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PREFACE

This document is a draft CCSDS Recommended Practice.  Its ‘Red Book’ status indicates that the CCSDS believes the document to be technically mature and has released it for formal review by appropriate technical organizations.  As such, its technical contents are not stable, and several iterations of it may occur in response to comments received during the review process.

Implementers are cautioned not to fabricate any final equipment in accordance with this document’s technical content.
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1 Introduction

1.1 Purpose

Delta Differential One-Way Ranging (Delta-DOR) is a Very Long Baseline Interferometry (VLBI) technique that can be used in conjunction with Doppler and ranging data to improve spacecraft navigation by more efficiently determining spacecraft angular position in the plane of sky. It involves the simultaneous use of multiple ground stations, possibly belonging to different agencies, for acquisition of both spacecraft and quasar signals.

The quasar sources required for Delta-DOR measurements have to be known a priori. The quality of a Delta-DOR measurement depends on the availability of compact and strong quasars, together with the knowledge of their precise positions.

Delta-DOR operations require a quasar catalogue, geared to Delta-DOR measurements.
Historically, quasar catalogues are populated by astronomers, via VLBI campaigns. This is highly valuable information for Delta-DOR measurements and established reference catalogues exist today.

The X-band catalogue adopted as a starting point for this book is the one reported in reference [1]. This catalogue has been adopted because it has been developed and used, over the years, to perform Delta-DOR measurements.
This catalogue is now available as a SANA registry (reference [5]):
http://sanaregistry.org/r/radio_sources/

A Ka-band quasar catalogue is also under preparation.

All space agencies should support the extension of the existing catalogue as follows:

a) increasing the number of observed, validated, and catalogued X-band sources;

b) further developing a Ka-band catalogue;

c) providing separate correlated source flux estimates for each quasar using 
agency or interagency baseline;

d) providing information on flux variation versus time on each baseline of interest.

The purpose of this Recommended Practice is to provide:

· specifications for a quasar catalogue to be used in Delta-DOR measurements;
· 
· procedures and qualitative criteria to evaluate whether the updates of such catalogues are acceptable;
· description of the registries to be included in a quasar catalogue;
· procedures to update SANA entries
· description of building a catalogue update;
1.2 APPLICABILITY

This CCSDS Quasar Catalogue Update Procedure applies to agencies doing Delta-DOR operations and to all requests to create and manage the quasar catalogue registered in the SANA.  It shall be binding on the DDOR WG and on all CCSDS member, affiliate, and service provider organizations that supply and manage information for these quasar registries.

1.3 STRUCTURE OF THIS DOCUMENT

In addition to this section, this document contains the following sections and annexes:

· Section 2 provides a general overview of the Delta-DOR technique.

· Section 3 addresses the specifications for a radio source catalogue.

· Section 4 describes the criteria for accepting a catalogue update to be submitted to SANA.
· Section 5 provides the description of the registry structure.

· Annex A is the procedure to update the SANA registry.

· Annex B addresses security considerations.

· Annex C illustrates the procedure to build a quasar catalogue.

· Annex D provides an extract of the current catalogue.

· Annex E is a list of abbreviations and acronyms applicable to Delta-DOR.

· Annex F is a list of informative references.

1.4 NOMENCLATURE

1.4.1 Normative Text

The following conventions apply for the normative specifications in this Recommended Practice:

a) the words ‘shall’ and ‘must’ imply a binding and verifiable specification;

b) the word ‘should’ implies an optional, but desirable, specification;

c) the word ‘may’ implies an optional specification;

d) the words ‘is’, ‘are’, and ‘will’ imply statements of fact.

NOTE
–
These conventions do not imply constraints on diction in text that is clearly informative in nature.

1.4.2 Informative Text

In the normative sections of this document, informative text is set off from the normative specifications either in notes or under one of the following subsection headings:

· Overview;

· Background;

· Rationale;

· Discussion.

1.5 Definitions

For the purposes of this document, the following definitions apply.

B1950 Name: Source name based on its position at the Besselian epoch B1950.0.
Common Name: Source name in common usage in astronomical community.

very long baseline interferometry, VLBI: Technique that allows determination of angular position for distant radio sources by measuring the geometric time delay between received radio signals at two geographically separated antennas.
1.6 References

The following publications contain provisions which, through reference in this text, constitute provisions of this document.  At the time of publication, the editions indicated were valid.  All publications are subject to revision, and users of this document are encouraged to investigate the possibility of applying the most recent editions of the publications indicated below.  The CCSDS Secretariat maintains a register of currently valid CCSDS publications.
[1]
X-Band Radio Source Catalog. Module 107, Rev. D, October 22, 2015 in DSN Telecommunications Link Design Handbook. DSN No. 810-005..
[2]
Alan L. Fey, David Gordon, and Christopher S. Jacobs, eds. The Second Realization of the International Celestial Reference Frame by Very Long Baseline Interferometry. IERS Technical Note No. 35. Frankfurt am Main, Germany: IERS, 2009.

[3]
M. J. L. Kesteven and A. H. Bridle. “Index of Extragalactic Radio-Source Catalogues.” Journal of the Royal Astronomical Society of Canada 71, no. 1 (February 1977): 21–39.

[4]
Ojars J. Sovers, John L. Fanselow, and Christopher S. Jacobs. “Astrometry and Geodesy with Radio Interferometry: Experiments, Models, Results.” Reviews of Modern Physics 70, no. 4 (October 1998): 1393.

[5]
“DDOR X-Band Radio Sources.” Space Assigned Numbers Authority. http://sanaregistry.org/r/radio_sources/.
[6]
J.B. Thomas. Interferometry Theory for the Block II Processor. JPL Publication 87-29. Pasadena, California: JPL, October 15, 1987.
[7]
“DDOR X-Band Radio Sources.
” Space Assigned Numbers Authority. http://sanaregistry.org/r/radio_sources/.
[8] 
CCSDS RMP

[9]
SANA Organizations registry

[10]
SANA Contacts registry (PoC for D-DOR services)

[11]
SANA Service Sites and Apertures registry (registry of D-DOR service providing sites  (data cquisition, processing, and validation) and of D-DOR apertures (antennas supporting D-DOR, with names and OID identifiers)

[12]
SANA Spacecraft registry (spacecraft, names, OID & SCID identifiers)

[13]
SANA Roles registry (use role for D-DOR data provider, add roles, if desired, for D-DOR service user, validator, etc)
[14]
SANA OID registry (for registering the subtree for D-DOR specific Quasar OIDs)
2 OVERVIEW OF THE Delta-DOR TECHNIQUE

2.1 SPACECRAFT AND QUASAR OBSERVATIONS

Very long baseline interferometry is a technique that allows determination of angular position for distant radio sources by measuring the geometric time delay between received radio signals at two geographically separated stations.  The observed time delay is a function of the known baseline vector joining the two radio antennas and the direction to the radio source.

An application of VLBI is spacecraft navigation in space missions where delay measurements of a spacecraft radio signal are compared against similar delay measurements of angularly nearby quasar radio signals.  In the case where the spacecraft measurements are obtained from the phases of tones emitted from the spacecraft, first detected separately at each station, and then differenced, this application of VLBI is known as Delta Differential One-Way Ranging.  The observation geometry is illustrated in figure 2‑1.  Even though data acquisition and processing are not identical for the spacecraft and quasar, both types of measurements can be interpreted as delay measurements and they have similar information content and similar sensitivity to sources of error.  The data produced in such a measurement session are complementary to Doppler and ranging data.
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2.2 Rationale

Quasar sources needed for Delta-DOR measurements have to be known a priori:
· Quasars define a celestial reference frame which is used in the Orbit Determination (OD) process, which makes use of the Delta-DOR measurements.

· In Delta-DOR, the instrument consisting of two or more stations used as an interferometer to measure spacecraft position must be calibrated by observing quasars.
· Up to a few quasars can be used as calibrators of the single SpaceCraft (S/C) DOR measurement.

The quality of a Delta-DOR measurement depends on the availability of:

· Compact sources: This kind of source (e.g., point-like) allows a better identification of a defined source position in the plane-of-sky, thus enabling better determination of the calibrator position to be used in the measurement.

· Knowledge of quasar source precise positions and related uncertainty: This knowledge is needed since the quasar delay is used to calibrate the Delta-DOR measurement. Ideally, a perfectly known quasar position would lead to better determination of spacecraft position in the celestial reference frame.
· Strong quasars (correlated flux density): A strong correlated flux is a desirable property, since it allows better jitter performance in the quasar delay computation with a limited integration time. Unfortunately, correlated flux can be highly variable over time, and therefore there is little control on this parameter. Often a trade-off is necessary between different quasars near the tracked S/C to identify the best source(s) to be used as calibrators.
· Sources angularly close to the target S/C: Such property is important to ensure spatial coherency between the S/C and the quasar delay measurement, thus enabling better calibration performance.

These properties are required in a quasar catalogue that is geared to Delta-DOR measurements. The catalogue must specifically address the four properties cited above and cover the frequencies that are normally used in deep space operations: X-band (8.4 – 8.5 GHz)  and Ka-band (31.8 – 32.3 GHz).

Quasar measurements made for Delta-DOR use tend to be limited in sensitivity as compared to measurements made for astrometric and geodetic purposes. Also, since most of the deep space missions are flown in the solar system ecliptic plane, there is a particular interest in having a higher number of sources near the ecliptic plane.

For the actual planning of a DDOR measurement, the catalogue is searched to find candidate sources that are angularly close to the spacecraft position at the measurement time, compact, and of sufficient flux.
Specific sources are selected for observation based on the criteria of minimizing measurement error.  This process is further described in Delta-DOR—Technical Characteristics and Performance, reference [F2].

3 RADIO SOURCE CATALOGUE SPECIFICATION

A common radio source catalogue shall be used by all space agencies to facilitate consistency in radio source selection, pointing, and correlating.

The catalogue shall provide, as a minimum:

a) a unique name for each radio source (see section 5);

b) coordinates and coordinate uncertainties for each radio source;

c) an estimate of flux and structure (i.e., apparent coordinate variability) for at least the radio sources that are likely to be used for Delta-DOR observations;

d) the number of observation per source; 
e) the epoch of observation.
The catalogue may contain a full or partial correlation matrix for source coordinate uncertainty.
The SANA radio source catalogue (reference [5]) should be used as the standard Delta-DOR catalogue for X-band observations
.
NOTE
–
The SANA registry is based on the JPL catalogue (reference [1]). It meets the minimum requirements, as defined in 3.2, and is updated as new survey work is completed.  It should be noted that up-to-date flux estimates and structure estimates are not available for all radio sources.


e) 
f) 
g) 
h) 
4 Criteria for accepting catalogue update

The proposed new quasar catalogue, to be submitted to SANA, shall contain at least the information as specified in 3.2.

NOTES

1 A catalogue update is always presented as a complete new catalogue (see A2.1).
2 
The proposed new catalogue shall be presented with related documentation 
that can be used to judge the suitability of such catalogue for Delta-DOR applications.
The accompanying documentation should include, as a minimum:

a) description/reference to models used for

1) tropospheric/ionospheric calibrations,
2) terrestrial reference frame,
3) Earth orientation parameters,
4) uncertainty of the coordinates noise floor;
b) number of observations and related information on timespan over which such observations have been taken;
c) number and distribution of sources;
d) comparison of the proposed catalogue with the ICRF-2 reference frame, reference [2].

All new sources shall have a unique sequential identifier assigned, as described in 5.4 Identifier.  No existing identifiers shall be changed.
The proposed new catalogue shall be reviewed by the DDOR WG.

NOTE
–
The DDOR WG may decide, in order to evaluate the suitability of the proposed new catalogue, to consult with external entities (e.g., radioastronomy community, flight dynamics group at CCSDS, etc.).
5 Structure of the registry (parameters description/ legal values)

5.1 Overview

Structure of the registry and parameter description are given hereafter (an example of the catalogue is in annex D):

5.2 B1950 Name

The B1950 Name field contains the source name based on its position at the Besselian epoch B1950.0, which is one of the two standard epochs that have been used in the last 30 years for reporting source positions (the other being the Julian epoch J2000.0). The name is related to the position of the source but is most useful for searching historical databases for information about the source. The name is constructed as follows. The first two digits represent hours of right ascension (RA), the next two digits minutes of RA, the fifth place is used to specify the sign of the declination, places 6−7 give degrees of declination, and the last digit gives the first digit of the fractional part of degrees of declination. Thus the first name entry in the catalogue, 2357-326, is interpreted as a right ascension of 23 hours and 57 (time) minutes and a declination of negative 32.6 degrees at the B1950.0 epoch. It should be noted that, because the catalogue positions are given for epoch J2000 and many of the names (e.g., 2357-326) are based on a B1950 position, the catalogue names do not start at zero right ascension, whereas the actual positions do.

5.3 Common Name

The Common Name field contains the name most commonly used in the literature for the source and is also the name used by the DSN for Delta−DOR measurement scheduling. Often there is a short prefix that indicates the organization or radio observatory that first documented the source in a survey. The remainder of the name may be related to the source position or an arbitrary sequence number. Some of the prefixes and naming conventions include (see reference [3]):

a) 3C nnn – From the Third Cambridge Catalogue. The nnn is the numerical designation assigned by the catalogue. This survey, originally conducted at 159 MHz, identified many of the stronger sources used in VLBI. Unfortunately, many of these stronger sources are also less point-like, making them less desirable for the highest accuracy astrometric measurements.

b) 4C zz.nn – From the Fourth Cambridge Catalogue. The zz corresponds to the declination ‘zone’. The nn is a sequential number within the zone. There are no sequential numbers greater than 99.

c) B2 RRrrSDDa – Most are from the Second Bologna Survey. The RRrr is hours and minutes of right ascension, S is the sign of declination and DD is degrees of declination. The meaning of a (an alpha character) is unknown.

d) CTA nn and CTD nn – From the California Institute of Technology ‘A’ or ‘D’ surveys where nn is the numerical designation assigned by the catalogue.

e) DW RRrrSDDd – From the Dwingelo Radio Observatory (Netherlands) catalogue. The RRrr is hours and minutes of right ascension, S is the sign of declination, DD is degrees of declination, and d (if present) is the first digit of the fractional part of declination.

f) GC RRrrSDDd – Most are names taken from the ‘General Catalog of 33342 (optical) Stars’. The RRrrSDDd are as described before.

g) HR nnnn – Most are names taken from the ‘Harvard Revised (optical) Catalog’, where nnn is the numerical designation assigned by the catalogue.

h) M nn – Most are names taken from the ‘Messier Catalog of Galaxies’, where nn is the numerical designation assigned by the catalogue.

i) NRAO nnn – From the National Radio Observatory catalog, where nnn is the numerical designation assigned by the catalogue.

j) O_ nnn – From the Ohio State Survey where the second letter indicates the hour of right ascension (two letters are skipped from the alphabet) and nnn is a numerical designation assigned by the catalogue.

k) P RRrrSDDd – From the Parkes Radio Observatory (southern Australia) survey. The R RrrSDDd are as described before.

l) V RO DD.RR.rr – From the Vermillion River Observatory (University of Illinois) catalogue. The DD is degrees declination and RR is hours right ascension. The rr is unknown but may be either minutes or fractional hours of right ascension.

5.4 Identifier

The Identifier field contains a unique number, presently in the range of 1 to 4044, assigned to each radio source for use by programs that identify sources by number instead of name. The correspondence between source name and number will not change when the catalogue is updated. This catalogue can be used to establish a unique correspondence between the B1950 or Common Name and ID number. If a source in this catalogue is deleted from future revisions of the catalogue delivery, its number will be retired. When new sources are added, they will be assigned unique numbers starting with 4045.

5.5 Angular Positions
5.5.1 General

The Angular positions are specified by a pair of angular coordinates: RA and DEC. It should be noted that while right ascension used to be defined as the angular distance along the celestial equator from the intersection of the equator and the ecliptic, this is no longer true once one becomes concerned with accuracy levels < 100 milliarcseconds (500 nrad).

Since 1 January 1998, right ascension, and most importantly the origin of RA, have been defined by conventional agreement as to the value of the RA of extragalactic radio sources. In practice this means that the axes implicitly defined by a set of source positions must agree with the ICRF2 (reference [2]) to within the formal uncertainty of the ICRF2 axes, or approximately 10 µas (1 standard deviation). Thus the orientation of the celestial frame axes may vary in future realizations by roughly that amount.

5.5.2 Right Ascension
Right Ascension is presented in the form ‘hh mm SS.ssssssss’ where the first subfield gives hours of RA followed by (time) minutes of RA and (time) seconds of RA to eight decimal places.

5.5.3 Declination
Declination is presented in the form ‘Sdd mm SS.sssssss’ 
where
· the first subfield, S, gives the sign of declination (a blank is allowed and should be interpreted as a positive declination);
· the remaining subfields give angular declination in degrees, minutes, and seconds to seven decimal places.

NOTE
–
A minus sign applies to the whole declination (dd mm SS.sssssss). For example, a declination of –00 00 00.sssssss should be read as minus 0.sssssss arcseconds of declination. This means that users desiring decimal representations of declination must first convert from degrees, minutes, seconds format to decimal format before applying the relevant sign.
5.6 Right Ascension Error
Right Ascension Error (RA Error) provides the formal one standard deviation right ascension uncertainty in units of seconds of time.

5.7 Declination Error
Declination Error (DEC Error) provides the formal one standard deviation declination uncertainty in units of arcseconds of angle.

5.8 Correlation of Right Ascension and Declination
The Correlation of Right Ascension and Declination (RA DEC Corr) provides the formal correlation of right ascension and declination. The quantity may range from –1.0 to +1.0 and a blank in front of the value should be interpreted as indicating a positive correlation. Values near zero indicate that the principal axes of the error ellipse are close to the RA−Dec axes. The large number of negative correlations results, in part, from the large influence of the California to Australia baseline on determination of declination.

5.9 Observation Epochs
5.9.1 General
Epochs are referred to Modified Julian Day (MJD
) and are typically on the order of 50000 days.

5.9.2 OBS Epochs First
OBS Epochs First is the earliest epoch of the first observation.

5.9.3 OBS Epochs Last
OBS Epochs Last is the termination epoch of the most recent observation.

5.10 Number of Sessions
The Number of Sessions (OBS Number), where a session is defined as a continuous data collection period, may be used as a rough indicator of the robustness of the position determination. Any position based on less than three sessions should be considered provisional.

5.11 Correlated Flux Density

5.11.1 General
The Correlated Flux Density is an estimate of the average correlated flux density for observations of the radio source using DSN baselines Goldstone-Madrid and Goldstone-Canberra
. Average correlated flux density values are reported for each baseline when available. This value, in Janskys (Jy), is computed from the measured signal-to-noise ratio (SNR), based on a normalized sampling rate, using the formula:

S(Jy) ≈ SNR/150

The SNR is determined during the cross-correlation and fringe-fitting of actual radio source observations. If no recent observations of a radio source on DSN baselines are available, no value is provided for correlated flux. Independent values for the correlated flux density are reported for the Goldstone-Madrid and the Goldstone-Canberra DSN baselines.

NOTE
–
Correlated flux densities are only given for the Goldstone-Madrid and Goldstone-Canberra baselines. A new catalogue may contain more flux information from other baselines.

5.11.2 Correlated Flux Density Goldstone-Madrid Baseline

The Correlated Flux Density Goldstone-Madrid Baseline is the correlated flux density for quasars observed on the Goldstone-Madrid baseline. Flux densities on this baseline are available for 643 of the sources.

The values shall be inserted only when reliable information on such quantity are available; otherwise the field shall be left blank.

5.11.3 Correlated Flux Density Goldstone-Canberra Baseline
The Correlated Flux Density Goldstone-Canberra Baseline is the correlated flux density for quasars observed using the Goldstone-Canberra baseline. Flux densities on this baseline are available for 608 of the sources.

The values shall be inserted only when reliable information on such quantity are available; otherwise the field shall be left blank.

5.12 Structure Index
The Structure Index is determined through the following relationship between the radio source structure index and the median value of the VLBI structure delay corrections (reference [2]):

SI = 1+ 2 log(τmedian)

Here SI is the structure index, and τmedian is the median value of the structure delay corrections (ps). A value for τmedian in the range of 0 to 40 ps is typical for a source that is point-like. A value in the range of 40 to 60 ps is typical for a source that has significant structure. The source structure itself may contribute an error of this magnitude to the delay error budget. Values of the delay scatter greater than 60 ps are typical for sources with large, extended, and possibly variable structure.  Estimates of the structure index are available for 693 of the sources.

The values shall be inserted only when reliable information on such quantity are available; otherwise the field shall be left blank.

ANNEX A 

PROCEDURE TO UPDATE SANA REGISTRY

(Normative)

A1 Overview

The Procedure to update the SANA quasar catalogue is defined here.
A2  Procedure

The submitter 
shall produce an updated catalogue. The update shall be of the complete catalogue (i.e. it shall include both sources that are already present within the published catalogue, as well as new proposed sources); ‘deltas’ with respect to an existing catalogues will not be accepted.

The submitter shall provide the proposed catalogue update to the CCSDS Delta-DOR Working Group.
The Delta-DOR Working Group shall apply the following criteria to determine whether to authorize the new catalogue:

a) completeness of the proposed catalogue in terms of information given within the catalogue description, as defined in section 3;
b) applicability of the catalogue to Delta-DOR operations (e.g., relevance of the frequency band of the proposed catalogue);
c) applicability of the minimum acceptance criteria illustrated in section 4.
NOTE
–
The Delta-DOR Working Group 
is in charge of assessing any new candidate catalogue and deciding when and if the SANA registry will be updated.

Once accepted by the Delta-DOR Working Group, the catalogue will be submitted by the Working Group to SANA for Registry update.

NOTE
–
SANA registry update rules are:

· Registration Policy: Update requires Expert Review

· Review authority: SEA-D-DOR


ANNEX B 

SECURITY Considerations

(Informative)

B1 INTRODUCTION

This annex presents the results of an analysis of security considerations applied to the technologies specified in this Recommended Practice.

B2 SECURITY CONCERNS WITH RESPECT TO THIS Recommended Practice

B2.1 Data Privacy

Privacy of data formatted in compliance with the specifications of this Recommended Practice should be assured by the systems and networks on which this Recommended Practice is implemented.

B2.2 Data Integrity

Integrity of data formatted in compliance with the specifications of this Recommended Practice should be assured by the systems and networks on which this Recommended Practice is implemented.

B2.3 Authentication of Communicating Entities

Authentication of communicating entities involved in the transport of data which complies with the specifications of this Recommended Practice should be provided by the systems and networks on which this Recommended Practice is implemented.

B2.4 Data Transfer Between Communicating Entities

The transfer of data formatted in compliance with this Recommended Practice between communicating entities should be accomplished via secure mechanisms approved by the IT Security functionaries of exchange participants.

B2.5 Control of Access to Resources

This Recommended Practice assumes that control of access to resources will be managed by the systems upon which provider formatting and recipient processing are performed.

B2.6 POTENTIAL THREATS AND ATTACK SCENARIOS

There are no known potential threats or attack scenarios that apply specifically to the technologies specified in this Recommended Practice.  Potential threats or attack scenarios applicable to the systems and networks on which this Recommended Practice is implemented should be addressed by the management of those systems and networks.
B3 CONSEQUENCES OF NOT APPLYING SECURITY TO THE TECHNOLOGY

There are no explicitly known consequences of not applying security to the technologies specified in this Recommended Practice.  The consequences of not applying security to the systems and networks on which this Recommended Practice is implemented could include potential loss, corruption, and theft of data.

B4 DATA SECURITY IMPLEMENTATION SPECIFICS

There are no explicitly known consequences of not applying security to the specific information-security interoperability provisions specified in this Recommended Practice.
ANNEX C 

Procedure to update the catalogue

(INFORMATIVE)

C1 Introduction

The following is a description of the process used to do observations and process data in order to update the catalogue.
C2 ORGANIZING a campaign

The radio catalogue engineer organizes an observing campaign.

a) Goals: First the goals of the campaign are set. These goals may include improving the overall accuracy of the radio frame, updating the fluxes to account for variable sources, and making the catalogue more dense in a region of interest such as the area near a planetary encounter with compact and strong sources.
b) Source selection: Based on the goals defined in the previous step, candidate sources are selected from assorted radio surveys. These candidates are intended to be added to the existing list of proven sources.

c) General considerations of observation configuration: Next, a specific set of observations are planned. This includes applying for observing time on various sets of antennas, designing the placement of channels
, and finally designing the sequence of observations: source, RA, Dec, start time, and source integration time.
d) Input data description (example): Inputs to the scheduling of the sequence include the list of sources, a catalogue of RA, Dec in J2000, a catalogue of station positions
, scanning mode(s), slew rates, Azimuth/Elevation limits.

C3 Performing a campaign to acquire data

General description (VLBI data): At this stage a set of antenna pointing predicts are first generated and then delivered to the stations and a set of channel frequencies and other configuration information are provided for the VLBI backend and data recorder
. This will also include the start/stop times for each observations of a source. This information is used to acquire data from multiple stations that are then transferred to a central location for correlation purposes.

NOTE
–
RDEF format (reference [F3]) can be used for the purpose of exchanging raw data, but is not mandatory.
C4 Processing data
Correlation processing:  Correlation processing is done for each baseline connecting two antennas that provided observations. A days worth of radio catalogue observations can produce several TBytes of data recorded at rates from 128 to 4096 Mb/s. As a result, it is necessary to run an initial stage of signal processing which cross-correlates (multiply with a set of lags) the data samples from each pair of stations and averages the cross correlation sums to a moderate rate, typically about one normal point per second.
Fringe fitting: The correlation output for a set of time and frequency points is then sent to the fringe fitting stage (reference [6]), where it is Fourier transformed in order to produce a priori estimates of delay and phase rate which are used to correct cycle slips and then to bootstrap least squares final estimate of group delay and phase rate.

Preliminary observable modeling and parameter adjustment: The group delays and phase rates are then sent to a sophisticated model which accounts for geometry, relativity, geophysical effects, atmospheric effects, instrumental drifts, etc. After modeling the residual group delays and phase rates, a least-squares parameter adjustment is entered to refine parameters of interest, such as source RA, Dec, station locations, as well as ‘nuisance parameters’ to account for the instrumentation, and troposphere (reference [4]).

Data editing: Once the preliminary modeling and parameter adjustment is done, the resulting residuals are examined for outliers. Outliers are then either removed or, if resources allow, the fringe fitting stage is revisited to look for the cause of the outlier from antennas being late on source, dead channels, RFI, etc. If a cause is found then the data processing can be iterated to produce a corrected data set.

Run global solution:  The corrected data set from a day’s observing is then merged into the cumulative database of all radio catalogue observations. Then the modeling and parameter estimation stages are run on the merged data set to produce the RA, Dec, and other parameters. The set of RA and Dec parameters and the related error estimations are the raw catalogue (see reference [4]).

C5 Validating results
In order to validate the global solution, two types of verification are done: internal and external.

a) Internal verification: This tasks examines the RMS scatter of delay residuals, station locations, nutation parameters, clocks, tropospheres and compares them against expected values and/or known standard models.

b) External verification: This task compares the candidate catalogue against the International Astronomical Union’s (IAU) International Celestial Reference Frame (e.g., ICRF-2) and other high quality radio catalogues. At this stage, the analyst verifies that the candidate catalogue is rotationally aligned with the ICRF, that zonal trends are within required limits, and RA/Dec scatter versus other catalogues is at the expected levels. Once these checks are done the catalogue is ready to be formatted into an updated version of it and formally delivered.

C6 Delivery of the updated catalog

I assume that there is some standard file format for the catalog that is to be delivered.  This could be as simple as stating clearly the use of some agreed ASCII format or of the XML format used when extracting the catalog from the SANA, or of some JSON equivalent.  I think you should say something about this since it is a part of your process.  
ANNEX D 

EXTRACT AND SAMPLE CATALOGUE

(Informative)

Figure D‑1 is a page, provided for reference, from the current quasar catalogue (reference [1]).
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ANNEX E 

ABBREVIATIONS AND ACRONYMS

(Informative)

Abbreviations used in this document are defined with the first textual use of the term.  All abbreviations used in this document are listed below.

Term
Meaning
AZ

B1950
CCSDS
Consultative Committee for Space Data Systems

Dec
Declination

Delta-DOR
Delta Differential One-way Range

DOR
Differential One-way Range

DSN
Deep Space Network

EL
ESA
European Space Agency

G/T
Antenna gain to system noise temperature ratio

Hz
Hertz

IAU
International Astronomical Union

ICRF
International Celestial Reference Frame

ID
Identifier

IF
Interface

ITU
J2000

JAXA
Japan Aerospace Exploration Agency

JPL
Jet Propulsion Laboratory

Jy
Jansky

MJD
NASA
National Aeronautics and Space Administration

OD
Orbit Determination

OID
RA
Right Ascension

RF
Radio Frequency

SANA
Space Assigned Number Authority

S/C
Spacecraft

SNR
Signal-to-Noise Ratio

VLBI
Very Long Baseline Interferometry

ANNEX F 

Informative References

(Informative)
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�I’m not usre I understand this correctly, but aren’t these flux estimates relative to the quasar AND the baseline?


�Is there an authoritative source for these names that you should reference?  Sloan?  MILLIQUAS?  SDO?


�Will you have a separate Ka-Band Radio Source catalog or just augment this one?


�Might want to insert a note, here or earlier, abou how the Ka band catalog will be the same, or different, from this one.


�What is expected to be in this “documentation”?  Who did the update, when, where? What methods were used, etc?  What do you want to know about the updates and the process?  Is there a minimum info set?


�I think this also belongs in the SANA Consideraitons section


�Is there a referemce for this?  Is B1950 prefered or do you also support J2000?


�These identifiers could be treated as the last significant digitis of an ISO OID.  You could create an OID sub-tree for Quasars, where this number you now have is the last segment.  These numbers need not change, but you would then have a gobally unique identifier that was completely unambiguous.  Create a D-DOR OID subtree in the SANA Consideraitons section.  In global ISO terms it would look something like: 1.3.112.4.9.QuId





�This seems awfuly specific to put into a standard that is supposed to be long lived.  I would prefer that the current max number appear in a note, to the effect “At the time of initial publication, Nov 2016, this catalog contained 4044 sources.  New sources, when added, will have unique numbers assigned in sequence.”


�This may just be editorial, but I find it strange that yiu show “hh”, “mm”, and then “SS”.  Why is SS in capitals?  Are the spaced significant? If they are you should state that.  And using “S” for “sign” and “SS” for seconds also seems confusing.


�From: � HYPERLINK "http://tycho.usno.navy.mil/mjd.html" �http://tycho.usno.navy.mil/mjd.html�


The MJD has been officially recognized by the International Astronomical Union (IAU), and by the Consultative Committee for Radio (CCIR), the advisory committee to the International Telecommunications Union (ITU). The pertinent document is 


CCIR RECOMMENDATION 457-1, USE OF THE MODIFIED JULIAN DATE BY THE STANDARD FREQUENCY AND TIME-SIGNAL SERVICES. 





�I am confused by what this really means to say.  I Google “epoch astronomy” and found this in Wikipedia>  “In � HYPERLINK "https://en.wikipedia.org/wiki/Astronomy" \o "Astronomy" ��astronomy�, an epoch is a moment in time used as a reference point for some time-varying astronomical quantity”.  I also found a reference for MJD:


“The Modified Julian Day, on the other hand, was introduced by space scientists in the late 1950's. It is defined as 


MJD = JD - 2400000.5 “  Perhaps all practitioners in the field know this, but a couple of references and definitions might be in order.


�Is it correct that these appear in the sample catalog, Annex D and “Flux Denisty (10-60 and 10-40)”?   This is a littlee obscure.  And how will you hande this for other sets of baselines?


�I understand that the original source for this catalog comes from the DSN.  I am left wondering if there is some generalization of this specific approach that can be used for other baselines?  Has this been discussed?


�If the correlated flux denisties along different baselines varies significantly, and I understand that it does, how would you handle in this catalog adding new baselines?  Or is the DSN: Goldstone, Canberra, Madrid set always going to be the canonical set of baselines?


�Submitter should be registered, submitter org should be registered, ssites / apertures used should be registered.


�This essentially assumes that the D-DOR WG will always exist.  That may not be the case.  In the absence of a D-DOR WG some other expert group should be identified to curate the catalog.


�This is really a part of “SANA Consideration section.  Please reference the required sections in the YB about this.  Should the catalog imeta-data nclude the update source, date of update, and info about who validated the data?


�Is this the same process you expect to use to create the new Ka band catalog?  Is there anything you would change looking at it from that point of view?  How do you plan to handle the Ka band catalog, as an update to the existing X-band one or as a whole new catalog?


�What does this mean?  Is it selecting observing frequencies to align with typical S/C communication channel frequencies?  If so, say so.


�The SANA Service Site and Aperture registry is exactly this sort of “catalog of stations and positions”.  I think it includes slew rates and AZ/EL limits, but you will have to cjeck, and if not ask for them to be added.


�This sounds like the kinds of data that would be put into a CSS SM Service Request.  Is this the case and has this been communicated to the SM WG?





