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2パルサー航法の研究背景
• 深宇宙探査においては、GPS による測位が不可能。 
• ミリ秒周期でX線強度が変動をするパルサーを観測して、
準自律的な測位を行う、X線パルサー航法の研究が発展。 

• 3点測量法（運動学的手法）による実証例 
• NICER 
• XPNAV 
• ダイナミクス最適化による実証例 
• POLAR 
• Insight-HXMT 

• いずれも大型 / 中型機器による実証。 
• リソースが限られる深宇宙探査では装置の小型化が重要。
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衛星バス 
• 太陽同期極軌道　 
• 軌道投入高度 530 km (2023年 11月) 
• 軌道周期約 95 分 
• 時刻・位置情報を GPS より取得 (NMEA format) 

Gas Multiplier Counter: GMC 
• 観測エネルギー帯域：2‒50 keV 
• 有効面積 (1台あたり): 16 cm2 @ 6 keV 
• X線検出時間分解能：61 µs 

研究目的 
1UサイズのガスX線検出器 GMC はパルサー航法のための
センサーとして有用であるか検証。



パルサーX線信号の解析手法 4
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NinjaSat で観測したかにパルサー畳み込み波形 5

• 8日間かにパルサーを連続観測。  
(実観測時間 80 ksec) 
• NinjaSat 搭載の姿勢制御系より推定された
軌道情報から、X線検出時刻を、太陽系重心
相当に変換。（バリセントリック補正） 
• かにパルサーの周期、周期変化、時刻原点は 
Jodrell Bank (電波観測) のデータを使用。 

• 33.8 ms 周期の位相がコヒーレントなパルス
を確認。
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衛星軌道補正とパルサー観測畳み込み波形 6

衛星軌道により補正 
衛星軌道未考慮 (地球中心)
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• NinjaSat の観測データも衛星軌道の補正をしない場合、かにパルサーの波形が崩れる。 
• 有意度の違いを利用して、かにパルサー観測データから衛星軌道を求める。

有意度 = Σi
(yi − ȳ)2

ȳ



ケプラー軌道要素 7

楕円軌道の形状 
• 軌道長半径 a ↔ 平均運動 n (n2 × a3 = µ；地球の重力ポテンシャル) 
• 離心率 e 

地球に対する軌道面 
•軌道傾斜角 i 
•昇交点 Ω 

軌道面内の楕円軌道の向き 
•近点引数 ω 

時間情報 
•平均近点離角 M

ω
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SGP4 モデルの軌道要素 8

• 地球低軌道モデル SGP4 では、ケプラー軌道要素と大気抵抗係数 (B) がパラメータ。 
• 軌道要素は、北アメリカ航空宇宙防衛司令部 (NORAD) により随時更新。 

https://celestrak.org/NORAD/elements/graph-orbit-data.php?CATNR=58341

https://celestrak.org/NORAD/elements/graph-orbit-data.php?CATNR=58341


SGP4 モデルの軌道要素 9

• 地球低軌道モデル SGP4 では、ケプラー軌道要素と大気抵抗係数 (B) がパラメータ。 
• 軌道要素は、北アメリカ航空宇宙防衛司令部 (NORAD) により随時更新。 

https://celestrak.org/NORAD/elements/graph-orbit-data.php?CATNR=58341

観測開始時の NORAD 軌道情報を初期情報として、 
パルサー観測からその後の位置情報を推定。

https://celestrak.org/NORAD/elements/graph-orbit-data.php?CATNR=58341


10軌道最適化フロー

軌道要素から 
位置情報計算

パルサー観測データ
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11軌道要素変化に対する有意度変化
•観測開始時の NORAD 値から、軌道要素を1個ずつ変化させたパルス有意度の分布。 
•いずれも軌道要素の値を変えることで、パルス有意度が変化。
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12ベイズ最適化によるパラメータサーチ
• 使用ツール：GPyOpt  
• 目的関数：パルス有意度 
• 探索パラメータ：SGP4 の7個の軌道要素 
• 最初の既知データ： 
• 観測開始時の NORAD の軌道情報 
• 探索範囲のランダムな10点 
• 1000 回イテレーション 

NORAD の初期情報より、パルス有意度が
高いパラメータセットを獲得。
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13衛星軌道の推定結果
• パルサーによる推定軌道と GPS 
の位置差分 (95% 区間)： 
• ノルム (L2)  <152 km 
• パルサー方向成分 < 19 km 
• 約 500 ksec 経過時には、 
NORAD の初期情報よりパルサー 
から推定した位置の方が正確。

準自律的な軌道情報の更新に、
GMC により観測したパルサー
信号は有用。
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14まとめ

• パルサーからの X線信号をもとに衛星の測位を行うパルサー航法の実証を、
NinjaSat GMC で検証。 
• かにパルサーの8日間の観測データに、衛星軌道情報をもとにバリセントリック
補正を施し、33.8 ms 周期の位相がコヒーレントなパルスを確認。 
• 地球低軌道モデル SGP4 の軌道要素を、パルス有意度を目的関数としたベイズ
最適化により探索。 
• 軌道要素最適値により算出した位置とGPSによる位置のずれは、かにパルサー
を観測した期間において、 95% の区間で 152 km 以内。
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MJD vs. ΔTOA (matteo method)

40

NinjaSat GMC 時刻付精度 16



17軌道要素変化に対する有意度変化 (広域)
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ベイズ最適化途中経過 18



19Insight-HXMT の結果

where W is the FWHM, and S/N is the signal-to-noise ratio
obtained by the bootstrap method (Diaconis & Efron 1983). As
mentioned by Sheikh (Sheikh 2005), the S/N is limited to a
maximum of 1000 by

( )/ =
+

S N
1000S N

1000 S N
. 4filtered

Then, similar demonstrations are also done for HE and ME,
as shown in Table 3. It shows that the errors for HE are less
than those for ME and LE, because it has collected more pulsed
photons. By combining all the data from HE, ME, and LE, the
errors become smaller. By transferring the orbit elements to the
cartesian parameters, we obtain the 3σ errors of the current
position and velocity, which are 3.15 km, 6.61 km, and 4.46 km
for x, y, and z; and 0.0073 km s−1, 0.0033 km s−1, and
0.0042 km s−1 for vx, vy, and vz, respectively. In short, the
position and velocity are pinpointed within 10 km (3σ) and 10
m s−1 (3σ).

5. Discussions

Conventionally, a minimum of three pulsars are required to
get the absolute navigation. Considering the clock time-offset
on the spacecraft, another pulsar is needed. Thus, at least four
pulsars should be observed simultaneously, which would
require at least four detectors, increasing the technical
complexity and the cost of the mass, energy, and money. An

alternate choice is to observe different pulsars sequentially
using a single detector, which would increase the risk of the
control system. NICER has adopted the latter strategy. With the
large effective areas and low background rates, it could get the
TOAs of some millisecond pulsars in several kiloseconds. By
observing five millisecond pulsars sequentially, the spacecraft
position was determined under real flight conditions success-
fully (Alexandra 2017).
The SEPO method, i.e., determining the orbit by using only

one pulsar, has been proposed and demonstrated with POLAR
(Zheng et al. 2017) and Insight-HXMT in this paper,
respectively. As POLAR has an effective area of about
200 cm2 and high background rates (about 4000 counts s−1),
the orbit was determined within 20 km (1σ) by monitoring the
Crab pulsar for one month. However, it should be pointed out
that the POLAR’s response for photons varies with their
incident angles, thus the obtained different profiles are mixed
and become “broader,” decreasing the navigation precision that
is shown in the Appendix. For Insight-HXMT, with the pointed
observation mode, the response to the incident pulsar emission
is almost the same. With the observations of the Crab pulsar for
five days, the position is determined within 10 km. So it is
feasible to use one detector for navigation by monitoring one
pulsar for a long time, which would result in low use of the
mass, energy, and less spacecraft control. It is favorable for the
navigation applications, particularly for the deep-space naviga-
tion during the cruise phase of flight.

Figure 3. Orbit determine result with Insight/LE: χ2 of the orbit elements of calculations (blue squares) and fitted results (red lines). “Δa,” “Δe,” “Δi,” “Δω,” “ΔΩ,”
and “Δw” are the deviations for the semimajor axis, eccentricity, inclination angle, RAAN, argument of perigee, and mean anomaly, respectively.
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In addition, the standard pulse profile and parameters are
important external inputs in X-ray pulsar navigation. However,
it is hard to achieve the fixed “standard” profile in space X-ray
detection. For example, if the energy band or the response of
the instrument is different, the “standard” profiles become
different. Furthermore, the response of the instrument may vary
in the long-term operation in space, thus the profile varies too.
If we still use the previous “standard” profile, it would
inevitably affect the navigation accuracy and even result in
unpredictable systematic deviation. For the SEPO method,
neither the standard pulse profile nor the continuous update of
the pulsar parameters is needed. Therefore, it is neither
dependent on the standard pulse profile nor affected by the
pulsar observation conditions and the detector performance
changes. It can be applied to different detectors and different
mission scenarios.

For the in-orbit detections of a pulsar, the obtained profile
could be regarded as the summation of all the profiles at a
different point of the orbit. That is,
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As shown in Equation (5), χ2 of the profile will reach the
maximum with df df= ¢k k , i.e., fk=const. fk=0 represents
the true orbit with zero deviation. If fk=const (nonzero), it
means that the orbit has fixed deviations from the real orbit.
However, constrained by the orbital dynamics, there is few
such completely “parallel” tracks, thus ensuring we will find
the true orbit. For the cruising orbit in deep space, there indeed
exist approximately parallel tracks. In such conditions, more
measurements besides the significance of the profiles—TOAs
for example—are needed to discriminate the true orbit from the
others.

The proposed SEPO method, however, has not been proven
mathematically. Thus, some simulations have been performed
and the detailed results are shown in the Appendix, which
shows that the method works with very different pulse profiles.
In this in-orbit demonstration with the SEPO method, the
position is pinpointed to within 10 km (3σ), while the
theoretical bound is ∼250 m (3σ) for 1920 m2 s of LE (the
effective area of 160 cm2 for the small FOV with the exposure
duration of 120 ks; Hanson et al. 2008). Possible reasons are:

the effects of orbit forecast error (<3.5 km), the absolute time
accuracy of Insight-HXMT (Li et al. 2018), or the intrinsic
timing noise of the Crab pulsar. The ephemeris used in this
demonstration has an timing residual of ∼10 μs (1σ), resulting
in a position error of∼9.0 km (3σ). See the detailed discussions
on the effects of timing noise at the end of this section.
By now, the clock time-offset on the spacecraft has not been

considered in the SEPO method. The short-term drift of clock
within the integration time would deform the calculated profile,
change the pulse significance, and result in additional
systematic errors. While the long-term drift just changes the
absolute TOA, which has little affect on the pulse significance.
Thus, the clock time-offset can be taken into account and
corrected with the significance analysis in the future. In
addition, the pointing error also decreases the significance of
the profiles by changing the effective areas. However, the
pointing error has no effect on the pulse phase of the pulsar,
thus it has little effect on the solution in the SEPO method,
even if the pointing error is dependent on the orbit position. In
this work, the observation of Insight-HXMT was performed in
the “pointed mode” with the pointing error �0°.028 (3σ). In
this situation, the effective area changes by only about 0.5%,
which can be ignored completely.
The timing noise of pulsars (Hobbs et al. 2010) has a great

influence on the accuracy of pulsar navigation as shown above.
The timing noise of a pulsar includes white noise component
and a red noise component. White noise can be suppressed by
accumulating observation data over a long period of time.
However, the red noise is difficult to suppress or eliminate.
Actually, the effects of the red noise are quite similar to the
clock time-offset and can be corrected as mentioned above. On
the other hand, combining with the study of the mechanism of
noise (such as magnetic field evolution), it is possible to give a
more accurate prediction of the spin evolutions of pulsars,
reducing the impact of timing noise (especially red noise) on
the accuracy of pulsar navigation (Zhang & Xie 2012a, 2012b;
Yi & Zhang 2015; Gao et al. 2016). In addition, the glitch—
that is, a sudden change in the rotation period—will also have
to be considered in the future.

6. Conclusion

A new navigation method, SEPO, has been proposed, which
combines the observed pulse profile with orbit dynamics. It has
been demonstrated with the Insight-HXMT observations of only
one pulsar (Crab) and the orbit has been determined
successfully. Combining all the data, we obtain the best
position estimations within 10 km (3σ) and a velocity within 10
m s−1 (3σ), respectively.

Table 3
Best Estimated Value of the Elements and Errors (3σ)

Payload Orbital Element Deviation Δa Δe Δi Δω ΔΩ Δw
(m) 10−3 (° ) (°) (°) (° )

LE Deviation 7.02 −0.38 0.01 0.01 0.003 0.003
Error (3σ) 11.75 1.03 0.02 0.06 0.09 0.09

ME Deviation 3.07 −0.11 0.005 0.01 0.007 0.006
Error (3σ) 16.44 1.28 0.03 0.064 0.11 0.11

HE Deviation 4.89 −0.58 0.006 0.009 0.002 0.002
Error (3σ) 7.58 0.59 0.01 0.03 0.05 0.05

All detectors Deviation 5.25 −0.50 0.007 0.01 0.002 0.002
Error (3σ) 6.40 0.52 0.01 0.03 0.04 0.04
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where W is the FWHM, and S/N is the signal-to-noise ratio
obtained by the bootstrap method (Diaconis & Efron 1983). As
mentioned by Sheikh (Sheikh 2005), the S/N is limited to a
maximum of 1000 by

( )/ =
+

S N
1000S N

1000 S N
. 4filtered

Then, similar demonstrations are also done for HE and ME,
as shown in Table 3. It shows that the errors for HE are less
than those for ME and LE, because it has collected more pulsed
photons. By combining all the data from HE, ME, and LE, the
errors become smaller. By transferring the orbit elements to the
cartesian parameters, we obtain the 3σ errors of the current
position and velocity, which are 3.15 km, 6.61 km, and 4.46 km
for x, y, and z; and 0.0073 km s−1, 0.0033 km s−1, and
0.0042 km s−1 for vx, vy, and vz, respectively. In short, the
position and velocity are pinpointed within 10 km (3σ) and 10
m s−1 (3σ).

5. Discussions

Conventionally, a minimum of three pulsars are required to
get the absolute navigation. Considering the clock time-offset
on the spacecraft, another pulsar is needed. Thus, at least four
pulsars should be observed simultaneously, which would
require at least four detectors, increasing the technical
complexity and the cost of the mass, energy, and money. An

alternate choice is to observe different pulsars sequentially
using a single detector, which would increase the risk of the
control system. NICER has adopted the latter strategy. With the
large effective areas and low background rates, it could get the
TOAs of some millisecond pulsars in several kiloseconds. By
observing five millisecond pulsars sequentially, the spacecraft
position was determined under real flight conditions success-
fully (Alexandra 2017).
The SEPO method, i.e., determining the orbit by using only

one pulsar, has been proposed and demonstrated with POLAR
(Zheng et al. 2017) and Insight-HXMT in this paper,
respectively. As POLAR has an effective area of about
200 cm2 and high background rates (about 4000 counts s−1),
the orbit was determined within 20 km (1σ) by monitoring the
Crab pulsar for one month. However, it should be pointed out
that the POLAR’s response for photons varies with their
incident angles, thus the obtained different profiles are mixed
and become “broader,” decreasing the navigation precision that
is shown in the Appendix. For Insight-HXMT, with the pointed
observation mode, the response to the incident pulsar emission
is almost the same. With the observations of the Crab pulsar for
five days, the position is determined within 10 km. So it is
feasible to use one detector for navigation by monitoring one
pulsar for a long time, which would result in low use of the
mass, energy, and less spacecraft control. It is favorable for the
navigation applications, particularly for the deep-space naviga-
tion during the cruise phase of flight.

Figure 3. Orbit determine result with Insight/LE: χ2 of the orbit elements of calculations (blue squares) and fitted results (red lines). “Δa,” “Δe,” “Δi,” “Δω,” “ΔΩ,”
and “Δw” are the deviations for the semimajor axis, eccentricity, inclination angle, RAAN, argument of perigee, and mean anomaly, respectively.
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where W is the FWHM, and S/N is the signal-to-noise ratio
obtained by the bootstrap method (Diaconis & Efron 1983). As
mentioned by Sheikh (Sheikh 2005), the S/N is limited to a
maximum of 1000 by

( )/ =
+

S N
1000S N

1000 S N
. 4filtered

Then, similar demonstrations are also done for HE and ME,
as shown in Table 3. It shows that the errors for HE are less
than those for ME and LE, because it has collected more pulsed
photons. By combining all the data from HE, ME, and LE, the
errors become smaller. By transferring the orbit elements to the
cartesian parameters, we obtain the 3σ errors of the current
position and velocity, which are 3.15 km, 6.61 km, and 4.46 km
for x, y, and z; and 0.0073 km s−1, 0.0033 km s−1, and
0.0042 km s−1 for vx, vy, and vz, respectively. In short, the
position and velocity are pinpointed within 10 km (3σ) and 10
m s−1 (3σ).

5. Discussions

Conventionally, a minimum of three pulsars are required to
get the absolute navigation. Considering the clock time-offset
on the spacecraft, another pulsar is needed. Thus, at least four
pulsars should be observed simultaneously, which would
require at least four detectors, increasing the technical
complexity and the cost of the mass, energy, and money. An

alternate choice is to observe different pulsars sequentially
using a single detector, which would increase the risk of the
control system. NICER has adopted the latter strategy. With the
large effective areas and low background rates, it could get the
TOAs of some millisecond pulsars in several kiloseconds. By
observing five millisecond pulsars sequentially, the spacecraft
position was determined under real flight conditions success-
fully (Alexandra 2017).
The SEPO method, i.e., determining the orbit by using only

one pulsar, has been proposed and demonstrated with POLAR
(Zheng et al. 2017) and Insight-HXMT in this paper,
respectively. As POLAR has an effective area of about
200 cm2 and high background rates (about 4000 counts s−1),
the orbit was determined within 20 km (1σ) by monitoring the
Crab pulsar for one month. However, it should be pointed out
that the POLAR’s response for photons varies with their
incident angles, thus the obtained different profiles are mixed
and become “broader,” decreasing the navigation precision that
is shown in the Appendix. For Insight-HXMT, with the pointed
observation mode, the response to the incident pulsar emission
is almost the same. With the observations of the Crab pulsar for
five days, the position is determined within 10 km. So it is
feasible to use one detector for navigation by monitoring one
pulsar for a long time, which would result in low use of the
mass, energy, and less spacecraft control. It is favorable for the
navigation applications, particularly for the deep-space naviga-
tion during the cruise phase of flight.

Figure 3. Orbit determine result with Insight/LE: χ2 of the orbit elements of calculations (blue squares) and fitted results (red lines). “Δa,” “Δe,” “Δi,” “Δω,” “ΔΩ,”
and “Δw” are the deviations for the semimajor axis, eccentricity, inclination angle, RAAN, argument of perigee, and mean anomaly, respectively.
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SNR = 1.4 × 102

σTOA = 4.8 µsec
σrange = 1.4 km

 W = 1.4 msec
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and show that the pulse arrival times are dissimilar across different
bands.45,46 Whereas a vast majority of pulsars are detectable at radio
wavelengths, only a subset is seen at the optical, x-ray, and gamma-
ray wavelengths. Because x rays and gamma rays are difficult to
detect on the ground due to the absorption of these wavelengths
by Earth’s atmosphere, observations in these bands must be made
above the atmosphere. The highly energetic photons emitted by the
source must be detected by pointing the x-ray detector at the source,
or by waiting until the source enters the field of view (FOV) of the
detector. In addition, many x-ray sources are faint and require sen-
sitive instruments to be detected. The Crab pulsar (PSR B0531+21)
is the brightest rotation-powered pulsar in the x-ray band, yielding
∼9.9 × 10−9 erg/cm2/s of x-ray energy flux in the 2–10 keV band.
The next brightest rotation-powered pulsars are over an order of
magnitude fainter than the Crab pulsar, for example, PSR B1509-
58 and SAX J1846-0258 (Ref. 24). Because of the faintness of these
sources, long observation times are required to produce accurate so-
lutions. Multiple detectors may be necessary if many measurements
are required within a given processing window.

Most bright x-ray sources, although located within the galaxy, are
still very far from the solar system. Unlike human-made systems
such as GPS, the distances to x-ray sources are not known to an
accuracy that would allow absolute range determination between
the source and a detector. However, the angular position in the sky
can be determined with high precision, and this direction knowledge
can be used in determining a navigation solution. These sources are
not truly fixed in the celestial sky because they have proper motion,
or radial and transverse motion relative to the solar system, although
this motion is very small compared to typical source observation
durations. Because many sources are clustered along the Milky Way
galactic plane, a limited number of bright sources could provide off-
plane triangulation for position determination.

Although pulsars are uniquely recognizable due to their different
pulse shapes, a single pulse from a specific pulsar is not directly
identifiable. Thus, a navigation system that updates position using
the fraction of the phase cycle within a pulse must either have an
a priori estimate of position to align phase approximately within a
pulse, or must use additional methods to identify correctly which
specific pulse is detected. The stability of pulse arrival must also
be considered when creating models to predict pulse arrival times.
Sources with large period derivatives must have their models up-
dated if a long time has elapsed since the last model definition.
Models that are effective for sufficiently long durations, thus requir-
ing infrequent updates, are desirable from stable sources. Databases
that contain precise models should be maintained and distributed
frequently to allow users to create accurate measurements.

Though nearly all rotation-powered pulsars are constant in in-
tensity, many accreting pulsars and most other x-ray source classes
often exhibit highly aperiodic variability in intensity that may com-
promise their usefulness for precise time and position determina-
tion. Those in binary systems introduce more complex signal pro-
cessing and pulse arrival time determination than isolated sources.
Many accreting sources are unsteady, or transient, sources. This phe-
nomenon of reduced x-ray emission for some duration is due primar-
ily to stellar physics,47 and the recurrence times of transient sources
are often unpredictable. The accreting sources listed in Tables 1
and 2 exhibit transient characteristics, which do not allow them to
be used as continuously detectable navigation source candidates.
High-intensity signals lasting for short periods, x-ray flares and
x-ray bursts, are occasionally detected from some sources. Because
neutron stars are believed to contain a solid crust and a superfluid in-
terior, exchanges of angular momentum between the two materials
can cause unpredictable star quakes, or glitches, that can signifi-
cantly alter the spin rates of these stars. The diffuse x-ray back-
ground would be present in all observations, and this would add to
any noise present in the detector system.

A navigation system that uses pulsed emissions from pulsars
would have to address the faintness, phase cycle, transient, flar-
ing, bursting, and glitching aspects of these sources, in addition to
the presence of the noise from the x-ray background. Although not
all can be addressed in this single paper, the navigation techniques

discussed hereafter start the process of tackling these issues. This
includes determining the pulse arrival time accuracy using the cur-
rent knowledge of source parameters listed in Tables 1 and 2. This
timing accuracy leads to range determination accuracy and is based
on the computed SNR from each source.

Pulse Arrival Time Measurement
The fundamental measurable quantity of a pulsar-based naviga-

tion system is the arrival time of an observed pulse at the detector. A
pulse time of arrival (TOA) measurement is generated by comparing
an observed profile with a high SNR standard template profile. The
observed profile p(t) will differ from the template profile s(t) by
several factors, including a shift of time origin τ , a bias b, a scale
factor k, and random noise η(t) as in Eq. (1) (Ref. 48). Poisson
counting statistics typically dominate the random noise for x-ray
observations,

p(t) = b + k[s(t − τ )] + η(t) (1)

The observed profile is created via the detection of photons from
the pulsar as they arrive at the navigation system’s detector. The
detector records the time of arrival of each individual x-ray photon
with respect to the system clock to high precision (on the order of
1 µs or better). During the total observation time, a large number of
photons, N , will have their arrival times recorded. Individual photon
arrival times from τ0 to τN − 1 are then converted to their equivalent
time in an inertial frame, from t0 to tN − 1, as described in the follow-
ing sections. This set of photons is then folded at the predicted pulse
period based on the known timing model of the pulsar. A binned
pulse profile is then constructed by dividing the pulse phase into M
equal bins and dropping each of the N photons into the appropriate
phase bin.

Converting time to phase of the pulse period, the TOA is then
determined by measuring the phase offset of the observed profile
with respect to the high SNR standard profile template. This is based
on the assumption that, after averaging a sufficiently large number of
pulses, a pulse profile recorded in the same energy range is invariant
with time. The template can be aligned with an arbitrary point in the
profile as phase zero, but two conventions are commonly used. Either
the peak of the main pulse can be aligned as the zero phase point,
or the profile can be aligned such that the phase of the fundamental
component of its Fourier transform is zero. The latter method is
preferred because it is more precise and generally applicable.

It is important to determine the TOA with an accuracy that is
determined by the SNR of the profile and not by the choice of the
bin size. A standard cross-correlation analysis does not allow this
to be easily achieved. However, the method given by Taylor48 is
independent of bin size and can be implemented into a navigation
system. The technique employs the time-shifting property of Fourier
transform pairs. The Fourier transform of a function shifted by an
amount τ is the Fourier transform of the original function multiplied
by a phase factor of e2π i f τ . Because the observed profile differs from
the template by a time shift, a scale factor, and random noise, as in
Eq. (1), it is straightforward to transform both the profile and the
template into the Fourier domain. The parameters in Eq. (1) are then
easily determined by a standard least-squares fitting method. The
final measured TOA of the pulse is then determined by adding the
fitted offset τ to the recorded start time of the data set t0.

The SNR can be determined from the observed x-ray photon flux,
FX from the pulsar and BX from the x-ray background radiation.
This ratio relates the pulsed component of the signal source counts
NSpulsed to the one sigma error in detecting this signal as49

SNR =
NSpulsed

σnoise
=

NSpulsed√(
NB + NSnonpulsed

)
+ NSpulsed

=
FX Ap f tobs√

[BX + FX (1 − p f )](Atobsd) + FX Ap f tobs

(2)

The pulsed signal component is determined by the number of
photons that are received through the detector area A during the

NB + NSnonpulsed = 2.2 × 106 count

Suneel I. Sheikh et al.

 NSpulsed = Ntotal - ( NB + NSnonpulsed ) = 2.2 × 105 count
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observation time tobs. The pulsed fraction p f defines how much of
the source flux is pulsed. The noise comprises the background ra-
diation flux BX and the nonpulsed component of the signal that is
detected during the duty cycle of the pulse, plus the pulsed signal
contribution. The duty cycle d of a pulse is the fraction pulse width
W that spans the pulse period P , or

d = W/P (3)

For a given observation, the TOA accuracy can be determined
from the one sigma value of the pulse (estimated using the pulse
width) and the SNR via

σTOA = 1
2 W

/
SNR (4)

This accuracy represents the resolution of the arrival time of a pulse
based on a single observation. A TOA measurement can be used to
determine the range of the detector from a chosen reference location
along the line of sight to the pulsar. The accuracy of the range
measurement can be computed using c to represent the speed of
light as

σrange = cσTOA (5)

A figure of merit (FOM) can be introduced that assists in iden-
tifying x-ray sources with the potential to provide good timing and
range accuracy. When terms from the accuracy calculation in Eq. (4)
that would be common to all sources for a set observation are ig-
nored, including background, detector area, and observation time,
this FOM, Q X , can be represented as

Q X =
FX p2

f

W 2[p f + (W/P)(1 − p f )]
(6)

Using this x-ray source FOM provides a means to evaluate and
rank sources that provide high-accuracy timing and range. Although
this FOM is not dimensionless, it can be normalized with respect to
the value of a reference candidate. By normalization with the Q XCrab

value for the Crab pulsar (PSR B0531+21), Table 3 lists the rank
of the sources listed in Tables 1 and 2. Highly ranked sources have
large flux and narrow pulse widths that produce accurate timing and
range estimates in Eq. (5).

Figure 8 shows the achievable range measurement accuracy using
the pulsar sources listed in Tables 1 and 2 and Eqs. (2–5) for SNR > 2
and a 1-m2 area detector. Figure 8 shows that several sources can
achieve range accuracies better than 1 km within 1000 s of obser-
vation. Figure 9 shows the range measurement accuracy plot for
the same sources for a 5-m2 area detector. Though it lacks the full
representation of noise from Eq. (2), the listed quality ranking from
Table 3 compares well with the accuracy plots shown in Figs. 8 and 9.

Fig. 8 Range measurement accuracies using pulsars vs observa-
tion time: area = 1 m2 and x-ray background = 3 ×× 10−11 erg/cm2/s
(2–10 keV).

Table 3 FOM ranking of x-ray pulsars

Name Q X /Q XCrab Rank

PSR B1937+21 0.26 2
PSR B1957+20 0.020 4
XTE J1751−305 0.015 5
SAX J1808.4−3658 0.013 6
PSR B1821−24 0.17 3
XTE J1807−294 0.0023 7
PSR B0531+21 1.00 1
PSR B0540−69 0.0014 8

Fig. 9 Range measurement accuracies using pulsars vs observa-
tion time: area = 5 m2 and x-ray background = 3 ×× 10−11 erg/cm2/s
(2–10 keV).

Figures 8 and 9 represent theoretically achievable values based on
known characteristics of sources. This analysis assumes that sources
have no intrinsic noise because it is not yet well understood how this
noise will affect the navigation accuracy. However, a conservative
estimate of x-ray background noise is used in the preceding assump-
tions to incorporate the effects of the pulsar signal noise and other
errors that may not be fully modeled in the preceding equations.
Each source is assumed to produce a single, identifiable pulse shape
per pulse period, and the pulse period is assumed to be accurate over
the observation duration. The analysis also assumes a perfect detec-
tor with no internal losses or noise and no background rejection.
These accuracy values would change based on true characteristics
of a specific detector system.

Pulsar Timing Models
The first-order analysis presented in the preceding section repre-

sents an estimate of TOA accuracies that effect position estimates.
This section presents detailed TOA models and time conversion and
transfer techniques. These time transfer methods include relativis-
tic corrections to produce timing resolution of pulse photons on the
order of a few nanoseconds, which in turn creates accurate TOAs.

Pulse Phase Timing Models
To compute accurate arrival times of pulses, measurements must

be made relative to an inertial frame, a frame unaccelerated with
respect to the pulsars.50−57 Because most observations are typically
made on Earth, or on spacecraft moving about Earth, data collected
while in a moving frame must be transferred into this inertial frame.
A common inertial reference system chosen for pulsar observations
is the solar system barycenter (SSB) frame with its origin at the
center of mass of the solar system and uses the temps dynamique
baricentrique (TDB), or barycentric dynamic time, as its time coor-
dinate. Figure 10 shows the relationship of pulses from a pulsar as
they arrive into the solar system relative to the SSB inertial frame
and a spacecraft orbiting Earth. The positions of the spacecraft r
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observation time tobs. The pulsed fraction p f defines how much of
the source flux is pulsed. The noise comprises the background ra-
diation flux BX and the nonpulsed component of the signal that is
detected during the duty cycle of the pulse, plus the pulsed signal
contribution. The duty cycle d of a pulse is the fraction pulse width
W that spans the pulse period P , or

d = W/P (3)

For a given observation, the TOA accuracy can be determined
from the one sigma value of the pulse (estimated using the pulse
width) and the SNR via
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SNR (4)

This accuracy represents the resolution of the arrival time of a pulse
based on a single observation. A TOA measurement can be used to
determine the range of the detector from a chosen reference location
along the line of sight to the pulsar. The accuracy of the range
measurement can be computed using c to represent the speed of
light as
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A figure of merit (FOM) can be introduced that assists in iden-
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this FOM, Q X , can be represented as
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value for the Crab pulsar (PSR B0531+21), Table 3 lists the rank
of the sources listed in Tables 1 and 2. Highly ranked sources have
large flux and narrow pulse widths that produce accurate timing and
range estimates in Eq. (5).

Figure 8 shows the achievable range measurement accuracy using
the pulsar sources listed in Tables 1 and 2 and Eqs. (2–5) for SNR > 2
and a 1-m2 area detector. Figure 8 shows that several sources can
achieve range accuracies better than 1 km within 1000 s of obser-
vation. Figure 9 shows the range measurement accuracy plot for
the same sources for a 5-m2 area detector. Though it lacks the full
representation of noise from Eq. (2), the listed quality ranking from
Table 3 compares well with the accuracy plots shown in Figs. 8 and 9.
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Figures 8 and 9 represent theoretically achievable values based on
known characteristics of sources. This analysis assumes that sources
have no intrinsic noise because it is not yet well understood how this
noise will affect the navigation accuracy. However, a conservative
estimate of x-ray background noise is used in the preceding assump-
tions to incorporate the effects of the pulsar signal noise and other
errors that may not be fully modeled in the preceding equations.
Each source is assumed to produce a single, identifiable pulse shape
per pulse period, and the pulse period is assumed to be accurate over
the observation duration. The analysis also assumes a perfect detec-
tor with no internal losses or noise and no background rejection.
These accuracy values would change based on true characteristics
of a specific detector system.

Pulsar Timing Models
The first-order analysis presented in the preceding section repre-

sents an estimate of TOA accuracies that effect position estimates.
This section presents detailed TOA models and time conversion and
transfer techniques. These time transfer methods include relativis-
tic corrections to produce timing resolution of pulse photons on the
order of a few nanoseconds, which in turn creates accurate TOAs.

Pulse Phase Timing Models
To compute accurate arrival times of pulses, measurements must

be made relative to an inertial frame, a frame unaccelerated with
respect to the pulsars.50−57 Because most observations are typically
made on Earth, or on spacecraft moving about Earth, data collected
while in a moving frame must be transferred into this inertial frame.
A common inertial reference system chosen for pulsar observations
is the solar system barycenter (SSB) frame with its origin at the
center of mass of the solar system and uses the temps dynamique
baricentrique (TDB), or barycentric dynamic time, as its time coor-
dinate. Figure 10 shows the relationship of pulses from a pulsar as
they arrive into the solar system relative to the SSB inertial frame
and a spacecraft orbiting Earth. The positions of the spacecraft r
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and show that the pulse arrival times are dissimilar across different
bands.45,46 Whereas a vast majority of pulsars are detectable at radio
wavelengths, only a subset is seen at the optical, x-ray, and gamma-
ray wavelengths. Because x rays and gamma rays are difficult to
detect on the ground due to the absorption of these wavelengths
by Earth’s atmosphere, observations in these bands must be made
above the atmosphere. The highly energetic photons emitted by the
source must be detected by pointing the x-ray detector at the source,
or by waiting until the source enters the field of view (FOV) of the
detector. In addition, many x-ray sources are faint and require sen-
sitive instruments to be detected. The Crab pulsar (PSR B0531+21)
is the brightest rotation-powered pulsar in the x-ray band, yielding
∼9.9 × 10−9 erg/cm2/s of x-ray energy flux in the 2–10 keV band.
The next brightest rotation-powered pulsars are over an order of
magnitude fainter than the Crab pulsar, for example, PSR B1509-
58 and SAX J1846-0258 (Ref. 24). Because of the faintness of these
sources, long observation times are required to produce accurate so-
lutions. Multiple detectors may be necessary if many measurements
are required within a given processing window.

Most bright x-ray sources, although located within the galaxy, are
still very far from the solar system. Unlike human-made systems
such as GPS, the distances to x-ray sources are not known to an
accuracy that would allow absolute range determination between
the source and a detector. However, the angular position in the sky
can be determined with high precision, and this direction knowledge
can be used in determining a navigation solution. These sources are
not truly fixed in the celestial sky because they have proper motion,
or radial and transverse motion relative to the solar system, although
this motion is very small compared to typical source observation
durations. Because many sources are clustered along the Milky Way
galactic plane, a limited number of bright sources could provide off-
plane triangulation for position determination.

Although pulsars are uniquely recognizable due to their different
pulse shapes, a single pulse from a specific pulsar is not directly
identifiable. Thus, a navigation system that updates position using
the fraction of the phase cycle within a pulse must either have an
a priori estimate of position to align phase approximately within a
pulse, or must use additional methods to identify correctly which
specific pulse is detected. The stability of pulse arrival must also
be considered when creating models to predict pulse arrival times.
Sources with large period derivatives must have their models up-
dated if a long time has elapsed since the last model definition.
Models that are effective for sufficiently long durations, thus requir-
ing infrequent updates, are desirable from stable sources. Databases
that contain precise models should be maintained and distributed
frequently to allow users to create accurate measurements.

Though nearly all rotation-powered pulsars are constant in in-
tensity, many accreting pulsars and most other x-ray source classes
often exhibit highly aperiodic variability in intensity that may com-
promise their usefulness for precise time and position determina-
tion. Those in binary systems introduce more complex signal pro-
cessing and pulse arrival time determination than isolated sources.
Many accreting sources are unsteady, or transient, sources. This phe-
nomenon of reduced x-ray emission for some duration is due primar-
ily to stellar physics,47 and the recurrence times of transient sources
are often unpredictable. The accreting sources listed in Tables 1
and 2 exhibit transient characteristics, which do not allow them to
be used as continuously detectable navigation source candidates.
High-intensity signals lasting for short periods, x-ray flares and
x-ray bursts, are occasionally detected from some sources. Because
neutron stars are believed to contain a solid crust and a superfluid in-
terior, exchanges of angular momentum between the two materials
can cause unpredictable star quakes, or glitches, that can signifi-
cantly alter the spin rates of these stars. The diffuse x-ray back-
ground would be present in all observations, and this would add to
any noise present in the detector system.

A navigation system that uses pulsed emissions from pulsars
would have to address the faintness, phase cycle, transient, flar-
ing, bursting, and glitching aspects of these sources, in addition to
the presence of the noise from the x-ray background. Although not
all can be addressed in this single paper, the navigation techniques

discussed hereafter start the process of tackling these issues. This
includes determining the pulse arrival time accuracy using the cur-
rent knowledge of source parameters listed in Tables 1 and 2. This
timing accuracy leads to range determination accuracy and is based
on the computed SNR from each source.

Pulse Arrival Time Measurement
The fundamental measurable quantity of a pulsar-based naviga-

tion system is the arrival time of an observed pulse at the detector. A
pulse time of arrival (TOA) measurement is generated by comparing
an observed profile with a high SNR standard template profile. The
observed profile p(t) will differ from the template profile s(t) by
several factors, including a shift of time origin τ , a bias b, a scale
factor k, and random noise η(t) as in Eq. (1) (Ref. 48). Poisson
counting statistics typically dominate the random noise for x-ray
observations,

p(t) = b + k[s(t − τ )] + η(t) (1)

The observed profile is created via the detection of photons from
the pulsar as they arrive at the navigation system’s detector. The
detector records the time of arrival of each individual x-ray photon
with respect to the system clock to high precision (on the order of
1 µs or better). During the total observation time, a large number of
photons, N , will have their arrival times recorded. Individual photon
arrival times from τ0 to τN − 1 are then converted to their equivalent
time in an inertial frame, from t0 to tN − 1, as described in the follow-
ing sections. This set of photons is then folded at the predicted pulse
period based on the known timing model of the pulsar. A binned
pulse profile is then constructed by dividing the pulse phase into M
equal bins and dropping each of the N photons into the appropriate
phase bin.

Converting time to phase of the pulse period, the TOA is then
determined by measuring the phase offset of the observed profile
with respect to the high SNR standard profile template. This is based
on the assumption that, after averaging a sufficiently large number of
pulses, a pulse profile recorded in the same energy range is invariant
with time. The template can be aligned with an arbitrary point in the
profile as phase zero, but two conventions are commonly used. Either
the peak of the main pulse can be aligned as the zero phase point,
or the profile can be aligned such that the phase of the fundamental
component of its Fourier transform is zero. The latter method is
preferred because it is more precise and generally applicable.

It is important to determine the TOA with an accuracy that is
determined by the SNR of the profile and not by the choice of the
bin size. A standard cross-correlation analysis does not allow this
to be easily achieved. However, the method given by Taylor48 is
independent of bin size and can be implemented into a navigation
system. The technique employs the time-shifting property of Fourier
transform pairs. The Fourier transform of a function shifted by an
amount τ is the Fourier transform of the original function multiplied
by a phase factor of e2π i f τ . Because the observed profile differs from
the template by a time shift, a scale factor, and random noise, as in
Eq. (1), it is straightforward to transform both the profile and the
template into the Fourier domain. The parameters in Eq. (1) are then
easily determined by a standard least-squares fitting method. The
final measured TOA of the pulse is then determined by adding the
fitted offset τ to the recorded start time of the data set t0.

The SNR can be determined from the observed x-ray photon flux,
FX from the pulsar and BX from the x-ray background radiation.
This ratio relates the pulsed component of the signal source counts
NSpulsed to the one sigma error in detecting this signal as49

SNR =
NSpulsed

σnoise
=

NSpulsed√(
NB + NSnonpulsed

)
+ NSpulsed

=
FX Ap f tobs√

[BX + FX (1 − p f )](Atobsd) + FX Ap f tobs

(2)

The pulsed signal component is determined by the number of
photons that are received through the detector area A during the
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名前 周期 P , s フラックス FX (2-10keV) ph/cm2/s Pulsed fraction pf , % パルス幅W , s
PSR B1937+21 1.56e-3 1.640e-04 86 2.1e-5
PSR B0531+21 3.35e-2 3.972e+00 79 1.7e-3
PSR B1821-24 3.05e-3 5.000e-04 98 5.5e-5
PSR B0540-69 5.04e-2 1.332e-02 67 2.5e-3

4. お わ り に
本研究では，超小型深宇宙探査機で利用可能な (準)自律
的な軌道決定手法に関するサーベイと性能評価の検討を行っ
た．近年，飛躍的に発展を続ける超小型宇宙機の活動領域
を深宇宙へ展開していくために，軌道決定技術は重要な鍵
となる．地球周回ミッションでは，GPSや地上レーダ (＝米
国NORADが提供する TLE情報)によって軌道決定情報が
与えられる一方で，従来の深宇宙探査ミッションでは，「直
径数十m規模の大型地上アンテナで測距する」等により軌
道決定を行う必要があるからである．そのため，地上局リ
ソースへの依存度を下げた深宇宙軌道決定の新しいスタイ
ルを発案する必要がある．本論文では，その候補となる準
自律的軌道決定手法の網羅的な調査結果をまとめた．今後，
これらの準自律的な軌道決定技術の成立性検討を深めてい
く予定である．本研究の主な対象は月・火星等の深宇宙探
査であったが，自律的な軌道決定手法が確立すると，地球
から遠く離れた外惑星を探査するミッションの軌道決定に
おいても，地球に依存せず運用できる点で意義が大きい．
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• かにパルサー (PSR B0531+21) を用いた場合
の理論計算と、NinjaSat の実測波形で比較。 

• NinjaSat の実測では、パルサーに加えて星雲も
視野に入り、 pulsed fraction は小さくなる。

BX = 1.2e-2 ph/cm^2/s 
(CXB のみ) で理論計算


