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Abstract

The US Naval Research Laboratory (NRL) has developed clock ensembles for a

number of vital GNSS projects and services throughout the US and interna-

tional community. Some efforts include algorithms for local realization of

Coordinated Universal Time; participation in the upgrade of the Global Posi-

tioning System (GPS) system time; the initial implementation of a coherent

geophysical reference time known as IGS Time (IGST); and development of

various Department of Defense (DoD) capabilities for the dissemination and

transfer of precise time. This paper will cover the major algorithm components

that compute and maintain a robust and stable time reference for the most

stringent applications mentioned here. These components include automated

alert and response to clock anomalies and reduction of measurement weight

in response to large clock measurement residuals. Both real and simulated

data have been used to validate the ensemble algorithm and its products for

reliable and robust usage in these environments.

1 | INTRODUCTION

Precise and accurate local reference time is an important
capability required of any system that expects to achieve
and maintain precise synchronization of the system ele-
ments or components containing clocks. GNSS is a prime
example where the individual system's reference time
enables effective synchronization of its member users on-
board clocks enabling the operation of the system. These
same techniques to achieve precise and accurate local
time are used not only to achieve precise synchronization
and stability but also provide the means of maintaining
continuity in the reference time by assessing or measuring
the individual clock performance in a particular system.

The ensemble algorithm that is used in this analysis
stems from that developed and refined at the US Naval
Research Laboratory (NRL) over the past decade. NRL
has several contributions to the technologies for generat-
ing system reference time, contributions to technologies

used in international timescale development, and timing
applications for precise dissemination of time for ground
and space in general. Perhaps the most notable initial
effort in this area was known as the Common Time Ref-
erence (CTR) project.[1] This project investigated the
capabilities needed to generate and maintain a local time
reference among a Naval Task Group for maintaining
synchronization of their communications and navigation
systems. A necessary part of this development was the
ability to combine the performance of the varying types
of clocks deployed in the Task Group. This need stimu-
lated the development of algorithms to combine the
ensembling techniques used in classical timescale genera-
tion with system time reference technology for locally
realized precise reference time. Coupled with tactical
data links to support the intercomparison of the clock
outputs, the ability to determine a system reference time
across a Task Group that could be compared and steered
to the global reference timescale of the US Naval
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Observatory, UTC(USNO) was realized. This develop-
ment continued in the development of algorithms for the
realization of IGS Time and local time reference systems
that could be steered to UTC(USNO) for synchronization
in operations and for clock performance evaluation.

Since 1997, NRL has been life testing space-qualified
clocks from the NAVSTAR satellites for the GPS Direc-
torate. Initially, two rubidium clocks from the GPS Block
IIR satellites were subjected to life test in a specially
designed laboratory at NRL for almost 8 years. Subse-
quent life testing was performed on two cesium beams
and two rubidium clocks from the GPS Block IIF satel-
lites beginning in 2008. Currently, one Block IIF rubid-
ium and one Block IIF cesium clock are under life test.[2]

GNSS clocks have improved dramatically over the past
few decades with Hadamard Deviation at a 1-day averag-
ing interval improving from 8×10−14 for Block II and IIA
cesium clocks to 2×10−14 in Block IIR PerkinElmer
Rubidium Atomic Frequency Standards (RAFS).[3] Con-
tinued improvements have been seen in GPS's Block IIF
RAFS clocks, which exhibit Hadamard deviations at
levels of 5×10−15.[2] For this reason, the ability to mea-
sure them both in ground testing and on-orbit has contin-
ually required improved time references.[4]

More recent applications of this work have entailed
generating a reference time for clock products of Global
Navigation Satellite Systems (GNSS) in several efforts.
The first was on the platform of the International GNSS
Service (IGS) where a reference clock ensemble is gener-
ated to serve as a continuous reference with steering and
offsets known to UTC(k) laboratories. In another
instance, the ensemble algorithm was outfitted to serve
as the next generation GPS system time as part of the
OCX effort.[5] In both instances, outlier data, breaks in
the clock solution, or frequency anomalies on a given
clock can spoil the continuity and reliability of the gener-
ated clock estimates. This has motivated the most recent
features of this algorithm, which seek to mitigate the
effects of clock anomalies in the most automated way
possible; they are presented in the later part of this paper.

In Section 2, we present the clock model that is used
to represent a single clock, its states, and stochastic com-
ponents. This clock model can be used in the simulation
of clocks, or a system of clocks in order to evaluate the
performance of the overall algorithmic approach. Charac-
teristics of the underlying noise processes in this clock are
also discussed as well as their relationships to common
clock statistics. This model is sufficiently flexible that it
can represent both environmentally controlled laboratory
clocks as well as on-orbit GPS clocks presently in service.

In Section 3, the clock model is expanded to a collec-
tion of clocks, and the algorithm used to construct a clock
ensemble (timescale) is shown in detail. The ensemble

algorithm is a Kalman filter, and the description there
includes the main cycle of clock state prediction and cor-
rection with Kalman Gain, the use of measurements in
the ensemble filter to help generate the timescale refer-
ence, and the weighing constraints which determine the
formation of the ensemble.

Following the main algorithm, in Section 4, we pre-
sent auxiliary functions utilized for clock anomaly detec-
tion and parameter adaptation. Several details that tie
these functions to the main Kalman filter loop are shown
to clarify how the filter's output is beneficial to clock
error detection. These two functions, as described above,
are recent capabilities that have been fielded to several of
the scenarios described, but not previously presented.
Particulars about the operation of the break detection
algorithm and adaptive parameter control are highlighted
better here.

Finally, in Section 5, case studies are presented that
demonstrate this timescale algorithm's ability to provide
a robust time reference especially in the presence of
anomalous data. In the first case, the algorithm is used
for a large block of GPS simulated clock data. This case
demonstrates convergence to the correct clock difference
solutions which can be assessed since the true states were
simulated, hence known. In the second case, the algo-
rithm is used to generate a local time reference for pre-
cise clocks under special laboratory testing inside NRL's
Precise Clock Evaluation Facility (PCEF).[6] In the third
and final case, we test the algorithm with the Interna-
tional GNSS Service (IGS) clock products data, which
contains substantially noisier data and larger anomalies
than in laboratory data. Although the present IGS rapid
and final clock combinations only provide GPS solutions,
it is expected that future IGS service will include clocks
from other GNSS including Beidou, GLONASS, and
Galileo.[7]

2 | CLOCK MODEL

Both the clock ensemble and clock simulation algorithms
utilize a clock model based on standard three-state
models developed in the 1980s in several different works
including Tryon and Jones[8] and Jones and Tryon.[9] In
such models, the phase, frequency, and drift of a clock
are included with random walk noise processes associ-
ated with each. We expand the model used here to a
four-state model to allow for an additional white noise
process over the phase state, which yields what we term
a total phase state. This state also encompasses up to two
environmental periodics that affect the clock and/or its
signal. The total phase state does not necessarily model
or separate lower level electronic noise such as that from
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a phase lock loop or time keeping system (TKS), but
rather allows some stochastic behavior in this state
should it be present in raw measurements.

Throughout this report, we define the state vector, x,
and corresponding noise input vector, u, which contain
the variables of the states and input noises for a clock.
We define these terms below along with the
corresponding units.

xðtÞ=

θðtÞ
pðtÞ
f ðtÞ
rðtÞ
a1ðtÞ
b1ðtÞ
a2ðtÞ
b2ðtÞ

2
66666666666664

3
77777777777775

Total phase ðsecÞ
Phase ðsecÞ
Frequency ðsec=secÞ
Drift ðsec=sec2Þ
Harmonic 1 ðinphaseÞ
Harmonic 1 ðout phaseÞ
Harmonic 2 ðinphaseÞ
Harmonic 2 ðout phaseÞ

White Noise on Total Phase

RandomWalk Phase Noise

RandomWalk Frequency Noise

RandomWalk Drift Noise

uθðtÞ
upðtÞ
u f ðtÞ
urðtÞ
ua1ðtÞ
ub1ðtÞ
ua2ðtÞ
ub2ðtÞ

2
66666666666664

3
77777777777775

=uðtÞ

Each of the noise inputs are white noise sequences,
which we will assume to have mean zero. The diagram of
Figure 1 shows the dynamics for these eight clock states
and how the corresponding white noise sequences inte-
grate to random walks and random runs. Note the rela-
tionship of the clock states in Figure 1 that highlights the
clock phase (seconds), clock frequency (dimensionless),
and clock frequency drift (1/seconds) which are termed
phase, frequency, and drift, respectively, throughout this
analysis.

Given a discretized set of fixed epochs {t1,t2,…,tk,…},
we can define an interval of continuous time T=[ tk−1,tk ],
which also has the associated epoch-to-epoch time step
τ= Tj j. Advancing the clock states from epoch tk−1 to tk
is accomplished by the discretized propagation equation

xðtkÞ=Φðτ, tkÞxðtk−1Þ+G−1
ð
T
Φðτ, tkÞuðtÞ dt, ð1Þ

where the state transition and process noise pre-
multiplier matrices are given by

Φðτ, tkÞ=
ΦbðτÞ MðtkÞ
04 I4

� �
and G=

1 1

0 I7

� �
, ð2Þ

respectively. Here, 0n is the size n×n zero matrix, and Im
is the size m×m identity matrix. The block components
of this transition matrix consist of the basic clock model
and the clock environmental periodics given by the
matrices

ΦbðτÞ=

0 1 τ τ2=2

0 1 τ τ2=2

0 1 τ

0 1

2
666664

3
777775
and

MðtkÞ=

cosð2πω1tkÞ −sinð2πω1tkÞ cosð2πω2tkÞ −sinð2πω2tkÞ
0 0 0 0

0 0 0 0

0 0 0 0

2
6664

3
7775,

where ωi are the frequencies of the environmental peri-
odics. Environmental periodics have been observed in
the GPS constellation, and the frequencies of those par-
ticular periodics are ω1=2.003 and ω2=4.006 cycles per
day.[10] Since this model will be built into a Kalman filter,
flicker noise is not included in the clock model here.

2.1 | Noise spectral density parameters

The white noise processes of the discrete clock model of
Equation (1) characterize the stochastic properties of the
clock for this model. It is these processes that are pre-
dominantly responsible for error in timing systems. We
quantify the magnitude of these processes with spectral
density values

SðtÞ=diag Sθ Sp S f Sr S1 S1 S2 S2
� �

: ð3Þ

FIGURE 1 Model of a clock's four states and independent input white noises
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For each component, the subscript indicates the clock
state to which the noise process corresponds. Since envi-
ronmental periodics require two states, we assume the
same level of random walk in both noise processes per
periodic. The units for the elements of S are Sθ (sec2);
Sp,S1,S2 (sec

2/sec); Sf (sec
2/sec3); and Sr sec

2/sec5.
Equation (4) shows that there is a relationship

between each spectral density values of Equation (3) and
the Hadamard variance σ2HðτÞ. Note that in the timing lit-
erature, the Allan and Hadamard measures are generally
applied to average frequency measurements and not
phase.

Sθ =
3

10 f h
τ2σ2HðτÞ Sp = τσ2HðτÞ

S f =
6
τ
σ2HðτÞ Sr =

120
11τ3

σ2HðτÞ:

ð4Þ

Derivations of these relations can be found in
Hutsell.[11]

3 | CLOCK ENSEMBLE
FORMATION

The NRL clock ensemble algorithm uses the model of the
previous section in a Kalman filter in order to form a sta-
ble clock ensemble (timescale) reference. In such a for-
mulation, the states of the clocks are predicted forward
from one epoch to the next using the clock model and
updated using the Kalman Gain. To separate these two
steps at each epoch, there is the notion of an a priori
epoch (before the measurement update) and an a
posteriori epoch (after the measurement update), which
are denoted by t−k and tk, respectively.

For the collection of clocks C= 1,2,3,…,Nf g , we
build a state vector that contains the states of all N clocks
rather than just a single clock. For the remainder of this
report, we therefore consider the state vector

x̂= θ̂1, θ̂2, θ̂3,…, θ̂N , p̂1, p̂2, p̂3,…, p̂N , f̂ 1, f̂ 2, f̂ 3,…, f̂ N , r̂1, r̂2, r̂3,…, r̂N
h i

:

Here, dependence on the epoch value tk is assumed. The
clock state estimate vector x̂ðtkÞ should not be confused
with the true clock states x(tk). The true states have a ref-
erence time of “perfect time,” which can only ever be
available to our computations in a simulation. In applica-
tion, true states are not known just as a “perfect time”
reference is never fundamentally tangible. The reference
time for the estimates, meanwhile, is exactly the ensem-
ble product that our algorithm realizes.

A white noise vector u that has the same size as the
expanded x̂ vector above is also part of this ensemble

model. This noise vector has the same role as in the sin-
gle clock model. The clock state error covariance
matrix for

the entire ensemble is similarly large and is defined
by the expectation

P=E ðx− x̂Þðx− x̂ÞT
h i

:

The covariances of this matrix are estimated in the
Kalman filter; these also cannot be known exactly in
application since the true states, x, are unknown.

3.1 | Clock state propagation

An expansion of the state transition matrix Φ must also
be taken into account in order that it is size-compatible
with the expanded state vector, noise vector, and also
spectral density matrix S. Since each clock in the collec-
tion has the same general model as the others, the struc-
ture of the larger transition matrix has the form ΦE(τ,tk)
=Φ(τ,tk)�IN where � is the Kronecker Product. Then, the
equations used to propagate the main state vector x̂ and
its associated state error covariance matrix P are

ðt−k Þ=ΦEðτ, tkÞxðtk−1Þ and

Pðt−k Þ=ΦEðτ, tkÞPðtk−1ÞΦEðτ, tkÞ+Qðτ, tkÞ:

ð5Þ

At the propagation stage, the clock states are all
advanced forward along the parabolic model as though
the drift of the clock is constant. The covariance terms
are also propagated and then inflated by the level of pro-
cess noise in each individual clock state. The process
noise inflation is contained in Q(τ,tk), which consists of
accumulated process noise over the interval T between
the two epochs. This is defined by the integral

Qðτ, tkÞ=
ð
T
ΦEðt, tkÞ SðtÞ ΦT

Eðt, tkÞ dt: ð6Þ

The derivation of this integral is involved and can be
reviewed further in Brown and Hwang.[12]

3.2 | Measurement update

After the clock state estimates have been propagated,
they are compared to actual measurements observed at
the epoch tk. One clock among the member clocks must
serve as the reference clock for the data set and that
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reference can change at each epoch. The ensemble filter
is impervious to the reference given. We denote that
clock with index r2C and then establish the vector of
measurements:

zðtkÞ= zr1ðtkÞ,zr2ðtkÞ,…,zrr−1ðtkÞ,0,zrr+1ðtkÞ,zrr+2ðtkÞ,…,zRNðtkÞ
� �

:

Here, the notation zri ðtkÞ indicates the measurement of
clock i with respect to reference clock r at the epoch tk.
The clock measurements that are ingested by this filter
are phase measurements of one clock with respect to
another. Hence, the observation model is

zðtkÞ=HxðtkÞ+ yðtkÞ,

where y(tk) is the vector of measurement errors having
covariance matrix RðtkÞ=E yðtkÞyðtkÞT

h i
. The observa-

tion matrix H takes the form

H=
Ir−1 −1

−1 IN−r

� �
:

There is a rank deficiency in the observation model, and
therefore, additional constraints on the timescale's esti-
mates must be introduced. We make the additional
requirement that the weighted sum of all member clock
corrections must be zero. This ensures that the ensemble
does not drift in frequency over time. The equation of
these constraints is

XN

i=1
wi
θ θ̂iðtkÞ− θ̂iðt−k Þ
� �

=0:

Four of these constraints are applied to the observation
model, one for each of the independent primary clock
states.[13] The environmental periodic states, which are
largely deterministic, are not constrained. The coefficient
weighting terms, wθ, wp, wf, and wr, are independent
weight distributions that are assigned to favor clocks in
each process noise type. This key multi-weighting tech-
nique allows the clock ensemble to exploit the most sta-
ble clock(s) at all averaging intervals.

Although dynamic and responsive to process noise
parameters, a clock's weight in any of the ensemble's
state averages is limited to the range [0, 2.5/N] where
N is the number of active clocks in the ensemble. An ini-
tial distribution uses only the process noise parameters
and weights clocks according to the inverse of that state
process parameter. A recursive algorithm shifts the distri-
bution several times until each weight is at or below an
upper threshold. The use of 2.5/N as an upper limit is an
arbitrary choice– larger than 1/N, but well under 1/2

when N gets larger than five clocks. This upper limit of
weight prevents any one clock from dominating the
ensemble average. Since the Kalman filter itself is a
recursive process and its state estimate vector has the
ensemble time as reference, an unbounded weight condi-
tion will typically yield a solution where one clock
becomes more and more stable with respect to the
ensemble and eventually attains 100% of the ensemble
weight. Also, to protect the ensemble from poorly per-
forming clocks, the weighting conditions allow poor
clocks to fall to 0 weight, and thus, there is no lower limit
on weights.

The clock weights are dynamic and can change at
each epoch. Impulse weighting is a method that allows
the new weights to take effect immediately at the epoch
of computation. Another method, termed the Gradient
Weighting Method, moves the weight distribution towards
the newly calculated weights. As described in
Coleman,[14] this weighting approach limits the changes
in clock weight from one epoch to the next so that dra-
matic shifts in the ensemble's composition do not take
place. Protecting the clock state estimates and covari-
ances from sudden impulses, which can happen when
the ensemble composition changes suddenly, helps to
guard against short term and localized ensemble
instabilities.

After determination of clock weights, the Kalman
Gain K=Pðt−k ÞHT HPðt−k ÞHT +RðtkÞ

� �−1
is calculated.

This gain matrix dissociates all the noise accumulated in
the entire system of clocks and apportions appropriate
updates to all clock states based on the covariances thus
far estimated. The update equations associated with this
gain matrix are

x̂ðtkÞ= x̂ðt−k Þ+K zðtkÞ−Hx̂ðt−k Þ
� �

andPðtkÞ=Pðt−k Þ−KHPðt−k Þ:
ð7Þ

Figure 2 shows a diagram of one entire step of the
recursive process for this clock ensemble algorithm.
Additional details of the Kalman filter approach and sto-
chastic methods applied here can be found in
Maybeck.[15]

4 | AUXILIARY FUNCTIONS

Some unique features of the clock ensemble algorithm at
NRL consist of routines that adapt parameters and react
to deviant clock measurements. Each component has the
same goal in mind: protect the clock ensemble from bad
clock measurements or events. To support this goal, these
routines must determine when a clock's measurements
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are poor or detrimental to the ensemble and then issue
alerts that can cause a user to intervene, or an automated
function to downweight measurements in the Kalman
update stage.

4.1 | Clock break and anomaly detection

Throughout operation, a clock is bound to generate mea-
surements that can be classified as outliers or breaks. In
the case of real-time operation, a suspect measurement
cannot immediately dictate the type of behavior the clock
is undergoing. We therefore devise an algorithm to han-
dle clock measurements and assess whether a clock is
generating data that are consistent with the clock model
of Equation (1), or data that are indicative of a broken or
modified clock signal.

To assess whether a clock may have had a phase
break, we take note of measurements that deviate sub-
stantially from the clock model prediction. These differ-
ences are exactly the pre-fit residuals, and they are key
indicators of whether a clock may have had a phase
break.

From a statistical perspective, pre-fit residuals are
normal random variables with mean zero and variance
that depends on the noise parameters of the clock and
the measurement noise. Pre-fit residuals that are consis-
tently several times larger than the variance are indica-
tive of measurements being affected by non-random
influences. The actual cause is of little concern to the

filter process only that some event occurred which has
shifted the expected clock measurements. The pre-fit
residual is

viðtkÞ= zri ðtkÞ−HΦxðtk−1Þ � N 0,σ2i ðtkÞ
� �

, ð8Þ

where σ2k is the variance of the residual and has the form

σ2i ðtkÞ= HPðt−k ÞHT
� �

i +RiðtkÞ: ð9Þ

While the magnitude of the pre-fit residual is impor-
tant, the error covariance matrix P evolves and thus so
does the variance here. In order that we can assess all
clocks' residuals using a common scale, we use the nor-
malized pre-fit residual

niðtkÞ= viðtkÞ
σiðtkÞ � Nð0,1Þ: ð10Þ

The value of ni(tk) is also the number of σi(tk) values
by which the measurement deviates from the clock
model. We use this value to determine whether the mea-
surement received is an outlier. Typically, this function is
set to declare outliers at |ni(tk)|>5. Unlike all other vari-
ables in the ensemble filter, the sequence of normalized
residuals is saved for the past 1000 epochs, which allows
a break detection algorithm to search the history of any
clock's behavior.

FIGURE 2 Recursive process of Kalman filter estimation of clock states [Color figure can be viewed at wileyonlinelibrary.com and

www.ion.org]
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The following list of clock status types is available for
assignment to each clock at each epoch. The assignment
depends on the clock's status at the previous epoch, the
recent history of statuses and the present value of ni(tk).

• Steady state. Clock measurement is consistent with
its model and clock state estimates are stable (deter-
mined by state error variances changing over time by
less than a small user-defined tolerance);

• Outlier. Deviant clock measurement although a recent
history of steady-state measurements is observed;

• Phase break. Suspected after a continuous string of
Np outlier measurements;

• Frequency break. Suspected after a continuous string
of Nf phase break alerts;

• Clock reset. Failure of states and covariance to con-
verge on clock measurements after intervention;

• Missing data. Status when no data available for given
clock.

In each case of break or reset, the filter responds with
modifications to the clock's state or covariance matrix in
an attempt to re-converge the states to the actual observa-
tions of the clock. When these mitigation efforts fail, the
clock is reset by putting initial state values of zero and
large values of variance on each state. The Kalman filter
then has a chance to re-converge on new state values.

In the case that a phase break is suspect, the propaga-
tion model of Equation (5) is modified to include an
impulse term δx, which is the observed discrepancy
between the clock state and measurement. Hence,

x̂ðt−k Þ=ΦEðτ, tkÞxðtk−1Þ+ δx: ð11Þ

Since phase breaks are easily observed, a correction of
this type is typically all that is required for the clock to
resume accurate estimation with low pre-fit residuals. If
the residuals continue to grow, then the breaking routine
proceeds to attempt a frequency break correction.

Frequency breaks are not easily observed by the
phase data since the phase series remains continuous
across the break. To correct for a frequency break, the fil-
ter is allowed to search for and converge on a new fre-
quency value by adding additional process noise at the
propagation stage in the clock's frequency state. This is
accomplished by adding δS to the process noise matrix of
Equation (6) so that

Qðτ, tkÞ=
ð
T
ΦEðt, tkÞ SðtÞ+ δSð ÞΦT

Eðt, tkÞ dt:

This one-time addition of process noise inflates the state
error covariance matrix so that the filter will accept a

wider range of frequency terms and hopefully steer
towards a new and correct clock frequency value.

If neither of these two techniques are able to correct a
clock's growing pre-fit residuals, then all eight of this
clock's states are set to 0 and the clock's covariance values
are reset to a large diagonal matrix. This initialization
allows the Kalman filter to start a new estimation recur-
sion on this clock in search of a new solution while all
other clocks continue to be filtered members of the
ensemble. In the case of a failure in the clock hardware,
no such autonomous technique will be valuable, and
intervention by an operator will be required to handle
and correct the solution.

A break in the drift state would be realized in the
phase data as an inflection change. Since the filter is tak-
ing only phase measurements, a sudden change of this
type would be challenging to detect and even more so to
correct for. At present, the automatic break detection
does not attempt detection or repair to the drift state.
Error in the drift state could be more problematic for the
ensemble stability than for the clock estimate.

4.2 | Clock parameter adaptation

The clock spectral density parameters of Equation (3) can
be adaptively updated at each filter step using the clock's
pre-fit residuals. Several duplicate filters, each stepping at
nominally different intervals, are implemented for this
purpose. Since each clock will typically be dominated by
a single noise type at a given averaging interval, a parallel
implementation of the ensemble filter can run with a
stepping interval that nominally yields a pre-fit residual
sequence for the clock that is sensitive to longer term
noise types.

The relationship between the variance of the pre-fit
residuals and the clock parameters can be written out by
utilizing Equations (5) and (9). We obtain

E σ2i ðtkÞ
� �

= Pi
½22�ðtk−1Þ +2τPi

½23�ðtk−1Þ+ τ2 Pi
½24�ðtk−1Þ+ Pi

½33�ðtk−1Þ
� 	

+ τ3Pi
½34�ðtk−1Þ +

τ4

4
Pi
½44�ðtk−1Þ+ Siθ + τSip +

τ3

3
Si f +

τ5

20
Sir +Ri

ð12Þ

where the notation P i
½mn� refers to the (i+(m−1)N,i+(n−1)

N) entry of the matrix P. Developments and details
regarding this approach can be found in Stein.[16]

If the clock parameters are not correct for a given
clock, then adjustments to the densities ΔSiθ , ΔS

i
p , ΔS

i
f ,

and ΔSir are sought such that Equation (12) holds. Back
solving Equation (12) for the delta densities and account-
ing for the fact that each clock pre-fit residual will be
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biased low because of its contribution to the ensemble, it
can be shown that

ΔSiα≈
1
2τγ

s2i +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Ris2i + s4i

q
−2P i

½11�ðt−k Þ
� �

+2wi
αðtkÞS1α + SEα

ð13Þ

where α2 θ,p, f ,rf g and s2i are considered as a point esti-
mate for E½σ2i ðtkÞ�. The exponent γ depends on the domi-
nant noise type α that is under consideration and is equal
to {0,1,3,5} for {θ,p,f,r}, respectively. Also, we define the
ensemble average of the spectral densities, seen in Equa-
tion (13), by the following weighted sum

SEα =
XN

i=1
wi
α

� �2
Siα:

For a particular filter stepping interval, τ, only one of the
noise-type densities is dominant. For this reason, one
may wish to implement several filters running at nomi-
nally different time stepping interval so that each density
parameter is assessed by some filter. The appropriate
form of Equation (13) is chosen in each case. The updates
should be made slowly so that the actual density modifi-
cation is of the form

βΔSiα ð14Þ

for noise type α and constant β � 1. This constraint is
important since severe changes to the clock density
parameters cause immediate and large changes to the
clock ensemble weights, which can lead to short-term
instability.[14] Severe automatic break alerts can also
ensue if the density parameters should become too small.
Furthermore, this adaptation should only be employed
once the clock has reached steady state in the filter. Note
that total phase white noise density Siθ may not be distin-
guished from the white (phase) measurement noise Ri,
unless the measurement noise is substantially lower than
the white phase density. Also, spectral density adaptation
is not performed on those parameters for the environ-
mental periodic states.

5 | ALGORITHM TEST AND
EVALUATION

We present three sets of data each occurring on a differ-
ent platform on which we can test the response of the
NRL ensemble algorithm. These data sets differ from one
another in complexity, measurement noise, and anoma-
lous data. In the first set, we use a simulation of the GPS

constellation and its associated monitor stations, which is
free of uncharacteristic clock behavior. This data set can
be best employed to assess the timescale's convergence
on correct clock states—even in the presence of external
environmental harmonics. In the second test, we show
the results of stability for timescale members in a labora-
tory testing environment where measurement noise in
considerably low and the environment is controlled. The
final test uses a set of IGS data to form an ensemble and
identify clock anomalies. Breaks, outlier, and noisy data
are more common in GNSS-type applications, so this test
serves as a good test bed for the break control routine.

5.1 | Test I: simulated GPS constellation

Accurate clock estimation and prediction is critical for a
system such as GPS since user range errors of approxi-
mately 29.9 cm are experienced for each nanosecond of
clock error. We test the clock ensemble algorithm with a
simulation of the GPS constellation clocks as well as its
monitor station clocks. The process noise parameters
used to simulate the clock behavior are based on data
from the IGS clock products representative of the GPS
network at the start of 2018. This simulation is generated
for a 50-day period with simulated measurement noise
having variance of 1×10−20 sec2 (equivalent to about
3-cm RMS) that is appropriate for a full GNSS constella-
tion clock solution.[17] In both the IGST and GPS time
applications, the input of this ensembling software has
such a clock difference solution and thus that level of
noise would be appropriate here.

The clock ensemble must accurately estimate the
phase, frequency, and drift of each clock in order for pre-
dictions to retain any degree of precision for future
epochs. The relative error of the phase estimation for
clock i at epoch tk is calculated by

εp½ i �ðtkÞ= p̂REFi ðtkÞ−pREFi ðtkÞ
pREFi ðtkÞ










: ð15Þ

Some reference clock, REF, must be chosen to elimi-
nate a constellation-wide bias. It is best to choose such a
clock with the lowest noise parameters; estimates of that
clock will give much less contribution to the relative
errors owed to clock i. The frequency and drift state rela-
tive errors are similarly calculated by simply replacing
the estimated and true values of p with estimated and
true values of either f or r.

Figure 3 shows distributions of the relative errors
computed via Equation (15) for phase, frequency, and
drift. For all the distributions shown, the first 5-day
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period of the solution was discounted in order to dismiss
the large errors often encountered during a cold start
period. Note the phase converges better than the fre-
quency and that better than the drift. The drift state often
takes months to converge in a Kalman filter, especially
since only measurements of the clock phase are available
for the Kalman update stage.

5.2 | Test II: GPS life test clock reference

In earlier literature, NRL presented performance results
of the Block IIF life test clocks; see Vannicola et al.[2,18]

In these cases, the reference clock chosen was from
among the many hydrogen masers within the NRL
PCEF. The older generation of masers was a collection
that included MHM2000, SAO, and SigmaTau masers.
Stability performance of the reference would therefore be
limited by the stability of the best local hydrogen maser.
In the past, the best maser was chosen as a reference, but
risk is involved with this scenario as the ongoing testing
platform becomes reliant on single clock members for a
stable and break-free reference.

The reference timescale at NRL's PCEF that was
launched in 2014 was able to maintain sufficiently low
drift such that all test clocks could be measured and ana-
lyzed in both long- and short-term averaging intervals
without regard to the performance of any individual
maser.[4] A more recent acquisition of Microsemi's
MHM2010 masers (identified by H Masers 5, 6, 7, 8) in
the laboratory has expanded the collection of clocks that
contribute to the ensemble. These new masers have large
drift offsets, which translates to the reference ensemble's
drift as well; reducing the timescale drift requires accu-
rate estimates of the masers' drift.[19] Further, we must
ensure that the ensemble's drift remains close to a clock
member whose longer term stability is confidently
known to be low.

After the ensemble's filter was given several months
to converge on the drift estimates for the clock, we
selected a period of data to analyze the performance of
the ensemble. The data used below are the phase

measurements from NRL's PCEF dual mixer phase mea-
surement system during the period 1 August through
31 December 2018. Table 1 shows the resultant drift esti-
mates, process noise parameters applied, and dynami-
cally determined weights for all contributing member
clocks near the start of this data period. The drift of both
the GPS IIF cesium clock and an NRL-USNO time link
measurement are low and thus can be used to estimate
severe drift in the ensemble average. The cesium clock
cannot, however, contribute weight to the ensemble less
it bias the reference towards its performance and hence
also the reporting statistics. For this reason, there are
N=8 contributing clocks in the ensemble.

While the weight of drift is skewed towards the
USNO master clock link and the best performing long-
term masers, short-term ensemble performance is better
due to weights that favor the laboratory's newest masers.
Many of the new Microsemi masers exhibit excellent
short-term performance with Hadamard deviation well
below 1×10−15 at a 1-min averaging interval. Note that
this test uses 2.5/N for the upper weight limit. Since N=8
is the number of contributing ensemble members, we see
that USNO's wr weight achieves the maximum possible
value. This is expected since UTC(USNO) is steered to
maintain long-term stability.

Data collected during August and September con-
tained a number of phase breaking events that were
detected by the ensemble and corrected for immediately.
These are catalogued in Table 2. The causes of these
breaks are typically the result of hardware issues or nec-
essary lab maintenance that interrupts a clock signal.
Generally, the phase correction is negative the pre-fit
residual. By the correction model of Equation (11), the
corrected clock estimates should reduce the clock's resid-
uals. If no frequency or drift breaks components exist
and if no other non-quadratic behavior takes place, the
clock should return as an ensemble member within sev-
eral epochs of data. Throughout these breaking events,
the ensemble remains continuous.

Figure 4 shows the clock residuals over the 3-month
period of 1 August through 31 October. Note that the
residuals go off the chart in each case as is expected by

FIGURE 3 Distribution of relative error

of the estimated clock states as calculated by

Equation (15). One series shown for each of

phase, frequency, and drift. Note that 1e−2
marks the position of 0.01 (1% error) and 1e−1
the position of 0.1 (10% error) [Color figure

can be viewed at wileyonlinelibrary.com and

www.ion.org]
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the value of the breaks determined and listed from
Table 2. Event 2 involved uncharacteristic changes that
did not fit the clock model of the earlier section nor the
breaking model of Equation (11). With the phase correc-
tion largely compensating the break, however, the filter
was able to re-estimate the clock states accurately within
1 day.

The breaking event between events 2 and 3 was a
complete restart of the measurement system. On rare
occasions, a new signal added to the measurement sys-
tem can cause the system to hang up, requiring a restart.
A restart of the system leaves arbitrary discontinuities in
the entire set of measurements. Since the entire set of

clock difference observations changes, this requires a
manual re-alignment of the data outside of the ensem-
ble's break detection process. Future work could involve
using observations from a back-up system to solve for
one pair and recover the continuity of the entire clock
difference observation set.

Stability of the timescale and associated corrected
clock estimates is plotted in Figure 5. The stability curves
shown are of time series that are raw measurements
(with breaks corrected a posteriori) re-aligned to the time-
scale reference rather than the measurement system's
physical reference clock. The period of data analyzed in
this figure is from 1 August through 31 December 2018.

TABLE 1 Drift estimates member clocks and weight contributions to ensemble average

Clock Drift offset from Drift process noise
Clock weights

ensemble, r̂ensi parameter, Sr wr wp

GPS IIF Cesium 4.193×10−21 sec/sec2 1.0 ×10−49 sec2/sec5 0.0% 0.0%

NRL Maser N 03 2.890×10−20 sec/sec2 7.7 ×10−48 sec2/sec5 2.5% 7.0%

NRL Maser N 04 −6.972×10−23 sec/sec2 3.9 ×10−48 sec2/sec5 4.9% 8.9%

NRL Maser N 05 −2.438×10−20 sec/sec2 2.3 ×10−48 sec2/sec5 8.3% 11.7%

NRL Maser N 06 −7.913×10−20 sec/sec2 9.0 ×10−47 sec2/sec5 0.2% 13.4%

NRL Maser N 07 −2.773×10−20 sec/sec2 1.3 ×10−48 sec2/sec5 14.7% 11.7%

NRL Maser N 08 −3.636×10−20 sec/sec2 1.0 ×10−48 sec2/sec5 19.1% 23.3%

MMS Ref −3.636×10−20 sec/sec2 1.0×10−48 sec2/sec5 19.1% 23.3%

NRL–USNO Link Meas. 4.330×10−24 sec/sec2 1.0 ×10−54 sec2/sec5 31.2% 0.0%

Note: Weights are generally determined by the process noise parameter and not the offset value. Phase weight is also shown for comparison.

TABLE 2 Phase break events during the August–December 2018 detected by lab reference clock ensemble

Event Clock Epoch (MJD) Phase break value (sec) Cause

1 H Maser 4 58346.781019 −2.70×10−7 Unknown anomaly

2 H Maser 8 58343.852083 −6.31×10−5 Cable replacement

3 H Maser 6 58382.251389 −4.68×10−9 Unknown anomaly

FIGURE 4 Pre-fit residuals, as computed by Equation (8), for three of the ensemble's contributing member clocks. Each of these clocks

had a breaking event during these 3 months of the test; they are marked in the figure and exhibit an off-chart value for the residual at the

time of the clock-phase jump. Event numbers correspond to those listed in Table 2 [Color figure can be viewed at wileyonlinelibrary.com

and www.ion.org]
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Note that the stability of the laboratory masers versus the
reference timescale are well below the stability assessed
for the test clocks. The ensemble's clock weights are used
to create an estimate of the ensemble's stability—also
shown in Figure 5. The stability is largely unaffected by
the two more sizable breaks listed in Table 2.

5.3 | TEST III: IGS clock product
reference

As a significant part of the IGS program for the geophysi-
cal community that initially collected GPS tracking data
from hundreds of sites around the world, a coherent ref-
erence time was needed for these data and subsequent
geophysical analyses. The IGS clock products were to
provide the time reference for all these worldwide track-
ing data. The products were initially formed by combin-
ing multiple clock solutions from different analysis
centers around the globe.[20] This clock combination
resulted in a measure of improved measurement preci-
sion for clocks for both stations and GPS satellites. How-
ever, the resulting demonstrated performance for this
combination, made from a daily linear alignment to

broadcast GPST, had unfavorable stability from one day
to the next. In 2003, an early version of a time reference,
known as IGS Time (IGST), for the clock products was
launched to improve IGST for these products and elimi-
nate the severe impulses to the daily solutions.[21] The
result was a greatly improved IGST stability for these
clock products and consequently for the analyses depen-
dent upon them.

Since the initial release, a later version of the ensem-
ble algorithm has been built into the IGS processing. That
version contains the features that have been presented
earlier including the break routine algorithm. The envi-
ronmental periodic states are an important feature of this
algorithm for GNSS applications. Figure 6 shows a typical
estimation for a GPS satellite with respect to the IGST
ensemble. The upper plot shows both the total phase and
phase estimates demonstrating the ability of the ensemble
algorithm to isolate the environmental harmonic states.
These periodic states have frequencies of once and twice
per revolution and are quite common to the GPS constel-
lation clocks. The lower plot is the pre-fit residual
sequence for this clock. With the exception of one outlier
data point, this sequence shows that the estimation of this
clock is consistent with the clock measurements observed.

FIGURE 5 Stability of NRL laboratory clocks. Reference for all clock measurement series is the NRL timescale. The curve marked with

black squares shows the estimated ensemble stability based upon the mean weight contribution of each clock [Color figure can be viewed at

wileyonlinelibrary.com and www.ion.org]
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Detection and response to breaks and missing data is
a critical feature for the IGS clock ensemble process.
There are presently 388 clocks listed in the ensemble, but
only 100–150 will have data to filter on any given day.
The architecture of the IGS processing and combination
software puts the choice of ground network used in the
solution to the IGS' Analysis Centers. Only clocks chosen
by sufficiently many centers are admitted to the IGS's
solution.[17] In addition, there is a boundary jump in the
clock solution each day since the orbit and clock combi-
nations are performed in daily batches. For these reasons,
clock data in the IGS often contains anomalies, especially
for ground stations. The existing break detection algo-
rithm can repair many breaks.

Figure 7 shows an example of the automated break
response and correction routine. The IGS rapid timescale

(IGRT) detected a phase break in the clock solution at
IGS station HOB2 (Hobart, Australia) in mid February
2018. All estimates and measurements plotted in Figure 7
are with respect to the calculated IGRT (IGS Rapid Time-
scale) reference time. Linear polynomials are removed
from both the estimate and measurement series; one
from each side of the break so that the details are clearer
in the plot. The difference between the P1 and P2 coeffi-
cients are 5.44×10−4 sec and 1.89×10−14 sec/sec for the
constant and linear, respectively. The actual break value
is therefore about 500 microseconds. Such a jump could
be caused by a quick swap of the clock signal at the site's
receiver, or a restart of the clock, for example.

The first two plots of Figure 7 demonstrate that the
filter can continue to produce clock estimates in the
absence of data, as seen around the end of day 13. At the

FIGURE 6 Example of satellite clock

product for G25, which is the IGS's rapid

solution for the operational clock on-board GPS

satellite on PRN 25. In the upper plot, the offset

from IGRT timescale is shown for both the total

phase and phase estimates; a quadratic

polynomial was removed from both series. In

the lower plot, normalized prefit residual

sequence is shown as calculated in

Equation (10) [Color figure can be viewed at

wileyonlinelibrary.com and www.ion.org]

FIGURE 7 Example of breaking

event on a IGS network station clock.

Top: phase estimates and

measurements around the time of the

break; Middle: clock status values

assigned as the event unfolds;

Bottom: normalized pre-fit residual

sequence that drives the breaking

procedure [Color figure can be viewed

at wileyonlinelibrary.com and www.

ion.org]
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start of day 14, data resume at a new phase offset yielding
large normalized residuals that far exceed the window
[−5,5] of the bottom plot. The filter therefore recognizes
these data as outliers until after some tolerance when it
implements a phase impulse as in Equation (11). This
automated response to the station's clock phase jump
allows the timescale to keep that clock's contribution to
the ensemble upon recovery of the correct state values.
Without an automated recovery of the state values, this
clock would need to drop from the ensemble average
thereby reducing the ensemble's stability in the medium
term around the event. Despite the demonstration here,
the IGS processing often occurs daily without any human
input, so future improvements and increased robustness
would be desirable for the IGS's clock ensemble
computation.

6 | CONCLUSION

A Kalman filter-based timescale that models clock phase,
frequency, and drift is a useful tool for reference in a vari-
ety of different applications. In cases where a reference
time is essential, the Kalman filter approach offers the
advantage of providing real-time service. Accurate esti-
mation of the member clocks and maintenance of the
ensemble's stability are the primary tasks of importance,
and they can be disturbed by a host of different events
that may introduce discontinuities in the clock
observations.

The auxiliary functions of this clock ensemble algo-
rithm improve the reliability of the reference time pro-
duced. In the tests presented, we found that the ensemble
product is able to continue with near autonomous opera-
tion and deliver a stable timescale that is suitable for the
application at hand. The laboratory setting at NRL has
proven to be the most stable platform thus far where
intervention is now needed approximately five to ten
times annually. The stability holds at several parts in 1016

with contributing masers that have stability several parts
higher. In the laboratory setting, future work will con-
sider methods to handle a complete measurement system
loss. Such approaches will require other observations,
and they would need to be continuously available if the
ultimate goal is greater autonomy of the ensemble gener-
ation process.

For geodetic and GNSS applications, autonomy is a
greater challenge as anomalies can be more common.
This ensemble algorithm has been installed in the pre-
sent IGS architecture and has demonstrated good clock
state estimation and some break detection. Nonetheless,
future work requires improvements to the frequency
break response and management of absent data. Future

improvements to these algorithms and perhaps other
supporting functions could help to improve the robust-
ness of the IGS ensemble processing.

The test cases and algorithm design that were demon-
strated in this paper show that this clock ensemble and
resultant time reference provides suitable, break-free,
and stable reference for several applications. Serving as
an accurate local system reference time for a variety of
platforms or timing and navigation technologies in a
wider array of environments requires some additional
configurations and designs. Continued development and
reliance upon GNSS systems and products will only fur-
ther the need for better and faster synchronization of sys-
tem components for improved operability in the future.

ORCID
Michael J. Coleman https://orcid.org/0000-0002-2376-
7605

REFERENCES
1. Beard RL, White JD. GPS common time reference architecture.

Proceedings of the 13th International Technical Meeting of the
Satellite Division of The Institute of Navigation (ION GPS 2000).
Salt Lake City, UT; 2000:895-904.

2. Vannicola F, Beard R, White J, et al. GPS Block IIF atomic fre-
quency standard analysis. Proceedings of the 42th Annual Pre-
cise Time and Time Interval Systems and Applications Meeting.
Reston, VA; 2010:181-196.

3. Phelan J, Dass T, Freed G, et al. GPS Block IIR clocks in space:
current performance and plans for the future. Proceedings of
the 37th Annual Precise Time and Time Interval Systems and
Applications Meeting. Vancouver, Canada; 2005:19-25.

4. Senior K, Coleman MJ. Generation of ensemble timescales
for clocks at the Naval Research Laboratory. Proceedings of the
46th Annual Precise Time and Time Interval Systems
Applications Meeting. Boston, MA; 2014:98-105.

5. Senior KL, Coleman MJ. The next generation GPS time.
NAVIGATION. 2017;64:411-426.

6. Vannicola F, Senior K. Keynote: Time and frequency activities
at the U.S. Naval Research Laboratory. Proceedings of the ION
2017 Pacific PNT Meeting. Honolulu, HI; 2017:965-970.

7. Montenbruck O, Steigenberger P, Prange L, et al. The multi-
GNSS experiment (MGEX) of the international GNSS service
(IGS)—achievements, prospects and challenges. Adv Space Res.
2017;59:1671-1697.

8. Tryon PV, Jones RH. Estimation of parameters in models for
cesium beam atomic clocks. J Res Nat Bureau Stan. 1983;88:
3-16.

9. Jones RH, Tryon PV. Continuous time series models for
unequally spaced data applied to modeling atomic clocks.
SIAM J Sci and Stat Comput. 1987;8:71-81.

10. Senior KL, Ray JR, Beard RL. Characterization of periodic
variations in the GPS satellite clocks. GPS Solut. 2008;12:
211-225.

11. Hutsell ST. Relating the Hadamard variance to MCS Kalman
Filter clock estimation. Proceedings of the 27th Annual Precise

COLEMAN AND BEARD 345

https://orcid.org/0000-0002-2376-7605
https://orcid.org/0000-0002-2376-7605
https://orcid.org/0000-0002-2376-7605


Time and Time Interval Systems and Applications Meeting. San
Diego, CA; 1995:291-302.

12. Brown RG, Hwang PY. Introduction to Random Signals and
Applied Kalman Filtering. 3rd ed. New York: Wiley; 1997.

13. Stein SR. Time scales demystified. Proceedings of the 2003 IEEE
International Frequency Control Symposium and PDA Exhibi-
tion Jointly with the 17th European Frequency and Time Forum.
Tampa, FL; 2003:223-227.

14. Coleman MJ. A gradient method for clock weighting in an
ensemble timescale filter. Proceedings of the 46th Annual
Precise Time and Time Interval Systems Applications Meeting.
Boston, MA; 2014:86-92.

15. Maybeck PS. Stochastic Models, Estimation, and Control. Vol. 1.
New York: Academic Press; 1979.

16. Stein SR. Kalman Filter analysis of precision clocks with real-
time parameter estimation. Proceedings of the 43rd Annual
Symposium on Frequency Control. Denver, CO; 1989:232-236.

17. Griffiths J. Combined orbits and clocks from IGS second
reprocessing. J Geo. 2019;93:177-195.

18. Vannicola F, Beard R, Koch D, et al. GPS Block IIF atomic
frequency standard analysis. Proceedings of the 45th Annual

Precise Time and Time Interval Systems and Applications
Meeting. Bellevue, WA; 2013:244-249.

19. Parker TE, Jefferts SR, Heavner TP. Medium-term frequency
stability of hydrogen masers as measured by a cesium fountain.
2010 IEEE International Frequency Control Symposium. New-
port Beach, CA; 2010:318-323.

20. Kouba J, Springer T. New IGS station and satellite clock combi-
nation. GPS Sol. 2001;4:31-36.

21. Senior K, Koppang P, Ray J. Developing an IGS time scale.
IEEE Trans Ultrasonics, Ferroelectrics, Frequency Control. 2003;
50:585-593.

How to cite this article: Coleman MJ, Beard RL.
Autonomous clock ensemble algorithm for GNSS
applications. NAVIGATION . 2020;67:333–346.
https://doi.org/10.1002/navi.366

346 COLEMAN AND BEARD

-US

https://doi.org/10.1002/navi.366

	Autonomous clock ensemble algorithm for GNSS applications
	1  INTRODUCTION
	2  CLOCK MODEL
	2.1  Noise spectral density parameters

	3  CLOCK ENSEMBLE FORMATION
	3.1  Clock state propagation
	3.2  Measurement update

	4  AUXILIARY FUNCTIONS
	4.1  Clock break and anomaly detection
	4.2  Clock parameter adaptation

	5  ALGORITHM TEST AND EVALUATION
	5.1  Test I: simulated GPS constellation
	5.2  Test II: GPS life test clock reference
	5.3  TEST III: IGS clock product reference

	6  CONCLUSION
	REFERENCES


