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Fig. 1. Flowchart of the proposed simulation method

of X-ray pulsar signals.
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Table 1. Parameters of the Crab pulsar.
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Table 2. Initial position and velocity of the spacecraft.
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Table 3. SNR comparison of the pulsar profiles obtained
with constant folding frequency and with accurate fre-

quency model.

B /s H % SNR/dB A% SNR/dB
6000 27.8777 32.3406
7000 24.1307 32.5191
8000 21.2546 32.6134
9000 18.9348 32.6633
10000 17.0030 32.7197
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Fig. 2. Comparison of the pulsar profiles obtained

with constant folding frequency and with accurate fre-

quency model when the simulation time is 10000 s.
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KAAF], 3 4 H BB T A R Rk B2 PR AADLR
HA i BS540 HE. BERDE 7754 &
J Bk e 50 -5 b S B HEAT LUX, 45 R 3 B
N, ATLLE A ko 2 i R K R e B R AR
HEAC BT AL A, FEARE A R 55 H T AN ik
TR 1) R FRK RS B0 RN bR HEFS BT 1 Pearson AH O &
£, AT LAE AR ARIA 3] 0.998 UL E, 5K 3 W)
G, IWECERRRME b i TRV I IR .

65 H T ARk BB T T 1 LR AR AL
B B P T ~F- 280 R 5 R i O T, O
THE T B2, 7] LAE AL 51 1P 3 i =
S p e i s AT O, W E R RS
UE 7R R IE R . SRR ) B K AR
Do s IR S 7 = A A s R e A
=1H.

R4 6k ER S

Table 4. Parameters of the selected 6 pulsars.

fEaiia

ik HEAE /s~ SR /s72 SR /s 3 o/phis—1 RZ el K /s
B0531+21 29.70653 —3.71298x ~10 —2.63 x 10~18 1020 184.56 —5.78 1000
B1509—58 6.62899 —6.74472 x 10~ 1.96 x 102! 500 320.32 —1.16 2000
B0540—69 19.8023 0 0 300 279.72 —31.52 3500
J0437 — 47 173.6879 0 0 50 253.39 —41.96 1500
B1821 —24  327.4056 —1.73536 x 10~13 0 100 78  —5.58 1000
B0833 — 45 11.1972 —1.56538 x 1011 0 200 263.55 —2.79 500

®5  AFEIRKEELDET S R S bR HEFE R ) Pearson A% R 4T

Table 5. Pearson correlation coefficient between the simulated pulsar profile and the standard profile for

different pulsars.

Jhk v B0531+21  B1509 — 58

B0540 — 69

B0437 —47  B1821 —24  BO0833 — 45

Pearson A2 2% 0.9995 0.9998

0.9994 0.9994 0.9982 0.9994

F 6 ANIE kst AR DT 4 YA AR A T R A Y ke

Table 6. Comparison of the simulated average flux and the true value for different pulsars.

ik 2 B0531+21  B1509 — 58  B0540 —69  B0437 —47 B1821—24 B0833 —45
MR & /phs ™! 1020 500 300 50 100 200
W2 /ph-s ™1 1019.2 500.5 299.8 49.9 101.9 200.2

WERZE/% 0.08% 0.1% 0.07% 0.2% 1.9% 0.1%
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o BRA WL EE (ASM). 1= AE X 5 28 I 3R 0 2%
(HEXTE) fIEHCTHERE 5] (PCA), Hh PCA I

TG, 96802-01-12-00 1 PCA i, il 3%
FNUR S (NASA) $2 4L (1) heasoft v6.11.1 A F &
S H AT A EE. 7E R F maketime iy 4 X $0 85 1
HEAS WM IF B R AT I F5, e mT R A R 40
B R B R L N 1011 s BFIX 1011 s F S B 4%
i3 SSB Ab, HHEHE Psrtime k2 2 J S 42
AL A ROULI T 76 A A 2 3R AT R A B n 3R
E0 G ik o e B A D AR A0L 7 9 O N A HE SRR BR, G

)40 HE RN 1 s P20, 3 L Sz 540 328 i Crab W0 Kl 4 Frs.
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1600 i ) 800 VRS
_ 1400} b )
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el =
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A1 /cycle AL /cycle

K3 BOET R 2AEEABRMER BRI LS (a) B05314-21; (b) B1509-58; (c) B0540-69; (d) J0437-47; (e)
B1821-24; (f) B0833-45

Fig. 3. Comparison of the simulated pulsar profiles and the standard profiles: (a) B0531+21; (b) B1509-58;
(c) B0540-69; (d) J0437-47; () B1821-24; (f) B0833-45.

AL S 00 0 s i) BB P 3 B K 43 R 10 s, 50
s, 100 s, 200 s, 400 s A1600 s [0Sl B4, 4% &
AR AH [R] 0 B2 147 A 3 B hm DA SR ECA% W B K TR

ARk RS R, o3 ) an &L 5 T B 2L B il £ TR R
ARAEZ BN BIE OO, SR A ST H AL AL
JTIRE A6 LR B AR (T R AE S
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TR EH BB A, R B O 0 R A i e ok o s
fBERAS, 438 8787 ph/s A11001 ph/s), FEt
T 1 A B0 49 1) AN [ B K TR A0 080 1) ik
FCER, DI 5 g B2, K 5 T LUE H, A
I KT AR UL S dh 45 2 4 ik S R R B RXTE 2
AT BN KA R & AR . R T4 T
N TR ERF KT R R B 1) Pearson MO R AL, 7EAR A
I BRI, 2% Rk T T BRI, LA R
SR 0 PR A S EE LA Tl AR I A, %%
JE Tk T (1S BE AN IR )N, PG BB AE 5 4
— MR T, DRAR OGN B . AR
KK T 50 s I, IRt ER A SC REOEH] 1 0.9
DL E. B E AN KN 1000 s, BEAT 10 IR FER &
DI, R EAH SR TT VR SRAF AR B 5 S I R 1
I EAME A 1.19 ps, FEITNE, IEH T B E S
SIS B M AAELERT ZE. IR F 45 Ao H7 Ut

WY T AN RN KT AR UL 8 5 SE AR 3 AR AR — 2,
HAFAERIE, WD EHE 5 RXTE S #dfs 1%
AR R T T RAIE TR 5 ) IR A .

16000
15000
14000
13000
12000

K /phs—!

11000
10000
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3000 | | | |
0 0.2 0.4 0.6 0.8 1.0

A7/ cycle

K4 1011 s SEOE R pPFE R
Fig. 4. Pulsar profile obtained from the real data of
1011 s.

F7 NIFEBEDUIN R AR B Ik ot A A S I B o S PO A 9% P

Table 7. Pearson correlation coefficients between the simulated pulsar profile and the profile obtained from

the real data under different simulation times.

BRI /s 10 50

100 200 400 600

Pearson X R4 0.6514 0.9078

0.9546 0.9764 0.9893 0.9934

F8  AEMEILL I VE R TS (] L X
Table 8. Comparison of the computational times of

different simulation methods.

BOURK /s VERARE: s RS /s O RERHNE/s
5 0.0073 1.3170 0.0012
10 0.0100 2.7036 0.0020
20 0.0205 5.2755 0.0031
40 0.0479 10.4541 0.0078
60 0.0624 15.3719 0.0084
80 0.0786 20.9504 0.0175
100 0.1165 26.4012 0.0215
200 0.2380 51.8527 0.0431
400 0.3924 102.1672 0.0597
800 0.8190 200.9749 0.1140
1000 1.0098 256.8427 0.1655

4.4 HEEEMIK

I3 R FFUTARA T R 0 06325 L S bR s AR
ANASCHR H R R AR i 42 Crab Ik 2 IR 73
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400 s, 800 s 11000 s {6+ AW (A 741, 1 B2
B E S 4.2 THEE, BT 20 RERFRig 0 1,
B AR 5 VEAE A [F) RN S TR (195 38 T BB
], L2 8. ATLAE H, ANSCHTHE I R AR e ik
BT % W v S (8] /b, RIS 4R 1000 s B, 3L
{15 BLH B 29 52 RS B 1 V0 1K 6 3%, S S bR B 4 vk
) 1550 1.

5 & W

AR T o (1 X5 R ik 2 A S
Jiik. B YR SSB AL 1 ik b A S LR AT R
SPIERE S, B T HURE AR SE 1 Bk R
BRI B, PR AR SCHR Y A RUBE AR i B ™ AR R
AL WG T BIIA ] P 8. %07 VA RER AL T ik
MR 5 IR AR, HE T S RMIE §K
U 220Nz, HoeE S 1 BUAT A0 5 3 (I AR
W PEARERH: )BT F A E
WZEAR, IR TR T X G 2R kb B2 1) B A R A
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Fig. 5. Comparison of the simulated pulsar profile and the profile obtained from the real data under different
simulation times: (a) 10 s; (b) 50 s; (c) 100 s; (d) 200 s; (e) 400 s; (f) 600 s.

2) RN K R AR B 5 Bn ESE BEAR O R T 0.99, FF
R3O T K R AR AN AR AR T ST A A e i P
AL 3) BT iR S S AR T, W
P2 BRI TT VR B IR B 4) AU T
Fr 31 5 RXTE SS s 3 30, AR KoK+
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Fz(z|tn) =1 — P(Z > z|tn)
=1— P(Nt,+z — N, =0)
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tn+z
=1 —exp (—/ /\sc(t)dt>
tn

=1 — exp(—(A(tn + 2) — A(tn))), (A1)

Ssb N A ML B2 866 201, 51 0 20 B0 O
5, A(t) = / Aeo(T)dr HEHEREL Fy(z|tn) R
FHCH ’

Fyl(2) = —tn + A" Y (A(tn) — In(1 — 2)). (A2)

b B LA 0L B 18 T S, 357 U A [0, 1] 3550 45 A 1 BE AL AR
&, FONESSARE, WL R X = F~H(U) MR
BONF, REF ' RFIREE. B, BEHLER Z AL
FoRN

Z=F; " (U) = ~tn + A7 (A(tn) —In(1 = U)). (A3)

HT1 - UWEERNI,1] BB RBENLA S, Kk
(A3) ATLAE 1
Z = —tn, + A" (A(tn) — InU). (A4)

PUR X (A4) BEAT BE— 2B (i 4k, "TAISHON A HIHH
Hor ABENLAS R X A B ECH

Fx(z) =1— e . (A5)
H RN
Fil() = —Aie In(l — a). (A6)
R B ATL AR B X AT LA R
X:—iln(l—U):f)\iean. (A7)
e =1, U
X = —In(U). (A8)
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A new simulation method of X-ray pulsar signals

Xue Meng-Fan' Li Xiao-Ping Sun Hai-Feng Liu Bing Fang Hai-Yan Shen Li-Rong

(School of Aerospace Science and Technology, Xidian University, Xi’an 710126, China)
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Abstract

Since X-ray pulsar signals cannot be directly detected on the ground, and the space flight detection is both time-
consuming and costly, simulation of X-ray pulsar signals with true physical characteristics is of great importance to
the validation of various X-ray pulsar signal processing algorithms and X-ray pulsar-based navigation strategies. In
this paper, a new simulation method of X-ray pulsar signals is proposed, in which according to the pulsar signal model
at the solar system Barycenter (SSB) and the trajectory information of the spacecraft, the real-time photon arrival
rate function at the spacecraft is established, then based on this, a scale transforming method is employed to directly
generate the photon event time stamps at the spacecraft which follow a non-homogeneous Poisson process. The proposed
simulation method takes into account the pulsar spin down law and the influences of the largescale time-space effects
introduced in the process of dynamic detection , and thus avoids the complicated iteration procedure involved in the state
of the art simulation methods. Finally, a series of simulations are designed to evaluate the performance of the proposed
simulation method. The main results can be concluded as follows: 1) The simulated photon event timestamps have a
slowly changing period, which are consistent with the pulsar spin down law. 2) The observed pulsar profile accurately
reflects how the radiation intensity of pulsars changes over time within a phase cycle, and it has a Pearson correlation
coeflicient of up to 0.99 with a standard profile. 3) The simulated average fluxes of the pulsars are very close to the true
values, and thereby verifies the correctness of the proposed simulation method from an overall point of view. 4) The
simulated photon series are very similar to the real data detected by the RXTE explorer, and when the simulation time
is longer than 50 s, the relevancy between the simulated profile and the profile obtained from the real data is higher
than 0.9. 5) The computational cost of the scale transforming method is much less than that for the commonly used
Poisson sifting method and the inverse mapping method. The above results show the validity and high efficiency of the
proposed method in terms of the period property, the profile and flux accuracy, the similarity to the RXTE real data

and the computational cost.

Keywords: X-ray pulsar-based navigation, simulation of X-ray pulsar signals, dynamic detection,

relativistic effects
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