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Questions to answer In this
tutorial

Why do we need broadband delay?
How does it work?

What performance can it deliver?
What are limiting factors?
What are fallback options?

What are other frequencies of interest to
VLBI20107
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Goals for VLBI2010

1 mm accuracy for site position (24-hrs)
Continuous observations for EOP and site
position.

Short turnaround (<24 h) between
observations and initial results.



IVS WG3 Strategies for approaching
1 mm performance

Use many more observations per session
Use much more precise delay observables

Improve network geometry, e.g.
More stations and better global distribution

Reduce impact of systematic errors, e.g.

source structure, electronics, and antenna
deformations

Improve analysis strategies
Improve scheduling strategies
Use external measurements
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Most effective strategy for
approaching 1 mm performance

Use many more observations per session
Use a much more precise delay observables

Improve network geometry, e.g.
More stations and better global distribution

Reduce impact of systematic errors, e.g.

source structure, electronics, and antenna
deformations

Improve analysis strategies
Improve scheduling strategies
Use external measurements
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Impact of using many more
observations per session
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Implications of the strategies

Use many more observations per session
This requires both

Short integration times (best done with a large sensitive
antenna)

Short slews times (best done with a small light antenna)

Improve network geometry

Restricts the cost of the antenna

A 12-m diameter antenna was adopted as the best

compromise between sensitivity, slew rate, and cost
Use a much more precise delay observable
(according to IVS WG2 <4ps)

Need to achieve high delay precision even with a small
antenna and short integration period

. Broadband delay is the solution



What is broadband delay?

It is a method that uses several widely spaced
frequency bands to resolve the interferometer
phase delay

Phase delay is about an order of magnitude more

precise, at comparable SNR’s, than the group
delays used today.



How does geodetic VLBI

The difference in time of
arrival, , of quasar signals
at two antennas is
measured.

Using the speed of light,
this is interpreted as the
component of the baseline
In the direction of the
source, i.e. Xy =C>I

With multiple sources, all 4

components of the il
baseline can be s O @ NS

determined.
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How Is the delay measured?

Signals from station 1 and station 2 are correlated, i.e
multiplied and integrated.

Station 2 . F= X = il = wt ,WW
/ C

C :% (A€ ){ At = A xA, (cosur +isinue)

f = wt = arctaricoswt ,sinwt )+ n
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Unfortunately, there Is
a problem!

Station 1

%

Station 2 2

f

The integer cycles are
totally unknown

A

N Only the fractions of a cycle
are known precisely.
How precisely? At X-band
SNR=10, delay error=2ps
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Unfortunately, there is
a problem!
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N Only the fractions of a cycle

The integer cycles are )
are known precisely

totally unknown

The solution to the problem lies in the fact that a band
of frequencies is used and not only a single frequency.
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Group Delay

Since the signal exists over a range of frequencies, i.e.
f(w)=wt,w= (wl, l/l/z)

the slope of phase wrt frequency (the group delay) can be
determined over that range, I.e.

f
ﬂ_ — l"

Tw
The Fourier transform of the band of frequencies results
In a signal in the delay domain, I.e.
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=5

—

1 W, - i1 2pwt
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Group Delay can be understood In
either the delay or frequency domain

. Tau at
"\ peak

Amplitude

i Frequenc
Delay quency

Bandwidth and SNR determine the accuracy of Group Delay, which at
SNR=20 and BW=720 MHz (i.e. X-band) is about 30 ps.

If the Group Delay accuracy were large enough, the integer cycles of
phase could be determined and the phase observable could be used,

which at SNR=20 is about 1 ps
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There Is one more complication —
the lonosphere

In addition to the
geometric delay of
Interest, other factors

delay the signal, e.g.
Clocks
Electronics
Neutral atmosphere
lonosphere
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lonosphere frequency dependence
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S/X Frequencies

Phase (cycles)

Frequency (GHz)
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The lonosphere can be removed
using simple linear algebra

( K
fed=t+—
T
Delay Observables 4
f)% =17 +£
x s
.
t- — M/)Z( >fX } ,/’/é >fS
Non-dispersive delay WA - W)Z(

separated from the 4
lonosphere delay.




Broadband Delay Sequence
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Steps to resolving the Broadband
Delay

Use the Group Delay from each of the four bands in an
adjustment to get estimates of r and K

Assuming an SNR of 10 per band, these four bands produce a
delay precision of about 32 ps.

Using these estimates of and K, estimate the phase difference
between the pair of bands with the smallest frequeeparation an
resolve the integer cycles.

K
fz'flz(Wz' Wl)x[+W1>q/’/2 +(n2' nl)

(f2+n2)' (f1+n1):t+ K
W, - 4 W, X,

T




Phase I1s now connected between
the nearest pair of bands

Phase is now connected

Phase (cycles)

L across this region.
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New values of # and K are
calculated

With the added information from the phase

connection, more precise estimates [ and K
are made.

Using these values of and K, the phas
ambiguity is resolved between the pair of bandg wit
the next smallest frequency separation.



Phase Is now connected
across a wider region

Phase (cycles)

Frequency (GHz)
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With and K estimated at the 5 ps level, it is now
possible to resolve the integer cycles of the phase

f:W>¢-5+n
W



Finally resolve the phase
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o Using the latest (and most precise) values -

® | oft and K the phase offset is resolved.

5 This can be done successfully with 5-sigma
confidence when SNR=6 per band. -
77777 With the phase offset set and SNR=10 per
1 band, =13ps.
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Search to find the
peak of the sinc fn

i

Can also use a search algorithm
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What performance can
broadband delay deliver?



Impact of number of bands and
BW on abillity to resolve phase
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Impact of number of bands and
BW on Group Delay precision
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Impact of Number of Band on Phase
“Connected” Delay Precision
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Impact of Number of Bands and
BW on Broadband Delay precision
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What factors limit the
Implementation of Broadband
Delay?

Technical problems with the feed cause
the high end of the VLBI2010 frequency
range to be cut off

Problems with RFI cause the low end of
the VLBI2010 freqguency range to be cut off

Source structure

e



Impact of reducing the freq. range
on the abillity to resolve phase
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Impact of source structure on
the ability to resolve phase

CRF sources are not in general the unresolved
point sources that are most desirable for geodesy.

Based on the median contribution of source
structure to group delay over all global projected
baselines,Patrick Charlot has defined a source
structure index (SI):

SI=1, if O PS > median< 3 PS (great)

SI=2, if 3 PS > median< 10pS (gOOd)

SI=3, If10ps> .4an<30ps (poor —rarely use)

SI=4, if30ps> .4an< (useless)

Over 700 sources have been evaluated wrt Sl

Some at several eEochs.



0149+218, SI=3,3 at the time of
the images

o ¥
{(milliarcsec)

0149+218 VLBA+ 2.309 GHz 2008-04-02

Laboratoire d’Astrophysique de Bordeaux, FRANCE

Bearn: FWHM 4,64 » 2 /g milareses, p.a. O.8{/148) Hearm: FWHM 0808 % U.EZ millaresec, p.a. 25.4{/18)




Generating broadband structure phase
models base on S/X source components

We wanted to evaluate the degradation of phase
resolution caused by source structure

Needed continuous structure phase models from
2-14 GHz.

Previously, based on S/X observations, Charlot
and Fey (1999) generated S/X Guassian
component models for 560 sources.

Based on 5 of those S/X component models,
Arthur Niell (2006) generated corresponding
broadband (1-16 GHz) structure phase and
amplitude models.



Structure phase models for
phase resolution simulations

0014+813, SI=(1,1) 0149 218, SI=(2,2) 0202+149, SI=(2,2)
0t - m— 01— OE=SS=—— 0
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Structure phase models for
phase resolution simulations

0014+813, SI=(1,1) 0149 218, SI=(2,2) 0202+149, SI=(2,2)
0 yam— 0 - - - XS 0
2143-156, SI=(2,2) 0113-118, SI=(2,3) 0248-156, SI=(2,4)
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Src 2143-156
% missed resolutions
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% missed resolutions

Src 2143-156

Baseline Orientation (deg)

BW

#Band | ' [ SNR| O | 30 | 60 | 90 | 120 | 150
4 05 | 20 | 54 | 100 | 20 | 77 | O | 90
4 10 | 20 | 42 | 13 | 20 | 1 0 | 22
4 20 | 20| 22| 3| o | 0o | o | 57
12 10 | 20 | 2 3 | 0 1 0 | 20
4 05 | 40 | 34 [100]| 1 | 94 | 0o | 99
4 1.0 | 40 | 36 | 3 2 0 | o 7
4 20 |4 | 0 | o | o | 0o | o | 47
12 10 | 40| o | 0o | o | 0| o] 4
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Question #6:

What are fall back options?

“Connected” phase (i.e. the phase
connected from the lowest to highest

frequency band but the RF phase not
resolved

Extended dual band group delays
X/Ka
C/Ku



Connected phase only

Phase (cycles)
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| With the phase offset set and SNR=10 per
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Connected phase only
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Extended Dual Band

With some sort of “combination feed”, two widely space
frequency bands could be observed, e.g. eleven feed
and choke feed

The bottom of the top band must be more than double the top of
the bottom band.

Bandwidth factor for top band is 1.8

Receiver | Low band | High band | Minimum | Delay at
name (GHz) (GHz) SNR SNR=20
C/Ku 3-5 12-18 14 5.2
X/Ka 8-11 28-36 14 4.0




Other frequency allocations of
Interest to VLBI2010

S/X compatibility, S=(2.2, 2.3) X=(8.2, 8.9)
Necessary for the transition period to VLBI2010
Necessary to maintain continuity with S/X ICRF

Water vapour raidiometry (WVR) at 18-26 GHz

Wet component of the atmosphere remains
VLBI's most problematic error source.

X/Ka-band, (~8/32 GHz)
For CRF and DSN

GNSS, 1-1.8 GHz
for Precise Orbit Determination and site ties



Thanks for your attention!

Question? Comments?
Discussion?



