kHz
)
)

e. OC-BW (U)280.00 kHz

(U) 19200 bps

14. MODULATION TECHNIQUES AND CODING

15. MAXIMUM MODULATION FREQUENCY
{U) 11520 kHz

Digital

17. DEVIATION RATIO

16. PRE-EMPHASIS {U)1.00
D a. YES D b. NO 18. PULSE CHARACTERISTICS

19. POWER a. RATE

a. MEAN  (U)0.100 W-(U) 10.0 W b. WIDTH

b. PEP c. RISE TIME

c. CARRIER d. FALL TIME

20. OUTPUT DEVICE

e. COMP RATIO

(U) Other 21. HARMONIC LEVEL

22. SPURIOUS LEVEL a. 2nd (U) -350dB
(U)-60.0 dB b.

23. FCC TYPE ACCEPTANCE NO. OTHER

(U) NAQO7P22

24. REMARKS (U)

(U) The ground station radio is the same as the on orbit radio. The ground station will add a
High Power Ampilifier at 10 VVatts to increase the power out and allow the ground station to
close the link with the satellite in order to command the satellite and downlink telemetry

files.
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TRANSMITTER DATA OVERFLOW PAGE

1. NOMENCLATURE, MANUFACTURER'S MODEL NO.

(U) MHX-2400

11. SPREAD SPECTRUM

Modulation (U)80MOF7D is Spread Spectrum
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CLASSIFICATION

UNCLASSIFIED

PAGE 7

RECEIVER EQUIPMENT CHARACTERISTICS

1. NOMENCLATURE, MANUFACTURER'S MODEL NO.
(U) MHX2420 2.4 Ghz OEM Industrial Mod (¢e Data Overfiow Page)

2. MANUFACTURER'S NAME
(U) MICROHARD SYSTEM, INC.

3. RECEIVER INSTALLATION

4. RECEIVER TYPE

(U)FM

5. TUNING RANGE
(U) 2401.6 MHz - 2477.6 MHz

6. METHOD OF TUNING

(U) PLL Synthesizer

7. RF CHANNELING CAPABILITY
(U) 280.00 kHz Increments

(See Data Overflow Page)

8. EMISSION DESIGNATORS

(U) 8OMOFOX

9. FREQUENCY TOLERANCE

11. RE SELECTIVITY

K’ MEASURED

CALCULATED
(U)3 ppm
10. IF SELECTMITY | st (U) 2nd (U) 3rd e 3dB (U) 120 kHz
(See Data Overflow Page)
b. -20 dB
a. 3dB 400 kHz 400 kHz (U) 250khz
c. 60dB
b. -20dB 622 kHz 740 kHz
d. Preselection Type
c. 50dB 1260 kHz 1600 kHz {U) Ceramic
12. IF FREQUENCY 13. MAXIMUM POST DETECTION FREQUENCY
(U) 0.24395 MHz (U) 0.12000 MHz
a. 1st
b. 2nd (U) 10.700 MHz 14. MINIMUM POST DETECTION FREQUENCY
c. 3rd
16. MAXIMUM BIT RATE
15. OSCILLATOR TUNED 1st 2nd 3rd (U) 19200 bps
a. ABOVE TUNED FREQUENCY | (U)X
17. SENSITIVITY  (U) 0.0001
b. BELOW TUNED FREQUENCY
c. EITHER ABOVE OR BELOW a. SENSITIVITY (U)-114 dBm
THE FREQUENCY b. CRITERIA (U) BER - Bit Error Rate
18. DE-EMPHASIS
a. YES D b. NO c. NOISEFIG  (U)4.00dB
19. IMAGE REJECTION d. NOISE TEMP  (U)438 K
(L) 500 B 20. SPURIOUS REJECTION
(U)50.0 dB
21. REMARKS
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CLASSIFICATION UNCLASSIFIED PAGE 8

RECEIVER DATA OVERFLOW PAGE

1. NOMENCLATURE, MANUFACTURER'S MODEL NO.

(U) 2.4 Ghz OEM Industrial Wireless Modem
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PAGE 9

ANTENNA EQUIPMENT CHARACTERISTICS

D a. TRANSMITTING

D b. RECEIVING

D c. TRANSMITTING AND RECEIVING

2. NOMENCLATURE, MANUFACTURER'S MODEL NO.
(U) 10" Mesh Parabolic Reflector

3. MANUFACTURER'S NAME
U) M2 ANTENNA SYSTEMS INC

4. FREQUENCY RANGE
(U) 2400.0 - 2483.5 MHz

5. TYPE (U)Parabolic Reflector

7. SCAN CHARACTERISTICS

6. POLARIZATION
(U) Right and Left Hand Circular

a. TYPE

b. VERTICAL SCAN (U)Mechanically Steerable

8. GAIN (1) Max Elev
a. MAIN BEAM (2) Min Elev
(U)37.8dBi

b. 1st MAJOR SIDE LOBE
Horz.(U) 11.8 dBi Actual Vert.(U) 11.8 dBi Actual

(3) Scan Rate

c. HORIZONTAL SCAN(U) Mechanically Steerable

9. BEAMWIDTH

(1) Secter Scanned (U) 360 degrees

a. HORIZONTAL
(U) 2.80 degrees

(2) Scan Rate

b. VERTICAL
(U) 2.80 degrees

d. SECTOR BLANKING " ] ayves L] @no

10. REMARKS
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‘ PAGE 10

ANTENNA EQUIPMENT CHARACTERISTICS

D a. TRANSMITTING

D b. RECEIVING

D c. TRANSMITTING AND RECEIVING

2. NOMENCLATURE, MANUFACTURER'S MODEL NO.
(U) NPS CubeSat Patch Antenna (e Data Overflow Page)

3. MANUFACTURER'S NAME
(U) SPECTRUM COMMUNICATIONS, INC.

4. FREQUENCY RANGE
(U) 2400.0 - 2483.5 MHz

5. TYPE (U)Patch

7. SCAN CHARACTERISTICS

6. POLARIZATION
(U) Right Hand Circular

a. TYPE

b. VERTICAL SCAN

8. GAIN (1) Max Elev
a. MAIN BEAM (2) Min Elev
(U)4.20 dBi

b. 1st MAJOR SIDE LOBE
Horz.(U)-21.8 dBi Actual Vert.(U) -21.8 dBi Actual

(3) Scan Rate

c. HORIZONTAL SCAN

9. BEAMWIDTH

(1) Secter Scanned

a. HORIZONTAL
(U) 110 degrees

(2) Scan Rate

d. SECTOR BLANKING

b. VERTICAL
(U) 110 degrees

D (1) YES

D (2)NO

10. REMARKS
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CLASSIFICATION UNCLASSIFIED PAGE 11

ANTENNA DATA OVERFLOW PAGE

2. NOMENCLATURE, MANUFACTURER'S MODEL NO.

(U) PA28-2450-1208A

CLASSIFICATION UNCLASSIFIED

EL-CIDver. 5.1 rev 81 05/31/2009

185




UNCLASSIFIED

SECURITY SUMMARY & SPECIAL HANDLING REQUIREMENTS

The title of this applicationis : NAVAL POSTGRADUATE SCHOOL CUBESAT COMMUNICATIONS SUBYSTEM

The overall classification of this applicationis : UNCLASSIFIED

Refer to your Security Manual for further guidance.

The Application Level Special Handling is :A
Approved for public release; distribution is unlimited (DoD Directive 5230.24)

DOWNGRADING INSTRUCTIONS

Special Handling Instruction : A
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APPLICATION FOR EQUIPMENT | CLASSIFICATION DATE

FREQUENCY ALLOCATION UNCLASSIFIED 41712009 PAGE 1
DOD GENERAL INFORMATION
TO (U) Departmentof The Navy; Navy-Marine FROM (U) Naval Postgraduate School; 777 Dyer

Corps Spectrum Center, 2461 Road, Rm-121; Monterey, CA; 93940
Eisenhower Ave., Suite 1202;
Alexandria, VA 22331-1400

1. APPLICATION TITLE (U) Naval Postgraduate School CubeSat Communications Subystem

2. SYSTEM NOMENCLATURE (U) Naval Postgraduate School CubeSat Ground Station_2

3. STAGE OF ALLOCATION ;) a. STAGE 1 b. STAGE 2 c. STAGE 3 d. STAGE 4
CONCEPTUAL EXPERIMENTAL DEVELOPMENTAL OPERATIONAL

4. FREQUENCY REQUIREMENTS
a. FREQUENCY/(IES)

b. EMISSION DESIGNATORS

5. TARGET STARTING DATE FOR SUBSEQUENT STAGES

a. STAGE 2 (U) 4/1/12010 b. STAGE 3 c. STAGE 4

6. EXTENT OF USE (U) 12 Minutes per day; when satellite is in Field Of View of Ground Station

7. GEOGRAPHICAL AREA FOR

a. STAGE 2

b. STAGE 3

c. STAGE 4

8. NUMBER OF UNITS

a. STAGE 2 W2 b. STAGE 3 ‘ c. STAGE 4
9. NUMBER OF UNITS OPERATING SIMULTANEOUSLY IN THE SAME ENVIRONMENT V2
10. OTHER J/IF APPLICATION ID(S) TO BE 11.1S THERE ANY OPERATIONAL REQUIREMENT AS DESCRIBED IN
a SUPERSEDED THE INSTRUCTIONS FOR PARAGRAPH 11?
H b. RELATED D a. YES D b. NO D c. NAVAIL

12. NAMES AND TELEPHONE NUMBERS

(U) David Rigmaiden 831-656-7539

(U) Matthew Schroer 831-656-7522

13. REMARKS (U)
{U) This link will only be established over the United States.

(U) The proposed satellite has been assigned an STP humber of NPS0801.

DOWNGRADING INSTRUCTIONS

Special Handling Instruction : A
CLASSIFICATION
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APPLICATION FOR FOREIGN | CLASSIFICATION
SPECTRUM SUPPORT UNCLASSIFIED PAGE 2

FOREIGN COORDINATION GENERAL INFORMATION

1. APPLICATION TITLE (U) Naval Postgraduate School CubeSat Communications Subystem

2. SYSTEM NOMENCLATURE (U) Naval Postgraduate School CubeSat Ground Station_2

3. STAGE OF ALLOCATION (U) [ |, s7agE 1 D b. sTace2 | e staces | |4 stacea
CONCEPTUAL EXPERIMENTAL DEVELOPMENTAL _ OPERATIONAL

4. FREQUENCY REQUIREMENTS
a. FREQUENCY(IES)

b. EMISSION DESIGNATORS

5. PROPOSED OPERATING LOCATIONS OUTSIDE US&P

6. PURPOSE OF SYSTEM, OPERATIONAL AND SYSTEM CONCEPTS

{U) The NPS CubeSat Ground Station will allow the school to conduct communications with any Microhard
2.4 Ghz Frequency Hopping Spread Spectrum Radio on orbit. The ground station will operatein
the experimental radio service per Title 47, Part 5.3.¢ of the Code of Federal Regulations.

7. INFORMATION TRANSFER REQUIREMENTS
(U) The system requires a 2 Kbps transfer rate for all primary TT&C. It has 272 Channels operating
from 2.4016-2.477.6 GHz. Channels/frequenciescan be locked out.

8. NUMBER OF UNITS OPERATING SIMULTANEQUSLY IN THE SAME ENVIRONMENT (U) 2

9. REPLACEMENT INFORMATION
(U) Not Applicable

10. LINE DIAGRAM None 11. SPACE SYSTEMS

12. PROJECTED OPERATIONAL DEPLOYMENT DATE (U) 3/1/2010

13. REMARKS (U)
{U) This link will only be established over the United States.

(U) The proposed satellite has been assigned an STP humber of NPS0801.

DOWNGRADING INSTRUCTIONS

Special Handling Instruction : A
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PAGE 3

TRANSMITTER EQUIPMENT CHARACTERISTICS

1. NOMENCLATURE, MANUFACTURER'S MODEL NO.
(U) MHX-2400 2.4 Ghz OEM Industrial Mod (See Data Overflow Page)

2. MANUFACTURER'S NAME
(U) MICROHARD SYSTEM, INC.

3. TRANSMITTER INSTALLATION

4. TRANSMITTER TYPE
(U) Spread Spectrum Communications

5. TUNING RANGE
(U) 2400.0 MHz - 2483.5 MHz

6. METHOD OF TUNING
(U) PLL Synthesizer

7. RF CHANNELING CAPABILITY
(U) 400.00 kHz Increments

8. EMISSION DESIGNATORS
(U) 8OMOF7D

9. FREQUENCY TOLERANCE
(U)3 ppm

10. FILTER EMPLOYED

12. EMISSION BANDWIDTH

|| cALcuLaTED MEASURED

3dB U) 210 kHz

11. SPREAD SPECTRUM

@a. YES D b. NO

(See Data Overflow Page)

20dB (U) 350kHz

o @

See Remarks

13. MAXIMUM BIT RATE
(U) 175000 bps

d. 60dB (U) 1220 kHz

)
)
c. -40dB (UY) 695kHz
)
()]

e. OC-BW (U)400.00 kHz

14. MODULATION TECHNIQUES AND CODING
Digital

15. MAXIMUM MODULATION FREQUENCY
(U) 87.000 kHz

16. PRE-EMPHASIS

D a. YES D b. NO

17. DEVIATION RATIO
(U)2.00

18. PULSE CHARACTERISTICS

19. POWER a. RATE
a. MEAN  (U)0.100 W- (U) 1.00 W b. WIDTH

b. PEP c. RISE TIME
¢. CARRIER d. FALL TIME

20. OUTPUT DEVICE

e. COMP RATIO

(U) Other 21. HARMONIC LEVEL

22, SPURIOUS LEVEL a_2nd (U) -27.0dB
(U)-60.0dB b,

23. FCC TYPE ACCEPTANCE NO. OTHER

(U)NS901P5

24. REMARKS (U)

(U) The transmitter of the CubeSat will only be active when commanded by the ground station at
Monterey, CA. Othertimes, the trasceiver will be listening. The satellite is expected
to pass over the ground station 3 times a day with an average pass lasting 3 minutes. Those

time periods are the only times that the satellite will be transmitting
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TRANSMITTER DATA OVERFLOW PAGE

1. NOMENCLATURE, MANUFACTURER'S MODEL NO.

(U) MHX-2400

11. SPREAD SPECTRUM

Modulation (U)80MOF7D is Spread Spectrum
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CLASSIFICATION
UNCLASSIFIED

PAGE 5

TRANSMITTER EQUIPMENT CHARACTERISTICS

1. NOMENCLATURE, MANUFACTURER'S MODEL NO.
(U) MHX-2400 2.4 Ghz OEM Indsutrial Mod (See Data Overflow Page)

2. MANUFACTURER'S NAME
(U) MICROHARD SYSTEM, INC.

3. TRANSMITTER INSTALLATION

4. TRANSMITTER TYPE
(U) Spread Specrtrum Communications

5. TUNING RANGE
(U) 2400.0 MHz - 2483.5 MHz

6. METHOD OF TUNING
(U) PLL Synthesizer

7. RF CHANNELING CAPABILITY
(U) 400.00 kHz Increments

8. EMISSION DESIGNATORS
(U) 8OMOF7D

9. FREQUENCY TOLERANCE
(U)3 ppm

10. FILTER EMPLOYED

12. EMISSION BANDWIDTH

|| cALcuLaTED MEASURED

3dB U) 210 kHz

11. SPREAD SPECTRUM

@a. YES D b. NO

(See Data Overflow Page)

20dB (U) 350kHz

o @

See Remarks

13. MAXIMUM BIT RATE
(U) 175000 bps

d. 60dB (U) 1220 kHz

)
)
c. -40dB (UY) 695kHz
)
()]

e. OC-BW (U)400.00 kHz

14. MODULATION TECHNIQUES AND CODING
Digital

15. MAXIMUM MODULATION FREQUENCY
(U) 87.000 kHz

16. PRE-EMPHASIS

D a. YES D b. NO

17. DEVIATION RATIO
(U)2.00

18. PULSE CHARACTERISTICS

19. POWER a. RATE
a. MEAN  (U)0.100 W-(U) 100 W b. WIDTH

b. PEP c. RISE TIME
¢. CARRIER d. FALL TIME

20. OUTPUT DEVICE

e. COMP RATIO

(U) Other 21. HARMONIC LEVEL

22, SPURIOUS LEVEL a_2nd (U) -27.0dB
(U)-60.0dB b,

23. FCC TYPE ACCEPTANCE NO. OTHER

(U) NAQOTP22

24. REMARKS (U)

(U) The ground station radio is the same as the on orbit radio. The ground station will add a
High Power Amplifier at 10 Watts to increase the power out and allow the ground station to
close the link with the satellite in order to command the satellite and downlink telemetry

files.
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CLASSIFICATION
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PAGE 6

TRANSMITTER DATA OVERFLOW PAGE

1. NOMENCLATURE, MANUFACTURER'S MODEL NO.

(U) MHX-2400

11. SPREAD SPECTRUM

Modulation (U)80MOF7D is Spread Spectrum
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CLASSIFICATION

UNCLASSIFIED

PAGE 7

RECEIVER EQUIPMENT CHARACTERISTICS

1. NOMENCLATURE, MANUFACTURER'S MODEL NO.

(U) MHX2420 2.4 Ghz OEM Industrial Mod (¢¢ Data Overflow Page)

2. MANUFACTURER'S NAME
(U) MICROHARD SYSTEM, INC.

3. RECEIVER INSTALLATION

4. RECEIVER TYPE
(U) FM

5. TUNING RANGE
(U) 2400.0 MHz - 2483.5 MHz

6. METHOD OF TUNING

(U) PLL Synthesizer

8. EMISSION DESIGNATORS

7. RF CHANNELING CAPABILITY (U) 8OMOF7D
(U) 400.00 kHz Increments (See Data Overflow Page)
11. RF SELECTIVITY
9. FREQUENCY TOLERANCE CALCULATED @ MEASURED
(U)3 ppm
10. IF SELECTIVITY | 1st (U) 2nd (U) 3rd a. 3dB (U) 400kHz
(See Data Overflow Page) b. 20 dB U} 600 kH.
a. 3dB 280 kHz 1150 kHz L) Z
¢ -60dB (U) 3400 kHz
b. -20dB 650 kHz 3400 kHz
d. Preselection Type
c. 60dB 1250 kHz 16000 kHz (U) Front end LC Filter
12. IF FREQUENCY 13. MAXIMUM POST DETECTION FREQUENCY
a 1st (U) 10.700 MHz (U) 0.087000 MHz
b. 2nd (U)0.11060 MHz 14. MINIMUM POST DETECTION FREQUENCY
(U) 0.058000 MHz
c. 3rd
16. MAXIMUM BIT RATE
15. OSCILLATOR TUNED 1st 2nd 3rd (U) 175000 bps
a. ABOVE TUNED FREQUENCY
17. SENSITIVITY  (U) 0.00001
b. BELOW TUNED FREQUENCY
¢. EITHER ABOVE OR BELOW | (U)X a. SENSITVITY (U)-105 dBm
THE FREQUENCY b. CRITERIA (U) BER - Bit Error Rate
18. DE-EMPHASIS
a. YES D b. NO c. NOISE FIG (U)5.00 dB
19. IMAGE REJECTION d. NOISE TEMP  (U) 627 K
(U)500d5 20. SPURIOUS REJECTION
(U)60.0 dB
21. REMARKS
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CLASSIFICATION UNCLASSIFIED PAGE 8

RECEIVER DATA OVERFLOW PAGE

1. NOMENCLATURE, MANUFACTURER'S MODEL NO.

(U) 2.4 Ghz OEM Industrial Wireless Modem
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CLASSIFICATION
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PAGE 9

ANTENNA EQUIPMENT CHARACTERISTICS

1. D a. TRANSMITTING

D b. RECEIVING

D c. TRANSMITTING AND RECEIVING

(U) 10" Mesh Parabolic Reflector

2. NOMENCLATURE, MANUFACTURER'S MODEL NO.

3. MANUFACTURER'S NAME
U) M2 ANTENNA SYSTEMS INC

4. FREQUENCY RANGE
(U) 2400.0 - 2483.5 MHz

5. TYPE (U) Parabolic Reflector

7. SCAN CHARACTERISTICS

6. POLARIZATION
(U) Right and Left Hand Circular

a. TYPE

b. VERTICAL SCAN (U) Mechanically Steerable

8. GAIN (1) Max Elev
a. MAIN BEAM (2) Min Elev
Wy3rada (3) Scan Rate

b. 1st MAJOR SIDE LOBE
Horz.(U) 11.8 dBi Actual Vert.(U) 11.8 dBi Actual

c. HORIZONTAL SCAN(U) Mechanically Steerable

9. BEAMWIDTH

(1) Sector Scanned (U) 360 degrees

a. HORIZONTAL
(U) 2.80 degrees

(2) Scan Rate

d. SECTOR BLANKING

b. VERTICAL
(U) 2.80 degrees

D (1) YES

D (@ NO

10. REMARKS

CLASSIFICATION

UNCLASSIFIED
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CLASSIFICATION
UNCLASSIFIED

PAGE 10

ANTENNA EQUIPMENT CHARACTERISTICS

1 D a. TRANSMITTING

D b. RECEIVING

D c. TRANSMITTING AND RECEIVING

(U) NPS CubeSat Patch Antenna (See Data Overflow Page)

2. NOMENCLATURE, MANUFACTURER'S MODEL NO.

3. MANUFACTURER'S NAME
(U) SPECTRUM COMMUNICATIONS, INC.

4. FREQUENCY RANGE
(U) 2400.0 - 2483.5 MHz

5. TYPE (U)Patch

7. SCAN CHARACTERISTICS

6. POLARIZATION
(U) Right Hand Circular

a. TYPE

b. VERTICAL SCAN

b. 1st MAJOR SIDE LOBE
Horz.(U)-21.8 dBi Actual Vert.(U)-21.8 dBi Actual

8. GAIN (1) Max Elev
a. MAIN BEAM (2) Min Elev
(U)4.20 a1 (3) Scan Rate

c. HORIZONTAL SCAN

9. BEAMWIDTH

(1) Sector Scanned

a. HORIZONTAL
(U) 110 degrees

(2) Scan Rate

b. VERTICAL
(U) 110 degrees

d. SECTOR BLANKING D (1) YES

D @ NO

10. REMARKS

CLASSIFICATION

UNCLASSIFIED
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