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1 Purpose of this Document
This document describes the 7 pixel K-Band Focal Plane Array (KFPA) Pipeline
steps for calibrating a GBT spectral data from Frequency-Switched (FS) Observa-
tions. The goal of the Pipeline is to automatically produce fully calibrated spectra
for all beams, polarizations and spectral bands. After calibration, the multi-beam
spectra are combined and placed onto a regular grid, producing an image cube. The
default outputs for all FS observations are calibrated spectra in the AIPS SDFITS
format and a single image cube.

This document compliments the Pipeline Position Switched (PS) Use Case docu-
ment by Glen Langston, Dated July 16, 2010. Both the Position-Switched document
and this document make extensive references to Calibration of GBT Spectral Line
Data in GBTIDL v2.1 by Jim Braatz and dated October 30, 2009.

The Observer’s Guide for the KFPA and Pipeline by Glen Langston is a separate
document. The interface for overriding the default Pipeline processing is described
on links to the main KFPA wiki page:

https://safe.nrao.edu/wiki/bin/view/Kbandfpa/

2 Pipeline Calibration Philosophy and Algorithms
The Pipeline applies a basic "signal minus reference over reference" calibration,
TA = Tref (̇Csig − Cref )/Cref , described in detail below. The GBT electronics system
measures signals in engineering units or Counts. The source signal counts, Csig, and
the reference position counts, Cref , are scaled to Kelvin or Jansky units by injecting
signals of known strength into the GBT electronics. By measuring these "noise diode"
signals the gain factors are determined, converting from raw counts to antenna tem-
perature in units of K. The difference between the signal and reference observations

https://safe.nrao.edu/wiki/bin/view/Kbandfpa/


is used to remove instrumental and atmospheric contributions from the spectrum.
Once a spectrum is calibrated to antenna temperature, a series of corrections are ap-
plied to obtain calibrated data in "corrected antenna temperature", T ∗

A (pronounced
T-A-star) in Kelvin units. Optionally, the Pipeline may produce images calibrated
to Janskys or main beam temperature, TB.

3 Calibration Sequence

Accurate calibration of radio wavelength observations is complicated by the number of
different contributions to the observed system temperature. The calibration process
is the technique by which these contributions are estimated. The measured TA values
are scaled by a variety of factors, based on a model for the telescope performance
and atmospheric opacity. Typically the observer will configure the GBT so that
the frequency switch (in MHz) is within the observing band, but wider than any
source or line components. For NH3 1-1 and 2-2 observations, an offset of 5 MHz
is appropriate. For in-band FS observations, the signal is present in all frequency
settings. The calibration sequence is to compute the reference system temperature
for each of the frequency switched states, compute perform the antenna temperature
calibration for each state, then shift and average the scaled spectra.

The measured reference temperature values are modeled as the sum of a several
components, listed in equation (??), which is based on equation 8.2 of Tools of Radio
Astronomy, by Rohls and Wilson (2005).

Tref (ν) = Trx(ν) + (Tcmb + Tatm(ν)) ηl
(
1− e−τ(ν)

)
+ Tamb (1− ηl) (1)

The cosmic background temperature, Tcmb, is ∼ 2.725 Kelvin, and the average
atmospheric temperature, Tatm(ν), depends on the weather. The receiver tempera-
ture, Trx(ν), is measured in the laboratory, and the ambient temperature, Tamb, is
measured by the weather station. The ηl term is the correction for rear spillover,
ohmic loss, and blockage efficiency. GBTIDL uses a default value for ηl= 0.99. By
performing skydip observations and applying a least squares fit to the data, the values
of ηl, τ(ν), and Tatm(ν) are estimated.

The Pipeline will use values for the GBT efficiency, ηl and ηA(ν), taken from
a database of values measured by the Precision Telescope Control System (PTCS)
group at NRAO GB. The Pipeline will select the appropriate values for the date
and observing frequency.

The Pipeline will compute estimates of the atmospheric opacity based on a data
base of weather values provided by Ron Maddalena.
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3.1 Noise diode Calibration

For frequency switched observations, the noise diode calibration is repeated for each
frequency state, ∆νi. The equations below distinguish the different frequency shifted
states by index, i. For example the reference system temperatures for each state
are labeled, Tref,i. These values are measured by "noise diode" signals injected into
the signal path. These noise diodes are used to measure the electronic gain of the
system. Noise diodes are electronic devices which generate wideband noise signals that
are very stable. The equivalent noise values are measured by "hot" and "cold" load
temperatures in the laboratory (see Kramer 1997). During the observations, the GBT
equipment measure intensities in units generically called "Counts", eg. Ccal−on,i(ν)
and Ccal−off,i(ν). The electronics is designed so that the noise diodes signals add
linearly to the system temperature when the noise diodes are turned on, and make
no contribution to the system temperature when the noise diodes are turned off.
Laboratory measurements determine Tcal(ν), the equivalent noise diode contribution
to the system temperature, when the noise is turned on.

The raw counts of signal level for each FS spectrum state, Ci, is the average of
the noise diode on and off levels, as given in equation (??).

Ci(ν) = (Ccal−on,i(ν) + Ccal−off,i(ν)) / 2 (2)

The intensity of the noise diode signal is given by equation (??).

Ccal,i(ν) = Ccal−on,i(ν)− Ccal−off,i(ν) (3)

3.2 Reference System Temperature

The system temperatures for a single observation (scan) is deduced using equation
(??), which is the ratio of the system temperature to the noise diode values (in
Counts), times the effective temperature of the noise diode signals.

Ti(ν) = Tcal,i(ν)
Ccal−on,i(ν) + Ccal−off,i(ν)

2 [Ccal−on,i(ν)− Ccal−off,i(ν)]
= Tcal,i(ν)

Ci(ν)

Ccal,i(ν)
(4)

The Pipeline assumes only two switched states exist, i.e. i = 1 or 2. Also
note that the antenna temperatures are calculated separately for each of the switched
states (ie. the cal-on and cal-off values in (??) are not averaged). An average system
temperature is calculated for each switched stated, Ti =< Ti(ν) >, and is used
separately in the calibration process. The < ... > symbol indicates an average is
computed over the inner 80% of the frequency range of the spectral line observation.

In the equation (??), the noise diode temperatures, Tcal,i(ν), are slightly different
for the two switched states. Because the gain is calibrated by dividing by the noise
diode spectrum spectrum in a specific state, the laboratory measured noise diode
values must correspond to the same frequency state.
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3.3 Antenna Temperature, TA, for each FS State

Once the reference system temperature for each frequency state is measured, the next
step is to calibrate the source observation (signal) to an antenna temperature. The
sig and ref designations change for each frequency state, i. The antenna temperatures
are calculated by equation (??).

TA,1(ν) = T2
C1(ν)− C2,S(ν)

C2,S(ν)
(5)

TA,2(ν) = T1
C2(ν)− C1,S(ν)

C1,S(ν)

where Ci(ν) is given by equation (??) and the calculation is done on a channel-
by-channel basis. The notation Ci indicates that the system temperature calculation
comes from the counts when the telescope in the switched state i. The notation
Ci,S indicates that the reference spectra are smoothed by a few channels (default 16
channels), so that noise in the calibrated spectra is primarily due to the noise in the
signal observation. The Ci values are measured in counts.

3.4 Shifting Spectra for alignment

For in-band frequency switched observations, the signal is present in all N frequency
states, so the signal in each frequency state is shifted and averaged to compute the
source brightness temperature, Tsrc(ν).

Tsrc(ν) =
1

N

N∑
i

TA,i(ν + ∆νi) (6)

3.5 Opacity and Efficiency

The Pipeline Position Switched (PS) Use Case document describes the zenith opac-
ity, atmospheric thickness, efficiency and elevation dependence calculations used in
the Pipeline .

3.6 Calibration to T ∗A

The default Pipeline intensity unit is T ∗
A. This level of calibration applies corrections

for atmospheric attenuation, rear spillover, ohmic loss, and blockage efficiency. In
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practical terms, the Pipeline first calibrates to standard antenna temperature, TA,
then applies the correction given in equation (??)

T ∗
A(ν) = Tsrc(ν)

fbeam,pol.(band) eτ

ηl ηA Gain(z)
(7)

The Pipeline uses the PTCS values for ηl, ηA and Gain(z).

During commissioning observations with the KFPA, we found that the effective
noise diode temperatures of the different beams and polarizations were slightly dif-
ferent than the values measured in the lab. These temperature differences were de-
termined by comparison of the source temperature measurements, Tsrc,beam,pol.(ν), for
the Moon or other bright radio source. The pipeline provides a mechanism for input
of scale factors to adjust the default gain calibration. By default, the fbeam,pol(band)
values used in equation (??) are set to 1. The observer may supply different gain val-
ues. An example for computation of these values is given in the Pipeline Position
Switched (PS) Use Case document.

3.7 Calibration to TB and Janskys

The calibration to TB and Janskys is described in Pipeline Position Switched (PS)
Use Case document.

4 Output, Flagging and Imaging
The Pipeline Position Switched (PS) Use Case document describes the output,
flagging and imaging steps of the Pipeline .
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