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The Station Explorer for X-ray Timing and Navigation Technology (SEXTANT) is
a technology demonstration enhancement to the Neutron-star Interior Composition
Explorer (NICER) mission, a NASA Astrophysics Explorer Mission of Opportunity
to the International Space Station, launched in June of 2017. In late 2017, SEX-
TANT successfully completed a first demonstration of in-space and autonomous
X-ray pulsar navigation (XNAYV). This form of navigation relies on processing faint
signals from millisecond pulsars—rapidly rotating neutron stars that appear to
pulsate in the X-ray band—and could potentially provide a GPS-like navigation
capability applicable throughout the solar-system and beyond. In this work, we
briefly review prior SEXTANT results and then present new results focusing on:
making use of the high-flux but rotationally unstable Crab pulsar, and using XNNAV
to estimate position, velocity, and time in the presence of an imperfect local clock.

I. Background

The Station Explorer for X-ray Timing and Navigation Technology (SEXTANT) mission is a tech-
nology demonstration enhancement to the Neutron-star Interior Composition Explorer (NICER)
mission aimed at enabling autonomous navigation for future missions operating far from Earth-
based navigational resources [1, 7, 10, 11]. On June 3" of 2017, NICER/SEXTANT launched to
the International Space Station (ISS) to begin an 18-month baseline mission. NICER is an X-ray

*This material is declared a work of the U.S. Government and is not subject to copyright protection in the United
States. All other rights reserved.
fThis work is funded by NASA Space Technology Mission Directorate, Game Changing Development Program
fluke.b. winternitz@nasa.gov@nasa.gov
SNASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
1U.S. Naval Research Laboratory, Washington, DC 20375, USA
IPraxis Inc., resident at Naval Research Laboratory, Washington, DC 20375, USA
**Laboratoire de Physique et Chimie de I’Environnement et de I’Espace, Université d’Orléans/CNRS, F-45071
Orléans Cedex 02, FRANCE and Station de Radioastronomie de Nancay, Observatoire de Paris, CNRS/INSU, F-
18330 Nangay, FRANCE
fNational Radio Astronomy Observatory, Socorro, NM 87801, USA
# Jodrell Bank Centre for Astrophysics, The University of Manchester, Manchester M13 9PL, UK

1 of 10

American Institute of Aeronautics and Astronautics



astrophysics mission with the goal of characterizing the emission and rotation properties of pulsars
to constrain the dense matter equation of state, while SEXTANT aims to exploit their predictable
pulse timing information for autonomous navigation, a process often referred to as X-ray Pulsar
Navigation (XNAV).

The primary performance goal of the SEXTANT mission is to achieve real-time, onboard, navigation
position accuracy of 10 km worst-direction, using up to two weeks of dedicated navigation-focused
Millisecond Pulsar (MSP) observations. This uncertainty is calculated as < 17.3 km Root Sum
Square (RSS) error compared to the onboard GPS solution, whose accuracy is several orders of
magnitude better. The onboard navigation demonstration starts with an intentionally-degraded
orbit position and velocity, based on data provided by NICER’s Global Positioning System (GPS)
receiver, and then must maintain orbit knowledge by processing only X-ray emitting MSP observa-
tions. Prior to the flight demonstration, NICER made a series of observations of each SEXTANT
pulsar to calibrate pulsar timing models (pulsar rotational ephemerides and absolute X-ray phase)
for use in the experiment. The rotational ephemerides were derived from ground-based radio
measurements in the form of arrival times from ongoing long-term pulsar monitoring campaigns.
The absolute X-ray phase of the pulses was then determined from early NICER observations.
The resulting timing models were then used for the generation of Time-of-Arrival (TOA) pre-
dictions for the duration of the experiment. During the calibration campaign, several successful
ground experiments were conducted by replaying flight telemetry into the X-ray Pulsar Navigation
Flight Software (XFSW) and/or playing the events back through the SEXTANT XNAV Labora-
tory Testbed (XLT) end-to-end simulation, see [8]. During the replay of flight telemetry from 2017
Day-of-Year (DOY) 259.5 (September 16" at 12:00 UTC) to DOY 264.5 (September 21" at 12:00
UTC), a ground experiment’s navigational errors successfully met the SEXTANT performance goal.
These early results provided a critical step in understanding the onboard performance for the actual
flight demonstration.

The 2017 flight navigation experiment, conducted between November 10" (DOY 314) through the
12t (DOY 316), met its primary goal by achieving autonomous XNAV navigation performance
better than 10 km, worst direction, onboard and in real-time. Mitchell et al. [8] provide a discussion
the details of the flight experiment results, including predictive Monte-Carlo simulation results and
XFSW initialization parameters.

In this work, a companion to [8], we report on additional SEXTANT results that focus on two
fronts. First, we discuss the use of the high-flux, but rotationally-unstable Crab pulsar for XNAV,
describing calibration of the Crab pulsar models, and present a successful navigation result that
relies heavily on observations of the Crab pulsar. Second, we present an enhancement to the
SEXTANT algorithms to enable XNAV with time estimation in the presence of an imperfect local
clock, and present an experimental result reprocessing NICER/SEXTANT flight telemetry.

II. The Crab Pulsar

The Crab pulsar, also known as PSR B0531+21, and its radio timing properties have been exten-
sively studied for over 45 years [6]. In the X-ray band, the pulsed emission from the Crab pulsar
is three orders of magnitude brighter than any of the SEXTANT MSP sources and has a pulse
profile with a relatively narrow main peak of only 250 us in width. As a result, X-ray TOAs suit-
able for navigation applications can be measured in very short observations, e.g., a high quality
measurement with 10 ps statistical precision can be obtained in only about 600s with NICER, and
observations of only a few 10s of seconds can provide useful information, as well. This makes the
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Crab Pulsar with NICER (417 s, 0.4-12 keV)

125000

400 - Simple
Wave 120000 1
]
200 115000
° PO K
0 : 3 110000
P o, L 4
m
*
z . * £ 105000 1
T —200 - ee g
3 o
% £ 100000
“ _a00
95000
~600 A 90000
85000
-800
- - - - " " " " " 80000
650 675 70.0 725 750 77.5 80.0 825 85.0 0.00 025 050 075 1.00 125 150 175 200
Time (MJD-58000.0) Pulse Phase

Figure 1: Timing residuals from Jodrell Bank  Figure 2: Crab pulsar profile from 417 seconds
TOAs for the Crab pulsar using two tim-  of NICER data, in the 0.4-12keV band.

ing models. The Simple model has frequency

derivatives only up to f, while the WAVE (FIT-

WAVE) model adds harmonically-related sinu-

soids to model the timing noise.

Crab pulsar an appealing source for XNAV either with a small detector system or in a situation
where very frequent measurements are required to keep the navigation solution accurate. Unfortu-
nately, the strong timing noise in the Crab pulsar prevent the ground-based timing solution from
being extrapolated to make accurate predictions more than a few days from the last measure-
ment [9]. But, with sufficiently frequent updates of the predictive timing model, the Crab pulsar
can be used for onboard navigation and related applications. This section summarizes the key
concepts and techniques required for processing observations from the Crab pulsar.

A. NICER Crab Pulsar Calibration

To use the Crab pulsar in the navigation processing, we need both a spindown model and an
absolute time reference. In the following subsections, we describe how the spin ephemeris was
derived from radio monitoring observations, then how the absolute time and pulse profile template
were derived from NICER X-ray observations.

1. Radio Observations

The Crab pulsar is observed daily at the Jodrell Bank Observatory and we used these observations to
produce a timing model for our navigation demonstration. We acquired TOAs from 2017 November
8th through the 27" (DOYs 312-331). To illustrate the magnitude of the timing noise, we first
fitted the arrival times to a simple model consisting only of position, dispersion measure and a
spindown model consisting of frequency, frequency derivative and frequency second derivative. The
residuals to this model fit are shown in Fig. 1, where the pulses wander around the simple model by
several hundred microseconds. Using this model would result in systematic errors in the navigation
measurements of over 100 km. Instead, we added five harmonically-related sinusoidal terms to the
model account for the timing noise, see the FITWAVES procedure as described by [2]. The residuals
to this fit are nearly white and have an Root Mean Square (RMS) error of only 3.8 ps, which is
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comparable to the uncertainties on the individual arrival time measurements. This is the model
we used for the navigation exercise. It is important to note that this allows the high precision
measurements of the Crab pulsar to be used for navigation in a post-processed mode of operation,
but is not representative of a situation where a navigation solution must be derived in real time,
based on an extrapolated timing model as is done with the MSPs.

2. NICER Data Processing

The radio timing model predicts the pulse phase evolution accurately, but for navigation, we require
a precise absolute arrival time in the NICER X-ray band, based on a template profile that defines
the fiducial point for X-ray phase measurements.

We extracted 417 seconds of NICER data on the Crab pulsar from November 11*" 2017 (Observa-
tionID 1013010111) between 0.4 keV and 12 keV, applying standard cuts by energy band to remove
non-photon events. Figure 2 shows the pulse profile of the Crab pulsar derived from that obser-
vation. The pulsed signal in the 0.4-12keV band has a phase-averaged rate of 909 counts/s on
top of an unpulsed background rate of 10,022 counts/s that is predominately from the surrounding
nebula. The NICER instrumental background in this band is insignificant at less than 0.5 counts/s.

We model the pulse profile shape as the sum of two 2-sided Lorentzians plus a broader Gaussian. We
define phase 0.0 as the peak of the first narrow Lorentzian. The Full Width Half Maximum (FWHM)
of this peak is 252 pus. We use a binned version of this analytic profile shape as the template for
measuring pulse arrival times.

Using this template, we measured the absolute phase using the photon_toa.py code from PINT [5]
to extract a TOA from a single NICER observation. This TOA corresponds to the fiducial point
on the template profile. We inserted that time into the timing model as the definition of phase zero
for the pulsar, as defined by the TZRMJD parameter!. This calibrated timing model was then used
for the Crab pulsar navigation experiments described below.

ITI. SEXTANT Measurement Model Extension for Clock and Measurement
Bias Estimation

In the SEXTANT navigation filter, pulse phase and, optionally, frequency measurements are
blended with models of the spacecraft dynamics to update an estimate of the spacecraft state.
Here, we present a simple extension of the SEXTANT measurement model presented in [10] that
allows the filter to estimate a local clock bias and rate, and a per-pulsar measurement bias. Later,
we present results obtained by reprocessing NICER/SEXTANT ground telemetry that has been
perturbed by simulated clock errors and show that the filter is able to recover accurate estimates
of these errors. While experiments with per-pulsar measurement biases are not presented in this
work, it is convenient to present the measurement model extension for both error types together,
as we believe the measurement model may have value for future experiments especially involving
the Crab pulsar.

Let the spacecraft position, velocity, clock bias, clock rate, and a constant measurement bias at

!The fiducial point on the radio profile arrives at site TZRSITE at frequency TZRFRQ at the moment TZRMJD in
Modified Julian Date (MJD).
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time t be given by x(t), v(t), b(t), r(t), and d¢, respectively, and let in be the unit direction to the
pulsar and ¢ the speed-of-light in vacuum. At time ¢, the pulsar pulse phase ¢(t) observed at the
spacecraft is related to the phase ¢o(t) at the reference observatory by?

¢(t) = ¢o(t —b(t)/c+1n-x(t)/c) + d¢, (1)

where the reference observatory is taken to be at the geocenter for SEXTANT, making relative
parallax and solar system Shapiro delays, etc., negligible for our purposes.

The frequency measurement equation is obtained by differentiating Eq. (1) with respect to ¢, leading
to

o(t) = %W) = ot —b(t)/c+ - x(t)/e)(1 —r(t)/c+n-v(t)/c), (2)

where v := x and r := b. The filter also requires the first order partial derivatives of Eqs. (1)
and (2) with respect to the estimated state, which are given by

8y:1< (O L (O )
9z c \Ba®)nT fORT —BH)alt) —f@) 0]’

With y = (QS’ QZ.))T7 z = (X7 ).(7 b’ T‘? 5¢))? a’nd

IV. Navigation Experiments

The SEXTANT team has developed an extensive suite of XNAV simulation tools whose capabilities
are described in detail in previous publications [8, 10, 11]. These capabilities include the ability
to replay NICER/SEXTANT flight telemetry through the SEXTANT XFSW application running
on a ground computer. This mode is used for the Crab pulsar experiment described below. The
timing experiment, also described below, uses a second mode of simulation, where telemetry is
simulated or played back through the SEXTANT end-to-end simulation, which runs the XFSW as
a component, but includes additional Monte-Carlo capabilities.

These experiments make use of the same MSP calibrations described in [8]. Thus, we only describe
the new calibration developed for the Crab pulsar below.

2Note there is a sign error in [10], in the corresponding Eq. (14), in front of the propagation delay term. Here,
we present the correct form used in the SEXTANT flight software.
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Figure 3: Crab pulsar ground experiment results.

A. Crab Pulsar Ground Experiments

In this section, we describe results from a SEXTANT ground experiment where the Crab pulsar
(PSR B0531+4-21) was processed using a binned approach to phase estimation as described in [11].
In this experiment, X-ray event data from NICER/SEXTANT flight telemetry were collected over a
period from 2017 DOYs 318-322 and replayed through the XFSW application on the ground. This
period includes high-cadence Crab pulsar observations along with additional observations of the
MSPs PSR J00304-0451 and PSR J0218+4232. The observation schedule is shown in Fig. 3b. For
this experiment, the timing model for the Crab pulsar was developed using radio data spanning 2017
DOYs 315-335 as described in Section II, enveloping the experiment period. Thus, this experiment
represents the first SEXTANT demonstration of a post-processed navigation capability using the
Crab pulsar.

Figure 3a shows the position RSS errors achieved by the SEXTANT navigation system after seeding
with an degraded GPS solution with a (500m, 500m, 500m, 0.5m/s, 0.5m/s, 0.5m/s) Earth-
centered, Earth-fixed error (see [8] for discussion) and processing Crab pulsar phase measurements
using very short 10s observations along with a smaller number of phase and frequency measurements
from two other MSPs. The filter converges to a steady state error below the 10 km RSS meeting
the SEXTANT performance goal. Further investigation shows this error is primarily in-track, as is
typical.

This demonstrates that Crab pulsar-based XNAV can support strong performance levels, providing

benefit to missions needing high-cadence observations, e.g., high-dynamics scenarios or where the
X-ray timing detector is of smaller size, as compared to NICER.

B. Time Estimation

In this section, we describe results from a SEXTANT ground navigation experiment that investi-
gates estimating the spacecraft position, velocity, as well as local clock bias and rate states. To
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Figure 4: Results from clock estimation experiment.

support this experiment, we simulated random clock errors from a realistic model of an ultra-stable
crystal oscillator and added these errors to the GPS timestamps of the detected X-ray events pro-
vided by NICER. We then replayed this perturbed flight telemetry through the XLT end-to-end
simulation, which runs the XFSW as a component, and looked at navigation and time estimation
performance using the augmented navigation filter model described in Section III.

To simulate the clock errors, we used a thrice-integrated Gaussian noise model with g-parameters,
i.e., intensities of the bias, drift and acceleration driving noises, set to 1.2 x 1072252 /s, 1.5 x 1072652 /g3,
and 1 x 1073 s2/s5, respectively, which were derived from specifications of a real-world space-
qualified, moderate cost, ultra-stable crystal oscillator using the approach described in [3]. The
initial bias and rate were drawn randomly from zero-mean Gaussian distributions with standard-
deviations of 100 s and 1 x 10~8s/s, respectively, and the initial clock acceleration was set to zero.
The simulated clock bias trajectories are shown in Fig. 5b in units of km, along with a typical clock
rate trajectory in m/s.

As in [8], we focused on observations over the period 2017 DOYs 260-264.5. This period was
preplanned as an ad-hoc ground calibration period for the SEXTANT team, during which many
SEXTANT observation requests were incorporated into the operational schedule. In particular, a
high-density of observations from the excellent XNAV pulsar B1937+21 were included during this
period. A plot of the observation schedule for this period can be found in [8].

We ran 20 Monte-Carlo cases where we randomized the filter’s initial state estimate with Gaussian
errors whose lo root-variance was set to (1km, 1km, 1km, 1m/s, 1m/s, 1m/s) and with off-
diagonal orbital correlations of —0.95 for radial position with in-track velocity and in-track position
with radial velocity. The initial clock bias and rate state estimates were set to zero. We disabled the
pulsar frequency measurement for this experiment for empirical purposes. Then, for comparison
purposes, in order to see the impact of the addition and estimation of the clock errors, we ran an
additional 20 cases with the clock errors set to zero and retuned the filter to ignore the clock states.

The result shown in Fig. 4a gives position RSS errors (XNAV vs. GPS solution) for each of the 20
cases overlaid, and (mean across runs) 30 RSS filter root-covariance, while Fig. 5a shows the clock
bias and rate estimation errors. Most of the cases (90% here) are able to accurately estimate the
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Figure 5: Clock error estimation and trajectories from the experiment.

clock error states in addition to position (and velocity, not presented). Position estimation errors
for the case with no clock errors are shown in Fig. 4b. Comparing this to Fig. 4a, we can see that, at
least for this specific scenario, there is, perhaps not unexpectedly, some impact to the clock errors:
there may be a small degradation in steady state position estimation error, and more obviously, an
apparent increased chance of divergence (two divergent cases can be seen in Fig. 4a) when clock
errors are present, as compared to when they are not. Nonetheless, the result is a positive one
that demonstrates that position, velocity, and time estimation is possible with XNAV even with a
relatively low-cost master spacecraft clock.

V. Conclusion

This paper serves as a complement to [8] and provides additional results from the Station Explorer
for X-ray Timing and Navigation Technology (SEXTANT) demonstration. First we demonstrate
post-processed navigation using the unique high-flux Crab pulsar, which has the great advantage
of allowing for very short stare times of only 10s of seconds. Previous SEXTANT results have
demonstrated XNAV position and velocity estimation, while taking advantage of the highly accu-
rate timestamps from the NICER GPS receiver. In this paper, we present results from a ground
simulation where we generated realistic clock errors from a model of an ultra-stable crystal oscil-
lator, not an atomic clock, and show that the clock errors can be estimated accurately without
major impact to position and velocity estimation performance. We also present an extended filter
measurement model that enables this estimation.

For future work, SEXTANT is planning additional navigation experiments later in 2018, where
timing models will be generated from NICER-only data. In addition, we will continue to execute
ground and opportunistic flight experiments, and explore enhanced algorithms. Finally, we will
continue infusion activities for future applications of XNAV.
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