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Abstract-- The U.S. Naval Observatory (USNO)
has provided timing for the Navy since 1830 and, in
cooperation with other institutions, has also
provided timing for the United States and the
international community. Its Master Clock (MC)
is the source of UTC (USNO), USNO’s realization
of Coordinated Universal Time (UTC), which has
stayed within S ns rms of UTC since 1999 and
within 3.1 ns rms in 2008. The data used to
generate UTC (USNO) are based upon 70 cesium
and 24 hydrogen maser frequency standards in
four buildings at two sites. USNO disseminates
time via voice, telephone modem, LORAN,
Network Time Protocol (NTP), GPS, and Two-Way
Satellite Time Transfer (TWSTT). This paper
describes some of the changes being made to meet
the future needs for precision, accuracy, and
robustness. Further details and explanations of
our services can be found online at
http://tycho.usno.navy.mil, which will shortly be
transformed to http://www.usno.navy.mil.

I. TIME GENERATION

The most important part of USNO’s Time
Service Department is its staff, which currently
consists of 33 positions. We also currently have
69 HP5071 cesium clocks, and 24 cavity-tuned
hydrogen maser clocks, which are located in
three Washington, D.C. buildings and at the
USNO Alternate Master Clock (AMC), located
at Schriever Air Force Base in Colorado.

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

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

UTC (USNO) is created by frequency-steering
the A.1 timescale to UTC using a steering
strategy called “gentle steering” [2-4], which
minimizes the control effort used to achieve the
desired goal. To realize UTC (USNO)
physically, we use the one pulse per second (1-
PPS) output of a frequency divider fed by a 5
MHz signal from an Auxiliary Output Generator
(AOG). The AOG creates its output from the
signal of a cavity-tuned maser steered to a
timescale that is itself steered to UTC [2-5]. The
MC has a backup maser and an AOG in the same
environmental chamber. State estimation and



steering are achieved hourly with a Kalman filter

[6].

The operational unsteered timescale (A.1) is
based upon averaging only the better clocks,
which are first detrended using past performance.
As a result of a study conducted in 2000 [7,8],
we have widened the definition of a “good
clock” and are recharacterizing the clocks less
frequently, and new methods of clock
characterization are under development [9]. It is
planned to implement an algorithm that steers
the MC hourly and tightly to a timescale based
only upon masers, which is steered to a cesium-
only timescale that itself is steered to UTC using
the information in the Circular T [6, 10-12].

II. STABILITY OF UTC (USNO)

Figure 1 shows how UTC (USNO) has compared
to UTC and also how its fractional frequency has
compared to the unsteered maser mean, relative
to an overall constant offset.
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Figure 1. Interplay between
the time and fractional
frequency stability of the
USNO Master Clock, from

February, 1997 to the present.

The top plot of Figure 1 is UTC — UTC (USNO)
from the International Bureau of Weights and
Measure’s (BIPM’s) Circular T. The lower plot
shows the fractional frequency difference of the
Master Clock against the maser mean, derived by
subtracting an arbitrary constant (for plot
display) from the difference between the Master
Clock and mean frequencies, measured in Hz
and divided by the 5 MHz frequency of the
signal-realization. The rising curve previous to
MJD 51000 is due to the graduated introduction
of the 1.7 x 10 blackbody correction to the
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primary frequency measurements. The steering
time constant for the time deviations between the
Master Clock and the mean was halved to 25
days on MJD 51050. Beginning about 51900,
the mean has usually been steered so as to
remove only half the predicted difference with
UTC each month. Less aggressive clock
characterization was implemented at around
52275. Hourly steers were implemented on
53307. Vertical lines indicate the times of these
changes. UTC (USNO) has stayed within 5 ns
rms of UTC for 5 years.

While the long-term stability of the Master
Clock is set by steering to UTC, the exceptional
stability of USNO’s unsteered mean can also be
used to attempt to diagnose issues involving the
long-term stability of UTC itself. The dense
purple line in Figure 2 shows the fractional
frequency difference between our unsteered
cesium average and EAL, which is the unsteered
timescale generated by BIPM that is steered to
primary frequency standards so as to create
UTC.
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Figure 2. Fractional frequency
of unsteered average of
USNO-DC cesiums against
that of EAL and also against
several primary frequency
standards.  The frequencies
have been shifted in the
vertical direction for display,
and the difference with the

cesium average has been
scaled to remove the
contribution of USNO-DC

cesiums to EAL.



In order to improve timescale operations, USNO
has a staff of five developing rubidium-based
atomic fountains [13].

III. TIME TRANSFER

The fastest-growing service is the Internet
service Network Time Protocol (NTP). Until it
levelled off at over 5000 requests/second, in
2005, the number of individual requests doubled
every year since the program was initiated. The
billions of requests correspond to at least several
million users [14].

Greater precision is required for two services for
which USNO is the timing reference: GPS and
LORAN. USNO monitors LORAN at its
Washington, DC site. With some assistance
from USNO, the U.S. Coast Guard has
developed its Time of Transmission Monitoring
(TOTM) system so it can steer using data taken
near the point of transmission using UTC
(USNO) via GPS. Direct USNO monitoring at
its three points of reception is used as a backup
and crude check [15], and USNO is pursuing a
collaborative effort with the Loran Support Unit
(LSU) to test an Enhanced Loran (¢eLORAN)
receiver system.
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Figure 3. Recent daily
averages of UTC (USNO)
minus GPS Time and UTC

minus GPS’s delivered
prediction of UTC (USNO).

Since 9 July 2002, the official GPS Precise
Positioning Service (PPS) monitor data have
been taken with the TTR-12 GPS receivers,
which are all-in-view and dual-frequency [16].
The standard setup includes temperature-stable
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cables and flat-passband,
sensitivity antennas.

low-temperature-

Although not directly required by frequency
transfer users, all users ultimately benefit from
calibrating a time transfer system, because
repeated calibrations are the best way to verify
long-term precision. For this reason, we are
working with the U.S. Naval Research
Laboratory (NRL), BIPM, and others to establish
absolute calibration of GPS receivers [17].
Although we are always trying to do better,
bandpass dependencies, subtle impedance-
matching issues, power-level effects, and even
multipath within anechoic test chambers could
preclude significant reduction of 2.5 ns 1-sigma
errors at the L1 and L2 frequencies [18]. Since
this error is largely uncorrelated between the two

GPS frequencies, the error in ionosphere-
corrected data becomes 6.4 ns. Experimental
verification by  side-by-side = comparison

contributes an additional V2. For this reason,
relative calibration, by means of traveling GPS
receivers, is a better operational technique,
provided care is taken that there are no
systematic ~ multipath  differences between
antennas. We strongly support BIPM’s relative
calibration efforts for geodetic GPS receivers,
and in particular are looking forward to
comparisons with the multipath-free TWSTT
calibrations.

USNO has been participating in discussions
involving the interoperability of GPS, Galileo
[19], QZSS (Quasi-Zenith Satellite System), and
GLONASS. In December of 2006, a Galileo
monitor station was installed, and detailed plans
have been made to monitor the GPS/GNSS
timing offset (GGTO) [19] in parallel and in
concert with the Galileo Precise Timing
Facilities (GPTF). The GGTO will be measured
by direct comparison of the received satellite
timing, and by the use of TWSTT to measure the
1-pps offset between the time signals at USNO
and GPTF. The GGTO will eventually be
broadcast by both GPS and Galileo, for use in
generating combined position and timing
solutions. To exchange similar information with
the QZSS system, plans are underway to
establish a TWSTT station in Hawaii.

With the use of multiple GNSS systems,
problems involving receiver and satellite biases
will become more significant. These have been
shown to be related to the complex pattern of
delay variations across the filtered passband, and



correlator spacing. In principle, every satellite
would have a different bias for every
receiver/satellite combination [20]. USNO has
analyzed how calibration errors associated with
the Timing Group Delay (TGD) bias
measurements of GPS result in a noticeable
offset in GPS Time vs. UTC, as measured in
BIPM’s Circular T (Figure 4) [21].
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Figure 4. UTC — GPS as
reported in the Circular T, and
UTC - GPS inferred by
subtracting UTC (USNO) -
GPS from UTC - UTC
(USNO). UTC (USNO) —GPS
can be obtained from the
satellite broadcasts, and is also
measured directly at USNO.

The most accurate means of operational long-
distance time transfer is TWSTT [22-25]. We
routinely calibrate and recalibrate the TWSTT at
20 sites each year, and in particular we maintain
the calibration of the transatlantic link with the
Physikalisch-Technische Bundesanstalt (PTB)
through comparisons with observations at a
second TWSTT frequency [26]. For improved
precision, we have made some efforts to develop
carrier-phase TWSTT [27], although it appears
the most promising technology would include a
frequency standard in the satellite [28] .

We have also actively pursued development of
GPS carrier-phase time transfer, in cooperation
with the International GPS Service (IGS). [23,
29-31]. While the promise of Carrier Phase
GNSS for time transfer is on its way to
fulfillment, one of the greatest impediments to
subnanosecond operations is receiver
instabilities. The receivers used at USNO and
elsewhere have exhibited both sudden and
gradual variations at the 1 ns level [32], but we
are  experimenting with ~more modern
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components [33]. While several algorithms are
insensitive to short-term variations of the
receiver’s pseudo-range calibration [22, 34, 35],
only human intervention in the form of
calibration monitoring and recalibration can
correctly account for non-transient receiver
variations.

Frequency transfer has been shown to be
achievable at a few parts in 10™° or better, if
receivers are kept environmentally stable, and
one removes the discontinuities at day
boundaries, which are largely due to instabilities
in the pseudorange reception [35, 36].

V. DISCLAIMER

USNO does not endorse any commercial
product, nor does USNO permit any use of
this document for marketing or advertising.
We further caution the reader that the
equipment quality described here may not be
characteristic =~ of  similar  equipment
maintained at other laboratories, nor of
equipment currently marketed by any
commercial vendor.
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