
 
Why wide bandwidths are good for geodetic VLBI 

 
 

1) Maximize signal-to-noise ratio SNR =  
 

(0.5 – 1) x (correlated flux density) x (2 x total bandwidth x time)½

────────────────────────────────────── 
(SEFD1 x SEFD2) ½

 
where SEFD = (time-averaged system temperature) x (Jy/K) 

 
 
2) Minimize error in multiband delay = 1 / (2π x SNR x RMSfreq) 

 
where RMSfreq2 = average value of (RF freq – mean RF freq)2   
 
 
 

Narrowband cross-correlation – 
Delay measurement is ambiguous: 

Which cycle at station A corresponds to which cycle at station B? 

Station A

Station B
 

 
 

Wideband cross-correlation – 
Unambiguous delay measurement 

Station B

Station A

 



 
Effect of RFI on geodetic VLBI 

 
The primary effect of RFI is to increase the effective system temperature in 
one or more frequency channels.  This additional noise, which is usually 
uncorrelated between stations, has the following effects:  

• decreases the SNR, and thereby degrades the delay precision 
• can lead to systematic shifts in the estimated group delay 
• can cause bandwidth synthesis to fail if enough frequency channels 

are severely affected 
• adversely affects source mapping when RFI is variable. 

 
Except in rare cases or in short-baseline geodetic sessions (e.g., “ties” 
experiments), correlated RFI signals between two stations are not found at 
the correlator.  There are several reasons for this lack of correlated RFI: 

• Except for satellites, most RFI sources cannot be seen at more than 
one terrestrial VLBI station, due to the wide geographical separation 
between stations. 

• If one antenna is pointed at or near a satellite, the other antennas in 
the network will generally be pointed well away from it. 

• An RFI source visible at two stations generally has a different delay 
and delay rate from the celestial source they are tracking, and so any 
correlated RFI signal will be strongly rejected at the correlator. 



 
Effect of RFI on group delay observable 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Group delay is estimated from the frequency dependence of the fringe 
phases.  Its value is the slope of the straight line that best fits the phase 
plotted vs. frequency.  
 
As the system temperature due to RFI (or any other cause!) rises in one 
frequency channel, the “weight” of that channel relative to the other 
channels will decrease in the fitting process. 
 
If the channel with RFI has a fringe phase that is systematically biased (i.e., 
stands out) relative to the other channel phases, then as the system 
temperature in that channel varies, the group delay estimate will vary 
correspondingly. 
 
The plot above shows how the group delay estimate can change between 
the two extreme cases (a) no RFI in channel 8, so the phase is included in 
the fit with full weight, and (b) infinitely strong RFI, so the phase is 
completely “down-weighted”, and is effectively excluded from the fit. 
 
Simulations similar to the above demonstrate that the delay precision can 
be significantly degraded, by >1 ps, when RFI raises Tsys by >10%.  See 
paper by Dave Shaffer in IVS 2000 General Meeting proceedings. 



 
 

How strong must RFI be to cause a problem? 
 
 

• If RFI power > 10% of system power in any baseband channel… 
o SNR is reduced 
o Group delays will be less precise, and may be biased 

significantly 
 
• If RFI is coherent with maser, and its frequency is an integer number 

of MHz in RF or IF… 
o Phase calibration will be degraded if spurious signal is stronger 

than –50 dB relative to phase cal 
 

• Even if the frequency of the RFI is outside the RF or IF observing 
band, it may be strong enough to compress the gain of amplifiers in 
the receiver or DAT/DAR at all frequencies, in which case… 

o Same problems as above, when RFI in-band power > 10% of  
system power 

 
• For incoherent RFI, what matters is the fractional increase in total 

power over the full frequency range of the baseband channel.  If the 
RFI raises Tsys by 100% over a 20-kHz bandwidth, but the channel is 
2 MHz wide, the fractional increase over the entire band is only 1%, 
which is not a problem….unless you’re doing spectral line VLBI! 



 

Sources of RFI 
 
 
External to VLBI system

• Usually originates at RF frequencies (2.2-2.4 GHz and 8.2-8.9 GHz) 
• Might be at image frequency, if RFI is strong enough to overcome 

image rejection in receiver or VC/BBC 
• Can come in at IF frequencies (100-1000 MHz) if RFI is exceptionally 

strong, especially if an IF cable has a broken shield or bad connector 
• Potential interferers: 

o Satellites, particularly at S-band (DARS, DSCS – Defense 
Satellite Communications System) 

 For satellite orbital elements, see 
http://www.celestrak.com/NORAD/elements 

 For orbit tracking software, freeware and cheapware are 
available at http://www.amsat.org 

o Local TV and radio stations, and TV links (S-band especially) 
o Radar 

 
Internally generated RFI 

• RF or IF amplifiers may oscillate 
o LNAs are especially prone to oscillation, which may occur at 

high (RF) or low (IF) frequency 
• Formatter generates harmonics of 4, 4.5, and 5 MHz 
• Set LOs of unused BBCs to frequencies outside observing band 

http://www.amsat.org/


 

Identifying RFI 
 

Spectrum analyzer is most efficient instrument to find narrowband RFI.   
• The narrower the resolution bandwidth, the more a narrowband signal 

sticks out above the noise. 
• But: a spike 30 dB above the noise may or may not be a significant 

source of RFI, when it’s averaged over the full baseband frequency 
range; it depends on what the resolution bandwidth of the analyzer is 
set to.  Don’t be alarmed by every little blip on the analyzer. 

• If RFI is very narrowband but shifts in frequency between analyzer 
sweeps, it may be radar. 

• A single-frequency carrier is probably due to amplifier oscillation or 
pick-up of a signal generated locally by the VLBI equipment or other 
control room equipment. 

• Rapid amplitude variations over tens of kHz to many MHz point to 
AM, FM, or TV. 

• Flat-topped, constant-amplitude signals >1 MHz wide are usually 
data transmission, often from satellites. 

 
A VLBI backend can be used as a poor man’s analyzer, by stepping 
VC/BBC frequencies across observing band and measuring power levels. 
 
System temperatures are sensitive to RFI, but it’s not always easy to spot 
in the data, as Tsys may be varying from scan to scan due to legitimate 
causes like changing tropospheric antenna temperature and ground pickup. 
 
Fringe and phase cal data from the correlator can be used to identify RFI.  
But don’t count on the correlator to find it for you!  



 

 
What can be done about RFI? 

 
 

• To reduce out-of-band interference, install filters with sharper cutoffs. 
• Try to get cooperation from agency operating interferer, e.g., by 

adjusting transmission schedule to avoid geodetic sessions. 
• Change observing frequencies to avoid persistent RFI. 

o Has been done to accommodate RFI at Matera, Medicina, and 
Westford, among others. 

• Avoid observing in direction toward interferer. 
o Will have negative effect on geodetic results 

• If RFI is internally generated…. 
o Fix the oscillating LNA! 
o Fix the broken shield on the IF cable coming into the rack! 

 





Example of RFI so severe that RF gain is reduced 
outside of RFI frequency range 

 
Westford S-band IF spectrum on 26 August 2003 

 
Antenna pointed at 179.6° azimuth, 2.5° elevation. 

 
Add 2020 MHz to IF frequency to get RF frequency. 

 
 

 
 

 
In absence of RFI, average power level at mid-band is approximately     
−50 dBm over 3 MHz RBW, i.e., halfway down the plot.  At this antenna 
position, however, the power level is below this level at most frequencies.  
→ System gain is being compressed due to the strong interfering signal.  
 



 
Westford S-band IF spectrum 

with higher frequency resolution over 320-345 MHz 
 
 

Antenna pointed at 178° azimuth, 4.5° elevation. 
 

Add 2020 MHz to IF frequency to get RF frequency. 
 
 

 



 
Example of severe RFI in several S-band channels: 

Effect on measured system temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When RFI is strong and varies significantly on the time scales on which 
system temperature measurements are made (namely, the interval 
between the cal-on and cal-off total power measurements, which is typically 
of order seconds), system temperature measurements can be seriously 
compromised.  In such cases, a better estimate of the effect of the RFI on 
the system sensitivity is provided by the raw total power counts, an 
example of which is provided on the next page. 



 
Example of severe RFI in several S-band channels: 

Effect on baseband total power levels 



Fringe plot with RFI in one frequency channel 
 



 
 

Can you spot the RFI? 
 
 
 
 



 
It’s a bit easier to see in the time series 

of the phase cal amplitudes.



 
RFI is trivial to spot in the ratios 

of the phase cal amplitudes in different channels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Time-variable RFI is more readily evident in ratios of parameters 
(e.g., phase cal amplitude or system temperature) from different 
channels, than from the parameter of a single channel, because 
common-mode variations due to weather or ground noise pickup, 
for instance,  cancel out in the ratios. 



 
 

RFI generally does not bias fringe or phase cal phases 
unless it is strong enough to saturate the electronics. 

 
The reduction in SNR caused by RFI will, however, 

increase the fringe phase scatter in affected channels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
Note the lack of a systematic shift in the channel 4-3 or 5-4 phase 
cal phases during the hour-long interval of RFI in channel 4. 
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çMÜ@ÐeÒMÐRÛ�Ù�í«Ó·çMá�Ù�Ë
Ñ¹ÔCË·à·×Uá«à@çMÜ|��ÔCË·à&� ��� D`áæÛìÐRäDÓ·ÔCí�ç�ÙHQRåCÌ+ø ° à·ýìðÿøìõ+ç�Ð(Ý Î]Ô�ÑcÙ#þCÐ çMÜ@ÐRËÿó�á�þCÐRÛ��

�i� f\^ D a v	åCÌR� ° à·ýìðtv úJÎ à·ýæv ú
à�à·ý
a v úRÌCÌR� ° à·ýìð

�i� f\^ D èPðqñ ëça ú(Ö ­ § ®�®�è é ¥�§�¨ a Ö�� ° àê¬ ú(Ö ­ § ® ðqñ
Ï@ÙCÒ�ÔqÑ¹ÔCÛ�Ð(Ñ¹ÔCË¹à�Ñ¹ÔCË·à@×Uáæà@çMÜ�G:>�@CBED¼ÙCâ`Ìe÷"I7ò��¹çMÜ@Ð�ÐJûcÐRåJçMá�þCÐ ç�ÐRðqÝcÐ(ÒTÔ�çMÓ@ÒMÐ}×½Ù�Ó·í«à�çMÜ·ÐRËÿÑcÐ

�|� f\^ D èE« ëëa Ö�� ° àê¬{ú(Ö ­ § ® ð]ñ o pQú�� Î�¬{ú(Ö ­*® ¨ ¬nÌH¬{ú(Ö�ìÆI7ò�x
a Ì�Ö�«
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