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Fig. 1. Component of the system: (a) Structure diagram; (b) physical diagram.
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Fig. 2. Framework of navigation verification platform.

3 AURAAL AT 77 £ A

PR AT AR i B e T P 51 A
DL T kb B P B | DR RUEE ZS (8] F s ]
RO, AT TR f 0 S B A5 R

3.1 fREB[FANETFIEREE

LR ASAL X SRkt 27 Ik i ] n] A
i B IR Asc (t) BYAESFURTAAR TS A2 19, Asc (¢) BT
RAFAL 86T AR R, ] 38 s ko 22 11 e
PE TR A BUIE {5 B A5 8 ) 2K B &R BT (SSB)
AbE X SRk b AR S AR 1 AR A.

SSB ALHY X SE Ik AR DA R AT 3R g [ 18]

k

( / eA(t)dt) exp (- / e)\(t)dt)

k! ’
(1)

Forp Ny TR ARV IR ) B (s, €) R B

P(Ns.=k)=

B A1) F2RIET B M H A (B0 phes 1),
5 B

A(t) = o + Ah(6(1)), (2)
H ot N F N A IR T2 15 S Rk o S A
(RETF R h(o) N ¢ € [0,1) b 1 Bk b 52 A i 6
B 1519, 0 min () = 0, [y h(@)de = 1; o(t) Fy
Bk SSB ALY, R N

N p(n-1)
o) =0+ 3 I

n=1

: (t - tO)na (3>

o go JE Wk v B2 to I 275 SSB AR AR {3z, f(m =)
SRk p R AR, FO (n =1, B) ) kol 2
FAEAR, fO) (n =2, B f) WIS —Ro, Kk
K, WSROI BT X S kb B A A
A R AR 202U Gl I 0 = 3; SRR &R R
L2 1%} (barycentric dynamic time, TDB).

BT R AR A A I ¢ I 20 S i ik b A5
HIARRL A ¢sc(t), T

Psc(t) = ot +7(t)), (4)

Forp 7 () S TRV 4RI, A0 45 01 MR #1415 2
SSB AL RLAT I FIL K & [ 47 IF 2] TDB B[] &
GEin R, IR 4k F RXTE - BLR 52 I i
A

() = n - rsc/ssp(t)

c
t) -
1+ cos —TSC/SSB( ).n
rsc/ssa(t) - ™
1
+ CjTSC/E(t) -wvg/ss(t) + P, (5)

Hrpe MG, ps W KRG 1H 2, n kb 278
SSB A FR R T B BT M R B, rscssp s p o7
S R F R A AR X T SSB R BR TTCo 14407 B R
vg/ssp NHIIK BT AR T SSB Y R &, Pt
BRA (terrestrial time, T'T) % TDB BIf#HTIE
oy R AR TR I 8 X 5 — 35 A T L An] 4E
iR, % i/ K BH Shapiro ZEiR | 5 = HIZE PU L A
Z R SE R A OE.

WURASTEPL AT R R iR i & 52 5
2RO RS2, X ST K i AE TR AR AL 1
TR PR AT AR (4

2p

S
In
3

_|_

&dwzé+”mm§””j%+&M%dmyw>

089701-3


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 % 3R Acta Phys. Sin. Vol. 68, No. 8 (2019) 089701

3.2 MRFAXFFIIFEENE

NPARARAL B E T 81, 18 SR IR BH 2
FrCAL ki AR SR AT R A PUE TR B, #ALA
RARALSEIF G SR AR R R P B 1 R G
Bl (55, FIAZ R I i L ot I i fx
Jrv G20 RN B U SR ARAR LR AR AL D T
), BB 3 Bz . HE T A SCAREALI BB Rt ik
PR T SRR AT AR M AR (6) 2P, B
PSS A SR T X R SRR gL T
FPHIAIRLAEL. S AEAS UL 18] A 54 1 S B i Ak
AR/, TG Ny BN REL

R ARG R AT 17 51 A2 A an ] 4 fr
N, ESETHR AL A Dk i A A R S 2 AR,
TR AR AL Asc(t) ; SR 258 I L IR 5 LR B, ol

R 24k

SSBAb JUR &4k HT A
PR

/\/\ —> M | s [T

FERE R — s

B3 MR AR 6T ¥ 51 S A5 0L 53t ]
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Fig. 8. Observed profiles by area normalization.
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Fig. 9. Simulation of slow changing frequency characteristics.
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Fig. 10. Doppler frequency of photon TOA at the spacecraft.
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Fig. 11. Flow diagram of navigation algorithm verification.
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Initial parameters of spacecraft.
ZH AURAIIRIRA REWIIAGTHE
X/m -13305111.403 -13305111.403 + 10000

Y/m 13305111.403 13305111.403 + 10000
Z/m 18816268.995 18816268.995 + 10000

Table 2.

V,/m-s! —2736.715 -5473.431 + 10
V,/m-s! —2736.715 -5473.431 + 10
V,/m-st 0 0+ 10

R/m 26610222.806 26610222.806 + 17320.508
V/m-s! 3870.299 3870.299 + 17.321
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Fig. 12. Results of navigation algorithm: (a) Evaluation-interface screenshot; (b) algorithm precision.
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Table 3.  Pulsars parameters.
Pulsar B1509-58 B0531+21 B0833-45
RAJ 15 13 55.598 5 34 31.972 8 35 20.591
DECJ -59 8 9.56 22 0 52.07 —-45 10 35.35
MJD 49180.000000505 49368.000000239 49353.000000103
FO/st 6.6327493860874 29.9167641742573 11.1975539227276
FW/s? —6.75556 x 101 -3.76613 x 10710 —-1.55984 x 10!
F@/s3 1.96 x 102 4.28 x 102! 1.72 x 102
Area/m? 1 1 1
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Abstract

Navigation ground verification is an essential part of X-ray pulsar navigation (XPNAV) research. Aiming
at the need of real and continuous pulsar signals for navigation algorithm verification, and to avoid the
difficulties and high costs of X-ray modulation and detection, we propose an XPNAV ground verification system
based on visible light source. In this system, the pulsar signal model at the solar system barycenter and the
orbit information are used to establish the real-time photon arrival rate function at a spacecraft, and then the
rate function is digitized and converted into voltage signal by the designed hardware system to drive a linear
light source. After the processes of light attenuation, signal detection and pulse discrimination are experienced,
the real-time photon time of arrivals (TOAs) at a spacecraft can be achieved. These photon TOAs contain
characteristics of the pulsar profiles and frequency, the time propagation effect in the solar system, and cosmic
X-ray background. The system uses semi-physical devices to modulate and attenuate visible light, and judges
whether the spacecraft can observe the navigation pulsar according to the real position, thereby realizing the
simulation of X-ray propagation in space. At present, the detection method of pulsar observation with single
detector include detection of single pulsar, time division detection of multiple pulsars, and simultaneous
detection of multiple pulsars. The system has four channels, each of which has three output modes mentioned
above, and can support the verification of multiple navigation modes. This system consists of signal simulator
and controller, single photon generator and detector, single photon screening and time tagging, and navigation
algorithm verification. This paper presents the testing results of the system characteristics, the authenticity of
the simulated photon arrival time series and the navigation verification. Monte Carlo experiments show that the
recording accuracy of photon arrival time is 10 ns and the delays of the four channels are (11 + 2), (15 £ 4),
(14 + 3), and (16 + 4) ps, respectively. The multi-physical properties of simulated photon arrival time series
are introduced in detail, including photon flux, shape of observation profile, pulsar frequency characteristics and
Doppler shift. The position and velocity errors of autonomous navigation algorithm test are 13.587 km and
14.277 m-s!, respectively, with an orbital altitude 26610 km and within 10 h. The ground verification system
adopts master-slave control mode, the master computer mainly implements parameter setting and navigation
algorithm verification, and the slave computer mainly carry out pulsar signal simulation. The communication
based on TCP/IP protocol is applied to realize parameter transmission and real-time control between the
master and slave computers in navigation verification process. The results of performance and functional test
show that the system is available to accomplish the simulation of photon TOAs of X-ray pulsars at a spacecraft

in real time and implement the ground verification of XPNAV.
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