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Introduction

The PhaseStation™ 53100A Phase Noise Test Set measures the amplitude, phase and frequency
stability of high-performance RF sources and two-port devices. Carrier frequencies from 1 MHz to
200 MHz are supported, with baseband analysis scheduled for support in future software releases.
The 53100A tells you everything you need to know about the stability characteristics of your devices,
at timescales ranging from femtoseconds to days.

Measurements made by the PhaseStation 53100A include the following:

- Real-time ‘strip charts’ of phase and frequency differences at subpicosecond precision

- Absolute frequency counts at 13+ digits per second, 17 digits maximum

- Allan deviation (ADEV) typically less than 5E-14 at t=1s

- Modified Allan deviation (MDEV), Hadamard deviation (HDEV), and time deviation (TDEV)
- Phase noise and AM noise at offsets from 0.001 Hz to 1 MHz and levels below -175 dBc/Hz
- RMS-integrated time jitter with less than 50 fs residual jitter from 0.1 Hz to 1 MHz

- RMS-integrated phase noise, residual FM, and SSB carrier/noise ratio

Using high performance host-based DSP techniques on a Windows® PC, all of these measurements can
be made simultaneously. Results appear as you watch —and you can save, view, compare, export, or
print them at any time. Accuracy and stability are inherited from a user-supplied external reference
which can run at any frequency within the supported range, with no calibration required by the
instrument itself.
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Specifications

Input frequency and level (RF)

Reference frequency and level
Input/reference VSWR (<= 100 MHz)
Input/reference port isolation (10 MHz)
Maximum DC voltage at any input

Allan deviation (5 MHz-100 MHz, t=1s)
Allan deviation (5 MHz-100 MHz, t=1000s)

Phase stability (5 MHz)

Residual phase noise floor (5 MHz, 1 Hz)
Residual phase noise floor (100 MHz, 1 Hz)
Residual phase noise floor (5 MHz, 10 kHz)
Residual phase noise floor (100 MHz, 10 kHz)
Residual AM noise floor (5 MHz, 10 kHz)

Spurious responses (5 MHz-100 MHz)

Physical dimensions

Power requirements

Ambient temperature

Note: Due to the use of cross correlation to cancel instrument noise, the phase noise and AM noise floors depend strongly on
the measurement time and available signal levels. Residual specifications assume that measurements are made after a two-
hour warmup period in a temperature-stable environment with +15 dBm at both INPUT and REF IN jacks and Trace-»Smooth
noise traces enabled. Under these conditions, 5-10 MHz signals are typically measurable to better than -175 dBc/Hz at offsets
> 10 kHz after less than 5 minutes when overlapped acquisition is enabled. Lower-amplitude signals, signals near the

1 MHz — 200 MHz, 0 dBm - +15 dBm, 50 ohm N-F

1 MHz — 200 MHz, 0 dBm - +15 dBm, 50 ohm N-F

1.5:1 or better

130 dB or better

+/- 24V

7E-14 minimum, 5E-14 typical (5 Hz ENBW)
5E-16 minimum, 2E-16 typical

Less than 10 ps/hour after 2 hour warmup
Typically below 2 ps/hour

-135 dBc/Hz minimum, < -142 dBc/Hz typical
-120 dBc/Hz minimum, < -122 dBc/Hz typical
-170 dBc/Hz minimum, < -175 dBc/Hz typical
-170 dBc/Hz minimum, < -172 dBc/Hz typical

-160 dBc/Hz minimum, < -165 dBc/Hz typical

Less than -100 dBc (phase noise) or -90 dBc (AM noise)

Typically below -120 dBc

380 mm x 230 mm x 100 mm, 3.2 kg
15” x9” x 4”, 7 pounds

90-264 VAC, 47-63 Hz, < 40W
3-pole ACinlet IEC320-C14

15C to 35C operating, -20C to +50C storage
60F to 95F operating, OF to 125F storage

frequency-coverage limits, and measurements of very low close-in noise may require more time to converge.
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Getting Started

What’s in the box?

Please check the contents of your package carefully upon arrival. Each PhaseStation 53100A unit should
be accompanied by the following items:

(1) USB 2.0 cable, A Male / B Male

(1) Power supply

(2) N-M / BNC-F coax adapters

(5) 1”7 (25.4 mm) SMA-M / SMA-M coax jumpers (preinstalled)

Additionally, each 53100A delivered to North American customers includes a standard IEC320 / NEMA 5-
15P power cord for 120V service. For operation in other countries, the 53100A’s power supply accepts
50/60 Hz AC power at all standard line voltages from 100V to 240V, and is compatible with IEC320-C14
power cords available locally.

USB driver and software installation

The current Timelab release may be downloaded from http://www.miles.io/timelab/readme.htm.
Please install the most recent version of TimeLab before using your new 53100A!

The PhaseStation 53100A user manual also serves as the primary software documentation for Timelab.
The latest version of the 53100A user manual is available at
http://www.miles.io/PhaseStation 53100A user manual.pdf.

Support
For prompt assistance with software issues, contact Miles Design LLC at john@miles.io .

For hardware and warranty-support issues, contact Jackson Labs Technologies, Inc. at
http://www.jackson-labs.com/index.php/support .
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Installing TimeLab™

File Edt Trace Display Legend Measurement Acquire Help

Phase Noise £(f) in dBc/Hz

PM Spur Offset ()  dBc
-129.4

Trace [ | WputFreq [ Sample Interval | dBcHz ati0Hz | Duration Acquired
nzel Timekeeper (Unsaved) | HP 50618, Csoff | 10.000 MHz | 0.004 s | -13038 | 1n 109773 pis

Active thieads: 1

: 1136 PM
. u
WA 3,

Timelab is a compact Windows application designed for general-purpose phase/frequency stability and
noise measurement. It runs on Intel® or AMD® x86-based PCs equipped with Microsoft Windows® 7 SP1
or later versions. Timelab supports a wide variety of time and frequency measurement instrumentation
in addition to the PhaseStation 531004, including the TimePod 5330A cross-spectrum analyzer and the
5115A/5120A/5125A phase noise test sets from Microsemi.

Minimum system requirements are 100 MB of disk space, 1 GB RAM and a CPU with SSE2 support. For
use with the PhaseStation 53100A, a processor with four or more physical cores is recommended.

By default, TimelLab will automatically check the Miles Design web site on a weekly basis and inform you
if a newer version is available for download. Updates are always free of charge. To configure or disable
automatic update notifications, select Help->Check for updates.

For best results, TimelLab should be installed prior to connecting the

53100A to your PC’s USB port for the first time. Before exiting from

the install program, make sure that the box labeled Install Vo e o ot the Phasestatin o yourcomputr
PhaseStation 53100A USB Driver is checked. This will help Windows
locate the USB driver without further intervention when the 53100A
is connected. After the driver has been successfully installed on your system, a confirmation message
will appear.

Driver installation x|
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Performance notes

Measurements made with the 53100A rely on multithreaded signal processing operations that can place
significant performance demands on the host PC. Referring to the benchmarks at
http://www.cpubenchmark.net/common_cpus.html, the minimum PassMark score for reliable
acquisition falls in the 1,600 to 2,000 range. In practice, this means that a 2.0 GHz Intel Core 2 Duo or
faster processor is required. Additional CPU cores are often more helpful than higher clock speeds.

Use of a system with inadequate CPU performance may result in
acquisition errors, often accompanied by a flashing red fault

indication on the 53100A’s status LED. It may be necessary to hise
disable one or more measurement types to achieve reliable ¥ Measure phase noise
operation in such cases. For example, if you are interested only in V' Measure AM noise

phase/frequency stability measurement, uncheck the Measure Figure 1: Noise measurement types
phase noise and Measure AM noise boxes in the acquisition
dialog, as shown at right. By default, the 53100A will measure phase noise, AM noise, and

phase/frequency stability simultaneously.

When noise measurements on slower PCs are required, another strategy to improve reliability is to
uncheck the Overlapped acquisition box in the Additional options page of the acquisition dialog.
Doing so will increase the averaging time required to achieve extremely low noise floors, but will have
little effect on most measurements. Note that overlapped acquisition is turned off by default.

For improved performance, a 64-bit version of TimelLab will automatically be installed on x64-based
systems. If you need to record long phase records with the 53100A (or any other equipment supported
by Timelab), an x64 system with several GB of RAM is recommended.
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Figure 2: Front panel controls and features

Front panel features

The 53100A’s front panel includes the following features, located as shown in the color-keyed image
above:

- Two AC-coupled N-F input jacks that correspond to the primary REFERENCE and DUT signal
inputs. Measurements of RF signals from a single DUT and a single reference source will
normally use these two jacks as inputs.

- Each of the N-F input jacks is connected to an internal power splitter with two output ports,
which in turn are routed to a pair of SMA-F output jacks below.

It's important to note that the jacks associated with the power splitters are unconnected to
anything else internally. They are provided for operational convenience. Each splitter presents
a nominal 50-ohm load at its input port®, where the signal is fed to two independent, identical
amplifiers whose outputs are also source-terminated at 50 ohms. Net gain from each N input
jack to its corresponding SMA output jacks is 0 dB nominal. These active splitters offer
advantages over traditional resistive or Wilkinson implementations in cross-correlated noise
measurement applications, including high isolation and well-defined port impedances with
minimal differential-mode noise.

- Four AC- or DC-coupled SMA-F input jacks that drive the individual ADC channels.

! Specifically, both the DUT and REFERENCE ‘N’ jacks are coupled to their respective input splitters via ‘L’ networks consisting of 6.8 nF 100V
capacitors and 22 uH inductors. The four SMA input jacks are capacitively coupled as well when the instrument is configured for RF carrier
measurement. At power-up time, the 53100A will momentarily switch the SMA inputs to the alternate signal path for DC-10 MHz baseband
analysis, which presents a resistive load of approximately 10K ohms. Both the RF and DC paths can tolerate DC voltages up to +/- 24V.
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By default, each of these input jacks is strapped to the output jack directly beneath it. This
effectively divides the four-input 53100A into two independent two-channel “instruments” for
cross-correlated phase noise and AM noise measurements. By sending identical copies of the
reference signal to channels 1 and 2 and the DUT signal to channels 3 and 4, uncorrelated noise
in all four channels will average out over time. In principle, only the noise at the splitter input
terminations is common to the two “instruments,” corresponding to -177 dBc/Hz with a 0-dBm
input.

Note that the above describes only one of several possible measurement configurations.

A number of other measurement roles, including multichannel stability measurements, are also
possible. These are discussed in the PhaseStation 53100A Measurement Roles section on page
125.

- Units equipped with the dual internal reference option are provided with two SMA-F output
jacks for these 100 MHz sinewave reference signals. Typical output level is +12 dBm.

- The STATUS indicator is a high-brightness RGB LED that reveals the instrument status at a
glance:

Blue Present for the first few minutes while the 53100A’s internal clock oscillator
warms up.

The 53100A is ready to acquire data. Stability measurements at 50 Hz and
higher bandwidths may be performed as soon as the LED turns from blue to
white, although a 30-minute warmup period is recommended. Input/reference
drift warnings may occur with shorter warmup periods.

Green A measurement is either pending or in progress. No fatal errors have occurred.

Flashing purple  Excessive power is present at either the REFERENCE or DUT inputs or at one or
more of the channel input jacks, causing signal clipping in one or more ADC
channels. An unexpected increase in signal level after measurement has begun
can cause this indication. The acquired data is questionable.

While the inputs are protected against DC potentials up to 24 volts, the
maximum recommended RF power at any front-panel input jack is +15 dBm.
Damage may occur at RF input levels greater than +20 dBm.

Flashing red A USB data overrun has occurred. This is a fatal error. Insufficient CPU power
(or disconnection of the USB cable during a measurement) is typically
responsible. You may be able to run the measurement successfully if you
uncheck one or more of the noise or stability measurement options in the
acquisition dialog.
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Figure 3: Rear panel controls and features

Rear panel features

The 53100A’s rear panel includes the following features, located as shown in the color-keyed image

above:

The 2.1-mm DC input jack is intended for use with the provided 15V external power supply.
Note that the 53100A’s power supply is equipped with a locking power connector. To prevent
inadvertent disconnection, it is strongly suggested that you secure the locking ring to the
threaded portion of the input jack when connecting the power supply. Use the

turn the PhaseStation on and off, rather than repeatedly connecting and disconnecting the

barrel connector.

Two SMA-F input jacks provide access to the internal
clock synthesizer’s output signal and the ADC clock
inputs that it drives. These jacks are reserved for
future use.

One SMA-F input jack for synchronization and
calibration applications associated with the dual-
channel internal reference option.

A USB Series ‘B’ receptacle is provided for PC
connectivity. Guidelines for PC selection appear in the
Performance Notes section on page 19.

USB 2.0 High Speed support is required
for all 53100A acquisitions. In most
cases the use of passive or active USB
hubs with the 53100A is acceptable, but
if connection problems occur, you may
find it helpful to connect the supplied
USB cable directly to the host PC, or try
a different USB port.

In general, measurement errors are
much more likely to be caused by
insufficient CPU resources than by USB
connectivity problems.

to
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Guidelines for input signal connections

Although the N-F and SMA-F input jacks offer superior mechanical stability, BNC-N coax adapters are
also supplied with the PhaseStation for operator convenience. Regardless of your choice of coax fittings,
double-shielded cables such as RG223 or RG400 are recommended for low-level measurements that
may be affected by crosstalk and environmental interference. Use of RG58, RG174 and other common
single-shielded cables can cause artifacts in stability and noise plots, particularly with longer cables.

Input signals should be greater than 0 dBm for best performance -- +5 to +15 dBm is recommended.
While the PhaseStation is intended for use with sinewave oscillators, it’s possible to measure logic-level
clocks as well if you equip them with suitable matching networks. It's a good practice to measure the
oscillator with a load that’s similar to what it will encounter in its ultimate application, keeping in mind
that most logic-level sources are not specified to drive 50-ohm loads at all. Overloading of the source,
the PhaseStation, or both can occur if these devices are connected directly to the instrument’s input
jacks. Consult the manufacturer’s data for the source in question to determine its output impedance
and/or current drive capability.

The required matching network can be as simple as a resistive series termination or voltage divider, but
the PhaseStation’s own spur performance and broadband noise floor will likely be degraded when
measuring non-sinusoidal sources unless you provide additional bandpass filtering. Careful shielding of
matching networks, buffers, and other interfacing elements is also necessary, since isolation of DUT and
reference signals from stray RF signals (and from each other) is a prerequisite for clean measurements.
Experimentation will likely be required to achieve the desired results with non-sinusoidal signals.

Choosing reference sources

In addition to the host PC and an appropriate power source, measurements made with the 53100A
require either one reference signal to be supplied at the REFERENCE jack or two reference signals
supplied at the CH 1 IN and CH 2 IN jacks. Virtually all aspects of measurement performance -
accuracy, repeatability, noise floor, spurious responses — depend on your ability to provide the best
reference signal(s) possible.

But what does the “best reference possible” mean? It depends on the goals of your measurement. Very
few reference sources are ideal for both short- and long-term measurements. Typical “house clocks”
that distribute 5 or 10 MHz signals at levels between +5 and +15 dBm often work well for ADEV and
other time/frequency measurements, but atomic and GPS standards that are often used as sources for
centralized clock distribution may exhibit more short-term phase noise than an undisciplined crystal
oscillator. Distribution amplifiers can also add substantial noise of their own, as well as phase drift at
longer timescales due to temperature sensitivity.

Furthermore, even when using the best standards, distribution amps and double-shielded cables, it’s
almost impossible to build a large clock distribution network that’s free of environmental spurs. As a
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result, you should consider using a standalone low-noise OCXO — or even better, two of them -- for
phase noise and AM noise measurements.

Unlike most other stability and noise analyzers, the 53100A can work with any reference whose
frequency lies within its specified RF carrier range (1-200 MHz), regardless of the input frequency from
the device under test (DUT). Frequency readings and phase noise levels are always referred to the
frequency at the INPUT jack.

For example, if your 10 MHz DUT’s phase noise when measured with a 5 MHz reference is -160 dBc/Hz
at 10 kHz and its Allan deviation is 3E-12 at t=10s, you will still measure -160 dBc/Hz and ADEV=3E-12 if
you switch to a 10 MHz reference, or one at any other frequency.

One complication, however, is the need to handicap the reference’s phase noise and FM/PM spur
amplitudes by 20*log10(Fpyr/Frer) dB when the DUT and reference frequencies differ. This is the same
effect that classically applies when a signal undergoes frequency multiplication or division. The effective
phase noise and spur performance of the reference source would be 6 dB worse in the example above
where a 5 MHz reference is used to characterize a 10 MHz device. Likewise, the reference’s long-term
stability characteristics (e.g., Allan deviation) would be degraded by a factor of 2. Ideally, the phase
noise of your reference after any applicable 20*log10(Fpyr/Frer) correction should be at least 8-10 dB
lower than the expected performance of the DUT at the offsets of interest. The reference’s phase noise
will not affect the measurement to any great extent as long as this margin is maintained.?

Bear in mind that lower-frequency crystal oscillators will usually exhibit better close-in noise than those
at higher frequencies, even when the 20*log(N) rule is taken into consideration. This is a consequence
of the physical properties of the crystals themselves. For example, the highest-quality 5 and 10 MHz
OCXOs on the market can perform at levels below -130 dBc/Hz at 1 Hz from the carrier. These
oscillators make superior references for HF frequency stability and close-in noise measurement, easily
outperforming the best VHF oscillators. But at the same time, they will be less effective than low-noise
VHF oscillators as references for broadband noise measurement of VHF sources. Low-frequency
reference oscillators have no inherent advantages at offsets beyond a few kHz where crystal Q no longer
dominates, and the 20*log(N) principle will work against them when measuring higher-frequency DUTs.

An additional consideration when specifying reference oscillators is that industry-standard frequencies
such as 5, 10, and 100 MHz benefit from a larger selection of crystals at the factory. Within a given
product line, oscillators at unusual frequencies will rarely outperform units manufactured at standard
frequencies.

* This being said, it's sometimes useful to measure the phase noise or stability of a DUT by using an identical device as the reference. Insuch a
case, where the phase noise of the reference and DUT is presumed to be identical but uncorrelated, the resulting PN graph will be 3 dB too
high, while Allan deviation and related measurements will be artificially elevated by a factor of sqrt(2). You can use the Rescale Phase field in
TimeLab’s Edit->Trace properties dialog to correct the ADEV of two identical devices by scaling the phase data by 0.707. Similarly, the phase
noise may be corrected by entering -3 in the PN Gain field to lower the trace by 3 dB.
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Working with dual reference sources

The use of dual references carries significant advantages in noise measurement due to the instrument’s
use of cross spectrum averaging to remove the influence of uncorrelated reference sources over time.
Multiple references can be helpful in stability measurement as well, since the PhaseStation can easily
acquire the multichannel data necessary for so-called “three-cornered hat” processing.

For a detailed “case study” featuring the use of dual reference sources in both stability and noise
measurement roles, please refer to Application Note 53100A-2, Dual Reference Noise and Stability
Measurements with the PhaseStation™ 53100A.

The use of dual independent references relaxes some of the constraints on the stability and/or noise
performance of the reference signal sources, but the advantages come with a new requirement: the
references must be truly independent and uncorrelated. Otherwise, cross-correlated phase noise and
AM noise measurements will not converge at the DUT’s true noise level, and three-cornered hat
measurements will not benefit from the statistical independence required to separate the frequency
variances at the individual channels.

Two OCXOs running from the same power supply, for instance, may not be as independent as they look.
They may even injection-lock to each other through their power supply connections if decoupling isn’t
adequate. When working with dual references, consider enclosing each of them in its own RF-tight box
or other sealed metal container. Use high-quality DC feedthrough capacitors rather than conventional
power jacks or connectors. These precautions are always a good idea, but they’re absolutely mandatory
with OCXOs whose output signals are obtained from discrete pins or SMT pads rather than coaxial
outputs.

PhaseStation instruments equipped with optional dual internal references are particularly easy to set up
since reference channel isolation isn’t a concern. There are no inherent performance differences
associated with the choice of external and internal reference, but the internal reference option offers
the practical advantage of allowing the PhaseStation to measure high-performance sources with no
connections other than USB, power, and the DUT itself.

Internal and external reference jack configurations are shown in the PhaseStation 53100A Measurement
Roles section (page 125.) When reviewing the dual-reference measurement role descriptions, note that
the REFERENCE, CH 1 OUT, and CH 2 OUT jacks remain unconnected when dual references are used,
whether internal or external. As with the DUT, CH 3 OUT, and CH 4 OUT connectors on the right side of
the front panel, these jacks correspond to the input and output ports of an internal RF splitter. The
REFERENCE and DUT channel splitters are provided for user convenience, and have no other internal
connections.

Dual-channel references used with the PhaseStation do not have to operate at the same frequency.
That being said, when working with external dual-channel sources it can sometimes be helpful to either
phase-lock them together with a loop bandwidth well below the narrowest noise offset of interest, or
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separate them by several dozen hertz or more. If the oscillators are only a few hertz apart, it may be
difficult to spot crosstalk problems in the external RF or power connections.

Finally, note that basic frequency stability measurements on a single channel pair don’t use the second
(CH 2) reference or the second DUT input (CH 4) at all. The Ch 2 reference may be powered down or left
unconnected if noise measurements are disabled in the acquisition dialog and no DUT channels are
using Ch 2 as a stability reference.
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Making your first measurements

To paraphrase Kernighan and Ritchie?, TimeLab is not a large program, and it’s not well served by a large
manual. Likewise, the PhaseStation hardware is easy to work with after some basic measurement
concepts are understood. As an introductory exercise — or a quick operational check — you may wish to
perform a measurement using the default acquisition parameters in Timelab.

Acquire data from Jackson Labs PhaseStation x|
Caption | Example Duration |3 |Mirutes =]
Motes | Run until IManuaIIy terminated or acquisition complete j
i Stability Maise
v Measure stability V¥ Measure phase noise PM gain 0.0 dB
¥ Measure &M noise &M qail o0 dB
Measurement B ISD Hz {100 pointsjsec) ¥ gain | 0.
[~ Rescale PN ouT l— He
Trace history |1 ™ Rescals jitter
B IMeasure single DUT with single external reference j
Label Stability reference Naise reference Frequency:
Fichi |1 [~ =l | =l JRound ko nearest | 0.1 Mz Phasestation 531004 (123456-0000) =l
| iz I Z |- j I- j IRound ko nearest j I 0.1 IMHz
¥ chia I 3 |1 j |1 j IRnund to nearest j I 0.1 il
¥ ch+ I 4 I. =l |2 =l IRound tonearest | I 0.1 itz Start measurement
Cancel |
i Capkion
Enter an optional caption For the trace in this Field. Restore defaults |
Ta display krace captions beneath the graph in the main window, select the Trace option on the Legend-=Select menu,
‘fou can specify a different caption at any time using Edit-=Trace properties,
Additional options. . . |
Save scripk... |

Figure 4: The PhaseStation acquisition dialog

Getting started with the PhaseStation is as easy as connecting the 53100A’s USB cable to your PC and
launching TimelLab. Once Timelab is running, select the Acquire-»Jackson Labs PhaseStation menu
option. The dialog box that pops up should contain a list of available PhaseStation device(s) in a
dropdown box at upper right, just below the instrument photo.

Assuming the appropriate PhaseStation 53100A instrument is selected, the acquisition parameters are
all valid, you’ve connected stable reference and DUT input sources to the 53100A, and you’ve allowed at
least a few minutes’ warmup time, all you need to do is press the Start measurement button. The
acquisition dialog will disappear and the STATUS indicator on the 53100A should change from white to
green. Over the next ten seconds or so, various informational messages will appear in the TimelLab
status bar at the bottom of the program’s main window as the software characterizes the applied DUT
and reference input signals.

*The C Programming Language, Second Edition (1988), Bell Telephone Laboratories
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If all is well, the status bar message should soon change to “Acquisition in progress.” Measurement data
will now begin to appear in graphical form. Unless you’ve selected a different view from the
Measurement menu, you will see an Allan deviation (ADEV) plot for your DUT, rendered in real time at
100 points per second.

Unless you changed the Duration value, the measurement will run for three minutes. This will be long
enough to allow the ADEV trace to reach t=one minute, and for the phase noise trace to reach 1 Hz. You
can try any of these suggested actions at any time, either during the measurement or after it finishes:

e Left-click on the ADEV graph or any other log-log plot. Observe that the red spot cursor can
be placed at any vertical column. The graph’s Y value at the spot cursor will be displayed in
the legend table beneath the graph area, updated in real time to reflect the latest reading.
At the same time, ADEV values at assorted tau periods should be displayed in a chart on the
right side of the graph.

e Left-click and drag a box anywhere on the plot. When you release the left mouse button,
the view should zoom in to magnify the specified area. You can drag an edge (or a corner)
of the box slightly outside of the graph area to expand the plot in that direction. Right-click
to return to the unzoomed view.

e Try selecting a few of the different graph types in the Measurement menu. Assuming you
didn’t uncheck any of the measurement options in the acquisition dialog, all of the different
graph types should be accessible, updating continuously in a “live” fashion as long as the
measurement is still in progress.

e Now is a good time to start picking up the keyboard shortcuts. Instead of selecting
Measurement->»Frequency difference, try the f key. To return to the Allan deviation plot,
use a. Uppercase A selects AM noise, while uppercase P selects phase noise. (In some
cases, the Timelab features and commands described in this manual will be referenced by
their hotkeys rather than their menu entry names, after the menu entries have been
introduced.)

e Save the measurement data to a .TIM file with File=>Save image or .TIM file (s). A .TIM file
is an ASCII text file that contains the data needed to recreate all of the available graphs
associated with a given measurement. This data includes the entire phase record, as well as
the FFT bins from the phase noise and AM noise plots. You don’t have to wait for the
measurement to end; at any time during a measurement, you can save the available data to
a .TIM file or load another .TIM file for display alongside the existing plot(s) that have been
loaded or acquired.

e Use File->Load .TIM file to read the .TIM file you just saved. Now you should have two
copies of the same plot in memory. At the left edge of the legend table entry for the most
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recently-initiated or loaded plot, you'll see a black triangular cursor, indicating the plot
that’s currently selected for editing, browsing, or other forms of control interaction in
Timelab. In the table below, the most-recently loaded plot has been automatically selected:

Trace Notes Input Freg ADEV at 1s Duration Elapsed Acquired Instrument
Example (Unsaved) 5.0 MHz T.12E-14 3m 20s 1949 pts PhaseStation 53100A
p Example 5.0 MHz 6.61E-14 3m 3s 534 pts PhaseStation 53100A

Figure 5: Selection cursor

If the measurement is still in progress, you can press the Up arrow key to re-select the
original plot, then switch to the p)hase or f)requency difference views to watch its phase
record continue to grow while the saved copy remains unaffected.

For “power users,” three of the most common commands in Timelab are Display->Browse plots one at
a time (b), Display->Overlay all loaded plots (o), and Display->Toggle visibility of selected plot (v).
Like many other commands, the b, 0, and v commands operate on the so-called “selected” plot as
described above. If you've followed along with the suggested command demonstrations above, then
you should have two (or more) plots loaded, and you can experiment with these concepts.

e First, select any desired Measurement view and press the b key to enter Browse mode.
Observe that only one of your plots is now visible.

e Furthermore, notice that two things happen when you press the Up- or Down-arrow keys
(Display->Select next plot in chart / Display->Select previous plot in chart). The small black
triangular cursor at the leftmost edge of the legend table moves up and down... and the plot
that it points to is also the one that becomes visible. In Display-»Browse mode, entries in
the legend table corresponding to all of the unselected plot(s) are grayed out, and those
plots aren’t shown in the graph.

e You can put things back to normal by pressing o to return to Display-»Overlay mode. The
idea of a “selected” plot still exists in Display-»Overlay mode, but it no longer determines
which plots are visible in the legend table and graph areas. In Display->Overlay mode, all of
the loaded plots are visible, all of the time, unless individually hidden with the
Display-»Toggle visibility of selected plot (v) function.

e To avoid confusion the Display->Toggle visibility of selected plot (v) function doesn’t do
anything in Display->Browse mode. But in Display->Overlay mode it does just what it
sounds like — it toggles the visibility of the selected plot in both the graph area and the
legend table. This panoply of options may seem confusing at first, but it’s nothing compared
to the jumble of line segments and shaded areas that can appear on the graph when all nine
available slots in the legend table are populated with visible plots!
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e Regardless of the choice of Display->Browse or Display->Overlay mode or the visibility
status of any given plot, the “selected plot” concept is still useful for indicating which plot
should contribute to the frequency-count chart in the Measurement->Frequency
Difference (f) view, the sigma-tau charts in the various xDEV measurement views, and the
noise marker and spur tables in the noise measurement views. The selected plot is also the
only one that’s saved, exported, modified, edited, or moved up and down in the legend
table when the corresponding commands are issued.

The last point above is an important one — many users new to Timelab are surprised to discover that a
single .TIM file doesn’t represent an entire screen full of plots. Each plot must be saved, loaded, and
otherwise processed individually. None of the commands on the File or Edit menus in TimelLab operate
on more than one plot at a time, except for File->Close all plots (Home) and the various image-based
operations like File->Print image (Ctrl-p), File->Copy image to clipboard (Ctrl-c), and File->Save image
or .TIM file (s) when the latter command is used to save a .png, .bmp, .tga, .gif, or .pcx image of the
entire screen.

Tips for new users

e |nTimelab, almost everything you can do from the menus has a keyboard
equivalent, in many cases a single key. Time spent becoming familiar with the
keyboard shortcuts will be rewarded!

e Use the 53100A in an environment with good ambient temperature control for best
results. Avoid placing the hardware near HVAC vents or other sources of drafts
when making sensitive measurements.

e Also for best results, avoid placing the 53100A immediately next to equipment that
may operate at high temperatures, as well as equipment that should not be exposed
to heat. Normal case temperatures may reach 35C to 40C after several hours’
operation.

e Do not disturb the measurement setup mechanically, move cables around, or
otherwise interact with the environment unnecessarily during acquisition. After
the measurement ends, you can use TimelLab’s phase-record editing features to get
rid of known glitches, but nothing can be done to restore a corrupted noise plot.
Any glitches that affect the phase noise or AM noise plots will require a retake.

e At startup time, Timelab will open any .TIM file(s) specified on the timelab[64].exe
command line. Alternatively, a JavaScript program filename ending in .JS may be
specified for execution.

e Every measurement in Timelab runs in its own background thread, so you can
load, save, and manipulate plots or even launch additional acquisitions with other
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instruments while an acquisition is running. This is subject to available memory
and CPU resources, of course. A typical PhaseStation 53100A acquisition takes
about 16 MB/sec of USB bandwidth and two cores’ worth of CPU horsepower.

e  When equipped with multiple USB host controllers, the fastest available PCs can
acquire data from up to four PhaseStation devices concurrently. Most PCs will be
limited to two concurrent acquisitions at most.

e The acquisition dialogs in Timelab all have large “mouseover” help windows.
The mouseover help text serves as the primary hardware-specific documentation
for the various analyzers and counters supported by TimeLab. Read it carefully
before changing any fields from their default values.

e Attempting to run stability measurements with large phase records and high data
rates may result in “Couldn’t allocate phase record” or similar messages indicating a
lack of available RAM. Running on an x64 system can help avoid memory problems,
as they can access much more RAM than legacy 32-bit Windows systems.

e When contacting Miles Design for technical support, it’s a good idea to attach .TIM

file(s) associated with the issue, rather than image files. .TIM files greater than 3
MB in size should be zipped or otherwise compressed. If you don’t receive a reply
within 48 hours, please email again (without the attachment) to confirm delivery.

Next steps

Two application notes are provided to illustrate specific measurement techniques and
applications that almost all PhaseStation users will find helpful. These are AN 53100A-1
(Oscillator Measurement and Calibration with the PhaseStation 53100A) and AN 53100A-2
(Dual Reference Noise and Stability Measurements with the PhaseStation 53100A).

The latest editions of these application notes can be downloaded from the Jackson Labs
Technologies, Inc. web site at the following URLs:

http://www.jackson-labs.com/assets/uploads/main/PhaseStation 53100A AN 53100A 1.pdf

http://www.jackson-labs.com/assets/uploads/main/PhaseStation 53100A AN 53100A 2.pdf
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Block diagram

CH 1IN DC-200 MHz (SMA-F)

D))

CH 1 OUT 1-200 MHz (SMA-F)

REFERENCE INPUT 1-200 MHz (N-F)

CH 2 OUT 1-200 MHz (SMA-F)

CH 2 IN DC-200 MHz (SMA-F)

)

CLK IN 90-125 MHz

CLK OUT 90-125 MHz

AM noise
Phase noise

CH 3 IN DC-200 MHz (SMA-F)

)

CH 3 OUT 1-200 MHz (SMA-F)

USB 2.0 baseband data
Phase/frequency difference traces
Allan deviation and other stability metri

DUT INPUT 1-200 MHz (N-F)

CH 4 OUT 1-200 MHz (SMA-F)

CH 4 IN DC-200 MHz (SMA-F)

?E;)

Front / rear Active RF splitters BP / LP filters ADCs FPGA TimelLab host software
panel jacks ADC clock synthesizer (Windows PC)
Optional internal references

Figure 6: Functional block diagram

The diagram above provides an overview of the signal and data pathways that lie between the DUT and
reference signals supplied to the PhaseStation and the results that ultimately appear on the screen.
Although the block diagram may appear complex at first, the features most likely to be of interest are
the signal connections available to the user, all of which are shown at left. Front-panel jacks typically
connected to the device(s) under test are highlighted in blue, while those associated with internal or
external reference signals are shown in red.
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Other notable aspects of the block diagram include the following points.

e The four SMA M-M jumpers shown in the DUT and reference input areas are depicted in
their factory-default configuration. With these connections, signals applied to the two N-
female connectors on the front panel are split into two identical paths in the classical
topology for cross-correlated noise measurements. Many other connection possibilities are
available, however, since all four ADC channel inputs are accessible to the user. These will
be discussed later.

e Active splitters are used at the two N-F input jacks rather than typical resistive or Wilkinson
types. The active splitters present a well-defined load to the input signals as well as a
consistent source impedance to filters and other components in the analog front end.
Reverse isolation is approximately 70 dB at 100 MHz, which helps to minimize load-
impedance fluctuations caused by attenuator and filter selection when a measurement
begins. These load variations can affect the stability of devices being measured, and they
can also interfere with other equipment connected to the DUT or reference sources.

Additionally, the active splitters do not present a differential-mode source of Johnson noise
at their outputs, which may help prevent certain artifacts in measurements at extremely low
noise levels near the thermal floor of -177 dBm/Hz. The shared load resistors do act as a
common-mode noise source at the thermal floor, however. It's uncommon for real-world
measurements with the 53100A to reach this limit, but the SMA jumpers may be used to
connect other types of splitters supplied by the user if required. The use of the internal
splitters is always optional.

e Oninstruments equipped with the dual independent internal reference option, the
reference channel jumpers may be moved to connect the two internal 100 MHz OCXOs
directly to the input jacks. In this configuration the reference-channel splitter is unused, and
no connections are made to the CH 1 OUT, CH 2 OUT, and REFERENCE input jacks.

e The CLKIN and CLK OUT jacks on the rear panel are also depicted on the left side of the
block diagram. These jacks are intended to provide access to the internal ADC clock signal
path for future applications.

e The SMA-F jacks labeled CH 1IN, CH 2 IN, CH 3 IN, and CH 4 IN are connected to identical
banks of switched filters and attenuators that condition the input signals and pass them to
the individual ADCs. While the active splitter inputs at the N-F jacks are AC-coupled, the
filter banks associated with the four SMA-F input jacks include lowpass elements that permit
coverage down to DC. These DC paths are intended to support baseband analysis
applications currently under development.
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A brief architectural note
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Figure 7: Digital processing pipeline
It can be helpful to understand some basic details about the PhaseStation’s DSP topology, especially
when measurements may be constrained by available memory and CPU resources. A key observation is
that the two basic measurement categories corresponding to the Measure stability and Measure phase
noise / Measure AM noise options in the TimelLab acquisition dialog use completely separate data
records and internal processing pipelines.

The “phase record” mentioned in the documentation and help text has nothing to do with Phase noise
measurements, for example. Instead, the phase record is a block of low-bandwidth phase difference
samples from a single DUT/reference channel pair. Itis used only for Stability measurements, which
include ADEV, MDEV, TDEV, and HDEV as well as the frequency- and phase-difference plots.

The diagram above represents a more detailed view of the right half of the block diagram from the
preceding section. While TimeLab allows phase records from multiple channel pairs to be recorded
during a single measurement, the most common measurements yield a single phase record created
from two parallel streams of complex data samples arriving from one DUT input channel (Q3,I3) and one
reference input channel (Q1,11). Channels 2 and 4 do not participate in stability measurements in these
cases. The two streams from channels 1 and 3 are decimated to accommodate the requested
measurement bandwidth (ENBW) — typically 5 Hz to 500 Hz, with rates up to 50 kHz supported through
the use of additional decimation. The phase differences between corresponding samples in the two

PhaseStation 53100A User’s Manual V1.00  1-Oct-2019 37



decimated streams are then calculated and used to construct the various xDEV plots as well as the
phase- and frequency-difference plots.

So, when you save a measurement to a .TIM file that was made with the Measure stability option
checked, you’re actually saving these low-bandwidth phase differences. If you use Edit<»Remove
selected or zoomed phase data (F4) or the various flattening or trend-removal functions to edit parts of
the phase record after acquisition, the xDEV and frequency/phase-difference plots will be recalculated,
but nothing will happen to the phase noise or AM noise plots. The noise traces are normally based on
the phase and/or amplitude differences for all four baseband streams —Q1,11, Q2,12, Q3,13, and Q4,14 —
which are processed at the full baseband data rate exceeding 200 kS/s. The resulting data is then
passed to the FFT and cross-spectrum averaging routines.

Because it would be impractical to retain the original high-bandwidth complex baseband data or any
phase or amplitude information derived from it, only the averaged FFT output bins are written to the
.TIM file when saving the phase noise or AM noise portion of a measurement.
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Making Measurements
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Three views of the same PhaseStation
53100A measurement appear at left,
revealing the performance secrets of
some of the industry’s highest-quality
crystal oscillators .

The Allan Deviation plot displays
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“What’s all this ADEV stuff, anyhow?”

With apologies to the late Bob Pease and his editors at Electronic Design, here are a few tips to help you
understand what Allan deviation (ADEV) graphs really tell you, and how to get the most out of the
statistical deviation measurements made by Timelab.

Allan deviation is defined as the two-sample deviation of fractional frequency differences at a given time
interval. While technically correct, such definitions may be unenlightening to new users. Often, the first
guestion asked is something like, “Why did my plot stop at 1000 seconds? It took an hour to run!”

Allan Deviation CI'Y(T]

1E-9 T
: Tau Sigma(Tau)
T
1s 6.20E-13
T
1E-10 | / 2s 7.B6TE-13
] 1s 1.03E-12
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! 108 1.55F-12
: 208 2.02E-12
1E-11 I = 10s 242E-12
80s 2.T0E-12
==eE 100s 2.76E-12
I 200s 2.88E-12
! B 400s 2.93E-12
1E-12 T LT N 800s 2.82E-12
y = N 1000s 2.77E-12
i B 2000s 2.46E-12
I 4000s 1.58E-12
| \ 8000s 7.27E-13
1E-13 ! 10000s 6.15E-13
: e Sa=t 200005 3.54E-13
. = 10000s 1.87E-13
I 20000s 8.37E-14
I \ 100000s 6.7TE-14
1E-14 ! 2000005 4.50E-14
t
t
I
I
1E-15 -
0.01s 0.1s 1s 10s 100s 1000s 10000s 100000s 1000000s
Trace Notes Input Freq Interval ADEV at 1s Duration Instrument
Jackson Labs LN Rb GPSDO Experimental GPSDO 10 MHz 0.100 s 6.20E-13 9d 23h 59m 12s PhaseStation 53100A
HP 5071A Cs Kwarz CH1-76 maser 10 MHz 0.100 s 7.04E-12 1d 16h 13m 28s PhaseStation 53100A
Morion MVB9A DOCXO HP 5065A Rh 10 MHz 0.010s 7.54E-13 8h PhaseStation 531004
Trimble Thunderbolt GPSDO Experimental GPSDO 10 MHz 0.100 s 2.57E-12 1d Symmetricom 51258

Figure 8: Examples of ADEV measurements

The answer is that these plots are not simply linear depictions of frequency drift over time. (In TimelLab,
that’s the purpose of the Measurement->Frequency Difference (f) view.) Nor are they depictions of a
single Allan deviation measurement that describes the clock’s stability from one interval of a given
duration to the next. Instead, ADEV and similar statistical graphs usually portray an entire collection of
deviation measurements, each based on a list of phase or frequency data points spaced at an interval
unique to that measurement.

Imagine that you own a watch that exhibits a certain accuracy in parts per million from one minute to
the next. To arrive at this figure, you’ve checked your watch against a better clock several times, waiting
one minute between each trial, and then calculated the Allan deviation of the resulting list of phase
errors. (You might have used conventional standard deviation, but in this case you’ve heard, correctly,
that STDEV has major drawbacks for timekeeping work.)
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You're fairly certain you’ll get a different result if you calculate the Allan deviation for a set of readings
taken one week apart, and still another result for a series of readings taken annually. So you record at
least a few data points at these intervals as well.

Now you’d like to draw a graph that shows off your watch’s performance, perhaps for bragging rights at
the neighborhood pub. What sort of plot would be needed to portray everything you’ve learned about
the watch? The X axis obviously needs to be logarithmic, given that your timescales of interest range
from minutes to years. The deviation figures will need to be plotted on a log axis as well, because they
might be thousands of times worse at one-year intervals than they are at one-minute intervals. Finally,
even though you recorded several years’ worth of annual readings, your graph will need to end at the
one-year point. There’s simply not enough data to describe the watch’s behavior at longer timescales.

If you keep these guidelines in mind as you graph your data, you’ll end up with a legitimate ADEV plot.
It will have three data points, each containing the result (sigma) of an independent calculation based on
at least a few samples of the clock’s frequency that were taken at a specific interval (tau). Lines or
curves can be fitted to this collection of discrete points, and the result will be a plot like those drawn by
Timelab and other ADEV applications.

Timelab’s statistical capabilities aren’t limited to Allan deviation -- the Measurement menu allows you
to view any of four types of deviation plots, during or after acquisition. Formulas exist” to calculate
Allan deviation and other statistics on the basis of both phase and frequency samples. Timelab always
works with phase data internally, using incremental calculations for fast processing and overlapped
algorithms for high statistical quality. As with other measurements made by Timelab, the statistical
plots are updated simultaneously in real time.

Allan Deviation (a)
Allan deviation, or ADEV, is the square root of the Allan variance, ozy(t). Like its related
statistics MDEV and HDEV, ADEV describes the fractional frequency deviation (o, or
sigma) of a set of samples taken at an interval t (tau).

ADEV has a few disadvantages that are addressed by other deviation types, such as
inability to distinguish white PM and flicker PM noise. It also exhibits relatively low
confidence in the presence of smaller sample sizes, compared to some newer statistics.
Still, ADEV is among the most commonly-used performance metrics for high-
performance clocks and frequency standards.

4 W. J. Riley, Handbook of Frequency Stability Analysis (http://tf.nist.gov/general/pdf/2220.pdf)
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Modified Allan Deviation (m)
MDEV, or Mod o,(t), is a slight variation on ADEV that can discriminate between white
PM and flicker PM noise. Both ADEV and MDEV render flicker PM noise at a slope of t™.
White PM noise is also rendered by ADEV at T/, but it appears as a steeper downward
slope of T3%in MDEV. Consequently an ADEV plot may appear artificially elevated when
either of these two noise types is present. Switching to Measurement->Modified Allan
Deviation (m) will render the two noise types separately at the intervals where they

belong.

As an example, here are ADEV and MDEV plots showing the residual noise of an

HP 5370B time interval counter. For this test, the counter’s START input was fed with a
1-pps divider, which was driven by a 10 MHz clock that was also connected to the STOP
input using an RF splitter. The counter’s noise floor consists almost entirely of white PM
and flicker PM noise.

Allan Deviation Modified Allan Deviation
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1E-11 1E-11
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[ Input Freq | Sample Interval | Duration | Instrument | [ InputFreq [ Sample interval | Duration | Instrument |

[ 10 MHz [ 1s [ 8h [ HPs370AB | [ 10 MHz [ 1s [ 8h [ HPs3t0AB |

Figure 9: Contrasting the HP 5370B's ADEV and MDEYV floors

The ADEV plot shows a consistent T slope to 10000 seconds, which could be indicative
of either white PM or flicker PM noise. The MDEV plot renders the white PM noise at a
slope of t'3/2, transitioning to flicker PM near t=400s or so. Limited sample availability
beyond 1=2000s makes it difficult to draw further conclusions, but it’s clear that MDEV
reveals more about the counter’s noise characteristics than ADEV.

Hadamard Deviation (h)
HDEV, expressed as Ho,(t), can be thought of as a 3-sample alternative to ADEV. HDEV
plots of drift-free sources will generally appear similar to ADEV, but while ADEV fails to
converge in the presence of linear drift, HDEV is unaffected by it. This means that
switching from ADEV to HDEV will yield results similar to viewing ADEV after an
Edit->Subtract global linear frequency trend (drift line) (Ctrl-I) operation. (The results
will not be identical because HDEV also responds to some high-divergence noise types.)

One interesting use for HDEV is predicting the ADEV performance of crystal oscillators
that have not yet fully warmed up. Unless the oscillator is exhibiting frequency jumps or
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inconsistent drift characteristics, its short-term ADEV will eventually resemble the HDEV
performance that was observed only a few minutes after power-up.

Time Deviation (t)
TDEV, or o,(1), expresses the time stability of phase at the specified tau, in units of
seconds. Numerically, TDEV is equal to (MDEV * 1) / sqrt(3). It’s similar to the TIE (Time
Interval Error) statistic used by the telecommunications sector.
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Examining changes in stability over time

To make basic “dynamic ADEV” ~ Stahility

measurements’, refer to the help text

for the Duration and Run Until fields I Measure stabilty

in the acquisition dialog, as well as the Measurement BW |5|:| Hz {100 paints/sec) j
Trace History field shown at right. Trace history | 1
Specifying a Trace History value Figure 10: Basic stability measurement parameters

greater than 1 causes Timelab to

divide the phase record into the given number of regions. Subsequent displays of xDEV
measurements will assign each region its own trace. As the measurement runs, more
recently-acquired regions towards the end of the phase record are drawn in darker
colors, revealing how the stability of a given device changes over time. (If
Trace->Toggle trace thickness (T) is enabled, only the most recent region will be
displayed with a heavy trace.)

You can specify a new Allan Deviation
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power-upl and Iater [ Trace [ Input Freq | Sample Interval | Duration | Phase Record | Instrument |
. [ 1081160111 warmup [ 10MHz | 1321s [8m | 360 pts | Hps3toB |

rendered with Trace

History set to 20.

Consequently, each ADEV

Figure 11: Dynamic Allan deviation

trace represents about 24 seconds of phase data. As the oscillator warms up, the later
traces exhibit better stability. Values displayed on the Sigma(Tau) chart apply to the
most recent trace.

For more advanced displays of dynamic AVAR/ADEV and related metrics as described in
the literature, consider using the File=»Export phase data to Stable32 (Ctrl-x) command
described on page 76 for offline analysis.

5
Galleani, L., Tavella, P.; Interpretation of the dynamic Allan variance of nonstationary clock data, Frequency Control Symposium, 2007 Joint
with the 21st European Frequency and Time Forum. IEEE International, pp. 992-997, 2007
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Common artifacts in ADEV and related measurements
High-resolution plots captured by the PhaseStation 53100A can reveal artifacts that
don’t seem to be present when the same measurement is made by other instruments.
For example, spurs due to AC power coupling or ground loops, discussed below, appear
very different when acquired at high sample rates and rendered with 20 or more ADEV
bins per decade. Line-related spurs may not have been resolvable before, but that
doesn’t mean they weren’t present!

Measurement bandwidth and to Allan Deviation

One artifact that does originate in the =10

PhaseStation driver software is shown in the plot ’—\_\

at right. Four successive ADEV acquisitions are 1E-11 [\V

shown, each conducted at a different noise- T \/\/\M

equivalent measurement bandwidth (ENBW) e /J\‘Qﬁ%d
setting. Near the beginning of each trace, some s

“droop” is present that doesn’t accurately reflect potots - ooots 0ot ot * s
the behavior of the DUT. Figure 12: Artifact near beginning of unclipped traces

What causes this artifact? Stein® has shown that the optimum ENBW for a given ADEV
To’ is simply the 1/(2 * To) Hz Nyquist rate. This bandwidth is unachievable with a non-
ideal antialiasing filter, so the PhaseStation driver internally acquires oversampled phase
data that corresponds to an artificially short tginterval relative to the selected ENBW.

If allowed to appear on an ADEV plot, the antialiasing filter’s response is easy to mistake
for a real effect.

Timelab supports two different ways to avoid displaying invalid data near t,. First,
Trace->Clip xDEV traces by noise bandwidth (Ctrl-b) is enabled by default. (This option
was turned off to demonstrate the issue above.) With noise bandwidth clipping

Allan Deviation enabled, as seen in the figure at left,

1610 Timelab does not render any portion of
\_\ an xDEV trace at taus shorter than
18- v 1/(2 * ENBW) seconds.
N{BM
1E-13
0.0001s 0.001s 0.01s 0.1s 1s 10s

Figure 13: Traces clipped by bandwidth

6
The Allan Variance — Challenges and Opportunities, Samuel R Stein, Symmetricom, Inc., Boulder, Colorado USA

7
Torefers to the very first tau at the left end of an xDEV trace, which typically corresponds to the period of the phase or frequency samples
being analyzed.
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Additionally, the PhaseStation driver can decimate the phase-difference data it acquires.
Readings are collected by sampling the internal phase-difference data stream at a rate
determined by the Output Decimation field in the Additional options page of the
acquisition dialog. This feature is primarily for convenience. It can be used to reduce
the size of phase records generated by very long acquisitions, for example, or when high
data rates must be used in order to track drifting sources.

Decimation factors of 2:1 or greater also have the effect of satisfying the previous

To >=1/(2 * ENBW) criterion. With the default Output Decimation value of 2:1 or any
higher ratio, phase-difference data that’s affected by lowpass attenuation will be kept
out of the measurement, even if Trace->Clip xDEV traces by noise bandwidth (Ctrl-b) is
turned off.

Note that Trace->Clip xDEV traces by noise bandwidth (Ctrl-b) will have no effect on
plots rendered with data captured from counters and other instruments that don’t
report their measurement bandwidth. It should be left enabled in most cases.

Phase Noise %(f) in dBc/Hz

-100.0
PM Spur Offset (Hz) dBec
-110.0
! 98 -128.6
-120.0 \ 60.0 -127.0
. 120.0 -110.0
i 240.0 -1236
-130.0 i R 480.0 -129.2
i ; I ! ] 790.0 -1239
-140.0 | A frn— i = 60340.0 -111.7
e
-150.0
-160.0
-170.0
10 Hz 100 Hz 1kHz 10 kHz

Figure 14: AC line interference responsible for ripple in ADEV plots

Line-related spurs
The most conspicuous artifact in the ADEV plots above is the “ripple” in the blue and
magenta traces. This is caused by AC line interference, primarily a single 120-Hz spur:

Note that 1/120 Hz = 0.008s, which corresponds to the first (genuine) trough in the
ADEV traces above. Depending on how they’re introduced to the measurement, AC line
spurs commonly appear at either the fundamental power-line frequency or its second
harmonic. Usersin the EU and other locales with 50 Hz power will see similar effects
near t=0.010 and 0.020s. In all of these cases, the device’s “true” ADEV is close to an
imaginary line drawn through all of the lowest points in the trace.

Getting rid of AC line spurs can be a challenge. Shielding at 50/60 Hz is usually
impractical; if the interference is magnetically coupled into the measurement, there is
probably no cure besides identifying the offending source(s) and moving sensitive
equipment and cables away.
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Ground loops are a more likely offender, since all ports on the 53100A have ground pins
or shields that are bonded to the instrument’s metal enclosure. If you can identify the
offending loop, you may be able to break its RF path with a coaxial balun®.

You can also attack the source of the loop by bonding all equipment to a common
ground that’s connected to the building’s power distribution network in only one place.
To do this, ensure that all devices participating in the measurement — DUT, reference,
instrument, computer, and everything connected to them — are all part of the same AC
circuit, preferably a power strip that allows all equipment to be plugged into a single
outlet.

Using battery power can help, but batteries shouldn’t be your first resort. Less drastic
solutions can usually be found that will let you use the available AC power. (Try
switching to MDEV, for instance.) If you are measuring stable sources with sufficient
warmup time, you can attenuate line spurs by selecting the 5 Hz Measurement BW
option in the acquisition dialog. As another alternative, consider the Edit->Apply notch
filter to phase data (n) command, described on page 86.

Other environmental hazards

Frequency Difference
Averaging window: Per-pixel

+1.00E-9
+8.00E-10
+6.00E-10
+4.00E-10
+2.00E-10
0.00E+0 - e I Ll
-2.00E-10
-4.00E-10
-6.00E-10
-8.00E-10
-1.00E-9

Os 44s 88s 132s 176s 220s 264s 308s 352s 396s 440s

Trace Input Freq Sample Interval Instrument
REF FTS4050 INPUT Z3801 10 MHz 0.050 s TimePod 5330A

Figure 15: Interference from nearby cellular telephone

Above, a measurement of two 10 MHz sources was interrupted by bursts of apparently-
random noise at roughly 50-second intervals. The culprit turned out to be a cellular
phone sitting on a nearby bench. In another instance, a breadboarded RF amplifier

8

E.g., http://www.minicircuits.com/pdfs/FTB-1-1+.pdf. When using coaxial baluns, make sure they’re actually helping, though. In particular,
watch out for elevated phase noise floors, crosstalk artifacts, and assorted spurious responses picked up by the now-ungrounded coax shield.
Coaxial baluns turn loop antennas into dipole antennas.
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undergoing residual noise testing was affected by a WiFi access point, with interference
appearing as an intermittent train of low-level impulses near 10 Hz. Try to keep all RF
radiation sources — intentional and otherwise! — well away from your testing area.

Crosstalk
Finally, don’t confuse power-line spurs or other sources of low-frequency interference

with crosstalk. This is an insidious artifact that may be observed in high-performance
measurements — or worse, may go unnoticed.

When working with direct-digital analyzers such as the PhaseStation and TimePod,
crosstalk tends to appear when the signal frequencies at the input ports are nearly the
same, but not precisely. As the two signals’ phases slowly approach, coincide, and
separate, any coupling between them creates a spurious response at the difference
frequency. Appearing at a similar magnitude in both AM and phase noise plots, these
spurs also cause peaks and nulls in ADEV and related measurements.

Modified Allan Deviation

1E-11

e

1E-13
0.01s 0.1s 1s 10s
Trace Input Freq Ref Freq Sample Interval ENBW Instrument
Morion MV89A, 3m RG58, house clock on 10.000003 MHz 10 MHz 0.004 s 52.7T Hz TimePod 5330A
Morion MV89A, 3m RG58, house clock off 10.000003 MHz 10 MHz 0.004 s 52.7 Hz TimePod 5330A
Morion MV89A, 3m RG400, house clock on 10.000003 MHz 10 MHz 0.004 s 52.T Hz TimePod 5330A

Figure 16: Interference from external 10 MHz source

Crosstalk can also occur when a third signal, incidental to the measurement
environment, causes beatnote effects that are asynchronous to both test inputs. This
case is illustrated in the plot above, where a TimePod 5330A was used to measure a
high-stability OCXO against another one of similar quality.

In this case, while the OCXO driving REF IN was very close to 10 MHz, the OCXO driving
the TimePod’s INPUT port was set approximately 3 Hz higher for demonstration
purposes. Also present in the room (but not participating in the measurement) was a
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GPS-disciplined frequency standard and distribution amplifier supplying 10 MHz to
various instruments through long cables.

The 5330A’s reference source was connected with a double-shielded RG400 cable in all
three trials. The blue trace and magenta traces were taken with the input source
connected with a 3m length of RG58. A significant MDEV peak was visible in the blue
trace... but when the GPSDO was powered down for the magenta trace, the spurious
response vanished.

Likewise, as the green trace shows, replacing the RG58 input cable with an equal length
of RG400 also eliminated the interference from the house standard.

As can be seen, the recommendation to use double-shielded cables with these
instruments is not born of excessive caution. Even plots acquired by conventional
frequency and Tl counters are vulnerable to crosstalk! With the widespread availability
of GPSDOs and other inexpensive frequency standards, many facilities from
international physics laboratories to ham shacks are equipped with 5- and 10-MHz
distribution networks. Don’t use low-quality cables with high-performance
instrumentation.
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Hints for xDEV measurements

The PhaseStation does not display its own measurement floor in the ADEV, MDEV,
HDEV, or TDEV views. Instead, you can (and should) make residual plots for
measurements that may approach the instrument floor, using similar frequencies
and signal levels. These residual plots can be saved, loaded and shown with
Display-»Overlay all loaded plots (o) next to your actual measurement traces.

There’s a direct relationship between measurement bandwidth and the instrument
noise floor in ADEV and other phase/frequency measurements. You may find it
helpful to observe drift-prone sources or oscillator startup characteristics at 5 kHz or
50 kHz ENBW, but be aware that the stability noise floor will be somewhat higher.
Again, a separate residual plot at the frequencies and signal levels of concern can
tell you exactly where the limits are.

The measurement bandwidth also influences the size of the phase record that must
be allocated before a measurement of a given duration can begin. As a result, you
may experience out-of-memory errors if you tell TimelLab to record several hours'
worth of phase data at 500 Hz ENBW/1K points per second. Increasing the Output
decimation value in the Additional Options dialog is a great way to reduce
acquisition memory requirements, but it will not improve the xDEV noise floor. The
only way to lower the xDEV floor is to select a narrower measurement bandwidth.

Fewer samples are available to contribute to bins near the right end of an xDEV
trace. As aresult, measurement confidence decreases at longer tau intervals. To
increase the minimum number of samples that must contribute to a given xDEV bin
in order for that bin to be displayed, you can change the Bin Threshold parameter in
the acquisition dialog, or use Edit->Trace properties (e) to specify a new value for
the same field at any time after acquisition.

However, because TimelLab employs overlapped xDEV algorithms, small changes to
Bin Threshold may have no effect. Once the phase record grows long enough to
provide data at a given tau interval, each additional sample adds another data point
to the corresponding xDEV bin. If this is an issue, try setting the Bin Threshold to a
large fraction of the total phase record size. The idea is to force Timelab to render
the xDEV trace as if much less data were available.
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Allan Deviation

e In the example at left, two copies of

the same 3600-sample .TIM file have
been loaded. The blue trace was

e — rendered with the default Bin
Threshold of 4, while the shorter
magenta trace was rendered with Bin

2 Threshold set to 2000. Enabling
10s 100s 1000s 10000s
[ Trace [ Tnput Freq | Phase Record | Bin Theshold | Instrument TraCGAShOW XDEV error bars (Ctrl'e)
Thunderbolt vs FE-5680A run »}‘2 ‘ 1Hz 3606 pts 1 HP 5335A ,
Thunderbolt vs FE 5680A run #2 1 Hz 3606 pts 2000 HP 5335A reveals the blue trace S IOW
Figure 17: Bin threshold adjustment confidence at its longest tau.

Generally, as long as Trace->Clip xDEV traces by confidence (Ctrl-v) is enabled, it
will not be necessary to alter the Bin Threshold value to display xDEV trace data of
good statistical quality. The default bin threshold and clipping options will suffice
for almost all measurements, particularly those made at high data rates by
instruments such as the PhaseStation.
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Working with phase- and frequency-difference traces

Phase and frequency stability data acquired by TimelLab is represented internally as an array of phase-
difference samples. This is true regardless of whether the data came from a frequency counter, a time-
interval counter, or a direct-digital timing analyzer. (Frequency readings are converted to phase-
difference samples on the basis of their deviation from the first frequency reading acquired.)

In addition to the statistical measurements such as Allan deviation that TimeLab provides, “strip chart”
views are available to give you a closer look at the raw phase-difference data. These views correspond
to the Phase difference (Unwrapped) (p), Phase difference (Original) (w), and Frequency-difference (f)
options on the Measurement menu.

Phase difference (Original) (w)
Phase difference (Unwrapped) (p)
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Figure 18: Original phase data received from TIC (w) compared with unwrapped view (p)

The distinction between these two measurement types is relevant when receiving time-
interval data from a traditional counter. The Phase difference (Original) (w)
measurement shows the original Tl samples as they arrive from the hardware.

When acquired from a Tl counter, 