Chapter 1

Radio Antennas

Albert Greve

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

1.1 Imtroduction

We can define a radio and einn as an Instruoment which eollects, and delecds, electromagnelic radialion rom
a pertain aren amd direclion of the sky, allowing to build wp an image om individual obeervatioms. In
radip astromomy we amw interested in the detection apd analysis of radiation emitted fom celestial objecis,
Le. solar system bodies, stars, Interstellar gas, galaxies, and the unibverse. The eleciromagmetle radiation
ohserved In radio astmpomy covers the wavelengih range from several meters, say 10m [= M MHz), 1o
a fracton of & milimeter, say (0.3 mm (= LNKGEH). Sinee the antenna must be many wavelengils in
diameter in order o collect a large amount of energy and to provide a reasomable divectivity [angular
resplution), it B evident that amtennas for meter wavelengths may have dimensions of many 10 meters to
several L meters, while antennas for millimeter wavelengtls have dimensions of several meters 1o several
10 meters (= L0000 to S0000 As). The techniguee of mechankal contrection is therelore different for
meter and mllimeter wavelength antennas: antennas for m-wavelengils can be comstructed, for Instanee,
as mesh-—wire networks and plate arrays, mm-wawelength antennas ave lull-aperture solld surface parabolic
reflecior antennas. Typleal examples are the obsolete Mills-Cross antenna, the Efelsherg and GBT 1E-m
antennas, and the IRAM 30-m [Plo Veleta) and 15-m [Flateau de Bume) antennas. However, despiie the
varkty of mechanical comstructions, all antennas can he usderstood foom basle principles of eletromagnetle
radiation, optics, and diffraction.

Here we discuss ull-aperture parabolic aptenmas, ke the IR AM aniennas, which are wsed Ior obser-
vathons at ~ 3 — (LB mm wavelengith [ 100 - A5 GHz). These antennmas are very similar to optical reflecior
teleseopes amd wse in partieular the Casseeraln configuration of a parabolie main reflector amd a hyperbolic
subreflector (Figure 1.3}, with an image lormed at the secondary locus near the vertesx of the maln rellee tor
where ihe repelver, or a recelver—array, 1s ingtalled. These antennas are sleerable and can observe In any
direction of the visihle emisphere, with the Lacility of tracking, scanning, and mapplng of a soures.

The eollected radiation s coneentrated In the secomndary locus and B (ooherently) detecied by a recelver
at a pertain requency ¥ (or wavelength A) and within a certaln bandwidih A (or AA). Heteoosdy ne mm
wavelengih recelvers, which preserve the phase of the Incldent radiation, have small handwidils of the
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Figure 1.1: Dhstration of Huygens Prineiple. The individual poinis of the plase waveloont in the aperture
plane [ 4] are the origln of speondary spherical wavelets, which propagate to the right, amd superpose to
form a plame wavelront In the iImage plane [T). The gptieal Istrument [teleseope) s placed n between 4
and T.

arder of A = 05 — 2 GHe so that Avfy = AN = 05 GHe/ LI GHz = 1,200, From the point of view
ol antenna optics, these recelwirs detect “mongchromatic™ radiation, and the antemna characteristios can
he caleulated lor a monochmomatiec wave (a5 will be done below). Bolometer rocelvers, on the other hand,
detect power In a hroad bandwldih of the order of Ay = MIGHz so that Aw = M GHz 20 GHz = 105,
These detectors are no longer monoshromatie, and the chromatism of the antenna mist be comsidered in
thelr application.

The consiruction and operation of 8 radio antenna is hased on exact physical theorkes, 1ke Maxwell's
theory of electroma gnetle radiation, the polnting theory of an astronemical Instrument, the tramsfisrmation
[mixing, down-conversion, amplification) and detection of deciromagnetic radiation, ete. The theory of
a radio antenna presented bere 18, however, only the very tip of an leeborg (of several 1M published
pages), it may provide sufficient Information lor the wser astronomer to mderstand the hasle principle
al & telescope, elther a perfect one, which nobody has but which can he described with high preckion,
or a real gne, with small delects and aberrations, which can be deseribed with sulliclent detall to apply
oorrectlon.

The theory, eonsirecton, and wee of radio antennas Is contalped In many texibooks amd journak
such as IEEE Transactions Antennas and Propagation, Radle Sclence, Applied Optics. A blased selec-
tion is mentioned beve: [Born and Woll 1975 [Reynolds et al, 1988] [Love 1978] Lo awd Lee| [Kraus 1983]
[Goldamith 1988

1.2 Basic Principles

The properiies of eleciromagnetic radiation propagation and of radle antennas can be dedweed om a few
hasie physieal principles, le.

1. the motlon that Eleciromagnetic Radiation are Wawes of a certain Wavelengih (A), or Freguency (1],
and Amplitisde [A) and Phase [@);

2. Iom Huygers Principle which says that each element of a wavelront 1s the origin of a Seeondary
Hpherical Wawelet:

3. ile notlon that the Optical Instrument (1ike a single—dish antenna, a telescope, ete.) combined with
a recelver manipulates the ncldent wavelront through thelr respective phase amwd amplitude t@msler
Tmetions.

Summarked in one sentenoe, and prowven 1o the ollowing, we may say that the radio antenna iramsforms
the radiation Incldent on the aperture plase (A) 1o an Image In the Image plane (T, also called focal plame.
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Following Huygens Princlpls DNustrated in Flgure 1.1, the polnt alx,y) = al@ of the Incident wavelront in
the aperture plane 4 is ithe origin of a spherical wavelet of which the Geld AE(a") at ile point a'[u,v) =
afd) In the image plame T Is

AE[d) = A [Fexp[iks] /s (L1}
with k = 2a/A The ensemble of spherical wavelets arriving fom all peints of 4 at the point a'(3) of the
image plane T produces the fGeld

E[d = f A.-l[ﬂ.';[ ()| i iks) ) ety (12]

For the paraxial case, when the rays ame not strongly Inclined against the direction of wave propagation
[Le. the optical axis), the nelination factor A can be neglected sinee AJF) = cos(#) = 1. Ako, & = so lor
paraxial raye, it expliks] # explikss] sinee these are cosine and sine termes of & where a small change in
& may prisluce a large change of the cosine or sine value, Thus for the paraxial approcimation we may
write

=[x -+ (v —v) + 2" = R+gixy,R) - (xu+yv)/R (13)
with

R=(x*+y" +2")"* and glx v, R) = (=" +¥*)/2R (L]
When using these expressions in Eq. 1.2, we obiain

Efu, v) = [exp(ikR) /5] j Al yexplikigl, v, R) — (e + vy) /R]]dsely (15)

Thi equation des¢ribes the paraxial propagation of & wavelront, lor Instapce the wavelron arciving Trom
a wery [ar away star. In particular, this equation says, that without disturbances or manipulations in
hetween A4 and T the plane wavelmnt continues 1o propagate In strajght directlon as a plane wavelbont.

1.3 The perfect Single-Ddish antenna

We now place an optical Instrument [a mirror, lens, telescope ete.) In the heam between 4 and T with the
Intention, for instance, 1o form an image of a star. Optical Instrumenis ave Invenied and developed already
slnge soveral centuries; however, the physical optics [diffraction) understanding of the Image formation
started only a good HE) years ago. This, speaking In mathematieal terms, the teleseope [T) manipulates
ihe phases [not so much ihe amplitedes) between the points (7 of the aperture plane [ 4) and the points
(@) of the Image plame [T) by the plase tramsler Tunetlon 2g(F,3), 0 that the wavelmont comverges In
the loeal point. The recelver [R) fdetector Introduces an additional modulation of the amplitede (3g(F, @),
as deseribed below. Using thk Information, the field ditribetion In the beeal plane [T) of the telesoope
heeomes

E(if) = [explikR /5] f Ao e ikiglx,y, R) — (wx+ vy) [R)]ddy (16)
The phase modulation of the parabolle relector sed in a mdie telescope 15, Tortunately,

1l = eep[—ikg(x,y, F)] %)

[where F 15 the local lengih of the reflector), which Inserted nto Eq. L6 elimina tes thi term in the exponent
&0 that

E() = [exp(IkF) /F] f Al e ik(us-+ ) Flddy = FTIAR ) (18)
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Figure 1.2: Phase modulation of a reflector. The plane wavelront (W) propagates to the left and the ray
reflecied at Plx,y) toward the loeus F s shifted In phase by the amoont A

ThiE equation says that the feld distribution E{@) in the focal plane of the teleseope 18 the Fourler trans-
form [FT) of the receiver—welghted leld distribution A[F) () in the aperture plane. Since E(J)E"[d) #
A — 1) Tor a realistie optical Instrument fieleseo pe with lmited aperture sloe, we arrive at the well known
em pirieal fact that the Image of a polm-1ike object 15 not polnt-lke; or; with other words, the Image of a
star Is always blurred by the beam width of the antemma Gy o A/D, with D tle diameter of the relloctor.

To ¢lose the argumentation, we need o show that the telescope manipulates the incldent wave in the
way glven by Eq.1.T). To demonsirate the property In an easy way, we consider in Figure 1.2 the paraxial
rays of a parabolie reflecior of focal lengih F. From geomeirical arguments we have

(F— A+ [« +y") =F* (149
which lor small A beeomes

A=—(+¥)/F = —glxy F)=1lo(f (110

which B the Imstrumental plase modolation Tonetion {4 wsed above. The prool s ghven or a simple
parabolie reflecior; lowever, a combined teleseope with main rellector and subreflecior can be treated in
a slmilar way, leading to tle same resuli.

The lumdamental Eq.18 can be used to show that an interferometer 15 not a single dish antenna, even
though ome tries with many Individual teleseopes and many telescope positions (haselines) 1o simulate as
goond as possible the aperture of a large reflector. IT we assume for the single dish antennas that A(F) = 1
and {1y =1, then the power pattern P{d) (heam pattern) In the local plane of the single antenna B

P(@) =E@E (@) = [ [ expl-ikitf - £a))(dxdy), (dsdy)y x W’ (L11)

where Ty is the Bessel funciion of first order (see Born and Woll, 1980). The funciion [ [|::|,-'|:]’ E
called Alry luctlon, or Alry pattern. The Interfemmeter does not simulate 8 continuous surface, bt
consists of Individueal aperture sections A, Ag, ... of the Individual telescopes, so that lis power patiern
Pz (beam pattern) in the loeal plape s

P =35 j . j _explikil(F, — &) idxdy), (dxdy); # P() (112)

The Im portant result of this equation is the fact that the Image obialned with the nterferometer & “ineom-
pkie”, though eertainly not as hlirred as seen with a slogle teleseope (B a0 A /D), bt having the superir
resplution of the spatial dimemsion [approsimately the longest baseline B) of the array (He « A'BL BFor
the Platean de Bure Intederometer B/D = Wim/ 15 m = ) s that g = 1/ G, The Incompleteness
sometimes requires [In partieular for mm-VLBI olserations which are very similar) additional informa-
tlon for a Tull image reconstricton, for Instance that the ohject conslsts of sevem] polnt-1ke sources, or
a point-like source and a surmounding halo, ete. (see for instance the mumber of components in CLEAN ).
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Figure 1.3: The figure shows a
_ Horn Cassegraln telescope and the 1-
Receiver limination g of the incident

plam waveltont W

The single telescope selecis a part of the Inckdent plame wawelront and "bends’ this plame Into a spherical
wave which comverges toward the focis. This spherical wavelront enters the recelver where 1t B mixed,
dow n-converied In Teguency, amplified, detected, or correlated. The bom-lens combination of the e
eelver modifies the amplitude of the spherkal wavelront In a way expressed by the Tunction £ (7). Thi
Tumction, called taper or Mumination Temction of the born-lens combimation, welghs the wavelron across
ihe aperiure, wually ina radial symmetric way, Flgure 1.3 shows, sthema tically, the effect of a parabolic
taper as ofien applied on radio telescopes, and expressed as

(o) = K +[1 - o (1.13)

with p the mrmalized mdis of the elrenlar aperiure, and K and p belng eonstamts. For A[Flj= 1 (Le. an
Ineident wavelront, withont structire ) the difraction lntegral is

Ex(d) = [ Duifexpl-kifdsdy and E@E(D) = Ar(d (L1d)

Er 15 the tapemed Beld distribution n the focal plame, and Ap the tapered heam pattern.

Figure 1.4 shows as example a two-dimemsional cut through tle caleulated beam patiem Ay of the
IRAM 15-m teleseope at A = Imm, onee withowt taper (Le. Tor {3(F) = 1), and for a -10dB edge taper,
Le. when the welghting of the wavelront at the edge of the aperture s 1/10 of that at the cenier jsee
Figure 1.3). As seen from the Hgure, the taper preserves the global strecture of the mon-tapered heam
pattern, e the main beam and side lobes, hut changes the widih of the heam [BW: €y ), the position of
the first null (B ), and the Jewel of the side lobes. The effect of the taper depends on the stee pness of the
main reflector sed In the teleseope, as shown in Figure L5 The influence of sewveral taper lorms B ghaen
in Table 1.1 [Chrktiamsen and Hoghom 1968).

The complete teleseope, Le. the optis combined with the recelver, has a heam pattern Ap(d) (Iin
gpties called polnt-spread-Tunetion) with which we observe polot-1ke or extended objects In the sky
with the Intention to koew thelr position, structural detall, and hrightoess distribution Bg as Dunetlon of
wavelengilh, The telescope thus provides information of the lorm

J’[ﬁ':lc:fs“ Ag(@ — 7)Bg (A4 (115)
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Figure 1.5:

Dhistration of the tapered heam pattern lor telescopes wsing parabolic main rellectors of
different steepness, expressed by the opening angle 8.

IRAM 3-m and 15-m telescopes: &, = 637,

optical telescopes: &, = 5°. Taken from [Minnet and Thomas 1968]
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Dale ) = K+ (1- g)F

E(@) = [, iz, y) expl—ikdF)ds

Beamwldih  Flmst mull First Mlas lmoum
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Tahle 1.1: Beamwidils, side lobe levels, and maximum aperture efficlency (e.) lor varlms parameters of
the tapering function. From [Clristiamsen and Hoghom 1968

IT the telescope B perfect, and we know A, we can use the Information Id) to derive the calibrated
hrighiness distribution Bg of the souree. ditribution.

When we point tle antenna toward the sky, In essence we polnt tle heam In the direction of olseration.
I, for Instance, we olserve a polnt-like souree it s evident that tle peak of tle main heam shonld point
exactly on the spuree which requites that the pointing ermors [(AG) of the telescope should bhe small in
g parison to the beam width, The loss In gain ls amall, and acceptable, 1the mEpolming A < 171008,
Hinoe modern radio telescopes use an alt-azimuth meunt, this eriterlon says the mEpointing in azimuth
(A6, and elevation [A6,) direction should not exceed 142 this walue. The pointing and focus (see
helow) of the IRAM aniennas are regularly checked during an obeervatlon, and corrected I required. The
corresponding protoosl of an ohserving session at Plateau de Bure, ising b antenmas, & shown In Figure
L.

1.4 The real Single-Dish Antenna

A telescope, however, I8 mewver perfect sinee mechanical, thermal, and wind-Induced deformations of the
slrpcture ooeur, and the opties may be misaligned andfor have prodecton imperfections, lor omne or
the other reason. The mesuling effect on the heam pattern I8 negligible ¥ the ¢orpsponding wavelront
delormations Introduced by these Imperfections are small compared o the wavelengih of olseration,
generally smaller than -~ A S5 the effect 15 moteeable and disturbing when the wavelront delormations
are large compared to the wavelengih [~ 1/454 and larger). The wavelroni deflormations due to such
Imperfection may be of systematie nature, or of random mature, or hotl.

14.1 Sytematic Deformations: Defocus, Coma, Astigmatism

There are three bask systematle surface/wavelront delormations (pocasionally assoclated with pointing
errors] with which the olserwer may be confronted, Le. delocus, coma, and astigmatism (8 tramslent
Teature on the IRAM 30 m teleseope).

1. The most important systemaile wavelbont /beam ermor 15 due 1o a defoeus of the telescope. Thi
errar s easily detected, measured, and corrected foom the ohservation of a strong souree at a numhber
ol foris settings. Figure 1.7 shows, as example, the beam pattern measured on Juplter with the
telescope heing gradually delocused. Evidently, the peak power In the main beam decreases, the
pover ln the side lobes Inemwases, untll finally tle heam pattern has completely ¢ollapsed. To e on
the gafle slde for observations, the defocis of the telescope should not excesd ~ 17104, A delocis
does nol Intreduce a polnting ermor.
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Figure 1.6: Protocel of peinting eorrectlons applied In agdmuih and elevation direction, and focus corre-
thons; shown for 5 antennas during an oheervation which lasted 6 hours.

Mormalized Power

]
Arcseconds

Flgue 1.7T: Eflect on
1the heam pattern [scans
across Juplter) Introdseed
by deforising the TRAM
L5-m telescope (shifts of
the subrellector In steps of
Afd, A = 3mm).
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Cama, IRAM 15 m, A = 3 mm
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Figure 1.8: Dlusiration of a ¢o-
mati beam [eeanmed n the di-
rectlon of the ocoma) especially
produced on the IRAM 15-m
telesoope. The shift of the sub-
meflector B indicated by 5. The
beam pattern s perlect at 5 =
rom el P v e e S PR (. Note the shift of the beam
OO —A00 700 0 200 [polnting error) when the suhre-
arcsaconds Necior Is shifted.

2 A telesoope may have 8 comathe wavelront heam error dise to 8 misaligeed subrefecior, shifted
perpendicular off the maln meflector axls. Figure & shows, as example, a cmwss scan through a
comate beam of the IRAM 15-m telesoope, especlally prodused by displacement of the subreflec tor.
A ppmatie heam pattern Inirodeces 8 pointing error. [ may be seful for the olserver 10 reoognize
this error, in particular if unexplained pointing errors oocur in an eleenations. [The IRAM telestopes
are wegularly checked for misalignments, and correspondingly eormected ]

3. A telescope may have an astigmatle wavelront fheam error, usually ntreduced by complicated
me¢hanieal andfor thermal defomations (a transkent feature on the IRAM 30-m telesoope). While
this heam deformation & easlly recognled by the olserver rom the difference in beam widils
measired oo in-and ot ol -focus ¢ross scans, the Improvement of the telescope saally Is diffiealt,
and ot of peach of the olserver. A loeised astigmatle beam does nol Introduee a polnting eroor.
Figure 19 shows tle lorised beam patiern measured on a telescope which has a strong astigmatic
main reflector (amplitede of the astigmatism ~ 0.5 mm).

The heam delormation of systematic wavelont delormationrs eccurs close o the maln beam, and
the exact analysls should be hased on difffaction caleulations. A eonvenlent deseription of systematic
deformations 1ses Zernike polymomials of order (n,m) [Born and Woll 1975, Withount going ino details,
the Lernike-ty pe surface deformation &, 5, = e, ., . (p) cos(med) [with (p, &) ormalised coordinates ol the
aperture, and R special polynomial functions] with amplitede o, ,, has a quas] rme—alues =, ., 0o+ 1
and Imtrodsces a loss In maln heam Imensity of

e [0 7 e p|— (e fAF {0 + 1] (1.16)

For primary ooma n = 1, for primary astigmatkm n = 2. Although the heam deformation may be very
notleeable and sevem, the assoclated loss In maln beam Intensity may sl he Jow hecase of the reduction
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Figure 1.%: IMusiration of an
astigmatic heam pattern; well fo-
cused.

~ Z3ERTLIH,

Figure 1.10: Explanation of ran-

Joo- Rt dom ermors [4) and thelr ¢orpe

-y his lation length (L), for Gamssian

s hat-Ike deformations (example).
- [Fiieze 100G

by the factor (n+1).

14.2 Handom Errors

Besides systematle surlace wavelront deformations explained above [malnly due to misalignment of the
gpties), there are often permament random delormations on the optle surfaces Tke ripples, seratches, dentis,
twists, misaligned panels, ete., with spatial dimemsions rang ing from several wavelengils to significant arcas
al the aperture. Thess delormations Intoedece ldentical delomations of the wavelvont, which cannot he
expressed In mathbematical form (a5 the Zernike polynomials wsed above). Nevertheless, the effect on
the beam paitem of this type of delormations can be analyzed In a statktical way and mom a simple
e pression, the RUZE equation. This equation & ofien msed 10 estimate the quality of a teleseope, in
partlieular as Tunction of wavelength. The walues obtalned fom this equation are directly related 1o
the aperiure efficlency, and beam eficlency, of the telescope, and bence are Important for radiometric
measiremenis [gee Sect. L5).

As Nhistrated In Figume 11U, there are two parameters which allow a physieal-optis deseription of the
Inflienee of random errors, Le the rms—alue (foot mean squam valie) & of the delormations, and thelr
correlation lengih L.

Random errors oeewr primandly on the main meflecton the other optical compomnis of the telessope
[subreflector, Nasmyih mimor, lenses, polarkers) are relatively small and can be mamlactiured with good
predcsion In order 1o explain the rms—value &, we assume that the reflector aperture Is divided Into many
elements (1 = 1,2, W), and that for each element [i] the deformation 1) of the reflector 15 known with
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respedt to a emonth mean surface. The rms—valie of these random surface delormations &

o =1,|'E EE_LINJ[]J*,EN [LL1T)

The surface delormations §(1) ntroduce corresponding wavelront deformations ¢ (1), approximaiely two
times larger than the mechanical delormations § In case we are dealing with reflective optics. The rms
value e of the corresponding phase delormations of the wavelront s

ae=2kRa (118

agaln with k = 2a /A, and R = (L8 a factor which takes Into aceount the steepness of the parabolle main
reflecior [Greve & Hooghoudt 1981].

A deseription of the wavelront delormation by the rms-valie o, 5 Icomplte sinee the wlue does
not contaln information on the structure of the delormations, lor nstance whetber they conskt of many
dents at gne part of the aperture, or many scratches at another part. 4 selol physical-opties deseription
reqdmes ako a kowledge of the oorrelation length Loof the delormations. L & a mumber (L < D) which
quantifies the edent over which the mdommess of the delormations doees not change. For example, the
delprmations of 8 maln reflector constructed om many Individual panels, which may be misaligned, ofien
has a random ermor correlation length iy pleal of the panel slee, but also a correlation length of 173 10 1/5
af the panel ske due to Inaccuraches In the fabrieation of the ndividial panels. A typical example s the
M-m telescope [Greve et al 1998].

When knowing, by one or the other method, the rms—valee o, and the ¢orrelation lengih L, It kB
possible o expmss the resuliing beam shape In an amalytie form which describes well the real situation.
The beam pattern FE) of a wavelront with random deformations (o, L) [the telescope may actually
have several random ermor d]r.iﬂhmln:mr.] corslsts of the degraded diifraction heam F.(8) and the error
heam JF, (€)) such that

F8) = Fe(6) + Fa(8) (119}
with

Fel8) = exp[ — (o.)*[AT(8) (120)
where Ar(8)) Is the tapemed beam pattern (Eq.(5)), and

Fa(8) = aexp|—(nOL/ A (121}
where

a = (L/D)*[1 — exp(—oj] e (123)

In these equations B D ile diameter of the teleseope aperture, A the wavelength of ohservation, € the
angular distanee from tle beam axis, and e, the aperture efficlency of the perfect telseope. In the
formalism wand lere the beam ls cecular symmetrle. The ertor beam Fa.(6)) has a Gausslan profile of
width FWHF) 8, = 0530/L [radians|, Le. the smaller the correlation length (the finer the irregular
sirpeture), the hroader Is the heam widih €. The random ermors of panel surface delormation and panel
allgnment errors may have large error beams [up to ammingies n extent) which can plek up radiation fvom
a large area ouisde the actwal spuree. A koowledge of the strisctiore and of the kevel of the ermor heam (s)
Is therelpre Important when mapplog a souree aml making absolute power measurements. Figume 111
shows the diffraction heam and the ¢omhined error patierms measured on the 3-m teleseope at varios
wavelengils, The smaller the wavelkngih of olseration, the smaller is the power recelved n the main
heam amd the larger the power recelved In the erpor beam. Due 1o lis partieular mechanical eonstrsction,
this teleseope has three ermr beams [(Greve et al 1958).
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Figure 1.11: Beam patiern mea-
sured on the IRAM 3-m iele-
seope. The beam conskis of the
diffraction beam (= main beam)
and a combined, eciended ermor
heam [solld line).



L4 RADIOMETRIC RELATIONS 13

Ruze Relation

e — (4R 3)]

Figure 1.12: Dhstiration of the

2 3 F
Wavelength (mm) RUZE relation exp[-{4xRe (4)7]
as lunetion of wavelength [Ioe-

- geency) and values Re as indi-

Frequency (GHz} cated [mm).

300 200 100

1.5 Radiometric Relations

The Imperlections of a teleseope, elther due o systematic or random errors, prodoee beam delorma tlons,
a lpss In gain, and locus amd pointing ermors. These effects mist be taken Into aceount when mapping
and measuring a souree. Information on the heam patiern obtalved from a map [for Instanee hole graphy
map) of a strong point-1ke souree; information on the sensitivity [Jy/K] and calibmtion of the telescope &
ohialmed from absoluie power measuremenis of, lor Instanee, the planets, of which the brightness tem per-
atures are guite well koown. This Information s sually collected by the ohservatory stafl, and provided
to the observer [(MH-m Teleseope Manpal: olseration protoecols of Plateay de Bure measurements).

We summarke the Influenee of random delormations, at least as [ar as the main beam s coneerned,
glnce for thls case the RUZE equation provides sulllclent precision for an understanding of the telescope
hehaviour; also for the astronomer observer without going intio complicated radio optics detall. Thi
relation appears In the expression of the diffractlon heam JF. (see Eq.L3)) and shows cleady the fact
that the degradation of the teleseope, In partieular for power measurements, increases exponentially with
weavelengil.

Apert ure Efcle ney:

fap = £ ﬂpl—ﬂ-.,,] = -rﬁexpl—['hRﬂ-.l'Ju:l?]

Antenna Galn:
8T, = 20k A)Far feap = 2(kfA)exp[+HoR /AT fean Py /K]
Beam Effielency:
Bog = (LARED [En/ (A /D) feun
Bn=ad/D, 1<al2 [radians

Bog = 1.2¢ exp[—[4aFo 4)7]

The gquantities in tlese expresslons ame £,: aperture eflclency of tlhe perlect telescope (uswally of the
order of ~ 75 — 9% ; see Talle 1.1); ap' elective aperture efliclency at the wavelength A, Including all
wavelront | telescope delormations; & rms—value of the telescope opiies delormations; B == 08 reduction
factor for a steep main reflector (N = F/D = (.3); 8: lix density of a point soume [Jy]; T5: measured
antenna temperature [K]; A: geometrie surface avea of the telescope [m*); Fg forward efficiency, measured
at the tekseope lor stance mom a sky dip; Gy main beam widih ([FWHP).
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