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We develop a high-precision model for laser ranging interferometric (LRI) observables of the GRACE
Follow-On (GRACE-FO) mission. For this, we study the propagation of an electromagnetic wave in the
gravitational field in the vicinity of an extended body, in the post-Newtonian approximation of the general
theory of relativity. We present a general relativistic model for the phase of a plane wave that accounts for
contributions of all the multipoles of the gravitating body and its angular momentum, as well as the
contribution of tidal fields produced by external sources. We develop a new approach to model a coherent
signal transmission in the gravitational field of the Solar System that relies on a relativistic treatment of the
phase. We use this approach to describe high-precision interferometric measurements on GRACE-FO and
formulate the key LRI observables, namely, the phase and phase rate of a coherent laser link between the
two spacecraft. We develop a relativistic model for the LRI-enabled range between the two GRACE-FO
spacecraft, accurate to less than 1 nm, and a high-precision model for the corresponding range rate, accurate
to better than 0.1 nm/s. We also formulate high-precision relativistic models for the double one-way range
(DOWR) and DOWR-enabled range-rate observables originally used on GRACE and now studied for
interferometric measurements on GRACE-FO. Our formulation justifies the basic assumptions behind the
design of the GRACE-FO mission and highlights the importance of achieving nearly circular and nearly

identical orbits for the GRACE-FO spacecraft.
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I. INTRODUCTION

The Gravity Recovery and Climate Experiment (GRACE)
was a very successful 2002 US-German space mission.
A pair of satellites spent 9 years mapping the gravitational
field of the Earth using a highly accurate microwave ranging
system between the two spacecraft, which were flying in
nearly identical orbits. GRACE demonstrated the feasibility
of monitoring temporal variations in the Earth’s gravitational
field and thus detecting, for instance, both seasonal variations
and long-term changes in the hydrosphere.

GRACE’s planned successor, tentatively called the
GRACE Follow-On (GRACE-FO) mission, is scheduled
for launch in 2017. In addition to a microwave ranging
system similar to that of GRACE and operating in the
Ka-band, GRACE-FO will be equipped with a laser
ranging interferometer (LRI) instrument [1], a system using
heterodyne optical interferometry. The LRI is expected to
provide a range with an accuracy of a few nm and
corresponding estimates for the range rate.

The LRI experiment onboard GRACE-FO will rely on
two-way measurements, designating one spacecraft as
master and the other as transponder (we shall call them
GRACE-FO-A and GRACE-FO-B, correspondingly) and
utilizing a phase-locked active laser transponder with a
frequency offset [2]. Phase locking in the transponder is
expected to eliminate transponder laser frequency noise,
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leaving the transmitter laser frequency noise and phase noise
due to pointing errors, experimental features that are captured
in the instrument design [ 1,2], as the two major noise sources.

Although the original GRACE model formulation was
based on Newtonian arguments (see details in [3]), from the
early stages of the GRACE-FO mission development it
became clear that at the level of accuracy expected from
GRACE-FO, general relativistic effects may become sig-
nificant. The two-way nature of the experiment reduces the
contribution of some of these effects to the GRACE-FO
observables, yet their influence on the modeling of these
quantities must be carefully analyzed. The mathematical
model of the ultimate LRI observables—time series data
obtained at the master spacecraft, recording continuous
changes in the phase difference between the local laser
oscillator and the laser beam returned by the transponder
spacecraft—must take into account general relativistic
contributions to the length of the signal path and differences
between coordinate time and proper time.

In this paper, we focus on the formulation of a relativistic
model, accurate to 1 nm in range, for computing and
processing the observables of the GRACE-FO mission. We
rely on a previously developed theory of relativistic proper
reference frames within a system of N extended bodies and
the motion of light and test particles in the vicinity of an
extended body [4]. The organization of the paper is as
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follows: In Sec. II we discuss light propagation in the
vicinity of the extended Earth and derive a general
relativistic solution for the phase of an electromagnetic
wave. In Sec. III we discuss the process of forming the
intersatellite LRI observables of GRACE-FO and derive a
model for the phase and the relevant LRI-enabled range
observable. We also develop a relativistic model for the
frequency observable and a related model for the inter-
ferometric range rate. We develop equations to model
observable fluctuations in the phase rate and range accel-
eration. In Sec. IV we discuss the possibility of extracting
dual-one-way (DOWR) style observables from the inter-
ferometric data, similar to that used by the GRACE-FO
microwave ranging system. We develop the relevant
equations and models for range, range-rate and range
acceleration observations. We conclude with a set of
recommendations and an outlook in Sec. V.

In an attempt to streamline the presentation of results
and to keep the main body of the paper focused, we present
some relevant details in the form of appendices. In
Appendix A we discuss the post-Newtonian approximation
of general relativity, introduce the metric tensor in this
formulation, and discuss its properties. In Appendix B we
present details of the derivation of instantaneous distances
between the spacecraft. In Appendix C we emphasize the
need to properly include the quadrupole moment of the
Earth into relativistic coordinate transformations, equations
of light propagation and equations of the motion of geo-
centric satellites. Finally, in Appendix D we introduce some
useful relations that help in the evaluation of the magni-
tudes of various expressions that involve combinations of
orbital parameters of the GRACE-FO spacecraft.

The notational conventions employed in this paper are
those used in [5]. Letters from the second half of the Latin
alphabet, m,n,... =0...3, denote spacetime indices.
Greek letters a, f,... = 1...3 denote spatial indices. The
metric y,,, is that of Minkowski spacetime with y,,, =
diag(+1,—1,—1,—1) in the Cartesian representation. We
employ the Einstein summation convention with indices
being lowered or raised using y,,,. We use powers of G and
negative powers of ¢ as bookkeeping devices for order
terms. Other notations are explained as they occur.

II. PHASE OF AN ELECTROMAGNETIC WAVE
IN THE VICINITY OF THE EARTH

A. The Geocentric Coordinate Reference System

In the vicinity of the Earth, we utilize a standard
coordinate system: the Geocentric Coordinate Reference
System (GCRS), centered at the Earth’s center of mass; it is
used to track orbits in the vicinity of the Earth. Recently, we
developed a new perturbative solution of the gravitational
N-body problem in general relativity [4] and presented a
formulation of the proper reference frame associated with
an extended and rotating gravitating body. Based on this
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formulation, we determined the metric tensor gf, of the
nonrotating GCRS [4,6]. We denote the coordinates of this
reference frame as {x'} = (x° = c¢t,x) and present the
metric tensor g&, in the following form:

2

2
900—1_ WE+ wE—I—O( 6,

4
gga = _yalﬁwé + 0(C75)7
2
gEﬂ yaﬁ+}/aﬂ ZWE+0( ) (1)
where wg is the scalar harmonic potential that is given by
wg = Ug + ullddl + O(c73). (2)

The scalar potential wg is formed as a linear superposition
of the gravitational potential Uy of the isolated Earth and
the tidal potential %! produced by all the Solar System
bodies (excluding the Earth itself) evaluated at the origin of
the GCRS. The Earth’s gravitational potential Ug at a
location defined by spherical coordinates (r = |x|, ¢, 0) is

given by

x\d3x'
UE—G/—<|;_);Z| Lo

(55

2 k=0

X Py (cos 0)(CE, cos k¢p + SE, sin kgb)) +O(c™),
3)

where o(t, x') is the relativistic mass density inside the Earth
(see discussion in Appendix A), Mg is the Earth’s mass, Rg is
its radius, P are the Legendre polynomials, while CE, and
S&, are relativistic normalized spherical harmonic coeffi-
cients that characterize the Earth [see also Egs. (43)—(44) in
Ref. [7] and the subsequent discussion therein]. While the
GRACE-FO experiment is designed to model gravitational
harmonics of the Earth at a fine spatial resolution, at the level
of sensitivity of the project, only the lowest order harmonics
are affected by relativistic contributions, and time-dependent
contributions to relativistic effects due to the elasticity of the
Earth can be ignored. Insofar as the tidal potential u4¥ is
concerned, for GRACE-FO it is sufficient to keep only its
Newtonian contribution (primarily due to the Sun and the
Moon), which can be given as usual:

Mgdal — Z(Ub(rbE -+ X) — Ub(rbE) —X - VU;,(H;E))
bE
2

b#E

(Bnyg - x)? —x2) + O(rf. c72), 4)
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where U, is the Newtonian gravitational potential of body b,
r;,; 1S the vector connecting the center of mass of body b with
that of the Earth, and VU, denotes the gradient of the
potential. Note that in Eq. (4) we omitted relativistic tidal
contributions of O(c~?) that are produced by the external
gravitational potentials. These are of the order of 107
compared to Ug and, thus, negligible even at the level of
accuracy of the GRACE-FO LRI. We present only the largest
term in the tidal potential, which is of the order of Nr;S;
however, using the explicit form of this potential on the left
side of Eq. (4), one can easily evaluate this expression to any
order needed to solve a particular problem.

Finally, the contribution of the body’s rotation is cap-
tured by the vector harmonic potential w;, defined as

(1, x"\d*x’
w%:G/—( >, +
x — x|

O(c7?)

GMj,

53 X xS+ 00 ), ()

where ¢%(t,x’) is the relativistic current density of the
matter distribution inside the rotating Earth. Also, in (5) we
explicitly account for only the largest rotational moment,
Sk, which is the Earth’s spin moment (angular momentum
per unit of mass). The contribution of other vector
harmonics due to rotation of the Earth is negligible.

The metric tensor (1) with the gravitational potentials
(2)—(5) represents spacetime in the GCRS, which we
choose to formulate the relativistic model for GRACE-
FO observables. Details on the formulation of the GCRS
are in [4,6,7].

B. Geometric optics approximation for the wave
propagation in the vicinity of the Earth

The phase of an electromagnetic wave is a scalar function
that is invariant under a set of general coordinate trans-
formations. In the geometric optics approximation, the phase
@ is found as a solution to the eikonal equation [5,8—11]:

"0, p0np = 0, (6)

which is a direct consequence of Maxwell’s equations. Its
solution describes the wave front of an electromagnetic wave
propagating in curved spacetime. The solution’s geometric
properties are defined by the metric tensor g,,, which is
derived as the solution of Einstein’s field equations. In the
vicinity of the Earth this tensor is given by Egs. (1)—(4).

To solve Eq. (6), we introduce a covector of the
electromagnetic wave front in curved spacetime, K,, =
0,,¢. We use A to denote an affine parameter along the
trajectory of a light ray being orthogonal to the wave front ¢
[note that the dimension of 4 is (length)?]. The vector K™ =
dx™/d) = g" 0, is tangent to the light ray. Equation (6)
states that K™ simply is null or g,,,K™K" = 0. Therefore,
the light rays are null geodesics [5] described by
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K 1
dd—; = zamgszkKl- (7
Since the eikonal and light ray equations, given by Egs. (6)
and (7), respectively, have equivalent physical content in
the general theory of relativity, one can use either of them to
study the properties of an electromagnetic wave. However,
the eikonal equation offers a more straightforward way to
study the propagation of a wave.

To find a solution of Eq. (6), we expand the eikonal ¢
with respect to the gravitational constant G assuming that
the unperturbed solution is a plane wave. The expansion
may be given as

0(1.%) = go + / kndx™ + 96(1.%) + O(G2),  (®)

where ¢, is an integration constant and k,, = k°(1,Kk) is a
constant (with respect to the Minkowski metric) null vector
(i.e., ¥ k"k" = 0) along the direction of propagation of
the unperturbed electromagnetic plane wave. The wave
direction is given by the vector k = k¢, which is the unit
vector along the ray’s path, |k|= 1. Furthermore,
k® = w/c, where  is the constant angular frequency of
the unperturbed wave, and ¢ is the perturbation of the
eikonal of first order in G, which is yet to be determined.
Also, as a consequence of Eq. (8), the wave vector of an
electromagnetic wave in curved spacetime, K™(t,x),
admits a series expansion with respect to G in the form

m

K™ (t,x) = 77

= ¢" 0,0 = k™ + k(1,x) + O(G?),
9

where k(1,X) = y""0,¢ps(1,X) is the first order pertur-
bation of the wave vector with respect to G.

To solve Egs. (6) and (8) for ¢; in the GCRS, we first
substitute (8) into (6). Then, defining A™" = g™ —y™"
[as given in (Al)] with g,,, given by Egs. (1)-(4) and
keeping only first order terms in G, we obtain an ordinary
differential equation to determine ¢g:

2k2 4k?
- 6_20 WE — C—30 (kew) + O(G?),

(10)

d(pG 1
WG _ _ " gk, =
di 2 e

where dog/dA = k,,0™@. Equation (10) can alternatively
also be obtained by integrating the null geodesic equa-
tion (7). Substituting the scalar and vector potentials wg and
wi, from Egs. (2)-(4), we obtain

dog  dog | deg | deE
— , 11
O d e T Ta (n

where the three terms of the relativistic phase due to the
mass multipole moments of Earth’s gravity, £ [determined
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by the potential (3)], the contribution due to the Earth’s
rotation, gog [due to the potential (5)], and the tidal
gravitational field of external bodies in the GCRS, ¢Uida!
[due to (4)], are determined from the following equations:

E 2 2 N g3+
dog kOG/aE(t,X )d x L 0(G?), (12)

. Ix — x/|

de? 4k3G < (t,x")d>x
§0(;__ 0 ke/aE( X) X —I—O(Gz), (13)

. Ix — x'|

dgotidal GM k2
dj :_Z 2bT0(3(nbE‘x)2_X ) + O(ryg. G?).
e € ThE

(14)

We represent the light ray’s trajectory, correct to the
Newtonian order, as

{rm} =

This representation allows us to express the Newtonian part
of the wave vector K™ presented by Eq. (9) as follows:

" = dx"/d) = k°(1,k) + O(G), where k* is immedi-
ately derived as k° = cdt/dA+ O(G) and [k|=1.
Keeping in mind that k™ is constant, we establish an
important relationship:

(x° = ct,x(t) = xo + ke(t — ty)) + O(G). (15)

cdt

di ="

+ O0(G), (16)
which we will use to integrate (12). This expression allows
us to include contributions from all multipoles of the
Earth’s mass distribution, as given in Eq. (3). Using (15)
we present the right-hand side of Eq. (12) as

op (1, X)X
xo +ke(t—19) = x'|

dekt B _2k(2)G
d. c?

(17

In this and preceding equations, we presented the density
o(t,x') as a time-dependent quantity, reflecting the fact that
the GRACE-FO is intended, among other things, to study
the temporal evolution of the Earth’s gravitational field due
to shifting masses. During the ~1 ms propagation time of a
light signal between the two spacecraft, however, changes
in mass distribution inside the Earth are completely
negligible, and on these time scales, we can safely assume
that the matter distribution is static. In other words, the
characteristic time for changes occurring inside the Earth
are much longer than the light transit time. This allows us to
integrate Eq. (17) as if the density is static, allowing us to
treat o(z,x’) as a time-independent quantity. Under these
assumptions and relying on Egs. (15)—(16), we integrate
Eq. (17) with respect to time from # to ¢t and write a plane
wave solution that includes the Earth’s gravity contribution
to the waveform in the following form:
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2koG
di(tx) =257 [ anex)

o {|x—x’|+k (x —x)
X0 — x| + k- (xg —x')

Bx + O(G?).

(18)

The resulting solution extends all previously obtained
solutions for the gravitational delay of light by account-
ing for the contributions from all the multipoles of the
extended body. As the density (7, x") may be thought of as
a collection of a large number of elementary mass monop-
oles, the integral in (18) is a sum of the corresponding
Shapiro delays produced by each of these elementary
masses integrated over the mass distribution.

Equation (18) allows one to calculate the contributions
to the wave front due to any mass multipole moment.
However, for the purposes of the analysis of the GRACE-
FO mission, we will only keep contributions from the
largest multipoles, namely, the monopole Mg and quadru-
pole moments J&. (In fact, we have derived the expressmn
and estimated the magnitude of the octupole term, JE ,
which turned out to be negligible for GRACE-FO.) To do
this, we expand this expression under the integral sign.
Using the fact that outside the body of the Earth |x/| < |x|,
we obtain

In(|x —x'| + k- (x—x'))

(e +ke)x'e
kx|
L[(ne+k)(ny+k;) | lya+nn

I _ € /e 1A 1) /3
2] (r+k-x)? +r(r—|—k-x) ¥4 O(x).

=In(r+k-x)+

(19)

Similarly, one can
In(|xg — x| + k- (x9 —
and [x'| < |xq].

We can now integrate (18) over the body’s volume using
a spherical harmonics expansion of the Earth’s gravity
potential (3) produced by the density of matter distribution
inside the Earth, og(7,x), where the mass Mg, dipole
moment d%, quadrupole moment J&, and spin moment S”ﬁ
of the Earth’s gravitational field are defined as

develop an expression for
x')), when x, is outside the body

ME—/d3x’aE(t,x’),
ds, = Mg! /d3x’0E(t, x)x'¢ =0,
J =Mz /d3x/0'E (¢, x")(Bx'ex"* + y1'?),

S = M5! [ d¥og(n.X) (0 = 00 = 3,7, S,

(20)

105029-4



GENERAL RELATIVISTIC LASER INTERFEROMETRIC ...

where €, is the fully antisymmetric Levi-Civita symbol,
€123 = 1, and S% is the spin moment of the Earth.

As aresult, the expression describing the contribution of
mass multipoles of Earth’s gravity to the waveform has the
following form:

2GM k-
E(1,%) = — Eko{ln [ﬁ]

c? ro + K- x
1 [(ng tk)(i+k)  lyg+nm
6 (r+k-x)? r(r+k-x)
_(noe + ke)(noy + ki) 1y + ”06”04]16,1}
(ro + k- xo)? ro (ro +k - x0)| " *
+ O(G?). 21

The solution for the contribution of the quadrupole moment
to the relativistic delay generalizes similar expressions
obtained by other means and under much simplifying
assumptions on Jg&, mnotably [12,13]. To the level of
accuracy that is sufficient for GRACE-FO, our results also
agree with those obtained in [14,15]. Although Eq. (19)
naturally yields the introduction of a moment of inertia,
1% = Mg' [ & og(t,x")x'*x'"*, we, nevertheless, for con-
sistency reasons [5,8], have introduced the quadrupole
mass moment J]%’1 in (20). As the expression in front of
x'¢x'* in Eq. (19) is trace-free, the quadrupole term in (21)
has an additional factor of %

Similarly to the approach that led to the solution (21), by
assuming a constant rotation, we represent the mass current
as of(t,x) = og(t,X)vE(,x), and now we can integrate
Eq. (13) as

4k G
P (t.x) = ——5k, / op (1, X )05 (1, x')
C

1 x — x|+ k- (x—X)
n
xg = X[ + k- (xg —x')

]d3x’ + O(G?).

(22)
Further assuming a constant rotation with frequency
wf allows us to express the velocity field inside the

Earth as vg(x) = ef,wgx*. Also, using the fact that
!

o(.%) = 0o +ko(c<r—r0> k- (x—x0)
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(k- [k xSg]) =0, we can determine the contribution
due to the spin moment of the Earth, (psc, in the form

w5 (1.X)

ZGME n ng
S e

+O(r2,G?). (23)

Although, analogously to Eq. (18), we can use (22) to
extend (23) to include contributions from current moments
of an arbitrary order, we will limit ourselves to the
contribution of the lowest, first order moment only (i.e.,
spin moment), as the effect of higher order current
moments on the relativistic delay of light in the Solar
System is negligibly small.

The contribution of external gravitational fields can be
obtained by integrating (14) as follows:

; GMyy., + 3n,g,
@947, x) = _Z b Yer T IMpEcNpE; ko(k - (X — %))

2 3
T 2c g
PR 2 L
X | x“xg + x"x§ —l—g(xe —x§) (x* — x()
+ O(r,g, G?). (24)

We can now write the post-Minkowskian expansion for
the phase of an electromagnetic wave that propagates in the
vicinity of the extended and rotating gravitating body. In
the body’s proper reference frame (a formulation that
accounts for the presence of the external gravity field
produced by the external bodies of the N-body system
[4,6]), collecting all the appropriate contributions coming
from the Earth’s mass distribution £, Earth’s rotation ¢,
and external gravity @i, the total phase Eq. (8) has the
form

0(1.%) = 9o + / k™ + B (£, %) + 031, %)
(1, %) + O(G2), (25)

which, with the help of solutions represented by Egs. (21),
(23), and (24), can be given as

_2G12VIE In r+k-x +l k- |8, x n_ n,
C r0+k-X0 C r+k-X r0+k-X0

Lya +nen, (o + ko) (no; + ky)

1 {("e + ke)(n, + k)

6 (r+k-x)? r(r+k-x)
-y GMy, yep + 3nppeliE)
2 3
b 2c e

1 7er + noeno, } Je,l}

(ro+k-x0)>  ro(rg+k-xp)| F

(k- (x —xq)) (xexé + x*x§ + 2 (x€ — x§) (x* — xé))) + O(G?). (26)

3
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TABLE 1.
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Select parameters of the GRACE-FO mission, along with corresponding symbols and approximate

formulas used in the text. (A more detailed list of formulas and useful relations is derived and presented in

Appendix D.)

Parameter Symbol Equation Value
Orbital altitude hg 450 km
Orbital eccentricity e 0.001
Interspacecraft range . dap 270 km
Interspacecraft range rate dag = (Np - VaAR) X Uppe (D14) 0.3 m/s
Geocentric velocity va0 = (GMg/(Rg + hg))'/? (D2) 7.65 km/s
Mean orbital frequency wg = (GMg/(Rg + hg)*)'/? (D3) 1.12 mHz
Relative spacecraft velocity VAR = Vaodap/(Rg + hg) (D13) 303 m/s
Geocentric acceleration axo = GMg/(Rg + hg)? (D2) 8.57 m/s?
Relative spacecraft acceleration app = apnodap/(Rg + hg) (D22) 0.34 m/s?
Operating wavelength A0 1064 nm
Frequency offset off 6 MHz

Equation (26) extends the well-known expression for
relativistic delay. In addition to the classic Shapiro gravi-
tational time delay due to a mass monopole (represented by
the logarithmic term), it also includes contributions due to
quadrupole (the term multiplied by J%’*) and spin (the term
multiplied by Sg) moments of the extended and rotating
Earth, as well as terms due to tidal gravity of external
bodies of the Solar System that are present in the GCRS.

C. Estimating the magnitudes of various terms

We can now evaluate the magnitudes of the terms
involved in Eq. (26) in the context of the GRACE-FO
mission, which will help us to simplify this general
expression for the relativistic phase in GCRS. To do this,
we consider a signal propagating between the two space-
craft GRACE-FO-A and GRACE-FO-B that follow
two worldlines, x,(¢) and xg(z), correspondingly. The
signal transmission begins at spacecraft A at geocentric

|

@(tg.Xp) = @y + ko <C(fB —t5) — k- (Xg —Xy)

c? ra + 18 — Rag

coordinates (ct,, X, ). The signal is received by spacecraft
B at (ctg,xg). To describe the relevant geometry we
introduce the geocentric Euclidean vector between the
two events, R g = Xg — X,, the distance between them,
R = |Rag|, and the unit vector in the direction between
them, Nog = Rp/Rag. Geocentric positions of the space-
craft are described by familiar quantities: ny = X, /74,
ng = Xg/rg, Where rp, = |X,|, rg = |Xg|. The unperturbed
direction of the wave propagation along the unit vector
connecting the two points X, (¢) and xg(¢) and defined by
Eq. (15) is given by k = Nug + O(G). Using these
definitions we establish the following exact relation [6]:

rB+k'XB_rA+rB+RAB
rA+k'XA rA—l—rB—RAB'

27

As a result, the expression for the phase (26) at point
(ctg, xg) with (ctg,Xg) = (cta,X,) has the form

ng ny

_2GME In rA+rB+RAB +l K- SEX _
C VB+k'XB rA+k'XA

1 Yer + 15: 5 )

(nac + ko) (nay + kz)

1 |:(nBe + k) (ng, + k;)

6 (rg + k - xp)?

=S GM v + 3nppelipe)

2 3
s 2c "B

We can now estimate the sizes of the terms involved in
(28). We assume that both GRACE-FO spacecraft follow
identical, nearly circular orbits with e = 0.001 and other
mission parameters summarized in Table I. Although the
actual spacecraft orbits are not going to be identical
(primarily due to launch vehicle orbit insertion errors,
actual behavior of the spacecraft, etc.), we will use

g (rg + K- Xp)

2
RaB <x§x’}x + xpx + _RGABR;I%B>) + O(G?).

L Yoy + nacna; } Jei}

(ra+k-x4)>  ra(ra+k-xy)]°F

3 (28)

|
these values to evaluate the order of the terms in the
model (28).

We start with the Shapiro term. Assuming the instanta-
neous range between the two spacecraft dyg = 270 km, a
spacecraft attitude h; = 450 km, and defining spacecraft’s
semimajor axis a = Rg + hg, with Rg = 6371 km, being
the Earth’s radius, this term evaluates to
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ZGME1n|:rA + rg +RAB:|
2 ra + 7 — Rap

c

2GMg d
(r+1) = E “AB

~
~

(1 4 ecoswgt)

(29)

] — N =

(y+1)-351.2 yum + 0.351 pm - cos wgt,

where @ is the mean orbital frequency of the GRACE-FO
configuration. Note that in (29) we have reinstated the
Eddington parameter y (see details in [16]). If we were to
compute this term without making use of the small
parameter dag/a in the approximation, we would get a
result that is slightly higher at 376.5 ym. This estimate
suggests that, should GRACE-FO be able to achieve an
absolute range accuracy at the order of 1 nm, this mission
could yield a new estimate of y with an accuracy of
6, =53 x 107%, which is an improvement by a factor

0172 5 over the current best value of 6, = (2.1 £2.3) x 107>
reported by the Cassini mission [17] (also see discussion in
[18]). Given the anticipated range accuracy of 1 nm, clearly
the Shapiro relativistic delay term is quite significant and
must be kept in the model for GRACE-FO observables.

1 vt npeng;  (nac + ko) (nas £ k)

PHYSICAL REVIEW D 89, 105029 (2014)

At the same time, for the chosen GRACE-FO orbits, the
largest contribution of the Shapiro effect is constant and,
most likely, it will be absorbed into other constant terms
without affecting the science data analysis.

Next, we look at the second contribution to the
delay, which is due to the Earth’s rotation. Assuming the
Earth’s spin moment to be that of a rigidly rotating sphere
of uniform density, we arrive at the value of MySgy =
I MpwgRS, = 7.05 x 10 kgm?/s, which allows us to
evaluate this term to

2G1;4E K- SEX ng _ ny
c rgt+Kk-xg ratk-xy

(k-85 x my ) 222

2GMj,
C3
=2x 10710 m,

~

(30)

which is negligible for GRACE-FO and can be omitted
from the model.

The third term in (28) is the contribution to the delay due
to the quadrupole moment, Ad;,, given as

L Yoy + nacha;

Ad), = — GMg [(”Be + ke)(np; + ky)

3C2 (rB+k‘XB)2

rg (I"B +k'XB)

_Z(VA‘Fk'XA)

€A
i kox) ]JE. (31

From (15) we have xg = x5 + kc(tg — t4) + O(G) = x4 + kRsg + O(G). Thus, Eq. (31) can be approximated in terms

of the small parameter R p/r, as

GMg J¢ R 3 R R3
Ad;, = 3C2Eé {(76/1 + 3npcnay) %AB B [(Yer + Snacnan) (K -my) — npck; — nagk] r%AB} + 0(%‘;) (32)

To estimate the magnitudes of the terms in Eq. (32), we introduce a convenient quantity j& = J&/(3R%J,g), which

essentially represents the components of the Earth’s quadrupole tensor (20), normalized to the Earth’s oblateness,
Jag = 1.08263 x 1073, Such a definition implies ||j¢|| = 1. Next, accounting for the expected orbital parameters of the
GRACE-FO mission and taking Rxp = |Xg(15) — X (74)| = dag (1) + O(c™!), we estimate the magnitudes of both terms:

GM¢g dxp REJT 3 d .
2 . %69—22@ {(7’6/1 + 3npcnay) — 2 [(Yer + Snacnan) (K -my) — nack; —npzk] %}J?f

~ 1.66 X 1077 m- (YGA + ?)I’lAel”lAll)‘]']%}L =+ 9.85 x 1079 m - (nAekl + nA,lke)j]%’{,

Ad]z ~

(33)

where we used (D18) and (D11) to estimate (k - ny) = (nap - ny) = dag/2a + O(e) = 0.02. Thus, even the term of the
second order in dag/a in the quadrupole contribution to the delay is large enough to be observable by GRACE-FO.
Finally, we evaluate the contribution of the external gravity given by the last term in Eq. (28):

GMy ye) + 3npgcnpe; ¢ e 20
Z ¢ < PELR & xBxg+xﬂBxA+§RABRgB

bE 2¢? Tie
GM dagrs  2GM,, daga® 2GM,, dupd?
o ST Bluyeny)? — 1) ABA T EARE | SPO CABL _941x 107 m 4 LI1x 107 m. (34)
b € g c FoE c IoE
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Clearly, the tidal contributions to the delay due to the Moon and the Sun are very small; contributions from other bodies of
the Solar System (i.e., Mars, Jupiter) are even smaller. Therefore, the entire contribution to light propagation due to the
gravity of external bodies may be omitted.

D. General relativistic phase model for GRACE-FO

The evaluations conducted in the preceding section allowed us to neglect the contributions due to the spin moment and
tidal gravity in Eq. (28). As a result, the phase of a plane electromagnetic wave in the vicinity of the extended Earth can be
expressed, at the level of accuracy required for the LRI experiment on GRACE-FO (see Sec. II C), as

ZGME r+k-x
(1. %) =¢o+ko<6(t—fo)—k'(x_"0)_ 2 {m{ro—i-k-x(l

Lya+neny  (noe + ke)(noy + k3)

1 {(”e + k) (n; + k)

"6 (r+k-x)?

which is accurate up to O(0.2 nm). By dropping subscripts
A and B and reinstating (o, Xo = X((fp)) and (¢, x) in (35),
we return to a generic form of the expression for ¢(z, x).
This form is more convenient for the purpose of inves-
tigating the physical properties of the eikonal, aiming at a
formulation of the LRI observables of the GRACE-FO.
It is instructional to present Eq. (35) in the following
equivalent from:
|

R (X, X) :k.(x_xo)+2GME{ln{ r+k-x}

r(r+k-x)

1ya+ ”06”0/1}]%,1}) (35)

(ro+k-xo)>  ro(ro+k %)

@(t,x) = @y + ko(c(t — tg) — R(x0(to), x(1))),  (36)

where we introduced R (X, X), which is the total distance
traveled by light between the instant of emission 7, and
arbitrary instant ¢. At the level of accuracy appropriate for
GRACE-FO, Eq. (35) yields the following form of this
function:

C2 r0+k * X
_l (ne + ke)(”l =+ k/l) l Vea + nen; . (n0€ + ks)(n()/l + k/l) _
6 (r+k-x)? r(r+k-x) (ro + k - x¢)? ro (ro + K - Xg)

It does not depend on the wave’s frequency and is
determined solely by the geometry of the problem.
Clearly, R(xg,Xy) =0. The complete form of this
quantity is easily recovered from Eq. (26). In the general
case, in addition to the Euclidean distance R = k-
(x — xq) traversed by the signal between the two points,
the total path R includes several important general
relativistic contributions, namely, those due to the
monopole, quadrupole, and spin induced gravitational
fields of the extended Earth and also tidal gravity terms
induced by the external bodies.

Along the four-dimensional path of a ray of light
(a null geodesic in empty space), the phase always
stays constant and equal to its initial value at the time
of emission. By equating the phase (36) [or, in a
more general case, (26)] at two events—the signal’s
emission at the point (7o, X() and at an arbitrary event on
the light part with coordinates (z,X)—we can write
@(to.X0) =po=¢(1.X)=po+ko(c(1—19) =R (xo(t0).X(1)))
and recover the light-cone equation synchronizing the
events for the signal moving through a stationary
spacetime:

|
c(t—19) = R(Xo(to). X(1)). (38)

Note that in the post-Newtonian approximation of the
general theory of relativity, Eq. (38) is exact and, as
such, it is valid to all orders of the gravitational constant
G. Equations (37) and (38) are the post-Minkowskian
representation of the light cone [6] corresponding to the
Green’s function solution of the linearized homogeneous
equations of the general theory of relativity for light
propagation in the appropriate order. Any dependence
on G comes only via the geodesic distance R traveled
by a ray of light, which, with the accuracy sufficient to
analyze GRACE-FO, is given by (37).

III. LASER RANGING INTERFEROMETRIC
OBSERVABLES FOR GRACE-FO

There are two types of data analysis that may be realized
on GRACE-FO. The preferred LRI operating mode relies
on a two-way configuration, in which the original signal
sent by the first spacecraft is retransmitted by an active
transponder onboard the second spacecraft, to be ultimately
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received again on the first spacecraft. An alternative, which
will be considered especially if coherent retransmission
cannot be achieved reliably, may be to utilize dual one-way
range (see discussion in [19] in the context of the GRAIL
mission). The present section discusses the LRI operating
mode in detail; the DOWR mode, which relies on precision
timing and post-processing, is discussed in Sec. IV below.

A. Relativistic clock synchronization
and the geodesic signal path

In the LRI operating mode, the interferometer onboard
the first spacecraft compares the phase of the onboard laser
oscillator to that of a signal received from the transponder
on the second spacecraft. That transponder coherently
retransmits a signal that was originally sent by the first
spacecraft. The interferometer produces the phase differ-
ence and frequency observables from which the range and
range rate between the two spacecraft are deduced. These
time series of phase and frequency values constitute the set
of LRI observables of GRACE-FO [1,2].

To formulate a model for LRI observables, we consider a
situation when a laser transponder system on spacecraft A,
moving on a worldline x,(#), sends a continuous laser

|

PHYSICAL REVIEW D 89, 105029 (2014)

signal towards spacecraft B, which is then retransmitted by
spacecraft B to be received by spacecraft A (as shown in
Fig. 1). In the rest of this section, we shall use the shorthand
Xa1 = Xa(#1), Xy = Xg(#2), and X553 = X4 (#3) to indicate
the events of original transmission, retransmission by the B
transponder, and final reception by the A spacecraft, with
corresponding subscript notation for the quantities r, n,
and n“.

At the instant of reception on spacecraft B during
the forward trip, from Eq. (36) the signal’s phase is
characterized as

2r dzp
1, = 1, — —
@(tr. Xp2) = (11, Xp1) + CfA0<dt>[l

X (c(ty —11) — Rap(Xa1.Xp2)). (39)

where f,( is the proper frequency of the transmitter on
spacecraft A, while f, = fao(dza/dt), is its coordinate
frequency, as measured at the time of the signal’s emission,
t;. We consider ¢(#;,X,;) to be the phase of the original
transmission. R op is the total geodesic distance traveled by
the signal, which from (37) is determined as

Ras(Xa1,Xp2) = [x(f2) — Xa(f1)] + 2

1 [(npye + k¢)(npo; + k)

1 ye; + npachipas

2GMg {ln |:rAl + g2 + Raip2
rai + g — Raip

(nare +ke) (a1 + k)

6 (rga + K - xpy)?

B
Ts i
) t,
,/ \\ XB(t)
e N\
/ \
A 7 \
/3\// \
TA tl \\
Xa(t) \; A3
t3
GCRS

FIG. 1 (color online). Timing events on GRACE-FO: Depicted
(not to scale) are the trajectories of the GRACE-FO-A and
GRACE-FO-B spacecraft with corresponding proper times 7,
and 7g and with three events in the GCRS, corresponding to
signal transmission at X (7,), coherent retransmission by the B
spacecraft transponder at xg(#,), and final reception at x,(#3).

E(FBZ'i'k'XBZ) B

1 yg A+ naenan el
(ra; + k- x4p)? Far (Far + K -Xa1) ’
Al Al NN Al

(40)

The phase of the signal does not change along the signal’s
worldline: ¢(7,,Xgy) = @(t;,X;). From (39) we get

t—t; = ¢ 'Rap(xa(1), xp(12)), (41)

which is the equation for the coordinate time transfer
between the time of emission #; and time of reception #,.

The transponder on spacecraft B responds with a phase
coherent retransmission of a signal, which is then received
onboard spacecraft A at t;. At this point, using Eq. (36), the
retransmitted signal is characterized as

2w dr,
@(t3,Xa3) = @(t2, Xp2) + 7fBO (7?) i

X (c(t3 — 1) — Rpa(Xp2. Xa3)), (42)

where fg = fgo(drg/dt),, is its coordinate frequency at
the moment ¢, of the signal’s coherent retransmission and
¢(t,, Xp,) is the phase at this moment. Ry, is the total one-
way distance of the return path, given by
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Rpa(Xp2,Xa3) = [Xa(13) —xp(12)] + 2

1 (nA3€ - ke)(”A3/1 - k/l)

2GMy {ln [rA3 + rgs> + Rpaaz
ra3 + g2 — Rpoaz

1 yatnaenasn  (npoe —ke) (g —ky) 1 v+ npacnpy

6 (”As —k'XA3)2

where we accounted for the fact that during the return trip
the wave vector points in the opposite direction, k — —k.
Using (42) and the fact that ¢(f,,Xpy) = @(13,X,3), the
coordinate time transfer between ¢, and #; is given by

13—ty = ¢ 'Rpa(xp(12). Xa(13)). (44)

We observe that, although events of the original signal
emission at #; and its ultimate reception at ¢5 are not directly
connected by a light cone, we nevertheless may compute
the total time elapsed between the two events (as was first
observed in [8]). Indeed, with the help of Egs. (41) and (44)
we have

t1=t3—c (Rap(xa(t1).Xp(12)) + Rpa(Xp(12).X4(13))).
45)

Thus, the total coordinate time elapsed between the two
events is fully determined by the geocentric positions of
the two spacecraft at various specific instances along the
two-way light path.

B. The interspacecraft interferometric observables

The GRACE-FO LRI observable is formed on spacecraft
A after a coherent retransmission of a signal originally
transmitted by A is received onboard the A spacecraft and
compared to the onboard laser oscillator. A coherent
retransmission of the signal at B, implies a return signal
originating at xg, with phase ¢(#,,Xg,) = @(f;,X41), tO
be received at x,3 with phase ¢(f3,Xx3) = @(t, Xg2)-
A phase observable is formulated by taking the difference
between the received signal at x,3 and the phase of
the local oscillator onboard spacecraft A at 3, that is,
8¢ = @(t3,Xa3) — (11, Xa1)-

To describe the LRI observables, first consider an
oscillator with proper frequency f,, located at a moving
point A, that generates a signal with frequency fao(74;) at
proper time 7,; measured along the worldline x, of the
oscillator (see Fig. 1). This signal is transmitted from point
A and received at point B,, at proper time zg, taken along
the worldline xg(7). The instantaneous phase of the
received signal is compared with the phase of the local
oscillator located at point B,, whose proper frequency at
that instant is fgq(7g,)-

At reception, the measurable quantity is the difference
between the instantaneous phases of the two signals
compared at Xp,. Instrumentally, at xg, one measures
the infinitesimal difference dniy in the received number

a3 (VA3—k'XA3)

Js/l ,
VBz(rsz—k'XBz)] E}
43)

(rBZ —-k- XB2)2

I

of cycles dnB(zg,) originally transmitted at x,; and the
number of the locally generated cycles dng(7g,). This
quantity may be expressed using proper frequencies and the
infinitesimal proper time interval dzg, as

dniy(tp;) = dng(gy) — d”R(TBz)

= fBo(TBz)dTBz - fR(TBz)dTst (46)

where f8 is the proper frequency of the oscillator A as
measured at B.

Assuming that the fractional number of cycles sent from
spacecraft A at proper time 7,;, denoted here as
nay = na(ta;), and received on spacecraft B at proper
time 7g, and denoted as n82 = n& (zp,) are the same, or in
infinitesimal form, dny; = dn%?, we can express the
frequency f8(zp;) via its value fao(za;) at the proper
time 7,; of emission on spacecraft A:

fR(TB2) _ d”iz N

on(TAl) B drg, dny, B drg, .

dTAl

(47)

The infinitesimal difference between the number of cycles
generated locally on spacecraft B and those received from
spacecraft A, as given by Eq. (46), takes the form

dny(tpy) = dng(7py) — dna(Ta1)
= fBo(TBz)dTBz - on(TAl )dTAl

dTAl

= <fBo(TB2) — fao(zar) dr—Bz) drg,. (43)

The laser transponder system at spacecraft B is a phase-
locked transponder capable of locking onto the incoming
signal. It will be able to respond to frequency fluctuations
of the received signal for its subsequent retransmission.
Coherency between the received signal and the local
oscillator implies n}; = const, and, from (48), the fre-
quency of the signal and the infinitesimal number of cycles
received at spacecraft B are given as

dr
fBo(782) :fAO(TAl)FA; and  dng(7py) =dna(za)
B

(49)

However, the transponder on GRACE-FO-B is an offset
phase-locked transponder in which a fixed frequency offset,
folt(zg,), is added to (49) [1,2], so the retransmission will
be done at the shifted frequency
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I8 (82) = fro(TR2) + [ (782). (50)

The introduction of the offset frequency will also affect the
transmitted phase, given here by the number of transmitted
cycles, nf (rg,). Thus, compared to a coherent transmission
where the properties of the transmitted signal are identical
to those of the received signal [as summarized by (49)], the
presence of the offset frequency results in adding to the
infinitesimal number of transmitted cycles a linear ramp
of f%fdeBZ:

dn (tpy) = dng(7p) + f3 (tp2)dTRo. (51

The LRI observable on GRACE-FO is formed by
comparing the properties of the signal generated by the
local oscillator (that is already shifted by the offset
frequency) to those of the incoming signal [2]. As before,
the measurable quantity is the infinitesimal difference in the
number of cycles, dn;(rp,), given as

dnig(tp) = dng(7g2) — dna(tar)

dTAl

= <ftBXo(TB2) — fao(zar) FBZ) drgy.  (52)

This expression represents the beat-note signal measured
by the phase meter on the transponder spacecraft B [20].

Similarly, we develop an expression describing light
propagation from spacecraft B back to spacecraft A, where
it is received at proper time 7,3 and measured with respect
to the local oscillator. In this case the quantity of interest is
the infinitesimal number of cycles dng,, which is given as

dnpa(ta3) = dnp(t43) — dni(7py)
dTBZ

= (on(TAa) _ng(TBZ)dT_M) drpz.  (53)

Substituting the transmitted frequency fg,(7p>), given
by (50), and the number of cycles dn (g, ), given by (51),
in Egs. (52)—(53), we obtain models for the beat-note
signals measured by the phase meters:

dny(tpy) = d(ng(tp2) —na(za1)) + 3 (7p2)dep,

d
= (fBo(TBz) + /3 (zp2) _fAO(TAl)ﬂ> drg;,

dTBZ
(54)
dnga(ta3) = d(na(ta3) — npa(7p2)) — f%ff(TBz)dTBz
= (on(TA3) - (fBo(TBz)
off @
+ /3 (82)) drA3> dtps. (55)

PHYSICAL REVIEW D 89, 105029 (2014)

Equations (54) and (55) represent an important
starting point in the derivation of observational
equations needed to process interferometric data on
GRACE-FO. If one assumes coherent reception and
retransmission on spacecraft B, this mode of operation
leads to the LRI type of observables (which we discuss
in Sec. III C). If no coherent link between the spacecraft
is assumed, the process will depend on the stability of
local oscillators onboard the spacecraft and a phase
reconstruction based, for example, on a high-precision
interpolation of phase measurements [21]. This process
leads to the DOWR type of observables (discussed in
Sec. IV below).

C. Formulating the phase for LRI

For LRI measurements, which are based on the
coherent reception of the signal from spacecraft A
and its retransmission back to the same spacecraft,
the quantity of interest is ng,, which will be provided
by a phase meter on spacecraft A. Coherent operation
of the transponder onboard spacecraft B is captured
by Eq. (49). Substituting these expressions into (54), we
obtain

dng(tp2) = [y (t52)dpo. (56)

Equation (56) describes the phase meter’s signal of the
offset phase-locked transponder [2] on spacecraft B, for
which the laser phase will be controlled by feeding back
the detected signal so that the beat-note phase on the
transponder spacecraft, nXg(7g;), is driven to follow a
linear ramp, i.e. f3T(zp,)7p,-

The right-hand side of (55), together with the conditions
(49) of coherent reception, yields

dnga(Ta3)

- (on(TA3) — fao(tar)

dTAl

i drgy
— folf(z >d’c ,
B ( B2>dTA3 A3

(7

dTA3

which describes the phase of the beat note on the phase
meter on spacecraft A—our signal of interest for LRI

To develop Eq. (57) further, we use the differential
equation that relates the rate of the spacecraft proper
times, 7, and 7, as measured by an onboard clock in
Earth’s orbit, to the time in GCRS, denoted here as ¢ (see
Ref. [4]), as

dr 1 [v2

d—tA =1 _? |:?A + UE(yA):| -+ O(C_4) and

dr 1 [v2

7;3 =1-5 [73 + UE(yB)} +O(c™). (58)
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Using (dr,/dt), to mean the value of the expression (58) at
t=1t;(i=1,3), we have

dTA dTA
= (ZA) ary, deas = (T2 d, d
( dt )tl : A3 < dt )t3 ’ o

(59)

where the instances of coordinate time #; and 5, corre-
sponding to the events of the signal’s emission and its
ultimate reception by the same spacecraft, are not inde-
pendent and are related by (45). Similarly, ¢, and t; are
related by (44). Therefore, the ratio of proper times in (57)
may be expressed via the ratio of their coordinate counter-
parts as

diar _ (dra) (dea)7Hdn
dTA3 N dt 1 dt f dt3

drsy _ (des) (dea)~hdny
dTA3 B dt I dt f dt3 ’

and

(60)

PHYSICAL REVIEW D 89, 105029 (2014)
As a result, Eq. (57) takes the form

d dea\~'d
dnga(7a3) = (on(TA3)—fA0(7Al)<$> (6;?) 72

drt drpy\~ldt

off B A 2
_ Z'B =tA 22 ) drsa.
/B (TBZ)< ”>t2< Yt>,3 !t3) TA3

Using (44) and (45) we have the following exact
expression for the ratio of coordinate times present in this
equation:

(61)

dt 1d

d_t;: —Ed—tS[RAB(XAhXBz) + Rpa(Xp2:Xa3)],  (62)
dt 1d
d_tj =1 _Ed_t3 [RBA(XBZ:XA3)}' (63)

The results given by Egs. (62) and (63) allow us to
present (61), describing the infinitesimal difference
between the number of cycles coherently retransmitted
from B and received at spacecraft A, and the number of
cycles generated by the oscillator onboard spacecraft A, as

_1 -1
dnga(ta3) = ( A0(7a3) _fAO(TAl)<ddT?> <ddT:> _fOBff(TBZ)<a;ZS) (ddT?>

1 d d
=+ EfAO(TAl) <%> , <%>

1 dr dr
L roff B A
+CfB (TBZ)(dt>[2<dt>

The resulting expression is valid for arbitrary trajectories of
spacecraft A and B. Although (64) contains all three values
of time, 1, t,, 13, any two of these values are determined by
the third. The logic of the LRI measurements dictates that it
is t3, the instant of signal reception back at spacecraft A,
that should be treated as an independent variable. The
values of #; and 7, may be explicitly expressed via t; as
t1(t3) and #,(t3) by applying the transformations (40), (41),
and (43), (44). Furthermore, Eqgs. (58) and (59) relate the
coordinate time 73 to the proper time 7,3 and can be
integrated to determine #3 = #3(7,3) and vice versa.
Substituting (49) in the left-hand side of (55), this
quantity may be expressed in infinitesimal form as

dnga(taz) = d(na(taz) — na(zar)) — f%ff(TBz)dTBz-
(65)

The first two terms in (65) represent the infinitesimal
difference between the number of cycles generated locally
at spacecraft A, ny(z53) at proper time 7,3, and received

I3

—1 d
,
1 d
13 dt3

[Rag(Xa1.Xp2) + Rpa(Xp2. Xa3)]

[Rea(Xg2, XA3)]) dzps. (64)

|
cycles ny(zo;) that were originally generated by the same
oscillator at proper time 7,;.

The GRACE-FO optical transponder experiment uses
a continuous signal. The onboard optical interferometer
is designed to track the instantaneous phase of the
received signal. Information on the phase of the received
signal and its rate of change (and the associated range
and range rate) is used to address the GRACE-FO
science objectives.

To capture this logic of the LRI measurements, we now
treat 7,3, Ty, and 7, as continuous variables, allowing us
to formally integrate Eq. (65). This yields, up to an arbitrary
integration constant that represents the combined phases
of the transmitter, receiver, and offset generator at the
beginning of the integration interval, the expression

A€0(7A3) = 2”/dnBA

= @(tp3) — @(za1) — 27f (2p2) R0 (66)
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The quantity A@(za3) is one of the LRI observables on
GRACE-FO formed at spacecraft A. It compares the phase
of the local oscillator on spacecraft A, denoted here by
@ (7a3), with itself but taken a round-trip light time earlier,
@a(ta1) = @a(ta3 — 2¢ 7' pap(7a3)), While applying a lin-
ear phase ramp 2714 (z,)7p, due to the offset frequency.

|

Ap(753)

PHYSICAL REVIEW D 89, 105029 (2014)

To investigate how A@(743) evolves with time, we use
(64). This integral expresses the cumulative difference
over an arbitrary interval of time in the cycle count
between the oscillator onboard spacecraft A and the
two-way return signal received from spacecraft B,
yielding Ag/2x:

ol ] Aoms)—on(rAl)(%)h (%) — (e >(dd—f> (%)1}13

1 d dra\ 7! - . d dra\ 1.
v ot () (Ge) oant) + Roa(t) + e (G2) (G2) Foma(8 s, 60

where the geodesic distances Rg(#3) =

Rag(Xa1(#3), Xg2(23)) and R (13) =

Rpa(Xp2(t3), Xa3(t3)) are expressed via #

and are presented by (B7) and (B3) for R,g(#3) and (B5) for Ry, (#3), correspondingly. The overdot in Rp(#;) and

Rga(t3) denotes differentiation with respect to f3.

To evaluate the first two terms in square brackets of the first integral of (67), we present them equivalently:

rotess) = ralenn) () (G = Frotews) = ratenn) + falenn) |1 = (G2) (G2) 7] @

The difference faq(7a3) — fao(ra1) on the right-hand
side of (68) depends on the laser frequency stabilization on
spacecraft A. The anticipated frequency fluctuations

8f a0 = fao(tas) = fao(tar) = FaoAza + O(A7}) are of
the order of fao/fao = faoATa/fao <2 x 1071,
Therefore, during a round-trip transit time of

2dpg/c = 1.8 ms, this term will contribute less than
1 nm to the range error. Expecting that the frequency
stabilization goal will be achieved, the first two terms on

the right-hand side of (68) may be omitted.
We evaluate the third term on the right-hand side of (68)
using the orbital configuration chosen for GRACE-FO. To
|

2dag - AGM

C3 02

i[5, om
dt ra

which is equivalent to a contribution of ~7.1 x 10713

GM dsy

do this, we can estimate the first ratio in (60). Thus, using
(58) we have

dTA dTA -1 1d V12\
TN (Y = S A L gy | Ar
(dz),l(dr>[3 +c%lz{z * Ur(ya) |Afis

- O(AR,, ), (69)

where At,; = t; — t,. The magnitude of the 1/c? term here
can be easily evaluated using Eq. (D6). Thus, for a round-
trip time of transmission between the two spacecraft
At3 ~2dag/c, this term has the magnitude

—esinwgt = 2.6 x 1078 - sinwgt, (70)
c

m to the round-trip travel and is clearly negligible for GRACE-FO.

Similarly we evaluate the third term in the square brackets of the first integral of (67). Using the anticipated similarity of
the orbits of the two GRACE-FO spacecraft, we evaluate the ratio involving the proper times as

dTB dTA -1 11
it 2} A —1==|=(v?2 —
<dl),2(dt)13 c? |:2<VB

_2GM dyg

2 d>

As we shall see below, in equations that model observables
this term will always appear multiplied by the small factor

£/ fag =213 x 1078, where f9T =6 x 10° Hz is the
offset frequency [1] and f,o = 2.82 x 10'* Hz, which
is set by the operating wavelength 1,7 = 1064 nm.

vi) + Ug(ys)

—Ug(ya)| +0(c™)

esinwgt = 5.2 x 1071 - sin wgt. (71)

|
Consequently, we will omit terms containing the left side
of Eq. (71).

Therefore, accounting for (68)—(71) and treating the

frequencies fao(ta3) = fao and f3T(zg,) = f9T as con-
stant, the phase difference (67), formed between the phase
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of the coherently retransmitted light completing its two-
way round-trip and the phase of the local oscillator at the
moment of reception, may be given by the following
expression:

M _ %/‘Oms [on(RAB(tg) + RBA(%))

2 -
+ f3 Rpa(t5)]dras — & (1a3 — 1%5). (72)

We can now introduce the intersatellite range pp(?):

(Rag(13) + Rpalts))
%ff

+ ==

2f a0+ 132

N[ =

pas(t3) =
(Rea(t3) — Rag(ts)), (73)

where Rap(73) = Rap(#;) is taken at a delayed time given
as ty =1 =13 — ¢ "Rpa(ts), in accordance with (B4).
The first term in (73) is the geometric range between the
two spacecraft, p%;(#3), which is defined using (45) as

Pp(t) =5c(s—1)

[Ra(Xa1,Xp2) + Rpa(Xp2, Xa3)],  (74)

N = DN =

where R g (Xa1, Xpo) and Rpa (Xpa, Xa3) are expressed as
functions of time #5. The second term in (73) is a correction
to the physical range between the two spacecraft due to the
fact that the frequency of the signal that will be used to
measure the one-way range R, is higher by £3T compared
to the frequency that will be used to measure R . It is also
convenient to introduce the intersatellite range rate

pag(ts) = dpag(t3)/dts:

(Rag(t3) + Rpal(ts))

off

1. .
—2fAOj_f0ff§(RBA(fs) —Rag(t3)). (75)
B

pas(t3) =

N[ =

+

Substituting (75) into (72), we can present one of the LRI
observables, the phase difference, as

Ap(tas) 1 ™
s o (2f a0 + 131 " Pag(13)dT)s

— [ (ta3 — 1%5). (76)

The primary LRI observable on GRACE-FO is the
fractional number of cycles received at spacecraft A per
unit of proper time 743 (as opposed to the absolute number
of cycles [2]). This quantity can be developed by differ-
entiating (76) with respect to proper time dr,z, which
results in the following:

PHYSICAL REVIEW D 89, 105029 (2014)

dA(ﬂ(T 3) 1 o . .
i) = f s+ " own(0s) = fi. (T)

where the range rate pag(t3) = pap(13(7a3)) is given by
(75), with 13 = 13(7,3) determined with (58).

In addition to phase and phase rate observables,
LRI data will be used to numerically compute phase
rate fluctuations. A model for this quantity may be
developed by differentiating (77) with respect to the proper
time 7a3:

LA 1 NE
& A(7p3) _ (2fA0+f°B“)<TA> Pas(t3),  (78)

2rdra, c dt

where, similarly to Egs. (74)—(75), the range acceleration
Pas(tz) = d’pap(t3)/dt3 may be computed from (73).

D. Phase difference observable and associated range

As we saw in the preceding sections, the instances
of time corresponding to the events of emission,
retransmission, and reception on GRACE-FO are not
independent and are linked by the light-cone equations.
Given an instant of reception 73, we can reconstruct the
corresponding instances of retransmission (#,) and original
transmission (#). This is done by using light-cone equa-
tions discussed in Sec. III A and with the help of instanta-
neous positions for both spacecraft, x,(#3) and xg(#3). In
other words, we can express #, and #; as functions of the
final time of reception #3: 1, = t,(#3) and #; = 1,(t3).

As a result, using (76), we present the observable phase
difference Ag(7,3), which is the difference between the
phase of the coherently retransmitted signal completing its
two-way round-trip and the phase of the local oscillator,
relating this differential quantity to the intersatellite range

PaB as

c Ap(t o
[ (7a3) +fof(TA3 - 7%3)

2f a0+ /Y| 27

TA3
:/0 Pas(13)dT)s, (79)

A3

with the proper time 7, related to GCRS time ¢ via (58).
The integral in (79) depends on the coordinate-to-proper
time conversion and may be evaluated as

TA3 I3, d’L’ﬁﬁ
Zo pAB(Ig)dT;B:/tg pAB(tg)<dl/3 dr;

A3

= pas(13) — pas(83)

3, dr’
o] (45 o

’ (80)
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where the instantaneous range p,p () is given by (82). Using (D1), (D2), and (D13), we evaluate the integrand in the
expression on the right-hand side of (80) as

2
pan(0)| (52) = 1] = = g van) |2+ Ul = =5 (F2E) 08 (ccosp 1] sing+ 00 )

dt a a

= 0.3 nm/s - cos wgt + 0.8 pm/s - sin 2wgt + O(e?). (81)

The magnitude of the largest term here is almost 0.3 nm/s; it comes at the orbital frequency, and thus, after a sufficiently
long integration, it may contribute to the science measurements of GRACE-FO. Therefore, we advocate to keep the term on
the right-hand side of (79) in the integral form.

To develop an analytical expression for the physical intersatellite range (73), we start from the geometric range which s given
by (74). The optical path length R o5 (#3) as a function of 5 is presented by (B3) and (B7), whereas Ry (#3) is given by (B5).
Assuming thatthe quadrupole moment does notchange during the round-trip light transit time, the geometric intersatellite range
(74) has the form

xa(1)]) + GME K"As + Ipa +RB2A3> (”Al + g2 +RA1B2>i|
rasz + gy — Rpoas/ \ra1 + rs2 — Raim

GMg { [(”Aae —k)(masa—k;) | 1 ve+nasenass  (nae — ko) —k;) 1 ye) + npaenpy

Pa(12) = 5 (% (1) = xa(12)| + [xa ) ~

- 6¢? (rA3_k’XA3)2 a3 (raz — K - Xu3) (rBZ_k'XBZ)2 g2 (rg2 — K - Xpp)
(npae +ke)(npoa + k3) 1 yer+ npaenpay  (are +k)(nan+ k) 1 ya +naiena }]é‘i} (82)
(rga + k- Xp))? g2 (rp2 + K - Xpy) (ra; + k- xa)? rar (rar +k-xap)] F f7

where we neglected the terms that are O(c™>) and also those that are below 0.1 nm in range for GRACE-FO.
We use (B2)—(B5) to express the Euclidean distances traveled by light as functions of geocentric time with 73 = ¢, while
t; = t,(¢) and 1, = 1,(¢), as given below:

1
§(|XA(f3) —Xg(t)| + [xp(t2) — xa(11)])
1 d
=dag — p (dap - Vag) + 2%1]23 (Vig + Va + (nap - Vp)? + (dag - (axg —24))) + O(c . G), (83)

where all the terms on the right-hand side are taken at time #; = ¢. Expressing the remaining GM§/c? terms in Eq. (82) also
as functions of 73, and neglecting O(1/c?) contributions, with the help of result (83) we can present an expression for the
range pp given by (82) in the following form:

1 d
,09\13(13) =dp — ;(dAB “Vag) + 2A]23 (VAB + VA + (nap - vg)? + (dag - (aap — a4)))

2GM d GM
" zEln ratrg tdag| 2E ”ge_”ge k; + 1;1_”;;“1 k. bJe
C rA+rB—dAB 3¢ s s s s

G6 > dAB{(m + 2keky) (%—F%) + 3”3;"“ 3’“‘”’”} J¢ +0(0.5 nm). (84)
B A
[
To further simplify the expression for the quadrupole 1 GM 3y
term in (84), we took into account Eq. (D18), which E(dAB “Vpg) = _; TTesma)Gt
allowed us to introduce the following approximation: ~—272.6 um - sin wgt. (85)

(k-xp) = (nap - Xo) = —3dag + O(e). The size of the
error term of O(0.5 nm) in (84) is determined by the  In addition to the once-per-orbit (1/rev) periodic term,

omitted quadrupole terms as a result of this approximation. ~ Eq. (85) also contributes periodic terms up to the ~e* order
We can now estimate the sizes of the terms involved. which will bring 2/rev and 3/rev terms that are important to
Using (D15), the second term in (84) can be estimated: the GRACE-FO science data analysis.
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The combination of the terms in Eq. (84),

das d
2¢% dt

dAB

F (dAB : VAB)

(Vig + (dap - axp)) =

=138 x 1071 m - cos wgt,
(86)

can be evaluated using (85) and (D3). This combination of
terms is too small to be accounted for in the range model.

Next, we look at the remaining 1/c? terms in (84) and
evaluate them:

d
iy ~ (dap - a4)

GMg dg GMg d3y
=2 7(1+2ecostZ)+ 2 A
=1.76 x 107* m + 3.51 x 1077 m - cos wg?
+6.88 x 1078 m. 8&7)

(Vi + (45 - vp)?

Therefore, all of these terms should be included in the range
model that is accurate to 1 nm.

The Shapiro term in (84) was already evaluated in (29)
and, with a magnitude of 376.5 um, it must be accounted
for. A periodic contribution from the Shapiro term appears
because of the eccentricity. As such, it comes at the orbital
frequency and was estimated to be 0.377 um - cos wgt,
which is significant.

The first among the quadrupole terms in (84), which is
antisymmetric under the exchange of A and B, can be
estimated as

pag(t) = dag ——

GM B . d
- (B -+ (- - T
3¢ s A s s 2

off 1
- —2fA0 j_ fOffE (dAB . VA) + 0(05 nm),
B

where all the quantities involved are functions of the GCRS
time ¢ (where we set #; = t). With an ultimate precision of
0.5 nm, the model for the LRI-enabled range given in
Eq. (90) accounts for all the terms that one needs to include
in order to develop a model for the range observable for
GRACE-FO measurements accurate to 1 nm.

Equation (79), together with the expression for the modeled
range (90), is the equation needed for processing the LRI-
enabled phase difference observable on GRACE-FO.

—(dpg-ay)) +—

PHYSICAL REVIEW D 89, 105029 (2014)

GM
-3 2E{<n2€_nA€)ki+ (@—n—y)ke}fﬁi
C s I”A I"B rA

2
) aABReaJ2®| |J ||

_2GMgd
2 E ;;B R%J, =3.32x 1077 m (88)

The second quadrupole term, symmetric under the
exchange of A and B, is evaluated to be nearly of the
same size as the first one, ~4.98 x 10~7 m. The periodic
terms in the quadrupole contribution are further reduced by
the eccentricity down to ~5 x 1071 m, have 1/rev perio-
dicity, and are omitted here. Thus, both of these terms
should be present in the 1 nm range model.

To develop the second term in (72), we observe that its
contribution will be reduced by the small factor of
(fSf/4fr0) = 5.3 x 1077, which determines the size of
the terms that we would need to keep in Rga (1) — Rap(?).
Using (B7), (B3), and (B5), to sufficient accuracy we have
that

off 1
zfiifoffg(RBA(I) — Rag(1))
foff 1 foff 1
2onC( AB *VA) = 2on0“ p AB = nm.
(39)
Thus, this constant term deserves to be in the

range model.
Substituting the results obtained in Eq. (73), we can
present the intersatellite range in the form

ra+rg —dag

2GME1n|:rA + rg +dAB:|
c

3ngcng,

1 1 3”A”M
2k k) | =+ — g Jg
(i (G ) o2 2

(90)

E. Phase rate observable and associated range rate

The phase rate observable at spacecraft A is obtained by
differentiating the interferometric phase difference observ-
able with respect to the proper time at the moment of signal
reception, as given in Eq. (77). We can use this equation to
solve for the range rate p, allowing us to express this
quantity in terms of the proper time derivative of the phase
difference Ag:
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¢ dAg(7a)
2rdr

2f a0 + [T

PHYSICAL REVIEW D 89, 105029 (2014)

+f°ff} — pas(). o)

To derive an explicit expression for the range rate p,p, we differentiate the range p,p, (90), with respect to time. To the

required 1/c* order, the derivative dpag(7)/dt is obtained as

Pag(t) = (Npp - Vap)

1 1
—;(Vis + (asp - dag)) +2—C2{(Vi — (nap - VB)? —

(dap - @a))(NaB - VaB)

+2(Vag - VB)(Map - V) + dap(2(Va - ax) +2(npp - Vg)(Nap - ap) — (Vap - a5) — (dap - a4))}
y : : off
422]‘/[ [<?riB+ r/;B)) o dAB((nBU:B_i)_ ;ggA VA>)] o 2f a0 lj_ f%ff%((VAB “Va) + (dap - 24))

GME 'U}é 'U,;\ dAB
t32 { (r% s (veuks +73ke) +=3

Note that while evaluating the quadrupole terms in (92),
we omitted the terms that contain a dot product between
a positional unit vector n and a velocity vector V.
According to (D4), the overall contribution of a term
containing such a product is multiplied by the orbital
eccentricity e as (n-v) = |v|e, and thus, it will be e
times smaller than the other terms in that expression.
Recognizing the fact that the quadrupole terms in (92)
are already very small, we therefore omitted those quadru-
pole terms that contain i, = (ny - V4), g = (ng - vg), and
dag = (DaB * VaB)-

As we discussed above, while developing the range
model (90), we omitted several l/rev terms in the
quadrupole contribution. The cumulative effect of these
terms behaves as ~0.5 nm - sin wgt, setting the accuracy
limit for the range model (90). The accuracy of the
range-rate model (92) may be determined directly by
using this quadrupole contribution. To do that, we
differentiate this term with respect to time and observe
that the range-rate model (92) is accurate to ~1 pm/s-
cos wgt, which is sufficient to study the long-term trends
and seasonal variations in the GRACE-FO data. At the
same time, in order to detect gravity variations on short
spatial scales, GRACE-FO will use short data arcs
integrating an interferometric phase over periods of time
|

1 1d GM
——(vip + (apg - dyp)) = __E(VAB dsp) = 272.6 umy/—-cos wgt = 306 nm/s - cos wgt.
c c a’

u
v
(i (Yeultpa + Vaulpe) +

’UH
é (Yeular + n,,nAe)> }ng. (92)

|
of 30-100 sec. Clearly, in this case one does not need
the full precision available in the range-rate model (92);
a simplified version is sufficient. We will develop such a
model below.

We can now evaluate the magnitude of each of the terms
in Eq. (92) using the basic orbital formation parameters for
GRACE-FO. Defining the semimajor axis of GRACE-FO
spacecraft as a = Rg + hg, with hg being the spacecraft
altitude, we see that the first term in (92) can be evaluated
using Egs. (D11) and (D14) as

oM dA

(NAB * Vap) ——esinfizp

=30.3 cm/s -sinwgt + O(e?).  (93)
The magnitude of this term motivates including all terms up
to the ~e* order. As a result, the term (93) will contribute at
several different frequencies ranging from 1 to 4 times the
orbital frequency (or from 1/rev to 4/rev), thereby affecting
the GRACE-FO science program.

Next, to estimate the size of the 1/¢ term, we observe
that this combination represents a full time derivative of
(Vap - dap)/c, the magnitude of which was estimated in
(85). Using this result, we have

(94)

Correspondingly, both of these terms must be accounted for in the range-rate model for GRACE-FO. Also, this term
will likely contribute at 2/rev and maybe even at 3/rev frequencies (especially if there is a small orbit mismatch
between the two spacecraft). This possibility needs further investigation with realistic orbits for GRACE-FO

constellation.

Among the 1/c? terms, there are several that cancel each other at the level of 4 nm/s, ultimately resulting in the following

estimate for the magnitude of this set of terms:
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2%2{("% — (npp - VB)? — (dag - @) (g - Vag) + 2(Vap - VB)(Map - Vp)

+dap(2(Va - ap) +2(nap - VB)(Nap - ap) — (Vap - ap) — (dap - A4))}

2

C a

The Shapiro term in Eq. (92) is evaluated as

= |:<nAB “VaB) _ dag((ma - Va) + (np - vg))

c? [ (ra+rs) (ra+rp)?

1 (GM\34dpg
R—|— P

1 (GM\323d
R —— <—) aAB esinfiag = 0.6 nm/s - sinwgt. 95)

esinfiyg = 0.8 nm/s - sin wgt. (96)

C a

Using Jog ~1x 1073 for the Earth’s quadrupole coefficient and introducing, for convenience, the quantity
j& = Jg/(3J,5R%) < 1, the entire quadrupole contribution in Eq. (92) can be evaluated as

GM v ol 3d o
. {_ (r_3B - r_?> (}/eﬂk/l + }/ﬂuke) + AR <rT?

o
(YeultBr + VaulBe) + r—4A (Yeuhar + hynAe)> }J ¢
A

3c? A A 2
1 /GM\:6d,g R> . .
~ ? (7) aAB a—?JZG;ﬂG SlnﬁAB s lllblG nm/S - SIn wgl. (97)
I
The factor pg introduced in (97) is defined as  omitted. As a result, Eq. (92), the model for the LRI-

Hg = %(@Aﬁekz)jfa'l + (Dacnan)jis with d4g and 9% being
the velocity unit vectors ¥4z = v45/vap and 04 = v4/va,
correspondingly. For the GRACE-FO configuration,
it is estimated that |ug| S % suggesting that, at the
level of precision expected in the GRACE-FO LRI
observable, none of the terms in (97) would contribute
to the range rate.

Finally, the frequency offset term in (92) was evaluated
to make a negligible contribution to the range rate:

off
B

2fno+ i c
of 1 /GM\ d
~ /5 —([==) *2Besin PaB
2fr0c \ a a

=8.2x 107 m/s - sinwgt. 98)

((vag * Va) + (dap - a4))

The contribution of Eq. (98) is clearly insignificant.
However, the contribution of the terms represented by
Egs. (95)—(97) must be treated with care. All these terms
contribute to the range rate at a frequency of 1/rev, and such
contributions are likely absorbed into estimates of non-
gravitational noise, such as solar heating which has similar
periodicity. However, the difference between orbital and
solar heating frequencies (due to the drift of the day-night
terminator line) can introduce a slowly varying unmodeled
residual with an annual frequency; this term can either
mask or enhance estimates of seasonal variability of
components of the Earth’s gravitational field.

Putting these considerations aside, small spatial scale
resolution can be achieved even if the terms in (95)—(97) are

enabled range rate, may be presented in a simplified form:

paB(t) = (Nap - Vap) — % (Vap + (aap - dag))

+ O(0.8 nm/s - sin wgt). (99)

As before, the GCRS time ¢ is expressed via proper time 7
as t = t(z,) using (58). Equation (99) generalizes the usual
Lorentz frequency transformation to the case of accelerated
motion [19]. The first term in the equation above, as shown
by (93), contributes ~30.3 cm/s to the range rate, while
the 1/c term was evaluated in (94) to be ~306 nm/s.
Correspondingly, both of these terms must be accounted for
in the range-rate model for GRACE-FO.

Finally, with the help of Eq. (99), the GRACE-FO LRI
phase rate observable given in Eq. (91) takes the following
form:

c |:dA(p(TA> N Oﬁ}
2f a0+ f3 | 2mdry B

1
= (Npp - Vap) — E(ViB + (asp - dap))

+ O(0.8 nm/s - sinwgt?). (100)
Note that because of the orbital design chosen for the
GRACE-FO constellation, featuring nearly identical space-
craft orbits with a very small orbital eccentricity of
e = 0.001, the range-rate model (100) does not include
contributions from general relativistic terms even as it
accounts for, in the form as presented, all terms larger than
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0.8 nm/s - sinwgt. At the same time, the GRACE-FO
mission objectives include investigation of long-term phe-
nomena in the Earth’s gravity field. Any study of long-term
trends in the GRACE-FO data will require using long data
arcs over several years. For these investigations, one would
have to use the complete range-rate model given by (92),
which is accurate to ~1 pm/s - cos wgt.

F. Phase rate fluctuations and range acceleration

Equation (78) defines fluctuations in the phase rate by
connecting them with the range acceleration jsp(#3) as

2

2 - off ‘ A¢(ZA) <dﬂ> = pas(t), (101
fao+fy 2mdry \ dt

where pap(t3) = d°pag(13)/d is computed from (73).

The analytical form of range acceleration may be computed

directly from (99) [which came from the first two terms in

(90)] by differentiating it with respect to time #:

1
Pa(t) = a(ViB — (np - Vap)® + (dap - 2sp))

- % (2(vap - aaB) + (aap - dap) + (2R - Vap))

+ O(0.7 pm/s? - sinwgt). (102)
The first term in (102) was evaluated with the help of (93)
to be 340 um/s?. Similarly, the second term was evaluated
with the help of (94) to be 343 pm/s?. Thus, both of these
terms must be included in the acceleration model.

As discussed in Sec. III E, while the magnitude of the
remaining error term is small, it is a systematic term with 1/
rev periodicity. As such, while it may be absorbed into
estimates for nongravitational forces, it may be necessary to
account for it fully when long-duration studies of GRACE-
FO LRI data are used to estimate seasonal or annual
variabilities of the Earth’s gravitational field.

IV. PROCESSING INTERFEROMETRIC DATA
USING A DUAL ONE-WAY APPROACH

To provide initial estimates for the GRACE-FO orbit and
interspacecraft separation vector, the mission will rely on a
Ka-band microwave system called the Ka-band ranging
(KBR) system. This system records instances of signal
reception times independently on both spacecraft using
onboard clocks that are synchronized using standard
algorithms [6]. When processed together, these observa-
tions can be used to estimate the DOWR and double one-
way range rate (DOWRR).

Motivated by the possibility that both GRACE-FO
spacecraft will be able to capture high-resolution interfero-
metric data with sufficient precision, we may also consider
utilizing the interferometric data to extract DOWR-style
observables. Such an approach is currently being developed

PHYSICAL REVIEW D 89, 105029 (2014)
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FIG. 2 (color online). Timing events on GRACE-FO for a
DOWR scenario: Depicted (not to scale) are the trajectories of the
GRACE-FO-A and GRACE-FO-B spacecraft with correspond-
ing proper times 7, and rg and with four events in the GCRS,
corresponding to a one-way signal transmission at X (¢,) and its
reception by the B spacecraft at xg(#,) and, similarly, another
one-way signal transmission at xXg(f3) by spacecraft B and
reception of this signal at x,(73).

as a technology demonstration for the Time Delay
Interferometric Ranging (TDIR), proposed for the LISA
mission [21,22]. The difference between the standard two-
way LRI and the DOWR-style range and range-rate
observables must be captured in the corresponding model.
The model may also be used to develop appropriate
instrumentation requirements to enable these observables
for the GRACE-FO mission.

Similarly to the standard LRI operations discussed in
Sec. III B, we model a signal that is transmitted by
spacecraft A at proper time 74; and received by spacecraft
B at proper time 7,, as described by (52) and depicted in
Fig. 2. In this case, the infinitesimal difference between the
number of cycles initially emitted at A and generated
locally at spacecraft B (taking into account that the local
oscillator is ramped by the offset frequency) is given by
(54) as

d
dniip(7e2) = <fBo(TBz) + /3 (782) —on(Tm)%) drg,.
B2
(103)

We no longer assume coherency in the form of Eq. (49):
SfBo(7B2) and fao(za;) are now independent.

To develop the second observable, we assume that
another signal was generated at spacecraft B at proper
time zp,. This signal, consisting of a fractional number of
cycles, dng(zgy ), and combined with the offset frequency,
will be received and recorded at spacecraft A at proper time
Ta3. Similarly to (55), the quantity of interest is the
infinitesimal number of cycles dng,, given as
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anga(n) = (Fro(er)

dtpy
— (fp2(zB2) + f2 (282)) %) dzps.

In the case of (103), the quantity that will be recorded on
spacecraft B is a high-resolution time series of the infini-
tesimal difference in the fractional number of cycles
between cycles generated by the local oscillator at the
moment of reception, ng (7, ), and those originally emitted,
na(za1). Multiplied by 27z, this provides the one-way
phase difference (referenced to a local oscillator onboard
the receiving spacecraft) for the signals traveling from
spacecraft A to B:

1
nip(tp) = o (pp(t82) + 27/ Y (TB2) B2 — @A (7A1))

A(pdowr (TBZ)

o (105)

Similarly, Eq. (104) provides the second observable as

d<A¢d0wr(TB2) N A¢Bowr(TA3))

27 2
-1 dryg 2) dns

= ( A0(7a3) _fAO(TAl)(dstA>1 <ddif>2
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= zi (@al7a3) —

_ ApER(tas)
2 ’

”BA(TAa) @B (TBZ’) - 2”f03ff(TBz’)TBz/)

(106)

The phase differences A@ap(rps) and A@pa(7a3)
will be recorded at spacecraft B and A, respectively, and
will be made available as a high-resolution time
series. Laser frequency stabilization on the order of
8fa0/fao <2 x 1071, combined with millicycle level
phase interpolation (as opposed to a precision timing
implemented for KBR on GRACE and GRAIL missions
[6,23] and a phase interpolation to the level of a microcycle
that is being developed for LISA [21]), may provide the
conditions necessary to process these phase differences in a
DOWR configuration.

Similarly to the development performed in Sec. III B for
LRI observables, we can now develop the DOWR observa-
tional model. We follow the approach presented in [19].
Adding (103) and (104), while using the definitions for the
phase difference observables A@agp(7p;) and A@ga(7a3)
given by (105) and (106), we obtain the following expression:

dr dra\ldr
+ { fBo(7B2) + f(ﬁff(TBz) — [fBo(782) + fOBff(TBz’)] == —A 2 drgy
2! dt dTB2
drp\ (drg\ ' dRg(h) drg drp\ ! dRga(t3)
+ - on( Al)( dt> <Z> Td B2 +— (fBO(TBZ’) + f3 (782)) ar ), \Car ), TdTAs- (107)
|
We used the fact that coordinate times 7; and 7, are ApSyr(z)  ApNT(7)
connected by the light-cone equations (B2) and (B3). d o + o
To connect coordinate times #, and 3, we used the second 1 ) )
pair of light-cone equations, (B4) and (B5), replacing 7, = —(faoRag(?) + (feo + fA)Rpa(t))dz.  (108)
c

Wlth t2/.

Expression (107) describes a generic combination of
the observable phase differences. A model for DOWR
may be obtained simply by assuming in this expression that
the clocks on both spacecraft are synchronized. We can
capture this assumption by equating the appropriate proper
and coordinate times, namely, g, =7p3=7and t, = 13 = 1.
In addition, the fact that GRACE-FO will rely on nearly
identical Keplerian orbits with very small eccentricities also
allows for a simplification. Thus, relying on the results
(69)—(71) and also on the numerical values of the GRACE-
FO mission parameters from Table I, and assuming that
frequency stabilization and phase matching goals are
achieved, we can treat the frequencies fo, fpo and foif
as constants and present (107) in the following form:

The interspacecraft range pd"wr is defined by combining
the one-way ranges in the following manner:

PR (1)

_ % (Rag(1) + Rpa (1))

S0+ /3 — faol

+
Sao+ fro +f°ff2

(Rga(t) — Ras(t))-

(109)

Although the functional form of (109) is similar to that of
(72), the one-way light-travel distances R o5 (7) and Rpa (7)
are taken at the same time 7. This is contrary to (72), where
Rap(t*) is taken at a delayed time of t* = t — ¢~ ' Rga(1).
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Similarly to (73), the first term in (109) is the geometric
DOWR range between the two spacecraft, defined as

PR (1) = L (Rag (1) + Rpa(r)). This quantify has the
form

dowr 0 1 /
P (1) = 5 (1xa(r) = xp(13)[ + [xp (1) = xa(11)])

+2GMEln[rA+rB +dAB:|

c? ra+rg —dag

GME | (ng. nAe N, Naj
32 \\2 T2 )t e e )k
C I’B B VA
d 11
f0m+%h< J
T'a
3ng.n 3np.n
+ Bg Bl + A’; A/1> }J]eil
g I

To develop pd%", we first apply light-cone equations

from Appendix B to estimate the following quantity:

(110)

S (xa) = xa )] + xa(0) — xa(11))
=dap — ZLC(dAB 'VAB)
98B (4, vg) 4 (g va)(mag - v). (111)

202

which is accurate to O(c™3,G). Note that the gravita-
tional contributions to the DOWR and LRI ranges, given
|

A (pdowr( )
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respectively by Eqgs. (90) and (114), are identical. Any
difference would appear at the next level of approxima-
tion, o« G/c?, which is negligible for GRACE-FO.
Similarly to (72), the contribution of the second term
in (109) will be reduced by the small factor of
(ST /4fr0) = 5.3 x 1077, which determines the size of
the terms that we would need to keep in

Rpa(t) — Rap(t). Using (B3) and (B5) and accounting
for the fact that fg~ fpo, to sufficient accuracy we
have that

/8o +f(1§ff—onl(R
fao+ feo+ faF2

off 1
2];A0 (dag - (Va +Vg))

off 1 GMd2
ZJ; % \/ esinﬂAB:1.45pm-sina)Gt.
A0 £C

(112)

Ba(t) — Rag(?))

Therefore, the contribution of the frequency offset to
the DOWR range is negligible, and thus, it may be
omitted.

Finally, after considering all the simplifying assumptions
above, the observational equation to process the DOWR
data with interferometric phase differences, AgS%"™ and
A@%™, recorded at the GRACE-FO spacecraft, takes
the form

c Adoer
(qo @,

fao+ fo+ fF 2z

(113)

- dowr t
o ) /T ) PBA ( )

which is accurate to the order of O(0.3 um). The intersatellite range pi%"(7), as expressed via instantaneous quantities, was
obtained by substituting (111) into (110) and was found to have the form

1

d
= dap _2_C<dAB “VaB) +-22

dowr
( ) 2¢2

PAB

((va - vB) + (mpp - Vo) (npp - VB)) +—

C

ZGMEln[rA—I—rB +dAB:|
ra+rg —dag

GM Npe Nae n n d 1 1 3ng.n 3np.n
oA (3 ke = (e 2kek) (5 ) e ) I
3¢ g Ta g Ta ry " I A

This expression is accurate to 0.5 nm, which is adequate for
DOWR measurements. The magnitudes of the terms in (114)
were estimated as follows: the ~1/c¢ term is 136.3 ym (in
part, because of the small eccentricity), the ~1/c? Sagnac
term is 175.6 um, the Shapiro term is 376.5 ym, and the
entire quadrupole term contributes up to 0.3 um. Note the
difference in this equation and its LRI counterpart, given by
(83), where one of the legs of the round-trip travel was
delayed by half of the round-trip light-travel time.

(114)

Similarly, at the appropriate level of accuracy, the
DOWR-enabled range-rate model for GRACE-FO will
have the form

c dA§0dowr(T) N dA(pdowr( )
fA() + fB() + f%ff 2rdr 2rdt
= pag" (1), (115)
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where, with an accuracy sufficient for GRACE-FO, the

model for the range rate, ﬁ%"Bwr, is given as below:

. 1
PAR" (1) = (g - Vag) — 7 (VAg * (aap - dag))
+ O(0.8 nm/s - sinwgt). (116)

The second term on the right-hand side would contribute
only one-half of (99) or 0.153 um/s - cos wgt.

Finally, we can develop the equation determining the
fluctuations in the phase rate. Similarly to (101), we
differentiate (115) with respect to proper time, to obtain

C
fao+ fro+ /3
L [FAeE"(2) (drs
2rdt? dt

= 0.

| PAegR"(7) (dra
2rdr? dt
(117)

where the range acceleration 9% () may be computed
directly from (116) [which by itself came from the first two
terms in (114)] by differentiating it with respect to time ¢:

PR (r) = E(Vis — (np - Vap)® + (dap - asp))

1

7 (2(vap - aap) + (aap - dag)

+ (apg - Vag)) + O(0.7 pm/s? - sin wgt).
(118)

Although Egs. (114) and (116) are consistent with the
results that we obtained for the GRAIL mission [6], they
are different from the LRI-enabled measurements of range
and range rate presented here in the form of Egs. (90) and
(99). One clear difference between Egs. (90) and (114) and
between Eqs. (99) and (116) is the factor % present in the
1/c terms for the DOWR-enabled measurements. This
difference is due to the fact that the LRI relies on a two-way
experimental configuration. The signal traverses the inter-
spacecraft distance twice before it is received by the
interferometer and compared against the onboard laser
oscillator. In contrast, the dual one-way DOWR-enabled
range and range-rate observables are formed using signals
that only traversed the interspacecraft distance once.

As GRACE-FO navigation and data analysis will
also rely on a KBR system (similar to [6,23]) for initial
estimation of the spacecraft’s orbital parameters and,
especially, for the interspacecraft separation vector, one
needs to make sure that the appropriate range and range-
rate models (LRI vs DOWR) are used for different types of
observables.

Concluding, we emphasize that, although there is a
possibility to digitally post-process the downlinked phase
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differences recorded at each spacecraft in order to simulate
the conditions that may allow processing LRI data in a
manner similar to DOWR processing, technical details
of this procedure (i.e., details relevant to the onboard
instrumentation and data flow algorithms) and their imple-
mentation on GRACE-FO are still in development.
Nevertheless, we hope that the model we presented here
will be useful to develop these capabilities.

V. CONCLUSIONS AND RECOMMENDATIONS

We studied, in the post-Newtonian approximation of the
general theory of relativity, the propagation of a plane
electromagnetic wave traveling through the gravitational
field in the vicinity of an extended body. An arbitrarily
shaped and rotating distribution of matter is represented by
an arbitrary energy-momentum tensor. We derived a
compact closed form general relativistic solution describing
the phase of a plane wave that accounts for contributions of
all the mass and current multipoles of the body itself
[Egs. (18) and (22)], as well as the contribution due to the
tidal gravity field [given by Eq. (24)] produced by the
external bodies forming a system of N astronomical bodies.
As such, the solution that we obtained significantly extends
previous similar derivations found in the literature.

We evaluated a solution for relativistic phase (26),
which, in addition to the usual Shapiro term, accounts
for the quadrupole term of the Earth’s mass distribution, the
Earth’s spin, and the tidal gravity introduced by the
potentials of external bodies in the GCRS. At the level
of accuracy anticipated from GRACE-FO, the recom-
mended solution for the relativistic phase is given by
(35). This formulation allows one to achieve a self-
consistent analytical result that can be evaluated for the
GRACE-FO LRI experiment. All the necessary informa-
tion regarding the geometry of the experiment and the
background gravitational field is captured in the total signal
path R, a quantity we introduced in Sec. II D.

Based on the established solution, we presented a new
formulation for the relativistic phase transformation that
describes a coherent signal transmission between the two
spacecraft of the GRACE-FO constellation. We developed
LRI observables for GRACE-FO including both the phase
and phase rate of the signal received at the master space-
craft, including relativistic treatment of the transponder
offset frequency. Equation (79), together with the relativ-
istic range model (90), provides a high-precision formu-
lation for the LRI phase observable onboard GRACE-FO.
Similarly, Eq. (100) provides a high-precision model for the
phase rate observable onboard GRACE-FO. These results
will allow GRACE-FO to reach the desired resolution of
1 nm in range and 1 nm/s in range rate.

Our formulation justifies the basic assumptions behind
the design of the GRACE-FO mission. In particular, our
analysis demonstrates the importance of achieving nearly
circular and nearly identical orbits (with eccentricity of
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e ~0.001) for the twin GRACE-FO spacecraft. If these
requirements are satisfied, the observables can be repre-
sented by a set of very simple models, allowing the project
to streamline data conditioning and ultimately science data
analysis. Conversely, should the orbital parameters be less
ideal than assumed (as presented in Table I; see also
Appendix D), the range and range-rate models would have
to be updated to include terms that we were able to omit, as
their magnitudes were sufficiently small for the planned,
ideal orbits. Of particular concern are several omitted terms
in the range-rate model (99), namely, the 1/c* Sagnac term
given by (95), the Shapiro term discussed in (96), and the
quadrupole term evaluated in (97). If needed, the omitted
terms can be easily identified and reinstated by retracing the
computational steps presented in this paper.

The analysis of relativistic effects presented here dealt
mainly with the magnitudes of the largest terms of these
contributions. These are either constant or vary at the
orbital frequency (i.e., 1/rev). Our analysis can be used to
validate the choices made in mission design, including
decisions concerning terms that are assumed to be remov-
able in the form of an empirically introduced bias.
Moreover, our results may be easily extended to analyze
the contributions of other periodic terms that come at twice
the orbital frequency, i.e., 2/rev, and higher. The analytical
models that we present for the range and range rate are,
therefore, also applicable in situations that take the mission
outside the empirical domain, for instance, when optimal
orbital parameters are not achieved and the aforementioned
empirical bias can no longer be reliably used.

In addition to developing a model for relativistic con-
tributions to the two-way GRACE-FO LRI observable, we
also considered the possibility that the laser-ranging instru-
ment will be used in a DOWR configuration. In this
operating mode, the transmitters on the two spacecraft
are no longer operating in coherent mode, and the quality of
the observable relies on the frequency stability of the two
independent laser oscillators onboard the twin spacecraft.

As part of our analysis, we identified an intriguing
possibility that may lead to an improvement in the accuracy
of the Eddington parameter y. As we discussed in Sec. II C,
if the GRACE-FO laser interferometer instrument achieves
a 1 nm range resolution, this experiment could improve the
accuracy of the estimate of Eddington’s relativistic param-
eter y to 5.3 x 107%, which exceeds by a factor of 5 or more
the accuracy of the current best estimate for y, provided by
the Cassini mission to Saturn [17]. This possibility is truly
remarkable; it is indicative of the high level of accuracy
achieved by modern geodesy when an engineering team
needs to account for a number of general relativistic ef-
fects in order to reach the stated science objectives of an
Earth-orbiting mission.

The analysis presented in this paper was conducted using
an idealized set of conditions without considering noise. It
can nonetheless be used to study the propagation of various
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forms of noise through the GRACE-FO architecture and
investigate the impact of various noise sources on future
science investigations with GRACE-FO. The formulation
for the GRACE-FO LRI observables presented here allows
for the direct introduction of noise terms (such as the
frequency stability of the onboard laser oscillator or the
accuracy of orbit determination), as part of an investigation
of the noise contribution to the ultimate accuracy of the
experiment.

One of the principal objectives of GRACE-FO is to
monitor seasonal changes in the Earth’s gravitational field
using long-duration data spans. In this analysis, the differ-
ence between the orbital frequency and the frequency of
thermal noise due to solar heating can be significant, as it
can introduce an unmodeled annual term that can mask or
enhance estimates of annual variability. Therefore, it is
important to model the corresponding effects correctly and
disentangle relativistic, thermal, and instrumental effects.

Concluding, we emphasize that the eikonal-based
approach and the corresponding solution for the phase
of a plane electromagnetic wave developed in Sec. II
provide an efficient way to account for general relativistic
effects on the propagation of light in the Solar System, as
needed, for instance, for the high-precision astrometric
campaign recently initiated by ESA’s Gaia mission [14,15]
(see details at http://sci.esa.int/gaia/; while the results are
equivalent, our method may offer a simpler way to compute
the light deflection by just taking the derivative of the
relativistic delay, which is calculated more easily with
respect to the electromagnetic wave vector). Also, the
new approach we presented in Sec. III makes it possible
to develop a highly accurate description of signal (re)
transmission in the post-Newtonian approximation of a
gravitational theory. This approach is based on the gen-
erally covariant notion of the phase of a plane wave and
allows one to formulate observables in the proper reference
frames of the transmitting and receiving spacecraft. The
results are applicable to other past and planned missions
with similar observables, notably to GRACE and GRAIL
missions [6,23] and new space gravimetry missions like the
Satellite-to-Satellite Interferometry mission [24] that is
currently being studied. Furthermore, our approach can
be readily applied in other contexts, including experiments
conducted away from the Earth, that involve high-precision
measurements between multiple spacecraft relying on
precision phase measurements done with microwave
signals [25] or laser ranging interferometry (or both):
for instance, the formulation of the TDIR observables
for the LISA mission [21,22]. Such possibilities will be
investigated, and the results will be reported elsewhere.
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APPENDIX A: THE POST-NEWTONIAN
APPROXIMATION OF GENERAL RELATIVITY

General relativity represents gravitation as a tensor field
with universal coupling to the particles and fields of the
Standard Model. It describes gravity as a universal defor-
mation of the flat spacetime Minkowski metric y,,,:

Gmn (xk) = Ymn + Mn (xk)- (A1)
The theory can be defined by postulating the action
describing the gravitational field and its coupling to matter
fields. The propagation and self-interaction of the gravita-
tional field are described by the action

C4

d*x =GR
167rG/ VIR

SG [gmn] = (A2)

where G is Newton’s gravitational constant, ¢"" is
the inverse of g,,,, g = detg,,,, and R is the trace of the
Ricci tensor.

The universal, minimal coupling of g, to all matter
fields of the Standard Model of particle physics is
accomplished by using it to replace the Minkowski
metric everywhere [18]. By varying the total action
Stot[W’ArruH; gmn] = SG [gmn] + SSM[V/’ Am7H; gmn]’ with
respect to g,,,, one obtains Einstein’s gravitational field
equations:

a (A3)

mn __ 8”G mn 1 mn

R™ = (T 59 T).

Equation (A3) connects the geometry of a four-dimen-

sional Riemannian manifold (spacetime), represented here

by the Ricci tensor R™”, to the matter content of that

spacetime, represented by a symmetric and conserved

energy-momentum tensor, T = (2/./=9)6Lsm/ G
which obeys the covariant conservation equation

vk(\/__ngk) =0.

The theory is invariant under arbitrary coordinate trans-
formations: x™ = f™(x"). This freedom to choose coor-
dinates allows for the introduction of gauge conditions that
may offer some technical convenience in solving the field
equations (A3). For instance, in analogy with the Lorenz
gauge of electromagnetism, the harmonic gauge [8] is often
used. It corresponds to imposing the condition

(A4)
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9u(/—g9™) = 0. (AS)

To solve the equations of the general theory of relativity,
one assumes that the spacetime is asymptotically flat and
there is no gravitational radiation coming from outside the
body. In terms of perturbations of the Minkowski metric
h,,, introduced in Eq. (A1), this amounts to introducing the
following two boundary conditions [8]:

. 1—1>moo hypn =0 and

t+ r/c = const

lim [(rhmn)’r + (”hmn>,0] =0,

r —> o0

(A6)

t+ r/c = const

where r represents the spatial distance, and ¢ the time
relative to the origin of a coordinate system.

In the weak gravitational field limit, these solutions can
be expressed as perturbations of the flat spacetime
Minkowski metric in the post-Newtonian approximation.
The solution to Einstein’s field equations in the post-
Newtonian approximation that is sufficient to describe
the gravitational field in the Solar System has the form
(see also [4] and references therein)

2w 2w?
goo =1 ——+—+0(c®),
c c
4wt
Yoa = Va1~ 3 +0O(c™),
2w
Gap = Vap + yaﬁ? + O(C_4)7 (A7)

where the scalar and vector gravitational potentials w and
w® are determined from the following harmonic equations:

Ow = 42Go + O(c™*), Aw® = 47Go* + O(c72),

(A8)

where we have introduced the scalar ¢ and vector ¢
densities connected to the energy-momentum tensor:

o= 2T 7, T) + O(c™),

o = c7'T% + O(c73). (A9)
The energy-momentum conservation Vi (,/=gT"*) = 0,
together with the harmonic gauge conditions (AS), leads
to the existence of the Newtonian continuity equations, first
for the matter densities cOyo + d.6° = O(c~?) and then for
the gravitational potentials cOyw + O.w¢ = O(c72); see
details in [4].

A general solution for w and w* of Eq. (AS8) satisfy-
ing the asymptotic flatness condition (A6) can be written
in terms of advanced and retarded potentials. The
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recommended solution [7], half advanced and half

retarded, reads

o(t,x")d*x'
x — x|

w(t, x) = wy(t,x) + G/

1 02

—cZ
+ 2¢2 7 01

/d3x/o(t, x)|x = x'| + O(c73),
(A10)

o%(t,x")d>x'

-2
x—x TOlD. @

we(t,x) = wi(t,x) + G/

where w, and w{ are the solutions of the homogeneous
equations: (wy = O(c™?) and Awg = O(c7?).

Equations (A7) and (A10)-(All) represent a well-
known solution to the gravitational field equations of the
general theory of relativity in the post-Newtonian approxi-
mation [4,7,16,18,26]. We use these expressions to study
light propagation in the vicinity of an extended gravitat-
ing body.

APPENDIX B: INSTANTANEOUS DISTANCES
BETWEEN THE SPACECRAFT

In Sec. I A we obtained the light-cone equations that
depend on two instants of time—the time of a signal’s
emission and the time of its reception. Clearly, one may use
either one of the two instants, as the second one is
determined by the light cone. In particular, we observe that
Eq. (40) can be used to express either #; as a function of #, or
vice versa. Similar to KBR observables that are time stamped
J

dap
2c?
+2GME {1n |:7"A + rg +dAB <1

C2 rA+rB—dAB

1
Rag(tz) = dag + - (dag - Va) +
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using the time of reception (that is, #,), a one-way LRI
observable would be formed at the time of signal reception
(in this case, on spacecraft B). To reflect this fact, the
Euclidean range, Rag(Xa(t1). Xg(12)) = [Xp(f2) — Xa(#1)],
gets modified by Sagnac correction terms (as observed in
Ref. [27] and also developed in Ref. [6]) consistently to the
order 1/¢:

Rag(xa(11(%2)), x5(12))

1 d
= dap +E(dAB “Va) +£(V2

202 VA + (npp - Va)?

= (dap - aa)) + O(c™), (B1)
where dap = Xg(t,) —Xa(f,) is the “instantaneous”
Euclidean coordinate distance between A and B at the
instant of reception at B (we have d,p = |dpg| and
nag = dap/dap), Where vy =vVa(f) and ap = a (1)
denote the coordinate velocity and acceleration of spacecraft
A correspondingly, both taken at t,. With the help of
Eq. (40), we determine the following expression for the
instantaneous delay between the two spacecraft measured at
time 7,:

B —t; = c'Rpp(Xa(t:(12)), Xp(12)) = ¢ ' Rap(t2).
(B2)

with the instantaneous light-travel distance Rag(?))
expressed as his amounts to introducing the following
two

(Vi + (npp - Va)? — (dap - )

2 (dup 'VA))]

c(ra+rp)

1 v+ npengy  (nac + ko) (na + k)

1 |:(nBe + k) (ng, + k;)

6| (rg+k-rp)?

where all quantities here are taken at the instant of reception
tg. The second term in Eq. (B3) represents the Sagnac term
of order 1/c. Taking dsg =270 km (which yields
dag/c ~900.6 us) and using Eq. (D19), it was estimated
to be 6.89 m (or ~22.97 ns). The third Sagnac term,
of order 1/c?, is 175.5 yum (or ~0.59 ps), comparable
to the Earth’s Shapiro delay term, which is 351.3 ym
(or ~1.17 ps). The Sagnac-type contribution term in the
Shapiro delay ~In[l +2(dag - Va)/c(ra + rg)] contrib-
utes 8.96 nm (or ~0.0298 fs) and must be kept in the
model. Furthermore, the quadrupole term was evaluated,
with the help of Eq. (33), to be 167 nm (or ~0.557 fs).

rg (rB—l—k-rB)

1
_ Yer + nAenAﬂ:| Jleaﬂ}’ (B3)

(ra+k-rp)?  ra(ratk-ry)

[

Similarly, for the return leg in the case of a two-way
transmission, we can express Rpa in (43) as a function of
the coordinate time of reception f3. Thus, for a signal
emitted at spacecraft B at time #, and received at spacecraft
A at t3, we can write (44) as given below:

13—t = ¢ 'Rpa(xp(12(13)). Xa(13)) = ¢ "Rpa(t3).
(B4)

where the instantaneous one-way light-travel distance
Rga(ts) is given as
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1 dag
Rea(ts) = dag — — (dag - —
Ba(13) AB c( AB " VB) + 22 (

1 [(nae — ke)(nay — k)

Vi + (nap - vp)? + (dag - ap)) + 2

i Ver + NAcNAL . (nBe - ke‘)(nBﬁ - kl) . l Ver + BB,
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ZGME In I”A+VB +dAB l_g(dAB'VB)
ra+rg —dag c(ra+rp)

6 (ra—k-ry)? ra(ra —k-ry)

€A
rg (”B—k'rB)]JE}' ()

(rg —k -1p)?

In addition, we may need an expression for the instantaneous light-travel distance R 55 (#,) expressed as a function of 73
as Rag(tr) = Rag(t2(23)). Using (B4) and (B5), from (B3) we obtain

1 d
Rap(ty) = Rap(ts — ¢ "Rpa(3)) = Rap(t3) — E(dAB “Vap) + As (ViB + (dap - aap)

—2(Vag - Va) —2(dap - a5) + (Map - Vap)? 4+ 2(np - Vap)(Map - Va)) + O(c7?),

where all quantities here are taken at the instant of
the reception time #;. Note that this expression would
formally have a kinematic Sagnac-type contribution in
the Shapiro delay that comes from transforming 7, into 3
via (B4),

ZGMEI 1_%M
c? c (ra+rp)
2GMg |GMg d?
T E ELZBe =3.5x 107" m-sinwgt,

c a a
(B7)

where we used (D15). Clearly, this term is too small for our
purposes, and thus, it was omitted.

APPENDIX C: CONTRIBUTION OF
THE EARTH’S RELATIVISTIC
QUADRUPOLE MOMENT

GRACE-FO will rely on three standard coordinate
systems: the GCRS, which is centered at the Earth’s
center of mass and is used to track orbits in the vicinity
of the Earth (discussed in Sec. IT A); the Topocentric
Coordinate Reference System (TCRS), which is used to
provide the positions of objects on the surface of the
Earth, such as ground stations of the Deep Space
Network (DSN); and the Satellite Coordinate Reference
System (SCRS), which is needed for proper-to-coordinate
time transformations. The definition and properties of
TCRS, together with useful details on relativistic time-
keeping in the Solar System, are given in [19]. The
SCRS was discussed in [19] in the context of the GRAIL
mission. Here we investigate the need for an update for
the standard general relativistic models for spacetime
coordinates and equations of motion [28].

References [4,19] show that transformations between
the harmonic coordinates of the SCRS, introduced on
spacecraft A and denoted here by {yX} = {craYy}
and coordinates of GCRS {x"} = {ct,x}, to sufficient
accuracy, are given by

202
(B6)
|
t/1 .
TA=1— c‘z{/ <§ + U + u{é“al)dt’ + (Va-ra)}
)
+O(c™), (Cl)
L1
Ya=Tp+c¢ EVA(VA'rA)+rAUE+rA(rA'aA)
1
_EaArz,} L O, (©2)

where ry = X — X,¢. The quantity Ug in (C1)—(C2) is the
Newtonian gravitational potential of the Earth (3), evalu-
ated at the location of the spacecraft. v4 and a, are the
velocity and Newtonian acceleration of spacecraft A in
GCRS. Contribution of the tidal potential, {9, is at most
4 x 1072 and is negligible. The ¢* terms in Eq. (C1) are
of order ~v*/c* = 1072 and also negligible for GRACE-
FO. The first two of the 1/c¢? terms in (C2) produce a
correction  ~9.8 x 1071 r,, which, at |r,| = dag,
amounts to 265 um. The acceleration-dependent terms at
d g amount to a correction on the order of 6 ym. Thus, the
terms in (C2) are very small and are rarely used in a mission
analysis; we present them here only for completeness. For a
complete post-Newtonian form of these transformations,
including the terms ¢™*, and their explicit derivation,
consult Ref. [4].

Equation (C1) yields the differential equation (58) that
relates the rate of the spacecraft proper 7, time, as
measured by an onboard clock in Earth’s orbit, to the time
in GCRS, 7. Substituting in Eq. (58) potential Ug from (3),
we have

drta 1 [va  GMg 2 /Rp\?
—A_1-= A 1— —= | J,P 0
ar 3 [2 + ; s ¢Pso(cos0)

(C3)
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where J, are the zonal harmonics coefficients of the
Earth’s mass distribution. Their contribution to (C3) is
expected to be the largest among all of the terms in the
expression above. Taking the values for these coeffi-
cients to be J, = 1.08264 x 1073, J; = —2.5326 x 107,
Jy=—1.61998 x 1076, J5 =2.1025x 1077, and Jg =
5.406878 x 1077, we can estimate their contributions
to (C3). The anticipated range precision of Ad =1 nm
implies a timing precision of the order of Ad/d g =
3.7x 10715, We will use this number to evaluate the
terms in (C3). The largest contribution to dr,/dt, of
course, comes from the velocity and mass monopole
terms, which are estimated to produce an effect of
the order of ¢ ?(3vi +GMg/ra) ~9.80 x 107'°. The
quadrupole term produces a contribution of the order of
¢ 2GMg/ra(Rg/ra)*J> ~6.14 x 10713, which is large
enough to be included in the model. Contributions of other
zonal harmonics range from ~1.33 x 1073 (from J3)
to ~2.33 x 107'% (from J4). Although their individual

|
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contributions are quite small to warrant their place in the
model, their cumulative effect may be noticeable; this
possibility will be further investigated. Therefore, for
GRACE-FO in (C3) we must keep only the quadrupole
term:

dTA 1 2A GME NATA
—_— = 1 —_ |2 1 JE).
dt c? [2 * ra - 2ry F

+0(1.33 x 10719),

(C4)

where the three-dimensional tensor of the quadrupole
moment, Jfaﬁ, was introduced in (20).

To determine the orbits of the spacecraft, one must also
describe the propagation of electromagnetic signals
between any two points in space. The light-time equation
corresponding to the metric tensors (1)—(5) and written to
an accuracy sufficient for GRACE-FO has the form given
by (41) with R from (40):

=ty = Ix(0) = x()| + (147

b

L ygtmeny  (me+k)(ny+k) 1 yg+neny,

GM,, [rb+rh+7rb,
I B
rptry =

_ GMg [(nye + k) (ny; + k3)
3¢? (r, + k- x,)?

where #; refers to the time instant of signal transmission and
1, refers to the reception time, while x(#,) and x(t,) are the
geocentric positions of the transmitter and receiver. Also,
”}17,2 are the distances of the transmitter and receiver from
the body b and r%, is their spatial separation. The
logarithmic contribution in (C5) is the Shapiro gravitational
time delay that, in the case of GRACE-FO, is mostly due to
the Earth, the Moon, and the Sun. The last term is due to the
Earth’s quadrupole whose presence extends the standard
formulation given, for instance, in [29,30].

Finally, the relativistic geocentric equations of motion of a
satellite that are recommended by the International Earth
Rotation and Reference Systems Service (IERS) [28] must be
updated to include the contribution from the relativistic
quadrupole moment of the Earth at the 1/c¢* order. It is
estimated that the corresponding J¢ term in the equations of
motion produces a contribution of the order of ~21 pm/s?,
which may still be noticeable in the orbits of the GRACE-FO
spacecraft. However, the differential nature of the GRACE-
FO architecture will further reduce the GRACE-FO sensi-
tivity to such small accelerations by a factorof dyg/a ~ 0.04,
thereby reducing the differential acceleration to less than
0.8 pm/s”. Nevertheless, as there is still a controversy on the
explicit form of the contribution of the Earth’s oblateness to
the 1/c? terms in the relativistic equations of motion of an
Earth-orbiting satellite, some additional work to unambig-
uously identify this form is required.

r(r+k-xp)

JE,(CH)

(r+k-x)? r(r+k-xp)

APPENDIX D: USEFUL RELATIONS FOR
NEARLY IDENTICAL KEPLERIAN ORBITS

In this Appendix we introduce several useful relations
that help us evaluate the magnitudes of various expres-
sions that involve combinations of orbital quantities of
the GRACE-FO spacecraft. We assume that both space-
craft orbit the Earth in the same planar orbit with an
identical semimajor axis a and eccentricity e but different
eccentric anomalies £, and &g, correspondingly. Clearly,
analysis of real mission will involve navigational solu-
tions based on the use of relativistic equations of motion
for both spacecraft that are perturbed by the presence of
nongravitational forces acting on them, which will result
in slightly different orbits. Nevertheless, expressions
below are useful for estimation purposes and, as such,
they are used throughout the paper. Under these assump-
tions, expressions for the position vector r,, velocity
v, =T, and acceleration a, = ', of spacecraft A, for
example, are given as

ry = a(cosEx —e, V1 —e?sin&y),

ra =a(l—ecos&,),

n <cos€A—e vl—ezsin€A>
A: 9

l—ecosEy’ 1—ecoséy

(D1
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GM
Vo = a(—sinSA, V1—e%cosé&y),

N
__G_M(cosé'A—e vl—ezsin5A>

ap =
2 9
ra \l —ecosEx 1 —ecos&y

D2)

where the eccentric anomaly &, is connected with the
mean anomaly M, as usual:

Eat) —esinEp (1) = Mp(1) = Mpg+n(t—1y),  with
n= g and aé’A = GMa.
a ra
(D3)

Similar expressions for spacecraft B may be obtained
simply by changing A to B in Egs. (D1)-(D3).

Using Egs. (D1)-(D3) we develop a set of useful
relations that will help determine the magnitudes of various
effects in the range and range-rate observables of GRACE-
FO, namely,

(ra-va) = VGMaesin &y,

IGM  esin&y
. =\ D4
(s - Va) a 1—ecosé&y O
GM GM
(ra-ay) =——, (nA'aA):_—Z’
ra rA
GM vGM
(VA . aA) =~ aesingA (DS)
I"A ra

We also have the following two relations:
d (vi\ d (GM\ = GM |GM esiné,
dt\2) dt\rn) @ a (1—ecos&y)
(D6)

Further, using expressions (D1)—(D3) we determine the
vector between the two spacecraft, rag = g — Iy, as

ag — 2a SinaAB (— SinﬁAB, vV1-— eZ COSﬁAB), (D7)

v - GM ZSinaAB
ARV a (1 —ecosEx)(1 — ecosEp)
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where we introduced two angles, aag and fp, defined as

1
Pas = 5 (€ +EA) or
Ep = app + Pas-

1
(€ — &)

QAB :E

En = PaB — g, (D8)

Using Egs. (D7)-(D8), we develop the following
expressions:

rap =2asinasgy/ 1 —e’cos’fag  and

A
Npp=—"=

1
_— (—sinﬂAB, Vi1- ezcosﬂAB).
"aB /1 —e?cos’fap

(D9)

The equation for r,p in Eq. (D9) allows us to establish the
exact expression for sin aap:

I'AB 1

2a ,/1— 2 cos? fag

Given the configuration of GRACE-FO, the angle a,p is
small and is related to the orbital parameters of GRACE-FO
as

Sin apg = (D10)

d
Upp = % +O(d3g. €?) ~0.0198. (D11)

Such a small value would allow us to make simplifying
approximations for various observable quantities on
GRACE-FO. To estimate the numerical value for angle
Pan, from Eq. (D8) we will use the following expression:

Pap = ot + O(dag, €), (D12)

where wg =1 (wa + @) + Oe) = (GM/a’): + O(e) is
the mean orbital frequency of the GRACE-FO
constellation.

Similarly to rpp, we determine the velocity vector
between the two spacecraft, vog = Vg — V,, as

Expressions (D9)—(D13) allow us to compute the following dot product:

(cos fap — € Cos app, Sin fap) ~ 303 m/s. (D13)
GM i V1—e*—1)si
(Mag - Vap) = —1 | 22 sin axg (e cos an $in fap + (VI = ¢ = 1) sin fap COSﬂAB) ~303 cm/s,  (D14)
a (1 —ecos&x)(1 —ecosEg)\/1 — e*cos’fap

and also
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GM, ., e cos apg sin fag + (V1 — e — 1) sin o cOs fag
(rAB . VAB) = —\/—4asin AAB . (DIS)
a (I —ecos&p)(1 —ecos&p)
Similarly, relying on the expressions derived above, we establish the following useful exact relations:
(V- Vap) 2GMSin sinaag + € cosapp sinEx + (V1 — e? — 1) sin fap cos E (D16)
. = - a ’
ACTAB AP (1 —ecosEx)*(1 —ecos&y)
2GM |GM Sin ap
aj - = ——— 4/ — 1 2
(s - Vas) a? a (l—ecosgA)“(l—ecosEB)(CosaAB( +e)
— e(cos fag SinEp + cosapp cosEx) + (V1 — e? — 1) sin g sin &), (D17)
sinaxg(1 — e? cos? — esin 1 — e cosaup cos
(Fr-Dpp) = —a AB( Bag) : ﬂ;\B( AB ﬂAB)’ D18)
v/ 1 —e“cos” fap
|GM —é? &
(va-myg) = /M COSUpAR — € cosﬁA]32cos2 A D19)
a (1 —ecos&p)y/ 1 —e”cos” fap
GM (si 1 — €2 cos? —esi 1—
(ar - npp) = S8 (smaAB( e cos” fap) :smﬁABg 2ecosocAB cosﬂAB)>’ (D20)
a (I —ecos&x)’\/1 — e”cos” fap
2GM i 1 — €2 cos? — esi 1—
(an - rap) = Sinxg sinaag (1 — e cos” fag) esmﬂABg € COS A COS faR) . (D21)
(I —ecos&y)
We also derive the expression for a relative acceleration between the two spacecraft, a,g = ag — a,:
oo GM [ cos&g—e cosEy—e V1—e’sin€g  V1—e?siné,
AT \(1—ecos&p)? (1—ecosép)® (1—ecosEp)® (1 —ecoséy)?
GM GMd
~ —5-2sinapp(sinfap, —c0s fap) + Ofe) = —zﬂ (sinwgt, — cos wgt) + O(e). (D22)
a a’ a

Note that with the orbital eccentricity of e = 0.001, both GRACE-FO spacecraft will have nearly circular orbits around
the Earth. The form of the expressions above easily yields a series of expansion with respect to e [as in Eq. (D22)], which, in
addition to the smallness of a,p ~ 0.0198, as demonstrated by (D11), will be useful to establish magnitudes of various
effects contributing to the range and range-rate observables of the GRACE-FO mission.
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