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Abstract

The gravity field maps of the satellite gravimetry missions Gravity Recovery and Climate Experiment (GRACE ) and GRACE
Follow-On are derived by means of precise orbit determination. The key observation is the biased inter-satellite range, which
is measured primarily by a K-Band Ranging system (KBR) in GRACE and GRACE Follow-On. The GRACE Follow-On
satellites are additionally equipped with a Laser Ranging Interferometer (LRI), which provides measurements with lower
noise compared to the KBR. The biased range of KBR and LRI needs to be converted for gravity field recovery into an
instantaneous range, i.e. the biased Euclidean distance between the satellites’ center-of-mass at the same time. One contributor
to the difference between measured and instantaneous range arises due to the nonzero travel time of electro-magnetic waves
between the spacecraft. We revisit the calculation of the light time correction (LTC) from first principles considering general
relativistic effects and state-of-the-art models of Earth’s potential field. The novel analytical expressions for the LTC of KBR
and LRI can circumvent numerical limitations of the classical approach. The dependency of the LTC on geopotential models
and on the parameterization is studied, and afterwards the results are compared against the LTC provided in the official
datasets of GRACE and GRACE Follow-On. It is shown that the new approach has a significantly lower noise, well below
the instrument noise of current instruments, especially relevant for the LRI, and even if used with kinematic orbit products.
This allows calculating the LTC accurate enough even for the next generation of gravimetric missions.
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1 Introduction

The twin GRACE satellites observed Earth’s gravity field
and, more importantly, the monthly time variations of it
from the launch in 2002 until their reentry in 2017. These
variations reflect the mass transport on large scale in and
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on Earth. The measurement principle is based on low-low
satellite-satellite tracking (LL-SST), i.e. measuring distance
variations between the orbiters, which are separated on the
same polar orbit by approx. 200km [29]. The inter-satellite
range variations were measured by the K-Band Ranging sys-
tem (KBR) with a noise level of approx. 1pum/+/Hz at a
Fourier frequency of 0.1 Hz, and with elevated noise towards
lower frequencies.

Due to the enormous success of GRACE, a successor mis-
sion called GRACE Follow-On (GFO) was launched on May
22, 2018. Its payload, an evolved version of the original
GRACE, is comprised of, among others, GNSS receivers
for precise orbit determination, accelerometers for the mea-
surement of non-gravitational accelerations, star cameras
and inertial measurement units for attitude determination
and the aforementioned KBR system [14]. In addition,
GRACE Follow-On hosts the novel Laser Ranging Inter-
formeter (LRI) which is a technology demonstrator, and
it is the first inter-satellite laser interferometer in space.
It has demonstrated an excellent performance and reli-
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ability of all subsystems and exhibits a noise level of
approx. 1nanometer/~/Hz at a Fourier frequency of 0.1 Hz,
well below the requirements [1]. The novel LRI and conven-
tional KBR are operated in parallel and, since both should
measure the same Euclidean distance variations after some
post-processing corrections that are described below, inter-
comparisons and cross-calibrations can be performed in
order to characterize the instruments and their behavior.

Both instruments rely on the transmission of electro-
magnetic radiation, back and forth, between the satellites.
The LRI operates at an optical frequency of ~281THz
in a so-called active transponder configuration [25], while
the KBR, often also called the microwave ranging instru-
ment (MWI), uses two microwave frequencies, one in the
K and one in the Ka band, in the so-called dual one-
way ranging (DOWR) scheme [12,30]. Both instruments
rely on tracking the phase of a beatnote signal at low
radio frequencies (< 18 MHz). The tracked phase is—up
to an unknown offset—proportional to the travel time of the
radiation between the orbiters, thus, proportional to the inter-
satellite distance variations from an initial epoch where phase
tracking started. When the phase measurements are rescaled
to a displacement, they are usually referred to as biased range
observations in the official data products.

The gravity field recovery algorithms usually are based on
the corrected (i.e. instantaneous Euclidean) biased range or
on its time derivative called range rate [18]. The former one
means the Euclidean biased distance between both satellites’
center-of-mass at the same epoch, which differs from the
measured biased range due to effects from the finite speed of
light and due to the fact that the measurements are not referred
to the center-of-mass. The difference between biased and cor-
rected instantaneous range is usually expressed as the sum of
three terms: the light-time correction, the ionospheric correc-
tion, and the antenna phase center correction—often called
tilt-to-length coupling in the context of laser interferometry.

The LRI was designed to have a minimal tilt-to-length
coupling, which has been confirmed by in-flight measure-
ments to be below 150 wm/rad [33]. The coupling is signifi-
cantly lower than for the KBR [35], where the reference point
for the range measurement is offset by approx. 1.4m from
the center-of-mass. The ionospheric effect is also insignifi-
cant in the case of the LRI due to the shorter wavelength of
the optical radiation. The ionospheric correction for the KBR
is briefly addressed in this paper, mainly to show that there
is a cross-coupling of ionospheric effect and light time cor-
rection (LTC), but it is highly suppressed to a level below
picometers in the employed two-way measurements. The
main focus of this paper lies on the LTC, which is relevant
for KBR and LRI and which was mentioned first for the
GRACE satellitesin [30]. Later, Kim [ 12] described a method
to analytically calculate the light time correction based on
absolute spacecraft velocities, i.e. only the special relativis-
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tic contribution. Turyshev et al. [32] established an extensive
description of general relativistic observables in GRACE-
like missions, which includes an analytical model for the
light time correction, among others. However, in our opin-
ion, it is not straightforward to apply the formalism to actual
flight data, because the relevant LTC expressions are derived
under the assumption of nearly-matched Keplerian orbits for
the satellites and approximations are used to derive closed-
form expressions for the LTC. This enables the authors to
understand and discuss the individual terms, but is also a
restriction with regard to generality.

Thus, we derive the light time correction from first prin-
ciples, and stay close to the data products and processing
strategy in gravimetric mission, such that the results are easily
applicable. The potential of Earth’s gravity field is expressed
in terms of Stokes coefficients of a spherical harmonic (SH)
expansion and the equations are formulated with quantities
available from the official public data of the missions. In the
following Sect. 2, the equations of motion are introduced in
the general relativistic context, which are needed to describe
the propagation of electro-magnetic waves. The propaga-
tion time of light between satellites is derived and split into
the contributions from relativity (Sect. 3) and atmosphere
(Sect. 4). However, actual calculations require a solution of
an implicit equation (Sect. 5), which can be solved iteratively
or by means of an analytical approximation. The analyti-
cal approach offers some advantages, since it allows us to
replace some orbit product quantities that drive the numer-
ical precision with more precise ranging observations. The
analytical solution is combined in Sect. 6 into the dual-way
light time corrections for KBR and in Sect. 7 into the round-
trip LTC for LRI. Section 8 addresses the sensitivity of the
ranging instruments and sketches a potential goal for the pre-
cision of the analytical equations and background models for
the LTC. In the subsequent section 9, the analytical expres-
sions for the one-way LTC are verified against numerical
results and a parameter study is performed regarding back-
ground model accuracy and degree of approximations. We
compare our results for the LTC against the results from offi-
cial datasets for GRACE and GRACE Follow-On in Sect. 10,
while Sect. 11 addresses further potential improvements in
the light time correction calculation.

2 Equations of motion in general relativity

In order to derive a precise light time correction, the travel
time of light between satellites is needed in a general rel-
ativistic context. For this, it is convenient to describe the
light or microwaves in terms of mass-less particles, the pho-
tons, which move on geodesics according to the equations of
motion in general relativity. We denote the coordinates of an
object in the Geocentric Celestial Reference System (GCRS)
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as:
o 0.1 .2 3\
X :(co-t,x,y,z)z(co-t,r)z(x,x,x,x‘) (1)

where the common four-vector notation from relativity is
used, and cg is the proper speed of light for vacuum in a local
Lorentz frame with a numerical value of 299 792 458 m/s, r
is the three dimensional spatial vector.

We employ the sign convention y,g = diag{—1, +1, +1,
+1} for the Minkowski metric as used, for instance, by
Kopeikin et al. [13]. The Greek indices such as « and B
range from O to 3, while Latin letters like m and n denote
spatial components and range from 1..3. ¢, is the coordinate
speed of light.

The metric tensor gqp of the Earth in the GCRS is approx-
imated by a Post-Newtonian expansion as [26] and [32]:
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where W, is the classical Newtonian potential due to the
mass distribution of the Earth. Moreover, W contains a sum
of potentials Wy, ; giving rise to the direct tidal acceleration
towards other celestial bodies, in particular the Sun and the
Moon. The vector potential V in Eq. (2) accounts for Earth’s
spin moment with V,, denoting the mth component of V.

We describe the potential W, as the sum of a central term
WpMm = G M. /r and of higher moments of the gravity field
WHMs i.e.

We = Wpm + Wam = Wem + Wi + Widal + Whon-tidal, (4)

whereby Wiy is formed by the higher moment of static mass
distribution potential W, by the potential Wiga1 describ-
ing the distortion of the mass distribution due celestial
bodies such as Moon and Sun, and by the non-tidal poten-
tial Whon-tidal describing small variations in the atmosphere,
oceans, hydrology, ice and solid earth (AOHIS). These non-
tidal variations contain highly interesting information for
Earth sciences and the measurement of them is the main
objective of GRACE-like missions.

The potentials describing higher moments of the gravity
field are usually expressed in terms of a SH expansion [9]:

GML) 0 Re (+1) !
Wam(r, ©, 1) = 2 Z <—> Z (Cux cos (k)
¢ k=0

p
=1
+Sik sin(kA)) P (cos ©) 3)

where G is the gravitational constant, M, is the mass of the
Earth, R, is Earth’s average radius, (r, ®, 1) are the spher-
ical position coordinates, Py are the normalized Legendre
functions of the second kind, / and k are the degree and order
of the series expansion, and Ci and Sy are the normalized
dimensionless Stokes coefficients. The Stokes coefficients of
the static, tidal and non-tidal models given in Table 1 can be
summed up in order to yield the total field WM.

The direct acceleration towards a celestial body, which
is often called direct tidal acceleration, has in the Earth-
centered frame the potential Wy, ; [16]:

0 l
s. r Y )
) ; ( Rm) Pi(cos ;) 6)

where G is the gravitational constant, M ; is the mass the
of i-th celestial body, R¢p; is the distance between Earth and
celestial body, r is the distance between Earth center and the
satellite, Fl are the normalized Legendre functions of the first
kind, g; is the angle between Ry, ; and the satellite position
vector ry, and [ is the degree of the series expansion. In this
paper we consider only the Sun and the Moon, since they are
dominating the direct tidal acceleration.

The vector potential V in Eq. (2) is usually approximated
as [32]:

GM, L
V(t,r)%z.r3-S><r+(’)(x 4,c2> %)

where S is Earth’s spin moment, or its angular momentum per
unit of mass. It can be approximated by the angular momen-
tum of a homogeneous sphere:

R’ w, 8)

SR )

where w, is Earth’s angular velocity vector.
The equations of motions of a point particle, e.g. satellites
or light read in the context of General Relativity (GR) as [13]:
d2xk p dx® def 1 g dx® dxf dxk
=—rk, - .- 40 . - .= .= ith k=1.
dr2 o8 g ar T co Pt dt ar with & o

€))

where ¢ is the coordinate time, and F’;ﬁ are the Christoffel
symbols, which depend on derivatives of the metric tensor
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Table 1 List of background

. . Potential
models used in calculations

Abbreviation Parameters or model

Static gravity field

Solid earth tides

Ocean tides

Pole tides

Ocean pole tides
Atmospheric tides (S1, S2)

Atmosphere and Ocean Dealiasing

Celestial Body

STG GGMO5s [22]

SET IERS 2010 [19]

oT EOT11a [23]

PT 1IERS 2010 [19]

PT Desai 2003 [19]

AT Bode-Biancale 2003 [4]
AOD AODI1B RLO6 [5]
SunMoon DE421 [7]

gap- It is straightforward to numerically integrate these dif-
ferential equations in order to obtain a trajectory for a given
set of initial conditions. For a photon, the trajectory appears
bent with approximately twice the classical Newtonian accel-
eration towards Earth’s center, consistent with one of the very
early results of GR [6,27]. The selection of the initial veloc-
ity of a photon requires the coordinate speed of light, which
depends on the metric tensor and on the propagation direc-
tion. It can be derived from the following ansatz for the four
velocity:

o
ddit = (co. do.cn)" (10)
where ¢, is the coordinate speed of light in a vacuum in
the GCRS, dy is the normalized propagation direction of the
photon and 7 is the coordinate time of the GCRS.

The interval ds of a world line or trajectory of a massless
particle vanishes [13]:

ds? = gap(t, 1) - 9x* - 3xP = 0. (11)

After dividing by dr? and plugging Eq. (2) into Eq. (11), one
obtains a quadratic equation for ¢,

0 = gop(t, 1) - dx®/dr - dxP /ds

12
:C(%'gOO"FG-dO'Cn'COJ"C%'gmm» (12
where G = 2(go1, g02. 803)” = —8V/cj and gym = g11 =
g22 = g33. The post-Newtonian effect is very small, such that
goo and g, are close to unity. The quadratic equation can
be solved and the solution with positive propagation velocity
is taken for the coordinate speed of light:

\/ 20 | (G.do) G.do

Cp =Co|—— + 5 —C0"

8mm 4 (&mm) 2 - (gmm)

| § =2 W24 W34 16+ (Vdg)?
(@ +2-w)

4.v.d
- (13)
¢+ 2-W
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The infinitesimal propagation time df of a photon is related
to the coordinate pathlength ds through

L b W/cg —4-Vdo/cg

Cn co

n-ds+0O <c55> ,
(14)

where n denotes the refractive index at the location of the
photon.

For a one-way ranging measurement, the propagation time
At of a photon traveling along path P can be written as

At:/Ldsm/;dHi (n— 1) ds,
P Cn (L l.ph) P Cn (t7 rph) co Jp
_—

Atrel Almedia

(15)

where rpp is the position of the photon on the path P and
t is the coordinate time. Since ¢, is close to ¢g and since
the effect of the refractive index due to the ionospheric and
neutral atmosphere is small, such that (n — 1) is close to zero,
it is possible to approximate the integral as the sum of the
relativistic effect (Ate) and a contribution from the refractive
index of the media (Atpegia). Both effects are analyzed in
more detail in the next two subsections.

3 Light time correction At,e due to relativity

The light path P between satellites in a gravimetric mission
can be assumed as a straight line in the three-dimensional
coordinate system, which can be parameterized by a param-
eter A € [0, 1]:

rph(A) =1, + (X, — 1) - A (16)

where r, is the three-dimensional position of the photon
reception and r, is the three-dimensional position of the pho-
ton emission.

This neglects the relativistic light bending, which arises
from an apparent acceleration a. of the photons towards
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the geocenter with twice the Newtonian acceleration [13],
i.e. a. = 2GM,/r?. The displacement of a photon in radial
direction w.r.t. a straight line is of the order of a,. - (Ar)? /2~
4 pm, where a propagation time of Ar = 200 km/cy ~
0.66 msec and a satellite position of r = 6731 km was
assumed. Temporal variations of the displacement due to
higher moments of the gravity field are much smaller. In
the domain of phasefronts, the light-bending yields a negli-
gible static phasefront tilt of the order of 4 um/200 km =~
2107 Hrad.

Thus, one can anticipate that the light-time correction
derived from the bent light path will differ only insignifi-
cantly from a correction derived on the straight line. The
approximation is further justified in Sect. 9, where our sim-
plified analytical results are compared to results obtained via
numerically integrating Eq. (9) and thus, accounting for the
full GR effects.

Evaluating the propagation time At in Eq. (15) with the
photon path P yields:

1
dr = [re — 1y / et (1, rpn) di
=0

1 dr
—1 ph
Atpel = t,r B e
rel /)\ 0 n ( ph) ' da

(17)
- ! GM,
~ u + 2. AISR . / 276
<0 3=0 ¢ - [rpr ()|
—_—
AR TpMm
I w t(A), rpp (A
+2-AtsR~/ —HM((; ph ))dx
=0 €
Tum
L —4.V(rypV) .d
+ AfsR - / Mdk, (18)
=0 )
Tsm

where terms with the order of ¢, # and smaller were omitted
and where the normalized propagation direction of the photon
dy was abbreviated by

r,—r,

do = 19)

[, — re|.

In upper Eq. (18), the first term Afsg is the propagation
time from special relativity in flat space-time, the second
term 7py is the time delay due to Earth’s central field, the
third term gy is the time delay from higher moments of the
gravitational potential due to Earth’s mass distribution and
due to other celestial bodies, and the fourth term Zgys is the
time delay due to Earth’s spin moment.

The term 7py is commonly called Shapiro time delay and
it has a closed analytical form [32]

2-GM, <|I‘r| + d().l‘r)
%M: 3 -In

3 rol + do.r,

_ 2-GM, _ln(|rr| + [re| + |1, _re|)

|rr| + |re| - |rr _re|

20
3 (20)

The 7y integral can be readily approximated using the
N-point trapezoidal rule,

TN=1) 2 NZl Wam (fn,rph ()Ln))‘i‘WHM (’Nn+1vrph ()‘-11+1))
HM ~ 27 Z 2
CO n=0
(fng1 = n) (21)
N
2 - AtsR ~
=y ~(Z WM (@, Yph (An))
0 n=1
%% N, Tpn (A + W 10, Tpp (A
N M (v ph(N))2 M (7o ph(0))> 22)
with time fn:t(ko)—i-AISR-An:t(ko)+At5R-%, 0<n<N,
(23)

with (N — 1) being the number of segments in the uniform
grid sampling of the light path P. Finally, the gravito-
magnetic effect, the 7gp term, can be approximated with
a two-point trapezoidal rule as

2GM,R? 1
Tow ~ — 20 MeRe (

1
¢ (@, X T,).dg- +—)-At )
SCS ( e e) 0 |I‘e|3 |rr|3 SR
(24)

Anticipating the result, it is beneficial to separate the
special relativistic contribution into a delay Afig from the
instantaneous inter-satellite range at the reception time #. and
into a special relativistic correction 7gR, i.e.

it =1l Irg() —raG)l e —ra(t)]
co co co
+ Tsr = Afinst + TsR, (25)

AtsR =

where it was assumed without loss of generality that the light
is received by satellite B after being emitted by satellite A
at time 7, = #, — At. In summary, the light propagation time
Atre] can be written as

Atre] = Atinst + T (26)

with the light-time correction 7 containing special and gen-
eral relativistic contributions

T =T1sr + 76r = Tsr + Tpm + Tum + Tsm. 27)
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In order to compute all these terms, the emission position
and emission time of the photon is needed, which depend
on the light-time corrections. This yields an implicit light-
time equation, which is solved in Sect. 5, after discussing the
remaining correction for the atmosphere.

4 Light time correction At qdia due to
atmosphere

At orbit heights below approx. 500 km, such as the low Earth
orbits of the GRACE and GRACE Follow-On satellites, the
residual atmosphere may alter the speed of light due to refrac-
tion. A deviation of the refractive index n from unity arises
due to the neutral atmosphere and due to free electrons in the
ionosphere. The former effect is negligible for interferomet-
ric range measurements, i.e. for the time-delay Afpegia, Since
the fluctuations are estimated to be below 2 nm/+/Hz/cg
for mHz frequencies, and with sinusoidal variations below
Inm/cy amplitude at once and twice the orbital frequency
[17].

However, the propagation of electromagnetic waves needs
to be modeled according to propagation laws in plasma due to
the charged particles in the ionosphere between 75..1000 km
height. The main correction to the propagation time is the
first-order ionospheric delay, which is commonly expressed
as [10,19]

A 1 n—1d 40.3Hz?/m  TEC
ja = — n— s — .
media o Jp co - fezm le /m2
40.3 Hz?
_ _M03HZ ) (28)

f2, le=/m3

where fen is the frequency of the electromagnetic wave and
TEC is the total electron content on the photon path with
units of electrons per square-meter. The ionospheric delay
is actually an advancement, since the correction is always
negative, which is known from GNSS, where the code delay
is positive, while the phase delay is negative. Due to the fre-
quency dependence, it is possible to estimate variations of the
TEC with interferometric range measurements at two differ-
ent frequencies, but the absolute value of the TEC, and hence,
the absolute value of Afmedia 1S Not measurable, because the
ranging instruments can determine only a biased range.
However, in order to simulate the effect, the TEC can
be expressed as the product of the mean electron density
(n) between the satellites and the geometrical inter-satellite
distance AfsR - co. For satellites at a height of 400km, the
electron density can reach values of up to () = 102 ¢~ /m?3
[11], which translate in worst-case to an absolute delay of
—13mm/cq for a microwave frequency of f = 24.5 GHz
and Arsr ~ 200 km/cg. The effect of such a non-measurable
absolute delay onto the instantaneous biased KBR range is

@ Springer

assessed through the LTC in Sect. 6. On this occasion, we
point out that ionospheric effects are negligible for laser
ranging with an optical frequency of 281 THz, since the con-
tributions in propagation time or biased range are reduced by
the factor

24.5GHz\>
OO 7641070 (29)
281 THz

compared to the microwave K-band.

5 Solving the light-time equation

The propagation time At of electromagnetic waves or pho-
tons between the two satellites has been described so far as a
function of the photon path, or more precisely, as a function
of the emission time 7,, emission position r,, reception time
t, and reception position r;.

We may assume that the satellite trajectories are known,
in particular, the satellite position r4,p, velocity r4,p and
acceleration ¥ 4 p at the time of reception #;. The acceleration
can be derived with a kinematic approach as time-derivative
or by dynamic means using force models. Without loss of
generality, we may assume that satellite B is the receiver
such that the reception position becomes r; = rp(#) and
that satellite A is the emitter.

Using Taylor expansion, the satellite’s trajectory can be
approximated in the vicinity of # as

ralty — €) A TA(ly) —Falty) - € +Falty) - €2/2, (30)

which allows us to write the position at the event of photon
emission as r, = r4(f; — At). In order to solve for At one
has to solve the implicit equation

[rp(ty) —ra(ty — At)|
co
+ Atmedia(Te = TA(t; — Al)) 3D

At(t) = + Tgr(r. =12t — Al))

A solution can be obtained by iterative means using

Irg(t) — ra(t — Ar™)]
[40]
+ Atmedia(Te =Tt — At(n))) (32)

ATD ) = + TGR(re = ra(ty — At™))

with start value At(Q = Aty = [ra(t;) — rp(t)|/co. The
three summands on the right hand side have an amplitude
of approximately 200km/cg, 300 um/cq and in case of the
K-band -13 mm/cy, respectively.

The vectors in the first term have typically a magnitude
of 7 - 10° meters, which limits direct numerical solutions of
ra —rp in Eq. (32) to a precision of the order of nanometer/c
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due to the ~ 15 digits precision of 64-bit (double) floating-
point arithmetic. One way to overcome this limitation is to
derive an analytical closed-form solution for A¢. This can be
achieved by substituting Eq. (30) into Eq. (32), taking into
account the relation in Eq. (25), and evaluating the first few
iterations using an algebraic manipulation software. If terms
with negligible magnitude are omitted in the lengthy expres-
sion', the solution for A7 (and higher iteration numbers)
reads

At(ty) = Afinse(tr) + Tsr (tr) + TGR(fr) + Atmedia (fr) (33)
d() I'A d() A
TSR = A[mst +4 12nst 2.

A2 (—do.Fy - dofg — rA.rA/z) + Afing /2 - (do.F ) + £41%)

+
2
0
Atinst - do-F 4 - [F 42 ¥
+ M + (TGR + Atmedld) 0 A
€0
o) (10—12 m/C()) (34)
TGR = TGR (e =T A(t — Atinst — Ating; - do-F4/c0))
~ TGR(Xe = T4 (1 — AD) (35)

where all quantities, also the one used for calculating dg with
Eq. (19), are evaluated at the photon reception time #,. Thus,
the equation can be directly applied with orbit data from
GRACE or GRACE Follow-On.

The overall light-time correction 7 = 7gr + 7GR is
dominated by the first term in Eq. (34), which has an ampli-
tude of the order of —5m/cy for Atingt & 200km/co and
do.r4 ~ —7.6km/s. The derivation of 7 assumed so far
a single path of a photon from one satellite to the other,
i.e. an one-way ranging approach. However, the ranging
systems in GRACE and GRACE-Follow-On exchange light
in both directions and the light-time correction becomes a
linear combination of two (LRI) or four (MWI) one-way
corrections (7). As will turn out subsequently, these linear
combinations have a significantly lower magnitude due to a
high common-mode rejection.

6 Light time correction in dual one-way
ranging (DOWR)

The dual-one way ranging concept is used by the microwave
ranging systems in GRACE and GRACE Follow-On [34],

' We evaluated all individual terms using GRACE-FO orbit data and
omitted terms with a magnitude 10712 m/cg. One can reproduce our
set of relevant terms by using the book-keeping parameter €” and
exploiting the replacement rules: ¢ — ¢y - €72, Afinst = Afingt - €',
(T6R + Atmedia) = (TR + Atmedia) - €%, Fafa — (FaFa) - €7}

Equations (33)—(35) is a series expansion up to order €% of Eq. (32) for
At@  Using this expansion or threshold magnitude, the result does not
change for higher iteration numbers.

where the ionospheric effect needs to be removed using mea-
surements at two frequencies, namely at the K-band with
24.5 GHz and at the Ka-band with 32.7 GHz frequency. Each
satellite (A and B) records two phase measurements (PK,
(2] /If “P g and @ g“) using heterodyne interferometry and
phase tracking, which represent the phase difference between
a local (LO) and a received (RX) electromagnetic field at
reception time #, i.e. ([12], eq. 2.14)

op/ ") = o5/ %" = — (orxB — ¢10B)
(A0 a0 Go
~ (ff/’(” P80y — KK Tgso(tr))
k/ka 9700 k/ka
Sy A Ayl const (37)
== (FAEe S0 f K ofS0)
s o 3)
@f/K“ () = K/Ka =+ (¢PrRX,A — LOA)
=+ ( fK/Ka oS0 - g — T Pw)  (39)
.~ (fK/Ka 2USO(s — ff/Ka V80, ))
k/ka 9T5°°  Kk/ka
_ fB . T . AtBeAr -+ const. (40)
=+ (F5TK YOG - RIKe 150 )
fK/Ka(tr) . Atge/fr“ + const. (41)

The phases ¢ of the electro-magnetic ﬁelds are given as

the product of a static nominal frequency f 4 / B “and USO

time ‘Cg/sl? , which differs from the proper time 74,5 due to

clock errors. These clock errors account for noise and errors
sources, in particular for deviations of the USO frequency
from the nominal or design values: f f = 5076-4.832 MHz,
4 = 6768 - 4.832 MHz, flf = 5076 - 4.832099 MHz and
Ka — 6768 - 4.832099 MHz [34]. The clock errors can be
estimated during precise orbit determination (see CLK1B
and USOI1B data products in GRACE-FO) and allow to
derive the apparent frequencies fa,p(t) = fA /B" dc¥ AB Uso 5 /dt,
which are relevant for the ranging and contain effects from
relativistic time dilation and clock errors, e.g. USO frequency
deviations. For the purpose of calculating the light-time-
correction, which is significantly smaller than the actual
ranging signal, it is usually sufficient to drop the time-
dependency and use a (daily) mean value (f4,p), since the
deviations of fa,p(t)/(fa/p) from unity are below 1010
magnitude for both, the daily clock drifts and the relativistic
modulation.?

2 A typical spectrum of the proper time 7(¢) for a GRACE-like
satellite is shown in ([17], Fig. 2.14), which has a dominant peak
with a rms-amplitude of approx. 10~7 s/+/Hz at the orbital fre-
quency (= 0.18 mHz). Using the provided equivalent noise bandwidth
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Fig.1 Minkowski diagram of

the light path (red arrows) in a ct
dual-one way ranging (DOWR)
scheme at a particular frequency
(left plot) and in the two-way
ranging (TWR) scheme (right
plot). For the DOWR, the
emission (e) and reception (r)
events are located at the antenna
phase centers (grey trajectories)
of the two satellites (A and B).
In the TWR case, these events
occur at the center-of-mass
(solid black lines) of the master
(M) and transponder (T)
satellite. The reflection event on
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the transponder side is denoted A\ % > A\ —>
as Tp
The first part of @ in line (38) and (41) is proportional to R~ ¢ - Alinst APC
fs- IUSO(tr) —fa ~IESO (t;) and describes a constant positive (fK/Ka> AK]/SKa + fK/Ka> K/Ka
. Tpea
phase ramp with a slope of approx. 500 kHz and 670 kHz for +co- % K‘; Kra Y K7 Ka, e
the K- and Ka-band, respectively. The frequency order is K/Kay ) KIKa | K[Kay  K/Ka
reversed between the spacecraft. Usually, phase trackers are b Tal ) Almedia +p Alinedia
.. K/K K/K
not aware of the frequency order and return a positive slope, (f4 Ik, +({/p rKay
which means that the sign of the second term (At) is reversed + const. 44)
between both S/C. This sign convention is consistent with — Pinst APC + €0 - TKO/VI\flg i prlrfe/dlfaa + const., (45)

the usual description of phase-tracking in the laser ranging
instrument (see next section). However, it is opposite to the
usual literature for microwave ranging (see [34]), where the
phase ramps on satellite A (GFO-C) have negative slope. The
term Afaepr in above eq. describes the propagation time of
the microwaves from satellite A to B, while Atg.4, denotes
the opposite path. The last summand const. represents the fact
that the phase measurement always have an unknown bias,
which is constant unless the phase-tracking is interrupted
or cycle slips occur. The MWI measures distance variations
between the antenna phase center (APC), which are offset on
each satellite by approx. 1.4 m in the direction of the distant
satellite.

By subtracting the two phase observations in the K- or Ka-
band, and dividing with the sum of the measured apparent
frequencies f,a{(//BIi(:]eas (cf. [12], eq. 2.16), one can obtain a
range observation at the K- and Ka-band, i.e

K/Ka K/Ka
d ) — (z )) Jdt’
K/Ka ! ( ’
pDOWR(t) =0 / dr (42)
0 ff{n’ég‘s(ﬂ) + flf heas®)
‘DK/Ka _ (DK/Ka
~ Br
Uy 97 ¢ K/K
(F4 meas) + <f3,{ne:s>
=y f/f/Ka(t) ) At/]\(e/BIfu + fK/Ka(t) : Atge/zﬁa + const
=0 K/K K/K :
<fA me;ls> <fB,meZs>
(43)

of 24 wHz, one can convert the value to an amplitude for dr/d¢,

ie. 1077 s/v/Hz - /24 pHz - 27 - 0.18mHz) - /2 ~ 10712,
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which can be written as the sum of instantaneous distance
between APC pins.apc, light time effect ’Z])O/WR and iono-

spheric delay ,orfe/dli(aa. The light paths in the DOWR scheme
are shown for a single frequency in the left plot of Fig. 1.
Equation (42) is suited to convert the measured phases to
the DOWR ranges pgégvcé. For the derivation of the much
smaller light-time and ionospheric corrections, the approx-
imations in Eqgs. (43)—(45) are usually sufficient, where the
distinction between true apparent and measured apparent fre-
quency, as well as their time-dependencies, are omitted.

One can remove the ionospheric effect by a linear combi-
nation of p][)(OWR and /OII)%WR’ which yields the DOWR biased
range as

K K
PpOWR = a® “ - PpOowR T+ aX * PDOWR
= Pinst,APC + €0 - TDOWR + const. (46)

where the light-time effect 7powr is, in general, a function
of four 7X/Ka terms arising from two photon paths at two
frequencies:

TDOWR = aK . TD%WR + Cl TDOWR (47)
- bAeBr 7—AcBr + bAeBr 7—AeBr BeAr TBeAr
+ bBeAr TBeAr (48)
with aX/Ka and pK/Ka coefficients given in Table 2.
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The biased dual-one way range ppowr is apportioned in
Eq. (46) into the instantaneous range pinst, Apc and an effect
due to the finite speed of light ¢y- 7powr . In order to obtain the
instantaneous range, one has to remove this light-time effect
using an estimate or correction ’j\bOWR, which can be derived
from orbit data. Moreover, an antenna offset correction is
applied in order to transform the biased range between APC
into a biased range between the center-of-mass that is usually
used for gravity field recovery.

The cross coupling of Afnedia into the light-time correc-
tion 7powr is usually omitted (cf. Eq. (34)), i.e. the K and
Ka superscripts of 7 are dropped

ToowR = baesr - Tacsr + bear - Tear, (49)

because the absolute value of the ionospheric delay Afmedia
is difficult to estimate and the effect on the final correction
Tpowr is well below the microwave instrument resolution. In
other words, the LTC computation neglects any atmospheric
effect, i.e. the photons at K- and Ka-Band have the same
emission time as in vacuum and travel along the same path.
However, this approximation does not affect the phase delay
as determined and corrected for with the ionospheric correc-
tion (cf. Sect. (4)). The omission error in the LTC is at the
sub-picometer level and can be assessed using Egs. (28) and
(34), i.e.

403Hz2  TEC

}COTDOWR,media‘ =

0 le—/m’
K . K .
[ bacpr "d0fa  Dpos, -do-Fp
(52 (52
K . K .
bach: - do-Fa _ biear - d0-FB (50)
(ffay2 (fKay2
~|-2.1008Bm—-8.10"8m. Pinst <1072
1 m/s
(51)
where dy = (rg —ra)/|rp —ral, do.r4 = —7.6km/s, and

do.rp = 7.6km/s + pinsc Were used as values. The range
rate ping 1S usually below 1m/s, hence, the modulation due
to pinst 18 insignificant. The same holds for variations of the
TEC, which can be expected to be well below the used upper
bound estimate TEC = 10'2e~/m?> - 200 km.

The leading terms of the DOWR light-time correction in
the range domain, which has to be subtracted from the mea-
sured biased range ppowr to obtain the instantaneous range,
reads

c07DOWR = Afinst - (bAeBr - d0-FA4 — bpear - do.Ep) + const. + ...

rg —ral- Pins
_ _‘ B A‘ Pinst,0D + const. + - -+, (52)
2-¢co

where both shown terms have a typical magnitude of a few
hundred micrometers (cf. Table 5). The pinstop denotes the
instantaneous range rate from orbit data (OD). This leading
term describes approximately 99.9 % of the LTC at once and
twice the orbit frequency, which may be sufficient in some
cases. However, the analyses in this paper consider the full
expression, not just the leading term.

7 Light time correction in two-way ranging
(TWR)

The laser ranging instrument aboard GRACE-Follow-On is
based on a master-transponder scheme, which is also called a
two way ranging scheme. The role of master and transponder
is inter-changeable between the satellites. As shown on the
right plotin Fig. 1, the master satellite emits a photon at event
M. using a frequency-stabilized laser source. The optical
phase (in cycles) of this photon can be modelled as a function
of the coordinate time ¢

d‘L’M (t/)
dt’

t ~
om(r) = /O fm() - dr’ (53)

where fM is the instantaneous optical laser frequency that
would be measured in a rest-frame at the laser source and
T refers to the proper time of the master satellite. Imper-
fections of the laser or cavity, i.e. frequency variations, can
be accounted for by the time-dependent fy;.

The photon emitted by the master satellite propagates to
the transponder craft. The transponder utilizes a frequency-
locked loop with 10 MHz frequency offset. This means the
laser phase ¢1 0 1(¢), more precisely the time-derivative of it,
is controlled such that the beatnote phase @7 (¢), given as the
phase difference between received (RX) and local oscillator
(LO) light, becomes

D7 (t) = ¢Lo,T — YRX,T = PLOT(t) — oM (t — Atmerp (1))

= +10MHz - 7j5°(t) + . (t) + const., (54)
where tAL,;SO is the time of the ultra-stable oscillator clock,
which may differ from the proper time 73; due to noise or
errors sources. The beatnote phase @1 implies that the optical
phase of the transponder laser with units of cycles is

PLOT(1) = pM(t — Atpierp (1)) + T0MHz - 77750 (1) + e (1) + const.,

(55)

where @, (f) was used to account for phase-variations that
were not fully suppressed by the feedback control loop,
e.g. due to finite gain and bandwidth. These are much smaller
than the phase ramp with a slope of 10 MHz. The loop ensures
a constant phase relation between emitted and received light
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Table2 Numerical values for

coefficients introduced to Name Formula Nominal Value (f = f)
describe the light time K K K, cKa rKa P
correction in dual one-way ¢ —fu Ty S T = Sy TE) -
ranging, which are based on ake AR S RV O A S D) 16/7
carrier frequencies in the K and bk (52K 43488000 ~, ) 64851
Ka band for the microwave AeBr KO GK rE—rKapke 67648693 T *
ranging system Ka _ (fKa)2 pKa 77312000

bach: Y S S ) 11312000 ~ 1.1428454

K EE? —43488891
Phear GEF AL 1T srease0s ~~ —0-642864
K FRED? 77313584

byiar = GFE KK (F =T IB13384 ~ 1.142869

baebr b o, +bKa ~ 0.499995

bpear by, 4 + DL, ~ 0.500005
on the transponder side, in other words, the transponder — <1 + () = (Fmest) | 8fm (D) )
seems to reflect the received light at event 7, however, with 5 A(f M *"5‘;_ <7f_ Mest)
enhanced light power and slightly different frequency. €0 (2 Aling +2 MeTp = ZTpMe) | (62)

Eventually, the transponder photon returns to the master T T
. . _ . MeTp + TpMr 63
side at the reception event M;. The phase of the beatnote on = (4w +8€®) - ( pinst + ———5—— | +const. (63)
the master satellite ¢M reads = Pinst () + cOTTWR (¢) + K - Pinst + k(1) - Pinst (1)
+ (k + 8k (1)) - coZTwR (¢) + const. (64)

P (1) = gRX,M — LOM = ¢LO,T(tr — ArTpMr) — ¢ (1r) (56)
= om(tr — Attpmr — AtMeTp) — ¢m (1)
+10MHz - 7259 (1 — Atpmy) + @e (1 — Atpmy) + const.

(57)
~ _er;: : d;i” - (ArmpMy + Atvietp) + 10MHz
oSO — Atrpas) + 0e (e — Atrpai) +const. (58)
= —fm () - (Attpmr + AtyeTp) + 10MHzZ
<1750 (1 — Atrpay) + ge (i — Atrpay) + const. (59)

The ranging information is encoded in the term containing
the product of true apparent optical frequency (fyr = f M -
dtys/dt ) and photon time of flight Az, . It can give rise to
Doppler shifts of up to a few MHz over one orbital revolution.

Subtracting both phase observations, when the transpon-
der phase is temporally aligned to the master using an
estimated one-way light travel time A#tpmrest, removes the
10MHz phase ramp and the phase residuals ¢.. Then, the
phase difference is converted to a biased range observ-
able using an estimate of the apparent optical frequency>
S est(2), as in the DOWR case (cf. Eq. (42)), i.e.

rd (q)T(t/ - AtTer,est) - ¢M(f/)) /dt/

o dt’ 60
PTWR (1) = ¢o A 2. fMyest(t/) t ( )
. (fm) + 8 fm (@) - (Atrpmr + AtvieTp) +eonst. (61)

2 (fM,est)

3 The LRI optical frequency fas est(t), i.e. the scale factor, is deter-
mined on a daily basis by comparing LRI and MWI range in the official
GRACE-FO RL04 dataset.
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The precise Eq. (60) can be used to convert the phase
observables to a non-instantaneous biased range pTwR,
even with a time-dependent frequency estimate fj et ().
Under the assumption of a static estimate ( fas est), and with
Eqgs. (59), (54) and AtrpMmrest & Atrpmr, the expression can
be approximated as Eq. (64), which illustrates the coupling
of frequency errors and the light-time correction effect. The
first terms are the instantaneous range pinge and the light-
time correction 7Twr = (TmeTp + TTpMr)/2, respectively.
The third term describes a static scale factor error x =
((fm) — (fm.est))/{fm est) in the conversion from phase to
range, while the term proportional to 5k = 8 far () /{ fm.est)
accounts for laser phase variations, commonly known as laser
frequency noise [1]. The coupling of x or 6k with the LTC
in the fifth term is negligible compared to the same coupling
with pins, because the magnitude of coZTwr is below the
millimeter level (cf. Table 5). The relevant aspect for the fol-
lowing sections is that the final Euclidean biased range can
be computed as Pinst TWR = PTWR — C0ZTWR.

In order to compute the propagation time Afperp from
the master emission event (Me on right plot of Fig. 1) to the
transponder reception (7p in Fig. 1), the result of Attpmy is
needed, as apparent from the following iterative equation

Ie7 (1 — Atrpm) — g (e = Atigdr = Aty

1
A ) =

€0

+ 7GR (rr=r7 (tr— AtTpMr), Te=T 1 (lr—Af&lng—AtTer))
(65)
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which we rigorously approximate, with the same approach
as utilized for Eq. (33), as

processes and can be described with spectral densities in the
frequency domain. For instance, the noise requirement for

Atmetp = Atinst + TSR MeTp + ZGR MeTp )

Atingt(do.¥7 — 2do.Tpr) + Ati%lst (Zdo-i:M _ doifT)
TveTp = -
At (b7 = 26w + Ao 7))
2c%
+At§m (=2do.ip (do-Fyy — do.Fr) — 4y Fur + 287 Fy — do.Fr - do.fr + Fr.Fy — Fr.7/2)
o
Atingt (do-F7 (210u 1 + li7|” — 267.8p) — 2 [Ep]> do-F )
’ 0 (67)
€0

+TGR»Ter -do.F7 — (ZgrR.TpMr + ZGR MeTp) - do.T i 010~ /) .

€0

The satellite state vectors, Atinge and dop = (ry —
r7)/|ry —rr| are evaluated at the reception time (¢;) and are
the same as those needed to compute TTer with Eq. (34).
The delay due to the atmosphere Afyedia Was omitted. The
general relativistic contributions 7gr = 7pm + Tum + Zsm
are evaluated at

T6R,TpMr = TGR(rr =T (1), Te

=r7(tr — Afinst — Atinstdo-F7/c0)) (69)
7GR MeTp = TGR (rr = 17 (tr — Afingy — Atingedo-f7/c0), Te
=1y (tr — Afipg - (2c0 4 do.F7 — dg.Fpp) /cp)) . (70)

with the help of the Taylor expansion in Eq. (30).

It is noteworthy that the leading term in the TWR light-
time correction

~ T + 77 Irg — Al Pins
coTrwr = co JeTp 3 TpMr _ _T'B ACO inst,OD

+ const. + ...
(71)

differs by a factor of two compared to the DOWR correction
(cf. Eq. (52)), whereby the static part has a similar magnitude
(cf. Table 5).

8 Requirements on light time correction
precision

It is sensible to require that the light time corrections coZ7Twr
and coZpowr are precise enough to not limit the precision
of the instantaneous range, which is the measured biased
range with subtracted light time correction. The precision
of the instantaneous range pjns; should ideally be limited by
instrument noise and errors. Noise is driven by stochastic

the laser ranging instrument on GRACE FO is defined in
terms of the amplitude spectral density (ASD), which is the
square root of the power spectral density, as [1]

nm 3mHz 2 10mHz \2
ASDlpmg = 02 1 )/H( ).
PLRILreq JHz I; I;

2mHz < f < 100 mHz (72)

while the corresponding requirement of the MWI reads [14]

2
ASDlpker] = 2.62 M |1 4 (3mHz)" (73)
VHz f

Deterministic or systematic errors manifest often as sinu-
soidal variations, so called tone errors. These should not
exceed 6p = 1um peak amplitude in GRACE FO mea-
surements. This value is specified for the MWI at twice
the orbital frequency (f = 2foup ~ 0.35mHz) and for
the LRI between 10fo, < f < 200 forp [14]. The 2 fors
KBR requirement is likely inherited and adopted from the
GRACE mission ([28], p. 23), while the higher LRI require-
ment band (10 forp..200 forp) could be justified by the fact
that other error sources like accelerometer or background
model deficiencies limit the gravity field accuracy at lower
frequencies. The authors recommend that both requirements
are revised in future missions. Although not strictly speci-
fied by the instruments, it is reasonable to require that the
LTC has no sinusoidal errors above 1 pm magnitude for all
frequencies.

In the next sections, we illustrate the frequency content of
time-domain signals with ASD plots, where the y-axis has
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Table 3 The mean value and .

s M 2
peak amplitudes at once and Constituents can forb Jorb
twice the orbital frequency T = Tir 27 nm 0.20m I nm
(forb = 0.18 mHz) of the
difference T ="7Tsr + Tpm —331pm 934nm 90nm
GRA_KBRIB_LTC—c¢7powR, T =17sR +Tum 105nm 0.5nm 234nm
Where Tpowr is computed with T = Tsg + Tsu 27 nm 0.2nm 1nm
different accuracy levels T = Tsg + Tom + Trm + Tsm —331pum 934nm 325nm

See also Fig. 3

units of m/+/Hz. These plots show the peak amplitude §p of
a sinusoidal variation with an amplitude of

5p
V2+/ENBW’

where ENBW is the equivalent noise bandwidth with units of
Hertz. The ENBW depends on many parameters such as the
length of the time-series, the sampling rate and the window
function [8]. Since many gravity field recovery methods are
using range rates, we recall that ASD values at a Fourier
frequency f with units of m/~/Hz can be converted into the
range rate domain with units m/(s+/Hz) by a multiplication
with 27 f.

The actual in-orbit ASD of the LRI is well below the
80nm/+/Hz requirement as shown in [1], i.e.

(74)

15nm/+/Hz, f =35mHz

0.3nm/~Hz, f =0.85Hz (75

ASD[prLr1] = {

which imposes stricter goals for the LTC precision at high
frequencies.

9 Validation of the analytical
approximations for At

In order to verify the equations for the light propagation
time and our implementation of the software code, we per-
formed a closed-loop (i.e. backward-forward) simulation
using reduced-dynamic orbit data of both GRACE Follow-
On satellites in the Geocentric Celestial Reference Frame
(GCRF) from 5th February 2019 (GNI1B Release 04). One
of the two satellites is designated as receiver with position
r(t;). At each epoch #; of the data, which has a sampling rate
of 1 Hz, the light propagation time At = Atinst + Zsr + 7GR
between the satellites is computed according to Egs. (33)—
(35), which make use of Egs. (20)—(25). With the propagation
time Az, we compute the photon emission position r, and
emission time f, — At. Afterwards, we determine the vecto-
rial coordinate speed of light ¢, - dg pointing to the receiver
(Egs. (13), (19)), which serves as the initial condition for a
numerical integration of the equations of motion for photons
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(Eq. (9)) using the Adams—Bashforth—-Moulton method [24].
The metric tensor used is based on a high-fidelity geopo-
tential field, computed according to the models shown in
Table 1, and takes into account the vector potential due to
Earth’s spin. The integration is performed for a duration of
At, which yields the photon path with an end position r,. If
the analytical expressions to compute Atz are correct, r, and
r; should be identical. Hence, we define the error € in the
analytically-derived Af as

./
;f' ~ (r)— 1) do ~ (A — At) ¢y (76)

e=(r,—r).

which takes into consideration only the error in the propa-
gation direction of the photon, since this contributes to the
phase measurement in microwave or laser ranging. In other
words, € is the error of the computed Ar with respect to the
more accurate Ar’.

The lateral part of the displacement r, —r is of the order of
4 pm and arises due to the light bending (cf. Sect. 3), which
has been omitted in our analytical approximation. By evalu-
ating €, it can be shown that the bending—and omission of
the bending in the analytical approximation—has a negligi-
ble effect on the phase measurement, since the longitudinal
offset in propagation direction is very small and since the
phasefront is, in good approximation, planar in the vicinity
of r}, i.e., the offset r, — r vanishes when projected onto the
propagation direction.

Due to the limited precision of double floating-point arith-
metic, we perform the numerical integration in uniform
co-moving coordinate frames, in order to have state vectors
with small numerical values. This allows us to resolve even
minor contributions within the light time correction.

The result of the one-way ranging validation, i.e. the time
series of €, is shown in the spectral domain in Fig. 2a). The
upper-most trace in red shows the error €, if special and gen-
eral relativistic effects are omitted in the calculation of the
light travel time Af, which means Ar = fipg. Considering
TsR yields the blue trace. The general relativistic contribution
to the light propagation shows two sinusoidal variations at
once and twice the orbital frequency and a continuous spec-
tral content decaying towards higher frequencies. The peak
at the orbital frequency is caused by the radially symmet-
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Fig. 2 Amplitude spectral density plots of the model error € and of
the term 7gy. a The first six traces show the model error € for dif-
ferent contributors in the light time correction 7. The model error €
as a function of the number of sampling points N of the path integral
(Eq. (22)) is shown in subfigure b, while the influence of the truncation
degree for the SH expansion of the gravitational potential is illustrated

ric gravity field (7py), while the higher moments cause the
twice per revolution peak and the continuous part.

Since the spectral plots conceal the DC component, the
mean value of € is provided in the legend. The figure confirms
that the different contributions in the propagation time indeed
reduce the error € down to a mean level of 2.5 - 10~ m/co,
with fluctuations well below 1pm/~/Hz/co. The remaining
peaks apparent at once and twice the orbital frequency from
sinusoidal variations (tones) are not described properly with
units of a spectral density plot (cf. Sect. 8). These varia-
tions have a peak magnitude in the time-domain of less than
1 picometer (green dashed line in Fig. 2a), if 7py and Tym
are considered .

The contribution of the general relativistic correction Zgn
due to Earth’s spin moment is present predominantly at once
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in ¢. Subfigure d shows the ASD of a time series of 7yym, where only a
single gravitational potential model from Table 1 was used. All subfig-
ures use the Nuttall4a window function. The equivalent peak height of
a sinusoidal variation with 1 picometer amplitude is visualized as green
dashed line in all four plots

and twice the orbital frequency, but with a negligible mag-
nitude (difference between brown and black trace). Hence,
7Tsm can be safely omitted from now on.

The dependence of the model error € on the sampling
point number N in Eq. (22) is shown in Fig. 2b), while
Fig. 2c) visualizes the effect of the truncation degree for the
SH expansion of the gravitational potential. The actual sig-
nal Ty for different individual models of the gravitational
potential (cf. Table 1) is depicted in Fig. 2d). In general,
Fig. 2 can be used to decide which models and parameters
are required for a particular accuracy level in the computation
of the light time correction.

Although this section showed only one-way ranging
results, most of the findings are also applicable for the TWR
and DOWR combinations, since these are formed by the aver-
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;Z:liea‘:npjl‘i}i;;sezrtl c\)/z::lel:eair:jd Constituents GFO/KBR GFO/LRI

twice the orbital frequency Mean Joro 2 forb Mean Jorb 2 forb
(fors = 0.18mHz) of the T = TR 246pm  13pm  56nm 246pm  13wm  56nm
differences

and T =7TsR + Tem + Tam 57nm 331 pm 172nm 57nm 550 pm 172nm
EF%I;RHB-LTC - TOTFIWRf T = Tsg + Tom + Tsm —35pm  3.6pm  6.6pm  2.1pm 14pm 16pm
or different accuracy levels o T =T +Tom+ Ty +Tsy 57nm 331pm  172nm  57nm 550pm  172nm

7Tpowr and 7Twr

See also Fig. 4

Table5 The mean value and peak amplitudes at once and twice the orbital frequency ( for, = 0.18 mHz) of different constituents in the LTC (co - 7)

Constituents one way ranging dual-one way ranging two way ranging

mean Sorb 2 forb mean Sorb 2 forb mean Sorb 2 forb
7SR 4.8m 26cm 4.5cm —172pm 209 pm 62 wm — 123 wm 419 pm 124 m
TpMm — 246 pm 1.3um 55nm —246 pm 1.3pm 55nm —246 um 799 nm 50nm
Tum 57nm 1.7nm 169nm 57nm 323pm 171 nm 57nm 805pm 171 nm
Tsm 2.4pm 19fm 85fm —83am 0.8 am 5.2am —63am 0.4am 0.07 am

The values were computed using GRACE-FO GNI1B orbit data from 2019-02-05

age of two one-way ranging results. Only Zsy and some
terms in ZgR flip signs between the two opposite directions,
which means they are canceling to a large extent in the TWR
and DOWR case.

A result of this analysis is that the following parameters
of 7ywm are sufficient to meet the precision requirements for-
mulated in Sects. 10 and 11: SH degree of the static gravity
should be > 50, while a Solid Earth Tide (SET) model with
degree 4 is sufficient; the path integral should be approxi-
mated with N> 10 and direct tidal accelerations should be
taken into account at least from Sun and Moon.

10 Comparison with GRACE and GRACE FO
light time correction

We compared the method to derive the light time correction
presented herein with the light time correction values in the
level-1b data of the GRACE and GRACE Follow-On mis-
sions. These values are provided in the KBR1B and LRI1B
datasets alongside with the actual biased range. The most
recent version of the GRACE data is release 03 (RL03),
which is available only for the SCA1B and KBRIB data
products, while for all other products RLO2 is the most recent
version [20]. Details on the processing of GRACE data can
be found in Wu et al. [35]. The GRACE Follow-On data is
available in version RL0O4 by the time of the writing [21].
For the GRACE data, the GNV1B orbit data is rotated
from the terrestrial to the celestial frame by a rotational
matrix formed according to the TAU-2000 standard using
Earth orientation parameteres [19]. The sampling rate of the
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orbit data is 0.2Hz, hence, it is directly compatible with the
KBRI1B data. Since the LTC for microwave ranging needs
to be referred to the antenna phase center (APC), the posi-
tion of the phase center in the satellite frame, as provided
by VKBIB,* is rotated using the star camera SCA1B prod-
uct into the GCRF. The COM-APC offset in the GCRF is
added onto the rotated GNV1B data in order to obtain the
position and velocity of the APC on each SC in the GCRF.
The acceleration vector of the APC is approximated by the
center-of-mass acceleration from force models, which is jus-
tified, since the angular motion of the APC on time scales of
the light propagation time is negligible. The APC state vec-
tors are used to derive the one-way LTCs 7aepr and 7pear
(Eq. (34)), which are further combined using Eq. (49) into
Tpowr With K- and Ka-band frequencies from the USO1B
dataset.

The difference between the light time correction from
GRACE level-1b KBR data (GRA_KBRI1B_LTC) and ¢y -
Tpowr (Eq. (49)) with four different degrees of accuracy is
shown in Fig. 3. The data used spans the GPS time between
00:00 and 06:00 on December 1st, 2008. Since the differences
are minimal when only the special relativistic correction Zsg
is used (red trace), it is reasonable to assume that general rel-
ativistic contributions were omitted in the GRACE level-1b
light time correction. The omission error is dominated by the
sinusoidal variation at the orbital frequency, however, with an
amplitude of approx. 1 micrometer, i.e. close to the tone error
requirement discussed in Sect. 8 for GRACE Follow-On.

4 Value from the year 2012 in the sequence of events file.
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The GRACE level-1b LTC shows some artifacts above
10mHz (magenta trace on the right subplot in Fig. 3). How-
ever, these are well below the KBR noise level and should
not impede the gravity field recovery.

For GRACE Follow-On, an additional orbit data product
called GNIIB is available, which provides the satellite state
in the GCRF and can be used instead of the transformed
GNV1B data. The sampling rate is 1 Hz, which means that
results need to be downsampled to the KBR and LRI rates
of 0.2 and 0.5 Hz, respectively. A comparison with different
degrees of accuracy for the light time correction is shown in
Fig. 4 for February 5th, 2019. It is evident that the LTC in
GRACE Follow-On takes into account the general relativis-
tic effect Zpy due to the central field (degree 0), but not the
higher moments Zfyyg. The omission error is present predom-
inantly at twice the orbital frequency with a peak amplitude
of approx. 0.1 um (blue trace), thus well below the discussed
requirement from Sect. 8. The differences between cg - 7Twr
and the RLO4 LTC in Fig. 4 are limited to a level of a few
nm/+/Hz, which is well below the LRI noise requirement.

However, the actual LRI in-orbit noiseis close to 1 nm/ \/E
at Fourier frequencies around 0.1 Hz, hence, we study the lim-
its of the LTC precision and propose potential improvements
for the LTC in the next section.

11 Enhancing the light time correction
accuracy

In order to understand the current limit of the LTC precision
of a few nm/~/Hz, we reproduced the light time corrections
provided in the GRACE Follow-On RLO0O4 data. In a first
step (step 1), the classical light time equation was solved
iteratively to obtain the absolute light travel time A¢, and, in a
second step (step 2), the instantaneous contribution (Afipg =
[r4—rpg|/co) wasremoved from At in order to obtain the one-
way corrections 7, which are further combined into 7powgr
or 7Twr.

We noted a slight inconsistency in the instantaneous
Euclidean inter-satellite distance between GNI1B or GNV 1B
products, which shows rms differences three times higher
compared to our method to rotate the GNV 1B data into the
GCREF (cf. left panel in Fig. 5). The precision limit of our
method is the resolution of the double floating-point arith-
metic, i.e. the computation error of the product of rotation
matrix and position vector.

We could reproduce the light time correction of RL04
data with smallest deviations, if we used different orbit sets
in step 1 and for the calculation of Afj,g in step 2 (cf. green
dashed trace on right subplot of Fig. 5). However, using con-
sistent orbit sets for both steps results in a slightly lower noise
for the light time correction (solid blue trace). The consistent
data sets could be GNI for both steps (denoted as orbit data

OD?2 in the plot), or the rotated GNV data (denoted as orbit
data OD3). A difference between both cases is not apparent
in the spectrum, hence, the plot shows a single solid blue
trace for both cases. The dashed black trace on the right plot
of Fig. 5 depicts the actual in-orbit measurements of the LRI
[1], which contains the instrument noise but also some vari-
ations due to non-gravitational accelerations (nga) for the
shown frequencies [15].

The LTC accuracy can be improved further - well below
the sensitivity of the LRI - by using the analytical expressions
for 7 as discussed in Sect. 6 and 7, where the dominating
terms in the single-path are proportional to dg.¥ 4,5, or in the
final DOWR and TWR combination Tpowr/Twr X do.(F4 —
I'p) X Pinst,oD (cf. Egs. (52) and (71)). If the satellite velocity
vectors I 4/ p are derived as the time-derivative of the satellite
position state vector, the accuracy of the LTC is limited to
the nm/+/Hz level. However, if the velocity state vectors of
GNI1B are used, the LTC noise is highly reduced as shown
by the blue traces in left and right plot of Fig. 6. This results
from the fact that GNI and GNV data is based on reduced-
dynamic orbit determination, where the variational equations
include the velocity state [2,3].

It is noteworthy that the instantaneous range rate Pinst,0D>
which appears in the first-order approximation of the LTC
(Egs. (52) and (71)), dominates the noise in the LTC. For-
tunately, the instantaneous range rate is approximately the
same as the more precise measured range rate from LRI or
KBR with only a minor light time correction from an orbit
product, i.e.

. . d |ra —rg| - Pinst,oD
Pinst, TWR ~ PTWR — 7 )

dt co

. ) d [rg —rp| - Pinst,oD

Pinst, DOWR ~ PDOWR — — )
dr 2cop

Thus, if pinst,op from the orbit product is replaced with
Pinst TWR OF Pinst, DOWR in the dominating term of the LTC, the
resulting LTC becomes almost independent of the orbit prod-
uct. The result exhibits very low noise at high-frequencies
(red trace on the right plot in Fig. 6) that is comparable to
the pure GNI LTC (dashed blue trace). The deviations below
2mHz are caused by differences between ranging and orbit
data, and it is reasonable to assume that the results using
Eq. (77) are more accurate than the LTC based purely on
orbit data.

Moreover, the above replacement allows us to use even
kinematic orbit products for the LTC calculation with accept-
able high frequency noise (cyan blue trace in Fig. 6 for
GRACE data [36]). For that trace, the high frequency noise
above 25mHz is driven by the KBR ranging noise. Kine-
matic orbits are sometimes regarded as more appropriate for
gravity field recovery [18], since they do not rely on a-priori
gravity field information.
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Fig. 3 Comparison between GRACE level-1b light time correction
and 7powr (Eq. (49)) using different degrees of accuracy in the time
(left) and spectral (right) domain. The traces on the left plot have been
centered around zero by subtracting a bias shown in the legend. The
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difference is minimal when only the special relativistic effect is con-
sidered in 7powr. The dominating amplitudes and the mean values are
provided Table 3
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Fig.4 Comparison between GRACE Follow-On level-1b KBR/LRI light time correction and Tpowr (left) and 7rwr (right) using different degrees
of accuracy. The dominating amplitudes and the mean values for the different traces are provided Table 4

Finally, we note that the most accurate way to determine
the instantaneous biased range pinse iS to update the LTC
in the process of combined orbit determination and grav-
ity field recovery with the most current orbit estimate in
each iteration. In other words, one can consider to use the
non-instantaneous biased range as observation and shift the
conversion by means of the LTC into the process of precise
orbit determination and gravity field recovery, where the LTC
is updated iteratively.

12 Summary and conclusions
The Laser Ranging Interferometer aboard GRACE Follow-

On demonstrated for the first time laser ranging between
satellites in a gravimetric satellite mission. This enables inter-
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satellite biased range observations with an unprecedented
noise level of 1nm/+/Hz at the highest frequency in the
level-1b data (0.25Hz), or even 0.2 nm/+/Hz at the highest
frequency of the level-1a data (5 Hz).

The biased range observation needs to be corrected for the
effect of the finite speed of light in order to obtain the instan-
taneous range between the spacecraft, which is the quantity
utilized in the gravity field recovery process. It is natural
to seek methods to compute the light time corrections with
a higher precision in order to not limit the observations of
the GRACE Follow-On LRI, and potentially also of future
instruments and missions.

In this paper, we revisited the calculation of the light time
correction from first principles within the Post-Newtonian
approximation of general relativity, taking into account state-
of-the-art geopotential models. We have separated the total
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Fig. 5 (Left plot:) Difference in inter-satellite distance between satel-
lite C and D for different orbit data products. GNI and GNV are the
RLO04 datasets, while rotGNV denotes a dataset, which has been rotated
by the authors from ITRF to GCRE. (Right plot:) Spectral density of
the LTC signal (red and blue traces) and LTC differences for different
orbit data sets. The LTCs have been computed in four different cases
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Fig.6 Amplitude spectral density (ASD) of the differences of the LTC
with different inter-satellite range rate data for one day in August 1
2019 with logarithmic scaled frequency axis. (Left:) comparison for

light time correction 7 into the contribution from special
relativity Zsr and the general relativistic component into
the effect from the scalar central field of the Earth (Zpy,
SH degree 0), from higher moments of the gravity potential,
which includes direct tidal accelerations, 7gp, and from the
much smaller vector potential due to Earth’s spin moment
Tsm- The analytical formulas were verified against the light
travel time obtained by numerically integrating the equations
of motion of photons.

We studied in Sect. 9 the influence of different geopo-
tential models onto 7, showing that to reach tone-errors
below 1 pm amplitude in the LTC, one should consider the
effect from the Sun and the Moon, as well as from Solid
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(OD1..0D4), which are based in different orbit data sets for step 1 (iter:
solving for At iteratively) and step 2 (calculating Afiys¢ and computing
T = At — Atingt). This plot was created with a log-scale amplitude
spectral density (LASD) method, which produces smooth traces also at
high frequencies [31]
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the LTC range of KBR, (Right:) comparison for the LTC range of LRI.
In addition, the cyan blue trace in the right subplot shows the LTC from
a kinematic orbit of GRACE (December 1, 2008)

Earth tides. In order to achieve a noise level in the light time
correction below 100pm/+/Hz, the SH degree of the static
gravity field should be above 50 and the light path between
satellites needs to be sampled with more than 10 points.

We showed that the GRACE light time correction in RL02
does not consider general relativistic effects, while GRACE
Follow-On RL04 data takes into account general relativity
with a radial-symmetric field (Zpp). The omission of Zim
causes predominantly a sinusoidal error with a peak ampli-
tude well below 1 um at twice the orbital frequency. The LTC
in the official RL04 data is limited to a noise level of a few
nm/~/Hz arising from numerical floating point precision and
due to the fact that two slightly inconsistent orbit products
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(GNI and GNV) are used in each step. This level of LTC
precision is comparable to the LRI instrument noise at the
highest frequencies in the level-1b data.

The numerical accuracy can be easily improved to
1 nm/+/Hz at high frequencies by using the same orbit prod-
uct in both steps. However, we recommend to use the here
proposed analytical formulas as these are numerically a few
orders of magnitude more accurate, as the absolute LTC accu-
racy depends on the models and on the orbit product quality.

In the end it was pointed out that, if the analytical formulas
are employed, the dominating term of 7pwr or 7powr can
be rewritten in terms of the measured range rate from LRI or
KBR, which means the LTC becomes to first-order indepen-
dent of the orbit product. Hence, kinematic orbit products
that suffer higher noise can be used to compute the LTC as
well.

The here presented methods to calculate the light time
correction for microwave and laser ranging can be readily
applied to simulated and available flight data. The analytical
approximations were truncated at picometer level, which is
well below the requirements for the current GRACE Follow-
On mission, but may be of interest in studies for future
missions.

Acknowledgements Yihao Yan acknowledges the China Scholar-
ship Council for scholarship support and expresses his gratitude to
the GRACE-Follow-On LRI group members at the Albert-Einstein-
Institute in Hannover, Germany. The authors thank Changqing Wang
for the support of validating some force models. This work was sup-
ported by the National Natural Science Foundation of China (Project
No. 41704013). This work was supported by the Max-Planck-Society
and the Chinese Academy of Sciences within the LEGACY (“Low-
Frequency Gravitational Wave Astronomy in Space”) collaboration
(M.IF.A.QOP18098) and by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) under Germany’s Excellence
Strategy—EXC-2123 QuantumFrontiers—390837967.

Author Contributions VM conceived the research idea and performed
preliminary computations. YY refined the models, developed the com-
putational framework including the background models and applied the
analysis to actual flight data. GH and MZ contributed to the interpreta-
tion of the results. YY and VM wrote the paper draft with input from
all authors. All authors provided critical feedback and helped shape the
research, analysis and manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data Availability The level-1b data of the GRACE and GRACE
Follow-On satellites analyzed in this article can be obtained from
NASA/PO.DAAC (https://podaac.jpl.nasa.gov/) or from ISDC (http://
isdc.gfz-potsdam.de/grace-isdc/).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence,

@ Springer

unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

1. Abich K, Abramovici A, Amparan B, Baatzsch A, Okihiro BB, Barr
DC, Bize MP, Bogan C, Braxmaier C, Burke MJ et al (2019) In-orbit
performance of the GRACE follow-on laser ranging interferometer.
Phys Rev Lett 123(3):031101. https://doi.org/10.1103/physrevlett.
123.031101

2. Bertiger W, Desai SD, Haines B, Harvey N, Moore AW, Owen
S, Weiss JP (2010) Single receiver phase ambiguity resolution
with GPS data. J Geodesy 84(5):327-337. https://doi.org/10.1007/
s00190-010-0371-9

3. Bertiger W, Bar-Sever Y, Dorsey A, Haines B, Harvey N, Hem-
berger D, Heflin M, Lu W, Miller M, Moore AW, Murphy D, Ries
P,Romans L, Sibois A, Sibthorpe A, Szilagyi B, Vallisneri M, Willis
P (2020) Gipsyx/rtgx, a new tool set for space geodetic operations
and research. Adv Space Res 66(3):469-489. https://doi.org/10.
1016/j.asr.2020.04.015

4. Biancale R, Bode A (2006) Mean annual and seasonal atmospheric
tide models based on 3-hourly and 6-hourly ECMWF surface pres-
sure data. Geoforschungszentrum. https://doi.org/10.2312/GFZ.
b103-06011

5. Dobslaw H, Bergmann-Wolf I, Dill R, Poropat L, Thomas M, Dahle
C, Esselborn S, Konig R, Flechtner F (2017) A new high-resolution
model of non-tidal atmosphere and ocean mass variability for de-
aliasing of satellite gravity observations: AOD1B RL06. Geophys
J Int 211(1):263-269. https://doi.org/10.1093/gji/ggx302

6. Einstein A (1911) On the influence of gravitation on the propaga-
tion of light. Annalen Phys 35:898-908. https://doi.org/10.1002/
andp.200590033

7. Folkner WM, Williams JG, Boggs DH (2008) The planetary and
lunar ephemeris de 421. JPL IOM 343R-08-003 https://tmo.jpl.
nasa.gov/progress_report/42-178/178C.pdf

8. Heinzel G, Riidiger A, Schilling R (2002) Spectrum and spectral
density estimation by the Discrete Fourier transform (DFT), includ-
ing a comprehensive list of window functions and some new at-top
windows. Tech. rep., Albert-Einstein-Institute Hannover, http:/
hdl.handle.net/11858/00-001M-0000-0013-557A-5

9. Heiskanen WM, Moritz H (1967) Physical geodesy. ISBN: 978-3-
211-33545-1

10. Hernandez-Pajares M, Juan JM, Sanz J, Orts R (2007) Second-
order ionospheric term in GPS: Implementation and impact on
geodetic estimates. J Geophys Res: Solid Earth. https://doi.org/
10.1029/2006JB004707

11. Kelley MC (2009) The Earth’s ionosphere: plasma physics and
electrodynamics, vol 96. Academic Press, Cambridge. ISBN-13:
978-0120884254, ISBN-10: 0120884259

12. Kim J (2000) Simulation study of a low-low satellite-to-
satellite tracking mission. Ph.D. thesis, University of Texas,
Austin, USA, ftp://isdcftp.gfz-potsdam.de/grace/DOCUMENTS/
ANCILLARY/

13. Kopeikin S, Efroimsky M, Kaplan G (2011) Relativistic celestial
mechanics of the solar system. Wiley, Hoboken. https://doi.org/10.
1002/9783527634569

14. Kornfeld RP, Arnold BW, Gross MA, Dahya NT, Klipstein WM,
Gath PF, Bettadpur S (2019) GRACE-FO: the gravity recovery and
climate experiment follow-on mission. J Spacecr Rock 56(3):931-
951. https://doi.org/10.2514/1.A34326


https://podaac.jpl.nasa.gov/
http://isdc.gfz-potsdam.de/grace-isdc/
http://isdc.gfz-potsdam.de/grace-isdc/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/physrevlett.123.031101
https://doi.org/10.1103/physrevlett.123.031101
https://doi.org/10.1007/s00190-010-0371-9
https://doi.org/10.1007/s00190-010-0371-9
https://doi.org/10.1016/j.asr.2020.04.015
https://doi.org/10.1016/j.asr.2020.04.015
https://doi.org/10.2312/GFZ.b103-06011
https://doi.org/10.2312/GFZ.b103-06011
https://doi.org/10.1093/gji/ggx302
https://doi.org/10.1002/andp.200590033
https://doi.org/10.1002/andp.200590033
https://tmo.jpl.nasa.gov/progress_report/42-178/178C.pdf
https://tmo.jpl.nasa.gov/progress_report/42-178/178C.pdf
http://hdl.handle.net/11858/00-001M-0000-0013-557A-5
http://hdl.handle.net/11858/00-001M-0000-0013-557A-5
https://doi.org/10.1029/2006JB004707
https://doi.org/10.1029/2006JB004707
ftp://isdcftp.gfz-potsdam.de/grace/DOCUMENTS/ANCILLARY/
ftp://isdcftp.gfz-potsdam.de/grace/DOCUMENTS/ANCILLARY/
https://doi.org/10.1002/9783527634569
https://doi.org/10.1002/9783527634569
https://doi.org/10.2514/1.A34326

Revisiting the light time correction in gravimetric missions like GRACE and GRACE follow-on

Page190f19 48

15.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Misfeldt M (2019) Data processing and investigations for the
GRACE Follow-On laser ranging interferometer. Master’s thesis,
Leibniz Universitdt Hannover, Germany. https://doi.org/10.15488/
9639

. Montenbruck O, Gill E, Lutze F (2002) Satellite orbits: models,

methods, and applications. Appl Mech Rev 55(2):B27-B28

. Miiller V (2017) Design considerations for future geodesy missions

and for space laser interferometry. Ph.D. thesis, Gottfried Wilhelm
Leibniz Universitdt Hannover, Germany, https://doi.org/10.15488/
9029

. Naeimi M, Flury J (2017) Global gravity field modeling from

satellite-to-satellite tracking data. Lecture notes in earth system
sciences. Springer, Berlin

Petit G, Luzum B (2010) IERS conventions (2010). Tech. rep.,
Bureau international des poids et mesures(BIPM), France, https://
apps.dtic.mil/dtic/tr/fulltext/u2/a535671.pdf

PODAAC (2018) GRACE LevellB RLO3 description; accessed
February 12, 2019;. https://podaac.jpl.nasa.gov/dataset/ GRACE_
L1B_GRAV_JPL_RLO03

PODAAC (2019) JPL GRACE-FO project. GRACE-FO Level-
1A Release version 4.0 from JPL in ASCII. Ver. 4. PO.DAAC,
CA, USA. Dataset accessed 2020-01-01 at https://doi.org/10.5067/
GFL1A-ASJ04

Ries J, Bettadpur S, Eanes R, Kang Z, Ko Ud, McCullough C,
Nagel P, Pie N, Poole S, Richter T, et al. (2016) The development
and evaluation of the global gravity model GGMOS. Tech. rep.,
https://doi.org/10.26153/tsw/1461

Savcenko R, Bosch W (2012) EOT1 1a-empirical ocean tide model
from multi-mission satellite altimetry. DGFI Report No 89, https://
epic.awi.de/id/eprint/36001/1/DGFI_Report_89.pdf

Shampine LF, Reichelt MW (1997) The matlab ode suite. SIAM
journal on scientific computing 18(1):1-22, https://hal.archives-
ouvertes.fr/hal-01333731

Sheard B, Heinzel G, Danzmann K, Shaddock D, Klipstein W,
Folkner W (2012) Intersatellite laser ranging instrument for the
GRACE follow-on mission. ] Geodesy 86(12):1083—1095. https://
doi.org/10.1007/s00190-012-0566-3

Soffel M, Langhans R (2012) Space-time reference systems.
Springer, Berlin

Soldner J (1921) Uber die Ablenkung eines Lichtstrahls von seiner
geradlinigen Bewegung durch die Attraktion eines Weltkorpers, an
welchem er nahe vorbeigeht. Ann Phys 370(15):593—-604. https:/
doi.org/10.1002/andp.19213701503

Stanton R, Bettadpur S, Dunn D, Renner KP, Watkins M (1998)
GRACE science and mission requirements document (SMRD),
GRACE Document No. 327-200, May 1998. https://geodesy.
geology.ohio-state.edu/course/refpapers/Grace_smrd.pdf

29.

30.

31.

32.

33.

34.

35.

36.

Tapley BD, Bettadpur S, Watkins M, Reigber C (2004) The grav-
ity recovery and climate experiment: mission overview and early
results. Geophys Res Lett. https://doi.org/10.1029/2004GL019779
Thomas J (1999) An analysis of gravity-field estimation based on
intersatellite dual-1-way biased ranging (No. JPL-98-15.). Tech.
rep., Jet Propulsion Laboratory (JPL), Pasadena, CA, ftp://isdcftp.
gfz-potsdam.de/grace/ DOCUMENTS/ANCILLARY/

Trobs M, Heinzel G (2006) Improved spectrum estimation from
digitized time series on a logarithmic frequency axis. Mea-
surement 39(2):120-129. https://doi.org/10.1016/j.measurement.
2005.10.010

Turyshev SG, Sazhin MV, Toth VT (2014) General relativistic laser
interferometric observables of the GRACE-follow-on mission.
Phys Rev D 89(10):105029. https://doi.org/10.1103/PhysRevD.
89.105029

Wegener H, Miiller V, Heinzel G, Misfeldt M (2020) Tilt-to-
length coupling in the grace follow-on laser ranging interferom-
eter. J Spacecr Rock 57(6):1362—-1372. https://doi.org/10.2514/1.
A34790

Wen H, Gerhard K, William B, Meegyeong P, Carly S, Felix
L (2019) Gravity recovery and climate experiment (GRACE)
Follow-On (GRACE-FO) Level-1 data product user hand-
book. JPL D-56935, https://podaac-tools.jpl.nasa.gov/drive/files/
allData/gracefo/docs/GRACE-FO_L1_Handbook.pdf

Wu SC, Kruizinga G, Bertiger W (2006) Algorithm theoretical
basis document for grace level-1b data processing v1. 2. Jet Propul-
sion Laboratory, California Institute of Technology, ftp://isdcftp.
gfz-potsdam.de/grace/ DOCUMENTS/Level- 1/

Zehentner N, Mayer-Giirr T (2013) Kinematic orbits for GRACE
and GOCE based on raw GPS observations IAG Scientific Assem-
bly 2013 ; Conference date: 02-09-2013 Through 06-09-2013

@ Springer


https://doi.org/10.15488/9639
https://doi.org/10.15488/9639
https://doi.org/10.15488/9029
https://doi.org/10.15488/9029
https://apps.dtic.mil/dtic/tr/fulltext/u2/a535671.pdf
https://apps.dtic.mil/dtic/tr/fulltext/u2/a535671.pdf
https://podaac.jpl.nasa.gov/dataset/GRACE_L1B_GRAV_JPL_RL03
https://podaac.jpl.nasa.gov/dataset/GRACE_L1B_GRAV_JPL_RL03
https://doi.org/10.5067/GFL1A-ASJ04
https://doi.org/10.5067/GFL1A-ASJ04
https://doi.org/10.26153/tsw/1461
https://epic.awi.de/id/eprint/36001/1/DGFI_Report_89.pdf
https://epic.awi.de/id/eprint/36001/1/DGFI_Report_89.pdf
https://hal.archives-ouvertes.fr/hal-01333731
https://hal.archives-ouvertes.fr/hal-01333731
https://doi.org/10.1007/s00190-012-0566-3
https://doi.org/10.1007/s00190-012-0566-3
https://doi.org/10.1002/andp.19213701503
https://doi.org/10.1002/andp.19213701503
https://geodesy.geology.ohio-state.edu/course/refpapers/Grace_smrd.pdf
https://geodesy.geology.ohio-state.edu/course/refpapers/Grace_smrd.pdf
https://doi.org/10.1029/2004GL019779
ftp://isdcftp.gfz-potsdam.de/grace/DOCUMENTS/ANCILLARY/
ftp://isdcftp.gfz-potsdam.de/grace/DOCUMENTS/ANCILLARY/
https://doi.org/10.1016/j.measurement.2005.10.010
https://doi.org/10.1016/j.measurement.2005.10.010
https://doi.org/10.1103/PhysRevD.89.105029
https://doi.org/10.1103/PhysRevD.89.105029
https://doi.org/10.2514/1.A34790
https://doi.org/10.2514/1.A34790
https://podaac-tools.jpl.nasa.gov/drive/files/allData/gracefo/docs/GRACE-FO_L1_Handbook.pdf
https://podaac-tools.jpl.nasa.gov/drive/files/allData/gracefo/docs/GRACE-FO_L1_Handbook.pdf
ftp://isdcftp.gfz-potsdam.de/grace/DOCUMENTS/Level-1/
ftp://isdcftp.gfz-potsdam.de/grace/DOCUMENTS/Level-1/

	Revisiting the light time correction in gravimetric missions like GRACE and GRACE follow-on
	Abstract
	1 Introduction
	2 Equations of motion in general relativity
	3 Light time correction Δtrel due to relativity
	4 Light time correction Δtmedia due to atmosphere
	5 Solving the light-time equation
	6 Light time correction in dual one-way ranging (DOWR)
	7 Light time correction in two-way ranging (TWR)
	8 Requirements on light time correction precision
	9 Validation of the analytical approximations for Δt
	10 Comparison with GRACE and GRACE FO light time correction
	11 Enhancing the light time correction accuracy
	12 Summary and conclusions
	Acknowledgements
	References




