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The Difference Between Frequency and Time

Oscillators and Clocks

Escapement Wheels & Pendulums
Crystal Oscillators
Cavity Oscillators
Oscillator Locked to Atomic Transition
o Rubidium (6.8 GHz)
o Cesium (9.1 GHz)
o Hydrogen Maser (1.4 GHz)

Oscillator

v

Integrator and Display = Clock
* Gears
e Electronic Counters
e Real Clocks

1

Events that occur with a
defined

FREQUENGY

nsec -- minutes

v

Long-Term

TIMING

seconds - years
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What “Clock” Performance Does VLBI Need?

The VLBl community (Radio Astronomy and

Geodesy) uses Hydrogen Masers at 40-50 @
remote sites all around the world.

To achieve ~10° signal coherence for ~1000
seconds at 10 GHz we need the 2 clocks
(oscillators) at the ends of the interferometer
to maintain relative stability of:

e ~[10°/(360° * 10*°Hz * 10°sec)]

« x2.8*10" @ 1000 sec.



What “Clock” Performance Does VLBI Need?

* In Geodetic applications, the station
clocks are modeled at relative levels ~30 @
psec over a day:

e x[30¢10"%/ 86400 sec]
e ~3.5¢10"° @ 1 day
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What “Clock” Performance Does VLBI Need?

To correlate data acquired at 16Mb/s, station timing at

relative levels ~50 nsec or better is needed. After a few days

of inactivity, this requires: @
e ~[50*107/10°sec]
« ~5*10" @ 10°sec

Since VLBI now defines UT1, VLBI needs to control
[UTC(usno) - UTCvien] with an ACCURACY
(traceable to USNO)

* ~ 100 nsec -1 usec

To detect problems, VLBI should monitor the long-term
behavior of the Hydrogen Masers (at least) every hour with
PRECISION

* =10-50 nsec
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Allan Deviation =
A graphical look at clock performance
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Why do we need to worry about “Absolute Time”
(i.e. Clock Accuracy ) in VLBI?

The ONLY real reason for worrying about
“absolute time” is to relate the position of the
earth to the position of the stars:

* Generating Sidereal Time to point antennas.

 Measuring UT1 (i.e. “Sundial Time”) to see changes
due to redistribution of mass in/on the earth over long
periods of time (a.k.a. “The Reference Frame”)

* Knowing the position of the earth with respect to the
moon, planets and satellites.

 Making the correlation and Data Analysis jobs easier
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Why do we need to worry about “Absolute Time
(i.e. Clock Accuracy) in VLBI?

At the stations this means that we will need to pay
more attention to timing elements like

* Frequency Standard and Station Timing
 The lengths of all signal & clock cables
* The geometry of the feed/receiver to the antenna.

e Calibration of instrumental delays inside the
receiver and backend. The development of new
instrumentation is needed.

* The care with which system changes are reported to
the correlators and the data analysts.
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VLBI's “REAL” Clocks (#1)

—_————

— =

The Real Signal Path

* Note -- If the axes don’t intersect, then an “offset axis”
model of the antenna is used
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VLBI's “REAL” Clocks (#2)

CONTROL ROOM

I H-Maser I

¥

Phase Cal Ground Unit:
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Changes
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Counter
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Cable Length
Transponder

DOWN * 5/10 MHz

This is the “clock” that is used to
analyze VLBI data
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VLBI’s “REAL” Clocks (#3)

This is the “clock”
the correlator uses
to make fringes

Mark 5 or
Mark 6 (XCube)
Recorder

——

I H-Maser
[
5/10 MHz
5/10 MHz
Clock in MKk5 or
Mk6 (XCube)
Formatter
¢ \ 4
Clipper/ q Down
Sampler Converter
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Setting VLBI Clock Time & Rate with GPS

[X>Compare two distant clocks by observing the same GPS satellite(s) at the

same time (also called Common View)
= Requires some inter-visibility between sites
= Requires some near-real-time communication
= Links you directly to the “Master Clock” on the other end at ~1 nsec level

[X> Use Geodetic GPS receivers (i.e. as an extension of the IGS network)

= Requires high quality, probably dual frequency, receiver but it’s hard to gain
access to the internal clock.

= Requires transferring ~1 MB/day of data from site

= Requires fairly extensive computations using dual-frequency data to get
~300 psec results with ionosphere corrections

= Allows Geodetic community to use VLBI Site (and H-Maser) for geodesy

= Difficult to obtain “Real Time” clock pulses!

& Blindly use the Broadcast GPS Timing Signals as a clock

> Yields “Real Time” ~10-30 nsec results with ~ $1000 hardware
» Single Frequency L1 only (for now) causes ionospheric error
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How we get less than 5 nsec 1-sigma timing

Start with a good timing receiver, like the Motorola Oncore
or the Synergy SSR (uBlox).

Average the positioning data for ~1-2 days to determine the
station’s coordinates. This should be good to <5 meters. Or if
the site has been accurately surveyed, use the survey values.

Lock the receiver’s position to this average.

Make sure that your Time-Interval Counter (TIC) is triggering
cleanly. Start the counter with the 1 PPS signal from the
“house” atomic clock and stop with the GPS receiver’s 1PPS.

Average the individual one/second TIC readings over ~5
minutes.

These steps have been automated in Tac32Plus.



IVS Recommended Maser Timing Practices

From: Roberto Ambrosini, Tom Clark, Brian Corey, and Ed Himwich
To: All IVS Stations
Date: 1 May 2014

We recommend the following practices for management of the 1 PPS derived from the Maser and used as the station 1 PPS.
Its synchronization with UTC as derived from the GPS 1 PPS offers a common timing reference for all VLBI stations
worldwide. We refer to the difference in the epochs of the Maser and GPS 1 PPS signals, as measured by a counter, as the
Maser/GPS offset, regardless of which signal occurs later.

Because it is evident that crossing zero time for the Maser/GPS offset should be carefully avoided (the counter would read
the complement of one second of the desired delay, arithmetic processing of data by the counter not being recommended),
we recommend keeping the offset at a small but significant distance from zero and its drift rate positive.

We also recommend keeping the time and frequency retuning of the Maser at a minimum, typically no more than once in a
year.

This procedure offers: less work at the station, better modelling of the long term drift of the Maser, and a better chance to
identify jumps in the offset.

Here follow some practical recommendations for the Maser/GPS offset:

(1) Either the Maser 1 PPS or GPS 1 PPS can occur first.

(2) The offset should be significantly, at least a few microseconds, different from zero.

(3) The offset should not be too large, a useful upper limit might be on the order of 100 microseconds.

(4) The offset should be growing slowly, typically less than 0.1 microseconds/day.

(5) The offset should not be adjusted unnecessarily, no more often than once per year if possible.

(6) Items (2)-(5) are only recommendations and may not be feasible in some situations and do not need to replace existing
successful practice at any station. However to the extent it is reasonable, stations should align themselves with these
practices.
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IVS Recommended Maser Timing Practices

Recommendation (1) is a recognition that different stations have different preferences on which 1 PPS occurs first: Maser or GPS.

Recommendations (2)-(4) are intended to minimize both the need to re-tune the Maser and the chances of the offset going through
zero.

Recommendation (5) is intended to make it easier to relate the offset data from one experiment to another.

For completeness, the following requirements (as opposed to recommendations) are listed for the FS log recorded offset between
GPS and formatter 1PPS signals, the "GPS/FM offset". These requirements are necessary to allow correct interpretation of the offset
data downstream. Please note that these requirements deal with the GPS/FM offset, which is related to, but different from
Maser/GPS offset discussed above. In addition to the GPS/FM offset, stations can, and are encouraged to, record (appropriately
labelled) additional available clock offset data, including the Maser/GPS offset, in their FS logs or separately.

The requirements for the GPS/FM offset recorded in the FS logs:

(7) The offset is positive and small, i.e. close to (but not too close to) zero and NOT close to one second. If the recommendations
(2)-(4) for the Maser/GPS offset above are used for that offset, they are likely to also be true for the GPS/Maser offset as
well. In any event, the GPS/FM offset should not cross zero.

(8) The offset is recorded with either of two possible commands depending on how the counter is connected. The connections
should be chosen to agree with (7) and:
(A) If the counter is started by the GPS 1 PPS, use the "gps-fmout" command. This should be the case if the formatter output
1 PPS (usually determined by the Maser) is late.
(B) If the counter is started by the fmout 1 PPS, use the "fmout-gps" command. This should be the case if the GPS 1 PPS is late.
It will be necessary to change which command is used if which signal is late changes. This should not be needed if
recommendations (2)-(4) for the Maser/GPS offset are followed.

(9) The offset counter does not use arithmetical processing. It just reports the "raw" difference in time between the start and stop
signal. So for example, the small positive offset in (7) is not achieved by subtracting the raw difference from 1 second.

(10) The offset counter does not use averaging. This allows immediate detection of jumps. Averaging can be applied in post
processing of the data.

(11) The offset must be measured at least once per scan in MIDOB. Additional measurements are acceptable as well.
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Hydrogen Masers
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Physics Package
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Figure 4. Hydrogzen Maser, Physics Lavout and Identification.

Credit: Microsemi MHM2010 Manual
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Sigma Tau/NR Masers
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Maser Outputs

Sigma Tau MHM 2010 NR Maser
* 2 5MHz * Maser Data ¢ 4 5MHz
* 210 MHz * Sync Port «21PPS
* 2 1PPS * Maser Data
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Timing Configuration

R
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Data/Frequency Monitoring

Maser Data Monitoring

E Symmetricom MHM-2010 Live Data on COM3

= il
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Troubleshooting/Routine Maintenance

* Hydrogen Pressure

* Microprocessor batteries
* Magnetics/Degaussing

* Vacion pumps

* Hydrogen gas

* Frequency corrections

Katie Pazamickas, Tom Clark & Rick Hambly
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Troubleshooting/Routine Maintenance

* Power Outages

* Temperature instabilities-
heater currents

* Loss of IF/VCO
* Backup Batteries

* Microprocessor Failure
* Power Supplies
* Fuses

OUTER ELECTRONICS
PACKAGE
7239-2500 k4
R T B
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Now let’s discuss . . .

* Week rollover may mean retiring old GPS receivers
(Motorola VP, UT+, etc.)

* “We have legacy equipment using the Oncore VP. We have
found that the VP receivers have a cutoff date after which
the date reverts back 1024 weeks. The final VP sw ver 10 rev
0 has an end date of operation of 13 Aug 2016”

* GPS receiver’s quantization error (“sawtooth”).
* “Absolute” Receiver Calibration

* New developments
 The SSR-M8T GNSS receiver
* Tac32Plus updates
e CNS Clock Il functional improvements (NTP, Oscillator.
PPS)



An Example of 1PPS Quantization Error Correction

0.040

RX A - Motorola M12+ V2.0 vs. USNO

Data logged by Tac32Plus, Aug 8, 2002 UTC (Day 220).
0.030 ©2002 CNS Systems, Inc., plotted by Richard M. Hambly

RED = Raw 1PPS  BLUE = Sawtooth Corrected Data
~26 nsec
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What Causes the Quantization Error ?

LOs

RF
STUFF

DSP STUFF
Samplers
Correlators
Integrators

CRYSTAL These are derived from the same 1/F
|_||:||_| Signal source, so they are locked to each other.
[ Unless 1/F is a "perfect" multiple of 1second,
MASTER 1/F the 1PPS will have a sawtooth "walk"
OSCILLATOR| Clock
& CLOCK Edge
Freg=F !
| 1PPS
>IN Looooonnnngggg Counter Clock
Edge
I
Computer START REGISTER ] .
LATCH Yo 1PPS OU
STOP REGISTER —
Serial message tells error +/- 1 nsec >  RS232

eFor the older Oncore, F=9.54 MHz, so the 1/F quantization error has a range
of +/- 52 nsec (104 nsec peak-to-peak)

*The newer M12+ & M12M have F = 40 MHz, so the quantization error has
been reduced to +/- 13 nsec (26 nsec).
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VLBI’s Annoying Problem Caused by the
Quantization Timing Error

When the formatter (Mark 5/6 sampler) needs to be reset, you have to
feed it a 1PPS timing pulse to restart the internal VLBI clock. After it is
started, it runs smoothly at a rate defined by the Maser’s 5/10 MHz.

The AVERAGE of the 1PPS pulses from the GPS receiver is “correct”, but
any single pulse can be in error by £13 nsec (or £52 nsec with the older
VP & UT Oncore receivers) because of the quantization error.

Once you have restarted the formatter with the noisy 1 PPS signal, you
then measure the actual (GPS minus Formatter) time that you actually
achieved.

 ——

Or, you can use the 1PPS from a CNS Clock Il which has the quantization
error removed.

Katie Pazamickas, Tom Clark & Rick Hambly
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How can the quantization noise be eliminated ?

Y

GPS T

1PPS with “Clean”
quantization noise Programmable Delay Line 1PPS
> with 250 psec steps >
(Dallas/Maxim DS1023)

Ti mlng PIC Microprocessor generates the
. correction for the NEXT 1PPS tick
Recelver
Serial Data T RS-232
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The Future is here now! The CNS Clock I

1994 — 2004: the TAC 1PPS Sawtooth
e ] Correction Option

Data available on RS-232, USB 2.0, Ethernet
LAN, RS-485 and solid state relay Ports.

Ethernet NTP Server for your LAN.

TNC GPS Antenna Connector.

Buffered 1 PPS outputs.

GPSDO 10 (or 5) MHz output.

High Performance PPS.

Steered OCXO.

Steered Oscillator Utility Functions.

Many Options: IRIG-B, etc.

Katie Pazamickas, Tom Clark & Rick Hambly
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Does the hardware 1PPS correction work?

CNS Clock Il with M12M JB6430 V1.1 with 0.15nsec/div Delay Line

Hardware vs. Software 1PPS Corrections
Data logged by Tac32Plus, April 19, 2009 UTC (Day 109).

[

©2009 CNS Systems, Inc., plot by Richard M. Hambly
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CNS Systems’ Test Bed at USNO

Calibrating the “DC” Offset of M12+ receivers with 2.0 Firmware in 2002

We have observed that the ONCORE firmware evolution from 5.x = 6.x = 8.x = 10.x has been accompanied by
about 40 nsec of “DC” timing offsets.

Motorola tasked Rick to make the new M12+ receiver be correct.

Tac32Plus software simultaneously  Time Interval Cg

VA

nters compare
processes data from four Time the 1PPS from each CNS Clock
o ;
Interval Counters and four CNS (M12+)against the USNO'’s
Clocks, writing 12 logs continuously. TC time tick.
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Individual M12 Clock Performance

“Gold” Receiver (A) average “DC” offset = -0.6 ns

0040 [H [ I I I [ I I I [ I I I [ I I I [ I I I [ I I I [ I I I
| Rx A - Motorola M12+ V2.0 vs. USNO
i * Data logged by Tac32Plus, Sep 4 - Sep 16, 2002 UTC (Days 247 - 259).
0.030 ‘ Data is sawtooth corrected. Averaging Period is 100 seconds.
: . E ©2002 CNS Systems, Inc., plotted by Richard M. Hambly
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Comparing four M12+ Timing Receivers
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Motorola M12+ V2.0 vs. USNO
Data logged by Tac32Plus, Sep 4 - Sep 16, 2002 UTC (Days 247 - 259).
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Trying to keep up with New Technology!

Around 2005, Motorola quit the GPS business and the M-12
design was licensed to iLotus in Singapore. The current
iLotus timing receiver is called the M-12M.

Anticipating the need for a M-12 replacement, Rick & Art
Sepin (Synergy) examined the Swiss-built uBlox LEA-6
receiver module. Because of the large installed base of
Motorola/iLotus receivers, Rick developed a hybrid M-12
emulator; an M-12 sized board and a PIC pP to convert the
uBlox binary command set to the Motorola @@ binary
format.

More recently, this new receiver has been upgraded with
improved hardware, firmware and the uBlox M8T GNSS
module that supports multiple satellite systems, not just
GPS. This is in the latest CNS Clock Il product.



Comparing an M12+, M-12M & uBlox LEA-6/M8

An iLotus M-12M module.
The M12+ looks just the same

The uBlox LEA6T module
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The 4 Receiver test @ GGAO

“Gold” Synergy LEA-6Ts
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8/17/12 0:00 8/19/12 0:00 8/21/12 0:00 8/23/12 0:00 8/25/12 0:00 8/27/12 0:00 8/29/12 0:00
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Removing 27.3 nsec/day H-Maser Rate
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Modified Allan Deviation
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Trace Notes Filename Pathname Input Freq Sample Interval MDEV at 40s
GGAA A (Unsaved) Motorola "Gold” M12+ 60 Hz 60 s
GGAA A (Unsaved) iLotus M12M 60 Hz 60s
GGAA A (Unsaved) uBlox 6T, Motorola Emulator 60 Hz 60 s
P GGAA A (Unsaved) uBlox 6T, uBlox native 60 Hz 60 s
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Conclusions

. Small, low cost GPS receivers can provide timing needed for
VLBI anywhere in the world. This is not a new statement, it’s
been true since the 1990’s! See www.gpstime.com for “Timing
for VLBI” notes from the IVS TOWSs for more details.

. The iLotus M12M we tested showed jumps at the 10 nsec level.
Not sure if this is just a problem of this particular unit.

. Existing designs based on Motorola/iLotus M12s should have
no problem in making the change to uBlox by using the Synergy
M12 emulator receivers.

. The Synergy SSR receiver with either the uBlox LEA-6T (GPS
only) or LEA-MS8T (GNSS) is a superior product. In fact, the
uBlox we tested were a factor ~5 BETTER than the old M12’s
in all tests except for a “DC” bias ~30 nsec.


http://gpstime.com/

More Obsolescence Problems

Agilent has announced “End-of-Life” for the 53131 and 53132
counters that have been the standard VLBI Time Interval Counter.

The 53131/132 has been very easy to use since it has an R$232
printer port that streams the readings. TAC32 was built around this
capability.

Agilent is recommending the 53230A as their suggested
replacement for the 131/132.

Berkeley Nucleonics offers their model Model 1104 as an
alternative.

Both these counters suggest their use as “Net Appliances” on the
station LAN using their Ethernet ports.



Tac32Plus v2.7.16 Now Supports Time
Interval Counters via Ethernet.
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Tac32Plus v2.7.16 Now Supports Time

Interval Counters via Ethernet.
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B TIC Data (Raw) Ej[‘?l

M TIC Data (Raw) @@

1 50.505.4 us 1504953 us
2 5.05059000000000e-005 3 5.04921859205029-005
1 A0.508.E us 1504935 us
2 5.05057 000000000 -005 3 5.04891585767529=-005
1606071 us 1504904 us
2 5.05058000000000e-005 3 5.049353834595654-005
1 50,5085 usz 1504945 uz
2 5.05096000000000e-005 3 5.04951742017529e-005
150.511.0 us 150.496.5 us
2 5.05085000000000e-005 3 5.04924251 7831 54e-005
1 60.510,2 us 1504935 us
2 5.05055000000000e-005 3 5.04954281080029-005
1 505081 us 15045970 uz
1 60.507.8 us 3 5.04971 3709237 79e-005
2 5.05050000000000e-005 150.498.6 us
1605132 us 3 5.045954036939404e-005
2 5.05116000000000e-005 1504970 uz
1 50.509,2 us 3 5.049460291 26904e-005
2 5.05076000000000e-005 150.495.8 us
1605106 us 1 50.500.0 us
2 5.05089000000000e-005 3 5.04334115064404-005
2 5.05098000000000e-005 3 5.0494 24546737 79e-005
1650.511.4 uz 1504954 uz
2 5.04995000000000e-005 3 5.05121463580029e-005
1 60.501.4 us 1505134 uz
2 5.04979000000000e-005 3 5.051633924081 54e-005
1604999 us 150.518.0 us
2 5.049592000000000e-005 3 5.05155452955029-005
1 50.501.1 us 1805167 us
2 5.05159000000000e-005 3 5.0513401 74051 54e-005
1 80.517.7 uz 10805144 us
53132A vs. 53132A vs.
BN1105 53230A
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Other Recent Tac32Plus Upgrades
Version 2.7.11 -> 2.7.16

e Support for Synergy SSR-M8T GNSS receiver
* GPS, BeiDou, GLONASS, QZSS. More coming soon.
* Label all satellite types in the signal strength bars.

* Ability to upload new firmware into the Synergy
SSR receivers.

* \Version number now in the main frame title bar.

 Added the @@Wm "Change Model Number"
command for the SSR receivers.

* Many bug fixes and minor enhancements. More
coming soon.

* See www.chssys.com/Tac32Plus/Tac32Plus.php.
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http://www.cnssys.com/Tac32Plus/Tac32Plus.php

Future Tac32Plus Enhancements:

e Connect to CNS Clock Il via TCP/IP

Add GUI for satellite constellation selection on GNSS receivers
like the SSR-MST.

Investigate missing data in the BNC 1105 time interval counter
log collected over a LAN. Reporting “Query INTERRUPTED” and
“Query UNTERMINATED”,

Multi-Platform executables, especially Linux.

Other enhancements based on user feedback.
Contact Rick Hambly: rick@cnssys.com

Katie Pazamickas, Tom Clark & Rick Hambly 46
@Haystack, May 2015


mailto:rick@cnssys.com

