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Abstract: This paper addresses the use of the position difference between the reference
satellite and the target spacecraft to improve X-ray pulsar navigation (XPNAYV) for Earth
orbit spacecraft. This is achieved by first installing an X-ray detector on the reference sat-
ellite whose position is accurately known. The position measurement error of the refer-
ence satellite, known as the correction value, is sent to the spacecraft through the X-ray
communication (XCOM) link. It is hoped that the accuracy of the spacecraft state meas-
urement can be improved by offsetting common errors of measurement. X-ray ranging
observation between the reference satellite and the target spacecraft, obtained from
XCOM,, can accomplish high precision in distance measurements, which can supply pre-
cise information for XPNAV. A novel pulse position modulation (PPM) polarization en-
code and modulation mode is used to achieve difference time transmission and range
measurement simultaneously. Through the information fusion of the difference timing
observation and the ranging observation, the positioning accuracy of the spacecraft is im-
proved further. With the aim of estimating the spacecraft’s errors in location and speed,
an adaptive divided difference filter (ADDF) is applied to eliminate nonlinearity. Several
simulation cases are designed to verify the proposed method. Numerical simulations
show that, compared with the traditional timing observation, the difference timing and
ranging method can improve the position estimation accuracy by 27% and the velocity
estimation accuracy by 22%.

Keywords: X-ray pulsar navigation; X-ray communication; adaptive divided
difference filter; multi-information fusion; time of arrival

1. Introduction

X-ray pulsar navigation (XPNAYV) is a novel method for spacecraft navigation. It can
be used not only as an assistant to near-Earth space probes, such as satellite navigation
systems, but can also supply the absolute time and spatial reference for deep space probes.
It is an effective way to solve the problem of spacecraft autonomous navigation. The pul-
sar is far away from the solar system. The radiation direction of the pulsar observed at
any point in the solar system is essentially the same, which can be approximated as a
constant vector [1]. At present, the XPNAV system has a positioning precision within a
range of several kilometers, which is far from its theoretical value [1]. There are several
approaches to enhance the precision of XPNAV. Some authors have worked on improving
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the accuracy of the phase estimation of the cumulative pulse profile, including the time
domain measurement method based on the bispectrum transform [2] or the Bayesian [3]
or optimal frequency band algorithm [4]. Another solution was to acquire supplementary
observational data from existing navigation systems or various space sources, for exam-
ple, XPNAV and doppler system fusion [5,6], using the observational information of stars,
planets or natural satellites [7-10]. In XPNAYV, the time of arrival (TOA) is the essential
observation, and the incremental phase of two instants of the satellite [11] or baseline vec-
tor angle between the two satellites [12] can also be used to improve the navigation preci-
sion. A more advanced filter algorithm, such as the adaptive difference Kalman filter
(ADDF), is employed for navigation filtering. The aforementioned integration approach
has certain potential, but it is limited in accuracy and is susceptible to noise interference.
Moreover, a subsystem is required to manage these extra inputs, which enhances the com-
plexity of the navigation system.

This paper presents an augmentation method for XPNAYV by using the position dif-
ference between the reference satellite and the target spacecraft. The reference satellite,
whose position is accurately known, is equipped with three detectors, two for navigation
and one for communication. The accurate phase evolution model at the solar system bar-
ycenter (SSB) is calculated by using the accurate position information. First, the reference
satellite receives the X-ray pulsar signal and obtains its time measurement value. Then,
the time difference between the measurement value and the real time value is obtained.
Next, it takes the time difference as the measurement error correction, which is sent to the
spacecraft through the X-ray communication link. Finally, the spacecraft uses the time
difference to correct its position information, so as to improve the navigation accuracy.

Currently, radio frequency or optical links are used to send information between
spacecraft and Earth. X-ray communication (XCOM) has even greater advantages, as X-
rays possess wavelengths that are considerably shorter (0.01— 10nm ) than those of both
radio and laser. Based on Planck’s radiation law, the number of photons is inversely re-
lated to the wavelength. This implies that, essentially, XCOM has the capability to trans-
mit more data with the same level of transmission power. The X-rays can broadcast in
narrower beams, reducing energy consumption during long-distance communication. On
the other hand, the high-energy X-ray has a small loss of space transmission and diffrac-
tion [13]. The more photons the X-ray source emits, the higher the sensitivity of the detec-
tor. Last but not least, with the integration of communication and ranging, the X-ray de-
tector can be shared and its utilization improved. Thus, information transmission can be
realized with small volume and low power consumption. Moreover, the signal transmis-
sion is colorless and scattered, so the ranging accuracy is higher. We can use the ranging
observation to make further improvements to the accuracy of XPNAV.

The concept of X-ray communication was first proposed in 2012 [14]. It is a new tech-
nology for space communication with X-rays, which have the characteristics of no atten-
uation, small spatial dispersion and interference and high ranging precision in deep space
transmission [15,16]. The link power equation was established; also, the relationships be-
tween the transmitting speed, communication distance, bit error ratio and the transmis-
sion power were analyzed [17]. In one study [18], an idea for X-ray ranging based on
XCOM was introduced and a detailed performance analysis was presented. Their experi-
ments showed that X-ray ranging can provide accurate range measurement when the SNR
of the ranging signal reaches a certain level, and it could serve as additional observations
to augment XPNAV. A NASA experiment using a Modulated X-ray Source (MXS) and the
X-ray telescope NICER demonstrated the possibility of the XCOM scheme with the trans-
mission of GPS-like signals over a distance of 50 m [19].

To transmit the time difference from the reference satellite to the spacecraft, the code
and modulation of the signal must be analyzed first. In one study [20], a space audio
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communication system based on X-rays with on-off keying (OOK) modulation was de-
signed and tested. In another study [21], the impact of the OOK, pulse position modula-
tion (PPM) and Quadrature Amplitude Modulation on the X-ray communication system
performance was compared and analyzed. The OOK modulation system is straightfor-
ward and easy to implement, yet it suffers from low transmission efficiency. Furthermore,
as the modulation rate increases, the transmission power decreases, limiting its capability
for long-distance or ultra-high-speed communication. PPM modulation uses the position
of the pulse to transmit information. It has the advantages of low average power and high
transmission efficiency. But unfortunately, the anti-jamming ability is not strong enough
and strict frame synchronization is needed. In space communication, many complex fac-
tors, such as space background light, channel interference and photon fluctuation, will
affect the bit error rate (BER) of the system. In Reference [22], light polarization modula-
tion with PPM is proposed, which can not only reduce the negative effects caused by at-
mospheric channels but also increase the communication code rate effectively in atmos-
pheric laser communication. In Reference [23], the range information is communicated
through circular polarization states, and simulation results indicate that the X-ray circu-
larly polarized ranging technique could provide high-accuracy range measurement re-
sults. Consequently, the paper uses 4PPM circular polarization modulation to load rang-
ing codes on X-ray photons to achieve space ranging. It is expected that this method can
obtain larger communication capacity and smaller ranging error. Compared with the X-
ray pulsar signal, the form and power of the X-ray ranging signal are controllable, and the
design and application are flexible. The ranging and communication signal can be inte-
grated and transmitted simultaneously. In addition, X-ray navigation and communication
share the same X-ray detector, which is conducive to the miniaturization and integration
of the system.

In XPNAYV, the extended Kalman filter (EKF) and unscented Kalman filter (UKF) are
frequently employed as filtering methods. The accuracy of the EKF is limited because it
uses a first-order approximation of the system equations. The UKF eliminates the deriva-
tive calculation and offers greater precision compared to the EKF. However, the statistics
of process noise are often unknown, and incorrect assumptions about it can result in the
suboptimal performance of the filter. Thus, an adaptive divided difference filter (ADDF)
is selected. The performance of the ADDF filter is demonstrated on a nonlinear system
mentioned in the study by [24]. By adjusting the covariance of process noise, it can esti-
mate the states of a nonlinear system with unknown process noise statistics. The paper
demonstrates a substantial enhancement in navigation precision for augmented XPNAV
when employing the ADDEF.

The structure of this paper is outlined below. Section 2 will introduce the fundamen-
tal principles of augmented XPNAYV. The pulsar timing and ranging observation equa-
tions are then established, and the ranging error is also analyzed theoretically. Then, the
nonlinear ADDF algorithm, including the measurement model and orbital dynamic
model, are described in Section 3. In Section 4, numerical simulations and their analyses
are provided, followed by conclusions drawn in Section 5.

2. Principle of Augmented XPNAYV System

XPNAYV determines the position and velocity of a spacecraft by utilizing the time
difference of arrival (TDOA) of X-ray pulses between the spacecraft and the solar system
barycenter (SSB). The traditional XPNAV method requires at least three different pulsars
to confirm the three-dimensional position of the spacecraft. The differential augmented
XPNAYV method proposed in this paper needs to observe only two different pulsars, and
the range between the Earth’s reference satellite and the target spacecraft is an additional
observation. The celestial reference system is established in Figure 1.
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Figure 1. Scheme of differential enhancement for pulsar navigation.

The barycenter of the solar system Oy is the origin, Zssps is vertical with the ce-
lestial equator, Xgss is pointing to the vernal point defined by the standard epoch
J2000.0 and Ygsp is pointing to the X—Z plane with regard to the right-hand rule. I; and
ke are the position vectors of the reference satellite and spacecraft with respect to SSB,
respectively. N, and N, are the radiation directions of the pulsars. d is the range
between the spacecraft and the reference satellite, which is used as an additional
observation to augment the XPNAV.

The pseudo range measurement error of the reference satellite with respect to SSB
can be considered to be approximately equal to that of the spacecraft to SSB. If the refer-
ence satellite uses its known position to estimate the measurement error and provides the
measurement error to the spacecraft in the form of a correction value, it is expected to
improve the position accuracy of the spacecraft.

2.1. Pulsar Timing Observation

Let Iy =[xg Vg Zx ]T be the reference satellite’s estimation position vector. The X-
ray detector installed on the reference satellite receives the X-ray photon and records its
time of arrival. The pulsar phase revolution model is established at the SSB to predict the
TOA of the pulsar pulse. The measured pulse TOA at the reference satellite should be
transformed to the same time framework at the SSB. By comparing the predicted TOA of
pulsar pulse with the measured TOA, the position of the reference satellite can be ob-
tained. Taking into account that the gravity of the Sun is the main gravity source in the
solar system, the geometric and relativistic effects cannot be ignored. The simplified TOA
transfer equation from the reference satellite to the SSB is given by [1,25].

. 1
fn ~ty =+ [ (0o Y =R +2(n-b)(nor ) -2(b 1) |+

c 2¢D,

1
2, 0ot +0eber |+ b @
¢l nbep] |

where f; and #; are the TOAs of the SSB and the reference satellite, respectively. K,
and b are the position vectors of the reference satellite and the Sun with respect to SSB,
respectively. n is the radiation direction of the pulsar and g, is the solar gravitational

constant. D, is the distance between the first pulsar and SSB. c is the speed of light.
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Iy is calculated using the TOA of the pulsar signal. It contains various errors stem-
ming from the timing, phase comparison and so on. In Earth’s orbit, these measurement
errors can be considered as approximations. So, if these errors can be extracted, they can
be used to correct the position estimation of other satellites.

T . . iy
Suppose Irg = [XRO Yro Zro ] isthe precise position vector of the reference satel-

lite, which is known by ground measurement equipment. With the exact position vector,
the exact TOA transfer equation from the reference satellite to the SSB is obtained.

n-r 1
lssp " Iro = CRO + 2eD [(n'rko)z _||rR0||2 +2(n'b)(n'rko)_2(b'rRo):|+
0

)

%1n|n-rko +0-b -+, |+ [
| n-b+b] |

Subtracting Equation (2) from Equation (1) yields the time difference between the
actual and observation times of the reference satellite, which can be expressed as follows:

5ti = (tssa —ly)— (tSSB - tRO)

1 5 _ _ .
2D, [(n-(rR+rR0))(n-§r)—(||rR||+||rRO||)||5r||+2(n~b)(n-5r)—2(b-5r)]+ 5

) moreio
c Nl +N b+||rR0||+||b|||

+

where 67=ry —r,, . Iyis measured using the TOA of the pulsar signal and I, is the po-
sition vector of the reference satellite. So, 8% can be treated as the differential correction

value. Generally, |r,| is in the order of 10°km and |[b| is in the order 10’km. How-

ever, in the solar system D, is in the order of 10"km. g is 1.327e+11km’/s’. At

present, the positioning accuracy of X-ray pulsar is better than 10km . Assuming &7 is
10km , the values of (||rR ||+||rRO||)||c3't’||/DO with the order of magnitude 10 km and

(n-b)(n-6F)/D, with the order of magnitude 10°km are negligible. The values of
(n-SP+||0F])/ (N-ryy +n-b+|r | +[b]> are in the order of magnitude 107km, so that
2,usln|1+ (n-SF+|5F()/ (N1 +1-b+ |||+ ] )| /c* can be considered equal to 0. Thus,

Equation (3) can be rewritten as

Of
ot =1 (4)
C

Suppose Iy is the estimation position vector of the spacecraft with respect to SSB

and Iy, is the actual position vector of the spacecraft with respect to SSB.

n-or.
o1, = o 5)

where O =T — Iy, -

At present, the positioning accuracy of X-ray pulsar is better than 10km, assuming
of is 10km. For the reference satellite and spacecraft, they observe the same pulsar and
have the same phase revolution model. From Figure 1, the distance between the reference

satellite and spacecraft can be written as d= |r, —r,.|. Because they belong to the same
Earth satellite, the maximum distance between them is in the order of 10°km. Moreover,
the pulsar is far away from the solar system (in the order of 10'*km ), which is far greater
than the distance between the reference satellite and spacecraft. The radiation direction of
the pulsar observed at any point in the solar system is essentially the same, which can be
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approximated as a constant vector. The influence of relativistic effects on d is negligible.
Therefore, 6f can be considered to be approximately equal to T . It can be considered

that the measurement errors of different spacecrafts in the solar system are equal, that is,
ot; = 0t;. So, we can use the reference satellite’s known precise position to obtain the meas-

urement error; then, as a correction, the measurement error is transmitted to the spacecraft
and the common error terms in the TOA can be eliminated in the spacecraft. This paper
takes advantage of the difference time to improve the state accuracy of spacecraft.

Based on the above analysis, the spacecraft measures the TOA, which can be used to
determine the position by calculating the flying time of the pulse between the spacecraft
and SSB.

se g 1 [(n'rsc)z_"rsc||2+2(”'b)(n'"SC)_Z(b'rSC)}+

c 2¢D,

6
20, [0t 07D+ i+ o] ©

¢ e

where I, is the estimation position vector of the spacecraft with respect to SSB.
The time correction 0t=6f=0t; is transmitted to the spacecraft through XCOM.

Then, the spacecraft recovers the time correction from the communication data. Subtract-
ing the time correction from the measurement time, the accurate TOA is obtained.
N-(rge —0Ty) .

- 3D, [(nre)” =[Ircl +2(n-b) (-1 )~ 2(b- 1)

7
2 | #nbe |+ o] @)
3 n-b-+p]

lssp —Isc -0t =

where 0Ty = . — Iy, - Equation (7) is rewritten as

lssp —lsc —O1 = %+AISM (8)
where
1 2 N-r.+n-b+|re.[+|b
gy = (1) =l +2(n-B) (-1 )=2(0-1c) |+ “>1| se b+

R

2.2. Ranging Observation Based on XCOM

In this paper, the range between the spacecraft and the reference satellite near the
Earth is utilized as an observation to improve the performance of XPNAV. For the range
measurement, OOK or PPM can be used in the space X-ray communication system, but
space background light, channel interference, photon fluctuation and various noises of the
detector will affect the BER. The idea of X-ray PPM polarization coding is proposed, which
can reduce the influence of deep space environment factors, improve X-ray communica-
tion capacity and effectively suppress the BER of the system. The principle of the PPM
polarization ranging method based on XCOM will be illustrated in the following sections.

2.2.1. Principle of PPM Polarization Modulation

In the XCOM system, information is loaded on X-ray photons. At present, the main
method is to transfer digital signals by modulating the intensity of light. Polarization is
the inherent property of light, and the polarization state is an independent parameter of
light, reflecting the vector characteristics of light. There is a strict phase relationship be-
tween the vibration components of the fully polarized light along different directions. The
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overall drift of the polarized state will not change the relative position of each polarized
state, so it has a strong anti-interference ability. Therefore, the polarization state of signal
light can be modulated, and different polarization states can be used to carry different
information, for example, two orthogonal circular polarization states carry 2-bit infor-
mation, and four elliptical polarization states to carry 4-bit information. The output signal
after polarization modulation is an optical pulse with equal intensity but different polari-
zation states.

PPM maps n-bit binary data sets to one slot in a frame [26]. The transmitted infor-
mation is represented by the slot position of the optical pulse. If the n-bit data group is
writtenas M =(m,,m,,...,m,), | indicates the slot position; then, the mapping coding re-
lationship of the monopulse PPM modulation can be written as /=m, +2m, +...+2"'m,,

[€(0,1,2,...,2""), that is

P, IT, <t<(I+DT,
S,(1) = { 9)

0 others

where i=0,1,...,(2"=1), S.(¢) isthe modulated signal, P. is the pulse power and T is
the slot duration.

For example, to the 4PPM modulation, n=2.If M =(0,0), then /=0;M =(1,0),
[=1; M=), I=2; and M=(L1), [=3. =0 matches the Oth slot; similarly,
[=1,2,3 show the 1st, 2nd and 3rd slot positions, respectively. As shown in Figure 2a,
S,(#) indicates the modulation signal corresponding to the Oth slot. The amount of infor-

mation that the 4PPM modulation can represent is 2 bits. The total number of bits of in-
formation transmitted by an L-bit PPM modulation signal is log, L.

Sk 00
I 0 1 0 1
C HAARANNAARAN
| | | . C
0 7 t
(a) 4PPM modulation (b) circular polarization modulation
Sy (1) 000 So(®) 100
I I
| | | - | | | .
0 7, t 0 7. t

(c) 4PPM circular polarization modulation
Figure 2. The 4PPM circular polarization modulation pulse diagram.
The method of 4PPM circular polarization modulation proposed in this paper is to

add circular polarization information on the basis of 4PPM modulation.
We can express the circularly polarized signal as [27-29].

S.()={S,(4,.4,.p(k)}.j=0,1,23 (10)

where 4, and 4, are the amplitudes of the light vector components and (k) is the

phase error between the two light vector components, which can be defined as
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T ioar k=1

(k)=

“Zoar k=0
2

aeZ 11)

When k=1, y(k) represents the left-hand polarization state. When k=0, it is the

right-hand polarization state. As shown in Figure 2b, the amount of information that cir-

cular polarization modulation can represent is 1 bit.

For example, the pulses mapped at the Oth slot position can be represented by left-

hand or right-hand polarization. As shown in Figure 2c, when the polarization state is left-
hand, the signal can be expressed as (1,0,0), while if the polarization state is right-hand,

the signal can be expressed as (0,0,0). For the pulses at the rest of the slot positions, the

signal can be expressed in the same way. It can be shown that the total amount of infor-

mation transmitted by the 4PPM circularly polarized modulation signal is 3 bits. Gener-

ally speaking, the total amount of information transmitted by the L-bit PPM circular po-
larization modulation signal is 1+log, L.

2.2.2. Ranging Observation

In this paper, the XCOM range measurement is a two-way measurement. The rang-

ing sequence is transmitted to the slave station and sent back to the master station. The

beam splitter and synthesizer are available devices in optical communication [13,22], but

both devices cannot realize the synthesis and separation of X-ray photons. The structure

of modulation and demodulation for the X-ray ranging signal is explained below. The

block diagram of the 4PPM polarization modulation is shown in Figure 3.

circular
polarization
code
ranging
code
4PPM code

and modulation

— | horizontal polarizer

X-ray source

T

1.

ON-OFF
control

X-ray
alignment

"

l

S

vertical polarizer
X-ray source

Figure 3. Block diagram of ranging signal modulation.

First, the ranging code is divided into groups of 3 bits. Then, the lower 2 bits are
encoded by 4PPM and the higher 1 bit is encoded by circular polarization, the ON-OFF
control unit is used to select horizontal or vertical polarization modulation for the X-ray

source and finally, after beam combination and collimation, the modulated signal is trans-

mitted.

The ranging sequence is defined as

r(t)=2 cg(t=iT)

(12)

where {c,},ie N,i<M is the ranging code, M is its length, T is the slot duration and

g(t) is the gate signal, which can be defined as
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= q alignment

1 te[0,7]
g@)= { (13)

0 others

The T4B pseudo-noise code is selected as the ranging code, which can provide high
ranging accuracy. The m-sequence is chosen as the synchronization sequence of the PPM
coding.

The X-ray ranging signal arrives at the slave station through propagation in the space
channel. The block diagram of signal detection and demodulation is shown in Figure 4.

horizontal
lari
polanzer photoelectric
detection }
differential | | 4PPM ranging
demodulator demodulator code

/7 photoelectric
vertical (/ detection

polarizer

Figure 4. Block diagram of ranging signal detection and demodulation.

The light beam is collected and received by X-ray alignment devices. Then, the or-
thogonal linear polarized light can be divided into two independent channels [30-32]. The
output intensity of the two signals is detected by a photoelectric detector. The left-hand
and right-hand circular polarization states can be effectively detected, and then the rang-
ing sequence information is demodulated.

The signal is received and demodulated at the slave station, and the demodulated
signal is re-modulated and sent back to the master station, so as to eliminate the influence
of link noise and signal attenuation and improve the ranging performance. Let {c/} de-

note the sequence of ranging obtained by demodulation of the master station, which can
be denoted as

r(0) =2 cigt~iT. ~ 75) (14)

where {c/} is the ranging code recovered from the main station and 7, is the bidirec-

tional transmission time delay between the master and slave stations.
By pairing up the received sequence with the local sequence at the master station, we
can obtain the two-way light travel time 7. Subsequently, the unidirectional range can

be calculated by
d=r1yc/2 (15)

where ¢ is the speed of light.

2.2.3. Analysis of Ranging Error

Ranging error is an important index to measure the performance of the ranging sys-
tem. Many factors will affect ranging performance, such as the Doppler effect, signal dif-
ferential detection error, correlation error and so on [17]. This paper focuses on the influ-
ence of correlation errors on ranging performance.

As mentioned above, the {¢;} should be correlated with each code component and

its delay component of {c,} to obtain the bidirectional time delay 7. Because of the in-

fluence of noise, the time measurement error will occur when the signal is correlated. This
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paper takes the clock code component of the ranging code as an example to analyze. Be-
cause the clock code component is essentially a series of square waves, due to the effect of
noise, its waveform will be deformed to some extent. The clock code component is mod-
eled as [33].

(1) =[P, sin(@, (t+ 7)) + () (16)

where /B, is the power of the clock code component, w, is the angular frequency,
n(t) is Gauss white noise and its power spectral density is N,/2.
Suppose y,, is the result of the correlation between the clock code component and

its in phase component, and y,, is the orthogonal component. They can be expressed as

4 V PTC Cos(a)rCT)T:)O]’T
N0~ (17)
o T

core

4 V Prc Sin(a)rc z-)Tcorr
ViaT

18
a)TCY-;C ( )
Based on Equations (17) and (18), the time delay is calculated as
T= L arctan(h) (19)
a)rc 7/1,0

The variance of the time delay can be expressed as

1 N,
;= ’ (20)

a)rzc(712,0 +7/12,1) 2
Substituting Equations (17) and (18) into Equation (19), it can be rewritten as follows:
2 7*N,

ol=
° 8w*P.T?

Ic™ rc corr

21)
The signal-to-noise ratio of the clock code component can be defined as

P
SNR, =—"—
“ N, /2 2)

The standard deviation of the time delay can be expressed as

T

o= rc
" 4T ./SNR (23)

corr TC

where T, =27/, isthe period of the clock code component.

3. ADDF Algorithm for State Estimation

As for the proposed method, both the pulsar timing observation and the range meas-
urement are considered in the state determination of a spacecraft. In Section 2, the pulsar
timing observation and the range measurement have been analyzed. Here, we would like
to establish the measurement and orbit dynamic equation. Based on these equations, the
ADDF filtering process can be established. ADDF is adopted as the iteration filter, which
can estimate the process noise covariance matrix and adjust the noise covariance matrix
depending on the level of the process noise to achieve a better state estimation.
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3.1. Measurement Models

From the above section, we know that the high precision timing observation model
of the spacecraft is shown in Equation (8). The TOA observation of the first pulsar is ob-
tained as follows

Y, =g (X, 0)+v, = At +v, (24)

n -r. . . . s 1.
where Af, =%+ A1, and v, is the first pulsar measurement noise, which is Gauss
c

white noise with a mean value of zero, and its variance is determined by the pulsar meas-
urement accuracy [1].
Similarly, The TOA observation of the second pulsar can be expressed

Y,=g,(X,t)+v, =At, +v, (25)

N, - Fsco
c

where At, = +Afy,, and v, isthe second pulsar measurement noise.

X-rays have good transmission characteristics in deep space. In this paper, the rang-
ing information is used as the observation to improve the performance of XPNAV. The
ranging observation model is given as follows

Y, =g, (X, 0)+v, =d +v, (26)

where d =7,¢/2, which is the range measured by XCOM based on PPM polarization
modulation. v, is the ranging noise.

From what has been discussed above, it can be seen that the observation of XPNAV
is

Y=[Y, Y, Y, ]T =[Ay A d]T +V (27)
where

3.2. Orbital Dynamic Model
The state vector X of the satellite consists of the position vector I' = [r, 7 T ]T

and the velocity vector V =[v, v, v, 1" . The dynamic model of the nonlinear system

can be expressed as [34].
X = f(X(t).t)+w(z) (28)

where X =[rv] =[xy z v, v, VZ]T and w(r) is the state noise, also known as the
process noise in the filter system. [ represents the nonlinear dynamic function of the

state vector X and it can be expressed as

r v
X = =
/(X (0).1) M M (29)
Integrating Equation (29) on both sides, the following equation is obtained
X(0)=X(t)+[ fX(@),7)dr (30)

If the initial state of the satellite is known and the acceleration can be calculated, the
position and velocity of the satellite can be solved [34,35].
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3.3. ADDF Filtering Algorithm
Generally, discrete-time nonlinear equations can be expressed as [36,37].
xk = f(xk—l ) + Wk
@I
Vi =8 (xk ) TV

where f €R™ isthe nonlinear dynamic function of the state vector Xx(k) in this paper,
g€ R"™ is the nonlinear observation function of x(k), w(k)eR™ is the process noise
of the system, v(k)eR™ is measurement noise and w(k) and w(k) are uncorrelated

Gaussian white noise, so their mean and covariance matrices can be represented as

E{w(i)w ()} =0(k)3,,
i)vT

E{v(i)" (/) =R(k)3,, (32)

E{W(i)VT (])} =0
where §, ; is the Kronecker Delta function, Q(k) is the covariance matrix of the process

noise and R(k) is the covariance matrix of the measurement noise.

The details of ADDF are presented in References [36,37] and the numerical simula-
tion in Section 4.

4. Numerical Simulation Experiment
4.1. Simulation Conditions

The Satellite Tool Kit (STK) is a professional software for simulating the design, test,
and operation of space missions [38]. Here, we use the STK to simulate accurate orbits.
The GPS BIIA-10 and GPS BII-04 orbits are selected to verify the performance of the de-
scribed method. GPS BIII-6 is used as the reference satellite. These parameters are listed in
Table 1.

Table 1. Initial orbital elements of the spacecraft.

Orbit Eccentricity Inclination/(®) RAAN/(°)  Perigee/(°) Mean Anomaly/(°)
GPS BIIA-10 0.015092 55.8352 313.291 280.004 78.2781
GPS BII-04 0.000847 54.5263 70.9472 321.537 38.3786
GPS BIII-6 0.000201 55.0862 169.042 286.417 71.4161

The parameters of the pulsars used in the simulation are listed in Table 2.

Table 2. Pulsar parameters.

Right L. . Flux
Pulsars Ascensi%) n/(rad) Declination/(rad)  Period/(s) Intensity/(ph/cm?®s)
B0531+21 1.4597 0.3493 3.34 x 102 6.41 x 102
B1821-24 4.8194 -0.4341 3.05 x 103 1.93 x10*
B1937+21 5.1472 0.3767 1.56 x 1073 499 x 10~

These pulsars are used for XPNAYV in several studies and are considered as good
candidates for XPNAV. The area of the X-ray detector is 1 m’ and the background noise
is about 0.445 ph / cm’/s . If the position variance needs to be less than 500 m, the measure-
ment time step for the pulsar observations is set up to 300 s, as was used in References
[39,40]. The total filtering time is 300. The simulation parameters of the filter are described
as follows.



Aerospace 2025, 12, 113

13 of 19

The initial error is set to
SX(0)=[0.8km 0.8km 0.8km 4m/s 4m/s 4ms]

The initial covariance matrix of the prediction error is set to
P=diag((0.8km)’, (0.8km)*, (0.8km)’, (4m/s)’, (4m/s)’, (4m/s)*)
The covariance matrix of the process noise is set to
Q=diag((20m)°, (20m)*, (20m)°, (1m/s)*, (1m/s)*, (1m/s)*)

The timing observation noises of the three pulsars are calculated as 0.109 km, 0.325
km and 0.344 km. Thus, the covariance matrix of the measurement noise including the
range measurement noise can be expressed as

R=diag((0.109km)?, (0.325km)*, (0.0001km)?)

4.2. Impact of Ranging Error on Filtering

In the simulation experiment, it is assumed that the emitter and detector between the
master and slave stations have been accurately aligned and the state of circular polariza-
tion will not change when it propagates in space.

4.2.1. PPM Polarization Modulation Analysis

The theoretical analysis in Section 2.2.1 shows that the PPM circular polarization
modulation can increase the capacity of the XCOM system. In this subsection, a simulation
experiment will be carried out to analyze the influence of different modulation modes on
ranging error. The order of m-sequence is set to be 6, the sampling frequency is 1kHz, the
carrier frequency is 20Hz and the slot duration is 7.=1x10"s. The polarizing transmit-
tance is set to 50% [41]. The comparison of ranging errors under different modulation
modes is shown in Figure 5.

34
s PPMCPolR

32,3:

30

Ranging Error!m
L] [~ [+
(=] [--]

g

-5
SNR/dB
Figure 5. Comparison of ranging errors under different modulation modes.

As can be seen from Figure 5, when the SNR is —15 dB, the mean ranging error with
PPM polarization modulation is about 21 m, while the mean error of PPM is 32 m. As the
SNR increases, the ranging error goes down. When SNR is greater than 0 dB, a relatively
stable ranging error of 16 m is obtained. As we expected, polarization modulation reduces
the influence of noise on the ranging signal, and the new method can increase the ranging
accuracy.
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4.2.2. Correlation Error Analysis

Because of the influence of noise on the signal, the time measurement error will
emerge when the signal is correlated, and then the accuracy of ranging will be reduced.
In the simulation, the Monte Carlo method is used to analyze the variance of the ranging
error under different SNR levels. Let L be the length of the T4B code and the correlation
time be set to an integer multiple of the ranging sequence, thatis, 7, . =mLT.(m=1,2,3..)
. The slot duration is 7.=1x10"°s . The standard deviation of the time measurement error
caused by the correlation of the ranging signal is shown in Figure 6. The abscissa repre-
sents the SNR of the ranging clock code component and the ordinate represents the stand-
ard deviation of the time measurement error caused by the correlation process. We can
see that as the SNR increases, the standard deviation goes down. When the SNR is 0 dB,
the standard deviation of the correlation error is about 1x10~' m. The improvement of
SNR can improve the ranging performance. In addition, it can be found that the longer the
correlation time is, the smaller the measurement error is, but the greater the amount of cal-
culation is, and that the real-time performance of signal detection will also be affected.

| —_—m=3
...... m=2
m=1

0.8

0.6 "

Standard deviation of correlation error/m

0
SNR/dB

Figure 6. Standard deviation of correlation error.

4.2.3. SNR of Ranging Signal on Filtering

The ranging as the extra observation is utilized to augment XPNAV. The accuracy of
the range measurement will have an effect on the filtering performance. In this subsection,
the impact of the SNR of the ranging signal on the position and velocity estimation will
be analyzed.

In the simulation, the initial conditions are as follows: (1) GPS BIIA-10 in Table 1 is
used as the orbit. (2) The SNR of the ranging signal is set to be 15 dB to 5 dB. (3) ADDF
is selected to estimate the state of the spacecraft.

The statistical comparison results in different cases are shown in Table 3 for clarity.

Table 3. Influence of SNR on position and velocity estimation.

SNR (dB) Position Estimation Error (km) Velocity Estimation Error (m/s)
Mean StdDev Mean StdDev
-15 0.6146 0.4546 0.5650 0.3862
-10 0.5811 0.4857 0.5872 0.4091
-5 0.5663 0.4148 0.5499 0.3594
0 0.5764 0.4148 0.5490 0.3441
5 0.5571 0.3912 0.5206 0.3449

StdDev: standard deviation.
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From Table 3, when the SNR changes from -15 dB to 5 dB, the ranging error only
fluctuates about 6 m and the standard deviation of the position estimation error fluctuates
by 0.0945 km, while the velocity estimation error by 0.065 m/s. It can be seen that within
a certain range of SNR, the SNR of the ranging signal has less influence on the system state
estimation. This is because the XPNAYV system noise includes ranging noise and pulsar
observation noise. On the one hand, the observation noise of the pulsar signal is high,
which plays a major role in the estimation of system performance. On the other hand, the
X-ray ranging measurement is good in terms of performance. Such a small jitter can be
neglected in deep space and the long-distance environment. It can be concluded that when
the SNR varies from —15 dB to 5 dB, its effect on the position and velocity estimation error
of the spacecraft can be ignored.

4.3. State Estimation Based on ADDF

To demonstrate the performance of the proposed method, two cases are designed.
Case 1 uses the timing observation. Case 2 uses the timing and ranging observations sim-
ultaneously. Both cases use an ADDF as the filter algorithm. The orbit used in the simula-
tion is GPS BIIA-10, whose parameters have been given in Table 1. For Case 1, all three
pulsars listed in Table 2 are used for the state estimation. For Case 2, the first two pulsars
listed in Table 2 are utilized to achieve the pulsar timing observation. The SNR of the
ranging signal is set to be 0 dB and the slot duration 7.=1x10"s. After 100 Monte Carlo
simulations, the mean error and standard deviation error of the spacecraft’s state are ob-
tained to evaluate the performance.

The results are shown in Figure 7. The abscissa corresponds to the number of itera-
tions of the filtering process, and the ordinate corresponds to the position or velocity esti-
mation error or the cumulative error with the different methods. The term “Timing” de-
notes the traditional timing observation. The term “Timing and Ranging” denotes that the
timing and the ranging observation information fusion algorithm is used. Figure 7a,b il-
lustrate that if only the timing observation is used, the result has the maximum estimation
error. In comparison, the filter result using the timing together with the ranging measure-
ment is better under the simulation condition.

sanae :u::g and Ranging = Timing and Ranging
' - 1 e Timing

Pasition Estimation Error{km)

0
0 50 100 150 200 250 300 1] 50 100 150 200 250 300
Iteration times of filter Iteration times of filter

(a) Position (b) Velocity

Figure 7. Navigation precision of spacecraft with different methods.

The statistical data are shown in the Table 4. When the timing and the ranging obser-
vations are both used, the standard deviation of position error can decrease from 0.5780
km to 0.4196 km, and the velocity can decrease from 0.4802 m/s to 0.3739 m/s. The results
show that the performance of the proposed method is improved by 27% in position and
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22% in velocity compared with the traditional method. It is verified that the range meas-
urement can improve the navigation performance.

Table 4. Estimation errors under different observation models.

Filters Observations Position Estimation Error (km) Velocity Estimation Error (m/s)
Mean StdDev Mean StdDev
ADDF Timing 0.9883 0.5780 1.1113 0.4802
ADDEF Timing and Ranging 0.5829 0.4196 0.5241 0.3739
UKF Timing and Ranging 0.6647 0.5687 0.5493 0.4742

Position Estimation Error(km)

StdDev: standard deviation.

To investigate the performance of the ADDF, the comparison between ADDF and

UKEF is shown in Figure 8.

Velocity Estimation Error(km/s)
, n

50

100 150 200 250 300 0 50 100 150 200 250 300
Iteration times of filter Iteration times of filter

(a) Position (b) Velocity

Figure 8. Position and velocity estimation error of ADDF and UKF.

In Figure 8, the abscissa corresponds to the iteration times of the filtering process and
ordinate denotes the position or velocity estimation error. The term “ADDF” and “UKF”
indicate that the adaptive divided difference filter or the unscented Kalman filter is used
to estimate the satellite state in the simulation. From Figure 8, it can be seen that the per-
formance of ADDF is better than UKF. The statistical data are shown in Table 4. The stand-
ard deviation of the position error can decrease from 0.5687 km to 0.4196 km and the ve-
locity can decrease from 0.4742 m/s to 0.3739 m/s. The performance of ADDF is improved
by 26% in position and 21% in velocity compared with UKF. The ADDEF filter has the best
navigation precision by adjusting the covariance matrix of the process noise. This charac-
teristic of the ADDF filter will be extremely valuable in a situation where the process noise
is hard to calculate in XPNAV.

4.4. Influence of Different Orbits on Filtering

To verify the applicability of the proposed XPNAYV differential enhancement algo-
rithm, the GPS BII-04 is selected for the simulation.

As can be seen from Table 5, the position and velocity estimation error of the space-
craft are very close under the two orbits, that is, the algorithm has consistency and uni-
versal applicability.
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Table 5. State estimation in different orbits.

Orbit Position Estimation Error (km) Velocity Estimation Error (m/s)
Mean StdDev Mean StdDev
GPS BIIA-10 0.5829 0.4196 0.5241 0.3739
GPS BII-04 0.6159 0.4226 0.5574 0.3694

StdDev: standard deviation.

5. Conclusions

In this paper, we address an augmentation XPNAV method based on ranging and
difference timing observations simultaneously. The position measurement error of the ref-
erence satellite is used as a correction to improve the state estimation accuracy of the
spacecraft. The range between the spacecraft and the reference satellite based on XCOM
has a higher accuracy. With the assistance of ranging observation, the number of pulsars
needed to be observed is reduced, and the positioning accuracy of the spacecraft is im-
proved. The simulation results indicate that the multi-information fusion algorithm based
on ADDF can improve the position estimation accuracy by 27% and the velocity estima-
tion accuracy by 22% compared with the traditional timing observation. Experiments also
demonstrate that PPM polarization modulation can expand XCOM capacity and effec-
tively reduce ranging error. The method proposed in this paper realizes the high-precision
autonomous navigation of spacecraft, which can be extended to the whole solar system.
With the increasing demand for autonomous navigation and the large volume of data
transmission, simultaneous communication and navigation could provide a potential op-
tion for future deep space explorations.
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