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ABSTRACT

CubeSats provide an inexpensive means for space-based research. However, optimal
mission design depends on minimizing payload size and power. This thesis investigates
the GLO (GFCR (Gas Filter Correlation Radiometry) Limb Occultation) prototype, a new
small-form-factor design that enables sub-kilometer resolution of the vertical profile of
atmospheric trace species to determine radiative influences. This technology improves
SWAP (Size, Weight, And Power) over heritage SOFIE and HALOE instruments and
provides a cost-effective alternative for solar occultation limb monitoring.
A python script was developed to analyze solar intensity through GLO telescope
channels. Non-uniform aerosol images used a peak intensity algorithm compared to the
edge detection function designed for GFCR channels. Scaling corrections were made for
beam splitter inaccuracy and SNR was characterized for frame collection. Different
cameras were tested to weigh accuracy versus cost of a camera baffle. Using the Langley
plot method, solar intensity versus changes in the solar zenith angle were measured for
extrapolation of optical depths. AERONET, a network of ground-based sun
photometers measuring atmospheric aerosols, was used for aerosol optical depth
validation. Spectral Calculator transmission data allowed for GFCR vacuum channel
comparison, gas cell spectral analysis, and gas cell to vacuum channel optical depth
examination. Ground testing provided promising results with the low-cost prototype. It
will be further evaluated through a balloon flight demonstration using a flight-ready GLO
instrument. Additionally, analysis for the DUSTIE mission is planned and simulated
using STK and Matlab. This includes CubeSat bus selection, orbit analysis for occultation
occurrences, power budgeting, and communication capabilities.
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GENERAL AUDIENCE ABSTRACT

Cube Satellites (CubeSats) provide an inexpensive means for space-based research.
However, optimal mission design depends on minimizing payload size and power. This
thesis investigates the GLO (GFCR (Gas Filter Correlation Radiometry) Limb
Occultation) prototype. This technology will determine the influences on the energy
balance between the Earth and atmosphere due to aerosol and gas particle concentrations.
This is implemented with improved SWAP (Size, Weight, And Power) compared to
previously flown instruments. Scaling corrections were made for beam splitter inaccuracy
and the Signal-to-Noise Ratio (SNR) was characterized for frame collection for the
demonstration GLO instrument. The changing solar intensity as the sun moved across the
sky was measured to infer aerosol and gas concentrations in the atmosphere. A network
of ground-based sun photometers measuring atmospheric aerosols was used to validate
aerosol concentration measurements. GLO vacuum channel measurements and gas cell
properties were compared to transmission simulations for accuracy. Ground testing
provided promising results with the low-cost prototype. It will be further evaluated
through a balloon flight demonstration using a flight-ready GLO instrument.
Additionally, analysis for the Dust Sounder and Temperature Imager Experiment
(DUSTIE) mission is planned and simulated using STK and Matlab. This includes
CubeSat bus selection, orbit analysis for occultation occurrences, power budgeting, and
communication capabilities.
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1 	
  Introduction	
  
Satellites orbiting the Earth are behind many technologies that people use every day. This
technology began in 1957 when the Soviet Union launched Sputnik into elliptical low
Earth orbit to broadcast radio pulses, which were detectable around the Earth. This
technological development sparked the Space Race, initiating a push for new ways of
communication, weather forecasting, navigation, remote sensing, scientific research, and
military and defense systems (“History of Satellites”, 1996). There are now over a
thousand operational satellites orbiting around this planet and many others observing
other planets and space phenomena.
Cube Satellite (CubeSat) technology provides a compact and relatively low cost
(compared to more traditional larger satellites) way for universities to conduct scientific
and remote sensing experiments and test new technological developments (“CubeSat
Launch Initiative”, 2017). These smaller satellites coupled with payload launches
dedicated to academic research enable space based research among universities. This has
opened the door for students and faculty members to design, test, and explore many new
ideas, which previously were too costly.

	
  
CubeSats are a type of pico-satellite that can be easily launched and deployed in space for
educational research as well as non-academic purposes for government agencies and
private companies. A CubeSat is built to a standard unit “U” of 10x10x10 cm of useable
space with a weight no more than 1.33 kg per unit. Since it is expensive to launch
payloads into space, these small satellites are launched as secondary payloads and are
delivered into orbit after the primary payload has separated from the vehicle. This small
secondary payload reduces the cost of deployment and fills excess capacity left from the
primary payload, making it a cost efficient and therefore attractive payload for
educational research.

1.1 	
  	
  Background	
  
The purpose of many CubeSat missions is to use remote sensing to study properties on
Earth, in the atmosphere, or in space. Remote sensing can be broken into three different
categories of information: intensity, spatial, and spectral. Intensity information uses
radiometers and scatterometers for data collection, spectral information is collected using
spectrometers, and spatial information through imagers, sounders, and altimeters. These
remote sensing devices allow for efficient data collection around the globe and can
monitor changes in Earth’s land and atmosphere.
GLO (GFCR (Gas Filter Correlation Radiometry) Limb Occultation) is a new
technology, which utilizes intensity information to measure atmospheric trace gases. This
technology uses a technique called Solar Occultation (SO) where an orbiting satellite
points at the sun as it rises or sets through the atmosphere and measures solar light
attenuation. The GLO design reduces Size, Weight, And Power (SWAP) compared to
other similar technologies allowing for low-cost deployment within a CubeSat and
1

collection of up to 30 measurements every day around the Earth. GLO was proposed as
the main sensor for the Solar Occultation Constellation for Retrieving Aerosols and Trace
Element Species (SOCRATES) mission (Bailey et al., 2014; 2015; Bevilacqua et al.,
2015). The purpose of the mission is to quantify the critical role of the Upper
Troposphere and Lower Stratosphere (UTLS) in the climate system. GLO measurements
would allow for the understanding of Stratosphere/Troposphere Exchange (STE)
pathways and their contribution to UTLS composition. Radiative forcing changes would
show how STE pathways relate to climate change. GLO offers high precision, accuracy,
and vertical resolution for complicated measurements of trace gases in the UTLS.

1.2 	
  	
  Motivation	
  
Recent studies have shown that, over the past few years, water vapor and aerosol
concentrations in the UTLS have had strong effects on radiative forcing of the Earth’s
surface (Solomon et al., 2010; 2011; Ridley et al., 2014). The UTLS region plays a
significant role in controlling Earth’s radiative balance making it extremely important to
monitor this area of the atmosphere as accurately as possible (Gettelman et al., 2011;
Riese et al., 2012). These studies have suggested that H2O radiative forcing is most
important in a thin layer within the UTLS and that around 45% of aerosol radiative
forcing is within the UTLS. These radiative forcing properties in the UTLS may have
contributed to the accelerated global warming pace in the 1980s and 1990s, as well as the
global warming “hiatus” or deceleration of global warming that started around 1998
(Solomon et al., 2010; Ridley et al., 2014). Unfortunately, the radiative forcing changes
in the UTLS are not very well understood.
A high-accuracy yet cost-effective instrument such as GLO could provide answers to
predicting climate change. This research aims to increase understanding of the radiative
forcing due to water vapor and aerosol composition within the UTLS to improve global
climate models. This aligns with NASA’s mission to increase knowledge and observation
of the Earth’s natural systems. This will help prepare and prevent problems intensified by
global climate change such as a rise in the ocean level. This research on stratospheric
water vapor aligns with NASA’s Science Mission Directorate by monitoring how the
Earth system is changing and determining what the primary causes of Earth system
change are.

1.3 	
  	
  Scope	
  of	
  Thesis	
  
To evaluate feasibility and demonstrate proof-of-concept for this new technology, an
instrument demonstration (demo) of GLO recently fabricated by the Naval Research
Laboratory (NRL) in partnership with Virginia Tech (VT) was tested and analyzed. The
Dust Sounder and Temperature Imager Experiment (DUSTIE) mission was also proposed
as it will use the same SO technique for atmospheric aerosol measurements.
Section 2 of this thesis provides a detailed overview of the GLO demo instrument. It
describes heritage instruments similar to this design, the theory behind the data
collection, and a description of the instrument design. Section 3 presents results of the
2

GLO demo testing. This includes testing to understand the operation and accuracy of the
cheaply assembled demo as well as analysis aimed to apply lessons learned from the
demo design components to the GLO flight model. Section 4 discusses the DUSTIE
mission planning and analysis for the NASA proposal. Engineering aspects of the
DUSTIE proposal are described including spacecraft bus selection, orbital selection,
power budget approximations, communication and data downlink estimations, and
occultation occurrence simulations. Section 5 draws conclusions from the GLO demo
testing and data analysis and describes future work to be done with the instrument. This
section also provides feedback received from the DUSTIE proposal.

3

2 	
  GLO	
  Instrument	
  
GLO is an instrument used to measure atmospheric trace gases that can be implemented
as a payload in CubeSat missions. The miniaturized design is able to fit within a
28x16x10 cm volume while consuming minimal power. GLO can measure important
radiative gases in the UTLS (H2O, O3, CH4, N2O), gases that effect the ozone (HCl, HF),
and key tracers of STE (HCN, CO, HDO) (Siskind et al., 2015). The wavelength of the
measured aerosols can range from 0.45 to 3.905 µm. GLO provides superior sensitivity
and improved SWAP compared to heritage instruments. These aerosols can be measured
from the cloud-top to the lower thermosphere. GLO utilizes self-calibration by comparing
observations at a given altitude to an exo-atmospheric measurement. Attenuation
measurements are used to infer aerosol and gas concentrations in the atmosphere.
Calibration requirements are reduced, since SO depends on a relative measurement.
The GLO demonstration uses a broadband radiometer to measure aerosol composition at
1.0 µm and 1.6 µm wavelengths. GFCR measurements improve sensitivity to trace gas
absorption by forming two solar images allowing for sub-kilometer resolution and stable
co-alignment. This technique is used with a HDO gas cell and a vacuum cell for
absorption at 3.7 µm. A proxy-GFCR technique is employed to measure H2O absorption
at 2.5 µm using HF as a proxy eliminating issues caused by H2O condensation and
aerosol contamination.

2.1 	
  Heritage	
  Instruments	
  
GLO was based on the heritage Solar Occultation For Ice Experiment (SOFIE) on the
Aeronomy of Ice in the Mesosphere (AIM) mission and the Halogen Occultation
Experiment (HALOE) on the Upper Atmosphere Research Satellite (UARS) mission.
GLO is an evolved version of HALOE and SOFIE instruments, both of which have been
launched into space and have provided valuable science return. GLO will provide more
accurate measurements of aerosols and atmospheric trace species while using a smaller
payload. This is possible because HALOE and SOFIE require one detector per image
while GLO allows for six solar images to be projected onto one Focal Plane Array (FPA)
chip.

2.1.1	
  	
  HALOE	
  
HALOE utilized SO to measure vertical profiles of O3, HCL, HF, CH4, H2O, NO, NO2,
temperature, aerosol extinction at four different wavelengths, aerosol composition, and
size distribution against atmospheric pressure (Russell et al., 1993). This experiment was
launched on the UARS spacecraft on September 12th, 1991 and began taking
measurements on October 11th of that year. HALOE was operational for just over 14
years, collecting its last data on its final occultation event on November 21st, 2005. The
purpose of this mission was to better understand the chemistry and dynamics of Earth’s
middle and upper atmosphere.

4

Over a one year span, the HALOE instrument was able to cover latitudes from 80°S80°N with an altitude range from 15 to 60-130 km depending on what species was being
measured. The functionality of the instrument was almost perfect throughout the lifetime
of instrument operation. HALOE allowed for the study of the dynamics of Polar Regions,
the importance of anthropogenic versus natural chlorine sources, stratospheric chemistry
studies, and analysis of the hydrogen and water vapor budget in the stratosphere and
mesosphere. HALOE used GFCR and broadband filter radiometry just as GLO does.

2.1.2	
  	
  SOFIE	
  
The SOFIE instrument is one of the three instrument payloads aboard the AIM satellite
(Gordley et al., 2009b). The AIM spacecraft was launched on April 25th, 2007 with the
objective of studying Polar Mesospheric Clouds (PMCs) in the atmosphere and how they
are formed. SOFIE is still operational today. SOFIE measures the vertical profiles of
particle extinction for O3, CH4, H2O, NO, and temperature. This instrument, similar to the
GLO instrument, uses SO to measure different particles from wavelengths of 0.29 to 5.26
µm. There are six channels on SOFIE to measure different gases, and another two that
take PMC measurements. This mission provided the first global-scale view of PMCs over
the entire Northern Hemisphere at a resolution of < 2 km, which in 2007 was a very
precise resolution. The AIM mission started baseline progress in understanding how
PMCs form and vary over time and space.
While orbiting Earth, SOFIE records 15 sunset and 15 sunrise measurements at 65°-85°N
and 65°-85°S. There is some seasonal variation in the latitude sweep range. SOFIE
provides reliable observations of altitude profiles. This accuracy allows for inference of
refraction angle profiles, which are used to retrieve temperature from 20-100 km. SOFIE
is the first occultation sensor to successfully use this technique at such high altitudes. All
of the channels in the SOFIE instrument have two detectors. One of these detectors
samples a spectral region of gas absorption while the other channel samples the region of
weak absorption. By comparing the strong absorption to weak absorption region, the
measured gas is isolated which reduces the common-mode noise.

2.2 	
  Theory	
  
GLO measurements on a CubeSat mission would be taken through the process of SO.
This technique is immune to many instrumental calibration and stability errors because
atmospheric extinction is derived from solar radiance measurements above and through
the atmospheric limb. These relative measurements are collected only seconds apart using
the same radiometer channel. GLO uses broadband radiometry for aerosol measurements
and GFCR for atmospheric trace species to increase gas retrieval accuracy. For
broadband radiometry measurements, solar energy enters through the telescope aperture
path. After passing through a broadband optical filter, the energy is reflected onto the
FPA. The GFCR technique is further explained in Section 2.2.2. The Langley plot
method is used to validate channel measurement accuracy using a ground-based setup for
the non-flight prototype design.
5

2.2.1	
  	
  Solar	
  Occultation	
  
GLO utilizes SO, a process where measurements are taken through the limb of the
atmosphere while the sun is rising and setting on the horizon to reduce inversion and
recover the scattering coefficient. Rayleigh scattering refers to the scattering of light off
of aerosols in the atmosphere when the particle size is much smaller than the wavelength
of light. In SO, aerosols and atmospheric gas attenuate light, enabling measurements of
the absorption from the particles. The instrument constantly tracks the sun. This
technique allows for constant calibration by recording the solar signal outside the
atmosphere and then during the occultation event. The ratio of the attenuated signal
through the atmosphere to the signal outside the atmosphere allows for gas concentration
measurements. This process, shown in Figure 2.1, results in high precision and accuracy,
high vertical resolution, and robust calibration.

Figure 2.1 Visual representation of solar occultation event for orbiting satellite
A CubeSat in low Earth orbit has an orbital period of approximately 88 minutes, which
results in 15 sunrise and 15 sunset instances. This mitigates the issue of limited SO
occurrences from ground based measurement techniques (Cunnold et al., 1989; Hassler et
al., 2008; Michelsen et al., 2000). Limb scanning measurements have been established in
many missions and described in papers such as Lumpe et al. (2002). GLO utilizes SO for
broadband aerosol channels proven to be reliable by SOFIE and GFCR channels proven
by HALOE. These instruments do not achieve the required vertical resolution needed to
resolve vital processes to quantify radiative forcing within the UTLS using broadband
radiometer and GFCR (Geller et al., 2016). SO measurements to obtain trace species
concentrations in the atmosphere have been proven on multiple limb-viewing satellite
missions, as seen in Table 2.1.
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Table 2.1 SO satellite instrument comparison (Nakajima et al., 2002)
ILAS
ATMOS
HALOE
SAGE II
POAM II
(AT-3)
Spectrometer
Grating
Fourier
Broadband/ Grating/filter Filter sun
type
spectrometers
transform
GFCR
sun
photometer
spectrometer
photometer
Target
Aerosols, O3,
H2O, CH4
Aerosols, Aerosols, O3, Aerosols,
species
HNO3, NO2,
O3, HCl,
H2O, NO2
O3, H2O,
N2O, CH4,
HF, CH4,
NO2
H2 O
H2O, NO,
NO2
Vertical
1.6
2-5.6
1.6
0.5
0.8
resolution
(km)

2.2.2	
  	
  Gas-‐Filter	
  Correlation	
  Radiometry	
  
Broadband radiometer retrieval is used when the measured absorbing gas can be
spectrally isolated. When this cannot be done, the GFCR technique is used to minimize
aerosol contamination in gas retrievals while allowing for precise channel alignment
(Berman et al., 1993; Drummond et al., 1996). This is utilized in the GLO demo for the
HDO and H2O (HF proxy) channels where absorption lines overlap with other gases. The
sensitivity to trace gas absorption is improved by comparing an equally split solar
intensity path from the same telescope aperture through a gas cell and a vacuum cell.
Solar energy enters a GFCR telescope channel and is divided into two optical paths. Each
channel has its own broadband optical filter and detector. The first path contains a gas
cell and the second path is a vacuum path. Detectors on the FPA allow for derivation of
chemical measurements using the gas and vacuum path intensities. Figure 2.2 shows the
solar intensity being split into a gas and vacuum (empty cell) path.

Figure 2.2 GFCR design showing split solar intensity path through gas cell
and empty cell vacuum path (Bailey et al., 2015)
7

The Normalized Difference Signal (NDS) greatly reduces sensitivity to broad interfering
absorption components such as aerosol and source variations using the Gas Path Signal
(GPS) and Vacuum Path Signal (VPS) through
𝑁𝐷𝑆 =

𝐺𝑎𝑖𝑛 ∗ 𝐺𝑃𝑆 − 𝑉𝑃𝑆
𝑉𝑃𝑆

(2.1)

The ratio of these two signals is correlated with the cell gas transmission and enables
high vertical resolution and stable co-alignment between the images. In orbit, gain is
calculated at the start of every sunrise/sunset event by looking at a tangent point that is
high enough to have atmospheric modulation on the signal less than the instrument noise.
That gain is applied to the GPS for the rest of the tangent point observations for that
event. GFCR and proxy-GFCR have been proven through HALOE (Russell et al., 1993).
The gas filter channel modulation signal M is calculated through the equation:
𝑀=

𝛥𝑣
𝜏! − 𝜏!
= (𝐺 − 1)
𝑣
𝜏!

(2.2)

where 𝛥𝑣 is the difference in voltage between the gas and vacuum path and 𝐺 is the
electronic gain adjustment through the gas path when the instrument views the sun
outside the atmosphere. 𝜏! and 𝜏! are defined by
𝜏! =

!!
𝑁 𝜏 𝐹 𝑑𝑣
!! ! ! !
!!
𝑁 𝐹 𝑑𝑣
!! ! !

(2.3)

𝜏! =

!!
𝑁 𝜏 𝐹 𝑑𝑣
!! ! ! !
!!
𝑁 𝐹 𝑑𝑣
!! ! !

(2.4)

where 𝐹! is the narrow-band spectral function representing the gas cell and 𝐹! is the
wideband spectral function for the bandpass filter on the telescope. The wideband
function is the spectral response for the vacuum path, given by
𝐹! = 𝜏!" 𝜏! 𝜏!

(2.5)

where 𝜏!" is the broadband filter response, 𝜏! is the optical transmission before the beam
splitter, and 𝜏! is the vacuum path transmission. The narrow-band function is given by
𝐹! = 𝜏!" 𝜏! (𝜏! −

𝜏! 𝜏!
𝜏! /𝜏!

)    

(2.6)

where 𝜏! is the gas cell transmission, 𝜏! /𝜏! is the ratio of the integrated transmission of
the gas path to the integrated transmission of the vacuum path given by
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𝜏!
=
𝜏!

!!
𝑁 𝜏 𝜏 𝜏 𝑑𝑣
!! ! !" ! !
!!
𝑁 𝜏 𝜏 𝜏 𝑑𝑣
!! ! !" ! !

(2.7)

where 𝜏! is the optical transmission specific to the gas path due to the gas cell windows
and the focusing lenses.
This measurement technique is effective when abundant aerosols are present. Equation
(2.2) shows that the modulation signal will be unaffected by aerosols because the aerosol
transmittance appears in every term of the modulation signal.

2.2.3	
  	
  Beer-‐Lambert	
  Law	
  
The main principle behind the GLO instrument’s method of data acquisition is based on
the radiative transfer equation and more specifically the Beer-Lambert Law. The radiative
transfer equation is
𝑑𝐿! (𝜃, ϕ)
= −(γ! + γ! )𝐿! (𝜃, ϕ) + γ! J! (𝜃, ϕ) + γ! B!
𝑑𝑧

(2.8)

where 𝐿! is spectral radiance in the (𝜃, ϕ) direction, γ! is the absorption coefficient, γ! is
the scattering coefficient, J! is the scattering source function, B! is the black body
spectral radiance, 𝜃 is the scattering elevation angle, and ϕ is the scattering azimuth
angle.
Beer’s Law is a simplified form of the radiative transfer equation and represents
absorption with no emission and no scatter. When scattering and radiation are both
negligible (γ! = 0 and B! = 0), the Beer’s Law form of the radiative transfer equation
becomes
𝑑𝐿! (𝜃, ϕ)
= −γ! 𝐿! (𝜃, ϕ)
𝑑𝑧

(2.9)

For the GLO instrument, the sun is the source of electromagnetic radiation which goes
through the atmosphere and is absorbed by particles of different wavelengths. This leads
to the formulation of Beer’s Absorption Law given by
𝐼 = 𝐼! 𝑒 !!"#

(2.10)

where 𝐼 is the intensity, 𝐼! is the original intensity, 𝑧 is the thickness of the atmosphere, 𝑁
is the number density, and 𝜎 is the cross-sectional area. Figure 2.3 shows the path length
for absorption measurements over a sample area.
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Figure 2.3 Beer-Lambert law for measuring absorbing species over sample
area (“Beer-Lambert Law”, 2017)

2.2.4	
  	
  Optical	
  Depth	
  
Optical Depth (OD) describes the ability of a medium to block light independent of the
physical distance covered inside the material. This changes depending on how much the
absorber prevents the transmission of light through the atmosphere (Bodhaine et al.,
1999). It is a dimensionless form of penetration depth. The symbol for OD is τ and it
represents a percentage of intensity drop off. For example, if τ = 1  then there is an
intensity drop off of e!! = 37%. If τ << 1 then the medium is optically thin meaning
the sky is mostly clear of absorptive species at the measured wavelength. If τ >> 1 then
the medium is optically thick and is said to approximate a black body which is a physical
body that absorbs electromagnetic radiation regardless of frequency or incidence angle.
In this specific case, there are a lot of the aerosol present in the atmosphere causing a
high absorption of sunlight.
Monitoring the Aerosol Optical Depth (AOD) or thickness of aerosols in the atmosphere
is very important for a multitude of applications. AOD factors into Earth’s radiation
budget, climate change, air quality, and atmospheric correction for transmission and
remote sensing instrumentation (Harrison et al., 1994).

2.2.5	
  	
  Solar	
  Zenith	
  Angle	
  
To calculate the path length of the solar light, the Solar Zenith Angle (SZA) is needed.
The SZA is the angle formed between the zenith or point directly above the observer and
the center of the sun. This angle is a function of time, the day of the year, and the latitude.
At noon, the sun is at its lowest SZA and highest right before sunrise/sunset. The SZA
measures the angle of the sun relative to the sun changing over the day while accounting
for the latitude (location) and day of the year. It is calculated through:
𝑐𝑜𝑠𝜃! = 𝑠𝑖𝑛𝛿 ∗ 𝑠𝑖𝑛𝜙 + 𝑐𝑜𝑠𝛿 ∗ 𝑐𝑜𝑠𝜙 ∗ 𝑐𝑜𝑠𝜔
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(2.11)

where 𝜃! is the SZA, 𝛿 is the declination of the sun at that time due to Earth’s elliptical
orbit around the sun, 𝜙 is the local latitude, and 𝜔 is the hour angle or the angle between
Earth’s axis and the zenith plane (Reda et al., 2004). The hour angle will always satisfy
the relation in the formula given below:
𝑐𝑜𝑠𝜔! = −𝑡𝑎𝑛𝜙 ∗ 𝑡𝑎𝑛𝛿

(2.12)

2.2.6	
  	
  Langley	
  Plot	
  Method	
  
For ground-based measurements, the Langley plot method can be used to determine the
accuracy of the GLO design by extrapolating the ODs of the aerosols and gases from
solar intensity measurements over time (Soufflet et al., 1992). This method allows
instrumentation on the surface of the Earth to determine the Sun’s radiance at the top of
the atmosphere while removing atmospheric effects such as AOD (Shaw, 1982). By
comparing AOD measurements from the GLO instrument to a proven method of AOD
data collection such as the Aerosol Robotic Network (AERONET), the GLO instrument
design can be calibrated and validated.
The Langley method is based on Beer’s law that states that the direct-sun radiance is
linked to the solar extraterrestrial radiance and the OD (Rollin et al., 2000; Adler-Golden
et al., 2007; Blumthaler et al., 1997). By modifying Equation (2.10) where
𝑁𝜎𝑧 = 𝑚𝜏

(2.13)

𝐼
= 𝑒 !!"
𝐼!

(2.14)

the following equation results:

where m is the air mass factor than accounts for the path length through the atmosphere.
This air mass factor is calculated using the SZA in the equation:
𝑚=

1
= 𝑠𝑒𝑐(𝜃! )
𝑐𝑜𝑠(𝜃! )

(2.15)

with the SZA, 𝜃! , changing as the sun moves across the sky. By taking the natural
logarithm and rearranging terms in Equation (2.14):
ln 𝐼 = ln 𝐼! − 𝑚𝜏
Figure 2.4 visually demonstrates the different components of Beer’s law.
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(2.16)

Figure 2.4 Beer's law used to find OD with a ground-based instrument
measurement setup
If the altitude profile does not vary during the time that the measurements are being
taken, then the plot of the logarithm of the detected solar intensity versus the air mass
factor or path length will result in a straight line with a slope equal to the OD of the
channel. Linear extrapolation can then be used to find the point on the y-axis where
𝑚 = 0 to obtain the solar extraterrestrial radiance which is the radiance of the sun
observed by an instrument above the atmosphere.
The key assumption to this technique is that there is no atmospheric modulation
occurring during the morning or afternoon that the measurements are being taken. Since
the atmosphere is continuously changing and is hard to predict, the changing atmosphere
must be factored into the resultant data. To generate Langley plots and calculate ODs,
there must be no clouds along the optical path that would disturb the measurements. Also,
as aerosol contamination is greatest when measurements are taken close to sunrise or
sunset, these measurements must be ignored because the lower intensity measurements
would affect OD extrapolation. This is because larger aerosol particles are present in the
path from Earth’s surface to the sun during sunrise/sunset.
Because aerosols are more concentrated at lower altitudes, measurements are usually
taken at higher altitudes with the best results if the data is taken above the tropopause
(Holton et al., 1995). Most of the data was taken at the Space@VT building which is at
an altitude of 634 m which is well below the top of the troposphere (7-20 km) so
variations due to low altitude is also a possibility.
The main benefit from Langley extrapolation is that it removes the effect of the
atmosphere from clouds and aerosols from OD measurements. By taking repeated
measurements using a sun photometer while the sun is rising or setting, the changing path
12

length as the sun moves across the sky correlates to the changing intensity of the sun
allowing for OD extrapolation.

2.3 	
  Demo	
  Design	
  
The instrument demo under test and evaluation consists of four telescope apertures, with
two of these channels utilizing a beam splitter to split the optical path, ultimately forming
six solar images on the FPA. These split path channels are the GFCR channels and
contain the target gas in one path and a reference path in the other. Telescope 1 contains a
channel for aerosols measuring particles at a wavelength of 1.0 µm. Telescope 2 also
measures aerosols but at a wavelength of 1.6 µm. Telescope 3 is a GFCR channel
measuring H2O using HF as a proxy gas for measurements, and has an observation
wavelength of 2.495 µm. Telescope 4 contains a GFCR channel for measuring HDO and
measures particles at a wavelength of 3.7 µm. This channel has the largest aperture and
contains the longest gas cell within the instrument. These channels along with the path of
solar intensity through the channel paths to the FPA are shown in Figure 2.5.

Figure 2.5 GLO telescope channel path design showing how light passes
through channels and are focused onto the FPA
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These solar images are then displayed onto a computer using a FrameLink Express cable.
The software displays pixel intensity of the solar images from detectors on the FPA. The
approximate diameter of the sun images are 184 pixels for the aerosols, 115 pixels for the
H2O channel, and 190 pixels for the HDO channel. A visualization of the solar images on
the FPA is shown in Figure 2.6.

Figure 2.6 GLO design for solar images of different aerosols and trace
gases on FPA
The filter holders for the objective lenses as well as the casing for the demo instrument
were 3D printed at VT to protect the lenses from damage as well as keep external light
from influencing the channel measurements. The 3D design of the instrument with the
casing around it is shown in Figure 2.7. The GLO demo weighs 8.85 kg.

Figure 2.7 GLO demo enclosure 3D printed at the VT 3D design studio
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Figure 2.8 and 2.9 show front and top view images of the GLO demo instrument. Figure
2.10 shows the setup for data collection.

Figure 2.8 Front view of GLO telescope filters without 3D printed
enclosure

Figure 2.9 Top view of GLO demo instrument with top of 3D printed
enclosure removed
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Figure 2.10 GLO data collection setup outside Space@VT building
The solar images are reflected onto the FPA and a camera board produces these images
on a data collection laptop. The solar images as seen on the computer are shown in Figure
2.11.

Figure 2.11 Solar images on data collection laptop with added labels on
channel images
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Solar intensity measurements are taken during a cloudless morning or afternoon as the
sun moves across the sky. This was done by manually aligning the instrument with the
sun and taking data approximately 15 minutes apart. The aerosol lenses must remain
covered until a measurement is ready to be taken to eliminate persistence in the solar
images. A solar image was taken first, followed by a dark image with the lenses covered
to remove inaccuracies from light entering GLO’s enclosure or any dark currents caused
by stray electrons. For each data capture, 160 images of solar exposures in the form of
raw files are taken to analyze and eliminate any skewed data during data collection and to
characterize SNR.

2.4

Instrument Setup

To operate the demo instrument, a laptop with an IMPERX VCE-CLEX01 frame grabber
and camera link cable is required. An interface board for the FPA and cryocooler control
are attached to the instrument. These boards each require a DC power supply to operate,
the cryocooler requiring 10 Vdc and the control board requiring 23 Vdc. The IMPEPRX
software allows for the data collection while the Semi-Conductor Devices (SCD)
software package displays the solar images from the FPA onto the computer. A step-bystep guide to setting up the GLO demo’s camera board can be found in Appendix A.
The current setup requires manually moving the tripod that the instrument sits on until all
six images can be seen on the FPA. All of the telescopes have neutral-density filters to
reduce the intensity of all wavelengths from the sun, but the aerosol channels are still
susceptible to persistence and must remain covered as long as possible. This means that
the HDO or HF channels must be used to align the instrument with the sun. In Appendix
A, step 8 of the GLO setup requires an integration time to be set. The selected integration
time must limit the pixel intensity for all solar images below 16,000 or the images will be
saturated. This is monitored using the pixel intensity plot which is the second plot on the
right side of Figure 2.11. Clicking anywhere on the laptop display of the 1280x1024 FPA
shows a horizontal slice of pixel intensity. Figure 2.12 shows a similar plot using python
to display data for two horizontal slices across the FPA, one slice being the top three
solar image channels and the second slice being the bottom three.
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Figure 2.12 Horizontal slices of detector intensity for images on the FPA
As seen in Figure 2.12, all of the images are below the 16,000 detector intensity
saturation level. In perfect conditions, the images would show a rectangular shape but as
the aerosol channels are non-uniform with the highest intensity toward the center, the
shape was rounded. This plot enhanced the need for the two different solar intensity
algorithms for plotting and showed that the HF gas cell intensity was greater than the
vacuum channel intensity. These topics are discussed in Section 3.1 and 3.2.
The limitations of data collection are that the data must be taken during completely
cloudless skies. There must be someone available to align the instrument and collect the
data during the sunrise to noon or noon to sunset data collection period. It must not be
excessively windy as the wind shakes the communication cable and interrupts the
software communication protocol. It is also challenging to take measurements when it is
excessively cold. All of these factors limited the amount of days of atmospheric data
measurements that could be taken during this research.
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3

GLO Demo Results

The GLO demo was built as cost-efficiently as possible and is neither a complete nor
perfect demonstration of the full GLO model. Its limitations includes poor focus in the
aerosol channels, gas cell fill issues, and beam splitter issues, all of which are discovered,
analyzed, and discussed in this section. The main contributions of this research are to
both understand the errors in the fabricated demo instrument as well as use lessons
learned from the demo prototype in the design of the GLO flight model. No problems
were identified that would point to a problem in the approach of the instrument technique
or design.
Viewing the solar images in python shows that the aerosol channel images of the sun are
out of focus around the edges and non-uniform, while the HF proxy and HDO channels
are uniform and in focus. This can be seen in Figure 3.1.

Figure 3.1 Solar images viewed in python showing detector intensity
measurements
By zooming in on each of the channels, it is clear that the H2O and HDO GFCR channels
are relatively uniform while the aerosols are non-uniform. The channels also show some
persistence and dark detector spots. This can be seen in Figure 3.2. This means that
different functions are needed to determine the average detector intensity for the channels
to extrapolate the ODs.
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Figure 3.2 Zoomed in and labeled solar images showing non-uniform and
fuzzy aerosol images and crisp and uniform GFCR channel images

3.1 	
  Python	
  Plotting	
  Script	
  
To analyze the instrument functionality, the data collected needed to be efficiently and
accurately parsed and analyzed. This was done through the development of a python
script. Key functions utilized in the script are described below.
The first fundamental function is the ‘image directories’ function which returns the file
path for the images and labels the data paths as either solar images or dark images. This
requires a pre-created text file to specify the dark versus light images. The ‘image
average’ and ‘dark average’ functions are used to average all of the exposures taken per
measurement time into one 1280x1024 array of pixel intensity per data capture. The dark
average array is subtracted from the image average array to create an array that rids of
any data anomalies due to dark currents or stray light affecting the channel paths.
The next step is the ‘process images’ function which separates the FPA pixel intensity
arrays into an array containing six rows, one for each solar image with a detector average
value for each data capture taken. This is done using two different functions, a ‘peak
intensity’ function and an ‘edge detection’ function. The selection and accuracy of these
methods are discussed in Section 3.1.1 and 3.1.2. Both of these functions average the
detector values over a certain area on the solar image and store this value into a
respective row for each solar image channel intensity with each column being a different
data capture.
To calculate the SZA as the sun tracks across the sky, a slightly modified open source sun
position python script is utilized. The time and latitude/longitude of when and where the
data is collected are needed as inputs for this script. The time comes from a ‘get time’
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function which appends the time from the time stamp naming scheme for each raw file
image. The latitude and longitude are inputs to the ‘process images’ function. The path
length or air mass factor is calculated by taking the secant of the SZA returned from the
sun position script.
The ‘Langley plot’ function plots the logarithm of the intensity array and the path length
array as inputs. The OD is extrapolated through the linear regression line of these points,
which is calculated using an ‘OD’ function with the slope of the linear fit line returned as
the OD.

3.1.1	
  	
  Edge	
  Detection	
  
The scheme selected for the GFCR channel image intensity detection was the ‘image
average edge’ function. This function uses the python canny edge detection algorithm
(“Canny Edge Detection”, 2013) which reduces image noise within the image and finds
the edge gradient and direction perpendicular to the edges. A full scan eliminates pixels
that are not edges. Threshold value inputs are used with this function which discards nonedges and a standard deviation is set to ensure strong image edges. The ‘region b-box’
function returns the minimum and maximum rows and columns for the area determined
by the ‘canny’ function. Since the image channels are always in the same relative region,
‘if’ statements are implemented to set certain image regions to the respective solar image
channel. The center row and column value is then selected for each image by taking the
minimum row value and adding the average of the minimum and maximum row value.
This process is repeated for the columns. The image center locations are stored and
checked using a different python script to ensure the algorithm works correctly for all
GFCR images. The ‘circle’ function is used to average all of the pixel values over a circle
radius of ten pixels. The method for this calculation is shown on an HDO vacuum solar
image in Figure 3.3.

Figure 3.3 Image edge detection calculation example for finding center of
solar image
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3.1.2	
  	
  Pixel	
  Intensity	
  
The ‘edge detection’ function did not always find the center of the image for the aerosols
and even when it did, the strongest pixel intensity was sometimes offset from the center
from the solar image. The gradient of atmospheric extinction across the face of the sun
will occasionally push the luminosity center away from the geometric center which can
be seen most in the aerosol solar images. An example of this over a few days of data
collection is shown in Figure 3.4.

Figure 3.4 Non-uniform aerosol channels for different days of data
collection with offset luminosity center
A ‘peak intensity’ function was developed to find the strongest pixel intensity for AOD
extrapolation. This function uses approximate center value arrays of the solar images and
then uses a ‘circle’ function with a selected radius to scan over a specified range to find
the peak pixel location in the image. A 6x6 pixel square is created around the identified
maximum pixel location and the average pixel value is calculated over the 36 pixel area.
An example of the peak solar intensity where the intensity averaging would take place for
this algorithm is shown in Figure 3.5.
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Figure 3.5 Peak intensity calculation used for aerosol channel solar
intensity (not to scale)

3.2 	
  Beam	
  Splitter	
  Inaccuracy	
  
Initial Langley plots showed that the H2O (HF proxy) cell channel was always at a higher
peak intensity than the vacuum channel which did not make sense as the gas cell should
reduce transmission compared to the vacuum channel. This led to the development of a
‘light ratio’ function. Light ratios were taken by adding the total light from the telescope
channel in each cell and then dividing the light through one path by the total light through
both paths.
On February 17th, 2017, data was collected throughout the day without the gas cells or
reference windows installed in the GLO demo to determine how light was being divided
to the gas cell and vacuum channel. An image of the removed gas cells and reference
windows are shown in Figures 3.6 and 3.7.
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Figure 3.6 Top view of GLO with gas cells and reference windows
removed

Figure 3.7 Gas cells and reference windows removed from GLO
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A graph of the ratio of solar light to each channel throughout the day is shown in Figure
3.8. It was evident there was not a 50/50 division of light through the beam splitters. It
also appeared at least for the H2O channels as though the position of the sun in the sky
slightly influenced the distribution on light to each GFCR channel. This also might be
correlated to the temperature of the instrument changing how the light was distributed.

Figure 3.8 Unequal GFCR Solar Light Ratios with gas cells and reference
windows removed for data collection
To compensate for the unequal distribution of light, the GFCR channels were scaled
using the ratios realized by the light ratio test. This was done by multiplying the total
average intensity by the ratio percentages for each data capture. The calculation for the
HDO cell intensity ratio is shown in Equation (3.1).
𝐻𝐷𝑂  𝑐𝑒𝑙𝑙
∗ 100 = 𝐻𝐷𝑂  𝑐𝑒𝑙𝑙  𝑟𝑎𝑡𝑖𝑜
𝐻𝐷𝑂  𝑐𝑒𝑙𝑙 + 𝐻𝐷𝑂  𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

(3.1)

The unscaled Langley plot of GLO data versus the scaled Langley plot is shown in Figure
3.9.
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Figure 3.9 Langley plot of unscaled GFCR channels (A) versus scaled
Langley plot (B)
Various tests were done to determine what the cause of the unequal light distribution path
was. It was originally believed to be the beam splitter, but testing different orientations of
the beam splitter and comparing intensities did not provide any changes. Another
possible cause is the cold stop on the baffle. The cold stop is inside the vacuum at the exit
pupil and could be blocking some light on the channel which would reduce the light on
all the pixels lowering the signal intensity over the entire image. This is only speculation
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as this is inside the manufactured vacuum chamber and could not be tested. As seen in
Figure 3.9B, the scaling of the signal paths did not show the H2O vacuum channel at a
higher intensity than the H2O gas channel for all of the data collection days. This means
that the light path distribution may vary by day depending on outside factors such as
weather or GLO setup.

3.3 	
  SNR	
  Characterization	
  
The SNR of the instrument must be understood to ensure accurate frame count collection
schemes. The baseline data collection scheme was to take 160 images of exposures for
each data capture and average the image over these frames to eliminate detector signal
error for high quality retrieval. To minimize data storage while ensuring accuracy, the
signal ratios of the GFCR and aerosol channels were taken to compare deviation from the
mean for all 11 days of data collection taken at that point in time. Figure 3.10 shows that
one frame had a 0.001089 deviation from the mean while ten frames only had a 0.00059
deviation. 40 frame exposures showed a similar deviation as ten frames did but had a
mean closer to zero, so the exposure images per data capture were reduced to 40 at this
time. This plot shows ratios of the H2O vacuum channel to H2O gas channel but this was
repeated with the HDO matched pair and showed a similar result.

Figure 3.10 SNR of H2O exposure images proving a switch from 160 to 40
frame captures would not significantly change results
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This exposure data uses the intensity information calculated by the ‘edge detection’ and
‘peak intensity’ function. In the space-flight GLO setup for the SOCRATES mission,
data collection will provide 100 seconds of continuous data acquisition during the
sunrise/sunset occultation period. The FPA frame images will be read at 99 Hz and
averaged on-board to a frame rate of ~6 Hz. The averaged frames are stored in external
memory. The processor for GLO then reads the averaged frames from memory and
identifies the Regions of Interest (ROIs) shown in Figure 3.11.

Figure 3.11 ROIs for GLO space data acquisition and processing (Bailey
et al., 2016a)
ROI 4-7 on the outside edges of the solar images will be in a low resolution search mode
to determine the size of each solar image. Using this data, ROI 1-3 are defined within
each solar disk at a size of 100x33 pixels. The rows of pixels in each ROI are added
together resulting in 3 100 element vectors which will then be aggregated by 3 resulting
in 3 33 element vectors. The purpose of the aggregation is to reduce the data transmission
requirements and improve SNR. The resultant data will then be packetized and
downlinked.
For the balloon flight demonstration, the data processing will be similar to the spaceflight configuration defined above. The main difference between space-based data
acquisition and the balloon flight is that the duration of the occultation event will be
about 26 minutes compared to 100 seconds during orbit. 100 seconds of data will still be
collected during the occultation but will be collected during 100 1-second sampling periods
spaced at roughly 13 second intervals, instead of continuously as the space-based setup does.

The packetized balloon data will stored onboard before downlink. This will provide
complete occultation coverage, achieve greater SNR than on orbit due to slower solar
transit times, and requires no changes to the space-based electronics hardware with
minimal changes to the flight software.
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3.4 	
  Camera	
  Baffle	
  Test	
  
Camera baffles are mechanical enclosures surrounding the optical train with a purpose of
mitigating stray light. The baffle is a conical section with an entrance and exit window
aligned to the optical axis (Mohammadnejad et al., 2012). The stray light must be
shielded from sources outside the field of view of the camera. The light outside the
angular view reflects on its surface to minimize the intensity of the light that reaches the
optical system. This reduces the intensity of light that is reflected on the walls (Scaduto et
al., 2006).
For GLO data collection, any amount of stray or unwanted light can decrease accuracy
and SNR of the system. This makes control and suppression of stray light crucial to
GLO’s design, however the camera baffle in GLO is an expensive piece of hardware. To
determine if a camera baffle is required, the nominal GLO demo camera was replaced
with a Goodrich InGaAs short wave infrared camera. This camera has high-sensitivity
and wide dynamic range delivering clear video of light levels without using a camera
baffle system. A view of the replaced camera in the GLO demo system is shown in
Figure 3.12.

Figure 3.12 Camera baffle test setup with Goodrich camera in place of
nominal GLO demo camera
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To test if stray light is influencing GLO measurements without a camera baffle installed
in the optical system, data captures were taken using a light source to simulate solar
intensity with removal of the neutral-density filters. Captures were taken at different
exposure levels to see how the detector levels are influenced. Comparisons were made
when the front of the telescope apertures were covered versus when the light source was
shut off. This would determine the amount of stray light entering the optical bench.
Results of the brightness when the telescope apertures are covered versus when the light
source was shut off at different camera exposure levels are shown in Table 3.1.
Table 3.1 Test of camera without baffle to see how much brighter covered
telescope apertures are than when the light source was shut off
Exposure Levels
% Difference in Total Pixel Intensity
60,000
0.78
65,000
0.91
70,000
1.46
80,000 (lightly saturated)
1.22
90,000 (heavily saturated)
2.05
This analysis showed that there was stray light that entered the GLO demo even though
the instrument channel paths were enclosed. The cost will be weighed against the
increase in accuracy of the measurements in determining the need for the camera baffle
and further testing may be done to supplement this data.

3.5 	
  Aerosol	
  Channel	
  Validation	
  
AODs were compared to AERONET data to evaluate accuracy (“AERONET Aerosol
Robotic Network”, 2017). The closest AERONET site to VT (Blacksburg, VA), where
most of the GLO instrument data was collected, is the Neon_SCBI site which is 273 km
away. AOD is highly variable over space and time making the Neon_SCBI site too far to
accurately validate GLO’s AOD measurements. Instead, the instrument was taken to
NASA Goddard’s Space Flight Center (GSFC) to compare to the GSFC AERONET site.
Data collected at NRL was also used to compare to this site as they are only 23 km apart.
The primary measurement system for AERONET is the CIMEL Electronique CE318
multiband sun photometer which acquires spectral sun irradiance and sky radiance
measurements (Holben et al., 1998). The radiometer is able to take measurements of
either direct sun or the sky. The AOD is calculated using the spectral extinction of direct
beam radiation. This technique is based on Beer’s Law and removes the attenuation from
Rayleigh scatter, ozone absorption, and pollutant gases to isolate the AOD. When the sun
is lower in the sky, the measurements are usually taken at 0.25 air mass intervals while
the measurements are taken every 15 minutes when the sun is closer to noon.
Data collected at NRL on 11/07/16 and at GSFC on 03/04/17 showed GLO ODs close to
AERONET measurements. These results are shown in Figure 3.13.
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Figure 3.13 AERONET and GLO AOD plots where images (A) and (B)
compare data from 11/07/16 and images (C) and (D) compare data from
03/04/17
This validation method is not perfect because the Langley method assumes a
homogenous atmosphere that does not change with time, which adds a source of error for
this analysis. Plots of AERONET data show variations in the OD over the course of the
day. Points skewing the Langley plot linear regression line were ignored. This includes
data collection around noon where radiance variation is high, data points where the sun is
low in the sky with increased aerosol contamination and solar refraction, and data points
where a stray cloud likely absorbed solar intensity (Thomason et al., 2004). Error bars
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were not added to the Langley plots because as demonstrated in Section 3.3, there is such
a high SNR across the 160 (or 40) exposures per data capture that the error bars would
appear on top of the data points.
Table 3.2 provides GLO measurements for all AOD measurements to date. This data was
used to characterize the instrument, to test the ‘peak intensity’ function for AOD
calculation, and to look for seasonal relations in AOD. Two days of data (02/16/17 and
03/29/17) were ignored. This was because the data was corrupted by windy weather
interfering with the camera board connection to the laptop and too much cloud coverage
for accurate AOD extrapolation.
Table 3.2 AOD measurements from GLO instrument
Date
1.0 µm Aerosol
1.6 µm Aerosol
11/07/2016
0.015
0.011
11/17/2016
0.062
0.013
11/27/2016
0.076
0.072
12/01/2016
0.035
0.077
12/10/2016
0.011
0.109
12/20/2016
0.036
0.023
12/21/2016
0.001
0.093
12/28/2016
0.048
0.033
01/25/2017
0.038
0.046
01/31/2017
0.144
0.034
02/06/2017
0.054
0.06
02/17/2017
0.034
0.024
03/04/2017
0.025
0.016
04/11/2017
0.145
0.028
04/28/2017
0.158
0
Data for this seasonal analysis was collected from November 2016 to April 2017 with a
total of 15 days of good data. Figure 3.14 shows a plot of the data from Table 3.2 in an
effort to look for a seasonal change in AOD. AOD is usually highest in the summer and
lowest in the winter. Given the limited amount of data points and no clear relation across
the seasons it is challenging to make definitive conclusions about seasonal AOD changes
from the GLO data. It does appear that warmer temperatures correlate to higher AOD
measurements of the 1.0 µm aerosol.
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Figure 3.14 AODs for data collected to date

3.6 	
  GFCR	
  Vacuum	
  Channel	
  Comparison	
  
Both GFCR vacuum channels have bandpass filters on the telescope apertures measuring
solar intensity at 2.5 µm for the H2O channel and 3.7 µm for the HDO channel. The six
prominent gases at these wavelengths are H2O, CO2, O3, N2O, CO, and CH4. The
transmission of these particles through the atmosphere can be simulated using Spectral
Calculator (SC), a high-resolution spectral modeling tool developed by GATS (“Spectral
Calculator”, 2017).
SC allows for a scale factor input for gas concentrations to model the atmosphere. This
scale factor is based on the Volume Mixing Ratio (VMR) for the gas cell, which for H2O
in the mid-latitude winter model close to Earth’s surface is 0.004. The VMR for H2O is
calculated using temperature, pressure, and humidity using the following equations:
𝑉𝑀𝑅 =

𝑃!!!
𝑃!"!#$

(3.2)

where 𝑃!"!#$ is the total atmospheric pressure in hPa and 𝑃!!! is the water vapor partial
pressure given by
𝑃!!! = 𝑃!!!!"# ∗

%𝑅𝐻
100

(3.3)

where %𝑅𝐻 is the percent relative humidity and 𝑃!!!!"# is the water vapor saturation
partial pressure which is a function of temperature given by
𝑃!!!!"#    =    10!.!"#"$!"#  !  !.!"#$#!%&∗
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(3.4)

where K is the temperature in Kelvin (Tabata, 1973). VMR is calculated and used to
scale the SC atmosphere model for a more accurate means of data comparison. Once
VMR is calculated, it can be divided by the 0.004 SC atmospheric model VMR at Earth’s
surface to get the scale factor value to scale the atmospheric profile. For example,
weather data from 12/21/16 led to a VMR of 0.00275 and 0.00275/0.004 results in a scale
factor of 0.688. Hourly temperature, humidity, and pressure data for VMR calculation
were taken from weatherunderground.com. These values were used with Equations (3.2),
(3.3), and (3.4) to calculate the VMRs for each day of data collection. The SC model
atmosphere for water vapor that changes with the scale factor is shown in Figure 3.15.
Since the scale factor applied to the atmosphere is based solely on the ground VMR, this
implies a relatively wide margin of error as the concentration of water vapor will vary in
different sections of the atmosphere independently from ground VMR calculations and
therefore will not perfectly match the model of water vapor through the atmosphere.

Figure 3.15 SC atmosphere browser for mid-latitude winter model water
vapor (“Spectral Calculator”, 2017)
All of the calculated VMRs and scale factors used for atmosphere simulations with SC
are shown in Table 3.3.
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Table 3.3 Calculated VMR and H2O scale factor for SC simulations
Date
Location
VMR
H2O Scale Factor
11/07/2016
NRL
0.00542
1.355
11/17/2016
VT
0.007712
1.928
11/27/2016
VT
0.003978
0.995
12/01/2016
VT
0.005921
1.48
12/10/2016
VT
0.002861
0.715
12/20/2016
VT
0.004859
1.215
12/21/2016
VT
0.00275
0.688
12/28/2016
VT
0.004228
1.057
01/25/2017
VT
0.00695
1.737
01/31/2017
VT
0.00403
1.008
02/06/2017
VT
0.007068
1.767
02/17/2017
VT
0.004798
1.2
03/04/2017
GSFC
0.00235
0.5875
04/11/2017
VT
0.010436
2.609
04/28/2017
VT
0.012478
3.12
SC was used to output a text file of transmission levels for different atmospheric water
vapor profiles. The Langley plot method gives OD for the 0° SZA, therefore SC was used
to calculate OD for the 0° SZA and the average VMR was calculated for the range of
time during data collection for each day. SC setup for this analysis is shown in Figure
3.16 and the simulation results for the 12/21/16 atmosphere simulation are shown in
Figure 3.17. NRL is 125 m above sea level so on 11/07/16 observer height was 125 m.
The observer height was 157 m at GSFC for data from 03/04/17. All other data was
collected at VT with an observer height of 634 m.
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Figure 3.16 SC HF transmission model setup for observer (A) and
atmosphere (B) tab for 12/21/16 data
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Figure 3.17 SC transmission model for HF (A) and HDO (B) wavelengths
for 12/21/16 data
A python script was developed to read in SC transmission data and scale this data with
the transmission of the instrument bandpass filters to model GLO vacuum transmission
measurements. Nominal passband transmission for the GLO filters is shown in Figure
3.18 and scaled transmission using SC atmospheric transmission from Figure 3.17 is
shown in Figure 3.19.
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Figure 3.18 GLO passband transmission for HF (A) and HDO (B) filters
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Figure 3.19 Scaled HF (A) and HDO (B) transmission data for 12/21/16
data
Equation (2.14) is used to calculate the SC ODs. This is done by integrating the scaled
transmission signal and dividing it by the integrated transmission of the bandpass filter
data. Taking the natural logarithm of this ratio results in the simulated OD. These
simulated ODs were compared to GLO vacuum channel extrapolated ODs to determine
GLO accuracy. Figure 3.20 shows the Langley plot for 12/21/16 with an H2O vacuum
channel OD of 0.552 and an HDO vacuum channel OD of 0.078. This data was the only
day where both measured ODs were less than SC simulated ODs.

Figure 3.20 Langley plot of 12/21/16 data from Blacksburg, VA for GFCR
comparison
40

Table 3.4 presents all GLO versus SC ODs taken to the date of thesis submission. Note
that data from 02/17/17 is italicized as the reference windows were removed during this
collection period, however, the slope is all that is utilized for OD extrapolation so a
constant change in transmission should not affect the slope. Analysis showed that SC OD
calculations were always higher than GLO OD measurements except on 12/21/16 for
both channels and for the HDO channel on 04/28/17. This meant that SC simulated lower
transmission profiles than what would be expected to match GLO measurements.
Table 3.4 GFCR vacuum channel ODs for simulated SC and measured
GLO data
Date
GLO - HDO
SC - HDO
GLO - H2O
SC - H2O
11/07/2016
0.042
0.106
0.213
0.763
11/17/2016
0.058
0.122
0.372
0.856
11/27/2016
0.059
0.08
0.206
0.564
12/01/2016
0.041
0.102
0.255
0.729
12/10/2016
0.045
0.066
0.201
0.455
12/20/2016
0.03
0.09
0.157
0.642
12/21/2016
0.078
0.065
0.552
0.444
12/28/2016
0.043
0.083
0.217
0.587
01/25/2017
0.044
0.114
0.226
0.808
01/31/2017
0.059
0.081
0.271
0.57
02/06/2017
0.056
0.115
0.314
0.817
02/17/2017
0.074
0.09
0.481
0.637
03/04/2017
0.042
0.065
0.249
0.446
04/11/2017
0.022
0.15
0.216
1.05
04/28/2017
0.374
0.171
0.751
1.181
It is challenging to validate accuracy as the simulation uses a mid-latitude model whereas
Blacksburg, VA is at 37°N and the time can only be selected seasonally. Also, the scale
factors for other gases are not accounted for and the H2O scale factor only compares
water vapor VMR at the ground, whereas water vapor in the upper atmosphere could vary
from the SC model which could cause lower simulated transmission profile. However,
there is no better modeling system or database to compare the measurements to.
The ratio of simulated SC ODs to GLO ODs is shown in Table 3.5. SC H2O vacuum
channel OD was a factor of 4.09 higher than GLO at the lowest measured OD (0.157).
This is ignoring the data from 04/11/17 which had a much higher difference ratio than
average. The mid-latitude summer model was also simulated for this day which resulted
in a similarly high OD which GLO measurements did not reflect. The SC HDO vacuum
channel was a factor of 3.63 higher for the lowest HDO OD measurement (0.022).
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Table 3.5 Ratio of simulated SC ODs to measured GLO ODs by day
Date
HDO SC to GLO Ratio
H2O SC to GLO Ratio
11/07/2016
2.52
3.58
11/17/2016
2.1
2.3
11/27/2016
1.36
2.74
12/01/2016
2.49
2.86
12/10/2016
1.47
2.26
12/20/2016
3
4.09
12/21/2016
0.83
0.804
12/28/2016
1.93
2.71
01/25/2017
2.59
3.58
01/31/2017
1.37
2.1
02/06/2017
2.05
2.6
02/17/2017
1.22
1.32
03/04/2017
1.55
1.79
04/11/2017
6.82
4.86
04/28/2017
0.46
1.57
A plot of both measured and simulated OD from Table 3.4 is shown in Figure 3.21. This
was used to look for seasonal changes for vacuum channel OD measurements. Water
vapor increases in the summer which can be seen in Table 3.3 with a higher water vapor
VMRs noted on 04/11/17 and 04/28/17 as the temperature is higher than other days of
data collection. This increase in water vapor was seen in GLO H2O and HDO OD
measurements on 04/28/17 but not apparent in 04/11/17 or in November measurements.
Limited data makes it challenging to make seasonal OD change conclusions.

Figure 3.21 GFCR vacuum channel ODs for SC and GLO data over time
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3.7 	
  Gas	
  Cell	
  Analysis	
  
To ensure GFCR accuracy, the leak rate, thermal, and spectral properties of the gas cells
required measuring and monitoring. This was done through cell transmission
measurements using Fourier Transform Infrared Spectroscopy (FTIR). This type of
analysis uses infrared light to scan and identify the chemical properties of the gas cell. SC
was used to model and compare the transmission through the HF proxy gas cell at 2.5 µm
and HDO at 3.7 µm.
The composition, size, and pressure of the cells is required to model the makeup of the
gas cells. The HF gas cell had a total pressure of 1000 mb when filled with 200 mb HF
partial pressure and 800 mb of N2 partial pressure. This means the HF had a 0.2 VMR.
The HF gas cell length is 38.99 mm and should have a bandpass wavelength of
approximately 2.5 µm. The HDO gas cell should have a mixture of 40 mb HDO, 20 mb
H2O, and 20 mb of D2O created by mixing 40 mb each of D2O and H2O at 45°C. There
should have been an N2 backfill into the cell to raise the pressure to 1000 mb but that did
not happen by mistake. The total pressure was therefore only 80 mb with 40 mb of H2O
and 40 mb of D2O giving a VMR of 0.5 for each of these gases. The HDO gas cell length
is 138.99 mm and should have a bandpass of approximately 3.7 µm. SC setup for gas cell
expected transmission is shown in Figure 3.22 and FTIR transmission results and SC
simulated results are shown in Figure 3.23.

Figure 3.22 SC setup for gas cell spectral response transmission
simulation for HF gas cell (A) and HDO gas cell (B)
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Figure 3.23 FTIR measurements and SC simulations of gas cells where
images (A) and (B) represent HF transmission and images (C) and (D)
represent HDO transmission
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The FTIR response of HDO should have reached zero transmission but only went down
to 0.62. This was backtracked to a mistake where a N2 backfill was not added during the
gas fill. SC exhibited more absorption than the FTIR but FTIR resolution may not have
fully resolved cell lines at such a low (80 mb) total pressure. A correct HDO gas cell fill
should show transmission reaching zero at the same wavelength lines. The HF lines
approach 100% absorption but SC shows substantial broadening that the FTIR data does
not. The broadband transmittance of HDO and HF of about 0.8 is due to the cell
windows.
Figure 3.24 shows an enlarged portion of the HF cell transmission from Figure 3.23A.
The HF transmission went from 14%-20%-32% with approximately 3% absorption
decrease per month slowing to 1.5%. This meant the HF gas cell had a leak.

Figure 3.24 Enlarged image of HF cell transmission showing decline in
absorption over time
GLO was operated at temperatures as low as -6.67°C and no condensation was observed
through visual inspection. Observed lack of condensation is shown in Figure 3.25. It was
determined that heat tape was not needed to keep the gas cells at a certain temperature but
this could be an inaccurate assumption as condensation could have occurred while the gas
cell was outside and then dissipated.
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Figure 3.25 View of inside of HDO gas cell with no visible condensation,
HF gas cell also showed no visible condensation

3.8 	
  Gas	
  versus	
  Vacuum	
  Channel	
  Comparison	
  
The GFCR comparison between the gas and vacuum channel increases performance for
limb observations. This technique provides low data rate, high spectral resolution, and
low sensitivity to aerosol contamination. The beam splitter design should make the
matched pair as identical as possible. During SO measurements, the gas cell should result
in a higher OD as this path will have slightly more absorption within the gas cell than the
vacuum path. The results of Langley extrapolation for ODs are shown in Table 3.6. Data
for 02/17/17 was ignored as the gas cells and reference windows were removed. Any
additional Langley plots showing extrapolated ODs that were not shown in the main body
of the thesis are located in Appendix B.
Table 3.6 Langley extrapolation of ODs for GFCR channel comparison of
GLO measurements
Date
HDO Vacuum
HDO Gas
H2O Vacuum
H2O Gas
11/07/2016
0.042
0.039
0.213
0.215
11/17/2016
0.058
0.07
0.372
0.38
11/27/2016
0.059
0.054
0.206
0.198
12/01/2016
0.041
0.042
0.255
0.253
12/10/2016
0.045
0.04
0.201
0.189
12/20/2016
0.03
0.028
0.157
0.153
12/21/2016
0.078
0.073
0.552
0.531
12/28/2016
0.043
0.041
0.217
0.212
01/25/2017
0.044
0.044
0.226
0.214
01/31/2017
0.059
0.061
0.271
0.26
02/06/2017
0.056
0.055
0.314
0.302
03/04/2017
0.042
0.039
0.249
0.247
04/11/2017
0.022
0.023
0.216
0.204
04/28/2017
0.374
2.388
0.751
0.5
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Most of the matched pair gas to vacuum OD measurements are close to each other, which
is expected. GPS should be lower than VPS for each measurement due to the gas cell
absorption. The gas cell absorption does not change the slope extrapolated through the
Langley plot method as it is nearly a constant offset to the signal. That is assuming that
the gas cell is under 100% efficient at removing the atmospheric features of the target
gas. If it was close to 100% efficient, then other gases could become more significant.
The demo instrument efficiency is much less than 100% which verifies similar OD
measurements across the two paths. The difference between the paths could give a rough
estimate of measurement error standard deviation or an offset in python script reading of
solar signal intensity.
The Langley plot method will not work well for bandpass wavelengths dominated by
molecular vibrational/rotational interactions. Also, if large parts of the spectra are opaque
as is the case for the H2O channel, this method can lead to errors up to a factor of four in
GLO to SC comparison. The Langley plot method is meant to estimate AOD making it
challenging to estimate molecular absorption.
As GLO is meant for limb path measurements in the UTLS and not for these ground
based measurements, taking data someplace that is high in elevation and low in water
vapor such as Mauna Loa, HI (4.17 km in altitude), and taking measurements from zenith
to limb would be a closer match to the intended application. This would require
comprehensive instrument calibration and characterization to make proper use of such
data. The focus of this research is to understand the GLO demo in preparation for when
the flight-ready GLO design is taken to Mauna Loa in June 2019 for final ground testing
before the balloon flight demonstration.
SC was used to simulate what the expected gas cell to vacuum cell ratio should be. This
was done using the same python script utilized for vacuum channel analysis from Section
3.6 along with the gas cell spectral transmission analysis from Section 3.7. The matched
gas to vacuum channel used the same SC transmission profile for OD calculation. The
results of the SC transmission data scaled with the GLO bandpass filter measurements is
shown in Table 3.7.
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Table 3.7 SC OD simulation results for GFCR channel comparison
Date
HDO Vacuum
HDO Gas
H2O Vacuum
H2O Gas
11/07/2016
0.106
0.162
0.763
0.917
11/17/2016
0.122
0.176
0.856
1.009
11/27/2016
0.08
0.138
0.564
0.718
12/01/2016
0.102
0.158
0.729
0.884
12/10/2016
0.066
0.126
0.455
0.607
12/20/2016
0.09
0.147
0.642
0.797
12/21/2016
0.065
0.125
0.444
0.595
12/28/2016
0.083
0.141
0.587
0.741
01/25/2017
0.114
0.169
0.808
0.962
01/31/2017
0.081
0.139
0.57
0.723
02/06/2017
0.115
0.17
0.817
0.971
03/04/2017
0.065
0.125
0.446
0.597
04/11/2017
0.15
0.203
1.05
1.199
04/28/2017
0.171
0.222
1.181
1.324
These results show that, as expected, the GPS ODs are higher than the matched VPS ODs
for the SC simulations as more absorption is represented through a higher OD. Using
Equation (2.1) and ignoring the gain multiplier since it is not known, the NDS values are
calculated for both the GLO measurements and SC simulations and are shown in Table
3.8.
Table 3.8 Calculated NDS for SC simulations and GLO measurements for
comparing GFCR matched pair gas cells
Date
SC HDO NDS GLO HDO NDS SC H2O NDS GLO H2O NDS
11/07/2016
0.528
-0.071
0.202
0.009
11/17/2016
0.443
0.207
0.179
0.022
11/27/2016
0.538
-0.085
0.273
-0.039
12/01/2016
0.549
0.024
0.213
-0.008
12/10/2016
0.909
-0.111
0.334
-0.06
12/20/2016
0.633
-0.067
0.241
-0.025
12/21/2016
0.923
-0.064
0.34
-0.038
12/28/2016
0.699
-0.047
0.262
-0.023
01/25/2017
0.482
0
0.191
-0.053
01/31/2017
0.716
0.034
0.268
-0.041
02/06/2017
0.478
-0.018
0.188
-0.038
03/04/2017
0.923
-0.071
0.339
-0.008
04/11/2017
0.353
0.045
0.142
-0.056
04/28/2017
0.298
5.385
0.121
-0.334
The negative NDS in the GLO channel columns showed that many extrapolated ODs for
GLO measurements reflect a higher VPS OD than GPS OD. The GLO NDS values were
all very close to zero (besides data from 04/28/2017) which is expected due to the
Langley plot method of OD extrapolation. This is because the slope would not be higher
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due to more gas absorption as the gas will affect each measurement point. SC
calculations for NDS show what expected values would be for SO measurements
(ignoring gain).
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4 	
  DUSTIE	
  
While Earth’s atmosphere has been heavily studied, there remain many unknowns about
various processes and the composition of different layers of the atmosphere that could
lead to new discoveries about Earth. To understand Earth’s atmosphere, CubeSats are
launched into orbit around the Earth giving researchers and students the ability to
understand and observe the atmosphere in new and clearer ways. DUSTIE is a CubeSat
research experiment that will study the middle layer of the atmosphere and collect data on
infrared Nitric Oxide (NO) emissions and meteoric smoke particles.
This mission relates to NASA’s goal of better understanding atmospheric composition
changes and how trends in the atmospheric composition and solar radiation influence
global climate. DUSTIE can lead to advancements in the understanding of meteoric dust
and smoke particles and on heterogeneous atmospheric chemistry. DUSTIE will improve
studies of global meridional circulation, which will increase understanding of how space
weather enhances NO levels at mid-latitudes. DUSTIE will also study time and seasonal
changes between Joule heating and NO abundances. This mission also follows NASA
Heliophysics goals to understand physical processes of the space environment from the
Sun to Earth. This mission was proposed to the NASA Science Mission Directorate
(Bailey et al., 2016b).
To simulate CubeSat operations, Analytic Graphic’s Systems Tool Kit (STK) is coupled
with Matlab to graphically represent power, orbital, ground stations, and other parameters
to prove mission success. This will involve communication with Blue Canyon
Technologies (BCT), the company that manufactures the selected spacecraft bus to
ensure the spacecraft attitude, determination, communication, power, and control all
satisfy the mission requirements.
The DUSTIE instrument is similar to GLO, but the DUSTIE payload will look at
alternative species through different wavelength measurements. The approach will be the
same, using SO to view the attenuation of six different solar images projected onto one
FPA. Only broadband radiometry will be utilized as opposed to both broadband
radiometry and GFCR as is used in GLO.
While a CubeSat may be a small system overall, there are many subsystems that add up
to the overall functionality of the spacecraft. These subsystems include: Attitude
Determination and Control (ADC), Command and Data Handling (C&DH),
communications, power, structure, thermal, and payload. The objectives of each are listed
below.
1. ADC: Measure and stabilize the CubeSat attitude which includes location,
velocity, and pointing, and adjust the satellite orbit if necessary.
2. C&DH: Processes the command information and telemetry, communicate with
and control the CubeSat, and schedule satellite tasks and processes.
3. Communications: Ability for the spacecraft to support data downlink and
command uplink from the satellite to the ground and vice versa.
4. Power: Collect and store energy from the solar cells, store the power, and
distribute the power to the necessary subsystems.
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5. Structure: House all components aboard the spacecraft and protect the system
during launch and from the space environment.
6. Thermal: Ensuring outside space temperatures do not affect any equipment or
subsystems on the spacecraft.
7. Payload: Equipment on board the CubeSat that functions to complete the
mission objectives such as collecting scientific measurements.

4.1 	
  Mission	
  Objectives	
  
The DUSTIE mission has two main objectives: to determine the global distribution of
meteoric smoke as a function of altitude, latitude, and season, and to determine how
space weather events enhance NO levels at mid-latitudes. The DUSTIE payload will use
six radiometer channels to measure solar radiance. The channel measurements and
respective wavelengths are shown in Table 4.1.
Table 4.1 Spectral bands assigned to the instrument channels
Channel
Wavelength (nm)
Bandwidth (nm)
NO
237
10
O3
265
10
Smoke
405
16
A-Band
768
20
Smoke
867
20
Smoke
1037
20
The FPA selected is identical to the SOFIE detector with known orbital performance
heritage. It is a radiation tolerant active pixel sensor of 1024×1024 pixels with a spectral
response that accommodates six channels centered at wavelengths ranging from 237 to
1037 nm. The solar images on the FPA for the six instrument channels are shown in
Figure 4.1.
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Figure 4.1 DUSTIE FPA for six solar images at various wavelengths

4.1.1	
  	
  Objective	
  One	
  
The first mission objective is to determine the global space and time variability of
meteoric smoke and what it reveals about the characteristics and magnitude of the
meridional flow, upper atmosphere motions, and transport between hemispheres. Earth
has an atmosphere that is able to protect the surface from harmful space radiation and
comets. After the 13.8 billion years since the big bang, Earth has had many comets
attempt to penetrate the atmosphere. Most of the time, the matter that attempts to enter
Earth’s atmosphere is meteoric dust particles that are vaporized during atmospheric entry.
This vaporization of matter results in nanometer-sized smoke particles that are slowly
building up in the atmosphere. The particles accumulate and float around in the
atmosphere but have only occasionally been measured and never on a global scale.
This meteoric smoke will also allow for the characterization of upper atmospheric winds
because smoke can be used as a tracer. The SOFIE instrument took smoke measurements
in the Polar Regions of the atmosphere (Gordley et al., 2009b). Close to 44 metric tons of
meteoric material enter Earth’s upper atmosphere every day, and around 70% of the
meteoroids are vaporized from heating due to atmospheric entry between 80 and 100 km.
These particles are oxidized by OH and O and the vapor condenses to form small smoke
particles at mesospheric altitudes. These smoke particles have radii between 0.2 and 10
nm (Hunten et. al., 1980; Megner et al., 2008), and come from meteoroids with radii
between 50 and 500 µm (Millman, 1975).
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4.1.2	
  	
  Objective	
  Two	
  
The second objective is to learn how space weather influences NO levels and their
variability at mid-latitudes. The thermosphere/ionosphere is cooled primarily by infrared
NO emissions, but not much is known about how this varies seasonally or the
relationship between Joule heating and NO abundances. NO is produced by precipitating
energetic particles, and geomagnetic activity is able to enhance mid-latitude NO
production through Joule heating. DUSTIE will observe the NO levels and compare the
results to Super Dual Auroral Radar Network (SuperDARN) observations which give
Joule heating data (Barth et al., 2009; 2010). Non-polar-inclination satellites are needed
to observe and combine with heating and NO concentration measurements. This will help
understand how solar irradiance driven NO production is enhanced through Joule heating
processes.
Previous satellite missions such as the Solar Mesosphere Explorer (SME), HALOE, and
the Student Nitric Oxide Explorer (SNOE) have demonstrated that NO abundance varies
in the atmosphere over time. The amount of NO also relates to solar irradiance and
auroral conditions. SNOE helped show how NO abundances changed due to geomagnetic
forces and increased at mid and low latitudes (Barth et al., 2004).

4.2 	
  CubeSat	
  Selection	
  
This mission proposes use of a 3U XB1 CubeSat manufactured by BCT, a company
which provides a complete spacecraft bus platform which includes high performance
accuracy, a strong Electrical Power System (EPS), C&DH capabilities, RF
communications, and flexible payload interfaces. The 3U spacecraft measures 30x10x10
cm and weighs 3 kg, with 2U of available payload. The DUSTIE spacecraft is shown in
Figure 4.2A with its payload volume shown in Figure 4.2B. The spacecraft is divided into
science payload, electronics, communications, and attitude control sections. GPS and star
trackers, in conjunction with a Kalman filter, provide ultra-accurate navigation and
attitude knowledge and control information. Reaction wheels provide high accuracy
attitude control. The spacecraft uses industrial-grade components and design approaches
from the spaceflight-proven CubeSat community. This strategy reduces the design effort
and mission cost and greatly reduces the overall project risk. This mission will use four
solar panel arrays to power this spacecraft. More information on the power budgeting is
described in Section 4.4.

Figure 4.2 Selected DUSTIE CubeSat bus (A) and available payload space
(B) (“Blue Canyon Technologies”, 2017)
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The DUSTIE spacecraft will simplify ground, launch vehicle, and payload interfaces
because the spacecraft already includes functional and efficient systems. This includes a
Guidance, Navigation, and Control (GN&C) providing pointing accuracy, 3-axis control,
and navigation, a complete EPS including battery, solar arrays, charge algorithms, power
distribution, and telemetry, spacecraft C&DH including onboard data formatting,
command, control, and telemetry, multiple RF communication options, and payload
interfaces including serial over formats such as I2C, SPI, or LVDS as well as discrete
digital telemetry inputs and analog data inputs. Table 4.2 outlines the specifications of the
parameters that were just outlined.
Table 4.2 DUSTIE BCT XB1 spacecraft capabilities (“Blue Canyon
Technologies”, 2017)
GN&C Pointing Accuracy
±0.002° (1-sigma)
Pointing Stability
1 arc-sec/sec
Maneuver rate
10°/sec
Orbit knowledge
4 m, 0.05 m/s
C&DH Data Interfaces
Serial: LVDS, RS-422, or SPI available
Onboard Data Processing
Configurable via user loadable software
Telemetry Acquisition
6 12 bit Analog, 6 discrete inputs
Commands
Real-time, stored, macro
Onboard Data Storage
32 Gbytes
EPS
System Bus Voltage
10–20 V
Energy Storage
5.4 AHr
Solar Panels
3 panel array, 20.12 W power generation
High Current Capability
Unregulated up to 60 W
Payload Power Feeds
QTY 6 (12, 5, 3.3 V or Bus voltage)
Comm. Frequency
UHF
Uplink
9.6 kbits/sec, CCSDS, SGLS
Downlink
3 Mbits/sec
Encryption
AES 256
Solid State Recorder Capacity 32 Gbytes
Bus
Mass / Volume
3 kg / 30x10x10 cm
XACT-Bus Nominal Power
< 6.3W
Orbit Altitude / Orbit Lifetime LEO / > 3 years
The XB1 spacecraft design provides high performance in a compact design that will more
than meet the requirements for volume, mass, pointing, power, and communications of
the DUSTIE mission. The Ultra High Frequency (UHF) downlink to be used is the same
type that was used on multiple previous CubeSat programs with the Wallops Flight
Facility (WFF) 18.3 m ground station, with a number of them operating at higher orbit
altitudes.

4.3 	
  Orbit	
  
The DUSTIE investigation is designed to be flexible in its ability to accomplish its
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science objectives over a broad range of circular low-earth orbit collection opportunities.
The science mission is very tolerant of orbital altitude variations. The FPA pixel field of
view will only change from 51 to 75 m over an altitude range of 350 to 675 km.
The CubeSat must be continuously sun pointing for the instrument to collect the data
necessary to satisfy the science requirements. The solar panels will also be constantly
fixed towards the sun to generate power, which is why a fixed solar array method can be
used. An image showing this orbit trajectory is shown in Figure 4.3. This orbit will allow
the CubeSat to collect images of the Earth at occultation periods across a wide range of
latitudes.

Figure 4.3 Sun alignment with the occultation normal constraint parameter
used in STK simulations
To test the orbital altitude and inclination, the mass and the drag must first be analyzed.
The CubeSat weighs 3 kg, the instrument weighs 1.3 kg, and the solar panels weigh 340
g, which totals 4.64 kg. Since the CubeSat will be sun-pointing, the solar arrays will be
fixed in a parallel position with the orbital plane and therefore do not result in any drag.
Since the 30x10 cm side will result in the drag, there will be 0.03 m2 of drag area on the
CubeSat.
STK was used to simulate different possible orbits for the DUSTIE mission. When
running these simulations, the high-precision orbit propagator was used to obtain the
most accurate representation of DUSTIE’s orbits. This propagator uses numerical
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integration of the differential equations of the motions to generate ephemeris (“Analytical
Graphics, Inc.”, 2017). This propagator allows modeling of effects such as atmospheric
drag and solar radiation pressure that the other propagators do not use to model the orbit
with high accuracy. This requires a selection of force models for the simulation such as
the atmospheric density model and the central body gravity. This simulation used the
most recent parameters available on the STK software, these being the
WGS84_EGM96.grv for the gravity model and the NRLMSISE 2000 for the atmospheric
density model. The NRLMSISE 2000 is an empirical density model developed by the
NRL which finds the total density by accounting for the contribution of N, N2, O, O2, He,
Ar and H. The gravity option is an ASCII file containing the central body geopotential
model coefficients. The area/mass ratio for each of these models is 0.0064655 m2/kg,
which is the 0.03 m2 drag area caused by the CubeSat divided by the 4.64 kg CubeSat
mass. Figure 4.4 shows 2D graphics of the CubeSat’s orbital path across Earth with a 65°
inclination and 372 km altitude for one orbit as well as the range of WFF’s antenna dish.

Figure 4.4 STK 2D graphics window for DUSTIE orbit 65° inclination
and 372 km altitude
Since the mission requires a circular orbit eccentricity of ≤ 0.004, the simulation was run
with no eccentricity (circular orbit) to stay below this limit. As there is no specification
on the Right Ascension of the Ascending Node (RAAN), a 0° RAAN was used for this
simulation but any RAAN can be simulated and used as it does not matter where the
satellite crosses the equator, all that matters is that a full latitude sweep occurs.
The lifetime tool in STK is inherited from NASA and therefore ends up giving a slightly
different lifetime then the CubeSat’s ‘Availability Time Span’ shown in the timeline
window. Since the propagator uses more accurate and up to date tools for modeling, the
lowest altitude possible that spans for one year will be the minimum altitude defined for
this mission. The lifetime tool is used to display graphs of the lifetime of the satellite,
however, they will show an orbit life slightly over a year for the lower limit of the
CubeSat. All of the minimum altitudes show the minimum altitudes for a one year orbit
based on the ‘Availability Time Span’ function in STK with all of the most up to date
parameters used, while the lifetime tool shows that these altitudes predict a 1.2-1.3 year
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lifespan.
The maximum altitude is calculated using the lifetime tool, and was close in altitude to
what the ‘Availability Time Span’ tool would show. The lifetime tool uses the same
atmospheric density model, but a different solar flux file. This tool determines a
maximum altitude to comply with the national de-orbit policy, which requires de-orbit
within 25 years (ref. NMI 1700.8, NPR 8715.6, and NSS 1740.14). The DUSTIE mission
complies with the de-orbit policy at altitudes up to ~605 km, but the altitudes from this
tool will show slightly higher altitudes than what the ‘Availability Time Span’ would
show, so this should be noted and further analyzed if an altitude close to this threshold is
used for the actual deployment altitude. An example of a simulated orbit lifetime using
STK is shown in Figure 4.5.

Figure 4.5 STK lifetime for 65° inclination and 372 km altitude
Table 4.3 shows the different altitude constraints for the CubeSat based on varying
inclination angles. Inclination angles from 30-85° were chosen because these angles
provide the best science return for this experiment. Also, at inclination angles below 27°,
the satellite does not pass through the antenna’s access range for WFF at the minimum
altitudes that provide a one year orbit. The period of orbit for the CubeSat is
approximately 92 minutes for the inclinations at the minimum altitude and approximately
96 minutes for the maximum altitude inclination angles. Below an inclination of 27°, the
satellite does not pass through the antenna’s access range at WFF at a minimum altitude
for one year of orbit.
Table 4.3 Testing different inclination angles using STK simulations to
find altitude bounds
Inclination Min Altitude for 1 Year Max Altitude for 25 Years
30º
377 km
605 km
35º
376 km
604 km
45º
374 km
601 km
55º
373 km
596 km
65º
372 km
590 km
75º
371 km
585 km
85º
372 km
583 km
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Based on Table 4.3, the altitude of this CubeSat deployment must be somewhere between
371 km and 605 km depending on the inclination angle selected.

4.4 	
  Power	
  
The 3U CubeSat has many onboard systems that require power for operation. This
includes systems such as the transmitter, receiver, processor, star trackers, payload, ect.
All of these require different operational power which varies depending on their duty
cycles. All of the systems will not be used continuously such as a reduction in the GPS
duty cycle if less precision is required resulting in less overall power draw, but by
assuming all systems are used at maximum potential operational time, a power budget
with a high amount of safety can be generated. Table 4.4 provides a detailed overview of
all of the individual components that draw power along with their respective Orbit
Average Powers (OAP).
Table 4.4 Estimated power consumption OAP for DUSTIE mission
Communications
Power (W)
Duty Cycle
OAP (W)
RF RX
0.3
100%
0.3
RF TX
11
12%
1.32
C&DH
Power (W)
Duty Cycle
OAP (W)
Processor
3.86
100%
3.86
ADCS
Power (W)
Duty Cycle
OAP (W)
Reaction Wheels
0.6
100%
0.6
Torque Rods
0.9
100%
0.9
Star Trackers
0.24
100%
0.24
GPS
1.752
100%
1.752
EPS
Power (W)
Duty Cycle
OAP (W)
Payload Heaters
4.8
25%
1.2
Payloads
Power (W)
Duty Cycle
OAP (W)
DUSTIE Instrument
1
100%
1
DC-DC Converter
0.1
100%
0.1
Inefficiency
Total
Power (W)
OAP
11.272
The power is generated using four seven string deployable 3U solar arrays measuring
30x10 cm. Each panel can generate 6.3 WHr in full sun totaling 25.2 WHr of energy
generation according to the initial solar array data sheet. However, the solar cell vendor
provided more specific values for the solar arrays. The Beginning Of Life (BOL) power
generation of the solar panels is 24.59 WHr and the End Of Life (EOL) power generation
is 23.41 WHr. Initial simulations proved that three solar panels would provide enough
power with a small power margin, however an additional solar array provides ample
power generation and added safety against heavy power consumption during low power
generation scenarios.
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To determine the power generation for this mission, STK was used to generate reports of
the amount of light the CubeSat will see and for how long. When the CubeSat is directly
exposed to the sun, the solar panels generate power and distribute it to either the onboard
power consuming systems or the batteries. STK divides the amount of sunlight into
lighting, penumbra, and umbra. Penumbra is the region of the orbit where only part of the
satellite is exposed to the sun, and umbra is where the sun is completely blocked by the
sun in the satellites orbit resulting in a solar eclipse. The results of the lighting for a 65°
inclination at 372 km is shown in Table 4.5 for a one year time period, and can easily be
repeated for different inclinations and altitudes.
Table 4.5 CubeSat lighting at 65° inclination and 372 km
Max
Min
Mean
Total
Average
Duration Duration Duration Duration Duration
per Day
Lighting
8.086
38.598
66.431
244.596
16.08
days
mins
mins
days
hours
Penumbra
17.488
0.131
0.22 mins
1.615
0.11
mins
mins
days
hours
Umbra
36.321
2.287
32.366
118.789
7.81
mins
mins
mins
days
hours

% of Day
67.02
0.44
32.54

Table 4.5 shows that more than two thirds of the time that the satellite is in orbit it will be
receiving direct sunlight. The orbit period for a one year lifetime averages to 91.97
minutes, meaning that 28.88 minutes of the orbit will not be in direct sunlight. At higher
inclination degrees and higher altitudes, there tends to be more lighting time during each
orbit on average. By computing the power budget using the orbit, inclination, and altitude
providing the minimum sunlight time, this will show that any orbit and inclination can be
used for this power budget model because any other orbit will have more power
generation. With a worst case scenario where the CubeSat has a 0° beta angle for the
entire mission, a 91.9 minute orbit would spend approximately 55.8 minutes in sunlight
and approximately 36.2 minutes in eclipse. The EPS system contains a 25 WHr battery
string along with charge control, power distribution, fault protection, and C&DH
capabilities.
To create a complete power budget, the power generated must be weighed versus the
power stored. When the CubeSat is in sunlight, the loads use 11.272 W x 55.8 minutes in
sunlight which results in 10.48 WHr. This means that the energy available to charge the
battery during sunlight is the power generation for BOL or EOL subtracted by 10.48
WHr. During eclipse periods, the loads use 11.272 W x 36.2 minutes in eclipse which
results in 6.8 WHr. This lost charge must be regenerated during the sunlight periods for
the CubeSat to maintain power. This is calculated with 80% battery recharge efficiency
(20% margin) in bus power and then subtracting the necessary battery recharge to obtain
the margin. The total margin for the battery is then calculated by dividing the recharge
margin into the battery recharge. The results of these calculations are shown in Table 4.6.
The power margin shows that there will not be a time where the CubeSat runs out of
power during DUSTIE’s mission life.
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Table 4.6 Power budget with minimum sunlight time per orbit
Orbit Average Power
BOL
EOL
Generation
24.59 WHr
23.41 WHr
Consumption
11.272 W
11.272 W
BOL
EOL
Charge Energy Available
14.11 WHr
12.93 WHr
Battery Recharge
6.80 WHr
6.80 WHr
Recharge Margin
4.49 WHr
3.54 WHr
Total Margin
66%
52%
The ability of the CubeSat to store the power necessary to prevent power depletion is
further proven using the STK lighting report. The lighting time report generated by STK
can be saved into a csv file. A Matlab program was written to use the time and duration
of the lighting periods along with the duration and the power generated and consumed to
model how much battery energy will be available throughout the mission life. Since it is
not known how much power generation will be available during penumbra, any time that
the CubeSat is not in lighting is assumed to be a time where no power is generated. The
resulting plot of the Matlab script simulation is shown in Figure 4.6.

Figure 4.6 DUSTIE battery mission life simulation using Matlab
The simulation results in Figure 4.6 show the battery life a one year mission. The battery
can hold a maximum of 25 WHr and the EPS cannot store any more energy in the
batteries when the battery reaches 25 WHr.
During the mission, the CubeSat will enter many different beta angles. A beta angle
determines how much time the satellite will spend in direct sunlight. The beta angle is
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defined as the angle between the spacecraft’s orbital plane and the vector to the sun.
When the beta angle is zero, the satellite spends the most time in the Earth’s shadow, or
in eclipse. When the angle is ±90°, the satellite spends the most period of time in direct
sunlight. Figure 4.7 shows how the CubeSat will be in many different beta angles during
this one year mission. In Figure 4.6, there are four periods (two easily identified) where it
appears as though there is a decline in battery power. This is actually a long period of
time where the CubeSat is in maximum lighting periods, and the Matlab script only
updates the battery energy at the end of a lighting, umbra, or penumbra period. These
long lighting periods match when the beta period is close to ±90° (Figure 4.7) at the end
of July, the end of September, the middle of January, and the middle of March.

Figure 4.7 Beta angle simulation in STK for one year lifetime for 371 km
75° inclination
Table 4.7 shows the capabilities of the EPS subsystem. A single battery string with full
charge should get from launch vehicle deployment to full sun, but more analysis will be
done once the launch vehicle and deployment date is selected.
Table 4.7 BCT CubeSat EPS capabilities (“Blue Canyon Technologies”,
2017)
Energy Storage
Performance
Battery Type
Li-Ion
Standard Capacity
2.6 AHr
Optional Capacity
Up to 5.2 AHr
Voltage Range
12 ±3Vdc
Cycle Life
>5,000 (mission dependent)
Charge Management
Performance
Charger Type
Peak Power Tracker
Efficiency
>85%
Charge Algorithm
BCM Li-Ion MaxLifeTM
Protection
Charge Limits & Temp
Power Distribution
Performance
Quantity of Power Feeds
6 (can be used in parallel)
Available Voltages
12V, 5V, 3.3V, Custom
Control & Protection
Switched & Fused
Current Available
Up to 0.8A per Feed
High Current Capability
Unregulated up to 60W
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Figure 4.8 shows a circuit diagram of the CubeSat bus including blocks for the solar
arrays and how voltage is distributed and converted downstream to each power
consuming source. It also shows various DC voltage jumper configurations.

Figure 4.8 BCT 3U XB1 CubeSat circuit diagram (“Blue Canyon
Technologies”, 2017)

4.5 	
  Communication	
  
The DUSTIE mission will communicate primarily in a 70 cm UHF government band,
with secondary low rate HK and GPS telemetry always available via the GlobalStar
network. The antenna mounted on the CubeSat is a quarter wave monopole antenna. The
DUSTIE team will coordinate acquisition of UHF authority through coordination with
WFF. Most CubeSat missions to date use amateur radio frequencies, and amateur radio
licenses are easy to obtain. The 70 cm amateur radio allocation is between 420 and 450
MHz, so the frequency selected will most likely be in this range.
The UHF downlink will use Offset Quadrature Phase-Shift Keying (OQPSK) modulation
and the uplink will use Frequency-Shift Keying (FSK) modulation. OQPSK uses four
different values of the phase to transmit the data. Two bits represent four values which
represent the OQPSK symbol which means the phase can change by up to 180° at a time.
Because this is a large signal change, the timing of odd and even bits are offset by one
bit-period to prevent the in-phase and quadrature component from changing at the same
time. This causes the phase shift to be a maximum of 90° to lessen the signal fluctuations.
This modulation technique can be used to double the data rate compared to other phaseshift keying modulation schemes while keeping the same bandwidth of the signal, which
allows for the data to be downlinked faster. This scheme can also be used to keep the
same data rate but use half of the bandwidth.
FSK modulation transmits digital information using frequency changes in the signal. This
type of modulation is very common in amateur radio frequencies. There are many
63

different types of FSK modulation schemes that can be used, all of the revolving around
using different frequencies to represent binary information. FSK has a lower data rate
than OQPSK modulation and can be demodulated very efficiently using low-power
microcontrollers. Because there is not much data that will be uplinked to the CubeSat and
low-power and minimal hardware is ideal for CubeSat systems, FSK is the best type of
modulation for uplinking data. The nominal uplink rate will be 9.6 kbits/s and the
nominal downlink rate will be 3 Mbits/s.
The CADETU used in this mission is designed for CubeSat compatible missions in the
most extreme environment conditions. This radio was developed by L-3 Communications
for the Dynamic Ionosphere CubeSat Experiment (DICE) space weather program. It was
launched in October 2011 and is still operational today. The CADETU radio is a
lightweight and small software defined radio. This radio allows for frequency selection
from 130–450 MHz and is compatible for communication rates of 9600 bps or higher.
This radio is a half-duplex radio meaning it has to choose between uplink and downlink,
and allows for UHF or S-band communication. The radio listens for ground station
commands and switches to transmit for a commanded period of time until it switches
back to listening mode. This means that the CubeSat radio is controlled by the ground
station. The radio uses a subset of the AX.25 packet protocol for communication.
STK was used to simulate and predict the amount of access time that the CubeSat has
with the ground station. Access time is the amount of time that the satellite can “see” the
ground station and downlink/uplink data. STK can generate a report showing the
minimum, maximum, mean, and total duration of the access time. The data in Figure 4.9
shows the end of the reports for a satellite simulation run for one year from May 31st,
2018 to May 31st, 2019 at an inclination angle of 75° and 371 km altitude. The units of
the simulation are in seconds.

Figure 4.9 STK simulated access time for 75° inclination 371 km (A)
versus 585 km (B) altitude
In Figure 4.9A there is an average of 1795 seconds per day of total access. Since the
nominal downlinking data rate is 3 Mbits/second, this results in 5.385 Gbits/day. Using
the same calculations, Figure 4.8B yields 9.414 Gbits/day, showing that higher altitudes
result in more possible access time. These simulations assume that every second that the
CubeSat was in range of the WFF 18.3 m dish it was downlinking data. However, when a
satellite passes over the horizon in relation to WFF, the signal cannot be immediately
acquired due to trees, buildings, and other objects obstruction the signal. There are also
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times when the signal is not acquired due to the atmosphere such as signal loss from
thermal noise and atmospheric attenuation. By adding a 10° elevation angle to WFF, the
access time when the satellite is below a 10° elevation from WFF is eliminated. This
gives a much more realistic representation of how much access time the CubeSat will
have with the ground station. The results of this simulation are shown in Figure 4.10.

Figure 4.10 STK simulated access time for 75° Inclination 371 km (A)
versus 585 km (B) altitude 10° elevation angle
Ground station to CubeSat access time analysis indicates that 1.915 Gbits/day of data can
be downlinked on the DUSTIE mission at 371 km and 4.12 Gbits/day of data at 585 km.
This amount of downlink time gives ample required telemetry (Table 4.8) to downlink
capability margin.
Table 4.8 Daily telemetry allotments for DUSTIE downlink
Telemetry Parameter
Volume (Mbits/day)
Sun tracking and radiometric science data
65.6
Housekeeping data (Includes ADCS)
3
Total
68.6
Worst case capability
1915
Margin
>x10
In the future, a link budget will be performed to further prove this data acquisition
technique, but there is a huge margin in downlinking capability to return the data from
the CubeSat to the ground station. This access report data was run for inclination angles
from 30 to 85° at the minimum and maximum altitudes, and all results showed large
amounts of possible access time. The lower inclination angles yielded much higher
amounts of possible data downlinking until the CubeSat starts to orbit below the latitude
that the ground station is at which is around 35°. The 75° inclination results shown in
Figure 4.10 represent close to the minimum amount of data downlinking capability. The
downlink capability at an 85° inclination angle at 372 km is 1.824 Gbits/day. The 30°
inclination yielded 1.38 Gbits/day, showing that this inclination is getting too low to
sweep over WFF because all other inclination angles between 30 and 85° provided much
more access time.
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4.6 	
  Occultation	
  Occurrences	
  
Orbit altitude is a minor factor when determining latitude coverage extent and sweep
time. The principle determinant on science return is orbit inclination, as it affects latitude
coverage, and coverage due to precession rate that determines time required to sweep
over the latitude range.
To determine how many occultation occurrences would happen each day over the course
of the mission, STK was used to simulate a potential orbital path. The DUSTIE mission
does not require a specific altitude or inclination because mission success can be
achieved within a wide margin of these parameters. This made STK very useful in
determining what bounds mission success would be achieved at and what altitudes and
inclination angles would provide the best scientific data return. STK provides the
capability to take the x, y, and z coordinates of the CubeSat, Earth, and sun during the
simulation. These coordinates can be saved to a csv file and read into Matlab which
allows for data manipulation and modeling of the occultation points.
The occultation occurrence is where the CubeSat sees a direct line of site to the sun
during the sunrise/sunset event. The point of the occultation is the tangent point between
Earth’s surface and a distance of up to 100 km which is the lower layer of Earth’s
thermosphere. The occultation point forms a right triangle with the DUSTIE CubeSat and
the center of the Earth. The occultation point coordinates can be found using the law of
sines.
𝑎
𝑏
𝑐
=
=
sin 𝐴
sin 𝐵
sin 𝐶
Figure 4.11 shows how the occultation distance was calculated.

Figure 4.11 Diagram aid for occultation calculation used in Matlab script
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(4.1)

STK was used to find the angle between the CubeSat and the Earth which is labeled as
angle “a” in Figure 4.11. The vector distance from Earth’s center to the CubeSat is
recorded in STK, so the x, y, and z coordinates of the distance to the occultation point can
be found by multiplying the DUSTIE to Earth coordinates by the sine of angle a. The
magnitude of the vector can be found using the equation below.
𝑀=

𝑥! + 𝑦! + 𝑧!

(4.2)

STK logs the radius of the Earth as 6,378 km, so this was subtracted from the magnitude
of the tangent vector to the occultation point to find the distance between Earth’s surface
and the occultation point. If this parameter is met, then the latitude and time that this
occurred is plotted which gives an estimate of the frequency of the occultation
occurrences. If altitude is decreasing, then it is plotted as a sunset measurement and as a
sunrise for increasing altitude at the tangent point. Occultation occurrences over a one
year mission life can be plotted to show the range and time that the occultation points will
occur. The Matlab program used to generate Figure 4.12 can be used to reproduce plots
for any altitude and inclination simulated in STK.

Figure 4.12 Latitude sweep for occultation points simulated in Matlab
with STK data
Table 4.9 was generated by simulating a variety of possible orbit parameters. Table 4.9
identifies science return as a function of orbit inclination with the main consideration
being latitude coverage. As the orbit inclination gets closer to 90° the time to sweep the
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latitude increases. Inclinations from 30º to 85° are optimal, with good science return
down to 15°.
Table 4.9 Science return versus orbital inclination
Orbit Inclination
Latitude Range,
Science Return
Time to Sweep Latitude
60-85º
90-60ºS and 60-90ºN,
Very Good
80-200 days
30-60º
75-22ºS and 22-72ºN,
Excellent
40 to 80 days
15-30º
45-6ºS and 6-45ºN,
Good
30 to 40 days
0º
10ºS and 10ºN,
Poor
no latitude sweep
Excellent = full latitude coverage in short time interval
Very Good = reduced latitude coverage for longer interval
Good = coverage of fixed latitudes in north and south

4.7 	
  Attitude	
  Determination	
  and	
  Control	
  
The BCT XACT precision pointing system more than meets DUSTIE requirements. The
XACT is a 3-axis stabilized unit which fits in 0.5U of the CubeSat. The XACT system
includes a star tracker, coarse sun sensor, inertial measurement unit, reaction wheels, and
torque rods. These systems are shown in Figure 4.13.

Figure 4.13 XACT block diagram for DUSTIE ADCS ("Blue Canyon
Technologies", 2017)
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The solar imaging technique requires only that the sun be in the field of view (<0.5°) and
that jitter does not smear more than one pixel per integration period. The MinXSS
CubeSat provided telemetry showing that the XACT attitude control provides 1-sigma
cross-axis pointing error better than 8 arcseconds.
The DUSTIE requirements are very similar to those of the MinXSS CubeSat mission
(Mason et al., 2016), which uses the same pointing system and was launched in 2016 and
is operating flawlessly in orbit. The XACT system uses sun sensors, magnetometers,
GPS, and star trackers to accomplish its pointing. It has an accuracy of 0.003 which is a
factor of 30 better than the requirement.

4.8 	
  Command	
  and	
  Data	
  Handling	
  
The baseline XB1 C&DH will be used as it fits with the XB1 Pointing system (XACT)
that will be used for ADC. This PC104 provided software meets all DUSTIE
requirements including the ability to reduce the images following a SOFIE developed
algorithm and allows for onboard data formatting, command, control, and telemetry. The
basic software allows for serial data interfaces such as LVDS, RS-422, or SPI. The
telemetry is acquired by 6 12 bit analog or 6 discrete inputs and allows for real-time,
stored, or macro commands. The processor allows for 32 Gbytes of onboard data storage
and allows for configurable data processing through loadable software. The BCT
software will be added to and modified to include SOFIE developed algorithms. A block
diagram for all the systems mentioned in the previous sections is shown in Figure 4.14.

Figure 4.14 XB1 block diagram for all CubeSat subsystems
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5 	
  Conclusion	
  and	
  Future	
  Work	
  
Through limited internal funding, the bench model GLO demo has been used to verify
the overall concept of this new technology. This is the first step towards the GLO design
operating on a CubeSat mission. The lessons learned through testing and analysis of this
demo will be utilized in the process of component selection and fabrication of the GLO
flight model. The DUSTIE mission, utilizing a similar approach for measurements of
different atmospheric trace species, was proposed to NASA’s Heliophysics Technology
and Instrument Development for Science program. This program is a component of the
Heliophysics Research Program funding low-cost space-based missions utilizing state-ofthe-art instrument technology. This proposal received very good feedback, but was
ultimately declined as this program is competitive and fielded a multitude of novel
research proposals.

5.1 	
  GLO	
  Demo	
  
The GLO demo has allowed for python script development and analysis of difficult gas
measurements in the GLO design. This has led to further understanding of SNR, light
path analysis, and OD retrieval. AOD measurements were validated using proven
AERONET data. The H2O and HDO vacuum channels were compared to SC data, which
showed OD measurements up to four times lower than simulated values due to
limitations in ability to simulate transmission through a vertical atmospheric path. The
GFCR measurement technique was analyzed, but further work must be done to correct
gas cell composition so that proper spectral transmission is seen through the cells.
Lessons learned from the GLO demo gas cells will be used when filling the GLO balloon
flight model gas cells. OD measurements collected throughout this research were
examined for seasonal variation in the aerosol and water vapor concentrations in the
atmosphere, but no definitive correlation was noted in the data collected to date.
In an effort to make ground data collection easier, a solar tracking system has been
ordered and is in the process of being designed to automate GLO data collection. This
will eliminate the need for an individual to track the sun manually during data collection.
Simplified data retrieval will allow for increased data collection. The only problems that
will arise are when a cloud is obstructing the path to the sun and if the wind interrupts the
instrument to laptop communication freezing data collection. These issues are easy to
compensate for as solar intensity measurements that are significantly lower than other
data points would be ignored. Additionally, a script could be written that would notify
someone of a stop in data communication between GLO and the laptop. Increased data
collection will lead to a correlation in seasonal GFCR vacuum channel OD and AOD
measurements.

5.2 	
  GLO	
  on	
  Future	
  Missions	
  
This instrument was designed for a constellation of microsatellite technologies on the
SOCRATES mission to study atmospheric processes in the UTLS. This technology
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received funding for a balloon flight demonstration in which a prototype GLO sensor will
fly in a space-like scenario.

5.2.1	
  	
  Balloon	
  Flight	
  Demonstration	
  
To further demonstrate the capabilities of GLO for use on CubeSat missions, a complete
GLO sensor will be used to validate the instrument on a balloon flight demonstration.
This will allow GLO to obtain true altitude profiles and demonstrate the instrument in a
space-like configuration at 30-40 km. This method will approximate orbital limb
geometry for tangent altitudes below the balloon altitude while simultaneously
monitoring pressure, vibration, and radiative cooling similar to orbit. Therefore, it will
achieve a more robust system test at Technology Readiness Level (TRL) 6. This
complete demonstration will raise GLO from TRL 4 to TRL 6 and will reduce the risk for
the SOCRATES CubeSat mission proposal. The balloon flight demonstration will be
conceived and implemented over the next three years with an anticipated complete report
in April 2020. This time will include GLO sensor refinement, fabrication, laboratory and
functional testing, calibration, ground-based and environmental testing, and balloon
deployment.

5.2.2	
  	
  SOCRATES	
  
The goal of SOCRATES is to quantify the critical role of the UTLS in the climate
system. The mission would provide, for the first time, the full suite of measurements
required to quantify STE pathways and their contribution to UTLS composition.
Furthermore, it will evaluate the radiative forcing implications of potential changes in
STE pathways. The quantification of STE pathways require simultaneous measurements
of several key trace gases and aerosols with high precision, accuracy, and vertical
resolution.
The SOCRATES mission will utilize the new and inexpensive GLO technology
providing long-term monitoring of the stratospheric constituents that control ozone
depletion. The SOCRATES sensor is a 23-channel configuration of the GLO technology.
The mission concept is an 8-element constellation of autonomous nano-satellites, each
with a GLO sensor payload, deployed from a single launch vehicle. A constellation of
these CubeSats will meet the spatial resolution requirements that one CubeSat would not
provide. A simulation of GLO instrument measurement capabilities for the gases that will
be monitored are shown in Figure 5.1.
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Figure 5.1 Simulation of GLO instrument capabilities for various
atmospheric trace species and temperature assuming clear air. Cloud tops
would dictate lower limits (Bailey et. al, 2015).
The different aerosols and target gases that will be measured in the SOCRATES mission
are shown in Table 5.1.
Table 5.1 SOCRATES measured atmospheric trace species and
measurement technique utilized
Target
Wavelength (µm)
Technique
aerosol
0.45
Radiometer
aerosol
1.00
Radiometer
aerosol
1.60
Radiometer
H2 O
2.60
Radiometer
CO2
2.80
Radiometer
CH4
2.305
GFCR
CO
2.335
GFCR
HF
2.455
GFCR
O3
2.475
GFCR
H2 O
2.503
GFCR
HCN
3.005
GFCR
HCl
3.380
GFCR
HDO
3.710
GFCR
N2 O
3.905
GFCR
This instrument is inexpensive compared to heritage instruments using the same
measurement techniques. The GLO form factor is only a few percent of that of HALOE,
and costs for a constellation of GLO sensors is within the cost cap of a NASA Venture
mission. The sensor volume is 28x16x15 cm, weighs 5.25 kg, and uses an average power
of 15.4 W. The instrument will fly at a maximum altitude of 625 km with an inclination
of 56-57° and will be able to achieve all instrument accuracy and precision requirements
necessary for mission success at this orbit.
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5.3 	
  DUSTIE	
  Proposal	
  
The DUSTIE proposal received positive comments but was declined by the NASA panel
of subject matter experts in charge of evaluating and selecting proposals. Seventy one
proposals were reviewed in this competition making final selection challenging against
the multitude of other novel research projects. The feedback received was very good and
both science objectives were said to be compelling in nature. The mission is using a wellproven concept with a high TRL spacecraft and ample mission analysis. The main
constructive feedback for the proposal is that the heritage instrument has flown but the
instrument DUSTIE will use requires redesign. The proposal must prove that this can be
achieved in a timely manner. A revised version will reflect a plan in the redesign of the
instrument as well an assessment of other minor weaknesses stated in the NASA
Heliophysics Division summary evaluation.
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Appendix	
  
A	
  

GLO	
  Demo	
  Setup	
  Steps	
  
1. Open the “scd start up” folder located on the desktop of the computer

Figure A.1 Open “scd start up” folder on the “Bailey Group PC” laptop
2. Open “Shortcut to VceComEX.exe” in the “scd start up” folder
3. Change “Channel 1:” to “COM2”, select “Create port”, minimize window

Figure A.2 In VceComEX change Channel 1 to COM2
4. Open “Shortcut to genpr.exe” in the “scd start up” folder
5. Go to the “Timing” dropdown and select “DM and Proxy”

Figure A.3 Select "DM and Proxy" in genpr
6. Choose “Normal output”, select “Execute”, select “OK”
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Figure A.4 Execute "Normal output" in DM and Proxy
7. Go to the “Timing” dropdown and select “System Mode” in the genpr.exe

Figure A.5 Select "System Mode" in the Timing tab
8. Update “Integration time 1” to 300. A higher integration time will lead to a
stronger pixel intensity so this can be changed after viewing the solar images.
Update everything in the “Operations” and “FPP Clock” section to reflect the
information shown in Figure A.6. Do not change anything in the “Window”
section. Select “Execute” and then select “OK”.
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Figure A.6 Select operation parameters to communicate with detectors
9. Open “FrameLink Express Application” in the “scd_start_up” folder
10. Go to the “View” dropdown, select “Capture settings”, Select “Image format” to
be “RAW”
11. Click the button that looks like a camera to start camera
12. Click button that looks like a histogram to bring up Histograms
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Figure A.7 Setup "FrameLink Express Application" to view solar images
on data collection laptop
13. On the top Histogram “Histogram – Tap 1” right click around 6000 on the x-axis
and left click around 500 to best see solar images
14. In the “Capture settings” window select “Series of Frames…”, “Path/Filename” to
a location and folder you have already created, label with the date_sun0 and every
capture will increment automatically (ex. 20170125_sun0), change “Limit total
number of frames to:” 160, select “Accept”

Figure A.8 Setup capture settings and frame collections and adjust
histogram pixels
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15. Use tripod to point instrument to the sun until all six images are visible on the
computer screen, click somewhere along horizontal of both rows of images to
ensure the signal in the second histogram does not exceed 16,000 on the y-axis for
any image (saturation would occur)
16. In the “Capture setting” window select “Start Capture” and wait for data to save,
then cover the lens’ and select “Start Capture” again to take a sample of possible
dark current

Figure A.9 Display solar images and capture pixel intensity data
Note: If histogram of pixels turns into a rectangle and frame count stops incrementing,
then camera power came lose and must reinitialize camera port starting at step 3

Figure A.10 If histogram shows a rectangle then camera power came loose
and must reinitialize camera
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B	
  

Additional	
  Langley	
  plots	
  from	
  GLO	
  demo	
  data	
  

Figure B.1 Langley plot 11/17/16

Figure B.2 Langley plot 11/27/16
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Figure B.3 Langley plot 12/01/16

Figure B.4 Langley plot 12/10/16
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Figure B.5 Langley plot 12/28/16

Figure B.6 Langley plot 01/25/17
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Figure B.7 Langley plot 01/31/17

Figure B.8 Langley plot 02/06/17
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Figure B.9 Langley plot 04/11/17

Figure B.10 Langley plot 04/28/17
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