
VeEX Inc., a Communications Test & Measurement Equipment Manufacturer was not always a 
player in the Synchronization verification field, we just offered the regular Jitter and Wander 
measurements required for bringing new communication links into service. 

A few years ago we were approached by a customer with the idea that measuring Absolute 
Phase Error would become a big issue. We then developed a simple application for them and 
in the process we figured out that Timing was indeed going to be an important part of test 
and measurement, as it moved away from central offices to the field. 

It has been a very exciting journey, but not without frustration created by the state-of-the-art 
and certain urban myths. Those same roadblocks have challenged us to look further and 
create solutions that apply to field testing. 
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The Challenges of Testing Synchronization in the Field

Promoting Field Synchronization Testing, through training, seminars, discussions and actual 
field testing, feels like swimming upstream. Specially when it comes to Phase or Timing Error 
concepts. It seems like you have to bust a few myths and have to proof everything you are 
trying to say, before you can engage in a meaningful conversation.

This is not about the technology required to make field synchronization testing possible, 
because they are available and I’m sure we can continue to improve them as we learn and get 
access to newer better components.

The main issues are:

• There is not enough guidance or references for testing sync in the field

• Test procedures and requirements are often defined by “the Lab”, based on  lab tests and 
experiences. Some could be an overkill for field testing

• Misconceptions and assumptions

• End users training (or the lack of)

Once we resolve these, everything goes smoothly

We define “Field” as premises or assets outside the Communication Service Providers’ central 
offices. It includes points of presence such as rented rack spaces, remote aggregation 
equipment, base stations, antenna sites, customer premises, etc. Those facilities are often 
serviced by regular installation and maintenance crews.
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I always start with a fairy-tale analogy because we have seen many experts treating PTP 
deployment and Phase synchronization just like that. (I have to admit, some of the labs I have 
visited do look like fairy-land to me , but this is all about testing out in the field.)

This session focuses on issues that are relevant to practical Field Testing and dismissing some 
of the “virtual” challenges being imposed or assumed. 

Let’s forget about the lab for a moment. After all, they already have plenty of expensive tools 
and air-conditioned environments. 

- Nonetheless, we can’t ignore that most of the expertise and experience are currently with 
lab people. 

- Our message to them is to put all the math, simulations and emulations aside, get a pair of 
sunglasses, go outside and take a look at the real world. Put all that great amount of 
gathered knowledge into perspective, to come up with methods and procedures that 
actually make sense to the people doing it and the places they will be done at.

Keep in mind that methods and procedures may need to be adjusted to fit the local 
environment, so every service provider, country or region may come up with slightly different 
solutions. From transporting time in a Tuk-Tuk to state-of-the art Trucks/Vans. Everything 
matters, even local culture.
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When we first visit a (potential) customer or go through an evaluation process, we deal with 
“the lab”. Besides having to overcome some wishful expectations, the discussions are highly 
technical and quite fluid due to their experience.

• With lab people the major hurdles are usually related to “extreme” expectations or 
assumptions for field test and measurement equipment. 

Dealing with end users and their ever-changing environment is a different story. Many of 
them don’t have experience with synchronization. To many of them Synchronization is just 
another thing to add to the long list of tests they are expected to perform. T&M vendors 
need to take people and environments into account as practical solutions go beyond 
technicalities.

• With end users it is all about user friendliness (even to those who don’t know or are not 
expected to learn sync), making the equipment automate as much as the process as 
possible, provide lots of status information and deal with the environment.

• Having the same test set they use for day-to-day testing to do sync makes it easier to 
them, bust confidence due to familiarity and may reduce invalid tests or repeat visits.
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Notes:

• Although the Absolute Time Error requirements or allowance are a bit fuzzy (basically a flat 
mask that extends forever), the required MTIE wander limits still apply (depending on 
interface being tested). That helps in defining a bit better the required test time and 
tightens the phase behavior criteria for Pass/Fail evaluations.

• G.8272 clauses 6.1 and 6.2 define a maximum of 100 ns total error for a properly 
engineered PRTC (GNSS with calibrated installation, no multipath, controlled interference, 
no jamming or storms). But, for highly mobile field test applications, some of those factors 
are unknown or out of users’ control.  Nonetheless the ±100 ns could still be used as a 
reference value for discussion purposes.

• If my reference may be 100 ns off, should anything I measure over 1000 ns fail?
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Portable GNSS receivers often claim tight accuracies around ±20 or ±50ns but this is stated 
as RMS. 

- In reality they are most likely ±100 to ±150 ns peak-to-peak

- Must also take into account the raise time and shape of the 1PPS waveform and the 
effects of capacitive load, impedance mismatch, reflections, etc. They also add phase error 
at the raising edge detection circuitry.

- Note that field users are not very picky about the use of cables and they may select 
different cables for reference and test signals. At 5ns per meter, cable delay could also be a 
significant error factor.
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• It always amuses us that customer often use the “Obama” reason to justify their fear, but 
they seem to be ok trusting “Putin” or Galileo.

• We understand the concern about constant threats of forced GPS outages and all the scary
documents that are constantly published, but those are not the right reasons. The decision 
to block GPS is not that simple as there is too much at stake (airplanes, high-speed trains, 
ships, autonomous vehicles and even distracted drivers relying on their cars’ navigation 
systems).

• Supporting different GNSS receiver would make sense to avoid jamming, but it would only 
work if the backup system uses a completely different band. Interference generators are 
not very selective or follow rules or standards.

• As T&M vendor, we are often “forced” by customers to offer different options, whether 
they make complete sense or not.
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To maintain Phase Alignment, while being disciplined, the oscillator constantly adjusts its 
frequency to make the necessary phase corrections. The oscillator’s frequency will wander 
around the ideal frequency value, some times slightly slower and sometimes slightly faster 
than the ideal reference. 

Those adjustments are just small fractions of part-per-billion, but they make a difference 
when the holdover is long (e.g. 0.01 ppb or 1E-11 produces 100 ns cumulative error in less 
than 3 hours).

The point at which the GNSS reference is lost (or disconnected) defines the subsequent phase 
holdover behavior

- A lower frequency may cause the phase error to keep on increasing.

- An exact frequency would hold the last known phase for longer.

- A faster frequency may keep increasing the phase error in the negative direction.

The oscillator will try to maintain (hold) the last known frequency for as long as possible, 
before starting to drift or wander
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Extended Holdover

- The idea is to use the frequency holdover characteristics of high-stability oscillators to 
synchronize frequency and time (discipline) to GNSS (outdoors) and then transport that 
reference indoors to perform Wander, Phase and Latency tests

- The problem with holding Time or Phase, at the nanosecond scale, is that it is not fully 
repeatable, so the total holdover time to an agreed uncertainty threshold may vary every 
time, depending on the frequency steer (offset) of the oscillator at the moment the GNSS 
is disconnected.

Reconnecting the GNSS signal during a test would force the local reference oscillator to make 
frequency adjustments and it may also realign the 1PPS pulse, making the Wander (TIE) or 
Time Error (TE) measurements invalid. Needless to say, reconnecting the GNSS is not 
recommended.
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Note: Standing next to glass windows to get GNSS signal is not always a good idea

- Some may suggest a window facing South, other say North, but in reality GNSS satellites 
are not stationary and they have fast orbits in all directions. So facing UP is the best 
suggestion.

- Energy efficient glass is now common in most modern buildings and they could contain a 
reflective metal coating that may also reflect the satellites’ RF signals. Neighboring glass 
buildings could also create a multi-path effect. 

Attention! If there is a GNSS antenna feed in the premises, you have two choices:

a) Do not use it and stay in holdover. Because the cable length is different to the one used to 
discipline the test set outside, there would be a phase difference. Connecting it to the test 
set’s GNSS will cause it to make a phase correction by changing its frequency. You will 
have to wait for it to discipline again!

b) Use it from the beginning and give it enough time to discipline. Be aware that many GNSS 
antenna feeds are not properly documented, so the cable length and its delay may not be 
available to make the necessary corrections.
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After performing ride-along with a few synchronization engineers, in different parts of the 
world, one thing I noticed is that those frequency-oriented professionals had to trust their 
instruments and references (Rb and Cs). They rely on one or two LEDs to know whether the 
equipment is ready or not and believe in it. I’m sure that trust comes after a lot of time spent 
with their gear.

When GNSS, Disciplining, Phase and Holdover are factored in, the situation changes. It is not 
just about trusting the reference and the instrument, but the process and environmental 
conditions. They may not be constant or fully predictable. So, the equipment must provide 
enough information for users to assess the current synchronization status and worthiness. 
Things like:

• Satellite reception quality

• Precision Oscillator status

• Disciplining process and phase alignment status

• Lock time

• Holdover time

Remember, outside of the lab or central office there may not be any other reference to 
perform an accuracy check. It is more like a “Trust but Verify” approach.
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Depending on the oscillator technology used, end users also need to learn how to take care 
of sync test equipment (or portable references) to keep them in top condition

• Storage requirements

• Handling (shock, vibration, temperature range, etc.)

• Required warm up and ready-to-test times

• Any calibration requirements
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The diagram depicts a simplified version of the disciplining loop

• Let’s assume we start with a perfect oscillator with exactly 10MHz frequency

• The counter will count one million cycles and produce an overflow pulse every second 
(phase is still arbitrary).

• When disciplining is started, the first pulse from the GNSS is used to reset the counter, 
performing a Rough Phase Alignment of the pulses, within one 10MHz cycle (100ns).

• Followed by the Fine Phase Alignment, which requires the oscillator to modify (steer) its 
frequency (faster and/or slower) to align its phase to the GNSS 1PPS, until the comparator 
outputs zero correction.

• At that point the 10MHz and 1PPS are aligned to the GNSS UTC.

Note that changes in the oscillator frequency are required to keep the phase aligned. We 
have found that this may upset frequency purists.

• Neither 1PPS nor 10MHz outputs should be used for testing during the initial disciplining 
process
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This slide documents the discussion in the previous slide. It shows how the frequency is 
initially abruptly changed when disciplining is turned on and then slowly steered to align the 
1PPS output to the GNSS UTC reference.

• Although this is all done within the PRC requirements, it would affect the results of any 
Frequency or Phase measurement. This is why users must wait for full disciplining before 
running any Wander of Time Error tests.

• Similar behavior (phase realignment) may occur if the GNSS is reconnected (ore comes 
back) after a long holdover, due to the cumulative phase error that needs to be corrected.

Some users have asked if the initial frequency change can be smoothed out, so it doesn’t 
affect measurements much. There are two parts to the answer:

i. This behavior comes from the oscillator component and its disciplining circuitry, so it is 
vendor dependent

ii. Even if the initial change is made smoother, the frequency and phase of the reference 
will still change, adding unwanted wander to any measurement. So, there is no 
improvements. No measurements shall take place until all the equipment involved has 
warm up, lock and ready.
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Note: The red behavior is not usually visible to (or affects) users, because it is part of the 
“magic” that happens inside telecom-grade GNSS-disciplined Clocks or PTP Slaves.
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Why “Multi-Purpose” test sets?

- Unless the NEMs, Contractors or Service Providers have dedicated “Synchronization 
Crews”, most likely the same technicians would be the ones turning up and 
troubleshooting other links and services. At the very least, Ethernet, SyncE, CPRI/OBSAI 
could be required in the cellular market. So, having a dedicated synchronization tester may 
not always be the best choice.

The need for Pulse Shape Analysis

- You would be surprised about the number of times users are unsure about whether the 
clock signal is 2.048 MHz or 2.048 Mbit/s. User can either carry an oscilloscope or use the 
built-in Pulse Shape tool to quickly confirm whether is an E1 signal or not.

- Sometimes test signals or reference clocks are branched (e.g. using a simple T to split the 
signal) and not properly terminated. This can create reflections, distortion and/or 
smoothing of the pulse’s shape. Sometimes other equipment are connected and 
disconnected in one of the branches, during a wander test, causing the signal to change its 
shape and rendering the measurement invalid.
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• Which sync tests do we want field technicians/engineers to perform during Acceptance or 
Bringing-into-Service tests?

• What type of results should they be able handle in order to issue a Pass/Fail assessment?

• How long would the battery of tests is expected to take?

Installers and communication service providers (and the industry in general) need to have 
these discussions to come up with practical solutions and set the right expectations.

It is not that test equipment are not ready for testing sync in the field, because there are a 
few options already. The question is: how would they be used to achieve the desired goals?
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Just so we all speak the same language and agree on the same terms. Otherwise we could 
spend hours disagreeing on the same thing.

Example: What is a Clock?

- A Frequency source (e.g. 10 MHz)

- A Timing source (e.g. 10PPS)

- A Phase or Time alignment source (e.g. 1PPS) 

- A Time (as a length) source (e.g. to measure time, as in “the event lasted 1.2 seconds)

- A Time (as an instant) source (e.g. UTC, as in it is exactly 09:35:24)

Specially important is to differentiate Frequency accuracy from Phase or Timing accuracy. 
Many people think they have the correlation figured all out, but you may be surprised how 
often we get the “Oh! That’s right”
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There are solutions for all those issues, but people need to adjust their idealistic (lab-centric) 
expectations and bring them down to earth. Then, it becomes simpler, without having to 
compromising on portability, accuracy or autonomy. Just keep it real!
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Note: The 1000000000Hz example is juts used for convenience, to simplify the math and 
make it more obvious. The use of 10MHz ±0.01Hz could be more practical but would not be 
that easy to visualize.

Without thinking too much, some people arrive to the wrong conclusion that having the 
perfect frequency guarantees phase alignment, but this example shows that Phase Error is 
cumulative and any small fractions of ppb can make a big difference in short time. 
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Time Interval Error (TIE) and Phase/Time Error (TE) are both phase measurements, but TIE is 
a relative measurement (to the fist sample) while TE is absolute.

Phase and Frequency are tied to each other, so on phase variation graphs we can see the 
frequency variations. The frequency offset at any given point can also be accurately 
calculated.

- You can read the Phase Error at any instant by looking a any given dot (data point) in the TE 
graph.

- You can calculate the Frequency Offset by looking at the slope of any line between two 
different data points in the TE graph.

Sometimes, when people refer to the “frequency” of the TIE or TE behavior, they are usually 
refereeing to the Rate at which Phase is changing.
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1. First graph is a quick (short term) wander test – If the test is stopped here, it would seem 
like there is a frequency offset (represented by a phase ramp)

2. If the test is allowed to run longer, then you may find that the oscillator makes a 
correction and the phase comes back. So, it is not offset but wander around the ideal 
value. 
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GNSS: Global Navigation Satellite Systems

- GPS: Global Positioning System (US Dept. of Defense)

- GLONASS: Global'naya Navigatsionnaya Sputnikovaya Sistema (Russia)

- BeiDou: (China)

- IRNSS: Indian Regional Navigation Satellite System (India) – “Under Construction”

- Galileo: “Under construction” (European Union)
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You may have never seen something like this simulated waveform, because usually there is no 
access to the GPS receiver’s raw output (internal). What you get at the output of the GPS-
disciplined Clock is a filtered and stabilized version of this.
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You may not have heard about Time Constant because there may not be a need to change it 
in stationary GNSS Clock applications, and it may be pre-set to a long value due to their 
intended long-term installation.

Now, moving the equipment around brings the TC into play, because users’ may need to 
experiment with different values before settling on the one that best fit their test procedures 
and environments.

- TC values are not standard. They depend on vendor-specific steering algorithm 
implementations

- For VeEX products with CSAC, we currently suggest using TC=1800s for “quick” field tests
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If the GNSS signal is always available, Very Long TC are often recommended for long-term 
tests, as it would offer the most stable output.

- But, it would take long time to find the most accurate time.

Changing the TC often is not recommended as the oscillator may display unintended 
behaviors,

- Users experimenting with TC values are encouraged to reset the oscillator every time (in 
some cases, power cycling the device) so it “forgets” previous training or disciplining
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You may wonder why there is so much “noise” on the purple signal, instead of being a very 
smooth (ideal) line.

- First, you have to keep in mind that the vertical scale is just 5ns/division. We are still not 
used to see data this “close”

- Second, the test set used to measure the phase has a resolution of ±7ns, so a 0ns phase 
would be read as either +7, 0 or -7 ns.

- Time constant (TC) used was very short, so the oscillator follows the main phase trend, 
while filtering the short-term noise.
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Disciplined CSAC’s MTIE and TDEV performance under G.811 PRC masks
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High-quality high-stability calibrated oscillators can be used, in free-running mode, to 
measure Wander (frequency stability), because the frequency its offset (compared to the 
ideal frequency) can be accurately calculated and mathematically removed, isolating the DUT 
wander as if it was measured against an ideal clock.

The same does not apply to absolute Phase, Timing or Time error measurements. The 
reference’s phase always has to be aligned to the standard timing reference.

- Time itself doesn’t exist as an absolute natural reference. It is a concept we humans agree 
on and constantly coordinate through observation.

- How something that doesn’t exist became so important? To the point of being the core 
definition for “everything” else we know. A fundamental part of the structure of the 
universe or a way for us to explain it.

- The “arbitrary” Cesium definition of a second links the length of a second to a physical 
characteristic (it actually defines the period of 1Hz). But what defines time? When should 
that second start?

We “believe” in UTC (Coordinated Universal Time) as the definition of time as an instant, an 
event (not as a “length”)
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To many end users it is not quite clear how the Absolute Time Error at the edge device should 
be assessed as a Pass or Fail. The limit is set at ±1.1μs as an infinite flat mask, but:

• If the recovered clock’s is unstable and its phase quickly wanders between +500ns and -
500ns, which is still within the mask. Would it pass? No, because it would surely fail the 
wander requirements for the clock interface in question.

• Over time the frequency and phase are expected to move around a bit, do we have leave a 
safety margin? Who defines it?
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Grandmaster and Slave emulation is more of a convenience than a true representation of the 
expected network performance when all is set and done.

What is RAW Clock?

- Is a direct representation of the clock recovered by the PTP engine, without passing it 
through a disciplined oscillator to “filter” it

Why RAW? Don’t all Slaves filter and stabilize their clock outputs?

- Yes, for Slaves and BCs. That is their job. Slave manufacturers spend a lot of R&D 
perfecting their “secret sauce” to best their competitors. Disciplining a local oscillator 
makes sure that glitches in the network side don’t affect the clock output.

- No, for Test Equipment. At least that our position at VeEX. If we pass the PTP recovered 
clock through the CSAC we would be able to present a fairly good clock output, but our 
users would end up being blindfolded. If PDV goes “crazy”, the CSAC would make it look 
like nothing is happening. One could even disconnect the Ethernet cable and the holdover 
would mask it all. 

In our opinion, the purpose of Test Equipment is to give users visibility. Looking at the 
unfiltered recovered clock you will see the instantaneous effects of any variations on the 
network side (PDV, traffic, impairments, outages, etc.) 
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There are plenty of tests and metrics to evaluate an actual link performance, but:

• Would you expect field crews to perform all of them?

• Would you expect field crews to consolidate all the data and come up with a conclusion or 
diagnostic?

Whether it is needed, useful or not, Floor Packet metrics is currently becoming a requirement 
in field T&M tenders. Clear explanations on why it is needed have not been given, but that is 
how the industry seems to be working these days (“test equipment have to support 
everything that is published, just in case”).
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