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RADIO ASTRONOMICAL SPACE SYSTEM OF APERTURE

SYNTHESIS: FILLING OF THE SPATIAL FREQUENCY
SPECTRUM

By
N. S. Kardaghev, S. V. Pogrebesnko, G. S.Tsarevskiy

Introduction

Recently more and more attention has been given to the development of
long-range space radioastronomical systems (see [1,2] and references there,
as well as [3,4]). Space radioastronomical systems afford the possibility of
practically unlimited increase in the collecting areas of the antennas in com-
bination with the possibility of synthesizing high frequency two-dimensional,
and even three-dimensional [1] radio images with resclution that is inaccessible
under ground conditions,

In this respect,it is important to examine certain informational poten-
tialities of the radio astronomical space system of aperture synthesis (abbrevi-
ation RASSAS) consisting of ground-based (GRT) and space (SRT) radio telescopes.,

1, Statement of Task

One can demonstrate that Lhe potentialities for the synthesis of radio
images with RASSAS type systems are restricted by the sensitivity and resolution,

As is known, the flux density from the source that has a brightness temperature
of T_ and solid angle (). is
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where k--Boltzmann constant, A--wavelength, The root-mean-square value of the /4
maximum detected flux from a point source during observations on a two-antenna

radlo interferometer is

S, -%9 (2)

where T--temperature of system noises, A--effective antenna area (A~ D2/8 D=

(D, xD )2 D) and D,--diameters of interferometer antennas), Av--width of band of
recaived frequencies, bt--integration time, After taking as £1 the solid angle
n(A/B)2/4 of the resolution of an interferometer with base B, and considering that
Pao”we obtain

Be(B) e,

In the case where the antenna temperature,governed by the source is greater

than the noise temperature of the receivers (strong source;, the inequality (3)
becomes

b

B g "—:})"‘-(u.at)“‘.n . @
]

where 6, F--angular size and flux of entire source, 66' Fe-—a.ugular size and
flux of component in the synthesized image.

Assuming Av=2 MHz, At=103 s, TB=1012 K (1imit for synchrotron emission), T=
10 K, D=30 m, 6=100 ang., s, F=100 Yan (1 Yan=10-2by n-2 Hz-1), we find that both
for the weak and for ihe strong sources the limit base is about 2 million km., This
indicates the outlook for the development of the RASSAS type systems that have
the Possibility of obtaining an extremely high angular resolution.

It is important to examine the possible beginning variant for the space radio
astronomical system (we will call it RASSAS-1) that includes anSRT that orbits
around the earth on a low (Ho=300-400 km) orbit, In light of the high relative
rate of movement of the ground-based and space antennas of such a radio' .interfero-
meter, acomparatively rapid filling of the spectrum of spatial frequencies is
possible, and the diameter of the equivalent synthesizable aperture is on the order
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of the earth's diameter, From the ratio between the maximum size of the base B,
diameters of the antennas GRT and SRT D and DB, arnd the minimum detesctable root-
mean-square value of the brightness temperature in the imags element TBx

T = T B*
5" D,D, (avat)¥2

(5)

Wwe obtain for the values: T=100 K, B=10" km, D =30 m, D100 n, Av=2 Mz, bt=

1 day--the amount TB=107 K. This means that the synthesis system with low-

orbital SRT can be successfully employed to synthesize the images of compact sources
of the type nuclel of galaxles, quasars, stars, etc, Practically all the known
quasars and galactic nuclei (total number of several ..ndreds) have T, that sur-
pass the indicated limit, wkile unarbiguous radio images with resolution on the
order of 1073 ang. s, realized on interferometers with bases on the order of the

garth's diameter, have been obtained only for several similar objects,

In the examined system, the ahtennas participate in a complex relative move-
ment that generally speaking is aperiodical, which makes it possible to obtain
a fairly complete spectrum of spatial frequenciess this significantly affects the
unambiguity and quality of the obtained images [5,11]., A similar problem, in par-
ticular, is encountered in processing and Interpreting the data obtained by the
ground-based interferometers that are used for synthesis of the earth's rotation. /6
Thé lattar are characterized by the elliptical shape of the motion tracks of
the base vector projection in the plane of spatial frequencies (UV-plane) with a
period of 12 hours [6]. Since during @ach subsequent period the track is repeated,
then the percentage of filling of the UV-plane by the ground-based inteferometer
that consists of a small number of antennas is very small (see below), In con-
trast to this, in RASSAS-1 practically complete and single-binding filling of
the correspondirg region of the UV-plane occursy its boundaries are close to an
ollipse,

In order to make a detailed study of the process of filling of the spatial
frequency spec¢trum in the RASSAS-1 variant,and to compare the results of filling
with the filling done by the ground-based systems of aperture synthesis consisting
of two (type VIB) and many (type VIBA) antennas, a series of mrograms were compiled
for numerical modeling (in Fortran IV language, realization on ES-1040 computer)-
Below is a brief description of the algorithms (section 2), results of the
modeling and their discussion (section 3), A description and listings of the
programs are given in the appendix,

s s b SRR,
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2. Description of Modeling Algorithms
2.1, Coordinate System and Motion Equations.

The movement of components in the system of aperture synthesis is examined
in the following rectangular coordinate system OXYZ that is generally accepted both
in the description of radio interfe;omatars, as in the description of movement of
artificial earth matellites: the center of the coordinate system "O" is located in
the center of the earth, the axis "0/" is directed towards the North Pole, the
axis "0X“--towards the point of spring equinox, and the axis "OY" suppldaments the
system of coordinates to the left set of three,

The motion equations of the¢ ground-based radio telescopes in the adopted system
of coordinates look like:
. (X (£) =R, Cos ¥ Los (82 +XP4000),
£ L) = U aR, Cos Y- Bin(Su b+ 4.,
EP(E)=R Sin g, ©)

where Re-—aarth's radius, ). -~angular veloclity of earth's rotation,j’(i), A(i)--geo-
graphical latitude and longitude of 1i-th GRT, AO--angle between the point of the
spring equinox and the zero meridian at the beginning of the time reading,

The motion equations of the SRT on the assumption of a circular orbit and in
the absence of precession and nutation of the orbit look like [7]s
) Kilt) xR, [Cos (ot +8,)CorSd, - Cosl St (0k+8,)$1nS2, ,
RU(E) = £ 9 R ot 48, Sindhu +Coxl Sin (k48,0 C0sf2. ] |
2,(61R, Sin L Sin (wt+8,) @
where Ro—-radius of the SRT orbit, w--angular velocity of the SRT movement in the
orbit, 90--initia1 phase of movement of SRT,!IO--longitude of ascending angls of
orbit, i--angle of incline of orbital plane to plane of earth's equator,

Consideration for the effect of precession of the SRT orbital plans on the
result of filling the UV-plane can be made by introducing the dependence of £ o on

time although, as will be shown later, for duration of observation T°~‘1 day one
can not consider the precession,

The motion equations for the RASSAS-1 base looks like

Eun(t) = ﬁu“‘) - ﬁ“(t) ’ ®
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while the motion equations of the base (i, j)-the palr of radio telescopes of
the ground-based system of synthesis look like

&.i,.)) L"(t) R(A)(t) . )

Sample geometry of the mutual arrangement and movement of the components in /8
the RASSAS-1 system is presented in figure la,

2;2, Observed Object and Basis on UV-Plane

The position of the observed object in the celestial sphere is assigned by
the coordinates a (direct ascent) and 6 (inelination),

The direction vector to
the object A is defined as

A| . cabd'c°$8,
Aeq Ay Sine Cord,
“"S‘MS. . ‘ a0

The observation plane (spatial analog of the UV-plane) is assigned, like the

plane passing through the center "0" of the coordinate system and perpendicular

to the vector I The basis vectors on the observation plane, or what is the same

with accuracy to scales, on the UV-plane, are selected as equal

By, ¢ Cota Cos (B 470D,

Ev‘ Bvu- QUna Cos(E+173), abD
BrasSin(8+%2) ,
B« [R i1. a2)

-
i. e., the vector B is formed fxom A by turning it 90° in the plane passing

through A and the a.xis "0Z." The vectors A, B.,JB :form an orthonormal basis; here

the projection of the base vector in the system on B detsrmines the resolution for
the coordinate & in the ceiesr.ia.l sphere, the pu:o:jection on B --for the coordinate

a, while the projection for A is the difference in the signal course from the source
to one of the radio telescopes in relation to the other.

The plan for selecting
the basis on the UV-plane is given in fig, 1b.
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2.3, Calculation of Simultansous Visibility of Object /9

For the GRT the condition of 1its visibility of the object corresponds to the
fact that the radio tolescope is located from the same side of the observation
plane as the observed object, and for this the following condition must be fulfilled:

(B8 >0
H ¢ «I3)

For the SRT this condition must be supplemented, since depending on the
height of its orbit the SRT will "sae" the object in the space of a certain time
after its switching to the side of the okservation plane that is opposite in rela-
tion to the object until it enters the cylinder of shade created by the earth.
Thus, the condition for cessation of ths space radio telescope's visibility of the

object can be written in the form
b4 - T S~ 3 .
{(Q,('ﬂ)@O}QQ@K'B“)*(QK-EU—S&* D: §O} . 14

In the process of simulation the filling of a UV-plane by a pair of radio
telescopes is interrupted if even one of them at the given moment is not in the
condition to see the object.

2.4, Filling of the UV-plane

In the course of the modeling the values of the projections ' of the current

base vector of the given palr of radio telescopes on the basis vectors E;and‘fiv.
are determined, The obtained values are multiplied by the scale multiplier,
selected such that the maximum base realizable by the system is written in the
best manner into the discrete grid with assigned number of cells set aside for
this, The projection values are rounded oif to a whole number according to the /10
adopted quantization spacing. From the obtained whole-number projection values
for the base vector on—ﬁﬁ amiazr the numbers of the calls are determined in the
computer storage files that have been set uside for storage of the results,

The model result of a single observation at the given base during the time cor-
responding to the adopted quantization spacing in time (in the given case,
directly the quantization interval duration) is added to the contents of a cell
thus' determined, that is also symmetrical to it in relation to the center of the
coordinates on the UV-plane, For a muliiple-component system, this procedure is
carried out in a cycle for all pairs of radio telescopes in the system. Thus, in
the cells of the discrete presentation of the UV-plane the times for the stay of
the system base projection in the corresponding areas of the continuous UV-plane

é
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are summed.

The described procedure also provides for the possibility of obtalning charts
for the f£illing of the UV-plane during multiple-frequency operation of the radilo
inte:ferometer, The essence of the multiple-frequency filling consists of the
fact that at the same time that a cell is filled that has coordinates (uI, V1) on
the UV-plane corresponding, say, to the first aad the highest frequency of obser -
vation, cells are also filled with coordinates ( Qiul‘ Q.o\rx)., where ée' &/31 < 1
is the {-th relative observation frequency., With the optimal selection of
relative frequencies 7@2 the filling of the UV-plane nust be significant improved,
of course, on the assumption that the distribution of radio bBrightness for the
source remains unchanged in the entire range of observation frequencies, The UV-
plane that is thus filled representsthe sum of the filling in the first frequency,
with the fillings obtained from it by the affine compression with the corresponding
cosfficients 7], .

Basides the increase in the number af filled cells on the UV-plane, the
multiple-frequency operating pattern of the radio interferometer has an important /ll
qualitative advantage over tlhe traditional one-frequency pattern that consists of
the possible determination of the phase of the visibility function from the Jdif-
ferences in the interference signal phases for each frequency pair. We propose
1o examine this questicn in detail in another: work,

2.5, Processing of the Modeling Results

The filling data obtained during the numerical modeling are further processeds
the following are determineds value of the number of filled cells va maximum
base Bmax realized in the given: numerical experiment, coefficient of time use
(1.e.,, the relative portion of time during which simul“aneous visibility of the
studied object by both radio telescopes is realized), Kt' In addition, the
function‘@(tc) that is normed for a whole number of filled cells is determined
thie is the function for the distribution of the number of fillad cells according
to the time of accumulation of tc on one cell,

In the analysis of the different interferometric systems, it is convenient
to select their information content as the comparison parameter, The information

P ek 4 i e R Y e vt iorbik s i it
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content Sh according to Shennon ig defined as

ShaZenlLe (F/E) ) subv, dir)
“

where (F‘/dF) 13 is the ratio silgpal/noise in the (i, j)-th cell of the discrete
UV-plane, (i1, i7--1inear dimensions of the cell, With F/Gf<1 (weak source) one
can be limited to the first term of the logarithm expansion into a Taylor series,
and, taking into consideration that F/dbﬁdtc—. we obtain

Skt‘ﬁu‘b"%t}.ﬁ(“‘.‘ﬁ‘)' (hin)
Tn the case of a strong source, F/0F>> 1, the logarithm in (15) can be /12

ignored as compared to the linear dependance of the information content on the
number of filled cells, Thus, two estimates are possible for the relative infor-
mation content of the interferometric systemss according to formula (16) for weak
sources, and according to the number of filled cells for strong ones,

In this respect, during the processing of data from filling the UV-plans, we

determined the coefficlent of informaticn content ShI as well,

2.6, Block Diagram of Counting and Presentation of Results

The general block diagram of the procedure for numerical modeling of the
process for £illing the UV-plane is given baelow,

During the pringing of the program the initial data are issued and the
results of processing the data on filling of the UV-plane, The charts for filling /13
of the UV-plane are derived on the ADP (alphabet-digital printer) in two gradationss
unfilled cells are represented by problems, filled--by the same symbol regardless
of the time of accumulation on the given cell,
3. Results of Numerical Modeling and Their Discussion

—

3,1, Selection of Initial Parameters

»

A system was selected as the model for RASSAS-1 that consists of one GRT
that has the geographical coordinates of
latitude Y= 450
longitude A=0°,
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and one SRT that rotates around *i;: earth on a circular orbit with the following
parameters:

altitude of orbit Ho=350 km,
period of revolution TO= 92 min,
incline of orbital plane i= 529,
longitude of ascending loop .f10=0°,
beginning phase @ =0°

(o}
The geometry of the system is presented in figure la,

Tt is evident that if the duration of the observation period T3>To, then tne
dependence of the resulting filling of the UV-plane on Go'mill be weak, With
Tﬂz 24 hours the dependence on A will also be weak, For this reason, the zero
values of these parameters were selected purely formally, As will be shown below,
the dependence on_flo is manifest as the dependence on the difference of dﬁflo.
where o is the direct ascent of the observed object. In this respect, variations /14
wore not made in the value,fl The values i and H were selected close to the
corresponding values of the orbit of the "Salyut” staxion. During the numerical
modeling calculations were made for the situations that are distinguished by the
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Figure 1., Geometry of Radio Astronomical Space System of Aperture Synthesis
(RASSAS-1)
a) mutual arrangement of the ground-based (GRT) and space (SRT) radio
telescopes (E--earth's equator, G--Greenwich meridian); b) plan for
selecting basis on UY-plane

position of the observed object in the celestial sphere and the duration of the
observation period, as well as by the number of analyzable frequencies during
multipls-frequency filling of the UV-plane, Here, practically always, with the
exception of the case where the spatial response of the system was computed, the
UV~plane was gresented in the form of a mass of 101 x 101 cellss here the cell
with the number (51,51) corresponds to the cenmter of tie coordinates on the UV-
plane, 1.,e,, in our illustrations for clearness both halves of the UV-plane are

mesented., The linear size AR of one cell is selected from the correlation
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500&#2%7’ | W
where RO--radius of the SHT oibit, which corresponds to the fact that the
maximum base reallzable by the system equalling MRR  Will have a magnitude of 50
cells in the discrete presantation, The spacing At of the quantization of the
process in time is sdected as equal to 6 seconds, which corresponds roughly to
1/4 + 1/10 of the average time that the projection of the systen base vector

stays in one cell of the llV-plane during a single passage through it,

3,2, Dynamics of the Process of UV-Plane Filling

Figures 2 and 3 present maps of filling for the UV-plane in the RAS3AS-1
system that were computed without consideration for the precession of the SRT
orbit for the observed objects with coordinates anoh. s=lt5° (fig., 2) and dFlBh,
s=ly50 (fig, 3) with different durations of the observation period Tye The numters
in the left upper angles of the charts pressented here correspond to the complete

duration of the observation as follows

e N i i R T

No 11 {2z {3 4 5 6 7 8 _
. | ‘
T, hour) | 1.5 | 3 |6 ! 12 24 48 % 192

On the charts corresponding to the short (THS 12 hours) periods of observa-
tion, the interruptions in the movement tracks of the projection for the system
base vector on the UV-plane are clearly seen; they are due to the entrance of the
SRT into the earth's shadow and the movement of the GRT during the time that the
SRT is in the shadow, as well as the general epicycloid nature of the filling.

Figure 4 presents graphs for the dependence of the number Nf of filled cells
(in thousands) on the duration of the filling period Th, Tha solid line repra-

sents the dependence for the source with coordinates dFOh, ¢=li5¢, and the dotted
line--for the source with.a?IBh, &=l45°, It is apparent that, with the given
quantization of the UV-plane the filling occurs fairly intensively all the way
to time TH= 4 days, and then becomes saturated, which is induced by the repeated
entrance of the projection of the system base vector into the previously filled

cells, Here the coefficient of filling a single-communications region that contains

all the filled cells is fairly high, and is 0,5-0.8, It is natural that the

11
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Figure 2. Charts for Filling the UV-plane of the RASSAS-1 System with:
= 45°, A=0°, H =350 km, T =92 min, 1i=52°, () =0°, 6-=0°, q=

ob, g=u50 for th8 filling t¥me T.: 1,5 h (1)S 3h (B), 6 n(3),
12 h (4), 24 h (5), 48 h (6), % 'n (7), 192 h (6). The UV-plane

is divided into 101x10l cells,

reduction in the linear dimensions of the cell, or what is the same, the increase
in their number in the discrete presentation of the UV-plane will reduce the
coefficient of filling, and will shift the moment that the filling process be-

comes saturated toward the greater times,

Precession significantly alters the dynamics of UV-plane filling, but only
at lorg observation durations, Thus, with rate of precession 1-2 deg/day, the
linear changes in the base vector with characteristic size RO=67OO km will be
200-400 km in 2 days time, which corresponds to 1-2 cells with the given
quantization, Precession will reduce the degree of covering of the newly filled
cells in thc peripneral region of the UV-plane, and correspondingly will in-
crease their numi«:r, and, what is important from the viewpoint of the tasks to be
solved by the system, on large values of the base. With T ™1 day, the effect of

H
precesslon cannot have a significant effect on the filling,

The graph presented in figure 5 (solid line and dotted line correspond to
the same positions of the observed object as in fig., 4) for the dopendence of
the average time of accumulation on one cell tav on the duration of the observation
period TH also indicates the effect of repeated entrance of the base vector

projection into previously filled cells, and namely: up to time T A2 days tav

H
12



Figure 3., Chart of UV-Plane Filling by the System RASSAS-1 with:
Y =450, A=0°, H =350 km, T,=92 min, 1=52°,Ilo=0°, 6 =0°,

a=18" g=hso for the filling time T,: 1.5 h (1), 3 h (2),

6h (3), 12h (4), 2+ h (5), 48 h (B), % h (7), 192 h (8).
The UV-plane is divided into 101x10l cells,

practically is not altered, which indicates the low percentage of repeated
entrances, and then begins to increase rapidly (practically linearly with TH)'
The effect of precession of the SRT orbital plane must slow this growth down at

long observation times.,
3.3. Dependence of UV-Plane Filling on Coordinates of the Observed Object

The data presented in figures Z2-5 indicate the significant change in the
results of filling depending cn the coordinates (in the given case--on direct
ascent) of the studied object, Thus, for the source with a=18h, 6=45°, the number
of cells filled in 24 h with other conditions equal, is roughly two times greater
than for the source with a=0" and the same incline, This is linked to the fact
that with different coordinates, the source"sees" the plane of the SRT orbit at
different angles, The optimal from the viewpoint of the completeness of filling
the UV-plane will be that mutual arrangement of the studied object and the SRT
orbital plane, where the vector A of direction to the object will be perpendicular /17
to the orbital plane; in other words, when the orbital plane will coincide with
the observation plane, If one searcnes for the extreme only for a with the
remaining parameters fixed, then it will be reached with a(m)=§3v-ﬂ/2 for i<m/2
and a(m)=$76+w/2 for m/2< i < 7, where a(m) is expressed in radigns. Due to the
influence of both the SRT and GRT entering the shadow, and depending onJ and A,
the valus a(m) that'gives the maximum number of filled cells on the UV-plane for

13
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the orbit with fixed parame’wrs can be somewhat altered in relation to the value
determined above,

Figure 6 presents the charts for filling the UV-plane in 24 h for the objects
with a=0P and & 1linked to the number of the chart as follows:

L e N et 4 s

No. |1 2773 e
5 |00 | 13| 26! 390

T e
sie | &he | 7o | oo

and figure 7--the charts for filling the UV-plane in 24 h for objects with §=45°
and o linked to the number of the chart as follows:

;5 le | 7
L1 |

No | 1 8

ath

The graph presented in figure 8a shows the dependence of the number of filled
cells on the UV-plane (in thousands) on the incline of the studied shject with
a=0" (solid 1ine) and a=18" (dotted line), T,=24 h, and figure 8 b--the dependsice
of the number of filled cells on a of the studied object with §=45° and other
conditions equal. On figure 8b, the maximum with a%lBh is clearly visible, which

mrecisely corresponds to the case where the source with fixed § "seas" the plane

/18
of the orbit at the maximum angle.

This fact has great importance for selecting the sequence of observation of
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Figure 5, Dependence of Average Time of Accumulation on One Cell t,, on the
Duration of Filling TH for:

3("5"' A=0°, H =350 km, T =92 min, 1=52°, f1=0°, € =0°, =50, o=
oD (s0lid 1ine)°and 0=18" Pdotted 1ine) with’divisidn of the UV-plane
into 101 x 101 cells,

several objects, since the presence of precession of the orbital plane in principle
can permit the selection for each object of that moment of the beginning of obser-

vations to' where the filling of the UV-plans will be the maximum Ppossible for.it,

which will permit an increase in the efficiency of the observation process,

The optimal moment for thebeginning of the observations of the assigned object

can be defined from ‘the:.correlation

Seolts) Vo =K. 18)

The value to can be determined with accuracy up to several days, for during such
a period the effect of orbital precession on the process of filling the UV-

plane 1s insignificant,

If one observes the sourc. not only with the optiral value of the direct
ascent, but also with the optimal valus of incline 60. then besides the maximum

filling of the spectrum of spatial frequencies, the minimum frequency of inter-
ference of the signals will occur, In fact; in this case the projection of the
rate of SRT movement on the vector ]? of direction to the object will equal zero,
and consequently the change in the geometric delay (from here the interference
frequency follows) will be dstermined only by the rate of movement of the ground-
based telescope,

*
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Figure 6, Maps of Filling the UV-Plane by the System RASSAS-1 with:
T =2l h, J=450, A=0°, H =350 km, T =92 min, 1=52°, £l =0°,
=00, s=45° and differSnt ar 0°(1), 13°(2), 26°(3), 39°(4),
519(5), 64°(6), 71°(7), 90°(8), The U-plane is divided
into 101 x 101 cells.,

In practice a certain range of angles for the incline will exist,in which the
projection of the SRT valocity on the vector K will be fairly small, for example,

it will not exceed the relative rate of movement of the radio telescopes in the
VIBI type system with hasis equal to the earth's diameter, We will introduce
into the examination the amount of deviation Aé of incline from the optimal value:
A= 6=6 . Then the maximum value of the velocity projection of the SRT on the
vector K} can be estimated by the amount

. Tk
U (KPE) = w RS 6B = 3-7?— b wabl| - -

Correspondingly, the maximum value for the projection of the relative rate of
movement of the radio telescopes in the VLI system will be

U (VLBD) = 2R, 82 = iJLfl g (20,
Te
where Te=24 h. Thus, one can estimate the range of angles at which VII(SRT)S
Vrr (VIBI) from the correlation

(21,

which yields

O
oo
o
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That is, with the optimal o in the range of inclinations (50-7°, 56+7°) the frequency
of interference for RASSAS-1 will not be greater than durilng observations on the
VIBI with base close to the earth's diameter, Consequently, in this case the
requirements for the fast-response and the range of indefiniteness selection for
the Doppler shift in frequency during observations on RASSAS-1l will be the same

as for the ground-based system, In additicn, an important consequence of selecting
the optimal mutual orientation of the studied source and the orbital plane of the
SRT is that the errors in determining the coordinates and velocity of the SRT,

that are mainly linked to indefiniteness of its position along the orbit enter the
analysis of the weight factor sin As, i.,e., their influence will be significantly
reduced,

The value of the pure time synthesis is important from the viewpoint of /20

efficient observations, i.e,, that part of the complete observation time dwring
which simultaneous visibility of the studied source by both radio telescopes in
the system was realized, Figure 9 jresents the dependence of the pure time
synthesis T on the coordinate a of the studied object with 6=45° and complete
observation time TH=24 h, It is apparent that with the value 0=18h thgt is .
the optimal from the viewpoint of the complete filling of the UV-plane, the
maximum pure synthesis time is also realized,

3.4, Distribution of the Number of Filled Cells of the UV-plane According to the

Accumulation Time

With the adopted algorithm for filling the cells of the UV-plane, the
accumulation times for one cell are distinguished among themselves, which is

linked, first of all,to the:nonuniformity in the rate of movement of the projection
for the system base vector over the UV-plane and secondly, to the repeated
entrances of the base vector projection into the already filled cells, which occurs
most often with small values of the current base. The range of change in time of
accumulation for one cell is 2-3 orders for one realization of filling¢ however,
such a broad rangs is mainly due to the presence of cells with very large

accumulation times as a rule there are few of these (units),
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Figure 7, Charts for Filling UV-Plane of RASSAS-1 System with:
T, =2k h, S =450, A=0°, H =350 km, T _=92 min, 1=52°, () =0°,
6,=0°, §=45° and different as oM (1), 3%(2), 6"(3), I"(¥),

120 (5), 150 (6), 180(7), 21P (8). The UV-plane is divided
into 101 x 101 cells.,

The graphs presented in fig, 10a, b show the functions d)(tc) for the dis-
tribution of the number of filled cells according to accumulation time on one
cell tc, obtained for TH=24 h, with coordinates of the studied ob ject a=18h, b=l 50,
and division of the UV-plane into 101 x 101 (fig., 10a) and 128 x 128 (fig, 10D)
cells, The maximum values of tc plotted on the horizontal axes of the given
graphs correspond to the maximum values for the accumulation time for one cell
that were realized during the given numerical experiments. Both graphs have
clearly pronounced maximums at accumulation times close to the average time of
accumulation tav shown on the graphs by a vertical line, It is apparent that
with an increase in the number of cells in the discrete presentation of the UV-plane
the maximum of the distribution function appears more distinctly., The percentage
of points with accumulation time lower than 0,5 tav in both cases is small (NIO%),

and is reduced with an increase in the number of cells in the division of the UV-
plane,

It is worth noting that the cells with large accumulation time can be used

for the purpose of calibrating the system and for accurate phase correlation
in solving the tasks of radio astrometry.
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Pigure 8, Dependence of Number of Filled Cells N (in thousands) on UV-
Plage on Inclination § of Studled Objet fors
a=0" (solid line), and a=18" (dotted line) with T~ 24 h,

3 =50, A=0°, H =350 km, T =92 min, 1=52°, () =0°, @=0°,
The UV-plane is®divided info 101 x 101 cells.

b, Dependence of Number of Filled Cells N, (in thousands)
on UV-plane on Direct Ascent of o of Studisd Object with
$=45° and the other conditions the same as in fig. 8a.
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3.5, Multiple-Frequency Filling of the UV-Plane

Figure 1l presents charts for filling of the UV-plane in 24 h for the source
with a=18h, 5=45° with one-, two-,three- and four-frequency filling with
relative frequencies 1,0, 0.9, 0.8 and 0,7, and figure 12 shows the dependence
of the number of filled cells on the number of filling frequencies for the
sources with a-oh, sul450 (solid line) and QFlBh, s=l45° (dotted line), The values
that are diecrete in their essenco,présented in fig, 12, are connected by a

smooth curve for clarity,

On figure 12, ona can see the significant growth in the number of filled
cells during the transition from one frequency to two, and the saturation in the
growth during further increase in the number of frequsncies, However, with
varying spacing of the difference in relative frequencies, different stages in the
filling increase are possible, 1In particular, the charts presented in figure 11
show the possible additional increase in the number of filled cells during the /22
introduction of yet another frequency, closer to 1,0 than 0,9, .since this would
pormit the filling of the gaps present in the peripheral regions of the examined
chartss the more so since this gives the advantage to the number of cells that
have high values of spatial frequencises,

3.6, Spatial Response of the RASSAS-1 System

The spatial rosponse (beam pattern of the synthesized aperture) in the
RASSAS-1 system was obtalned by a Fourier transform of the UV-plane filling
obtained during modeling of the observation of a source with a;lBh, 5=l450, Ty=
24 h, and with the division of the UV-plane into 128 x 128 cells,

The obtained response, constructed in the form of a relief map, is presented
in figure 13. The maximuin lateral lobe of the given response is 12% of the

magnitude of the central maximum, while the root-mean-square level of the lateral
lobes equals 1.2%, The maximum and the root-mean-square levels of the lateral
lobes can be significantly reduced, both with an increase in the duration of the
observation T above 24 h, and with the use of the extant methods of image
clarification [8,9],
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3.7, Comparison with the Ground-Based Systems Type VLBI and VLBA

To compare the filling of the UV-plane by the RASSAS-~-1l system with the filling
by the created ground-based systems of aperture synthesis using the earth's rotation,
two systems were sslected of radio interferomsterss a) two-component VIBI with
antennas that have the following geographical. coordinates:

No of antenna latitude longitude
1 42,0° -80.0°
2 bk, 50 34.0° /23

which roughly corresponds to the interferometer Simeyz-Khaysteks b) the VIBA system
suggested in [10], consisting of 10 radio telescopes whose gaographical coordinates
are given below

No, of antenna Latitude Longitude

I 40.4° - 3.2° .
2 38.4° -m.2°
3 36,69 - 79.8°
4 3g.5° - 8I.5°
5 98.6° - 46.6°

21
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Figure 10, Distribution (Y)t of Number of Filled Cells on UV-plane according
to Accumulation Time for One Cell tc withs
==24 h, ¥ =1+5° A=0°, H =350 km, T =92 min, i=5z°,£1°=o°,

60='0°, a=18" , 6=45°, and with division of the UV-plane intos
a) 101 x 101 cells, b) 128 x 128 cells.
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Mgure 11, Charts for Filling the UV-Plane by the RASSAS-1 System with Multiple-
Froquency Filling with Relaiive Irequenciess
'n(u 1,0, 0,9, 0,8 and 0,7 with TH=24 h, Y=457, A=0°, HO=35O km,

T,=92 min, 1=53°.£‘O=0°. 0,=0°, a=18N, g=450, division of the UV-

plane into 101 x 101 cells and with varying number of frequencies
n=1,2,3,4,

It was considered in the calculations that the dimensions of all the antennas
in the systems RASSAS-1, VIBI and VIBA were the same, The scales of the charts
for the UV-plana for the VIBI and VIEBA systems were selected from the correlations:

60 ARVL.I s 4 D.,

50 Apvulh . 2- r‘.

in order to reduce the values for the maximuwi bases realizable by this system,
expressed in the number of UV-plane cells, to the values realizable by the

RASSAS-1 system, The obtained values LR are 212 km for VLBI and 256 km for VLBA,
which is close to AR=272 km for RASSAS-1, therefore +the charts for filling of

the UV-plane and their statistical characteristics obtained for different systems

can be directly comparad among themselves by taking into consideration the fact /24
that the number of antennas participating in the VIBA operation is considerably
greater than thu aumber of antennas in the RASSAS-1 system and the VLBI system,

Figure 14 prusents the charts for filling of the UV-plane by the VIBI
model system for objects with § corresponding to the chart number as follows:
No S ."1 1 72 v . 3 ] 4‘ ; 5 ‘ 6
& 0° 15° 30° 4se | 60° | 90°

Figure 15 presents charts for the filling of the UV-plane by the VIBA
systems (index "G"--ground-based at the chart number) and RASSAS-1 (index "S"--
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Figure 12, Dependence of Number of Filled Cells Nge(in thousands) on UV-Plans

with Multiple-Frequency Filling on Number of Simultansously Ana-
lyzable Frequencies with Relative F!;quencies:
ﬂz(-lo 0.9, 0.8, 07and'1‘=24h =/} 50 A=0¢, H =350 min, T .=

2 min, 1=529, 1 =0°, 8 =0°, Hembse, amoP (so11d'1180) and o 18
dotted 1ine).

UV-plane divided into lOl x 101 cells,

space)for objecte with inclination corresponding to the chart number as followst

6005 9o°

AN

No 1 2
5 0° 45°

For the interferometric systams type VIBI and VIBA the valus of the direct
ascent of the studied source with daily synthesis is quite ingignificant, and
for the RASSAS-1 in the given numerical experiments a was selected as equal to
18,

For comparison of the results of filling the UV-plane by the madel systems
VILBI, VIBA and RASSAS-1, the table presents the values for the number of filled
cells Nf, the relative information content for a weak gignal ShI. and the maximum
base Bmax realizable in the given numerical experiment, The complete observation
time in each case equals 24 h, The table corresponds to the situations whose
charts are presented in fig, 14 aud fig, 15, ‘

Conclusions

The calculations presented above, in particular, the charts for the
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'ﬁg:f;:r 1 VIBI 2 teigst%m 10 ~ |RASSAS-I
B . scopes ‘1 telescopes |2 telescopes

Ny 14 128 I 586

00 | Sk 2.8:107 1.0t 100 6.6:10°
| 7 6850 10 600 12 460
Ny, 334 2 267 4 089

Lr” Shy 2.9:108 5,4¢101° 1.84101°
By 10| 7 700 10 700 I2 950
Ny 404 2 999 3 375

Fo® 1 &y 5.6°108 751010 1.5°1010
«m| 7 750 IL 650 I2 250
Ni 290 2 917 2 811

B0° Shy 3.0-108 7.9-1010 I.1+1010
| Bgy (K1) 7 800 10 500 [ II 100

filling of the UV.plane and the data presented in table 1, make it possible to
draw the following conclusions:

1. The filling of the plane of spatial frequenciss by the RASSAS-1 system
that consists of two radio telescopes (one ground-based and ohe space) is much
higher than the filling done by the ground-based two-component intercontinental
radio interferometers of the typs VIBI,

2. Filling of the UV-plane by the RASSAS-1l system in 24 hours is signi-
ficantly better (on the average) than the filling dome by the multiple-antenna /26
(up o 10 antennas) global interferometric systems; here with an increase in
the duration of observations over 24 h RASSAS~1 makes it possible to obtain
even more complete filling, which, of course, is impcssible in the VLBA system.

3. In the case of observance of a weak source for 24 h, the information
content (according to Shennon) of RASSAS-1 on the average is three times inferior
to the information content of VIBA (10 telescopes), which is evidently due to the
considerable differences in the collection areas. It is easy to show that the
indicated information content is compared for both systems with thé 7-antenna
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Figure 15, Charts for Filling UV-Plane in T =24 h by VLBA Systemsh(index el
and RASSAS-1 (index "s"a for Studied Objects with a=18", g=0° (1)
45° (2), 60° (3), 90° (4), Division of the UV-plane into 101 x 101
cells

VIBA variant, But such a system will fill already roughly three times fewer cells

of the UV.plane as compared to RASSAS-1,

L4, 1In the comparison of the time-linked observation program for the RASSAS
type systems it is necessary to consider the direct ascent of the sourcas and
the precession of the SRT orbital plane in order to obtain the optimal filling

of the spectrum of spatial frequencies for each source included in the program,

5., The described algorithms and the programs of numerical modeling for the
filling of the UV-plane by the RASSAS-1 system can be usad to select objects for
study and compilation of the time sequence of their observations in real

experiments on a space radio interferometer,
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Appendix, Program of Numerical Modeling of UV-Plane Filling by Radio Astro-
nomical Space System of Aperture Synthesis

The program of numerical modeling of UV-plane filling by a radio astronomical /42
space system of aparture synthesis consists of the main program (MAINPGM) and
the subprograms ANGL, URBII, MZERO, SCALE, BASIS, VPROD, STATB and OUTUV,

The MAINPGM implements the input and control opening of the constants and
initial data, and gives the initial dat? in the necessary form, The initial data
and the constants are introduced with the help of the operators DATA and appro-
priation. The constants are PI=3,14,.,, radius of the earth RE, acceleration of
the gravity force on the earth's surface G, angular velocity of the earth's rotation
WE. The initial datas PHI(1l), PHI (2)--geographical latitude’ and longitude of
the GRTy PSI (1), PSI(2), PSI{3), H--longitude of ascending angle of SRT orbit,
incline of orbital plane, beginning phase at moment of time TO and height of oxrbits
ALF(1), ALF(2)--direct ascent and inclination of observed sources TO, T, DT--
beginning of time reading, duration of observation, and spacing of quantization
of process in time. All the distances are expressed in km, the time in min, the
angles (except ALF(1)) in degrses, ALF(1)--in hours, During its work the MAINPGM
generates the subprograms ANGL, ORBII, STATB and OUTUV,

The subprogram ANGL translates the angles from degree measures to radians.,
The ianput parameters: RAD--number of radians per degree, ANG--identifier of angle
file subject to transformation, N--length of file. The output values for the
angles are coirtained in the ANG file,

The subprogram ORBII strictly models the process of UV-plana filling by the
RASSAS system, The input parameters: PI=3,14,.., F--identifier of file, removed /43
for the UV-plane area to be filled, PSI, PHI, ALF--files of angular parameters of
the system, N--size of the file F, NC--coordinates for the center on the UV-plane,
RS, RE--radii of orbit and earth, RM--inverse size of one cell on the UV-plane,
WS, WE--angular velocities of SRT and earth rotation, T, D, T--duration of
observation and spacing of quantization with respect to time, After fulfillment
of the subprogram, all the parameters except F remain unchanged, and  the cells
of the file F contain £illing of the UV-plane, i.e., the time for stay of the
rrojection for the system base vector in the given cell of the UV-plane, The
generated subprograms: MERO, SCALE, BASIS,

29

B

¥t MM R et b



i

Subprogram MZERO brings to zero the two-dimensional file X of size N x N,

The subprogram-function SCALE makes & scalar ‘product of two three-component
vectors presented in the form of files A and B of length 3 cells,

The subprogram BASIS determines the basis on the UV-plane., The input
parameters: PI=3,14,,,, ALF--file 2 cells long containing the source coordinates,
The output parameters: A, BU, BV--files 3 cells long corresponding to the vector,
direction to the studied object, and basis vectors on the UV-plane, The generated
subprogram is VPROD,

The subprogram VPROD makes a vector product of two three-component vectors
A and B, The result is arranged in the file C of length 3 cells,

The subprogram STATB statistically processes the rasults of UV-plane filling,
The input parameters: F--file of cells of the UV-pliane, N--its size, NC~~
coordinate of the center on the UV-plane, DR--size of one cell in km, T--duration
of observation, During the operation of the subprogram the following amounts
are determined and issued in print: N--number of filled cells, NO--number of cells /Uk
in circular region with radius equal to the maximum realized base, KF--coeffi-
clent of filling of circular region, BM--maximum realized base, XM and YM--
maximum realized values for the base projections on the axis U and V, TMIN,
TMAX, TEV--minimum, maximum and average time of accumulation for one cell, TUSE--
"pure"synthesis time, KUSE--coefficient of use of the time in the given numerical
experiment, AINF--information content of the synthesized aperture for a weak
signal, 1In addition, the distribution function for the number of filled cells
according to the accumulation time for one cell is determined and issued in print,
An example of the output of the statistical characteristics is given below,

The subprogram OUTUV. produces a display in princ of the UV-plane filling
in two gradations, The input parameters: F--identifier of derived two-dimensional
file, N--its size,

The listings of the described subprograms are given below.
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