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As long as people have been navigating, they have needed
to know how to measure time. Technology has changed
the required level of precision, and the details of the
application, but to-date some knowledge of time has always
been required. In the earliest days, people would decide
when to turn left or right by how many hours they had
been walking or sailing. In the eighteenth century, contests
were held and prizes awarded to those who could construct
clocks accurate to the minute over monthly periods, so as
to measure the longitude for navigational needs. And now,
in the twenty-first century, we find navigation is dominated
by radio-based global navigation satellite systems (GNSSs),
which cannot function without knowledge of the time at the
nanosecond level.

In April 2007, three important international meetings
devoted to time, frequency, and navigation were held toge-
ther in Geneva under a common umbrella aiming to prom-
ote the interchange of these communities. The meetings
were

(i) the European Frequency and Time Forum (EFTF),

(ii) the IEEE Frequency Control Symposium (IEEE-
FCS),

(iii) the European Navigation Conference (ENC-GNSS).

With the development of the Galileo system, particular
attention has arisen in Europe on research and advanced
activities related to satellite navigation and its applications.
Time and frequency are the heart of navigation systems
given the “ticking” that synchronizes all the systems allowing
positioning and also correct time dissemination.

The TimeNav event was therefore a unique event in
relation to the IJNO aims of promoting and diffusing the
culture of navigation. A special TimeNav issue focused on
all the research themes related to the timing aspects of
navigation systems was therefore proposed, and 11 authors

accepted the invitation to submit a full paper describing
their research activities relevant to the theme of time and
navigation.

The resulting special issue that now is ready to appear
is structured as follows. The first paper, by L. Galleani and
P. Tavella, presents an application of the well-known Allan
variance statistic, which is tailored to dynamic systems such
as those relevant to navigation. There follow papers on how
practical timekeeping is performed. One is from the USNO,
which provides the time reference for GPS. Yuko Hanado
et al. then describe the system at NICT, which is slated
to provide the time reference for the QZSS system. The
following three papers describe how GNSS control facilities
generate time or ensure its validity. First, Carlos Hernández
Medel et al. describe Galileo’s integrity management, and
then Qinghua Wang et al. provide an algorithm for backup
control of the maser time reference. The third paper, by
James R. Wright, describes how the GPS composite clock
functions. Toshiaki Iwata et al. then show how a satellite clock
can be synchronized. The following three papers, by Pascale
Defraigne et al., J. Delporte et al., and G. Petit and Z. Jiang,
complete the cycle by using the time of the GNSS systems to
improve timekeeping on the ground. Finally, P. P. Sotiriadis
and G. L. Weaver describe a new way of creating frequency
synthesis which has the potential to greatly increase the
available precision in future hardware.

Patrizia Tavella
Demetrios Matsakis
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The stability of the atomic clocks on board the satellites of a navigation system should remain constant with time. In reality, there
are numerous physical phenomena that make the behavior of the clocks a function of time, and for this reason we have recently
introduced the dynamic Allan variance (DAVAR), a measure of the time-varying stability of an atomic clock. In this paper, we
discuss the dynamic Allan variance for phase and frequency jumps, two common nonstationarities of atomic clocks. The analysis
of both numerical simulations and experimental data proves that the dynamic Allan variance is an effective way of characterizing
nonstationary behaviors of atomic clocks.
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1. INTRODUCTION

Navigation iscertainly one of the most effective applications
of atomic clocks. The exceptional stability of an atomic clock
allows to reduce the localization error below one meter, as
required, for example, by the Galileo system specifications.
To guarantee and maintain in time a very high stability of
the atomic clocks is therefore a fundamental requirement of
a navigation system. Unfortunately, the stability of an atomic
clock changes with time as a consequence of several differ-
ent phenomena: sudden and cyclic variations of temperature,
aging of physical devices, sudden breakdowns are among the
main causes of nonstationarities.

It is hence necessary to introduce a tool that allows to rep-
resent the stability of an atomic clock as a function of time.
We have recently proposed the dynamic Allan variance, or
DAVAR, a quantity that measures the time-varying stability
of a clock by sliding the classical Allan variance on the data
[1–4]. By using the dynamic Allan variance we are classifying
the typical nonstationarities of atomic clocks that operate on
board a satellite. The final goal is to identify the clock anoma-
lies directly from the DAVAR, which can reveal variations in
the stability that cannot be tracked with other methods [5].
In this way, proper warnings can be generated so that the in-
tegrity of the clock and of the satellite signal can be moni-
tored continuously in time.

In this paper, we consider two typical nonstationarities
of atomic clocks and we discuss the corresponding dynamic
Allan variance. We also analyze experimental data that show
the anomalies described.

2. THE DYNAMIC ALLAN VARIANCE

Time series from atomic clocks are typically represented by
the phase deviation (we use bold symbols for stochastic
quantities) x(t), or by the normalized frequency deviation
y(t) [6]:

y(t) = dx(t)
dt

. (1)

The stability of a clock is standardly defined through the Al-
lan variance [7–10]

σ2
y (τ) = 1

2

〈(
yt+τ − yt

)2
〉

, (2)

where τ is the observation interval, the operator 〈·〉 stands
for time averaging, and yt is defined as

yt(t) =
1
τ

∫ t
t−τ

y(t)dt = x(t)− x(t − τ)
τ

. (3)
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In discrete-time we evaluate the Allan variance with the fol-
lowing estimator:

σ̂
2
y[k] = 1

2k2τ2
0

1
N − 2k

N−2k−1∑

n=0

(x[n + 2k]−2x[n + k]+x[n])2,

(4)

whereN is the total number of samples, k = τ/τ0 is an integer
number representing the discrete-time observation interval,
and τ0 is the minimum observation interval. To control the
variance of the estimate that increases with k, one typically
takes k = 1, 2, . . . , kmax, where kmax = �N/3�, with N being
the total number of samples (the symbol �·� stands for the
integer part of the number).

The dynamic Allan variance is defined as

σ2
y [n, k] = 1

2k2τ2
0

1
N − 2k

×
n+Nw/2−k−1∑

m=n−Nw/2+k

E
[
(x[m + k]− 2x[m] + x[m− k])2],

(5)

where n = t/τ0 is the discrete time andNw is the length of the
analysis window. In the definition we have used the expecta-
tion value E[·] because we wanted σ2

y [n, k] to be a determin-
istic quantity. In this way, we can study the properties of the
DAVAR without taking into account the random fluctuations
that are present every time that we consider one realization
only of x[n].

The DAVAR is in practice obtained by sliding the estima-
tor σ̂

2
y[k] of the Allan variance on the data. The DAVAR at

time n is made by the Allan variance of the Nw samples cen-
tered about n. When analyzingexperimental data, we apply
the estimator

σ̂
2
y[n, k] = 1

2k2τ2
0

1
N − 2k

×
n+Nw/2−k−1∑

m=n−Nw/2+k

(x[m + k]− 2x[m] + x[m− k])2,

(6)

which is identical to (5) except for the expectation value.
We again take k = 1, 2, . . . , kmax, with kmax = �N/3� (other
choices are possible). We also define the dynamic Allan devi-
ation σy[n, k], or DADEV, as the square root of the DAVAR
(the DADEV estimator σ̂y[n, k] is defined in an identical
way).

There is a typical tradeoff in the computation of the dy-
namic Allan variance. If the window is long, the variance of
the estimate is small, but the localization of events in time is
poor. Conversely, a short window guarantees an excellent lo-
calization of events, but has a poor variance reduction. It is
better to choose the window on a case-by-case basis, depend-
ing on the type of data considered.

3. ANALYSIS OF NONSTATIONARY CLOCK NOISES

We now consider two typical nonstationary behaviors of
atomic clocks, namely, a phase and a frequency jump. Both
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Figure 1: White frquency noise plus a delta function (7).

cases are studied using numerical simulations. The dynamic
Allan variance is then applied to a set of experimental data
that show the same types of nonstationarity.

3.1. Case 1: phase jump

It is very common for clocks on board satellites to experi-
ence jumps in the phase signal, which become spikes in the
frequency deviation, since frequency is defined as the deriva-
tive of phase (see (1)). These frequency values are considered
outliers, since they are numerically distant from the rest of
the data. Outliers should be removed in the preprocessing
of data, but since some of them could go unaltered through
the removal algorithm, it is of practical importance to un-
derstand what they look like in the dynamic Allan variance
domain.

Therefore, we consider a white frequency noise to which
we add a delta function, and we numerically study the corre-
sponding DAVAR. The signal model is

y[n] = f[n] + cδ[n− n0], (7)

where f[n] is the usual white Gaussian noise, c is an arbitrary
constant and n0 is the discrete-time at which the delta func-
tion is located. The discrete-time delta function is defined as

δ[n] =
{

1, n = 0,

0, n /= 0.
(8)

In Figure 1, we show the resulting frequency y[n], where
n0 = 2500 and we have taken c to be 30 times the stan-
dard deviation of y[n]. In Figure 2, we show the estimated
Allan deviation σ̂y[k] of y[n], where we see the typical slope
of a white frequency noise, and we do not notice the delta
function. In Figure 3, the estimated dynamic Allan deviation
σ̂y[n, k] is represented. We see that before and after the time
instant n0, the DADEV surface is stationary, beside some ob-
vious fluctuations due to the variance of the estimate. In the
stationary regions, the slope indicates that locally y[n] is a
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Figure 2: Allan deviation of the signal shown in Figure 1.

white frequency noise. Around n = n0 we instead see a de-
crease in the stability (an increase in the dynamic Allan devi-
ation surface), which takes place at all observation intervals.
This change in the stability is due to the delta function in
frequency, and is more intense as c increases. The reason we
see a change in stability for all observation intervals is that at
any k some of the triplets x[m + k], x[m], x[m − k] used in
the DADEV computation include the delta function located
at n = n0. Since the value of the delta function is much big-
ger than the standard deviation of the stationary noise f[n],
the corresponding triplets will be much bigger than those
that are located outside the nonstationary region. This fact
implies that the dynamic Allan deviation computed for the
analysis times whose corresponding window include the time
instant n0 will be bigger than the DADEV that is computed
on the stationary regions alone, which is precisely what we
observe in Figure 3.

3.2. Case 2: frequency jump

Also frequency jumps can be detected in atomic clocks on
board satellites. A simple model for a frequency jump is given
by

y[n] =
⎧⎨
⎩
μ1 + f[n], n ≤ n0,

μ2 + f[n], n > n0,
(9)

where f[n] is a white Gaussian noise with zero mean. The
model of y[n] has been chosen so that the mean value is

μ[n] = E[y[n]] =
⎧⎨
⎩
μ1, n ≤ n0,

μ2, n > n0.
(10)

This means that there is a sudden variation in the mean
of y[n], as shown in Figure 4. The estimated Allan devia-
tion σ̂y[k] is given in Figure 5. We see that the Allan devi-
ation has the typical slopes of a white frequency noise, and
that there is no evident trace of the nonstationarity going
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Figure 3: Dynamic Allan deviation of the signal shown in Figure 1.
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Figure 4: White frequency noise with a frequency jump (9).

on in the clock noise. The reason is that the jump in the
mean value of the signal has been averaged out by the Al-
lan variance. In Figure 6, we instead see the estimate σ̂y[n, k]
of the dynamic Allan deviation, computed with a window of
Nw = 200 samples. We notice that for small values of the dis-
crete observation interval k, the DADEV does not show the
change in mean. The reason is that for small k values the fre-
quency jump is present only in few of the triplets x[m + k],
x[m], x[m − k] used in the DADEV estimation. Most of the
triplets are located in the stationary regions before and after
the discontinuity, and they are not influenced by the change
in the mean. For increasing values of k we see that the sta-
bility steadily decreases. The reason is that for large k most
of the triplets are made by values located before and after the
nonstationarity, that will hence track the discontinuity in the
mean.

3.3. Experimental data

We now analyze a set of experimental data coming from a Ru-
bidium clock undergoing tests for space flight certification.
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Figure 5: Allan deviation of the signal shown in Figure 4.
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Figure 6: Dynamic Allan deviation of the signal shown in Figure 4.

In Figure 7, we show a section of the frequency data y(t). We
notice a frequency jump located approximately at t1= 1.6 104

seconds. After this sudden variation, y(t) gradually recovers
a mean value close to the one that it had before the nonsta-
tionarity. There is also a spike in frequency located roughly at
t2= 3.9 104 seconds, which indicates that a jump in the phase
x(t) has taken place at the same time instant.

In Figure 8, we see the Allan deviation σ̂y[k] of y(t),
which shows the typical slopes of a Rubidium clock and does
not point out the presence of nonstationary behaviors. In
Figure 9, we instead represent the dynamic Allan deviation.
Around t = t1 we notice that the DADEV surface increases
for large τ values, which implies the presence of a step change
in the mean of the frequency y(t), as discussed in Section 3.2.
Also, around t = t2 we spot an increase in the DADEV for
all τ values, which means that there is a spike in frequency
or, equivalently, that there is a jump in the phase data x(t),
as previously discussed in Section 3.1. Outside the regions
around t1 and t2 the dynamic Allan deviation is mostly sta-
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Figure 7: Frequency data of a Rubidium clock.

10−11
σ y

(τ
)

101 102 103 104

τ

Figure 8: Allan deviation of the signal shown in Figure 7.

tionary and it is in accordance with the slope of a Rubidium
clock.

It is therefore possible to characterize the stability of the
Rubidium clock by directly observing the dynamic Allan
variance surface.

4. CONCLUSION

Navigation requires atomic clocks on board the satellites to
have a very high stability, and to maintain it with time.
Since in reality there are several physical phenomena that
produce variations in the clock behavior, it is fundamen-
tal to understand how its stability changes with time. For
this reason we have proposed the dynamic Allan variance,
or DAVAR, a quantity that is able to characterize the non-
stationary behaviors of atomic clocks. In this paper, we
have analyzed two typical nonstationarities that affect atomic
clocks on board a satellite, namely, phase and frequency
jumps. Numerical simulations demonstrate that the DAVAR
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Figure 9: Dynamic Allan deviation of the signal shown in Figure 7.

correctly represents these anomalous behaviors. We have
also validated our method with experimental data, prov-
ing that it is possible to understand the nonstationarities
of a clock by directly inspecting the DAVAR surface. This
means that it is possible to design anomaly detection meth-
ods directly in the dynamic Allan variance domain (a free
Matlab implementation of the DAVAR can be found at
www.ien.it/tf/ts/clock behavior.shtml) [5].
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1. INTRODUCTION

The determination of time has been a crucial factor in nav-
igation for centuries. Many well-known observatories, such
as Greenwich, the Observatory of Paris, and the USNO were
founded in part to measure the time for seafaring purposes.
With the advent of radio navigation, the need for precise time
was pushed to the nanosecond level because the light travel
time, when converted to distance at the approximate rate of
passing 1 meter in 3 nanoseconds, was used for triangulation.
This determination requires knowledge or inference of the
relevant clocks’ times to this level. Increasingly, cm-level
positioning goals as well as coherent interferometry appli-
cations lead to future timing requirements at the picosecond
level.

In order to serve navigational needs of GPS, as well were
time and frequency requirements of other users and systems,
the USNO has specialized in real-time, robust timekeeping.
This paper describes how time is generated at the USNO and
transferred to the users.

2. TIME GENERATION

The most important part of the USNO Time Service Depart-
ment is its staff, which currently consists of 27 positions.
Of these, the largest group, almost half the staff, is directly
involved in time transfer. The rest are fairly evenly divided

between those who service the clocks, those who monitor
them, and those who are working to develop new ones.

The core stability of USNO time is based upon the clock
ensemble. We currently have 69 HP5071 cesium clocks made
by Hewlett-Packard/Agilent/Symmetricom, 4 cesium CsIII-
EP clocks made by Datum/Symmetricom, and 24 cavity-
tuned “Sigma-Tau/Datum/Symmetricom” hydrogen maser
clocks, which are located in two Washington DC buildings
and at the USNO Alternate Master Clock (AMC), located at
Schriever Air Force Base in Colorado. The clocks used for
the USNO timescale are kept in 19 environmental chambers,
whose temperatures are kept constant to within 0.1 degree
C and whose relative humidities (for all masers and most
cesiums) are kept constant to within 1%. The timescale is
based only upon the Washington DC clocks. On June 7, 2007,
70 standards were weighted in the timescale computations.

The clock outputs are sent to the measurement systems
using cables that are phase-stable and of low temperature
coefficient and where possible all the connectors are SMA
(screw-on). The operational system is based upon switches
and counters that compare each clock against each of three
master clocks once per hour and store the data on multiple
computers, each of which generates a timescale and is capable
of controlling the master clocks. The measurement noise
is about 25 picoseconds (ps) RMS, which is less than the
variation of a cesium clock over an hour. Because the masers
only vary by about 5 picoseconds over an hour, we also
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measure them using a system to generate comparisons every
20 seconds, with a measurement noise of 2 picoseconds.
For robustness, the low-noise system measures each maser
two ways, with different master clocks as references. All
clock data, and time transfer data are gathered by redundant
parallel computer systems that are protected by a firewall and
backed up nightly on magnetic tape.

Before averaging data to form a timescale, real-time and
postprocessed clock editing is accomplished by analyzing
deviations in terms of frequency and time; all the clocks are
detrended against the average of the best detrended cesiums
[1]. A maser average represents the most precise average
in the short term, and the detrending ensures that it is
equivalent to the cesium average over periods exceeding a
few months. A.1 is the USNO’s operational timescale; it is
dynamic in the sense that it weights recent maser and cesium
data by their inverse Allan variance at an averaging time (tau)
equal to the age of the data. Both A.1 and the maser mean are
available on the web pages.

UTC(USNO) is created by frequency-steering the A.1
timescale to UTC using a steering strategy called “gentle
steering” [2–4], which minimizes the control effort used to
achieve the desired goal, although at times the steers are so
small that they are simply inserted. To realize UTC(USNO)
physically, we use the one pulse per second (1-PPS) output of
a frequency divider fed by a 5 MHz signal from an Auxiliary
Output Generator (AOG). The AOG creates its output from
the signal of a cavity-tuned maser steered to a timescale
that is itself steered to UTC [2–5]. The MC has a backup
maser and an AOG in the same environmental chamber.
On 29 October 2004, we changed the steering method so
that state estimation and steering are achieved hourly with
a Kalman filter with a gain function as described in [6]. A
second master clock (mc), duplicating the MC, is located
in an adjacent chamber. In a different building, we have the
same arrangement for a third mc, which is steered to the MC.
Its backup AOG is steered to a mean timescale, based only on
clocks in that building, which is itself steered to the MC.

An important part of operations is the USNO Alternate
Master Clock (AMC), located at Schriever AFB in Colorado,
adjacent to the GPS Master Control Station. The AMC’s
mc is kept in close communication with the MC through
use of two-way satellite time transfer (TWSTT) and modern
steering theory [7]. The difference is often less than 1
nanosecond (ns). In 2005, we installed the hardware for
replacement and upgrade of the switched and low-noise
measurements systems, the DC backup power systems, and
the computer infrastructure. We have not yet integrated the
three masers and 12 cesiums at the AMC into the USNO’s
Washington DC timescale, but it remains a possibility that
carrier-phase TWSTT or GPS techniques can be made
reliable and accurate enough to attempt this.

The operational unsteered timescale (A.1) is based upon
averaging only the better clocks, which are first detrended
using past performance. As a result of a study conducted in
2000 [8], we have widened the definition of a “good clock,”
and we are recharacterizing the clocks less frequently. We
are also continuing to work on developing algorithms to
combine optimally the short-term precision of the masers

with the longer-term precision of the cesiums and the
accuracy of International Atomic Time (TAI) itself. It is
planned to implement an algorithm that steers the MC
hourly and tightly to a timescale based only upon masers,
which is steered to a cesium-only timescale that itself is
steered to UTC using the information in the Circular T [6, 9].
The steered cesium-only timescale would either be based
upon the Percival Algorithm [1, 10], a Kalman-filter, or an
ARIMA algorithm. As an alternative variation, individual
masers could be steered to the cesium-only timescale before
being averaged to create the maser-only timescale.

3. STABILITY OF UTC(USNO)

Figure 1 shows how then UTC(USNO) has compared to
UTC and also how its fractional frequency has compared
to the unsteered maser mean, relative to an overall constant
offset.

The top plot of Figure 1 is UTC-UTC(USNO) from the
International Bureau of Weights and Measure’s (BIPM’s)
Circular T. The lower plot shows the fractional frequency
of the Master Clock referenced to the maser mean, after a
constant has been removed. The rising curve previous to
MJD 51 000 is due to the graduated introduction of the
1.7 × 10−14 blackbody correction applied to the primary
frequency standards to which EAL is steered to form UTC.
The steering time constant for the time deviations between
the Master Clock and the mean was halved to 25 days
on MJD 51 050. Beginning about 51 900, the mean has
usually been steered so as to remove only half the predicted
difference with UTC each month. Less aggressive clock
characterization was implemented at around 52 275. Hourly
steers were implemented on 53 307. Vertical lines indicate
the times of these changes. UTC(USNO) has stayed within
5 nanoseconds RMS of UTC for 5 years.

Most of our users need and desire access to only
UTC(USNO), which is accessible via GPS and other time
transfer modes. Other users are interested in UTC, and for
those we make predictions of UTC-UTC(USNO) available
on the web pages. The web pages also provide the informa-
tion needed for users who are interested in using the MC
to measure absolute frequency. For those users interested
mostly in frequency stability, we have made available the
difference between the MC and the maser mean using
anonymous ftp.

The long-term stability of the Master Clock is set by
steering to UTC. The exceptional stability of the USNO’s
unsteered mean can also be used to attempt to diagnose
issues involving the long-term stability of UTC itself. The
dense purple line in Figure 2 shows the fractional frequency
difference between our unsteered cesium average and EAL,
which is the unsteered timescale generated by the BIPM that
is steered to primary frequency standards so to create UTC.
The large contribution of USNO-DC cesiums to UTC masks
some of the difference between the USNO cesiums and the
clocks of other institutions; however, that effect has been
removed by increasing the difference 25%. Also plotted are
the unsteered cesium average fractional frequency against the
SI second as measured by primary frequency standards at
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Figure 1: Interplay between the time and fractional frequency stability of the USNO Master Clock, from February, 1997 to the present.
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National Institute of Standards and Technology (NIST) and
PTB. Initially, it appeared that the HP5071 beam tubes had
a very small frequency drift, however since MJD 52500 the
pattern has become less clear.

In order to improve timescale operations, the USNO has
a staff of four developing rubidium-based atomic fountains
[11]. Figure 3 shows the performance of the prototype
fountain over a 40-day period, while housed in a room
subject to several-degree temperature variations.

4. TIME TRANSFER

Requests sent to the Washington site were not responded
to. Table 1 shows how many times the USNO was queried
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Figure 3: Performance of rubidium fountain against a USNO
maser mean, as measured by the total deviation statistic. The
straight line segment is a fit to the inverse square-root curve
expected for white frequency noise.

by various time-transfer systems in the past year. The
fastest-growing service is the Internet service Network Time
Protocol (NTP). Until recently, the number of individual
requests doubled every year since the program was initiated.
The billions of requests correspond to at least several
million users. Unfortunately, in late 2004 the NTP load
reached 5000 queries per second at the Washington DC
site, which saturated the internet connections [12]. Due to
this saturation, perhaps a third of the NTP requests sent
to the Washington site was not responded to. In August
2005, the Defense Information Services Agency (DISA)
provided higher-bandwidth internet access, and the query
rate increased to 6000 packet requests/second. Although the
query rate has remained near this level since then, such
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Table 1: Yearly access rate of low-precision time distribution
services.

Telephone voice-announcer 800 000

Leitch clock system 90 000

Telephone modem 200 000

Web server 850 million

Network time protocol (NTP) 200 billion (see text)
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Figure 4: Observed error in NTP Time transfer between USNO-DC
and USNO-AMC. Blue plot shows .1-day averages when the 10%
of the data exceeding .4 milliseconds error are removed. Red dots
are simple .1-day averages of all the data, of which 5% exceed .5
milliseconds deviation.

upgrades of internet capacity may prove insufficient to cope
with the projected growth.

As an example of NTP Time transfer accuracy, Figure 4
shows the error between our AMC and Washington facilities,
which are separated by about 2500 km.

Greater precision is required for two services for which
the USNO is the timing reference: GPS and LORAN.
USNO monitors LORAN at its Washington DC site. With
some assistance from the USNO, the US Coast Guard has
developed its time of transmission monitoring (TOTM)
system so it can steer using data taken near the point of
transmission using UTC(USNO) via GPS. Direct USNO
monitoring at its three points of reception is used as a
backup and crude check [13], and the USNO is pursing a
collaborative effort with the Loran Support Unit (LSU) to
test an Enhanced Loran (ELORAN) receiver system.

GPS is an extremely important vehicle for distributing
UTC(USNO). This is achieved by a daily upload of GPS data
to the Second Space Operations Squadron (2SOPS), where
the Master Control Station uses the information to steer GPS
Time to UTC(USNO) and to predict the difference between

GPS Time and UTC(USNO) in subframe 4, page 18 of the
broadcast navigation message. GPS Time itself was designed
for use in navigational solutions and is not adjusted for
leap seconds. As shown in Figure 5, users can achieve tighter
access to UTC(USNO) by applying the broadcast corrections.
For subdaily measurements, it is a good idea, if possible, to
examine the age of each satellite’s data so that the most recent
correction can be applied.

Figure 6 shows the RMS stability of GPS Time and that
of GPS’s delivered prediction of UTC(USNO) as a function
of averaging period. Note that the RMS corresponds to the
component of the “Type A” (random) component of a user’s
achievable uncertainty.

Figure 7 shows the GPS Time RMS frequency accuracy,
as measured through the reference UTC(USNO), along with
the frequency stability as measured by the Allan deviation
(ADEV). The ADEV is shown for comparison; however,
there is little justification for its use, since the measured
quantity is stationary. In this case, the RMS is not only
unbiased—it is the most widely accepted estimator of the
true deviation. Improved performance with respect to the
predictions of the USNO Master Clock’s frequency can be
realized if the most recently updated navigation messages are
used in the data reduction.

Since 9 July 2002, the official GPS precise positioning
service (PPS) monitor data have been taken with the
TTR-12 GPS receivers, which are all-in-view and dual-
frequency [14]. The standard setup includes temperature-
stable cables and flat-passband, low-temperature-sensitivity
antennas. Our single-frequency standard positioning service
(SPS) receivers are now the BIPM-standard “TTS” units, and
we are calibrating and evaluating temperature-stabilizing
circuits. Operational antennas are installed on a 4-meter-tall
structure built to reduce multipath by locating GPS antennas
higher than the existing structures on the roof.

Although not directly required by frequency transfer
users, all users ultimately benefit from calibrating a time
transfer system, because repeated calibrations are the best
way to verify long-term precision. For this reason, we are
working with the U.S. Naval Research Laboratory (NRL),
the BIPM, and others to establish absolute calibration
of GPS receivers [15]. Although we are always trying
to do better, bandpass dependencies, subtle impedance-
matching issues, power-level effects, and even multipath
within anechoic test chambers could preclude significant
reduction of 2.5 nanoseconds 1-sigma errors at the L1 and
L2 frequencies, as reported in [16]. Since this error is largely
uncorrelated between the two GPS frequencies, the error in
ionosphere-corrected data becomes 6.4 nanoseconds. Exper-
imental verification by side-by-side comparison contributes
an additional square root of two. For this reason, relative
calibration, by means of traveling GPS receivers, is a better
operational technique, as long as care is taken that there are
no systematic multipath differences between antennas. We
strongly support the BIPM’s relative calibration efforts for
geodetic GPS receivers, and in particular are looking forward
to comparisons with the multipath-free TWSTT calibrations.

In 2003, the Wide-Area Augmentation System (WAAS)
became operational. The USNO has been collecting data
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Figure 5: Recent daily averages of UTC(USNO) minus GPS Time and UTC minus GPS’s delivered prediction of UTC(USNO).
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UTC(USNO). Improved performance in accessing UTC(USNO)
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on WAAS network time (WNT). Daily averages generated
by averaging WNT with WAAS-corrected time from GPS
satellites are very similar to WNT-only averages. WNT
obtained by narrow-beam antenna may be the optimal
solution for a nonnavigational user for whom interference
is a problem or jamming may be a threat.

The USNO has been participating in discussions
involving the interoperability of GPS, Galileo, QZSS, and
GLONASS. In December of 2006, a Galileo monitor station
was installed, and detailed plans have been made to monitor
the GPS/Galileo timing offset (GGTO) [17] in parallel and in
concert with the Galileo precise timing facilities (GPTF). The
GGTO will be measured by direct comparison of the received
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deviation, of GPS Time and for GPS’s delivered prediction of
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quency is that of UTC(USNO).

satellite timing, and by the use of TWSTT to measure the 1-
pps offset between the time signals at the USNO and GPTF.
The GGTO will eventually be broadcasted by both GPS and
Galileo, for use in generating combined position and timing
solutions. To exchange similar information with the QZSS
system, plans are underway to establish a TWSTT station in
Hawaii.

With the use of multiple GNSS systems, problems involv-
ing receiver and satellite biases will become more significant.
These have been shown to be related to the complex
pattern of delay variations across the filtered passband, and
correlator spacing. In principle, every satellite would have a
different bias for every receiver/satellite combination [18].
USNO has analyzed how calibration errors associated with
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the timing group delay (TGD) bias measurements of GPS
result in a noticeable offset in GPS Time versus UTC, as
measured in the BIPM’s Circular T (see Figure 8) [19].

The most accurate means of operational long-distance
time transfer is TWSTT [20–22], and the USNO has strongly
supported the BIPM’s switch to TWSTT for TAI generation.
We routinely calibrate and recalibrate the TWSTT at 20 sites
each year, and in particular we maintain the calibration of
the transatlantic link with the Physikalisch-Technische Bun-
desanstalt (PTB) through comparisons with observations at
a second TWSTT frequency [23] and with the carrier-phase
GPS receivers whose IGS designations are USNO, USN3,
and PTBB. For improved precision, we have made some
efforts to develop carrier-phase TWSTT [24]. For improved
robustness, we have begun constructing loop-back setups
at the USNO, moved electronics indoors where possible,
and developed temperature-stabilizing equipment to test on
some of the outdoor electronics packages.

The Time Service Department of the USNO has also
actively pursued development of GPS carrier-phase time
transfer, in cooperation with the International GPS Service
(IGS). With assistance from the Jet Propulsion Laboratory
(JPL), the USNO developed continuous filtering of timing
data and showed that it can be used to greatly reduce the
day-boundary discontinuities in independent daily solutions
without introducing long-term systematic variations [22].
Working with the manufacturer, the USNO has helped
to develop a modification for the TurboRogue/Benchmark
receivers, which preserve timing information through
receiver resets. Using IGS data, the USNO has developed
a timescale that is now an IGS product [25]. The USNO
is currently contributing to real-time carrier-phase systems

Figure 9: New clock building, November 2006.

run by JPL/NASA [26] and the Canadian real-time NRCan
networks [27]. The current operational USNO receiver
models are subject to apparently spontaneous calibration
variations at the 1-nanosecond level [28]. In 2007, we will
be experimenting with three different receiver models based
upon newer technology.

The continuous real-time sampling by highly precise
systems was increased in 2006 when the USNO-DC became
a full-fledged GPS monitor site, in cooperation with the
National Geospatial-Intelligence Agency (NGA). The NGA
is installing improved GPS receivers, which would make
possible an alternate means of providing time directly to
GPS, both at the Washington site and at the AMC.

5. MEASURES TO SECURE THE ROBUSTNESS
OF THE MASTER CLOCK

The most comm on source of nonrobustness is the occa-
sional failure of the environmental chambers. In order to
minimize such variations, and to house the fountain clocks,
we are constructing and equipping a new clock building
(see Figure 9). The building has redundant environmental
controls designed to keep the entire building constant to
within 0.1 degree and 3% relative humidity even when an
HVAC unit is taken offline for maintenance. The clocks
themselves will be kept on vibrationaly isolated piers. The
instrument racks will be standardized at all USNO locations.

The clocks in all Washington DC buildings are protected
by an electrical power system whose design includes multiple
parallel and independent pathways, each of which is capable
of supplying the full electrical power needs of the Master
Clock. The components of each pathway are automatically
interchangeable, and the entire system is supplemented by
local batteries at the clocks that can sustain performance long
enough for staff to arrive and affect most possible repairs.
Although we have never experienced a complete failure of
this system, most of the components have failed at least once.
These failures and periodic testing give some confidence in
the robustness of the system.

The comm on design in all the operations and improve-
ments is reliance upon multiple parallel redundant systems
continuously operated and monitored. Such a scheme can
be no more reliable than the monitoring process. For this
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reason, we have also ordered the parts to create a system
wherein we will have two fully real-time interchangeable and
redundant computer systems in two different buildings. Each
would be capable of carrying the full load of operations
and sensing when the other has failed so it can instantly
take control. Each computer could access data continuously
being stored in either of two mirrored disk arrays in the
two buildings, and each of those disk arrays has redundant
storage systems so that three components would have to fail
before data are lost. In addition, we do a daily tape backup
of all data, and maintain a restrictive firewall policy. Other
measures too have been taken.

6. DISCLAIMER

Although some manufacturers are identified for the purpose
of scientific clarity, the USNO does not endorse any com-
mercial product nor does the USNO permit any use of this
document for marketing or advertising. We further caution
the reader that the equipment quality described here may not
be characteristic of similar equipment maintained at other
lab oratories, nor of equipment currently marketed by any
commercial vendor.
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1. INTRODUCTION

Japan standard time (JST) is generated by the National
Institute of Information and Communications Technology
(NICT). JST is defined as UTC(NICT) +9 hours, where
UTC(NICT) is a local realization of coordinated universal
time (UTC). NICT is continuously generating UTC(NICT)
from its atomic clocks at the Koganei headquarters using a
system we termed the “JST system.”

Although improvements are necessary as technology pro-
gresses, any change in the JST system must be made with care
since UTC(NICT) is a real-time product that must be con-
tinuous so as to satisfy the needs of its users. The JST system
experienced changes three times since its first version became
operational in 1976. These were in 1987, 1995, and 1999 [1].
Recently, a new building for time and frequency facilities was
constructed, and the development of the fifth JST system was
undertaken for the installation.

The design of this new system was begun in 2002. The
main target of this system was the improvement of a short-
term frequency stability of JST, and this required the in-
troduction of hydrogen masers. Another important target
was the improvement of the measurement precision. It was

achieved by developing 24-channel dual mixer time differ-
ence (DMTD) systems. In addition, we aimed to improve the
reliability of JST by new data processing, high redundancy,
and enhanced monitoring. The transition to regular opera-
tions was made in February 2006 and the system has now
run over one year without major problems.

The outline of the JST system is outlined in Section 2,
with a more detailed description of the new system and its
comparison with the former system in Section 3. The regular
operation performance and a future target are introduced in
Section 4, and a summary is given in Section 5.

2. JST SYSTEM, BASICS AND FORMER ONE

In this section, we present an outline of the JST system and
also of the former system. The basic data flow is shown
in Figure 1 and the block diagram of the former system is
shown in Figure 2(a).

UTC(NICT) is a realization of an average atomic time
calculated from an ensemble of Cs atomic clocks. We call
this timescale “NICT ensemble atomic time” (NET), which
is reported to the International Bureau of Weights and Mea-
sures (BIPM) as TA(NICT). In the former system, NET was
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made from maximum 14 Cs atomic clocks (5071A with high-
performance tube, Symmetricom), which are maintained at
the Koganei headquarters.

To calculate NET, we use the data of regularly measured
time differences between clocks. In the former system, they
were measured by using the 1 PPS signals of the clocks with a
time-interval (TI) counter. One clock was chosen as the ref-
erence. The signals of the other clocks were selected sequen-
tially by a channel selector, and the measured values were ob-
tained by a one-shot measurement without averaging.

The algorithm for NET in the former JST system [2] was
based on a standard theory of timescale algorithm [3, 4].
First, the rate of each Cs atomic clock at a moment is esti-
mated from the past behavior. The clock reading is predicted
by a linear extrapolation using this rate, and the discrepancy
between the predicted phase and the actual one is treated
as the prediction error of each clock. NET is made from a
weighted average of these errors. In the former system, the
rate was estimated from the frequency difference between the
clock and NET during the last 30 days, and the weight was
calculated from the Allan deviation at τ = 10 days of this
clock.

Since NET is a paper clock, an oscillator is required to
realize the actual signals of UTC(NICT). The output of an
atomic clock (we call it “source clock”) is steered by a fre-
quency adjuster used as the oscillator. In the former sys-
tem, we used a Cs atomic clock as the source clock, and the
Symmetricom’s auxiliary output generator (AOG) as the fre-
quency adjuster. The 5 MHz and 1 PPS signals from AOG
were used as the frequency reference and the timing refer-
ence of UTC(NICT), respectively. The frequency and time
differences between the AOG and NET were adjusted once a
day.

The time difference of UTC-UTC(NICT) is reported in
the “Circular-T,” produced monthly by the BIPM. When the
offset from UTC becomes large, additional adjustments to
follow UTC are added to NET, to produce a steered timescale
NET’. The AOG follows NET’ so that UTC(NICT) should
follow UTC. The AOG allows additional adjustments to be
given as the frequency offset or phase changes. In the op-
eration of former system, the frequency offset was mainly
used to meet a 50-nanosecond target of synchronization with
UTC. Time links between NICT and other institutes were
performed by GPS common-view method by using the Top-
con Euro80 multichannel receiver mainly.

An extremely important part of the system is built-in re-
dundancy to identify and protect against a system trouble. In
the former system, the measurement device (a channel selec-
tor and a TI counter) and a signal generating unit (a source
clock and an AOG) were duplicated. A pair of these units
was selected as the master system. If malfunction is detected
in the master system, the system was quickly changed to the
backup one.

3. MODIFICATIONS FOR THE NEW SYSTEM

A block diagram of the new system is shown in Figure 2(b).
Though the basic configuration is similar with that of the
former system, various upgrades were implemented in the



Yuko Hanado et al. 3

Table 1: Specification of the hydrogen maser RH401A.

Carrier outputs
Frequency 5, 10, 100 MHz, 1.4 GHz

Level 13 dBm ±2 dB

Timing outputs
Format 1PPS

Level TTL

Stability σy

1 s less than 4× 10−13 (auto-tuning off)

10 s less than 4× 10−14 (auto-tuning off)

100 s less than 5× 10−15 (auto-tuning off)

103∼ 104 s less than 2× 10−15

Long term drift less than 2× 10−15/day

Sensitivity
Temperature less than 4× 10−13/degree

Magnetic less than 2× 10−9/T

Function
Frequency control

Range: 2× 10−9

Resolution: 7× 10−16

Auto-tuning No ext. reference required

Average time (log scale, s)
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Figure 3: Frequency stabilities of atomic clocks and system noise of
measurement devices.

whole system. We introduce the revised points in the new
system as compared with the former system.

3.1. Clock

The new system has 18 Cs atomic clocks (5071A with high-
performance tube) and 4 hydrogen masers (RH401A, An-
ritsu Corp., Atsugi, Kanagawa, Japan). Specifications of the
Anritsu hydrogen maser RH401A are shown in Table 1, and
its frequency stabilities as measured by the new system are
shown in Figure 3. The Cs atomic clocks generate NET, and
the hydrogen masers are used as the source clocks. The

Table 2: Specification of the DMTD5.

Input frequency 5 or 10 MHz

Beat-down frequency 1 kHz

Input channels 24

Period of output 1 s

Resolution
2 ps at 5 MHz

(without averaging)

Averaging 1∼ 100 samples

change of the source clock from a Cs atomic clock to a hy-
drogen maser improves the short-term frequency stability of
UTC(NICT) about a hundred times. Though the long-term
stability of hydrogen maser is not so good, the long-term sta-
bility of UTC(NICT) is assured by NET.

3.2. Measurement system

The measurement method in the former system was simple
but had plenty of room for improvement. Firstly, for precise
measurements higher frequency carrier signals are more de-
sirable than the 1 PPS signals of the former system. Secondly,
the simultaneous measurements of all signals are better for
the construction of an average atomic time than the sequen-
tial measurements of the former system.

To solve the problems, 24-channel DMTD system
(DMTD5, Japan Communication Equipment Co. Ltd., Yam-
ato, Kanagawa, Japan) was developed for the new system
[5]. Three DMTD5s are used in the new system, and they
are the main tools for the measurements. Though a DMTD
system is a well-known method for a precise measurement
of time difference [6–8], multichannel devices are not so
widespread. Our DMTD5 solved the time lag problem in
the measurements of multiple clocks as well as the precision
problem.

A block diagram of DMTD5 is shown in Figure 4 and
its specification is shown in Table 2. It measures the time
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intervals between the 5 MHz signal of a reference hydrogen
maser and that of 24 clocks simultaneously. Input 5 MHz
signals are down converted to 1 kHz, so that the phase res-
olution is magnified 5000 times. The phase resolution of the
1 kHz signal is 10 nanoseconds because the sampling clock
inside the DMTD5 is 100 MHz. It means that the relative
phase resolution of 5 MHz signal is 2 picoseconds. An aver-
age of sequential measurements is output every second. Cur-
rently, we use the average of 100 samples. The resolution of
the final data is therefore around 0.2 picosecond. Details are
described in [5].

The measurements of 5 MHz signals with a DMTD5 pro-
vide more precise data than those of 1 PPS signals with a TI
counter. The measurements of 5 MHz, however, have a risk
of 200-nanosecond phase ambiguities due to the miscount-
ing of cycles. The DMTD5 prevents this problem by shift-
ing the signal phase by 2 nanoseconds when the phase differ-
ence between the clock and the reference becomes less than
1 nanosecond. The limit of the frequency offset to measure
the signal without cycle slip is 1×10−9. The cycle count num-
ber is output with each measurement.

This function of DMTD5, however, cannot avoid the risk
of cycle miscounting if the measurements are temporarily
halted. In order to keep a phase continuity of measured data
in such cases, we use the TI counter 1 PPS measurements to-
gether with the DMTD5 5 MHz measurements. The 1 PPS
measurements are made every hour in the same manner as
the former system. These data are not so precise, but not am-
biguous. We adopt the result of TI counter as the initial phase
value of a clock when the operation restarts. In the contin-
uous operation, the accumulated phase calculated from the
DMTD5 data is used. Details of this process are provided in
the next subsection.

The system noise of the DMTD5 and the TI counter are
compared in Figure 3. While the TI counter shows much
higher noise than that of hydrogen maser RH401A in the
short term, the noise of the DMTD5 is lower than that of
the RH401A in all regions.

3.3. Processing of measured data

The combination of DMTD5 and TI counter in the mea-
surements requires special data processing. A newly devel-
oped computer program carries out an anomaly detection
and data synthesis by using the data of three DMTD5 and
one TI counter. The anomaly detection algorithm attempts
to identify both bad clocks and bad measurement devices.
This program selects the data of two good devices among
four. There was no such function in the former system. The
details of the procedure are described as follows:

In the new system, the measurement unit consists of four
devices (three DMTD5s, and a TI counter). These four de-
vices measure the same sources, so that their results should
be almost same in a normal situation. If an anomaly ap-
pears in one device, its measurement differs from the others.
The malfunctioning device is identified by comparing the re-
sults of all devices. Bad data detection and removal are auto-
matically achieved by an algorithm to be described next. In
this description, the index #i indicates each clock. All clock#i
are Cs atomic clocks, where i = 01, . . . , 18. The clock#01
is a reference clock of the measurement. The indexes A, B,
C, and T indicate triplicated DMTD5s and a TI counter,
respectively.

(1) Time difference between clock#i and clock#01 is mea-
sured by each DMTD5 every second.

(2) The time difference between clock#i and clock#01 ev-
ery hour is determined as follows. In the case of
DMTD5, the time difference of clock#i and clock#01
at x o’clock is determined by a linear fit of the data
between x − 1 o’clock and x + 1 o’clock. Here, we ex-
press this determined time differences as pAi(t), pBi(t),
and pCi(t) for the DMTD5-A, B, and C, respectively.
Figure 3 shows that the frequency drifts of the clocks
are small enough for such linear fit. As for the TI
counter, the hourly measured value itself is used as the
time difference denoted by pTi(t).



Yuko Hanado et al. 5

Day

0 5 10 15 20 25 30

T
im

e
di

ff
er

en
ce

(n
s)

−8

−6

−4

−2

0

2

4

6

8

AOG-A (H-maser)
AOG-B (Cs clock)
AOG-C (H-maser)

Figure 5: Time differences between the AOG outputs and NET’.

(3) Frequency difference between clock#i and clock#01 is
calculated every hour from the time differences de-
scribed in (2). In the case of DMTD5-A, fAi(t) =
(pAi(t + τ) − pAi(t))/τ. Here, τ is 3600 seconds. The
values of fBi(t), fCi(t), fTi(t) are obtained in the same
way.

(4) For each device, the sum of the frequency differences
from the other devices is calculated. In the case of
DMTD5-A, the difference is SAi = | fAi − fBi| + | fAi −
fCi| + | fAi − fTi|. Similarly, SBi, SCi, and STi are calcu-
lated for other devices.

(5) Two devices among four are selected by using the S val-
ues in (4). If DMTD5-A is out of order, the value of fA
is different from fB, fC, fT. As a result, SA becomes the
biggest value among all S values. We select those who
have the smallest and the next smallest S values as two
reliable devices.

(6) The representative frequency difference between
clock#i and clock#01 is calculated from the data of the
two selected devices. In the case that SB and SC are
selected in (5), the average fi(t) = ( fBi(t) + fCi(t))/2
is used as the representative frequency difference be-
tween clock#i and clock#01.

(7) By using fi(t), representative time difference between
clock#i and clock#01 is obtained as follows: pi(t) =
pi(t0) + Σk fi(tk) · (tk − tk−1). The initial phase pi(t0)
is obtained from the data of the TI counter when the
regular measurement starts.

In the above procedure, one representative data set is
made from the four data sets. We can obtain a measurement
result if at least one measurement device works properly. If
only one device remains, we would adopt its data. This pro-
cess is used for the definition of initial phase. The result of TI
counter is adopted if there are no DMTD5 data. Usually, the

data of TI counter are not selected because their errors are
larger than those of DMTD5.

The anomalies of the clock are detected in the above pro-
cess. If a phase datum in the process (1) is larger than a limit,
the datum is removed. Currently, the limit is set to the 10
times of the standard deviation. Any clock with a larger fre-
quency deviation than 5 × 10−10 against the reference signal
is also removed in the process (3). The software allows simple
variation of the parameters for these limits.

3.4. NET, TA(NICT), and UTC(NICT)

The various upgrades described above required many
changes in the system. The software, however, was designed
so that the parameters for calculating the clock rate and
weight are easily modified. At present, we use the same values
as the former system except the rate of a source hydrogen
maser is estimated from the last 5 days’ frequency difference
between the hydrogen maser and NET.

There are two changes in the way of making UTC(NICT)
from NET. One is in the clock data archive. In the former
system, NET’ was used as the reference of archived clock
data. The time differences between clocks and NET were
not stored, which was very inconvenient for analyzing NET.
In the new system, the clock data using NET as the refer-
ence are also archived. The other change is the adoption of a
unique NET. The former JST system had two redundant sys-
tems (system A and B in Figure 2(a)). Each system made each
NET from each measurement data and steered each AOG.
It means that the NET used for making UTC(NICT) was
changed and a time jump occurred in UTC(NICT) when the
master system was changed. In the former system, this time
jump was not considered as a serious problem because the
steering errors of AOG were large and masked the time jump.
Strictly speaking, this method of operation caused disconti-
nuities in UTC(NICT). In the new system, only one NET is
made from the representative measurement values described
in Section 3.3.

For redundancy, there are three AOGs in the new system.
They have different source clocks but are steered so that all
the outputs follow the same NET’. The steering to cancel the
time offset between AOG output and NET’ is adjustable in
the new system. Currently, we set the parameter of adjust-
ment so that the time offset will disappear in two days. It
makes a frequency change of UTC(NICT) in the adjustment
gentle and smooth. In the new system, we aim to synchronize
UTC(NICT) with UTC within 10 nanoseconds.

TA(NICT), an atomic timescale generated by NICT, was
reset at the timing of starting the regular operation of new
JST system. Currently, the NET is used as TA(NICT) and the
data are sent to BIPM.

The time differences between the AOGs and NET’ are
shown in Figure 5. This graph shows the steering errors of
AOG. To show the difference due to the source clocks, we
set two hydrogen masers and a Cs clock as the source clocks.
In the cases of using hydrogen masers (AOG-A and C), the
steering errors are clearly smaller than that in the case of a Cs
clock (AOG-B).
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Table 3: Check points of the new system.

Health check
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Figure 6: Phase stability of UTC-UTC(NICT).

3.5. Control systems, monitoring systems
and facilities

In the former system, a workstation handled all tasks of de-
vice controls and calculations. These tasks are distributed
to several computers in the new system to avoid the task
concentration. In each task, the computers are duplicated
or triplicated. All systems clocks are synchronized with
UTC(NICT) via network time protocol (NTP) in a triply re-
dundant manner.

The check points of the system are increased compared
with the former system. They are listed in Table 3. We have
found the real-time monitoring of 5 MHz and 1 PPS signals
of UTC(NICT) with oscilloscopes to be effective for rapid
troubleshooting. The outputs of DMTD5 are also useful to
check the precise timing of clock anomalies. The staff are
notified by email if an anomaly exists, and they can check
the system condition on the internet with a newly developed
monitoring program.

The atomic clocks are operated in the four special rooms.
They are shielded against static and AC electromagnetic
fields and kept in the constant temperature and humidity at
24+/−0.5 degrees and at 40+/−10%, respectively. For protec-
tion against external power failure, the atomic clocks and the
main devices are supplied with a large UPS and a generator.
The generator has sufficient fuel to maintain power for three
days. The building itself is equipped with a quake-absorbing
structure.

3.6. Time links

Time transfer method for the link of UTC(NICT) was also
upgraded [9]. When the new JST system started, February
2006, the Septentrio PolaRX2 was newly adopted as the main
GPS receiver instead of Euro80. By this replacement, both
P3 and multichannel CCTF data can be obtained from the
same receiver. Since March 2007, two-way satellite time and
frequency transfer method has been used for the time link
between NICT and PTB. These improvements decreased the
time link uncertainty.

4. CURRENT STATUS AND NEXT TARGET

The regular operation of the new system was initiated on
February 7, 2006 (MJD 53773). Figure 6 shows the time dif-
ference of UTC-UTC(NICT) reported by the Circular-T. In
the new system, we have so far made 5 additional frequency
adjustments to follow UTC. Though the number of adjust-
ments was the same as that in 2005, the magnitudes of the
adjustments were much smaller.

In 2006, UTC(NICT) by the new system was stable and
synchronized with UTC to within almost 10 nanoseconds
peak to peak. The frequency stability in one year period be-
tween February 6, 2006 and February 6, 2007 is shown in
Figure 7. The stabilities in 2001, 2003, and 2005 are also
shown for a comparison. The stability in the new system is
clearly improved with respect to the former system.
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In 2007, UTC(NICT) showed a large drift in February
and March (around MJD 54153), and the time difference
from UTC reached almost 20 nanoseconds. Then we made a
phase adjustment on April 24, 2007 (MJD 54214). This phase
adjustment is rarely used because it causes a rapid change of
frequency in UTC(NICT). Usually, only a frequency adjust-
ment is enough for canceling a small phase offset. This time,
the large offset of 20 nanoseconds was a good opportunity
to test a performance of phase adjustment. The result agreed
with what was expected.

The drift in 2007 was caused by unexpected large drifts
of some Cs clocks. We are now trying to solve this problem.
Some anomaly checks should be added to the timescale al-
gorithm. Several methods were tested with simulations, and
some of them show promise of reducing the frequency drift
of NET to almost half of the present value. We are further in-
vestigating these methods for their appropriateness improv-
ing the long-term frequency stability of UTC(NICT).

5. SUMMARY

In the new JST system, better short-term frequency sta-
bility of UTC(NICT) and more precise measurement were
achieved by the hydrogen maser and the newly developed
multichannel DMTD system. The reliability was improved
through upgraded monitoring, increased redundancy and
improved data processing.

Since the start of a regular operation of the system in
February 2006, the frequency stability of UTC(NICT) in
2006 was better than that in the former system. In 2007, how-
ever, a frequency drift of UTC(NICT) occurred because of
the drifts of some Cs atomic clocks. This provided an oppor-
tunity to test a phase adjustment and reconsider the timescale
algorithm. Together with the reliable regular operation of the
system, an investigation on improvements to the algorithm
to make UTC(NICT) more stable is in progress.
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1. INTRODUCTION

Navigation algorithms play a key role in the provision of the
Galileo Mission, since they are responsible for computing
the essential information the users need to calculate their
position: the satellite ephemeris and clock prediction models.
Such information is generated in the Galileo Ground Mission
Segment (GMS) and broadcast by the satellites within
the navigation signal, together with the expected a-priori
accuracy (signal-in-space accuracy (SISA)).

In parallel, the integrity algorithms of the GMS are
responsible for providing a real-time monitoring of the satel-
lite status with timely alert messages in case of failures. The
accuracy of the integrity monitoring system is characterized
by the signal-in-space monitoring accuracy (SISMA), which
is also broadcast to the users through the integrity message.

Galileo is currently in its detailed design and develop-
ment phase. The design and development phase for the
IPF started in May 2005. The preliminary design review
(PDR) has been successfully held and the experimentation
and validation activities for proving the correctness of
the algorithm design are now close to the end. The SW
prototypes of the algorithms have already been implemented
and accepted and their performance is currently under
assessment.

The signal-in-space accuracy (SISA) plays an important
role in the Galileo integrity concept, as it should cope with
the navigation message errors in fault-free conditions. The
computation of this parameter is performed in another ele-
ment of the GMS named orbitography and synchronization
processing facility (OSPF) based on off-line data processing.
The description of the algorithms in charge of the SISA
computation is out of the scope of this paper, which is
devoted to the real-time integrity monitoring system of
Galileo allocated to the IPF. A comprehensive description of
the SISA computation can be found in [1–6].

2. THE GALILEO INTEGRITY CONCEPT

In order to validate the navigation message being broadcast
by the satellites, an independent estimation of the signal-in-
space error (SISE) is performed in real-time. This estimation,
which is also a random process with associated uncertainty,
allows the verification of the overbounding of the true
SISE distribution by the SISA distribution. The assumption
made in this case is that the difference between the true
SISE projected at worst-user location and the estimated one
can be overbounded by a Gaussian distribution with the
standard deviation equal to SISMA. In this context, the
SISMA can be considered as a quality measure of the integrity
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check within the IPF. More details on the Galileo integrity
concept can be found in [7]. As the IPF is an unmanned
facility, the algorithms’ robustness and reliability are
extremely important, and thus the whole design is highly
conditioned by the stringent integrity and continuity
requirements.

Before entering more deeply in the explanation of the
Galileo user integrity concept and its impact on the integrity
algorithms, the Galileo overbounding concept should be
clarified. As stated in [7], it can be defined in Definition 1.

Definition 1. The distribution of a random variable A is
overbounded by a distribution of a random variable B, if for
all L ≥ 0: P(|A| ≥ L) ≤ P(|B| ≥ L)∀L ≥ 0.

This definition of the Galileo overbounding concept
is quite similar to the cumulative density function (CDF)
overbounding definition stated by DeCleene in [8], although
there is a difference because the two tails are combined
together in this definition with respect to the one proposed
by DeCleene. In an equivalent way as in [8], zero-mean,
unimodality and symmetry are required, although the
requirement of “zero-mean” will be overcome in the frame
of the SISMA as it will be seen afterwards.

The objective of the IPF is to validate the navigation
message of the satellites. The validation is based on IPF
estimation of the SISE and its comparison with the broadcast
SISA and the internally computed SISMA. According to the
assumptions mentioned earlier, the IPF will assume that
the estimated SISE is overbounded by a Gaussian unbiased
distribution as follows:

(i) true SISE overbounded by N(0, SISA),

(ii) SISE estimation error (true SISE minus estimated
SISE) overbounded by N(0, SISMA),

(iii) the estimated SISE is also overbounded by N(0,√
SISA2 + SISMA2).

Under these assumptions, the user considers that the thresh-
old applied at IPF-level in order to decide if a navigation
message is valid or not is given by the variance of the
distribution characterizing the estimated SISE, together with
the required false alarm probability:

T = kpfa,u·
√

SISA2 + SISMA2,

if (Estimated SISE > T) =⇒ IF = Do not use
(1)

being kpfa,u, the point of the normal distribution that
leaves in the tails (two-tail problem) a probability equal to
the specified false alarm rate. Thus, if the estimated SISE
projected to the worst user location is higher than the allowed
threshold, the satellite is flagged as “DO NOT USE” in order
to indicate the user that its navigation message is not valid.

The current specification of the IPF element envisages a
maximum false alarm probability in the order of 10–7 in 15
seconds, which gives a kpfa,u factor approximately of 5.212.
Considering that the required values for SISA and SISMA are
0.85 and 0.7 meters, respectively, in case no more barriers

were implemented, the minimum detectable errors by the
IPF would be in the order of 6 meters.

All parameters defined up to now play an important role
in Galileo user integrity equation. In particular, the user
will not use those satellites with IF set to “DO NOT USE.”
Furthermore, the SISA and the SISMA will be introduced in
the equations in order to compute the so-called integrity risk
(IR), which is the probability of having hazard misleading
information (HMI).

Galileo users will compute the integrity risk by combin-
ing the horizontal and vertical errors, considering both the
fault-free situation and the one where there is one failing
satellite. The basic underlying assumptions allowing the user
to determine the integrity risk of his position solution at any
global location are as follows:

(i) in a “fault-free-mode” the true SISE for a satellite is
overbounded by a zero-mean Gaussian distribution
with a standard deviation equal to SISA;

(ii) in general, the IPF will detect the faulty satellites and
they will be flagged as “don’t use;”

(iii) one satellite of those flagged as “OK” is considered
to be faulty but not detected (“failure mode”);
for this satellite the true SISE is overbounded by
a Gaussian distribution whose mean is the “IPF
rejection threshold” (T) and the standard deviation
is equal to SISMA, N(T , SISMA);

(iv) the probability that more than one satellite at each
instance in time is faulty but not detected is negligible
for the user equation.

In order to overcome the problem of the bias in the SISMA
minimising the impact on the performance, an innovative
approach has been followed in the design of the IPF
algorithms. It takes advantage of the fact that the SISMA is
only used for the integrity risk computation of the assumed
failed satellite, for which the true SISE is expected to be
overbounded by the Gaussian distribution N(T , SISMA) as
stated above. This distribution has a certain bias which is a
function of the SISMA, so this feature can be used to manage
the potential biases.

Moreover both kpfa,u and the equations the final user
implements to reconstruct the IPF rejection threshold are
fixed, and consequently any modification in the SISMA
computation ought to lead to broadcast a SISMA such that
the value of “T” as obtained by the user is higher or equal
than the one used internally within the IPF. Based on these
principles, the rejection threshold was modified leading to
the following expression:

T = SISMAbias + kpfa,int·
√

SISA2 + SISMA2
std, (2)

where

(i) SISMAbias is the estimated bias of the SISE estimation
error projected to the worst-user location (WUL);

(ii) kpfa,int is the point of the N(0, 1) Gaussian distribu-
tion that leaves in the two tails a probability equal to
Pfa,int;



Carlos Hernández Medel et al. 3

(iii) SISMAstd is the standard deviation of the Gaussian
distribution that overbounds the SISE estimation
error after removing the bias.

kpfa,int may not be the same as kpfa,u since the probability of
the false alarm for this check at high-level does not consider
another contributions due to IPF internal events, leading
to a higher kpfa,int. In this context, the final user should
consider that the true SISE of the failed satellite follows
the N(T , SISMAstd) Gaussian distribution. The SISMA to
be broadcast (SISMAU) would be now obtained by just
imposing the condition that the threshold built by the final
user has to be exactly the same as the one used by the IPF:

kpfa,u·
√

SISA2 + SISMA2
U = T + SISMAbias (3)

and then

SISMAU =
√
√
√√
(
T + SISMAbias

)2

k2
pfa,u

− SISA2. (4)

It is important to note that since the SISMAbias is a bound
in absolute value of the true SISMAbias, SISMAU needs to
be enlarged by another SISMAbias in order to be conservative
and get the real bias that the user should consider. This means
that the final user will not reconstruct exactly the IPF internal
rejection threshold but something higher.

Finally, the following formulaisobtained:

SISMAU =
√
Ψ, (5)

where

Ψ = 4·SISMA2
bias

k2
pfa,u

+
(k2

pfa,int

k2
pfa,u

− 1
)
·SISA2 +

k2
pfa,int

k2
pfa,u

·SISMA2
std

+ 4·SISMAbias·
kpfa,int

k2
pfa,u

·
√

SISA2 + SISMA2
std.

(6)

From this expression it can be easily deduced that, at least
whenever kpfa,int is greater or equal to kpfa,u, SISMAU is also
greater or equal to SISMAstd and thus the broadcasting of
SISMAU as defined above allows being compliant with all the
requirements while compatible with the user concept.

The main advantage of this approach is that it allows a
simple management of the bias in the SISE estimation error
fully compatible with the user integrity concept without
using any specific property of the Gaussian overbounding
concept. However, the main drawbacks are that unimodality
and symmetry are required to allow the overbounding and
that the value of the SISMA to be broadcast is not fully
independent of the SISA, and thus the broadcast value is not
a pure measurement of the quality of the SISE estimation
process. This could bring a problem if users with different
SISA’s could exist; therefore the unique requirement that is
needed is to guarantee that the IPF is aligned to the safety-of-
life users in terms of using the same SISA. This is completely
guaranteed by the IOD/SNF mechanism described in the

Galileo signal-in-space (SIS) definition that establishes a
direct link between the integrity message and the navigation
message for which it has been computed. A detailed descrip-
tion of this mechanism is out of the scope of this paper
and omitted for brevity. In terms of performance, a trade-off
analysis was performed comparing this strategy with other
potential ones such as the “Excess mass overbounding” (see
[9]). The results were quite similar, although slightly better
in the proposed alternative approach, and so it has been
preliminary selected for its implementation within the IPF.

3. OVERVIEW OF THE IPF ALGORITHMIC PROCESSING

The IPF is the real-time processing element of the GMS that
provides the integrity information for the broadcast satellite
navigation data based on the Galileo sensor stations (GSSs)
ranging measurements obtained every second, provided with
a small delay in order to be compatible with the time-to-
alert (TTA) requirement. The IPF design copes with this 1 Hz
algorithmic task and with the batch task of performing an
optimum GSS clock synchronization and tropospheric delay
estimation, as it will be seen afterwards.

With respect to the service management, the IPF provides
integrity information for the Galileo PRS and SoL services
in an independent way. Thus, two instances of the same
IPF algorithms but with different configuration will be
executed once for each service (see [1, 10] for further details)
avoiding any sharing of input data.

The IPF receives information from the network of GSS’.
This network is made up of nominally 40 different sites
with a worldwide distribution optimized to obtain the
best performance. At each site, the information is collected
through two different measurement chains, namely A and
B. For each chain, the IPF receives the broadcast navigation
and integrity messages and raw ranging measurements.
Information from both chains are processed independently
up to the moment when the SISMA estimates for each chain
have been obtained, this is the so-called chain processing
(see Figure 1). At that point, the product-check algorithm
merges the SISMA’s from both chains selecting the highest
one for safety reasons, and consolidates the final values to be
broadcast, finishing the service processing.

The basic steps (see Figure 1) that lead to the computa-
tion of the Integrity information are as follows:

(i) preprocessing and validation (PPV) of the raw
measurements: rejection of inconsistent (code-phase,
time-evolution) raw measurements, detection of
cycle slips, and smoothing of the code measurements
with phase measurements;

(ii) synchronization of the receiver clocks to the GST
time scale (GSTS + OnClk);

(iii) estimation of the tropospheric zenith delay per
receiver (GSTS);

(iv) estimation for each satellite of the SISE by using
the residuals resulting from the reconstruction of
the smoothed pseudorange with the broadcast satel-
lite ephemeris and clock prediction models in the
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Figure 1: Data flow diagram of the IPF algorithms with the main data exchanges.

navigation message and the estimated GSS clock
biases and tropospheric delays (IntDet);

(v) computation of the actual SISMA as the error
bound in the SISE estimation process considering
the projection to the WUL, the potential biases
and random errors in the ranging measurements
residuals (IntDet);

(vi) computation of the integrity flag, by the direct
comparison of the estimated SISE and the rejection
threshold based on the actual SISMA and the avail-
able SISA (IntDet);

(vii) computation of the broadcast SISMA, as the pre-
dicted error bound in the SISE estimation process
during the full validity time of the integrity message,
including the anticipation of the failure of any GSS
of the available ones (IntDet) with the objective of
improving the continuity of the system, although the
availability is degraded;

(viii) computation of the quality-of-service parameters
(QoSs), which is a measure of the expected level of
performance, and it will be used by another GMS
element to select the master IPF among all the active
ones.

3.1. Preprocessing algorithm

The goal of the preprocessing and validation (PPV) algo-
rithm is to provide smoothed pseudoranges and carrier
phase free of ionospheric delays by means of the dual
frequency combination. On top of this, several barriers are
added in order to improve the robustness of the IPF, aimed

at detecting outliers and discontinuities in the incoming data.
The reader is referred to [11] for further details. Here only
a brief description of the change in the cycle slip algorithm
with respect to [11] is provided.

The smoothing filter is the classical Hatch filter, which
has been proved to be very efficient. Several trade-offs have
been performed with the objective of finding an alternative
filter with better performance. The results have shown
that the Hatch filter is almost the optimum. The good
performance, the high degree of simplicity, and the very
low CPU consumption are key factors leading to consider
the Hatch filter as the baseline. However, a certain lack of
robustness have been observed from the experimentation test
campaign, given the long reaction time to discontinuities
(i.e., an undetected cycle slip produces a discontinuity in
the ambiguity), its output is compared with that of a
finite impulse response (FIR) filter. In case they differ more
than expected, both filters are reset. The FIR filter has an
approximate order of 700, looking for a balance between
CPU consumption, time to react to discontinuities in the
input data and the size of the discontinuities to be detected.

In order to maintain the performance in the most
stringent ionospheric conditions corresponding to sunspot
number (SSN) of 250, an algorithm has been added with the
objective of correcting the ionospheric delay terms or higher
order, those proportional to 1/ f 3 and 1/ f 4. These effects may
be up to several centimetres, which are negligible compared
with the raw pseudorange noise, but not with the carrier
phase one, which is nominally just several millimetres. The
approach outlined in [12] has been followed.

The cycle slip detection and repair algorithm is another
key aspect of the measurement preprocessing. Performance
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of the IPF in terms of SISMA value and continuity are quite
demanding, and thus the false alarm rate of this algorithm
should be extremely low, in the order of 10−13 per second.
In a nominal situation (1 cm phase noise), the algorithm
description is given in [11]. However, in the presence
of strong scintillations, the choice is to set the detection
threshold at 0.6 cycles and allow up to 20 consecutive
slips before resetting the filter because of potential filter
divergence seen as an excessive number of reparations.
Additionally, in order to help controlling the effect of
undetected or false detected cycle slips in the smoothed
pseudorange and the carrier phase (and thus the SISMA
value), the noise of the repaired phase is monitored. In case
a certain value is exceeded (fixed according to the probability
of false alarm), phase measurements are rejected for its
processing by the rest of algorithms until the monitored
noise decreases.

3.2. Sensor station synchronization strategy
(GSTS and on-line clock)

As outlined before, special effort has been devoted to
improve the synchronization algorithms since the impact
on the performance is significant. Initially, the considered
algorithm for the synchronization was based on Kalman
filters using as observables “common view observations”
formed with the smoothed pseudorange (note that “com-
mon view observations” are formed by the difference
between the ranging measurements of two sensor stations
with respect to the same satellite). The best accuracy that
typically can be obtained with this kind of algorithms is
in the order of 0.8 nanoseconds with the disadvantage of
the reactivity of the Kalman filters to nonmodeled effects
and its sensitivity to the fine tuning. Moreover, adaptive
filters are not considered adequate from a safety point of
view.

A major breakthrough has been achieved when applying
basic principles of the orbit determination to the IPF, leading
to the processing of both smoothed pseudoranges together
with carrier-phase measurements. Taking advantage of the
highly accurate ephemeris models provided by the OSPF,
the GSSs are synchronized by fixing the orbits according
to the broadcast navigation messages and solving for the
clocks, the iono-free carrier phase ambiguities and the
zenith tropospheric delays (ZTDs). The tests with real GPS
data have shown that the GSS synchronization error in
real-time is between 0.3 and 0.4 nanoseconds (67%) and
the ZTD estimation error in the order of 2 cm (67%).
Nevertheless, the CPU consumption of this process allows
only its execution in batch mode every minute. A second
process working in real-time second by second is required.
This process (called on-line clock) is equal to the first one
but it takes the estimated ambiguities and ZTDs; and it fixes
them so that the state vector is just reduced to the satellite
and GSS clock biases with respect to the time reference. The
degradation in performance is almost negligible and thus a
real-time synchronization algorithm almost as accurate as an
orbit determination and time synchronization (ODTS) one
is achieved.

3.2.1. GSTS Algorithm

The first process of the two-step synchronization scheme
is called the ground station time synchronization (GSTS)
algorithm. In short, the GSTS is a weighted least square
algorithm with a priori information and linear constraints.
Its state vector has been reduced to the receiver clock
offsets, iono-free carrier phase ambiguities, tropospheric
zenith delays, and the satellite clock offsets. As observables, it
uses an arc of iono-free smoothed pseudoranges and carrier
phases accumulated over two hours and sampled every 10
minutes. The arc length and sampling time are parameters
to be tuned during the performance validation phase. These
parameters can be varied accordingly so that a similar level
of performance can be achieved with shorter arcs and higher
sampling rates, provided the observability of the parameters
to be estimated is maintained within acceptable limits. The
CPU consumption is such that it allows to be executed every
minute or so. The main models included in the GSTS are the
following:

(i) snapshot clock biases with no clock model to relate
biases along different measurement epochs;

(ii) Saastamoinen tropospheric mapping function, and
tropospheric blind model (as a priori information);

(iii) pseudorange and phase measurement modeling
including relativistic effects;

(iv) station uplift correction due to solid earth tide effects.

Similar to a classical ODTS algorithm, the performance of
this algorithm is mainly driven by the phase noise, provided
that the orbital error in the navigation message is kept
within acceptable limits. It is important to note that there
is no attempt to correct the high-order ionospheric delay
terms in the measurement modeling performed within this
algorithm. Therefore they will be seen as noise degrading the
performances of the GSTS algorithm.

An algorithm such as the GSTS has the advantage
with respect to a Kalman implementation of the classical
common-view approach that not only the synchronization
accuracy improves but also the tropospheric zenith delay
accuracy is much greater. Besides, the snapshot clock model
does not make any assumption on the clock behavior of
the receiver clock, being more robust to clock jumps or
instabilities.

The GSTS implements also robust estimation techniques
since two iterations are performed with observable rejection
in the middle based on the comparison of residuals with the
a posteriori residual standard deviation.

Furthermore, in order to avoid a degradation of the
receiver clock offsets by a faulty navigation, those navigations
that have never been validated in previous epochs are not
included in the current synchronization. During system
start-up, this situation is under direct operator control and
it is assumed that the probability of having an OSPF failure
at the same time as the IPF is in the start-up and not seen by
any monitoring parameter is negligible. It should be noted
that in the nominal case, the integrity is maintained because
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of the off-line calibration of the SSEB performed in the MSF
element of the GMS that includes the synchronization error,
as explained in [13].

3.2.2. On-line clock synchronization algorithm

ONCLK is a “simplified version of GSTS” in which only the
satellite and receiver clock offsets are estimated and takes the
tropospheric zenith delay and ambiguities estimated from
the last run of the GSTS as they do not depend on the
reference time scale and are assumed to be sufficiently stable
in time. ONCLK uses the navigation messages that are to
be validated by integrity determination but that have already
been validated in previous epochs, as explained before for the
GSTS.

When a brand-new navigation message reaches the IPF
without integrity information, this message is not used
in the receiver clock synchronization. Instead, the former
navigation message is used. However, and as it will be seen
later, an integrity flag and SISMA values are computed
for this new navigation message. In this way, in case
there is a problem with the new navigation message for
a satellite, it does not corrupt other satellites through a
corrupted receiver clock offsets and the navigation message
is flagged with an integrity flag to DO NOT USE without
any side effect. As a summary the first time the navigation
message is validated its true SISE is fully decorrelated
with respect to the SISE estimation error due to the delay
considered when entering in the receiver synchronization
process.

3.3. Time reference for synchronization

The reference time scale used by the IPF must be as close as
possible to Galileo system time (GST) provided by precise
timing facility (PTF). The implementation of this reference
in the GSTS fits in naturally, just by adding to the input
data the measurements of the GSS connected to the PTF
and fixing its clock offset. This master clock approach
was firstly implemented. However, the high availability of
the GMS should be achieved taking into account the PTF
failures and, thus, a different scheme was adopted. The
reference time scale now used within the IPF is defined
as the “GST as seen through the Galileo constellation”;
that is, the Broadcast GST. This is implemented in the
GSTS and “on-line clock” algorithms by introducing a
linear constraint so that the corrections to the satellite
clock bias with respect to the predicted clock offset in the
navigation message average to zero. In order to cope with
faulty satellites/navigations, the contribution of each satellite
to the constraint is deweighted by a factor that depends
on its own clock offset with respect to the navigation,
thus allowing the decrease of the faulty satellite/navigation
contribution in the iterative estimation process. In this way,
those satellites with degraded navigation messages do not
drag substantially the time reference from GST as defined by
the PTF.

3.4. Integrity determination algorithm

The integrity determination (Int Det) is the algorithm in
charge of computing the integrity flag and SISMA for each
satellite. The integrity flag indicates that the estimated SISE
is consistent with the broadcast SISA and the uncertainty in
the estimated SISE given by the SISMA.

The SISE for a given satellite (SISE) is defined as a three-
component vector in the satellite body-fixed coordinate
system: cross-track, along-track and, radial + clock. These
two components are estimated together due to the lack
of observability to separate correctly the orbit radial error
and the clock one. This introduces a mismodeling that is
negligible compared with the error sources present in the
measurement residuals for values of the estimated SISE in the
order of several meters. The mismodeling is in the order of
2-3% of the radial error, so its effect increases as long as the
radial error becomes greater. However, the likelihood of large
radial errors is very improbable due to the way the orbits
are computed within the OSPF; typical radial errors are in
the order of 1–10 cm. In any case, the simplification becomes
nonapplicable with very large orbit radial errors when the
satellite should have been already rejected, assuming that a
full negative correlation with the clock prediction error does
not exist.

The SISE for a given satellite is estimated by using a pure
weighted least square:

SISE = (A′WA)−1A′W Res, (7)

where

(i) A is the design matrix that contains the unit vectors
to the satellite from all the GSSs in view:

A =

⎛
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⎜
⎜
⎜
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⎜
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∥∥ .

(8)

(ii) W is the a priori noise measurement covariance
matrix:

W =

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

σ2
res,1 0 · · · · · · 0

0 · · · · · ·
· · · σ2

res, j · · ·
· · · · · · 0

0 · · · · · · 0 σ2
res,N

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

. (9)

(iii) Res is the vector with the measurement residuals,
obtained as the result of the difference between the
smoothed iono-free pseudoranges and the recon-
structed ones based on the estimated parameters.
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The smoothed pseudoranges are reconstructed by means of
the navigation message (for satellite position and clock) and
the estimated GSS clock biases and tropospheric delays. The
obtained measurement residuals, Res, are the projection of
the true SISE to the line of sight of the receiver plus the
following contributions called residual errors.

(i) Synchronization error: the error in the receiver
synchronization, with standard deviation σsync.

(ii) Tropospheric delay error: the error in the tropo-
spheric zenith delay estimation and its mapping
function, with standard deviation σtropo.

(iii) Errors after preprocessing: nonfiltered measurement
noise such as not-mitigated multipath and other
nonmodeled effects with standard deviation σprepro.

The GSS clock biases and the zenith tropospheric delays are
estimated within the same process, thus they may somehow
be correlated. Considering that the GSS clock offset is
modeling as a snapshot process and the tropospheric zenith
delay is averaged over periods of the order of hours, the
correlation coefficient is expected to be low. The global
variance for this line of sight would be

σ2
res = σ2

tropo + σ2
sync + σ2

prepro. (10)

The inverses of these global variances are the diagonal
elements of the W matrix. The off-diagonal elements are
neglected as the receivers are assumed to be independent.

The estimated SISE vector is projected onto the worst
user location (WUL) defined as that location over the
satellite footprint where the projected SISE is maximum. The
SISE covariance matrix (A′WA)−1 is also projected onto its
worst user location to obtain the SISMAstd. It is noted that
the WUL for the estimated SISE may not be the same as for
the SISMAstd.

Since biases may be expected in the measurement error
per line of sight, the estimated SISE would be also biased
by an amount given by the following expression (note
that biases at satellite-level are derived from those for the
different lines of sight following the same weighted least-
square expression as the one used for the estimated SISE
computation):

biasSISE = (A′WA)−1A′W biasRes, (11)

where biasRes is the vector formed by the residual biases for
each line of sight. The vector biasSISE would also be projected
to its worst user location to obtain the bias of the SISMA;
SISMAbias. It is important to note that in fact the true bias
per line of sight is not really known, but just an upper bound
with a certain confidence level. Therefore, the SISMAbias

will be consequently an upper bound of the true bias at
WUL. The derivation of this upper bound follows a complex
mathematical development that has been omitted for brevity.

The rejection threshold T is computed as

T = SISMAbias + kpfa,int·
√

SISA2 + SISMA2
std, (12)

where kpfa,int is the point of the N(0, 1) Gaussian distribution
that leaves in the two tails a probability equal to Pfa,int. kpfa,int

may not be the same as kpfa,u since the probability of the false
alarm for this check at high-level does not consider another
contributions due to IPF internal events, leading to a higher
kpfa,int. If the SISE > T , then integrity flag (IF) is set to Do
Not Use.

According to the Galileo integrity concept, the user needs
to consider the failure of the worst station over the validity
time of the SISMA. This brings the so-called “broadcast
SISMA” concept. It is the same as the actual SISMA except
for two aspects: (i) it will be valid over its full applicability
time (e.g., 85 seconds); (ii) it will consider the failure of the
receiver that maximizes the SISMA value during the whole
applicability time interval. The algorithm is the same as the
actual SISMA, repeated over all the epochs of the validity
time and for all possible GSS single failures. Therefore, for
each prediction epoch,

(i) the satellite positions are predicted based on the
ephemeris model;

(ii) the removal of each sensor station in view of the
satellite is considered;

(iii) the SSEB for each line of sight is derived taking into
account the predicted instantaneous elevation (this
implies that sensor stations that are monitoring the
satellite in the current epoch may disappear in the
validity time);

so the SISMAbias and SISMAstd can be computed. Combining
these terms with the applicable SISA leads to the SISMAU.
Obviously, the final set (SISMAbias,brd, SISMAstd,brd) that
defines the broadcast SISMA is the one that provides
the maximum rejection threshold Tbrd that the user will
reconstruct:

Tbrd = SISMAbias,brd + T

= 2·SISMAbias,brd + kpfa,int·
√

SISA2 + SISMA2
std,brd.

(13)

However, the IPF can only provide one SISMA parameter;
the so-called SISMA user, SISMAU:

SISMAU =
√
√√
√ T2

brd

k2
pfa,u

− SISA2

=
√
√
√√
(
T + SISMAbias,brd

)2

k2
pfa,u

− SISA2.

(14)

It is clear that kpfa,u·
√

SISA2 + SISMA2
U = T + SISMAbias,brd =

Tbrd .
Finally, the post SISE fit residuals (obtained by means

of the expression Respost-fit = Res − A·SISE, where “A” is
the design matrix, “Res” is the measurement residual vector
and “SISE” is the estimated SISE, all defined previously)
are grouped per receiver and a chi-square test is performed.
In case the check fails and no faulty line-of-sight can be
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identified, its residuals are removed and the SISE for the
affected satellites is recomputed. This is a general barrier
against outliers or underestimated measurement noises.

3.5. Product-check algorithm

The product-check algorithm is responsible for consoli-
dating the SISMA estimates for the configured service by
merging the values coming from the two measurement
chains: A and B. A set of integrity barriers are also included
in order to mitigate the propagation of certain input feared
events to the output (see [11] for further details on these
barriers).

4. FIRST RESULTS OF IPF ALGORITHM PERFORMANCE

Recently, the experimental IPF algorithm prototype (E-
IPF) has passed successfully the functional validation, and
the experimentation phase is about to start. Therefore,
first performance results of the E-IPF (with the complete
functionality) and some conclusions have been obtained
from this functional validation phase, using real GPS data
and GPS/Galileo synthetic data simulated by the Galileo raw
data generator (RDG), which is a software tool aimed at
providing the algorithms with raw measurements simulating
the sensor station network, the satellite constellation and the
signal propagation effects. Other preliminary results with a
different prototype of the IPF obtained in the frame of the
Galileo system test bed (GSTB-V1) project may be found in
[14].

The performance drivers, the expected results (obtained
by a service volume simulator called “SISMA tool”), and the
first E-IPF results with real GPS data and Galileo synthetic
data, are provided in the following sections.

4.1. Performance drivers

The SISMA is a parameter that describes the SISE estimation
errors, at user level, due to the measurement errors at GSS
level. As explained above, the SISMA is computed using a
weighted least-square algorithm with biased measurement
errors; therefore the SISMA computation can be expressed
in a simplified way for the sake of analysing the performance
drivers:

SISMA = function
(
SSEB(elevation angle), PDOP

)
, (15)

where

(i) SSEB (elevation angle) is the sensor station error
budget, which represents the current estimation of
the final measurement residual errors, (biasres, σres);
and

(ii) PDOP is the position dilution of position of the
satellite as a user with respect to the GSS in view,
reflecting the geometric relationship between the
satellite and the different GSS sites viewing this one
and involved in the SISMA computation.

• Quality of the raw measurement data (mainly carrier
phase noise and pseudorange multipath)

• GSS synchronization error
• Zenith tropospheric delay estimation error
• GSS code/carrier incoherence
• Presence of “Feared Events” as the scintillations or

GSS switches
• GSS network distribution and availability

Algorithm 1: Performance drivers.

The satellite PDOP is a parameter that depends exclusively
on the GSS sites location. These ones can also be affected by
the presence of “feared events,” such as scintillations or GSS
outages.

The main drivers affecting the SISMA performance are
shown in Algorithm 1.

Except the last driver which impacts in the PDOP, the
other ones only have an impact on the SSEB.

Reference [1] provides a sensitivity analysis of the
SISMA performance with respect to the GSS synchronization
and ZTD estimation errors, showing that almost all the
improvement that could be achieved by means of the IPF
algorithm design has been reached, and thus the IPF external
factors become dominant, in particular the impact of the
ionospheric scintillations. The ionospheric scintillations will
degrade the quality of the ranging measurements increasing
the noise and even sometimes causing the loss of the signal,
depending on the receiver architecture. The impact on the
SISMA performance will depend basically on two factors: the
degradation of the measurement quality depending partially
on the receiver design, and the design of the integrity
algorithms. Ionospheric scintillations corresponding to a
sunspot number of 250 has to be considered as part of
the reference conditions for performance validation, which
corresponds to very strong ionospheric conditions.

4.2. SISMA performance: expected results

Previous to the functional validation, some preliminary
results have been obtained by the “SISMA tool” (which
applies only the SISMA equations considering a hypothetical
simulated environment), and by a prototype of the GSTS
algorithm (which processes real GPS data), according to
the last IPF element specifications and assumptions. These
results provide the IPF performance that can be expected
for different system configurations. At this respect, no
simplification in the SISMA computation process has been
considered with respect to the proposed algorithm design.

The following scenarios wereconsidered:

(i) Galileo service: safety-of-life (SoL),

(ii) system configuration: FOC (40 GSSs and 27 satellites
corresponding to the whole GSS network and nom-
inal constellation) and IOV (18 GSSs and 4 satellites
for the initial test campaign and system validation),
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(iii) GSS network in its nominal state (40 GSSs) or
Degraded (39 GSSs considering the failure of the GSS
with highest impact on SISMA).

As a first step, the GISM model was used to derive the
degradation on the measurement quality in the presence
of scintillations, but this model did not seem to provide
realistic results, since it had not been calibrated with data
coming from very strong scintillations. The conclusion was
that all GSSs that could be affected by scintillations were
going to be rejected, degrading significantly the PDOP
and the corresponding SISMA performance. Then, more
realistic conditions in terms of measurement noise, cycle
slip ration and C/N0, were considered to simulate the
impact of the scintillations. Nevertheless, this issue is still
under discussion, and an update of the GISM model to
overcome these limitations may be expected. According to
the preliminary approach, it is expected that the IPF will
be able to process most of the measurements from the GSS
under scintillations, but with higher noise, multipath and
cycle-slips error contributions. The consequence is that only
one SSEB was computed for the GSS affected by scintillations
coming from a kind of weighted average of the measurement
error contributions with and without scintillations.

The following figures show the relative contributions of
the main sources to the variance SSEB (σ2

res) corresponding
to the FOC-SoL system configuration depending on the
GSS location. The overall standard deviation (σres) and bias
(biasres) of the expected SSEB will be provided in the “First
E-IPF results with synthetic data” subsection in comparison
with the SSEB obtained from the synthetic data.

The following figures show the relative contributions
of the main sources to the standard deviation SSEB (σres)
corresponding to the IOV-SoL system configuration.

The three main contributions to the SSEB variance are
shown in the following.

(i) The smoothed iono-free pseudorange noise with the
highest contribution at low elevation angles. The ionospheric
scintillations impact directly on this contribution. There is a
contribution to the budget derived from a higher probability
of having undetected cycle slips and erroneously repaired
cycle slips, because of the increase in the carrier phase noise,
together with the measurement noise increase of the raw
pseudoranges due to the decrease of the C/N0. Note that the
loss of line-of-sights due to the cycle slip algorithm reset is
not considered in this preliminary analysis.

(ii) The GSS clock synchronization error (around
16.5 cm 1-σ for FOC and 143 cm 1-σ for IOV). Although
the relative weight increases with the elevation angle, the
error does not depend on it. The ionospheric scintillations
have a low impact on this contribution. In the IOV system
configuration, the dominant contribution is clearly the
synchronization error, quite degraded compared to the FOC
case since only 4 satellites are available.

(iii) The tropospheric delay error. (ZTD: 4.4 cm 1-σ for
FOC and 11.1 cm 1-σ for IOV, both without scintillations.)
An increasing factor of 1.33 has been considered in the
presence of scintillations due to the degradation of the
tropospheric delay estimation process due to the increase
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Figure 2: Weight of the different contributions to the variance SSEB
in the FOC-SoL system configuration.

of the carrier phase noise, which is one of the drivers for
the GSTS algorithm performance. The derivation of this
factor follows a complex process that has been omitted for
brevity since the aim is to obtain a preliminary analysis of
the performance that could be expected.

As mentioned before, the last two contributions depend
mainly on the GSTS performance except for the tropospheric
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Figure 3: Weight of the different contributions to the variance SSEB
in the IOV-SoL configuration.

estimation in IOV if the blind model is used. Therefore
the GSTS is the key algorithm from the point of view of
SSEB. Nevertheless, the main contribution is the smoothed
iono-free pseudorange error, which depends mainly on the
external factors such as the scintillations and the receiver
features rather than the preprocessing algorithm.

The following table provides the expected a priori
contributions to the SSEB that have been considered in the
frame of the preliminary analysis done with the “SISMA
tool.” As it can be seen, the dominant contribution is the
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Figure 4: Expected SISMAU for FOC-SoL system configuration as
a function of the satellite position.

smoothed iono-free code-phase error after preprocessing in
the FOC configuration, while in IOV the major one is the
synchronization error.

It is noted that experimentation results with the GSTS
algorithm prototype with real GPS data support the idea of
negligible biases (tropo and synchronization contributions).
However the provided bias budget (biasres) comes from the
fact that the off-line measurement residual error calibration
process estimates the biases with a certain confidence level.
Therefore this budget considers the contribution to the bias
upper bound coming from the confidence interval.

The following table shows the different SISMA upper
bound target values and the corresponding ones according
to the previous SSEB budgets:

From Table 2, it can be seen that the SISMA upper
bound requirements are met in IOV but not in SoL-FOC
cases (both nominal and degraded). At IPF algorithmic level,
both the multipath mitigation and GSS synchronization
processes are considered to be state-of-the-art, and thus the
improvements should mainly come from the provision of
raw measurements with better quality, improvements in the
receiver design such as the efficiency factor or the addition of
more GSS to the network.

Figure 4 shows the maximum SISMA that can be
obtained in all potential satellite positions for nominal SoL-
FOC configuration. The highest values are obtained in areas
close to the geomagnetic equator due to the worse SSEB
caused by the impact of scintillations. (For additional details
please refer to the analysis shown in [11].) The white small
circles indicate the GSS location.

Figure 5 shows the respective SISMAU, SISMAstd, and
SISMAbias histograms from the distributions that corre-
spond to the overall satellites positions. The influence of
the SISMAbias in the SISMAU can be observed, which is
similar to the SISMAstd distribution, but shifted some 0.2
meters.

Figures 6 and 7 showthe maximum SISMA that can be
obtained in all potential satellite positions for nominal SoL-
IOV, and the associated SISMA histograms, respectively.

As it can be seen, the distribution of the SISMA values in
IOV is much more irregular than the one for FOC, which is
due to the fact that the satellite visibility is sometimes quite
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Table 1: Expected a priori contributions to the SSEB at an elevation of 45 degrees.

Elev : 45 degrees FOC-SoL Nominal FOC-SoL (scintillations) IOV-SoL Nominal IOV-SoL (scintillations)

Smoothed iono-free code
phase error (1-σ , cm)

30.7 50.4 30.7 50.4

GSSCoordError (1-σ , cm) 2.5 2.5 2.5 2.5

IonoDelayError (1-σ , cm) 6.0 6.0 6.0 6.0

SlantTropoDelayError
(1-σ , cm)

6.2 8.2 15.7 20.86

GSS synchronization
error (1-σ , cm)

16.3 16.4 142.2 143.4

TOTAL (with inflation
factors)

58.6 88.3 239.2 250.9

Table 2: Expected SISMA performance for different system config-
urations.

Service-configuration
SISMA (m)

Target Maximum 95%

SOL-FOC nominal 0.7 (Max) 1.14 0.94

SOL-FOC degraded 1.3 (Max) 1.7 1.21

SOL-IOV-Galileo only 6.5 (95%) 8.66 4.49
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Figure 5: Different SISMA histograms for FOC-SoL system
configuration.

degraded: only few sensor stations can monitor the satellite
and with a poor geometry. Clearly, this implies that the IOV
system configuration is very far from being optimum from
the integrity monitoring point of view, although it will serve
in demonstrating the system capabilities and performing at
least a system functional validation.

4.3. First E-IPF results with real GPS data

Apartfromsimulations and analysis, the processing of real
GPS data has been considered very important for assessing
the goodness of the proposed algorithms. The final clock and
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Figure 6: Expected SISMAU for IOV-SoL system configuration as a
function of the satellite position.
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Figure 7: Different SISMA histograms for IOV-SoL system config-
uration.

orbits provided by IGS have been considered the reference
for building the true SISE. Two real scenarios have been
analysed.

(i) Real GPS FOC-like scenario: 2 days (starting the
01/05/04 at 00:00:00), 20 GSS’s, 21 GPS.
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Figure 8: Different SISMA histograms for E-IPF Real GPS FOC-
Like SoL.

Table 3: Real GPS FOC-like SISMA upper bound.

Real GPS SISMA Bias SISMA Std SISMAU

Minimun: 0.11 0.20 0.36

Percent 67: 0.48 0.77 0.98

Percent 90: 0.84 1.60 1.78

Percent 95: 1.25 2.98 3.23

Percent 99: 3.40 8.69 9.46

(ii) Real GPS IOV-like scenario: 2 days (starting the
01/05/04 at 00:00:00), 18 GSS’s, 4 GPS.

It is noted that only one chain and service is considered
with GPS real data.

Real GPS FOC-like scenario results

A simplified integrity analysis has been carried out to check
the SISMA overbounding over the estimated SISE error. This
analysis consists of checking if both 68 percentile and 95
percentile conditions of the absolute value of estimated SISE
error at WUL (SREW) divided by actual SISMA are satisfied.
It is reminded that the no-inflated PREC is considered for
integrity purpose. The results are as follows:

(i) 19 out of 24 satellites fulfil the 68 percentile ratio
criteria (<1);

(ii) only 2 satellites do not fulfil the 95% ratio criteria
(<2), which is a value of 2.04.

Besides, regarding the SISMA upper bound (using the
nominal PREC which is inflated), a significant percentage
of the obtained values is higher than expected as shown in
Table 3 and Figure 8.

As it can be seen, the tail of the distribution is heavier
than the one in the case FOC-SoL nominal shown previously
in Section 4.2, caused by the low number of sensor station
that could be considered (limited to those that provide 1 Hz

Table 4: Real GPS IOV-like SISMA upper bound.

PRN Galileo Target (95%, m)
Real GPS SISMAU (95%, m)

1 day 2 day

4 6.5 3.41 3.21

24 6.5 3.73 3.81

26 6.5 2.58 3.2

29 6.5 2.33 2.6
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Figure 9: Different SISMA histograms for IOV-SoL system config-
uration.

data with high availability): 20 sensor stations compared to
40. Another important aspect to be highlighted is that with
real data the weight of biases is lower than expected a priori,
so this means that the budget analysis is pessimistic in this
area.

Real GPS IOV-like scenario results

Table 4 shows the SISMAU at 95% per satellite for each day.
All values are under the SISMA upper bound requirement
(6.5 m at 95%) for IOV Galileoonly.

Although the statistics of each satellite involves only
one satellite trace in the Earth, other analyses show that
the difference in the 95% percentile between the whole
SISMA map and the IOV SISMA satellite traces is very
small. Therefore, there is a large margin with respect to the
requirement.

Figure 9 shows the time evolution of the different
broadcast SISMA terms, and the integrity flag status for
the PRN24 in the first day. The behavior of the system can
be considered unstable, because of the rapid changes and
discontinuities in the broadcast SISMA. This is caused by the
poor geometries and by the lack of continuity in data from
IGS sensor stations in which data gaps are relatively frequent.

Table 5 shows the GSS synchronization error. The target
is 8 nanoseconds at 95% for IOV-Galileo Only. There is also a
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Table 5: Real GPS IOV-like GSS synchronization error.

GSS clock error (nsec)

1◦ day 2◦ day Total

GSS Mean RMS Mean RMS 95%

FAIa −0.15 0.88 0.95 0.95 1.80

GOLa 0.77 1.03 1.01 0.63 1.90

KERa 0.37 0.99 1.24 1.23 2.20

KIRa −0.55 2.94 2.83 2.78 6.51

KOUa −1.08 1.18 1.14 0.43 1.68

MASa 0.09 0.78 1.01 0.91 2.21

MIZa −0.09 0.60 0.79 0.78 1.57

MKEa 0.10 0.74 0.81 0.80 1.42

NNOa 0.09 0.55 0.76 0.73 1.43

RIOa — — 0.73 0.73 1.35

SUTa 0.94 1.04 0.90 0.57 1.68

THTa 0.74 0.91 1.03 0.51 1.70

TIDa 1.11 1.46 1.39 1.17 2.64

USNa 0.56 0.56 1.05 1.04 1.64
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Figure 10: KERa clock synchronization error temporal evolution.

large margin. The corresponding values for some GSSs have
not been provided due to the lack of IGS clock reference.

The results are quite homogeneous except for KIRa,
which are quite worse compared with the averaged. This is
caused by poor geometries (KIRa is close to the north pole)
and data gaps leading to higher synchronization errors. It
is also important to note that these results are far better
thanthea priori expectations reflected in Section 4.2.

Figure 10 shows the clock synchronization errors for one
GSS (note that the x-axis reflects the week rollover).

4.4. First E-IPF results with Galileo synthetic data

The following scenarios have been simulated.

(i) Galileo FOC SoL Nominal scenario: 3 days, 40 GSSs,
and 27 satellites.
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Figure 11: Expected GSS SSEB versus E-IPF GSS SSEB.

(ii) Galileo IOV SoL scenario: 10 days, 18 GSSs, and 4
satellites.

Galileo FOC SoL Nominal scenario

Figure 11 showsa comparison between the SSEB (or PREC),
with and without scintillations, considered by the “SISMA
tool” to obtain the expected results, and the SSEB computed
in the E-IPF platform. First of all, it is noted that there are
only two types of GSS in the “SISMA tool,” the ones without
scintillations located out of the geomagnetic equator area,
and the ones within this area. However the RDG does not
have this limitation, in principle it simulates a more realistic
environment. It can be observed that the hypothetic area
of the E-IPF SSEB Std points has similar pattern than the
area composed between the two “SISMA tool” SSEB Std
lines, although it is located just under the “SISMA tool” one.
The apparently better E-IPF SSEB is due to the rejection
of the many measurements affected by the scintillations. It
is noted that the E-IPF barriers configuration has not been
consolidated yet. Once this occurs after the experimentation
phase, more measurements will be preprocessed although the
SSEB will be degraded, but the PDOP will be improved for
many satellite positions.

On the contrary, the SSEB bias areas are different but in
the same order of magnitude.

Table 6 and Figure 12 show the respective SISMAU,
SISMAstd, and SISMAbias statistics and histograms from the
distribution corresponding to the overall satellites positions.
Although the maximum value is much higher than the
required one, however the 95% (0.72 m) is slightly better
than the respective expected value (0.937 m) obtained with
the “SISMA tool.” These results could be expected taking into
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Table 6: Different SISMA statistics for E-IPF FOC-SoL system
configuration.

FOC-SOL SISMAbias SISMAstd SISMAU

Mean: 0.36 0.42 0.52

Sigma: 0.08 0.10 0.11

Minimun: 0.19 0.28 0.38

Percent 67: 0.39 0.43 0.53

Percent 90: 0.46 0.54 0.64

Percent 95: 0.49 0.61 0.72

Percent 99: 0.60 0.78 0.91

Percent 99.9: 0.79 1.19 1.34

Maximun: 2.19 6.34 6.91

account the apparently better SSEB in the E-IPF. However,
SISMAU highest values are reached due the rejection of the
many measurements in the GSS affected by the scintillations,
which provokes the increase of the PDOP and then the
SISMA is degraded.

Regarding the integrity verification results, the same
approach as the one described for the analysis of the real GPS
FOC-like scenario has been followed. The results have been
worse as shown in the following:

(i) any satellite does not fulfil the 68 percentile ratio
criteria (<1);

(ii) 16 out of 24 fulfil the 95% ratio criteria (<2).

Figure 13 shows the accumulated relative frequency
(CDF) of the observable |SISEwul|/SISMAactual used for the
satellite with worst compliance value. If the SISE estimation
error had been overbounded by the SISMA, the ratio should
have been lower than 1 and 2 for the percentiles 67% and
95%, respectively.

It is important to note that the integrity verification
strategy will be improved in the subsequent phases of the
IPF integrity algorithm consolidation, since the aim at this
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SOL configuration.

stage was to have a first and quick analysis. The apparent
lack of integrity is caused basically by two facts linked to
the methodology. On the one hand, the management of
biases should be consistent with the approach established
in Section 2, leading toanindependent verification of the
SISMAbias and SISMAstd since their combination at user
level is guaranteed. On the other hand the instantaneous
worst user location has been considered while it should be
more appropriate to consider fixed users (more realistic),
check the integrity for everyone, and select the worst
case.

Figure 14 shows the estimated SISE error at instanta-
neous WUL distribution for one satellite as an example. As it
can be seen, there are almost no points above one metre (in
absolute value). With respect to the shape of the distribution,
the bimodality is caused by the sign of the “radial + clock”
component of the SISE estimation error, while the lack of
full symmetry is caused by the presence of negative biases
slightly higher in absolute value than the positive ones as it
can be seen in Figure 11.
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Table 7: Galileo IOV GSS synchronization error.

GSS clock error (95%, nsec)

GSSID SoL PRS

DUBa 3.57 3.53

EASa 3.20 3.00

KOUa 4.09 4.00

TROa 3.63 3.88

LIBa 3.11 3.09

HONa 3.49 3.14

USHa 3.86 3.48

NOUa 2.84 2.95

PAPa 3.54 3.45

REUa 2.99 2.90

VANa 3.18 2.91

USNa 3.81 3.36

NEWa 4.71 5.30

REDa 2.46 3.12

SEOa 3.49 3.74

SVAa 2.05 2.43

GUAa 2.64 3.84

These results should be considered as preliminary since
there are still some improvements to be done, mainly on the
area of the fine tuning of the developed algorithms, as well as
the methodology to verify the integrity.

Galileo IOV SoL scenario

Table 7 shows the GSS synchronization error. Although the
results are not as good as the real GPS IOV-like scenario,
there is still a margin with respect to the target. On the other
hand, it should be taken into account that the simulated
environment is more degraded than the real one.

5. CONCLUSIONS

A description of the main IPF integrity algorithms has been
provided with special emphasis on those features related to
the integrity barriers in the presence of feared events, the
implications of the Galileo user integrity concept on the
algorithms together with the derivation of the formulae for
the correct management of the SISE estimation error bias in
terms of impact at user level.

The main results derived from the preliminary exper-
imentation activities performed with the IPF algorithm
software prototypes (E-IPF) using real GPS data and Galileo
synthetic data are the following:

(i) from the obtained IOV results, the SISMA at 95% is
lower than 3.9 m with real GPS data (while the target
IOV SISMA value is 6.5 m at 95%);

(ii) an FOC SISMA value of 0.72 m at 95% was obtained
with Galileo synthetic data (the FOC SISMA target is
0.7 m as maximum). Improvements are still expected
as part of the algorithm fine tuning process;

(iii) good performances in IOV GSS synchronization
error, in the order of few nanoseconds;

(iv) first integrity results have been provided, showing
the correctness of the IPF algorithms, although
additional verification activities are required.
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1. INTRODUCTION

GPS time is created by processing GPS pseudorange measure-
ments with the operational GPS Kalman filter. Brown [2]
refers to the object created by the Kalman filter as the GPS
composite clock, and to GPS time as the implicit ensemble
mean phase of the GPS composite clock. The fundamental
goal by the USAF and the USNO is to control GPS time to
within a specified bound of UTC/TAI. (I refer to TAI/UTC
understanding that UTC has an accumulated discontinuity
(a sum of leap seconds) when compared to TAI. But unique
two-way transformations between TAI and UTC have been in
successful operational use since 1972. I have no need herein
to further distinguish between TAI and UTC.) I present here
a quantitative analysis of the GPS composite clock, derived
from detailed simulations and associated graphics. GPS clock
diffusion coefficient values used here were derived from Al-
lan deviation graphs presented by Oaks et al. [12] in 1998. I
refer to them as “realistic,” and in the sequel I claim “realistic”
results from their use. Figure 1 presents their diffusion coef-
ficient values and my derivation of associated Allan deviation
lines.

My interest in the GPS composite clock derives from
my interest in performing real-time orbit determination for
GPS NAVSTAR spacecraft from ground receiver pseudor-
ange measurements. (James R Wright is the architect of
ODTK (Orbit Determination Tool Kit), a commercial soft-
ware product offered by Analytical Graphics, Inc. (AGI).)

The estimation of NAVSTAR orbits would be incomplete
without the simultaneous estimation of GPS clock param-
eters. I use simulated GPS clock phase and frequency devi-
ations, and simulated GPS pseudorange measurements, to
study Kalman filter estimation errors.

This paper was first prepared for TimeNav’07 [20]. I am
indebted to Charles Greenhall (JPL) for encouragement and
help in this work.

2. THE COMPLETE ESTIMATION AND
CONTROL PROBLEM

The USNO operates two UTC/TAI master clocks, each of
which provides access to an estimate of UTC/TAI in real time
(1 pps). One of these clocks is maintained at the USNO, and
the other is maintained at Schriever Air Force Base in Col-
orado Springs. This enables the USNO to compare UTC/TAI
to the phase of each GPS orbital NAVSTAR clock via GPS
pseudorange measurements, by using a UTC/TAI master
clock in a USNO GPS ground receiver. Each GPS clock is
a member of (internal to) the GPS ensemble of clocks, but
the USNO master clock is external to the GPS ensemble of
clocks. Because of this, the difference between UTC/TAI and
the phase of each NAVSTAR GPS clock is observable. This
difference can be (and is) estimated and quantified. The root
mean square (RMS) on these differences quantifies the differ-
ence between UTC/TAI and GPS time. Inspection of the dif-
ferences between UTC/TAI and the phase of each NAVSTAR
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GPS clock enables the USNO to identify GPS clocks that re-
quire particular frequency-rate control corrections. Use of
this knowledge enables the USAF to adjust frequency rates of
selected GPS clocks. Currently, the USAF uses an automated
bang-bang controller on frequency-rate. (According to Bill
Feess, an improvement in control can be achieved by replac-
ing the existing “bang-bang controller” with a “proportional
controller.”)

3. STOCHASTIC CLOCK PHYSICS

The most significant stochastic clock physics are under-
stood in terms of Wiener processes and their integrals.
Clock physics are characterized by particular values of clock-
dependent diffusion coefficients, and are conveniently stud-
ied with aid of a relevant clock model that relates diffusion
coefficient values to their underlying Wiener processes. For
my presentation here I have selected “The clock model and
its relationship with the Allan and related variances” pre-
sented as an IEEE paper by Zucca and Tavella [19] in 2005.
Except for FM flicker noise, this model captures the most
significant physics for all GPS clocks. I simulate and vali-
date GPS pseudorange measurements using simulated phase
deviations and simulated frequency deviations, according to
Zucca and Tavella.

4. KALMAN FILTERS

I present my approach for the optimal sequential estimation
of clock deviation states and their error covariance functions.
Sequential state estimates are generated recursively from two
multidimensional stochastic update functions, the time up-
date (TU) and the measurement update (MU). The TU moves
the state estimate and covariance forward with time, accu-
mulating integrals of random clock deviation process noise
in the covariance. The MU is performed at a fixed measure-
ment time where the state estimate and covariance are cor-
rected with new observation information.

The sequential estimation of GPS clock deviations re-
quires the development of a linear TU and nonlinear MU.
The nonlinear MU must be linearized locally to enable ap-
plication of the linear Kalman MU. Kalman’s MU [9] de-
rives from Sherman’s theorem [11, 15, 16], Sherman’s the-
orem derives from Anderson’s theorem [1], and Anderson’s
theorem derives from the Brunn-Minkowki inequality the-
orem [5, 17]. The theoretical foundation for my linearized
MU derives from these theorems.

4.1. Initial conditions

Initialization of all sequential estimators requires the use of
an initial state estimate column matrix ̂X0|0 and an intial state
estimate error covariance matrix P0|0 for time t0.

4.2. Kalman filter: linear TU and linear MU

Derivation and calculation for the discrete-time Kalman fil-
ter, linear in both TU and MU, is best presented by Meditch
[11, Chapter 5].

4.3. Linear TU and nonlinear MU

The simultaneous sequential estimation of GPS clock phase
and frequency deviation parameters can be studied with the
development of a linear TU and nonlinear MU for the clock
state estimate subset. This is useful to study clock parameter
estimation, as demonstrated in Section 6.

Let ̂Xj|i denote an n × 1 column matrix of state estimate
components, where the left subscript j denotes state epoch t j
and the right subscript i denotes time-tag ti for the last ob-
servation processed, where i, j ∈ {0, 1, 2, . . . }. Let Pj|i denote
an associated n×n square symmetric state estimate error co-
variance matrix (positive eigenvalues).

4.3.1. Linear TU

For k ∈ {0, 1, 2, 3, . . . ,M}, the propagation of the true un-
known n× 1 matrix state Xk is given by

Xk+1 = Φk+1,kXk + Jk+1,k , (1)

where Jk+1,k is called the process noise matrix. Propagation of
the known n× 1 matrix state estimate ̂Xk|k is given by

̂Xk+1|k = Φk+1,k ̂Xk|k (2)

because the conditional mean of Jk+1,k is zero. Propagation
of the known n × n matrix state estimate error covariance
matrix Pk|k is given by

Pk+1|k = Φk+1,kPk|kΦT
k+1,k + Qk+1,k , (3)

where the n × n matrix Qk+1,k is called the process noise co-
variance matrix (see [19] for concrete clock examples of Jk+1,k

and Qk+1,k).
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4.3.2. Nonlinear MU

Calculate the n× 1 matrix filter gain Kk+1:

Kk+1 = Pk+1|kHT
k+1

[

Hk+1Pk+1|kHT
k+1 + Rk+1

]−1
. (4)

The filter measurement update state estimate n × 1 matrix
̂Xk+1|k+1, due to the observation yk+1, is calculated with

̂Xk+1|k+1 = ̂Xk+1|k + Kk+1
[

yk+1 − y
(

̂Xk+1|k
)]

, (5)

where Rk+1 is the scalar variance on the observation resid-
ual yk+1 − y( ̂Xk+1|k), and y( ̂Xk+1|k) is a nonlinear function of
̂Xk+1|k. Define the error Δ ̂Xk+1|k+1 in ̂Xk+1|k+1:

Δ ̂Xk+1|k+1 = Xk+1 − ̂Xk+1|k+1. (6)

Define the n × n state estimate error covariance matrix
Pk+1|k+1 with

Pk+1|k+1 = E
{

(

Δ ̂Xk+1|k+1
)(

Δ ̂Xk+1|k+1
)T}

. (7)

Bucy and Joseph [3, page 141] recommend that Pk+1|k+1

should be calculated with

Pk+1|k+1 = Pk+1|k − T , (8)

where

T = Pk+1|kHT
k+1
˜R−1
k+1Hk+1Pk+1|k ,

˜Rk+1 = Hk+1Pk+1|kHT
k+1 + Rk+1.

(9)

Equations (8) and (9) reduce to the form given by Kalman:

Pk+1|k+1 =
[

I − Kk+1Hk+1
]

Pk+1|k. (10)

Calculation of Pk+1|k+1 by (8) and (9) is numerically stable,
whereas the Kalman form calculation is not.

4.4. Nonlinear TU and nonlinear MU

Refer to Section 4.3.2 for the nonlinear MU.

4.4.1. Nonlinear TU

The nonlinear TU always spans a nonempty time interval
and requires the use of a numerical state estimate integra-
tor ϕx. Given an initial time t0, a final time t f , and a force

model u( ̂X(t), t), then ϕx propagates the state estimate ̂X(t0)

from t0 to t f using forces u( ̂X(τ), τ) to get ̂X(t f ). That is,

̂X
(

t f
) = ϕx

{

t f ; ̂X
(

t0
)

, t0,u
(

̂X(τ), τ
)

, t0 ≤ τ ≤ t f
}

. (11)

This can be shortened to write

̂X
(

t f
) = ϕx

{

t f ; ̂X
(

t0
)

, t0
}

, (12)

where the use of forces u( ̂X(τ), τ) is tacitly implied. Thus, ϕx
is a column matrix with n elements:

ϕz =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

ϕx1
ϕx2
ϕx3

...
ϕxn

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

. (13)

4.5. Kalman filter advantage

Severe computational problems are incurred in any attempt
to estimate unobservable states using iterated batch least
squares methods or iterated maximum likelihood methods
for navigation, because state-sized inversions of singular ma-
trices are required. Here the Kalman filter is distinguished in
that estimates of unobservable states can be created and used
without matrix inversion problems because the Kalman filter
MU is free of state-sized matrix inversions.

By design, one typically estimates observable states. But
the Kalman filter enables one to create unobservable states.
The USAF chose to create unobservable GPS clock parameter
states for construction of GPS time.

5. OBSERVABILITY

I have defined observability in terms of a Kalman filter for-
mulation, and I have proved simple theorems related thereto.
My definition of observability is different than Kalman’s def-
inition and, unlike Kalman’s definition, is directly applicable
to covariance matrices derived from a Kalman filter.

5.1. Definition

If the state estimate error variance of a particular state es-
timate component is reduced by processing an observation,
then that state estimate component is observable to that ob-
servation. Otherwise, that state estimate component is not
observable (unobservable) to that observation.

Theorem 1. If every component of the row matrix Hk+1 of
measurement-state partial derivatives is zero at time tk+1, then
every component of the state estimate ̂Xk+1 is unobservable at
time tk+1.

Proof. Hk+1 = 0 implies that Pk+1|k+1 = Pk+1|k according to
(10). Thus none of the variances of Pk+1|k are reduced due to
processing the observation yk+1. Then by definition, ̂Xk+1 is
unobservable in every component.

Theorem 2. Given values for scalars Hk+1, Pk+1|k > 0, Rk+1 >
0 at time tk+1, and given that Hk+1 /=0, then the scalar state
estimate ̂Xk+1 is observable at time tk+1.

Proof. The obvious inequality Pk+1|kH2
k+1 + Rk+1 >

Pk+1|kH2
k+1 > 0 implies that

1 >
Pk+1|kH2

k+1

Pk+1|kH2
k+1 + Rk+1

> 0. (14)

Multiply through by −1:

−1 < − Pk+1|kH2
k+1

Pk+1|kH2
k+1 + Rk+1

< 0. (15)

Add 1:

0 <
[

1− Pk+1|kH2
k+1

Pk+1|kH2
k+1 + Rk+1

]

< 1. (16)
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Multiply through by Pk+1|k:

0 <
[

1− Pk+1|kH2
k+1

Pk+1|kH2
k+1 + Rk+1

]

Pk+1|k < Pk+1|k. (17)

Now use (4) and (10) to write

Pk+1|k+1 =
[

1− Pk+1|kH2
k+1

Pk+1|kH2
k+1 + Rk+1

]

Pk+1|k. (18)

Insert (18) into the inequality (17) to get the result:

0 < Pk+1|k+1 < Pk+1|k. (19)

Thus the variance Pk+1|k is reduced due to processing the ob-
servation yk+1. Then the scalar state ̂Xk+1 is observable by def-
inition.

5.2. Theoretical foundation

These theorems are referred to expressions given by Kalman
for filter gain Kk+1 and covariance Pk+1|k+1, see (4) and (10).
Kalman’s expressions are derived from the rigorous theo-
rem chain provided by Sherman, Anderson, and Brunn-
Minkowski—the theoretical foundation is deep.

5.3. Determine observability directly

Given an optimal sequential estimator, given a particular col-
lection of applicable observations (real or simulated), and
given realistic state estimate error covariance matrices Pk+1|k
and Pk+1|k+1 at each time tk+1, apply the definition of observ-
ability directly (note that this is impossible using Kalman’s
definition of observability) to distinguish between observable
and unobservable state elements. An optimal sequential es-
timator is designed to eliminate significant aliasing between
estimated state elements, and thus enables this distinction.

6. UNOBSERVABLE GPS CLOCK STATES

GPS time is created by the operational USAF Kalman filter
by processing GPS pseudorange observations. GPS time is
the mean phase of an ensemble of many GPS clocks, and yet
the clock phase of every operational GPS clock is unobserv-
able from GPS pseudorange observations, as demonstrated
below. GPS NAVSTAR orbit parameters are observable from
GPS pseudorange observations. The USAF Kalman filter si-
multaneously estimates orbit parameters and clock param-
eters from GPS pseudorange observations, so the state esti-
mate is partitioned in this manner into a subset of unobserv-
able clock parameters and a subset of observable orbit pa-
rameters. This partition is performed by application of Sher-
man’s theorem in the MU.

6.1. GPS pseudorange representation

Let tNh
T denote time of radio wave transmission for the hth

NAVSTAR clock, and let tGiR denote time of radio wave receipt
for the ith ground station clock. (Refer all times to a coordi-
nate time, e.g., to GPS time. Appropriate transformations be-
tween proper time and coordinate time must be performed

in the operational algorithms, but state estimate observabil-
ity is independent of relativity, so observability can be de-
fined and discussed independent of relativity.) Let δx̂Nh

T and
δx̂GiR denote Kalman filter estimation errors in clock phase
for tNh

T and tGiR . Define time of transmission difference tDhT

and time of receipt difference tDiR :

tDhT = tNh
T − δx̂Nh

T ,

tDiR = tGiR − δx̂GiR .
(20)

Thus,

tNh
T = tDhT + δx̂Nh

T ,

tGiR = tDiR + δx̂GiR .
(21)

Equation (21) present tNh
T and tGiR as additive combinations of

deterministic times tDhT and tDiR and Kalman filter estimation
errors in clock phase δx̂Nh

T and δx̂GiR . Define the one-way GPS
pseudorange measurement ρNhGi:

ρNhGi = c
(

tGiR − tNh
T

)

, tGiR > tNh
T . (22)

Insert (21) into (22):

ρNhGi = c
([

tDiR + δx̂GiR
]− [tDhT + δx̂Nh

T

])

= c
([

tDiR − tDhT

]

+
[

δx̂GiR − δx̂Nh
T

])

,
(23)

where c is speed of light in vacuum. Define

Δt = tDiR − tDhT , (24)

δthi = δx̂GiR − δx̂Nh
T . (25)

Then,

ρNhGi = c
(

Δt + δthi
)

, (26)

where Δt is deterministic and δt is random.

6.2. Partition of Kalman filter estimation errors

Let xC denote the phase component of Kalman filter estima-
tion error that is common to every GPS ensemble clock, when
it exists. Define phase differences xGiOR and xNh

OT with

xGiOR = δx̂GiR − xC ,

xNh
OT = δx̂Nh

T − xC
(27)

for ground station i and NAVSTAR h. Then Kalman filter es-
timation errors δx̂GiR , i ∈ {1, 2, . . . }, for ground station clocks
and δx̂Nh

T , h ∈ {1, 2, . . . }, for NAVSTAR clocks have the ad-
ditive partition:

δx̂GiR = xC + xGiOR,

δx̂Nh
T = xC + xNh

OT.
(28)

(This partition was introduced by Brown [2].)



James R. Wright 5

6.3. The common random phase component
is unobservable

Insert (28) into (25):

δthi = δx̂GiR − δx̂Nh
T

= [xC + xGiOR
]− [xC + xNh

OT

]

= xGiOR − xNh
OT.

(29)

Insert (29) into (26):

ρNhGi = c
(

Δt +
[

xGiOR − xNh
OT

])

. (30)

Thus, the random phase component xC that is common to
the Kalman filter estimation error for every ensemble clock
has vanished in the range representation ρNhGi. Variations
ΔxC in xC cannot cause variations ΔρNhGi in ρNhGi:

ΔρNhGi =
∂ρNhGi

∂xC
ΔxC (31)

because the partial derivative H = ∂ρNhGi/∂xC is zero:

∂ρNhGi

∂xC
= 0. (32)

An application of Theorem 1 to (32) demonstrates that xC is
unobservable from ρNhGi.

But the architect who designs the complete estimator
must design an optimal NAVSTAR orbit estimator to prevent
aliasing from NAVSTAR orbit estimation errors into xC . It
helps to know that there is no coupling between the orbit and
xC in the complete state transition function. I have provided
a new method herein to identify this aliasing, and I have pro-
vided suggestions on where to look for inadequate modeling
that would be the source of this aliasing. See Section 9.

6.4. Independent random phase components
are observable

The independent phase deviations xGiOR and xNh
OT are observ-

able to GPS pseudorange observations because their partial
derivatives are nonzero:

∂ρNhGi

∂xGiOR
= +c,

∂ρNhGi

∂xNh
OT

= −c.
(33)

Estimation of xGiOR and xNh
OT by the Kalman filter will reduce

their error variances.

6.5. Partition of KF1 estimation errors

Subtract estimated clock deviations from simulated (true)
clock deviations to define and quantify Kalman filter (KF1)
estimation errors. Adopt Brown’s additive partition of KF1
estimation errors into two components. I refer to the first
component as the unobservable error common to each clock

(UECC), and to the second component as the observable
error independent for each clock (OEIC). (Observability is
meaningful here only when processing simulated GPS pseu-
dorange data.) See (28). xC is the UECC, xGiOR is the OEIC
for ground station clocks and xNh

OT is the OEIC for NAVS-
TAR clocks. On initialization of KF1, the variances on the
UECC and OEIC are identical. On processing the first GPS
pseudorange measurements with KF1 the variances on both
fall quickly. But with continued measurement processing the
variances on the UECC increase without bound while the
variances on the OEIC appoach zero asymptotically.

For simulated GPS pseudorange data I create an optimal
sequential estimate of the UECC by application of a second
Kalman filter KF2 to pseudomeasurements defined by the
phase components of KF1 estimation errors.

Since there is no physical process noise on the UECC, an
estimate of the UECC can also be achieved using a batch least
squares estimation algorithm on the phase components of
KF1 estimation errors—demonstrated previously by Green-
hall [7]. (I apply sufficient process noise covariance for KF2
to mask the effects of double-precision computer word trun-
cation. Without this, KF2 does diverge.)

6.6. Unobservable error common to each clock

There are at least four techniques to estimate the UECC
when simulating GPS pseudorange data. First, one could take
the sample mean of KF1 estimation errors across the clock
ensemble at each time and form a sample variance about
the mean; this would yield a sequential sampling procedure,
but where each mean and variance is sequentially uncon-
nected. Second, one can employ Ken Brown’s implicit ensem-
ble mean (IEM) and covariance; this is a batch procedure re-
quiring an inversion of the KF1 covariance matrix followed
by a second matrix inversion of the modified covariance ma-
trix inverse; this is not a sequential procedure. Third, one
can adopt the new procedure by Greenhall [7] wherein KF1
phase estimation errors are treated as pseudomeasurements,
and are processed by a batch least squares estimator to ob-
tain optimal batch estimates and covariance matrices for the
UECC. Fourth, one can treat the KF1 phase estimation er-
rors as pseudomeasurements, invoke a second Kalman filter
(KF2), and process these phase pseudomeasurements with
KF2 to obtain optimal sequential estimates and variances
for the UECC. I have been successful with this approach.
Figure 3 presents an ensemble of “realistic” KF1 phase esti-
mation errors, overlaid with “realistic” KF2 sequential esti-
mates of UECC in phase. (By “realistic” I refer to realistic
clock diffusion coefficient values.)

6.7. Observable error independent for each clock

At each applicable time subtract the estimate of the UECC
from the KF1 phase deviation estimate, for each particular
GPS clock, to estimate the OEIC in phase for that clock. Dur-
ing measurement processing, the OEIC is contained within
an envelope of a few parts of a nanosecond (see Figure 4).

Figure 4 presents a graph of two cases of the OEIC
for ground station clock S1. For the blue line of Figure 4,
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Figure 2: Simulated and estimated phase deviations for four 2-state
clocks.

intervals of link visibility and KF1 range measurement pro-
cessing are clearly distinguished from propagation intervals
with no measurements. During measurement processing, the
observable component of KF1 estimation error is contained
within an envelope of a few parts of a nanosecond.

Calculation of the sequential covariance for the OEIC re-
quires a matrix value for the cross-covariance between the
KF1 phase deviation estimation error and the UECC estima-
tion error at each time. I have not yet been able to calculate
this cross-covariance.

7. ALLAN VARIANCE AND PPN RELATIONS

7.1. Allan coefficients versus diffusion coefficients

Denote τ as clock averaging time, σ2
y(τ) as Allan variance,

a0 as Allan’s FMWN coefficient, a−2 as Allan’s FMRW coef-
ficient, σ1 as the FMWN diffusion coefficient, and σ2 as the
FMRW diffusion coefficient. Then,

σ2
y(τ) = a0τ

−1 + a−2τ = σ2
1τ
−1 +

1
3
σ2

2τ, (34)

where

σ1 = √a0,

σ2 =
√

3a−2.
(35)

7.2. Proportionate process noise (PPN)

Let α denote a variable α ∈ {1, 2, 3, . . . ,N} to identify each
GPS clock in an ensemble of N clocks. For each clock α define
the ratio Sα between diffusion coefficients σ1α and σ2α:

Sα = σ2α

σ1α
, σ1α > 0. (36)

Then PPN is defined when, for each GPS clock α and each
associated ratio Sα, we have

S1 = S2 = S3 = · · · = SN . (37)
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Figure 3: KF1 phase errors and KF2 UECC estimate.

7.3. Case 12

The calculation of Sα = σ2α/σ1α, α ∈ {1, 2, 3, 4}, according to
the diffusion coefficient values presented in Figure 1 shows
that PPN is not satisfied for Case 12:

σ2S1

σ1S1
= 0.00× 10−6 s−1,

σ2S2

σ1S2
= 4.73× 10−6 s−1,

σ2N1

σ1N1
= 2.50× 10−6 s−1,

σ2N2

σ1N2
= 2.67× 10−6 s−1.

(38)

8. KALMAN FILTERS KF1 AND KF2

I have simulated GPS pseudorange measurements for two
GPS ground station clocks S1 and S2, and for two GPS
NAVSTAR clocks N1 and N2. Here I set simulated measure-
ment time granularity to 30 s for the set of all visible link in-
tervals. Visible and non-visible intervals are clearly evident
in the blue line of Figure 4. I set the scalar root-variance

√
R

for both measurement simulations and Kalman filter KF1 to√
R = 1 cm. Typically

√
R∼1 m for GPS pseudorange, but

when carrier phase measurements are processed simultane-
ously with pseudorange, the root-variance is reduced by two
orders of magnitude. So the use of

√
R = 1 cm enables me

to quantify lower performance bounds for the simultaneous
processing of both measurement types.

8.1. Create GPS clock ensemble

Typically, one processes measurements with a Kalman filter
to derive sequential estimates of a multidimensional observ-
able state. Instead, here I imitate the GPS operational pro-
cedure and process simulated GPS pseudorange measure-
ments with KF1 to create a sequence of unobservable mul-
tidimensional clock state estimates. Clock state components
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are unobservable from GPS pseudorange measurements. See
Figure 2 for an example of an ensemble of estimated unob-
servable clock phase deviation state components created by
KF1.

8.1.1. Sherman’s theorem

GPS time, the unobservable GPS clock ensemble mean
phase, is created by the use of Sherman’s theorem [11, 18]
in the USAF Kalman filter measurement update algorithm
on GPS range measurements. Satisfaction of Sherman’s The-
orem guarantees that the mean-squared state estimate error
on each observable state estimate component is minimized.
But the mean-squared state estimate error on each unobserv-
able state estimate component is not reduced. Thus the un-
observable clock phase deviation state estimate component
common to every GPS clock is isolated by application of
Sherman’s theorem. An ensemble of unobservable state esti-
mate components is thus created by Sherman’s theorem—see
Figure 3 for an example.

8.2. Initial condition errors

A significant result emerges due to the modeling of Kalman
filter (KF1) initial condition errors in phase and frequency.
Initial estimated clock phase deviations are significantly dis-
placed by the KF1 initial condition errors in phase. As time
evolves estimated clock phase deviation magnitudes diverge
continuously and increasingly when referred to true (simu-
lated) phase deviations, and this is due to filter initial condi-
tion errors in frequency. See Figure 2 for an example.

9. IDENTIFY NONCLOCK MODELING ERRORS

My interest in the GPS NAVSTAR (SV) orbit determination
problem, combined with that of the clock parameter estima-
tion problem, has enabled the identification of a useful diag-
nostic tool: given realistic values for diffusion coefficients for

each of the real GPS clocks, then quantitative upper bounds
can be calculated on OEIC magnitudes. These calculations
require the use of a rigorous simulator. Existence of signifi-
cant cross-correlations between GPS clock phase errors and
other nonclock GPS estimation modeling errors enables sig-
nificant aliasing into GPS clock phase estimates during op-
eration of KF1 on real data. But given rigorous quantita-
tive upper bounds on OEIC magnitudes, then significant vi-
olation of these bounds when processing real GPS pseudo-
range and carrier phase data identifies nonclock modeling
errors related to the GPS estimation model. Modeling error
candidates here include NAVSTAR orbit force modeling er-
rors, ground antenna modeling errors (multipath), and tro-
pospheric modeling errors. NAVSTAR orbit force modeling
errors include those of solar photon pressure, albedo, ther-
mal dump, and propellant outgassing. The accuracy of this
diagnostic tool depends on the use of realistic clock diffusion
coefficient values and a rigorous clock model simulation ca-
pability.

10. OBSERVABLE CLOCKS

In an earlier version of my paper, I reported on KF1 valida-
tion results where clock S1 was specified as a TAI/UTC clock,
external to the GPS clock ensemble consisting of S2, N1, and
N2. This brought observablity (see Sections 5 and 6 herein)
to S2, N1, and N2 clock states from GPS pseudorange mea-
surements, drove clocks S2, N1, and N2 immediately to the
TAI/UTC timescale, and enabled a clean validation of my fil-
ter implementation. Also it raised the question: why not the
same thing for the real GPS clock ensemble? Discussions with
Ed Powers (USNO) and Bill Feess (Aerospace Corporation)
reveal that this approach was tried and discarded after the
difficulty in recovery from an uplink hardware failure was
blamed on the use of a single TAI/UTC Master Clock. This
issue was resolved with Kenneth Brown’s introduction of the
implicit ensemble mean. The mean phase (GPS time) of the
GPS clock ensemble will remain unobservable to GPS pseu-
dorange measurements in the USAF Kalman filter for the
foreseeable future.
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1. INTRODUCTION

The Precise Timing Facility (PTF) is one of the key facili-
ties of the Galileo ground segment. Its scope is to provide
an accurate, stable, and precise Galileo System Time Master
Clock (GST(MC)) to the Orbitography and Synchronization
Processing Facility and to the other Galileo Control Center
facilities.

Two PTFs are currently under development by two sepa-
rate teams in Germany and Italy. The discussion provided in
this paper refers to the Italian development [1], coordinated
by the Consorzio Torino Time (CTT) in Torino, Italy, with
the partnership and support of SpectraTime (former Temex
Time) and T4Science in Neuchâtel, Switzerland, and Astro-
geodynamic Observatory, Poland.

Two active hydrogen masers (a primary HM1 and a
backup HM2) externally steered via a precision PicoStep-
per, provide the physical realization of GST(MC), insuring
the extremely high short-term stability required for the nav-
igation functions, in particular, to perform a reliable satellite
clock modeling.

The “backup HM steering algorithm” is implemented in
order to allow a smooth switch over between backup and pri-
mary HM in case of failure of the latter, without producing
any significant effect in the GST continuity, uniformity, or

short-term frequency stability. The algorithm acquires the
phase difference between two HMs measured by a multi-
channel phase comparator (MCPC), and generates a steering
correction to be applied to the backup HM via a PicoStepper
with a 0.1-picosecond resolution.

2. ARCHITECTURE

Figure 1 shows the architecture of the backup HM steering
system, consisting of an MCPC, PicoSteppers (one per HM),
and the algorithm.

In the nominal situation, PicoStepper1 applies the steer-
ing correction from PTF GST algorithm to steer the pri-
mary HM1 with “GST running” (GSTR) obtaining the
GST(MC1). The phases of the two PicoSteppers’ outputs are
compared by MCPC, whose output is used by the “backup
HM steering algorithm” to obtain the steering command to
PicoStepper2 whose input is the backup HM2. Thus, the
steered output of HM2 is kept in phase with HM1.

In case of the HM1 failure, the hot backup HM2 becomes
the primary one by the PTF switching matrix. The previ-
ous phase offset “HM2(steered)-HM1” provides the seamless
switch-over signal via PicoStepper2 which is now applied by
the GSTR correction for GST(MC).
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Figure 2: PTF PicoStepper.

3. PICOSTEPPER

A high-resolution PTF PicoStepper (i.e., microphase step-
per), based on the existing PicoStepper by SpectraTime [2],
is being developed to provide frequency correction of HMs
signals (Figure 2).

The unit is being designed to meet the following two PTF
requirements:

(i) increase of the resolution by a factor of 100 to obtain a
minimum phase step of ±0.1 picosecond;

(ii) reduction of output jitter to get negligible degradation
of the HM signal phase noise and short term stability.

The design is based on a double heterodyne architecture
where a first structure is used for positive phase/frequency
adjustment and the second structure for negative adjust-
ment.

As shown in the high-level block diagram (Figure 3),
each positive/negative loop contains a voltage-controlled xtal
oscillator (VCXO), a phase detector, a frequency mixer, a fre-
quency multiplier, a pulse removing circuit, a frequency di-

vider and a loop filter. A microcontroller is in charge to man-
age the stepping commands sent by RS232. It has also the
capability to execute a self-test of the unit.

The 0.1-picosecond resolution of the system is obtained
by using the appropriate VCXO frequency multiplication fac-
tor and divider ratio. Taking N = 10 and M = 105, the fre-
quency resolution is Δ f / fIN = 10−6/10M = ±10−13, which
corresponds in terms of phase of 0.1 picosecond.

The frequency beats (F1, F2, F3, and F4) in both loops
while not stepping is equal to 1 KHz which is the compari-
son frequencies of the phase detectors. Thus, the nominal fre-
quency of the local oscillator is equal to 10 MHz–1 KHz/N =
9.999900 MHz.

In order not to degrade the HM performances, a phase
noise figure (Figure 4) analysis has been performed. The
comparison between the HM specification and the best per-
formances VCXO available on the market in terms of phase
noise close to the carrier gives the required cutoff frequency
to be implemented. It shows that the optimum cutoff fre-
quency should be around 4 Hz. Since the frequency beats
used as comparison signal are 1 kHz, it is easy to implement
the desired 4 Hz cutoff frequency.

4. STEERING APPROACH

The backup HM steering algorithm together with the MCPC
and PicoStepper form a basic phase-locked loop (PLL),
which locks the phase of the backup HM to the primary one.
Figure 5 shows the block diagram of the backup HM steering
model.

The algorithm design is based on a digital proportional
integral (PI) filtering controller, which contains the PI fil-
ter and periodical generation of the steering commands ac-
cepted by the PicoStepper.

To eliminate the impact of anomalies of the primary HM
output signal (e.g., phase spikes) on the steered backup HM,
the algorithm first removes the phase outliers of the dynamic
least-square linear fit (LSLF). Because the outlier routine is
sensitive only to the difference between the two HMs, the
steering computation is equally efficient at rejecting phase
outliers from both the primary and the backup HMs. These
outliers in the backup HM, however, remain in the steered
output.

4.1. Phase-locked loop and PI filter

Figure 6 illustrates the PLL control system block diagram in
the continuous (Laplace) domain.

The s-transfer function of second-order closed loop is

C(s) = 2ξτs + 1
τ2s2 + 2ξτs + 1

, (1)

where τ is the loop time constant (in seconds), 1000 seconds,
which is selected as the tradeoff of the time offset and the
frequency stability [2]; ξ is the damping factor, 1;Kc is MCPC
gain, 1013 step/s; and Km is the PicoStepper gain, 10−13/step.
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In discrete domain, basic digital filtering functions can
be used. Therefore, the z-transfer function of the discrete PI
filter is

D(z) = Kp + Ki
z

z − 1
, (2)

whereKi andKp are coefficients of the discrete integrator and
proportional regulator.

4.2. Dynamic least-square linear fitting and
outlier removing

Figure 7 illustrates the block diagram of the Outlier Remover.
The input data from MCPC, e0 is checked by LSLF over the
previous 100-second data in sliding windows. If the absolute
value of the deviation from the fitting line exceeds the out-
lier criterion C (30 picoseconds), the data are removed and
replaced by the previous value. Therefore, the phase outliers
of the primary HM are filtered before the steering.

5. BACKUP HM STEERING SYSTEM SIMULATION AND
PERFORMANCE VERIFICATION

The technical requirement on the backup HM steering sys-
tem imposed by PTF design is that the phase jump will not
exceed 30 picoseconds in the value of the GST(MC) to switch
the primary and backup HMs.

A simulation model [3] is created to analyze and ver-
ify the steering operability and the loop performance un-
der various test cases including the nominal and de-
graded conditions with simulated anomalies or feared events
(phase/frequency spikes, jumps and drift) occurred in both
HMs.

Figures 8, 9, 10, and 11 demonstrate the simulation re-
sults on various test cases. The backup HM2 is steered prop-
erly to the primary HM1 under all test cases.

(i) With phase spikes at the primary HM1, the algorithm
properly eliminates the anomalies. The peak value
of the phase offset “HM2(steered)-HM1(outliers re-
moved)” is 4 picoseconds, which depends on the initial
phase difference, and the standard deviation is 1.03 pi-
coseconds after the loop is settled down.

(ii) In the presence of the phase step of 30 picoseconds
(GST(MC) maximum phase jump) either at the pri-
mary HM1 or the backup HM2, the maximum im-
pacted phase offset “HM2(steered)-HM1” is 8 picosec-
onds.

(iii) When the HM signal is applied by GST(MC) maxi-
mum frequency correction of 1e-14, the impact on the
phase offset “HM2(steered)-HM1” is 6.3 picoseconds.
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Figure 8: Simulation on phase/frequency spikes at primary HM1.
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Figure 9: Simulation on phase jump of 30 picoseconds at HM1 (similar at HM2).
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Figure 10: Simulation on frequency jump of 1e-14 at HM1 (similar at HM2).
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Figure 11: Simulation on frequency drift of 1e-13 at HM1 (similar at HM2).

(iv) Even if the HM frequency drift is seriously degraded,
the phase offset “HM2(steered)-HM1” returns to
specifications with the loop settling time, and the peak
offset around the loop time constant is 27 picoseconds
for the frequency drift of 1e-13/d (10 times worse of

the specification of T4science HM, whose typical value
is few e-15/d). The maximum phase offset as 12.5 pi-
coseconds observed near to 20 000 seconds is due to
the accompanying frequency jump of 2.5e-14 in the
HM output signal.



6 International Journal of Navigation and Observation

Table 1: Overall performance budget.

Test case 1 2 3 4 5

Algorithm
simulation

Test event Nominal Phase/frequency
spikes

Phase jump of 30 ps
(GST(MC)

maximum
phase jump)

Frequency jump of 1e-14
(GST(MC) maximum
frequency correction)

Frequency drift of
1e-13/d

(10 times worse of
HM specification)

Peak phase offset 4 ps 4 ps 8 ps 6.3 ps 27 ps

Calibration accuracy 5 ps

MCPC resolution 0.1 ps

PicoStepper resolution 0.1 ps

Total (phase offset) 6.4 ps 6.4 ps 9.4 ps 8 ps 27.5 ps

Table 1 summarizes the overall performance budget, tak-
ing into account the calibration errors of the cables between
the input of the MCPC and the input of the switching ma-
trix, the MCPS resolution, and the PicoStepper resolution.
The total performance is within the PTF requirement on the
switch over phase jump of 30 picoseconds.

Besides above phase offset analysis, the frequency offset
of “HM2(steered)-HM1” has been also calculated for all test
cases, and it meets the PTF requirement that the frequency
jump shall not exceed 4e-15 over the averaging time of 100
minutes in the value of the GST(MC).

In addition, the worst cases are analysed.

(i) The PLL will be beyond the PicoStepper maximum
control range (1e + 4 steps) when the phase jump is
bigger than 5 nanoseconds, or the frequency jump is
bigger than 8e-12.

(ii) For above latter case, the phase offset “HM2steered-
HM1” is out of the specification of 30 picoseconds. To
meet this specificaion, the frequency jump is allowed
to be less than 5e-13.

6. CONCLUSION

We conclude that our steering system is capable of meeting
the Galileo specifications for keeping the backup HM close
to the primary in phase and frequency. Currently the algo-
rithm is in the detailed design phase and is passing a proto-
type phase subject to Galileo Software Standards. It will be
tested on PTF hardwares, and will be implemented into the
PTF operational software.

REFERENCES

[1] R. Zanello, M. Mascarello, L. Galleani, P. Tavella, E. Detoma,
and A. Bellotti, “The Galileo precise timing facility,” in Joint
Meeting of the 21st European Frequency & Time Forum and the
IEEE International Frequency Control Symposium, pp. 458–462,
Geneva, Switzerland, June 2007.

[2] X. Stehlin, Q. Wang, F. Jeanneret, P. Rochat, and E. Detoma,
“Galileo system time physical generation,” in Proceedings of the
38th Annual Precise Time and Time Interval (PTTI ’06) Meeting,
pp. 395–406, Reston, Va, USA, December 2006.

[3] Q. Wang and P. Rochat, “Backup hydrogen maser steering al-
gorithm for Galileo precise timing facility,” in Joint Meeting of
the 21st European Frequency & Time Forum and the IEEE Inter-
national Frequency Control Symposium, pp. 463–466, Geneva,
Switzerland, June 2007.



Hindawi Publishing Corporation
International Journal of Navigation and Observation
Volume 2008, Article ID 462062, 7 pages
doi:10.1155/2008/462062

Research Article
Remote Synchronization Simulation of Onboard
Crystal Oscillator for QZSS Using L1/L2/L5 Signals for
Error Adjustment

Toshiaki Iwata,1 Michito Imae,1 Tomonari Suzuyama,1 Yuji Hashibe,2 Satoshi Fukushima,2

Akira Iwasaki,3 Kenji Kokubu,3 Fabrizio Tappero,4 and Andrew G. Dempster4

1 National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Ibaraki 305-8568, Japan
2 Space Engineering Development Co. Ltd., Tokyo, Nakano-ku, Tokyo 164-0001, Japan
3 Department of aeronautics and astronautics, Faculty of Engineering, University of Tokyo, Tokyo 113-8656, Japan
4 School of Surveying and Spatial Information Systems Faculty of Engineering, University of New South Wales, Sydney,
NSW 2052, Australia

Correspondence should be addressed to Toshiaki Iwata, totty.iwata@aist.go.jp

Received 17 July 2007; Accepted 6 October 2007

Recommended by Demetrios Matsakis

A new error adjustment method for remote synchronization of the onboard crystal oscillator for the quasi-zenith satellite system
(QZSS) using three different frequency positioning signals (L1/L2/L5) is proposed. The error adjustment method that uses L1/L2
positioning signals was demonstrated in the past. In both methods, the frequency-dependent part and the frequency-independent
part were considered separately, and the total time information delay was estimated. By adopting L1/L2/L5, synchronization was
improved by approximately 15% compared with that using L1/L2 and approximately 10% compared with that using L1/L5 and a
synchronization error of less than 0.77 nanosecond was realized.

Copyright © 2008 Toshiaki Iwata et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INTRODUCTION

The Japanese Quasi-Zenith Satellite (QZS) System (QZSS)
is a three-satellite navigation/positioning system conceived
to improve the positioning performance (satellite availabil-
ity and position accuracy) of the presently available global
positioning system (GPS) in urban areas where high-rise
buildings reduce the number of visible GPS satellites [1]. A
new timekeeping method of the QZSS, named the remote
synchronization system for an onboard crystal oscillator
(RESSOX), has been planned by the National Institute of Ad-
vanced Industrial Science and Technology (AIST, Tasukuba,
Japan) [2]. RESSOX is a remote-control method that permits
synchronization between a ground station standard and QZS
clocks. In its original concept, various delay models are used
for the estimation of the delay of the RESSOX control signal
that includes time information of QZSS time and is advanced
with respect to QZSS-time to compensate the delay during
transmission. This is considered to be the feed-forward con-
trol. Furthermore, pseudoranges of positioning signals ob-

tained at the ground station, named the time management
station (TMS), are used for error adjustment, where QZSS-
Time is a standard time of QZSS, like GPS time for GPS, and
refers to UTC (NICT). This is considered to be the feedback
control. RESSOX is realized by combining feed-forward and
feedback control. The RESSOX control signal is transmitted
with the Ku-band from the TMS.

The proposed Japanese QZSS has the following proper-
ties regarding its timekeeping system (TKS): (1) it is possible
to control the system over a 24-hour period as long as good
visibility of QZS is obtained; (2) a high-stability crystal oscil-
lator is superior to an atomic standard in terms of short-term
frequency stability [3]; and (3) the QZSS employs a maxi-
mum of three satellites, which are not too many to monitor
from the ground.

RESSOX reduces overall costs, satellite power consump-
tion, and onboard weight and volume; and it has a longer
lifetime than a system with onboard atomic clocks.

RESSOX ground experiments and computer simula-
tions have been conducted since 2003. QZS broadcasts four



2 International Journal of Navigation and Observation

positioning signals as availability enhancement signals:
L1C/A, L1C, L2C, and L5 [4]. The tentative target of our re-
search is synchronization to within 10 nanoseconds between
the ground standard time and the QZS site at any time and
frequency stability better than 1× 10−13 for 100,000 seconds.
Initial experimental results using only L1/L2 positioning sig-
nals and experimental apparatus have been introduced previ-
ously [5–10]. We have developed a new feedback method that
uses L1/L2/L5 positioning signals of the QZSS and proved
that we could improve synchronization by 15% compared
with the former L1/L2 method. Since experimental appara-
tuses for L5 are not available at the moment, only simulation
results are presented in this paper.

Evaluations of the effects of the range error magnitude
and the least-squares filter used at the ground site are also
discussed.

2. SIMULATION MODEL

To investigate this new RESSOX method, a specific soft-
ware simulator has been developed. The actual onboard crys-
tal oscillator is MINI-OCXO manufactured by C-MAC Mi-
croTechnology (Buckinghamshire, UK), and is modeled as
follows:

f = 1.023× 107(1.0 + 3.2500048× 10−8(V-5.352333)
)
,
(1)

where f is the output frequency and V is the applied voltage
(when V = 5.352333 V, f = 10.23 MHz).

To control MINI-OCXO using the difference between
uplinked time information with RESSOX control signal and
MINI-OCXO time, modified PI control of the control volt-
age was employed. The following formula that describes
modified PI control was used:

vk = offset− k1

l + 1

k∑

i=k−l

(
tOCXO − tRESSOX

)
i

−k2

k−1∑

i=0

∫ i+p

i

(
tOCXO − tRESSOX

)
dt.

(2)

Here, vk is the kth output voltage, offset = 5.352333 (V), k1

is a proportional gain set at 7.0 × 106, k2 is an integral gain
set at 3.0 × 104, l is the number of past data used for propor-
tional control and is set at 1, k is the data number from the
beginning of the simulation, p is the integral interval, which
means an overlapping integral number, set at 2, and tRESSOX

is time information of the received RESSOX control signal.
Control repetition at the TMS is once every second, and

that on the QZS is once every 1.5 seconds.
The simulation conditions are shown in Table 1. Typi-

cal Keplerian orbit elements of the QZS, shown in Table 1,
were assumed. To calculate the orbit precisely, the EGM96
geopotential model with the spherical harmonic coefficient
of degree and order 360, the gravity effects of the sun, the
moon, and other planets taken from the Jet Propulsion Labo-
ratory (JPL, NASA, Pasadena, Calif, USA) ephemeris DE405,
the radiation pressure, and the solid tide effects were consid-
ered. To calculate ionospheric delay, data (COD10426.ION)

X
Earth Measured position

Y

Estimated
range −5 m

Ground
station

ICRF

Z
Tropospheric

delay

Ionospheric
delay

Authentic range

−5 m

−5 m

Authentic position

Ionospheric delay, other celestial
bodies: data of January 1,2000

Figure 1: Differences in initial conditions between authentic delay
and estimated one.

from the Center for Orbit Determination in Europe (CODE,
University of Bern, Bern, Switzerland) was used. The sim-
ulation period was all day, January 1, 2000. This means
that positions of the sun, the moon, and other planets
and ionospheric data for that day were used. The me-
teorological conditions for tropospheric delay calculation
were assumed to be constant at 15◦C, 1013.25 hPa, and
70% relative humidity, and the Saastamoinen model was
used. The position of the TMS was assumed to be in Ok-
inawa (26.5 N, 127.9 E, elevation = 0.0 m). The calcula-
tions using these parameters correspond to the authentic
range in Figure 1, and the “Orbit/Delay calculation (with-
out error)” in Figure 2. These conditions can be expressed
as x = −22,881,059.583 m, y = −32,625,645.367 m, z =
19,898,922.824 m, vx = 2,207.153 m/s, vy = −839.448 m/s,
and vz = 1,693.581 m/s as the initial conditions in the Inter-
national Celestial Reference Frame (ICRF).

For the orbit information used at the TMS, an initial er-
ror of −5 m for each axis of ICRF, that is, the initial condi-
tions of x = −22,881,064.583 m, y = −32,625,640.367 m, and
z = 19,898,917.824 m of the equation of motion (vx, vy , and
vz are the same as the authentic values) are assumed in order
to create the time adjustment file for the transmitting time
adjuster (TTA) and the database of L1/L2/L5 in Figure 2.
The ionospheric and tropospheric delays were not consid-
ered. The differences in initial conditions between authentic
delay and estimated delay are shown in Figure 1.

3. CONTROL METHOD

To realize RESSOX, L1, L2, and L5 pseudoranges were con-
sidered separately, and the delay of the frequency-dependent
part (i.e., ionospheric delay) and that of the frequency-
independent part (i.e., clock error, range error, and tropo-
spheric delay) were estimated. The following is the simu-
lation sequence of this new method, as shown in Figure 2.
In the simulation, some experimental apparatuses, such as
the onboard crystal oscillator (MINI-OCXO), TTA, the time
comparator, and the QZS signal receiver are modeled based
on the ground experiments.
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Table 1: Simulation conditions.

Items Values Items Values

Simulation period

2000.1.1
Satellite cross section, m2 30.0

00:00:00UTC-

2000.1.2
CODE data of ionosphere COD10426.ION

00:00:00UTC

Semimajor axis, m 42164170.0
Meteorological condition

15◦C, 1013.25 hPa, 70% (relative
humidity)Eccentricity, m 0.099

Inclination, deg 45.0

Radiation pressure coefficient (Cr) 4.56 × 10−6 N/m2 (McCarthy 1996), Cr = 1.2Right ascension of the
205.0

ascending node, deg

Argument of perigee, deg 270.0 Position of ground station 26.5 N, 127.9 E, Height = 0.0 m (Okinawa)

Mean motion, deg 120.0 Solid Earth tide Moon and Sun are considered, k2 = 0.3 (IAG 1999)

Geopotential model EGM96, n, m = 360
Moon, Sun, Mercury, Venus, Mars,

Other celestial bodies Jupiter, Saturn, Uranus, Neptune,

Satellite mass, kg 3000.0 Pluto(JPL-DE405)

Every 1.5 s Every 1 s

Time
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−Time difference

+
+
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Figure 2: Simulation block diagram. Number in parenthesis indicates the step explained in the text. Our goal is synchronization between a
ground atomic clock at TMS and an onboard crystal oscillator on QZS.

Initialization (Steps 1 to 3)

Step 1. Four estimated delays (L1-, L2-, L5-, and Ku-bands)
are prepared. These estimated delays include model errors
such as those due to the orbit, ionosphere, or troposphere,
and we assume that they are used at the TMS as the mea-
surement results. The estimated delays of the L1-, L2-, and
L5-bands make up the database of L1, L2, and L5 delays in
the RESSOX controller to be used for comparison with the

L1-, L2-, and L5-band pseudoranges in Step 7. In contrast,
the estimated delay of the Ku-band is described in the time
adjustment file for TTA, and is used as feed-forward control.

Step 2. Four authentic delays (L1-, L2-, L5-, and Ku-bands)
are prepared. These delays do not contain any errors. Three
of these delays are contained in the L1, L2, and L5 authentic
delay file, and the fourth one is contained in theKu authentic
delay file.
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Step 3. The time adjustment file for TTA is fed into the TTA
as feed-forward control. The timing for transmitting time in-
formation using the RESSOX control signal is adjusted to
give the time comparator the correct time when the signal
arrives at the QZS.

Process routine (Steps 4–10)

Step 4. The delay of the RESSOX control signal during trans-
mission is realized by the Ku authentic delay file.

Step 5. The onboard crystal oscillator is controlled using the
time difference between the RESSOX control signal and the
time of the crystal oscillator itself. Some noise generated by
the crystal oscillator and the time comparator is assumed in
this step and is generated by Stable 32, a clock-simulation
software [11]. We assume that the onboard crystal oscillator
has a stability of 1.0 × 10−12 from 1 to 100 seconds and 5.0 ×
10−11 for one day (86400 s), giving random walk frequency
noise = 5.0 × 10−14, flicker frequency noise = 6.5 × 10−13,
and frequency drift per second = 6 × 10−16, and the time
comparator has a stability of 2.5 × 10−10 for 1 second and
has only phase-white noise. The Allan deviation is shown in
Figure 3.

Step 6. The pseudoranges of L1, L2, and L5 are calculated
using the L1, L2, and L5 authentic delay file and the onboard
crystal oscillator error. Noise that has 1 nanosecond standard
deviation is added during transmission.

Step 7. The pseudoranges of L1, L2, and L5, obtained by the
QZS signal receiver, are compared with the database of L1,
L2, and L5 delay, and the differences between the pseudor-
anges and the database are designated as E1 for L1 (frequency
fL1= 1.57542× 109 Hz), E2 for L2 (fL2= 1.2276× 109 Hz), and
E3 for L5 (fL5= 1.17645 × 109 Hz).

Step 8. Simultaneous equations (3), which include E1, E2,
and E3, delays due to the nonfrequency-dependent term e,
and the coefficient of delay k due to the frequency-dependent
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Figure 4: Default control method at TMS.

term (i.e., ionospheric delay) as unknowns, are solved:

e +
k

f 2
L1
= E1, f L1 = 1.57542× 109[Hz],

e +
k

f 2
L2
= E2, fL2 = 1.2276× 109[Hz],

e +
k

f 2
L5
= E3, fL5 = 1.17645× 109[Hz].

(3)

These equations are expressed using a matrix as follows:
⎡

⎢
⎣

1 1/ f 2
L1

1 1/ f 2
L2

1 1/ f 2
L5

⎤

⎥
⎦

[
e
k

]

= Ax =

⎡

⎢
⎣
E1

E2

E3

⎤

⎥
⎦ = E. (4)

Since A is not a square matrix, to solve the equations, pseu-
doinverse x = (ATA)

−1
ATE is used.

Step 9. Using the solutions of the simultaneous equations,
we obtain the time to be adjusted with formula (5), of the
RESSOX control signal using the Ku-band ( fKu = 1.43453×
1010 Hz) for the TTA

e + k/ f 2
Ku, f Ku = 1.43453× 1010[Hz]. (5)

Step 10. As a result of combining the delay estimation file
in Step 3 and the time to be adjusted for the TTA, the TTA
is controlled. This process is considered to be the feedback
control. We consider some filters in this step, as described
later. Then we go back to Step 4. The calculation of the time
to be adjusted is conducted every second. The default filter is
constructed using 100 data values of the time to be adjusted
(result of formula (5) using the difference between measured
pseudoranges of L1/L2/L5 and estimated pseudoranges of
L1/L2/L5 prepared as the database of L1/L2/L5 delay) from
6 to 105 seconds before every second. In our first considera-
tion, the change of the time to be adjusted would depend on
mainly the tropospheric delay in Figure 4. Since tropospheric
delay depends on the elevation angle, the change of tropo-
spheric delay can be approximated in the first order for such
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Figure 5: Synchronization result. The synchronization is within
1 ns.

a short period as 100 seconds. Therefore, 100 data values of
time to be adjusted are used for the first-order least-squares
filtering, and the time to be adjusted is extrapolated to the
current time, as shown in Figure 4. To calculate and send the
filtering result to the TTA as the time adjustment command,
six seconds are assumed to be required.

Control is conducted every second on the ground and ev-
ery 1.5 seconds on the QZS. These control frequencies will be
actually adopted in the QZSS project.

In Figure 2, the three pink blocks indicate the key pro-
cesses of this method.

4. SIMULATION RESULTS

The simulation was conducted according to the block dia-
gram shown in Figure 2.

The atomic standard at the TMS and the onboard crys-
tal oscillator can be synchronized to within 1 nanosecond
throughout 24 hours, even though the noise of the pseu-
dorange has a 1 nanosecond standard deviation, as shown
in Figure 5. The change of range error during simulation
is shown in Figure 6. For the orbit information used at the
TMS, which corresponds to “Orbit/Delay calculation (with
error)” in Figure 2, an initial error of −5 m for each axis of
ICRF is assumed as measurement error. The difference in
range between authentic and measured errors corresponds
to the range error. Even though the range error (i.e., or-
bit estimation) is considerably large (0–12 m), the proposed
method functions correctly.

Using the solutions of e and k of simultaneous equa-
tions (3), the time to be adjusted was calculated. The two
terms of the time to be adjusted, that is, e and k/ f 2

Ku, cor-
respond to delays other than ionospheric delay and to the
ionospheric delay of the RESSOX control signal using the
Ku-band. As shown in Figure 7, although e and k/ f 2

Ku of the
time to be adjusted vary by about ±30 nanoseconds and 0.5
nanosecond, respectively, because of the noise of the pseu-
dorange, the results of these solutions show good agreement
with the actual delays of these origins, that is, the range error
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Figure 6: Change of range error during simulation.

plus tropospheric delay and the ionospheric delay shown in
Figure 8.

The actual time adjustment command calculated using
a combination of 100 elements of the time to be adjusted
and the first-order least-squares filter shown in Figure 4 is
shown in Figure 9. Since the element of the time to be ad-
justed, k/ f 2

Ku, is approximately two orders smaller than that
of the time to be adjusted, e, the graph shape is similar to
that for e in Figure 7. The filter has the effect of reducing the
noise.

5. EFFECT OF ADOPTING THREE FREQUENCIES

To compare the effects of using three frequencies, synchro-
nization error was evaluated. Three different combinations
were investigated: L1 and L2, L1 and L5, and L1, L2, and
L5. The combination of L1 and L2 means the current usable
combination, and that of L1 and L5 means the most separate
frequencies for which a small error is expected. First, we con-
sidered the optimum number of data values with the first-
order least-squares filter. The number of data values was in-
creased to 1,000. The tendency of the number of data values
being greater with smaller synchronization error was con-
firmed, and the best results were obtained in the case of using
three frequencies, as shown in Figure 10. In any case, when
the number of data values was smaller than 50, the maxi-
mum synchronization error was larger than 10 nanoseconds,
and the smallest synchronization error was obtained when
the number of data values was 1,000. Synchronization us-
ing L1/L2/L5 was improved by approximately 15% compared
with that using L1/L2 and by approximately 10% compared
with that using L1/L5.

Next, we compared the effect of the order of the filter, us-
ing three frequencies; the results are shown in Figure 11. In
the case of the zeroth-order filter, when the number of data
values was small, the maximum synchronization error was
smaller than 3 nanoseconds; however, it increased when the
number of data values was larger than 200. In the case of a
first- or higher-order filter, when the number of data values
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Figure 7: Elements of time to be adjusted. e and K/ f 2
Ku correspond to the range error plus tropospheric delay and the ionospheric delay

shown in Figure 8, respectively.
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Figure 8: Authentic delay of range error plus tropospheric delay and ionospheric delay.
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Figure 9: Actual time adjustment command calculated using a
combination of 100 elements of time to be adjusted and first-order
least-squares filter shown in Figure 4.

was small, the maximum synchronization error became un-
acceptably large. The smallest maximum synchronization er-
ror was obtained when the first-order filter and 1,000 sam-
ples were used.

6. CONCLUSIONS

This study is summarized as follows.

(1) A new error-adjustment method for remote synchro-
nization of the onboard crystal oscillator (RESSOX)
for the QZSS using L1/L2/L5 positioning signals was
demonstrated by simulation.

(2) Synchronization to within 1 nanosecond between the
onboard crystal oscillator and the ground standard
time was achieved in a 24-hour simulation.

(3) The ionospheric delay and the combination of tropo-
spheric delay and range error of the RESSOX control
signal were estimated in the calculation and efficiently
compensated.

(4) On the ground, the number of data values and the or-
der of the least-squares filter can be changed. The first-
order least-squares filter using 1000 data values and
three frequencies is the best, yielding a synchroniza-
tion error of less than 0.77 nanosecond.

(5) Synchronization using L1/L2/L5 was improved by ap-
proximately 15% compared with that using L1/L2
and by approximately 10% compared with that using
L1/L5.
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Figure 10: Relationship between number of data values and maxi-
mum synchronization error. Three different combinations were in-
vestigated.
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imum synchronization error. The effect of the order of the filter is
compared.
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1. INTRODUCTION

GPS-based geodetic time and frequency transfer are based
on a consistent modeling of both code and carrier phase
measurements, and is presently widely recognized for its
high precision of about 100 picoseconds at each epoch
[1–5]. Its major limitation concerns the discontinuities at
the day boundaries, which are caused by the noise of the
code measurements. Indeed, the carrier phase measurements
contain an unknown initial ambiguity (integer number of
cycles) and can, therefore, only provide information on
the clock evolution or frequency transfer. The absolute
synchronization error between two clocks is obtained from
the code measurements, so that its accuracy is limited
by the code noise (a few nanoseconds). As GPS data are
classically analyzed by daily batches, the absolute clock
synchronization error is determined for each day from the
code measurements gathered during that day. Due to the
colored signature of the code noise, implying large and
long-term temporal variations in all code measurements, the
clock solutions show discontinuities at the day boundaries.
The origin of this colored noise in the codes is presently
not yet fully understood [6], but it reduces our ability
to access the true clock signal and stresses the necessity

to develop a rigorous approach for continuous geodetic
time transfer. One solution was already proposed in [7]; it
consists in performing the PPP analysis on a longer data
batch, reducing consequently the number of day-boundary
jumps. A second approach was proposed in [8], where two
methods were tested: a clock handover, analyzing daily data
batches with one common observation epoch between two
consecutive days (midnight), or a stacking of the carrier
phase ambiguities, through a stacking of normal equations
for consecutive days.

In order to have at our disposal a straightforward tool for
the rapid computation of clock solutions in a PPP mode, the
ROB developed Atomium. Atomium performs a least squares
analysis of single station GPS code and carrier phase data to
provide for each observation epoch a clock receiver solution
consisting of the synchronization error between the receiver
clock and the IGS time scale (IGST). Recently, Atomium
has been adapted to provide also a single station phase-only
solution. Some preliminary results were presented in [9],
and a more comprehensive study of the approach and of its
sensitivity to the input parameters is presented here.

The basic observable in the phase-only solution is the
difference between successive carrier phase observations
from the same satellite. Using a least squares adjustment,
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this observable is used to obtain the evolution of the clock
synchronization error. The advantage of the phase-only
approach is that it provides a continuous solution across the
day boundaries, but the drawback is that the absolute clock
synchronization errors of course cannot be determined due
to the presence of the carrier phase ambiguities. This means
that the continuity of the clock solution is interrupted after
each tracking interruption.

For the computation of TAI [10] or any other time
scale, each period of continuous clock solutions can be
combined with a calibrated time transfer method such as
two way satellite time and frequency transfer (TWSTFT)
which allows synchronizing remote clocks with an accuracy
better than 100 picoseconds and has a reliable long-term
stability. However, TWSTFT measurements are disturbed by
a diurnal variation of 1–3 nanoseconds peak to peak and
their resolution is poor (one point each 2 hours in the best
case). On the other hand, the GPS phase-only analysis has no
calibration, but a very high resolution (5 minutes) and good
short-term frequency stability. Combining the two methods
will take advantage of the strong points of each of them: the
accuracy for TWSTFT and the stability for GPS carrier-phase
[10].

The first part of this paper presents the analysis proce-
dure used by Atomium to produce station position and clocks
using PPP, and shows the clock solutions obtained for several
stations in comparison with the IGS clock solution (IGS
combined solution [11]) as well as the solutions obtained
by other software packages (NRCan and Bernese 5.0). The
second part describes the theoretical background of the
phase-only approach implemented in Atomium, compares
the phase-only with the PPP results, and investigates the
sensitivity of the phase-only method to its input parameters.

2. PPP APPROACH

Precise point positioning (PPP) consists in determining the
station position, receiver clock, and tropospheric zenith path
delay without using any measurements from other stations.
This approach requires the availability of precise satellite
orbits and clocks provided by an external source. The PPP
procedure is fully described in [12]; we just recall here the
main principle and its implementation in Atomium.

The observation equations for carrier phases (L1 and L2)
and pseudoranges (P1 and P2) are

Li = R + c
(− τs + τr + τt

)− cτi,Li +NLiλLi + nΦLi, (1)

Pi = R + c
(− τs + τr + τt

)
+ cτi,Li + cτd,Li + nPLi (2)

with R the geometric distance receiver-satellite, τs the satellite
clock error, τr the receiver clock error, τt the tropospheric
delay, τi the ionospheric delay, λ the carrier wavelength, N
the phase ambiguity, τd the instrumental code delay, and n
the noise.

Atomium is based on the ionosphere-free combinations
of L1 and L2 and of P1 and P2, named L3 and P3, respectively.
The observations are used at the 5-minute sampling
rate. The satellite positions are obtained using a Neville
interpolation on 12 points of the IGS sp3 files in which the

satellite positions are given at a 15-minute sampling rate.
The satellite clock corrections are extracted from the IGS
clock files in which the sampling rate is 5 minutes. The
station position is corrected for its time variations due to
degree 2 solid Earth tides as given in the IERS conventions
[13] and ocean loading effects, using the FES2004 model
[14]. The respective elevation (no-azimuth) and nadir-de-
pendent absolute corrections for the receiver and satellite
antenna phase center variations as made available by the IGS
(ftp://igscb.jpl.nasa.gov/pub/station/general/igs05.atx) are
applied, and the carrier phase measurements are corrected
for phase windup taking into account the satellite attitude.
Periods of eclipse events are eliminated. The instrumental
code delays are considered as constant and not included in
the present version of the software.

The tropospheric delay is expressed as the sum of
the hydrostatic and wet delays, both being the product
between a given mapping function (mf) and the zenith
path delay (zpd). The hydrostatic part is introduced using
the Saastamoinen a priori model [15] with the dry Niell
mapping function [16] and the wet part uses the Niell
wet mapping function. The wet zpd is estimated with a 2-
hour sampling rate, with linear interpolation between the
epochs of consecutively estimated zpd’s. Using a least squares
scheme, with a weighting for the codes and carrier phases
associated with the noise level of each observation type and
satellite elevation, Atomium provides an estimation of

(i) the receiver clock delay, at each epoch (5-minutes
sampling rate), with respect to IGST;

(ii) the position for the whole day (optional: the position
can be fixed to a given value);

(iii) the zpd, with a sampling rate of 2 hours;

(iv) the phase ambiguities.

Figure 1 presents the clock solution obtained with Atomium
in a PPP mode for three IGS stations over a period of
15 days. Two of them (NRC1 and BRUS) are equipped
with an H-Maser, while the station PTBB is equipped
with a cesium clock. NRC1 and BRUS have been chosen
for their, respectively, characteristic large and small day
boundary jumps. Figure 1 also shows the differences between
the Atomium clock solution and the combined IGS clock
solution, and this for the period January-Febuary 2007.
The differences between the Atomium clock results and the
IGS clock solution for all the stations analyzed (not all are
shown here) show a constant bias ranging between 0 and 200
picoseconds plus some small variations with an rms between
50 and 100 picoseconds.

In order to validate the Atomium software, the clock
results obtained from the PPP analysis were also compared
with the results obtained from two other software capable
of performing PPP: NRCan [12] and Bernese 5.0 [17].
The Bernese software does not directly interpolate the IGS
orbits, as done by the NRCan and Atomium software, but it
transforms the SP3 positions to an inertial frame, performs
a numerical integration of the equations of motion and then
converts the obtained satellite positions back to the earth-
fixed system.
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Figure 1: Comparison between Atomium PPP results and the IGS combined clock solutions for BRUS (a,b), NRC1 (c,d) and PTBB (e,f).
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Figure 2: Comparison between the results obtained for IENG
over one week with Atomium, NRCan, Bernese 5.0, and the IGS
combined clock solution.

Figure 2 shows the comparison between the results
obtained for IENG over one week with Atomium, NRCan,
and Bernese. The NRCan solution has been corrected for a
constant bias of about 4 nanoseconds with respect to the
other solutions. This bias is caused by the fact that the
version of the NRCan software used in this work is using
relative corrections for the satellite and antenna phase center
variations while the Bernese, Atomium, and the IGS use
absolute corrections since November 2006. The NRCan bias
remains visible in the lower part of Figure 2 which displays

the differences between the different clock results and the
IGS clock solution. We can see that the differences have
similar amplitudes with an rms ranging between 30 and 100
picoseconds over the analyzed week, but note that the rms
is affected both by the accuracy of the solution during the
different days, and its precision.

3. PHASE-ONLY APPROACH

3.1. Description of the method

As explained above, the use of PPP for time transfer
applications is mainly limited by the presence of day-bo-
undary jumps in the clock solution. These day-boundary
jumps are station-dependent and can be large for some sta-
tions, see Figure 1 for NRC1, or [18]. One solution to
suppress the day-boundary jumps is to exploit the continuity
of the phase measurements across midnight and to provide a
continuous solution without using any pseudoranges.

The phase-only approach developed here is based on this
principle and has the advantage of being simple and rapid
to use. It consists of using the phase differences between two
consecutive epochs (using a 5-minute sampling interval) as
basic observable, to create the normal equations accordingly,
and to solve for the clock differences between the consecutive
epochs.

The first derivative of (1) is used to generate the phase
derivatives of the ionosphere-free carrier phase measure-
ments:

dL3
(
ti
) = L3

(
ti
)− L3

(
ti−1
)
, (3)
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so that

dL3
(
ti
) = R

(
ti
)− R(ti−1

)
+ c
(− dτs + dτr + dτt

)
+ nΦLi,

(4)

where dτs, dτr , and dτt are the differences between the
satellite clock errors, the receiver clock synchronization
errors, and the tropospheric delays, at times (ti) and (ti−1).

This new quantity does not contain any ambiguity as
long as there is no tracking interruption. In the occurrence
of a cycle slip, the corresponding phase difference will be
rejected as an outlier. The phase-only normal equations are
constructed and solved in a similar way as for PPP. However,
using as observations differences between successive carrier
phase measurements, the position can only be determined
with a limited precision similar to the classic triple difference
phase processing. For this reason, we choose in this stage
to fix this parameter to a given value. The sensitivity of the
results to the station position (fixed or free) will be discussed
in Section 3.5. The phase-only version of Atomium therefore
provides

(i) the receiver clock derivative dτr at each epoch;

(ii) the zpd, with a sampling rate of 2 hours.

The phase-only clock solution is then obtained from inte-
grating the receiver clock derivative at each epoch obtained
from the least squares estimation.

Similar to the strategy used in the PPP mode, the phase-
only analysis is also done in daily batches. But, now the suc-
cessive days are linked by computing the difference between
the first observation of the day and the last observations
of the previous day exactly as the differences between two
successive observations within a day. This guarantees the
continuity of the clock solution across the day boundaries.
In case of an actual tracking interruption, the phase-only
solution is interrupted and the integration must be restarted.

3.2. Discontinuities in the IGS products

While the phase-only analysis has the potential to provide
a continuous solution, still some jumps with amplitudes
up to 120 picoseconds can appear at the day boundaries.
These jumps are caused by the nonperfect overlapping of
the IGS orbit and clock files at midnight. The jumps are
geographically correlated as their amplitudes depend on
the visible satellites at midnight GPS time. This is illus-
trated in Figure 3, where the stations in Europe (BRUS,
IENG) show small jumps, while stations in North-America
(USN3, USNO, NRC1, NISU) show a large jump (above 100
picoseconds).

The day-boundary jumps in the phase-only solution are
reduced in Atomium by eliminating the satellites with a
discontinuity in the IGS orbit and clock information using
a 2-sigma threshold. This is, however, only possible when the
receiver clock is an H-maser as for less stable clocks the day-
boundary phase jumps are lost within the clock noise. The
impact of the jumps in that case is, however, partly reduced
by a proper weighting of the satellite orbits accounting for
the orbit accuracy deduced from the 7-day arc evaluations
and given in the IGS reports for IGS final orbits.
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Figure 3: Jumps in the phase-only solution due to discontinuities
in the daily satellite orbit/clock products.
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Figure 4: Comparison phase-only, PPP, and IGS solutions for
NRC1 during one month.

3.3. Comparison between the phase-only, the PPP,
and the IGS receiver clock solutions

The continuous clock solution obtained from the phase-only
analysis was compared over one month with the IGS and
PPP clock solutions. Figure 4 presents the three solutions
for the IGS station NRC1 which is, during winter time,
characterized by large day-boundary discontinuities. On a
daily basis, the phase-only solution and the PPP solution are
equivalent, but the day-boundary jumps are absent from this
phase-only solution and the improvement brought by this
new method is obvious.

Thanks to the elimination of the day-boundary jumps,
our phase-only solution improves the stability of the time
link for averaging times up to 7 days, as shown in Figure 5
for NRC1-IGST. This improvement confirms the results
obtained in [8]. the improvement depends on the size of
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Figure 5: Modified Allan deviation of the phase-only solution and
of the daily-independent PPP solution for NRC1-IGST.

the day-boundary jumps in the PPP (or equivalently IGS)
solution.

3.4. Comparison with the NRCan multiday
batch analysis

We also compared our phase-only analysis with the contin-
uous (or multiday) PPP solution obtained with the NRCan
software [7]. This software is able to analyze a data batch
of several days with sequential least squares, using both
code and phase observables. The resulting multiday PPP
solution does not suffer from day-boundary discontinuities
and one single position can be estimated for the whole period
processed.

Figure 6 shows the comparison between the Atomium
phase-only results and the NRCan 30-day PPP solution for
the stations NRC1, USN3, and PTBB. For NRC1 and USN3,
the Atomium solution shows a drift with respect to the
NRCan and IGS solution; this drift is due to the position
fixed within the Atomium phase-only analysis; this problem
will be discussed in more detail in Section 3.5. For PTBB, a
large jump occurs in the IGS solution between mjd 54144
and 54146; this jump is caused by a jump in the code data
at mjd 54145.4 and was later confirmed as a change of the
receiver hardware delay between 2006 and 2007 (G. Petit,
personal communication). There is no IGS clock solution for
PTBB for the day with the jump as the IGS analysis rejected
the solution because of this problem. As our phase-only
approach only uses the carrier phases and neglects the code
measurements, it is insensitive to the code jump. However,
in the multiday NRCan solution, the jump is distributed
over about 10 days inducing an artificial drift of the solution
during these days. Also the IGS solution is degraded in this
case. This is confirmed by the comparison with TWSTFT
measurements between PTBB and another station (USN3
in our case, see Figure 7): neither a discontinuity nor a
frequency drift is present in the TWSTFT solution and only
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Figure 6: Comparison between the phase-only solution and the
NRCan solution obtained through the analysis of a 30-day data
batch.
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using Atomium phase-only, NRCan (30-day batch), and TWSTFT.

the Atomium phase-only approach is in agreement with the
results of this independent technique. Note that in that case,
the PTBB and USN3 coordinates have been chosen in order
to have no drift between the IGS solution and the phase-only
solution (see Section 3.5 for the sensitivity of the results to
station position).

3.5. Sensitivity to the station position

All the results presented up to now have been obtained
by fixing the station position in the analysis. As explained
before, the station coordinates can be determined using
phase differences between successive epochs, but with a
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limited precision due to the strong correlation between the
estimated position and the clock solution. To quantify the
sensitivity of the phase-only analysis to the station coordi-
nates, a test was performed using the IGS station BRUS which
is characterized by small day-boundary discontinuities. The
phase-only solution has been computed over one month
either by determining the station position for each day,
or by fixing the station position to a given value. In the
case of the fixed station position, two different positions
separated by 3 mm in the Y-component are tested. The
results are presented in Figure 8: the three curves deviate with
respect to the IGS solution. Furthermore, we can observe
a significant drift between the two solutions obtained with
fixed positions, leading to a disagreement of 1.5 nanoseconds
after only one month. The drift between the IGS solution and
the phase-only solution is, therefore, most probably due to
the imperfect station coordinates introduced or determined
during the analysis and possible small modeling differences
with respect to the IGS solution. The choice of the station
coordinates with a subcentimeter precision is, therefore,
clearly a crucial point in the phase-only analysis.

4. CONCLUSIONS

A new tool for precise GPS time and frequency transfer
has been presented. It is called Atomium and is based on a
least-squares analysis of GPS measurements. A PPP solution
can be obtained using both codes and carrier phases, and a
phase-only solution is proposed in order to reduce the day-
boundary jumps or the intraday jumps which are due to the
usage of the code measurements. The accuracy of the results
obtained in the PPP mode has been determined from the
comparison of these results with the IGS combined clock

products. The bias between the Atomium clock solutions and
the corresponding IGS clock products is station-dependent,
while always remaining below 200 picoseconds. In addition,
some small variations, with an rms between 50 and 100
picoseconds, are present. They are similar to the variations
between two other software performing PPP (Bernese 5.0
and NRCan) and the IGS clock solution.

A continuous frequency transfer method, based on a
phase-only analysis, is also presented in this paper. As
demonstrated, the advantage of the phase-only analysis is
that it can be combined with a calibrated time transfer
method as two way satellite time and frequency transfer
(TWSTFT) taking advantage of the strong points of each of
the methods: the accuracy for TWSTFT and the stability and
high resolution for GPS carrier-phase [9].

Our continuous clock solutions are based on the least
squares analysis of the differences between the consecutive
GPS phase measurements. The analysis is performed in
daily data batches, but the successive days are linked by
computing the differences between the first observations of
the day and the last observations of the previous day. The
results show that a satellite-dependent weighting is necessary
to assure that the phase-only solution does not show day-
boundary discontinuities (up to 120 picoseconds) due to the
nonperfect overlapping of the IGS clock files at midnight.
We have demonstrated that the phase-only clock solution
improves the stability of the time link for averaging times
up to 7 days; the amplitude of the improvement depends of
course on the amplitude of the day-boundary discontinuities
in the PPP solution. The high sensitivity of the phase-only
clock solution to the station coordinates fixed in the analysis
was also demonstrated, indicating that a subcentimeter
precision is needed for the position. Finally, the efficiency of
the phase-only solution in case of changes in the GPS receiver
hardware delays was shown; contrarily to the results obtained
using both GPS code and phase observations, the phase-only
solution is not affected by these hardware delay variations.
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1. INTRODUCTION

GPS time transfer is known to be an accurate way to com-
pare ground clocks. An extensive analysis of the various tech-
niques is given in [1]. The discontinuities at day boundaries
observed in the current IGS precise time and geodesy solu-
tions degrade the precision of their time and frequency so-
lutions, but also provide valuable information about their
timing accuracy [2]. In [1], two methods are proposed to
deal with this problem: clock handover and ambiguity stack-
ing. The drawback of these methods is that many internal
parameters must be kept with each individual daily solution
to compute a global continuous clock solution (e.g., normal
equations and ambiguities of the overlapping passes). These
methods are, therefore, not usable by external users who only
have access to the daily ephemeris and clocks solutions. In-
dependent time and frequency transfer applications need a
method not so strongly related to the internal characteristics
of a given global solution.

Here, we will first focus on single baseline solutions (time
and frequency transfer between two stations). The GPS code
measurement provides information on the clock difference

between the two stations. The performance is limited for
short durations by the noise of the code. The results can be
improved by adding phase measurements that are much less
noisy but whose use has some drawbacks. This is interesting
for short durations (typically below ten days).

The single baseline solution is performed using external
products for the modeling of the geometrical effects (constel-
lation ephemeris and stations coordinates, e.g., IGS products
[3]). These precise products rely generally on double differ-
ence processing with integer ambiguity fixing.

The single difference ionosphere-free code and phase
measurements are processed to obtain the clock difference at
each epoch. The clock difference between the two receivers is
solved together with one floating-phase ambiguity for each
pass [4]. The frequency bias of the solution is very sensi-
tive to the model precision. Such biases appear even in very
good global solutions, which use double-difference ambigu-
ity fixing (see [2, Figure 8]). These frequency biases are due to
small errors accumulated on the floating zero-difference am-
biguities. It is shown here that when the integer nature of the
ambiguity is taken into account on single- or zero-difference
measurements, these frequency biases are totally suppressed.
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Such properties were shown in [5] on short baselines and
single-difference measurements. Simulations on long base-
lines [6] have also shown that taking into account integer
ambiguities minimizes the magnitude of frequency biases in
the solutions.

Integer ambiguity fixing is a well-developed method in
precise geodetic applications [1]. In these applications, the
integer ambiguity fixing is performed on double-difference
measurements. This process has the advantage of eliminat-
ing clocks from the solution leading to smaller problems to
solve. Other propagation common errors are also reduced in
the process depending on the relative geometry. When an in-
teger constraint on double-difference ambiguities is added to
the global clock solution, the solution is stabilized making it
more robust to potential mismodeling [5, 7].

Different methods have already been developed for inte-
ger ambiguity searching like the LAMBDA method [8], but
the latter is more focused on real-time data processing for
precise positioning. However, in these geodetic applications,
the integer ambiguity property is only considered on double-
difference data.

The approach presented here uses a new formulation al-
lowing integer ambiguity fixing on single-difference mea-
surements while solving for clock offsets at each epoch. It
is well adapted for post-processed least-square analysis on a
single baseline.

The method has been extended to more than two sta-
tions, giving global clock solutions with integer ambiguity
fixing on a station network. In this case, the ambiguities are
defined at zero-difference level [9, 10]. Several time-transfer
results using the single baseline [11] and the network meth-
ods are presented in this paper and compared to TWSTFT
and to IGS clock products.

2. AMBIGUITY RESOLUTION METHOD

2.1. Methodology

For a given baseline, the general methodology to estimate the
time offset between the two ground stations is as follows:

(i) absolute positioning for both stations using IGS pre-
cise ephemeris and clocks (precise point positioning
(PPP) or “all-in-view” technique).

(ii) relative solution (“common-view” technique) with es-
timation of the integer ambiguities and clock differ-
ence.

The absolute positioning solution is a floating-ambiguity
solution using ionosphere-free code and phase combina-
tions. The troposphere propagation delays, the station coor-
dinates (if necessary), and the receiver clock offset relative to
the time of the IGS constellation solution are computed. The
purpose of this solution is to obtain a precise model for the
propagation distance of the ionosphere-free signal.

The relative solution uses a single-difference formula-
tion. Integer ambiguities (one value per pass) and clock dif-
ferences are solved simultaneously. The station coordinates
and the troposphere delays are held fixed to the values result-
ing from the absolute positioning step.

2.2. Model equations

Initial preprocessing is carried out by sequential finite differ-
ences on the measurements. Passes are defined as continuous
phase measurements on the two frequencies. Phase measure-
ments are then roughly aligned on code measurements by
adding an integer number of cycles constant per pass. Pseu-
dorange measurements are noted p1 and p2 for the two fre-
quencies f1 and f2, respectively; L1 and L2 denote the corre-
sponding aligned phase measurements.

By combining these data, the ionosphere-free combina-
tions for code (pc) and phase (Qc) can be constructed:

Pc =
P2 − γP1

1− γ , Qc =
λ2L2 − γλ1L1

1− γ , (1)

where λ1 and λ2 are the wavelengths corresponding to f1 and
f2, and γ is the ratio f 2

1 / f
2

2 .
To model measurements and to compute partial deriva-

tives with respect to station coordinates and vertical tropo-
sphere delays, it is necessary to know the geometry of the
problem. IGS ephemeris and clocks are used to compute this
geometry. The model equations for the ionosphere-free data
are

Pc = Dgeo +Dtropo + (hrec − hemi) + μemi
rec ,

Qc = Dgeo +Dtropo +Dwind + (hrec − hemi)− λ2N2 − γλ1N1

1− γ ,

(2)

where Dgeo is the geometrical distance between the iono-
sphere-free phase centers of the transmitter and the receiver
antennas, Dwind corresponds to the effect of the relative-
phase rotation between the antennas of the transmitter and
receiver (wind-up effect), andDtropo is the troposphere prop-
agation delay. N1 and N2 are the unknown integer ambigu-
ities on each frequency, constant over a pass. hrec is the re-
ceiver clock offset and hemi the transmitter clock offset.

μemi
rec is an unknown bias which reflects the fact that code

and phase may be misaligned [9]. We use phase as the ref-
erence for our clocks, so μemi

rec represents the code bias. This
contributes to the code-phase bias identified in [1].

2.3. Absolute positioning

This step consists in estimating the station coordinates and
the zenith troposphere delays while identifying a floating am-
biguity per pass. The receiver clock offset with respect to the
reference time (here IGS time) at each epoch is also adjusted.
No constraint is applied on the coordinates or on the clock.
Zenith troposphere delays are adjusted every two hours as-
suming a linear evolution in-between. The delays are con-
strained according to (Tri+1 − Tri)2/σ2, where Tri is the ith
zenith troposphere delay and σ is equal to 5 mm.
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2.4. Relative solution

It is shown in [9, 12] that the difference between the ambi-
guities N2 and N1 (widelane ambiguity) can be represented
as

Nw = N2 −N1 = f
(
P1,P2,L1,L2

)
+
(
ai − aj

)
, (3)

where ai and aj are biases related, respectively, to the receiver
i and transmitter j. f (P1,P2,L1,L2) is the four observables
Melbourne-Wübenna linear combination. When computing
the station-station single difference, the satellite contribu-
tion aj vanishes and the equation becomes (Δ is the single-
difference operator)

ΔNw = ΔN2 − ΔN1 = f
(
ΔP1,ΔP2,ΔL1,ΔL2

)
+ ai1i2 , (4)

where ai1i2 is the difference between receivers i1 and i2 biases.
For most geodetic receivers, ai biases are slowly varying and
their excursion remains small (typically below 0.1 widelane
cycle) and thus can be estimated over the whole dataset [9]
up to an arbitrary integer constant. It is then possible to com-
pute the ΔNW values for each pass using (4).

The model equations for the single-difference problem
are derived from (2). Using (4), ΔN2 can be expressed as the
sum of ΔNW and ΔN1 leading to

ΔPc = Δ
(
Dgeo +Dtropo

)
+ Δhrec,

ΔQc +
λ2

1− γΔNw = Δ
(
Dgeo+Dtropo+Dwind

)
+Δhrec−λcΔN1,

λc =
λ2 − γλ1

1− γ ,

(5)

where Δhrec is the difference between the receiver clocks and
λc is the ionosphere-free wavelength (10.7 cm). The outputs
of the absolute positioning step are used to compute the geo-
metrical quantities on the right-hand side. The troposphere
is held fixed at the values previously adjusted (this provides
a better observability, since all satellites in view are used.)
Given the size of the wavelength and the precision of the ge-
ometrical models (a few centimeters), it is then possible to
solve for integer values of ΔN1.

The computation of the integer ambiguities is done se-
quentially by aligning each pass with the preceding ones
(using only the ionosphere-free phase equation). The phase
clock difference Δhphase is then obtained using the computed
integer ΔN1 values,

Δhphase =
〈
ΔQc +

λ2

1− γΔNw + λcΔN1

− Δ(Dgeo +Dtropo +Dwind
)�

epoch

(mean of the contribution of all satellites at a given epoch).
(6)

Because of the uncertainty in the integer ambiguity for
the first pass, the Δhphase clock differences are also defined
up to an integer number of λc. Clock solutions computed in
different batches may differ by an integer number of λc, how-
ever, when datasets overlap, it is possible to realign the solu-
tions. This means that continuous long-duration frequency
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Figure 1: Time offset UTC(OP)-UTC(PTB) computed by three dif-
ferent techniques using the single baseline approach.

transfer solutions can be constructed simply by solving the
integer λc jumps at overlaps.

Because ai biases are only known up to an arbitrary in-
teger constant, a bias is left in Δhphase. This bias can be ad-
justed using code measurements in order to achieve time
transfer (and not only frequency transfer). We will refer to
this clock difference as GPS carrier phase with integer ambi-
guity, CP(A). The advantage of our approach is that this final
bias can be adjusted over the length of the complete data set
(if there are no phase interruptions), leading to a significant
reduction in the uncertainties.

3. TIME TRANSFER RESULTS

3.1. Continental baseline (OPMT/PTBB,∼700 km)

OPMT is an IGS station located in Paris Observatory; it is
driven by a Hydrogen Maser which is compared to UTC(OP)
on an hourly basis (these corrections were provided by Paris
Observatory). The receiver is an Ashtech Z-12T. The sta-
tion is calibrated so that we can relate the measurements to
UTC(OP).

PTBB is also an IGS station located in PTB (Braun-
schweig, Germany); it is directly driven by UTC(PTB). Cal-
ibration delays for both stations have been used for the
computation of GPS CP(A). Therefore, a GPS time trans-
fer between these stations allows to compute UTC(OP)-
UTC(PTB). This offset is also computed by BIPM using
TWSTFT and GPS P3 CV (common-view) using Vondrak
smoothing. The BIPM data have been retrieved from their
ftp site [13].

In Figure 1, we compare the TWSTFT and GPS P3 CV
from BIPM data to our GPS CP(A) time transfer.
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Figure 2: Difference between BIPM TWSTFT and GPS CP(A).

We observe a 5-nanosecond bias between the TWSTFT
and the two GPS solutions. Short-term variations are very
similar to TWSTFT and GPS CP(A), while they are invisible
with GPS P3 CV with Vondrak smoothing.

In Figure 2, the difference between BIPM TWSTFT and
GPS CP(A) is presented in the same period.

The standard deviation of the difference between TW-
STFT and GPS CP(A) is 0.25 nanosecond, with no drift. A
constant bias of 5 nanoseconds has been removed from the
data.

Figure 3 shows the stability of UTC(OP)-UTC(PTB)
computed with TWSTFT, GPS P3 CV from BIPM data, and
CNES GPS CP(A).

The frequency stabilities of the time offset UTC(OP)-
UTC(PTB) computed by TWSTFT and GPS CP(A) agree
very well. The apparent good short-term stability of the
BIPM GPS P3 CV is only due to the smoothing and is not
deemed to be representative of the clock difference behavior.

3.2. Transatlantic baseline (USN3/PTBB,∼6300 km)

USN3 is an IGS station located at the US Naval Observatory;
it is driven by UTC(USNO) with no corrections to apply (see
USN3 IGS log file [14]).

The goal is to perform the GPS time transfer between
the USN3 and PTBB stations to compute UTC(USNO)-
UTC(PTB) and compare results to the BIPM data. For such
a long baseline, a direct ambiguity solution is not possi-
ble because modeling errors are large (in particular tropo-
sphere modeling at low elevation). In addition single dif-
ference passes are shorter, and there are few simultaneous
passes. In order to apply our ambiguity resolution method,
we introduce two bridge stations (STJO and REYK). This
leads to three short baselines (∼2500 km).

The three baselines are processed independently (but
with the same geometrical parameters), giving estimates for
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Figure 3: Allan deviation of the time offset UTC(OP)-UTC(PTB)
for the three different techniques.

Table 1: N1 ambiguities on the three baselines.

Baseline Length (km) Total N1 Integer N1 (%)

PTBB-REYK 2265 231 191 (83%)

REYK-STJO 2597 230 199 (87%)

STJO-USN3 2179 152 145 (95%)

the three clock differences (6 days solution). Table 1 summa-
rizes the results.

During the identification of the integer ambiguities,
some passes have been rejected due to inconsistent over-
laps (threshold used 0.25 cycle on the overlap between two
passes).

The clock difference for the baseline PTBB/USN3 is ob-
tained by adding the three contributions. There are eleven
days of data that have been split into two batches of 6 days
with one-day overlap. These results (with and without inte-
ger fixing) are shown in Figure 4.

As observed in [4, 5], floating solutions sometimes ex-
hibit important drifts, which are not present in the integer
resolution. In addition, the integer clocks differ exactly by
one cycle on the central overlapping day. A continuous clock
covering the whole period is then easily obtained by shift-
ing the second solution by one cycle to align it with the first
one. The remaining alignment error is then below one cycle
(about 0.3 nanosecond).

In Figure 5, we compare the two BIPM techniques to the
GPS CP(A) time transfer.

The same conclusions as for Figure 1 can be drawn. The
standard deviation of the difference between the TWSTFT
and GPS CP(A) on this baseline is 0.3 nanosecond.
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3.3. Network solution

The method has been generalized to a network solution,
which is detailed in [9, 10]. The global solution approach is
similar to the single baseline formulation extended to zero-
difference measurements (identification of ground stations
and GPS satellite clocks). This means that all receiver clocks
are computed relative to a reference clock chosen in the net-
work, modulo an integer number of λc wavelengths. The cor-
responding CP(A) clock differences are obtained after align-
ment to code measurements. Figure 6 shows a map of the

NPLD
♦ BRUS

♦
OPMT
♦

WAB2
♦

IENG
♦

PTBB
♦

Figure 6: European network used in this study.

stations used in the solution. BRUS was chosen as time refer-
ence.

The station coordinates and zenith troposphere delays
are forced to the values obtained from the absolute position-
ing that is performed independently for each station as for
the single baseline solution.

Clocks and ambiguities are adjusted in the integer solu-
tion; 98% of N1 integer ambiguities are identified (statistics
are computed only for passes with at least one common view
with another station).

Figure 7 presents the time offset UTC(OP)-UTC(PTB)
from BIPM TWSTFT data (blue circles), from IGS clock
products (red dots), and from our network solution. We have
subtracted the same arbitrary value for the two GPS solu-
tions, because the receiver internal calibration delays were
not available.

We notice a good agreement between the three solutions.
Differences between BIPM TWSTFT and CP(A), and be-
tween IGS and CP(A), are shown in Figure 8 (TWSTFT has
been interpolated every hour).

The standard deviation of the difference between GPS
CP(A) and BIPM TWSTFT is 0.23 nanosecond. The stan-
dard deviation between the two GPS solutions is lower, how-
ever, we observe bias variations up to 1 nanosecond in the
IGS clocks at day boundaries. Thus, the CP(A) solution
noise is close to the IGS noise, while offering the same long
term coherency as TWSTFT. Some errors below one cycle
(0.3 nanosecond) may remain between the two GPS solu-
tions because the current processing does not take into ac-
count possible code/phase biases.

4. CONCLUSION

A simple method for the resolution of integer ambiguities
on zero- or single-difference measurements and the com-
putation of the associated clocks has been presented and
validated.
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The main advantages are as follows.

(i) The phase clocks estimated with integer ambiguities
are very stable over the long term: the drifts present
in similar floating solutions disappear completely, and
it is easy to handle day-boundary discontinuities.

(ii) The clock solution is self-sufficient; it uses only IGS
precise ephemeris as external modeling input.

The results have been successfully compared to the BIPM
TWSTFT on the OP-PTB and USNO-PTB baselines. Similar
results are also shown in a European network of 6 stations.

Agreement with BIPM TWSTFT at the level of 0.3 nano-
second (standard deviation over 11 days) has been achieved
even on transatlantic baselines. It would be of particular in-
terest to repeat such a comparison over a longer time period
in order to confirm this good agreement and to investigate
possible seasonal effects.

The level of precision which has been obtained now al-
lows the observation of receiver specific delays (“code/phase”
biases). Further studies are necessary to characterize the code
behavior and to determine new calibration procedures for
the time receivers.
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1. INTRODUCTION

GPS carrier phase measurements are two orders of magni-
tude more precise than the GPS code data, much less sensi-
tive to propagation multipaths, and allow a better estimate
of the atmosphere effects. Receivers able to measure phase
and code are becoming commonplace in time laboratories.
For this reason, the CCTF, at its 17th meeting in Septem-
ber 2006 [1] passed a recommendation “Concerning the use
of Global Navigation Satellite System (GNSS) carrier phase
techniques for time and frequency transfer in International
Atomic Time (TAI),” in which it asked that “the International
Bureau of Weights and Measures (BIPM), in a highly coop-
erative manner, generate its own solutions, make them freely
available to others, and add them to its time transfer compar-
ison database,” and that “the BIPM begin preparing software
and techniques for introduction of the data into the compu-
tation of Circular T” (excerpts from Recommendation CCTF
4, 2006).

One GPS carrier phase analysis technique is precise point
positioning (PPP), in which dual frequency phase and code
measurement are used to compare the reference clock of
a single receiver to a reference time scale. This is possible
thanks to the precise satellite orbits and clocks provided by
the International GNSS Service (IGS) [2], where the refer-
ence time scale is IGS time [3]. In recent years, the time com-
munity has shown a growing interest in this technique and a

number of time transfer experiments have been carried out
(see, e.g., [4–6]).

PPP allows one to compute UTC(k)-IGS Time, where
UTC(k) is the local reference of any laboratory participating
in TAI, which is equipped with such a geodetic-type receiver.
Then any link [UTC(k)-UTC(l)] can be computed by sim-
ple difference. This approach makes sense for computing TAI
time links because it can be applied for any individual labo-
ratory, properly equipped, without the need to participate in
an organized network such as the IGS. Although participa-
tion in the IGS has other practical advantages such as im-
proved experience return and reliability, it is unlikely that all
laboratories in the TAI network will participate, so that the
PPP approach is particularly adequate. In addition, it is easy
to be put into operation using one of the several existing soft-
ware packages. PPP is the natural follower of the all-in-view
technique [7], which has recently been introduced to com-
pute TAI links, in which code-only measurements are used to
compute UTC(k)-GPS Time. PPP combines the precise GPS
phase and the accurate code measurements, thus can provide
excellent short-term stability from the phase and good accu-
racy.

In Section 2, we recall the basis of the PPP technique
and in Section 3, we present the practical implementation of
PPP used at the BIPM. In Section 4, we present a combina-
tion method that allow a merging of the independent tech-
niques PPP and two-way time transfer (TW). In Section 5,
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we present results of time link comparisons between PPP,
TW, and the PPP+TW combination that allow an estimation
of the stability of each technique and a determination of an
optimal processing of TAI time links.

2. BASIC PRINCIPLES OF PRECISE POINT
POSITIONING

The observation equations for the carrier phases Lj at each
the two GPS frequencies ( f j , j = 1,2) and the pseudoranges
(Pj), here both expressed in meters, can be written as

Lj
c
= Tp + τt − τi, j − τs + τr +Nj

λj
c

+ τφ, j + εφ, j ,

Pj
c
= Tp + τt + τi, j − τs + τr + τC, j + εC, j ,

(1)

where c is the velocity of light, Tp is the coordinate time of
propagation of the signal from the satellite to the receiver in
empty space (between the instantaneous positions of the an-
tenna phase centers), and τt and τi are the propagation delays
due to the troposphere and the ionosphere, respectively. τs is
the satellite clock error, τr is the receiver clock error, λj is the
carrier wavelength, Nj is the phase ambiguity, τC is the in-
strumental code delay, τφ is the instrumental phase shift on
the carrier, and εφ and εC represent the phase and code er-
rors, respectively. In the PPP processing, the measurements
(1) are processed without differencing and it is necessary to
use precise satellite position (from the IGS) and precise satel-
lite clock value with respect to a given time reference (IGS
time). In this case, Tp is a function of the receiver’s posi-
tion Xr only, and τs disappears from (1), where τr(t) is now
referenced to IGS time. Note that errors in the IGS precise
orbits and clocks will then contribute to the measurement
errors in (2) and (3) below. In addition, the ionosphere-
free linear combinations, L3 = ( f 2

1 L1 − f 2
2 L2)/( f 2

1 − f 2
2 ),

P3 = ( f 2
1 P1− f 2

2 P2)/( f 2
1 − f 2

2 ), are used, so that τi disappears.
Note that ionospheric effects of higher orders, which are not
removed by the linear combination, also end up in the mea-
surement errors. The unknown code delay corresponding to
the linear combination, τC,3, is included in the receiver clock
term τr(t) if we consider that PPP is used only to provide a
stable link. However, calibration can provide an estimate of
τC (see some discussion on the achievable accuracy of PPP
in Section 4). The tropospheric delay τt (t, direction) is ex-
pressed as τz(t)Mf , where τz is the delay at zenith and Mf is
a given mapping function. Note that the actual tropospheric
model distinguishes a hydrostatic and a wet component, but
this distinction is not necessary in this short presentation.
After the ionosphere-free linear combination, the phase am-
biguities together with the unknown carrier phase shift are
considered as a real-valued phase ambiguity for each satellite
pass, here noted X3. Equation (1) is then rewritten as

L3

c
= Tp(Xr) + τz(t)Mf + τr(t) + X3 + εφ,3, (2)

P3

c
= Tp(Xr) + τz(t)Mf + τr(t) + εC,3, (3)

which show explicitly the parameters which have to be de-
termined by PPP, that is, the receiver position Xr , the re-

ceiver clock τr(t), the zenith tropospheric delay τz(t), and the
real-valued ambiguities. These parameters are obtained in a
global adjustment, where a priori uncertainties are assigned
to the observations, of order, a few nanoseconds for the codes
(3) and, of order, tens of picoseconds for the phase observa-
tions (2). For a more complete presentation of PPP (see the
geodetic literature, e.g., [8, 9]).

3. OPERATION OF PPP FOR TAI LINK COMPUTATION

The software presently in operation at the BIPM is the GP-
SPPP software developed by Natural Resources Canada [8].
Until early 2007 data processing (such as those presented in
Section 5) were performed with the version 1365, released in
June 2005, while more recent treatments use version 1087,
and released in May 2007. GPSPPP follows the lines pre-
sented in Section 2, and also includes some specific features
adapted to the time transfer such as the possibility to allow
for a clock process noise in solving τr(t) and the continuous
processing of an “unlimited” (in principle) number of days in
a single run. In addition, the recent (1087) release adopts the
new IGS paradigm of absolute antenna phase center offsets
[10, 11], in usage since November 2006, and uses updated
models for station displacements (e.g., ocean tidal loading)
and troposphere mapping function.

The feature which allows long continuous runs is partic-
ularly interesting for TAI, where computations are done at
the beginning of each month for the whole preceding month,
so that one month is the natural processing interval. In this
case, it is not necessary to go to smaller computation inter-
vals, like in the quasi-real-time IGS processing, which neces-
sitates short (daily) batches. A well-known feature of GPS
phase and code solutions based on successive (e.g., daily)
batches is the presence of the so-called “boundary discon-
tinuities” [12]. It is to be noted that we do not expect our
“long batch” solution to remove boundary discontinuities,
as if they were somehow an artifact of an analysis proce-
dure. The discontinuities originate in the noise of the GPS
code measurements, and long batches would decrease them
if they are due to pure white noise processes. However, it has
been shown that other noise processes are present and some-
times dominant [13], so that discontinuities do not neces-
sarily decrease, and may even increase, as the batch duration
increases. Nevertheless, long batches are preferable to daily
batches because, in the latter case, the daily discontinuities
(of order 100 picoseconds or more) greatly affect the stabil-
ity estimates at averaging times of interest to clock analysis
(hours to days). As long-term systematic effects in code mea-
surements may still affect results of our monthly batches, we
expect to eventually see them by comparison to other inde-
pendent time transfer techniques.

The main operational parameters of the GPSPPP soft-
ware for the computation of 1-month batches for TAI links
are the following: we use IGS final SP3 orbits and 5-minute
SV clocks (note that, for a real TAI computation carried out
at the beginning of each month, the latency of the final IGS
products (14 days) is too long so that the IGS rapid prod-
ucts must be used); a priori data weights are taken as 1 m
for pseudorange, and 1 cm for phase; the elevation cutoff is
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set to 10◦; the observation sampling and clock solution in-
terval are both 5 minutes; the tropospheric zenith delay is
modeled as 3 mm/

√
hr random walk, with the Niell map-

ping function [14] used; ocean loading coefficients are from
the Chalmers Centre for Astrophysics and Space Science
(http://www.oso.chalmers.se/∼loading); station coordinates
are estimated on each 1-month batch.

With the recent 1087 release, additional operational pa-
rameters include the use of the IGS file igs05.atx for satel-
lite antenna offset values and station antenna phase center
variations [10, 11], and the use of the VMF1 mapping func-
tion [15], without horizontal gradient estimated and up-
dated models for ocean loading coefficients.

4. COMBINATION OF PPP WITH TWO-WAY
TIME TRANSFER

PPP or any technique including code and carrier phase (CP)
provides time transfer results with high sampling rates due
to the automatic acquisition and analysis procedures, and
very good short-term stability, due to the low noise of the
CP measurements. However, the long-term stability and ac-
curacy depend on the code measurements which are subject
to variations in the multipath environment, in the hardware
of the receiving equipment, or to residual propagation effects
(although these should be at a much lower level). It is esti-
mated that the accuracy of a GPS dual-frequency link is lim-
ited to a few nanoseconds by the calibration techniques used
[16], but the long-term stability may be at a lower level. On
the other hand, TW techniques generally have relatively low
sampling rates due to the cost and complexity of the observa-
tion procedures. It may have a better long-term stability than
GPS because of the low level of multipaths and of the cancel-
lation of several effects in the two-way operation but no clear
evidence is yet available. However, it seems that the calibra-
tion of TW links can be performed with higher accuracy than
for GPS links; for TW calibration, the uncertainty is at or be-
low 1 nanosecond [17], although the calibration exercise is
difficult and expensive. Considering that TW presently pro-
vides the most accurate link, we expect to develop a combi-
nation technique that would allow obtaining the short-term
stability of PPP or any CP-based link with the accuracy of the
TW link.

The combination of TW and a CP-based technique can
be considered as a typical estimation problem, where a func-
tion y(t) must be determined from two estimates Y and Y ′: Y
is an estimate of y, provided by TW; and Y ′ is an estimate of
the time derivative y′, provided by the CP-based technique.
Note that PPP also provides an estimate of y due to the use
of the codes, but we will not make use of this fact in the fol-
lowing.

There are several existing methods to estimate a func-
tion using an estimate of its derivative. One of the successful
methods is that of Vondrak-Cepek [18], which is based on
the Whittaker-Robinson smoothing that removes the high-
frequency noise present in a series of unequally spaced ob-
servations. The goal is to find a compromise between the
smoothness of the searched function, on the one hand, and
the fidelity of this function to the observed values, on the

other hand. The original Vondrak smoothing [19, 20] con-
sidered only the fidelity to an estimate of the function itself.
It has largely been used in astrometry and in TAI produc-
tion. The Vondrak-Cepek smoothing also takes into account
the fidelity to an estimate of the function’s derivative by min-
imizing the quantity Q = S+ εF + ε0F0, where S measures the
smoothness of the searched function y, F its fidelity to the
observed function Y, and F0 the fidelity of y′ to the observed
function Y ′. The coefficient ε ≥ 0 quantifies the fidelity F,
and ε0 ≥ 0 quantifies the fidelity F0. The coefficients can
be considered as defining the response of a filter with trans-
fer functions T( f ) and T0( f ), respectively, where T( f ) =
1/(1 + (1/ε)(2π f )6) and T0( f ) = 1/(1 + (1/ε0)(2π f )4). The
dimensions of ε and ε0 are time−6 and time−4, respectively.
The transfer functions T( f ) and T0( f ) represent the ra-
tio between the amplitude after smoothing to the ampli-
tude before smoothing for a periodic function of frequency
f.

5. TESTS ON TAI TIME LINKS

We present time transfer results obtained on the link between
the USNO (Washington DC, USA) and the PTB (Braun-
schweig, Germany). This link is particularly suited for com-
parisons because three independent techniques are operated
on a regular basis in these two laboratories. One (TW-Ku)
is the typical Intelsat-based two-way link regularly used for
TAI, one (TW-X) is a special link operated by the USNO in
the X-band, and one (PPP) is from the PPP analysis of the
data from geodetic GPS receivers. In addition, time transfer
based on single-frequency GPS receivers is also available, but
is not considered here because of the higher noise level due
to the single-frequency operation.

Results of several technique comparisons are presented
below for this particular link. In such a case (several indepen-
dent techniques available), it is possible to determine which
of the techniques is more advantageous; however, our main
goal here is to test analysis strategies that may be applied to a
number of TAI links, particularly those where two techniques
(TW-Ku and geodetic GPS) are available. Indeed, consider-
ing that some 10 laboratories accounting for some 60% of
the total clock weight in TAI are already in this case, it is of
utmost importance to devise a technique that provides the
best stability and robustness to TAI computation.

It is the analyst’s choice to determine the transfer func-
tion coefficients best adapted to the problem at hand. In our
case, the goal is to give predominance to the CP-based tech-
nique for short-term and to remove most of the possible di-
urnal disturbances in TW signals (see Section 5). This leads
to choosing ε = 26400 d−6 and ε0 = 154000 d−4 (see [21] for
details).

5.1. Estimation of the stability of PPP and of
two independent TW techniques by
three-corner hat analysis

Four consecutive months from the link USNO-PTB for the
three independent techniques (PPP, TW-Ku, and TW-X)
have been analyzed and compared. The data cover October
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Figure 1: Comparison of TW-X and TW-Ku for the link USNO-PTB over 4 months. Top plot shows the two results, middle plot shows the
difference, and bottom plots show the modified Allan deviation (left) and the time deviation (right) of the difference.
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Figure 4: Link USNO-PTB computed with TW-Ku over December 2005. Top and bottom right plots: link values in ns. Bottom left: time
deviation (unit is 0.1 ns).

2005 to January 2006 and are nearly complete except for three
gaps, each a few days long, one in TW-Ku end October 2005,
and two in TW-X in January 2006. The TW-Ku data are gen-
erally available every 2 hours and the total number of data
points is 1230 (average interval 2.4 hours), while the TW-
X are generally available every hour with a total number of
points of 2360 (average interval 1.2 hours). The PPP results
are computed every 5 minutes and are interpolated at the
exact dates of the TW observations for comparisons. Direct
comparisons of the three pairs of techniques yield the root-
mean square (RMS) of the results over the whole period, as
follows:

RMS
[
(USNO-PTB)TW-Ku − (USNO-PTB)PPP

] = 1.2 ns,

RMS
[
(USNO-PTB)TW-X − (USNO-PTB)PPP

] = 0.7 ns,

RMS
[
(USNO-PTB)TW-Ku − (USNO-PTB)TW-X

] = 0.9 ns.
(4)

As the comparison covers four months, the RMS values
are probably mostly driven by the long-term stability of the
techniques compared. It seems therefore that, over this pe-
riod, TW-Ku would be the less stable over the long term. As
an example, the TW-X to TW-Ku comparison is shown in
Figure 1. In order to obtain more rigorous estimates of the
stability of each of the techniques, we apply the three-corner
hat analysis [22] to the three pairs of comparisons. The re-
sults are shown in Figure 2 for the modified Allan deviation
and in Figure 3 for the time deviation. We see that PPP ap-
pears as the most stable technique at all averaging times until

3-4 days, with TW-X a close second and TW-Ku a bit more
unstable (note that the data points for this comparison have
been chosen to be those of TW-X, so that the TW-Ku data
had to be interpolated from a larger data interval; this must
explain the bending of the TW-Ku curve for the left-most
point). Above 10-day averaging time, no valid result can be
obtained from this study, as the three-corner hat analysis
provides negative variances for most of the techniques and
averaging times.

From the modified Allan deviation results, we estimate
that PPP and TW-X provide 1 × 10−15 uncertainty in fre-
quency comparison for averaging time at 3-4 days, while
TW-Ku reaches this performance for averaging time close to
10 days. The time deviation results are directly derived from
those in Figure 2, but reveal more clearly the level of diurnal
signatures (of order 100 picoseconds for PPP, 200 picosec-
onds for TW-X, and more than 400 picoseconds for TW-Ku).
They also show that PPP and TW-X provide time stability be-
low 200 picoseconds at all averaging times.

We conclude that PPP has very good short-term stabil-
ity and is, at least, as stable as TW-X (with 1 point every
hour) for averaging time up to a few days. PPP is typically
more stable than TW-Ku (with 1 point every two hours) for
averaging time up to 10 days. The long-term stability (aver-
aging time > 10 days) is more difficult to estimate, but the
results presented here indicate long-term instability typically
similar to those of the TW techniques. Nevertheless, system-
atic variations at a level of 1-2 nanoseconds over durations of
months are visible in PPP-TW comparisons, although their
origin cannot be readily determined.
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Figure 5: Time deviation versus averaging time for the link USNO-PTB for various techniques: TW-X (a); PPP (b); TW-Ku (c); combination
PPP+TW-Ku (d). Unit is 0.1 nanosecond. Note that TW-Ku has a time interval of 2 hours hence the first point is for that averaging time.

5.2. Comparisons of PPP, TW, and PPP-TW
combination

Recent studies have already considered such combinations
of TW with a GPS CP-based technique [21, 23]. It has been
shown that it may alleviate problems due to diurnal distur-
bances in the TW-Ku band links (which is the major TW ob-
servation in TAI). Figure 4 is a typical example where such
diurnal signals, of 1–2.5 nanoseconds peak to peak, are visi-
ble in the TW-Ku link. The time deviation (Figure 5(c)) ob-
viously confirms the 1-day periodic term. Comparisons with
PPP and TW-X (Figures 5(a) and 5(b)) indicate that the di-
urnal signal originates indeed in the TW-Ku technique. By
combining the TW-Ku link with the PPP result, which is not
subject to such disturbance, we expect that the combined
result will benefit both from the short-term stability of the
second technique and the accuracy of the first technique. It
can be shown (Figure 5(d)) that the combination indeed pro-
vides the expected short-term stability. Comparing Figure 6

with Figure 4, one can see that the combination has removed
some fluctuations and one gap associated with TW-Ku while
preserving the link accuracy from TW-Ku.

Comparisons between TW-X, on one hand, TW-Ku, PPP,
and the combination PPP+TW-Ku, on the other hand, have
been carried out for several months starting October 2005.
In all cases, it can be shown that the combination provides
performances which are equivalent or better than each of the
techniques. As an example, Table 1 summarizes 4 months of
comparisons by showing the RMS of the results of each com-
parison over each month, and over the whole period. It can
be seen that if we consider TW-X to be the reference, the
combination PPP+TW-Ku has equivalent or slightly better
performance than PPP only, and provides about 30% im-
provement with respect to TW-Ku only. As already men-
tioned, it is worth performing the combination in order to
obtain the accuracy of the TW link and the robustness, for
example, with respect to gaps in either of the two tech-
niques.
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Table 1: Comparison of several time transfer techniques for the link USNO-PTB over 4 months. Values of the RMS of the comparison
results in nanoseconds.

YYMM/points TW-X−TW-Ku TW-X−PPP TW-X−PPP+TW-Ku

0510/661 0.598 0.422 0.439

0511/678 0.872 0.503 0.449

0512/666 0.704 0.343 0.306

0601/478 0.834 0.812 0.791

4 months/2369 0.902 0.693 0.688

31 days

20 ns
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Figure 6: Link USNO-PTB computed with the combination
PPP+TW-Ku over December 2005. Unit is 1 nanosecond.

6. CONCLUSIONS

The computation of PPP links for TAI is under implementa-
tion at the BIPM. In this paper, we have described the pro-
cedures for computation and the validation of the results in
comparison to the TW technique. As we have shown, the
quality of PPP time links is such that TAI would already
benefit from its introduction (PPP would then replace the
presently used code-only P3 links). The comparison with
TW-Ku links is not as straightforward because PPP has a
clear advantage at short term, but may be subject to more
instability in the long term and the calibration uncertainty
should be lower for TW links. We have shown that one so-
lution is to combine PPP with TW-Ku in order to obtain
the short- and medium-term stability of PPP and the ac-
curacy of TW, and we have described such a combination
method that is readily usable. This would make better us-
age of the high redundancy of the TAI worldwide network
without significantly complicating the computation proce-
dures.
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1. INTRODUCTION

In timekeeping systems, a local frequency and/or phase must
be generated and maintained to a very high degree of accu-
racy. For example, the Time and Frequency Laboratory of
the Johns Hopkins University Applied Physics Laboratory
maintains UTC (APL) within ±10 nanoseconds, based on
monthly reports from the Bureau International des Poids et
Mesures (BIPM). Modern timekeeping systems use phase-
frequency correction (steering) through auxiliary synthesiz-
ers to maintain the accuracy of their master clocks to UTC.
The frequency step resolution of synthesizers for steering
timekeeping systems is typically 1 μHz or better. Designers
of these very fine resolution synthesizers must carefully con-
sider signal purity, resolution (accuracy to the global refer-
ence), and complexity. Our paper describes the Diophantine
Frequency Synthesis (DFS) design approach for very fine fre-
quency resolution synthesizers suitable for the maintenance
of autonomous clock holdover and microphase steering in
laboratory timekeeping systems.

The novel DFS approach was introduced in 2006 [1, 2].
We have found that DFS alleviates the conventional trades
in performance for frequency synthesizer design without sig-

nificantly taxing system complexity or resources. DFS pro-
vides high spectral purity, even in synthesizers with much less
than 0.1 PPM resolution steps. In general, we make this claim
in comparison with other fine resolution frequency synthe-
sizer methods such as Direct Digital Synthesis (DDS) or
fractional-N modulators which are known to present a high
degree of unwanted spurious signals into the output spec-
trum through the fundamental process that they impart on
the input reference signal [3]. The use of DDS and fractional-
N synthesis design techniques has been widely adopted for
timekeeping systems as high-frequency resolution (accuracy)
and fast acquisition (settling time) can be achieved with-
out the complexity of traditional multiple loop synthesiz-
ers. However, DDS and fractional-N synthesizers both cause
phase perturbations in their basic operation schemes lead-
ing to coherent spurious generation [3]. In the case of DDS,
accuracy to a desired frequency necessarily compromises
the spectral purity of the output signal by the incidence of
truncation spurious attributable to the finite size of sin/cos
lookup table and the DAC [4].

DFS uses only exactly periodic signals, without em-
ploying dithering, interpolation, pulse removal, or any other
approximately-periodic waveform that may corrupt the



2 International Journal of Navigation and Observation

fin

×m1

N1

×m2

N2

f1

f2

Σ

+

+

fout

Figure 1: A two-PLL DFS scheme.

spectrum close to the carrier. DFS-based synthesizers present
no discontinuity of the reference frequency phase, such as
DDS or fractional-N , and unlike these methods, DFS does
not require any special devices such as high-resolution DACs,
accumulators, or sigma-delta modulators to control the spu-
rious level of the output signal.

However, like traditional multiple loop PLL synthesizer
architectures, DFS does require mixing (or multiplication)
to achieve the output signal. This means that DFS synthe-
sizers can suffer from unwanted spurious if attention to the
circuit design is not adequately respected. In our 2007 EFTF
paper, we described an approach for the design of VHF syn-
thesizers with high-spectral purity of >100 dB spurious free
dynamic range and showed that DFS presents no unique
design-related constraints [5]. Rather, DFS design flexibility
provides an advantage to achieving this level of performance
in fine resolution frequency synthesis.

2. DFS—ELEMENTS OF THE THEORY

DFS is a number-theoretic approach to frequency synthesis.
It is based on mathematical properties of integer numbers
and linear Diophantine equations [2] (by definition, a Dio-
phantine equation is an algebraic equation whose solutions
are required to be integers [6]).

DFS results in high-level architectures using two or more
Integer-N PLLs. It distributes the desirable output-frequency
resolution among these constituent PLLs in such a man-
ner that the resultant output fractional-frequency resolution
is equal to the product of the constituent PLLs’ fractional-
frequency resolutions. Consequently, this property of DFS
allows for the output frequency resolution to be made (ar-
bitrarily) fine, that is, to have a very small frequency step,
without using large prescalers or low phase-comparator fre-
quencies in the PLL.

2.1. The abstract DFS concept

DFS considers a PLL as a multiplier of an input frequency fin
by a rational number mi/Ni, as shown in Figure 1.

In Figure 1, two PLLs (i.e., two multipliers by m1/N1 and
m2/N2) are driven by the same reference frequency fin. Their
output signals are mixed (and the mixer’s output is filtered
- not shown) to produce the synthesizer’s output signal of
frequency fout which typically is fout = f1 + f2, as it is here,
or fout = f1 − f2. Further discussion on mixing follows in
Section 3.

As it is always the case with integer-N PLLs, the fre-
quency resolution (step) of the individual PLLs in Figure 1

fin

× 11 +m1

3

× 9 +m2

2

f1

f2

Σ

+

+
fout

Figure 2: A simple two-PLL DFS scheme.

equals PLL’s phase-comparator frequency, that is, fin/N1 and
fin/N2, respectively. Therefore, to get smaller frequency steps
(higher resolution) from a single PLL, a larger prescaler Ni

and/or lower reference frequency fin are required. This, nec-
essarily results in a lower phase-comparator frequency fin/Ni

implying slowed frequency lock acquisition (agility) and po-
tentially increased spurious signal levels closer to the carrier
signal of fout [3].

DFS overcomes these problems as it allows simultane-
ously for both high phase-comparator frequencies at the con-
stituent PLLs and arbitrarily small frequency step at the out-
put of the synthesizer. In the case of DFS scheme in Figure 1,
the frequency step is

δ fout = fin
N1N2

(1)

which can be orders of magnitude smaller that fin/N1 and
fin/N2. This property of DFS is generalized in the case of k
PLLs.

Throughout this paper, the prescalers (Ni’s) of the PLLs
are considered fixed in size. Moreover, it is assumed that
by design, the greatest common divisor of every pair of
prescalers, (Ni,Nj), is one , that is, the prescalers are pairwise
prime integers; this is a requirement of the DFS methodology
[2].

Finally, it is convenient to replace the value of every feed-
back divider mi by the sum mi + mi (e.g., as in Figure 2),
where mi is a fixed positive integer and the variable part,
mi, is restricted to take integer values within the range −Ni

to Ni. So the range of values of the feedback divider is
mi −Ni, . . . ,mi +Ni.

2.2. Basic numerical example of a two-PLL DFS scheme

Consider the architecture of Figure 2 consisting of two PLLs
driven by the same reference frequency fin, whose output fre-
quencies are summed resulting in

fout =
(

11 +m1

3
+

9 +m2

2

)
fin. (2)

Following DFS methodology [2], the prescalers, N1 = 3
and N2 = 2, are fixed and relatively prime by design (small
integers were selected here for illustration purposes).

The feedback dividers are 11 + m1 and 9 + m2 with
−3 ≤ m1 ≤ 3 and −2 ≤ m2 ≤ 2. So, the range of each PLL
feedback divider is twice the size of the corresponding prescaler.
These imply that frequency f1 can take any of seven values
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f1 ∈ {8/3, 9/3, . . . , 14/3} and frequency f2 can take any of
five values f2 ∈ {7/2, 8/2, . . . , 11/2}.

Table 1 shows (some of) the output frequencies fout that
can be generated by using the DFS algorithm in [2] to pro-
gram the values ofm1 andm2 within their preassumed ranges
−3 ≤ m1 ≤ 3 and −2 ≤ m2 ≤ 2, respectively. Every one of
the thirteen triplets (m1,m2, a) in Table 1 satisfies the linear
Diophantine equation

m1

3
+
m2

2
= a

6
. (3)

This way we can synthesize all frequencies of the form

fout = f out +
a

6
fin (4)

with the variable a taking the values −6,−5, . . . , 6 and the
central frequency f out being

f out =
(

11
3

+
9
2

)
fin = 49

6
fin. (5)

Note: the phase comparator frequencies of the individ-
ual PLLs are fin/3 and fin/2 while the synthesizer’s frequency
resolution (step size) is fin/6.

In general, a two-PLL DFS synthesizer results in output
frequency

fout =
(
m1

N1
+
m2

N2

)
fin +

a

N1N2
fin, (6)

where the variable a can take any of the consecutive values
from −N1N2 to N1N2. This leads, by inspection of (6), to the
fundamental property of DFS that the frequency step can be
made much smaller than the phase-comparator frequencies the
constituent PLLs, that is,

fin
N1N2

� fin
N1

,
fin
N2

. (7)

Expression (6) itself results from our ability to find a con-
venient solution of the linear Diophantine Equation

m1

N1
+
m2

N2
= a

N1N2
. (8)

Note that the relationship between m1, m2, and a, gov-
erned by (8), is nontrivial and in some cases is not unique,
in the sense that there may be more than one pair of integers
(m1,m2) that solve (8) for a particular value of integer a.

Furthermore, it has been proven that if we have a solu-
tion (m1,m2) of (8) for a = 1, then we can easily generate
solutions for every other value of a; therefore in a hardware
implementation, very few numbers have to be stored. A de-
tailed description of how to solve linear Diophantine Equa-
tions efficiently is also available in [2].

2.3. DFS synthesizers with k PLLs

The general abstract high-level architecture of k-PLL DFS
synthesizers is shown in Figure 3.

Table 1: Frequencies of the DFS example in Figure 2.

fout =
(

11
3

+
9
2

)
fin +

(
m1

3
+
m2

2

)
fin

m1 m2 a fout/ fin =
(

11
3

+
9
2

)
+

(
m1

3
+
m2

2

)

−3 0 −6 43/6 = 49/6 + −6/6

−1 −1 −5 44/6 = 49/6 + −5/6

−2 0 −4 45/6 = 49/6 + −4/6

0 −1 −3 46/6 = 49/6 + −3/6

−1 0 −2 47/6 = 49/6 + −2/6

1 −1 −1 48/6 = 49/6 + −1/6

0 0 0 49/6 = 49/6 + 0

−1 1 1 50/6 = 49/6 + 1/6

1 0 2 51/6 = 49/6 + 2/6

0 1 3 52/6 = 49/6 + 3/6

2 0 4 53/6 = 49/6 + 4/6

1 1 5 54/6 = 49/6 + 5/6

3 0 6 55/6 = 49/6 + 6/6

fin fout

×m1 +m1

N1

×m2 +m2

N2

×mk +mk

Nk

Σ

...
...

...

. . .

Figure 3: Abstract high-level k-PLL DFS scheme.

It has been proven, in [2], that when the integer variables
m1,m2, . . . ,mk are allowed to take any values in the intervals
−N1 ≤ m1 ≤ N1,−N2 ≤ m2 ≤ N2, . . . ,−Nk ≤ mk ≤ Nk,
respectively, then the following set of frequencies can be syn-
thesized:

fout = f out +
a

N1N2 · · ·Nk
fin, (9)
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fin fin ± f

Filter
VCO

Phase
detector

Loop
filter

f

Figure 4: Frequency-offset loop.

where a can take any of the values

a = −N1N2 · · ·Nk , . . . ,N1N2 · · ·Nk (10)

and the central frequency f out is

f out =
(
m1

N1
+
m2

N2
+ · · · +

mk

Nk

)
fin. (11)

Therefore, the frequency resolution (step) achieved by k-PLL
DFS architectures is

δ fout = fin
N1N2 · · ·Nk

. (12)

The central frequency f out can be adjusted with resolu-
tion δ fout as well. The mathematical details, theorems, and
their proofs of the general k-PLL DFS architectures can be
found in [2].

3. FREQUENCY-OFFSET DFS
ARCHITECTURES FOR VERY HIGH
FRACTIONAL-FREQUENCY RESOLUTION

Synthesizers with very high fractional-frequency resolution
like microphase steppers, advanced signal generators, certain
instrumentation equipment, atomic-clock synthesizers, and
so forth, often have performance specifications that challenge
existing technology solutions especially under cost, power,
size, and complexity constraints. DFS offers a new alternative
to DDS and fractional-N PLLs in the design of such systems.

For this kind of applications, most appropriate DFS ar-
chitecture has been proven to be the one based on frequency
offsetting [3]. Since frequency offsetting requires mixing, a
few comments are in order without any intention to cover
the topic of mixing.

3.1. Frequency mixing

Mixing of two periodic signals at frequencies f1 and f2 is de-
noted by⊗, see Figure 4, and the outcome is typically chosen
to be either f1 + f2 or f1 − f2.

Mixing of three or more signals has a similar interpre-
tation, note however that the order of performing the mix-
ing of the signals may be important for getting a spectrally
pure output signal. In general, minimization of mixing spurs
involves the choice of the central frequencies of f1 and f2,
their frequency ranges, the choice of the sum or difference,

the harmonic contents of the mixed signals, and of course
the type of the mixers.

The key to low-output spurs in DFS synthesizers is the
mixing method since the mixers are the dominant spurs gen-
erating circuit elements.

3.2. Frequency offsetting

The synthesizer architecture in Figure 4 is convenient for de-
riving the sum or difference between a large fin and a small
offset frequency f .

When f / fin � 1, the mixing of fin with fin ± f can be
performed without difficulty and the mixing spurs can be
minimal, for example, [5]. Therefore frequency offsetting is
an effective approach to achieving the frequency summations
and/or subtractions needed to realize DFS with central out-
put frequency close to fin.

The following subsections illustrate this approach for the
case of two- and three-PLL DFS schemes. In principle, the
structure of Figure 4 can be cascaded k times to create k-PLL
DFS architectures.

3.3. Two-PLL frequency-offset DFS architecture

Figure 5 shows how two DFS-determined PLLs can be cas-
caded using an offset synthesizer structure to form a DFS
architecture, where the variable fout can be adjusted in very
small-frequency steps from the reference fin.

Based on the DFS theory [2], the two PLL output fre-
quencies f1, f2 (we can consider divider R as part of the
PLLs) are determined by the common dividers Q, R, the
two relatively prime integers N1, N2, and the feedback di-
viders pN1 + m1 and pN2 + m2 which are partitioned into
the fixed, pN1, pN2, and the variable, m1, m2, parts. The val-
ues ofm1,m2 program the value of parameter a in expression
(6). The fixed integers pN1 and pN2 partially define the cen-
tral frequencies f 1, f 2 of the PLLs. In this application, we

also like to have f 1 = f 2 which implies that fout = fin when
m1 = m2 = 0.

Variables m1 and m2 are allowed to take any value
within their ranges −N1, . . . ,N1 and −N2, . . . ,N2, respec-
tively. This results in output-frequency resolution equal to
δ fout = fin/(QRN1N2) and output-frequency range (equal to
or greater than) Δ fout = ± fin/(QR). (Note the product of N1

andN2 in the denominator, in contrast toQ that is accounted
for on its first power.)

The factor Q in the denominators determines the pul-
lability ranges of the VCOs in the PLLs. Specifically, given
the ranges of m1 and m2, the VCO’s fractional pullability is
PLPLL 1,2 = ± (100/Q) %. The role of p in the numerators
is to adjust for the central output frequencies of the PLLs
by counterbalancing Q. The phase-comparator frequencies
of the PLLs are fPC PLL i = fin/(QNi), i = 1, 2.

Finally, R is a large divider necessary to generate the rela-
tively small frequencies f1, f2 from the output frequencies of
the PLLs. Divider R also contributes to the output resolution
of the synthesizer and the spectral purity of signals entering
the frequency-offset blocks.
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fin
fin + f1

fout = fin + f1 − f2
Frequency

offset +
Frequency

offset −
PLL1

PLL2

× pN1 +m1

QN1

× pN2 +m2

QN2

÷R

÷R

f1

f2

Range: Δ fout = ± fin
QR

Step: δ fout = fin
QRN1N2

m1 : −N1, . . . ,N1

m2 : −N2, . . . ,N2

a : −N1N2, . . . , +N1N2

fout = fin +
1
QR

(
m1

N1
− m2

N2

)
fin fin +

a

QRN1N2
fin=

Figure 5: Two-PLL frequency-offset DFS scheme.

∼=δ fout 10μHz

=Δ fout ±10 Hz

=fin 10 MHz

=f out 10 MHz

= =Q p 10

R = 100000

N1 = 1000

N2 = 1017

f PLL1
f PLL2 10 MHz=

=fPC PLL1 fPC PLL2 1 kHz
=
∼=

PLPLL1 PLPLL2= = ±10%

f 1 f 2 100 Hz= =

−→ ⇒

Figure 6: Numerical example of the two-PLL frequency-offset DFS scheme in Figure 5.

With a microphase stepper application in mind, Figure 6
shows a choice of values for N1, N2, R, Q, and p, and the
corresponding characteristics and performance of the syn-
thesizer they result in. A resolution of 10 μHz is probably the
best that the two-PLL scheme with 10 MHz input frequency
could give. Note that although the 100 Hz frequency offset is
not uncommon in these types of systems, a higher frequency
would be helpful. The pullability range of±10% is achievable
by tunable LC oscillators, and because of the large divider R,
the phase noise of the oscillators is not a critical issue.

As described in Figure 6, the magnitude of R was made
large compared to Q, N1, and N2 to achieve the desired
frequency-step resolution of ±10 μHz while keeping the PLL
phase-comparator frequencies relatively large and easy to fil-
ter. This choice was not directed through any fundamental
constraint in the DFS method, but was made from our de-
sign emphasis on high-spectral purity over acquisition speed
in a simple, practical circuit implementation. In the follow-
ing subsection, we see how adding one more PLL allows for
more choices of the parameters and, in principle, better over-
all performance.

3.4. Three-PLL frequency-offset DFS architecture

A three-PLL frequency-offset DFS architecture is shown in
Figure 7. Its principles of operation are very similar to those
of the two-PLL one in Figure 5. The major difference is that

because of the odd number of PLLs, centering fout with re-
spect to the input reference fin requires further design con-
sideration.

Specifically, it is desirable thatm1 = m2 = m3 = 0 implies
fout = fin. To achieve this, we add f1 and f2 to fin and subtract
f3. Moreover, we introduce factors of 2 in PLL 3 and in the R-

dividers of PLLs 1 and 2. These result in 2 f 1 = 2 f 2 = f 3 =
p fin/(QR) and equal ranges of f1, f2, and f3. However, the
pullability range of PLL 3 is the half of that of PLLs 1 and 2.
The expression for fout is shown in Figure 7.

Integers N1,N2, and N3 are chosen to be pairwise prime
and the variables m1, m2, and m3 take values within their
ranges −N1, . . . ,N1, −N2, . . . ,N2, and −N3, . . . ,N3, respec-
tively. The resulting output frequency resolution is δ fout =
fin/(2QRN1N2N3) and the output frequency range is (equal
to or greater than) Δ fout = ± fin/(2QR).

Again, with a microphase stepper application in
mind, Figure 8 shows a choice of numerical values for
N1,N2,N3,R,Q, and p, as well as the corresponding charac-
teristics of the resulting synthesizer. Output frequency res-
olution of 1 μHz and output range of about ±16 Hz are
achieved. The frequency offset has been raised to 500 Hz for
PLLs 1, 2 and to 1000 Hz for PLL 3, and the pullability ranges
have dropped to about ±3% and±1.6%, respectively. There-
fore, as expected, the three-PLL case provides much more
flexibility in the design and much better characteristics.
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fin
fin + f1 fin + f1 + f2

fout
Frequency

offset +
Frequency

offset +
Frequency

offset −

PLL1

PLL2

PLL3

× pN1 +m1

QN1

× pN2 +m2

QN2

× 2pN3 +m3

2QN3

÷2R

÷2R

÷R

f1

f2

f3

fout = fin + f1 + f2 − f3 Range: Δ fout = ± fin
2QR

Step: δ fout = fin
2QRN1N2N3

m1 : −N1, . . . ,N1

m2 : −N2, . . . ,N2

m3 : −N3, . . . ,N3

a : −N1N2N3, . . . , +N1N2N3

fout = fin +
1

2QR

(
m1

N1
+
m2

N2
− m3

N3

)
fin fin +

a

2QRN1N2N3
fin=

Figure 7: Three-PLL frequency-offset DFS scheme.

∼=δ fout 1μHz

=Δ fout ±16 Hz

=fin 10 MHz

=f out 10 MHz

= =Q p 31
R = 10000
N1 = 319
N2 = 317
N3 = 158

f PLL1
f PLL2

f PLL3 10 MHz== =
fPC PLL1 fPC PLL2 fPC PLL3 1 kHz= = ∼=
PLPLL1 =PLPLL2 = ±3%, PLPLL3 = ±1.6%

f 1 = f 2 = 500 Hz, f 3 = 1 kHz

−→ ⇒

Figure 8: Numerical example of the three-PLL frequency-offset DFS scheme in Figure 7.

4. SUMMARY

In summary, the general structure of DFS architectures pro-
vides the following desirable properties: the ability to achieve
a predetermined center frequency

f out =
(
m1

N1
+
m2

N2
+ · · · +

mk

Nk

)
fin (13)

with frequency range

f out − fin to f out + fin (14)

and frequency step (resolution) of

δ fout = fin
N1N2 · · ·Nk

, (15)

while the phase-comparator frequencies of the constituent
PLLs are

fin
N1

,
fin
N2

, . . . ,
fin
Nk

. (16)

The application of DFS permits high flexibility on the
relationship of the fixed-frequency reference to output fre-
quency (9) with wide-frequency range (14). Based on (15),
we have shown the design of very fine frequency resolution
using two- and three-PLL nested DFS frequency-offset loops.

In the case of the three-loop system described in Figure 7,
a fractional frequency synthesizer capable of 1E-13 has been
numerically demonstrated. The method of cascading nested
frequency-offset DFS architectures to higher orders would
ultimately result in frequency steering resolution approach-
ing 1E-15, consistent with the needs of most precision time-
keeping laboratories contributing to UTC.
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