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Abstract

High-quality X-ray pulsar observation profiles are vital for investigating both their phys-
ical properties and navigation applications. Conventional profile extraction relies on
epoch folding, whose performance is constrained by observation duration and bin size,
often leading to poor-quality profiles or even failure under extremely low-photon condi-
tions. This paper proposes a novel method that directly extracts high-quality profile fre-
quency spectra merely by statistical analysis of photon sequences followed by the recon-
struction of time domain waveforms. Monte Carlo simulations and real observational data
demonstrate that the proposed method exhibits higher correlation coefficients and signal-
to-noise ratios than those obtained using traditional epoch folding, and also outperforms
the Fourier-series-based frequency cutoff method. Moreover, comparable profile quality
can be achieved using an order of magnitude fewer photons than required by epoch fold-
ing. The lower the photon count, the more significant the improvement, making the
method especially suitable for small-area detectors and resource-constrained observation
scenarios.

Keywords: pulsar; X-ray pulsar navigation; observation profiles; frequency spectrum

1. Introduction

A pulsar is a neutron star with a super-strong magnetic field, ultra-high density, and
high-speed rotation [1,2], and it has excellent rotational stability and can radiate multiple
outward signal frequency bands [3,4]. Pulsars that can radiate signals in the X-ray fre-
quency band are called X-ray pulsars [5]. They serve as both natural laboratories for ex-
treme astrophysical phenomena and as interstellar beacons for deep-space navigation [6—
8]. By providing precise time, position, and velocity information, X-ray pulsars can serve
as spatiotemporal references for spacecraft, a capability known as X-ray pulsar navigation
(XPNAV) [9,10]. They also enable the formation of pulsar timing arrays, complement
gravitational wave detection in the radio band [11,12], and function as cosmic high-energy
probes for studying extreme accretion and magnetospheric physics in the universe’s high-
energy environments [13,14].

Whether for XPNAYV, astrophysical observations, or other applications, successful
implementation relies on the accurate extraction of information from pulsar signals. As a
fundamental manifestation of pulsar physical properties, the acquisition of high-quality
pulse observation profiles is a critical component of these processes [15,16]. Epoch folding
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is currently the primary method for obtaining observation profiles; however, the profile
quality is limited by factors such as observation time and bin size. Therefore, many schol-
ars have conducted extensive research on noise reduction in observation profiles based on
epoch folding.

Hanson et al. systematically analyzed the noise characteristics in pulsar observations
and their impact on the profiles [17]; Su et al. applied the theory of compressive sensing
to the reconstruction of signal profiles [18]; and Zhang et al. evaluated the quality of signal
profiles using entropy as an indicator and proposed a pulse profile accumulation method
based on minimum entropy [19]. Another study used Gaussian functions to fit the recov-
ered signal profile and improve its quality [20]. In terms of using wavelet methods for
denoising, Liu et al. and Xue et al. conducted extensive research on pulse profile denoising
methods based on wavelet transform, and they successively proposed methods such as
Daubechies wavelet, lifting wavelet, non-sampling wavelet and wavelet packet [21-24].
Hu et al. proposed a wavelet denoising method based on non-normalized Haar wavelets
and S-type threshold functions [25]. Based on empirical mode decomposition (EMD),
some studies proposed a noise mode unit prediction-based EMD method, a modal unit
proportion shrinkage-based EMD method, a kurtosis test-windowed EMD denoising
method, and variational mode decomposition (VMD) denoising methods to further im-
prove signal denoising effectiveness and enhance algorithm autonomy [26-28]. In addi-
tion, Wang et al. proposed a kernel regression pulsar profile denoising method based on
the maximum correlation entropy criterion, which reduces the dependence on human ex-
perience in parameter selection and improves the autonomy of the method [29]. Song et
al. proposed an optimized kernel regression profile denoising and an optimized kernel
probability density profile construction method [30]; Li et al. proposed a profile recovery
method for variable packaging segment pulsars based on equal photon distribution [31];
and Song et al. achieved denoising by truncating the frequency spectrum of the profile
through epoch folding [32]. In addition, machine learning-based signal denoising meth-
ods have been investigated in several studies [33-35]; however, their practical engineering
deployment remains challenging.

The above studies on noise reduction processing are all based on the profiles obtained
through epoch folding; however, the requirement of the infinitesimal bin size resulting
from epoch folding limits the accuracy of the pulsar information. In addition, denoising
methods such as discrete wavelet transform will introduce a certain degree of phase shift
[36], which strongly affects the application of pulsars in navigation. This study analyzes
the characteristics of X-ray pulsar radiation signals, breaks through the traditional ap-
proach of obtaining information through epoch folding, and proposes a high-precision
observation profile acquisition method that directly obtains spectra from photon se-
quences. The remainder of this paper is organized as follows: Section 2 analyzes the char-
acteristics of photon statistical sequences and the limitations of epoch folding; Section 3
focuses on the theoretical derivation of this method; and Section 4 evaluates the perfor-
mance of the proposed method using Monte Carlo simulation data as well as observa-
tional data from the Neutron Star Interior Composition Explorer (NICER) and the Insight
Hard X-ray Modulation Telescope (Insight-HXMT) for multiple pulsars observed over
different observation durations. In addition, Section 4 analyzes the simulation results of
the proposed method and epoch folding as applied to XPNAV.

2. Analysis of the Radiation Signal Characteristics of X-Ray Pulsars
2.1. Analysis of the Statistical Sequence Characteristics of Photons

Pulsars are extremely distant from Earth, and by the time their X-ray radiation
reaches the vicinity of Earth, the signal has attenuated into discrete X-ray photons. There-
fore, the signals received by the detector are random time-photon sequences that can be
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modeled using a nonhomogeneous Poisson process. If using A(#) to represent the den-
sity function of pulsar-emitted photons, the number of photons ( ;. ) received by the

detector during the observation time follows a Poisson distribution with the parameter of

J.tlu A(7)d7 , and the expression is given by Equation (1).

P(N,, =k)= {(f z(r)dr)k e(ﬂjwfj} k!

At) =2, + Ah((1))

)

where % is the X-ray background radiation intensity; A5 is the X-ray radiation inten-
sity of the pulsar; PO s the phase model of the time of arrival, that is, the pulse phase

corresponding to the observed signal at time f; and M9) s the standard density function
(later referred to as the standard profile), which satisfies:

[L1(@#)dp=1. <[0.1, min(g) =0 @
Notably, A(¢) has periodicity
Pt +T,)) = h($(1)) 3)

where 7 is the period of the pulsar radiation signal.

It can be seen that the photon sequence emitted by X-ray pulsars exhibits the charac-
teristics of a cyclo-stationary process, allowing processing methods developed for gener-
alized stationary signals to be broadly applied [37].

2.2. Limitations of Traditional Epoch Folding

The process of recovering the density function of X-ray pulsars from the received
photon time series by counting photons is generally referred to as epoch folding, as shown
in Figure 1. If this process involves folding time segments instead of phases, it is called
periodic folding. And the principles for both are essentially the same.

AR I KA PN ¢

0 1 2 Np

(a) Divide into Np segments based on the arrival phase of photons

AVA EAV4

0 —PHH A, AHH—H 0

UNb  1/Nb _ UNb 1/Nb
1 — 2

< ale < ») <« - ~]

1/Nb 1/Nb
Np-1 % %%MW* Np

1/Nb 1/Nb

cumulation l (b) Each phase interval is divided into Nb bin blocks

(c)Accumulate to one phase cycle

Figure 1. Principle of Epoch Folding.
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Assuming that the overall observation time T, can be divided into N, observa-
tion periods, the fragment size of each binis 7, where c(Z) is the number of detected
photons within the Z, binand ¢/ is the center of the bin.

According to the Poisson distribution theorem, the mean and variance of the random
variable c(t,) are as follows:

E[C(ti)] = Var[c(ti )= ﬂ’(t[)z;) 4)

Notably, the fragment size of the bin must be sufficiently small or tend towards being
infinitely small for Equation (4) to hold. Thus, the density function obtained by epoch
folding tends towards the true density function. During a long observation time, the ob-
servation density function can be expressed as

At) = A1) +A(t,) (5)

where %) s the true density function and ) s the unrelated noise of epoch fold-
ing. According to the independent increment and central limit theorem of the Poisson

process, Emadzadeh et al. derived the mean and variance when Ne % asin Equation
(6) [15].
E[i(1,)] =0
ELA)] = A(t)
i N (6)
ar[A(t, )= var[ A(t,)] = At)=—2At,
var[n(t;) = var[A(£;)] NI, () T, )

From Equations (4) and (6), the principle of epoch folding requires that the fragment
size ( 7, ) of each bin be sufficiently small, and when the overall observation duration 7,
is fixed, it is necessary to minimize the number of bins (&, ) to minimize the noise intro-
duced by epoch folding. However, because the multiplication of the two (7, XN, =T,) is
a fixed-value pulsar period, a contradiction exists in the epoch folding itself. In addition,
if the value selection of N, is too small, the resolution of the obtained profile will be low,
and the search deviation of the profile peak point will be large, resulting in phase distor-
tion. If a larger value is selected, the noise characteristics will be highlighted and false
peaks will be generated. Therefore, from experience in practical operations, balancing the
results typically helps resolve this issue.

3. High Signal-to-Noise Pulse Observation Profile Acquisition Method
3.1. Construction of A Statistical Sequences

As analyzed in Section 2.1, if the photon statistical sequence detected exhibits cyclo-
stationary characteristics, then its first-order statistic is also a cyclo-stationary stochastic
process. Accordingly, we can use relevant methods for generalized stationary signals to
process and analyze them.

According to estimation theory, taking the arithmetic mean of a set of uncorrelated
observations for a random variable is considered an unbiased estimate of the variable’s
mean, achieving the expected value with reduced variance. However, many uncorrelated
instances of random processes, such as pulsar radiation signals, are challenging to imple-
ment, as only a single fixed-length implementation is typically available in practice. To
address this, as illustrated in Figure 2, Bartlett divided the data into K non-overlapping
subsequences of length L. The periodogram of each subsequence is then averaged to pro-
vide an unbiased estimate of the overall periodogram. By doing so, Bartlett reduced the
variance in the periodogram to 1/K of its original value, but increased its resolution to K
times its original value.
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Figure 2. Bartlett method for segmenting of

Similar to the improved Bartlett periodogram method, the photon sequence with an

observation time of o can be divided into '7 non-overlapping time segments with a
length of T, that meets the requirements of =T, >N, This is equivalent to dividing

the statistic sequence with the length of N into N, non-overlapping subsequences with

a length of N Each subsequence is given as follows:
x,(n) =x(n+iN,) n=0,1,---,N, -1, i=0,1,---,NP—1 (7)
According to the theory of the periodogram method, if both Ny and N7 tend to

infinity when N approaches infinity, the power spectrum of the statistic sequence has con-
sistent estimation [38]. At this time, we refer to this statistical sequence as the A sequence.

In practical situations, considering that the length of the observed signal Lis and

the period of the pulsar Ty are fixed, the number of segments N, into which sequences
of the time of arrival can be divided is fixed. Therefore, N can only be maximized by in-

creasing the value of N, as much as possible. However, N, cannot be increased indef-
initely and should be selected by jointly considering the effective timing resolution of the
detector system, photon statistics, and available computational resources.

Compared with the bin numbers typically adopted in conventional epoch folding
(128-1024), the proposed A-sequence-based method generally employs a substantially

larger value of N Under the timing capabilities of current X-ray detectors and typical

observation conditions, Ny s typically chosen within the range of 215~220, providing a
good balance among spectral resolution, statistical reliability, and computational effi-
ciency.

Although the A sequence is defined in the time domain, it does not directly reflect the
pulse profile. Figure 3 highlights this distinction using Crab pulsar data. Figure 3a shows
the A sequence constructed from 244 pulse cycles, while Figure 3b presents the corre-
sponding pulse profile obtained through epoch folding. The comparison clearly demon-
strates that the A sequence is not equivalent to epoch folding, and the correlation charac-
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teristics of the pulse profile cannot be directly observed from the A sequence itself. The
primary purpose of statistically constructing the A sequence is to meet the need to acquire
high-precision spectra. At the same time, it is also implemented to transform the non-
uniformly spaced photon arrival time series into a uniformly spaced statistical sequence.
It should be clarified that the A sequence does not rely on strict periodic segmentation of
photon arrivals. Instead, it is obtained through discretization of the statistical photon-
counting process into time bins.

T T T T T T 25 i i i i i i
2+ .
20 | -
2 >
i R=RTRS .
E g
SN - =X
g =
2 3
S S 10| -
= £
5
0
1 1 1 1 1 0 1 1 1 1 1 1
50 100 150 200 250 0.0 0.2 0.4 0.6 0.8 1.0
Phase period Phase
(a) (b)

Figure 3. Comparison of A sequence and epoch folding statistics: (a) A sequence; (b) epoch folding.

3.2. Spectral Acquisition of Observation Profiles Using A Statistical Sequences

Due to the fact that the A sequence is a non-stationary random signal, we can also
draw inspiration from the Bartlett periodogram method to derive the spectrum of the A
sequence.

Calculate the spectrum of each subsequence in Equation (7) and take its average:
N

1[N, -1 N1
/\A’(e""’)zL Z Zx(n+iNb)e’j‘”” :L ZX(';,(ej“’) ®)
Np i=0 | n=0 Np i=0 !

Xx® (ej“’) i )‘((e./m)

where e is the spectrum of the “# subsequence, and is the estimated

e e unb mation of X€)
spectrum value of the A sequence. is a progressive unbiased estimation of ,
analogous to a periodogram.

Then the computational frequency resolution of the sequence spectrum can be ex-

pressed as follows:

Res [f((ef”)} = 0.89?\}—” )

b

where coefficient 0.89 is due to dividing the subsequences according to the length of the
period 7),, which is equivalent to adding a rectangular window to the original signal.
Furthermore, the spectrum of each subsequence is calculated based on a sequence of
length N, and we can improve spectral visibility by increasing N, .

As mentioned earlier, the arrival process of X-ray pulsar photons can be modeled as
a nonhomogeneous Poisson process (NHPP) with a periodic intensity function. The A se-
quence is defined as the sequence of photon counts in a series of non-overlapping time
bins obtained by discretizing the observation interval. Although the expected photon
count in each time bin is periodically modulated by the pulsar signal, the photon counts
in different non-overlapping time bins remain statistically independent because of the in-
dependent-increment property of the NHPP. Accordingly, in the derivation of the spectral
variance, the covariance terms are neglected, and only the dominant variance term is re-
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tained, yielding an asymptotic approximation of the spectral variance. It should be em-
phasized that this derivation does not assume strict statistical independence between suc-
cessive pulse periods. Instead, it is based on the independent-increment property of the
NHPP, while the variance expression itself is an asymptotic approximation obtained by
neglecting higher-order covariance terms. Such an approximation is widely adopted in
asymptotic spectral estimation, where the influence of covariance terms diminishes with
increasing temporal resolution and sample size, thereby ensuring the validity of the as-

ymptotic variance expression [38]. Under these conditions, when the T sufficient, the
estimated variance in the spectrum for the A sequence is approximately

T
V[ X )] (10)

per

Var [)%(e””)] =~ NLVCW[X(” (e/n))] _
P

Equations (9) and (10) indicate that their computational frequency resolution is in-
versely proportional to N, , and their variance is inversely proportional to Ny,

Considering that Equation (8) needs to calculate spectrums N, times, we can swap
its summation order and transform it into:

L 1 Ve [N , Nyt Nl , Ny-1 ,
X(?)=— Z Z x(n+iN,)e™™" | = Z — Z x(n+iN,) e’ = Z [f(n)e’”‘”’] (11)
Np i=0 | n=0 n=0 Np i=0 n=0
where *" s the mean of the A sequence. Therefore, Equation (11) only needs to calcu-
late the frequency spectrum once, effectively reducing the computational cost.
According to Equations (9) and (10), when N approaches infinity and both N, and

Jjo

N, tend to infinity, X (™) will be a consistent estimate of X(¢/). It is important to clar-
ify that N denotes the length of the A sequence, rather than the number of photons re-
ceived. And we are not increasing the observational data to make N approach infinity.

In other words, when establishing the A sequence, increasing N, as much as possi-
ble effectively increases the sampling rate, which can significantly reduce spectral aliasing
of noise. At the same time, for quantization noise (referred to as folding noise in this
study), the total quantization noise power remains constant. Originally distributed evenly
across the 0 to f,/2 frequency band, the quantization noise is now spread over the 0 to
N, /2 frequency band, pushing most of it into the high-frequency region outside the sig-

nal band.

3.3. Acquisition of the Time-Domain Pulse Profile

In Section 3.2, we greatly improved the sampling frequency by adjusting N, . We
obtained the high-quality spectrum of the A sequence, which also possesses undistorted
phase information characteristics. According to the Nyquist sampling theorem, if the sam-
pling frequency is twice as high as the highest frequency of the signal, the original signal
can be recovered from the spectrum. Therefore, the time-domain profile can be recovered
theoretically by using the spectrum in Section 3.2, which only needs to be larger than the
signal bandwidth.

Then we use the inverse Fourier transform to obtain pulse profiles:

l T A . N
x(n)=—/| X(E")"do n=0,1,2---,N, -1 12
m=——[ X" f (12)
But for the convenience of computer processing, the study uses Equation (13) to ob-
tain pulse profiles. Since the inverse Fourier transform does not introduce a phase shift,

the profile obtained from Equation (13) retains a high signal-to-noise ratio (SNR) and no
loss of phase information.

M
i(n) = NL{X(O) + Zreal[z X(k)e*™ ™M H n=0,1,2---,N, -1 (13)
k=1

b
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In this section, we use the data measured by the NICER satellite to analyze the spec-
tral characteristics of the A sequences of PSR J1939+2134, PSR J1513-5908, PSR J0540-6919,
and PSR J0534+2200, where the standard A sequences are obtained using all the data pack-
ets from 2017 to 2020, and the cumulative A sequences are obtained by some data packets.
Figure 4 shows that the frequency band of the A sequence is finite and convergent, and
the frequency spectrum is concentrated in the low frequency range, but the noise is dis-
tributed throughout the entire frequency band and can be regarded as Gaussian white

noise.
T T T T T T T T
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y o e
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Figure 4. Spectral characteristics of the A sequence of universal pulsars: (a) PSR J1939+2134; (b) PSR
J1513-5908; (c) PSR J0540-6919; (d) PSR J0534+2200.

Based on the spectral characteristics of the A sequence, the signal and noise can be
separated by intercepting the first M harmonic components, and then the SNR of the time-
domain profile can be improved. An appropriate value of M is beneficial for SNR separa-
tion. If the value is too small, critical information may be lost, whereas if the value is too
large, high-frequency noise cannot be effectively removed.

To address the issue of potential local optima when estimating M using a finite sam-
ple of size n, Hart [39] proposes a cost function for solving M based on the criterion of
minimizing the mean integrated squared error (MISE) as follows:

M:argmAz}xH(f,f"M) (14)
H(f.7) =Y Jpeof -2 (15)
AR 1-|p(k)
Efjoo] = oo + O 16
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where #(%) is the k-th harmonic component of the A sequence spectrum and #(5) s the
estimated value of #C%) .

Considering the extremely low SNR of the high-order part of the cumulative A se-
quence, a penalty factor c (usually taken as a constant greater than 1) is introduced for the

high-order term of Equation (15), and an unbiased estimate of H (f , f M ) is obtained, as

shown in Equation (17)

(M) = (n+l)z‘¢( )2 2cM10g(10gn) 17)

(n=1)i3

This study uses the value calculated by Equation (17) to determine M and c is set to

4. Result Validation and Analysis
4.1. Numerical Simulation Verification and Analysis

To demonstrate the correctness and superiority of the method proposed in this arti-
cle, a computer with an Intel (R) Core (TM) i7-9700 @ 3.00 GHz CPU and MATLAB 2023a
was used to compare the proposed method with the epoch folding method via Monte
Carlo simulation experiments. Two typical pulsars were selected: a Crab pulsar with a
high flow rate and a PSR B1937+21 pulsar with a low flow rate. The orbit parameters of
the spacecraft used in the simulation are listed in Table 1, and the pulsar parameters are
listed in Table 2. The method proposed by Reference [40] was adopted to generate photon
sequences at spacecraft locations, and the Monte Carlo simulation was conducted 200
times.

Table 1. The orbital elements of a spacecraft.

Orbital Semimajor Eccentricity Inclination (°) Argument of Right Ascension of the True Anom-
Elements Axis (km) y Perigee (°) Ascending Node (°) aly (°)
value 6979.14 0.05 28.5 30 10 0
Table 2. Characteristic parameters of simulated pulsars.
F First- F ignal
Rotation Fre- — - Lo oY .1rst requency ?ecqnd Signal Source Background Traffic Detector
Pulsar wency (s-) Order Deriva- -Order Derivative Flow (phxs-xcm-2) Area (cm?)
1 Y tive (s2) (s3) (phxs1xcm-2) P
-3.7772
Crab 29.9516010684378 i 10 06 8.18 x 1021 1.54 13.86 1000
-4.33167
PSR B1937+21 641.928263870956 x 10-14 5.85 x 1030 0.499 4.4910 10,000

The time conversion model in Reference [41] is used to convert photon sequences at
the spacecraft to photon sequences at the Solar System barycenter (S5B), and the observed
profiles at the SSB are obtained using these methods. In addition to the conventional epoch
folding method, this study also adopts the Fourier-series-based frequency cutoff method
reported in Reference [32] as a comparison approach, hereafter referred to as Method 2,
in which the M is determined according to Equation (16). In both Method 2 and the pro-
posed method, the number of bins is 1024 during time-domain reconstruction. This choice
facilitates smooth interpolation of the time-domain profile by zero-padding beyond the
retained harmonic components. In contrast, epoch folding is performed with 256 bins,
since increasing the number of bins in epoch folding exacerbates folding noise and de-
grades profile quality.

https://doi.org/10.3390/aerospace13070611
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The Pearson correlation coefficient obtained from Equation (18) was used to compare
the overlap between the observed profiles obtained by observed profile and the standard
profile, and the SNRs of the observed profiles obtained by the three methods were com-

pared using Equation (19). The results are shown in Figures 5 and 6.
N

Z(Sk =5)(w, —w)

k=1

pearson = N N (18)
Z (Sk - 5)2 Z(Wk - 1’T/)z
PWk
SNR =10log,, e (19)

S =Wy

where s, is the observed profile, p, is the standard profile, § and P are respec-
tively the means of s, and p,, £, and £, are respectively the power values of
the observed profile and noise (subtracting the standard profile from the observed pro-
file).

Figures 5 and 6 show the correlation coefficients and SNRs of the observation profiles
obtained using the three methods for different observation durations. Figures 7 and 8 pre-
sent the observation profiles obtained using epoch folding and the proposed method for
different observation durations. Figures 5a and 6a show the profile correlation coefficients
of the Crab and B1937 +21 pulsars, respectively. Figures 5b and 6b show the profile SNR
of the Crab and B1937+21 pulsars, respectively.
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Figure 5. Comparison of the Crab pulsar observation profile quality obtained by the three methods:
(a) correlation coefficient variation with observation duration; (b) SNR variation with observation

duration.
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Figure 6. Comparison of the PSR B1937+21 observation profile quality obtained by the three meth-

ods: (a) correlation coefficient variation with observation duration; (b) SNR variation with observa-

tion duration.

Figure 7 compares the observed profiles of the Crab pulsar, and Figure 8 compares
the observed profiles of the B1937+21 pulsar. According to the results, the profiles ob-
tained using the proposed method exhibit higher quality than those obtained by epoch
folding under the same observation duration, with the highest correlation coefficient in-
creasing by 0.41 and the maximum SNR improving by 6.689 dB. Moreover, under the
same observation duration, the proposed method also outperforms Method 2, achieving
an increase of 0.024 in the maximum correlation coefficient and an improvement of 2.126
dB in the maximum SNR. Furthermore, to obtain observational profiles with the same
SNR and correlation coefficient, the proposed method requires approximately one order
of magnitude less observation time than epoch folding.
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Figure 7. Comparison of the observation profiles of Crab pulsar obtained by epoch folding and the
proposed method at different observation durations (1s,5s,10s,50s,100s, 500 s, 1000 s, and 10,000

S).
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Figure 8. Comparison of the observation profiles of PSR B1937+21 obtained by epoch folding and
the proposed method at different observation durations (100 s, 500 s, 1000 s, 3000 s, 5000 s, 10,000 s,
50,000 s, and 300,000 s).

4.2. Validation and Analysis Using Real Observational Data

To further validate the proposed method, the measured photon data from the current
in-orbit X-ray detection satellites NICER and Insight-HXMT were converted to photons
at the SSB, and the observed profiles were obtained using the three methods. Similarly,
the quality of the profiles was compared and analyzed using Equations (18) and (19).

Validation analysis was conducted using the following: the ni1070020349 (PSR
B1937+21) and ni0020020106-16 merged with ni1020020101-05 (PSR B1509-58) of the
NICER satellite [42], and the P0111605063 LE (crab pulsar) data package of the Insight-
HXMT satellite [43]. The observed profiles are presented in Figure 9. Figure 9a compares
the PSR B1937+21 profiles obtained using a data packet of 30,000 photons. The profile ob-
tained using the proposed method achieved an SNR of 6.7188 dB and a correlation coeffi-
cient of 0.8874. In comparison, Method 2 achieved an SNR of 5.8279 dB and a correlation
coefficient of 0.8831, while epoch folding yielded an SNR of 1.7534 dB and a correlation
coefficient of 0.6198. Figure 9b compares the PSR B1509-58 profiles obtained using a data
packet of 450,000 photons. The profile obtained using the proposed method achieved an
SNR of 21.9147 dB and a correlation coefficient of 0.9971. In comparison, Method 2
achieved an SNR of 21.8343 dB and a correlation coefficient of 0.9967, while epoch folding
yielded an SNR of 12.5707 dB and a correlation coefficient of 0.9743. Figure 9c compares
the Crab pulsar profiles obtained using a data packet of 600,000 photons. The profile ob-
tained using the proposed method achieved an SNR of 15.5155 dB and a correlation coef-
ficient of 0.9874. In comparison, Method 2 achieved an SNR of 15.1836 dB and a correlation
coefficient of 0.9804, while epoch folding yielded an SNR of 12.3222 dB and a correlation
coefficient of 0.9717. From the results, it can be intuitively observed that for the measured
data of different pulsars with different observation durations, the observation profiles ob-
tained using the proposed method were better than those obtained by epoch folding and
Method 2, and the effect was more prominent when the number of photons was small.

Owing to the discontinuity of the satellite observation data, the quality of the obser-
vation profiles obtained by the two methods was compared based on the number of pho-
tons rather than the observation duration. Taking the Crab pulsar as an example, the anal-
ysis was validated using 3000-1,000,000 photons from the ni1011010101 data packet of the
NICER satellite. The correlation coefficient and SNR variations with the number of pho-
tons are shown in Figure 10, and the observed profiles obtained are compared in Figure
11.
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Figure 9. The observation profiles obtained by the three methods for different pulsars: (a) PSR;
B1937+21; (b) PSR B1509-58; (c) Crab pulsar.
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Figure 10. Comparison of the quality of the observation profiles obtained by three methods using
ni1011010101 package: (a) Correlation coefficient variation with the number of photons; (b) SNR

variation with the number of photons.
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Figure 11. Comparison of the Crab pulsar observation profiles obtained by the three methods using
the ni1011010101 package with different numbers of photons (3000, 5000, 12,000, 20,000, 50,000,
100,000, 500,000, and 1,000,000).

Based on the results, the trend of the curves shown in Figure 10 is consistent with
that observed in the simulation results in Figure 5. Relative to epoch folding, the proposed
method increases the highest correlation coefficient by 0.4 and improves the maximum
SNR by as much as 6.38 dB. In addition, compared with Method 2, the proposed method
achieves an increase of 0.098 in the maximum correlation coefficient and an improvement
of 3.49 dB in the maximum SNR. Similarly, to obtain observational profiles with the same
SNR and correlation coefficient, the required number of photons can be reduced by ap-
proximately one order of magnitude. As the photon count increases, the performance of
the three methods becomes increasingly similar.

4.3. Analysis of Navigation Applications

To further evaluate the performance of the proposed method in navigation applica-
tions, this section conducts simulation-based verification using the XPNAV process
shown in Figure 12. Except for the different profile acquisition methods, the remaining
processing steps are identical. The photon sequence simulation and time conversion mod-
els follow the approaches described in References [40] and [41], respectively. Phase esti-
mation is performed using the cross-correlation method, and state estimation employs an
unscented Kalman filter (UKF).

Taking one navigation result in geostationary orbit as an example, Figure 13 presents
the navigation results obtained using profiles acquired by the proposed method and
epoch folding. Three pulsars are employed for navigation: the Crab pulsar, PSR B1937+21,
and PSR B1821-24. The process noise covariance matrix Q of the UKF is set as a diagonal
matrix with all diagonal elements equal to 1 x 10-*. The measurement noise covariance R
is set to the Cramér—Rao lower bound (CRLB) of the time-of-arrival (TOA) estimation for
the observed pulsars. The initial state error is given as [10,000 m, 10,000 m, 10,000 m,
10 m/s, 10 m/s, 10 m/s] ™. As shown in Figure 13, each navigation filtering update is typi-
cally performed over a single observation interval of 300 s, with a detector area of 1 m?,
under which the epoch-folded profile yields a position error of 1794.38 m and a velocity
error of 0.192 m/s. When the detector area is reduced to 0.1 m?, the profile obtained using
the proposed method yields a position error of 2113.29 m and a velocity error of 0.524 m/s
for the same 300 s observation duration. In contrast, under identical conditions, the epoch-
folded profile results in a position error of 2878.42 m and a velocity error of 0.662 m/s.
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To further assess the statistical significance of the results, 100 Monte Carlo simula-
tions were performed for each method under different detector areas within the naviga-
tion framework. The mean and standard deviation of the position and velocity errors were
computed, and the results are summarized in Table 3.
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Figure 13. Comparison of Navigation Performance Using Profiles Obtained by the Proposed

Method and Epoch Folding: (a) position error; (b) speed error.

Table 3. Statistical comparison of navigation performance over 100 Monte Carlo simulations.

Profile Acquisition Detector Area Mean Position Error Std. Position Mean Velocity Error Std. Velocity Error

Method (m?) (m) Error (m) (m/s) (m/s)

the proposed method 0.1 2105.25 61.72 0.5332 0.0128
Epoch folding 0.1 2812.89 73.45 0.6541 0.0153
Epoch folding 1 1965.32 59.17 0.3256 0.0131

These results indicate that, for small detector areas corresponding to low photon
counts, the proposed method provides higher navigation accuracy than epoch folding.
This improvement arises because epoch folding sometimes fail to extract effective profiles
for low-flux pulsars such as PSR B1937+21 and PSR B1821-24 under photon-limited con-
ditions. Nevertheless, both methods exhibit degraded navigation performance at a detec-
tor area of 0.1 m? compared with 1 m2

5. Discussion

In this study, a new profile acquisition method is proposed that recovers time-do-
main waveforms by directly estimating high-quality spectra from photon arrival se-
quences and subsequently extracting the effective spectral bands.

Numerical simulations and real observational data are employed to validate the ef-
fectiveness of the proposed method. Photon arrival sequences from the Crab pulsar and
the millisecond pulsar PSR B1937+21 are numerically simulated. For different observation
durations, the profiles obtained using the proposed method exhibit higher correlation co-
efficients and signal-to-noise ratios than those obtained using traditional epoch folding,
and also outperform Method 2 (Figures 5-8). Furthermore, measured photon data from
the currently operating X-ray observatories NICER and Insight-HXMT confirm that the
observation profiles generated by the proposed method are superior to those obtained
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using epoch folding and Method 2. This advantage becomes increasingly pronounced un-
der low-photon-count conditions (Figures 9-11).

Based on the proposed method, profiles of comparable quality can be obtained using
fewer photons. XPNAYV is typically performed with an observation duration of 300 s and
a detector area of 1 m2 Under these conditions, the photon count is sufficient, and the
profile quality achieved by the proposed method is comparable to that obtained using
epoch folding, resulting in consistent navigation performance. The advantages of the pro-
posed method become fully evident only when the detector area is small or observational
resources are limited. When the proposed method is applied to XPNAV with an observa-
tion duration of 300 s and a reduced detector area of 0.1 m?, the navigation position error
is reduced by 707.64 m compared with profile acquisition using epoch folding. It is im-
portant to note that XPNAYV involves a highly nonlinear process. Improvements in profile
quality are positively correlated with enhancements in navigation performance; however,
the resulting navigation accuracy gains are not necessarily of the same order of magnitude.

6. Conclusions

This study developed a new method for obtaining profiles by obtaining high-preci-
sion spectra without phase deviation directly from photon sequences. The approach was
validated using both simulated data and observational data from NICER and Insight-
HXMT. The results demonstrate that the proposed method outperforms conventional
epoch folding in terms of profile quality; it also surpasses Method 2, and achieves equiv-
alent SNR and correlation coefficient using approximately one order of magnitude fewer
photons than epoch folding. For example, using only 30,000 photons from NICER obser-
vations of PSR B1937+21, the proposed method achieves an SNR improvement of 4.9654
dB and an increase of 0.2676 in the correlation coefficient, compared with 1.7534 dB and
0.6198, respectively, obtained using epoch folding. In comparison with Method 2, it
achieves an SNR improvement of 0.8909 dB and a correlation coefficient increase of 0.0043,
versus 5.8279 dB and 0.8831, respectively. And for the Crab pulsar data from NICER, the
method achieved a correlation coefficient of 0.8552 and an SNR of 4.4096dB using just 5000
photons, whereas epoch folding required approximately 80,000 photons to reach compa-
rable quality. Its advantage becomes especially prominent under low-photon conditions,
making it highly suitable for small-area detectors and resource-constrained observation
scenarios in practical detection tasks. Using a geostationary orbit as an example, for an
observation duration of 300 s and a detector area of 0.1 m?, the profile obtained using the
proposed method reduces the navigation position error by 707.64 m compared with that
obtained using epoch folding-based profiles (2812.89 m). To be sure, obtaining the optimal
truncation frequency remains a highly valuable research topic. For different pulsars and
observation durations, studying the adaptive optimal truncation frequency determination
method will improve the separation of signals and noise in the frequency domain, thereby
further improving the results of the proposed method.
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Abbreviations

The following abbreviations are used in this manuscript:

XPNAV X-ray pulsar navigation

EMD empirical mode decomposition

VMD variational mode decomposition

NICER Neutron Star Interior Composition Explorer
Insight-HXMT  Insight Hard X-ray Modulation Telescope
SSB Solar System barycenter

MISE mean integrated squared error

SNR signal-to-noise ratio
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