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The Difference Between Frequency andfl\'ime

Oscillators and Clocks Lol

Oscillator

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)
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Integrator and Display = Clock
Gears
Electronic Counters

Real Clocks
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Allan Variance —
A graphical look at clock performance
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What “Clock” Performance Does VLBI Need?

The Radio Astronomy and Geodesy VLBI
community uses Hydrogen Masers at about
50 remote sites around the world.

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

e ~[10°/(360° * 10"°Hz * 10°sec) ]

¢ ~2.8*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:

« ~[30*10*%/ 86400 sec]
~3.5* 101 @ 1 day @

* A hydrogen maser
provides this level of
performance.
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What “Clock” Performance Does VLBI Need?

To correlate data acquired at 16 Mb/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]

e H-maser->~5* 10" @ 10°sec @

Since VLBI now defines UT1, VLBI needs to control

[UTC(usno) - UTCvieny] with an ACCURACY (traceable to USNO)
* ~100 nsecto 1 usec

To detect problems, VLBI should monitor the long-term

behavior of the Hydrogen Masers (at least) every hour with
PRECISION

e ~10to 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
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 care with which system changes are reported to
the correlators and the data analysts.
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VLBI’s “REAL" Clocks (#1)

* 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

L

Phase Cal Ground Unit:
Monitors Cable Length
Changes

!

Counter

UP

ANTENNA

Cable Length
Transponder

DOWN + 5/10 MHz

This is the “clock” that is
used to analyze VLBI data

Divide by n

1/5/10 MHz

| Pulse

Generator

+1 Pulse/usec

Microwave

Receiver
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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

IF From
Microwave
Receiver

4—

I H-Maser
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Clock in Mk5 or
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Formatter
¢ \ 4
Clipper/ < Down
Sampler Converter
Background
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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 receiver but it’s hard to gain access to the internal clock.
= Requires transferring ~1 MB/day of data from site
= Requires 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!

& Use the Broadcast GPS Timing Signals as a clock

» Yields “Real Time” 10-30 nsec results with low-cost hardware
» Single Frequency L1 only suffers from ionospheric error but dual
frequency receivers are now available.
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How we get less than 5 nsec 1-sigma timing

e Start with a good timing receiver, like the CNS Clock Il with
the Synergy SSR (u-blox M8) front end.

* Average the positioning data for 1 to 2 days to determine
the station’s coordinates. This should be good to <5 meters.
If the site has been accurately surveyed, use these 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 (300 seconds).

* These steps are semi-automated in Tac32Plus & GPSTime.

Time and Frequency in VLBI, IVS TOW 2023 Background 14



IVS Recommended Maser Timing Practices
* VS Memorandum 2014-001v01, 29 April 2014

IVS Recommended Maser Timing Practices

Roberto Ambrosini, Tom Clark, Brian Corey, Ed Himwich
https://ivscc.gsfc.nasa.gov/publications/memos/ivs-2014-001v01.pdf

» Tac32Plus, Tac32Multi Time Interval Counter (TIC) Module

https://www.cnssys.com/documents/Tac32Plus.pdf

#% New TIC Data Log File N

. . Save in: 2023_BenchData ~| ® ¥ B~
* When recording data with Tac32Plus or |« = o
GPSTime, set up as shown here: |
Flename:  [C451067A [ Create

Save as type. [CSV (comma delimited) (" csv) ﬂ Cancel

Time tag format [Eucel Time POSOCK FFFFF)

[¥ Save Sateliite Events in ConfigLog ™ Auto Restart TIC Logs
Time Interval Log Averaging Log

| | & Enable I;og Every £ TIC data Averag;r;gopenod
_Disable L j‘ & Intemal
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Physics Package
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Figure 4. Hydrogen Maser, Physics Layout and Identification.

Credit: Microsemi MHM2010 Manual Credit: Microsemi MHM2010 Manual
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Maser Outputs
Sigma Tau MHM-2010 & MHM-2020

* 2 5MHz * Maser Data
* 210 MHz * Sync Port
* 2 1PPS * Data telemetry screen

SYNTHESIZER
EXTERNAL

s .
Symmetricom

Time and Frequency in VLBI 2023 H-Maser 18



Timing Configuration

.
Ny

CNS Clock I Original CNS Clock

53132A 53230A
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Data/Frequency Monitoring

Maser Data Monitoring

Frequency Data — Tac32Plus

C=NNEE X

|E| Symmetricom MHM-2010 Live Data on COM3

File View System Help
Receiver

[0] IF Amplitude
[2] VCO Phase
[5] LOAmplitude
Cavity Auto-Tuner
[1] Register

[21] Averager

Heaters

[6] Cavity

[12] Thermal Shield
[7]1 Outer Oven

[8] Lower Support
[9] Top Plate
[13]VCO

Power Supplies
[20] Main Power
[22]AC-DC#1
[23]AC-DC #2

[24] External DC
[19] Battery Voltage
[11] Battery Current

4.505
-0.378
0.401

1.207
283
Hydrogen Source

[15] Pressure 6.119
[18] Discharge Voltage | 2434
[10] Discharge Current [ 0.337
[17] Paladium Heater [ 715
[25] Botile Heater [ 144
[16] Pirani Heater 11.42

7.61
13.40
16.07

542

3.49

247
273
272

271
0.03

Vacuum

[3] H2 VI Pump
[4] Upper VI Pump

Miscellaneous

-0.147 || [14] Main Field

-0.091

Mormal Operation

-0.53

IEEREERIPEERY

Ready: 3481
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#% Tac32Plus ] =3

File Edit Display Help

0ls]u| & @|e|e|E| K2

View Data

‘ Satelites

Eb/Mo
8 1 20400 PRN| EI |Azm|Ebmo| 5 | 15 | 25 | 35 |
] 25 524 74

26 141193
14 684 75
UTC Time from GPS PC Time 3 114 288
UTC Day #125 14:35:48.000 10:35:48.003 12 221 42
Tuesday. 05 May 2015 Eastern Daplight Time 31 611262
GPS Week = 1843 Lo 25 48 T 294
AU 22 331178
. . Girid Square
Sidereal Tlme. . FN42g0.07
Local Mean Sidereal Time 00:42:25.38
Greenwich Mean Sidereal Time 05:28:23.86 TIC
Modified Julian Day 57147 60819 lizeg)
8.120400
GPS Navigation D ata
Latitude Longitude AMGPS]  AlkMSL) 9 Visible 7 Tracked
Cur: 4261312007 -71.4936672° 85.59m  118.56m | | Acquiring Satelites or Position Hold
Ay 42 B131045° -71.4936650° 88.10m  121.07m
Ref: 42 B131202° -71.4936673° 85.60m  118.57m

For Help, press F1

Position Hold 0 @ Motorola VP, Bin, 8 ch, V10.0, has DGPS, TRAIM
7

-

H-Maser
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Data/Frequency Monitoring

This data set shows the H-maser | A more detailed look at the data set
frequency error of about 7*1014 shows an old GPS receiver with

10.000

‘ ‘ . . .
CNS Clock GPS) 5 NASASTGG Hmaser | known data issues. This GPS receiver
8.000 Software Corrected 1PPS - 1|
Data logged by Tac32Plus, January - February, 2017 UTC
Averaging Period is 300 seconds. 1
oA e — should be upgraded or replaced
.
4.000 1
0.200 I
T CNS Clock vs. NASA STGG H-maser
2000 Software Corrected 1PPS
] 1 Data logged by Tac32Plus, January - February, 2017 UTC
s —— 0.150 Averaging Period is 300 seconds.
2 0.000 ©2017 CNS Systems, Inc., plot by Richard M. Hambly
H I —
§
-2.000 . 3 :
0.100 " . v Loy . L= e
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-0.100 — S - - . r 0.010
10.000 . ; -
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H
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-6.000 o010
1 H
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Troubleshooting/Routine Maintenance

* Power Outages

 Temperature instabilities-heater currents
* Loss of IF/VCO
* Backup Batteries

* Adjust VCO
* Adjust Cavity Register
* Hydrogen tank supplied for 20 years of operation

* VVacion pumps are designed for over 20 years of
operation before needing maintenance

* Frequency corrections are not needed because the
auto-tuner is continuously on



More on Troubleshooting and
Performance Monitoring

* NTP Time Performance.
* Westford Time or Frequency Problem?
* Need to replace old GPS receiver modules.

Time and Frequency in VLBI, IVS TOW 2023 Background
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NTP Performance of Tac32Plus and CNS Clock I

Welcome to Ubuntu 20.04.4 LTS (GNU/Linux 4.9.312-125-OncoreGPS-0.4+ aarch64)

* Documentation: https://help.ubuntu.com
* Management: https://landscape.canonical.com
* Support: https://ubuntu. com/advantage
New release '22.04.2 LTS' available.
Run 'do-release-upgrade' to upgrade to it.

Last login: Sat Mar 4 21:30:55 2023 from fe80::e6a0:f0ce:b2ae:3def%eth0
.—/+o0ssssoo+/-.
‘:+ssssssssssssssssss+t: ———————————

-+SS5SS5SSSSSSSSSSSSYySsSsSs+— OS: Ubuntu 20.04.4 LTS aarché64
.0555555555555555555dMMMNysssso. Host: Hardkernel ODROID-N2
/ssssssssssshdmmNNmmyNMMMM ssssss/ Kernel: 4.9.312-125-OncoreGPS-0.4+
/+sssssssishmydﬁgMMMMgNddddyisssssss+/ Uptime' 33 gigs,dlkhour, 42 mins
sssssssshNMMMyhhyyyyhmNMMMNhssssssss Packages: 1 p g) H H
.ssssssssdMMMNhsssssssssshNMMMdssssssss. Shell: bash 5.0. a) CNS CIOCk; R5232 port dIrECtly ConnECted to LInUX
+sssshhhyNMMNyssssssssssssyNMMMysssssss+ Terminal: /dev/pts/O
0ssyNMMMNyMMhsssssssssssssshmmmhssssssso CPU: Hardkernel ODROID-N2 (6) @ 1.896GHz hrrP server

0ssyNMMMNyMMhsssssssssssssshmmmhssssssso Memory: 287MiB / 3709MiB
+sssshhhyNMMNyssssssssssssyNMMMysssssss+
?sssssssdgMMNhSﬁissssigshNMM%dsssssss?
sssssssshNMMMyhhyyyyhdNMMMNhssssssss . . .
tsssssssssdmydMMMMMMMMddddysssssssst c) CNS Clock Il units, internal NTP servers in test bed.
/ssssssssssshdmNNNNmngMMMhssssss/ . .
0SSSsSssssssssssssssdMMMNysssso
B d) CNS Clock Il units, internal NTP servers on work
:+SSSSSSSSSSSSSsssss+:
.-/+o00ssssoo+/-. bench

£ hot: - i i
NIP Performance Snapshot: ntpg —pu e) Externalinternet time references.

NTP Configuration: sudo nano /etc/ntpsec/ntp.conf
NTP Oncore Configuration: sudo nano /etc/ntp.oncore0
rick@cnsntp:~$ ntpg -pu

remote refid st t when poll reach delay offset Jjitter

a —{_oONCORE (0) .GPS. 11 2 le 377 Ons 1.003us 233ns
x192.168.10.15 GPS. 1 u 14 64 377 1.0629ms 27.823ms 5.6897ms
+192.168.10.24 .GPS. 1 u 44 64 377 696.26us -990.6us 16.696us

C +192.168.10.26 .GPS. 1 u 3 04 377 ©89.15us -995.7us 9.974us
+192.168.10.33 .GPS. 1 u 56 64 377 651.50us -1.038ms 34.023us

q +192.168.1.190 .GPS. 1 u - 64 377 707.09%9us -996.2us 14.606us
192.168.1.191 .STEP. 16 u - 1024 0 Ons Ons 47777ns
-tick.usnogps.navy.mil .IRIG. 1 u 32 64 377 118.29ms -11.96ms 198.84us
-192.5.41.40 .IRIG. 1 u 38 64 377 96.159ms 8.5046ms 22.077ms

€ -time-a-wwv.nist.gov .NIST. 1 u 120 64 372 37.565ms 1.2614ms 101.64us
-time-a-b.nist.gov NIST. 1 u 83 64 76 34.687ms 1.0697ms 213.61lus
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Westford Time or Frequency Problem?

First, we will look at good data for reference.

Then we will look at recent data from Westford and
try to determine what is wrong, if anything.

The following slides are the output from a new data analysis tool written
in Python that automatically gathers up data from many Tac32Plus TIC “A”
and “T” log files that may be on any network accessible computer and
produces a single multi-page PDF report file for analysis.

Time and Frequency in VLBI, IVS TOW 2023 Background 25



GNSS Test Bed Analysis

@, python User I:.|

powered In ut R
Data Directory containing the Tac32Plus cI)::GPSTime data files pqndas
| C:/Tac32PlusData/2023_CNS_Lab | [ Browse
Output Directory for the report file
|C:/Users/rick/Documents/CNS Systems Inc/Testbed_Reports/Testbed in Python | Browse N
Enter the start time for the Average Data charts
[2/21/2023 00:00:00 | NumPy
Enter the duration (days) for the Average Data charts.
|7 | —al®
P | TRinter e <- This is needed to validate each data line matp, 1‘ t'lb
D 300

Enter the Time (noise) data start time.
<- Note that the one hour block of data

[2/27/2023 00:00:00 | must be in a single data file

Enter the Magnetic Field Setting (optional). = Thiai2 fork ant EEs0s4 Rubiiim

Standard. If not needed, set blank or zero.

Data sets to include in the report

Enter the Prefix for Enter the Secondary
. Zewm the data file series Enter the Primary Header Header Extension
| CNSA | | CNS Clock "A" (M12+) vs. HP5065A (2816A) | Software corrected 1PPS with 8 nsec RxDelay.
[Cc449 | [oNS Clock Il 404449 (SSR-M8F+) vs. HP5065A (2816A) | | Hardware corrected PPS with 48 nsec RxDelay. |
[C450 | [oNS Clock Il 404450 (SSR-M8F+) vs. HP5065A (2816A) | | Hardware corrected PPS with 48 nsec RxDelay. |
[C451 | [CNS Clock Il 404451 (SSR-M8F+) vs. HP5065A (2816A) | | Hardware corrected PPS with 48 nsec RxDelay. |
| OK | | Cancel

o

Time and Frequency in VLBI, IVS TOW 2023 72
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CNS Clock "A" (M12+) vs. HP5065A (2816A) Drift Chart

Data logged by Tac32Plus. Analyzed by Python + Pandas on 01-Mar-2023, © 2023 CNS Systems, Inc.
Averaging period is 300 seconds, Software corrected 1PPS with 8 nsec RxDelay.

0.25 50
—— Drift
0.20 45
0.15 40
0.10 35
"]
o]
wn =
T 0.05 30 9
& 3""‘:«’;‘%_-,: Q
N atndie. .
@ -0.00 "‘*,&-ﬁ 25 €
0 ©
= M e
=l s 20815
= 5
=
-0.10 Magnetic Field = 687 15
dt/t = 40.01 usec / +6.0e+11 usec = +2.0e-14
-0.20 5
4 25 T T T 0

Time and Frequency in VLBI, IVS TOW 2023

01-Mar-2023

0 0 0 0 0
o0 o o® Y 00"0 o0 o o® o
"LB! ] fL 1 rL (] ,-L'\ 3 ,L% ‘
< «® < < «®
Time (UTC)
Page 27 /"'CNS SYSTEMS



CNS Clock "A" (M12+) vs. HP5065A (2816A) Average Data Chart

Data logged by Tac32Plus. Analyzed by Python + Pandas on 01-Mar-2023, © 2023 CNS Systems, Inc.
Averaging period is 300 seconds, Osc drift removed, Software corrected 1PPS with 8 nsec RxDelay.
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CNS Clock "A" (M12+) vs. HP5065A (2816A) Noise Chart

Data logged by Tac32Plus. Analyzed by Python + Pandas on 01-Mar-2023, © 2023 CNS Systems, Inc.
Software corrected 1PPS with 8 nsec RxDelay.
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CNS Clock Il 404449 (SSR-M8F+) vs. HP5065A (2816A) Drift Chart

Data logged by Tac32Plus. Analyzed by Python + Pandas on 01-Mar-2023, © 2023 CNS Systems, Inc.
Averaging period is 300 seconds, Hardware corrected PPS with 48 nsec RxDelay.
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CNS Clock 11 404449 (SSR-M8F+) vs. HP5065A (2816A) Average Data Chart

Data logged by Tac32Plus. Analyzed by Python + Pandas on 01-Mar-2023, © 2023 CNS Systems, Inc.
Averaging period is 300 seconds, Osc drift removed, Hardware corrected PPS with 48 nsec RxDelay.
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CNS Clock Il 404449 (SSR-M8F+) vs. HP5065A (2816A) Noise Chart

Data logged by Tac32Plus. Analyzed by Python + Pandas on 01-Mar-2023, © 2023 CNS Systems, Inc.
Hardware corrected PPS with 48 nsec RxDelay.
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CNS Clock 11 404450 (SSR-M8F+) vs. HP5065A (2816A) Drift Charts

Data logged by Tac32Plus. Analyzed by Python + Pandas on 01-Mar-2023, © 2023 CNS Systems, Inc.
Averaging period is 300 seconds, Hardware corrected PPS with 48 nsec RxDelay.
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CNS Clock 11 404451 (SSR-M8F+) vs. HP5065A (2816A) Drift Charts

Data logged by Tac32Plus. Analyzed by Python + Pandas on 01-Mar-2023, © 2023 CNS Systems, Inc.
Averaging period is 300 seconds, Hardware corrected PPS with 48 nsec RxDelay.
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GPS Receiver Comparison Data Charts

Data logged by Tac32Plus. Analyzed by Python + Pandas on 01-Mar-2023, © 2023 CNS Systems, Inc.
Averaging period is 300 seconds, Osc drift removed.
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Westford Time or Frequency Problem?

Now let us look at the Westford
Data from February 2023

Time and Frequency in VLBI, IVS TOW 2023 Background
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GNSS Test Bed Analysis

@, python User l

powered Ili
Data Directory containing the Ta032PIIurs‘cE l(I3'|PtSTime data files pqndas
[ C/Users/rick/Documents/CNS Systems Inc/Testbed_Reports/Westford Data/04WFFeb2023 | | Browse |
Output Directory for the report file
|C:/Users/rick/Documents/CNS Systems Inc/Testbed Reports/Westford Data | | Browse | N
Enter the start time for the Average Data charts
[2/1/2023 00:00:00 | Numpy
Enter the duration (days) for the Average Data charts.
28 | _
P | TRinter Enter the Average Data sample size <- This is needed to validate each data line matp,* t'lb
D 300

Enter the Time (noise) data start time.
<- Note that the one hour block of data

[2/21/2023 00:00:00 | must be in a single data file

Enter the Magnetic Field Setting (optional). = Thiai2 fork ant EEs0s4 Rubiiim

ICI Standard. If not needed, set blank or zero.

Data sets to include in the report
fix fi E he S d
. Zewm Etﬂtee;g:g E:treeslgrig; Enter the Primary Header Efééefeﬁgﬁgiﬂy
[04WF | [CNS Clock 801038 (M12M) vs. Westford Maser | [Software corrected 1PPS with 8 nsec RxDelay. |
L] | | | | |
L] | | | | |
L] | | | | |

| OK | |Cancel

Time and Frequency in VLBI, IVS TOW 2023 B
01-Mar-2023 aueney Page 37 /"'CNS SYSTEMS




CNS Clock 801038 (M12M) vs. Westford Maser Drift Chart

Data logged by Tac32Plus. Analyzed by Python + Pandas on 01-Mar-2023, © 2023 CNS Systems, Inc.
Averaging period is 300 seconds, Software corrected 1PPS with 8 nsec RxDelay.
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CNS Clock 801038 (M12M) vs. Westford Maser Average Data Chart

Data logged by Tac32Plus. Analyzed by Python + Pandas on 01-Mar-2023, © 2023 CNS Systems, Inc.
Averaging period is 300 seconds, Osc drift removed, Software corrected 1PPS with 8 nsec RxDelay.
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CNS Clock 801038 (M12M) vs. Westford Maser Noise Chart

Data logged by Tac32Plus. Analyzed by Python + Pandas on 01-Mar-2023, © 2023 CNS Systems, Inc.
Software corrected 1PPS with 8 nsec RxDelay.
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Westford’s old CNS Clock 801038 (M12M)

The CNS Clock at Westford is part of a closed loop system
designed to detect failures of the H-maser

The CNS Clock at Westford is an original “TAC” design and has no
internal PPS quantization correction or other features.

* |t was purchased in Feb-1999. It originally had a Motorola VP 8-channel
GPS receiver.

* |t was upgraded in Aug-2017 with new front and rear panels and an
M12M 12-channel GPS receiver module.

To evaluate the Westford data, we need to understand the data
produced by this old receiver.

With the following understanding, it is likely that the GPS module
in this CNS Clock is not working correctly. However, it also could
be a problem with the Time Interval Counter.
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GGAO has a Similar Problem

Let’s look at GGAQO Data from
March 2023

Time and Frequency in VLBI Background



a python

powered

é TRinter

-4

‘Zewm

GNSS Test Bed Analysis

Data Directory containing the Tac32Plus or GPSTime data files

|C:\Users\rick\Documents\CNS Systems Inc\Organizations\NASA\NASA TOW\2023\GGAO Data | | Browse |

Output Directory for the report file

|C:\Users\rick\Documents\CNS Systems Inc\Organizations\NASA\NASA TOW\2023\GGAO Data | | Browse |

Enter the start time for the Average Data charts
[03/21/2023 00:00:00 |
Enter the duration (days) for the Average Data charts.
[7 |
Enter the Average Data sample size
300

Enter the Time (noise) data start time.

<- This is needed to validate each data line

<- Note that the one hour block of data
[03/28/2023 00:00:00 | must be in a single data file

Enter the Magnetic Field Setting (optional). = Thiai2 fork ant EEs0s4 Rubiiim

ICI Standard. If not needed, set blank or zero.

Data sets to include in the report

Enter the Prefix for Enter the Secondary
the data file series Enter the Primary Header Header Extension
[GS00 | [CNS Clock 801041 vs. Maser at GGAO, | [software corrected 1PPS vitn & nsec RxDelay. |
L] | | | | |
L] | | | | |
L] | | | | |
| OK | | Cancel

Time and Frequency in VLBI, IVS TOW 2023
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CNS Clock 801041 vs. Maser at GGAO, Drift Chart

Data logged by Tac32Plus. Analyzed by Python + Pandas on 05-Apr-2023, © 2023 CNS Systems, Inc.
Averaging period is 300 seconds, Software corrected 1PPS with 8 nsec RxDelay.
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250

CNS Clock 801041 vs. Maser at GGAO, Average Data Chart

Data logged by Tac32Plus. Analyzed by Python + Pandas on 05-Apr-2023, © 2023 CNS Systems, Inc.
Averaging period is 300 seconds, Osc drift removed, Software corrected 1PPS with 8 nsec RxDelay.
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CNS Clock 801041 vs. Maser at GGAO, Noise Chart

Data logged by Tac32Plus. Analyzed by Python + Pandas on 05-Apr-2023, © 2023 CNS Systems, Inc.
Software corrected 1PPS with 8 nsec RxDelay.
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An Example of 1PPS Quantization Error Correction

0.040 s ; : 5
I 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
~26 nsec RED = Raw 1PPS  BLUE = Sawtooth Corrected Data
p-to-p
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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 compile date of
v10.0 was 24-Sep-1999 => rollover is 10-May-20109.

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

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



What Causes the Quantization Error ?

N

CRYSTAL These are derived from the same 1/F
I_|I:II—| Signal source, so they are locked to each other.
! [ Unless 1/Fis a "perfect" multiple of 1second,
MASTER = the 1PPS w ill have a saw tooth "w alk"
OSCILLATOR | Clock
& CLOCK Edge

LOs

Freq=F
| [ i

RF

STUFF

DSP STUFF
Samplers
Correlators
Integrators

Computer

| I

>IN Looooonnnngggg Counter

1PPS
Clock
Edge

START REGISTER

STOP REGISTER

LATCH

Vo 1pPS OUT

Serial message tells error +/- 1 nsec

RS232

For the older VP, UT+ Oncore, F=9.54 MHz, so the 1/F quantization

error has a range of +/- 52 nsec (104 nsec peak-to-peak).

The M12+ & M12M have F = 40 MHz, so the quantization error has
been reduced to +/- 12.5 nsec (25 nsec).

SSR-M8T has F = 30.72 * 2 = 61.44 MHz, so the quantization error
has been reduced to +/- 8 nsec (16 nsec).

GPS Time

Time and Frequency in VLBI, IVS TOW 2023
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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 £52, £13, or £8 nsec 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 achieved.

Or you can use the 1PPS from a CNS Clock Il which has the quantization
error removed.
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How can quantization noise be eliminated ?

Y

1PPS with “Clean”
quantization noise Programmable Delay Line 1PPS
> with 250 psec steps >
(Dallas/Maxim DS1023-25)

GPS T

Timi Ng PIC Microprocessor generates the
. correction for the NEXT 1PPS tick
Recelver
Serial Data T RS-232
' >

This technique is used in CNS Clock Il units with revision

levels A through K, although with a variety of different
delay line types and step values.
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How else can quantization noise be eliminated ?

Y

“Clean” 1PPS

>

Serial Data R> 234

CNS Clock 11 [€ 1
with | DAC — Primary Ly pps
SSR-M8F Reference Generator
Oscillator
(OCX0)

This technique is used in CNS Clock Il units, beginning with revision L. Among other
benefits, this provides holdover with synchronized date and time for better NTP and
IRIG-B performance. The PPS stability is better than the delay line version.



The CNS Clock continues to Evolve

1994 - 2004: the TAC

e Data available on RS-232, USB,
Ethernet, RS-485 and solid-
state relay ports.

 Ethernet NTP Server.
Available Since January 2005, now at Revision M ® TNC GPS Antenna Connector.
Buffered 1 PPS outputs.

GPS Steered OCXO
10 (or 5) MHz output.

High Performance PPS.
IRIG-B
Good holdover performance
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CNS Clock and CNS Clock Il Setup Note

Timing Setup ? X Serial Number internal
~ Epoch Offset - Sets GPS 1PPS Pulses LATE | - TRAM———— G Receiver Delay
Epoch [Coarze] I I} 3: millizeconds E— Lirnit: 500 d TS Clock nanoseconds
| nanoseconds
. = 55 _ _ e 801001 801455 8
Offzet [Fine) I 1] E, microzeconds ™ Eill 1pps an fai (original)
~Instrumentation Offset - Sets GPS 1PPS Pulses EARLY _ CNS Clock Il s n/a
UTC Comrection — Rev A
?
Antenna Cable Delay I 1] _I nanogeconds IT 404001 404028 53 (estimated)
[ 7 EET i
Meazurement Cable Delay ] _I nanoseconds e Rev C n/a n/a 53 (est!mated)
T ) PGET 404029 404055 53 (estimated)
| Internal Receiver Delay 33 hanioseconds -
PUETS 404056 404108 53 (estimated)
Irtentional Extra E arly Difset I 0 3: microseconds  Fleset | AT 404109 404159 53 (estimated)
PUETET 404160 404265 53 (estimated)
~Tetal 1 PPS affset from UTC DOETIIT 404266 404138 53 (estimated)
I 0 = I 1000000 microseconds | Auto comect TIC data m 404319 404344 97 (estimated)
PUETT 404345 404371 97
<m” Conection > DOETANN 404372 404398 97
 Avtomatic ¢ Add " Subtract & Off | _ 404399 404425 48
Defaults | Ok I Cancel | For Help Press F1 m 404426 48

* The current CNS Clock internal delay is set using the table in the latest instruction
manual, available online. This offset is removed by setting the parameter in Tac32Plus
or GPSTime.

* CNS Clock Il units perform quantization correction in hardware so the software
correction should be set to “Off”.
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Microseconds

Does the hardware 1PPS correction work?

CNS Clock Il with M12M JB6430 V4.1 with 0.15nsec/div Delay Line

i Hardware vs. Software 1PPS Corrections

Data logged by Tac32Plus, April 19, 2009 UTC (Day 109).
©2009 CNS Systems, Inc., plot by Richard M. Hambly

+———RED =Raw 1PPS  GREEN= Hardware Corrected Data BLUE = Software Sawtooth Corrected Data  Violet = Correction Difference
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CNS Systems’ Test Bed at USNO

Calibrating the UTC Offset (ACCURACY) of M12+ receivers with 2.0 Firmware.

We 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 CNS to calibrate the new M12+ receiver in 2002.
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Tac32Plus software simultaneously Time Interval Cters compare
processes data from four Time Interval the 1PPS fram each CNS Clock
Counters and four CNS Clocks, writing (M12+ ainst the USNO’s

12 logs continuously. UTC time tick.
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Trying to keep up with New Technology!

Motorola quit the GPS business in 2005. The M12 design was
licensed to iLotus in Singapore. The current variant is the
M12M.

Anticipating the need for an M12 replacement, Synergy
Systems LLC and CNS Systems, Inc. developed the SSR series of
receivers. These are form, fit, and function replacements for
the M12 using u-blox GPS modules.

The latest version of this new receiver has improved hardware,
firmware and the u-blox M8T/F GNSS module that supports
multiple satellite systems. This is standard in the latest CNS
Clock Il product.

CNS has an upgrade kit for the original TAC and CNS Clock units
that replaces the obsolete Motorola VP and UT+ receivers with
the latest SSR-M8T+ board.



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

The Synergy SSR-MS8T Receiver
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A Four Receiver Test @ GGAO

A

“Gold” Synergy LEA-6Ts
Gold iLotus u-blox  u-blox
Motorola M12-M Moto Native
M12+ Emul . Cmds

Maser 1PPS Four HP53132
Distributor Counters
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A New Test with CNS Clock Il rev L Receivers

GPS Receiver Difference Data Chart

Data logged by Tac32Plus. Analyzed by MATLAB on 02-Apr-2019 2019 CNS Systems, Inc.
Averaging period is 300 seconds, Osc drift removed.

CNSA Reference

C409 offset +3.7 nsec
C410 offset +1.5 nsec
C411 offset -1.1 nsec
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Conclusions

1. 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.cnssys.com under the
“Publications” tab for “Timing for VLBI” notes from the IVS
TOWs for more details.

2. Existing designs based on Motorola/iLotus M12s should have
no problem in making the change to u-blox by using the
Synergy SSR-M8T/MS8F receivers.

3. The Synergy SSR receiver with the uBlox LEA-M8T/MS8F (GNSS)
is a superior product. In fact, the u-blox we tested were a
factor ~5 BETTER than the M12’s in all tests. When used in the
CNS Clock Il with its quantization correction circuit, the UTC
offset is set based on a chart in the latest manual. Just plug that
value into Tac32Plus or GPSTime and all is good.


http://gpstime.com/

Obsolescence Issues — GPS Receivers

Motorola UT+ receivers, used in some original CNS Clocks have

failed due to the week rollover event. These now provide the
wrong date and time.
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MS8T (u-blox) receivers.
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Obsolescence Issues — Time Interval Counters

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

a simple RS232 printer port interface. Tac32Plus was built around
this capability.

Agilent is recommending the 53230A as their suggested
replacement for the 131/132. This is the counter that CNS is now

using. Berkeley Nucleonics offers their Model 1104 as an
alternative.

Both these counters use Ethernet ports for control and data. This
allows Tac32Plus and GPSTime to implement setup commands and
collect data, simplifying station operation and interface wiring.



Tac32Plus & GPSTime Support Time Interval

Counters via Ethernet.

File Edit VYiew Data Display Help

D=L @ @|®|e[t W2

CNS Clock Il
18:39:03.000 |~z gowiret=re
u | ] ] 7 70T 188
11 681148
30 63 T 293
~UTC Time from GPS BT Time 18 521110
. UTE Day #117_16:3%:03 000 14:33.02.995 8 487 45
H P A I Ie nt Saturday. 27 Apr 2013 Eastern Daylight Time: 1 427 149
GPS Week = 2050 28 34 1 296
UTC = GPS - 18 seconds Latency: 0
27 157 51

53132A 17 12T 234
i Sidereal Time Gﬁfﬁgui'% 171 ; 318
. Local Mesn Sidereal Time 0354:28.78 i g star
S e r I a I PO rt Greenwich Mean Sidereal Time  03:00:63.77 I
Modified Julian Day 58600.77712 [uzec]
31.533700

~GPS Mavigation Data
Latitude: Longitude ANGPS]  AlMSL) 12 Vieible 11 Tracked

Cur 39° §251850° -76'35'148320°  2080m  55.55m | | postion Hold
fvg 39° 5 251850° 76°36'14.8320°  2080m  5555m
Ref. 39" 5'251956" -76'35'148343'  2087m  54.98m

For Help, press F1 [T PR @ |5 [Motorola SSR-M&F+, Bin, 12 ch, V7.03, FWV3.28

Agilent Tac32Plus
53230A

Ethernet

Berkeley Nucleonics  note: GPS time vs. HPS065A
Model 1104 Rubidium CNS Systems’
Ethernet time standard
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Tac32Plus & GPS Support Time Interval

N L BIX] M TIC Data (Raw) @[“7| M TIC Data (Raw) @@
Eile Edit Yew Data Display Help
B 1 50,5054 us
D@t & @@ =t |2 3 B (50R3000000000e-005
1 Port Settine 1 50,5085 us !
2 2 . 2 2 . 1 1 0 0 0 2 & 05057000000000e-005 35 04891585767529-005
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PORT 1 L Eﬂtc" Rate 2 5 05063000000000e-005 3 5.049353045956542-005
_ * Mane 300 bps 1 50.508.5 us 1 50.494 6 us
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urcow e 221y | [Tz copkis | 2i00mps | [150E1T00 150465
GPS Weck = 1710 i i ~ 2 5 05085000000000e-005 1 5.04924251 7831542005
MGECNTP N TIC Serial Port Settii & 1 bit " Space 4800 bpz 1 B0510.2 us 1 504935 us
2 bits " Mark f+ 5600 bps 2 5 050E5000000000e-005 3 5.04354281080029e-005
Sidler EEIE - Parity _ " 14400 bps 1 60.502.1 uz 15804970 uz
B TiC Serial Por Data Bits damieheie— | o 1 BOE07.8 us 3 5. 04971 3709237 79e-005
g =  Mane 19200 bps 2 £, 05 050000000000e-005 1 504386
1EEn TCRAP - . b - b S E
il [ _ e & s " Wondoff l,f: 38400 bps 150.513.2 us 3 5.04354036933404e-005
FORT 3 Stop Bits - O hits ~ 57600 bps 2 §.05116000000000e-005 1 60.497.0 us
6P ~ ' RTS/CTS | ¢ 118k bps 1 50,5092 us 7 5. 049460291 26904=-005
PP | ~ " DTR/DSR 2 5.05076000000000e-005 1 60,435, us
) o B J 1505106 us 1 50,500.0 us
E (u] L= 3 e L p
Al " Data Bits Han VEPAI ek iz 2 5 05023000000000e-005 3 5.04384115064404-005
o g [ 2 5 05032000000000:-005 3 5.0494 2454673779005
lForved | - ~ 150.511.4 us 1 50,4954 us
: o 2 §.04955000000000e-005 3 5.05121 468580029005
Data Bits - Cancel Probe for Serial Ports 1 B0.507 4 us 1 B0513.4 us
~ ~ 2 5 04973000000000e-005 3 5051683924081 54e-005
150.499.9 us 1505180 us
O TCPAP Address 2 5.04992000000000-005 3 5,051 554529550292-005
1 580.501.1 us 1 B0.516,7 us
| 10.10.10.50 2 5 05153000000000e-005 3 5,051 3401 74081 54e-005
1505177 us 1 50,5144 us
Cancel Probe far Senal F'n:-rts|
x|
Cancel F'rn:-l:nefn:-rSeriaIF'n:-rts| TIC Setup |S Slmple 53132A VS. 53132A VS.
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Tac32Plus Upgrades (2019 -> 2023)
Version 2.7.24 -> 2.7.32

* Correct the identification of GPS module firmware version numbers.
* Implement support for the new @ @SP "Second PPS Rate" command and response.
*  When using the @ @Sc manual command, include the Satellite Selection inthe GPS Mode Selection window.

. Wf(ljes? in UBX binary mode, correct the mode settings and transitions between Navigation, Position Hold (OD)
and Survey.

* Correct the calculations used to resolve the automatic sawtooth correction add vs. subtract determination.
* Improve the decoding of @ @Bn and @ @En messages.
* Revise the decoding of special emulation modes for the SSR series receivers and add a new mode.

* Revise the detection of receiver types to so the special emulation modes of the SSR series receivers are
correctly detected.

* Enable some supported features in the GPS Receiver Mode Selections window for the CNS Clock Il and other
SSR receivers in Motorola Binary mode. This includes Satellite Activation and Application Type.

* Enable and implement self-survey in u-blox UBX mode.

. C\P}ar;ge ']En\e file extension of GPS receiver PVT logs from "txt" to "csv" and correct the column header for the
PVT log files.

* Correct the encoding of baud rates for the UBX pass-through mode.
* Provide support for short PPS on CNS Clock I, rev L and newer, starting with serial number 4044009.

* See https://www.cnssys.com/Tac32Plus/Tac32Plus.php
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Future Enhancements - GPSTime Software

* Multi-
Platform
executables,
especially
Linux.

#% Satellite Az-El Chart ?

Use arrow keys to scrol, +/- to z00m, and space to switch chart type.

x:» Satelte risng X:» Satelite faling

0
330 n

Prn: 0, Az: 308, El: 14

t\ | /%
20 ’*)}z} 90
o R

210 150
180

300

120

[[] Reset the Horizon Line Az:264.1 El: 0.5

#% GPSTime V1.0

File Edit View Data

Display Help

B SNONCR X R

UTC Time from GPS

UTC Day #115 19:12.59.000

Thursday, 25-Apr-2019

GPS Week = 2050

Sidereal Time
Local Mean Sidereal Time

Greenwich Mean Sidereal Time

Modified Julian Day

GPS Mavigation Data

Latitude
Cur: 39% 5 25,1390

Avg: 39 5'25,1599"

Eb/No

| Azm JEbNo] 5 | 15 | 25 | 35
138 29 GPS
181 29 GPS
42 31 GPS
109 29 GPS
308 21 GPS
242 26 GPS
89 31 GPS
305 30 GPS
265 32 GPS
233 25 SBAS
244 25 SBAS
247 28 SBAS

Satellites
. 2 . . 1 53¢
7 57,
) 8 37)
PC Time 11 73
20:00:00.001 13 14
Eastern Daylight Time 7 7
18 54
Latency: 1 3 a4
30 68
Grid Square 131 238
133
D4:20:37.25 FM19qc.71
09:27:02.24 135 17
58598.80068 TIC (usec)
Longitude Alt(GPS) Alt{MSL) .
75° 35’ 14.8650" 8.62m 43,37m 3-D Fix, DGPS
-76° 36' 14.8459" 8.62m 43.37m PDOP = 1.7
—76° 36 14.8349" 20.87m 54,98m

Ref: 39° 5 25.1956"

For Help, press F1
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Future Enhancements:

CNS Clock IlI:

e TCP/IP or UDP/IP data interface.

* Internal Web page setup.

* Expanded IRIG capabilities.

* Firmware updates using Ethernet.

Other enhancements based on user feedback.

Contact Richard Hambly: rick@cnssys.com
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Appendix

* VS Recommended Maser Timing Practices
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VS Recommended Maser Timing Practices

IVS Memorandum 2014-001v01

29 April 2014

“IVS Recommended Maser
Timing Practices”

Roberto Ambrosini, Tom Clark,
Brian Corey, Ed Himwich
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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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