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1 Description 

1.1 Purpose 

The ALMA System Technical Requirements need to be complete, well defined, and have 
the proper values to meet the scientific goals of the instrument.  The purpose of this 
document is to review the requirements related to polarization.  Here we will review the 
basis for the requirements, clarify their interpretation and suggest additional requirements 
if necessary.  This memo can serve as a reference document to the next issue of the 
System Technical Requirements or be incorporated into the requirements notes. 

1.2 Scope 

Provide input to the revision of the System Technical Requirements regarding 
polarization.  

2 Related Documents and Drawings 

2.1 Reference Documents  

Reference documents and drawings are listed here. 
 
Reference Document title Document ID 
RD01 ALMA Scientific Specifications and Requirements ALMA-90.00.00.00-001-A- SPE 

RD02 Interferometry and Synthesis in Radio Astronomy" 
2nd edition, R. Thompson, J. Moran, G. Swenson; 
John Wiley & Sons, 2001 

 
 

RD03 TICRA  "Electromagnetic Properties and Optical 
Analysis of the ALMA Antennas and Front Ends" 

ALMA-80.04.00.00-026-A-REP 
http://edm.alma.cl/tiny/bd4d4.html 

RD04 Polarization Calibration Steps 
2007–08–02 

ALMA-90.03.00.00-00x-A-SPE 
 

RD05 Polarization  Calibration of the MMA: Circular 
versus Linear Feeds  - W.D. Cotton,  8-May-1998 

ALMA Memo 208 

RD06 Polarization Calibration Plan  

RD07 ALMA System Technical Requirements for 12m 
Array 

ALMA-80.04.00.00-005-B-SPE 
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Reference Document title Document ID 
RD08 Band 7 Xpol. Role of grid orientation. Modeling 

and experimental results - B.Lazareff, S.Mahieu, 
and D.Geoffroy - 20-Feb 2008 

 

 

2.2 Abbreviations and Acronyms 

Acronyms used in this document are listed below.  A complete set of acronyms used in 
the ALMA project can be found in EDM via the tab “Acronyms” 
 
ASD Allan Standard Deviation 
FWHM Full Width at Half Maximum 
TBC To Be Confirmed 
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3 Polarization Requirements - Introduction 

The top level ALMA requirements for polarization performance comes from the ALMA 
Scientific Specifications and Requirements [RD01].  Below are the relevant sections. 

 
 
 
The fundamental science requirements are to measure the polarization flux density of a 
target source with an error of no more than 0.001 of  the peak of the on-axis total flux 
density (Req #320) and  to measure the position angle of the polarized flux density to 
better than +/- 6 degrees (Req #330).  The requirement on differential gain stability, Req 
#345,  is a really a technical requirement that follows from Req #320. 
 
An analysis of the flow down of the science requirements to the system technical 
requirements will be presented below.  Based on this analysis, the existing technical 
requirements will be reviewed and revised and augmented as needed. 
 
It is assumed that these requirements apply to both single dish and interferometric 
observations.  In this document only interferometric polarimetry is analyzed.  Since 
single dish polarimetry is the limiting, zero baseline case, it should not introduce new 
requirements. 
 

4.2 Polarized flux 
error 

The error in polarized flux for a source where the 
circularly and linearly polarized fluxes are zero shall be no 
more than 0.1% of the total intensity on axis after 
calibration. 

320 

4.3 Polarization 
position angle 

It shall be possible to determine the position angle of 
linearly polarized flux density to 6◦.  
 

330 

4.4 Relative 
polarization 
channel stability 

Sensitive polarimetric interferometric observations require 
system stability in the independent polarization channels.  
To measure polarization accurately in interferometric 
mode to 0.1% levels requires a differential gain stability 
between the two polarization channels of better than   
1×10-3 in 5 minutes, the typical time between which 
calibration of instrumental polarization can be performed.  
This applies to all receiver systems. 
 

345 
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References to the theory and techniques of polarization measurement in aperture 
synthesis radio astronomy can be found in RD02, Chapter 4, and the many references 
cited therein. 

4 Requirements on Polarization Calibration 

In order to derive the ALMA technical requirements on polarimetry, the science 
requirements, which are requirements on errors in the image plane, must  be translated 
into requirements on the calibration accuracy of the interferometric visibility data.   
 
It is assumed that the observations are not limited by random thermal noise.  Either the 
polarized flux is high enough or the total integration is long enough that thermal noise is 
negligible and the dominating errors are calibration errors.   
 
In general, polarization measurements will be made with ALMA using linear feeds, so 
this is the case that will be discussed here to set the system technical requirements.  The 
optional Band 7 Quarter Wave Plate will not be discussed. 

4.1 Amplitude and Phase Calibration 

The polarization calibration starts with doing the normal total intensity, Stokes I, 
calibration of amplitude and phase.  Typically this calibration would be done by 
observing a strong, unresolved source within about ten degrees of the target field.  Ideally 
this calibrator would also be unpolarized or have a known polarized flux and position 
angle.  The interval between gain calibrations establishes the time scale needed for the 
instrumental gain stability. 
 
Under the assumption that the gain of the co-polar products  can be decomposed into the 
antenna specific terms 

 where A = X,Y 
 
then the various cross polar gain terms can be directly calculated.  The normal 
Stokes I phase calibration establishes all phases relative to a common reference antenna.  
Since this is done separately for the X and Y polarizations, the result is that for the 
polarization cross products, all antennas will have the same phase offset  between the 
X and Y channels.  This will not be seen unless the XY and YX products are formed. 
 
Measuring  is an additional calibration step not needed for non-polarization 
observations.  This also introduces a stability requirement on  in time and pointing 
angle of the antenna for polarization observations. 
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4.2 Requirements on Stokes Visibility Calibration Accuracy 

The fractional polarization of the target radio source flux is given by  
 

      where  
 
Q, U and I are the Stokes parameters and we assume that circular polarization is 
negligible, Stokes V = 0.  P will typically have values ranging between 0.0 to 0.10. 
Stokes I is real and positive and Stokes Q and U are real and can be negative. 
 
Taking Sci Req #320 to constrain the RMS error of the measured polarization,  

, then  

 
Assuming that the errors in the image plane of the Q and U components are equal, then 
 

 
The next step is to connect these errors in the radio source polarization image to the 
calibration errors in the visibility data.  The  Fourier Transform pairs are shown as 

  and    and   where ,    and  are the complex 
interferometric visibility data of the I, Q and U Stokes parameters.  
 
If a direct Fourier Transform of the data were to be done, Q and V at each point on the 
image would be the sum (with phase offsets) of all of the corresponding Stokes visibility 
measurements, which, for ALMA could number in the millions.  However, we can't get 
the error at a point in the image plane by simply dividing the average error in a visibility 
data point by the square root of the number of visibilities.  This would work, 
approximately, for random thermal noise, but the calibration errors in the visibility 
measurements are highly correlated.  So the key question is how many independent 
polarization calibration errors exist in our data set. 
 
As will be discussed below, there are two sources of calibration errors that need to be 
considered, a) errors in calibrating the difference in gain of the XX and YY polarization 
products, and b) errors in measuring the cross coupling or leakage (the D-terms) between 
polarization channels on each antenna.  Each of these errors will contribute to the errors 
in both Q and U visibilities. 
 
Considering the differential gain errors, there may be 50 independent errors 
corresponding to the 50 antennas of the array (not 100 because we assume that the 



 

 ALMA Project 
 
Revised ALMA System Technical      

Requirements - Polarization 
 

 Doc # :   ALMA-80.04.00.00-0038-A-SPE  
Date:      2012-Sep-03 
 Status:   Draft 
 (Draft, Pending, Approved, Released, Superseded, Obsolete) 
 Page:      8 of 26 

 
calibration errors in the X and Y polarization channels of each antenna are not 
independent).   If we do an amplitude and phase calibration every 5 minutes, the 
calibration errors on shorter time scales are not independent.  So for an hour observation, 
we'll have 60/5 independent measurements for each antenna, giving a total of 600 
independent errors in the measurements of  and of .   
 
Similarly, there are two D-terms for each of 50 antennas, corresponding to the leakage of 
X linear polarization signal into the Y channel, and Y signal into the X channel.  For 
orthogonal feeds, these D-terms tend to cancel and their values will be measured as part 
of the calibration process; the residual errors among the 100 D-terms are likely to be 
independent.  If these errors were changing with time, we might have several hundred 
independent errors during the course of an observation.  A worse case would be if the 
residual D term errors were constant during the observation, giving only 100 independent 
errors. 
 
Being conservative, let's assume both sources of error have only 100 independent values.  
Later we will constrain the magnitude of these two sources of error, but here we simply 
estimate that the permitted calibration error on the polarization visibilities is given by:   
 

               (Eq. 1) 

Now this is a somewhat simplistic analysis.  Images are not made using a direct Fourier 
Transform.  There are steps of convolving and sampling the visibility data to a uniform 
grid, weighting and tapering before doing the transform, and then deconvolving the 
synthesized beam.  A proper simulation would be needed to confirm the validity of this 
error estimate.  However, the result of a simulation would still depend on what 
assumptions are made about the correlation among the errors in calibration. 

4.3 Calibrating Stokes Visibility Measurements 

The general equations (but using small polarization approximations)  relating the 
observed correlator output, NMR , to the Stokes visibilities is: 
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X and Y refer to the two orthogonal linear polarizations and 1 and 2 designate the two 
antennas.   is the parallactic angle of the radio source and D are the instrumental 
leakage terms which will be discussed in Section 4.5.  are complex gain terms of 
polarizations A,B and antennas n,m;  these gain terms relate the Stokes visibilities (which 
have the units of flux density and are complex) to the correlator output.   
 
The D-terms can be determined by observing an unpolarized, unresolved calibrator 
source at a single parallactic angle.  If an unpolarized calibrator source is not available, 
then the D-terms and the Q,U,V of the calibrator will have to be determined by observing 
an unresolved calibrator at several different parallactic angles. 
 
Then the VQ and VU  visibilities of the target source can be calculated using the two 
sums: 

 
 

 
 
The two main sources of polarization residual error (error after calibration) are: 

a) errors in calibrating the instrumental cross coupling between polarizations (the D 
terms or "leakage") 

b) errors in the relative gain between polarization pairs. 
 
The effect of calibration errors can be demonstrated most clearly if we simplify the above 
equations by setting  = 0.  Errors in  and  in this analysis will actually be errors 
in a combination of  and  in the general case.  This simplification will not change 
the conclusions. 
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This separates the calibration errors into two distinct types.   
           (Eq. 2) 

   
     (Eq. 3) 

 
Below, we will show that the calibration error in  depends only on calibration gain 
errors and, keeping only first order terms, the calibration error in  depends only on 
errors in the D terms.  Remember, in reality "error on " means an error in a 
combination of  and .  Likewise for . 
 

4.4 Polarization Errors arising from Gain Errors in the Co-Polarization Products 

 
From Eq. 2, errors in  have the form: 
 

 
where these are all cross products between antennas 1 and 2. 
For         and   

 

 
 
where we have now explicitly indicated that these terms are for a pair of antennas.  
Assuming   
 

 
 
The errors in these gains should be somewhat correlated since the amplitude and phase 
variations of the X and Y channels in each antenna will be coupled by the common 
environment of the antenna analogue rack.  From Eq. 1 above, and allocating   of 
the total error in the gain difference to variations in amplitude and to phase, we get  
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This is the constraint on the modulus and the phase of the dimensionless complex number 
representing the gain differences of an interferometer pair.  
 
This permitted gain error should further be allocated between changes that occur over 
time and changes that occur with pointing angle as the antenna moves from the target 
source to the polarization gain calibrator. 
 
 

4.5 The X-Y Phase Calibration 

As indicated in Section 4.1 for polarization observations the value of  must be 
measured and corrected. 
 
When circular polarized feeds are used, errors in  would simply add a rotation of  
to the polarization position angle, but would not corrupt the magnitude of the 
polarization. 
 
For linear polarized feeds, this systemic phase offset will convert linear polarization into 
circular polarization.  For parallactic angle = 0 and fully calibrated D terms and no 
circular polarization,  = 0,  the measured value of U is related to the true value   by 

. 
 
Similarly, a false value for V would be introduced  .   
 
The value of   can be calibrated and removed by observing a strong radio source with 
known polarization or by observing an artificial polarized beacon.   
 
If the linear polarization is about 10%, keeping the error in measured Stokes V/I below 
0.001 requires that the  phase calibration be accurate to about 0.5 degrees.   
 
Since an error in  will be a common systematic error for the entire array, the 
requirement  cannot be scaled upward by  for the number of antennas.  The 
individual allowed error in  can be increased by the number of independent 
calibrations of .  This may range between 1 to 12 times an hour depending if the 
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polarization characteristics of the regular gain calibrator are known.   The  phase 
calibration must be stable in this interval of time and over about 10 degrees of angle in 
the sky. 
 
From Section 4.4 we already have a limit on the phase stability of the difference of the 
co-polarization phase between two antennas: 
 

. 
 
But the co-polarization phase errors between two antennas can also be written as the 
difference between the cross-polarization phase errors within the antennas. 
 

 
 
Assuming the error in X-Y phase difference is not correlated between the two antennas 

 
 

 
 

If we meet the requirement in 4.4 for the co-polarization gain stability, then  will 
be less than 0.29 degrees on the 5 minute time scale of the typical gain calibration.  This 
is less than the  requirement of 0.5 degrees.  However, it may be necessary for 

 to be stable on time scales longer than 5 minutes, since measuring   will 
require observing a strongly polarized calibrator. 

4.6 Polarization Errors arising from D-Term Errors 

From Eq. 3, errors in are related to errors, after calibration, in the values of the D-
Terms and the gains by: 
 

 
 
Assume the errors terms are small,     a few %   
 
and the level of polarization is also small,     a few %,  and keeping only 1st order 

terms gives: 
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Note that the assumption that gain errors are small is realistic for antenna based complex 
gain random errors, but there is also the systemic phase difference for the array between 
the X and Y polarization channels.  This quantity can be arbitrarily large, is not reduced 
by numerous independent calibration errors, and will need a special calibration (see 
Section 4.5). 
 
Assuming that the D errors are all independent, 
 

 
 
If  the residual errors in D are all about the same, then    and from Eq. 1, 
the permitted residual errors in the D-terms are:  

 
   

 
The D terms may be 5 to 10 %, but after determining their values, the residual errors 
must be smaller than  and remain below this level with time and with change of 
antenna pointing angle.  
 

4.6.1 Source of the D Term Errors 

The D terms (amplitude and phase) represent the fraction of the input signal voltage  
that is leaked from one polarization channel to the output of the other .   
 

 
 
The D terms are dimensionless complex numbers, typically with a magnitude of a few 
percent in radio telescopes.  If  , the amount of power that is leaked to the 
opposite polarization output is  
  

 
 
This ratio is used in hardware specifications for cross-polarization power. 
 
When a polarization cross product is taken, the D terms represent the fraction of the 
power  in one polarization channel that appears as cross-polarization power.   
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The D terms describe the polarization ellipticity of the system, i.e. the departure both in 
position angle and axial ratio of the nominally linear polarization response.  Since a 
cross-polar product of the interferometer, , contains both the  and the  
leakage terms, the resulting instrumental error will cancel out if the two polarization 
ellipses are orthogonal, even if they individually contain significant ellipticity. 
 
It is convenient to divide the D-term into two parts; a component that varies with position 
in the far field beam and a component that is constant across the beam pattern.  The part 
that varies across the beam can arise from the off-axis feed geometry, non-circular 
illumination of the antenna surface or anisotropic windows and IR filters in the optics.  It 
is usually minimal at the beam center and increase towards the outer regions of the beam 
and usually dominates the cross polarization beyond the 3 dB point of the beam where it 
can contribute several percent or more to the D-term.  This component can be ignored for 
compact sources centered on the beam. 
 
The D-term component that is constant across the beam can arise from cross coupling in 
the RF and IF electronics systems or in the orthomode transducer or the polarization 
separating grid in the FE optics.  This term is typically a few percent and dominates the 
cross polarization at the beam center. 

4.6.2 Characteristics of the Off-Axis D Terms 

The analysis done in the TICRA report [RD03] gives some idea of what to expect in the 
instrument cross polarization response off-axis. 
 
The analysis done in the TICRA report [RD03] gives some idea of what to expect in the 
instrumental cross polarization response off-axis. The TICRA information shows that 
the off-axis cross polarized sidelobes are dominated by the two lobed structure resulting 
from the asymmetric reflectors contained in the optics paths of the various receivers and 
in the asymmetry caused by the off-axis receiver locations in the secondary focal plane. 
These cross polarized sidelobes peak at about the -6 dB points in the primary beam.   
 
Band  9 is worst with peak cross-polarization -18 dB below the co-polarized beam. For 
the highest frequency bands the  bi-symmetric cross-polarized aperture distribution will 
be modulated by the phase errors caused by reflector surface errors causing the dual 
cross-polarized sidelobes to splatter and become time-variable across the beam. The 
original design of the Band 7 optics also had poor cross-polarization performance but the 
design study of the redesigned Band 7 optics [RD08] 
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http://edm.alma.cl/forums/alma/dispatch.cgi/iptfedocs/showFile/105408/d200805211514
23/Yes/B7-Xpol-PrelimReport-20080221.pdf) shows that the cross-polarized sidelobes 
for this band should be improved to -26 dB in the production cartridges.  The TICRA 
report indicates that other ALMA bands will have cross-polarized sidelobes in the range -
27 dB to -35 dB.  
 
When off-axis cross-polarization is dominated by a two-lobed structure caused by 
asymmetries in the optical path the resulting off-axis instrumental polarization is usually 
instrumental V rather than instrumental Q and U. Discussion of this effect is available in 
ALMA Memo 115. 

4.7 The X-Y Delay Calibration 

Similar to the X-Y phase offset discussed in Section 4.5, there will be a small delay offset 
between the two polarization channels caused by the difference in delay in the analogue 
electronics.  This offset can be determined astronomically for the two polarizations from 
the phase versus frequency plot.   
 
The delay difference between polarizations can be compensated for each IF pair to within  
+/- 0.5 sample using the TFB cards. A final adjustment will be done in software. 
 
Ideally, this delay should be constant with time and antenna angle. The stability of this 
differential delay must be verified. 

4.8 Position Angle of Polarization 

The science requirement is to measure the polarization position angle, , with a 6 degree 
error RMS.  The position angle is determined by the ratio of U and Q. 
 

 
 
The error in  is then     

 
 

where  .   For this approximation assume that the Q and U polarizations 
are about the same       we get    

  radians 

http://edm.alma.cl/forums/alma/dispatch.cgi/iptfedocs/showFile/105408/d20080521151423/Yes/B7-Xpol-PrelimReport-20080221.pdf�
http://edm.alma.cl/forums/alma/dispatch.cgi/iptfedocs/showFile/105408/d20080521151423/Yes/B7-Xpol-PrelimReport-20080221.pdf�
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The permitted errors in Q and U are      so 

 radians 
 
For P=0.1   = 0.29 deg and for P=0.01 = 2.9 degrees.  So, down to 0.5 % 
polarization, if we meet the polarization intensity error requirement, we will also meet the 
polarization position angle requirement, which is probably what the authors of the 
requirement had in mind. 
 
Note, that for the case of circular polarization the position angle error depends only on 
the error in the array common phase difference between the two channels, .   

4.9 Requirements on Beam Squint 

Beam squint refers to the situation where the antenna primary beams in the two 
polarizations do not point in the same direction.  The parameter  is the full separation of 
the beam centers divided by the beam FWHM.  This can arise due to asymmetries in the 
antenna and front-end optics.  This introduces errors in polarization for objects not 
limited to the beam center. 
 
The effective primary beam for the correlation products is the product of the voltage 
patterns of the two antennas involved.  The beam squint produces a slightly elliptical 
beam for the cross polarization products, but this is not a big problem.  With linear feeds, 
the major problem comes with measuring Stokes Q by differencing the two co-polarized 
correlation products.  The error is complicated in that the target field is multiplied by the 
offset beams and the field rotates with respect to the beams during the observation.  In 
addition the mixture of Q and U also varies with the change in parallactic angle.  
 
A simple estimate of the error in polarization can be made by considering the error in Q 
introduced by an unresolved, unpolarized source not on the beam center as viewed using 
offset beams.  The resulting error in the polarization visibility is roughly  
   where  is the true source intensity and  is the normalized 
power pattern for the antenna in each polarization.  The observed Stokes I is  

  so the relative error in polarization is  
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We need to consider if the beam squint is systematic for all antennas owing to the optics 
design and/or if the errors are random among antennas owing to manufacturing 
variations.   
 
For the systematic errors, post processing in the u,v plane can to some extent remove the 
beam squint errors.  However, the pre-calibration error should be made as small as 
possible to reduce the task of post processing.  If the post processing can remove 98% 
(TBC) of the error the permitted polarization error before calibration could be  

 
 
For errors that are random among the 50 antennas, post processing will not be of much 
help.  The limit on the errors due to beam squint for each antenna should be 

 
Next, the distance from the primary beam center over which the science requirement on 
polarization accuracy should apply must be considered; the 3 dB or 6 dB or 10 dB points 
of the beam might be used.  The most challenging case will be high dynamic range 
polarization mosaic imaging.  The beam positions in the mosaic would usually be spaced 
at the 3 dB point, but there may be spurious polarization features introduced by strong 
sources further out.  The above limits on polarization errors should apply (at least) out to 
the 6 dB point of the beam. 
 
The systematic error limit at the 6 dB point will require that the beam squint be  
0.025.  The random error will require that the beam squint be   0.004. 
 
Measuring differential position to this level might be possible in Band 3, but will be 
extremely challenging at the high frequencies. 

5 Calibration Procedures 

The main difficulty with polarization calibration is that the instrumental D terms, the 
instrumental complex gain terms ( ,  ), , and the calibrator polarization 
properties are all coupled together in the calibrator observations.  These will need to be 
disentangled either using astronomical sources with known polarization, or hardware 
calibration devices, or a combination of both.  Polarization calibration procedures are 
discussed in [RD04] and [RD06]. 
 
With the astronomical approach, one or more fundamental polarization calibrators with 
strong polarization and accurately known polarization characteristics could be used to 
establish the Q,U,V of a grid of secondary polarization calibrators.  This grid of 
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calibrators would then be used to calibrate the polarization observations.  This will 
require that the D terms and gain terms be stable with changes in antenna pointing.   
 
With linear feeds, the calibration of the normal co-polarization gains for a polarization 
observation will require knowing the polarization properties of the calibrator.  These can 
either be known a priori or they can be determined as part of the polarization calibration 
of the target.  If only Stokes I is needed for the target source, calibrators with unknown 
polarization characteristics can be used [RD04].   
 
The on-axis instrumental D terms can be determined with a single observation of a 
calibrator with well known polarization parameters, including calibrators with zero 
polarization.  Alternatively, both the D terms and the calibrator polarization parameters 
can be determined by observing the calibrator over a wide range of parallactic angles.    
 
Observation of a calibrator with strong and well determined polarization parameters will 
be needed to establish .   
 
Finding fundamental polarization calibrators at millimeter wavelengths may be difficult 
and establishing a grid of polarization calibrators will be time consuming.  An alternate 
or perhaps complementary approach is to inject a polarized calibration signal into the 
system. 
 
For imaging sources that occupy a significant fraction of the primary beam, the D-terms 
as a function of position in the beam must be determined.  These off-axis D terms are 
established by making a polarization beam map using a strong unpolarized radio source. 

6 Revised System Technical Requirements for Polarization 

6.1 The Current System Technical Requirements on Polarization 

In the current System Technical Requirements [RD07], Version B, there are five 
requirements which impact polarization.   
 
Req 224 and 226 constrain the component of the D terms that is constant across the 
beam, often called the on-axis D term. 
 
Req 225 constrains the component of the D term that varies across the primary beam. 
 
Req 264 constrains the variations in the gain difference in opposite polarization channels 
in two antennas,   . 
 
Req 205 constrains the permitted beam squint. 
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The Notes to these five requirements are reprinted in Section 7. 
 
 
 
 

 
 

System Technical Requirements – Version B 
 

Sys Requirement Description Sys 
Req # 

Requirement Value Sci 
Req 
# 

Beam Squint (primary beam on 
sky) for the two polarization 
channels and for each band 
 

205 Shall be < 1/10 of the beam FWHM  320 

Polarization 
  Cross polarization on axis 
  (power) 
 
 
   
 
  Cross polarization off axis 
  (power) 

 
224 
 
 
 
 
 
225 

 
< -30 dB below the desired polarization after 
calibration. Instrumental (Antenna and Front End) 
cross pol. shall be < -20 dB. The achieved cross pol. 
shall be stable better than -10 dB over a polarization 
calibration cycle. 
 
< -30 dB  (tbc) below the desired polarization at any 
direction in main beam down to the -10dB tbc point 
after calibration. Instrumental (Antenna and Front 
End) cross pol. shall be < -20 dB. The achieved 
cross pol. shall be stable better than -10 dB over a 
polarization calibration cycle. 
 

 
320 
 
 
 
 
 
320 

Cross coupling between 
polarization channels (power) 
 

226 < -60 dB  coupling between the IF channels  345 

Differential gain and phase 
stability between channels of a 
polarization pair 
 

264 < 1.0e-3 amplitude and 0.06 degree phase at 0.05 to 
100 sec and at 300 sec 
 

320 
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6.2 Summary of the Analysis of the Requirements 

Above we show that to meet the requirements on  and  which flow down 
from the science requirement for polarization accuracy, we need to separately constrain 
the following: 

a) the error in the difference of the co-polarization complex gains of an 
interferometer pair as a function of time and elevation angle (Section 4.4) 

 and 

 
b) error in the D terms,   at the beam center, in both time and elevation 

angle (Section 4.6).  The permitted error off-axis is larger (see  Section 6.3 
below). 

c) the beam squint  0.025  systematic errors and  0.004 random errors 
(Section 4.8) 

We do not need separate System Technical Requirements on the following: 
d) the error in the X,Y phase difference,  , is sufficiently constrained by item a) 

above (Section 4.5), with possible exception of the stability time scale. 
e) The Science Requirement on the error in polarization position angle is actually a 

flow down from the requirement on polarization accuracy and is constrained by a) 
b) and c) above  (Section 4.8). 

6.3 Comments on the Revised Requirements on Polarization 

Below are comments on the suggested revision of the system requirements version B 
[RD07]. 
 
#205   Beam squint leads to errors in the difference of the co-polarized products (Section 
4.9).  The analysis here suggests that there should be separate requirements for the 
systematic,  0.025, and the random (among antennas),  0.004, beam squint. 
The current requirement, version B, is based on an analysis of the effect of beam squint 
on the primary beam correction in large field imaging.  The polarization requirement here 
is more restrictive and should be adopted.  
 
#224   This requirement constrains the on-axis D Term arising from the antenna and feed.  
This is also called the D Term component that is constant across the beam since that D 
Term that varies across the beam should be near zero at the beam center.   
 
The current system requirement constrains the on-axis D Term to be < 0.10 before 
calibration  (the requirement is written in terms of the fraction of power in one 
polarization channel that is transferred to the other, and corresponds to D2).  To meet the 
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after calibration requirement derived in this document,  , will require that the D 
term be calibrated with an accuracy of 10%.  This should not be difficult to achieve.   
 
Expressed as cross-polarization power, D2, the requirement should state -20dB before 
calibration -40dB after calibration.  The stability of the cross-polarized power should also 
be better than -40dB over the calibration time scale and over a typical angle between 
target and calibrator of 30 degrees.  The time scale will depend on whether or not the 
polarization of the gain calibrator is known.  Assume it is not known and the calibration 
time scale should be about 4 hours.  The wording of this requirement in RD7, version B, 
should be clarified. 
 
This requirement will be allocated between the Front End and the antenna optics.  
Although the antenna optics contribution may be small, RD03 (TICRA report), its 
variability may be large owing to gravitational and/or thermal deformations.  Until the 
situation is better understood, the requirement, before and after calibration, should be 
allocated equally between Front End and the antenna optics. 
 

 
#225   The D Term component that varies across the beam, the off-axis D-Term, is 
vectorally added to the on-axis component discussed in Req #224 and could add another 
0.1 to the total D Term.  The analysis and the requirements off-axis, before and after 
calibration, are the same as for the on-axis polarization.  Also, the cross-polarization 
power ratio refers to the power of the source off-axis. 
 
If the scientific requirement on polarization accuracy is just met on-axis, the polarization 
accuracy will be worse off-axis.  Since, there is no scientific constraint on the off-axis 
cross-polarization, we adopt here that the off-axis D Term requirement applies after the 
on-axis D Term has been removed by calibration, i.e., it is a requirement on the 
additional D Term component. 
 
After the on-axis cross-polarization, which can be as large as D = 0.1, is removed, the 
remaining instrumental off-axis cross-polarization is constrained to be no larger than an 
additional D = 0.1 (i.e., cross-polarized power < -20 dB).  This permits a total off-axis 
instrumental polarization up to D=0.2 (cross-polarized power < -14 dB).  As with Req# 
224, assuming that a calibration accuracy of 10% can be achieved over time and 
changing antenna pointing angle, the residual off-axis D-term of an antenna should be < 
0.02 (i.e., residual cross-polarized power < -34 dB).   
 
Calibrating off-axis polarization will require mapping the beam polarization.  This could 
be done with a raster scan of a strong , unpolarized compact source.  It is unclear if this 
can be done to the required accuracy at all bands.  These D Terms might change with 
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elevation angle, temperature and frequency within a band.  As a minimum we specify that 
the off-axis D-Term calibration must be stable over a range of antenna elevation of 5 to 
80 degrees.  This will allow the same calibration to be used for all target sources and the 
use of a terrestrial beacon for calibration. 
 
It is unknown how often beam polarization maps will have to be measured.  It should not 
be necessary to do this more than once every 20 days. 
 
The current requirement limits the off-axis D Term out to the -10 dB contour of the 
primary beam.  This is probably too far.  I suggest this be changed to -6 dB. 
 
The remaining wording of Tech Req #225 should be the same as #224.  The requirement 
or the notes should clarify:   

a) The beam area over which residuals should to be averaged in meeting the spec.   
b) Does the same accuracy apply at all bands? 

 
#226  Contributions to the D Term arising from cross coupling in the IF electronics 
system may occur on time scales of minutes, far shorter than the D term calibration 
period.  So, Tech Req #226 constrains this D Term to be < 10-3 and thus not a significant 
contributor to the total error.  The requirement should apply at all antenna pointing 
angles. 
 
D Term contributions arising before the RF mixer are covered in Sys Reqs #224 and 
#225 and are assumed stable and able to be calibrated out. 
 
#264  This requirement constrains the differential gain and phase stability for an 
interferometer pair is derived as shown in Section 4.4: 
 

10-2    and     0.4 degrees   

 
This is more relaxed than the existing Sys Req #264.  We suggest ALMA adopt the 
values given in this analysis.   
 
Also, the requirement on gain variation should be explicitly called out as an Allan 
Standard Deviation, ASD(2,T,τ=T)  for  T = 0.05 sec to 300 sec.   The requirement on 
phase would be ASD(2,T,τ) as defined in the System Technical Requirements [RD07]. 
 
A requirement on the stability of interferometer gains GXX and GYY with elevation change 
will be generated for general Stokes I calibration, independent of the polarization 
requirement.  This will likely by more stringent than what is needed for polarization.  It 
should be checked that this is sufficient to cover the requirements for polarization. 
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Other Polarization Topics 
 
It is assumed that within an antenna ,  i.e, that there is no 
additional phase term (which could drift in time) unique to the polarization cross product.   
 
Similarly, there is no peculiar delay unique to the polarization cross product.  This arises 
from the fact that the X and Y IF channels are digitized before the splitting takes place to 
send the signals to the polarization multipliers.  In fact, such splitting takes place within 
the correlator chip. 
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6.4 Revised System Technical Requirements – Table 

Below are suggested polarization requirements based on the analysis presented here.  
They may or may not be adopted by the project as system level technical requirements 
depending on constraints of cost and schedule. 
 

 

Revised System Technical Requirements  
 

Sys Requirement Description Sys 
Req # 

Requirement Value Sci 
Req 
# 

Beam Squint – full separation of 
the primary beams of  the two 
polarization channels 

205 a)  < 0.025 of the beam FWHM for systematic 
offsets and 
b) < 0.004 of the beam FWHM for random offsets 
among the antennas 
c) this applies to every band 
 

320 

Beam Polarization 
Cross-polarization power ON- 
AXIS of the primary beam  
 
 
 
   
 

 
224 
 
 
 
 
 

 
a) for the Antenna plus Front End the cross-
polarization shall be < -20 dB before calibration, 
and 
b) < -40 dB after calibration  
c)  this applies  over 30 degrees of antenna motion  
30 degrees radially from a target source and with a 
calibration interval of 4 hours. 

 
320 
 
 
 
 
 

Cross-polarization power OFF- 
AXIS of the primary beam 

225  
 
c)  this applies over a range of antenna elevation of 
5 to 80 degrees and with a calibration interval of 20 
days. 

none 

Cross coupled power between 
polarization channels  
 

226 < -60 dB  coupling between the IF channels for all 
angles of antenna pointing. 

345 

Stability of the complex gain 
difference of interferometer pairs, 

) 
 

264 a) < 0.01 in amplitude and  
b) <0.4 degrees of  phase  
for ASD time periods 0.05 to 300 sec 
 

320 
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7 Appendix:  Notes from the current System Technical Requirements Version B 

Notes 
#224 None  
#225 This requirement is directly linked to Science requirement 320. It is needed for 

polarization mosaicing observations, The cross polarization side lobe needs to be 
stable below -30dB after calibration in respect to the primary beam, as the 
primary beam down to the -10dB tbc point will be used for mosaicing 
observations. Instrumental (Antenna and Front End) cross pol. shall be < -20 dB. 
The achieved cross pol. shall be stable better than -10 dB over a polarization 
calibration cycle. It is assumed that polarization calibration will be done ones a 
month. 

 
Includes cross polarization arising from the feed, the tertiary optics and the offset 
of the feed at the Cassegrain focus and antenna, which specifies on axis cross 
polarization only. Henceforth system requirement 225 is more demanding as cross 
polarization is specified for any direction to the -10dB point. It is acknowledged 
that this requirement may be very difficult to achieve. Therefore a TBC was 
added. After more test results and the optical polarization analysis is available this 
requirement will be re-visited. 

 
#226 -60dB applies to the complete IF path of Front End and Back End.  
 
 Justification: 
 Let the voltage in the polarization channels be V & H of equal amplitude V=H=1 

and <V*V> = <H*H> =1.  If the target radio source is unpolarized, the noise 
signals are incoherent <V*H>=0. 
There may be an instrumental polarization of 10-2, maximum (SYS#225), so 
<V*H>=10-2.  SCI#320 requires error in polarized flux < 10-3; but the instrumental 
cross-polarization arising from the antenna is stable to better than 10% on time 
periods of 300 sec and antenna polarization can be calibrated out.   

 
It cannot be assumed that cross-coupling in the FE & BE electronics is stable to 
this level.  If -60 dB of power is cross-coupled, H into V, then V’=V + 10-3 H and 
<V’*H>= 10-3 as required. 

 
This requirement links directly to SCIE 245.  Assume that cross-polarization 
calibration is done every 30 minutes (TBC) and the requirement on cross coupling 
is after calibration and applies on time scales shorter than this.   
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In general this is a requirement for the whole signal path including antennas. 
However it is assumed that the antennas are more stable than the electronics. 
Therefore this requirement is mainly applicable to the IF system. Testing could be 
done by injecting a strong CW source in on IF channel and measure the crosstalk. 
Final verification will be done on the sky at the system level. 
 
In the BEND analogue system, the two polarization signals are never in the same 
module with the exception of the digitizer.  FEND may have more of a problem, 
but we don’t know what they can achieve. 
 
The requirement on cross coupling between sidebands in a SSB 2SB system is 
given in Requirement #231. Separation better than 30dB in the electronics signal 
path should be sufficient. This is much better than the 10dB required for the mixers 
and ensured that the mixers will dominate side band separation. 

 
 
#264 This requirement applies to the main signal path averaged over 2GHz.  

The differential gain and phase stability between channels of a polarization pair 
are allocated equally to BE and FE sub-systems respectively in RSS way. 
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