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ABSTRACT. The Ukrainian VLBI system of decame-
ter radio telescopes URAN successfully solves many
scientific problems, but implementing aperture synthesis
technology has a number of difficulties. One of them is
significant phase distortions in this range caused by an
inhomogeneous propagation environment. Therefore, the
task arose to develop an alternative technology with the
conventional name “Interferovision”, which would allow
us to restore radio images with a limited number of anten-
nas, operate with broadband signals, not require flatness
of the objects scene, and have an extended field of view.
A method of direct image reconstruction when observing
objects in space, using a multi-element interferometer, is
proposed. This method is based on a physically based
principle that is similar to holography. The wave front is
registered by the antennas of the interferometer, and fur-
ther processing is equivalent to its playback in reverse and
registration of the resulting spatial interference image.
There are no special requirements for the radiation of
individual points of the source, except for its delta correla-
tion. A finite frequency band is considered, and each point
can be characterized by its own spectrum, that is, its own
autocorrelation function of radiation. The resolution of the
direct reconstruction method depends on its width. With
the quasi-monochromatic approximation, the autocorrela-
tion functions of the radiation of all the source points
degenerate into sinusoids, and the restoration of the image
becomes possible only with the use of the Fourier trans-
formation. A theoretical justification of the method for
spaces of different dimensions has been obtained. Inter-
ferometric systems of the same rank with many antennas
are reduced to a same canonical form with fixed number
of virtual antennas placed at the origin of the coordinates
and at unit distances on the coordinate axes. The ambigui-
ty of the obtained solution is eliminated by using an addi-
tional antenna. A simulation of the proposed method of
direct image reconstruction for two-dimensional space
was carried out. Despite the low conditionality of the
system for estimating the distance, when it increases, the
angular characteristics are preserved. Therefore, the meth-
od is promising for restoring radio images of space radio
sources.

Keywords: multi-element interferometry, image restora-
tion, wide frequency band, wide field of view.

AHOTALIA. Vxpainceka PHIB cucrema nexameTpo-
BuX panioteneckoniB YPAH ycmimuo Bupinrye Oararo
HAYKOBUX 3aj]ad, ajie IMIUIEMEHTaLlisl TEXHOJIOTIi arnepTyp-
HOT'O CHHTE3y CTHUKA€EThCS 3 PSAOM TpyaHOIiB. OHIEHO 3
HUX € 3Ha4yHi (ha30Bi CIOTBOPEHHS B IbOMY [iala3oHi,
BUKJIMKaHI HCOJHOPIJHICTIO CEPEIOBHUINA MOIIUPCHHS.
Tomy moctano 3aBiaHHS PO3POOHMTH albTEPHATHBHY TEX-
HOJIOTIIO il YMOBHOIO Ha3Boio “IHTepdepodadeHHS”, sSKa
J03BOJIIIA O BiTHOBIIOBATH Palio300paKeHHS Mpu oOMe-
JKCHI KUTBKOCTI aHTEH, OIepyBala IIHPOKOCMYTOBHUMU
CHTHAJIaMH, HEe BHMarajia IUIOIIMHHOCTI 00'€KTHOI CLeHH i
Maja 0 po3IHMpeHe MoJie 30py. 3alpOIOHOBAHO METOX
npsiMoi  PEeKOHCTPYKIIT 300pakeHHs] NP CHOCTEPEKEHHI
00’€KTIB y MPOCTOpPi 3 JOMNOMOIOK 0araToeIeMEHTHOIO
iHTepdepomerpa. Lleir mMeron ocHoBaHMi Ha (Hi3UUHO 00-
IPYHTOBaHOMY NPHHIMIN, 10 Haraaye rosorpadito. XBu-
JIbOBHH (DPOHT PEECTPYETHCS aHTEHaMH iHTepdepoMeTpa, a
MOJAJIBIITNI 0OPOOITOK €KBIBAJICHTHUI HOTO BiITBOPCHHIO
B 3BOPOTHOMY HampsIMKy Ta peecTpawii yTBOPEHOTo Ipoc-
TopoBoro iHTepdepeHmiitHoro 300paxenHs. [Ipu mpomy He
BUCYBA€TBCS CHELialbHAUX BUMOT JO BHIPOMIHIOBaHHS
OKpEeMHX TOYOK JDKepena, OKpiM  Horo  JenbTa-
KOpeJbOBaHOCTI. Po3rismaeTbesi CKiHYeHHA cMyra 4acTor,
NPUYIOMY KOXKHA TOYKA MOXKE XapaKTepU3yBaTUCS BIACHUM
CIIEKTPOM, TOOTO BJIACHOIO ABTOKOPEJISIIHHOKW (DYHKIIEO
BUIIPOMiHIOBaHHs. Bin Tl IIMPHHU 3aJIeXUTh PO3ALIbHA
3[IaTHICTh METOXy NpsAMOI peKoHCcTpykuii. [Ipu kBa3iMoHO-
XpOMAaTHYHOMY HaOJIMDKEHHI aBTOKOPEISIIHHI  QyHKIIT
BUIPOMIHIOBAHHS BCiX TOYOK JPKepesia BUPODKYIOTHCS B
CHHYCOIIY 1 BIJHOBJICHHS 300paXCHHS CTa€ MOXKJIMBUM
TIIBKU 3 BUKOPUCTaHHAM nepeTBopeHHs Pyp’e. OTpuMaHo
TeopeTHyHe OOIPYHTYBAaHHS CHOCOOY AJISI TIPOCTOPIB Pi3-
HHUX po3MipHOCTeil. [HTepdepoMeTpruyuHi CHCTEMH OJHOTO
paHry 3 OaraTbMa aHTCHAMH INPUBOISATHCS JO €JIUHOTO
KaHOHIYHOTO BUTIIAY 3 (BIpTyalbHHUMH) aHTEHAMH, PO3-
MILIEHMMH B TIOYATKy KOOPJMHAT Ta Ha OJMHUYHMX BiJia-
JSIX Ha OCSX KOOpAMHAT. JIBO3HAYHICTH OTPUMAHOTO
PO3B’S3Ky YCYBA€ThCS BBEICHHSIM JIOJIATKOBOI aHTEHH.
[IpoBeseHO MOJIETIOBAHHS  3aMPOIIOHOBAHOTO  CIIOCO0Y
MpAMOi  PEKOHCTPYKIIT 300paKeHHS U1 JBOBHMIPHOTO
npocTopy. He3Baxkaroun Ha HU3bKY OOYMOBIIEHICTD CHUCTE-
MH CTOCOBHO OLIHKH BifJaii mpu i 30UIBIICHHI, KYTOBI
XapaKTEPUCTUKH TP [IbOMY 30€piraroThesi, TOMy CIIOCiO €
MIEPCTIIEKTUBHUM JUIS BIJTHOBIICHHS Palio300paKeHb KOCMi-
YHUX PajiojLKepelt.
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KuarouoBi cjoBa: OaratoenemMeHTHa iHTEepdhepoMeTpis,
BiJTHOBJICHHSI 300pa)KCHHS, IIUPOKA CMYyra 4acTOT, IIHPO-
Ke I10JIE 30DY.

1. Introduction

Aperture synthesis technology, based on the application
of the van Zittert-Zernike theorem, has been widely used
in modern radio astronomy (Thompson et al., 2017). It
boils down to finding the values of the spatial harmonics
of the Fourier transform of the image obtained by many
two-element interferometers. For this, the antenna system
is divided into pairs and the cross correlation function is
determined (Scaife, 2019). An infinite number of spatial
harmonics is necessary for the correct solution of the
inverse problem — image restoration — which is impossible
in principle. Therefore, various methods of interpolation
and processing of incomplete data are used, for example,
compressed sounding and sparse restoration (Garsden et
al., 2015). The resolution and quality of the reconstruction
results depend significantly on the set of bases of the an-
tenna system and the applied methods. The implementa-
tion of aperture synthesis technology requires the satisfac-
tion of a number of approximation conditions, including:
approximation of a plane wave, approximation of the
delta-correlation of the source points, approximation of
the object field of view to the plane and limitation of its
dimensions, approximation of quasi-monochromaticity,
approximation of the homogeneity of the waves propaga-
tion medium, approximation of the complete filling of the
area of interferometric bases. Some of these approxima-
tions are quite difficult to ensure, and a number of meth-
ods are being developed to reduce the impact of their
violation, among them — undersampling and deconvolu-
tion, isoplanatism (Schwab, 1984), spectral behavior (Tay-
lor et al., 1999), non-coplanarity (Shopbell et al., 2005),
direction-dependent calibration effects (Bhatnagar et al.,
2013), etc. The difficulties of taking into account the in-
homogeneities of the medium of wave propagation, pri-
marily the non-stationary ionosphere, give rise to the so-
called phase problem in low-frequency radio astronomy
(Kornienko et al., 2008, 2020). In addition, reconstruction
of radio images belongs to the class of inverse problems.
Therefore, the search for new stable algorithms for its
solution is still relevant today. At the same time, despite
all the accompanying problems, the interferometers that
are functioning today and new ones that are being built or
designed are systems of aperture synthesis.

Another approach is based on the use of the longitudi-
nal correlation function (Koshovy et al., 1998) followed
by the Radon transform (Koshovy et al., 2002 & Lozyn-
skyy et al., 2023). Image reconstruction is carried out by
inverse Radon transform based on a set of received projec-
tions for pairs of antennas. With this technology, the ap-
proximation of quasi-monochromaticity becomes unnec-
essary, the resistance to the influence of the inhomogenei-
ty of the propagation medium increases, and the filling of
the area of the interferometric bases is improved. But at
the same time, to obtain a strict solution, an infinite num-
ber of projections is required, which again requires the use
of interpolation procedures.

Lozynskyy et al. (2022) considered a fundamentally
different view of the problem of image reconstruction in
multi-element interferometry, which correctly poses the
inverse problem of image reconstruction. They obtained
conclusions about the bijectivity of the transformation of
spatial (angular) and difference coordinates. In this work,
when considering the problem of positioning with the help
of a multi-element interferometer, the method of direct
image reconstruction is mentioned. But the essence of the
method is not sufficiently revealed there.

2. Direct reconstruction method

The proposed method consists in the fact that each of the
antennas of the interferometer registers the sum of wave
fronts from different points of the object in some frequency
band. At the same time, radiation from different points of
the object takes different paths and takes different delays.
Further, during processing, the recordings are played back
in the opposite direction, which provides an inversion of
these delays. At the points in space that correspond to the
positions of the object points, the corresponding part of the
radiation will interfere constructively, because the differ-
ences in the path of the rays for them become zero. The
other part will not create interference in this place.

The essential difference between the direct reconstruc-
tion method and the aperture synthesis technology is that
with its help, a real image is obtained, it physically exists,
and is not determined indirectly through the components
of the Fourier transform. It can be registered with a test
antenna placed in a suitable location, or even visualized in
a certain way.

The method of direct reconstruction resembles holog-
raphy — after recording a section of the wavefront, it can
then be playback, resulting in an image. An important fea-
ture of holography is that a small particle of the recorded
wavefront appears to carry the necessary information about
the object, but with reduced contrast. Consider a similar
principle in relation to multi-element interferometry.

2.1. Direct problem

Let us have an object consisting of elements (pixels),
the radiation of which are random processes S; (t) col-
lectively stationary in a wide sense. Let us denote by
Rij (7:) the mutual correlation function the radiation of a

pair of source elements and write down the condition of
their independence, i.e. delta-correlation:

R: (r), i=]

Rii (t)=[sit)sj(t—t)dt=1 " .
u(T) ISI()SJ( ©) { 0 ixj 1)
Let the radiation of the object be received by a multi-

element interferometer (Fig. 1). For the K -th element of
the interferometer, we write down the sum of the received

signals
X (t) =it - i) - )
|

The sum (2) obtained for all K is the starting point for
solving the inverse problem.
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Figure 1: Scheme for determining the intensity of the
image element, the resulting beam propagation delay from
the i-th element of the source to the j-th pixel of the

image through the k -th element of the interferometer is
Tikj = ik * 7

2.2. Inverse problem

For each ( j -th) pixel of the image, we will form the

sum of the signals taken in reverse time, and we will ask
whether they interfere (equivalent to playback by the
interferometer elements).

mj(t)Z%Xk(t—’ti(j). 3)

The intensity of the created signal
2
'(mj)=f{2><k(t—riq)} dt . @)
k

Let's rewrite the square of the sum through the double
sum, which will allow us to enter the sign of the integral
under the sum

m]):ZZn:Jx,(t—r,})x

After substituting (2) into (5) and noting the resulting
beam propagation delay from the i-th element of the

source to the | -th pixel of the image through the K -th

m)dt . ()

element of the interferometer by Tj; = —Tjk +r'kj , we

obtain

1(mj)= ;%f[%sa(t ~ gl )}X

X ZSB(t—’Can) dt . (6)
p

Let's use the notation of the product of sums by a dou-

ble sum again
mj)=2 XXX @
n o f
where I(-) = .[sa (t ~ Tolj )SB (t ~ TBnj )dt . Note that
this integral is similar to the integral in (1). After applying
(1), we get

( ) ZZZZRaB(TBnJ Totlj) 8
naofP
We consider that on the basis of (1) Raﬁ(r) is different

from zero only if oo =[3. This allows you to record the
result of transformations in the form

'(mj)ZZIIZZRi (xinj —itj) ©

( ) ZZZR (Tll

The content of the obtained result (10) is as follows.
The radiation of the i-th element of the source with a

delay Tj) reached the | -th element of the interferometer,
was recorded and then played back in the reverse direc-
tion. At the same time, the delay t;; changed its sign and

—rm +Tnj) (10)

became equal —Tj; . On the way to the J -th pixel of the

image, there is an additional delay Tij , and the resulting

delay will be Tjj; =—71j + Tij . Another ray, the N -th,

which corresponds to the path through the N-th element
of the interferometer, receives a delay

Tinj = ~Tin +1:'nj in a similar way. It interferes with
the previous one, since it is radiated by the same source
element, with an amplitude determined by the correspond-

ing correlation function Ri(r) based on (1) for

T = Tjpj — Tjlj- And so in pairs for all elements of the

interferometer and for all elements of the source. Note that
Rj(0) corresponds to the radiation intensity of the i-th

element of the source, that is, the image of the source is
formed pixel by pixel in this way.

2.3. Existence and uniqueness of solution

Obtaining an image can be conventionally divided into
two stages. At the first stage, signal records are obtained,
in which a set of delays corresponds to each element of
the source with its spatial coordinates. These delays can
be interpreted as difference coordinates. At the second
stage, the inverse transformation of coordinates is per-
formed.

Lozynskyy et al., (2022) considered the transformation
of spatial and difference coordinates and determined the
number of interferometer elements necessary for mutual
uniqueness in spaces of different dimensions. The number
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of interferometer elements, arbitrary but greater than or
equal to the minimum, is described by a canonical equa-
tion of the corresponding rank. That is, all interferometric
systems of the same rank with many antennas can be re-
duced to a single canonical form with (virtual) antennas
placed at the origin and at unit distances on the coordinate
axes. But as it turned out, in some cases the solution of the
inverse problem can be ambiguous - the distance from the
object to the interferometer can take two values. A de-
tailed analysis of this shortcoming is beyond the scope of
this work, it is enough to note that adding one more ele-
ment to the interferometer completely eliminates the men-
tioned problem. With a sufficient number of interferome-
ter elements, the transformation of spatial and difference
coordinates is bijective. For two-dimensional space, it is 4,
and for three-dimensional — 5 elements. If there is no need
to determine the distance to the object, but you can limit
yourself only to angular coordinates, which is quite ac-
ceptable in radio astronomy, then the minimum number of
antennas can be reduced by one.

Thus, based on the bijectivity of the transformation of
spatial and difference coordinates (displayed as sets of
signal delays in records) and the correspondence of the
autocorrelation function at zero displacement to the radia-
tion intensity of the source element, the solution of the
problem of image reconstruction exists and is unique.

3. Numerical modeling

Numerical modeling of direct and inverse problems
was carried out for the case of two-dimensional space. In
radio astronomy, such a problem arises when observing
radio sources using a 2d interferometer (Lozynskyy et al.,
2022). The numerical simulation scheme of the direct
reconstruction method is shown in Fig. 2.
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Figure 2: Scheme for numerical modeling of the direct
reconstruction method
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Figure 3: Results of numerical modeling of the direct
reconstruction method; a) original image; b-d) recon-
structed by setting different autocorrelation functions of
the radiation of the object shown on the left

In the space with coordinates X and Y, 3 pixels of the
same intensity are selected, which constitute the model of
the original image of the object. 4 interferometer elements
are located at the vertices of the square. The part of the
space in which the image will be reconstructed is sur-
rounded by a frame.

In Fig. 3 shows the results of numerical modeling of
the map section.

4. Conclusion

As follows from the given theoretical reasoning and
numerical simulation, the direct reconstruction method
allows obtaining results with a limited number of interfer-
ometer elements. It is clear that with an increase in the
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number of elements, the relative intensity of artifacts will
decrease rapidly. The condition that we know the autocor-
relation functions of the object's elements is not difficult
to ensure in radio astronomy, since the radio radiation
with which radio astronomy operates is mostly broadband.
A small frequency band is allocated from it by the receiv-
ing systems, and the partial autocorrelation functions of all
signals become the same and known in advance. Howev-
er, the method does not impose any requirements on their
uniformity. Continuation of research in this direction will
make it possible to determine the individual radiation
spectra of individual parts of the image, i.e. spectral indi-
ces, or, conventionally speaking, "color". Rejection of the
quasi-monochromatic approach, besides this, gives a
number of positive consequences. For example, increasing
the frequency band is equivalent to increasing the sensitiv-
ity and immunity to interference.

Separately, it should be noted that with the quasi-
monochromatic approximation, the autocorrelation func-
tions of the radiation of all the source points degenerate
into sinusoids of the same frequency and the method
seems unsuitable in such conditions. However, the ampli-
tude and phase of the mutual correlation function of sig-
nals in pairs of interferometer elements appear, and this is
already the scope of the well-known aperture synthesis
technology.

When implementing the direct reconstruction method,
no requirements for objects distance are imposed, on the
contrary, it is determined. Moreover, there are no re-
quirements for the flatness of the object of the scene, for
the width of the field of view, the interferometer “sees"
the entire available space at once.

An important characteristic of the method is the possi-
bility of reconstruction of images of dynamic objects,
since only a portion of signals is accumulated, and then
only these instantaneous recordings are used. And this
creates the basis for observations through the medium of
wave propagation with moving inhomogeneities. In this
case, the obtained results will resemble speckles.

When observing objects that are distant compared to
the size of the interferometer, blurring is observed in the
distance estimation, but the angular characteristics are
preserved. This effect becomes clear from the analysis of
the form of the canonical equation of a multi-element
interferometer, in which the direction cosines enter direct-
ly, and the distance — inversely, as a unit divided by the

distance. The actual angular distribution of radio radiation
intensity is important for radio astronomy, so the proposed
method is promising for restoring radio images of space
radio sources.
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