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Fig. 1. Flow chart of X-ray pulsar signal simulation meth-

od at spacecraft.
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Table 1. Initial orbit parameters.

HIESHL ZHUE

HUE A 6863.0 km
o3 0.002
THAE i 313.6°
PUBMA 22.9°
T Hh SR A 94.0°
HEE AR 26.6°

FIH (8) =R L K 5 Ak 1) 21 3K B[] 7 471

%2

i 0 LTIl O 2/l 8 [ O e 221 i D e =
PRI LR . XI5 55 A v 5 ) L an 5] 2
Jis. FRAEE 2 BOFE BN EE, Bl LI A A,
FI A ST 3005 B0 R a8 A W6+ 7 9 TR 5
PRERK e B, UE B I AR b I 5
PR IERA Y.

K H Pearson AH5¢ 2R BT LI 42 56 5 b i
R EARE, Rk

N
(Sk — 5)(’U}k — ZI))
Ry = —— =1 = . (22)
\l > (s — 5)2J > (wy, — w)°
k=1 k=1

LR s, T g 73 531 Shg LI J o 6 45 0 o K o
. 3% 3 45 T MR 106 s IFAAROC R AL

ARG 2 B BT e B 3% 3 45 Y AH DG R AL,
TERH i AR SCO7 1 07 LRI A Ak B4 1 51 T4
G BIRIEIK AR, AR TSR AR AL e T A
IESRr AN R

3.2 SLiNEERIXTEE

R B UEREALL AR AR AL Y X T2 ik nh B A5
LA [R) SMEE — A B )RR, AR B4
5 RXTE (Rossi X-ray timing Explorer) T2 Wi
%S 17X L, SR RXTE AN Ik 2 PSR
B0531421 F UL £, Kotk (000 52 95802-
01-16-02, HAHSCSHILAR 4, JEhA WL i [va) i ] ey
2ffmg H (modified Julian Day, MJD) IR, XA
HEAT IS TA]ASE T B SRS A A7 A9 S, 159381 SRR
ik AR )R, 25 R anlE 3 R,

Jiku S5

Table 2. Pulsar parameters.

Jikuh 2 FIMR /s BR—F o /s 2

BB /s 2

VAL /5 5L / (photons /s) W2 rad 45 /rad

PSR B0531+21 29.9516 -3.77 x 1010 8.18 x 102!
PSR B1821-24 327.4056 -1.73 x 1013 5.85 x 10°%
PSR B1937+21 641.9282 —4.33 x 104 5.85 x 10°%

527/10536 1.4597 0.3842
0.81/1.87 4.8194 -0.4340
0.499/4.5 5.1471 0.3766

%3 WIS ERH Pearson H5E R 4L

Table 3. Pearson coefficients for observation profiles.

ik 2 HICFH
PSR B0531+21 0.999
PSR B1821-24 0.993
PSR B1937+21 0.936

# 4 B 95802-01-16-02 XL SHL
Table 4. Relevant parameters of data packet 95802-
01-16-02.

X/

Bobs AT W /s T

PSR B05314+21 55465.657384  831.1 5279

229701-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 22 (2022) 229701

1.00 (a) ﬁitﬁﬁf’?ﬁ 1.0F (b) 1‘/‘]‘4@?&5@ 1.0 (c) */T\fﬁﬁ'}r??
— WA — WL ER — WA ER
0.95 } 0.8 0.8
i o i
1= E 0.6} E 0.6}
Ar A4
& osst o ° & °
0.2 0.2
0.80
or or
0 0.2 04 06 0.8 1.0 0 0.2 04 06 0.8 1.0 0 0.2 04 06 08 1.0
AHAL AHOL AHAL
100+ (d) iR LOF (o) RSB Lot () PR
— WL EL — MRS 0.9} — MR
0.95 0.8
= = @ 08
= it E 0.7}
= 090 = 06 k)
: :
o 0.85f o 0.4} o 05
0.4}
0.80 0.2 0.3F
1 1 1 1 1 1 O 1 . 1 1 1 l' j 1 0'2 L 1 1 1 1 1 1
0 0.2 04 06 0.8 1.0 0 0.2 04 06 0.8 1.0 0 0.2 04 06 0.8 1.0
GiE[A AHNL AHAL
100 (g) — Rl LOF () — e Lot () b
—— WL —— W ool —— W
0.95 0.8 .
o o o 0.8t
= = L =
?_J 0.90 | ATJ 0.6 ? 0.7k
0.6
o 0.85F o 04 o
= = = 05k
0.80 | 0.2 0.4+
1 1 1 1 1 1 0 1 1 1 1 1 1 0A3 i 1 1 1 1 1 1
0 0.2 04 06 0.8 1.0 0 0.2 04 06 0.8 1.0 0 0.2 04 06 0.8 1.0
GiE[IA LA AL

B2 WGSBS AR HE R BB XE L (a) PSR B0531+21 (10%); (b) PSR B1821-24 (10%); (c) PSR B1937+21(10%); (d) PSR
B0531+21 (10%s); (e) PSR B1821-24 (105s); (f) PSR B1937+21(10%); (g) PSR B0531+21 (10%); (h) PSR B1821-24 (10%); (i) PSR
B1937+21(10%)

Fig. 2. Comparison between observed profile and standard profile: (a) PSR B0531+21 (10%); (b) PSR B1821-24 (10%); (¢) PSR
B1937+21(10%); (d) PSR B0531+21 (10°); () PSR B1821-24 (10%); (f) PSR B1937+21(10%); (g) PSR B0531+21 (10%); (h) PSR
B1821-24 (10%); (i) PSR B1937+21(10°).
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Fig. 3. Cumulative pulse profiles without time correction for different observation times: (a) 10 s; (b) 40 s; (c) 90 s.
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Table 5. Phase difference calculation results.
wangtess SERD BEEE e o
10 0.460950  0.457650  0.004947  0.004601
20 0.457154  0.452854  0.003925  0.003905
30 0.477389  0.473673  0.003654  0.003634
40 0.494393  0.490293 0.003435  0.003417
50 0.495135  0.491035 0.003330  0.003260
60 0.487675  0.483475 0.003264  0.003253
70 0.483102  0.479302 0.003222  0.003214
80 0.482691  0.479069  0.003024  0.003016
90 0.485817  0.483317  0.002967  0.002959
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Fig. 4. Cumulative pulse profiles with time correction for different observation times: (a) 10 s; (b) 40 s; (c) 90 s.
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Fig. 5. Variation curves of Pearson correlation coefficient with observation time: (a) Experiment results for observational data; (b)

experiment results for simulation data.
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Fig. 6. Rotation frequency search experimental results: (a) PSR B0531+21; (b) PSR B1821-24; (c¢) PSR B1937+21.

229701-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 22 (2022) 229701
—3.66
(a), (b) |
or —~
o o ‘7‘ ° ° . . .
:I:N o °°°° Ew —3.72 :-" '.' :‘.' oo,
L 057 S PR R oS,
= ° e < —378F T FT e L
=~ = ° ° o g" o
] Oooo ﬁ M - °
= 10 &
3 ° T _gsaf
2 00000 }l{_ 3.84 ) .
= pres
—15 % b , —
° —3.90 | © AiHAE
0 1 2 3 4 5 0 50 100 150 200
Ha) /(105 s) HARS

7 R R i As

(a) BRI A3 BN R LG Bl (b) Z2REE S04,

Fig. 7. First derivative of rotation frequency test results: (a) Data to be fitted from simulated data package; (b) repeated experi-

mental results.
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Fig. 8. First derivative of rotation frequency test results: (a) Data to be fitted from simulated data package; (b) repeated experi-

mental results.
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Table 6.  Efficiency test of three simulation methods.
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PSR B1821-24 0.81/1.87 327.4056 0.15 16.2 0.02 0.02

PSR B1937+21 0.499/4.5 641.9282 0.11 36.2 0.01 0.01
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Fig. 9. Second derivative of rotation frequency test results: (a) Data to be fitted from simulated data package; (b) repeated experi-

mental results.
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Fig. 10. Comparison of simulation speed between method 1 and the proposed method under different flux conditions: (a) Simula-

tion time statistics results; (b) time average.
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Fig. 11. Comparison of simulation speed between method 2 and the proposed method under different frequencies: (a) Simulation

time statistics results; (b) time average.
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Fig. 12. Comparison of Pearson correlation coefficients between two methods for different observation times: (a) PSR B0531+4-21;

(b) PSR B1821-24; (c) PSR B1937+21.
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B ARSI, #5847 600 R E R SLER, If
SKVEMAE; SR, B R R, 15 2]
7 L1 Pearson #H & 22 %5 bl WLIN Ao 4 A2 £k 1 R
¢k, WK 12 Fios.

12 4325 1 T kb2 PSR B0531+21, PSR
B1821-24 5 PSR B1937+21 i {j 45 5. AR 4
Pl 12, WA a4 s sy, PRI 7792219 Pearson AH5G
RBAEH T, BEE LI A s [RS8
Pearson A ¢ R E0A 2 e KA 5 B8k /)N, T A%
SCHT R T AR B Y Pearson A 56 28 B 6 WL 0 it 18]
A FE T I A, 100 BH UL B[R] 188 B, AR ST
LIRS B I S = T 3 RS B

ST, WIS E] A 600 s I, ARAS T Hy 7 e
3 133/ Pearson fHOC R AL, M ATHEITILIGRIM [
A 3 ik b B B9 Pearson AH 3¢ & BT 4 ) 3
43.7%, 59.5%, 350.0%. iIF B R4 77 31T 0t 4
FL R AR A TR ) O EORG B, FLXT 00 8 1 11
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kb A (40 PSR B1937+21), 2R o i .
4 # ®

AR SCHE T T 2 R AR A Tk o B A 5 A
R | T RO AT B 2K R 5 AR A 2 T R 56
FAGR JFIE T P T — R AR AL X S
20 Ik b SO 555 (SR ik 12 Tk A T
[ 7 40 8 2R A 2% AR A B K A Ak S 7 31k
R BT B SR A B, PRIE T BIE R B RO,
[ T 25 e T BARHE S A X R B E T
R — | AL 1 7O TOAs BYTTHAAE B
D5 BSEEUENT: 1) mHFTHE 7 945 31 A AL R mT
PR BRE R e B, ELATCR 55050 S R 40 F B
JITH 7 vk 7 B T RS AR AL, TR BE T i, R4
B UE T2 07 IR 2) Brd o ik i O s
ANEZ ik o L R SO R AR AR R s, ELAH EE AR
T B TB TR A AL T 31 1 R R B ik
05 B e T 3 NEUR L, AR T (5 S50
BB ERCR s 3) 5 ik i FS B Pearson AH I R
BT HLSES:, BT HA L TR e U S AR
ARG, Pearson FH3E R B = v HE5 350.0%,
R T ERE R U T T X
LMk h LA AL B 5 ST S SR I T AE

FiESK A T R 2% AL B B 8] A8 (i % R 45

— IR SRR —RIE RN
ax® +ba? +cx+d=0, a #0. (A1)
IR R OCT At —JC R TR RN
Fsc At + 3fsc At? + 6 fsc At — 6A¢sc = 0, fsc 7(£A02)

SRE (A1) PR RBEE): a = fsc, b=3fsc, c =
6fsc, d = —6Ag¢sc. RIFIZTEAMREIAEE At 5 Agsc
ZIEIE R B (A1) AR —It =R T I ok AR
AR, SRR — T =R TR EA SRR A, K (A2) &
NS A —e =R RIE RN

v} +py+q=0, (A3)
o, y=At +(b/3a) = At +(fsc/fsc), p, qiFEN
_ Bac—b®  Gfsc- fsc —3f%
T 3¢2 fszc
q = (20® — 9abc + 27ad) /(27a®) (A4)
_ 2f&. — 6fsc - fsc"' fsc — 6f3-Adsc

3
fSC

b

(A4) 7R 19 5 H B — oo = RO B2 B AR 1R ) 51 =X

A=(g/2) + (p/3)® 21 fLAp, g iIFARIEFIHIHI
A=(q/2)°+ (p/3)°
9(Ag)? 6A¢ (3fsc < fsc - fsc = fé)’c)
O f& f&
+ féc (SfSC'f§C—3fszc)/f§1c- (A5)

HFS2BRT fsc, fscs fsos Adsc G BBAFEAR U,
5 AKAEAEARTRIBUE, (A3) SAARIE/EZ Rl GE, N
B (A3) BAR, JH4 H t 5HINL dsc HIK FR 2.

1) % p > O, Hi (A5) SLATH1, HEAFA >0, (A3) 2t
BOHR BT 4 R PR ol 24«

DA >0, (A3) XF MBI —IC =R HFAEAE 1 45EAR
S5WAHPEEMR B iF At 5 Apsc B 0528k, yth hst
B BT R % SR, ME—SEAR K

y={-a/2+VE+i{-g2- VA (a6)

@ A=0, ptit (A3) KRB S H A —IE =R 12
g 3SR, Hh A B, iT 3 MR y1, v, s, HiFE
Ky B

{y1:_2\/_/37 (A7)
Y2 =y3 =/ —p/3.

mMTp=>20, HA=0, a/fp=q=0, FrRAstnt
Y1 =1y2 =y3 =0.
2) M p < O, ILHF A IFFSRTIE, T4 3 FISHL:
D A >0, WAL, 41 (AG) BT,
@ A =0, RN (A7) R, B 245
M, HSZFrH, At >0, Adse > 0 H AL B Agsc i1
kit By = At + (fse/fsc) AT, ylhE Adsc iy
ARG, T AT TR0 — 5 0T (A7) 2P R BE Adsc
FBATERE. ARAE (AT) 38, Y1, Yo, ys BRIV H p o
W (A4) 2, 24 fsc > OBF, g AdscHi ATk,
fith A = (¢/2)° + (p/3)° = 0185 y1 = 2/~ (p/3),
A1y S p OB B, TR 1 B A 188 K TR
K, FRLL ya RO RO AL, % fsc < ORY, v, ys bE%
A BT, B ya, ys &7 ERASE.
® A <0, Mot (A7) 2B R S8 — T = )y
TETE 3 A SRRy 50
y1 = 2v/—p/3cos (0/3),
Y2 = 24/ —p/3cos (0/3 +2n /3), (A8)

y3 = 2y/—p/3cos (0/3 + 4m /3),
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Hh, 0 = arccos(—q/=27p/2p?), T3] y1,y2, Y3 17
TEXRFR YL > ys > y2, Hyr > 0,y2 < 0. FFZARE A
PSR A PR,

% > O, 414 (A4) 58, q B Adsc 5 K i
/N, 110 = arccos (—q/=27p/2p?), W1 0 % A¢ (it
KT, Y15 y2 KIBE A BB KT K. BSRHER T s,
{8y, yo 40 AT RE . YEREBISE B At > 0, By >
b/3a. ¥y =b/3afA fy) = v° + py + ¢ 1550

b\* b d
— — tg="<0. A
<3a> +p3a+q . <0 (A9)

B e B f (y)id s (b/3a,d/a), B2k fy) % sk
(A3) AR, I LA AT 5 % 5% f (y) 9% AT (A3) Ui
LR b = 3fsc AF S, f(y) iR BE S i AL
TR L.

(@) ) ®) 1)
p P
3 b 3
i 3a i
/o i PN
/yz ! ys\H/yl y %i Y2 ! ys\i_/yl y
| |
P P
-3 N73

BIAL F)BIMEEIR () b=3fc > 05 (b) b=
3fsc >0
Fig. Al. Function images of f(y): (a) b= 3fsc > 0;(b) b=
3fsc > 0.

. b
%D =3fsc > OB, - >0, H

Y Y L L
3V 9a2 9a2 3

A/ —(p/3) < b/3a < yi, W Al(2) 5. Wy >
0, y2 <O, WH Ry y > b/3a W&, Frll v 2
Ty AR,

W= 3f. <O, b/(3a) <0, W& Al(b) B 5,
Wi y1 > y2 > b/3a, AUHITCERE y > b/s3a FIWT R
HYAR, 75 R AW A A A7 FI0 . ARAE (10) XA, 4
Apsc =0, 5 At =0, IIFE Apsc = 01, (A3) MR
R4y = At + (b/3a) = b/3a, FHAREX— Xt
Y1, Yo HATHIMT.

R (A2) b, Agse = 01, BIAt = 07
(A6) A — R, B ILPNR Aty Aty RIS
REZ LR, Aty, Aly, Atgifiit:

Aty + Aty + Aty = —b/a,
At Aty + At Ats + AtyAts = c/a,  (A10)

At Aty Ats = —d/a.
Md=—6Apsc = 0B, HAt; =0, Aty, Atz
{Atl + Aty = —=b/a > 0,

(A11)
AtyAts = ¢/a > 0.

A5 Aty > 0, Aty > 0, FfLL AL = 0% (A1) &
b b

B/, U (A3) A B MR ymin = Aty + - = o
a 3a

B (A3) 29 3 MR L y1 > y3 > y2, Filhye = b/3a,
AIYE Agsc = O, yolfity = %B‘J%{“ﬁ. Fib = 3fsc <
0, y2J& (A3) ZUHUAR.

M f < OR), qBlFE Ao Ra Kb s, th 6 = arccos
(—qv/=27p/2p?), T O B APy A. B H
1 ys = 2v/—(p/3) cos(0/3 + 4n/3) Wi A (K i
K, BTl ys 2 (A3) AR
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Abstract

The simulation of X-ray pulsar observation signals at spacecraft is of great significance in verifying pulsar
signal processing methods and navigation schemes. The efficiency of pulsar signal simulation algorithm can be
significantly improved by establishing the relationship between photon arrival time and phase at spacecraft. At
present, the frequency change of the received pulsar signal is not considered in the model for the relation
between photon arrival time and phase at spacecraft, which leads the calculation accuracy to decrease greatly.
To solve this problem, a model for the relation between photon arrival time and phase is established with the
first derivative and second derivative of frequency taken into consideration. Based on this model, a new
simulation method of observation pulsar signal at a spacecraft is proposed, which not only ensures high
efficiency, but also improves the simulation accuracy. The proposed method is verified from three aspects.
Firstly, the correctness of the proposed method is proved by comparing the cumulative pulse profile from the
simulation data with the standard pulse profile, and the results show that the standard pulse profile can be
recovered by the simulation data from the proposed method. Secondly, through the comparison of experimental
results with the observational data from RXTE (Rossi X-ray timing Explorer), the correctness of the proposed
method is further verified. The experimental comparison results show that the absolute difference in searched
frequency between simulated data and observational data for the Crab pulsar is less than 104, which sufficiently
validates the method. Finally, the simulation efficiency and accuracy of the proposed method are compared with
those of other methods to prove the superiority of the proposed method over the existing methods. The
comparison results show that the simulation speed of the proposed method can be increased by up to 3 orders of
magnitude compared with that of the iterative method or the method of establishing the real-time photon
arrival rate function at the spacecraft, which ensures the high efficiency of the signal simulation algorithm. And
comparing with the case without considering the frequency change, the Pearson correlation coefficient is
increased by up to 350.0%, significantly improving the calculation accuracy. The proposed method can be used
to verify the X-ray pulsar signal processing and navigation algorithms.

Keywords: X-ray pulsar-based navigation, pulsar signal simulation, frequency variation, Pearson correlation

coefficient
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