IAC-06-B5.2.7
THE BRITE SPACE TELESCOPE: USING A NANOSATELLITE CONSTELLATION
TO MEASURE STELLAR VARIABILITY IN THE MOST LUMINOUS STARS
Norman C. Deschamps, C. Cordell Grant, Daniel G. Foisy, Robert E. Zee
Space Flight Laboratory, University of Toronto Institute for Aerospace Studies, Toronto, ON, Canada
normand@utias-sfl.net, cgrant@utias-sfl.net, dfoisy@utias-sfl.net, rzee@utias-sfl.net
Anthony F. J. Moffat
Département de physique, Université de Montréal, Montréal, QC, Canada
moffat@astro.umontreal.ca
Werner W. Weiss
Department of Astronomy, University Vienna, Wien, Austria
weiss@astro.univie.ac.at
ABSTRACT
The BRITE-Constellation is a group of Canadian/Austrian nanosatellites that will examine the apparently brightest
stars in the sky for variability using precise differential photometry. The constellation consists of four low Earthorbiting nanosatellites, divided into pairs, with each member of a pair having a different optical filter. Each BRITE
satellite will observe a region of interest for up to 100 days or longer, allowing measurement of stellar oscillations
on the order of hours to months. Each BRITE satellite utilizes a number of new, innovative technologies including
reaction wheels, star tracker and optical telescope, all sized and designed around Space Flight Laboratory’s 5kilogram, 20x20x20 cm CanX nanosatellite bus. The BRITE science instrument is a low power CMOS detector
coupled with a custom lens system designed to provide a telecentric, slightly defocused image optimized for
observing stellar intensity with an accuracy of 1 mmag per data point per orbit down to a visual magnitude of +3.5.
Photometric measurements will have an error amplitude spectrum no greater than 20 ppm over measurement periods
longer than a month. The optics will have a small (30 mm) aperture and a maximum length of 100 mm in order to
fit within the nanosatellite bus.

The second group of stars are those that begin their
lives with greater than eight solar masses. These most
massive stars are classified as hot OB stars (including
dwarfs, giants and supergiants), and cooler supergiants.
Along with red giants and AGB supergiants, they
dominate the bright stars seen in the night sky despite
representing just a small fraction of the stars in the
Milky Way. Massive stars are brighter and have much
shorter life spans than lower-mass stars because they
burn their fuel at a much higher rate. As a result,
hundreds to thousands of generations of massive stars
have existed since the Big Bang, increasing the
importance of these stars far beyond their small
number.

INTRODUCTION
Life Cycle of Matter
Stars are the cosmic engines of the Universe; all
elements heavier than beryllium are produced in stars,
and without those heavy elements life would not be
possible. Most of these heavy elements are produced in
stars that are among the intrinsically brightest objects in
the Universe. The apparently brightest stars in Earth’s
sky are also among the intrinsically brightest stars.
There are two broad groups of stars responsible for the
production and dispersal of heavy elements in the
universe. The first group is known as Asymptotic Giant
Branch (AGB) stars. These are stars of intermediate
mass that have evolved off the main sequence of a
star’s life cycle into red giants and red supergiants. At
this stage of the star’s life, its primary fusion process is
burning helium into other heavy elements. These stars
have a large part of their mass removed by strong stellar
winds during this final phase of their evolution. They
contribute almost half of the carbon in the Universe, as
well as over 200 neutron-rich isotopes of elements such
as cadmium, tin, and lead.
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Massive stars enrich the interstellar medium (ISM) with
heavy elements in two ways. The first is through
blowing strong stellar winds during the star’s entire
lifetime, as opposed to intermediate stars that lose
significant mass due to stellar winds only at the end of
their lifecycle. Stellar winds can represent a large
fraction of the massive star’s dispersed mass, though
the amount of heavy elements ejected by stellar winds
will be marginal; the outer layers of the star lag behind
the core, where nuclear burning takes place. The

1

57th Annual
International Astronautical Congress

second method of dispersal of elements for massive
stars is through a supernova, which literally blows most
of the star apart and generates even more heavy
elements in the process. Through supernova, these
massive stars are the primary source of carbon,
nitrogen, and oxygen in the ISM.

nanosatellite will observe a subset of the 286 apparently
brightest stars with limiting visual magnitude V=+3.5.
The satellites will use a small-aperture telescope and
CMOS detector capable of taking images with a
differential brightness measurement accurate to at least
0.1% per sample. The telescopes will have a 24° field
of view (FOV) and will be capable of using either a red
or a blue nearly square optical bandpass filter.

It is well known that these massive and AGB/red-giant
stars experience periodic, semi-periodic and irregular
variations in intensity. These variations can be due to
changes in the magnetic field of the star, density
changes and rotation within the star itself, or
fluctuations in the surface temperature of the star. The
variations can differ greatly in both time and intensity,
with periods ranging from minutes to months and with
intensity changes as small as a few parts per million.

Pairs of nanosatellites, one with each type of filter, will
take images during a 15 minute window once per orbit
(typically 100 minutes), for time periods up to 100 days
or longer. These images will encompass regions of
interest that contain anywhere between 2 and 15 of the
bright stars under study (Figure 1). Having multiple
bright stars in a region of interest will allow for high
precision differential brightness measurements of those
stars. These brightness measurements, mapped out
over time, will give the variability of each of the stars.
Table 1 outlines the mission parameters required to
achieve the science objectives.

Oscillations generated by seismic phenomena within
the star are excited in many different modes
simultaneously.
By identifying the frequency
associated with each mode, information about the
density of specific layers within the star can be
modelled and analyzed; i.e. we can learn about the
internal structure of the star without actually probing it
directly! Mode association with frequency can be
considerably enhanced by measuring photometric
variations using different colour filters.
Science Objective
There are many questions about the life cycles of bright
stars that remain unanswered. Some of these questions
will begin to be answered with the upcoming BRIght
Target Explorer (BRITE) Constellation mission. The
primary goal of BRITE-Constellation is to constrain the
basic properties of intrinsically luminous stars – i.e.
stars that most affect the ecology of the Universe – by
measuring their oscillations on minute to month
timescales, based on dual-broadband, ultra-high
precision photometric time-series from space.1
Roughly speaking, the fundamental vibration mode of a
star is inversely proportional to the square-root of its
mean density. Observing this mode and its harmonics
thus gives information on the density profile within the
star.

Figure 1: Number of stars with limiting magnitude
V=+3.5 visible across the whole sky for a 24°
FOV.
There are many reasons for using a constellation of
nanosatellites over a single satellite. For one, each
telescope will be optimized to work with only one
colour filter. By collecting colour and intensity data
from at least two different BRITE satellites, each with a
different filter, the science capacity of BRITE is greatly
enhanced. Colour provides temperature information
that helps astronomers to better identify modes of
oscillation. To minimize development costs and risk,
the BRITE telescope is being designed to have no
moving parts. This means that we cannot change
between filters using one BRITE telescope in orbit. In
having two nanosatellites in the same orbit, each with a
different filter, we can minimize development costs by
keeping each BRITE satellite identical except for the

Observations of stellar oscillations will give new
insights into the inner workings of O and B type stars
and help to constrain models of surface fluctuations in
red giants and supergiants.
In both cases, this
knowledge will help answer important questions
concerning the ecology of those stars most important to
the life cycle of matter.
Achieving the Science Objective with BRITE
The BRITE-Constellation is a joint Canadian/Austrian
project that is currently developing a constellation of
four nanosatellites to fulfil the science objective. Each
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telescope and by reducing nonrecurring engineering
costs.

failure of any single BRITE satellite would not end the
mission and the other satellites in BRITE-Constellation
would still achieve all the primary science objectives.

Science Requirement

Minimum
Requirement

Visual magnitude limit

+3.5

Satellite Design Requirements

Positional constraints

None except for Sun,
Earth, and Moon
exclusion zones

Field of view

24° diameter

Differential photometry
error per single observation

< 0.1%

Error of amplitude
spectrum for > month

< 2x10-5 (20 ppm)

Table 2 gives an overview of the major design
requirements for the BRITE satellites to achieve the
science objective. The primary design requirement of
the satellite bus comes in the attitude control. The strict
photometric error-tolerance places a high precision
requirement on the ACS system to ensure BRITE will
always keep regions of interest surrounding each star
within the same pixel areas on the imager.

Cadence (repeat of the
same field)

< 100 minutes

Mission Requirement

Minimum
Requirement

Duration of the mission

> 2 years

Field acquisition

< 30 arcminutes

Field re-acquisition accuracy

1.5 arcminutes

Attitude error during
observation

1.6 arcminutes
over 15 minutes

Data transfer/day

> 180 KB

Onboard memory storage

> 360 KB

Window of observation per
orbit

> 15 minutes

Detector temperature

< 20 °C

BRITE-CONSTELLATION DESIGN

Table 1: Science requirements for a bright star
photometry mission.
Another reason to have a constellation of nanosatellites
is that multiple satellites observing the same region of
interest can increase the overall duty cycle of
observation beyond what a single nanosatellite can
provide. Because the stars that we want to observe with
BRITE are located in all parts of the sky, a continuous
viewing zone for all targets of interest is not possible.
Each BRITE satellite’s view of any given region of
interest will be occulted by the Earth for some period of
time, depending on the star’s position and the actual
satellite orbit. Having two pairs of BRITE satellites in
two slightly different orbits that have different viewing
times for the same region of interest doubles the duty
cycle and significantly improves the spectral window.

Table 2: Minimum mission requirements for the
BRITE-Constellation platform.
Spacecraft Platform
The BRITE satellites will use the Generic Nanosatellite
Bus (GNB) developed by Space Flight Laboratory
(SFL) at the University of Toronto Institute for
Aerospace Studies (UTIAS), Canada (Figure 2). The
first BRITE satellite, UniBRITE, is being built by SFL
for the University of Vienna.
The second BRITE
satellite, BRITE-Austria, is being developed by the
Graz University of Technology with mentoring and
components from SFL. The BRITE team has asked the
Canadian Space Agency for funding to complete
BRITE-Constellation with two Canadian BRITE
nanosatellites.

The ability to improve the duty cycle of observation is
dependent on the eventual orbits of all four BRITEConstellation nanosatellites. Due to the nature of lower
cost nanosatellite missions, the orbits cannot usually be
specified in advance. Regardless of the orbits into
which the BRITE satellites are placed, the satellites will
drift so that at times they may be far apart while at other
times they may be close together. When the satellites
are far apart, the observation duty cycle of the same
target field can be increased. When the satellites are
close together, however, we can use pairs of BRITE
satellites to look at different regions of interest. This
will greatly increase the total number of bright stars
BRITE will be able to observe.

The GNB is a modular spacecraft bus designed around
a 20x20x20 cm cube form factor that provides all basic
satellite functionality. The GNB incorporates a direct
energy-transfer power system utilizing up to six solar
cells on each face and battery storage to supply 10 W
peak and 5.6 W nominal for the satellite. Attitude
sensing is provided by coarse and fine sun sensors
located on each face of the satellite, and a
magnetometer on a pre-deployed boom.

A final reason for using a constellation of nanosatellites
is the mitigation of risk. By having multiple, low cost
satellites instead of a single large satellite, we greatly
reduce the associated launch risk. Additionally, the
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requirements for the photometry measurements,
however, arcminute attitude determination is required.
To accomplish this, BRITE will use the nanosatellite
sized startracker currently being developed by Dynacon
Inc. and Defence Research & Development Canada.
The startracker will consume a maximum of 0.5 W, and
have a maximum mass of 500 g.
BRITE will use nanosatellite sized reaction wheels for
attitude control. These reaction wheels are built by
Dynacon Inc. and will give each BRITE satellite
attitude stability of +/- 0.5 arcminutes in the pitch and
yaw axis and +/- 2.5 arcminutes in the roll axis over a
15 minute observation. Vacuum core magnetic coils on
all three axes will be used for momentum dumping.
With the startracker and reaction wheels, BRITE will
have attitude control accuracy to 1.5 arcminutes. For a
3048 pixel row size on the photometer detector in a 24°
FOV, this means that a star image will not move more
than 5 pixels during the entire observation window.
This is an unprecedented level of attitude control and
determination for a nanosatellite.
Communications
Each BRITE satellite will be capable of full duplex
communications with the ground during its mission.
The satellites will use UHF for uploading commands
and software from Earth, and an S-band transmitter for
transmitting back down to Earth.
The BRITE
constellation will use four groundstations on Earth: one
at SFL in Toronto, Canada, one at the University of
British Columbia, one at the University of Vienna and
one at the Graz University of Technology.
Thermal
To minimize cost and complexity, the GNB is designed
to use only passive thermal control over a broad range
of orbits. Thermal analysis for the BRITE satellites has
shown that these passive thermal control techniques
will be sufficient to keep the photometer below the
required 20 °C. This strict temperature requirement is
necessary to minimize imager noise due to dark current,
which is highly dependent on temperature.

Figure 2: External and internal views of one of the four
BRITE-Constellation satellites.
Many of the technologies being used for BRITE will
have space heritage through use on CanX-2.2 CanX-2 is
SFL’s technology demonstration satellite, planned for
launch in mid 2007. Some of the components that will
benefit from the space heritage provided by CanX-2 are
the sun sensors, magnetorquers, magnetometer, UHF
receiver, S-band transmitter, and reaction wheels.

Computers
Each BRITE satellite will have three processor boards
communicating through a serial interface. The main On
Board Computer (OBC) handles power and
communication and a second computer handles the
attitude determination and control of the BRITE
satellite. A third computer, the Science OBC, controls
the photometer and handles the photometric data. Each
processor board is based around a 48 MHz ARM7
processor with 256 KB of code memory and 2 MB of
hardware Error Detection And Correction (EDAC)

Attitude Determination and Control
The generic nanosatellite bus includes coarse and fine
sun sensors, as well as a magnetometer, to achieve
attitude determination of +/- 2°. To achieve the error
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memory to store program variables and data. Long
term storage of data uses 256 MB of flash memory.

The second design iteration takes into account the fact
that the BRITE photometer does not have to be sharply
focused. The lens system must be designed to
accommodate both the wide field-of-view and the
unfilled pixels of the CMOS detector. This allows the
image of each star to be smeared across a number of
pixels to minimize the pixel-to-pixel variation in the
imager. Analysis has shown that a full width at half
maximum (FWHM) of 5-7 pixels is sufficient to
overcome any error in the photometric measurements
due to less than 100% fill factor of the imager pixels.
This is important since a CMOS imager, which
typically has a lower fill factor than a CCD imager, will
be used for BRITE.

PHOTOMETER DESIGN
Telescope Design Requirements
The overall photometer on each BRITE satellite will be
comprised of specially built optics coupled with a
CMOS imaging detector. Table 3 outlines the design
requirements for the photometer instrument.
Photometer
Requirement

Minimum Requirement

Point spread
function

5-7 pixels

Intensity spread

99% within 12 pixel diameter

Vignetting

none

Image distortion

none, telecentric

Maximum size

6x6x18 cm

Power consumption

< 0.5 Watt

SNR

3000 per 1000 s exposure

Memory

Sufficient for one full frame
exposure (28 MB min)

Absolute time
accuracy

0.01%

Mass

< 500 g

The slightly out of focus approach to the optics allows
for a different design using an external aperture stop
(Figure 3). The external aperture stop design still
satisfies all of the mission requirements as well as being
much better suited to suppressing stray light. While a
complete stray light analysis still has to be completed, a
preliminary analysis to validate the external aperture
stop optical design indicates that a baffle short enough
to fit completely inside the satellite bus can be used,
greatly reducing the complexity of integrating the
photometer to the satellite.

Table 3: Photometer instrument requirements.
Optics Design
The stringent design requirements of the optics for the
BRITE photometer make it extremely difficult to use
off the shelf solutions. Low-cost commercial lens
systems often exhibit strong vignetting and positiondependent image distortion, which are contrary to the
primary mission requirements restricting vignetting and
distortion. Secondly, BRITE has requirements for the
point spread function (PSF) which is attained by a lens
system that is not sharply focused, contrary to almost
all commercial lens systems.

Figure 3: BRITE’s preliminary five element, external
aperture stop optics design.
The optical system has a focal length of 70 mm and an
overall length of 100 mm. The external stop aperture
will be 30 mm in diameter with a FOV of 24°, giving
the optics an effective focal ratio of 2.33. The image
size on the focal plane will be a circle with diameter
29.8 mm. The optics are being designed to have
maximum intensity transmission between 380 and
850 nm with each pair of BRITE satellites using either
a blue or red nearly square box filter. Analysis shows
that filters with bandpasses of 380 to 565 nm and 565 to
850 nm will give nearly similar photon counts for an
average star using the two different filters.

The solution for the BRITE-Constellation is to use a
custom optical design that is telecentric, eliminates
vignetting, and provides the necessary PSF. The first
optics design iteration used a double-gauss lens system
with a central aperture-stop. This first design satisfied
all of the design requirements, but would require a large
baffle to limit stray light to acceptable levels. This
baffle would have to be external to the satellite bus and
would greatly increase the complexity of the satellite
and satellite launch system. As a result, the doublegauss lens system was abandoned.
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Another mission requirement is that each BRITE
satellite should be as identical to the others as possible
in order to reduce non-recurring engineering costs.
This is in keeping with standard nanosatellite design
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philosophy. Unfortunately, optimization of the optics is
required to deal with the two different filters. This
means that there will be two slightly different optical
designs, each one optimized for either the red or blue
box filter.

along the optical path around the edges of the lens in
the optics section. This would allow for venting of the
photometer housing once it leaves the Earth’s
atmosphere, while still minimizing stray light to the
detector.

Photometer Housing

The photometer and the startracker will be mounted to a
truss in the central payload volume of the nanosatellite
(Figure 5). Both instruments will be attached to the
same truss to help ensure good alignment between the
instruments over the operating temperature range both
on the ground and on-orbit.

The housing of the photometer is contained in three
separate sections (Figure 4). The rightmost section
holds the header board, upon which the CMOS imager
is attached. The imager is on a printed circuit board
that is separate from the rest of the photometer
electronics in order to be able to mount it directly onto
the photometer-optics housing without requiring a lot of
extra space.

Figure 4: Three part mechanical photometer housing.
The optical cell will hold the lenses, mounted
elastomerically using a space rated epoxy, and has been
designed to accommodate the current preliminary lens
design (see Figure 3). This section of the housing will
also hold the filter.

Figure 5: Truss mount for the photometer and star
tracker in the central payload volume.
By using a material with low thermal conductivity for
the central truss, The photometer will be thermally
isolated from the rest of the satellite. This means the
photometer temperature will stay stable through
eclipses as well as prevent distortion of the image due
to deflections caused by temperature gradients in the
photometer housing. Finally, lowering the average
temperature of the satellite bus using passive thermal
coatings will keep the instrument temperature below the
required 20 °C.

The third section of the photometer housing is the
baffle. The preliminary baffle design done by Ceravolo
Optical Systems, the company designing the lens
elements for the photometer, showed that a square
baffle of only 32.2° was required for the external
aperture stop design compared to a 37° square baffle for
the original double gauss design. The shape of the
baffle section will be finalized once the optics design
has been finalized and a rigorous stray light analysis
has been completed.

One major issue that has come up during the design of
the photometer is sun stare. It would be extremely
problematic should a door or some sort of cover over
the optics be required to prevent damage to the imager
in a sun stare condition. Thermal analysis of the imager
in conjunction with the optics, however, has shown that
the temperature of the imager never rises above 54 °C,
even in a steady state condition. This temperature is
within the maximum allowable range for the imager,
which means that no external covering is required over
the photometer aperture.

The photometer housing is being designed to be light
tight since it would be far more difficult and costly to
ensure that the entire satellite is light tight. The
problem with making the photometer light tight is that
it conflicts with the venting requirements of the satellite
bus. Mission requirements for the generic nanosatellite
bus dictate that all components must be able to vent
gases to prevent pressure-induced failures on orbit
unless specifically designed to operate under pressure.
One option being pursued at the moment is to add vents
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The photometer will use four 14-bit A/D converters
operating at 3 MHz. With a row overhead of 42 µs/row
required by the IBIS, this means that an entire image
can be written to the photometer’s 32 MB of RAM in
1.3 s. The photometer will be capable of taking
sequential images with exposure times between 1 and
1000 s, with the only lag due to reading and storing
pixel data in between images.

Electronics Design
There are two different detector technologies that are
suitable for the BRITE-Constellation photometer: the
traditional Charge Coupled Detector (CCD) and the
newer Complementary Metal Oxide Semiconductor
(CMOS). CCD’s have the advantage of greater fill
factor, lower dark current, and a long track record of
successful space applications. Traditionally, the choice
for spaced based imagers has been CCD detectors.
Unfortunately, CCD detectors require a lot of power,
typically two watts or more. This type of power
requirement is difficult to achieve with a nanosatellite.

A prototype set of imager readout electronics has been
built by SFL and we are currently in the process of
characterizing the IBIS detector. Future testing will be
done using the readout electronics with a ground-based
telescope to analyze signal to noise characteristics of
the electronics with actual photometric data.

CMOS detectors are superior to CCD detectors in terms
of power consumption; CMOS detectors and the
associated electronics typically only require a ½ watt
during imaging.
Additionally, the associated
electronics required to drive a CMOS detector are less
complex then the associated electronics for CCDs. On
the other hand, CMOS detectors will typically have a
lower fill factor and quantum efficiency than CCDs.

We are also concurrently evaluating a Kodak CCD
detector for suitability should any issues with the IBIS
detector be found. The Kodak CCD has a large enough
optical format and a low enough power requirement to
operate within the BRITE mission requirements.
Finally, the photometer readout electronics will
interface with the Science OBC onboard the BRITE
satellite. The Science OBC will be responsible for
determining when images will be taken and for
retrieving each image from the read out electronics. To
reduce the amount of time required to retrieve each
image, the Science OBC will be able to request only
selected regions (subrasters) of interest from each
image from the readout electronics. This alone will
reduce the amount of data transferred and stored from
the photometer by a factor of almost 1,000. To further
reduce the amount of data, the Science OBC will also
be responsible for coadding images of each region of
interest over an entire observation window. Thus only
one image for each region of interest will be saved per
15 minute observation window. Finally, the Science
OBC will also be responsible for lossless compression
of the images for eventual download to Earth.

After reviewing the available detectors of both
technologies, we have selected the IBIS4-14000 (IBIS)
CMOS detector from Cypress Technologies to be used
for BRITE (Table 4). The IBIS imager is a 13.9
megapixel CMOS detector that has the best
combination of price, availability, and technical
specifications for our mission. The IBIS has a 35 mm
film frame size (35x24 mm) with square pixels of
8x8 µm. This pixel size together with the optics
described previously, give the photometer a resolution
of 23.6 arcseconds per pixel.

Characteristic

Typical Value

Imager size

35x24 mm

# of pixels

4560x3048

Pixel size

8x8 µm

Peak quantum efficiency

45%

Full well charge

65000 e-

CONCLUSION
There are many unsolved questions concerning the
evolution of stars and their role in the creation of heavy
elements in the universe. The physical models that are
used today to model the evolution of luminous stars, the
primary source of heavy elements in the universe, are
limited due to lack of data to constrain parameters
within those models. The BRITE Constellation of four
nanosatellites will help to provide those data using
precise differential photometry on the brightest stars
seen from Earth. Each BRITE satellite’s photometer
will provide measurements of coherent stellar
variability precise to 20 parts per million using a
CMOS imager and custom built optics. The BRITE
Constellation will be the first ever nanosatellite
constellation astronomy mission, providing scientific

-

Dark current (at 20°C)

223 e /s

Power consumption

< 176 mW

Table 4: IBIS4-14000 CMOS imager characteristics.
The photometer will use a custom set of electronics to
operate the IBIS imager. The electronics will include
four A/D converters to convert the IBIS analog pixel
values, and 32 MB of memory to temporarily hold a
full frame image. The imager and memory timing and
signals will be controlled using a Complex
Programmable Logic Device (CPLD).
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data that will do much to advance the knowledge of the
evolution of luminous stars and the life-cycle of matter
in the Universe.
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