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Calibration and Monitoring 
of Frequency Standards 

— Phase Method
That frequency standard is only as good as your calibration technique allows.  
The author describes a monitoring system he uses to keep his under control.

In this article I am speaking primarily 
to the engineer, technician or experimenter 
who has an interest in precision frequency 
standards and their calibration and monitor-
ing. This article will deal with the calibra-
tion and monitoring of the various 10 MHz 
frequency standards. I wanted to measure 
frequency sources dynamically to an accu-
racy in the vicinity of one part in 1012. This 
resulted in designing and building a high 
performance test set for this purpose. The 
purpose of the design is to detect a phase dif-
ference as quickly as possible to (A) detect 
short-term drift and (B) minimize measure-
ment time. The performance achieved is an 
error display noise floor of approximately of 
2 parts per trillion. 

Years ago, I acquired an HP-106B fre-
quency standard, an early 1960s frequency 
standard intended as a reference for calibrat-
ing other standards at remote locations. It 
would be calibrated, put on an airplane and 
taken to the remote location. Then the remote 
standard would be calibrated using the HP-
106B as the reference. The HP-106B con-
tains a 5 MHz crystal oscillator in a double 
oven. See Figure 1. Frequency standard tech-
nology has come a long way since then. 

I searched for ways to verify the calibra-
tion of this instrument. What is involved and 
how do I go about doing it? I had designed 
and built what I consider to be some quite 
good and versatile frequency counters, and 
was familiar with frequency measurement; 
at least to parts in 108, but the HP-106B 
specification is a stability of ± 5 × 10–11 over 
24 hours. When the objective becomes ac-

curacy in the vicinity of one part in 1011 or 
1012, the challenge increases considerably. 

Low-tech ways of calibrating the HP-
106B would involve comparing the device 
under test (DUT) with a standard reference 
using one of the following methods:

Audio Zero Beat: Listening on a re-
ceiver for a zero-beat signal when the output 
of the device under test is mixed with the 
signal from an external reference such as 
WWV.

•  Accuracy is poor, because the ear can 
only detect errors of a few parts per hundred.

•  Accuracy is also determined by the 
low-frequency response of the audio por-
tions of the receiver because phase errors 
of one or two hertz must be audible to the 
observer.

Frequency Counter: Directly measur-
ing the frequency of the device under test 

with a frequency counter.
•  Accuracy is limited because most 

counters have internal references that are ac-
curate to a few parts per million for low end 
references and tens of parts per billion for 
high end references. 

•  Since the HP-106B is capable of preci-
sion approaching ± 5 × 10–11, the reference  
to which it will be compared must be at least 
as accurate, and by preference it will be at 
least an order of magnitude better than this.

Lissajous Pattern: By applying the refer-
ence and device under test signals to the X 
and Y channels of an oscilloscope, a Lissajous 
pattern can be created. The pattern goes from 
an ellipse to a 45° line and back to an ellipse 
as the phase between the reference and device 
under test varies through 360°. This is quite 
effective for tuning over a limited range; it is 
poor for measurement, however. 

Figure 1 — My HP-106B quartz oscillator.
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Reference Signal Sources
In discussing accuracy several terminolo-

gies are commonly used. Table 1 summarizes 
this terminology.

The first part of frequency calibration is 
to compare the unknown frequency to a fre-
quency known to an accuracy and precision 
greater than the desired calibration level. 
That means at the outset you have to have 
access to a source more accurate than the 
desired calibration level.

References for frequency measurement 
cover the gambit from stand-alone crystal os-
cillators on the low end to Cesium standards 
and beyond on the high end. Somewhat of an 
overview is given below for the various refer-
ence technologies in Table 2. For the budget 
concerned experimenter, there are two good 
choices.

1) Rubidium standards are appearing as 
surplus items because they are being retired 
from service in cellular telephone systems 
around the world. Frequency-stable outputs 
can be accurate at the 10s of parts per trillion 
(ppt) level.

2) Crystal oscillators can be “disciplined” 
— phase-locked — to US Global Positioning 
System (GPS) satellites.

Table 2 
Relative Accuracy of Various Frequency References
Reference	 Modification	 Accuracy Range
Crystal	 —	 1 to 100 ppm
Crystal	 Temperature Compensated TCXO	 ~ 0.1 ppm
Crystal	 Ovenized OXCO	 0.001 - 0.1 ppm
Crystal	 Double Oven	 ~ 50 ppt
Crystal	 GPS supervised OXCO	 ~ 5 ppt
Rubidium	 —	 ~ 50 ppt
Rubidium	 GPS supervised	 ~ 5 ppt
Cesium	 —	 0.01 to 0.1 ppt
Hydrogen Maser	 Passive	 1 ppt
Hydrogen Maser	 Active	 0.0007 ppt

Table 1
Common Accuracy Terms

Description	 Scientific Notation	
Common Term	 Abbreviation
One part in 106 	 1 x 10–6	
Parts per million	 ppm
One part in 109 	 1 x 10–9	
Parts per billion	 ppb
One part in 1012 	 1 x 10–12	
Parts per trillion	 ppt

REF REF

DUTDUT

240 sec

Figure 2 — These screen shots show an example of relative phase measurement with an oscilloscope.

•  The GPS system requires that individ-
ual satellite clocks be maintained at accura-
cies exceeding a few parts per trillion. 

•  Earth-bound oscillators can be synchro-
nized with the GPS satellite clocks, using 
timing information derived from the GPS 
signal.

Calibration
In order to calibrate a standard or device 

under test, it must first be measured relative 
to a known reference. Then the task is to 
adjust the standard or device under test into 
agreement with the reference.

Measurement
Given the availability of such references, 

the metrologist performing a verification or 
calibration must answer two important ques-
tions:

1) Is a single, brief frequency comparison 
sufficient to ensure an accurate measure-
ment?

2) In making the measurement, how does 
one compare two frequency sources and es-
timate the difference/error between them?

The answer to the first question is No.
•  Separate measurements an hour, a day, 

or a week apart do not confirm that the differ-
ence between a reference and a device under 
test is consistent.

•  At best, they can only confirm that the 
measured error was the same at two points 
in time. They could not show that the de-
vice under test frequency remained constant 
through the measurement period.

•  Many measurements at short intervals 
over a long time are needed to establish the 
variation of the device under test with time.

•  The results can be plotted to 
show, graphically, how the reference 
and device under test frequencies dif-
fered over time.

•  The results can be “averaged” to 
arrive at a crude figure of merit for the 
device under test.

A number of answers can be given to the 
second question:

•  A frequency counter with a sufficiently 
accurate time base can be programmed to 
accumulate measurements over a period of 
tens, hundreds, or even thousands of sec-
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onds. The long measurement time base im-
proves overall accuracy by integrating errors 
over time; transient deviations are averaged, 
however.

•  Relative phase method:  when the 
frequencies of the reference and the device 
under test are nearly the same, measuring the 
difference in the phases of the two signals 
versus time may also be possible.

•  Oscilloscope — With both refer-
ence and device under test signals ap-
plied to the inputs of an oscilloscope, 
the scope can be triggered by the refer-
ence signal and the relative phase can 
be compared at a time A and at a time 
B. Then with the difference in time 
between A and B and the difference 
in the phase readings, either in degrees 
or in time, the difference in frequency 
can be calculated. An example is 
shown in Figure 2. Here the time is 
240 seconds and the phase is 156° to 
170°, or a shift of 14°, to yield a dif-
ference in frequency of 16 ppt. This 
example is rather straightforward in 
that the oscilloscope being used here 
computes phase for us. An eyeball es-
timation of the phase is somewhat te-
dious. Also, take note that variations in 
the phase difference during that time 
are practically impossible to observe.

•  Strip Chart — My first attempt 
at verifying the accuracy of my HP-
106B standard involved comparing 
its output to WWVB at 60 kHz and 
recording the relative phase of the 
WWVB reference and the device 
under test on a strip chart recorder.

•  This method can be time con-
suming because resolving a differ-
ence of only 10° at an accuracy of 
1 × 10–11 would require 12.9 hours. 
Increasing the resolution accuracy 
to 1 × 10–12 would require ex-
tending the measurement time to 
5.33 days!

•  The measurement time can 
be reduced when comparisons are 
done at higher frequencies.

Adjustment
Having measured the frequency differ-

ence, the next task in calibration is to adjust 
the device under test to some given limit, 
or as close as possible to the reference fre-
quency. When long measurement times are 
encountered, the adjustment process be-
comes problematic since the operator cannot 
see the effect of the adjustment until another 
measurement is made. It takes time and pa-
tience to make this process converge. If the 
operator can see the effect in real time, the 
process becomes much easier and straight-

forward.

Automated Relative Phase Method
Automating the Relative Phase Method 

for comparing the frequencies of two sources 
can be extremely accurate if an accurate ref-
erence is available.

1) The method determines the rate of 
change of phase between two sources. A 
computer monitors the phase difference 
between them and presents the error graphi-
cally.

2) For example, a one-hertz phase error 
(one 360° phase change per second or 1 Hz 
frequency difference) represents a phase 
change of 360° per second. At 10 MHz, the 
time required to complete one hertz (one RF 
cycle) is 100 ns, so the error due to phase 
change can be described as 100 ns per sec-
ond.

3) We can elaborate the idea by stating 
the change in degrees of phase error per sec-
ond for a given fraction of a cycle. Thus for 
a 10 MHz comparison, Table 3 shows some 
useful relations.

4) Clearly, small phase errors approach-
ing 0.0036 degrees/second or 0.001 nanosec-
ond/second become visible only after many 
seconds if they are to be observed on an oscil-
loscope. A 1 ns error, for example, completes 
a full 360° phase shift in 1 × 109 seconds, 
which is nearly 280 hours, or 11½ days.

4) An important human factor involved 
with these types of measurements on an os-
cilloscope is keeping track of the variations 
over long periods of time.

From Table 3, some useful conversion 
constants for calculations emerge.

•  degrees / s = (1/0.0036) ppt
•  degrees /s = (1/360) ppm
•  ns / s = 1000 ppt
•  ns /s = 0.001 ppm
This method must be automated if accu-

racies approaching 1 ppt are to be realized.

Monitoring
Something I have found interesting in 

working with precision oscillators is that 
rarely are they what they seem at first glance. 
Since I have designed and built the instru-

Phase Comparison at  
60 kHz

At 60 kHz, a frequency error of 10 
ppt represents a phase change differ-
ence between the reference and the 
device under test of 0.0002156° / s. 
Thus, to accumulate a phase change 
difference of 10° would require 
46382 seconds or 12.9 hours. Achiev-
ing a frequency error of 1 ppt would 
require 463820 seconds or 5.33 days.

For 10  MHz the times are much 
shorter. For the same error levels as 
for 60 kHz, the times would be 278 s 
(10 ppt) and 2783 s (1ppt).

Of course, resolving the frequency 
difference change accurately de-
pends on being able to actually see 
the phase difference change on the 
medium presented, such as the strip 
chart or oscilloscope, accurately. That 
is another matter entirely.

Table 3 
10 MHz Error Values Versus Frequency Error
Error (Hz)	 ppm / ppt	 Degrees /s	 ns / s
1	 0.1 ppm	 360	 100
0.1	 0.01 ppm	 36	 10
0.01	 0.001 ppm	 3.6	 1
0.001	 100 ppt	 0.36	 0.1
0.0001	 10 ppt	 0.036	 0.01
0.00001	 1 ppt	 0.0036	 0.001

ment described in this article, I have found 
the true performance of several standards I 
have in my lab to be less ideal than I had ex-
pected. Because you calibrate an oscillator to 
1.1 × 10–10 and you come back tomorrow and 
it reads 1.2 × 10–10 doesn’t necessarily mean 
that you can depend on it having 2 × 10–10 
accuracy for general measurements. Now 
that I have the capability of monitoring vari-
ous sources at the 10–11 or 10–12 level, I have 
greater reservations about the performance I 
can expect from a given source with a certain 
calibration level. If you want to know how a 
source will truly perform for a given applica-
tion, I believe it is essential to monitor the 
error performance over a period of time, and 
from that determine what you can count on 
for the performance of that source. 

The Test Set
I chose to accurately measure the relative 

error between a reference standard of known 
accuracy and an unknown device under 
test (DUT), dynamically, and in real time. I 
determined that the best candidate for this 
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measurement was an accurate phase mea-
surement and automation of the method with 
as much precision as I could bring to bear 
on the implementation. Further, I wanted to 
present the results in real time on a computer 
screen in strip chart form for observation. In 
this way I could observe the real time perfor-
mance of various standards. What follows is 
the result of the evolution of that develop-
ment. This design limits the input frequen-
cies to 10 MHz for both the reference and 
the device under test with one exception. The 
device under test input can accept a 5 MHz 
input by moving a jumper.

Overview
As shown in Figure 3, the basic concept 

is simple. The specifics get a little more in-
teresting. 

The figure shows that the phase of the 
reference and device under test are compared 
and a value relating to the phase difference is 
passed to the computer. The computer soft-
ware initiates a fixed time interval trigger for 
each phase measurement. Calculations that 
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Figure 3 — This block diagram illustrates the basic concept of the  
phase method of calibrating the oscillator.

Figure 4 — Here is a detailed block diagram of the system.

Figure 5 — This graph shows a single XOR 
gate phase detector output.

result in the computed error being displayed 
on the computer screen are made from the 
fixed time interval and the measured phase 
difference for each interval.

Figure 4 shows the detailed block dia-
gram of the test set. To achieve high accuracy, 
the signals must be conditioned significantly. 
Each channel is first detected and phase-
locked to a higher frequency crystal VCO to 
obtain a precise square wave for presentation 
to the phase detector. This is necessary be-
cause, in simply squaring the input signals, 
it is difficult to maintain the necessary 50% 
duty cycle required for precise phase de-
termination. In addition, for the quadrature 
phase detector chosen, the reference fre-
quency needs to be four times the reference 
frequency. This will be discussed below.

The reference and device under test chan-
nels are almost identical. The exceptions 
are that the reference channel operates at 
40 MHz and its output supplies clocks for the 
quadrature phase detector. I will discuss the 
quadrature phase detector below.

The reference input signal is converted 
from analog to digital form by the input 
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Figure 6 — Here is a graph of the Quadrature 
XOR phase detector outputs.
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Figure 7 — This graph is an overlay of the 
Quadrature XOR phase detector outputs.

Figure 8 — Outputs of the four XORs versus 
device under test phase.
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Figure 9 — Here is an example of the Quadrature phase detector output.

detector and is then divided by two by a 
digital counter. The 5 MHz output feeds the 
74HC4046 PLL phase detector. I prefer to 
operate this PLL phase detector at somewhat 
less than 10 MHz. The output of the PLL 
phase detector feeds the crystal VCO via the 
PLL filter. The 40 MHz VCO output feeds 
a divide by eight circuit, which supplies a 
5 MHz square wave to the PLL phase detec-
tor to close the 40 MHz PLL loop. It also 
drives a circuit to derive the reference clocks 
for the quadrature phase detector.

The device under test channel is identi-
cal to the reference channel, with two ex-
ceptions. The crystal VCO is operated at 
20 MHz and the output is divided by two 
to feed the quadrature phase detector at 
10 MHz and divided by four to feed the PLL 
phase detector at 5 MHz, closing the 5 MHz 
PLL loop. The 74HC4046 PLL phase detec-
tor is fed from the input divided by two for a 
10 MHz device under test input or moving a 
jumper bypass the divide by two for a 5 MHz 
device under test input. 

The outputs of the reference and device 
under test channels are compared in the 
quadrature phase detector (QPD) and fed 
to a 14 bit A/D that is coupled to the micro-
controller via the Serial Peripheral Interface 
(SPI). The microcontroller takes in the 
digitized phase values and routes them to 
the computer via a 5 V RS-232C-to-USB 
adapter. The computer, running a Windows 
application written in National Instruments 
Lab Windows/CVI, processes the data and 
presents the analyzed results on the computer 
monitor.

Quadrature Phase Detector
The phase detector chosen for this imple-

mentation is the Exclusive-OR (XOR) logic 
gate. For a single XOR, the output waveform 
for a phase difference from 0° to 360° is 
shown in Figure 5. The output, when filtered, 
is a triangular wave whose amplitude varies 
with the phase difference between the two 
inputs. Note that the output is multi-valued, 

that is there are two phase values for each 
voltage value, therefore the unique phase 
cannot be determined from the voltage read-
ing without additional information. 

This can be remedied by the addition of 
a second XOR gate driven by the reference 
signal, which is 90° out of phase and which 
forms the quadrature phase detector. The 
quadrature phase detector reference signals 
are derived from the input reference clock 
multiplied by four. The result is shown in 
Figure 6 and overlaid on the same trace in 
Figure 7.

From the combination of the two outputs, 
the in-phase component (I) and the quadra-
ture component (Q), the unique phase can be 
determined, since there is a unique value pair 
for each phase point. 

The circuit I use for the generation of the 
quadrature clocks is shown in Figure 13. It 
uses two additional XORs to help remove a 
very slight nonlinearity of phase versus am-
plitude at the peaks and valleys of the output. 
For this, I generate 10 MHz clocks at 0° (I), 
90° (Q), 180° (–I) and 270° (–Q). Figure 
8 shows the XOR outputs using the four 
clocks. I and Q are the in-phase and quadra-
ture phase components.

The I and –I and the Q and –Q compo-
nents are combined in software to give the 
resultant I and Q from which the phase cal-
culations are made. From the I and Q, the 
phase value is determined. At a sample rate 
of 10 samples/second and given the calcu-
lated phase values, the phase change rate is 
determined. The phase change rate multi-
plied by a conversion factor is the basis for 
the short-term error. The long-term error is 

GUI Trace Description
The GUI is in color and the Figures 

are presented without color. On the 
GUI, the red/pink trace is the short-
term error and the blue/light blue 
trace is the total accumulated aver-
aged error since the test began. Since 
negative values are problematic on a 
log chart, the error values are differ-
entiated for sign by color shading, with 
the dark colors representing positive 
error and the light shading being the 
negative error. The green trace is the 
accumulated phase error in degrees. 
For this display the phase display is 
limited to values between –360° and 
+360°, so that we see the trend in 
phase with time.
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Figure 10 — This is an example of the output data.
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Figure 11 — This is a schematic diagram of the input detector.

calculated by taking the first phase reading 
in a given run as the start reference. Then 
the present phase difference minus the start 
reference divided by the total time since start 
is the long-term degrees/second that times 
the conversion factor is the long term error.

Figure 9 shows a screen presenta-
tion from the GUI for a period of 98.5  s. 
A Trimble Thunderbolt GPS-supervised 
source is used as the reference input and 
an ovenized crystal oscillator as the device 
under test input to the test set. There are two 
strip chart presentations. The lower strip 
chart shows the measured I and Q values 
changing with time and the phase calculated 
from the two. From the calculated phase, the 
short-term (incremental phase change ver-
sus time increment) and the long-term (total 
phase change versus total time) errors along 

with the accumulated phase are calculated 
and presented in the upper strip chart in the 
figure. In the GUI, colors are used to iden-
tify the various traces. Here, the long-term 
error is 4.01 ppb over a period of 98.5  s, 
and the last increment of short-term error is 
3.48 ppb.

Figure 10 shows an annotated screen pre-
sentation of measurements using a Trimble 
Thunderbolt GPS-supervised source as the 
reference and a rubidium oscillator as the 
device under test. Here the phase movement 
is so slow that the quadrature phase detector 
outputs look almost stationary (lower strip 
chart). The top strip chart shows the short-
term and long-term error traces and the ac-
cumulated phase difference trace. 

Note that the scale on the left of the upper 

strip chart has been adjusted to better show 
the excursions of the traces. If we study the 
traces closely we can determine the extent of 
the long-term error trace as it stabilizes and 
remains rather convergent while the short-
term trace varies considerably. This test is 
approaching the limit of the test set, as can 
be seen below in the section on performance. 
Note that the total phase error for the 98.8 s 
is only –0.54°, giving a long-term error of 
–1.52 ppt.

Processing

High Level Circuit Description
The input detector (Figure 11) is de-

signed to accept a variety of signal input 
levels and types. The transformer provides 
ground isolation between the two sources. 
An attempt has been made to isolate the 
reference and device under test inputs as 
much as possible to reduce the possibility 
of entraining of either of the two sources. 
Some oscillators exhibit the possibility of 
entraining with minute cross-coupling from 
a source close to their natural frequency 
and these two sources are quite close in fre-
quency. The 75107 line receiver provides a 
reliable transition detector function.

The VCO does not necessarily give a 
symmetric waveform output, so a divide by 
two is necessary to guarantee essential sym-
metry. Symmetry is particularly important in 
driving the phase detectors to derive phase as 
precisely as possible. 

The quadrature phase detector shown in 
Figure 12 offers the ability to uniquely iden-
tify the phase difference from 0° to 360°. 
Only two XORs are necessary to accomplish 
this; however the second two allow a bit 
more resolution, as will be discussed below.

Figure 12 shows the quadrature phase 
detector. The device under test signal is 
compared to the reference signal at 0°, 90°, 
180°, and 270° to give the Q, I, –Q and –I 
signals respectively. Each XOR detector is 
followed by a pull-down resistor to –5 V and 
an RC low pass filter. The detector outputs 
go through an analog multiplexer to the A/D 
converter. The pull-down resistor to –5 V 
helps increase the sharpness of the minimum 
value of the detector output.

To ensure symmetry, the circuit must be 
driven by four times the output frequency. 
Figure 13 shows the circuit for the genera-
tion of the quadrature phase detector clocks. 
Starting with the clock output of the 40 MHz 
crystal VCO that is phase locked to the 
10 MHz reference input, the 40 MHz clock 
drives the four stage synchronous counter to 
derive the 5 MHz PLL feedback and the D 
flip-flops to derive the four quadrature phase 
detector reference clocks.
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Figure 12 — Here is the schematic of the Quadrature phase detector.

Practical Considerations Limiting 
Performance

A number of practical considerations 
limit the performance of the over all system. 
It is interesting to look at the parameters 
that limit the performance of the test set. Of 
course the primary limit is the accuracy and 
stability of the reference source. Beyond that 
is the accuracy and stability of the PLLs. 
Further the short-term accuracy is particu-
larly dependent on the resolution of the A/D.

Reference Signal Sources
It is important to note that for a meaning-

ful reading, the reference accuracy must be 
at least an order of magnitude better than 
the desired level of measurement. High-
accuracy reference sources are available, 
but most are expensive and for the average 
experimenter, cost is important. The Trimble 
Thunderbolt GPS supervised source and 
various Rubidium sources are available from 
surplus sources. 

Trimble Thunderbolt
There are at least two kinds of GPS-

supervised sources. The one commonly seen 
in experimenter circles uses the GPS one-
pulse-per-second (1PPS) output, that is com-
pared with an ovenized crystal oscillator or a 
Rubidium source and used to derive a signal 
to correct the source. The second, which is 
used by Trimble in the Thunderbolt derives 
the GPS receiver reference clock from an 
ovenized crystal oscillator. The timing error 
from the GPS position solution corrects the 
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Figure 14 — Here is the data from a Trimble Thunderbolt to Reference and device under test 
Inputs. 
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5V RS232 - USB

Figure 15 — This photo is a component view of the test set.

ovenized crystal oscillator. The problem 
with the 1  pulse per second technique is 
that it is difficult to determine the difference 
between the supervised source and the 1 pps 
signal accurately, so making accurate correc-
tions is problematic. 

It is interesting that Trimble does not 
specify the accuracy of the Thunderbolt 
10  MHz output, but they do specify the 
phase noise. I suspect the lack of an accuracy 

statement is due to the various potential user-
related situations where a solid GPS solution 
is not possible or is intermittent. Such situa-
tions might include the setup or the antenna 
placement. The Windows utility they supply 
to set up and monitor the unit in operation 
does give a dynamic error report and with 
the unit I have that error varies around parts 
in 10–12. Some thought about the stability of 
these types of sources reveals that at some 

level they must jitter around. Consider that 
the source is an ovenized crystal oscillator 
(VCXO) and with a very few exceptions it 
is very difficult to make them perform better 
than 1 × 10–10. (The exceptions mentioned 
refer to ovenized crystal oscillators built as 
instruments such as the HP-106B that can 
perform to a higher level.) To me that means 
that in this application, with the VCXO 
controlled to X × 10–12, it is constantly mov-
ing away from that point and must be con-
stantly brought back by the controller. This 
is variation in frequency about the desired 
frequency. 

This approach works, although I can’t 
verify it because the Thunderbolt is the most 
accurate source that I possess. For my work, 
I consider the Thunderbolt to be able to hold 
something like < 5 × 10–12. 

Phase-Locked Loops
The PLLs must very closely follow the 

reference and device under test sources for an 
accurate short-term measurement. In a PLL, 
the VCO output is constantly compared to 
the reference frequency and an error correc-
tion signal constantly controls the VCO. The 
error correction signal will have some noise 
and there will also be some error. If the PLL 
is locked, this only means the VCO phase 
stays in a given region relative to the refer-
ence. There is always some jitter or varia-
tion. The objective here is to keep that jitter 
very, very small. As discussed below in the 
Performance section, the floor of the test set 
is approximately less than 2 × 10–12. 

Long-term measurements are less critical 
because, although the PLL VCO may jitter 
about the input frequency, it is still locked 
and the longer-term phase difference is still 
valid even though the short-term phase dif-
ference may have significant error. 

A/D Converter
The resolution of the A/D converter is 

very important. The A/D employed resolves 
14 bits, thus allowing the least significant bit 
to be one part in 16384. Since the range of 
one slope of the quadrature phase detector 
output is 90°, one least significant bit repre-
sents 0.0055° of resolution. From Table 3, 
we see that 1 ppt results in a phase difference 
of 0.0036° / s. Thus, this A/D cannot resolve 
a one second error of 1 ppt. To improve this 
resolution, a number of readings are taken for 
each point and averaged, to yield the value 
used in the calculations. Resolution could 
be improved by employing a 16-bit A/D. 
Resolution is much more important than ab-
solute accuracy, because the calculations are 
based on difference measurements.

Performance
As is sometimes said, the proof of the 



  QEX – September/October 2014   11 

Figure 16 —Test set wiring view.

Figure 17 — Test set front panel view.

pudding is in the eating. All of the factors 
limiting the range of the test set come into 
play when both the reference and device 
under test inputs are connected to the same 
high-performance source and establish the 
noise floor of the test set. Figure 14 shows 
the result of feeding the test set with the 
same source on both the reference and device 
under test inputs. This means the two PLLs 
are operating at the same frequency indepen-
dently and that the control dynamics of each 
crystal VCO PLL loop are independent. For 
the result shown, the two PLLs have to be 
operating independently with accuracies on 

the order of 1 × 10–12. Otherwise, the phase 
difference between the two channels would 
be much greater. One factor that does not 
come into consideration here is that the two 
are operating from the same frequency and 
therefore are not moving relative to each 
other. I have observed in earlier layouts, some 
interaction between the two channels when 
the zero crossings of the two channels are in 
the same region in time. Notice in this case, 
that the long-term error is predominately 
positive and that it begins to settle out as time 
progresses, while the short-term error con-
tinues to vary. Again, I beg your indulgence 

in interpreting the presented data as it is dif-
ficult to discern the traces from the black and 
white image.

From this, it can be seen that the noise 
floor of the test set is approximately 2 × 10–12.

Hardware and Software
The hardware is constructed using bread-

board techniques and thru-hole DIP ICs, as 
shown in Figures 15, 16, and 17. The inter-
connections are made with insulation dis-
placement wiring. The microcontroller is an 
Atmel ATMEGA328P in a custom module.

The microcontroller code is written in 
C for the Atmel ATMEGA 328P and the 
Windows application is written in C using 
National Instruments Lab Windows/CVI. 

I created the schematic using Eagle soft-
ware. Figures 18 and 19 show the schematic 
diagram.

Conclusions
The Test Set has met or exceeded my de-

sign goals. This project has given me a much 
deeper understanding of the performance and 
also the “care and feeding” of high accuracy 
frequency reference sources. I have found it 
interesting to discover just how these high 
accuracy sources vary with time. Visibility 
into the operation in real or near real time 
of a high accuracy standard has given me 
insight that allows more understanding. One 
point that has emerged related to the control 
circuits that allow external adjustment of the 
sources is that the control circuits need to be 
of high precision and stability as well. 

I have included links to several technical 
papers about frequency source stability and 
analysis in the References section.

Questions remain, and in getting here 
ideas have come forth to improve the test 
and to include more analysis such as Allan 
Variance.
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