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IMAGE PRODUCTION WITH SUB-DIFFRACTION RESOLUTION
IN RADIO VISION DEVICES OF THE TERAHERTZ RANGE
USING RECEIVING ARRAYS AND IMAGE SCANNING PROCEDURE

The earlier proposed method of image reconstruction with sub-diffraction resolution in radio vision devices (RVD) of
the shortwave millimeter and Terahertz frequency range is analyzed. A brief description of the method including the
algorithm is given. A computer simulation of the method including the results is described. The limitation of the method

due to the noise effect is discussed.
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MOJYYEHWUE NU30BPAKEHUI
C PASPEIIEHUEM HUKE JTU®PAKIIMUOHHOI'O B YCTPOMCTBAX PATUOBUIEHUS
TEPAT'EPHEBOI'O JUAITABOHA C IPUMEHEHUEM MATPUYHBIX JETEKTOPOB
N NMPOLEAYPbI CKAHUPOBAHUSA N30BPAKEHUA

Amnanu3upyercs IpeyIoXKeHHBIN paHee MEeTO PEKOHCTPYKINY N300pasKeHUsI ¢ pa3pelIeHNeM HIDKe TU(PAKIMOHHOTO
B ycrpoiictBax paguosunenusa (RVD) B koporkoBonnosoM u TI' quanasonax. Jlaercs kpaTkoe onucaHue 3TOr0 METOJa,
BKIIO4as anroputM. ONHCHIBaeTCS KOMIBIOTEPHOE MOJEIMPOBAHME METOJA, BKIIOYas pe3ynbraTel. OOcyxkmaercs

OrpaHM4YC€HUEC METO/J1a U3-3a BIIMAHUSA LIyMa.

Knrouesvie cnosa: yCTpOﬁCTBa paauoBUACHUSA, MATPUYHBIC NETEKTOPHI, MI/IIIJII/IMeTpOBbIIjI u Tl JAraria3oH,

paspeleHue Hike TU(PaKIHOHHOTO.

The method

The diffraction restriction in radio vision
devices (RVD) of the short wave millimeter
and Terahertz frequency range occurs when the
RVD optical system Airy disc diameter d [1] is
appreciably greater than the receiving element

(RE) aperture 2R: d>2R. The receiving
element is a combination of an input optical
(quasioptical) concentrating component (horn,
immersion lens or other) and a detector (for
instance, nanobolometer) or a heterodyne mixer
and some matching component between them,
for instance, planar antenna plus a microstrip
and coplanar lines. An RE example exploited at

the laboratory of the authors work [2] is shown
in Fig. 1.

The well known formula for the Airy disc
diameter d [1] of RVD is

d=2,44(%)F, 1)

where 1 is observed radiation wavelength, D is
the diameter of the main mirror or the receiving
antenna reflector and F is the effective focal
distance of the Terahertz focusing optical
(quasioptical) system of the radio vision device
(RVD), for instance, telescope. Approxi-
mately 85% of the incident radiation beam
power from a far-field zone point source is
concentrated in the Airy disc.

ISSN 1818-7994. Becthuk HI'Y. Cepus: @uanka. 2010. Tom 5, swinyck 4
Vestnik Novosibirsk State University. Series: Physics. 2010. Volume 5, issue 4
© S.E. Bankov, V. M. Chebotarev V. A. Cherepenin, A.V.Korjenevsky,

A. V. Pestryakov, A.N. Vystavkin, 2010



TeparepuoBas KBAsMoONTMKa
104 Terahertz Quasi-Optics

radiation

nanobolometers

Fig.1: RE example: (1) Two-polarization crossed pair of double slot planar antennas installed in the focal plane of an
immersion lens. (2) Configuration of the antennas. (3) Two-level intersection of a microstrip and coplanar lines with
nanobolometers coupled into them, coplanar lines excited with antennas [2]

The described diffraction restriction occurs
especially in the short wavelength millimeter
and long wavelength portions of the THz range
as in the transition part of the electromagnetic
spectrum. The spatial resolution of observed
images becomes worse in this case in com-

parison with the case when d <2R . A version
of the method of image reconstruction with
sub-diffraction resolution in RVDs of the short-
wave millimeter and Terahertz frequency range
was proposed in [3]. The method is based on
image scanning using a two-dimensional RE
array of RVDs when the RE array and the
image move circularly relatively to each other
(rotating or not rotating) in a common plane,
with a small eccentricity between their centers
(see an example in Fig. 2). The results of

scanning are the signals p,, (0) read out by

detectors of the RE array. Each signal is
proportional to the integral of the product of
two functions. One function is the perfect
image field distribution of the observed object
received by the RVD without diffraction and
other distortions. Let it be f(x,y) and it is to

be determined. The other function is the given

R, R,

RVD optical (quasioptical) transfer function
comprising beams delivering the incident
radiation to the RE array. Let it be

H, (6,7,7)

the RVD optical transfer function for the M "
receiving element, where

r=(x,y)
are the coordinates in plane of image formation
and

;:s = ('xs ? y N )

are the coordinates of the array centre shift
relatively to the image centre (the eccentricity).
The second function takes into account the
whole received radiation beam paths from the
RVD input to each detector, including the
effect of diffraction and reciprocal circular
scanning of the array and the image. The image
of the observed object itself (perfect with
minimal distortions) can be found by solving
the inverse ill-posed problem [4] determined by
the above mentioned integral equations.
Briefly, said equations, relating, for instance, to
the scanning strategy presented in Fig. 2, have
the following form:

pu®)= [ [ FOH,U®,x,5,53).V 0, x,y,.5lddy, (2

_Rl _Rl

where U and V for two radiation polarizations (see Fig. 1) are

U®,,x,y,xy)=(x—x)*cosO, +(y—y,)*sin8,

V(O ,x,y,xy)=—(x—x)*sin6,+(y—y,)*cosH,.

3)



Bankov S. E. et al. Image Production with Sub-Diffraction Resolution in Radio Vision Devices
barkos C. E. n gp. V306paxenns ¢ CyORMPPAKUMOHHBIM PA3PELIEHUeM B YCTPOWCTBAX paanosuaeHns 105

8= 315°

Fig. 2. Scanning strategy with image rotation relatively to the receiving array in their common plane using a K-mirror
image rotator; 0° ... 315° are the angle positions 0; of the receiving array during the scanning with rotation relatively to the
image. In this case the eccentricity is approximately |r,l ~0.3r, where R is the radius of the RE

This procedure is repeated N, times. The
amount N, of the angle positions 0; is chosen so
that to provide redundancy of the measured
data. Since the functions

H, (x,y)

are known, we have an integral equation for the

function
f(xy)

and can solve it by some computational
methods. The solution can be found applying
suitable equations and a regularization
procedure [4]. The latter provides stability of
the solution in the presence of the ill-posed
right side of (1). See [3] for more details.

The computer simulation

We carried out the computer simulation of
the method keeping in mind the Big Telescope
Alt-azimuthal [5] for A=1 mm. The above
concept and operation algorithm were used for
this. The real image (Fig. 3,a) obtained in the
short focus JCMT telescope [6] and used above
for the scanning concept description was
accepted as a perfect initial image for the
simulation procedure. This procedure is

illustrated in Fig. 3. The effect of diffraction in
the long focus BTA telescope was simulated by
means of multiplying the signal pixels taken
from the initial image (Fig. 3,a) in the frames of
each of the seven circles of the hexagonal
“camomile” by the Airy function [1] and
summing up the obtained products in the same
frames. This procedure was repeated Ny > 100
times for the consecutive image to turn
relatively to the receiving array again as in
Fig. 2. One of the resulting sets of seven pixels
(projections) at =0 constructed using the
described procedure is represented in Fig. 3.b.
The full obtained data set was used as imitation
of really measured data and they were
processed in accordance with the reconstruction
algorithm described above. The result of the
reconstruction is given in Fig. 3,c. The obtained
reconstructed image looks acceptably similar to
the initial one, keeping the 32 x 40 receiving
element array of the JCMT in mind. Comparing
the image in Fig. 3,b obtained as a single-step
measurement and the reconstructed image in
Fig. 3,c, one may conclude that the resolution is
improved about ten times in this case. So, the
fulfilled computer simulation estimation has
shown that proposed method permits the
resolution increasing in order of ten times
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Fig. 3. Computer simulation of the image reconstruction in conformity with the BTA telescope: (a) the initial image taken

@,

from [6]; (b) one of results of the image “a

processed in accordance with the procedure described in the text,

the eccentricity shift Ir=0.25R at 6 = 0; (c) the result of solving equation (2) for f(x,y) for a reconstruction array of

24 x 24 pixels

initial image, noise 0 % noise 0.5 %

EE

noise 3 % noise 7 %

noise 1 % noise 2 %
noise 10 % noise 20 %

Fig. 4. Results of computer simulation of the noise effect on the reconstructed image

in comparison with the case of diffraction
restriction.

Estimation of the noise effect

It is known [4] that the regularization
procedure as part of the reconstruction
algorithm is sensitive to the noise level in the
receiving system. We carried out a computer
simulation of the noise influence on the quality
of reconstructed image. With this purpose we
added various-level noise from a random-

number generator to the signals py (8) in (2).
The initial image (Fig. 3,a) was transformed to
9x9 pixels to reduce the computer
calculations. The noise intensity level is
expressed in percents of the average image
intensity. The computer simulation results are
presented in Fig. 4. A noise level of 1 — 2 %
can be accepted as maximally permissible from
the viewpoint of image definition. This level
may be achieved in radio vision devices, for
instance, in space telescopes by means of
application of very sensitive receiving detector
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arrays [7] as well as via signal accumulation,
increasing the observation time. The latter may
have a sense for very important astrophysical
objects.
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