Chapter 7

Band pass and Phase Calibration

Robert Lucas

IRAM, 300 rue de la Piscine, F-38406 Saint Martin ' Héres

7.1 Definitions and formalism

As has been seen in the previous lectures, each interferometer haseline powvides & measurement of the
soume vEIDity at & given point n the o, v plame of spatial fTreguencies; the souree brighiness distribution
can then he reeonstrecied by an appropriate Fourler Tramslorm.

In reality things are mot e slmple. Interferometers ape desigoed with a ot of care; howewer many
elecironle components will ave varlable gains both in amplitede and In phase; these varlations will affect
the pesulis amd have to be taken out. It ls generally sometimes more efficlent 1o have a slightly varying
Imstriument response, and a more sensltive Ingrument, than a very stable ome with less sensitivity, provided
the varying terms in the response are slow and may be easily calibrated o, At millimeter wavelengihs
the atmesphede alsorption and path lengih Buctvations will dominate the Instrument Im perlections in
mosl ¢ases.

For a given olservation, I we Interpret the oorrelator response (amplitude and phase) as the souroe
visihility, lgmoring any Imperfeciions, we have an observed (apparent) viEibDity 'l_’,-‘,- [£), wheme i 7 are
antenna mumbers, v the frequency and £ is time. IT the troe souree visibility is ¥5;(2), we may define :

Vi (£) = Gag (00V5 (80 + & (6) + 15 (8) (7.1

where the &; (1, 1) am the complex gains of each haseline. 5y () i6 & nobe term resuliing from thermal
fuetuations in the recelvers: &5 (1) I an offset term. This assumes that the system is linear. « phase
switching applied on the first loeal oscillators 1s a very efficient method of suppressing the offsets &[]
they are generally negligihle and will ot be comsidered any lurther.

7.1.1 DBaseline based vs antenna based gains
Hinee amplitude and phase dEtortions have different physical origies it 1s generally 1selul to write

Gii(1) = (1)} () = a(f)ay (r)eisiti—#altll (7.2)
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Here we have split the gains Into antenna based factors. Thi I8 gemerally legltimate sinee the gaing repoe
sent propertiles of the data acguisition chains which are in the anaksgiue part of the system. The ¢ormelator
itsell Is a digital machine and we assume 1t ls perlecily working (nduding the elipping cormection). The
assum ption B eertainly valld when eomsidering a single regquency amd a slogle nstant. When we start
averaging In time or Tequency, the awerage of the prodect may not be the product of averages, and we
may have some haseline-hased effects.

The haseline-hased gains can be determined by observing a polnt source. This 1s wsually a sirong
quasar. In that case the triee visihilitles Vi;(1) should all be equal to the quasar R density 5. Then

Vit
Gii 1) = gl;[ | (T3
The antenna galns gi(f) can also be deduced from the orlinear set of eguations:

wiltigy (9 = 2 (74)

Thi Is a system with & complex unkmowns and NN — 1)/2 equations. In terms of meal guantities there
are N[N — 1) measured values (amplitudes and phases; there are only 28 — 1 unknow ns sinee one may
add a phase [actor 1o all complex gaine without affecting the baseline-based complex galns, When N &
larger than 2 the system s over determined and may he solved by a method of least squares.

If we note ¥; = Aj;e%is, the equations for phases are simply:

di— 6 = By (75)

It ean be shown that the least-squares solutions [when the same welght is ghwen to all baselines, and 1T we
impose the eondition Ej—l,h‘ gy =10, is glven Ty:

1 .
b=y 2 b o
i
For the amplitudes we can define In order 1o get a linear system:

7 = log g, dy; =log A (77
wEy o= Gy (74)
Thi time the kast sguare solutlon 1s, when the same welght Is given to all haselimes:
1 1
D T D D) B 9
N1 pry [N — 1IN -2 Pl

Obwviously the antenna galn determination needs at least three antennas. For three antennas it reduces
to the obvios mesuli:

_ Az ag
Ay
These lormulas can be gemeralized to the cases where the baselines hawe different welghts.
It can be seen in the above lormulas that the preclsion 1o which the antenna phases and amplitudes B

determined 1s iImproved by a lacior IV over the precision of the measurement of the baseline amplitndes
and phases.

m (T.10)

7.1.2 Gain corrections

The determination of antenns-hased galms (amplitiedes and phases) has an obvios advantage: e plhysical
capse of the galn varlations are truly antenpa-hased. Ope may solve lor the gains at the tlme of the
oheervations, and correct the oeeworing problems o Improve the quality of the data. Onpe may e point
or re-locis the antennas 1o correct for an amplitude loss, correct for an nstrumental delay (affeciing the
fregquency dependence of the phases) ...
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7.2 Bandpass calibration

In the previous section we have we have ¢osidered 8 momnoeehromatle system.  We have actually finiie
hamdwidils and In principle the gain coefliclents are lune tions of hoth egueeney and dme. We this wite:

Vig [ ) = G (i, £V, £) = galw, £)g3 (0, 13055 (0, 1) (711

I we make the assumpiion that the passhand shape does not change with time, tlen we should have for
each ¢omplex basellne-based gain:

Giglan 8] = Gag(1)hicy; (1) (T12)

The same decomposition can also be done for the anienna-hased gains:

il 1) = ga;le )ge (1) (T.13)

Ol ) B the antenna ecomplex passband shape, which by convention we normalize so that s lntegral over
ihe obeerved bandpass B unity; then g (1) describes the time variation of the complex gains,

Freguency dependence of the galns ooeurs at several stages In the acguisitlon chain, In the ¢orrelator
ltsell the anti-aliasing fllters hawve 1o be very steep at the edges of each sub hamd., A comseguence &
that the phase slopes can be high there oo, Any pon-compensated delay ofket In the IF can also he
seen a5 a phase lnearly dependent on frequency. The attenpation In the cables strongly depends on
IF frequency, altlbough this s mormally compensated for, to st order, In a well-designed system. The
recelver lsell has a frequeney dependent response hoth In amplitude amd phase, de the IF amplifiers, the
frequency dependenee on the mixer comwersion loss, Antenna chromatlsm may ako be Important. Flmally
the atmosphere tsell may have some chromatle belavior, T we operate In the viclnity of a stromg lse (eg.
g at 118 GHz) or il a weaker line [eg. Os) happens to le ln the band.

T.2.1 DBandpass measurement

Bandpass callbration uswally relies on observing a very strong sounee or some time; the band pass limetions
are obiaimed by mormalizding the ohserved vEiblllly specira by thelr integral over Trequency. It B a prior
not necessary o olserve a point souree, as long as its visihility can be assumed to be, on all baselises,
Independent on requency in the wselul bandwidih, IT there s some dependence on equency, then one
ghould take the nte account.

T7.2.2 IF passbhand calibration

In many cases the eorrelator can be split In severml Indepemdent sub-hands that are centemrmd to different
IF [requencies, and this olserve different requencles n the sky., In principle they can be treated as
diferent recelvers since they have dilferent antl-allasing fiers and different delay offseis, doe to differen
lengihs of the eonmecting cables. Thus they meed independent bandpass callbrations, which can he done
slmuliamemsly on the same strong sonme.

At millimeter wavelengths strong sourees are searee, and it B more practical to get a relative callbration
al the sub-bands by swiiching tlhe whole IF Inpuis to a nelse souree common to all antennas (Fig. T.1).
The switcles are Iiserted belore the IFs ame split between sub-hands a0 that the delay offsets of the sub
hamds are alo calibrated out. This has several advaniages: the slgnal 1o polse ratio olserved by observing
ihe nolse souree 1s higher than for an astronomical spuree sinee It provides Tully comelated signals 1o the
correlator; then such a calibraton can be dome quite ofien to suppress any galn drifi dee 1o thermal
varlations In the analogise part of the oorpelator. Since the sensitvity B high, this calibration & domne Ly
haseline, &0 that any clesure errors are taken oul.

When such an “IF passhand calibration™ has been applied in mwal time, only Tequeency dependent
ellects oeeurring in the signal path belore the polnt where the noke souree signal s Inserted remain to he
callbmted. Since at this point the slgnal ls not et split betwesn sub-hands, the same passhamd lunetions
are applicable to all correlator sub-hands.
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IF Passband calibration setup

Figure T.1: IF passhamd calibration scheme

At Platean de Bure an “IF passhand ealibration™ & implemented. OF cpurse when the molse source B
ohserved the delay and phase racking in the last local oecillators [the one ln the eocrelator IF part) are
not applied. The preckion in phase ls W0 ArAs = 0057 at 1 kHz resolinion which s sudficlent for
most projecis.

7.2.3 RF bandpass calibration

To actually determine the Tunctions ge;(e) we ohserve a strong souree, with a Ivegueney-lndependent
vislhility. The visibilitkes ame

Vig (i) = gaglw)gnj (¥)ges(tges (2)V5; i2) (7.14)
Then
iV
a0 ) () = Yulth) (7.15)

JVijlw, v
glnge the mequency Independent [actors cancel out in the rght-end sde. One then averages the mea-
surements on a time long enough to get a decent slgnal-to-nolse milo, Qe solwes lor the antenna-hasad

eoiedlielenis In both am plitude amd phase; then polynomial amplitede and phase pashand curves are ltted
io the data.

Applying the pemsband calibration The passhand calibrated visibility data will then be:
Vejlw 0] = Viglu, 1) /o () ga] () (7.16)

the amplitude and phase of which showld be Qat Tunetons of [oeguen:y.
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Accuracy  The most Important here I8 the phase precision: it sets the uncertalnty for relative positions
ol spectral features In the map. A rule of thumb B

ABE e = A 360 (T.17)

where 8 s the synthesked heam, and A# the relative pesithon uneertaloty. The signal to molse rathy on
tle handpass calibration should be better than the signal to nedse ration of tle speciral features olserved;
otlerwlse the relative positional aceuracy will bhe limited by the accuracy of the passhand calibration.

The amplitude accuracy can be very Important too, lor lnstanee when onpe wanis Lo measure a8 weak
lime In oot of & strong eontingem, in particular for & broad Ine. In that case one meeds 1o measure the
passband with an amplitude accuracy better than that ls needed on source 10 get desived slgnal 10 molse
ratio. Example: we want 1o measure a line which is 10% of the contingum, with a SKRE of 2 on the line
strengtly then the SNE on the contimium souree should be 200, and the SNR on the passhand calilration
slould be at least as goed.

T.2.4 Side band calibration

A mllimeter-wave lnterferometer can be 1sed 1o record separately the signal In both sidebands of the st
LY [see Chapter 51 IT the first mixer dees mot attenpate the image slde hand, then it E wselul to average
hoth slde bamds for Inereased eontimim semsitivity, both for detecting weaker astronomical sourees and
Inereasing the SNR lor calibration.

However tle relative phases of the two sidebands can be arbitrary (particularly ai Plateau de Bure
where the IF requency 1s varlable since the L2 changes In feguency in parallel with the L)1), Thie
relative phase must be callbrated out. This It B done by measuring the plases of the upper amd lower
gldebands on the passhand callbrator oleervation. These values can be used later to correct each skle
hamd phase toeom persate for thelr phase diferenoe.

Dhrlemg the passhand calibration ome calkulates:

g M (T.18)
| J ¥ 0mme (1, D |

and

e | Vijnze (e i (718)

| T Vs )|
Then at any time the douhle slde hand visibility :

Vi paelni) = ety 'IT’,-j wsele )+ aiEe E;‘.mu[l’. i) (720

As a result the two terms on the right hand slde have sero phase at the time of the pass hand calilration
and they keep the same phase during the whaole ohserving session.
At phserving time, offseis on the first and second LOs can be Introduced so that both gy and . are

very ¢lose to o when a project Is dome. This actually done at Flatean de Bure, at the same time when
the side band gain ratho Is measured (see Chapter 10).

7.3 Phase calibration

We now turn to the more difficult problem of correcting for the time dependence of the ocomplex galns,
contained in the funetions geg (). Varations occur in both amplitede and phase. Let us summarize the
varius eflects to be calibrated:

» [nterlemmetor geomeiry:
Hmall errors In the baseline determination will cause slow phase drifis [peried 24 bows); wnilorio-
mately these errors are dependent on the souree directlon so they cannot be properly callbrated ot
by phase relerencing on a callbrator, only reduced by a Tactor of the order of the spuree 1o calibrator
distanee expressed In radians.
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* Atmosplere
The atmgsphere Introdsees phase feeteations on time seales 1s to a few howts, depepding on baseline
lengih and atmespleric condiions (see previous lecture ). The effect of Biectpations on short ime
seales Is 1o cause los of amplitede by decorrelation, while on the long term tle phase Ducteations
can be mistaken lor structure in ile seuree lisell. The eritical ime there & the time it takes or the
projected haseline wector 1o move by hall the diameter of one antenna:

I B D A5
mE_E—Eﬂ _EE-IET [T21)
Thi time ranges rom 4 mimses to 1 bour for Plateau de Bure, depending on the haseline lengih.
The phase Quctuations on short dme scales may be corrected by applying the radiometirie phase

correciion method, i & avallable.

« Antennas
The antennas may case varlation In amplitiede gains diee 1o degradation in the pointing and in
the ocising die to thermal delomations in the antennas. These can be eorrecied to st order by
amplitude calibmilon byt it s much better to keep the ermors ow by proper reguent mondtoriog of
the polnting amd Iocus, slpce these errors affect differently soumes at the cemter and at tle edges
of the feld. Fors errors also cause sirong phase ervors doe 1o the additional path length which &
twlee the sub reflector motlon n the axial divection.

& Electronics
Phase amd amplitisde drifis In the elecironics are kept low by efliclent deslgn (see the lectres on
repelvirs and signal and LOY trasport ). The electronies phase drilis are generally slow and of low
amplitude, expect for ardware problems

A detalled analysis can be found in [Lay 1907

7.3.1 Phase referencing by a nearby point source

Thi E the standard, traditional way to callbrate tle phases with cwrrent Interferometers. A polmt souroe
callbmior B iy pleally olbserved for T) (& few minutes) every T (3030 minutes). One fis a galn eurve 1o
ihe data olserved on the callbraior, this gain curve Is an estimate of the actual gain curve go;(f). Thi
enables remow ing most long-term phase drifis vom the obeervation of the target souree.

Decorrelation It can he shown that the decorrelation factor for & glven haseline s ap proximated by:
1 ==
Fml—- Pl o 10 [T22)
2J yapasm
The decorrelation is lundamentally a bhasellpe-bhased quantity: 1t cannel generally he ex pressed as a product
of antenna-based [actors. Both the target souree and the calllrator are affected, so amplitude referencing
will corpect for decorrelation. However, the amount of decorrelation will vary from an Integration to the
mext, s that the amplitude uncertainty is Inereased.

Phase referencing  The slow component of g (£) to be calibrated out kb sampled at Intervals T, so that
only variations with periods longer than 2T, can he Tollowed. However one fits a slow oom ponent into the
data polnis a0 one s sesitive to errors due to the presence of the fast component: the fast component &
aliased Into a slow component. It I8 essential to fit a curve that does pot go through the points.

Fast phase referencing  Ope may reduee T as much as pessible o remowve a larger part of the atmo-
spherie uctuation specirum. Time seales of the order of 1s may be smed, at the expense ol

& the time efficlency ls decreased [relatively more time Is spent on the ealibrator resuliing in a larger
averhead )

& cautlon mist be taken than the time T may hecome ¢omparable to the timee It takes 1o water eddies
to drift along the apparent diEtance betwesn souree amd callbrator.
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Water vapor radlometry A radiometty system may be wsed to monitor the emission of water vapor
at a sultable regqueeney In oot of all antenmas (dedicated Istroment or astronomy recedver; water Ine or
quasl contimmm). The Auetuations in the path lengih can be of a few % of the total path length due to
waler vapor.

The fuctuations of the water emission are opmeerted Inte Huectvations of path lengih by wsing an
atmpaplerk model (see lecture by M. Bremer, Chapter 9). In principle ome could hope 1o cormect Tor all
phase Quetuations this way. However limitations dee o recelver stalility, 1o varlations in emksbon from
the ground, and Lo uncertainiy in the determ ination of the emission 1o path length eonversion facior have
the comsequeence that it s not yet pessible o conslstently correct for the varlation of path length hetween
the souree amd the calibrator.

Hofar thl method at IRAM Platean de Bure b ised only 0 correct for onsouree Auctuations. Iis main
effect B 1o remove the decorrelation effect due 1o short-term phase Suetwations, Improving the preclsion
ol amplitiude determination

7.3.2 Phase referencing by a point source in the primary beam

We mow conslder the slmple case where the feld contalns a strong polnt sourees: 1t can be a contimmm
soumee [quasar) or a line spurce [maser). In that ease all phase Qucivations with period longer than
s 3T are removed, where T s the integration time. However statistical emors may he mistaken lor true
atmosplerk phase Quctuations, causing additional decorrelation.

ThiE method gives good resulis, bt for vy specific projects which can be obhserved In wery poor
atmesplerk conditlos (eg. olseration of radis emitting quasars, of stars with stoong maser lines).

7.3.3 Phase referencing using another band or another frequency

It Is gemerally easler to measum the path lengths Buctwations at a lower Tegquency (even though the phase
seales 1ke frequency), die to both better recelver semsitivity and larger Do of the peleroneing sounese.
Moregver, In marginal weather conditlons, i the rms phase Quctwations at 10 GHz & ~ 407, then at 230
He they am of ~ L°, and the phase heeomes Impossible to track divecily due to 28 amblguities.

IT twoo recelvers are avallable simulianeously, one may subiract to the high bequency phase the phase
measired at the low eqguency. The atmospheric Duetvations are cancelled and only a slow Instrumental
difi remains. The galn curve at the high egquency B then determined as the sum of two terms: the
low meguency galn curve [including the slow atmospherie terms) plus that slow Instrumental drifi {which
represenis any phase Quetwation affeciing one of the slgnal paihs of the two recelvers).

Thi method s currently smed at Platean de Bure.
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