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Abstract

The GRACE mission consists of two identical satellites orbiting the Earth at
an altitude o~500 km. Dual-frequency carrier-phase Global Positioning
System (GPS) receivers are flying on both satellites. They are used for
precise orbit determination and to time-tag the K-band ranging system used
to measure changes in the distances between the two satellites. The satellites
are also flying ultra-stable oscillators (USOs) to achieve the mission’s need
for short-term &1 s) oscillator stability. Because of the high quality of both
the GPS receivers and the oscillators, relativistic effects in the GRACE GPS
data can be examined. An expression is developed for relativistic effects that
explicitly includes the effects of the Earth’s oblateneks.(Use of this
expression significantly reduces the twice per orbital period energy in the
GRACE clock solutions, indicating that the effect.bfcan be significant

and should be modeled for satellite clocks in low Earth orbit. After

relativistic effects have been removed, both GRACE USOs show large (2 ns
to 3 ns) once per orbital period signatures that correlate with voltage
variations on the spacecraft.

1. Introduction et al (1990, Baeriswylet al (1994 and Larson and Levine
(1999. A more challenging GPS time-transfer environment
While best known as a system that makes it possible éists for space-borne receivers such as those flown on the
determine one’s location on the Earth, the Global Positioningin GRACE satellites. In addition to the more complicated
System (GPS) is also an important contributor to preciggodeling needed to properly use the measurements on an
time- and frequency-transfer systems. Since signals frasrbiting spacecraft, the relativistic effects on an orbiting clock
the GPS satellites themselves are linked to atomic frequeng¢ also more complicated. In this study, data from the GRACE
standards, a GPS user can determine the offset of his or 7S receivers are examined to evaluate whether standard
timepiece in real time with respect to GPS time (as defing@lativistic corrections as used in the GPS are of sufficient
by Space Operations Command). The accuracy of this timiagcuracy for space-borne GPS time-transfer. In the following
estimate will be influenced both by the number of satellitesection of this paper, standard corrections are examined and
being tracked by the GPS receiver and by their geometry é@mpared with new expressions derived for low Earth orbiters.

the sky. Timing accuracy is also limited by uncertainties in theubsequently these new relativistic expressions are used to
GPS measurements, one’s ability to model the location of thaalyse the GRACE GPS data.

satellite transmitters and receiving antennae, and removal of
delays due to the atmosphere (troposphere and ionosphere) an S
relativity. Previous studies of GPS time-transfer techniqu Igelat'v'snc clock effects

have been limited to clocks on the Earth, e.g. SCh"dkneCE}ocksin orbit experience relativistic frequency shifts (see, for

5 Author to whom any correspondence should be addressed. example, Ashby and Spilkel996). These effects must be
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Assessment of relativistic effects for low Earth orbiters

removed if one is to make a meaningful comparison betwe@AU 2000). Adding equations3) and @) yields the net
the time kept by a clock on a satellite and that kept by orfeactional frequency shift:
on the ground. These frequency shifts have both constant
and time-varying components. The time-varying components Af @) =P }vj ®)
are primarily caused by the eccentricity of the satellite’s orbit - c2 22
and the quadrupole (and higher) terms of the Earth’s gravit ] ] N ) ]
field. Thus, the time-varying frequency shifts are periodigonsmeraclock|nthe orbiting saﬁelhte (defined as the s clock)
in nature, with frequencies of once per revolution, twice pénd areference clock on the rotating Earth. 4séte the proper
revolution, etc (hereafter referred to as once/rev, twice/rev, etéine elapsed on the orbiting clock. Then
Because the frequency shifts have a periodic component, so )
will the resulting time corrections which must be applied to Ts = / dr [1 + Q@) = Po }’L} (6)

. 2 2|
the satellite’s clock. ¢ 2¢

Let T represent the relativistic effect on the time kept b . L . .
L rep Pt D¥here the integration is performed over coordinate timen
the satellite clock. In order to account for such effects the

correction—z must be added to the time: for a clock in éaquwalent expression for proper time for a reference clock at

- . . rest on the Earth can also be defined; however, the non-unity
Keplerian orbit (see ICD-GPS-200£993) the effect is terms in the integrand o6} will be very small and will be
2

. due only to the clock’s elevation above the geoid. Thus, we
T=-5vaGM-e-sSinE, (1) can compute the relativistic correction that must be applied in
) o _ order to compare the performance of the space oscillator to that
where a, ¢ and E are the osculating semi-major axisqp, the ground using only the satellite component givers)n (
eccentricity and the eccentric anomaly of a satellitd. is In computing the gravitational potential, we include the

the Earth’s mass;; is Newton's gravitational constant aed o ,a4rypole portion of the Earth’s gravity field (denoted by
is the vacuum speed of light. An alternative formulation ofteg)ficient J,). Thus

used in precise geodetic applications is

GM
=2tV ) @) =-—— [1—12(

c2

@)

r 2r2

a1)2 (3% — rz)]
wherer and v are satellite position and velocity vectorswherea; is the equatorial radius of the Earth ands the
respectively. Equationsl) and @) involve keeping only the third Cartesian component of the position vectom the
leading monopole part of Earth’s gravitational potential. Sudelected Earth-centred—Earth-fixed (ECEF) reference frame
approximations, while nearly negligible at the high altitude qfAshby2005. Combining equations$j and (7) and dropping
a GPS orbit, are less accurate if applied to a low Earth satellitee obvious constant-frequency terms, we obtain
such as GRACE. Therefore, we now develop a more exact 2
expression for the correction of periodic relativistic effects that — ifd, — / [_ GZM + GA;IJZ <ﬂ>
can be applied to a satellite in an arbitrary Earth-centred inertial cr cro\r
(EC') orbit. o 312 1 1 U2

Two relativistic effects affect the frequency of a clock. 53— 5) 5|0

. e L b 2r 2 2¢

The first effect is time dilation, or the so-called ‘second-order - _ _ o _
Doppler effect. Compared with a clock at rest in the gcT his relativistic effectis computed using numerical integration,
frame, the fractional frequency shift of a clock moving wittnd additional constant-frequency terms are dropped. Because

®)

velocity v is the constant-frequency terms have been droppgduas been
Af 102 redefined. Whereas before it represented the accumulated
N2 T2 ®) proper time kept by the satellite clock, it now represents

) . only the time-varying part. This is, in fact, the end that
whereu is the magnltL_Jd_e o# ) . yas sought: we now have a more general expression for the
. The second relativistic efft_act is the gravitational redsr_"Beriodic relativistic effect, and the of (8) can now be directly
which may be expressed in terms of the NeWton'aébmpared with the approximate effect given 2. (
gravitational potentiak>(r) at the positionr of the clock. The primary interest of this paper is the GRACE satellites.

The Newtonian gravitational potential carries a negative Sig@RACE’s eccentricity varies between 0.0015 and 0.0024

for example—GM/r. If @, is the gravity potential of . N . . -
a reference clock at rest on Earth’s geoid, including thvtgIth a~94 day period. Equationl) thus predicts that the

) X . . lit f th lativistic clock eff il al
centripetal potential due to Earth’s rotation, then the fracnon\%g:p \lNlth(;I]eacg 4 dz oné:ﬁérg\zﬁreu;;vit]l(;i Cu?g 5 (z) ﬁﬁtmvglric;so
gravitational frequency shift is y yp gure). 9

integration of equation8) is compared with—2(r - v)/c?
Af D) — D for high- and low-eccentricity GRACE orbits. As expected,
F =T 2 (4)  the amplitude of the relativistic clock effect on the GRACE
satellite varies significantly with eccentricity; the difference
®,/c? was defined by IAU to be-6.969290134 3« 1071 between using—2(r - v)/c?> and numerical integration to
(IAU 1991). More recently it has been defined by fixinggompute the relativistic effect is similar. This is difficult to
the relation between geocentric coordinate time (TCG) aisée when the relativistic effect is at its peak, so a close-up for
terrestrial time (TT) to have a rate 6.969 290 134« 10~%° the larger-eccentricity orbit is shown in figuzé).
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Predicted once/rev GRACE relativistic clock effect amplitude
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Figure 1. Amplitude of the once/rev relativistic clock effect
predicted for the GRACE satellites using equatibh (
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Figure 2. (A) GRACE relativistic clock effects computed using
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Figure 3. Relativistic clock effects for TOPEX using2(r - v)/c?,
numerical integration off) and the difference between the two.
These were computed for data from 5 May 2005 provided by the
Center for Space Research (John Ries, personal communication).
The three time series are offset for purposes of display.

numerical integration and using2(r - v)/c?. The effects
obtained from the two methods differ markedly; in fact, the
size of the relativistic effect is smaller than the error made
by assuming that equatio®)(is correct. In this case, one
would be better off making no relativistic correction than
applying—2(r - v)/c?. The effects of/, for the GPS satellite
clocks are much smaller, but still observable, as discussed by
Kouba 004.

The numerical integration performed i8)(requires that
precise position and velocity data be available at sufficiently
small time steps; we used 30s intervals in computing results
for the two LEO satellites. Since precise position and velocity
data are frequently available for missions using dual-frequency
GPSreceivers, the numerical integration of equa@sifould
be used.

3. GRACE data analysis

With GPS observations from two receivers, a user can estimate
the time difference between the two oscillators being used to
drive the GPSreceivers. Thistiming estimate is fundamentally
based on the satellite pseudorange measurements, which are
several orders of magnitude noisier than the carrier-phase
data. If both pseudorange and carrier-phase data are used with
precise geodetic models, very precise and accurate ‘geodetic’
time and frequency transfer results have been shown for ground
systems (Schildknechktal 199Q Baeriswyletal 1994 Larson

et al 200Q Dachet al 2005 Ray and Senio2003 Plumb and

equations?) and @). The difference between the two calculations Larson2005. Now that geodetic-quality GPS receivers are
is shown offset below each set of series. GRACE A is shown. Thepeing flown in space, geodetic time-transfer techniques can be

data shown were collected in 2004B) (Close-up view of relativistic

clock effects for GRACE A on 24 May 2004.

tested in this more challenging environment.
In order to examine the effects of relativity on an orbiting
clock, we need an accurate transfer system (provided by

We also examine relativistic effects for the TOPE)geodetic-quality GPS) and an oscillator that is stable enough
altimetry satellite. TOPEX's eccentricity{0.000 13) is much tg observe the expected relativistic signals discussed in the
smaller than GRACE’S, therefore, the relativistic COTrectiOﬁrevious section. There have been very few space missions
which must be applied to TOPEX's clock is also much smallefat have flown both stable oscillators and geodetic-quality
Figure 3 shows a comparison of the effects obtained fro@ps receivers. The first GPS receiver/stable oscillator

486
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Assessment of relativistic effects for low Earth orbiters

combination was launched on TOPEX in 1992. Unfortunately, ;. Estimated Clocks _ _
the evaluation of those data was compromised when the | TooSaaceR
GPS receiver lost its L2 capability after anti-spoofing was | ‘ |
activated in 1994. Ten years later, NASA launched the wuﬂwwmﬂv
GRACE satellites. These satellites are both equipped with _107' AN "‘.,-\J-\.' ’ IRV
GPS receivers and free-running ultra-stable oscillators (USOs) |
(Wallis et al 2005. The receivers operate on both frequencies 24 5 10 15 20 25 a0
in the presence of anti-spoofing. Precise orbits for the GRACE A Helaﬁwsh:t:mm appios
satellites are routinely estimated, making it possible to testthe 2o T . . . 1
relativistic effects derived in the previous section. w; |- - -GRaceB||
The GPS (BlackJack) receivers (Montenbruck and Kroes |
2003 on the GRACE satellites are capable of simultaneously #°,. " ", 0w 50~ o T00
tracking up to 24 dual-frequency signals, i.e. 12 satellites. | ~ " * ~ EASA AN B
Once per second (1Hz) GPS data from each satellite ‘ |
are transmitted to the ground, edited for cycle slips and ° s 10 s 2 2 %0

outliers, and decimated to 5 min pseudorange and carrier-phase
samples. By convention, the GPS ground network recor ”g‘f di r21o:\lg\cl>?nr?;li:ar2noo?/t§I?lfcit%r%l)o\?vlu(tﬁiut;t??ﬁjser(top) with
observations at 0 and 30s after the minute. Since the US nomia‘ljarz/d relativistic effects removed.
used on the GRACE satellites are free-running, soon after
launch their observations are no longer synchronized with the
ground GPS network. A low-order polynomial is thus used o
to propagate the GRACE measurements to the measuremen g
times used by the ground network. The individual L1 and
L2 frequency data are combined to remove the largest effects
of the ionosphere. In this study, the GIPSY software (Lichten
and Borded987) and the JPL FLINN GPS products (Jefferson
et al 1999 were used to estimate both time and position of the
GRACE spacecraft. 107 GRACE B
The basic principles of carrier phase (also known as
geodetic) time transfer are outlined in Larson and Levine
(1999. The positions of the transmitting GPS satellites are

GRACE A

/\/\

: = relativity uncorrected \/ P
| relativity corrected M omen
. 1

Qn

3

ns’-GRACE pe(
3.

=)

06 1 2 4 8

ns® GRACE period
D\: Da

held fixed and the positions of the receivers are estimated in a - oSN
terrestrial reference frame; in this study ITRF2000 was used .| /: \""\.r\.« Al
(Altamimi et al 2002. Because the GPS receivers discussed 08 1 2 8

frequency — per GRACE orbital penod

in this study are on low Earth orbiters, both their positions
and velocities at a given epoch are estimated rather thaffrigure 5. Power spectra for time series. Top: GRACE A; bottom:
single Cartesian position as is done for ground receivefeRACE B.
When the JPL FLINN products are used, the transmitter clocks
are also fixed to values determined from a previous leagglativistic effects have been removed. The effect of removing
squares analysis of GPS carrier phase data from a glofg relativistic contributions has not removed once/rev power;
tracking network. These transmitter clocks themselves drdfactitis now larger thanitwas before the measurements were
estimated relative to a ground clock that is held fixed. F@errected. This can be seen more clearly in fighrevhere
the FLINN analysis, the fixed (reference) clock is generallVelch periodograms have been computed for the 30 h time
defined as the Alternate Master Clock (AMC2) at the GPSries for both GRACE satellites. The power spectral peak at
Master Control Station at Schriever Air Force Base (Coloradmce/rev is larger after the relativistic correction; the twice/rev
Springs, CO). The netresult of this analysis is that all estimatggak is significantly smaller. Also notable in figusés that
clocks are defined relative to the AMC2, a hydrogen maste once/rev power is larger for GRACE A than for GRACE B.
steered in the long-term to agree with the Master Clock at the These data were further examined by evaluating clock
United States Naval Observatory (USNO). The Master Clo@gstimates for GRACE A and GRACE B for a six-month
at USNO is steered to Universal Coordinated Time (UTQeriod. Because the eccentricity of GRACE varies with
and provides USNO's realization of UTC, UTC(USNO)a 94 day period, a long-term study allows us to examine
Additional information related to force models and specifiwhether the relativistic corrections are correctly removing the
GRACE processing strategies can be found in Bertaged eccentricity dependence (figuf§. Since twice/rev power
(2002. does not depend significantly on eccentricity, it should be
The largest relativistic corrections have periods okduced throughout the six-month period. Figérehows
once/rev and twice/rev. To emphasize these periods, a fifthce/rev power spectralamplitudes for GRACE A and GRACE
order polynomial has been estimated and removed from tBebefore and after relativistic corrections have been applied.
GRACE clock estimates. The typical quality of GRACEAs expected, once/rev power for each satellite no longer varies
clocks estimated for this study is shown in figuée In with eccentricity. This plot also confirms that the GRACE A
the bottom panel these same clock estimates are shown afteck has more once/rev power than the GRACE B clock. The

Metrologia, 44 (2007) 484—490 487
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10t Power in clock at oncelrev budget. Because the period of the largest remaining clock
P — e signal is once/rev, the error sources are likely related to the
‘g e ‘~-ﬁ°w...,..«"‘““~“&:m.-# GRACE spacecraft and the instruments onboard (e.g. the USO
§ 1w Fs® To® | or GPS receiver).
NS — Three possibilities were examined for the once/rev clock
= L|ls craces] signals: temperature, ionizing radiation and voltage, which
Yo 2 4 e s 10 120 10 e 1m0 we will discuss in turn. Temperature effects have frequently
10 — i : _ After relativity correction . been seen in GPS time-transfer results (Oveetey} 1997).
R0 SR D SR e Some of the errors in the GPS clock estimates are related to the
g et i may St s+ h ® iommtn GPS instrumentation rather than to the oscillator itself (Larson
gﬂ [ et al 2000. The GPS transfer system can be affected by
‘: temperature at the receiver, cable or the antenna. Temperature
. measurements collected inside the spacecraft confirm that the

=)

0 20 40 6 B0 100 120 140 160 180 receiver did not sense significant temperature changesg).1
days since 2004-OCT-01 . .
and thus is unlikely to have produced the observed once/rev
Figure 6. Once/rev power in GRACE clock estimates before (top) GRACE signals. The GPS antenna does experience more
and after (bottom) relativistic effects have been removed. than 4°C temperature variations with a period of once/rev.
These antenna temperatures also vary seasonally though, as
— the geometry with respect to the sun changes. Recall that the

10? Twice/Rev Power - GRACE A

No correction

g * Numerical Integration once/rev power in the GRACE clocks does not vary with time,

I [ Voo . | and thus changes in antenna temperature are also an unlikely

: A : » P source for the once/rev signals. Since one of the GRACE

% ',-.'.:..-:w-‘.ﬁv-_“w:.‘"-;-'.-.--'n -::u;'- spacecraft is flying ‘backwards’, it was also considered that
2 there could be different thermal regimes due to spacecraft

¢ % & B0 T o e e orientation. This hypothesis was tested by examining GRACE

clock estimates before and after the satellites switched places
in December 2005. The once/rev clock amplitudes on GRACE
A and GRACE B did not change.

The observed once/rev clock signatures could be caused
by the GRACE USOs themselves. Their thermal stability was
measured prior to launch at better than 4 parts i /£C.
Temperature measurements collected inside the spacecraft
were examined: specifically from the USO, microwave
Figure7. Twice/rev power for GRACE A (top) and GRACEB  a5sembly, sampler and instrument processing units. The
(bottom). Power has been calculated for three cases: no relativistigyio\yave assembly (containing the amplifiers and analogue
correction, numerical integration correction for relativity and .
—2(r - v)/c. electronics) and USO measurements never vary more than
0.1°C within 24h. The variations on the sampler and
. . instrument processing units are more significant (T}
average amplitudes of the once/rev signals are 3.4 ns and 2. D% on prelaunch thermal sensitivity measurements, none

for GRACE A and GRACE B, respectively. of these temperature variations would be large enough to

The twice/rev power spectral amplitudes are shown thuse the oncelrev timing changes observed for GRACE A

figure 7. There is no significant dependence on eccentricitghd GRACE B
For twice/rev power, using the incorrect relativistic expression Quartz res.onators such as the GRACE USOs are also

(—Z(r -V)/e?) S|gn|f|canFIy Increases power rather thgn Wha}lnown to be sensitive to ionizing radiation, roughly 3 parts in
IS expected,_ a reducthn. T.hls IS consistent 2\Nlth Wh«’ibu per South Atlantic Anomaly (SAA) pass. Most recently
was shown in the previous discussion2(r - V)./c does this effect was observed on the USO for the JASON spacecraft
not properly account for the effects ob, and introduces | opgine and Capdevill@00§. The strong dependence of

clock errors with a frequency O.f 'tvvlce/rev. L|keW|sg, th(?he GRACE clock estimates on orbital period does not match
numerical integration results significantly reduce the twice/r hat would be predicted for SAA (Matt Reinhart, personal

amplitudes from 0.53 ns and 0.48 ns to 0.30ns and 0.23 ns %rmmunication), where one would expect variations only
GRACE A and GRACE B, respectively. when the spacecraft crossed a particular region of the Earth.
The GRACE USOs have a small frequency/voltage
4. Noise sources and the GRACE clock estimates sensitivity, typically less than 1 part in 3 fractional
frequency change per volt (Wallig al 2005. Unlike the
We next examine possible sources for the remaining once/rauch smaller temperature variations within the spacecraft,
and twice/rev signals in the relativity-corrected GRACE clocthere are large once/rev variations in the battery voltages for
estimates. One potential error source is the GPS timte GRACE satellites, with a peak-to-peak difference of 5V
transfer system. Any error in modeling the GRACE spacecrdfigure8). Although the need for a voltage regulator upstream
environmentor in models that were used to estimate transmittdrthe accelerometers was recognized, no testing was done
clocks also contributes to the GPS time transfer system erfor the USOs, and thus the plotted voltage variations are

" Twice/Rev Power —- GRACE B

ST O, TSR vmmm*izmmu.-.tc SOPET |

ns’~GRACE period
5:;

" y *a ._,."._ . '-‘ e g =
.
Py "n e S A U e e A
0 20 40 60 80 100 120 140 160 180
days since 2004-OCT-01

&

=]
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