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ONE OF OUR GROUP’S RECENT 
SPACE EXPERIMENTS
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LITES AND GROUP-C FORM A 3-INSTRUMENT IONOSPHERIC 
SENSOR SUITE
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LITES, an imaging UV spectrograph, is 
part of a suite of ionospheric 
instruments on the payload along with:

GPS Radio Occultation and Ultraviolet 
Photometry-Colocated (GROUP-C)

– Nadir-viewing UV photometer 
(TIP)

– GPS receiver (FOTON)

TIP

LITES

FOTON
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FLIGHT DATA
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HYPERSPECTRAL IMAGING IN UV USING TOMOGRAPHIC 
RECONSTRUCTION FROM A ROCKET
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Broad-band (5-minute rocket 

flight required co-adding several 

wavelength bins) data 

transformed into image

Spectra of 10 bright stars in the 

field

N. Lewis, T. A. Cook, K. Wilton  and S. Chakrabarti, “Far-Ultraviolet Dust 
Albedo Measurements in the Upper Scorpius Cloud Using the SPINR 
Sounding Rocket Experiment”, Astrophys. J., 706, 306-318, 2009.
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THE LINK BETWEEN THESE TWO: AN IMAGING SPECTROGRAPH
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Wavelength: 80-140nm
Spec. Resolution: 0.5 nm
Ang. Resolution: 5 arcmin

Slit

Slit

Grating

Grating

detector

detector

D. M. Cotton, T. Cook, and S. Chakrabarti, “A single element 

imaging spectrograph,” Appl. Opt. 33, 1958–1962 (1994).
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THIS SPECTROGRAPH WAS ORIGINALLY DESIGNED FOR 
TOMOGRAPHY FROM TERRIERS
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UV spectrograph (flew 5)

A radio beacon
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TERRIERS: TOMOGRAPHIC EXPERIMENT USING RADIATIVE 
RECOMBINATIVE IONOSPHERIC EUV AND RADIO SOURCES
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tion Initiative !STEDI", a low-cost, satellite project in
which students participated; its development phase
!design, fabrication, and integration" was intended to
take only two years.

The Tomographic EUV SpectrographS !TESS"
were the result of efforts to fulfill these requirements
and are the topic of this paper. The TESS design is
the best compromise among spatial imaging, spectral
resolution, and high sensitivity through the use of the
single-element imaging spectrograph !SEIS".2 The
detector and readout electronics were kept fairly sim-
ple to permit more resources to be devoted to this
unique optical design. Among the key contributions
that the TESS have made to the state of the art are
that they

• Facilitate global-scale latitude–vertical iono-
spheric imaging.

• Have high sensitivity !# 20$ more sensitive
than previously flown satellite spectrographs" with
moderate spectral and spatial resolutions.

• Have added dayside capability with improved
spectral resolution.

Below, we detail the requirements for the TESS
and describe the optical, mechanical, detector, and
readout designs. Furthermore, we present calibra-
tion results for the instruments and discuss the TER-
RIERS mission.

2. Extreme-Ultraviolet Ionospheric Tomography
The primary goal of the TERRIERS satellite mission
was to demonstrate a novel new tomographic tech-
nique called EUV tomography. That is, the TERRI-
ERS satellite was to apply tomographic techniques to
measurements of optically thin recombination emis-
sions to provide unprecedented global-scale two-
dimensional ionospheric images. Furthermore,
secondary TERRIERS measurements that used a
dual phase-coherent radio beacon3 and oI 6300-Å on-
line and off-line photometers relied on tomographic

techniques to prove and complement the EUV mea-
surements.

Specifically, for the TERRIERS tomography is the
inversion of a two-dimensional quantity from a series
of its line integrals. It is a transformation or map-
ping of one two-dimensional function !line integrals"
to another !original function", as illustrated in Fig. 1
for the TERRIERS geometry. To simplify the dis-
cussion we have assumed a plane-parallel iono-
sphere. The radial lines in Fig. 1!a" represent the
line-of-sight observations for several positions in the
orbit !here the spacecraft is moving from left to right".
Figure 1!b" illustrates the response function !inten-
sity relative to look direction and to spacecraft posi-
tion" for the point indicated in middle of Fig. 1!a"
!position 3". This mapping can be recognized as a
Radon transform.4 The inverse transform has many
applications and has been well studied. As a result,
we have investigated many well-developed numerical
techniques to optimize the TESS inverse transform,
including a statistical reconstruction framework that
produced an estimation of uncertainty for simulated
data of 10–20%.5

Tomography is a powerful tool when one is physi-
cally or practically limited to only line integral types
of measurements, e.g., CAT scans and magnetic res-
onance imaging in medicine. Thus tomography is
an ideal tool for global atmospheric studies because
line integral measurements can be made by remote-
sensing instruments. Ionospheric physics has re-
cently benefitted from the effects of tomography
through a newly developed radio tomographic tech-
nique that uses beacon transmissions from
satellites.6–12 Optical techniques have also been uti-
lized to study auroral and airglow photoemissions in
aeronomy.13–16

The TESS make ionospheric tomography possible
from an entirely new measurement technique that
has certain advantages over more-conventional tech-
niques. Unlike the visible technique, which mea-
sures photoemissions that involve !10–20" chemical

Fig. 1. Viewing geometry for TESS aboard TERRIERS. For simplicity we have assumed a plane-parallel ionosphere. !a" Viewing
angles from the spacecraft as it moves from right to left. If one assumes that the ionosphere radiates at only one point !position 3 just
below the orbit", the response recorded in !b" is obtained. The arrow indicates an operation, which in this case is a Radon transform.

3992 APPLIED OPTICS ! Vol. 39, No. 22 ! 1 August 2000

EUV Geometry

D. Cotton, A. Stephan, T. Cook, J. Vickers, V. Taylor and S. Chakrabarti, “Tomographic Extreme 

ultraviolet spectrographs (TESS),” Appl. Opt. 39, 3991–3999 (2000).

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2014RS005434

550 km

https://www.esa.int/ESA_Multimedia/Images/2020/03/Polar_and_Sun-synchronous_orbit
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AN IDEA FOR COLLABORATION 
AMONG NEROC COLLEAGUES
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POSSIBILITIES: MORE SOPHISTICATED GEOMETRY
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[Fremouw et al., 1978]. Recently the Naval Research
Laboratory (NRL) Coherent Electromagnetic Radio To-
mography (CERTO) beacon was added to the Air Force
Research Laboratory (AFRL) Communications/Naviga-
tion Outage Forecast System (C/NOFS) satellite [de La
Beaujardière et al., 2004] to register low-latitude scin-
tillations recorded by the AFRL Scintillation Decision
Aid (SCINDA) network of ground receivers [Groves et
al., 1997; Caton et al., 2004].
[4] Because of the utility of multifrequency radio

beacons in low Earth orbit, the Naval Research Labora-
tory has added the three-frequency CERTO beacon to a
number of satellites. In addition, a receiver called the
Scintillation and Tomography Receiver in Space (CIT-
RIS) was designed by NRL to record ionospheric TEC
and scintillation data from both space-based and ground-
based beacons. With the CERTO and CITRIS instru-
ments along with ground-based beacons and receivers,
the full range of ionospheric measurement geometries
illustrated in Figure 1 can be covered. The CERTO
beacons transmit to ground receivers for vertical and
oblique path measurements that may be used to recon-
struct the ionosphere with tomographic techniques

Figure 1. Radio beacon transmitter and receiver
geometry for space-based observations of ionospheric
TEC and scintillations.

Figure 2. Schedule for the operations of the CERTO beacon satellites in low Earth orbit. The
satellite orbits range from equatorial (15! and 20!) and midlatitude (30! and 70!) to polar (80! and
98.6!). The altitudes are listed on the green bars in the range of 325–1500 km.

RS5S23 BERNHARDT AND SIEFRING: NEW SATELLITE-BASED SYSTEMS

2 of 14

RS5S23

P. A. Bernhardt and C. L. Siefring, 

RADIO SCIENCE, 41, RS5S23, 

doi:10.1029/2005RS003360, 2006 

• A constellation of CubeSats?
• Each carrying a transmitter 

and a receiver?
• Other diagnostics?
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OUR FORAY INTO THE RADIO DOMAIN: A X-BAND 
RETRODIRECTED PHASED ARRAY SYSTEM
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A 3U CubeSat

Student developed

Expected launch: May, 2017

Data rate: 20 – 50 Mbps

Uplink: UMass Lowell 1.7m

Downlink: Haystack 18 m

This is an UNDEGRADUATE 
project – funded by the 
NASA USIP program
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OPTICAL DIAGNOSTICS
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Dynamic 

exposure control

500 nm 589 nm 770nm 700nm

45

Flight Computer PCB

Camera Electronics PCB

Telecentric Lens
and Filter Plane

Fold Mirror Prism

Cooke Triplet

(b) CAD render of the CoMIC instrument in the 1U CubeSat chassis. The chassis ele-
ments have been made semi-transparent to make the interior of the instrument visible. The
green objects inside indicate the position of the flight computer and the camera electronics
respectively, from the top to the bottom.

Figure 19: 1U CubeSat chassis of the CoMIC instrument.
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ANOTHER POSSIBILITY (TO PROVE THAT I WAS LISTENING TO JIM)
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20 Hour flight
220 Miles
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SUMMARY

• We have some experience with radio experiments in space
• Recently we learned about some radio instrumentation
• A combination of optical and radio instruments could fit in 

a 3U CubeSats
• A constellation of CubeSats with these instruments will 

make significant contribution to solar-terrestrial 
relationships

• We look forward to working with you
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