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Abstract: All the standard frequency sources, except the primary standards, have to be calibrated. The 

majority of the standard outputs of these standard sources are either or a combination of 1MHz, 5 

MHz, or 10 MHz. to determine the frequency offset of these outputs they have to be down converted 

by either a frequency division or frequency multiplication. In this article we study the effect of 

removing the frequency divider and calibrating directly the high frequency of these standard frequency 

sources in the time domain using the Phase Comparison Method. 
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INTRODUCTION 

 

 In general, frequency calibration means a comparison between device under calibration (DUC) and a 

reference frequency source. After this comparison we can determine the actual frequency of the DUC and the 

accompanied measurement uncertainty. The reference frequency source has to be characterized by a higher 

accuracy compared to the DUC. The reference source has to be one of the standard frequency sources. There are 

varieties of the standard frequency sources. Cesium Fountains, Hydrogen Masers, Commercial Cesium Beam, 

GNSS receivers, Rubidium Oscillator, and Quartz Oscillator are all considered as standard frequency sources. 

Standard frequency sources also have to be calibrated. Since, Cesium Fountains are the primary standards in the 

field of Time and Frequency metrology; they are not calibrated but compared to each others. Each of all the 

other standards has to be calibrated periodically against the standard that has a higher accuracy to assure that we 

measure its performance. The majority of the standard frequency outputs of these standard sources are either 

one or a combination of 1 MHz, 5 MHz, and 10 MHz. These standard outputs are considered high frequencies 

to be used directly in the calibration process. So there are many methods that are assigned for calibrating 

standard frequency sources. There are two common rules in all these methods. The first one is to use a low 

frequency in the calibration process by using either a frequency division or frequency multiplication (Howe, 

D.A., 1981; Jespersen, J. , 1991). The second rule is as the accuracy level of the standard being calibrated 

increases as the measurement system is more complicated or as the measurement period increases.  

 In general, standard frequency sources can either be calibrated in the time domain or in the frequency 

domain. Calibration in the time domain may consume more measurement time for more precise sources but the 

measurement system is characterized by simplicity. On the other hand, calibration in the frequency domain is 

characterized by reduced measurement time but more complicated and more expensive measurement system. At 

the time there are many measurement methods in the frequency domain; there is an only one method in the time 

domain. This method is called the Phase Comparison Method in which we measure the frequency offset of the 

standard source by stepping down its frequency and the frequency of the reference then measuring the phase 

difference between the zero crossings of both sources during a certain measurement period. The setup of the 

Phase Comparison method consists of a Time Interval Counter (TIC) and a frequency divider. One of the low 

frequency versions of the two sources is used in opening the counter’s gate and the other is used in closing it. 

Then the accumulated phase difference during this period is calculated as the number of cycles of the counter’s 

time base that passed during the measurement period multiplied by the time base period (Michael A. Lombardi, 

1988). 

 The main reasons for using lower frequency rather than the original high frequency are the limited 

sampling rate of the TIC, the maximum measured time interval is limited by the period of the stop frequency, 

and the limited resolution of the TIC (Michael A. Lombardi, 1988; Zhang, V.S., 1994). 

 Today there is a leap in the technology and techniques used in manufacturing the TICs. The improved 

techniques have reflected on enhancing both the resolution and the sampling rate of TICs dramatically.  We can 

find a TIC that has a frequency resolution up to 12 digits/s and a time resolution in the picoseconds range. 

 In this article, we try to answer the following question: are the dramatic enhancements in both the 

resolution and the sampling rate of the TICs will enable us from directly calibrating the high frequency of the 

standard frequency sources without frequency division in the time domain?  
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 To answer this question we used one of the best and up to date TICs, which is Universal Time Interval 

Counter, Model SR620 from Stanford Research Systems, in calibrating 10 MHz Rubidium (Rb) frequency 

standard (that has a frequency offset of 4.13×10
-10

 Hz/Hz) versus 10MHz Cesium frequency standard using the 

Phase Comparison Method and without frequency division. This counter has a time resolution of 25 ps (single 

shot). 

 

Determining the Frequency Offset for 10 MHz Rubidium Oscillator Without Frequency Division: 

 In general, the frequency offset is determined by the Phase Comparison method according to the following 

equation: 

 

 

 

 

 Where ∆t is the phase difference between the two signals, and T is the measurement period (Michael A. 

Lombardi, 2002). Measuring the phase difference directly between two 10 MHz standard frequency sources 

results in overflows/underflows that appear in the recorded phase difference data. The locations of the 

overflows/underflows are the source of error in the frequency offset calculations. Figure (1) shows the recorded 

phase difference when calibrating 10MHz Rb frequency source versus 10 MHz Cs frequency source. Figure (2) 

shows the frequency offset values calculated from the data represented in Figure (1). So when we calculate the 

mean frequency offset we get erroneous results. At the time the actual relative frequency offset was 4.13×10
-10

 

Hz/Hz the calculated one from Figure (2) was 1.04×10
-11 

Hz/Hz. To determine the correct frequency offset we 

have either of two ways: use a measurement period that is free from any overflows (within the overflow period) 

or eliminate the effect of these overflows. 

 
Fig. 1: Phase difference plot. 

 
Fig. 2: Relative frequency offset calculated for a measurement period greater than the overflow period.  
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 The first solution is the easier one where we directly apply the equation. When we selected an overflow 

free area the calculated frequency offset was 3.86×10
-10  

Hz/Hz; which is still far from the actual value. 

 If we used a measurement period that contains overflows we will need to post process these data, to 

eliminate their effect, either manually or automatically before calculating the frequency offset. Post processing 

the data implies removing the locations of overflows to eliminate their effect. To eliminate their effect we 

consider them outliers. When we remove these outliers for the first time we note that there are still overshoots 

but in a more mitigated pattern. So we consider them also outliers and remove them. We repeat removing the 

outliers many times till we find that the calculated frequency offset is settled around a certain value. Then this 

value can be considered the true one. Figure (3) shows the relative frequency offset plot after removing the 

outliers for the first time; then the calculated frequency offset was 3.80×10
-10

 Hz/Hz. Figure (4) shows the 

relative frequency offset plot after removing the outliers 5 times; where the calculated frequency offset was 

3.86×10
-10  

Hz/Hz. The TIC that was used in this case study is characterized by 25 ps single-shot time resolution 

and 11-digit/s frequency resolution. Table (1) summarizes the results of the calculated frequency offset values 

in this case study. 

 

 
 

Fig. 3: Relative frequency offset plot after removing the outliers once. 

 

 
 

Fig. 4: Relative frequency offset plot after removing the outliers 5 times. 
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 It is clear now that the best results are those obtained during a measurement period less than the period of 

the overflow/underflow and those obtained after postprocessing the recorded data. In both cases the results are 

still far from the actual value of the frequency offset. 

 
Table 1: Summary for the calculated Relative frequency offset values using different measurements 

Measurement Period Relative Frequency Offset (Hz/Hz) 

Phase Comparison without Frequency 

Division 

Phase Comparison with Frequency 

Division 

Contains Overflows or Underflows 1.04×10-11  

4.13×10-10 Within the Overflow or Underflow Period 3.86×10-10 

After Removing the Overflows or Underflows 
Once 

3.80×10-10 

After Removing the Overflows or Underflows 

many times 

3.86×10-10 

 

Explanation: 

 For sure the increased resolution of the TIC has a positive impact on the smoothness of the recorded data 

and made us not very far from the true value. But at the same time it could not make us very close to the actual 

value. There are two reasons for that: 

 

Sampling Rate of the Counter: 

 The sampling rate of the counter determines how fast it can capture, process, and store the input signals. In 

conventional counters, which their resolution was determined mainly by the period of its time base frequency, 

the sampling rate was limited by the dead time. If the frequency input to the counter was high then some 

information will be lost. For example, a TIC with a dead time of 200 ns will miss 50% of the zero crossings if 

10MHz signals were connected directly to the start and stop channels; because new zero crossings will arrive 

every 100 ns (Zhang, V.S., 1994). 

 The sampling rate in the modern counters is limited by the time interval interpolation scheme that is used to 

enhance the counter resolution that reaches now to fractions of the time base period. Today this problem does 

not exist due to the dramatically increased sampling rates. 

 

The Maximum Measured Time Interval: 

 In general, the maximum time interval period that can be recorded by the TIC is equal to the period of the 

stop frequency. This limitation causes periodic underflows or overflows along the measurement period. For 10 

MHz frequency the maximum interval the counter can measure is 100 ns. If there is an accumulated phase 

greater than 100 ns then the TIC reading will overflows (goes from 100 ns to zero) or underflows (goes from 

zero to 100 ns). The repetition rate of these overflows/underflows can be calculated by dividing the period of 

the stop frequency by its estimated frequency stability (Michael A. Lombardi, 1988). 

 Figure (5) shows many overflows when calibrating 10MHz standard Rubidium frequency source, which 

has an estimated frequency stability of about 4×10
-10

 Hz/Hz, versus 10 MHz Cesium frequency source without 

frequency division. The calculated period of overflows/underflows according to the previous rule is about 250 s; 

which is almost the same as that is shown on the Figure. The problem of overflow/underflow is still existed 

even for the most up to date TICs. 

 
Fig. 5: Overflows due to limitations in the max Time Interval measured. 
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Conclusion: 

 The enhancement in the resolution and the increase in the sampling of the up to date TIC not eliminated the 

reasons for using frequency dividers when calibrating standard frequency sources in the time domain using the 

Phase Comparison Method. There are two main reasons for that; the first one is that the maximum measured 

time interval is still limited by the period of the stop frequency and second reason is the dead time of the TIC. 
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