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ABSTRACT

Navigation based on X-ray pulsars was first suggested in 1981" for deep space navigation as an alternative
to the conventional Deep Space Network (DSN) which is inaccurate at large distances from the Earth.
This idea was recently demonstrated? using the NICER/SEXTANT instrument onboard the ISS. X-ray
pulsar-based navigation is of of great interest as it eliminates the reliance on Earth-based systems, and
is yet to be implemented as an autonomous navigation system for deep space missions. For the purpose
of navigation, X-ray millisecond pulsars are the most appropriate celestial sources. They emit unique,
stable and periodic radiation that exhibits high timing stability comparable to atomic clocks, thus making
them suitable as navigational beacons. The phase difference between the pulsar’s pulse profile obtained
at the satellite and a reference profile is tied to the position of the satellite with respect to the chosen
reference location, typically considered to be the Solar System Barycenter (SSB). Measurements from at
least four pulsars are required to estimate the 3D position, velocity, and time of the satellite. This article
describes a small satellite mission concept being developed at the Small-spacecraft Systems and PAyload
CEntre (SSPACE) at the Indian Institute of Space Science and Technology (IIST) that aims to demonstrate
navigation in space using X-ray millisecond pulsars. The satellite contains a miniaturized X-ray timing
detector payload, which extracts accurate pulse profiles from detected pulsar signals. A mission-specific
algorithm is developed that uses measurements from a single pulsar to estimate only the true anomaly
of the satellite, since given the orbital insertion, the other orbital elements are assumed to be stationary.
Additionally, the process of pulsar selection is presented, where pulsars are ranked according to the weighted
parameters of stable time periods, visibility from the chosen orbital configuration, and high signal-to-noise
ratio with respect to the diffuse X-ray background. This is followed by details of the instrument design and
concept of operations of this technology demonstration mission. The article concludes with an overview of the
systems architecture of the small-satellite, which has a standard 6U CubeSat form factor and details regarding
the various subsystems including the On Board Computer, Electrical Power System, Communication system,
and Attitude Determination and Control System are discussed. A successful demonstration of this mission
will pave the way for future small-satellite missions, where 3D position estimation can be carried out using
multiple X-ray pulsar detectors.

and power intensive. As distance from the earth in-
creases, the accuracy of earth based navigation sys-
tems also reduces drastically, making them unsuit-
able for deep space missions. In addition, the Direct
to Earth (DTE) link time of the deep space satellites
is less with long time gaps between consecutive links.
This further increases the need for autonomous nav-
igation systems in deep space missions. Millisecond

Introduction

Small satellites have relatively low budget and
development time that allows the design of missions
with higher risks, making them excellent candidates
for deep space missions that aim to explore un-
known/potentially dangerous environments. How-
ever, navigation in such missions is a challenging

task due to the power, size and cost constraints im-
posed by small satellites. The current interplane-
tary small satellites typically access the Deep Space
Network (DSN) for navigation, which is both time

pulsars provide a precise method for position esti-
mation as they produce periodic beacon signals with
timing accuracy rivaling atomic clocks.? By compar-
ing the pulse profile of these beacons measured at the
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satellite with the pulse profile at a reference location,
the position of the satellite can be estimated. The
XNavSat mission is being developed by the Small-
spacecraft Systems and PAyload CEntre(SSPACE)
at the Indian Institute of Space Science and Tech-
nology, Kerala, India, to demonstrate the feasibility
of navigation in space using X-ray Pulsar measure-
ments. This mission is a technology demonstration
that aims to calculate the true anomaly of the satel-
lite using a novel and compact instrument capable
of making accurate X-ray Pulsar timing measure-
ments. The objective of the mission is to estimate
the true anomaly of the satellite in real time, assum-
ing the remaining orbital elements of the satellite are
known. This one-dimensional estimation problem, if
successfully demonstrated, can then be extended to
complete position estimation using multiple X-ray
pulsars, in the future.

Navigation using X-ray Pulsars

Pulsars are highly magnetized neutron stars, ro-
tating at a very high speed about their spin axis.
The rotation accelerates charged particles which
emit electromagnetic radiation along the magnetic
field axis. In case of misalignment of the spin and
magnetic axes, the radiation produced appears as a
sequence of pulses to an observer not on the spin
axis. Hence for the observer the pulsar emits pe-
riodic radiation. It has been observed that pul-
sars have extremely stable rotation periods. Pulsars
are observed in radio, X-ray, visible and gamma-ray
bands of the electromagnetic spectrum, of which the
most efficient regime for autonomous navigation us-
ing pulsars is the X-ray band. This is so because of
the small detector size requirement and the fact that
a larger proportion of the emitted energy lies in the
X-ray band. In order to compute the navigation so-
lution, the photons from the pulsar are time-tagged
at the detector. The exposure time decides the num-
ber of cycles of the pulsar recorded. These photon
time-tags are folded to one pulsar period. The folded
times (between 0 and P, where P is the pulsar pe-
riod) are binned, and the histogram thus produced is
normalized between 0 to 1. The resulting normalized
histogram is the pulse profile. In order to produce
a pulse profile that would be observed at the So-
lar System Barycenter (the reference pulse profile),
a time transfer has to be done in the above process
to shift the times of arrival observed at the satel-
lite (observer) to those at the SSB (reference). A
comparison between the received pulse profile at the
satellite’s position with the reference pulse profiles
(for various pulsars) can be used to autonomously

calculate the 3D position of the satellite with respect
to the SSB. Thus, the basic idea behind XNAYV is
to use these stable pulsars to navigate. Specifically,
the pulse profile generated from the detector’s data
is compared to the reference profile to find the time
delay, t4 between the two. Using this time delay, and
given the pulsar’s characteristics (such as the pe-
riod, direction vector with respect to the SSB etc.),
one can compute the range in the direction of the
pulsar. As an extension of this methodology, one
can find the 3-dimensional position of the satellite
by recursively estimating ranges in the directions of
several pulsars. For the purposes of this paper, the
relation between the 3-dimensional position and the
true anomaly of the satellite is made use of, so as
to estimate the latter. The procedure of estimating
the true anomaly using the measurements from only
one pulsar are explained in the subsequent sections.

Source Selection for X-ray Pulsar Navigation

For the purposes of navigating with the help of
X-ray pulsars, a source ranking process was carried
out. Here, first the list of all pulsars known to emit
periodically in the X-ray regime was accumulated
from literature,* along with their respective pulse
properties such as period, flux, sky positions etc.
Then for each pulsar on this list, assuming the satel-
lite was in a circular, sun-synchronous orbit with a
semi-major axis of 500 km (with all other Keplerian
orbital elements are assumed to be 0 for simplicity),
the visibility to the satellite was ascertained. This
was done by utilising the following condition® :

71290/3 - R%
| — arccos(n - tg¢/p)| < arccos | ————
Tsc/B

(1)

where r(t)sc/p is the position of the spacecraft
with respect to a celestial body (here, Earth) at a
particular time ¢, Rp is the radius of the body in
consideration and 7 is the direction cosine of the
pulsar in question. If the condition is true, then
for those time instants, the pulsar will be occulted
by the body in consideration. Otherwise, the pul-
sar will be visible unless some other body (which is
unaccounted for) is occulting the source. For the
purposes of this analysis, the visibility of the pul-
sars from the source list was ascertained by splitting
one orbital period into 50 segments and checking
the validity of the condition above, once in each of
the segments. Only the Earth was considered as the
main occulting body.

Kandala

35t" Annual Small Satellite Conference



Along the same lines, simulations were carried
out to ascertain the times when each source attained
a sun angle greater than 30°. These would be consid-
ered “good” observing times, since the source would
not be affected drastically by the radiation of the
Sun. For this analysis, the positions of the satel-
lite with respect to the SSB were computed and
positions of the Sun were queried from the DE-430
ephemeris, using which the sun angle for each pulsar
as viewed from the satellite was computed for each
time segment. The interval from 1st January, 2021
- 31st December, 2022 was considered as a represen-
tative time frame for the calculations.

Furthermore, using Aladin® , X-ray sources
within 0.5°, 1° and 6° of the pulsars in question
were queried from the 3rd XMM-Newton Enhanced
catalog® (3XMMe), the 2nd Release of the Chandra
Source Catalog” 8 (CSCv2), and the ROSAT All Sky
Survey Faint Source Catalog? (RASS-FSC). This
was used to ascertain the amount of background
noise to be expected from non-pulsar sources. Al-
though some pulsars have hundreds of sources which
are brighter than 10% of the pulsar’s flux in the 1-
10 keV range, it is expected that upon epoch folding
to make the pulse profile, the only noise that these
extraneous sources will contribute will be the dif-
fuse X-ray background. This assumption simplifies
further analysis, but more careful extraneous source
analysis needs to be done to ensure that minimal
quasi-periodic noise is contributed. However, from
this analysis of the background sources it was ar-
rived upon that a pointing accuracy at least of 1° or
better is required to be able to sufficiently capture
photons from the pulsar of interest.

Finally, using metrics derived from the above
analyses, the various pulsars in the Pulsar Source
Catalog were ranked. These metrics are as follows:

e Pulsar visibility fraction, JFis: this is com-
puted as the ratio of time segments the pulsar
is visible in to the total number of time seg-
ments considered (here, 50). If this fraction is
close to 1, the pulsar is ranked higher.

e Favourable Sun-source separation fraction,
FSun-source: this is computed as the ratio of
time segments when the pulsar is greater than
30° away on the sky to the total number of
time segments. A higher ranked pulsar has
this value close to 1.

e Background source statistics: this information
is taken into account in the ranking by con-
sidering how many background sources have a
1-10 keV flux of :

1. Greater than 1/100 the pulsar’s flux,
within a circular sky region centered on
the pulsar and 0.5°, 1° and 6° in radius.
The corresponding counts are denoted as
N=o0.01(r) where 1 is the angular sky ra-
dius considered.

2. Greater than 10 times the pulsar’s flux,
with the same specifications as above.
These counts are denoted as N<19(r).

The ‘score’ for a pulsar is computed according to
these metrics using the following heuristic:

Score = 50(fvis+]:Sun-source)_20'N>10_

This score was then used to rank the pulsars in
the pulsar source list, and the Crab pulsar (PSR
J0534+2200) was thus chosen as the main target for
this mission, due to both its high ‘score’ as well as
brightness in the 1-10 keV energy range.

Constraining Detector Specifications

In order to better guide detector design and
structure, a constraint is imposed that the obser-
vation of a particular pulsar is done at a signal-to-
noise ratio above a certain threshold. This ensures
that the photons detected from a particular pulsar
are significant, even if the underlying noise is non-
gaussian. For this purpose, the threshold SNR is set
to 5, i.e. observations with an SNR > 5 are deemed
statistically significant. From the literature,* the
SNR (denoted by S) for a detection is given as:

S = %
Onoise
_ Nspulsed
\/(NB + NS“on»p“lsed )duty cycle T Nspulsed
FIApfAtobs

\/[BX + Fx(l - pf)](AAtObsd) + FxApfAtobs
(3)

where:
e A is the detector area

o Aty 1s the observation time

Dy, the pulsed fraction, is the percentage of the
source flux which is pulsed

d is the duty cycle of the pulse, which is the
duration of the pulse profile occupied by the
pulse component relative to the pulsar period.
For a pulsar with period P and pulse compo-
nent of width W, d = W/P.
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Figure 1: Simulated SNR(E, At,ps) considering the Amptek FAST SDD, for fixed geometric
areas = 5, 10, 15, 20 cm?. The dashed red line marks the SNR = 5 threshold. Lines are
color-coded according to the Aty value considered, as in the top right panel.

e F'x is the observed source X-ray flux
e Bx is the background X-ray flux

® Npuised is the pulsed component of the source
flux, and opoise is the one sigma detection error

Note that this equation implicitly depends on the
detector parameters, such as the (effective) area and
observation time. Thus, this equation can be used in
tandem with the aforementioned SNR threshold to
constrain the detector specifications. Due to their
high quantum efficiency in the energy range of in-
terest (1-10 keV), Silicon Drift Detectors (SDDs)
are chosen as the base detector type. These can
be arranged in a grid or mosaic, as required, to in-
crease the effective area available for detecting pho-
tons. In order to decide how many of these detectors
would be required to meet the SNR threshold con-
straint, along with the effect of the observation time,
a trade-off study was carried out with SNR being
the primary variable. Its variation with the detector
geometric area, quantum efficiency and observation
time was studied. For this, the quantum efficiency
of the Amptek FAST SDD'® was used from which
the effective area of the detector was calculated as:

Acss (B) =e(E) - Ageom (4)

where Agrp(F) is the effective area of the detector
as a function of energy E, ¢(E) is the quantum ef-
ficiency of the detector at that energy E and Ageom
is the geometric area of the detector. This effec-
tive area was used to compute the SNR from equa-
tion 3, thus giving SNR as a function of both E and
Atops. For simplifying the description, only results
related to the Crab pulsar (PSR J0534+2200) trade
off study are presented here (other pulsars were con-
sidered, specifically the top six ranked pulsars from
the Pulsar Source Catalog described in this work,
but all other pulsars required large effective detector
areas or prohibitively large observation times, both
of which would require design goals tangential to the
current body of work). As can be seen from the fig-
ure 1, if one considers the average SNR over the 1-10
keV range, one obtains an SNR, > 5 for any effective
detector area above 5 cm? and an observation time
above 50 s. However, for the sake of instrument de-
sign, a detector geometric area of 5 cm? and an inte-
gration time of 100 s was fixed. Each Amptek FAST
SDD has a 70 mm? detector, which is further colli-
mated to an active geometric area of 50 mm?. Thus
this design choice implies that roughly 10 detectors
will be required to achieve the SNR threshold. Fur-
thermore, one should note that these estimates are
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only indicative and for the purpose of guiding instru-
ment design. Subsequent analyses and simulations
need to be done to validate the assumptions made
here and to include effects of other important fac-
tors. Such simulations would have to include the ef-
fects of background noise sources not considered here
(such as the diffuse X-ray background, stray cosmic
X-ray photons etc), instrumental effects (such as in-
strumental jitter, off-axis viewing effects etc) and
other environmental effects.

Instrument Design

The main objective of the instrument is to ex-
tract timing information from detected photons of
the pulsar source, use it to generate the required
pulse profile and implement a navigation algorithm
using the pulse profile. Figure 2(a) shows the pre-
liminary CAD model of the instrument. The in-
strument occupies approximately 2U volume in the
satellite. The various components of the instru-
ment are also labelled in figure 2(b). Based on the
SNR considerations explained in the previous sec-
tion, the instrument consists of ten 70 mm? FAST
SDDs along with their PA130 preamplifier devel-
oped by Amptek. External multilayer hollow-tube
collimaters of length 12 cm (approx.) are added to
each of the detectors. The collimaters allow only ax-
ial or par-axial rays to enter the detector and also
prevent the diffuse X-ray photon noise from enter-
ing the detector. The instrument consist of three
in-house designed PCBs namely, the Analog Pro-
cessing Unit (APU), Digital Processing Unit
(DPU), and Power Conditioning Unit (PCU).
Figure 3 shows the functional block diagram of the
instrument, that highlights the interconnections be-
tween the various units. This section describes the
functionality of each of the units of the instrument.

|_ collimator

Tube
20cm

AXR Fast SDD

| pa210
Preamplifier

Analog
T~ Processing Unit

Digital
Processing Unit
Power
Conditioning
Unit

Figure 2: Preliminary CAD Model (a) Outer
Structure (b) Inner Components

Amptek FAST SDD and Preamplifier

The detector proposed is off the shelf, 70 mm?
FAST SDD developed by Amptek in a TO-8 pack-
age. The Amptek FAST SDD includes an inbuilt
CMOS charge sensitive preamplifier and thermoelec-
tric cooler inside the TO-8 package. The silicon drift
detector is similar to Si-PIN photodiode except for
the unique electrode structure, offering a better en-
ergy resolution and count rate. Integration of the
transistor in SDD reduces total input capacitance
dramatically, thus reducing electronic noise and en-
hancing speed of signal processing. The proposed
detector has an active area of 50 mm?, with total
geometric area of 70 mm?. A multilayer internal
collimator is mounted on the detector element to
mask the edges of active volume and this assembly
is capped by a cover with a very thin Be window to
allow soft X-rays.

cMOs
P .
— Multilayer
2-Stage & Collimator
Thermoehectric "' - .Detector

Cooler

TO-8 Header ., * an

\g/“’-i'-""

Maounting Stud
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Figure 4: Silicon Drift Detector (SDD)

Analog Processing Unit (APU)

The output from the detector package is given
to an Analog Processing Unit built in-house which
has a signal conditioning circuit comprising of a fast
transimpedance amplifier, constant fraction discrim-
inator and comparator. The fast transimpedance
amplifier enhances the timing characteristic of the
incoming pulse. The pulse given as output after
transimpedance amplifier has a faster return rate to
zero after peak, therefore making extraction of peak
time more accessible by differentiation.

Following this, a constant fraction discriminator
(CFD) circuit is used which gives zero crossing at
a constant fraction of pulse amplitude, thus virtu-
ally eliminating amplitude walk. Since the pulses
received from the SDD will have varying amplitudes,
proportional to incident photon energy, it is essen-
tial to design a signal processing system which over-
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Figure 3: Instrument Functional Block Diagram

comes all such issues. The CFD takes the fast tim-
ing amplifier output and splits the signal in two, one
part is attenuated by some fraction (say, f) while the
other part is inverted and delayed. The two pulses
are summed together to give out a bipolar pulse, for
which the zero crossing occurs whenever the pulse
reaches a fraction (f) of its peak amplitude. The
bipolar pulse is sent through a comparator to detect
the zero crossing and generate a logic pulse. The
signal is thus digitised and sent to the Digital Pro-
cessing Unit (DPU).

Power Conditioning Unit (PCU)

The Power Conditioning Unit consists of DC-DC
converters that are used for converting satellite raw
bus voltage to different regulated levels as required
by the instrument. It consists of 3.6V regulators for
the Thermoelectric Cooler (TEC) power supply of
each of the SDDs. In order to maintain the detec-
tor temperature, the TEC power supply is controlled
by the FPGA in the DPU, using a temperature sen-
sor in the detector as feedback for implementing a
closed loop control system. The PCU consists of a
+5V and -5V converter to power the preamplifier
of the detector. In order to provide a high voltage
bias to the SDD, the PCU consists of high voltage
regulated power outputs (in the range of -100V to
-180V). The PCU also consists of the power convert-

ers required to power the various components in the
APU as well as the DPU.

Digital Processing Unit (DPU)

The Digital Processing Unit consists of an Sys-
tem on Chip (SoC) FPGA that is used to detect
and time-tag the comparator output from the Ana-
log Processing Unit. The DPU consists of a high
resolution Quartz based Real Time Counter (RTC),
which is used to time tag the X-ray photon count
values. The RTC value is also periodically synced
with the GPS Pulse Per Second (PPS) signal, which
is provided as an external input from the satellite.
The DPU consists of non-volatile NAND flash mem-
ory that is used to store the time tagged instrument
measurements. The memory can also be used to
store reference pulse profile data as well as ephemeris
data which would be required for implementing the
navigation algorithm. The SoC FPGA in the DPU
produces a time tagged array of X-ray photon count
values. This array can either be sent to the satellite’s
On Board Computer for downlinking or can be used
to implement navigation algorithm in the FPGA it-
self. For this mission, the FPGA is planned to imple-
ment the algorithm to estimate the true anomaly of
the satellite using time tagged X-Ray photon count
values. Further details of the algorithm are pre-
sented in the next section.
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Satellite True Anomaly Estimation

In order to validate the functionality of the in-
strument, the objective of this technology demon-
stration mission is to estimate true anomaly of a
small satellite in the Low Earth Orbit (LEO) using
the X-ray photon count measurements. The geome-
try of the problem is shown in figure 5.

I'sat,eci

Npulsar,icrf

Figure 5: Navigation problem representation

The frame of reference chosen here is the Inter-
national Celestial Reference Frame (ICRF), which
is an inertial frame centered at the Solar System
Barycenter (SSB). The value of the dot product of
the satellite’s position vector (Pt icer) With the pul-
sar’s position unit vector (7pulsaricrf) can be esti-
mated as follows:

Tsat,icrf * Mpulsar,icrf = C* tq (5)

where c is the speed of light and ¢4 is the time delay
in the pulse profile measured at the satellite with
respect to the pulse profile at the SSB. For a typ-
ical small satellite orbiting in the LEO, we assume
all other orbital elements except true anomaly to
remain constant as the satellite propagates in or-
bit. Thus, equation 5 can be then used to calculate
the true anomaly of the satellite, using the measure-
ments from a single pulsar. The procedure of cal-
culating the true anomaly of the satellite, can be
broadly divided into two main steps:

e Step-1: Generating the time delay (¢4) using
the X-ray photon count measurements

e Step-2: Using the time delay (t4) value to es-
timate true anomaly of the satellite.

This section describes both the steps, and provides
details of the mathematics and simulations devel-
oped for the same.

Step 1: Estimating t; using X-ray photon
count measurements

As explained in the previous section, the instru-
ment generates time stamped X-ray photon count
values. Preliminary analysis shows that, for the
Crab pulsar (which is the most appropriate pulsar
for this particular mission design, out of all the pul-
sars considered in the pulsar source catalog) with a
2-10 keV flux* of 1.54 photons cm~2 s~!, roughly
7.74 x107% photons are detected in a timespan of
1 ps with the proposed detector configuration of 10
SDD detectors and a combined active area of 5 cm?.
This number is useful as an estimate for the aver-
age number of photons seen by the detectors, in a
time interval corresponding to the desired time res-
olution of the detectors. It is also useful in deciding
the sampling time of the processing electronics.

If the satellite is stationary at one location, with
the current instrument configuration it takes an in-
tegration time of 100 seconds to accurately deter-
mine the pulse profile, as explained in previous sec-
tions. However, since the satellite is moving in or-
bit, the measurements taken at different times corre-
spond to different physical locations. The raw mea-
surements will be first compensated for the move-
ment of the satellite considering the Doppler shift of
the pulsar pulse profile due to the satellites velocity.
Then epoch folding will be performed on the mea-
surements to obtain the pulse profile at a certain
position. Once the pulse profile at a certain loca-
tion is obtained, it can be compared to the reference
pulse profile at the SSB to obtain the time delay 4.

Step 2: Estimating true anomaly using t4

To estimate true anomaly, the position of the
satellite must be first expressed in the Earth Cen-
tered Inertial (ECI) frame. The position of the satel-
lite in ICRF is related to the position of the satellite
in ECI frame as follows:

FSSB, eci (6)

Tsat,icrf = T'sat,eci —

This is because the axes of the ICRF and ECI can
be assumed to be oriented in the same direction (ne-
glecting relativistic effects), thus making the coor-
dinate transformation only a translation from the
earth center to the solar system barycenter. The vec-
tor (Fssbeci) denotes the position of the solar system
barycenter in the ECI frame, is a function of time
and can be obtained from NASA standard DE430
ephemeris. Using equation 5 and 6, we get:

('Fsat,eci - Fssb,eci) : ﬁpulsar,icrf =c-1q (7)
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If the position of the satellite is unknown, Eq. 5,
consists of three unknowns, namely the three com-
ponents of the satellite’s position in ECI frame. As
mentioned previously, for this mission, it is assumed
that five of the six orbital elements - Semi major
axis (a), Eccentricity (e), Argument of perigee, In-
clination, Right ascension of ascending node of the
small satellite are known. Thus, true anomaly 6 of
the satellite is the only unknown variable. In or-
der to obtain true anomaly, we need to express the
satellites position in the ECI frame in terms of true
anomaly. We first express the satellite’s position in
the orbit frame or the perifocal frame (Fua orbit), i1t
terms of the true anomaly:

0

a-(1—e?) [
_;a orizi' 9 8
Tsat,orbit T+e cosd 81101 ()

Then we transform this position vector to the
ECI frame, as follows:

Fsat,eci = Q . 7?‘saLt,orbit (9)

where Q denotes the transformation matrix from or-
bit frame to ECI frame, and is completely deter-
mined by the argument of perigee, the right ascen-
sion of ascending node and the eccentricity of an
orbit. Thus, using equation 8 and 9 we get,

5 6

a-(1—e?) [
_;‘a eci — T . 5" 0 10
Tsat, @ 1+e-cosb s13 (10)

Lastly, substituting the st eci in equation 7, we
get:

0
0. (1—e2 cos

( ) sin 6

(Q.l—i-e-cose. 0

— TSSBeci) 1 = C-tgq (11)

Solving these equations for the unknown true

anomaly (6), we get:
4y ) K ()

VK2 + k3

0 =nm+ (—1)"sin"! (

where,

ctq — 7 - TSSB eci

a-(1—e?) (13)

ft) =

. kq
Ky =sin”! | —— 14
: ( W@) (1

and kq and ko are constants obtained from the ma-

trix transformations. The constant n arises from the
inverse sine function and can be used to differenti-
ate between the two positions of the satellite that
are mirror images about a imaginary line along the
pulsar’s direction vector, as shown in Fig.6.

Satellite Pulsar
®

e S att=to
LN /

d

s

. Satellite
att-t1

Figure 6: Satellite Mirror Image Positions

The value of n will be determined using the
Doppler effect observed in the sensor measurements
and can be used to differentiate between the two
mirror image positions. Depending on the value of
U, - 11, where ¥, denotes the velocity of the satellite
in ECI frame, the value of the true anomaly can be
estimated as follows:

sin™! O]
9 — \/k2+k2

-1 f () p = o
— sin — Ko ifo; -7
s EEe 2 e <0

3
\Y

K i -

(15)

Thus, we have derived a mathematical relation
for estimating the true anomaly of the satellite only
using the time delay (t4) value estimated from the
X-ray photon measurements.

Simulation and Validation

A simulation was setup to validate the derived
formula for true anomaly estimation and to predict
the expected error range. The simulation uses a or-
bit propagator from the open-source Python library
Poliastro'! which propagates the satellite’s orbit in
the LEO. At different location in the orbit, the value
of t4 was estimated using a reverse engineered for-
mula for ¢4 as shown in equation 16. In actual flight,
this value of t; would be obtained from instrument’s
X-ray photon count measurements, as explained in
the step 1. The simulated value of t4, as the satellite
propagates in orbit is shown in Figure 7. Gaussian
noise was also added to the t4 value so as to simu-
late in-orbit errors, with a standard deviation of 10
microseconds.

Ficrf . 7'_iicrf

tqa = — (16)
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Figure 7: Simulated t; in Orbit

The t, values so obtained were used to calculate
the true anomaly using the formula derived in the
previous section. Shown in Fig. 8 is a plot showing
the actual true anomaly (propagated using polias-
tro) and estimated true anomaly determined using
the formula derived. The results validate the deriva-
tion of the formula, as simulated true anomaly and
calculated true anomaly match closely, with an av-
erage error of less than 1 degree. It is observed that
the true anomaly error spikes to around 4 degrees at
the locations where the satellite crosses the pulsar
vector in the ECI frame. Further analysis is being
carried out to understand the cause of this error and
the steps that can be taken to reduce it.
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Figure 8: Estimated and Calculated True

Anomaly

Mission Design and Concept of Operations

Since this is a technology demonstration mission,
the XRay Pulsar navigation will only be conducted
during the eclipse duration of the orbit. Figure 9
shows the operational modes of the satellite, between
which the satellite transitions based on battery State
of Charge (SoC). During the insolated part of the

orbit the satellite primarily will point towards the
sun to charge the batteries. On entering eclipse, the
ADCS system will point the instrument towards the
pulsar to take measurements. The measurements
from the pulsar (time tagged x-ray photon count val-
ues) are stored in the on-board memory of the satel-
lite, until they can be downlinked. Along with the
measurements, GPS location of the satellite will also
be downlinked so that the true anomaly estimated
using instrument measurements can be verified with
the actual true anomaly. A 500 km Low Earth Or-
bit was chosen for the mission with an inclination of
97.8 degrees. Such orbits can be easily provided by
the Polar Satellite Launch Vehicle, which is the pri-
mary launch vehicle chosen to deploy this satellite.
As described in the source selection for X-ray Pulsar
Navigation section, choosing this orbit provides high
visibility time of the Pulsar, without obstruction by
other bright sources. In addition, a near sun syn-
chronous orbit leads to more insolation time, that
aids the design of the power system of the satellite.

Battery SoC > 65

( Emergenc) Pulsar
gency Safe Mode Nominal Mode Measurement
Mode Mode

Battery SoC <55 Battery SoC <70 Ifin Sunlight
Only OBC and ADCS is turned ON. SBand Turned ON. Point
UHF Rx and Solar panels pointed Solar panels pointed Instrument
beacons are on. towards Sun. towards Sun. towards Pulsar

Battery SoC > 75 If in eclipse

Figure 9: Mode Flow Diagram

Satellite Overview

The XNavSat mission is developed in a 6U form
factor with approximate dimensions of 30 cm x 20
cm X 10 cm. Figure 10 shows a preliminary CAD
model of the satellite indicating the location of dif-
ferent subsystems in the satellite. The instrument
is placed on the -z face of the satellite, occupying
around 2U of volume. The spacecraft avionics stack
consists of five PC104 standard PCBs which are the
On Board Computer, Electrical Power System, UHF
Transceiver, S Band Transmitter and Interface Card.
The power system of the satellite also consists of a
battery pack, placed below the avionics stack and
body mounted solar panels on all four faces of the
satellite. The Attitude Determination and Control
System (ADCS) of the satellite is placed near the
+z face of the satellite, which is used to provide 3-
axis attitude control of the satellite. A GPS receiver
with a patch antenna is also placed on the +z face
of the satellite. The antenna deployment module,
containing a UHF quaterwave monopole antenna is
placed near +z face and is connected to the UHF
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transceiver through a SMA harness. The +y face of
the satellite consists of the S-Band patch antenna.
The UHF and S-Band antennas are placed in this
configuration, to ensure that the antennas have sig-
nificant gain with the groundstation, while the satel-
lite is pointing the solar panels towards the sun dur-
ing nominal operations.

Figure 11, provides a system level block diagram
of the entire satellite showing the interconnections
between the different subsystems. In order to re-
alize the mission objectives, the XNavSat mission
uses a combination of in-house developed and com-
mercially developed subsystems. The in-house de-
veloped subsystems (namely OBC, EPS and struc-
tures) derive heritage from the previous Ahan and
INSPIRE small satellite missions developed at IIST.
The COTS (commercial off the shelf) subsystems,
which are the ADCS, UHF Transceiver, S-Band
Transmitter and GPS receiver are chosen consider-
ing the size, power and cost parameters which are
most suitable for the mission. The OBC, EPS, UHF
transceiver and S-Band transmitter are connected to
each other using the PC104 standard CubeSat bus.
This avionics stack, also has an interface card that
consists of connectors that are used to connect to
the remaining subsystems via harnesses. This sec-
tion gives a brief overview of the various subsystems
and describes their key features.

On Board Computer

The On Board Computer is built around the
SmartFusion2 M2S090 SoC (System on Chip) FPGA
which incorporates ARM Cortex M3 microproces-
sor, SRAM (Static RAM), eNVM (electronic non-
volatile memory), RTC (real time counter) and var-
ious other features. Since the Microsemi SmartFu-
sion2 SoC FPGAs and IGLOO2 FPGAs are 65 nm,
non-volatile, flash-based FPGAs, they exhibit intrin-
sic robustness against radiation induced single event
upsets. The designed board requires a 3.3V supply
line to work and the hardware also includes one SD
card slot, one 64 Mb SPI-Flash, one ADC, an exter-
nal processor supervisor circuit and a 9-axis IMU.
The 9-axis IMU will be used in the mission for de-
termining the angular rates of the satellite. In-order
to make the SoC isolated from the other subsys-
tems of the satellite, Power and Signal Isolators have
been used between the SoC and the other subsys-
tems. Figure 12(a) shows the engineering model of
the OBC developed, which is currently undergoing
comprehensive performance tests to ensure robust
functionality. The OBC is responsible for collecting
Housekeeping (HK) data from all subsystems and

science data from the payload. It is also responsi-
ble to implement the flight software and sequence
of operations of the satellite while maintaining the
appropriate timing requirements.

Communication System

The primary groundstation for the mission will
be the UHF and S-Band groundstation established
at IIST. An access time analysis was performed to
estimate the total number of passes and the link time
the satellite has with the groundstation. The satel-
lite contains a UHF transceiver with a data rate of
9600 bps (more details of which are given in the sub-
sequent section), using which an average 720 kilo-
bytes of data can be downlinked to earth per day.
The UHF link will be mainly used to downlink satel-
lite housekeeping telemetry. The satellite also con-
tains a S-Band Transmitter with a data rate of 2
Mbps that will be used to downlink the science in-
strument data.

Figure 12(b), shows the engineering model of
the UHF transceiver board developed. The com-
munication system uses a COTS UHF half-duplex
transceiver developed by NanoAvionics with a pro-
posed operating frequency of 437 MHz. Since the
UHF transceiver would be mainly used for transmit-
ting small-sized beacons to the ground-station, an
antenna with high directivity is not required. It is
further essential that beacon transmissions are not
dependent on the pointing ability of the satellite,
thus there is a need for the gain pattern of the an-
tenna to be omnidirectional. Thus, a monopole tape
measure antenna was chosen. The tape measure an-
tenna is housed in an Antenna Deployments Module
(ADM), which uses a burn-wire deployment mech-
anism that derives heritage from the INSPIRESat-
42 small satellite mission. A link budget analysis
was also performed that ensures the feasibility of
the UHF and S-Band based communication system
for the mission.

Electrical Power System

The electrical power system of the satellite con-
sists of a charger board, a battery board and four
solar panels. The satellite consists of four body-
mounted solar panels which have AzureSpace 3G30A
cells. The panels on the +x and -x faces of the satel-
lite consist of 14 solar cells each, and the panels on
+y and -y face consists of 7 solar cells each. The
amount of time the satellite will be in isolation and
in eclipse was simulated using the Systems Tool Kit
(STK) student version software. According to the
analysis, an average of 28 minutes of eclipse time will
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Figure 12: Mission Avionics EMs: (a) OBC (b) UHF Transceiver

be seen per orbit with a maximum eclipse duration
of 30 minutes. As mentioned in the previous sec-
tion, the satellite will point towards the sun during
the insolated part of the orbit. Assuming the +x or
-x directly pointed towards the sun, approximately
14.3 Watts of instantaneous power will be generated.
Preliminary power requirements of the satellite, in-
dicate that the duty-cycled peak power consumption
of the satellite is approximately 11 Watts. Based on
the power consumption and power generation of the
satellite, in-order to ensure a maximum SoC drop
of 30%, the battery capacity was chosen. The bat-
tery pack consists of four Lithium ion LG 18650HE2
cells in a 2S-2P configuration, generating a nominal
battery voltage of 7.2 volts and a nominal battery
capacity of 5000 mAh. The charger board is de-
signed to charge the batteries using the solar panels
and also provide regulated power to the various sub-
systems of the small satellite.

Attitude determination and Control System

In order to point the instrument towards a pul-
sar, a highly accurate commercial of the shelf ADCS
made by CubeSpace is chosen for the mission. The
ADCS contains a variety of sensors including a fine
and coarse sun sensors, nadir sensors as well as a
star tracker using which it can achieve an attitude
measurement accuracy of 0.1 degrees. The ADCS
contains three reaction wheels and three magneto-
torquers and is capable of 3 axis pointing with a
pointing accuracy of 0.2 degrees. With all compo-
nents included, the size of the system is around 1U
and is placed on the +z face of the satellite.

Conclusion

This article describes the design of a small-
satellite mission to demonstrate true anomaly deter-
mination of a LEO satellite using millisecond X-ray
pulsar timing measurements. Procedure for select-
ing the most appropriate pulsar source along with
the expected signal to noise ratio at the detector was
developed. A preliminary design for a instrument to
extract timing information from X-ray photons has
also been completed. An algorithm for calculating
the satellite’s true anomaly based on X-Ray pulsar
timing measurements has been developed along with
simulation results. The article concludes with an
overview of the small satellite system design for this
mission. A successful demonstration will the pave
the way for future small satellite missions to use X-
Ray Pulsars for autonomous navigation in space.
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