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Simulation of Dual One-Way Ranging Measurements

Jeongrae Kim* and Byron D. Tapley"
University of Texas at Austin, Austin, Texas 78759

One of the main error sources for the microwave ranging method is the frequency instability of the oscillator
that generates the carrier phase signal. A dual one-way ranging method is used to minimize the oscillator noise
effect by combining two one-way ranging measurements. This study analyzed the dual one-way ranging system by
simulation of the phase measurements with comprehensive error models. This simulation analysis was applied to
the Gravity Recovery and Climate Experiment mission, which is a dedicated spaceborne mission with the objective
of mapping the gravity field. The simulation results demonstrate that a high level of accuracy can be achieved by

use of the dual one-way ranging system.

Nomenclature

= speed of light, m/s

= satellite center of mass to antenna
phase center offset, m

= frequency,Hz

reference frequency, Hz
lonosphere effect, cycle

phase ambiguity, cycle

dual one-way range, m

nominal observation time, s
time-tag error, s

frequency error, Hz

phase error, cycle

phase measurement noise, cycle
dual one-way phase, cycle

signal wavelength, m
instantaneous intersatelliterange, m
signal time of flight, s

phase measurement, cycle

= reference phase, cycle
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Introduction

HERE has been increasing interest in satellite formation fly-

ing in recent years, with the correspondingneed for measuring
the intersatellite distance with high accuracy. One of the ways of
measuring the intersatellite distance is the use of an intersatellite
microwave ranging system to count the number of carrier phases.
The accuracy of this type of system is mainly limited by the insta-
bility of the oscillator that drives the phase signals.

A dual one-way ranging system minimizes the oscillator noise
effect by combining the one-way range measurements from two
microwave ranging systems. With identical transmission and recep-
tion subsystems, each satellite transmits a carrier phase signal to
the other satellite. The received signal at each of the two satellites
is recorded and later transmitted to a control segment, for exam-
ple, a ground station. The frequency fluctuations due to oscillator
instability have nearly equal and opposite effects on each satellite’s
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measurement, and summation of these two phases cancels most of
the oscillator noise. The combined phase measurementis converted
to the biased range between the two satellites with very high preci-
sion.

In the 1980s, this type of the dual one-way ranging system was
first studied by the Johns Hopkins University, Applied Physics Labo-
ratory for the NASA GeopotentialResearch Mission (GRM), which
was to be a dedicated spaceborne mission designed to map the grav-
ity field with high accuracy.! = The orbit of any satellite in a near
Earth orbit depends on the globally integrated effect of mass dis-
tributions, as well as mass movement in the Earth’s systems. The
orbits of two coorbiting satellites, sensing these effects at slightly
different phases, will be perturbed differentially. This difference in
perturbationsis manifestedin the intersatelliterange change,and the
need for measuring this range change with very high accuracy was
a motivation for developing the dual one-way ranging system.*~¢
However, the GRM mission was canceled, and this ranging system
did not have the chance to fly.

In 1997, the Gravity Recovery and Climate Experiment (GRACE)
was selected under the NASA Earth System Science Pathfinder
program.” Similar to the proposed GRM mission, the GRACE mis-
sion utilizes high-accuracy intersatellite ranging measurements be-
tween two coorbiting satellites. The two satellites are separated in
orbit by 220 4 50 km along track. The orbit inclination is close to
90 deg, and the initial altitude is 500 km. This relatively low orbit
altitude makes it possible to detect high-frequency temporal and
spatial gravity signals. To correct the signal delay due to the iono-
sphere, two frequency signals, K (24 GHz) and K, (32 GHz) bands,
are used.

The satellite orbit is affected not only by the gravitational accel-
erations, but also by nongravitational accelerations, for example,
atmospheric drag and radiation pressure, and their effects must be
accurately measured and corrected to extract the gravitational in-
formation in the range change measurements. For this purpose, the
GRACE satellites carry high-precision three-axis accelerometers.
Each satellite also carries a geodetic quality global positioning sys-
tem (GPS) receiver to ensure that the positions of the satellites can
be continuously and accurately determined, so that the gravity field
estimates can be correctly registeredin a terrestrial reference frame.

The GRACE mission is implemented under the overall direction
of the University of Texas Center for Space Research. The NASA
Jet Propulsion Laboratory (JPL), California Institute of Technol-
ogy, has been assigned responsibility for the development of the
science instrument and satellite system in partnership with Space
Systems/Loral and Dornier Satellitensysteme. Two GRACE satel-
lites were sucessfully launched in March 2002 and started their
five-year mission.

To support the dual one-way system hardware developments, a
seriesof analyticand numericalanalyseshavebeen performed;rang-
ing performanceprediction, filtering characteristics,etc. Most of the
previous analytic analyses used a spectral domain approach.!'8 and
the instrument error analyses were limited to certain types of error
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sources and assumptions. To overcome these limitations, a software
simulator has been developed. This paper describes the algorithm
and results of the software simulator. The simulator generates the
phase measurement time series and then processes them to extract
the intersatelliteranginginformation. All of the processeswere done
in the time domain, and use of this time domain approach made it
possible to apply more extensive error models than the analytic or
spectral approach. Furthermore, the time-domainresults allowed us
to validate the analytic and spectral analysis results. This simulation
study was specifically applied for the GRACE mission, but it can
be applied to other dual one-way intersatellite ranging systems by
a change of appropriate simulation parameters, for example, carrier
frequencies and separation distance.

Measurement Equations

Intersatellite Ranging Observable

The dual one-way ranging system measures the low—low inter-
satellite range, plus some noise and corrections. The intersatellite
range equation can be expressed as’

p(t) = /Iri(t) — 1] - [r1 (1) — r2(1)] ey

where the position vectors of satellite 1 and 2 are defined as r; and
ry, respectively. This range represents an instantaneousrange at the
nominal time . This quantity is different from the range measure-
ment inferred from the phase measurements by multiplication of
the wavelength, which contains a finite time of flight for the sig-
nal, time-tag errors, instrument bias, etc. Use of this instantaneous
quantity allows amore directimplementationof the estimationalgo-
rithm. The dual one-way ranging model in the next section converts
the observed phases into this instantaneous range in a manner that
accounts for the major effects associated with true terms of flight
measurements.

Dual One-Way Ranging

The following formulations describe how to obtain the instan-
taneous range of Eq. (1) from the one-way phase measurements.
This derivation shows how the oscillator noise from the individ-
ual spacecraftis canceled out through the use of the dual one-way
ranging.

Figure 1 illustrates the phase measurements from the dual one-
way ranging system. The output from each satellite is the one-way
phasemeasurement,and thisis sentto the groundfor processing.The
single-frequencycarrier phase measurementreceivedat the i th satel-
lite at a specified nominal time ¢ can be modeled as follows® 111

@l (t+ AL) = @ (t + AL) — @/ (t + At) + N/ + I/ +d/ + ¢!
i#j )

This is the difference between the reference phase of the ith satel-
lite, ¢; (t + At;), and the received phase from the jth satellite,
@’ (t + At;), with the time-tag error of At;. This measurementcon-
tains the integer ambiguity N/, ionosphere phase shift I/, phase
shift due to other effects d[’ , and measurement noise a[’ . This car-
rier phase travels from the antenna phase center (PC) of one satellite

ij=12,

+ +

o)

Fig. 1 Phase measurements of the dual one-way ranging system.

to the PC of the other satellite. This phase equation corresponds to
the PC-to-PC range, but it can be converted into a satellite center of
mass c.m.-to-c.m. range with the known offset d; .

A dual one-way phase measurement for K or K, band is defined
as the sum of two one-way phases:

Ot) = @2(t + At) + ) (t + Aty) 3)

for the K or K, band. For measurementerror analysis, this equation
can be expanded after appropriate substitutions and approximations
are made. The receivedphase ¢/ canbe replaced with the transmitted
phase ¢;at the transmit time:

@/t + AL =g;(r+ AL — 7)) )

where 7/ is the time of flight from the jth satellite to the i th satellite.
Each phase ¢; (t) can be decomposed into the reference phase ¢;
and the phase error d¢; due to the oscillator instability. The rate
of phase change ¢, (¢) can be replaced with the constant nominal
frequency f;. The carrier frequencies from the two satellites are
slightly different by design and denoted by fi and f,. After these
substitutions, the dual one-way phase can be approximated by

o) = (fi) + fort) + {[801(1) — 8 (t — 1,) ]

+[80:(0) = 8a(r — 22) ]} + (Fi = F)(An — AL
+(@E¢1 — @) (At — Ab)+ N+1+d+e )

The first term represents the true phase measurement, the second
term represents the phase error due to the oscillator errors, the third
termis due to the time tag errors, and the fourth term is the coupling
between the oscillator and time-tag errors. The remaining terms
represent the combined effects of the two satellites for previously
defined quantities, for example, N = N? + N, . Note that the second
term represents the phase error difference over the time of flight
or 7,. This implies that the long and medium period phase error,
which has a period longer than the time of flight (~1 ms), can be
removed by this dual one-way combination. This noise reduction
method is similar to the GPS differencing technique.!’

The two times of flight, 7, and 77, in Eq. (5) can be converted
into a single time of flight (TOF) correspondingto the instantaneous
range p () by the use of

(A7) + A7) = (fi+ )T + ABror (), T=p)/c (6)
where A®ror is called a light-time range correction. This light-time
rangecorrectionis similar to the conventionallight-time correction'®
and can be computed from the nominal (or preliminary) orbits with
sufficient accuracy.!!

The dual one-way phase is converted to a dual one-way range by
multiplication with an effective wavelength A:

R(t) = 16(1), where A=c/(fi+tf (D)
Substitution of Egs. (5) and (6) into Eq. (7) yields the instantaneous
range equation for K or K, band at the time ¢ that relates the instan-
taneous range p(#) to the dual one-way range measurement R(¢):

R(1) = p(1) + pror(®) + peur(®) + N'+ 1" +d" + &' (8)

for the K or K, band, where pror is the light-time range correction
and p,,, is the range error due to the oscillator and time-tag errors.
The remaining terms N', I', d’, and &’ are obtained by scaling N,
I, d, and ¢ with A. Because this equation is for either the K or K,
band, there are two dual one-way ranges, Rx and R, .

The last step is to eliminate the ionosphere effect I by the use of
the conventionalionosphere-free combination®:

R— f_‘[%RK —J?HRK,,

- ©)
fe — Ik,
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Because there is an offset between the two satellites’ transmit fre-
quencies, the effective frequency f, which is the geometric mean of
two satellites’ frequencies for each band, is used. In summary, the
one-way phases gof (t + At;) of Eq. (2) are converted into the in-
stantaneousrange p (¢) of Eq. (8), except for the noise and ambiguity
components.

Measurement Error Sources

This section describesthe individual error sourcesin the one-way
phase measurement of Eq. (2). The effects of the oscillator noise
and time-tag error on the dual one-way phase are also analyzed
with Eq. (5). The realization of these errors will be describedin the
Simulation Description section.

The oscillatornoise or instability ¢; affects the phase ¢; directly
but can be reduced after the dual one-way ranging filtering. The
oscillator noise residual after the filtering is called the oscillator
noisein this study,and itis identified as the second termin Eq. (5). Its
errorlevel dependson the oscillatorcharacteristicsand the efficiency
of the dual one-wayranging filtering. (The latteris mainly a function
of satellite separation distance.) A shorter separation distance is
better for the noise cancellation because it reduces the signal TOF.

The time-tagerrorin this study representsthe time-tag errorresid-
ual after the time-tag correction process on the ground, not the ini-
tial time-tag error onboard. With the GPS data, the measurement
time-tag can be determined very accurately after the ground pro-
cessing. Then, each one-way measurement is interpolated toward
the nominal time 7, and the original time-tag error At; can be re-
placed with a much smaller value. Specifically, the relative time-tag
error, (At; — At), becomes much smaller because most of common
time-tag errors are canceled. The dual one-way phase error due to
the time-tag error [third term of Eq. (5)] is related to the relative
time-tag error between the two satellites, not the absolute errors.
A smaller frequency offset (f; — f2) reduces the range/phase error
as shown in the equation. Because the observable is an inherently
biased range due to the phase ambiguities, the variability of the
time-tag error is of primary interest, rather than its absolute value.

The measurement noise a[’ [last term of Eq. (2)] may include
system noise, multipath error, and phase modulation error:

Etrue = asystem + amullipath + EAM/PM + other (10)

The system noise &y is due to the receiver instrumentnoise, and
its mean value is mainly dependent on the distance between the
two satellites or the signal-to-noiseratio (SNR). The multipath er-
TOr Emuliparn 15 due to the indirect received signals when the line of
sight (LOS) of the two satellites is not perfectly aligned with the
microwave antenna boresight. This error may be a function of the
satellite geometry and attitude control characteristics. During the
extraction of the phase signal from the incoming microwave signal,
amplitude modulation/phase modulation (AM/PM) error €y/pum 18
generated due to the variation of the incoming signal strength. This
variation is mainly dependent on the SNR or the intersatellite dis-
tance, and it can be modeled as proportional to the range variation.
All of these measurement errors are applied to the truth phase mea-
surements, but no corresponding error models are applied for the
range estimation process.

The offsettermd; of Eq. (2) representsthe sum of the phase shifts,
which is related to the distance between the c.m. of the satellites and
the PC of the satellite microwave antenna. The phase measurements
reflect the distance between the PC of the two satellites. For orbit
and gravity estimations, this distance needs to be convertedinto the
distance between the c.m. of the satellites. The offset d is used to
convert the PC-to-PC range into the c.m.-to-c.m. range. The offset
error can be realized by differencing the simulated and estimated
offsets (dlrue - dnominal)

dlrue = dlrue attitude + dlhermal
dnominal = dnominal attitude + (dnominal Ihermal) (1 1)

where the indices of d[j are dropped for simplicity. The conversion
from the PC-to-PC range into the c.m.-to-c.m. range involves the

projection of each satellite’s c.m.-to-PC vectors along the c.m.-to-
c.m. vector, or LOS vector. Because of the long baselinebetween the
two GRACE satellites (~220 km), the LOS vector direction can be
well determinedin spite of the modest nominal orbiterror (<50 cm).
Therefore, the conversion accuracy is dominated by the c.m.-to-PC
vector accuracy. The directions of these vectors are derived from
the attitude measurements by the star cameras. Unlike the multipath
error, which depends only on the attitude control accuracy, this error
depends on the attitude knowledge accuracy as well.

Another critical error source is the c.m.-to-PC distance variation
due to thermal distortion, which includes mechanical distortionand
PC variation, and this type of error degrades the range accuracy di-
rectly. The simulator has a capability to apply the thermal distortion
error to the phase measurements using either a user-specified ther-
mal distortion time series or with an internal analytically generated
time series. However, this error level mostly depends on the struc-
ture design and thermal control methodology specific to a satellite.
Because this study focused on the dual one-way ranging system it-
self, the results in this paper do not include the thermal distortion
effect.

Simulation Procedure

The simulation procedure consists of two parts, measurement
simulation and measurement processing. The output from the first
part is a set of four one-way phase measurements for each epoch.
The second partextracts the intersatelliterange from the phase mea-
surements for each epoch. The flowcharts for the two proceduresare
shown Figs. 2 and 3.

1) The first step generates truth orbits with truth dynamic mod-
els, that is, gravity and drag models. These orbits provide the two
satellites’ positions as a function of nominal time, and this truth
instantaneousrange at each nominal time is saved for later compar-
ison. Furthermore, GPS observationsof two satellites are generated
along the truth orbits.

Time-Tag Error ‘ Truth Dynamic Model | | Attitude
| Reference & Received Phases |<—’ Light-Time ‘<—‘ CM-PC Offset

SAT1-K,SAT2:K
SAT1-Ka,SAT2-Ka

One-Way Phases

Fig. 2 Generation procedure of one-way phase measurements.

One-Way Phase Observations

| SAT1-K | | BAT2K | | SAT1-Ka | SAT2-Ka | Attitude Obs | GPS Obs

l ! ! l

| Dual One-Way Range K | Dual One-Way Range Ka

l 1

| lono-free Dual One-Way Range |

CM-to-PC Correction

Light-Time Correction

Nominal Orbits

Instantaneous Range

Fig. 3 Processing procedure of dual one-way phase measurements.
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2) The time-tagerrors are generatedand added to the nominal time
to yield the actual observation (signal reception) time. By a conven-
tional iteration method, the TOF of the carrier signal corresponding
to the observation time can be approximated from the satellite po-
sitions. This TOF includes the geometric range, ionosphere phase
advance, and antenna offset. The transmit time is computed by sub-
traction of the TOF from the observation time.

3) The phase error time series are generated from the oscillator
specification. The transmitphase, which is the sum of nominal phase
and phase error, is computed at each transmit time, and this phase
becomes the received phase at the observation time. The receiver
referencephaseis generatedat the observationtime. The phase mea-
surements were computed by subtractionof the received phase from
the reference phase and by addition of the measurement noise de-
scribed earlier. Four one-way phase measurements of Eq. (2) are
computed for the two satellites and two frequency bands.

4) To process the dual one-way measurements, a set of nominal
orbitsis required for the light-time and other corrections. With nom-
inal dynamic models, these orbits can be estimated from the GPS
observations generated in step 1.

5) For each frequency band, the two carrier phase measurements
are combined to form a dual one-way phase measurement by the
use of Eq. (3), and these phase quantities are converted to the dual
one-way range measurements.

6) The K and K, range measurements are combined to obtain the
ionosphere-freedual one-way range by the use of Eq. (9). The light-
time and c.m.-to-PC correctionsconvert the dual one-way measure-
ment into the instantaneousrange, where the light-time correction
is computed from the nominal orbits. The measurement bias, for
example, phase ambiguity, still remains during this process.

7) The computed instantaneousrange is compared with the truth
instantaneous range of step 1 (except the measurement bias). This
differencerepresentsthe expectedintersatelliterange error. Because
the bias can be fully removed by adjustmentof appropriateempirical
parameters during the orbit and gravity estimation process, the bias
level is not included in the error analysis.

Simulation Description

The GRACE satellite models were used for the simulations,
and the following sections describe the dynamic and measurement
models.

Data Description

A typical mission orbit was selected for the simulation, and one-
day’s worth of data were simulated with 10-s intervals. Table 1
describes the simulation data type and error models. One satellite’s
frequencieswere higher than the other satellite’s by 0.5 MHz in both
the K and K, bands.

Dynamic Models

Two sets of dynamic models, truth and nominal, were used for
the measurement generation and processing, respectively. The dif-
ferencebetween these two models representsthe currentuncertainty
level of the dynamic models.

Truth dynamic models, used for generation of the truth orbit tra-
jectories, consist of the gravitational and nongravitational models.
The EGM96 Earth gravity model,'> which is a set of spherical har-
monic coefficients, was used as the truth gravitational model. To
realize the high-frequency feature of the gravity accelerations, de-
gree and order 360 gravity coefficients were applied. Atmospheric
drag and radiation pressure were applied to model the nongravita-
tional accelerations.

For the nominal orbit estimation, the simulated GPS measure-
ments were processed with nominal dynamic models.!* The dif-
ference (1o) between the truth and nominal orbits were 50 cm in
position and 5 cm/s in velocity. These differences are conservative
when compared with current GPS orbit determination accuracy.

Measurement Error Models
The GRACE satellites use a quartz crystal type ultrastable oscil-
lator. From its Allan deviations, a set of state-space equations was

Table 1 Simulation description

Type Parameters

Data description
Four one-way carrier phases
for each epoch
K (24 GHz), K, (32 GHz)
For K and K,, 0.5 MHz
One instantaneous range for each epoch

Measurement type

Phase frequency bands
Frequency offset
Estimation parameter

Sampling interval 10s

Data span 1 day
Orbit conditions

Altitude 450 km

Separation distance 239 km

Eccentricity 0.001

Inclination 87 deg

Dynamic error
Gravity, atmospheric drag, solar,
and Earth radiation pressure
Position error (1 o) 50 cm
Velocity error (1 o) 5 cm/s

Dynamic models

Measurement error

Allan variance 2 x 10~!3 for 100 s

200-ps relative variation (1 o)

C/Ny=69dB-Hz at220km

3-pum/mrad attitude variation

0.01 cycles per revolution

0.5 mrad (yaw, pitch)

0.05 mrad

Sum of harmonics or input time series
(not included in the simulations)

Oscillator noise
Time-tag error

System noise

Multipath error

AM/PM error

Attitude control error
Attitude knowledge error
Thermal variation

derived and used for integration of the phase error time series.!*!3

The two oscillators had the same noise power spectrum, but differ-
ent error realizations, by the use of different seed numbers for the
random number generation.

The absolutetime-tag error for each satellite was modeled to have
a standard deviation of 141 ps. Because the two satellites’ time-tag
errors were modeled to be independent, the relative time-tag error
was 200 ps (200 = /2 x 141). With the GPS and International GPS
Service network data, this accuracy level can be achieved without
significant difficulties. This is especially true of the relative time-tag
error because most of the common error sources cancel.

The system noise &gygem Was approximated as white noise for the
one-way phase measurement. Its standard deviation corresponds
to the C/N, (signal/moise spectral density) value of 69 dB - Hz,
predicted for the nominal separation distance (~220 km) (Ref. 8).

It is hard to develop a general model of the multipath effects be-
causeof the arbitrarily differentgeometric situations. However, with
some approximationsmade by Thomas® (see also Ref. 11), it is pos-
sible to derive a simple relationship between the attitude variation
and a pessimistic multipath error model. With these approxima-
tions, the multipath error &y,iipan Was modeled as proportional to
the attitude error variation and signal reduction factor. The attitude
simulation results from NASA Langley Research Center/Analytic
Mechanics Association, Inc.,'®!” were used to realize the attitude
control error, that is, microwave boresight deviation from the true
LOS. The reduction factor around the front edge was assumed to
be —50 dB. With these conditions, a 1-mrad attitude control error
yields an approximately 3-um range error.

The AM/PM conversion error was modeled proportional to the
signal travel length, or the intersatellite distance. As with the range
variation, the most dominant AM/PM error signal is the one cy-
cle per revolution component with an amplitude of 0.01 cycle. The
high-frequency variation of this error is much smaller than the low-
frequency variations.

The c.m.-to-PC offset computation requires two attitude time se-
ries: truth and nominal. The same attitude time series used to pro-
duce the multipath error was used for the truth case. This angle was
combined with the truth c.m.-to-PC distance to provide the c.m.-
to-PC offset d,,.. The nominal attitude time series was obtained by
addition of the attitude knowledge error (modeled as white noise) to
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the truth attitude time series. The nominal ¢.m.-to-PC offset dyominal
was obtained from the nominal attitude and c.m.-to-PC distance.

Simulation Results

This section describes the output from each simulation step and
presentsan analysis of the results. In additionto the standardsimula-
tion, which utilized the simulation parameter in Table 1, another set
of sensitivity studies were performed by changing some parameters.

Figure 4 shows the intersatelliterange time series computed from
the truth orbits. Because the timescale is short, the secular effect
that dominates the long-term signal has been removed. Accurate es-
timation of this range from the phase measurementsis the objective
for this part of the processing. One orbit period is approximately
5600 s, and so the one cycle per revolution frequency becomes
1.8 x 10~* Hz. The range time series shows a strong one cycle per
revolution signal with the amplitude of 1 km, and this is mainly a
consequenceof the nonzero orbit eccentricity.

The phasenoisetime series of the two oscillatorsare shown Fig. 5.
Each time series was generated for the base frequency (5 MHz)
and then scaled to the carrier frequency (K band) phase errors.
Because the same oscillators are used for both K and K, band
carrier frequencies, the phase errors for the K, band have the same
variability, but differentamplitude. These errors were applied to the
truth reference and received phases.

Figure 6 shows the time series of the four one-way phase mea-
surements for the two satellites and two frequency bands. These
one-way phases are the output of the measurement generation in
simulation step 3. Because of the frequency offset between the two
satellites, one set of measurements increases linearly, whereas the
other decreases linearly. In the case of the actual mission, a phase-
locked loop will be reset periodically to avoid the overflow of the
phase measurements after a certain period. In this simulation, high-
precisionnumbers (16-B real) were used to minimize the loss of ac-
curacy. No phase ambiguities were applied to these measurements.

240.0 T T T T T T T T T T T T T

239.5

Range (km)
N
]
(o]

238.5
238 O 1 1 1 | 1 1 1 | Il 1 | 1 1 1 | 1 | 1
-0 2000 4000 6000 8000 10000
Time (sec)
Fig. 4 Truth intersatellite range time series.
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Fig. 5 Phase error time series of two oscillators.
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Fig. 7 Dual one-way phase measurements.

Because the phase ambiguity can be fully absorbed by use of empir-
ical parameters during the estimation process, the presence of the
ambiguity has a negligible effect on the measurement accuracy.

Figure 7 shows the dual one-way phases for the K and K, bands.
They are the sum of the two one-way measurements in Fig. 6. The
K and K, phases have different cycles because of their wavelength
and ionosphere delay differences. Both measurements show strong
one-cycle-per-revolutionsignals, as with the range variation. These
dual one-way phase measurementswere convertedinto the dual one-
way range by multiplication of their wavelengths from Eq. (7). The
ionosphere-free range was obtained by combination of those two
frequency band ranges and their conversion into the instantaneous
rangeby applicationof the light-time correctionscomputed from the
nominal orbits. Another simulation result proved that the nominal
orbit accuracy is not sensitive to the light-time correction accuracy
and that the effect of the light-time correction error is negligible in
comparison to other error sources.

The range error time series is illustrated in Fig. 8. This is the
difference between the truth and estimated instantaneous ranges.
The error level is very low, rms of 1.7 um, when the large oscil-
lator instability is considered. The dominant variation is the one
cycle per revolution variation because some of the error sources are
proportional to the range variation that has a strong one cycle per
revolution variation.

The power spectrum of the range error is shown in Fig. 9. At
the high frequency, the error level is close to 1 um//Hz, which
is the system noise level. Its low-frequency noise level is higher
and is mainly due to the strong low-frequency signal of the os-
cillator noise residual. For comparison, the range error spectrum
without the dual-one way ranging is also included in Fig. 9. This
single one-way ranging error was obtained by multiplication of the
one-way phase measurement error by its wavelength. This ranging
error level is comparable to the conventional phase-derivedranging
error level before the oscillator error adjustment is applied. This
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Fig. 10 Effect of the relative time-tag error on the ranging accuracy.

comparison shows how much reduction can be achieved with the
dual one-way ranging system where noise reduction on the order
of 10® was obtained for low frequency. This reduction, or the noise
level difference, is less significant for high-frequencynoise because
the dual one-way ranging system is more effective at removing the
low-frequency oscillator noise.

Figure 10 illustrates the effect of the relative time-tag error on the
ranging accuracy by changes made in the time-tag error level. The
predicted error level was computed from the third term of Eq. (5),
and the simulated results agree with the predicted level very well.
Because the error effect depends on the frequency offset between
the two satellites as well, the 1.5-MHz offset was tested in addition
to the 0.5-MHz offset. The result proves that the smaller frequency
offset provided a better ranging accuracy.
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Fig. 11 Effect of the separation distance on the ranging accuracy.

Figure 11 shows the range error level variation along the sep-
aration distance changes. Three distances, 120, 240, and 600 km,
were tested, and no measurement errors except the oscillator noise
were applied. The range error level is almost linearly proportionalto
the separation distance or the signal TOF because the dual one-way
ranging filtering performance (reduction of the oscillator noise) de-
creased as the TOF increased. This relationshipsuggests thata short
separation distance is better for reduction of the oscillator noise. A
shorter distance reduced the other instrument noise levels as well,
for example, system, AM/PM, etc. When the range error level varia-
tion was analyzed in the spectral domain (not shown in this paper), it
showed nearly the same amount of increase over all of the frequency
range as the separation distance increased.

The simulation results matched the GRACE hardware test re-
sults, performed by the JPL. GRACE team, but two results were not
directly comparable because of different testing conditions, for ex-
ample, time synchronizationaccuracy, thermal variation, etc. More
comprehensive and actual hardware performance analysis will be
available when the flight data are analyzed. A preliminary analy-
sis on the initial flight data of the GRACE GPS receivers and dual
one-way ranging system are described in Ref. 18.

The range-rate signal can be obtained by passage of the range sig-
nal through a differentiation filter. The accuracy of the range-rate
signal depends heavily on the filtering scheme. The GRACE data
processing team has been testing various differentiation filters, and
the details are described in Ref. 8. Overall accuracy of the range
rate is well below 1 pum/s, which is comparable to the GRM en-
gineering model test results.! However, direct comparison between
the GRACE and GRM dual one-way ranging system performance
is not possible because the two systems have different oscillators,
carrier frequencies, and measurement types, etc.

Conclusions

A high-accuracy intersatellite ranging system for the GRACE
mission was described. The measurement equations have been de-
rived to show how the dual one-way ranging system removes most
of the oscillatornoise componenteffectively. Most of the significant
error sources were discussed, and their implementation of the soft-
ware simulator was described. The simulation results demonstrate
that a very high accuracy of intersatelliterange measurementcan be
achieved by the use of the dual one-way ranging system. This sim-
ulation tool was useful in identification of the effect of individual
error sources and was used to test the GRACE ground data process-
ing algorithm. This tool can be used for other dual one-way ranging
systems when the simulation parameters are changed.
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