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Abstract The High Integrity GPS program seeks to

provide enhanced navigation performance by combining

conventional GPS with a communications and ranging

broadcast from the Iridium� Communications System.

Through clock and message aiding, it would enable exist-

ing GPS receivers to acquire and track in more challenging

environments. As is the case for standard GPS, accurate

and precise timing is key to performance. An approach is

presented for estimating the bias of each Iridium satellite

clock using satellite-to-ground and satellite-to-satellite

measurements. The satellite clock bias estimates are based

on a Kalman filter that incorporates code-type observations

from the measurements at 10 s intervals. Filter parameters

are set based on the expected behavior of the clocks,

allowing for discontinuous bias and frequency adjustments

due to ground commands. Typical results show the current

filter to be accurate to within 200 ns while always meeting

the initial system specification of half a microsecond.

Keywords iGPS � Clock estimation � Kalman filtering �
Clock ensemble

Introduction

The Office of Naval Research sponsored High Integrity

GPS (iGPS) Technology Concept Demonstration Program

is designed to improve the position, navigation, and timing

performance for military GPS users by integrating the

communications capability of the satellite network from

Iridium Satellite LLC, hereafter referred to as Iridium. The

Iridium constellation consists of 66 satellites. These satel-

lites communicate with each other and the Iridium ground

stations, or earth terminals, as well as users. With its net-

work of satellites supplying coverage of the entire planet,

Iridium provides global voice and data telecommunication

services to both military and commercial customers with

equipment and services targeting numerous markets such

as maritime, aviation, defense/government, machine-to-

machine communications, disaster response, and explora-

tion/adventure (Foosa et al. 1998; Schuss et al. 1999).

The iGPS concept uses the Iridium communications

capability to precisely transfer GPS time to properly

equipped users in challenging environments such as natural

and urban canyons, heavily wooded areas, and in the

presence of intentional or unintentional interference. By

establishing a robust means to provide this time to within

0.5 ls, the system will facilitate the acquisition of GPS and

accelerate the time to first fix for properly authorized users

in degraded environments. More information on using

Iridium to augment GPS can be found in Joerger et al.

(2009, 2010).

The Iridium satellites are in six orbital planes located in

a low-Earth orbit altitude of *780 km with a high incli-

nation of *86�. This leads to relatively short contact times

with the ground, for 10 min or less, but higher received

power signals than GPS. Each of the satellites is assigned a

satellite vehicle (SV) number. The SV numbers are used to

identify results shown in later sections.

The Iridium satellites use oven-controlled crystal oscil-

lators onboard to generate the communications signals and

maintain system time. Over short time intervals, these

clocks are very stable, but over time spans larger than

100 s, the bias and drift of these clocks are less stable than
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the atomic clocks used by GPS satellites. The Iridium

satellite clocks generally exhibit a flicker noise floor below

10-11 s/s from intervals of 0.1 to a few hundred seconds.

At an interval of about 1,000 s and onward, the satellite

clocks exhibit random walk behavior, still below 10-11 s/s

(Fig. 1). Although this is the nominal behavior of the

clocks, some do exhibit less stable behavior. Iridium issues

commanded bias and frequency adjustments to each of the

satellites at least twice per day to keep the clocks syn-

chronized. Satellites with higher instabilities are updated

more frequently, with no limit set by Iridium on how many

times per day any satellite can be adjusted.

Figure 2 shows the general architecture of the iGPS

system, which consists of reference stations and Iridium

earth terminals that gather information from passing sat-

ellites and then relay that data to an operations center. To

effectively utilize the Iridium constellation for ranging and

augmentation of GPS, the position of the satellites must be

known and the behavior of the satellite clocks must be

estimated accurately and characterized with respect to GPS

time. Each of the reference stations has a Rubidium clock

calibrated to GPS time using an independent single-fre-

quency L1 GPS receiver. Using the data collected from all

the reference stations, the operations center determines the

ephemeris and clock biases of the Iridium satellite con-

stellation. The Iridium-augmented GPS reference stations

are separate from the Iridium stations that are used for the

standard constellation control and maintenance.

We describe an approach to globally estimate the bias

for each Iridium satellite clock using inter-satellite and

satellite-to-ground ranging signals. The basic methodology

is first presented, followed by some example results.

Measurement models and characteristics

There are two measurement types available to the Iridium

global satellite clock estimator. The first type, which is

similar to GPS pseudorange, is an L-band downlink rang-

ing measurement between an Iridium satellite and a ref-

erence station. The second measurement type is a K-band

ranging signal between neighboring Iridium satellites,

referred to as a crosslink measurement. The basic structure

of each is developed below.

In order to use the downlinks or crosslinks to determine

clock bias, the locations of the Iridium satellites must be

well known. The locations of the Iridium satellites used for

this research were calculated from an ephemeris set gen-

erated by the Iridium operations group. These are currently

accurate to better than 20 m. Also necessary for the use of

the downlink measurements are the locations of the refer-

ence stations. These have been determined using GPS

precise point positioning with an expected accuracy of

better than 10 cm.

The currently implemented satellite to reference station

downlink signal provides an unambiguous measurement of

the satellite clock relative to the reference station clock

with a noise level of about 600 ns. The bias and drift of the
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Fig. 1 Laboratory measurements of the Allan deviation for a sample

clock expected to be representative of on-orbit performance of the

Iridium satellite clocks. Sample clock measurements courtesy of

Joseph White. Typical Allan deviation ranges of rubidium and quartz

clocks are also shown for reference (Allan et al. 1997; Coates 2008;

Vig 1992)

Fig. 2 iGPS elements and signals. iGPS uses several reference

stations that receive and process signals from both the GPS and

Iridium satellites. Each reference station uses GPS information to

determine the bias in its reference clock. The central estimator at the

operations center uses the Iridium downlink and crosslink signals to

determine the Iridium satellite clock biases
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reference station clock are solved for separately using GPS

signals. The uncertainty of these estimates is typically

between 10 and 20 ns, much smaller than the Iridium

satellite clock errors and measurement noise present in the

typical downlink. The timing error in the downlink signal

therefore is chiefly a result of the satellite clock bias and

the measurement processes involved in the downlink itself,

as seen below. The downlink range measurement, D, can

be modeled as:

D ¼ R

c
þ tof þ Bref � Bsat þ eref � esat þ cþ g; ð1Þ

where R is the geometric range, tof is the time-of-flight

correction, Bref is the reference station clock bias, Bsat is the

satellite clock bias, eref is the reference station receiver

hardware bias, esat is the satellite transmitter hardware bias,

c includes the ionospheric and tropospheric delays, and g
represents all other error sources.

Using the satellite and reference station position infor-

mation, the geometric range and time-of-flight correction

are removed from the downlink signal. The reference sta-

tion bias, as calculated via GPS, is also removed. Because

of the relatively coarse ranging requirements, the tropo-

spheric delay is simply modeled as a site-specific constant

divided by the sine of the elevation angle of the satellite

relative to the reference station. This should remove about

75 % of the associated error leaving residual troposphere

errors of less than 2 ns. The ionosphere and remaining

troposphere error, residual ephemeris error, multipath, and

tracking noise are combined in the variable g0 and are

expected to be less than 50 ns. The downlink residual

model is then given by:

dD ¼ �Bsat þ eref � esat þ g0 ð2Þ

A downlink pass lasts between 3 and 10 min with a data

rate of one measurement per second. Figure 3 shows the

residuals for a typical pass. At intervals of less than 10 min,

the Iridium clocks have an expected time deviation (Riley

2008) of less than 1.1 ns. Thus, for the purpose of

determining the Iridium satellite clock biases to better than

0.5 ls, the high-rate downlink range measurements can be

reduced to a single bias and drift value for the pass, by

simply applying a linear least squares fit to the downlink

residuals. The bias value estimated at the midpoint of the

pass is then input as a measurement to the global satellite

clock estimator. The measurement uncertainty is determined

from the covariance of the least squares fit.

The downlink example in Fig. 3 shows a pass of

*7.5 min. The original downlink observations have 1r
noise of 600 ns. For typical downlink passes, the resulting

midpoint bias formal uncertainty is reduced to between 25

and 45 ns, depending on the length of the downlink pass.

As a result of hardware biases and other unmodeled

systematic errors, the actual error in the downlink mea-

surements is estimated to be *100 ns. The results shown

are typical of the downlink preprocessing.

The crosslink measurement set includes an unambigu-

ous but noisy range measurement known as a variable

receive offset (VRO) measurement, and a precise but

ambiguous range measurement known as a unique word

phase (UWP) measurement. As the current design favors

simplicity and accuracy over precision, only the VRO

measurements are currently being used. Each satellite has

the potential to measure four crosslink ranges with satel-

lites in front and behind it in the same orbital plane and

with one satellite in each neighboring orbital plane. The

specific cross-plane crosslinks vary depending on whether

the satellite is ascending or descending in its orbit. The

satellites in the first and sixth plane, which are moving in

opposite directions, do not communicate with each other.

The in-plane crosslink range measurements have lower

noise than the cross-plane crosslinks, but both are useful

for connecting clock measurements across the satellite

network. In general, the precision of the in-plane crosslink

measurements is on the order of 2 ns. The overall accuracy

of the measurements though is closer to 20 ns, again due to

uncalibrated biases and unmodeled systematic effects

(Fig. 4). The cross-plane crosslink observations have errors

that are two to three times larger, depending on the satel-

lites. Despite this, the cross-plane crosslinks are very

important for keeping all satellites clock biases observable

when an orbital plane lacks downlink measurements. It
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Fig. 3 Preprocessing of downlink measurements to create downlink

observable. The individual downlink measurement residuals received

by the reference stations currently have a 0.6 ls level of noise. Over

short time intervals, the clock exhibits mostly linear behavior. By

fitting a line and using a single point from the midpoint as a

representative aggregate observable, the measurement noise input to

the filter and computational load are reduced
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should be noted that cross-plane measurements are not

made by the satellites when they are near the poles of the

Earth, because of the potentially short ranges between

neighboring satellites in the region where the orbital planes

cross. The accuracy of the cross-plane measurements is

also better near the equator.

The crosslink range, R, between the two satellites is

measured by each of the satellites involved in the link. The

one-way link from satellite A to satellite B is referred to as

vAB. Differencing two one-way measurements for the same

link removes the geometrical range and common error

sources including the minimal atmospheric effects present

at an altitude of 780 km. The two-way crosslink mea-

surement is referred to as XAB.

vAB ¼
RAB

c
þ BA � BB þ erecA � etrB þ g ð3aÞ

vBA ¼
RBA

c
þ BB � BA þ erecB � etrA þ g ð3bÞ

XAB ¼ vAB � vBA

¼ 2ðBA � BBÞ þ erecA � etrB � erecB þ etrA þ g ð4Þ

The ranges from A to B, RAB, and from B to A, RBA,

include the time-of-flight difference between the two

ranges. Time-of-flight would not be removed through

differencing, because the value is different for each of the

two one-way links. Therefore, a time-of-flight-adjusted

range is removed from each one-way link before

differencing. The range adjustment is calculated based on

ephemeris information. The two-way residual error due to

inaccuracy in the ephemeris is negligible. The largest

remaining errors in the two-way crosslink are the

transmitter and receiver hardware biases (e). Though the

common-mode hardware bias is removed from all

satellites, there is some variability between satellites that

has not yet been extensively characterized. Based on the

consistency of initial comparisons between crosslinks and

downlinks, the mean hardware bias difference is estimated

to be less than 100 ns.

Although the downlink measurements exhibit a larger

overall noise than the crosslink measurements, they are

necessary to tie the satellite clocks to a known reference.

Without the downlink measurements, the satellite clocks

are not fully observable and the bias estimates would drift.

Thus, both downlink and crosslink ranges are needed for

accurate and stable global estimates of the Iridium con-

stellation clock biases. More precise, Iridium downlink

measurements, similar to GPS carrier phase, are currently

being tested for clock estimation, which show promise to

improve future performance of the system once they

become available.

In addition to the measurements being used in the

filter, Iridium has provided two measurement types to

assist in the validation of the filter clock estimates. First,

Iridium has independent estimates of the satellite clock

biases. These estimates are formed using a set of K-band

feeder link measurements that are separate from the

Iridium downlink measurements used by the filter. The

two measurement systems have a known mean offset of

3.58 ls, which is removed in the subsequent compari-

sons. The Iridium estimates have a stated accuracy of

1 ls, though in practice the accuracy seems to be better.

There is no set interval for these estimates, but they are

generally made at least once every 2 h. The limited

accuracy of the Iridium values means that they can only

be used to verify the global clock estimates in a rough

sense.

Iridium also provides the values of the commanded

adjustments to the satellite clocks. These provide a very

precise measurement of the change in clock bias at the time

of clock adjustments and demonstrate how well the filter

can respond to the clock maintenance. Both of the Iridium

measurement types are marked on the plots shown in the

results section.

Clock filters

To determine the bias of the Iridium satellite clocks based

on downlink measurements, the biases in the reference

stations relative to GPS time must be estimated. Each

reference station clock is an atomic frequency standard,

primarily rubidium but also may be a cesium or a hydrogen

maser standard depending on local availability of the

higher-stability source. The stability of the Iridium satellite
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Fig. 4 Comparison of the noise in the in-plane crosslink VRO

measurement, which is being used in the filter, and the more precise

UWP measurement. There are systematic errors in the VRO

measurement, especially when the satellite is in high-latitude regions
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clocks has already been described. The two clock sets will

be estimated separately using different configurations as

detailed below.

The ground station clock errors are determined based on

point solutions from an independent GPS receiver com-

ponent in the reference station. A Kalman filter is used to

improve the estimates based on a classic model as descri-

bed by Stein (1988, 1989). The filter consists of three

states: bias (b), frequency offset (f), and frequency drift (d).

A separate Kalman filter is run for each ground station so

that the ground reference clock estimates are completely

independent of each other.

X ¼
b
f
d

2
4
3
5 ð5Þ

At each epoch, the filter estimates the state of the clock

referenced to GPS time. The estimates are propagated from

one epoch to the next using a simple linear state transition

matrix in (6) and (7).

u ¼
1 Dt Dt2

2

0 1 Dt
0 0 1

2
4

3
5 ð6Þ

XðtÞ ¼ uðt � t0ÞXðt0Þ ð7Þ

The covariance of the state is also propagated using the

standard Kalman filter equation in (8)

PðtÞ ¼ uðt � t0ÞPðt0Þuðt � t0ÞT þ Qd; ð8Þ

where Qd represents the process noise in the dynamic

model of the clock. The process noise is defined based on

the spectral noise densities of the clocks for the ground

station as defined below.

Qd ¼
S0Dt þ S2Dt3

3
þ S4Dt5

20
S2Dt2

2
þ S4Dt4

8
S4Dt3

6
S2Dt2

2
þ S4Dt4

8
S2Dt þ S4Dt3

3
S4Dt2

2
S4Dt3

6
S4Dt2

2
S4Dt

2
64

3
75 ð9Þ

The ground station clock filter is a typical filter used for

clock applications and similar filters have been validated in

several different papers including Senior et al. (2003). The

satellite filter, detailed below, uses this standard model for

a basis while modifying key parts to improve performance

with the Iridium system.

To accommodate the frequent bias and frequency

adjustments made by Iridium to the satellite clocks, the

satellite clock filter is designed to estimate the bias only.

This type of filter emphasizes stability and quick conver-

gence over accuracy. Unlike the reference station clock

filters, all the satellite clock biases are estimated together to

take full advantage of the crosslink measurements.

X ¼

b1

b2

..

.

b66

2
6664

3
7775 ð10Þ

Based on the expected short-term stability of the

satellite clocks, each clock state is assumed constant

between measurement updates, which generally occur

every 10 s. At this interval, the biases of the clocks show

a variation of about 0.01 ns. Therefore, the constant

assumption is reasonable. The covariance of the state, P,

however, is still propagated using the formula in (8) using

the identity matrix for u. The process noise is defined in

(11) with the spectral noise densities of all clocks assumed

to be identical.

Qd ¼

S0Dtþ S2Dt3

3
þ S4Dt5

20
0 � � � 0

0 ..
.

..

. . .
.

0

0 � � � 0 S0Dtþ S2Dt3

3
þ S4Dt5

20

2
66664

3
77775

ð11Þ

The adaptation of the filter estimates to the clock

adjustments is made by the manipulation of the state

covariance matrix. After the filter is updated with a set of

measurements, measurement residuals are compared with

the residual or innovation variance. If the residuals are

outside the 3r bounds of the residual covariance matrix, it

is assumed that a clock adjustment has occurred. In the

case of a clock adjustment, the covariance of the adjusted

clock is reset to an uncertainty of 3 ls and all the cross

correlation terms are zeroed. The measurement set is then

reprocessed. The large covariance on the adjusted clock

allows it to quickly converge to an adjusted estimate within

a few time steps. If the flagged adjustment turns out to be

an anomalous measurement, the clock state returns to

normal also within that time frame. Generally, anomalous

measurements exhibit little effect as nearly all satellites

have more than one crosslink and most have four.

Filter results

The satellite clock filter has been tested on approximately

10 days of data from the iGPS development testbed.

Results are presented here for 25.5 h starting on December

16, 2011 at 20:49:19 UTC. This day is fairly representative

of the other data sets. As there is no absolute truth refer-

ence, the validation was done by comparing the filter

estimates with Iridium estimates and checking their con-

sistency with commanded clock adjustments. The initial

goal of the filter is to maintain an estimate of the clock bias
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with an accuracy of 0.5 ls. This goal has been set due to

the current accuracy limits imposed by the length of the

Iridium native TDMA downlink burst. Advanced signal

designs, currently under test and evaluation, are expected

to improve the accuracy in later implementations.

Figures 5 and 6 show example estimates of the clock

bias for SVs 18 and 80. The SV 18 clock is typical of the

Iridium constellation. SV 80 is a less stable, rapidly drifting

clock that requires five bias adjustments over the 24 h

period instead of two. The figures show the bias estimate

with its 2r uncertainty, the downlink measurements color-

coded by reference station, the available Iridium estimates

over the time period, and any bias adjustments that were

performed during the measurement period. The bias

adjustments are indicated by a vertical line with text

specifying the magnitude.

Figures 7 through 10 provide additional information to

illustrate the accuracy and precision of the satellite filter

design. Figures 7 and 8 show a comparison of the filter

estimates to the estimates provided for Iridium for both the

clock bias and the adjustments made to the clock bias by

the Iridium control station. Figure 9 presents the residuals

of all downlink measurements from the sample data set.

Finally, Fig. 10 shows the clock bias estimates for all of the

satellites in orbital plane 6.

Overall, the estimates from the filter are consistent to

within 0.5 ls of the Iridium estimates, which is below the

Iridium estimate uncertainty. A comparison of the Iridium

and iGPS estimates shows the differences have a variation

of about 200 ns. This is true for all satellites and indicates

that the filter is performing within the accuracy available

from the Iridium estimates. A 200-ns positive bias in the

residuals, which was removed from the data shown in

Fig. 7, indicates that there is an offset between the two

systems beyond the 3.58 ls expected value given earlier.

A more powerful indication of accurate filter perfor-

mance is the agreement between the commanded bias

adjustments, provided by Iridium, and the change in the

estimates given by the filter at the same time (Fig. 8). The

2r variation in the difference between estimated bias

adjustments and the commanded values is about 30 ns for

the sample set. This indicates that the filter estimates have a

very high internal accuracy. Any offsets seen in the system

comparisons due to hardware biases do not appear to
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change over time. Thus, once these hardware biases have

been determined, it will be possible to reliably remove

them from the measurements.

The residuals from the downlink measurements, shown

in Fig. 9, have a 2r deviation of about 210 ns. This is about

what was expected, based on the calculations shown in the

measurement section. There is an individual offset for each

station from nominal due to hardware bias. The filter

incorporates each downlink measurement with equal

weighting so that the overall downlink residual mean is

zero.

The time histories of the bias estimates for satellites in

plane 6 (Fig. 10) show a high level of correlation between

the biases. This correlated structure indicates that some

systematic errors are present in the filter estimates, because

it is not physically realistic for the clock biases to be

related in this manner. A frequency analysis of the esti-

mates identified a strong once-per-orbit signal present in

the estimates of the clocks. Because these orbital variations

occur in all clock errors simultaneously, it indicates that the

problem is likely due to inconsistencies in specific cross-

plane crosslinks, which then are quickly spread across all

clock estimates.

A key strength of the current filter design is that it

leverages both the downlinks, to keep the system obser-

vable, and the crosslinks, to frequently update the filter

with high-precision measurements. The cross-plane cross-

links are of particular interest because of their ability to

link clocks between neighboring orbital planes, thus

extending the influence of a downlink measurement, and

their potential negative impact of due to higher errors

compared with the in-plane links. To study this, the filter

was applied to the same data sets described above, with the

cross-plane crosslink measurements removed. Figure 11

shows a comparison of the two results for SV 18. Figure 12

provides an expanded view of a 30-min portion of the

comparison, around 22 h, where there is a notable differ-

ence between the two estimates.

Without the cross-plane data, the estimates of SV 18’s

clock bias are smoother, but have a larger uncertainty seen

in the 2r deviation. Furthermore, these estimates drift more

between downlink updates, compared with the nominal

case. Small jumps in the no-cross-plane estimates can be
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seen when downlink measurements from different satellites

are incorporated by the filter. This is particularly noticeable

in Fig. 12. In each case, the filter jumps in response to a

downlink measurement bring the no-cross-plane estimates

closer to the nominal filter estimates; thus, we can conclude

that the nominal approach is more accurate.

Conclusions

An Iridium-augmented GPS system offers a unique

opportunity for military users to access a full constellation

of 66 satellites with high-power signals to assist in posi-

tioning via GPS. The fact that the Iridium constellation is a

communication system and was not originally designed for

navigation or time synchronization leads to interesting

challenges in the implementation of an Iridium-based

augmentation system. In particular, the lack of atomic

clocks aboard the Iridium satellites necessitates real-time

filtering to be able to provide accurate estimates of the

clock bias for each of the satellites. The global clock

estimator approach determines biases for all satellite clocks

in the constellation concurrently, by incorporating down-

link measurements with a 2r error of 100 ns after pre-

processing and crosslink measurements with noise levels of

20 ns (2r) for the in-plane crosslinks and 40 ns (2r) for the

cross-plane crosslinks. It is designed to provide accurate

estimates that are robust to large, discrete, commanded

adjustments to the satellite clock bias and drift that can

occur several times per day on each satellite.

The satellite clock filter has been shown to provide

estimates that meet or exceed the initial design require-

ments. The measurement residuals and comparison with

Iridium’s independent estimates show the filter to be well

within 0.5 ls for all the clock estimates. The 2r accuracy

of the filter estimates is currently about 200 ns, and the 2r
precision of the estimates is about 30 ns. Although the

cross-plane crosslink measurements appear to add noise to

the overall system, they are indispensable in keeping the

estimates from drifting between downlinks. The systematic

nature of the cross-plane noise indicates that there may be a

way to reduce it in the future.

The next step in the development of the Iridium global

clock estimator is to focus on improving the overall

accuracy and short-term precision of the results. Downlink

biases can be better estimated by increasing the number of

ground stations which will allow for an accurate estimate

of the bias of each ground station relative to the mean. The

mean bias can then be calibrated through hardware mea-

surements at one or two of the ground stations. Clock drifts

can be better estimated by incorporating high-precision

phase measurements from the crosslinks (UWPs) and the

downlinks. Again, special attention is required to provide

the best possible accuracy with rapid response to discrete

adjustments of a satellite clock bias or frequency. Down-

link phase measurements are currently being made and

incorporated into the reference receiver which will support

this effort. Once they are reliably established, improve-

ments to the clock drift estimates can be integrated with the

bias measurements to further improve the performance of

the clock bias filter. Future efforts will assess the impact of

the global clock estimator on Iridium-augmented GPS user

performance.
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