Broadband calibration for A
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Single-dish radio telescopes e

Source: NGC7027, Scan: 4255 (2013-11-11T15:35:30 / SPOINT)
S20mm-XFFTS, Restfreq: 14600.00 MHz, Baseband/Channel: 1
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Effelsberg: going broadband

e New receivers:

- UBB (0.6 - 3.0 GHz)
- C+ (4 - 9.3 GHz)
- Ku (12 - 18 GHz)
- K (18 - 26 GHz)
- Q (33 -50 GH2z)
« New Backends:

4 _ 64k FFTS
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Effelsberg: going broadband

P13mm-XFFTS: Tsys using NGC7027 :
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‘ Calibration is frequency-dependent! ‘
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Overview

Motivation
Introduction (continuum calibration)
Spectroscopy calibration

- Classic
- Unbiased
Conclusion / Outlook



Intro: fundamental equation

P|counts| = G|counts/K]| - (Tuou|K] + Tiys K])



Intro: fundamental equation

P|counts| = G|counts/K]| - (Tuou|K] + Tiys K])

Calibrating a system means to determine G




Power [counts]

Intro: continuum calibration

e Use known source
(aka “calibrator”)
to infer G
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Power [counts]

Intro: continuum calibration
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Use known source
(aka “calibrator”)
to infer G

Problem: G is not
perfectly stable



BP*Tcal [counts]

Intro: continuum calibration

Gain variations

Source: 10013940151, Scan: 0950 (2014-11-27T01:52:25 § POINT)
2550 560mm-PBE, Restfreq: 4850.00 MHz, Baseband/Channel: (c[5]+c[6]}/2, Baseline: -1
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Power [counts]

Intro: continuum calibration

e Use known source
(aka “calibrator”)
to infer G

e Problem: G is not
perfectly stable

« Solution: use a
150 - stable reference
1ook . — Noise diode (Tea)

50f *P: G'Tﬂ;ys
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Solution: use

500f
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Angular offset

a hoise diode
We now have
P =G (Tion+ Tys)
P =G (Tyou + Tiys + Tear)

It follows

Tﬂy&‘, _I_ TE‘-}DH P
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We now have

P=G- (Tf-;m_l n

Intro: using a noise diode

B Tﬁys)

| Pml =G - (TSDI.I
It follows

Tsys; + TE-}DI.I

Tsys + Tz‘:al)

P
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This is really noisy,

P(‘:al _p < P

_ Pc

al_P

because



Solution: use

500f

450
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Angular offset

a hoise diode
We now have
P =G (Tion+ Tys)
P =G (Tyou + Tiys + Tear)

It follows
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Tsys/Tcal
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Intro: noise diode + gain model

X'

No averaging  « X

We now have
P=G- (TE-}DI.I T f-;yf-;)
cal
_ P™ =G - (TSDI.I T Tﬁys + T::':al)

With averaging ™x “i«
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Intro: noise diode + gain model

No averaging  « We now have
451 With averaging 7 "« :

X'

P=G- (TE-}DI.I T f-;yf-;)
4.0t ]
cal
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z3
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We still need to use a calibration source to infer T.!



Spectroscopy basics

Again we have

| P =G (Tont Tiys)

| P = G - (Tyoy + Tays + Teal)

1352613

Power [counts]
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But now everything is a
| function of frequency

1.20

1.15

23690 23692 23694 23696 23698
Frequency [MHz]



Power [counts]
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Spectroscopy basics
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Again we have

P = G ( sou _Tf-;ys)
T%ys + T:':al)

But now everything is a

| function of frequency

ldea:
Calibrate each spectral
channel independently

(using the same method as before)
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Spectroscopy basics

Again we have

| P =G (Tont Tiys)

| P = G - (Tyoy + Tays + Teal)
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| As before, but vectorized

Tsys; + TSDII P

1153690 23692 23694 23696 23698 ’Z _ P{'.‘-Hl _ P
Frequency [MHz] cal

1.20




Spectroscopy basics

(Tsys+Tsou)/Tcal

Again we have

P = G ( sou I Tﬂ;ys)
| P cal — G ’ (T‘%Dll al T‘%yﬁ + T"f.*ﬂl)

As before, but vectorized

Tsys; + TSDII P
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70f

(Tsys+Tsou)/Tcal

401

Spectroscopy basics

60|
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Again we have

P = G ( sou _Tf-;ys)

' sal
P{ — G . (TSU“ -T- TSJ}'S _I_ j-:[*ﬁl)

As before, but vectorized

Tsys; + TSDII P
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Denominator is too small
— numerically unstable



Spectroscopy basics
Again we have
P =G (Tsou + Tiys)
| P = G - (Tyoy + Tays + Teal)
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As before, but vectorized

401

TE&VS + TSDII P
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Average in time? — only possible if G is very stable
(long integration periods needed, because of small bandwidth per channel)

Average in frequency? - only possible if G is very flat
(usually not the case, especially not for ultra-wideband systems)



Spectroscopy p05|t|on switching

1351813

Observe ON and OFF-source

011 — G ( sou =+ T%VH)

| R}ﬂ' =G - (Twa)
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Spectroscopy p05|t|on switching

0.030] | | ] Observe ON and OFF-source
0.025} .
011 - G ( sSou _|_ Taw,)
0.020} i
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; Pott = G - (Twa)
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Tsou/Tsys

Spectroscopy p05|t|on switching

0.030] ] Observe ON and OFF-source
| | 011 — G ( SO _|_ T%‘{H)
0.020} i
0.015¢ -
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But: T.,s depends on time and frequency

— need to relate this to T, again
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Spectroscopy inferring Tsys

T | | Observe ON and OFF-source

1301 Pon = ' (TSDH T Tﬁyﬁ)
F:;;Sl G - (TSDI.I Tf-;ys-; + jj-:':al)
N Pog = G - (TSVH)
1.20 - R;g‘l =G - (Tsys + Tml)
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Spectroscopy inferring Tsys

| | Observe ON and OFF-source
70 -
Pon = - (Lsou + Tsyﬁ)
cal
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e
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This can be approximated by a constant (in frequency)!



Spectroscopy inferring Tsys

| | Observe ON and OFF-source
70 -
Pon = Tsou + Tsyﬁ)
cal
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However, denominator is small - numerically unstable



Spectroscopy classic solution

“Classic” solution
: Tsou _ T&'-}yf-} FPon — Porr
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Spectroscopy: unbiased method

Now switch to larger
bandwidth...
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Tcal/Tsys

Spectroscopy: unbiased method
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Model this quantity and
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(avoids numerical instability)
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Spectroscopy: unbiased method

- pcal ] —1
24} Tﬁyﬁ e off Pﬂﬂ
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' Model this quantity and
A invert afterwards
N (avoids numerical instability)
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Spectroscopy: unbiased results

3; 1 W3MAIN NONE S60MMO1-XF01 0:22-0CT-2013 R:23-0CT-2013
RA: 02:21:56.70 DEC: 61:52:30.0 Eq 1950.0 Offs: +0.1 +0.4
Unknown tau: 0.000 Tsys: 35. Time: 2.0 min EI 30.0
N: 4096 10: 2048.44 VO: -44.00 Dv: -7.576 LSR
FO: 4829.66000 Df: 0.1221 Fi:  0.00000000
Bef: 0.79 Fef: 0.90 Gim: 0.000
H20 : 0.000 Pamb: 969.3 Tamb: 19.8 Tchop: 0.0 Tcold: 0.0
Tatm: 0.0 Tau: 0.000 Tatm i: 0.0 Tau i: 0.000

Scan: 1733 Subscan: 1
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Spectroscopy: unbiased results
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1 W3MAIN NONE S60MMO1-XF01 0:22-0CT-2013 R:23-0CT-2013
RA: 02:21:56.70 DEC: 61:52:30.0 Eq 1950.0 Offs: +0.1 +0.4
Unknown tau: 0.000 Tsys: 35. Time: 2.0 min EI 30.0
4096 10: 2048.44 VO: -44.00 Dv: -7.576 LSR
FO: 4829.66000 Df: 0.1221 Fi:  0.00000000
Bef: 0.79 Fef: 0.90 Gim: 0.000
0.000 Pamb: 969.3 Tamb: 19.8 Tchop: 0.0 Tcold: 0.0
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Scan: 1733 Subscan: 1
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Spectroscopy: unbiased results

3; 1 W3MAIN NONE S60MMO01-XFO1 0:22-0CT—-2013 R:23—0CT—-2013
RA: 02:21:56.70 DEC: 61:52:30.0 Eq 1950.0 Offs: +0.1 +0.4
Unknown tau: 0.000 Tsys: 35. Time: 2.0 min EI 30.0
N: 32768 10: 28133.5 V0: -44.00 Dv: —-0.9133 LSR
FO: 5008.94300 Df: 1.5259E-02 Fi: -=179.283000
Bef: 0.79 Fef: 0.90 Gim: 0.000
H20 : 0.000 Pamb: 969.3 Tamb: 19.8 Tchop: 0.0 Tcold: 0.0
Tatm: 0.0 Tau: 0.000 Tatmi: 0.0 Taui: 0.000

Scan: 1733 Subscan: 1
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Spectroscopy: unbiased results

3; 1 W3MAIN NONE S60MMO1—-XFO1 0:22—-0CT—-2013 R:23—0CT-2013
RA: 02:21:56.70 DEC: 61:52:30.0 Eq 1950.0 Offs: +0.1 +0.4
Unknown tau: 0.000 Tsys: 35. Time: 2.0 min EI 30.0
N: 32768 10: 2565.60 VO: -44.00 Dv: —0.9904 LSR
FO: 4618.80800 Df: 1.5259E-02 Fi: 210.852000
Bef: 0.79 Fef: 0.90 Gim: 0.000
H20 : 0.000 Pamb: 969.3 Tamb: 19.8 Tchop: 0.0 Tcold: 0.0
Tatm: 0.0 Tau: 0.000 Tatm i: 0.0 Tau i: 0.000
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Conclusion

Need to incorporate frequency dependence
But

 Modeling not always robust, may need supervision
(e.qg., in case of standing waves)

* Tss may not be stable between ON and OFF
Weather can hurt a lot!
— Solution: cross-scanning

 Frequency dependence also for opacity,
Elevation-gain curve, taper function
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