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Abstract— Time measurement is of great importance for sci-
ence, technology, and commerce. Among the seven base units of
the International System of Units, the second can be realized
with the smallest uncertainty, currently reaching parts in 1016.
Keeping track of the continuous accumulation of seconds allows
the formation of time scales that serve as references for applica-
tions that require synchronization to national and international
standards. This paper presents and discusses a multinational
time scale developed for the Sistema Interamericano de Metrolo-
gia (SIM). This time scale, known as the SIM time scale, or
SIMT, was developed to complement the official world time scale,
Coordinated Universal Time, by providing real-time support to
the operational timing systems within the SIM region. SIMT
is generated from automated comparisons of time standards
in North, Central, and South America, and is believed to be
the first operational multinational time scale whose results are
continuously published in real time via the Internet.

Index Terms— Atomic clocks, frequency standards, GPS
common-view, measurement methods, remote comparisons, time
scales.

I. INTRODUCTION

THE second, the base unit of time interval in the Interna-
tional System (SI), is defined in terms of the two hyper-

fine states of the ground-state energy level of the 133 Cesium
atom. This definition has served the metrology community
well, and the uncertainty of the best realization of the second
achieved by primary frequency standards has improved by
a rate of about one order of magnitude per decade since
about 1950, reaching a current level of ∼4×10−16 [1]. This
continual reduction in uncertainty has increased the level
of performance expected from the operational timing sys-
tems, including time and frequency transfer systems and the
local time scales maintained by national metrology institutes
(NMIs).

The Bureau International des Poids et Mesures (BIPM)
is responsible for organizing continuous key comparisons of
NMI clocks and time scales, processing the results of these
comparisons, and maintaining and disseminating the official
world time scale, Coordinated Universal Time (UTC) [2].
The BIPM also supports the comparisons organized by
regional metrology organizations (RMOs), recognizing that
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their work is essential to the overall goal for ensuring the
worldwide uniformity of measurements through measurement
traceability to the SI [3]. In keeping with this effort, an
automated time comparison network and time scale have been
developed within the Sistema Interamericano de Metrologia
(SIM), an RMO whose members are the nations of the
Organization of American States. The SIM region includes
the NMIs of 34 nations, and covers North, Central, and South
America and the Caribbean Islands.

The SIM time network (SIMTN) allows all participating
NMIs to instantly compare their local time scales to each
other by making the measurement results available through
the Internet [4]. The SIM time scale (SIMT) is a multinational
time scale that is also disseminated in real time via the Internet.
It allows SIM NMIs to easily monitor their local time scales
and to quickly detect short-term fluctuations in stability and
accuracy. SIMT complements the UTC time scale, which is
postprocessed and unavailable in real time, by providing real-
time support to the operational timing and calibration systems
throughout the SIM region.

This paper presents and discusses the SIMT. Section II
briefly addresses the design and the features of the SIMTN
and SIMT. Section III presents the SIMT algorithm. Results of
the SIMT computation are presented in Section IV. Section V
discusses SIMT performance with respect to UTC. Section VI
discusses the operational considerations of SIMT, followed by
a summary in Section VII.

II. SIMTN AND THE SIMT CONCEPTS

A. SIM Time Network

The SIMTN continuously compares the time scales of all
SIM local time scales with each other and produces measure-
ment results in near real time. The comparisons are performed
via the global positioning system (GPS) common-view and
all-in-view techniques (the network can be configured to
use either method) with multichannel single-frequency (L1
band) receivers. The measurement data are exchanged and
published via the Internet [4]. The SIMTN has operated
continuously since 2005 [5], and as of December 2012, 19
nations have joined the network (Table I). SIMTN servers
located at the National Research Council (NRC) in Canada,
the Centro Nacional de Metrología (CENAM) in Mexico, and
at the National Institute of Standards and Technology (NIST)
in the United States host identical software that processes and
displays measurement data whenever requested by a user. All
three servers are linked from the SIM time and frequency
working group web site: http://tf.nist.gov/sim.

Each server publishes web pages that display a grid con-
taining the most recent time differences between SIM NMIs.
The grids are updated every 10 min. When a user clicks a
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TABLE I

SIMTN MEMBERS

time difference value displayed on the grid, a phase plot of
the comparison will appear. The phase plots can include up to
200 days of data, and the time deviation and Allan deviation
values [6] for the selected data are automatically calculated
and displayed. The SIMTN also generates a data feed that
provides the clock comparison data that the SIMT needs for
its time scale computations.

The rapid publication of SIMTN data makes it easy to
quickly identify local time scale fluctuations and failures, a key
benefit to NMIs that disseminate time or frequency within their
countries, or who use their time scale as a reference for calibra-
tions. A complete description of the SIMTN that includes an
uncertainty analysis of its comparisons, which is typically less
than 15 ns (k = 2), is provided in [4]. A discussion of benefits
that SIM NMIs receive from the SIMTN is provided in [7].

B. SIM Time Scale

Time keeping for critical applications requires reliability,
stability, and accuracy. To meet these requirements, it is
customary to develop multiclock, or ensemble time scales that
are not dependent on the operation of any single clock. These
ensemble time scales are typically generated from a series of
time difference measurements made between clocks that are
members of the ensemble. By averaging and analyzing these
time differences, it is possible to generate a single composite
clock. Ensemble time scales always have some constraints
and limitations, but in general, the metrological characteristics
of the composite clock will be superior to those of any of the
individual clocks in the ensemble. Perhaps more importantly,
an individual clock failure will not cause an ensemble time
scale to fail [8]–[10].

The large number of local time scales in the SIM region
made it attractive to generate a composite time scale that

could be distributed and shared. Work on SIMT began at
CENAM in early 2008 [11] and it has been refined for several
years, becoming an operational time scale in 2010. SIMT
was designed with several characteristics in mind, specifically:
1) to be a continuously operated time scale that is made
publicly available in real time via the Internet; 2) to include
local NMI time scales, SIMT(k), as single clocks in the SIMT
ensemble; 3) not to be dependent on the clock maintained by
any individual NMI; and 4) to provide a traceability path to
the SI for smaller laboratories that had not previously engaged
in international comparisons.

In particular, SIMT was designed to be an instantly acces-
sible reference standard that can be used to monitor the
performance of local SIMTs and operational timing systems
in the short, medium, and long terms. The ability of SIMT
to detect short-term anomalies is especially useful when com-
pared with UTC, which is not available in real time, and which
is insensitive to short-term fluctuations. During the interval
while we have worked on SIMT, other NMIs have designed
experimental time scales for similar purposes with excellent
results [12], [13]. To the best of our knowledge, their data are,
however, not made publicly available, nor are they maintained
as operational time scales.

III. SIMT ALGORITHMS

Because there are many different applications for time
scales, there is no unique best ensemble time scale algorithm.
This is well illustrated by the UTC and UTC(k) time scales.
UTC is a postprocessed virtual time scale with no associated
physical signal. It serves as the ultimate reference for measure-
ments of frequency and time interval, but it has processing
delays that are too large to support real-time applications.
In contrast, the UTC(k) time scales generated by the NMIs
can generate physical signals in real time. Thus, UTC and
the various UTC(k) time scales serve different applications,
and different criteria are emphasized in their design. These
criteria include the models used to predict clock behavior, the
weighting procedure, the periodicity used to compute the time
scale, the way that the clocks are added to and deleted from
the ensemble, and so on.

SIMT is a real-time time scale, such as the UTC(k) time
scales. It was designed with algorithms where exponential
filtering is used to predict the time and frequency differences
of the clocks with respect to the averaged time scale. Clocks
are weighted by estimating their frequency instability in terms
of the Allan deviation. However, the way that the weights
are assigned varies among different time scales. For SIMT,
the weighting criteria are based on the inverse of the Allan
deviation, σy(τ ) which is computed by considering the pre-
vious 10 days of measurements. A 10-day averaging period
was selected to minimize the influence of GPS link noise on
the computation of SIMT. Please note that our discussion will
use the term clock to refer the local SIMT(k) time scales,
because each local time scale is treated as one clock in the
SIMT computation. Thus, throughout the rest of this paper, it
is important to remember that clock k is equal to SIMT(k). It
is also important to note that in the case of the six laboratories
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that contribute to both UTC and SIMT, SIMT(k) and UTC(k)
are generated from the same physical signal and are equivalent
in frequency. However, there is sometimes a time bias because
of cable delays.

Consider that at the current time t , the prediction x̂k(t + τ )
for the time difference of the clock k with respect to the
SIMT at time t + τ can be written in terms of a known set of
parameters. These parameters include: 1) the time difference
xk(t) of clock k with respect to the SIMT at time t ; 2) the
fractional frequency difference yk(t) of clock k with respect
to the SIMT at time t; and 3) the parameter Dk that considers
the drift of yk(t) during the time interval (t , t +τ ), as follows:

x̂k(t + τ ) = xk(t) + [yk(t) + Dkτ ] τ + . . . (1)

Equation (1) can be easily accepted because it can be seen
as a Taylor expansion of the function xk around the value xk(t)
for a time interval of length τ . Note that the frequency (rate)
of SIMT is a free parameter that will drift over time because
of measurement noise, and might eventually require steering.

Once the (future) time t +τ is reached, the time differences
between clocks can be obtained in real time from the SIMTN
data feed via the Internet, so it is possible to compute SIMT
for that t + τ time. Of course, the predicted value of SIMT,
computed at time t for the time t + τ, will not necessarily be
equal to the computation of SIMT at time t + τ . However, the
SIMT value, predicted at time t for t + τ , can be corrected by
the time difference measurements at t + τ using the defining
equation of SIMT scale

xk(t + τ ) =
NTot∑

j=1

ω j
[
x̂ j (t + τ ) − x jk(t + τ )

]
(2)

where x jk(t+τ ) is the measured time difference between clock
j and k at time t + τ and NTot is the total number of clocks.

To filter the GPS link noise, (2) is transformed as follows:

xk(t) =
NTot∑

j=1

ω j
[
x̂ j (t) − x jk(t)

] ≈
NTot∑

j=1

ω j
[
x̂ j (t) − 〈

x jk(t)
〉]

≈
NTot∑

j=1

ω j
[
x̂ j (t) − 〈

x jk0(t − τ0)
〉 − 〈

xk0k(t − τ0)
〉]

(3)

where
〈
x jk(t)

〉
is the average of x jk(t) during the previous

3 h. Here, k0 is the pivot laboratory, which is usually NIST or
CENAM, but can be configured in software to be any of the
contributing NMIs.

The prediction ŷk(t+τ ) of the fractional frequency deviation
of clock k with respect to SIMT, at time t + τ , is made
according to

ŷk(t + τ ) = x̂k(t + τ ) − xk(t)

τ
. (4)

To minimize the GPS link noise when computing the
frequency prediction, (4) is transformed in

ŷk(t) = x̂k(t) − xk(t − τ )

τ
≈ 〈mk〉 (5)

where 〈mk〉 is the 10-day average of the fractional frequency
difference mk of clock k with respect to the SIMT frequency.

When the (future) time t + τ is reached, the correction
for the frequency prediction can again be made through an
exponential filtering defined by

yk(t + τ ) = 1

1 + αk

[
ŷk(t + τ ) + αk yk(t)

]
(6)

where αk is a parameter that brings information about the
averaging period when reaching the floor noise in clock k,
given by the relation [14]

αk(τ ) = 1

2

⎡

⎣

√
1

3
+ 4

3

τ 2
min, k

τ 2 − 1

⎤

⎦ . (7)

Here, τmin, k is the integration period at which the noise
floor of clock k is reached. For weights ωi , the condition of
normalization is, of course, kept as follows:

NTot∑

i=1

ωi = 1. (8)

To have a mechanism that increases or decreases the weight
for a single clock according to its frequency stability, we have
defined the clock weights to be inversely proportional to the
frequency stability, which is estimated in terms of the Allan
deviation. Thus, the basic SIMT criteria for clock weighting
is defined by

ωi ∝ 1

σi (τ )
(9)

where σi (τ ) is the Allan deviation of the clock i for τ = 1 h,
computed from the previous 10 days of SIMTN data. This long
integration period was selected to minimize the influence of
the GPS time transfer noise that is inherent in the SIMTN data,
and thus to provide a truer picture of the actual performance
of the clocks.

To improve the accuracy of SIMT, the weighting method
was modified in February 2012 to include an accuracy factor

ωi ∝ 1

σi (τ )
× 1

|〈� f 〉| (10)

where |〈� f 〉| is the absolute value of the previous 240-h
average of the relative frequency offset � f of the contributing
clock with respect to the SIMT frequency. The weighting
computation is made every 24 h, at 0-h, 0-min UTC. Thus,
the weighting factor assigned to a clock remains constant
throughout the UTC day.

Clock weights are computed in several steps. The first
consists in computing the preweights with

ω′
k(t) = 1

σk(τ ′)× |〈mk〉| (11)

where |〈mk〉| is the absolute value of the 10-day average
of the fractional frequency deviation of clock k respect to
SIMT. Second, to keep valid (8) preweights are normalized
as follows:

ωk(t) = 1∑
j

ω′
j (t)

× 1

σk(τ ′) × |〈mk〉| (12)
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To prevent failed clocks from disturbing SIMT, the perfor-
mance of each clock is continuously monitored. That moni-
toring is achieved through the computation for the values of
σi (τ0), where τ0 is 1 h. This frequency stability is computed by
comparing an individual clock i with SIMT and other clocks
in the ensemble, and the three-cornered hat method [15] is
used to help in isolating the behavior of the bad clock. When
a clock exhibits anomalous behavior or stops sending data to
the SIMTN, its weight is immediately set to 0 and it is dropped
from the ensemble.

The criteria in SIMT algorithm to detect anomalous behav-
ior in clocks is based on the relation

∣∣〈x̂k(t) − xk(t)
〉| ≥25 ns,

thus if the time difference of clock k with respect to SIMT
differs by >25 ns from its expected value, its weight is set
to 0 and it is removed from the time scale computation. This
criteria corresponds to a frequency instability of 7 × 10−12 at
τ = 1 h. Stability specifications for low-performance com-
mercial Cesium clocks are typically 3 × 10−12 at τ = 1 h, or
about a factor of two smaller than the restriction used by the
SIMT algorithm. When a clock’s weight is set to 0, the weight
that it previously held is automatically reassigned to other
clocks. The SIMT algorithm continues to monitor the failed
clock, and automatically restores it to the ensemble when its
behavior has returned to normal for at least 27 h of operation;
27 h is the sum of 24 + 3 h. Once a clock on SIMTN has
been recovered from a failure, we observe it during 1 day
(24 h) to be sure that the clock is effectively recovered from
the failure. If the clock meets that condition then we use data
during the next 3 h to compute the time difference with respect
to SIMT.

It was also necessary to provide an upper limit for the
clock weights. Contributors to SIMT are divided in three
groups: 1) group 1 consists of NMIs that operate ensemble
time scales; 2) group 2 includes laboratories that operate
time scales based on a single Cesium clock; and 3) finally,
group 3 includes laboratories that operate time scales based on
a rubidium clock or a GPS disciplined clock. To prevent the
time scale of any individual nation from dominating SIMT, we
have limited the contribution of each clock in group 1 not to
exceed 40%. For SIM laboratories in group 2, the weight limit
cannot exceed 10%. Group 3 laboratories are not allowed to
contribute to SIMT and have a weight of 0. The limit values
will probably be reduced as more nations contribute to the
SIMT computation. The algorithm to assign the final weights
is as follows. Consider the next three sets of weights �Scales,
�Cs , and �Rb

�Scales = {ωk | k = 1, 2, 3, . . . , NScales}
�Cs = {

ω j
∣∣ j = 1, 2, 3, . . . , NCs

}

�Rb = {ωl = 0| l = 1, 2, 3, . . . , NRb} (13)

where NScales, NCs, and NRb are the number of laboratories
in group 1, 2 and 3, respectively. It is possible that when
computing (12) that some weights will exceed 40%. To prevent
that occurrence, weights are rescaled as follows. Consider the
next set of weights

�a
Scales = {

ωk1 , ωk2 , . . . , ωkn

} ⊂ �Scales (14)

where kn ≤ NScales. We will write ωki = ωScales + δωki with
i = 1, 2, . . . , n and where δωki ≥ 0 where ωScales = 40%.

Now, we define

δωScales =
∑

ωi∈�a
Scales

δωi . (15)

Let �b
Scales be the complement of �a

Scales, i.e.,
�a

Scales ∩ �b
Scales = 0 and �a

Scales ∪ �b
Scales = �Scales.

Then, for each weight ωi ∈ �b
Scales, the next ratio is computed

as follows:
ri = ωi

ω j∑

ω j ∈�b
Scales

. (16)

Finally, weights in sets �a
Scales and �b

Scales are transformed as
follows, respectively:

ωkα → ω
f

kα
= ωScales = 40% (17)

ωkβ → ω
f

kβ
= ωkβ + rkβ δωScales.

If some of the new weights ω
f

kα
are >40%, the process is

repeated. Similarly, weights for group 2 are also rescaled.
SIMT is calculated every hour at minute 20 with data of

minute 0, and the time differences between SIMT and each
contributing clock are published on the web site at minute
30. The process is completely automated, and no human
intervention is needed for the computation and dissemination
of SIMT.

IV. SIMT GENERATION

As of December 2012, four local SIMTs are generated by
multiclock ensembles; located in Brazil Observatorio Nacional
de Rio de Janeiro (ONRJ), Canada (NRC), Mexico (CENAM),
and the United States (NIST). These clocks form group 1,
and are allowed to have a weight as large as 40% in the
SIMT computation. The single-clock time scales, are allowed
to have a weight as large as 10%, if they meet the group
2 requirement of having a cesium clock. Six local SIMTs
are currently in group 2; Argentina Instituto Nacional de
Tecnología Industrial (INTI), Columbia Secretaría de Industria
y Comercio (SIC), Costa Rica Instituto Costarricense de
Electricidad (ICE), Jamaica Bureau of Standards of Jamaica
(BSJ), Panama Centro Nacional de Metrología de Panamá
(CNMP), and Peru Servicio Nacional de Metrología (SNM).
The remaining local SIMTs currently consist of single rubid-
ium clocks (in some cases disciplined to an external reference).
These time scales are not allowed to contribute to the SIMT
computation.

Fig. 1 shows the SIMT generation process. It is impor-
tant to remember (as noted previously) that each clock that
contributes to SIMT is actually a local SIMT(k) time scale,
which includes one or more actual clocks. The solid lines
represent the comparisons among clocks [the SIMT(k) time
scales] through the SIMTN to a pivot laboratory. New results
are available every 10 min. The software allows any SIM
NMI to be selected as the pivot. The dashed lines represent
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Fig. 1. Block diagram of SIMT generation.

Fig. 2. Real-time grid for SIMT dissemination.

the comparisons of the local SIMT(k) scales with SIMT.
The dashed lines also represent the virtual character of the
SIMT(k)−SIMT comparisons. As is the case with UTC,
SIMT is a virtual time scale and produces no physical
signal.

SIMT has been generated as an operational time scale
since January 2010, although software changes have been
made when necessary to improve reliability and perfor-
mance. The time differences between all local SIMT time
scales and SIMT, SIMT(k)−SIMT, are published every hour
(http://tf.nist.gov/sim) even if the local time scale does not
contribute to SIMT. The SIMT grid (Fig. 2) shows the
SIMT(k)−SIMT time difference for every laboratory that
is currently sending data via the SIMTN. It also shows the
percentage weight that each local time scale is currently
contributing to SIMT.

V. RESULTS

This section presents SIMT data collected during a 350-
day interval, from December 5, 2011 [55900 Modified Julian
Date (MJD)] to November 19, 2012 (56250 MJD). To eval-
uate SIMT performance, we compared SIMT with the six

(a)

(b)

Fig. 3. (a) Time differences of the six SIM NMIs that contribute to both
SIMT and UTC. (b) Frequency stability of the six SIM NMIs that contribute
to both SIMT and UTC.

SIMT(k) time scales that also contribute to the UTC calcula-
tion. These time scales (listed alphabetically by acronym) are
located at CENAM in Mexico, Centro Nacional de Metrología
de Panamá (CENAMEP) in Panama, INTI in Argentina, NIST
in the United States of America, NRC in Canada, and ONRJ
in Brazil. To show the performance of these time scales,
Fig. 3(a) shows the time differences of each scale at five-day
intervals, as published by the BIPM in its monthly Circular T
document. The time differences are an indication of accuracy,
and Fig. 3(b) shows the corresponding frequency stability.

As shown in Fig. 3, the NIST time scale is the most
accurate and stable time scale in the SIM region. The time
differences and frequency stability of the NIST time scale
with respect to both SIMT and UTC are shown in Fig. 4(a).
The blue line corresponds to the UTC−UTC(NIST) time
differences as published in Circular T . The green line rep-
resents the time differences of SIMT−SIMT(NIST) with one
point every hour. The red line is the 5-day average of the
SIMT − SIMT(NIST) values that are computed to align with
the Circular T data. The stability graph in Fig. 4(b) shows
that the stability of the SIMT−SIMT(NIST) comparisons is
about one order of magnitude worse than the stability of the
UTC−UTC(NIST) comparisons at τ = 5 days (120 h), and
remains a factor of three worse at τ = 1000 h. The short-
term stability is not shown in the graph, but the stability
of SIMT with respect to SIMT(NIST) is ∼2 × 10−13 at
τ = 1 h, improving by about one order of magnitude at τ = 1
day. The weight contributed to SIMT by SIMT(NIST) is typi-
cally near 40%, the maximum weight allowable. The stability
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(a)

(b)

Fig. 4. (a) Time differences of the NIST time scale with respect to SIMT and
UTC. (b) Frequency stability of the NIST time scale with respect to SIMT
and UTC.

of SIMT would improve if this arbitrary weight restriction was
increased, but it would make SIMT more dependent upon the
contributions of a single clock, defeating one of our design
objectives.

Time differences and frequency stability graphs for
CENAM, NRC, CENAMEP, INTI, and ONRJ, as compared
with both SIMT, UTC and rapid UTC (UTCr) [16], are
shown in Figs. 5–8, respectively. Each figure follows the same
convention. The blue line represents SIMT−SIMT(k) with
one data point every hour. The red line represents the 5-day
average of SIMT−SIMT(k), and the green line represents
UTC−UTC(k) as published in Circular T . It is noticeable
from these figures that the SIMT−SIMT(k) time differences
are in close proximity to UTC−UTC(k) for the same time
scale. The frequency stabilities of the two comparisons are also
in close agreement, with the exception (Fig. 8) of the com-
parisons involving the NRC time scale. Here, the frequency
stability of UTC−UTC(NRC) shows better stability than the
stability of the SIMT−SIMT(NRC) at τ = 5 days by about
a factor of two, but converges at longer averaging periods.

The results shown in Figs. 4–9 suggest that SIMT serves
as a nearly equivalent reference to UTC for stability mea-
surements for most SIM NMIs. UTC, the official world
time scale, has many technical advantages that make it more
stable than SIMT, including more clocks, lower noise time
transfer links, and frequency corrections that are applied
from cesium fountain primary standards. The performance

(a)

(b)

Fig. 5. (a) Time differences of the CENAM time scale with respect to SIMT
and UTC. (b) Frequency stability of the CENAM time scale with respect to
SIMT and UTC.

(a)

(b)

Fig. 6. (a) Time differences of the CENEMEP time scale with respect to
SIMT and UTC. (b) Frequency stability of the CENAMEP time scale with
respect to SIMT and UTC.
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(a)

(b)

Fig. 7. (a) Time differences of the INTI time scale with respect to SIMT and
UTC. (b) Frequency stability of the INTI time scale with respect to SIMT
and UTC.

(a)

(b)

Fig. 8. (a) Time differences of the NRC time scale with respect to SIMT and
UTC. (b) Frequency stability of the NRC time scale with respect to SIMT
and UTC.

(a)

(b)

Fig. 9. (a) UTC–SIMT time difference. (b) Frequency stability of the
UTC–SIMT time differences.

advantages of UTC are most obvious in the NIST com-
parison (Fig. 4). Note, however, that some of the advan-
tages of UTC are indirectly passed to SIMT, through the
contributions of SIMT(k) time scales that are being period-
ically steered to agree with UTC. This ensures homogeneity
between the work done by SIM and the work of the BIPM.

SIMT also provides a reasonably good approximation for
the accuracy of UTC. Fig. 9(a) shows UTC−SIMT time
differences that were computed using the NIST and CENAM
time scales as common clocks for the 500-day interval from
MJD 55400 to MJD 55900. For example, a point using NIST
as the common clock is computed as [SIMT−SIMT(NIST)]
− [UTC−UTC(NIST)]. Values are shown every five days to
match the reporting interval of the Circular T . As shown by
the dashed lines, the difference between the two time scales is
usually within ± 15 ns. Fig. 9(b) shows that the stability of the
comparison is ∼1 × 10−14 at τ = 10 days, averaging down as
a white noise process to ∼1 × 10−15 at τ = 100 days. Note
that even though SIMT(k) and UTC(k) are equivalent at their
source in the case of both CENAM and NIST, different time
transfer links are employed to contribute to SIMT and UTC,
respectively, and that the differences in calibration and transfer
noise between these links influences the Fig. 9 results. Both
CENAM and NIST use the SIMTN to contribute to SIMT,
but CENAM uses the GPS all-in-view multichannel technique
to contribute to UTC, whereas NIST contributes to UTC via
two-way satellite time and frequency transfer.
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VI. OPERATIONAL CONSIDERATIONS OF SIMT

We are working to improve all aspects of SIMT reliability.
The reliability of SIMT depends upon several factors, includ-
ing the reliability of the SIMT software, the reliability of
the local time scales, and the reliability of Internet servers
and the network itself. On numerous occasions, a local SIM
scale has stopped sending data because of a time scale failure
or a network outage. These outages can last for hours or
days, but SIMT will continue to be generated as long as a
sufficient number of clocks are available. The SIMTN data
feed at a given location has also failed at times, but it is
available from three servers (at CENAM, NIST, and NRC),
and has never simultaneously failed at all three sites. The
SIMT software has failed on occasion because of program-
ming errors, or when encountering situations that had not
previously arisen (either with the clock data or with the
network connections), but SIMT has become a more reliable
time scale with each software revision. In fact, SIMT is now
being used to discipline group 3 three rubidium clocks at
SIM NMIs located in Antigua, Paraguay, Saint Lucia, and
Bolivia. Thus, SIMT disciplined devices now serve as national
standards of frequency and time in several nations.

VII. CONCLUSION

The SIMT is continuously generated from automated com-
parisons of time standards in North, Central, and South
America, and is believed to be the first multinational time scale
whose results are published in real time via the Internet. SIMT
is not a substitute for UTC. Instead, its role is to complement
UTC within the SIM region by providing real-time support
to the operational timing and calibration systems. SIMT is
sufficiently stable to measure the stability of most SIM local
time scales and provides a good approximation of UTC timing
accuracy (±10 ns). The reliability, accuracy, and stability of
SIMT are expected to continue to improve.

REFERENCES

[1] T. E. Parker, “The uncertainty in the realization and dissemination of
the SI second from a systems point of view,” Rev. Sci. Instrum., vol. 83,
pp. 0221102-1–0221102-7, Feb. 2012.

[2] T. Quinn, “Time, the SI, and the metre convention,” Metrologia, vol. 48,
no. 4, pp. S121–S124, Aug. 2011.

[3] J. Kovalevsky, “The consequences of the mutual recognition of mea-
surement standards for international metrology,” Accreditation Qual.
Assurance, vol. 5, nos. 10–11, pp. 409–413, Nov. 2000.

[4] M. Lombardi, A. Novick, J. M. López-Romero, F. Jimenez,
E. de Carlos-Lopez, J. S. Boulanger, R. Pelletier, R. de Carvalho,
R. Solis, H. Sanchez, C. Quevedo, G. Pascoe, D. Perez, E. Bances,
L. Trigo, B. Masi, H. Postigo, A. Questelles, and A. Gittens, “The
SIM time network,” J. Res. Nat. Inst. Stand. Technol., vol. 116, no. 2,
pp. 557–572, Mar./Apr. 2011.

[5] M. Lombardi, A. Novick, J. M. López-Romero, J. S. Boulanger, and
R. Pelletier, “The inter-American metrology system (SIM) common-
view GPS comparison network,” in Proc. IEEE Int. Freq. Control Symp.
Exposit., Aug. 2005, pp. 691–698.

[6] W. J. Riley, Handbook of Frequency Stability Analysis. Gaithersburg,
MD, USA: NIST, 2008.

[7] J. M. López-Romero and M. Lombardi, “The development of a unified
time and frequency program in the SIM region,” NCSLI Meas., J. Meas.
Sci., vol. 5, no. 3, pp. 30–36, Sep. 2010.

[8] B. Guinot, “Some properties of algorithms for atomic time scales,”
Metrologia, vol. 24, no. 4, pp. 195–198, 1987.

[9] S. R. Stein, “Time scales demystified,” in Proc. IEEE Int. Freq. Control
Symp. Eur. Freq. Time Forum, May 2003, pp. 223–227.

[10] P. Tavella and C. Thomas, “Comparative study of time scale algorithms,”
Metrologia, vol. 28, no. 2, pp. 57–63, 1991.

[11] J. M. López-Romero, N. Díaz-Muñoz, and M. Lombardi, “Establishment
of the SIM time scale,” in Proc. Symp. Metrol., Oct. 2008, pp. 1–6.

[12] S. W. Lee, “Real-time formation of a time scale using GPS carrier-phase
time transfer network,” Metrologia, vol. 46, no. 6, pp. 693–703, 2009.

[13] C.-S. Liao, H. Lin, F. Chu, F. Huang, K. Tu, and W. Tseng, “Formation
of a real-time time scale with Asia-Pacific TWSTFT network data,”
IEEE Trans. Instrum. Meas., vol. 60, no. 7, pp. 2667–2672, Jul. 2011.

[14] M. Weiss and T. Weissert, “AT2, a new time scale algorithm: AT1 plus
frequency variance,” Metrologia, vol. 28, no. 2, pp. 65–74, 1991.

[15] J. Gray and D. Allan, “A method for estimating the frequency stability
of an individual oscillator,” in Proc. Freq. Control Symp., May 1974,
pp. 243–246.

[16] F. Arias, A. Harmegnies, Z. Jiang, H. Konaté, W. Lewandowski,
G. Panfilo, G. Petit, and L. Tisserand, “UTCr: A rapid realization of
UTC,” in Proc. EFTF, Apr. 2012, pp. 24–27.

José Mauricio López-Romero received the Ph.D.
degree in physics from the Centro de Investigación
y Estudios Avanzados del IPN, CINVESTAV-IPN,
Mexico, in 1993.

He joined Centro Nacional de Metrologia,
CENAM, Mexico, in 1994, as the Chief of the
Time and Frequency Division. He has participated
actively in the development of the SIM time and
frequency comparison network and the SIM time
scale. He has served as the Chairman of the SIM
Time and Frequency Working Group. His current

research interests include time scales generation, primary frequency standards,
cesium fountain clocks, optical frequencies, and cryptography for secure
communications.

Michael A. Lombardi (M’01) has been with the
Time and Frequency Division, National Institute of
Standards and Technology (NIST) since 1981. He
serves as the Quality Manager for the Time and Fre-
quency Division and is the Project Manager for its
remote calibration services. He is currently serving
as the Chairman of the Inter-American Metrology
System time and frequency working group and as the
Managing Editor of NCSLI Measure: The Journal of
Measurement Science. He has published more than
100 papers related to time and frequency metrology.

His current research interests include time transfer, frequency measurement,
remote calibrations, international clock comparisons, disciplined oscillators,
and radio and network time signals.

Nélida Diaz-Muñoz has been with the Time and
Frequency Division, Centro Nacional de Metrologia,
CENAM, Mexico, since 2008. Her current research
interests include algorithms for generation of time
scales for critical applications. She has participated
actively in developing the computational algorithms
for both UTC (CNM) and SIMT time scales gener-
ation.

Eduardo de Carlos-Lopez received the Ph.D. degree from the Universidad
Autónoma del Estado de Morelos, UAEM, Mexico, in physics in 2008.

He joined the Time and Frequency Division, Centro Nacional de Metrolo-
gia, CENAM, Mexico, in 2008. He has participated actively in the devel-
opment of the SIM time and frequency comparison network and the SIM
time scale. His current research interests include cold atoms physics, primary
frequency standards, cesium fountain clocks, optical frequencies, and time
scales.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


