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Precision GPS Clock Calibration

Update--Aug 2018 Since original pua other key consiaerations to achieve 10 ns calibration of production units de

in this document remain accurate. The superior performance of the Meridian I just
makes it easier.

This document explains the methodology to measure and ~ an

A Meridian was fitted with a high-stability Rubidium oscillator. The intemal phase measurements of the Ru-
bidium unit relative to the GPS engine, along with the steering control data and internal chassis temperature,
were monitored for several weeks. The data were analyzed to verify that the system was operating normally
and the stahility of the system was as expected.

Further long-term monitoring was performed on the unit and after several months, the Meridian with GPS
antenna and downlead cable were shipped to Dr. Tom Parker at NIST in Boulder, CO for characterization. The
goals were to determine the absolute timing offset of the unit relative to UTC as maintained at USNO and to
determine the stability of the outputs relative to the NIST frequency standards. With these data, it would be
possible to form a strategy for using the NIST-characterized unit to calibrate production units at the EndRun
Technologies factory in California. These data are also the basis for the stahility specifications of the Meridian
and Tycho GPS family of products. The stability numbers measured at NIST [1] support the goal of providing
traceability at the 10 nanosecond level with a reasonable test cost.

Figures 1 and 2 show the NIST time interval measurements of the 1PPS output of the Meridian relative to
UTC(USNO)-first while operating for about 12 days with its own self-surveyed position (a 24-hour averaged
position) and second while operating for about 15 days with the NIST geodetic surveyed position. The two
positions differ by about 2.4 meters, mostly in the height coordinate. A laboratory temperature environment
was maintained to the +/-1.5°C level during the testing, and all measurement setup and cable delays are
accounted for in these two graphs. The NIST-stated uncertainty to UTC(USNO) in both of these measurement
sets is +/- 6 nanoseconds.

The UTC(USNO) reference time starts the time interval, and the Meridian 1PPS stops it, s positive numbers
less than one-half second mean that the Meridian 1PPS is late relative to UTC(USNO). The data presented
here can he thought of as the offset to UTC(USNO) at the 1PPS BNC connector on the rear of the Meridian,
operating with the GPS antenna and downlead cable that were shipped with it to NIST. No calibration cor-
rection for the downlead cable delay was input to the Meridian, so the NIST-measured delay does include
this cable delay.
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Figure 1. Time Difference Data in Self-Survey Mode
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Figure 2. Time Difference Data in NIST Geodetic Survey Mode






CALIBRATION TRANSFER FROM
NIST-CHARACTERIZED UNIT TO PRODUCTION UNITS
A study of the TDEV statistic will clearly indicate how long a produc-
tion unit would need to be measured relative to the NIST-character-
ized unit, to achieve a certain level of precision. The peak value
of TDEV versus tau indicates the uncertainty for all measurements
averaged less than or equal to the tau at which the TDEV peak occurs.
As tau is increased beyond this, the uncertainty is reduced, until the
flicker phase modulation (PM) noise floor is reached. At this point,
no further benefit to longer averaging times can be realized.

Using the self-surveyed NIST-measured data, the statistics indicate a
peak in TDEV of about 2.5 nanoseconds at a tau of 20,000 seconds
and TDEV then falls to about 1.5 nanoseconds at a tau of 100,000
seconds. The flicker PM noise floor appears to be reached between
100,000 and 200,000 seconds. From this, a calibration interval of
one day is attractive, as it is both near the flicker PM noise floor and
optimal for minimizing diumnal effects.

Figures 5 and 6 show the time interval data and the computed
stB
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Figure 5. Time Difference Data Between the NIST-Characterized Meridian and a Meridian with OCXO
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Figure 6. Modified Allan Deviation, Allan Deviation and Time Deviation of the Time Difference Data



tau of about 1/2 day, and has a deep null at a tau of 1 day. The
TDEV at a tau of 1 day is a very manageable 300 picoseconds. It is
clear that the stability of these two Meridian systems while operating
in ZBCV mode is sufficient to achieve sub-nanosecond precision for
24-hour averaged time interval measurements.

NIST-CHARACTERIZED ANTENNA

DELAY CHARACTERIZATION

The following discussion concerns variations in antenna and cable
delay. In a manufacturing environment, it is impractical to mount
the actual antenna and cable that will be shipped with a Meridian
or Tycho GPS unit on the roof of the facility in order to perform the



Condition 1 makes it possible to assess the flatness of the delay of
the various AUTs. The radiator used does not have narrow band,
steep-skirted SAW filters and its input reflection coefficient was veri-



and to the ratio of the reflected signal amplitude to the direct signal
amplitude measured at the receiver input. This relationship is valid
for total delays that are less than 1/2 of a GPS C/A code chip, which
is about 500 nanoseconds. For delays larger than that, the cor-
relation characteristics of the C/A code attenuate the effects of the
delayed reflection. Flgure 8 shows that for Belden 9104, a 50 foot
long cable is the most sensitive to delay variation due to reflections.
Fortunately, for GPS timing applications the length of cable needed is
typically longer than 50 feet.

As an example, consider a GPS receiver system that includes an
antenna having an output return loss of 10 dB, a 100 foot long cable
having a transmission loss of 10 dB, and a receiver having an input
return loss of 10 dB. The signal reflected from the receiver input is
10 dB lower than the incident signal. It then undergoes a total of 30
dB of loss as it returns to the antenna and is reflected back again to
the receiver. If the electrical delay in the cable is 120 nanoseconds,
then the reflected signal will be delayed, at the receiver input, by
240 nanoseconds relative to the direct signal. With a -40 dB ratio
of reflected to direct signal amplitude, a measured delay variation of
+/- 2.4 nanoseconds will be observed, depending upon the phase
relationship between the two signals at the receiver input. This phase
relationship is influenced by three things:

1. The phase of the input reflection coefficient of the receiver.

2. The phase of the output reflection coefficient of the antenna.

3. The electrical length of the antenna cable, modulo one-half the
wavelength of the GPS carrier frequency.

In the production calibration environment, only the receiver input
reflection coefficient is a variable. The electrical length of the cable
is held constant, since the same cable is used to calibrate all units.
Likewise, the antenna output reflection coefficient is held constant,
because the same antenna is used to calibrate all units. So errors in
the unit calibration will be due to differences in the reflection coef-









