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Abstract: Errors in observatory coordinates directly impact the precision of pulsar timescale construction. Using the
pulsar timing software TEMPO2, we simulate various station position errors within the three-dimensional terrestrial
reference frame for three different types of millisecond pulsars, over periods of 13 days and 5 years, and analyze their
effects on pulsar timing results. For both 13-day and S5-year observation spans, station coordinate errors substantially
reduce the accuracy of pulsar timescale construction when the zenith angle shows long term variations. This effect is
independent of pulsar type and the daily observable time of the station antenna for the pulsar. There is a linear
relationship between station coordinate errors and the root-mean-square of pulsar timing residuals, with fitted linear
coefficients ranging from 1.36x107!! to 1.61x10™ for the three pulsars. The Roemer delay error, caused by
coordinate inaccuracies, is notably larger than other delay and correction terms. Errors along the x- and y-axes have
comparable influences on timing precision, whereas errors along the z-axis have a relatively smaller effect. Kendall
correlation analysis between station error-induced Roemer delay and root-mean-square yields a correlation coefficient
r=167% and p=100% in all cases, indicating that, at current timing precision levels, coordinate errors primarily
affect the Roemer delay term and thus the pulse arrival times, consistent with theoretical models. While these findings
offer valuable insights into the key factors influencing pulsar timescale accuracy and related applications, they may not
hold under conditions of a constant zenith angle or limited elevation angles, such as those at the Five-hundred-meter
Aperture Spherical Radio Telescope (FAST).
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Pulsars are a class of neutron stars characterized by
extremely stable rotation, with millisecond pulsars, in partic-
ular, often regarded as the most stable ‘“astronomical
clocks” in naturelll. Using the highly stable rotational prop-
erties of millisecond pulsars, it is possible to establish an
ideal timescale independent of atomic time, known as Pul-
sar Time (PT). With continuous advancements in science
and technology, the observational capabilities of radio tele-
scopes have significantly improved, leading to the discov-

ery of more millisecond pulsars and greatly promoting the
application of PT in fields such as the establishment of
PT standards(?! and pulsar navigation®>#]. Pulsar timingl’!
is a technical approach that involves regular monitoring
of the Time of Arrival (TOA) of pulses with observato-
ries (either telescopes or spacecraft)l®! to develop physi-
cal modelsl”], enabling the construction and application of
PT. Conversely, a stable and reliable PT can provide
long-term constraints for pulsar timing models and sup-
port broader applications in spacetime reference
systems[®l. The accuracy of pulsar timing is influenced by


https://orcid.org/https://orcid.org/0009-0005-8224-0677
https://orcid.org/https://orcid.org/0000-0002-5381-6498
https://orcid.org/https://orcid.org/0000-0002-2060-5539
https://orcid.org/https://orcid.org/0000-0003-2991-7421
mailto:zhouzurong@ntsc.ac.cn
mailto:zhaocs@ntsc.ac.cn
https://doi.org/10.3724/ati2025097
https://doi.org/10.3724/ati2025097
https://cstr.cn/32083.14.ati2025097
https://cstr.cn/32083.14.ati2025097
https://cstr.cn/32083.14.ati2025097
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.3724/ati2025097

various error sources, including time comparison system
errors, inaccuracies in Earth ephemerides, uncertainties in
solar system body masses, gravitational wave effects, mea-
surement noise arising from radiometer noise and pulse
phase jitter, timing red noise caused by intrinsic pulsar rota-
tional instability, red noise induced by dispersion measure
variations in the interstellar medium, errors in timing mod-
els and algorithms, and noise from observational systems[®].

With the rapid advancement of space geodetic tech-
niques, such as Very Long Baseline Interferometry
(VLBI) and the Global Navigation Satellite System
(GNSS), errors in ground station coordinates within the
International Terrestrial Reference Frame (ITRF) can be
well controlled. Although these errors are not a dominant
factor, their impact on pulsar timing has not been com-
pletely eliminated. Factors such as satellite orbit and sig-
nal propagation delays can lead to biases in receiving equip-
ment, site deformations caused by Earth tides, atmo-
spheric and hydrological loading(!0l, as well as extreme con-
ditions including imperfect orbital dynamic models, mea-
surement system errors, spatiotemporal reference frame
deviations, and thermal deformation, attitude, and control
errors of the spacecraft itselfl!l], discrepancies ranging
from several millimeters(!%!3] to tens of kilometers(!4]
exist between the theoretical station position used for calcu-
lating TOA and the true position required by the physics
of signal propagation. These discrepancies can subse-
quently affect applications such as PT across different
timescales. Pulsar navigation technology holds significant
value for both military and civilian applicationsl!>:16],
From an astrometric perspective, Li et al.ll7l have also
emphasized the necessity of considering station position
errors in pulsar navigation research. Recent findings by
Kaur et al.[!8] demonstrate that a small radio antenna with
a diameter of 4 m, operating in the region of 700 MHz,
can not only detect more pulsars but also utilize pulsar navi-
gation technology to determine its own position with an
accuracy of approximately 10 km.

To investigate the application of PT, we focus this
study on the impact of station coordinate errors on the pre-
cision of PT-scale construction. First, we establish a mathe-
matical relationship between the positional errors of the sta-
tion reference point and various indicators of PT-scale
precision at the theoretical level, before using data simula-
tion methods for verification and analysis. We aim to pro-
vide a theoretical foundation and methodological guid-
ance for the future inversion of station coordinate errors,
based on pulsar timescale precision.

In pulsar timing observations, the clock of the ground
station or satellite is typically selected as the time refer-
ence. Its time must be corrected to an international stan-
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dard time system, such as International Atomic Time
(TAI) or Terrestrial Time (TT), to ensure that the timing
observations are referenced to the highest-precision time
system currently available. To avoid the effects of Earth
kinematics and dynamics, the processing and analysis of
pulsar observation events in near-Earth space require the
selection of an ideal inertial reference system. The Solar
System Barycenter (SSB) is generally chosen as this refer-
ence frame, so the TOA measured at the station must be
transformed to the TOA at the SSB, with the time also con-
verted to Barycentric Coordinate Time (TCB). Taking
ground-based radio telescope timing observations as an
example, after receiving pulsar signals, the telescope
accounts for a series of physical, geometric, and relativis-
tic effects, including flat-space geometric delays, gravita-
tional delays, time-scale effects, and propagation delays
through various media. The transformation from the sta-
tion TOA (Zobs) to the TOA at the SSB (#ssp) requires cor-
recting for these effects(!”], according to the mathemati-
cal model

n-r
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where n is the unit direction vector of the pulsar in the
SSB frame, r is the position vector of the observational sta-
tion (telescope) relative to the SSB at the time of observa-
tion, v is the velocity vector of the pulsar relative to the
SSB, c is the speed of light, and Ar is the time differ-
ence between the observation epoch and the reference
epoch, i.e., At=1t—1y. Ry is the distance from the pulsar
to the SSB at the reference epoch, G is the gravitational
constant, and Af. is the clock correction term converting
the telescope’s time to the TCB scale, including atomic
clock offsets and various Einstein delays (e.g., transforma-
tions between TAI, TT, and TCB). w4 is the gravitational
constant of the k-th solar system body, r is the position
vector of the k-th solar system body relative to the radio
telescope, and r¢ is its magnitude.  is the angular separa-
tion between the Sun and the pulsar as seen from the tele-
scope, D is the dispersion measure of the pulsar, and f is
the observing frequency at the SSB. AB is the signal propa-
gation delay within a binary system, mainly including coor-
dinate transformation to the pulsar frame, vacuum propaga-
tion delay due to orbital motion, propagation delay caused
by the signal passing through the companion’s gravita-
tional field, and relativistic corrections to the time coordi-
natel7-1%1, The terms 2 to 5, on the right-hand side of this
equation give the geometric vacuum delay, parallax, delay
due to the pulsar’s radial velocity, and the first-order



Roemer delay, respectively. Terms 7 to 9 give various grav-
itational delays in the solar system, second-order solar
gravitational delay, and dispersion delay. For space-based
X-ray pulsar data processing, because X-rays are electro-
magnetic waves with short wavelengths and high energy,
their dispersion delay can be neglected.

By analyzing fssp, we can establish a pulsar timing
model (i.e., a pulsar clock model), enabling precise predic-
tion of pulse arrival times[20]. The timing residual, Ry, is
defined as the difference between the predicted and
observed pulse arrival times at the solar system barycen-
ter, expressed as PT-TT. Typically, model parameters are
optimized by fitting, to better align the timing model with
the observed data. Ideally, if the timing model perfectly
describes all factors influencing the TOA, the timing residu-
als follow a Gaussian distribution with zero mean, and
their standard deviation matches the measurement error of
the arrival times. If the timing model inadequately cap-
tures the characteristics of the TOA, the residuals will devi-
ate from a Gaussian distribution and may show specific sys-
tematic features. Therefore, timing residuals serve as a cru-
cial indicator for assessing the accuracy of the pulsar tim-
ing model, and their Root Mean Square (RMS) value is
commonly used to quantify the measurement precision
and stability of the pulsar time. In the pulsar timing
model, the relationship between observatory coordinates
and the model is not entirely linear. Specifically, the influ-
ence of the Shapiro delay, Einstein delay, higher-order
terms of the Roemer delay, and all their partial deriva-
tives on station coordinates can be neglecte('ll. 'The magni-

tude of the zeroth-order Roemer delay term P is signifi-

cantly larger than that of other terms, and consequently,
the primary Roemer delay term considered in Equation

(1) can be approximated as ARy, = —E. This term

depends on the pulsar’s direction vector arﬁd the station’s
position vector, r = s+ rg, relative to the SSB, where s is
the station’s position vector relative to the geocenter, and
rg is the geocenter’s position vector relative to the SSB,
as shown in Fig. 1. In this study, we treat Earth’s annual
motion around the SSB as an elliptical orbit with an eccen-

tricity, e =0.0167, and an orbital period of one year. Evi-
. n . rE
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dently, T shows diurnal variation, while shows
n-s

annual variation. s approximately five orders of mag-
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nitude smaller than that of . Therefore, the Roemer

delay error induced by station position errors can be approx-
imately expressed as
n-s

ARsun = -
c Cc

n-rg
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Therefore, the relationship between pulsar timing resid-
uals and station position coordinates can be approxi-
mated as Ryes ® dARgy,, where R gives the residuals
before fitting and dARy,, is the first-order differential of
the Roemer delay term. In the International Celestial Refer-

SSB

Fig. 1. A diagram of pulsar signal propagation to an Earth-
based observatory, and its transformation within the solar
system.

ence System (ICRS), timing observations of a single pul-
sar allow the determination of a reference position along
the pulsar’s line of sight. For timing observations of two
pulsars, the position is confined to the intersection line of
two planes. When timing observations involve three or
more pulsars, the position can be precisely determined in
three-dimensional (3D) space, in a relationship that can be
expressed as

-A
Ries = dARsun =- 1 r, (3)
C

where Ar is the error in the observer’s position. In the
International Terrestrial Reference System (ITRS), the rela-
tionship between pulsar timing residuals and station coordi-
nates can be derived based on this equation and the trans-
formation between ITRS and the Geocentric Celestial Refer-
ence System (GCRS)[2!], given by

0ARn 0ARn
Ries = == AXrRs + ~= AYiRs +
0XrTRS 0Y1rRS )
0ARn AZ,
0 Zirs L ATRS

where Xirrs,Yrrrs and Zprrs are the spatial coordinates
of the observing station in the ITRS. It should be noted

that, owing to the influence of Earth’s rotation,
O0ARgy,/0Xyrrs and 0ARg,/0Yirrs show temporal varia-
tions, while 0ARg.,/0Zrs (approximately equal to

sind/c, where ¢ is the declination of the pulsar and c is
the speed of light) remains essentially constant.

Owing to differences in station location, the Earth’s
gravitational potential and rotation velocity vary, result-
ing in corrections from TT to TCB that are not identical
in the same epoch. Within the framework of the ICRS,
TT can be converted to TCBI[22], given by

TCB =TT +¢2 +

t
f (V2/2+ Uewixe)dt + v, - (x— x.)
T

0(6—4) + L x(MID—-43144.0)x86 400 5, (5)

where x and v, are the position and velocity of the Earth’s
center relative to the SSB, and Ug is the Newtonian
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gravitational potential at the geocenter from all solar sys-
tem bodies except Earth. The O(c™) term is smaller than
107'% in rate and can be neglected, Lg =6.969 290 134x
10719 is a defining constant, and MJD is the Modified
Julian Date (MJD).

Observation stations are mainly divided into ground
observation stations and space observation stations. Here,
taking the ground observation station as an example,we
select three pulsars (PSR J0437—4715, PSR J0711-6830,
and PSR J2317+1439) from the dataset of the Interna-
tional Pulsar Timing Array (IPTA)[23] with high-precision
TOA data as subjects for simulation analysis. Their pub-
lished timing residuals have been fitted using the
TEMPO2 softwarel2425], and their relevant basic parame-

ters are detailed in Table 1. These three pulsars are dis-
tributed across different regions of the northern and south-
ern skies, with J0711-6830 being an isolated millisecond
pulsar, while J0437—4715 and J2317+1439 belong to dis-
tinct binary pulsar systems, with significant differences in
orbital period and eccentricity. Among them, J0437—4715
is the brightest, while J2317+1439 is relatively faint. The
IPTA includes the Parkes Pulsar Timing Array
(PPTA)26, the European Pulsar Timing Array (EPTA)[27],
and the Chinese Pulsar Timing Array (CPTA)[28]. Accord-
ing to observational results from PPTA DR3, J0437-4715
and JO711-6830 show higher pulsar timing precision!?4],
while data from IPTA DR2 indicate that the timing preci-
sion of J2317+1439 lies between the other twol2]. Based
on the spatial distribution of these pulsars within the
Galaxy, their observable durations in the scanning area of
the Parkes 64-meter telescope on MJD 60296 were calcu-
lated to be approximately 10 h, 17 h, and 24 h, respec-
tively, as shown in Fig. 2.

Table 1. The basic parameters of the three selected millisecond pulsars

References for

Pulsar name (J2000) RA/rad DEC/rad P/ms DM/(cm=pc) Binary Pb/d  Ecc/mJy S0 Residuals/ps position
J0437-4715 1.210 -0.825 5.8 2.64 T2 5.7 1918x10™5 150.2 0.36 [24]
JO711-6830 1.885 -1.196 5.5 18.41 - - - 2.6 0.91 [24]
J2317+1439 6.093 0.256 34 21.90 ELLIH 246 54x107 0.60 0.88 [25]

Parkes pulsar visibility (MJD 60296) the x-, y-, and z-axes, respectively. By adjusting the val-
ues of the three coordinate components individually, as
J0437-4715 Ax, Ay, and Az, we can simulate the influence of station
J0711—6830 coordinate errors on timing residuals and various delay
terms. Given that actual station coordinate variations are

J2317+1439

0 3 6 9 12 15 18 21 24
Hours

Fig. 2. Observable time distribution of 3 ms pulsars in the sky
region of the Parkes 64-m telescope.

Numerous pulsar timing models have been integrated
into currently available pulsar timing software packages,
among which TEMPO2 is widely used?]. Compared with
earlier timing software, TEMPO2 employs the general rela-
tivistic framework recommended by the International Astro-
nomical Union (IAU) in 1991 and 2000, based on the
ICRS, TCB, and the latest models for precession, nuta-
tion, and polar motion[2%]. In contrast with other timing soft-
ware, such as TEMPO[?°land PSRTIME(3%, TEMPO?2 incor-
porates improvements and updates in both theoretical foun-
dations and algorithmic implementations®!], and it is now
extensively used in data processing for pulsar timing and
its applications. In this study, we use the TEMPO?2 soft-
ware to simulate and analyze the impact of errors in the sta-
tion coordinate reference point on pulsar timing accuracy.
In the terrestrial coordinate system, the site coordinates of
the Parkes Observatory have been measured to high preci-
sion, as (—4554231.5,2816759.1,-3 454 036.3) m along
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typically not confined to a single direction, we also simu-
late the effect on pulsar timing accuracy when the station
reference point shifts simultaneously in all three direc-
tions. Based on measurement tests of ground and space sta-
tion coordinates, the maximum error in a single coordi-
nate direction can reach up to 10 km. Therefore, in this sim-
ulation, we primarily consider error magnitudes of 1, 10,
100, and 1000 m in each of the three coordinate directions.

Typically, based on ephemeris parameter files, a set
of TOA sequence data, under the condition of no coordi-
nate errors, is first simulated for each pulsar. Such
datasets can be used for algorithm testing. The TEMPO2
software defaults to using the Parkes Observatory as
the observation site, with the observing frequency set to
1440 MHz. All data are regularly sampled and share the
same uncertainty. In this study, our simulation is divided
into two categories: a short-term simulation with daily sam-
pling over 13 days and a long-term simulation with yearly
sampling over 5 consecutive years. In the 13-day continu-
ous sampling, each dataset consists of 240 observations
per day at random hour angles within a 24-h period, cover-
ing the time range from MJD 60290 to MJD 60302. In
the 5-year long-term sampling, each dataset includes one
observation per day at a random hour angle within 24 h,



spanning the period from MJD 58475 to MJD 60301.
When the observation hour angle is randomly covered,
this means that the zenith angles of the two types of obser-
vations for these three pulsars vary arbitrarily within a cer-
tain specific range. To prevent interference from other fac-
tors with station error, we employed a controlled variable
approach, setting the uncertainty of each arrival time to
0.1 ns, to achieve ideal fitting residuals for all three pul-
sars, with the RMS of the residuals being 0 ps. This indi-
cates that the pulsar timing precision was unaffected by
any external factors under these conditions. After confirm-
ing the accuracy of the ephemeris and timing parameters
for each pulsar, we compute the timing parameters by incre-
mentally adjusting the 3D coordinates of the station.
These parameters include the TOA, residual RMS, Roe-
mer delay term, Shapiro delay term, Einstein delay term,
and correction from TT to TCB.

Owing to the elevation angle constraints of a radio tele-
scope, the zenith angle for any practical observation must
remain below the telescope’s maximum allowable zenith
angle. Neither of the two types of simulations described
here considered the effect of variations in the maximum
observable zenith angle on pulsar timing. To ensure the
completeness of the experiments and conclusions, we addi-
tionally performed a 5 year simulation to investigate the
effect of station coordinate errors on the construction of pul-
sar timescales for the three pulsars, under the assumption
of a constant zenith angle. Except for fixing the zenith
angle, all other simulation settings were identical to those
used in the second category. Because the TEMPO2 soft-
ware includes an internal atmospheric delay model capa-
ble of correcting the hydrostatic tropospheric delay at the

level of 10 ns[20, and additionally provides a 1.5 ns correc-
tion for the zenith wet delay®'l, we omit both effects
from the simulations and discussions presented here.

Through multiple experiments and statistical analyses,
we obtained simulation results for 3 ms pulsars over both
a continuous 13-day period and a continuous S-year
period. During the 13-day simulation, each pulsar gener-
ated 2640 TOAs, while 1832 TOAs were obtained from
the 5-year simulation. As shown in Fig. 3 and Fig. 4,
when the zenith angle changes arbitrarily, the simulated
TOAs do not show systematic errors during periods when
the pulsars are outside the telescope’s observable sky
region, nor do the results show significant differences
attributable to the different types of millisecond pulsars.
This indicates that using the TEMPO2 software to simu-
late pulsar TOAs produces results in which the number of
TOAs and timing outcomes are independent of whether
the pulsar is within the telescope’s observable sky region
or of the pulsar’s type (that is, isolated pulsar or differ-
ent types of binary pulsar). The experimental results fur-
ther demonstrate that when station coordinate errors are
small, the pulsars’ RMS values and Roemer delay errors
are small, and the error in the correction for the TT-to-
TCB conversion is negligible and close to zero. As sta-
tion coordinate errors increase, the pulsars’ RMS values
and Roemer delay errors increase significantly, and the
error in the correction for the TT-to-TCB conversion also
appears to increase slowly. However, this conclusion does
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Fig. 3. The influence of station error on 13-day timing residual when the zenith angle changes.
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Fig. 4. The influence of station error on 5-year timing residual when the zenith angle changes.

not appear to hold when the zenith angle remains con-
stant. Specific data and analysis results are detailed in
Table 2 and Table 3 and Fig. 3-Fig. 12.

4.1. Analysis of the Simulation Results for 13-day

Continuous Sampling Data

Table 2 summarizes the statistical results of the
impact of various station coordinate errors on 3 ms pul-
sars during 13 days of continuous timing observations,
under the assumption that the zenith angle varies within a
certain range. The first column lists the obtained RMS val-
ues, under different station coordinate error conditions,
the ranges of Roemer delay errors, pre-fit residual errors,
and correction errors from TT to TCB, along with their cor-

responding units. The second column specifies the pulsar
names. Columns three to seven present the specific numeri-
cal values of each error metric under five different levels
of coordinate errors. As the station coordinate errors
increase, the RMS, the range of Roemer delay errors, and
the range of correction errors from TT to TCB for all
three pulsars show a linear increasing trend.

4.1.1.

From the Parkes Observatory in Australia, we ana-
lyze the impact of station coordinate errors on the TOA
and its residuals for pulsars J0437-4715, J0711-6830,
and J2317+1439, under the assumption that the zenith
angle changes within a certain range. Assuming a coordi-

TOA and timing residuals

Table 2. The statistical analysis of the influence of station error on the 13-day timing of different pulsars when the zenith angle

changes arbitrarily

(Ax, Ay, Az)/(m, m, m)

Categories PSR name (J2000)
(0,0,0) 1,1, 1) (10, 10, 10) (100, 100, 100) (1000, 1000, 1000)
J0437-4715 0 0.002 0.023 0.226 2.258
RMS/us J0711-6830 0 0.001 0.012 0.121 1.214
J2317+1439 0 0.003 0.032 0.321 3.213
J0437-4715 0 6.41 64.10 640.98 6409.81
ARRoemer/NS JO711-6830 0 3.45 34.50 344.98 3449.83
J2317+1439 0 9.12 91.22 912.21 9122.07
J0437-4715 0 6.76 64.77 641.25 6410.06
ARpreres/nS JO711-6830 0 3.68 34.69 34532 3450.48
J2317+1439 0 9.53 91.49 912.57 9122.08
J0437-4715 0 0 0.01 0.10 0.97
ARTT 10 TCB/NS JO711-6830 0 0 0.01 0.10 0.97
J2317+1439 0 0 0.01 0.10 0.97
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Table 3. The statistical analysis of the influence of station error on the S-year timing of different pulsars. Values without a
superscript refer to the case of arbitrarily varying zenith angle, whereas those with a superscript z indicate a constant zenith

angle
Categories PSR name (J2000) (&, &y, Az)(m, m, m)
(0,0, 0) (L 1L (10, 10, 10) (100, 100, 100) (1000, 1000, 1000)
J0437-4715 0 0.002/0= 0.022/0= 0.224/0= 2.245/0z
RMS/us JO711-6830 0 0.001/0= 0.012/0= 0.121/0= 1.208/0
J2317+1439 0 0.003 /0= 0.032/0= 0.320/0= 3.196/0.001¢
J0437-4715 0 6.41/0 64.10 /0= 640.96/0.02< 6409.56/0.19
ARRoemer/NS JO711-6830 0 3.45/0% 34.50/0+ 345.05/ 0.03z 3450.45/0.25z
J2317+1439 0 9.12/0% 91.24/0.03z 912.37/0.32¢ 9123.71/3.24z
J0437-4715 0 6.76/0.31¢ 64.46/0.31= 641.25/0.65¢ 6409.50/1.69=
ARpre—res/nS J0711-6830 0 3.68/031:  34.69/0.31¢ 345.32/0.31: 3451.09/0.92
J2317+1439 0 9.52/0.32¢ 91.49/0.32z 912.94/0.67= 9124.82/4.48<
J0437-4715 0 0/0z 0.01/0z 0.11/0.07= 1.12/0.69=
ARTT (0 TCB/NS JO711-6830 0 0/0z 0.01/0.01¢ 0.11/0.062 1.12/0.60z
J2317+1439 0 0/0z 0.01/0.01+= 0.11/0.11¢ 1.12/1.05=

nate error of 100 m in each of the three spatial dimen-
sions, Fig. 3 shows the variations in TOA errors, residual
distributions, and RMS values for each pulsar under three
different error directions. As shown in Fig. 3, when the sta-
tion coordinate error is 100 m along the x, y, and z direc-
tions, the induced RMS values are comparable between
the x- and y-axis directions and are significantly larger
than those in the z-axis direction. Regarding the ampli-
tude of the RMS value induced by coordinate errors along
the x/y axes, J2317+1439 shows significantly larger val-
ues than J0437—4715, while J0711-6830 has the smallest
amplitude. Specifically, the TOA error in the x-axis direc-
tion has a cosine waveform, the y-axis direction shows a

sinusoidal waveform, and the TOA error in the z-axis direc-
tion is uniformly distributed above and below the zero resid-
ual baseline.

Assuming that the station’s 3D coordinates each have
an error of 100 m and zenith angle varies within a cer-
tain range, Fig. 5 shows the distribution of Roemer delay
errors and their ranges for three pulsars over a 13-day
period under three different scenarios. When the station
errors are 100 m along the x, y, and z directions, the
induced delay errors and their ranges are identical for the
x and y directions, and are significantly larger than those

PSR J0437-4510 PSR J0711-6830 PSR J2317+1439
£ 200F - Av=100 m, AR 453. 241 ns 100 | -Ax= 1pofn ARggener 243934 ns 388 [+ Av=100 m, ARgpune: 645.028 ns
F oo ANRAANRARN NN Sy oA RANANNS AR
3 THHI ng‘-:;gn;ig‘.w i i ﬁl i ‘g:ig!g;; M IS HET
= 0! ,3‘:‘;;:1ai;‘l§fij.f.f i :l:i:n‘.rimgz* 0 =“§‘M:§:mg'h:!§
g _ ,,j%'!!:!a;-!;-:g;:i,; HIHTHEE TR I —100 iz P e e
g 100':€.'§‘"‘ggsifi"m;%;g: HE :‘“‘;Eg‘!VL’u@f 00 fu byl
@—200-&\{\."11““\{ ¥ -0t Y EVUYVVUVY fsoojv!l,?‘i,li?,w,ﬂ,
SR - S L SN 8 6 4 2 0 2 S M R M R SN
e 603x100 &S SS S
\i 200 Ay =100 m, ARgoen: 453.242 ns 100 F + Ay =100 M, ARgoene: 243.939 ns 388 F <Ay =100 M, ARgyemer: 645.028 ns
5 1007 S0t 100
S ot ot ot
£ 100} =50 T
5 200 -
g 200} ! KA RSN RRANED 300§ .
q, b oo Q f\, — — - — Q ’\, b( ‘o % \} ’}
S ST S e 20 AR R
(O S +6.03 x 104 e & ©
+2.447 6 x 10 +3.104 64 x 102 -8. 514x 10!
é 8-88} 2 i ‘Azl 100m, ARROE,“E, 0.001 ns 0.0009 L *Az=100m, ARgomer: 0.001 ns 20,003 0 | +Az =100 m, ARgeume: 0.002 ns
50.0012f ggggg i -0.003 5 \/
=0.0010F ) L B
50.0008 | \ 0.0006 | 0.0040 Jv
£ 0.0006 y 00005 | % -0.004 5
~ 0.000 4 0.0004 L° : —0.0050
N 6 & & O -8 -6 -4 -2 0 2 S O > SO
) D° A D S S A I P AN
S’ @ @ eSS MID  4603x10 & & & &S S

MJD

MJD

Fig. 5. The influence of station error on the calculation of 13-day Roemer delay when the zenith angle changes.
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in the z direction. Furthermore, although the Roemer
delay waveforms for different directions with the same
error magnitude all show similar quasi-periodicity (of
approximately one day), their initial phases differ.

Assuming station 3D coordinate errors at two levels,
specifically 10 km and 100 km, Fig. 6 shows the distribu-
tion and range of Shapiro delay errors under these condi-
tions when zenith angle changes. The Shapiro delay error
within the solar system shows a linear relationship with
the station position error. When the station coordinate
error is 10 km, the Shapiro delay errors for all three pul-
sars are less than 2 ps. When the station position error
increases to 100 km, the Shapiro delay errors for the
three pulsars remain below 20 ps.

In the case of zenith angle variation, Fig. 7 shows the

magnitude and range of Einstein delay errors for the three
pulsars with station 3D coordinate errors of 10 km and
100 km. The Einstein delay error within the solar system
has a linear relationship with the station position error.
When the station coordinate error is 10 km, the Einstein
delay errors for all three pulsars remain below 0.5 ps.
When the error increases to 100 km, the delay errors are
on the order of a few picoseconds.

As shown in Fig. 8, when the zenith angle changes,
the correction associated with the TT-to-TCB conversion
increases linearly, corresponding to the magnitude of the
station coordinate errors. For station coordinate errors of
10 km in all three spatial dimensions, the correction
errors for the three pulsars are of similar magnitude, with
each remaining below 5 ns. Furthermore, when the sta-
tion coordinate errors reach 100 km in all 3D, the correc-

PSR J0437-4715 10 PSR J0711-6830 PSR J2317+1439
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Fig. 6. The influence of station error on the calculation of 13-day Shapiro delay when the zenith angle changes.
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Fig. 7. The influence of station error on the calculation of 13-day Einstein delay when the zenith angle changes.
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Fig. 8. The influence of station error on the calculation of 13-day time delay caused by the transition from TT to TCB when the

zenith angle changes.

tion errors for the three pulsars remain under 50 ns. Regard-
less of the magnitude of the station error, the error correc-
tion waveforms for the three pulsars have a sinusoidal distri-
bution, with initial phases that differ from one another.
However, for any given pulsar, the initial phase remains
the same.

Table 3 summarizes the statistical results of the
impact of station coordinate errors of different magni-
tudes on 3 ms pulsars during a 5-year timing observation
under the conditions of arbitrary change and constant
zenith angle. The columns presented in the table are simi-
lar to those in Table 2. Values without a superscript corre-
spond to the case of a varying zenith angle, while values
with a superscript z correspond to the case where the
zenith angles of J0437—4715, J0711-6830, and J2317+1439
are assumed to remain constant at 14.21°, 35.56°, and
47.79°, respectively. As the station coordinate errors
increase, the RMS, the range of Roemer delay error, the
range of pre-fit residual error, and the range of correc-
tion errors from TT to TCB, for all three pulsars, show a
linear growth trend when the zenith angle changes. From
the values with superscript z in each row of Table 3,
under a constant zenith angle, progressively changing the
station coordinate error magnitude results in little-to-no vari-
ation in the RMS values, the Roemer delay, the residual
range, and the TT-to-TCB conversion correction error. This
indicates that, under a constant zenith angle, station coordi-
nate errors have essentially no impact on pulsar timing.

Under the condition that the zenith angle varies
within a certain range and that the 3D station coordinates
each contain an error of 100 m, we analyze the influence
of station position errors on TOA and timing residuals of

three pulsars over a continuous 5-year span, with the
results shown in Fig. 4. Similar to the results in Fig. 3,
when the errors in the x, y, and z directions are all 100 m,
the resulting changes in the RMS values are essentially
identical in the x and y directions, and are significantly
greater than those in the z direction. Different to Fig. 3, the
TOA data points caused by the 3D station coordinate errors
during the 5-year period are distributed relatively uni-
formly, where the residual values all clustering near zero
without showing clear sinusoidal waveform characteristics.

Assuming that zenith angle changes within a certain
range and the coordinate error of the station is 100 m,
Fig. 9 shows the distribution and range of Roemer delay
errors for different pulsars over a 5-year period in three sce-
narios. When the station errors are 100 m in the x, y, and
z directions, the delay errors and their ranges are identi-
cal in the x and y directions and are significantly larger
than those for the z-axis. Unlike in Fig. 5, as the times-
pan of station errors extends from 13 days to 5 years, the
distribution of Roemer delay along the x- and y-axes no
longer shows sinusoidal cosine waveforms, but instead
appears as a uniformly scattered distribution around zero.
Meanwhile, the Roemer delay distribution along the z-
axis shows sinusoidal/cosine waveforms with a linear
trend. Fourier analysis further reveals that the Roemer
delay waveforms of all three pulsars exhibit strict semi-
annual and annual periodic oscillations.

Fig. 10 shows the distribution and range of Shapiro
delay errors for three pulsars over 5 consecutive years,
with station position errors of 10 km and 100 km when
the zenith angle changes. The Shapiro delay error within
the solar system scales linearly with the station position
error. When the station coordinate error is 10 km, the
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Fig. 9. The influence of station error on Roemer delay calculatio

Shapiro delay errors for all three pulsars are on the order
of several picoseconds, and when the error increases to
100 km, the delay errors remain only in the tens of picosec-
onds. Fig. 10 also shows that, although the Shapiro delay
distributions differ among the pulsars, they all show a
strict annual periodicity.

4.2.4. Einstein delay

In the case of zenith angle variation, Fig. 11 shows
the Einstein delay errors and their ranges for three pul-
sars under station position errors of 10 km and 100 km.
The Einstein delay error within the solar system scales lin-

n for 5 years when the zenith angle changes.

early with the station coordinate error. When the station
position error is 10 km, the Einstein delay errors for all
three pulsars remain below 1 ps. When the error increases
to 100 km, the delay errors are still on the order of sev-
eral picoseconds. Unlike the 13-day data shown in Fig. 7
the Einstein delay over the 5-year period does not show a
distinct sinusoidal waveform, instead showing a uni-
formly scattered distribution around zero.

4.2.5. Correction from TT to TCB

Similar to Fig. 8, when the zenith angle changes, Fig. 12
shows that the correction associated with the TT-to-TCB
conversion increases linearly with the magnitude of the
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Fig. 10. The influence of station error on Shapiro delay calculation for 5 years when the zenith angle changes.
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Fig. 11. The influence of station error on Einstein delay calculation for 5 years when the zenith angle changes.

station coordinate error. When the station coordinate error
is 10 km in all three spatial dimensions, the correction
errors for the three pulsars are comparable in magnitude
and remain below 6 ns. Furthermore, when the station coor-
dinate error reaches 100 km in all 3D, the correction

PSR J0437-4715

PSR J0711-6830

errors for the three pulsars remain below 60 ns. Unlike
Fig. 8, regardless of the magnitude of the station error,
the error waveforms for the three pulsars are irregular but
nearly identical to one another, and all show a strict
annual periodicity.
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Fig. 12. The influence of station error on the calculation of 5-year time delay caused by the transition from TT to TCB when the

zenith angle changes.

Using the TEMPO2 software to simulate the magni-
tude of station coordinate errors, we have conducted a com-
prehensive analysis of their impact on the precision of pul-
sar time-scale construction. By comparing the RMS val-
ues in Table 2 and Table 3, we find that as the station coor-
dinate errors increase proportionally, the RMS values of
the three millisecond pulsars also show an approximately
proportional increase, suggesting that the stability of pul-
sar time decreases correspondingly. Under conditions of

fixed station coordinate errors and variation in zenith
angle, whether the observation duration is 13 days or 5
years, the variation trend of the RMS value for the same
pulsar remains largely consistent. This indicates that once
station position errors exist, their effect on the precision
of pulsar time-scale construction persists over long
timescales and is not mitigated by shorter observation peri-
ods or smaller datasets. Combined with the results shown
in Fig. 3 and Fig. 4, when the zenith angle changes and
the single-axis errors in the 3D station coordinates are
numerically equal, the RMS values induced by errors in

Astronomical Techniques and Instruments, 3(6): 1-14, 2026 11



the x and y directions are essentially comparable to those
caused by simultaneous errors of the same magnitude in
the x-, y-, and z-axis directions, regardless of whether the
observation duration is 13 days or 5 years. This demon-
strates that the RMS contribution from z-axis coordinate
error alone is extremely small, and can be considered negli-
gible when compared with the influence of the x- and y-
axes. Based on the comprehensive analysis of RMS val-
ues in Table 2 and Table 3 and Fig. 3 and Fig. 4 repeated
observations and fittings reveal that a linear relationship
exists between station coordinate errors and the RMS varia-
tions of the three pulsars. When the observed zenith angle
remains unchanged for a long time, i.e., the RMS values
marked with letters (see Table 3), this relationship does
not hold. This relationship can be expressed as
RMS ~ +J[(aAx)? + (bAy)* +(cAz)?, where the parameters
a, b, and c are the linear coefficients corresponding to

the three spatial directions, and the units of coordinate
error and RMS are meters (m) and seconds (s), respec-
tively. Table 4 lists the values of these linear function
parameters for the three pulsars during the 13-day and 5-
year observation periods, with all parameters rounded appro-
priately. The values of parameters a and b are generally
similar, while parameter ¢ is one or two orders of magni-
tude smaller than a and b, and is positive in all cases.
This confirms that station errors in all three spatial direc-
tions contribute to the RMS, but the contribution from the
z direction is relatively small. On the basis of the func-
tional relationship between the residuals of PSR
J0437-4715 and the 3D coordinate errors, we can infer
that, when zenith angle changes, to keep the increment in
residuals caused by station errors below 1 ns, the three-
dimensional coordinate errors of the Parkes telescope
must be maintained within a range of 0.62—5.85 m.

Table 4. The parameter fitting results of the linear relationship between station error and RMS of three millisecond pulsars

13-day data fitting

S-year data fitting

Pulsar name (J2000)
a b c a b c
104374715 1.61x107° 1.57x107° 1.71x 10710 1.59%x107° 1.59%107° 1.54x 10710
J0711-6830 8.59% 10710 8.59% 10710 2.07x10711 8.56x 10710 8.56x 10710 2.02x 1071
J2317+1439 2.28%107° 2.28x%107° 1.36x 1071 227x107° 2.27%107° 2.06x107!1

Based on the analysis of extreme values of Roemer
delay errors (see Table 2 and Table 3), as the station coordi-
nate errors increase proportionally, the range of Roemer
delay errors for different pulsars also shows a correspond-
ing multiplicative growth. This trend remains unaffected
by the duration of observation. Fig. 5 and Fig. 9 further
show that the range of Roemer delay errors caused by sin-
gle-axis errors (x or y) of the station reference point in
the Earth-fixed coordinate system remains largely consis-
tent across both the 13-day and 5-year timescales when
the zenith angle varies. However, for single-axis errors in
the z-direction, the Roemer delay error over the 5-year
period is significantly larger than that over the 13-day
period. This indicates that the influence of station coordi-
nate errors on the Roemer delay includes not only a compo-
nent with a period of one day but also a component with
a period of one year, with the latter being much larger
than the former, which is fully consistent with theoretical
model predictions. Because of the non-uniformity of the
apparent annual motion in true solar time, while mean
solar time (commonly used in daily applications) moves
more uniformly along the equator, the equation-of-time
curve shows both semi-annual and annual quasi-periodic
characteristics. This explains why the Roemer delay pat-
tern resulting from z-axis errors over 5 years shows both
semi-annual and annual periodicities.

According to extreme values of pre-fit residual errors
in Table 2 and Table 3, as station coordinate errors
increase multiplicatively, the range of pre-fit residuals for
different pulsars shows a linear growth trend, regardless
of whether the error duration is 13 days or 5 years. A fur-
ther vertical comparison between the range of Roemer
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delay and pre-fits errors (see Table 2 and Table 3) reveals
that the difference between the range of pre-fit residuals
and the corresponding range of Roemer delay errors is mini-
mal or even equal, when the zenith angle varies. Kendall
correlation analysis performed on these two sets of data
yields six correlation coefficients, r, all equal to 1.67%,
with corresponding p-values of 100%, indicating a signifi-
cant positive correlation between the range of residuals
induced by station coordinate errors and the range of Roe-
mer delay errors. This further demonstrates that, under cur-
rent pulsar timing precision and when the zenith angle
changes, station coordinate errors primarily affect the
pulse arrival time by influencing the Roemer delay term,
contaminating the pulsar timing residuals, fully consistent
with Equations (1)—(3).

By comparing the range of correction value errors for
the conversion from TT to TCB (see Table 2 and Table 3),
we find that when the zenith angle changes, regardless of
whether the observation duration is 13 days or 5 years,
the correction error for the TT-to-TCB conversion
increases slowly and linearly with increasing station coordi-
nate error. The magnitude of the correction error over the
S-year period is slightly larger than that over the 13-day
period for the three pulsars, and the correction errors for
the three pulsars are exactly the same for the same
period. Under a constant zenith angle, the 5-year TT to
TCB conversion correction error, caused by station coordi-
nate errors for the pulsars (excluding J2317+1439), is
smaller than the corresponding 13-day error with a vary-
ing zenith angle. However, this error seems to increase lin-
early. These findings suggest that station coordinate errors
affect the coordinate conversion correction irrespective of



zenith angle variations. In general, such errors are small
and can be considered negligible under some circumstances.

Owing to the limitation of the telescope’s elevation
angle, the zenith angle during actual observations must be
smaller than the telescope’s maximum zenith angle. At
observing sites where the zenith angle varies only within
a very limited range, such as Arecibo or the Five-hun-
dred-meter Aperture Spherical Radio Telescope (FAST),
the effect of station coordinate errors on pulsar timing is
further reduced. Currently, even for IPTA projects and
datasets with the highest timing precision requirements,
the effect of zenith angle variations on pulsar timing has
not been taken into account. This means that our conclu-
sions are likely applicable to the vast majority of observato-
ries, except for FAST.

In this study, we systematically elucidate the quantita-
tive influence of station coordinate errors on the preci-
sion of pulsar time-scale construction. We clearly iden-
tify errors in the x- and y-axis directions, within the
Earth-fixed coordinate system, as the primary factors,
with their impacts being largely comparable. By contrast,
errors along the z-axis have a relatively minor influence,
consistent with theoretical expectations. Under long-term
zenith angle variations, station coordinate errors primar-
ily affect the residuals of pulsar signal arrival times at the
SSB through Roemer delay, while the effects of other cor-
rection and delay terms, such as the Shapiro and Einstein
delays, are negligible. Under current equipment precision
and engineering test conditions, station coordinate errors
range from millimeters to kilometers. Within this range,
the linear relationship between station coordinate errors
and both RMS and Roemer delay errors indicates that the
mechanisms and magnitudes of their impact on pulsar
time-scale construction precision have been thoroughly char-
acterized.

Given the strong agreement between the theoretical
model and experimental results, our future research can
explore using various error components in pulsar time-
scale construction precision to inversely estimate the
range of station coordinate errors. This approach holds sig-
nificant scientific value and has important practical implica-
tions for both military and civilian applications. In rou-
tine pulsar time research and engineering experiments, it
is crucial to prioritize the regular, precise measurement of
station positions and the systematic analysis of related
errors. Proactive efforts in error calibration and mitiga-
tion are essential to fully achieve the potential of high-preci-
sion pulsar time.

The execution of this study is both necessary and inno-
vative. First, as a core technology for future deep-space nav-
igation and autonomous time referencing, the precision of
pulsar timing directly determines the feasibility of related
applications. Station coordinate errors, a critical but insuffi-
ciently analyzed source of error, urgently require thor-

ough investigation and calibration. Second, our research
here departs from the conventional approach of treating sta-
tion coordinates as perfectly known quantities. Instead,
we systematically quantify them as key variables, address-
ing a gap in the error system that affects the precision of
pulsar time-scale construction. Third, we establish a compre-
hensive transmission chain from coordinate errors to
delays, corrections, residuals, and ultimately time stability.
This clearly elucidates the mechanisms and magnitudes of
error influence, laying the groundwork for model-guided
precise calibration in engineering applications. Finally, we
propose a novel reverse-application concept, using high-pre-
cision pulsar timing to infer the stability of the terrestrial
reference frame. This approach fosters deep interdisci-
plinary integration between astronomy and geodesy, broad-
ening the application scope of pulsar time.

This study not only offers a direct technical approach
to enhancing the precision of pulsar timescale construc-
tion but also provides novel insights through a unique per-
spective and methodology. These contributions hold signifi-
cant value and potential applications in related fields such
as astrometry, time and frequency metrology, autonomous
navigation and deep space exploration, and gravitational
wave detection. Future research may focus on translating
these findings into practical pulsar time calibration algo-
rithms and engineering standards, facilitating the develop-
ment and implementation of next-generation spatiotempo-
ral reference systems.
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