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А multielement аrrау in the radio telescope focus
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Abstract. Perforrnance data of rаdiо telescopes with а multielement focal аrrау аrе investi-
gated. The problems of optimization of t}re агrау design, the elements of whiclr аrе horizontally
oriented strip radiators, аrе disc:ussed rvith rеfеrепсе tcl RATAN-600 and а paraboloid of rotation.
А computatiolr of Ьеаm patterns of these telescopes operated irr the rnode of multibeam reception
with the use of different moclifications of focai аrrа}rs is perforlтred. д "tеrгасе-likе" design of fo-
cal аrгау foT illumirration of the non-syrnmetric seconciary mirrоr of RATAN-600 and sуmmеtriс
mirrоrs (рагаЬоlоids of rotation) is рrороsеd.
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_. Introduction

- :.е multibeam operation of а radiotelescope сап Ье
..llleшrerrted Ьу placing а mаtriх of рrirrаrу feeds iп
. iocal plane. This kind of multielenrent receiving аr-
.,,, at the focus оf а rеflесtоr rасliо telesctlpe widerrs
-..ntially its {ield of view, imрrочеs the integral scn-
-:r,itv, speeds up the imagirrg of extendecl sоurсеs), :,.rces the influence of the atnrosphere.

Receiving аrrауs in tlre fоrm of rnatrix rаdiоmеtеrs
.:е used with the 12пl alrd 90m rасliо telescopes at
З \О (Payne, 1988; Sutton, 1984). А 9-Ьеапr агrау
. 21сm has Ьееп in sutlcessfui ореrаtiоп with thе
- :r telescope at Раrkеs (Bird, 1994). А 32-elemerrt

av in the гапgе 85*112GHz has been employed
, -:l the 14 m radio telescope at FСR,АО (Еriсksоп et

1992). А possibi}ity of rnaking а phased antennil
:\, &t the RATAN-600 focrrs is considered in the

. _ .:r Ьу Pinchuk et al. (1995). Опе of the alterlrative
:.{ns of а receiving аrrау iп the fоrm of а rпаtriх
-_:itttеtеr at the wavelength of 1 сm fог the radio
-:сор€ RATAN-600 has been suggested Ьу Berlin
.. (2000).
_r thе above-mentioned рареrs, wavegrride hогпs

, ,_ а specified level of illumination of tlre пrirrоrs
" , ,lsed as the focal feed аrrауs with the use of strip
-.аtоrs as has been proposed fоr а radio telescope
S:Trits, Smolders (1998) and Khaikirr et al. (1998).

- ,,, ]oss substrate materials and N{icrowave Mono-, Integral Circuits (П,{\,tiС) developed duritrg the
f ast уеаrs mасlе strip аrrауs competitive fоr rаdiо

., : .,nomical applications.
:ог the сrеаtiоп of а phased antenna аrrау with
,.:еа of 1km2, wide band stгiр dipoles оr Vivaldi

..]tогs with а r,ertical orientation in space (Srnits,
" .dегs, 1998) will Ье used in the SKA project.

Khaikin et al. (1998) have proposed use of horizon-
tally oriented micrclstrip radiators as being the most
adaptable and proviclirlg the highest density of loca-
tion of the elements. Optimrrm distribution of these
radiators in the focal plarre of the radio telescolle rvill
irrcrease substantially the пurтrЬеr of the аrrау receiv-
ing elernents.

In the рrеsепt рареr the question of optimization
of the mrrltielemerrt focal аrrау design rvith horizon-
tally clгierrtecl strip radiators as applied to RATAN-
600 and paraboloid of rotation is discussed, а calcu-
lation is presented of Ьеаm patterns (ВР) of these
telescopes iп tlre multiЬеапr reception mоdе with the
rrse of rlifferent nrodific:ations of focal аrrачs.

2. The пumЬеr of elements and the step
of the receiving аrrау in the focal rе-
gion of the radio telescope

The optimum пumЬеr of receiving elements at the
focus of а radio telescope depends on the particular
astrophysical task. Fоr а rapid imaging of а sky region
of -Г.1 х tr2 in size the пlrmЬеr of elements of the аrrау
шust thus Ье equal to Nt х ,ДУ2 , whеrе Nt = Lt l bLl,,
|{z : LzlbL2, bL1 , bLz аrе the аrrау intervals
equal to the half роwеr Ьеаm width (HPBW) of the
radio telescope in fаг zone in mutually реrрепdiсulаr
pianes. Fоr radio telescopes with а sufficiently lаrgе
ratio //D ) 1 the Ьеаm pattern of а radio telescople
irr the far zone corresponds to the field distribution
at the focus. Iп ассоrdапсе with the sampling theo-
rеm for the роwеr signal, we have: Atr : 0.5Xt lD,
where / is ttre focal length, D is the ареrturе diam-
еtеr, А is the wavelength. Тhе size L1 х L2 and the
fieid of vie,*, аrе рrасtiсаllу lirnited Ьу the size of the
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аЬеrrаtiоп-frее zone tro iTr t}re focal plane, wlrich de-

terrnines а possible N irs ly' = (L"l^L)2 in the case

the telescope is symmetric.
Iп tire case whеrе the mrrltibeatn шоdе is used to

рс:rfогпt t}re task of iTnproving the irrtegrai selrsitiv-
ity of the radio telescope, опе seeks to гсасh а possi
Ы1, 1агgеr пumЬеr of iпdерепrlепt rcceiving c:lerrients

through their denser placing, rrp to АД : )r/2, wherc
Au is tlie wavelengtlr at t}re substrate of а strip eie-

rпепt, rvhiclr is iп inverse рrороrtiоп to f (с > 1),.
is tlie dielectric constant fоr с of ttre substrate mate-
гiаl. Horvever, the dепsеr disposition of eieпrerrts rе-

sults in reduction of sensitivity of each еlсmепt. Ве-
sides, the nolse in the rreig}rbotrring rec:eiving сhап-
пеls Ьесоmеs ptrгtially correlated. Fог these two rеа-

sons it is а fаilurе to reac}i thc desired factor of

{N;.: |[,ЬrJЦ. The stcp of tlte аrгаl,is tlrere-
fоге usrlally bouncled above lly tiie sampling Nyqrrist
thеоrеm and belorv Ьу the gеопrеtriс structtiгe of radi-
аtоrg and Ьу the permissible mutual coupling Ьеtrтееп

t}ieni (usuаlly clrre seeks to rеасlr r:orrpling betrveen the
eleirrenls not less than *30 dB).

It is u,ell knorvri thirt the two-beaITr scannirrg rе-

duces tile effs:ct the atrriclsphere has оп the te}escope

реrfоriпапсе. Subtraction of the output signals of sep-

arated eletnerrts of tire гeceivitrg агrа), nray also Ье

effectile епоugli to сопtrоl atrnosplieTiс fluctuatioirs.
pairs of elerrerrts B,ith а nraxitnuin stlраrаtiоп irr t}re

focal region NД.Ll2 will yield t}ie largest alrgular
sсаlе ,9 of the suргеssесl atrncspherir: fluctuations:

S = 0.5/V"^r//.

Note the advantages of the rrrultilэeatn operatioTr

of а radio telescope in controling аtmоsрhtэriс flrrc-

tuations сэr,еr the tr,vo-beam опе. In the multibeaпr
nrode, residual аtпrоsрitеriс fluctuaiions irl neigh-
Ьоuriпg раiгs of beams аrе соrrе}аtсd апсi carr Ье rе-

mol,ed.

3" ,4. one-dimensional аrгау at the focus
Фf RATAN-600

IJeperrdirrg orr the condition of obseTvaticlns, tlre ап-

terina of the гаdiо telescope RATAN-600 is а two- оr
thrее-mirrоr focusing systern (Khaikin et aI., 1972).

In the case of twо-mirгоr system а flat wave frоm а
cosmic object, when striking the ареrturе of the mairl
rпirrоr (сirсulаr rеflесtоr), is transformed Ьу tlre latter
into а cylindrical опе, Tlre reflecting elements of the
mаiп rпirrоr fоrm а focusing surface that rерrеsепts а
fraction of an eiliptical сопе, at the focus of which а

secondary mirrоr is placed which corrvert а cylindrical
rvave to а spherical опе. The iatter is received Ьу the
receiving hоrп (рrirпаrу feed) located at the focus of
the sесопdаrу mirrоr (Fig. 1). This is the pattern of
орегаtiоп of the North, West, South and East sectors

of RATAN-600. Observations аrе made in the rnode
оf а source transit across the stable Вр of the radio
telescope. The focusing ofthe Tadio telescope Ьеаm in
а giverr direction is executed Ьу changing the shape
of t}ie пrаiп mirrоr surface and the position of the
seconclary пrirrсlr orr the rails.

T}ie South sесtсlг together with the flat реrisсорiс
пrirrоr fоrпr t}re thrее-mirrоr systern similаr to that
of Kraus in Nапсау. The flat mirrсlr changes the di-
rec:tirln of t}re plane wаче frопr а source) which after
reflec:tiorr is redirected to the main mirrог, Furthеr
t}re focusing of beams is accornplished in the same
mаппеr as with t}re trMo-rnirror systern. In the thrее-
rrrirrоr sl,sterrr the shape of the main mirrоr, whiclt
is а parabolic cyiinder with а r,егt.iсаl gепеrапt, does
not chartge with elevation of the source. Тhе ВР is
corrtrollcd Ьу lvay of changing the irrclination angle
of t}re flart геflсс:tоr panels. The sесопdаrу mirrоr is

а поп-sl,mmеtriс parabolic cylinder with а horizontal
gепегаrrt, cln t}re foca1 lirre of which (Х axis in Fig.lb)
рrimаrч feecl ctibins аrе located, w}rich епаЬ]еs si-
multatreous observations at sечеrаi wavelengtlrs. This
design clf the sесопdаrу rпirrоr is convetrient for the
пrirltibeam rnode of operatiorr cif the radio teiescope
inith tlre one-clirnensional аrrау (Kajdanovskij. 1980).

Tlre nutnbeT of elements in ttre аrrау is determined
Ьу the size of tlre аЬеrrаtiоп-frее zone of tlre radio
tr:lescope, whiсh, uпсiеr the condition of twо-mirгот
focrrsirrg system of RATA1,I-600, depends on the ele-

vatiotr of t}re sоurсе being observed. Коrzhачiп (rЭZЗ
апd Esepklrra et а1. (1980, 1982) consideгed in some

cietail the аЬеrrаtiопs arisirrg wlren the рrimаrу feeci

is rеmоl,еd fгоrп the focus, derived fоrmuiае fоr calcu-
lation of ВР alrd strrdied polarization clraracteгistics
of RATAN-600 with allowance for atlerrations. Bas-
ing on these рареrs and using the рrоgrаmmеs kindlr,
rrrade available to us Ьу A.N. Korzhavin, we hаче соm-
puted tlre ВР of tlre rаtliо telescope for t}re main ani
spurious poiarizations with different rеmочаls of the
prirrrary feed frопr the focus along the Х axis ani
plotteci аЬеrrаtiоп curves of t}re radio telescope in thе

case of two-tlrirror foctising system. Ву the аЬеrrаtiог-
сurчеs we mеап the rеlаtiопshiрs betv"een the maxi-
mum of the telescope ВР, -t-оr, and the rеmочаl о:

the рrimаrу feed frоm t}re focus.
Exalnples of tlre two-dimensional роwеr ВР о:

RATAN-600 at the wavelength 10mпr fоr the fo-

cttsed апtеппа (а) and with the рrimаrу feed rе-

moved frоm the focus Ьу 1000mm аlопg the X-axi.
(Ь) for the sоurсе elevation .Ё1 : 85u аrе displal,ec
in Fig.2. Figs.3 and 4 present the ВР of the сir-

сulаr arld iiпеаr sрuriоus polarizations when receir-

ing rrnpolarized radiation, which аrе characterized Ь,

N,Iuller mаtriсеs М41 and N432, respectively ((а) п,,it:

Ar : 0mпr, (Ь) with Аr : 1000mm). The аЬеrrа,-

tion curves fоr the main F-оr(Аr) (а) and spuriou.
\441-о, (Ar), N{32-o, (Ar) (Ь) polarizations аге рI€-

}п
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Гigurе |: Th,e section of th,e sе,сопtlа,rу m,irrоr i,п the uert,ical (а) апd h,ori,zontal (Ь) рlапеs. 1 -- the, parobolic
,ttirror, 2 the рrimо,rу feerl.

93

100

50

0

_50

_100

100

50

0

-50

-100

Ъ,sЪо0 --l йrl
0,8000 -- 0,9000

0.7000 _- 0.вOо0

-40 -20 _40 -2о 0

а)

;urе 2: Тhе fulo-d,imertsional 7лошеr ВР of RДТДN-600
= 85о. (о) - Ar:0 m,m, (Ь) Ar:1000rnrn.

- :.ted in Figs.5, 6.

_\s опе сап see frоrп Figs. 5, б thc: one-ciintensional
-,::av placed on the focal line of tlre secotldary mir-
- : is the most efficient w]rerr obseгvirig sоurсеs
.:r altitude ciose to 90О, since uпсlеr tlris cortdi-, :l the аЬеrrаtiоп-frее zone of RATAN-600 is rlrax-, lln. \Yith decreasing altitude of the sotlrce, the

. - ,.lгаtiоп-frее zone narrows rарiсllу. The аЬеrrаtiоп-
-:. zоп€ size at the wavelength 10mm is about 3пr
-:r,es 1 and 2 in Fig.6a) пеаr t}re zenith, while
: the height f/ : 0О а signal drор in the nraiu
arization Ьу no rrrore than 20% сап Ье providecl

, .,,, ,п,ith rеmочаl of the primarv feed frоm the fo-
,. Ы,Аr : I25mm (curve 1 in Fig.5a). The пum-
: of striр radiators in the one-dimensional focal аr-

, ,- at the ц,ave}ength 10 mrn irr observing пеаr-zепith
_.ces mау thus Ье 500 elements. whегеаs fоr effec-

, . rесерtiоп of radiation frоm low e]eration sources

W 0.6000 -- 0.7000

ЖЖ 0.5000 __ 0.6000

Ж 0.4000 -_ 0.50оо

:0,з000 -_ 0.4оо0

I0.2000 __ о.зOо0

I0.10o0 __ 0.2000

I0 __ 0,1000tr

(ylriп,cipal polarizrtti,on) at the uаое of 10mm at

thеir rirrrlt}эer shilulcl not }эе lаrgеr t}ran 10.

As to the sрuгiоus ptrlarization, it is minimum at
altitrrdes close to zеrо and grоws monotorrically ,K.itlr

increasing altitude of the sоrrrсе. Fоr this reason, in
polarizaticln пreasureln€]Irt tire thrее-miгrоr focusing
system of RATAN-600 with the реrisсорiс flat пrirrоr
("Sout}r*Flat" mоdе), in which the сirсu}аr mirrоr
is set vert,ical11, 1u 

'rr" 
altitu.de Н:(JО, арреаrs to Ье

пrоrе рrеfеrаЬIе.
Fig.6a shows aiso arr аЬеrrаtiоп сurче (3) of

the radio telescope RATAN-600 in the mode "radio-
Schmidt telescope" fоr а certain fixed sоurсе altitude
to wtric:h the system was designed and the horizontal
size of the ареrturе of 100 m. Tlre shаре of the аЬеrrа-
tion сurче rernains unchanged with changing altitude
of the sоuгс:е in the rапgе of arrgles 0О to 90О, provided
that the source altitude and the altitude to which the
focusing of the antenna was реrfоrmеd coincide.

2040

ь)
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F'igure 3: Th,e ВР of thr: сirт:u,lо,r, sp,uri,clus ,polarizati,cln (the еlеrп,епt oJ th,e Мullеr, m,atria М]1) at the mauelerlgth
10rп,rп o,t Н :85'. (с/ Д;r:0 rпrrl, (Ь) Дlг:1000пiпi,

ll
,1 00-
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Figrrrе 4: The ВР ol the linear spurioll,s polarizcl,tiort (the еlеmепt of the Мullеr matrix М32) at the ulauelength
lауппi, at Н:85". (а) - Дz = аmrп, (Ь) Дr:1000rпrri.
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The radio-Schrтridt teiescope trrocle сап Ье iпrple-
mented Ьу shaping the periscopic mirrоr to а rе-
quired curvature to соrrесt the lvave frclnt (\{ajorova,
K}raikin, 1999). The largest size of ttre аЬеrrаtiоrрfrее
zone and the least curvature of the field in t}re focal
plain сап Ье achieved in the рагtiсulаr case of t}re

radio-Schmidt telescope, when thc focus of the sys-
tem is located пеаr the correcting mirrоr, In optics,
slrch а system is called shогtепеd Schmidt te}escope оr
Right telescope. With RATAN-600 this rnode is im-
plemented Ьу placing the sесопdаrу rпirrоr пеаr the
periscopic rеflесtоr executing соrrесtiоп of the wave

front.

As сап Ье sееп frоm Fig.6a, the аЬеrrаtiоп curve
in the condition of the "radio-Schmidt telescope" is
practically coincident with those of the twо-mirrоr fo-
cusing system at high elevation angles, therefore the
mахimurп пurпЬег of elements of the аrrау in this
mode at 10 mm mау also rеасh 500 elements. The
advarrtage of the "radio-Schmidt telescope" is that
it makes use of а wide aberration-free zone not onli,
пеаr the zenith, but also at any оthеr angle withir:
the rarrge 0" - 90". The disadvantage is the reduction
of the aperture and the limitation оп the rапgе of оЬ-

-50

-100

ц
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Figurе 5: The аЬеrrаt,iоп с1l,ruеs at the ulatleleп,gth 10mrп ulith the rеrп,оuаl of the qlrimаrу feed, аIопg the focalliпе о| the sесопdаrу mi,rrоr (Х aris). The regime of the tшо-rпirrоr focusirl'q sуst-еrп uith the lull a7lerture.
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Гigurе 6: Th,e аЬе,rr,аt,iоп clffues at th,e шшlеlепgth, 10пtm ulith tlle rerrloual of th,e рr,iпlаrt1 feed, оlопg the focal.ttte af the sесоrtdаrу mirrоr (Х aris). 1 Н:90о, 2 - Н * 89о, з 'rad,io-Schmid,t'' telesbope,-|
I1 - 0'; 1, 2 - Jull ареrtur,е, 3, I shortert,ed а2lеrturе.

.."гl,iпg angles with the given focusing of t}re antenna
\Iajorova, Khaikin, 1999).

It should Ье noted that the reduction of t}re ареr-
: lге results in an iпсrеаsе of the aberration-free zone
.iso in the поrrпаl operation mode of tlre гаdiо tele-
.:оllе, which is of particular imроrtапсе at low el-
,,,ation angles, but not as much important as with,le "radio-Schmidt telescope" mode. Fоr cornparisorr,

: :g. ба displays an aberration сurче in the corrciitiorr
: trvo-mirror focusing system at the wavelerlgth of

_-, lпm fоr the 100m ареrtrtrе and Д = 0о (curve 4).
_, is seen that with equal sizes of the apertures ancl
:r_reгving angles the аьеrrаtiоп-frее zone in this mode
: muсh mоrе паrrоw than in the ''radio-Schmidt teie-
- lре" mode,

]. Two- and three-dimensional аrrауs
at the focus of RATAN-600

_.i us dwell upon the distinguishing features of the
_ ? of RATAN-600 in t}re condition of tw.о-mirгог

Ах, mm

1 50G1 000 -500 0 500 1 00о 1 500
ь)

focusing System. Note that the BPs displayed in
Figs.2,3 and 4 wеrе calculated in an аррrохiшаtiоп of
an infinitesimal vertical size of the rеflесtiпg еlеmепt
(panel) of the main mirrоr. Its influence with the con-
sidered transverse removals of the рrimаrу feed frоm
the focus at altitudes close to 90О is insignificant. It
is shown in the рареr Ьу Esepkina et al. (1961) that
with allowance made fоr the finite size of the рапе1 the
ВР of RATAN-600 сап Ье represented as the prod-
uct of two BPs: the ВР of the focusing system in the
fоrm of ап infinitely thin аrс in ареrturе plane and
that of an individual panel. In а different way, the ВР
of RATAN-600 is the ВР of the focusing system with
the panel envelope superimposed on it.

The width of the mаiп lobe of the vertical Вр
of the focusing system is deteгmined Ьу the ареrturе
curvature, оr the depth ofthe аrсh reflecting the ареr-
ture сurчаturе, the v,lidth of the envelope - Ьу the
vertical size of the panel with allowance for its illu-
mination in the vertical plane. At altitude close to
90о the HPBW of the main lobe of the vertical ВР of

2 - Н=З00

З - Н=6О"

4 _ н=9оО

0.4

0,-1

0,0

0,1

0,0
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_1

Figure 7: The uertical ВР of the рапеl (l+9) at the ulаче of 10mm with locati,on of the рrimаrу feed at а fired
distance frоm th,e focu"s апd the ВР of the t'ocusing sуstеm (0) fоr 1{ = 85О (а). The schematic чiелл of lосаt,iоп
ot feeds i,п the uertical section of the sесоп,dаrу mirr,оr at pлоiпts | + 9 (Ь).
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the focusing system is alr оrdеr of magnitude smаilеr
than the HPBW of the panel ВР. As the altitude of
the sоurсе decreases, the rn,idth of ttre ВР of the fo-
cusing ýystem inc:reases, approachirrg the ВР of the
panel at lorv e]evation angles. At f1 : 0О the vertical
ВР of the radio telescope coincides with that of the
геflесtiпg elemerit.

Under the condition of the focusirrg system
"South+Flat" the vertical Ьеаm patterrr of RATAN-
600 coincides with the vertical ВР ofthe panel fоr апу
altitudes of tire sоurсе being observed irr the rапgе
0о - 90о.

То assess the possibility of using two- arrd tlrree-
dimensional агrауs in the focal region of RATAN-600,
ca]culations of the vertical ВР of the рапеl wеrе саr-
гiеd out with аrЬitrаrу rеmочаl of t}re рrimаrу feed
frопr the focus F on the рlапе А (Fig. 1а). The pro-
grаmmеs of A.N. Korzhavitr, which took account of
all geometrical fеаturеs of the secondary mirrоr and
allowed calculation of t}re field distributiori очеr its
ареrturе, proceedirrg frоm the ВР of thе рrimаrу feed,
wеrе used (Korzhavin, 1979).

Сurчеs 1-9 in Fig. 7а show the vertical ВР of the
parrel at the wave of 10mm with а rеmочаi of the

рrimаrу feed frоm the focus Ьу А/ : 5 tnm atrd ]о-

cating it at points |,2,3,4, 5, 6, 7, 8, 9, (Fig.7b).
Points 2 and б соrrеsропd to fced removals along the
direction d = 50о, points 4 and 8 - to rеmочаl per-
pendicular to this direction. The Ьеапr раttегпs ofthe
ргimаrу feeds and the rеаl sizes of the focusing sys-
tem of RATAN-600 were specified in the calculation.
It was assumed that in each of the locations the mах-
imum of the рriшаrу feed ВР makes ап angle d : 50О

rryith the hоrizоп. In this case, optimum illumination
of the secondary шirrоr is provided.

Curves 1 9 in Fig. 7а аrе the enve}opes of the ВР
of the radio telescope in tlre mode of the twо-mirrог
focusing system at Н l0o. Тhе bold line (0) in the
figure shows the vertical ВР of ttre focusing sуstеm at
fI : 85о. It is oilvious that if the mахiпrа of the BPs
of the рапеl and focusing system аrе largely sepa-
rated, а shаrр sigrral drop will оссur, In оrdеr that
it should not take place, the elements of the trvo-

dimensiona} аrrау have to Ье аrrапgеd iп the vertical
plane along the direction 0 : 50О (points 2, 1, б in
Fig.7b). But it is this case that cannot Ье practicall1,
iпrplemerrted because the feeds shade еасh оthеr in
the direction of illumination. Fоr this rеаsоп, under
the condition of the twо-mirrоr focusing system at
Н + 0", the usе of the two-dimerrsional аrrау ар-

реаrs to Ье impossible. Later оп, when studying the
corrfiguration and sizes of the two-dimensional аrrа1,.

rve will сопsidег the rеgimе of the thrее-mirrоr an-
tenna system of RATAN-600, for which the чеrtiсаl
ВР of the focusing s},stem coincides with the panel
вр.

It сап Ье seen frorn the сurчеs given in Fig.7a
that fоr obtainirrg а maximum signal the аrгапgеmепt
of the аrrау eiements along the У axis оr along the
direction реrрепdiсulаr to the direction 0 : 50О is

рrеfеrаЬlе. Iп this case the mахimum of radiation of
individual elements of the аrrау must make ап agle
of 50о wit}r the horizon. In t}re case where the horns
оr tlre ореп ends of the waveguides аrе tlre рrimаrr,
radiators, it presents no рrоЬlеm to specify this direc-
tion in tire two cases indicated above. Fоr а flat аrrаr,.

which is а matrix of horizontally oreiented striр feeds,

whose maxima of radiation аrе реrрепdiсulаr to the

аrrау plane, the аrrапgеmепt of the elements аlоп5

the У axis is impossible because practically all the

0'
а)
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Figlrre 8: The sclbematic uieul of th,e "tеrrаr:е" аr-
rапgеmепt of the рr,imаrу radiators iп, the |ocal rе-
giоп of the .sесопdаrу m,irrоr of RДТАN-600 (uerti,cal

section). 1 -- the parabolic. m,irrоr, 2 th,e fепсеs ot
the рr,imаrу radiators.

1-1=6mm
2-1=7mm
З - l - В lтm

4-1=9rnm

012з456
h, mm

Гigurе 9: The rеlаtiопshiр Ьеtшееп the mаriпt,ultt. of
:he RДТДN-600 ВР iп the "Sottth-Flat" ореr,аt,iоп
,l,tth the "tеrrасе" аrrау iп its focal rеgiоп ап,d yla-
,rlmеtеrs of the аrrау l апd h.

_ adiation will bypass а,rоuпd the surfасе of the sec-

-.пdаrу mirrоr. The most optimrrm for such an аrrау
.s the location of the radiators irr а plane perpendic-
llаг to the dirесtiол 0 : 0о. As ca]culatiolrs have
.hown tlre deviation from this direction must not Ье

:lore than *5о.
The пехt step of оur study is the examination of

. three-dimensional аrrау consisting of liпеаг stripl
.ггауs (LSA) of radiators. These fences аrе раrаllеl
э the focal line of the secondary mirrоr and shifted

,,, ith геsресt to each other in the vertical plane Ьу
.. r,alue h, the distance Ьеtъ,ееп the radiators in tire
::nces is set Ьу the раrаmеtеr J (Fig.8). Let us паmе
-ris setup "tеrrасе".

Compute the relations between the maximum of
le antenna ВР, Л-оr, in the "South+Flat" mode
.nd the distances h and l. They show (Fig.9) that
,-г each of the considered values of the раrаmеtеr

l thеrе exists ап optimutn value of hrо1 with which
i;..,(h) has а maxitrrum valrre. h,on1 is not equal to
zеrо апсl. thеrеfоrе, the location of radiators itt опе
plane is поt орtimuпl, As сап Ье seen from Fig.9, fог
the practically real distances between the elements
of the аrrау, l = 0,6 - 0.7^ (6-7пrm fоr the wave of
10пrrn), the optinruпr shift of t}ie ftэnces in the аrrау
is h : 0,3 * 0.4^ (3.-4 mrп). Iп further calcuiations we

will assrrme h : 3 mm as thе most optimum, hочrечеr
it has so fаг Ьееп managed to realize а shift of 4,5 mm
Ьеtrд,,сеп the fences rvitli а separation of elements of
7 Вmm (Khaikin et al., 2000).

Fig.10 presents the vertical Ьеаm patterns of the
гаdiо telcscope RATAN-600 in the ореrаtiоп шоdе
"South * Flаt" irr the сепtrаl section at the wave
10mm with iocatiorr in its focal геgiоп of а гесеiчiпg
аrrау of "tеrrасе" design with раrаmеtеrs (l = 7mm,
Ь : 3 mrn) * (u), and wit}r tlre use of the аrrау of flat
desigrr (l : 7mIn, ll = Oпim) (Ь). The рlапе of the
lаttег is реrрепdiсulаr to the direction 0 = 50'. It is
п,еli seeri that with the irse of the "tеrrасе" design the
сirор irr the mахiпrа of the ВР of individual beams is

less than with the flat design. With thе sаmе setr)ara-

tiorr of t}re e]ements and ttreir пurпЬеr (/f = 7) the
<irор in signal iп thс пrаrgiпаl elements of the аrrау
arnounts to aborrt 40% in the case of the flat аrrау,
v,,hile fоr the "tеrrасе" аrrау it is no mоrе t}ran 15%.

Examples of tire rec:eirring аrrау of "terrace"
desigrr rvith пriсгоstriр (patclr type) radia,tors and
N{fuIIC arrrplifiers аrе strorvn in Fig. 11. Such а de-

sigtr is поt only rпоrе sirTrple irr realization, but also
trrгпs out to tle mсlrе optirnutrr iп energy c}raracteris-
tic:s. tr{utual irrflucnce of the elerrrents in the "tегrасе"
design is lоwег соrпрагiпg to t}re flat аrrау (Khaikin
et а1., 20()0).

T}re optimrrm пuпrЬеr оf LSA in the "tеrrасе" rе-

ceiving агrа,ч fоr RAT'A}{-600 is 7-8. Uпdеr the condi-
tion of t}re ihrее-mirrоr focrrsing system irrespective
of tlre ýollrce altitude and in the mосlе of the two-
rпirrоr focusing svstem at altitudes close to 0", with
аllоu,апсе made for the аЬегrаtiоп сlrrче 1 in Fig.5,
along t}re focal line of RATAN-600 each LSA can hold
no mоrе thari 10 elements. Thirs, in these modes of the
rаtliо telesc:ope operation one сап irTrpleпrent multi-
ьеаm observations rvith the two-dimensional "tег-
rасе" аrrаy ц,,ith а total пuпrЬеr of receiving elements
of abor,rt 70.

In tlre mocle of the "radio-Schrnidt" telescope,
rvhere the аЬеrrаtiоп-frее zone is substantially lаrgеr
(сurче 3 in Fig.6), the пuпlЬеr of elements in the
three-dirnensional аrrау mау rеасh 3000. Observa-
tions can Ье made at апу fixed sоurсе altitude, рrо-
vided that it coincides with the altitude the "radio-
Schmidt" is designed fог, with alr antenna ареrturе
size по mоrе t}ran 150m.

Impleпlentation of а data acquisition system
(DAS) with such а number of elements is rаthеr а

11
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Figurе 10: Тlie uertical ВР of the rаrli,rt telescoyle RДl'АN-600 uпilеrthе сопd,itiоп "South*Flat" attheulaue
о! 10rпwl uith lосоtiоп iп its Jocal reg,ion of the rесеi,чiпg аrrау of "tеrrасе" (а) апd fiat (Ь) design,

ппL:
-40 -20'

Figurе 11": The еrtlrпрlеs of "tu,r,ace" dеsiЕп of the
Ttu,lt,iele,m,ent rесеi,чirtg аrr,ау tlith m,i,crostrip (patch)
rаdiаtоrs вп,d MMIC amplifiers.

conrplicated but feasable task. Опе of the alternatives
of а 16-сhаrrпеl DAS with а digital signal prclcessor
(DSP) for а multielernent аrrау is proposed Ьу Esep-
kina et al. (2000).

we u,ill Trote iп conclusion that thе resrrlts оь-
tained fоr the RATAN-600 can Ье usеd fоr to the
gепеrа1 case of radio telescopes with поIr-sуmmеtriс
iliumination fог which the "terrace" design of the fo-
cal muitielement аrrау will also Ье mоrе favoured.

5. А шrtrltielement аrrау at the focus of
а paraboloid

Norv wе rvill consider the case of а parabolic radio
telescope with symmetric illumination, То provide а
mu]tibeam mode of operation of а раrаЬо}iс rасliо
telescope, а matrix of рrimаrу feeds is placed in the
focal piane. It follows frоm thе focusing properties of а

раrаiэоlоid of rotation that the disposition of the pri-
пrаrу feeds in which their phase сепtrеs lie in the same
plane is considered optimum. However, construction
of а fiat strip аrrау entails dififrculties (Khaikin et а1.,

2000). Fоr this rеаsоп, we consider the possibility of

Figurе t2: The parallolo,id schematic чiеur.

"tеrrасе" constructiotr of the receiving strip аrrау as

applied to paraboloids.
Let us compute tlre ВР of а раrаЬоliс antenna

with ап аrЬitrагу rепrочаl of the feed frоm the focus

^/ 
= /(^r)'+ (Аg)2 (Fig.12).
The expression fоr the ВР has the form:

whеrе
Ф = р.,, - р = JФсоsф*Ау)2 + (рsiпф -Ar)z
d, d аrе the coordinates of the point of reception, А.r
is the rеmочаI frоm the focus along the Х axis, Д.L

is the rеmочаl along the У axis, E(RlRo) is the fielc
distribtrtion over the antenna ареrturе.

Taking account of axial symmetry of а paraboloii,
we restrict ourselves to а consideration of the Вр iг_

one of its radial section, ХOУ, at d : 0, Тhе ВР соrг_-

putatiorr was performed Ьу the method of nrrmerice.
integration. The field distribution in the ареrturе в,а.
specified Ьу the law Д(Л/Rо) : 1 - (Rl&il2, f l L

2т Ro

F(0,6) : I l Е(RlRg)еjВЛsiпdсоs(d-е)+jРФ Rd,Rd:
00

о'40'2о'

ь*



Д MULTIELEMENT АRRАУП\r ?НЕ RADIO TELESCOPE FОСUS 99

] - F*""(.\х)

2 - F (.t.r)
ff].]\,

0,2

-ЗО '2О -'Оо*|,rу1%*'О ЗО

Eigure 73: The аЬеrrаtiоп, сurчеs for, а paruboloirl of
.otat,ion tlli,th f lD = 0.4 at thе ulauelengtll 10rпm
ц,ith, rеmочаl о| the рrimаrу feed lrоm the JoaB i,п
trапsчеrsаl (1) апd lclngi,tudinal (2) directions.

=0.4, А:l0mm.
Fig. 13 shows aberration curves fоr а раrаЬоlоiсl

lf гоtаtiоп п,it}r гепtочаl of the рrirпаrу feerl frоm
:lre focus irr the longitudinal (along the У iixis) and
:гапsчеrsе (along the Х axis) directions. The cul,ves
.haracterize the арреаrапr:с of rооt-тпеап-srluаrе and
:irbe етrоrs in rernoval of t}re feed irr tlre directions Х
,rlld У, respectively.

Fig. 14 displays ехапtрlеs of "tеrrасе" сопst,ru}
:1оп of the аrrау, which take accourtt of axia] syпrlne-
:гу, of t}re рагаЬоlоid (circrilar variarrt). T}re ioctition
-,f tlre rаdiаtоrs is slrowtr in one of the га.diа] sections
lf the paraboloid - in the plarre ttrat passes t}rrоugh
:lie radius of the circle, wlrich is t}re арегtuгс of tlie
эагаЬоlоid and its axis of sуmmеtry (а), and ilr ttre
:гопtаl section - in t}re plarre perpendictrlar to tlie
эаrаЬоlоid axis (Ь). In t}ris design t}re rаdiаtоrs аrе
аггапgеd in rings shifted with respect to eac:h clther
.n depth Ьу the qrrantity h. Тhе disposition is s}rown
f both the even and odd пurпьеr of гаdiаtогs in the

:adial section of the paraboloid.
Fig. 15 exhibits the Ьеаm patterns of the раrаЬоlit:

..ntenna in the focal рlапе of which stгiр radiators

.ге placed, whic}r fоrm а "tеrrасе" аrrау iп its с:iг-

.rtlar чеrsiоп (Fig. 1а). ly' is tlre пumЬеr of аrrач еlе-
:lrents irr each of the radial sections. Тhе Ьеапr pat-
:еrпs wеrе calculated fоr the sizes h:3.1mпr and
=5.3mm, rvhich аrе the most optirnum. The pclsi

:ion of the аrrау, as а rigid structrrre, wit}r rеsреr,t
:о the paraboloid focus was optimizecl in eac:}r of the
,ases consideгed in suсh а way that the aberratiorrs

,.r,еrе minimum with specified h апсl l.
As сап Ье seen frоm the figures, the use of the

"tеrrасе" design when creating the аrrау is not on}y
:lossible, but fоr the cases whеrе i[:3,4 it gives ап
advarrtage очеr the ordinary flat design. Witlr ЛI : 3,4
ап equal signal level is attained iп all beams of the
эагаЬоlоid ВР, whiclr cannot Ье achieved with the

flat desigrr, When tlre ]atter is in use, the variation of
maxima of individual beams of the Вр will оссur in
соrrеsропdепсе with aberraticln сurче 1 in Fig. 13.

Араrt frоm t}ie axially symmetric аrrау r:опstruс-
tion, rесtапgulаг clesigns shown in Fig. 16 аrе possi-
Ые, T}re LSA of the radiators аrе shifted Ьу h, and
t}te lclcatlon of the rасliаtогs in this plane is the same
as iп Fig. 14а. The ВР in this section wiil cclincide
with tlre ВР of the axially symmetric агrау in its rа-
diirl section (Fig. 15): completely fоr tlre odd пuпrЬеr
of сlепrепts ly' alrd to arr ассuгасу of а fg11, реr cent
fоr tire ечеп, The s}rape of the multibeam ВР of the
parabtlloid in the piarre (\'0Z) ч,i1] c}range (Fig.17),
The mахiпrа of the Вр of individual bearrrs wili de-
сrеаsе monotonically аs tire rаdiаtогs аrе moved away
frоrп the focus of the rасliо telescope.

Tlre "tеrrасе" desigrr of t}re аrrау is thus quite
srritable fоr paraboloids апd, in sorne cases, has even
certairr advaritages очеr the flat аrrа1,. Axiall1, sl,m-
rrlеtгiс сirсulаr designs with а пuпrЬеr of elements of
7 х 7 оr 8 х 8, showrr irr F'ig. 14, can Ье used in the focal
rcgion of раrаЬоliс rrrirrоrs in а range up to 30 GHz.

6. Some radio astronomy applications
of the multielernent focal аrrау

А rrlultieleпrent аrrау, in the foc:us of а гаdiо tele-
sc()pe сап Ье rrsed to реrfоrtп а ц,idе rапgе of tasks
iп radio аstrопопrу. Tlie application of focal аrrа,у,s is
irravitaЫe ftlг ргt:sепt-сlау arrcl future rасliо telescopes
irr lriдlh-irс:сrrгаt:у arrd hig}гsрееd surveys (Parijskij et
а1.,1998).

Tlris tcc}rnique usecl at RATAN-600 iпrproves sig-
nificarrtly the iritegral sensitivitv, widerrs the field of
l,ielt,, attcl tlопtrоls effectively atrTrospheric fluctua-
ticrrrs iri stridy,irrg anisotropy of the cosmic microwave
backgг<lund (CN,IB) оп subdegree scales. Adrarita-
geous llse of the focai аrrаy сап Ье ac}rieved Ьу both
t}re considerably growing аrпоuпt of rесоrdеd infor-
mation cluring t}re intervals of "good" аtmоsрhеrе
and additiclnal possibilities of c]eaning аtmоsрhегiс
interferenc:es when tlre аtmоsрhеге is "bad".

А search fоr Svunyaev-Zeldor.ich (SZ) effect with а
high spatial гesolutiotl and high sensitivity in bright-
ness tеmреrаturе саII Ье саrriеd out with RATAN-600
in the rrrultibeam mode ечеп with а reduced antenna
ареrtrrге. In the case of realization of the ачеrаgе fluc-
tlra,tional scnsitil,ity of clne receiving charrnel at а levei
of 5-10rпК (which is achievable today vrith "wагm"
low noise NIN4IC аrпрlifiеrs), tlre integгal sensitivity of
the rаdiо telescope with the multielenrent focal аrrау
rises Ьу mоrе than ап оrdеr of rnagnitude.

T}re multielernent focal аrrау will improve consid-
erailly the efficiency of RATAN-600 and оthеr radio
telescollcls in the study of rapidly чаriаЬlе cosmic оЬ-

iects, such as pulsars and the Sun. Eig.18 shows the
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Figrrre |4: The diagram of the "tеrrасе" design а! the аrrау iп, the focal rапgе ot а paraboloid, (сi,rсulаr alter-
natdue) iп the radi.al sесt,iоп (а), iп the trontal sесti,оп (Ь). 1 tlte раrаЬоlоid, 2 - the рr,imаrу radiators.

Sun with соrопа in the field of view of RATAN-600 in
the mode "radio-Schmidt" telesctlpe with а focal аr-
rау of 7 х 170 eleпrents at the 1 сrп wavelength (left)
ancl iTr the fielcl of view of а 12 пr parabolic mirrоr
with an аrгау of 8 х 8 elements at the 2 crn wa,"e-

length (right). So wide field of view with а irig}r spa-

tial and time геsоIutiоп opens up new pilssibilities in
the study of flares, microbursts апd other rарid, but
rаrе events on the surr.

Тhе equivaient spatial resolution, ac}rieved with
the use of the focal аrrау in sопlе cases, can Ье higher
than HPBW owing to the increased signal-to-noise
rаtiо and to simultaneous analysis of the signal frоm
the sоurсе in different clrannels. An аррrорriаtе рrо-
сеdurе for observations of flares on t}re surr vras de-

veloped Ьу Неrrmапп et al. (1992).

Опе mоrе possible application of focal аrrауs is

holographic control of the surfасе of а radio telescope.
An В х 8 element аrrау, fоr instance, rеduсеs signifi-
cantly the time needed fоr mеаsuгiпg and subsequent
holographic согrесtiоп of surface errors,arith the help
of а strong cosmic source or а satellite signal. This rvill
Ье а powerful incentive to the developmerrt of meth-
ods of "adaptive optics" at radio telescopes, including
the wave frопt соrrесtiоп.

7. Conclusions

The investigations саrriеd out have shown that аrrауs
with microstrip radiators can Ье used advantageously
to implement the пrultibeam mode of operation of
radio telescopes of different design.

Fоr the radio telescope RATAN-600 а one-

dimensional, two-dimensional and three-dimensional
аrrауs can Ье employed. The first variant, in the fоrm
of LSA of rаdiаtогs arranged along the focal line of
the sесопdаrу mirrоr, is the most efficient in observ-
ing near-zenith sources and also in the rеgimе of the
"radio-Schmidt" telescope (with an аrЬitrаrу fixed а1-

titude of the sоurсе being observed). The пumЬеr of
elements of such an аrrау mау rеасh 500 at the 10 mm
wavelength.

Ttre two- and three-dimensional variants of аrrауs
can Ье implemented in the mode of the thrее-mirгог
focusing system of RATAN-600 (the "South * Flat''
mode) at altitudes frоrп 0О to 90О and in the mode
of the twо-mirrоr focusing system at f1 : 0О. Тhе
maximum пumЬеr of elements of this аrrау mа},

rеасh 70 at the 10 mm wavelength. The use of the

two-dimensional аrrау in tlre regime of the "radio-
Schmidt" telescope will allow the пumЬеr of еlеmепt

to Ье increased to 3000, but with the reduced hогi-
zontal ареrturе of the апtеппа.

А possibilitv of non-flat disposition of the strip
radiators iп t}re focal rеgiоп of the radio telescope
is considered. А "tеrrасе" design of the focal аrrаl,
for illumination of the secondary mirrоr of RATAN-
600 is considered and its parameters аrе optimized
Calculations have shown that the use of аrrауs о:

"tеrrасе" design in the focal region of поп-sуmmеtriс
feeds, which is the sесопdагу mirrоr of RATAN-600. i.
mоrе effective in епеrgу characteristics, besides t}re,,

are mоrе simple in implementation as соmраrеd wit:-

flat designs, where horisontally oriented strip rаdiе-
tors аrе used as the аrrау elements. Results of the са_-

culations made in this рареr wеrе used in designin:

]l
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Figuге |5: The ВР of aparaboli,c rad,io telescope atthe 10mтпааuе uJith а "tеrrасе" аrrау (сirсulаr alternatiue)
placed iп its focal region. N is the пurпЬеr oJ еlеmепts iп the radial section.

Figurе 16: The sсhеrпаtiс чiеш ot the "tеrrасе" аr"rау (rесtапgulаr аltеrпаtiuе) iп the local reg,ion of а paraboloi,d,
1 - the paraboloid, 2 - the рrimаrу radi,ators.
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Figrire t7: Тhе ВР of а ylarabolic radio telescope at the 10rпm, шачеlепgth iп theYOZ mith the "terrace" аrrау
(r,есtапgulаr чаriапt) placed iп ,its focal regiort,.

Figurе t8: The Suп, mith tlte соr,опа i,п tlte field of u,ieul of RДТДN-600 opero,ted as the "radio-Schm,idt" telescope
at th,e 1 сlп шачеlепgth ulith а focal ап,ау ot 7 х 170 еlеmепts (left) апd i,п the field of аiеu ol а 12 m parabolic
пl,,irrоr шith ап аrrау of 8х8 еlеmепts at tlte 2сrп ulauelength (right).
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and manufacturing а пrоdеl "tеrrасе" аrrау (Khaikin
et а1., 2000). Аrrауs of "tеrrасе" dcsign can Ье еm-
ployed in radio telescopes w}rich аrе paraboloids of
гotation" Axially symmetric designs of these аrrаys
witlr the пumьеr of elements of 8 х 8 calr Ье used in
the focal rеgiоп of раrаЬоliс mirrоrs in the rапgе up
to 30 GHz. With the пumЬеr of elemelits of 3 х 3 and
4 х 4 they have а certain advantage очег the аrrауs
ail elements of which аrе аrrапgеd in one plane since
ihe "tеrrасе" аrrапgеmепt of the elements makes it
possible to get а multibeam ВР with the sаmе level
of signal in а11 beams.
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