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What “Clock” Performance Does VLBI Need?

he VLBI community (Radio Astronomy and
Geodesy) uses Hydrogen Masers a680 (1)
remote sites all around the world.

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

A © [10°(360° * 10'°Hz * 1Gsec)]

A ©28*10 @ 1000 sec.



What “Clock” Performance Does VLBI Need?

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

A © [30E10*4/ 86400 sec]
A © 3.5E10° @ 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 d
of inactivity, this requires: @
A ©[50*10°/ 10°sec]
A °o5*x10¥@10Psec

Since VLBI now defines UT1, VLBI needs to control
[UTCusng- UTGye) with anACCURACY
(traceable toUSNQ

A ©°100 nsec 1 nsec

To detect problems, VLBI should monitor the ldagn

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

A °10-50 nsec




Fractional Time / Frequency Stability

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?

TheONLYreal reason for worrying about
Gl o0oaz2ftdziS GAYSE Aa G2
earth to the position of the stars:

A GeneratingSidereal Time to point antennas.

A Measuringg ¢ M OA DSD® G{ dzy RA | f
dug to redisEribution of mass in/op the earth over lons
LISNA2Ra 2F% UAYS ol &1 dI

A Knowingthe position of the earth with respect to the
moon, planets and satellites.

A Making the correlation and Data Analysis jobs easiel
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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

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

A Calibration of instrumental delays inside the
receiver and backend. The development of new
Instrumentation is needed.

A The care with which system changes are reported t
the correlators and the data analysts.
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VLBI's “REAL” Clocks (#1)

—_————
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VLBI's “REAL” Clocks (#2)
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VLBI’s “REAL” Clocks (#3)
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Setting VLBI Clock Time & Rate with GPS

u Compare two distant clocks by observing the same GPS satellite(s) at the

N

same time(also calledCommon Viewy

A Requires some intevisibility between sites
A Requires some neaeaktime communication
A[AYy1a&a e2dz RANBOGfte G2 GKS dal ad SN/
Use Geodetic GPS receivér®. as an extension of the IGS network)
AwSIljdzZANB&a KAIK ljdzZ ft Adex LINRPolofeée Rdz
access to the internal clock.
A Requires transferring ~1 MB/day of data from site
A Requires fairly extensive computations using duadjuency data to get
~300psec results with ionosphere corrections
A Allows Geodetic community to use VLBI Site (asMader) for geodesy
ASAFTFAOdzA G G2 200l AY adwSlft ¢AYSe Of 2

C Blindly use the Broadcast GPS Timing Signals as a clock

0, AStf Ra awS30nhsedrdsitSwith ~ $10001 hardware
U Single Frequency L1 only (for now) causessphericerror
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How we get less than 5 nsec 1-sigma timing

A Start with a good timing receiver, like the Motord@core
or the Synergy SSR (uBlox).

A Average the positioning data for <2ldays to determine the
auldA2yQa O22NRAYIFI0Sad ¢KAA
the site has been accurately surveyed, use the survey value

A[ 201 0KS NBOSAOUSNXa LIZaAiridaAz

A Make sure that your Timénterval Counter (TIC) is triggering
cleanly. Start the counter with the 1 PPS signal from the
GK2dzaSé¢ [G2YAO Of201 lyR ai

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

A These steps have been automated in Tac32Plus.



IVS Recommended Maser Timing Practices

From: Robert®Ambrosinj Tom Clark, Brian Corey, andHiichwich
To: All IVS Stations
Date: 1 May 2014

Werecommend 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.

Becausat 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.

Thisprocedure 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: GRaSer or

Recommendations (ZA¥) are intended to minimize both the need to-iene 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.

Forcompleteness, the following requirements (as opposed to recommendations) are listed for the FS log recorded offset betweer
GPS and formatter 1PPS signals, the "GPS/FM offset". These requirements are necessary to allow correct interpretatibsesf the
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 (appropriatel
labelled) additionaavailableclock 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 recormmiendatio
(2)-(4) for the Maser/GPS offset above are used for that offseéhey 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, usegpefriout” 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 tHeout 1 PPS, use thdémout-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 ststa@and
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
A2 5MHz AMaser Data A4 5MHz
A2 10 MHz ASync Port A2 1 PPS
A2 1PPS AMaser Data
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Timing Configuration

R
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- CNS Clock | RS-232
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| RS-232 RS232-->USB
Counter Computer
1PPS Ch2
Yl Sty J
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Data
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Data/Frequency Monitoring

Maser Data Monitoring Frequency Data TAC32 Plus

[H] symmetricom MHM-2010 Live Data on COM3 = e e ;
: : 4~ Tac32Plus . = | [t
EIIE EIEW éyStEI"I"I HEIP File Edit View Data Display Help
Receiver . Heaters_ D|D’“| |@ ®|,,_n|@|t@| k?|‘?|
[0] IF Amplitude 4505 || [6] Cavity 3.44 S atelites e
[2] VCO Phase 0378 | [12] Thermal Shield 7618 ‘ 8 1 20400 ern] &1 [z esmo| s | 15 | 25 | 3 |
[5] LO Amplitude 0.401 || [7] Quter Oven 13.403 " 22 i‘i# 1;‘; &
Cavity Auto-Tuner [8] Lower Support 16.077 _ 14 684 75
. UTE Time fram GPS FC Time 3 114 288
[1] Register 1.207 || [9] Top Plate 5421 UT_Cl_ Da_l,ém2055 144:3%3?5000 10:35:42.002 12 24 a2
[21] Averager 283 || [131VCO 3493 55 Wck = 1643 B iy 8 s nele
Latency: -1 29 33 1 178
Hydrogen Source Power Supplies
[15] Pressure 6.119 || [20] Main Power 2475 Sidereal Tine G:‘Li;szfg?
- Local Mean Sidereal Ti 00:42:25.38 :
[18] Discharge Voltage 2434 || [22]AC-DC #1 27.36 Greonvich Mean Sideredl Time  05:28:23 86 1 o
[1 U] Dlscharge Current |7033? [23] AC-DC #2 27 24 Modified Julian Day 57147.60819 e
[17] Paladium Heater 7.15 [24] External DC 0.04 BPS Navigation Dala
[25] Bottle Heater 144 || [18] Battery Violtage 2716 Latitude Longitude ANGPS)  ARMSEL) 9Visible 7 Tracked
161 Pirani Heal Fid | (1BstoryCurent [ 0038 Dc  ROSAN TR EEx 1) | cereessees oresenton
W . N L 1Um AUdm
(18] Pirani Heater ’ (1] Battery Curren ’ Ret 42E131202° 714936673 E5.60m  11857m
Wacuum Miscellaneous m@
For Help, press F1 Position Hold Motorola VP, Bin, & ch, ¥10.0, has DGPS, TRAIM
[3] H2 VI Pump -0.147 || [14] Main Field -0.531 - ‘v’
[4] Upper VI Pump -0.091
Ready: 3481 Mormal Operation
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Troubleshooting/Routine Maintenance

AHydrogen Pressure
AMicroprocessor batteries
AMagnetics/Degaussing
AVacion pumps
AHydrogen gas
AFrequency corrections
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Troubleshooting/Routine Maintenance

APower Outages

ATemperature instabilities
heater currents

ALoss of IF/VCO
ABackup Batteries

AMicroprocessor Failure
APower Supplies
AFuses

OUTER ELECTRONICS
PACKAGE

7239-2500 (N
e R
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Now let’s discuss . . .

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

Ad 2 Bave legacy equipment using tincoreVP. We have
found that the VP receivers have a cutoff date after which
the datereverts back 1024 weeks. The finals¥Pver 10 rev
0 has an end date of operation of 13 Augt m C €

ADt { NBOSADBSNQ& sdwetzbthy © T | O A 2
Ad! 6a2f dziSé wWSOSAGSNI/IfAGN
ANew developments

AThe SSRIST GNSS receiver

ATac32Plus updates

ACNS 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
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-0.020 ! ‘ INC.
‘ V l V SFTWPIN#  61-G10268A
~ SOFTWARE VER # 2

s030 ~1.5 nseRMSnoise (after SOFTWAREREVEO

SOFTWARE DATE AUG 14 200

applyingquantizationcorrection) | MODEL# P283T12NR5

HWDR P/N # 2
| | SERIAL # PO30XY
MANUFACTUR DATE 2G13
-0.040 1 } } } ‘

01:00:00 01:01:00 01:02:00 01:03:00 01:04:00 01:05:00 01:06:00 01:07:00 01:08:00 01:09:00 01:10:00
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What Causes the Quantization Error ?

CRYSTAL These are derived from the same 1/F
|_||:||_| Signal source, so they are locked to each other.
[ | Unless 1/Fisa "perfect” multiple of 1second,
MASTER 1/F the 1PPS will have a sawtooth "walk"
OSCILLATOR| Clock
& CLOCK Edge

LOs

Freg=F !
|

RF
STUFF

DSP STUFF
Samplers
Correlators
Integrators

Computer

>IN Looooonnnngggg Counter

I

1PPS
Clock
Edge

START REGISTER

STOP REGISTER

LATCH

Vo 1PPS OU

Serial message tells error +/- 1 nsec

> RS232

of~or the olderOncore F=9.54 MHz, so the 1fftiantization error has range
of +/- 52 nsec (104 nsec pe&d-peak)

wl'he newer M12+ & M12M have?H0 MHz, so theuantization error has
been reduced to +/13 nsec (26 nsec).
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VLBI’s Annoying Problem Caused by the
Quantization Timing Error

A 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
a0FNOSRZ AU NYzya avyzzakte Fa b

ATheAVERAGE T G KS wmtt{ LlzZ aSa FTNRBY ]
any single pulse can be in error K3 nsec (oN52 nsec with the older
VP & UTOncorereceivers) because of thlgpantization error

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

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

Y

1PPS with _ al £ Sly¢é
quantization noise Programmable Delay Line 1PPS
> with 250 psec steps >
(Dallas/MaximDS1023)
GPS 1
Timing PIC Microprocessor generates the
Receiver correction for theNEXTLPPS tick
Serial Data T RSZBZ)
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The Future is here now! The CNS Clock I

1994¢ 2004: theTAC 1PPS Sawtooth
e ] Correction Option

Data available on R&32, USB 2.0, Etherne
Available Since Janua2@05, now at Revision J AN, R®€85 and solid state relgforts.
Ethernet NTP Server for youAN.

TNGGPS Antenn@onnector.

Buffered 1 PP8utputs.

GPSDQO (or 5) MHoDutput.

High Performanc®PS.

SteeredOCXO.

Steered Oscillator UtilitiFunctions.

Many Options: IRKB, etc.
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Microseconds

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

[ FEAON GAY3I 0KS a5/ ¢ hF¥FFaSid 2F amuHb NB

We have observed that ti®@NCORErmware evolution from 5.% 6.xY 8.xY 10.x has been accompanied by
62dzi nn yaSO 2F% a5/ ¢ GAYAy3a 27F|F

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

- | '
1102 | H
|
' 1,108 |
r ‘ )
)

b
3

1

15 3

| e C B
1 'y

|

Tac32Plus software simultaneously Time Interval z/ nters compare
processes data from four Time the 1PPS froim each CNS Clock
Interval Counters and four CNS (M12+) against

Clocks, writing 12 logs continuously. UTC time tick.

NR € (
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Individual M12 Clock Performance
AD2WROSAODTSNI 6!' 0 | DSNS IS &5/ ¢

0040 [H l I I I l I I I l I I I l I I I l I I I l I I I l 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
] ; i
0.020 i - | .
. Max values within .
1 |t averaging period (Blue) |« ol .
0.010 !
» . i
ko] 4
c
o
o
® 0.000 i )
S HERTE
2 1 : | |
= . =] | 1
y | Lo i
| 1T | § | | | | |
-0.010 COPYRIGHT 1991-2002 MOTOROLA INC.
SFTW PIN# 61-G10268A
] L s SOFTWARE VER # 2
N * SOFTWARE REV # 0
-0.020 1 \ SOFTWARE DATE AUG 14 200 — 0.010
: 1 MODEL # P283T12NR5
i 1 |* Mean values f_o:j q HWDR P/N # 2 Q
} } averaging period (Red) SERIAL # PO30XY 9
Average Noise (sawtooth corrected) = 1.2 nsec MANUFACTUR DATE 2G13 — 0.005 3)5
1 1 \\A | [ Lo o Fo ©
] i | UL L =
YAt L A, A bt st s b i
—— e 0.000
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Time (UTC)
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0.005

0.000
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-0.005

-0.010

-0.015

-0.020

Comparing four M12+ Timing Recelvers

T T T I T T T I T T T T T T I
Motorola M12+ V2.0 vs. USNO
Data logged by Tac32Plus, Sep 4 - Sep 16, 2002 UTC (Days 247 - 259).
Data is sawtooth corrected. Averaging Period is 100 seconds. Ll
T ©2002 CNS Systems, Inc., plotted by Richard M. Hambly N
‘ )1 “ | ‘\"\ ‘ {1,
l
\ | ’ l Il L |
| \ |
| | 1
Bl I I
v‘ w i “ ‘ li
'l
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| | R T e
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Time (UTC)
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Trying to keep up with New Technology!

A Around 2005, Motorolauit the GPS business and the1
design was licensed thotusin Singapore. The current
ILotustiming receiver is called the NI2M.

A Anticipating the need for a M2 replacement, Rick & Art
Sepin (Synergy) examined the Svinadt uBlox LEA
receiver moduleBecause of the large installed base of
Motorola/iLotusreceivers, Rick developed a hybrid1
emulator; an M12 sized board and a P+ to convert the
uBlox binary command set to the Motorola @@ binary
format.

A 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

AniLotusM-12M module.
TheM12+ looks just the same
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The 4 Receiver test @ GGAO

Synergy LEATS
aD2f ilotus | | uBlox  uBlox
Motorola M12-M | | Moto Native

M12+ Emul. Cmds

‘ Maser 1IPPS 4@ HP53132
KatiePazamickas, Tof@lark & Rick Hambly Distributor Counters

@Haystack, May 2015
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Raw Measurements

10 days of 1 minute averages of N
SigmaTau 1pps tick to each ofrdvrs s
Maser rate ~ 27.8sedday - -
Clock offsets ~ 8sec i

s
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= A: MOTOROLA M12+ "Gold Standard"
o/ |

T .
:f/ B: MOTOROLALOTUM12M

C: UBLOX 6T (Motorokmulator)
8.25

D: UBLOX 6TploxNative)
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Removing 27.3 nsec/day H-Maser Rate
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