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Mo6va6on	  

•  VLBI	  observa6ons	  of	  GNSS	  signals	  
–  Determina6on	  of	  GNSS	  orbits	  in	  VLBI	  frame	  

–  Determina6on	  of	  VLBI	  sta6on	  posi6ons	  in	  GNSS	  frame	  

•  Challenges	  
–  How	  large	  networks	  necessary?	  
–  How	  long	  observa6on	  6mes	  necessary?	  

–  Can	  phase	  delays	  be	  used?	  Phase	  connec6on?	  
–  Ionospheric	  correc6on?	  Dual	  frequency	  observa6ons?	  
–  Satellite	  antenna	  phase	  centre	  vs.	  centre	  of	  mass?	  
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Observa6ons	  

•  Several	  test	  observa6ons	  performed	  during	  the	  last	  years	  
–  2010:	  Onsala	  –	  Medicina	  
–  2010:	  Onsala	  –	  Medicina	  –	  Jodrell	  Bank	  
–  2012:	  Onsala	  –	  Medicina	  –	  Noto	  
–  2013:	  Onsala	  –	  WeRzell	  
–  2014:	  Onsala	  –	  WeRzell	  
–  2016:	  Onsala	  –	  Medicina	  –	  Sardinia	  

•  Short	  observa6onal	  tests	  (1–4	  h)	  using	  astronomical	  radio	  
telescopes	  with	  L-‐band	  systems,	  e.g.	  Onsala	  25	  m	  telescope	  
–  At	  WeRzell:	  L-‐band	  system	  via	  S-‐band	  horn	  

•  O\en	  targets	  GLONASS	  satellites	  
•  Newest	  experiment	  2016:	  GPS,	  GLONASS,	  Galileo,	  Beidou	  
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Observa6ons	  

•  Challenges:	  
–  Astronomical	  L-‐band	  telescopes	  are	  not	  “fast	  slewing”	  
–  Usually	  only	  step-‐wise	  tracking	  possible	  (e.g.	  10	  s	  updates),	  only	  
modern	  telescope	  systems	  can	  track	  con6nuously	  

–  Astronomical	  L-‐band	  systems	  are	  very	  sensi6ve	  and	  radio	  
telescopes	  have	  high	  gain	  =>	  GNSS	  signals	  very	  strong	  

–  ARenua6on	  of	  RF-‐signals	  necessary	  
–  Local	  oscillator	  seengs	  at	  several	  telescopes	  do	  not	  allow	  
simultaneous	  dual-‐frequency	  observa6ons	  

–  “hand-‐made”	  observa6on	  schedules	  
–  Access	  to	  telescope	  6me…	  (Telescope	  Program	  CommiRees	  do	  
not	  really	  regard	  this	  as	  “basic	  science”…)	  
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Observa6ons	  

Strong	  satellite	  signal:	  
=>	  addi6onal	  RF-‐aRenua6on	  20–30	  dB	  necessary	  

Signal	  on	  the	  spectrum	  analyser	  
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Observa6ons	  

Examples	  of	  GPS	  signals	  observed	  at	  Onsala	  
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Observa6ons	  

Examples	  of	  GLONASS	  signals	  observed	  at	  Onsala	  
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Observa6ons	  

Examples	  of	  Galileo	  signals	  observed	  at	  Onsala	  
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Observa6ons	  
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144b: MEDICINA (2016-05-23 12:00:00 - 2016-05-23 14:57:34)

1 - BEIDOU IGSO 6
2 - BEIDOU-3 M2
3 - COSMOS 2434 (721)
4 - COSMOS 2459 (731)
5 - GPS BIIF-1  (PRN 25)
6 - GPS BIIRM-2 (PRN 31)
7 - GSAT 0209 (PRN E09)
8 - GSAT0203 (PRN E26)

Example:	  Experiment	  2016-‐05-‐23,	  On–Mc–Sr	  
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144b: ONSALA85 (2016-05-23 12:00:00 - 2016-05-23 14:57:34)

1 - BEIDOU IGSO 6
2 - BEIDOU-3 M2
3 - COSMOS 2434 (721)
4 - COSMOS 2459 (731)
5 - GPS BIIF-1  (PRN 25)
6 - GPS BIIRM-2 (PRN 31)
7 - GSAT 0209 (PRN E09)
8 - GSAT0203 (PRN E26)

On	  
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144b: MEDICINA (2016-05-23 12:00:00 - 2016-05-23 14:57:34)

1 - BEIDOU IGSO 6
2 - BEIDOU-3 M2
3 - COSMOS 2434 (721)
4 - COSMOS 2459 (731)
5 - GPS BIIF-1  (PRN 25)
6 - GPS BIIRM-2 (PRN 31)
7 - GSAT 0209 (PRN E09)
8 - GSAT0203 (PRN E26)
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144b: SARDINIA (2016-05-23 12:00:00 - 2016-05-23 14:57:34)

1 - BEIDOU IGSO 6
2 - BEIDOU-3 M2
3 - COSMOS 2434 (721)
4 - COSMOS 2459 (731)
5 - GPS BIIF-1  (PRN 25)
6 - GPS BIIRM-2 (PRN 31)
7 - GSAT 0209 (PRN E09)
8 - GSAT0203 (PRN E26)

Sr	  
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Modelling	  and	  correla6on	  

•  GNSS	  satellites	  are	  radio	  sources	  in	  the	  near	  field…	  
–  Telescopes	  do	  not	  look	  parallel	  as	  in	  normal	  geode6c	  
VLBI	  

•  Near-‐field	  model	  needed,	  e.g.	  
–  Sekido	  &	  Fukushima	  (Journal	  of	  Geodesy,	  2006)	  
–  Duev	  et	  al.	  (Astronomy	  and	  Astrophysics,	  2012)	  

•  So\ware	  correlator	  
–  DiFX:	  Deller	  et	  al.	  (Publica9ons	  of	  the	  Astronomical	  
Society	  of	  the	  Pacific,	  2011)	  

–  SFXC:	  Keimpema	  et	  al.	  (Experimental	  Astronomy,	  2015)	  
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Experiment	  G130128	  

•  Three	  different	  apriori	  delay	  models	  used	  
–  D-‐model:	  Dmitry	  Duev	  (Duev	  et	  al.,	  A&A,	  2012)	  

–  R-‐model:	  Rüdiger	  Haas	  (ad	  hoc	  2013)	  

–  L-‐model:	  Lucia	  Plank	  (Sekido	  &	  Fukushima,	  2006)	  

•  Correla6on	  with	  
–  SFCX	  (D-‐model),	  0.5	  and	  1	  sec	  integra6on	  

–  DiFX	  	  (D-‐,	  R-‐	  and	  L-‐model),	  0.25	  s	  integra6on	  

•  Post-‐processing	  	  
– with	  AIPS/Fringe	  (astronomical	  VLBI	  so\ware)	  
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Group	  delays	  from	  AIPS/Fringe	  

13:15 13:30 13:45 14:00
−15

−10

−5

0

5

10

15

20

25

time

gr
ou

p 
de

la
y 

(n
s)

 

 
D
R
L



Department	  of	  Earth	  and	  Space	  Sciences	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  13	  

Chalmers University of Technology 

Integrated	  delay	  rates	  from	  AIPS/fringe	  
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Phases	  from	  AIPS/fringe	  
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”Unwrapped”	  phases	  
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Group	  delay,	  integrated	  delay	  rate,	  phase	  delay	  
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Total	  delay	  differences	  
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Experiments	  G140116	  and	  G140121	  

•  Modelling	  
– R-‐model	  

•  Correla6on	  with	  
– DiFX	  	  (R-‐model),	  0.25	  s	  integra6on	  

•  Post-‐processing	  	  
– with	  HOPS/Fourfit	  (geode6c	  VLBI	  so\ware)	  
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G140116   och   G140121

Datum Tid GLONASS satellit NORAD Nr. PR nr. MJD start MJD stop FRINGES

2014-01-16 12:30-12:45 GLONASS-743 NORAD 37869 PR08 56673.52083333 56673.53125000 YES :-)
(GPS 1775-4) 12:50-13:05 GLONASS-723 NORAD 32395 PR11 56673.53472222 56673.54513889 YES :-)
(MJD 56673) 13:10-13:25 GLONASS-730 NORAD 36111 PR01 56673.54861111 56673.55902778 YES :-)

14:00-14:15 GLONASS-730 NORAD 36111 PR01 56673.58333333 56673.59375000 YES :-)
14:20-14:35 GLONASS-737 NORAD 37138 PR12 56673.59722222 56673.60763889 YES :-)
14:40-15:00 GLONASS-747 NORAD 39155 PR02 56673.61111111 56673.62500000 YES :-)

2014-01-21 13:30-13:35 GLONASS-743 NORAD 37869 PR08 56678.56250000 56678.56597222 YES :-)
(GPS 1776-2) 13:37-13:42 GLONASS-732 NORAD 36402 PR23 56678.56736111 56678.57083333 YES :-)
(MJD 56678) 13:44-13:49 GLONASS-743 NORAD 37869 PR08 56678.57222222 56678.57569444 YES :-)

13:51-13:56 GLONASS-732 NORAD 36402 PR23 56678.57708333 56678.58055556 YES :-)
13:59-14:04 GLONASS-743 NORAD 37869 PR08 56678.58263889 56678.58611111 YES :-)
14:08-14:13 GLONASS-735 NORAD 36401 PR24 56678.58888889 56678.59236111 YES :-)
14:14-14:19 " " " 56678.59305556 56678.59652778 "
14:25-14:30 GLONASS-732 NORAD 36402 PR23 56678.60069444 56678.60416667 NO (!) =>???

15:00-15:04 GLONASS-735 NORAD 36401 PR24 56678.62500000 56678.62777778 YES :-)
15:05-15:09 " " " 56678.62847222 56678.63125000 "
15:10-15:14 " " " 56678.63194444 56678.63472222 "
15:20-15:24 GLONASS-746 NORAD 37938 PR17 56678.63888889 56678.64166667 YES :-)
15:25-15:29 " " " 56678.64236111 56678.64513889 "
15:30-15:34 " " " 56678.64583333 56678.64861111 "
15:45-15:49 GLONASS-723 NORAD 32395 PR11 56678.65625000 56678.65902778 YES :-)
15:50-15:54 " " " 56678.65972222 56678.66250000 "
15:55-16:00 " " " 56678.66319444 56678.66666667 "

G140116	  and	  G140121	  
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Chalmers University of Technology 

G140116a	  Fourfit	  processing	  

PR08	  

Mk4/DiFX fourfit 3.9 rev 6188 124345.ydupme, No_0056, LV 
ONSALA85 - WETTZELL, fgroup L, pol RR

9

137.5
14.800

104.592
-81.3

0.0e+00

0.010140
-0.000386

-0.008276
  0.00

1601.3800
0.160

g140116a
16383

2014:016
124345.00
124400.04
124352.00

2015:133:160133
2015:134:091637
2014:204:120420

02h37m55.5101s
+18˚41’54.005"

Fringe quality

SNR
Int time
Amp
Phase
PFD
Delays (us)
SBD
MBD
Fringe rate (Hz)

Ion TEC 
Ref freq (MHz)

AP (sec)
Exp.
Exper #
Yr:day
Start
Stop
FRT
Corr/FF/build

RA & Dec (J2000)

Amp. and Phase vs. time for each freq., 94 segs, 1 APs / seg (0.16 sec / seg.), time ticks 1 sec

UValidity
L

L V

1601.38 Freq (MHz)
-81.3 Phase
104.3 Ampl.
257.3 Sbd box
94/0 APs usedU/L
-3.9 PC R/Y/V delays (ns)L
-3.9 PC R/Y/V delays (ns)V
-90:-90 PC phaseL:V
0:0 Manl PCL:V

PC ampL 0
0V
L00UR Chan idsL
L00UR Chan idsV

Group delay (usec)(model)
Sband delay (usec)
Phase delay (usec)
Delay rate (us/s)
Total phase (deg)

-5.95217547283E+01
-5.95112287487E+01
-5.95215097133E+01
-2.83025946169E-01

-199.9

Apriori delay (usec)
Apriori clock (usec)
Apriori clockrate (us/s)
Apriori rate (us/s)
Apriori accel (us/s/s)

-5.95213687487E+01
-1.2410000E+02
0.0000000E+00

-2.83020778169E-01
-1.76026769761E-05

Resid mbdelay (usec)
Resid sbdelay (usec)
Resid phdelay (usec)
Resid rate (us/s)
Resid phase (deg)

-3.85980E-04
1.01400E-02

-1.40965E-04
-5.16800E-06

-81.3

+/-
+/-
+/-
+/-
+/-

5.0E-04
5.0E-04
1.4E-06
1.7E-07

0.8
RMS Theor. Amplitude 104.592 +/- 0.760 Pcal mode: MULTITONE,  MULTITONE Pcal period (AP’s) 9999,  9999

ph/seg (deg) 8.6 4.0 Search (256X8) 101.702 Pcal rate: -9.757E-03,  -9.757E-03  (us/s) sb window (us)   -1.000    1.000
amp/seg (%) 5.1 7.0 Interp. 0.000 Bits/sample: 2 SampCntNorm: disabled mb window (us)   -0.000    0.000
ph/frq (deg) 0.0 0.4 Inc. seg. avg. 105.183 Sample rate(MSamp/s): 16 dr window (ns/s)   -0.010    0.010
amp/frq (%) 0.3 0.7 Inc. frq. avg. 104.291 Data rate(Mb/s): 32 nlags: 256 t_cohere infinite ion window (TEC)    0.00     0.00
L: az 87.1  el 20.6  pa -34.6 V: az 84.7  el 20.5  pa -43.5 u,v (fr/asec) 18.496  14.997 simultaneous interpolator
Control file: default    Input file: /common/expts/g140116a_150512/1234_PR08/No_0056/LV..ydupme    Output file: Suppressed by test mode

Mk4/DiFX fourfit 3.9 rev 6188 125000.ydushh, No_0061, LV 
ONSALA85 - WETTZELL, fgroup L, pol RR

9
Error code  H

153.2
12.871

124.946
86.3

0.0e+00

0.104906
-0.000315

0.016463
  0.00

1598.0000
0.160

g140116a
16383

2014:016
125001.92
125015.04
125007.00

2015:133:172056
2015:133:181617
2014:204:120420

00h28m31.5387s
+18˚53’ 9.149"

Fringe quality

SNR
Int time
Amp
Phase
PFD
Delays (us)
SBD
MBD
Fringe rate (Hz)

Ion TEC 
Ref freq (MHz)

AP (sec)
Exp.
Exper #
Yr:day
Start
Stop
FRT
Corr/FF/build

RA & Dec (J2000)

Amp. and Phase vs. time for each freq., 82 segs, 1 APs / seg (0.16 sec / seg.), time ticks 1 sec

UValidity
L

L V

1598.00 Freq (MHz)
86.3 Phase
124.5 Ampl.
260.3 Sbd box
82/0 APs usedU/L
1000 PC freqsL
1000 PC freqsV
155:-167 PC phaseL:V
0:0 Manl PCL:V

PC ampL 1
42V
L00UR Chan idsL
L00UR Chan idsV

Group delay (usec)(model)
Sband delay (usec)
Phase delay (usec)
Delay rate (us/s)
Total phase (deg)

-1.21084091289E+03
-1.21073569226E+03
-1.21084044819E+03

4.21084593721E-01
-13.0

Apriori delay (usec)
Apriori clock (usec)
Apriori clockrate (us/s)
Apriori rate (us/s)
Apriori accel (us/s/s)

-1.21084059826E+03
-1.2410000E+02
0.0000000E+00

4.21072768391E-01
5.48369073420E-05

Resid mbdelay (usec)
Resid sbdelay (usec)
Resid phdelay (usec)
Resid rate (us/s)
Resid phase (deg)

-3.14629E-04
1.04906E-01
1.50079E-04
1.18253E-05

86.3

+/-
+/-
+/-
+/-
+/-

4.5E-04
4.5E-04
1.3E-06
1.7E-07

0.7
RMS Theor. Amplitude 124.946 +/- 0.815 Pcal mode: NORMAL,  NORMAL Pcal period (AP’s) 9999,  9999

ph/seg (deg) 5.7 3.4 Search (256X8) 122.295 Pcal rate: -1.681E-06,  -1.577E-07  (us/s) sb window (us)   -8.000    8.000
amp/seg (%) 6.5 5.9 Interp. 0.000 Bits/sample: 2 SampCntNorm: disabled mb window (us)   -0.000    0.000
ph/frq (deg) 0.0 0.4 Inc. seg. avg. 124.904 Sample rate(MSamp/s): 16 dr window (ns/s)   -1.956    1.956
amp/frq (%) 0.3 0.7 Inc. frq. avg. 124.509 Data rate(Mb/s): 32 nlags: 256 t_cohere infinite ion window (TEC)    0.00     0.00
L: az 118.0  el 38.4  pa -30.2 V: az 112.6  el 42.5  pa -39.6 u,v (fr/asec) 12.656  18.037 simultaneous interpolator
Control file: cf_1234    Input file: /common/expts/g140116a_150512/1234/No_0061/LV..ydushh    Output file: Suppressed by test mode

Mk4/DiFX fourfit 3.9 rev 6188 131815.yduswu, No_0154, LV 
ONSALA85 - WETTZELL, fgroup L, pol RR

9
Error code  H

145.0
12.845

118.389
13.7

0.0e+00

0.039196
-0.000379

-0.006208
  0.00

1598.5600
0.160

g140116a
16383

2014:016
131816.92
131830.04
131822.00

2015:133:183927
2015:133:184128
2014:204:120420

01h13m39.0500s
+47˚20’33.460"

Fringe quality

SNR
Int time
Amp
Phase
PFD
Delays (us)
SBD
MBD
Fringe rate (Hz)

Ion TEC 
Ref freq (MHz)

AP (sec)
Exp.
Exper #
Yr:day
Start
Stop
FRT
Corr/FF/build

RA & Dec (J2000)

Amp. and Phase vs. time for each freq., 82 segs, 1 APs / seg (0.16 sec / seg.), time ticks 1 sec

UValidity
L

L V

1598.56 Freq (MHz)
13.7 Phase
118.2 Ampl.
258.2 Sbd box
82/0 APs usedU/L
437 PC freqsL
437 PC freqsV
-161:-86 PC phaseL:V
0:0 Manl PCL:V

PC ampL 0
0V
L00UR Chan idsL
L00UR Chan idsV

Group delay (usec)(model)
Sband delay (usec)
Phase delay (usec)
Delay rate (us/s)
Total phase (deg)

1.28645682521E+02
1.28685257374E+02
1.28646085210E+02
-2.68403612750E-01

175.0

Apriori delay (usec)
Apriori clock (usec)
Apriori clockrate (us/s)
Apriori rate (us/s)
Apriori accel (us/s/s)

1.28646061374E+02
-1.2410000E+02
0.0000000E+00

-2.69334039964E-01
-5.34292898480E-05

Resid mbdelay (usec)
Resid sbdelay (usec)
Resid phdelay (usec)
Resid rate (us/s)
Resid phase (deg)

-3.78853E-04
3.91960E-02
2.38356E-05
9.30427E-04

13.7

+/-
+/-
+/-
+/-
+/-

4.8E-04
4.8E-04
1.4E-06
1.8E-07

0.8
RMS Theor. Amplitude 118.389 +/- 0.816 Pcal mode: NORMAL,  NORMAL Pcal period (AP’s) 9999,  9999

ph/seg (deg) 3.1 3.6 Search (256X8) 116.927 Pcal rate: -4.690E-04,  4.653E-04  (us/s) sb window (us)   -8.000    8.000
amp/seg (%) 5.0 6.2 Interp. 0.000 Bits/sample: 2 SampCntNorm: disabled mb window (us)   -0.000    0.000
ph/frq (deg) 0.0 0.4 Inc. seg. avg. 118.111 Sample rate(MSamp/s): 16 dr window (ns/s)   -1.955    1.955
amp/frq (%) 0.2 0.7 Inc. frq. avg. 118.165 Data rate(Mb/s): 32 nlags: 256 t_cohere infinite ion window (TEC)    0.00     0.00
L: az 85.7  el 58.1  pa -52.5 V: az 73.5  el 57.1  pa -67.9 u,v (fr/asec) 13.668  19.393 simultaneous interpolator
Control file: cf_1234    Input file: /common/expts/g140116a_150512/1234/No_0154/LV..yduswu    Output file: Suppressed by test mode

PR11	  

PR01	  
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Chalmers University of Technology 

G140116b	  Fourfit	  processing	  

PR01	  

PR12	  

PR02	  

Mk4/DiFX fourfit 3.9 rev 6188 140445.ydvoqv, No_0020, LV 
ONSALA85 - WETTZELL, fgroup L, pol RR

9
Error code  H

166.8
12.910

135.828
48.8

0.0e+00

0.021756
-0.000391

-0.003911
  0.00

1598.5600
0.160

g140116b
16383

2014:016
140446.92
140500.04
140452.00

2015:134:105533
2015:134:111147
2014:204:120420

02h26m 8.6238s
+22˚14’46.480"

Fringe quality

SNR
Int time
Amp
Phase
PFD
Delays (us)
SBD
MBD
Fringe rate (Hz)

Ion TEC 
Ref freq (MHz)

AP (sec)
Exp.
Exper #
Yr:day
Start
Stop
FRT
Corr/FF/build

RA & Dec (J2000)

Amp. and Phase vs. time for each freq., 82 segs, 1 APs / seg (0.16 sec / seg.), time ticks 1 sec

UValidity
L

L V

1598.56 Freq (MHz)
48.8 Phase
135.5 Ampl.
257.7 Sbd box
82/0 APs usedU/L
437 PC freqsL
437 PC freqsV
116:-34 PC phaseL:V
0:0 Manl PCL:V

PC ampL 0
0V
L00UR Chan idsL
L00UR Chan idsV

Group delay (usec)(model)
Sband delay (usec)
Phase delay (usec)
Delay rate (us/s)
Total phase (deg)

-7.63738833779E+02
-7.63716686802E+02
-7.63738357944E+02
-3.46063185140E-01

-212.2

Apriori delay (usec)
Apriori clock (usec)
Apriori clockrate (us/s)
Apriori rate (us/s)
Apriori accel (us/s/s)

-7.63738442802E+02
-1.2410000E+02
0.0000000E+00

-3.45645521522E-01
-8.08301398507E-07

Resid mbdelay (usec)
Resid sbdelay (usec)
Resid phdelay (usec)
Resid rate (us/s)
Resid phase (deg)

-3.90977E-04
2.17560E-02
8.48586E-05

-4.17664E-04
48.8

+/-
+/-
+/-
+/-
+/-

4.1E-04
4.1E-04
1.2E-06
1.6E-07

0.7
RMS Theor. Amplitude 135.828 +/- 0.814 Pcal mode: NORMAL,  NORMAL Pcal period (AP’s) 9999,  9999

ph/seg (deg) 6.1 3.1 Search (256X8) 134.890 Pcal rate: 1.529E-04,  -2.624E-04  (us/s) sb window (us)   -8.000    8.000
amp/seg (%) 4.2 5.4 Interp. 0.000 Bits/sample: 2 SampCntNorm: disabled mb window (us)   -0.000    0.000
ph/frq (deg) 0.0 0.3 Inc. seg. avg. 136.064 Sample rate(MSamp/s): 16 dr window (ns/s)   -1.955    1.955
amp/frq (%) 0.3 0.6 Inc. frq. avg. 135.477 Data rate(Mb/s): 32 nlags: 256 t_cohere infinite ion window (TEC)    0.00     0.00
L: az 105.2  el 35.9  pa -34.2 V: az 99.9  el 38.2  pa -44.1 u,v (fr/asec) 15.075  17.557 simultaneous interpolator
Control file: cf_1234    Input file: /common/expts/g140116b_150512/1234_PR01/No_0020/LV..ydvoqv    Output file: Suppressed by test mode

Mk4/DiFX fourfit 3.9 rev 6188 142715.ydvqks, No_0090, LV 
ONSALA85 - WETTZELL, fgroup L, pol RR

9
Error code  H

115.0
12.805
93.997

141.7
0.0e+00

0.112404
-0.000391

-0.002858
  0.00

1597.4400
0.160

g140116b
16383

2014:016
142716.92
142730.04
142722.00

2015:134:115400
2015:134:125811
2014:204:120420

00h31m53.9718s
+24˚53’11.345"

Fringe quality

SNR
Int time
Amp
Phase
PFD
Delays (us)
SBD
MBD
Fringe rate (Hz)

Ion TEC 
Ref freq (MHz)

AP (sec)
Exp.
Exper #
Yr:day
Start
Stop
FRT
Corr/FF/build

RA & Dec (J2000)

Amp. and Phase vs. time for each freq., 82 segs, 1 APs / seg (0.16 sec / seg.), time ticks 1 sec

UValidity
L

L V

1597.44 Freq (MHz)
141.7 Phase
93.7 Ampl.
260.6 Sbd box
82/0 APs usedU/L
562 PC freqsL
562 PC freqsV
25:61 PC phaseL:V
0:0 Manl PCL:V

PC ampL 0
0V
L00UR Chan idsL
L00UR Chan idsV

Group delay (usec)(model)
Sband delay (usec)
Phase delay (usec)
Delay rate (us/s)
Total phase (deg)

-1.41413836746E+03
-1.41402557221E+03
-1.41413772986E+03

4.72877036476E-01
-63.1

Apriori delay (usec)
Apriori clock (usec)
Apriori clockrate (us/s)
Apriori rate (us/s)
Apriori accel (us/s/s)

-1.41413797621E+03
-1.2410000E+02
0.0000000E+00

4.72578999170E-01
4.61935864430E-05

Resid mbdelay (usec)
Resid sbdelay (usec)
Resid phdelay (usec)
Resid rate (us/s)
Resid phase (deg)

-3.91251E-04
1.12404E-01
2.46347E-04
2.98037E-04

141.7

+/-
+/-
+/-
+/-
+/-

6.0E-04
6.0E-04
1.7E-06
2.3E-07

1.0
RMS Theor. Amplitude 93.997 +/- 0.818 Pcal mode: NORMAL,  NORMAL Pcal period (AP’s) 9999,  9999

ph/seg (deg) 6.3 4.5 Search (256X8) 93.468 Pcal rate: 3.750E-04,  6.748E-04  (us/s) sb window (us)   -8.000    8.000
amp/seg (%) 5.6 7.9 Interp. 0.000 Bits/sample: 2 SampCntNorm: disabled mb window (us)   -0.000    0.000
ph/frq (deg) 0.0 0.5 Inc. seg. avg. 93.958 Sample rate(MSamp/s): 16 dr window (ns/s)   -1.956    1.956
amp/frq (%) 0.3 0.9 Inc. frq. avg. 93.676 Data rate(Mb/s): 32 nlags: 256 t_cohere infinite ion window (TEC)    0.00     0.00
L: az 142.6  el 53.5  pa -21.1 V: az 135.8  el 60.1  pa -30.1 u,v (fr/asec) 5.900  20.492 simultaneous interpolator
Control file: cf_1234    Input file: /common/expts/g140116b_150512/1234_PR12/No_0090/LV..ydvqks    Output file: Suppressed by test mode

Mk4/DiFX fourfit 3.9 rev 6188 145830.ydvqzf, No_0195, LV 
ONSALA85 - WETTZELL, fgroup L, pol RR

6
Error code  H

266.8
12.910

217.262
92.7

0.0e+00

0.133414
-0.000387

0.010397
  0.00

1595.7500
0.160

g140116b
16383

2014:016
145831.92
145845.04
145837.00

2015:134:124447
2015:134:125944
2014:204:120420

01h34m47.1876s
+40˚00’ 3.578"

Fringe quality

SNR
Int time
Amp
Phase
PFD
Delays (us)
SBD
MBD
Fringe rate (Hz)

Ion TEC 
Ref freq (MHz)

AP (sec)
Exp.
Exper #
Yr:day
Start
Stop
FRT
Corr/FF/build

RA & Dec (J2000)

Amp. and Phase vs. time for each freq., 82 segs, 1 APs / seg (0.16 sec / seg.), time ticks 1 sec

UValidity
L

L V

1595.75 Freq (MHz)
92.7 Phase
217.1 Ampl.
261.3 Sbd box
82/0 APs usedU/L
250 PC freqsL
250 PC freqsV
26:-82 PC phaseL:V
0:0 Manl PCL:V

PC ampL 0
54V
L00UR Chan idsL
L00UR Chan idsV

Group delay (usec)(model)
Sband delay (usec)
Phase delay (usec)
Delay rate (us/s)
Total phase (deg)

-5.74391721620E+02
-5.74257920304E+02
-5.74391173000E+02
-4.17858044335E-01

-257.2

Apriori delay (usec)
Apriori clock (usec)
Apriori clockrate (us/s)
Apriori rate (us/s)
Apriori accel (us/s/s)

-5.74391334304E+02
-1.2410000E+02
0.0000000E+00

-4.17866167599E-01
-1.86369030371E-05

Resid mbdelay (usec)
Resid sbdelay (usec)
Resid phdelay (usec)
Resid rate (us/s)
Resid phase (deg)

-3.87316E-04
1.33414E-01
1.61303E-04
8.12326E-06

92.7

+/-
+/-
+/-
+/-
+/-

2.6E-04
2.6E-04
7.5E-07
9.9E-08

0.4
RMS Theor. Amplitude 217.262 +/- 0.814 Pcal mode: NORMAL,  NORMAL Pcal period (AP’s) 9999,  9999

ph/seg (deg) 33.9 1.9 Search (256X8) 212.237 Pcal rate: -1.560E-06,  4.759E-08  (us/s) sb window (us)   -8.000    8.000
amp/seg (%) 25.8 3.4 Interp. 0.000 Bits/sample: 2 SampCntNorm: disabled mb window (us)   -0.000    0.000
ph/frq (deg) 0.0 0.2 Inc. seg. avg. 258.074 Sample rate(MSamp/s): 16 dr window (ns/s)   -1.958    1.958
amp/frq (%) 0.1 0.4 Inc. frq. avg. 217.108 Data rate(Mb/s): 32 nlags: 256 t_cohere infinite ion window (TEC)    0.00     0.00
L: az 117.0  el 63.4  pa -38.7 V: az 101.4  el 66.7  pa -56.8 u,v (fr/asec) 8.319  21.858 simultaneous interpolator
Control file: cf_1234    Input file: /common/expts/g140116b_150512/1234/No_0195/LV..ydvqzf    Output file: Suppressed by test mode
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Mk4/DiFX fourfit 3.9 rev 6188 124345.ydupme, No_0056, LL 
ONSALA85 - ONSALA85, fgroup L, pol RR

9

7406.7
14.920

5609.704
-0.0

0.0e+00

0.000000
-0.000381

0.000000
  0.00

1601.3800
0.160

g140116a
16383

2014:016
124345.00
124400.04
124352.00

2015:133:160133
2015:134:091657
2014:204:120420

02h37m55.5101s
+18˚41’54.005"

Fringe quality

SNR
Int time
Amp
Phase
PFD
Delays (us)
SBD
MBD
Fringe rate (Hz)

Ion TEC 
Ref freq (MHz)

AP (sec)
Exp.
Exper #
Yr:day
Start
Stop
FRT
Corr/FF/build

RA & Dec (J2000)

Amp. and Phase vs. time for each freq., 94 segs, 1 APs / seg (0.16 sec / seg.), time ticks 1 sec

UValidity
L

L L

1601.38 Freq (MHz)
-0.0 Phase
5609.7 Ampl.
257.0 Sbd box
94/0 APs usedU/L
-3.9 PC R/Y/V delays (ns)L
-3.9 PC R/Y/V delays (ns)L
-90:-90 PC phaseL:L
0:0 Manl PCL:L

PC ampL 0
0L
L00UR Chan idsL
L00UR Chan idsL

Group delay (usec)(model)
Sband delay (usec)
Phase delay (usec)
Delay rate (us/s)
Total phase (deg)

-3.80921455245E-04
1.04185052512E-19

-2.60238175854E-22
-4.23516473627E-16

-0.0

Apriori delay (usec)
Apriori clock (usec)
Apriori clockrate (us/s)
Apriori rate (us/s)
Apriori accel (us/s/s)

0.00000000000E+00
0.0000000E+00
0.0000000E+00

-4.23516473627E-16
0.00000000000E+00

Resid mbdelay (usec)
Resid sbdelay (usec)
Resid phdelay (usec)
Resid rate (us/s)
Resid phase (deg)

-3.80921E-04
1.04185E-19

-2.60238E-22
0.00000E+00

-0.0

+/-
+/-
+/-
+/-
+/-

9.3E-06
9.3E-06
2.7E-08
3.1E-09

0.0
RMS Theor. Amplitude 5609.704 +/- 0.757 Pcal mode: MULTITONE,  MULTITONE Pcal period (AP’s) 9999,  9999

ph/seg (deg) 0.0 0.1 Search (256X8) 5609.704 Pcal rate: -9.757E-03,  -9.757E-03  (us/s) sb window (us)   -1.000    1.000
amp/seg (%) 2.9 0.1 Interp. 0.000 Bits/sample: 2 SampCntNorm: disabled mb window (us)   -0.000    0.000
ph/frq (deg) 0.0 0.0 Inc. seg. avg. 5609.695 Sample rate(MSamp/s): 16 dr window (ns/s)   -0.010    0.010
amp/frq (%) 0.0 0.0 Inc. frq. avg. 5609.704 Data rate(Mb/s): 32 nlags: 256 t_cohere infinite ion window (TEC)    0.00     0.00
L: az 87.1  el 20.6  pa -34.6 L: az 87.1  el 20.6  pa -34.6 u,v (fr/asec) 0.000  0.000 simultaneous interpolator
Control file: default    Input file: /common/expts/g140116a_150512/1234_PR08/No_0056/LL..ydupme    Output file: Suppressed by test mode

Mk4/DiFX fourfit 3.9 rev 6188 124345.ydupme, No_0056, VV 
WETTZELL - WETTZELL, fgroup L, pol RR

9

13039.1
14.920

9875.552
-0.0

0.0e+00

0.000000
-0.000390

0.000000
  0.00

1601.3800
0.160

g140116a
16383

2014:016
124345.00
124400.04
124352.00

2015:133:160133
2015:134:091722
2014:204:120420

02h37m55.5101s
+18˚41’54.005"

Fringe quality

SNR
Int time
Amp
Phase
PFD
Delays (us)
SBD
MBD
Fringe rate (Hz)

Ion TEC 
Ref freq (MHz)

AP (sec)
Exp.
Exper #
Yr:day
Start
Stop
FRT
Corr/FF/build

RA & Dec (J2000)

Amp. and Phase vs. time for each freq., 94 segs, 1 APs / seg (0.16 sec / seg.), time ticks 1 sec

UValidity
L

V V

1601.38 Freq (MHz)
-0.0 Phase
9875.5 Ampl.
257.0 Sbd box
94/0 APs usedU/L
-3.9 PC R/Y/V delays (ns)V
-3.9 PC R/Y/V delays (ns)V
-90:-90 PC phaseV:V
0:0 Manl PCV:V

PC ampV 0
0V
L00UR Chan idsV
L00UR Chan idsV

Group delay (usec)(model)
Sband delay (usec)
Phase delay (usec)
Delay rate (us/s)
Total phase (deg)

-3.90288376275E-04
1.04185052512E-19

-2.60238175854E-22
-4.23516473627E-16

-0.0

Apriori delay (usec)
Apriori clock (usec)
Apriori clockrate (us/s)
Apriori rate (us/s)
Apriori accel (us/s/s)

0.00000000000E+00
0.0000000E+00
0.0000000E+00

-4.23516473627E-16
0.00000000000E+00

Resid mbdelay (usec)
Resid sbdelay (usec)
Resid phdelay (usec)
Resid rate (us/s)
Resid phase (deg)

-3.90288E-04
1.04185E-19

-2.60238E-22
0.00000E+00

-0.0

+/-
+/-
+/-
+/-
+/-

5.3E-06
5.3E-06
1.5E-08
1.8E-09

0.0
RMS Theor. Amplitude 9875.552 +/- 0.757 Pcal mode: MULTITONE,  MULTITONE Pcal period (AP’s) 9999,  9999

ph/seg (deg) 0.0 0.0 Search (256X8) 9875.552 Pcal rate: -9.757E-03,  -9.757E-03  (us/s) sb window (us)   -1.000    1.000
amp/seg (%) 0.0 0.1 Interp. 0.000 Bits/sample: 2 SampCntNorm: disabled mb window (us)   -0.000    0.000
ph/frq (deg) 0.0 0.0 Inc. seg. avg. 9875.542 Sample rate(MSamp/s): 16 dr window (ns/s)   -0.010    0.010
amp/frq (%) 0.0 0.0 Inc. frq. avg. 9875.552 Data rate(Mb/s): 32 nlags: 256 t_cohere infinite ion window (TEC)    0.00     0.00
V: az 84.7  el 20.5  pa -43.5 V: az 84.7  el 20.5  pa -43.5 u,v (fr/asec) 0.000  0.000 simultaneous interpolator
Control file: default    Input file: /common/expts/g140116a_150512/1234_PR08/No_0056/VV..ydupme    Output file: Suppressed by test mode

G140116	  autocorrela6ons	  
Onsala	   WeRzell	  
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Mk4/DiFX fourfit 3.9 rev 6188 123700.yduige, No_0029a, LV 
ONSALA85 - WETTZELL, fgroup L, pol RR

9

49.6
1.890

105.457
-112.0

0.0e+00

0.006750
-0.000390

0.009521
  0.00

1601.3800
0.160

g140116a
16383

2014:016
123700.00
123701.92
123701.00

2015:133:104201
2015:133:172355
2014:204:120420

02h30m39.6362s
+22˚10’31.758"

Fringe quality

SNR
Int time
Amp
Phase
PFD
Delays (us)
SBD
MBD
Fringe rate (Hz)

Ion TEC 
Ref freq (MHz)

AP (sec)
Exp.
Exper #
Yr:day
Start
Stop
FRT
Corr/FF/build

RA & Dec (J2000)

Amp. and Phase vs. time for each freq., 12 segs, 1 APs / seg (0.16 sec / seg.), time ticks 1 sec

UValidity
L

L V

1601.38 Freq (MHz)
-112.0 Phase
105.3 Ampl.
257.2 Sbd box
12/0 APs usedU/L
-3.9 PC R/Y/V delays (ns)L
-3.9 PC R/Y/V delays (ns)V
-90:-90 PC phaseL:V
0:0 Manl PCL:V

PC ampL 0
0V
L00UR Chan idsL
L00UR Chan idsV

Group delay (usec)(model)
Sband delay (usec)
Phase delay (usec)
Delay rate (us/s)
Total phase (deg)

5.51277067915E+01
5.51348470799E+01
5.51279028095E+01
-2.74425991694E-01

-100.4

Apriori delay (usec)
Apriori clock (usec)
Apriori clockrate (us/s)
Apriori rate (us/s)
Apriori accel (us/s/s)

5.51280970799E+01
-1.2410000E+02
0.0000000E+00

-2.74431937294E-01
-2.42036854115E-05

Resid mbdelay (usec)
Resid sbdelay (usec)
Resid phdelay (usec)
Resid rate (us/s)
Resid phase (deg)

-3.90288E-04
6.75000E-03

-1.94270E-04
5.94560E-06

-112.0

+/-
+/-
+/-
+/-
+/-

1.4E-03
1.4E-03
4.0E-06
3.6E-06

2.3
RMS Theor. Amplitude 105.457 +/- 2.128 Pcal mode: MULTITONE,  MULTITONE Pcal period (AP’s) 9999,  9999

ph/seg (deg) 9.4 4.0 Search (32X8) 105.279 Pcal rate: -7.806E-02,  -7.806E-02  (us/s) sb window (us)   -1.000    1.000
amp/seg (%) 6.2 7.0 Interp. 0.000 Bits/sample: 2 SampCntNorm: disabled mb window (us)   -0.000    0.000
ph/frq (deg) 0.0 1.2 Inc. seg. avg. 106.460 Sample rate(MSamp/s): 16 dr window (ns/s)   -0.010    0.010
amp/frq (%) 0.1 2.0 Inc. frq. avg. 105.312 Data rate(Mb/s): 32 nlags: 256 t_cohere infinite ion window (TEC)    0.00     0.00
L: az 85.0  el 23.5  pa -35.4 V: az 82.2  el 23.1  pa -44.4 u,v (fr/asec) 18.486  14.981 simultaneous interpolator
Control file: default    Input file: /common/expts/g140116a_150512/1234_e/No_0029a/LV..yduige    Output file: Suppressed by test mode

Mk4/DiFX fourfit 3.9 rev 6188 123700.yduhlb, No_0029, LV 
ONSALA85 - WETTZELL, fgroup L, pol RR

9
Error code  H

130.7
12.913

106.429
-67.9

0.0e+00

0.013732
-0.000274

0.000644
  0.00

1601.3800
0.160

g140116a
16383

2014:016
123701.92
123715.04
123707.00

2015:133:100534
2015:133:172201
2014:204:120420

02h30m39.6362s
+22˚10’31.758"

Fringe quality

SNR
Int time
Amp
Phase
PFD
Delays (us)
SBD
MBD
Fringe rate (Hz)

Ion TEC 
Ref freq (MHz)

AP (sec)
Exp.
Exper #
Yr:day
Start
Stop
FRT
Corr/FF/build

RA & Dec (J2000)

Amp. and Phase vs. time for each freq., 82 segs, 1 APs / seg (0.16 sec / seg.), time ticks 1 sec

UValidity
L

L V

1601.38 Freq (MHz)
-67.9 Phase
105.9 Ampl.
257.4 Sbd box
82/0 APs usedU/L
625 PC freqsL
625 PC freqsV
125:-126 PC phaseL:V
0:0 Manl PCL:V

PC ampL 0
1V
L00UR Chan idsL
L00UR Chan idsV

Group delay (usec)(model)
Sband delay (usec)
Phase delay (usec)
Delay rate (us/s)
Total phase (deg)

5.34807964818E+01
5.34948023706E+01
5.34809525293E+01
-2.74566916456E-01

118.0

Apriori delay (usec)
Apriori clock (usec)
Apriori clockrate (us/s)
Apriori rate (us/s)
Apriori accel (us/s/s)

5.34810703706E+01
-1.2410000E+02
0.0000000E+00

-2.74576868999E-01
-2.41068830276E-05

Resid mbdelay (usec)
Resid sbdelay (usec)
Resid phdelay (usec)
Resid rate (us/s)
Resid phase (deg)

-2.73889E-04
1.37320E-02

-1.17841E-04
9.95254E-06

-67.9

+/-
+/-
+/-
+/-
+/-

5.3E-04
5.3E-04
1.5E-06
2.0E-07

0.9
RMS Theor. Amplitude 106.429 +/- 0.814 Pcal mode: NORMAL,  NORMAL Pcal period (AP’s) 9999,  9999

ph/seg (deg) 8.0 4.0 Search (256X8) 105.843 Pcal rate: -1.174E-05,  -2.189E-06  (us/s) sb window (us)   -8.000    8.000
amp/seg (%) 5.3 6.9 Interp. 0.000 Bits/sample: 2 SampCntNorm: disabled mb window (us)   -0.000    0.000
ph/frq (deg) 0.0 0.4 Inc. seg. avg. 106.610 Sample rate(MSamp/s): 16 dr window (ns/s)   -1.951    1.951
amp/frq (%) 0.5 0.8 Inc. frq. avg. 105.848 Data rate(Mb/s): 32 nlags: 256 t_cohere infinite ion window (TEC)    0.00     0.00
L: az 85.0  el 23.5  pa -35.4 V: az 82.2  el 23.1  pa -44.4 u,v (fr/asec) 18.486  14.981 simultaneous interpolator
Control file: cf_1234    Input file: /common/expts/g140116a_150512/1234_c/No_0029/LV..yduhlb    Output file: Suppressed by test mode

Mk4/DiFX fourfit 3.9 rev 6188 123700.yduohc, No_0029, LV 
ONSALA85 - WETTZELL, fgroup L, pol RR

7
Error code  H

568.7
294.348

96.976
108.5

0.0e+00

0.014230
-0.000390

-0.009916
  0.00

1601.3800
0.160

g140116a
16383

2014:016
123701.92
124200.00
123930.00

2015:133:150945
2015:133:171827
2014:204:120420

02h30m39.6362s
+22˚10’31.758"

Fringe quality

SNR
Int time
Amp
Phase
PFD
Delays (us)
SBD
MBD
Fringe rate (Hz)

Ion TEC 
Ref freq (MHz)

AP (sec)
Exp.
Exper #
Yr:day
Start
Stop
FRT
Corr/FF/build

RA & Dec (J2000)

Amp. and Phase vs. time for each freq., 207 segs, 9 APs / seg (1.44 sec / seg.), time ticks 2 sec

UValidity
L

L V

1601.38 Freq (MHz)
108.5 Phase
96.3 Ampl.
257.5 Sbd box
1863/0 APs usedU/L
625 PC freqsL
625 PC freqsV
143:-126 PC phaseL:V
0:0 Manl PCL:V

PC ampL 0
1V
L00UR Chan idsL
L00UR Chan idsV

Group delay (usec)(model)
Sband delay (usec)
Phase delay (usec)
Delay rate (us/s)
Total phase (deg)

1.39775647677E+01
1.39921850186E+01
1.39781432437E+01
-2.77893756695E-01

114.8

Apriori delay (usec)
Apriori clock (usec)
Apriori clockrate (us/s)
Apriori rate (us/s)
Apriori accel (us/s/s)

1.39779550186E+01
-1.2410000E+02
0.0000000E+00

-2.77859342500E-01
-2.18028437734E-05

Resid mbdelay (usec)
Resid sbdelay (usec)
Resid phdelay (usec)
Resid rate (us/s)
Resid phase (deg)

-3.90251E-04
1.42300E-02
1.88225E-04

-3.44142E-05
108.5

+/-
+/-
+/-
+/-
+/-

1.2E-04
1.2E-04
3.5E-07
2.0E-09

0.2
RMS Theor. Amplitude 96.976 +/- 0.171 Pcal mode: NORMAL,  NORMAL Pcal period (AP’s) 9999,  9999

ph/seg (deg) 23.7 1.4 Search (2048X8) 88.443 Pcal rate: 2.826E-05,  3.559E-08  (us/s) sb window (us)   -8.000    8.000
amp/seg (%) 9.1 2.5 Interp. 0.000 Bits/sample: 2 SampCntNorm: disabled mb window (us)   -0.000    0.000
ph/frq (deg) 0.0 0.1 Inc. seg. avg. 104.519 Sample rate(MSamp/s): 16 dr window (ns/s)   -1.951    1.951
amp/frq (%) 0.7 0.2 Inc. frq. avg. 96.270 Data rate(Mb/s): 32 nlags: 256 t_cohere infinite ion window (TEC)    0.00     0.00
L: az 85.0  el 23.5  pa -35.4 V: az 82.2  el 23.1  pa -44.5 u,v (fr/asec) 18.486  14.981 simultaneous interpolator
Control file: cf_1234    Input file: /common/expts/g140116a_150512/1234_3min/No_0029/LV..yduohc    Output file: Suppressed by test mode

Effect	  of	  integra6on	  length	  

2	  s	   15	  s	   300	  s	  

SNR	  49.6	   SNR	  130.7	   SNR	  568	  
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Conclusions	  

•  Successful	  experiments	  with	  several	  L-‐band	  sta6ons	  
–  Also	  L-‐band	  via	  S-‐band	  at	  WeRzell	  works	  fine	  

•  Successful	  correla6on	  with	  the	  standard	  geode6c	  
so\ware	  correlator	  DiFX	  

•  Short	  observa6on	  6mes	  10	  –	  15	  s	  are	  sufficient	  
•  Successful	  with	  three	  different	  apriori	  delay	  models	  
•  Geode6c	  post-‐processing	  with	  Fourfit	  works	  
•  Phase	  delay	  determina6on	  possible	  with	  AIPS	  and	  Fourfit	  
•  Total	  delay	  values	  agree	  with	  rms	  0.8–0.9	  ns	  for	  group	  

delays	  and	  0.2–0.4	  ns	  for	  integrated	  delay	  rates	  
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Outlook	  
•  Observa6ons:	  

–  Further	  test	  experiments	  (mul6	  GNSS,	  dual	  frequency)	  
–  Use	  lager	  sta6on	  networks	  (>	  4	  sta6ons)	  

•  Correla6on:	  
–  Re-‐correla6on	  of	  all	  observed	  data	  2010–2016	  
–  Near-‐field	  model	  APP	  in	  c5++	  

•  Analysis:	  
–  Upgrade/extension	  of	  the	  geode6c	  VLBI	  data	  analysis	  so\ware	  c5++	  
–  “Geode6c”	  data	  analysis	  and	  parameter	  es6ma6on	  with	  c5++	  

•  Further	  ideas:	  
–  Perform	  dedicated	  L/S/X-‐experiment:	  WeRzell	  (20	  m	  L/S/X),	  
Onsala	  (25	  m	  L	  +	  20	  m	  S/X),	  Medicina	  (32	  m	  L/S/X)	  +	  …	  


