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Abstract:    One of the important characteristics of pulsar radiation is polarization. It is considered not only as a probe for  
recognizing the structure of a magnetic field, but also as a lighthouse for estimating spacecraft attitude via orientation information 
between the pulsar and the detector. Although polarization of a pulsar has been studied for decades, until recently applications to 
determination of spacecraft attitude have been seldom reported. This paper deals with analysis of the feasibility of applying po-
larization information to attitude estimation. The stability factor (SFR) and observation fluctuation factor (OFR) are introduced to 
analyze the stability of a pulsar’s polarized position angle. Based on European Pulsar Network (EPN) data, several simulated 
instances are used to demonstrate that the accuracy requirement of attitude determination can be met via polarization measurement. 
The SFR of a pulsar is evaluated using simulated polarization data, and the OFR is used to analyze the relationship between 
fluctuation extent and observation time. Simulation results show that the polarized measurement of candidate pulsars PSR 
B0470-28 and PSR B2319+60 reaches the specification for attitude determination.  
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1  Introduction 
 

Soon after discovering the first pulsar, it was 
found that radio emission from a pulsar is highly 
polarized. It is generally believed that polarization of 
pulsar radiation is determined by the geometry of 
open magnetic field lines in the magnetic-pole model, 
and the angle of the line of sight with respect to the 
spin axis of a pulsar can be deduced from the ob-
served variations of the polarization position angle 
(PPA) with this model. Related to polarization is di-
rectionality of the pulsar radiation yield, which is an 
extraordinarily beneficial feature for application to 
attitude determination. Actually, this feature can be 
observed at optical (Jones et al., 1981; Smith et al., 

1988; Slowikowska et al., 2009), radio (McKinnon 
and Stinebring, 1998; 2000; Petrova, 2001; Han et al., 
2009), and X-ray (Silver et al., 1978; Weisskopf et al., 
1978; Hughes et al., 1984; Camilo et al., 2007; Dean 
et al., 2008; Forot et al., 2008) frequencies, and in 
general, linear polarization is dominant across the 
whole profile (Gould and Lyne, 1998; Karastergiou 
and Johnston, 2007). Near polarimetric measurements 
of pulsars are performed in the radio domain. Fast X- 
and γ-ray polarimetry from space-borne instruments 
is presently of very limited sensitivity. Results have 
therefore been reported only for the brightest pulsar 
and its pulsar wind nebulae, e.g., the Crab. The Crab 
nebula is the only celestial source whose polarization 
characteristics in terms of the rotational phase are 
known in great detail and are up to date (Weisskopf et 
al., 1978; Dean et al., 2008). The highly linearly po-
larized emission is an important qualification by 
which the orientation of the spacecraft can be esti-
mated without additional information. With the  
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increasing development of cosmic ray detection tech-
nology, many missions have been proposed to en-
hance polarization exploration by either radio or 
X-ray wavelength, which will certainly drive the 
application of pulsar polarization features greatly. 
Two representative examples are the balloon-borne 
hard X-ray polarimetry with PoGOLite (Mizuno et al., 
2007; Pearce et al., 2012) and the hard X-ray po-
larimeter X-Calibur (Krawczynski et al., 2011). 

An autonomous spacecraft navigation method 
was demonstrated by Bernhardt et al. (2011) using the 
timing properties of a pulsar. However, little research 
has been conducted with respect to applying the 
knowledge of polarization to attitude determination. 
It is reasonable to suppose that polarization can be 
used to estimate spacecraft attitude. Obviously, a 
close relationship can be established between direc-
tionality of polarization and detector attitude. To this 
aim, the profile of PPA needs to be exactly detected 
and analyzed statistically beforehand. In this paper, 
the model of PPA is first discussed, and then the sta-
tistical analysis of PPA and feasibility of attitude es-
timation using the polarization measurement is car-
ried out. The effectiveness of the proposed method is 
demonstrated by numerical simulation. 

 
 

2  Modeling for the polarization position angle 
 

Since pulsar radiation is very weak and the in-
dividual pulses are desultory, an efficient way to ob-
tain the standard pulse profile is to accumulate the 
observed signals cyclically. Similarly, the shape of the 
polarization angle is random for an individual pulse, 
but on a statistical basis, accumulation has proved a 
useful method for studying the variation regularity of 
PPA. By performing this method for polarization 
analysis, it has been found that the shape of PPA is 
periodically aptotic and corresponds to the accumu-
lated profile (Morris et al., 1981; Lyne and Man-
chester, 1988; Manchester and Johnston, 1995). The 
average profile of PPA accompanies with the smooth 
variation of the linear polarization angle through the 
pulse. Additionally, at a given observed frequency the 
linearly polarized position angle is not a function of 
frequency. A characteristic swing of the position an-
gle (PA), i.e., an S-like shape near the pulse center, is 

interpreted in the rotating vector model (Rad-
hakrishnan and Cooke, 1969) as a projection of the 
magnetic field line at the point of emission onto a 
plane perpendicular to the line of sight of the observer. 
This model was later corrected due to the relativistic 
effects (Blaskiewicz et al., 1991). Fig. 1 shows the 

magnetic-pole model. The observed PPA ψ is given 
by (Lyne and Manchester, 1988; Johnston et al., 
2005) 
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where ψ0 is the position angle of the projected direc-
tion of the pulsar rotation axis, α and ζ are the incli-
nation angles of the magnetic axis and observer di-

rection to the rotation axis respectively, and  is the 

longitude, 0=0. For a large number of highly polar-
ized pulsars, the observed position angle variation 
through the pulse can be effectively described by this 
model (Manchester and Taylor, 1977; Johnston et al., 
2005). The integrated profile and the mean polariza-
tion profile of the observed pulsars both remain 
steady from one pulse sequence to the next one. The 
linear polarization properties have no distinct change 
except that sometimes the polarization mode may 
change transiently.  
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Fig. 1  Geometry of the magnetic-pole model for pulsars
β is the inclination of the line-of-sight to the magnetic axis, 
and its trajectory presents a cross through the beam boundary 
when the pulsar rotates. ρ is the opening semi-angle of the 
conical emission beam 
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The biomimetic method by which insects (e.g., 
bee) make use of the polarization of sky light to locate 
position and determine direction (Horváth and Varju, 
1963; Labhart, 1988; Chu et al., 2008; Zhao et al., 
2009) has been investigated for spacecraft navigation 
during the past years. Since few attempts have been 
made on using polarization features of pulsars to 
estimate attitude, we aim to analyze the feasibility and 
principle of attitude determination via polarization 
information. Considering a polarimeter as the 
biomimetic sensor, detector attitude can be deter-
mined by detecting the PPA of the pulsar owing to the 
directionality of polarization. Then combining this 
with the fixed coordinate relationship between the 
detector and the spacecraft, spacecraft attitude can be 
calculated. In other words, there exists an established 
relevance between spacecraft attitude and PPA. The 
Stokes parameters are employed to present the ob-
servation results of pulsar polarization, defined as 
(McMaster, 1954) 

 
T( ,  ,  ,  )I Q U VS .                       (2) 

 
Here I is the total intensity of pulse, Q and U are 
orthogonal linearly polarized components of pulse, 
and V is the circular component of polarization. The 
formula of each component of polarization is given by 
means of the Stokes parameters, which imply the 
correlation between the observed data and PPA. The 
relationship between PPA and the Stokes parameters 
is given as 
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where L is the linear polarization component of pulse, 
ψ is the observed PPA, and θ is the inclination of the 
magnetic axis to the observer direction. Next, it is 
absolutely necessary to investigate the stability of the 
position angle in a distinct phase for applying po-
larization information to attitude determination.  
 
 
3  Stability analysis and attitude estimation 
 

A quality index ηSF, called the stability factor 
(SFR), is defined to evaluate the fluctuation in the 

position angle at a given longitude: 
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Here Pmean() is the mean intensity of the linearly 
polarized component of observed profiles in several 
time cycles at longitude . The standard profile Pstd() 
is the predictive standard value of the linearly polar-
ized component of the integrated profile at the same 
longitude, which is known beforehand. Theoretically, 
ηSF ranges from 0 to 1. An ηSF approaching 0 means a 
high stability of PPA, and an ηSF close to 1 means a 
large fluctuation. 

An observation fluctuation factor (OFR) ηOF, 
which indicates the dispersion of Pi() against 
Pmean(), is also introduced to evaluate the fluctuation 
of the PPA profile: 
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Here Pi() represents the accumulated value in in-
terval Δti at longitude , and Δti=ti+1-ti. Pmean() is the 
mean intensity of the linearly polarized component of 
observed profiles from t1 to tn. 

SFR determines whether a mean profile accu-
mulated during an observation is effective for esti-
mating attitude. A small SFR indicates that the ob-
served profile is close to the predicted standard profile 
in the catalog. At a small SFR, OFR is used to analyze 
the relationship between fluctuation extent and ob-
servation time. 

As stated earlier, I, Q, U, and V can be observed 
from the polarimeter. In practice, the signal emitted 
from a pulsar and measured by a polarimeter can be 
expressed as a function of : 

 
( ) [1 cos(2 2 )],f I d                     (6) 

 
where I is the total intensity of incident X-ray photons, 
d=Q/U is the degree of polarization,  is the polari-
zation position angle, and β is the inclination angle of 
the direction in which the polarized light can perme-
ate on the polarimeter with respect to the principal 
axis. The PPA can be fitted by the polarization meas-
urements of the pulsar. Fig. 2 shows the flowchart of 
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attitude estimation using the polarization information 
of the pulsar. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
4  Numerical simulation and discussion 
 

In the absence of other strong radiation sources, 
the observed PPA of pulsars can be fitted by Eq. (6). 
All the measurements are performed in an inertial 
frame. The profiles of linear polarization observations 
are expressed as a function of longitude. It is assumed 
that the periods of pulsars are already known, that the 
spacecraft velocity is a constant, and that the relativ-
istic effects are negligible. The emission signals re-
ceived by all polarimeters are synchronized. No cycle 
confusion exists. We analyze four pulsars here to 
check their stability of polarization and demonstrate 
the effectiveness of attitude estimation using polari-
zation information. Table 1 shows the basic properties 
of the four candidate pulsars (Gould and Lyne, 1998; 
Sala et al., 2004; European Pulsar Network, 2006).  

The profiles of pulse (Lyne and Manchester, 
1988; Gould and Lyne, 1998) and polarization are 
shown in Figs. 3a–3d. The measurement results of 
PPA are generated based on the data obtained from 
European Pulsar Network (2006). Position angles are 
plotted when the fractional linear polarization ex-
ceeds 15% and the uncertainty in PPA is less than 5°. 

The pulsars are chosen for their fractional mean linear 
polarization exceeding 20% and a wide distribution 
range in mean flux density and pulse period. After the 
pulse profiles and PPA curves are shown, two candi-
date pulsars are chosen as the navigation sources for 
the simulation of attitude estimation using their po-
larization information.  
 
 
 
 
 
 
 
 
 
 
 

 
From Figs. 3a–3d, it turns out that not all the 

PPAs are simply S-shaped. Due to the contamination 
from the space radiation environment, the shape of a 
polarization profile is not regular, but generally stable 
and constant. Based on the model of non-  
homogeneous Poisson distribution, simulated data is 
generated using the characteristics of two candidate 
pulsars, B0740-28 and B2319+60 (Table 1). 

Monte-Carlo simulations are conducted to 
evaluate the proposed method. Fig. 4 shows the re-
sults of attitude estimation. Yaw angle is the major 
concern, since the other two attitude angles can be 
obtained using the aspect solution of the two pulsars. 
When SFR is less than 0.04, the range of yaw errors is 
within ±0.05°. In general, this accuracy level satisfies 
the requirements of most missions. When SFR is 0.06, 
the range of yaw errors is within ±0.12°. To achieve a 
better estimation precision, SFR should not exceed 
0.04. 

Fig. 5 shows the analysis results of SFR. Each 
line presents a variation tendency of SFR calculated 
with the observed profile and the standard profile. 
The observed profiles are obtained by accumulating 
the measurement values of 400, 300, 200, 100 time 
cycles at the longitude region of interest. The curves 
of SFR show that stability of PPA improves with an 
increase of radiation intensity. The shape of PPA  
has no obvious relation with the period, as well  
as the SFR. Under the same condition, high radiation 

Fig. 2  The flowchart of attitude estimation using the 
polarization measurements of the pulsar 
Rref, an inertially fixed frame, denotes the celestial coordi- 
nates, with x axis pointing to Galactic North while the y axis 
in the direction of the first point of Aries. Rps, an inertially 
fixed frame, denotes the pulsar coordinates, defined by the 
pulsar position in Rref. The position is given by the right 
ascension (RA) of the ascending node and the declination of 
the pulsar. Rsc, a body fixed frame, denotes the spacecraft 
coordiantes, with the origin located at the center of mass of 
the spacecraft, x axis directed towards the principal axis of the 
detector, z axis directed along the rotation axis, and y axis 
completing a right-handed orthogonal frame 
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Table 1  The flux density, coordinates, period, and linearly 
polarized fraction of pulsars 

Pulsar 
S 

(mJy)
RA 
(°) 

DEC 
(°) 

Period 
(ms) <L>/S

J0437-4715 149.3 4.62 −47.25 5.76 0.24 
B0740-28 34.2 7.71 −28.38 166.75 0.61 
B1919+21 56.5 19.21 21.53 1337.30 0.28 
B2319+60 2.26 23.21 60.24 2256.48 0.23 

S: mean flux density of the pulsar; RA: right ascension; DEC: 
declination; period: pulse period; <L>/S: fractional mean linear 
polarization, with <L> being the flux density of mean linear 
polarization 
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intensity will provide a better accuracy of measure-
ment. Although the degree of polarization in the peak 
tends to be a low point, SFR at this longitude is very 
small; namely, the reliability and stability of the cor-
responding PPA is beneficial for applications of atti-
tude determination. 

SFR near the peak of the polarization profile 
reaches a minimal value as expected, where generally 
the attitude is estimated in practical applications. For 

 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
both of these two pulsars analyzed, the longitude 
region including the minimal value of SFR corre-
sponds to the region including the pulse peak in Figs. 
3b and 3d. For PSR B0740-28, when observation 
duration is more than 100 cycles, SFR is smaller than 
0.04 at the longitudes 173°−187°. However, to make 
SFR of PSR B2319+60 less than 0.04, more than 200 
cycles are needed, and the usable longitude region is 
smaller than that of PSR B0740-28.  
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Fig. 3  Normalized total intensity (solid line) and linear polarization component (dashed line) of pulse and the polarization 
position angle (PPA) 
(a) PSR J0437-4715 (610 MHz); (b) PSR B0740-28 (610 MHz); (c) PSR B1919+21 (610 MHz); (d) PSR B2319+60 (610 MHz)

Fig. 4  Estimation errors of the yaw angle by PSR B0740-28 (a) and PSR B2319+60 (b) (L1: SFR=0.04; L2: SFR=0.06)
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It is assumed that Pmean() has been obtained. Let 
n be 100. Fig. 6 presents the analysis results of OFR. 
Observation interval Δt represents the number of 
cycles used to obtain Pi(). Results are obtained at 
four longitudes approaching the pulse peak sequen-
tially. With increase of Δt, OFR tends to decrease. In 
Fig. 6a, when the observation interval is larger than 
150 cycles, OFR is smaller than 0.1; in Fig. 6b, OFR 
reaches the same level when the observation interval 
is larger than 200 cycles. In the case above, deviations 
of Pi() and Pmean() are very small. Namely, all 
measurements Pi() can be used for attitude estima-
tion under this condition.  

The SFR of two candidate pulsars can reach the 
specification of attitude estimation. By analyzing the 
OFR, it is further illustrated that given enough ob-
servation time, the profile of PPA is stable and effec-
tive at a region near the pulse peak, and Δt is inversely 
proportional to the flux intensity of the pulsar. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

As a whole, both pulsars can be used as guide stars to 
estimate spacecraft attitude using their polarization 
information.  

 
 

5  Conclusions and future work 
 

In summary, it is feasible to determine spacecraft 
attitude using pulsar polarization information. At 
least, it is enough as a tool to estimate the coarse 
attitude, according to the simulation results that the 
errors of the yaw angle are within a range of ±0.05°. 
Actually, the process of attitude determination via the 
polarization information of the pulsar is related 
mainly to the peak of the pulse profile. The higher the 
flux density of the pulsar, the more precise the PPA 
measured. Taking account of this, an analysis of the 
mean polarization profile should place more emphasis 
on the area near the profile peak. Based on effective 
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Fig. 5  Stability factors (SFR) of PSR B0740-28 (a) and PSR B2319+60 (b) with different numbers of cycles 
L1, L2, L3, L4 correspond to 400, 300, 200, 100 cycles, respectively 
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Fig. 6  Observation fluctuation factors (OFR) of PSR B0740-28 (a) and PSR B2319+60 (b) 
In (a), L1, L2, L3, L4 correspond to longitudes 175°, 177°, 179°, 181°, respectively; in (b), L1, L2, L3, L4 correspond to 
longitudes 170°, 173°, 175°, 177°, respectively 
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polarization measurement, it is convenient to fuse 
information observed from the pulsar to determine 
spacecraft attitude. To better measure these charac-
teristics, further studies on designing detectors with 
short response time, high resolution, and high sensi-
tivity are necessary, as well as the data processing 
method. Moreover, phase variation of the polarization 
angle is not always an S-curve and cannot be modeled 
uniformly. Not all pulsars are reliable for attitude 
estimation. Thus, particular emphasis should be put 
on the issue of choosing reference pulsars to be used 
in future projects. 
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