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Introduc)on 
 
This is the first in a series of three bulle5ns, each of which will demonstrate and explain the 
performance of various combina5ons of 5ming references while in a state of holdover. As 
shown in [1], this first experiment will test the holdover performance of a combina5on of a 
double oven crystal oscillator (DOCXO) and a magne5c cesium reference.   
 
Experimental Design 
 
For this experiment the Oscilloquartz OSA 5422, a compact grandmaster clock, will be used as 
the main clock being steered by the DOCXO and magne5c cesium references [2]. The specific 
magne5c cesium reference used for this experiment is the OSA 3230B. The OSA 3230B is a 
commercially available primary reference clock that uses magne5c cesium as its 5ming source. 
Figure 1 shows the complete experimental setup used for the dura5on this experiment.  
 

 
Figure 1. Experimental Setup Used in All Tests 

To begin thoroughly characterizing the holdover performance of the OSA 5422 clock being 
steered by the previously specified references, a total of three tests were performed. Prior to 
each test, the OSA 5422 was first allowed to achieve a GPS lock and synchronize its 5me. To 

OSA 5422
DOCXO Variant

GPS Antenna

1 Pulse Per Second (PPS)

OSA 3230B

Magnetic Cesium Reference Clock

10 MHz Reference

Summary: Stable and accurate 0ming forms the founda0on of many modern essen0al services. While Global 
Naviga0on Satellite Systems (GNSS) provide a cheap way to achieve extremely accurate 0ming, these systems 
are vulnerable to interference and complete outages, forcing systems that rely on them into a state of 
holdover. Tes0ng and characterizing holdover performance is therefore essen0al for ensuring that these 
modern services do not go down when GNSS-based 0ming is unavailable.   

Technical Bulle,n #007: 
Holdover Experiment #1 

ORNL/SPR-2025/3684 



  Page 2 of 7 

 

allow the OSA 5422 sufficient 5me to seVle into a steady state, the OSA 5422 was leW to be 
steered by GPS, the onboard DOCXO, and the OSA 3230B magne5c cesium reference for a 
period of roughly 30 days. Once this period had concluded, GPS steering was disabled. At this 
stage, the clock officially entered holdover, and its driW, also known as the phase offset from 
GPS 5me, was measured and recorded once every second for the dura5on of the test. For the 
three tests performed, the first test was conducted over a dura5on of 14 days, the second test 
was conducted over a dura5on of 30 days, and the final test was conducted over a dura5on of 
60 days. It should be noted that these three tests were discrete and conducted separately from 
each other.  
 
Test Results 
 
Following the conclusion of the final test, the results of each test were collected and processed. 
For each test, the phase offset measurements were decimated by a factor of 300 by averaging 
every five minutes. Five minutes was chosen as the averaging window because the clock only 
creates and transfers a single file containing the one-second measurements every five minutes, 
and thus a five-minute averaging window was easy to implement. In addi5on, there were gaps 
occasionally present in the recorded data due to file transfer failures. When these gaps 
occurred, the results were filled in using linear interpola5on. To make these gaps apparent and 
to not further errant conclusions from interpolated data, all gaps greater than one hour have 
been annotated using shaded regions on each plot.  
 
The first test, which lasted a total of 14 days, ran from January 25, 2024 un5l February 8, 2024 
and is shown in Figure 2. 

 
Figure 2. Phase Offset Results from 14 Day Holdover Test 
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The second test, which lasted a total of 30 days, ran from March 18, 2024 un5l April 17, 2024 
and is shown in Figure 3. 

 
Figure 3. Phase Offset Results from 30 Day Holdover Test 

The third and final test, which lasted a total of 60 days, ran from June 18, 2024 un5l August 17, 
2024 and is shown in Figure 4. 

 
Figure 4. Phase Offset Results from 60 Day Holdover Test 

Unlike the first and second tests, this third test included a large gap, as shown in the shaded 
region between the 40- and 50-day mark. The gap shown in Figure 4 lasted approximately 2 
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days in total dura5on. Despite this gap, Figure 5 demonstrates that when the results from each 
test are ploVed together, all three trend loosely in the same direc5on.  

 
Figure 5. Phase Offset of all Three Holdover Tests 

While it is trivial to discern via inspec5on that each test is trending in the same direc5on rela5ve 
to the others, it is more difficult to discern how the mean phase offset change in nanoseconds 
per day of each test compares to the other tests. Characterizing the average phase offset 
change in nanoseconds per day over a long tes5ng period is a useful way of dis5lling a large 
amount of data into a single metric. This single metric can then be used to compare the 
holdover stability of one clock to the holdover stability of another. Table 1 depicts the average 
phase offset increases in nanoseconds per day for each of the holdover tests. In addi5on, each 
test was also divided into equal periods of 14 or 15 days1, and the average phase offset increase 
for each of these equal periods was calculated and is enumerated in Table 1. 
 
Table 1. Average Phase Offset Increase in Nanoseconds per Day 

Test Total Average 
Increase 
(ns/day) 

First Period 
(ns/day) 

Second 
Period 

(ns/day) 

Third 
Period 

(ns/day) 

Fourth 
Period 

(ns/day) 
14 Day Holdover 4.73 4.73 - - - 
30 Day Holdover 6.34 8.25 4.56 - - 
60 Day Holdover 9.40 5.94 7.97 11.07 13.35 

 
Overall, the average phase offset change appears to increase as the total holdover dura5on 
increases when analyzing the results in Table 1. This result implies that the change in phase 

 
1 Only the first test (“14 Day Holdover”) refers to a period of 14 days. The other two tests consist of average 
increase calculaAons over 15-day periods. 
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offset is non-linear. To explore this possibility more thoroughly, a combined rate of change plot 
was created and analyzed. To create this plot, first the rate of change with respect to 5me in 
days was computed over each plot shown in Figure 5. The resul5ng rate of change plot, shown 
in Figure 6, is difficult to analyze due to the presence of noise. To filter out the noise and 
smooth the rate of change plot, a windowed moving average with a variable length was applied 
to the plot. The length of the window was set to approximately 25 percent of the total number 
of samples in each test. This percentage was determined experimentally to balance a tradeoff 
between the smoothing effect of the moving average and the loss of features as the window 
size increases. Secng the window size to 25 percent of the total number of samples eliminated 
most of the undesirable noise but preserved important features.  

 
Figure 6. Phase Offset Rate of Change for All Holdover Tests 

Shown in Figure 7, the rate of change plot with a windowed moving average is cleaner2 than the 
previous plot and confirms that the phase offset change in nanoseconds per day increases as 
the total holdover dura5on increases. In summary, these results appear to demonstrate that the 
phase error of a clock in a state of holdover is non-linear. Instead, the average phase error 
increases as a clock spends more 5me in holdover. This finding may be significant because non-
linear func5ons can increase more rapidly with respect to 5me compared to linear func5ons.  

 
2 It should be noted that as a moving window average slides across and begins to reach the end of the data, the 
window starts to “slide off” of the data, resulAng in sudden changes at the end of the plot relaAve to the rest of the 
plot. This is caused by the point averages consisAng of fewer total points as the window conAnues to slide off. To 
minimize this effect, any point averages that contained fewer than 50% of the total number of required points 
specified by the moving average window size were removed from the plot in Figure 7.  
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Figure 7. Phase Offset Rate of Change for All Holdover Tests with Moving Average 

 
Conclusion and Future Work 
 
In this set of experiments, the holdover performance of an OSA 5422 grandmaster clock steered 
by an onboard DOCXO and an OSA 3230B magne5c cesium reference source was tested and 
characterized. Overall, the holdover performance of this experimental setup was excellent, with 
average phase error increases between four and ten nanoseconds per day. While the holdover 
performance of this setup doesn’t quite compare to the cesium fountain clocks operated by the 
NIST [3], it is more than enough to sa5sfy the 5ming requirements of terrestrial 
telecommunica5ons standards such as the 5th genera5on (5G) mobile network standards 
defined by the 3rd Genera5on Partnership Project (3GPP). 5G, being the newest currently 
deployed wireless mobile network standard, defines strict 5ming requirements for some modes 
of opera5on. For example, the 5me division duplexing (TDD) mode of 5G requires that the 
5ming of the base sta5ons and handsets to be no more than 1.5 microseconds offset from each 
other [4]. Even if only ten percent of that margin were available, this remaining margin is s5ll 
equivalent to 150 nanoseconds, or roughly a dura5on of 20 days in holdover using this 
experimental setup, which is more than enough to cover even very long GNSS outages.  
 
One area that future experiments will address would be the opera5ng cost of this clock setup. 
While this experimental setup is performant and easy to deploy, it may be cost-prohibi5ve to 
operate, as the complete stack as shown in Figure 1 costs roughly $70,000. The bulk of this cost 
is the magne5c cesium reference clock and because of this prohibi5ve cost, cheaper op5ons will 
be explored in future work. To determine if cheaper op5ons are viable, the holdover 
performance of experimental setups that u5lize cheaper rubidium and op5cal cesium reference 
clocks will be characterized in the same manner during later experiments. 
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