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The Orbital ATK Antares rocket, with the Cygnus spacecraft onboard, is seen on launch Pad-0A as the 
moon sets, predawn, Saturday, Oct. 15, 2016 at NASA’s Wallops Flight Facility in Virginia. Orbital ATK’s 
sixth contracted cargo resupply mission with NASA to the International Space Station delivered over 
5,100 pounds of science and research, crew supplies and vehicle hardware to the orbital laboratory 
and its crew. Orbital ATK’s Antares rocket and Cygnus cargo spacecraft lifted off Monday evening, 
October 17. (Photo credit: NASA/Bill Ingalls)
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CORRECTION: Space Times Volume 55-Issues 3&4 (May-August 2016), page 4, Making History: History 
Informs and Influences Current & Future Missions - Vikings’ Genealogy of Influence: Dante Lauretta is credited 
as co-lead of the Spirit and Opportunity with Steve Squyres; Ray Arvidson co-led this effort. “From asteroid 
sample missions such as OSIRIS-ReX led by Dante Lauretta, a student of Ray Arvidson who worked on 
Viking to Steve Squyres and Ray Arvidson who led Spirit and Opportunity to Vikings....”
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      AAS – Advancing All Space

      Lyn D. Wigbels
      lyn.wigbels@cox.net

We had a very successful Von Braun Symposium the last week in October, 
which was held in brand new facilities at The University of Alabama in Hunts-
ville. We had a great line-up of outstanding speakers who addressed some of 
today’s key space issues and challenges. The first session took a hard look at 
what’s ahead for the space program after the elections. Other sessions cov-
ered industry perspectives on the path to Mars, payloads for SLS exploration 
missions, commercial cargo and crew partnerships, launch vehicle reusability 
and expanding the space economy. Looking ahead, planning is underway for 
the 55th Goddard Memorial Symposium next March and the 6th International 
Space Station Research and Development Conference in Washington, D.C., 
in July. Both events will be very timely and relevant, especially with a new 
Administration and Congress.

We’ve also been busy this fall on several other fronts. Our Nominations Committee developed an excellent 
slate of nominees for new officers and board directors. Two committees have been reviewing nominations 
for AAS awards and Fellows. And a selection committee has been established to search for a new Executive 
Director next year. I want to thank everyone on these committees for their hard work and dedication on these 
very important Society matters!

I recently returned from the International Astronautical Congress (IAC) in Guadalajara, Mexico, where 
over 5,000 people participated in the world’s premier global space event. AAS has been a member of the 
International Astronautical Federation (IAF) since 1954, with AAS members leading and participating in 
many Federation activities. For the past several years, we have thrown our support behind the many IAF 
activities for the next generation which include unique opportunities for young professionals to interact 
directly with senior government and industry officials from around the world. More recently, through our 
partnership with the Future Space Leaders Foundation, AAS supports the selection of U.S. students and 
young professionals to attend the IAC. This year, nine Young Space Leaders had the opportunity to travel to 
Mexico to participate in the conference. The last IAC was held in the U.S. over 14 years ago, and this year, 
AIAA’s bid to organize the IAC in Washington, D.C., in 2019 was approved. AAS supported the proposal 
which will bring the international space community to the U.S. as we celebrate the 50th anniversary of the 
Apollo 11 moon landing. We look forward to working with AIAA on the organization of the event.

Finally, I am delighted to note that Jim Kirkpatrick was recently honored by the National Space Club 
Huntsville with its Community Service Award. The award is presented “to an individual or group possessing 
an inner kinship with the space program and the community and is active in bringing them closer together.” 
This perfectly describes Jim and his longstanding efforts at AAS. Congratulations, Jim!



4 SPACE TIMES • September/October 2016

This article describes the activities and the results presented in the book recently published by the author and titled GPS Precise 
Relative Positioning of Formation Flying Satellites. The book focuses on GPS Advanced Data Processing Methods using SW 
Tools for the Precise Relative Positioning of Formation Flying Satellites.

Introduction

GPS Precise Relative Positioning of Formation 
Flying Satellites
by Michelangelo Ambrosini

Figure 1: Cover of the book GPS Precise Relative Positioning of Formation Flying Satellites by 
Michelangelo Ambrosini (Source: LAP LAMBERT Academic Publishing)

The book focuses on a specific space application of the satellite-based navigation Global Positioning System (GPS), namely 
its use for the precise relative positioning and navigation of formation flying satellites. Satellite formation flying is the concept 
that multiple satellites can work together in a group to accomplish the objective of one larger, usually more expensive, satellite. 
Coordinating smaller satellites has many benefits over single satellites including simpler designs, faster build times, cheaper re-
placement creating higher redundancy, unprecedented high resolution, and the ability to view research targets from multiple angles 
or at multiple times. Nowadays satellites may arrive at and maintain formations with fast response time and have the ability to 
change the formation for varied resolution of observations. The book describes the most recent GPS Data Processing Techniques 
and Algorithms used for the estimation of the initial carrier phase ambiguities with the highest level of accuracy possible for the 
determination nearly in real-time of the relative baseline between two GPS Receivers installed on-board two Low Earth Orbit 
(LEO) satellites in formation flying.
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Precise Relative Positioning of Formation Flying Spacecraft using GPS

Although initially only intended for terrestrial positioning applications, the use of the GPS for space applications, especially 
in Low Earth Orbits (LEOs), was recognized early on as well. In 1982 the LandSat-4 satellite carried the first GPS receiver into 
orbit. With only a few of the prototype Block I GPS satellites available at the time, LandSat-4’s GPS receiver demonstrated that 
a spacecraft could be navigated to an accuracy better than 50 meters in real-time.

Figure 2: Overall viewing geometry for relative spacecraft positioning using differenced GPS observations (Source: 
GPS Precise Relative Positioning of Formation Flying Satellites, p. 19)

Since that inaugural flight GPS receivers have gradually evolved into well accepted standard tools for spacecraft navigation. 
Aside from onboard applications like real time positioning, attitude determination or time-synchronization of spacecraft sensors, 
GPS receivers are nowadays considered as primary tracking system for precise orbit determination in many satellite missions. Here, 
the accuracy, global coverage and three-dimensional nature of GPS measurements makes this system highly competitive to other, 
more traditional, spacecraft tracking systems such as Satellite Laser Ranging and Doppler Orbitography and Radio-positioning 
Integrated by Satellite.

In accordance with geodetic applications, dual-frequency GPS receivers are preferred for precise orbit determination and 
navigation of LEO spacecraft. As opposed to single frequency GPS receivers, the dual frequency ones are capable of eliminating 
the ionospheric signal errors and thus to make best use of the high accuracy GPS carrier phase measurements. Single frequency 
GPS receivers are generally used for small satellite missions when medium navigational precision is required. Driven by the need 
of various scientific missions, a growing number of suitable dual frequency GPS receivers are being made available for space 
applications.

Besides their use for precise navigational tasks, dual frequency space-borne GPS receivers are slowly becoming stand-alone 
scientific instruments as well. They have successfully profiled the atmosphere, by observing GPS signals as they are occulted 
by the Earth’s limb, and are used to study the Earth’s gravity field. Furthermore the use of GPS for altimetry purposes, where 
backscattered GPS signals from the sea surface are measured, is currently being investigated.

Relative Spacecraft Positioning

Precise relative positioning between two or more GPS receivers is routinely exercised in terrestrial applications. This often involves 
an entire network of receivers with one dedicated reference station. As already mentioned in chapter 3, use is made of differenced 
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GPS data for relative positioning applications in order to eliminate or reduce common data errors, such as the GPS satellite clock 
offset. Furthermore, it was shown that double difference GPS carrier phase ambiguities are integers. Once correctly resolved these 
integer ambiguities transform the corresponding carrier phase observations into highly precise relative ranges, with a noise level 
of only a few mm. Exploiting this integer property is therefore commonly regarded as the key to precise relative positioning.

Figure	3:	Distribution	of	a	double	difference	ambiguity	as	real-valued	(float)	and	accompanying	integer	(fixed)	solution	(Source:	GPS	Precise	
Relative Positioning of Formation Flying Satellites, p. 35)

From a purely kinematic perspective the problem of relative spacecraft positioning is almost similar to the terrestrial case of 
a GPS receiver on e.g. a rover that is positioned with respect to a reference station. In both cases one of the receivers is moving 
with respect to the other and so a new relative position vector has to be estimated every epoch. The major differences are the 
complete absence of tropospheric signal delays and the rapidly changing viewing geometry for the purely space-borne scenario. 
These differences mainly influence the total number of estimation parameters, especially due to the larger number of carrier phase 
ambiguities, and the observation modelling. A clear advantage of the space-borne case is the fact that spacecraft dynamics, and 
thus in a way also the relative dynamics between two spacecraft, can be modelled to a high degree of accuracy, whereas rover 
motion is, in general, unpredictable.

All strategies are based on processing differenced GPS data, and estimate the relative position between two spacecraft directly. 
This requires amongst others accurate a-priori knowledge of one of the spacecraft, serving as the reference. The reduced dynamic 
batch Least-Squares (LSQ) orbits are used for this purpose. The clear advantage of such an approach is that for multi-satellite 
formations each of spacecraft relative positions can be dealt with independently of the others, where one spacecraft serves as a 
dedicated reference.

Precise Relative Navigation

Precise relative navigation is an essential aspect of spacecraft formation flying missions, both from an operational and a scientific 
point of view. In view of the restricted availability of space-borne dual-frequency receivers, research in this area has so far focused 
on single frequency GPS navigation over short baselines. This situation is likely to change, however, with ongoing space receiver 
developments as well as the implementation of new civil radio navigation signals. The present Report therefore assesses the potential 
of kinematic relative positioning of spacecraft in Low Earth Orbit (LEO) making use of dual frequency GPS measurements. The 
Least-squares Ambiguity Decorrelation (LAMBDA) method is chosen to resolve the integer ambiguities f the L1 and L2 carrier 
phase measurements and the associated wide- and narrow-lane combinations. Thereafter kinematic relative positions fixes with an 
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Figure 4: Navigation Solution Performance Requirements (Source: GPS Precise Relative Positioning of Formation Flying Satellites, p. 117)

accuracy limited only by the carrier phase noise and the geometric dilution of precision can be obtained. The feasibility, accuracy 
and robustness of this processing scheme are illustrated using simulated GPS measurements for two spacecraft in LEO separated 
by baseline of 10-100 km.

Spacecraft Formation Flying Missions

Spacecraft formation flying is commonly considered as a key technology for advanced space missions. Compared to large 
individual spacecraft, the distribution of sensor systems to multiple platforms offers improved flexibility and redundancy, shorter 
times to mission and the prospect of being more cost-effective. Besides these advantages, satellite formations in Low Earth Orbit 
provide advanced science opportunities that cannot (or less easily) be realized with single spacecraft, such as measuring small 
scale variations in the Earth’s gravity field or higher resolution imagery and interferometry.

One of the fundamental issues of spacecraft formation flying is the determination of the relative state (position and velocity) 
between the satellite vehicles within the formation. Knowledge of these relative states in (near) real-time is important for 
operational aspects. In addition some of the scientific applications, such as high resolution interferometry, require accurate post-
facto knowledge of these states instead. Therefore a suitable sensor system needs to be selected for each mission. The highest 
precision is obtained with optical metrology. Here, use is made of a laser interferometer, which measures the relative distances 
between satellites with mm to μm precision. A custom tailored radio frequency (RF) system, such as the Ka-Band Ranging system 
on GRACE, obtains the same kind of precision, but measures a biased range instead. The major drawbacks of both systems are 
the relatively narrow field of view, certainly for the optical system and the fact that only 1-dimensional measurements (ranges) are 
provided. This is where GPS, used as an RF metrology system, clearly makes a difference. As commonly known precise relative 
positioning between GPS receivers in geodetic networks is exercised on a routine basis. Furthermore GPS receivers are already 
frequently used onboard satellites to perform all kinds of navigational tasks, are suitable for real-time applications and provide 
measurements with a 3- dimensional nature. Therefore they are often considered as the primary instrument for relative navigation 
in future satellite formation flying missions.

Much of the research in spacecraft relative navigation conducted during the past decade has focused of the needs of formation 
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Figure 5: Artist’s Rendition of Satellites Flying in Formation (Source: Command-
ing and Controlling Satellite Clusters, p. 9)

Figure 6: COSMO-SkyMED is the Satellite B and SABRINA the Satellite A in Formation Flying 
(Source: GPS Precise Relative Positioning of Formation Flying Satellites, p. 122)

control and maintenance in (near) real-time, which can generally be fulfilled by single frequency GPS sensors and dynamical 
Kalman filtering.

For this a single frequency GPS receiver is generally sufficient when the inter-satellite distance, or baseline, is restricted to a 
maximum of about 10 km. A few studies regarding rendezvous and docking applications used GPS data from actual demonstration 
missions.

GPS dual frequency carrier phase observations, in contrast, enable highly accurate, yet purely kinematic, relative navigation 
over baselines up to a few hundredths of kilometres. Furthermore, the use of dual frequency measurements notably improves the 
identification of systematic measurements errors and bad data points. It is therefore the method of choice, whenever a high accuracy 
and/or integrity of the navigation solution are demanded by the primary science goals. This is e.g. the case of the recovery of time 
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Figure 7: Fully Active (left) and Semi-Active (right) Formation Flying Multi-Static Radar Systems (Source: Bi- and Multistatic SAR: Potentials and 
Challenges, p. 1)

SPACE TIMES • September/October 2016

varying gravity field information using the GRACE twins or for future along-track Synthetic Aperture Radar (SAR) interferometry 
missions such as SABRINA Mission. While GPS is not the sole navigation sensor in these applications, it provides the necessary 
time synchronization, a 3-dimensional position restitution and allows and independent calibration of radar or laser based distance 
sensors. Even though space capable dual frequency receivers are still pretty limited today, the situation is expected to notably 
improve over the forthcoming years. The new L2C GPS signal as well as the upcoming Galileo constellation offer much better 
signal-to-noise ratios than the existing (semi-)codeless L2 tracking techniques and will certainly trigger developments of new 
space receivers.

In order to obtain the best possible navigation results the integer nature of the double difference (DD) carrier phase ambiguities 
has to be exploited. The study uses a Real Time Kinematic (RTK) type of approach where the initial DD integer phase ambiguities 
are estimated using the LAMDBA (Least-Squares Ambiguity Decorrelation Adjustment) method. Once the individual integer DD 
ambiguities are resolved the ionosphere free double DD carrier phase observation are used to determine the relative position, which 
is done in a sequential way between the epochs. New ambiguities are also estimated using the LAMBDA method but with a much 
smaller model. The probability as obtained from the LAMBDA method is used as a test for validation of the integer DD ambiguities.

Both pseudo-range and carrier phase measurements are therefore required in the start-up phase and at constellation changes 
to resolve the integer ambiguities. Other than in terrestrial application, however, the rapidly changing line-of-sight vectors to the 
GPS Satellites support a fast ambiguity resolution for formation flying spacecraft and good confidence ambiguities are typically 
obtained within 2 to 3 minutes.

After fixing the DD ambiguities to integer wavelengths the relative position of both receivers at each epoch can be recovered 
with an accuracy determined essentially by the Position Dilution of Precision (PDOP) and the measurement noise of the receivers.

Overall Processing and Positioning Strategy

The overall processing and positioning strategy is of a Real Time Kinematic (RTK) type of approach consisting of three mayor 
processing steps:

• Complete initialization of all DD ambiguities
• Partial (re)initialization of new DD ambiguities
• Relative positioning with DD carrier phase observations and known integer ambiguities

All integer DD ambiguity initialization (complete as well as partial) is done by using the LAMBDA method, which is the purest 
form of integers least squares and is therefore the most optimum search method. For complete ambiguity initialization both the DD 
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Figure 8: Formulation of double difference (DD) observations for spacecraft relative navigation 
(Source: GPS Precise Relative Positioning of Formation Flying Satellites, p. 49)

Figure 9: GPS Satellites 3D Orbital Positions (Source: GPS Precise Relative 
Positioning of Formation Flying Satellites, p. 85)
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Figure 10: Receiver 3D Orbital Position (Source: GPS Precise Relative Position-
ing of Formation Flying Satellites, p. 83)

SPACE TIMES • September/October 2016

Figure 11: TanDEM-X and TerraSAR-X Spacecrafts in Formation Flying (Source: DLR)
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Figure 12: Landsat-7 and EO-1 Spacecrafts in Formation Flying (Source: 
NASA)

Figure 13: Jason-2 and Jason-3 Spacecrafts in Formation Flying (Source: EUMETSAT)

pseudo-range and carrier phase data are accumulated over multiple epochs , according to the model discussed in the next section, 
until the probability of having found the correct integer ambiguities has exceeded a predefined threshold and the correct integer 
ambiguities are supposed o have been found. After the initial ambiguities have been found they are kept constant over time and 
are used for relative positioning with DD carrier phase observations. This is done for every epoch until a new GPS SV is observed 
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or until a cycle slip is detected, which will result in new ambiguities to be estimated. 

For partial initialization (new ambiguities) a similar approach as for complete initialization is used with the only difference that 
pseudo-range data is only needed for the DD pairs with unknown ambiguities. Apart from the fact that the RTK approach can be 
applied to real time systems it has the advantage of minimizing the amount of pseudo-range data needed and the ability of rigorous 
cycle slip/phase data anomaly detection.

MLAMBDA: Modified LAMBDA Method for Integer Least-Squares Estimation

The LAMBDA method has been widely used in GNSS for fixing integer ambiguities. It can also solve any Integer Least Squares 
(ILS) problem arising from other applications. For real time applications with high dimensions, the computational speed is crucial. 
A modified LAMBDA method (MLAMBDA) is presented. Several strategies are proposed to reduce the computational complexity 
of the LAMBDA method. Numerical simulations show that MLAMBDA is (much) faster than LAMBDA. The relation between 
the LAMBDA method and some relevant methods in the information theory literature are pointed out when we introduce its main 
procedures.

The well-known LAMBDA method has been widely used for the integer least-squares estimation problems in positioning and 
navigation. We pointed out its close relations with the ILS methods developed for the other applications in the literature. The 
LAMBDA method consists of two stages, reduction and search. I presented a modified LAMBDA method (MLAMBDA) which 
improves both this two stages. The key to the algorithm is to compute the factorization with symmetric pivoting, de-correlate the 
parameters by greedy selection and lazy transformations, and shrink the ellipsoidal region during the search process. Numerical 
simulation showed that MLAMBDA can be much faster than LAMBDA implemented for high dimensional problems. This will 
be particularly useful to integer ambiguity determination when there are more GNSS satellites visible simultaneously, with carrier 
phase observations on three frequencies in the future. I gave complete computational details for this new method.

GPS Receiver SW Simulator

The GPS Receiver SW Simulator is a Software Program, all written in Fortran 77, which comprises a Main Program that recalls 
various Subroutines, Functions and Libraries. The Simulator operates tests about different scenarios concerning the Simulated 
In-Orbit Behaviour of a GPS Receiver and the Orbital Dynamic of the Navstar GPS Constellation.

The SW Simulator reproduces two different main scenarios:

•	 The first one is represented by the Simulated Operative Behaviour Physics in which the GPS Receiver operates that is 
the Orbital Mechanics and the Physical Degradations and Delays which affect the In Space GPS Signal transmitted from 
GPS Satellites to In Orbit GPS Receiver.

•	 The second one is about the GPS Receiver Behaviour and Performances as far as:

o Receiver estimations and measures of the GPS Signal Degradations due to the Received GPS Signal (Code and Phase) 
Acquisition and Tracking Processes;

o Pseudo-range and Pseudo-range-Rate Equations Systems Resolution for In Orbit Receiver Position and Velocity 
determination.

The Receiver inner electronic behaviour is estimated by using statistical values of Signal degradations and delays due to the inner 
Received Signal Acquisition and Tracking Loops. The GPS SW Simulator is constituted by sub-programmes and mathematical 
models which simultaneously cooperate interacting between themselves at each simulation time to reconstruct the complete 
Receiver Operative Behaviour Dynamics.

The SW Simulator reproduces In Orbit Receiver Position and Velocity through an orbital propagation starting from the acquisition 
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Figure 14: Formulation of double difference (DD) observations for spacecraft rela-
tive to navigation (Source: GPS Precise Relative Positioning of Formation Flying 
Satellites, p. 49)

of input orbital parameters chosen by user at a certain date. The orbital propagation programme used has been previously tested 
and validated and represents the principal SW simulation instrument of the Receiver Orbital Dynamics at each simulation time 
since it comprises all the orbital perturbation models.

The SW Simulator reconstructs the operative NAVSTAR GPS Satellites perturbed orbital dynamics. At each time of simulation 
a free-of-charge, tested and validated Fortran 77 Propagation Program, given by the U.S. NORAD, calculates the GPS Satellites 
Positions and Velocities using perturbations models chosen by user. It represents the principal SW simulation instrument of the 
GPS Constellation Orbital Dynamics.

The GPS SW Simulator calculates the physical degradations which cause Receiver Signal reception delays and calculates also 
the free space signal propagation time interval. The signal degradations are determined in terms of time delays (seconds) also 
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scaled in pseudo-ranges (meters) and delta frequencies (Hertz). The mathematical model, which calculates the free space signal 
propagation time interval, uses an iterative algorithm until it catches up a 10^-20 precision threshold value.

Conclusions

From a careful statistical study and from an accurate comparison between the SW Simulator Data Graphics and those reported 
in the Test Reports I can conclude that the GPS SW Simulator supplies statistically the same results of the real Receiver for how 
much it concerns the signal physical degradations measures, the GPS Constellation visibility calculus and the determination of 
Pseudo-range measures, Pseudo-range-rate measures, Integrated Pseudo-range measures, Integrated Doppler measures, Integrated 
Doppler-rate measures and Delta Pseudo-range measures.

As far as the performances, that is the accuracy obtained in the Receiver Position and Velocity SPS solutions determination, the 
Receiver statistical precision values are of the same order of magnitude of those contained in the Test Reports even if the values 
are greater as mean values and 1 sigma. This is due to the fact that the SW Simulator, at the actual state of the art, doesn’t take care 
of the calculus of the signal degradation processes and delays connected to the Receiver inner GPS Signal treatment as the Signal 
Acquisition, Correlation and Tracking Loops. It considers this type of delays statistically as previously mentioned in the section 
dedicated to the signal degradation description.

Moreover the Singular Value Decomposition (SVD) method used in the SPS solutions doesn’t take into consideration the 
covariance matrix referred to the Receiver pseudo-range and carrier phase measures. It causes worse precision performances in 
the correction of the Receiver Position and Velocity estimates at each simulation time. Consequently the Receiver Position and 
Velocity SPS solutions result less near to the real Receiver Position and Velocity values than the case in which the covariance 
matrices are used in the calculus.

Figure 15: Baseline Error Norm in m (Source: GPS Precise Relative Positioning of Formation Flying Satellites, p. 146)

The SW Simulator reconstructs all the physical signal degradations and statistically treats the delays related to the Receiver inner 
signal treatment processes and this category of degradations are statistically, as measure values, of the same order of magnitude 
of those resulting from the real Receiver Test Campaign. The SW Simulator also reconstructs the Receiver Mission Operative 
Environment simulating the physics which governs both the Receiver Orbital Dynamic and the GPS Constellation Orbital Dynamic 
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Figure 16: Satellite B Error Norm in m (Source: GPS Precise Relative Positioning of Formation Flying 
Satellites, p. 146)

considering all types of orbital perturbations.

Moreover the SW Simulator architecture is predisposed to an further integration phase with new mathematical models which 
could improve the performances and take them nearer to those of the real Receiver as, for example and above all, the GPS signal 
models and the Receiver inner signal treatment processes. The simulations of the GPS data processing with the SW tools for the 
accurate baseline determination have reached the requested preliminary mission performances which are accuracies on each ECI 
component in space of the order of 1 cm as Standard Deviation in very short computational time for simulations time periods of 
1 orbit.

The book is available online at the following link:  http://tinyurl.com/hhf26mc

SAVE THE DATES!
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The Most Advanced Solar Telescope on Earth
by Cindy Schumacher

The Daniel K. Inouye Solar Telescope (DKIST), formerly known as the Advanced Technology Solar Telescope, is a large 
domed solar telescope facility with a 4-meter primary mirror. Situated at 10,000 feet of elevation, DKIST is being built atop 
Haleakala, the highest peak on the Hawaiian island of Maui. The site on Haleakala was selected for its clear daytime atmo-
spheric seeing conditions, which are, by all assessments to date, the best in the world. From Haleakala, the DKIST will have 
the highest sensitivity for measuring the Sun’s outer atmosphere and it will be able to see the finest details on the disk of the 
Sun. It is therefore an extraordinary coincidence that the ancient Hawaiian name “Haleakala” translates as “House of the Sun.”

Installation of Coude Saddles Polished Primary Mirror

Telescope Mount Assembly

Site Photo

Photos courtesy of National Solar Observatory
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The telescope was officially named after the late Hawaii Senator Daniel K. Inouye in December 2013 to memorialize the 
senator’s unwavering commitment to fundamental scientific research. The naming is also a gesture of appreciation for the 
many ways he tirelessly worked to further statewide STEM (science, technology, engineering and mathematics) education. 
Befitting the legacy of Senator Inouye, the telescope will be pivotal in training the next generation of solar physicists and 
instrument builders. It already hosts opportunities for undergraduate and graduate research.

The funding agency for DKIST is the National Science Foundation (NSF), and the Managing Organization is the As-
sociation of Universities for Research in Astronomy (AURA). The principal investigator is the National Solar Observatory 
(NSO), which is operated by AURA under a Cooperative Agreement with the NSF. The four co-principal investigators are the 
High Altitude Observatory, the New Jersey Institute of Technology’s Center for Solar Research, the University of Hawaii’s 
Institute for Astronomy, and the University of Chicago’s Department of Astronomy and Astrophysics. AURA is a consortium 
of 42 US institutions and 5 international affiliates that operate world-class astronomical observatories, including the Hubble 
Space Telescope Science Institute.

When completed in 2020, the DKIST will be the world’s most powerful ground-based solar telescope. It will enable as-
tronomers to gain new insights into solar phenomena, potentially helping to protect the nation’s power grid and vital space-
based assets such as communication and weather satellites.

DKIST will usher in a new era of solar physics. “DKIST will challenge the science community to take their understanding 
to a whole new level,” said Dr. David Boboltz, NSF Program Director for DKIST. “NSF is extremely proud to be sponsor-
ing this innovative facility and looks forward to the new knowledge it will inevitably bring to both the science community 
and the world at large.”

Once operational, the DKIST will allow astronomers to measure the magnetic fields that drive space weather events such as 
solar flares and coronal mass ejections. When combined with a special adaptive optics system, the DKIST’s 4-meter primary 
mirror will produce observations of the Sun’s surface with very high spatial and temporal resolution.

“Understanding the behavior of the Sun’s magnetic fields is vital,” said Thomas Rimmele, DKIST Project Director, NSO. 
“The DKIST will be able to provide the sharpest views ever taken of the solar surface, which will allow scientists to learn 
even more about the solar-terrestrial interactions. It will allow astronomers to resolve the extremely compact, violently active 
magnetic fields that control the temperature of the corona and the solar wind, and that produce flares and x-ray emissions. 
Additionally, the DKIST will offer improved predictions of the way these space weather phenomena influence the earth.”

Scientists have successfully measured the solar magnetic field strength close to the Sun’s surface, where the field is rela-
tively strong. Higher in the solar atmosphere, in the corona layer; the magnetic field weakens to the strength of a refrigerator 
magnet. DKIST will be able to detect this weak field.

“DKIST’s resolution and sensitivity will permit us to directly and precisely measure the magnetic fields in the solar at-
mosphere for the very first time,” Rimmele added. “Monitoring space weather is crucial as our society increasingly relies 
on electronic technology that is susceptible to damage from these large space events. DKIST will help us better deal with 
threats of outages.”

It is not only ground-based computer and telecommunication networks that are at risk from solar events: all experts know 
that satellite systems are even more vulnerable to disruption and damage. Many persons still remember the events of 1989 
(and other years) in which solar eruptions damaged satellites and terrestrial electrical power facilities, besides disrupting 
long-distance communications.

DKIST features an off-axis, clear aperture design to allow for observations with unprecedented spatial, spectral and temporal 
resolution. Avoiding a central obstruction is important to minimize scattered light when observing the faint solar corona, but 
it also eases operation of adaptive optics and later image reconstruction such as speckle imaging.

Focusing so much sunlight on the telescope’s science instruments creates significant challenges. The telescope will gather 
13kW of power, nearly ten times the amount used by a typical household. Protecting the sensitive electronic components from 
melting or even evaporating requires advanced cooling techniques. This cooling will be especially needed for the advanced 
adaptive optics system that will remove image blur introduced by the Earth’s atmosphere.

Thermacore, Inc., a leading provider of advanced thermal management and material solutions, has delivered a high-power 
heat stop for the 41.5-meter tall telescope. A heat stop is an integral part of the design, and represents one of DKIST’s larger 
engineering challenges. Located at the prime focus, the heat stop prevents unwanted solar disc light from heating and scat-
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Cindy Schumacher is a journalist from Maui, Hawaii. She currently writes for the Lahaina News and Maui Economic 
Development Board (MEDB). She has written numerous articles on topics related to space science and has covered 
national and international conferences, including the annual Advanced Maui Optical and Space Surveillance Tech-
nologies (AMOS) Conference.

tering on subsequent optics. In solar telescopes such as the DKIST, in addition to blocking light, the heat stop must also 
dissipate huge amounts of thermal energy.

Heat-stop cooling is enabled by Thermacore’s porous-metal heat exchanger technology. The method uses a matrix of 
bonded copper particles to enhance the heat transfer within an array of cooling channels behind the irradiated surfaces of 
the heat stop. By pumping coolant through the matrix of metal particles, the required high local heat transfer rate can be 
obtained. The high surface area of the particles creates unusually effective heat transfer at the primary heat input surface. 
This cooling approach has demonstrated some of the highest heat-flux cooling capabilities ever measured for both water-
cooled and gas-cooled applications.

“The cooling requirements of the heat stop are very demanding because there will be a high heat load that must be acquired 
by the coolant with relatively small temperature difference,” according to Dr. Mark North, Thermacore Project Engineer for 
the heat- stop program.

“We developed the porous-metal heat exchanger technology more than a decade ago with SBIR funding from DoE and 
DoD for fusion and laser applications. It’s gratifying to see this technology play an important role in this new application. 
The heat stop assembly is actively cooled by an internal system of porous-layer heat exchangers that dissipate approximately 
11 kilowatts at peak operating load.”

DKIST Project Manager Dr. Joseph McMullin of NSO provided the latest construction updates. “The external building 
has been completed, with the integration of major telescope systems underway,” McMullin noted. “This includes the tele-
scope mount assembly and the rotating instrument laboratory. The optical system and the primary mirror, the most critical 
elements of the telescope, have been successfully polished to state-of-the-art specifications at the University of Arizona.”

In addition to providing new kinds of data, DKIST will change how ground-based solar data is distributed. DKIST has 
an open data policy, enabling community users to freely and openly access the entirety of available data. In fact, the public 
will have access to unique data resources compiled by the best engineers and scientists in the world.

“Any person looking to increase their understanding of the Sun will have full access to a unique data resource,” explained 
Dr. Valentin Martinez Pillet, NSO Director. “This is unprecedented in ground-based solar physics.” All data will be transmit-
ted via optical fiber from Hawaii to the DKIST Data Center in Boulder, Colorado. Regular science operations of DKIST are 
scheduled to begin in early 2020.

The collaborative effort of the solar physics community will provide input to the project through the DKIST Science Work-
ing Group (SWG). The group is presently working on a Critical Science Plan (CSP) detailing the initial science experiments 
to be run at the DKIST. 

The CSP will define some of the early science that the DKIST will focus on during the start of operations. More specifically, 
the CSP aims to define critical science goals for the first two years of DKIST operations, and in the process help determine 
data handling procedures and further develop science operations. The aim is to engage community, instrument, and NSO 
scientists in defining the scientific goals, further developing efficient observational strategies, analyzing the forthcoming data, 
and publishing the first critical science results. A web page along with a series of workshops will provide the collaborative 
environment within which to accomplish that.

“We thus invite the broader solar community to participate in this effort by submitting science use cases that fall into 
specific research areas, which can then be divided into more detailed research topics,” said Rimmele. “In fact, the DKIST 
will bring more jobs and educational outreach opportunities to Maui, Hawaii, and the world. The scientific impact from the 
DKIST, for all of humanity, is immense. The entire global community will be looking to Maui for this extraordinary science!”

Members of the solar physics community who are interested in DKIST science should contact Mark Rast, the chair of 
the DKIST SWG, at Mark.Rast@lasp.colorado.edu, or the DKIST Project Director Thomas Rimmele at rimmele@nso.edu.
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NOTES ON A NEW BOOK

Hidden Figures by Margot Lee 
Shetterly. New York, NY: Harp-
erCollins, 2016. 346 pages. ISBN 
9780062363596. US $27.99 (hard-
cover, index).

In the new non-fiction book Hid-
den Figures by Margot Lee Shetterly, 
Black women conquer air and space 
at NASA. Hidden Figures illuminates 
the achievements of Black women in 
mathematics. Shetterly says “The most 
important thing is for the story to be 
told and go into the history books and 
never leave.” In fact, 20th Century Fox 
will debut a new movie in January 2017 
based on the book and the women’s 
work.

Hidden Figures is historical and 
inspiring. Each page-turning fact in 
the book explains airplanes, physics, 
and the relationship to mathematics. 
The National Advisory Committee 
for Aeronautics (NACA) required 
hundreds of mathematicians (human 
computers) during WWII to build and 
test airplanes. Human computers were 
synonymous with women in mathemat-
ics. NACA recruited college-educated 
Black women to work as human 
computers beginning in 1943. NACA 
formed the nucleus of the National 
Aeronautics and Space Administration 
(NASA) in 1958. The Black women 
worked eight hour shifts around the 
clock in the West Computer division 
at Langley performing mathematical 
analyses, vetting academic research 
data, and analyzing airplane crash 
data. These women helped conquer 
the stratosphere. Shetterly writes “no 
matter how abstract the work or how 
conceptual the problem being solved, 

Hidden Figures
Reviewed by Teresa Johnson

no one at Langley ever forgot that be-
hind the numbers was a real-world goal, 
faster planes, more efficient planes, 
safer planes.” The author describes 
how these women had the presence of 
mind to remain calm, confident, and 
persistent to prove that they deserved 
the right to be at the Langley. Each 
chapter personifies their courage and 
perseverance in spite of being Black 
women in non-traditional professions 
in the segregated South. Their achieve-
ments led to the hiring of Black men 
as scientists and engineers at Langley.

There is an incredible parallel briefly 
discussed in the book around 1943 
for black women and black men who 
conquer the stratosphere. Black hu-
man computers at Langley analyzed 
the P-51 Mustang airplane. Tuskegee 
Institute had recruited college-educated 
Black men to become pilots. Tuske-
gee Airman flew the P-51 executing 
multiple successful military missions. 
Tuskegee Airmen’s achievements led to 
the de-segregation of the military. The 
author says “Tuskegee Airmen would 
have marveled to know that a group 
of colored computers supported the 
beloved P-51 Mustang Plane.”

Hidden Figures allows Katherine 
Goble Johnson’s story to come to life. 
She worked many years to prove pro-
cedures, develop standards and analyze 
data following test runs. She asked 
detailed questions to gain insight into 
the vehicles in development and the 
processes to get space vehicles opera-
tional. When Shetterly describes John 
Glenn’s orbit of the Earth it does not 
matter whether the reader understands 
trajectory analysis to realize that John 
Glenn would not agree to go into orbit 

until Katherine Goble Johnson verified 
the analysis for his reentry into Earth’s 
atmosphere. From the end of the war 
until the dawn of the space race was 
a period of new designs and societal 
changes. Black women, human com-
puters, stood powerful and intelligent 
on the strongest teams in the agency. 
Because of their tenacity and intel-
ligence they became a part of teams 
where barriers based on race and gender 
start to be dismantled.

Keep this book on your reference 
shelf – the index in particular is ex-
traordinary. Worth mentioning, Shet-
terly was born to write this book. The 
daughter of a Hampton University 
English professor and NASA scientist, 
she portrays a different perspective on 
historic space accomplishments captur-
ing the imagination of a nation.

Teresa Johnson is a historian with 
a focus on genealogy in Houston, 
Texas.

SPACE TIMES • September/October 2016



22 

Join the American Astronautical Society
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www.astronautical.org
or use the form below.
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AAS CORPORATE AND INSTITUTIONAL MEMBERS

    

       a.i. solutions, Inc.
      Aerojet Rocketdyne
      The Aerospace Corporation
      Aerospace Industries Association
      Analytical Graphics, Inc.
      Applied Defense Solutions, Inc.
      Arianespace
      Auburn University
      Ball Aerospace & Technologies Corp.
      The Boeing Company
      CASIS
      The Coalition for Deep Space Exploration
      Colorado Center for Astrodynamics Research (CCAR)
      Dittmar Associates, Inc.
      Dynetics, Inc.
      Embry-Riddle Aeronautical University
      Harris Corporation 
      Honeywell Technology Solutions, Inc.
      International Space University
      Jet Propulsion Laboratory
      JHU / Applied Physics Laboratory
      KinetX, Inc.
      Lockheed Martin Corporation
      Marquette University
      Millennium Space Systems

AAS Corporate and Institutional Members
      Moog Inc., Space and Defense Group
      Northrop Grumman
      Orbital ATK
      The Pennsylvania State University
      Qwaltec
      RWI International Consulting Services
      SAIC
      SGT, Inc.
      Sierra Nevada Corporation
      Space Center Houston
      Space Dynamics Laboratory /

      Utah State University
      SpaceX
      The Tauri Group
      Texas A&M University
      United Launch Alliance
      Univelt, Inc.
      University of  Alabama in Huntsville
      University of  Florida
      University of  South Florida
      University of  Strathclyde, Glasgow
      University of  Texas at Austin
      Virginia Commercial Space Flight Authority /

      Mid-Atlantic Regional Spaceport
      Women in Aerospace

Thank you for your continued support! 

AAS Corporate and Institutional Membership Dues (effective January 1, 2016)

For information on corporate and institutional memberships, contact AAS directly at 703-866-0020. Annual 
dues are based on the number of employees.

Corporate Membership Dues:
•	 Over 10,000 employees – $12,000 (80 member and 8 senior representatives)
•	 5,000 – 9,999 employees – $6,000 (38 member and 4 senior representatives)
•	 1,000 – 4,999 employees – $3,000 (18 member and 3 senior representatives)
•	 500 – 999 employees – $1,500 (8 member and 2 senior representatives)
•	 150 – 499 employees – $900 (4 member and 1 senior representatives)
•	 50 – 149 employees – $500 (2 member and 1 senior representatives)
•	 Under 50 employees – $400 (2 member representatives)

Institutional Membership Dues:
•	 Over 1,000 employees – $1,200 (17 member and 2 senior representatives)
•	 500 – 999 employees – $900 (8 member and 1 senior representatives)
•	 Under 500 employees – $500 (3 member and 1 senior representatives)
•	 Universities – $350 (4 member, 3 student, and 1 senior representatives)
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2017 Schedule of Events
February 2-8
Guidance and Control Conference
Beaver Run Resort
Breckenridge, Colorado
www.aas-rocky-mountain-section.org

February 5-9
Space Flight Mechanics Meeting
Marriott Plaza
San Antonio, Texas
www.space-flight.org

March 7-9
Robert H. Goddard Memorial Symposium
Greenbelt Marriott
Greenbelt, Maryland
www.astronautical.org

May 29-June 1
IAA Conference on Dynamics and Control of
Space Systems (DyCoSS)
RUDN-University
Moscow, Russia
www.spaceflightmechanics.com
ABSTRACT DEADLINE: December 5, 2016

June 9-11
Student CanSat Competition
Tarleton State University
Stephenville, Texas
www.cansatcompetition.com

June 19-21
International Workshop on Satellite Constellations
and Formation Flight (IWSCFF)
The University of Colorado
Boulder, Colorado
http://ccar.colorado.edu/iwscff2017
ABSTRACT DEADLINE: December 12, 2016

July 18-20
International Space Station Research &
Development Conference
Omni Shoreham Hotel
Washington, D.C.
www.issconference.org

August 20-24
AAS/AIAA Astrodynamics Specialist Conference
Columbia River Gorge
Stevenson, Washington
www.space-flight.org
ABSTRACT DEADLINE: April 24, 2017
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