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Abstract - Background. The development of a microwave method for researching shock-wave and detonation processes using
radio interferometers requires the development of antenna-feeder systems taking into account the specifics of gas-dynamic
experiments. Aim. Design of antenna-feeder systems for radio interferometers in the millimetre and submillimetre wavelength
ranges, development of options for constructing feeder lines and probing devices. Methods. The results of numerical modelling in
CST MWS, theoretical calculations and experimental studies of interferometer antenna-feeder systems are presented, confirming
the effectiveness of the proposed technical solutions. Results. The requirements for antenna-feeder systems as an integral part of
the radio interferometer are given. The advantages of dielectric emitters are justified and planar dielectric emitters are proposed.
Small-sized antenna-feeder systems with dielectric inserts are proposed, which have found their application in diagnostic tasks
in closed volumes. In order to reduce losses in the feed line and build lines up to several metres, antenna-feeder systems on
rectangular supersized metal waveguides have been studied, including the proposed pyramidal horn transitions from standard
waveguide section to a supersized section, and a combined feeder line using a fixable dielectric waveguide to connect metal
waveguides. A quasi-optical two-mirror antenna with high spatial resolution and minimal losses is considered. Conclusion. The
article shows the advantages of the microwave diagnostic method, various methods and schemes for constructing feeder lines,
and justifies the use of different types of probing devices (emitters) depending on the problem being solved and the operating

frequency range.
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Introduction

Currently, the microwave diagnostics method has
firmly established itself among modern methods for
studying shock-wave and detonation processes. The
results obtained using microwave diagnostics signifi-
cantly expand the information content, as well as the
possibilities and prospects for studying the proper-
ties of substances and materials under intense dy-
namic influences.

Important advantages of the method are its re-
moteness and non-perturbing nature, and, compared
to laser interferometric systems, the ability to contin-
uously record the movement of shock and detonation
waves in optically opaque materials, which include
virtually all solid high-energy materials and many
polymer materials used in research as barriers and
screens. The characteristic dimensions of the rough-
ness of reflective surfaces, such as the roughness of
the detonation front or the surfaces of impactors and
shells, are significantly smaller than the wavelength
of microwave radiation.

Thus, for microwave radiation, such surfaces are

almost smooth, whereas for the laser method, they
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are diffusely reflective, which creates problems in in-
terpreting the results of laser diagnostics [1].

The surge in the development of microwave tech-
nology in the early 2000s led to the improvement of
the design of radio interferometers (RI) in the mil-
limetre (mm) wavelength range and methods for re-
cording and processing experimental data, which
made it possible to move to a completely new level of
quality in the study of fast-flowing processes [2]. The
Y.E. Sedakov Research Institute of Measurement Sys-
tems (RIMS) has developed a series of RIs designed
to measure the kinematic and reflective characteris-
tics of fast-flowing processes. Thus, work [3] presents
some results of the application of interferometers in
the 8- and 3-mm wavelength ranges.

The creation of the single-channel RI-03 three-mil-
limetre range radioisotope (Fig. 1) made it possible to
begin a whole cycle of work on microwave diagnos-
tics of fast-flowing processes, to develop and master
new methods of radio wave measurements that were
previously unavailable.

This was made possible by the high energy poten-
tial of the transceiver (over 60 dB), the short operating
wavelength (3,2 mm), which is significantly shorter
than that of previous analogues, and the wide range
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Fig. 1. Single-channel interferometer of the three-millimetre range
RI-03

Puc. 1. OgHOKaHaIBHBIM HHTep$EPOMETP TPEXMUIIMMETPOBOIO
nuanasona P1-03

of speeds that can be recorded: from fractions of a
millimetre per second to 10 km/s.

However, despite its undoubted advantages, the
RI-03 radio interferometer had its drawbacks. The
energy potential of the device was limited due to the
presence of strong “backlighting” at the receiver in-
put, caused by the direct passage of a powerful trans-
mitter signal to the receiver. Backlighting occurred
due to the imperfect matching of the waveguide cir-
cuits inside the device with the antenna-feeder sys-
tem (AFS).

The design flaws of the RI-03 radio interferometer
were taken into account in the development of the
MRI-03 multichannel radio interferometer (Fig. 2,
a) and the PRI-03 radio interferometer. Along with
the information about motion obtained using single-
channel RI, the MRI-03 solved the problem of re-
constructing the shape of objects’ surfaces and the
dynamics of their changes over time. With the help
of the developed PRI-03 in active-passive mode, mea-
surements of the kinematic (radio interferometric
mode) and thermal (radiometric mode) characteris-
tics of fast-flowing processes were simultaneously
implemented. In this case, the device is a microwave
radio interferometer-radiometer (Fig. 2, b).

The advantages of the microwave sounding meth-
od initiated the further development of microwave
radio interferometry and the transition to shorter
wavelengths - in the submillimetre range (submm),
which allows for increased accuracy and resolution
of measurements of the displacements and velocities
of the diagnosed objects.
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Fig. 2. External appearance of radio interferometers MRI-03 (a) and
PRI-03 (b)

Puc. 2. Buewnui#t Bup papuounntepdepomerpos MPU-03 (a) u
TTPU1-03 (6)

1. Antenna-feeder system as a
component of a radio interferometer

When considering the design schemes of radio
interferometers and the methods of measurement
carried out with their help, an important issue is the
transmission of probing radiation from the radio in-
terferometer to the object under study.

The main requirements for waveguide systems are
related to minimising radiation transmission losses,
as well as reducing cost and ease of use. The condi-
tions of the gas-dynamic experiment also impose re-
strictions on the choice of AFS for use in RI. Thus,
the AFS must ensure:

- placement of measuring equipment behind a
protective barrier, out of direct view of the object

under study, i.e. length and flexibility of the path;
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Fig. 3. External appearance of the dielectric waveguide
Puc. 3. BHeIIHUN BUJ, AU2TIEKTPUYECKOIO BOTHOBOAA

- minimal losses during the transmission of
probing and information signals.

The following requirements are imposed on the
AFS emitter:

- formation of radiation with high spatial
resolution;

- the main lobe of the irradiator’s directional
patternto be covered by the object underinvestigation;

- low background radiation level.

2. Dielectric feeder line - reasons for
selection and construction options

Hollow metal waveguides (MW) and dielectric
waveguides (DW) can be used to transmit probing ra-
diation [3; 4].

The latter are widely used in the AFS of various
EHF transceivers to transmit probing radiation from
the interferometer to the experimental assembly due
to their low cost compared to other types of wave-
guides (in the frequency range under consideration)
and ease of use (simple implementation of radial

bends).

2.1. Dielectric line of the three-millimetre wave-
length range

A variant of the 3 mm wavelength waveguide line
is DW, which is a 2,2 x 1 mm? fluoroplastic sheet in
a polyethylene foam shell, placed in an outer corru-
gated PVC shell (Fig. 3).

The specified cross-section size of the waveguide
ensures single-mode propagation of the main wave
NE,; and line loss of no more than 2 dB/m, which al-
lows the use of waveguides up to 10 m long. At the
same time, waveguide bend radii of at least 20\ are
permissible, with virtually no change in phase shift.

To use the described waveguide as part of a trans-
mission line (TL) in the RI path, it must be matched
to the receiving input. For this purpose, smooth

waveguide transitions from the waveguide to a rect-
angular waveguide with a standard cross-section of
2,4 x 1,2 mm? can be used [5].

The most obvious solution in terms of match-
ing the antenna to the waveguide is to use the open
end of the waveguide itself as an antenna (Fig. 3). To
study its directional properties, numerical model-
ling of the directional pattern (DP) and experimental
measurements of the amplitude distribution (AD) of
the field in the polarisation plane of the main wave
NE ,were carried out. In the CST MWS package,
the RD for the open end of the waveguide made of
PTFE-4 with £=22, tgd=2-10"* was obtained, and
the simulation was performed at the operating fre-
quency f = 92,5 GHz. The RD in the polarisation plane
of the fundamental wave is shown in Fig. 4.

As can be seen from Fig. 4, the open end of the
waveguide is a wide-directional antenna with a main
lobe width of minus 3 dB 28 =33°. The maximum
level of the side lobes is minus 17,1 dB, which allows
them to be ignored in the conditions of the tasks be-
ing solved.

As noted in the antenna requirements, the main
lobe of its radiation pattern must be covered by the
object under study.

Due to the wide directivity of the antenna, the min-
imum dimensions of the object under investigation
can be calculated using the width of the main lobe of
the DW at a level of minus 10 dB, which is 20 = 65°,
then the dimensions of the object under investigation
should be determined by the ratio: R 4 > rtg(0), where
R is the radius of the object under investigation; r
is the distance from the aperture to the object under
investigation; 6 is the angular size of half the width
of the main lobe of the open end of the antenna at a
level of minus 10 dB. For example, when the object
is removed from the antenna to a distance of up to
100 mm, its radius must be at least 64 mm.
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Fig. 4. Directional diagram of the open end of the DW (CST MWS)
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Fig. 5. Designs of conical (b) and planar emitters (a, ¢)
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This estimate of the dimensions of the object under
study is valid only when probing in a vacuum; when
probing in a dielectric medium, the main lobe of the
open end of the antenna is narrower.

2.2. Dielectric planar emitters in the three-milli-
metre range

To solve the problems of multichannel interferom-
etry (MRI), due to their specificity, it was necessary to
create waveguide emitters based on multimode wave-
guides [6]. For typical conditions of such tasks, the
objects of study and the range of their movements are
characterised by dimensions of tens of wavelengths.
These conditions are characterised by the diffractive
nature of wave radiation in the Fresnel zone. Taking
into account the diffraction nature of the formation
of probing radiation and its interaction with the di-

agnostic object, characteristic of gas-dynamic experi-
ments, the need to form probing radiation in the form
of Gaussian wave beams was justified [7].

Dielectric conical and planar wedge-shaped emit-
ters have been proposed, which, on the one hand,
ensure the narrowing of the beam by increasing the
cross-sectional size of the antenna at the aperture, and
on the other hand, ensure the formation of Gaussian
wave beams (Fig. 5). The designs of the emitters are
protected by Russian Federation patents [8-10].

Below are some results of numerical modelling
in CST MWS and experimental studies on a metro-
logically certified test bench of the RIMS for emitter
structures shown in Fig. 5.

A conical radiator (Fig. 5, b) provides axisymmetric
radiation. Since multi-channel RI requires resolution
in the transverse coordinates, wedge-type radiators



Gaynulina E.Yu. et al. Antenna-feeder systems for EHF-radio interferometers
60 Tatinynuna E.JO. 1 np. AutenHo-unepHsle cucremsl KBY-paguonntepdepomeTpos

Scanner

Gauss

A, dJB /"_\

_-4 )
o y
& il
I
I

X, mm
a

A,dB ZTN

= -- CST
Scanner

y, mm

Fig. 6. Amplitude distributions of the field component E, of a conical emitter at a distance of 10 mm (a - in the H-plane; b - in the E-

plane)
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Fig. 7. Amplitude distributions of the field component E, of a
wedge-shaped emitter in the E-plane at a distance of 10 mm be-
tween the planes of the emitter and probe apertures (E-plane)
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with excitation from the apex by a single-mode RFW
(Fig. 5, a), as well as with two-input excitation by
distributed coupling DV with a wedge along its side
edges (Fig. 5, ¢). These emitters have also found ap-
plication in single-channel RI.

The results of experimental studies and numerical
CST modelling of wedge-shaped emitters over a wide
range of parameters are presented in [11].

The larger side of the 2b aperture cross-section
of the emitter was selected within a wide range of
sizes (2 10)A, characteristic of the multimode mode
of the DV. The size of the smaller side of the 2a
cross-section = 0,3125), characteristic of the single-
mode mode. The emitter was made of fluoroplastic
(e =2,08). The wedge angle is 10°, measurements were
taken at A = 3,2 mm.

To illustrate the results of experimental studies,
Figures 6 and 7 show the AP of the E-field component

for conical and wedge-shaped emitters, respectively.
For ease of comparison, the size of the larger side of
the cross-section at the aperture of the wedge-shaped
emitter and the diameter at the aperture of the conical
emitter are taken to be the same, equal to 16 mm (5X).
For comparison, the results of numerical simulation
in CST and the calculated AFR of the main mode of
the Gaussian-Hermite wave packet (PGE ) are given.

The presented AR dependencies show that conical
emitters (Fig. 6) are characterised by the presence of
side extremes at the level of minus 15...20 dB. Nev-
ertheless, wedge-shaped emitters can be used in sin-
gle-channel IR systems provided that the transverse
dimensions of the irradiation area OD do not exceed
the AFR width at a level below minus 30 dB.

Experimental studies of the wedge-shaped emitter
field have shown that the level of the side lobes is less
than minus 25 dB, and the AR has a beam-like char-
acter, but differs from the Gaussian function (Fig. 7).
Thus, the problem of the influence of AFR uneven-
ness in the direction of the axis on the accuracy of
measurements remains.

To expand the capabilities of diagnostics and MRI
tasks, it is essential to form PGE,,. In this case, the
field distribution has no zeros, which eliminates the
error in measuring displacements due to phase jumps
characteristic of the field distribution with side lobes.
In addition, the simplest analytical description of
PGE, ensures high-precision MRI signal processing.

Although wedge-shaped emitters can be used in
single-channel MRI, provided that the transverse
dimensions of the irradiation area of the diagnostic
object do not exceed the AFR width at a level below
minus 30 dB, such an emitter provides limited pos-
sibilities for controlling the amplitudes of higher
modes at the aperture, and therefore for forming
PGE,, with the required accuracy. This is due to the
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Fig. 8. Structure and appearance of the experimental sample of the emitter with inhomogeneities in the form of wedge-shaped slits
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Fig. 9. Experimental amplitude and phase distributions of the component E, of the electric field in comparison with the PGE, at a dis-

tance of 20 mm from the aperture
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fact that the choice of transition parameters is pri-
marily determined by the need to ensure minimum
losses (the “adiabaticity” condition). In this case, the
transition profile is linear, as a result of which the
conversion of modes at the transition is characterised
by deformation of the excitation field structure, and
the conversion to higher modes is negligible.

An effective technical solution [12; 13] for an emit-
ter based on a section of a wide-format rectangular
waveguide (WRFW) with a wedge-shaped transition
from a single-mode waveguide (Fig. 8) has been pro-
posed. In a plane parallel to the wide edges of the
waveguide, the width of the cross-section of the prob-
ing field can be significantly narrowed compared to
the single-wave mode field in another plane.

The wedge 2 acts as a smooth transition from the
single-mode waveguide 1 to the multi-mode wave-
guide 3. The WRFW-based illuminator forms a prob-
ing field with independent control of the field’s AFR
in two orthogonal directions. The ability to control
the AFR of the WRFW end face radiation is provided
in multimode mode by means of controlled summa-
tion of eigenmodes with specific amplitudes.

A method is proposed for implementing the
mode composition of WRFW fields required for
PGE,, synthesis.

The AFR of the radiation field at the end of the
regular section of the WRFW is approximated by
PGE, based on the waves NE,;, NE,3, NE; of the
WRFW. The task of exciting the required set of high-
er modes with specified amplitude-phase ratios and
controlling the mode composition is solved by in-
troducing local inhomogeneities on a section of the
regular WRFW.

To minimise the level of reflections from the inho-
mogeneities introduced into the RFW section and to
ensure the minimum possible root mean square devi-
ation (RMS) of the emitted beam from PGE,, it is pro-
posed that the slits be made in the form of hexagons
elongated along the axis (Fig. 8). Based on the design
results, emitter structures were manufactured, vari-
ants of which are protected by a Russian Federation
patent [14]. The synthesised AFR PGE, practically
coincides with the results of numerical modelling in
the CST MWS program in the distance range from 20
to 100 mm. Figures 9 and 10 also show the experimen-
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Fig. 10. Experimental AR E, (y) in the E-plane for a three-channel system of emitters
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Fig. 11. Variants of rod dielectric emitters: a - with a thickness equal to the diameter of the MW and a truncated point; b - with a thickness
less than the diameter of the MW, with a stepwise change in the radius of the section
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tal amplitude and phase distributions formed by the
emitter, measured at a distance of 20 mm from the ap-
erture, in comparison with the AFR PGE also show
the experimental amplitude and phase distributions
of the probing beam formed by the emitter, measured
at a distance of 20 mm from the aperture, and the AR
of a three-channel emitter system measured at the
same distance for use in multichannel diagnostics.
Up to a level of minus 35 dB, the AR coincide with
the PGE,, with a standard RMS of no worse than 103

The developed emitters are part of single-channel
and multi-channel RI and are used in the diagnostics
of gas-dynamic processes.

3. Small-sized AFS with dielectric inserts

There are a number of tasks that require the diag-
nosis of gas-dynamic processes in closed

volumes with limited free space inside. Such appli-
cations require emitters with minimum dimensions
that form an axisymmetric DN with a width of no
more than 40° at a level of 0,5, ensuring amplitude
and phase distributions of the radiation field within
the required area of the surface moving in the diag-
nosed closed volume and ensuring a minimum level
of side lobes (SL).

The requirement for such a small probing beam
width with a D / A ratio of no more than 3, which is
unfeasible for metal waveguide emitters, can also be
met by using dielectric emitters, in which the forma-
tion of the beam pattern is ensured by a physical ap-
erture exceeding the geometric one.

Work [15] presents the results of research and de-
sign of small-sized AFS UHF RI emitters that would
meet the requirements. The AFs must ensure the
formation of radiation in the three-millimetre wave-
length range (A =3,2 mm) through an opening in a
fluoroplastic screen. An MW with an internal cross-
section of 2 mm is used as the feed line for the AFS
being created, and the external diameter of the MW is
selected to be 3 mm for technological reasons.

Due to the specificity of DWs as open systems, the
directivity of wave-guiding dielectric elements (rod,
cone, etc.) is determined by the cross-section of the
wave power distribution NE, with a field drop at the
cross-section boundary of 15-20 dB. Therefore, it was
proposed to place a coaxial dielectric radiator with
external nozzle dimensions of no more than 10 mm
in the longitudinal and transverse coordinates at the
open end of the MW.
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Fig. 12. Directional pattern formed by a polystyrene rod radiator shown in: a - Fig. 11, a; b - Fig. 11, b
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Fig. 13. Variants of a dielectric conical emitter
Puc. 13. BapuaHTbI JU3/1eKTPHUIECKOTO KOHUYECKOTO U3/TydaTeist

Designs for dielectric AFS radiators have been
proposed, and numerical simulation results for them

have been obtained using the CST MWS programme.

3.1. Rod dielectric radiator
The rod radiator is made in the form of a pin made
of polystyrene or quartz with a smooth conical ta-

per. The thickness of the rod is chosen to be equal to

(Fig. 11, a) or less than (Fig. 11, b) the inner diameter
of the MW, and the length of its outer (radiating) part
is 10 mm.

For emitters of this type, the physical aperture de-
pends on their thickness and material. For example,
according to the results of modelling a design with
a polystyrene rod with a diameter of 2 mm, equal to
the inner diameter of the MW (Fig. 11, a), an almost
symmetrical beam with a SL of minus 16,6 dB was
obtained. The beam width was 41,9° and 43,6° in two
planes, respectively (Fig. 12, a). The maximum length
of the emitter should be considered to be 7 mm. Fur-
ther shortening leads to an expansion of the beam
width and an increase in the SL.

A distinctive feature of this design wvariant
(Fig. 11, b) is the smooth transition from a rod with a
diameter of 2 mm, equal to the inner diameter of the
MW, to a thin rod with a diameter of 1 mm.

The length of the smooth transition was chosen to
be (4-5) mm. The length of the outer part of the emit-
ter is 25 mm.

The introduction of a conical transition with a step
change in the cross-section radius at the output of
the MW, equal to 0,5 mm (Fig. 11, b), improves the
matching, thereby reducing the SL to a value of mi-
nus 14,3 dB when a narrow DN is reached (Fig. 12, b).
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3.2. Dielectric conical radiator

The proposed conical radiator has a length and ap-
erture diameter of 10 mm. The cone is a continuation
of the dielectric pin inserted into the MW (Fig. 13).

The radiation pattern formed by the conical poly-
styrene radiator (Fig. 13, a) is shown in Fig. 14, a. A
practically symmetrical narrow-beam wave beam
with a level of minus 10 dB and a field distribution
close to Gaussian was obtained. The width of the di-
rectivity pattern in the E and H planes is 26,5° and
24,9°, respectively. The SL does not exceed minus
20 dB.

It is known [16] that emitters, at the output of which
awave beam is formed in the form of the main Gauss-
ian-Hermite mode, provide significantly greater ac-
curacy of radio interferometric measurements in the
diagnosis of gas-dynamic processes due to a signifi-
cant reduction in the level of side lobes. It has been
noted [6] that one way to form a Gaussian field distri-

bution at the emitter aperture is to excite the higher
mode in a certain ratio to the fundamental mode.

A design with a sharp irregularity in the form of
a step change in the diameter of the dielectric ele-
ment at the output of the MW from 2 mm to 3 mm
(Fig. 13, b) has been proposed. At the sharp irregu-
larity, a wave of the highest symmetric type EN,
is effectively excited and, in combination with the
fundamental wave NE,; it ensures the formation of
a Gaussian-type DN. The modification of the design
made it possible to obtain significantly better radia-
tion parameters compared to a dielectric cone with-
out an abrupt change in the cross-section diameter:
the DN width was 24,8° in the E-plane and 234° in
the H-plane, Gaussian distribution of the wave beam
field is observed up to a level of minus 19 dB at SL not
exceeding minus 21 dB (Fig. 14, b). With more strin-
gent requirements for the external dimensions of the
emitter, it is possible to further reduce the dimen-
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Directional pattern width 25°; SL = -14 dB

Fig. 15. Experimental AR of small-sized emitter samples in comparison with CST modelling results
Puc. 15. DkcniepumeHTanbHble AP 06pasoB MasoraGapuTHBIX H3/Ty4aTesiell B CpPAaBHEHHUH C pe3yibTaTaMu Mopenuposanus CST

sions to an aperture of 5 mm and a length of the outer
conical part of 2,85 mm (Fig. 13, ¢), which will give a
beam width expansion of no more than 10° without
deteriorating the SL (Fig. 14, ¢).

The results of experimental studies at a frequency
of 93,7 GHz using two optimal samples of small-sized
AFS emitters are summarised in Fig. 15. They are in
good agreement with the simulation results, which
confirms the possibility of using the selected variants
of dielectric AFS emitters for a wide range of radio
interferometric probing tasks, including in condi-
tions of strict requirements for AFs dimensions when
installed inside measuring units, the free space inside
which is limited.

Conical emitters with an aperture diameter of 10
mm achieve the minimum (among the small-sized
models studied) width of the DN. For use in RI when
probing objects in both open and closed volumes, an
emitter with a shortened conical insert with a step
change in cross-sectional diameter should be select-
ed, in which parasitic side radiation practically does
not irradiate the probed surface - in the DN formed
by it, the minima of the main lobe are in the region
of angles + (60 70)°, and the first side lobe has a maxi-
mum in the direction of angles + (90 100)° relative to
the direction of the maximum of the main lobe.

This property will help avoid multiple reflections
that distort the result.

The proposed variants of dielectric EHF RI emit-
ters made it possible to ensure narrow radiation and
SL, which are unattainable when using metal wave-
guide and horn emitters of the same size.

4. Low-loss transmission lines on
an oversized metal waveguide

As already noted, one solution to the problem of
improving the measurement accuracy and dynamic
properties of the EHF radiometer is to reduce losses
in the AFU. The specifics of gas-dynamic experiments

require the transceiver to be placed at a safe distance
from the measurement object, and the antenna to be
placed in close proximity to it. The waveguides used
in gas-dynamic experiments, which have linear losses
of about 2,5 dB/m, limit the length of the waveguide
path for use in an EHF RI to no more than 2 m. A
further increase in the length of the waveguide leads
to an increase in losses in the waveguide path and a
decrease in the ratio of the useful signal power to the
noise power at the output of the measuring system.

The task of reducing losses in waveguides, espe-
cially in the mm and sub-mm wavelength ranges, is
extremely important [17]. Currently, ribbon wave-
guides [18], quasi-optical beam mirrors and other
similar guiding structures [19; 20] are known, which
have line losses of less than 0,1 dB/m in the mm wave-
length range. However, these waveguides have dis-
advantages: ribbon waveguides do not allow bends,
touches, or inhomogeneities in the dielectric fabric,
and quasi-optical mirror waveguides require preci-
sion adjustment. Therefore, the use of these wave-
guides in gas-dynamic experiments as part of an EHF
radiometer waveguide may be difficult.

A well-known class of low-loss waveguides are su-
persized metal waveguides (SSMW) with rectangu-
lar and circular cross-sections [21; 22|, which, with a
ratio of waveguide cross-section D to wavelength A
equal to D/A =5...20, provide line losses that are an
order of magnitude lower than in single-mode rect-
angular waveguides of standard cross-section.

When designing waveguides on OWWM, it is nec-
essary to take into account the multimode wave prop-
agation mode. The number of possible wave types is
proportional to S/X, where S is the cross-sectional area
of the waveguide. For this reason, sharp irregularities
are unacceptable in waveguides on SSMW, and the
optimal excitation of such waveguides in accordance
with the principles of quasi-optics is provided by a
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Gaussian wave beam with a ratio of beam width w (at
level 0,5) to waveguide diameter D w/D = 0,5...0,6.

4.1. Transmission lines on a rectangular oversized
metal waveguide

The simplest option for implementing LP on
SSMW is a line on a rectangular SSMW.

The line losses for the fundamental wave H,; in a
rectangular SSMW with a standard cross-section of
7,2x 3,4 mm? | which is oversized at the operating
wavelength of the UHF RI transmitter X = 3,2 mm,
have been calculated. According to the simulation
results, the value of line losses at the operating wave-
length X = 3,2 mm was 0,76 dB/m.

A smooth pyramidal horn transition with a cross-
section of 2,4 x 1,2 mm? to 7,2 x 3,4 mm? and a length
of 30 mm (~ 10X) was selected as the LP exciter on
the SSMW. The results of its modelling showed that
the waveguide transition in the frequency range from
90 to 100 GHz has a VSWR value not exceeding 1,15,
an average attenuation of 0,09 dB, and is a reciprocal
device, which allows it to be used as part of an LP.
For experimental study of line losses in a rectangular
SSMW, 0,5 m long sections were made from a standard
pipe, and for their excitation, smooth pyramidal horn

2 to

transitions with a cross-section of 24 x 1,2 mm
7,2 x 3,4 mm?2 30 mm long (~ 10X) (Fig. 16).

Attenuation measurements in four variants of
waveguide assemblies showed that the VSWR did not
exceed 1,14 in all cases. The experimental value of
the line loss in the manufactured rectangular SSMW
with a cross-section of 7,2 x 3.4 mm? in the working
frequency band of the UHF RI is 0,8 dB/m, which is
close to the simulation results and the theoretical
value. The difference is explained by the limited ac-
curacy of the numerical model during simulation, the
instrumental error of the panoramic meter, and unac-
counted losses due to various inhomogeneities pres-
ent in the actual waveguide.

In particular, [23] notes that at high frequencies,
the determining factor affecting waveguide charac-
teristics is the quality of processing (roughness) of
shielding surfaces. Using the considered LP, made on
rectangular SSMWs, it becomes possible to place the
UHF RI transceiver unit at a distance of up to 9 m
from the experiment site while maintaining sensitiv-
ity at a level comparable to that provided when using
a DV no more than 2 m long.

This solution has a number of disadvantages. The
rigid design of waveguide connections does not al-
low waveguides to be bent, so the UHF RI transceiver
unit will have to be placed in direct line of sight from

the object of study on a straight section, which will
require additional measures to protect it from the ef-
fects of a direct shock wave. Another disadvantage
is the high cost of manufacturing SSMWs (especially
with silver coating). Therefore, the use of SSMWs is
advisable in laboratory conditions.

4.2. Combined transmission line on a rectangular
SSMW and DV

An obvious solution to ensure the safety and in-
tegrity of the transceiver unit is to use flexible DWs
in conjunction with SSMWs. The section where the
waveguide bend is required is made of DW, and the
regular section is made of rectangular SSMW.

To implement the possibility of using rectangular
SSMWs in the composition of the UHF RI LP, a flex-
ible waveguide option was proposed for connecting
MWs of standard and oversized cross-sections [24], a
sketch and experimental sample of which is shown
in Fig. 17.

The area of the oversized section at the output of
waveguide transition 2 should be determined from
the ratio S/A2 =2...8, where A is the operating wave-
length. In this case, the length of the expanding sec-
tion of the waveguide channel should be at least 6).
With this design of waveguide transition 2, minimal
conversion of the fundamental wave H,, of the rect-
angular MW into higher wave types is ensured due to
the concentration of the electromagnetic field of the
fundamental wave inside the wedge-shaped section
of the DV and its effective conversion into the funda-
mental wave NE,; of the DV.

Similarly, when the wave NE ,propagates along
DV, the reverse conversion of the wave NE,, into N,
occurs in waveguide transition 3.

To quantitatively assess the attenuation and match-
ing quality of the DV with the SSMW at transition 2,
numerical modelling of attenuation and VSWR was
performed in both directions in the frequency range
from 90 to 100 GHz. In the volumetric model (Fig. 17),
numbers 1 and 2 denote the corresponding micro-
wave power input and output ports. The results of
SWR and attenuation modelling showed that this
waveguide transition in the frequency range from 90
to 100 GHz has an average SWR value not exceeding
1,2, an average attenuation of 0,5 dB, and is a recip-
rocal device, which determines its suitability for use
in a flexible waveguide for MW communication with
standard and oversized cross-sections.

The waveguide transition from DV to SSMW
was included in the flexible waveguide model for
MW communication with a standard cross-section
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Fig. 16. Waveguide nodes of the LP: a - rectangular oversized metal waveguide; b - pyramidal waveguide transition
Puc. 16. Bonnosopa#uble yanel JIIT: a - npssmoyronsHele CPMB; 6 — nupamMunanbHbIM BOJTHOBOLHBIHM [EPEX0L

Fig. 17. Flexible waveguide device for communication of standard and oversized metallic waveguide sections, model of waveguide transi-
tion from dielectric waveguide to oversized metal waveguide in CST MWS and its experimental sample
Puc. 17. YerpoiicTBo rH6KOro BOIHOBOAA lsi CBsi3 MB cTaHZapTHOrO U CBePXPa3MePHOTO CeYeHHi, MOJieNb BOJIHOBOHOTO [IePEX0fa C

1B va CPMB B CST MWS 1 ero akcrepruMeHTaIbHbIN 06paser

of 2,4 x 1,2 mm?2 and an oversized cross-section of
7,2 x 3,4 mm? with a fluoroplastic DV cross-section of
2,2 x 1,0 mm?. Experimental studies have shown that
the total losses in a flexible waveguide with a wave-
guide length of 0,5 m do not exceed 1,1 dB, and in
each of the waveguide transitions -0,3 dB.

Despite the possibility of bending, the weak point
of such a waveguide (in terms of the impact of a direct
shock wave) remains a rigid regular section contain-
ing a rectangular SSMW. However, when using flex-
ible waveguides, it is possible to protect the SSMW
from impact, thereby limiting the destroyed section
to only part of the replaceable waveguide from the
flexible waveguide assembly.

When transitioning to the sub-millimetre wave-
length range, the task of minimising losses in the path

becomes even more acute. In the frequency range
around 300 GHz, the loss tangent of F-4 fluoroplastic
increases to 4-10# | and the attenuation coefficient
per unit length of a waveguide with a cross-section of
0,9 x 0,45 mm? is approximately 12 dB/m. Thus, with
the required path length of at least 1,5 m, the use of
a dielectric feeder line made of F-4 in the sub-mm
range becomes impossible. The use of low-pressure
polyethylene (HDPE) with tgd ~ 2-10"# allows reduc-
ing line losses to 8 dB/m, which, however, is also in-
sufficient for creating long lines. In this regard, the
use of DV in the sub-mm range is limited to short
sections as part of a combined feeder line, ensuring
its flexibility and breakage when exposed to a shock

wave.
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Object of study

Fig. 18. Measurement scheme using quasi-optical antenna-feeder system
Puc. 18. Cxema U3MepeHUH IPU UCIIONIB30BaHNHU KBaduontuiyeckoir ADC

, Large

mirror

o

L'/
O

mirror 2

i s B

S

'r\_

~

Fig. 19. Schematic diagram of a two-mirror antenna with split focus

Puc. 19. CxeMa nByx3epKaJbHON aHTEHHBI C pPaclienIeHHbIM GOKYyCOM

In this case, only the SRM and waveguide are de-
stroyed during the experiment, while the most com-
plex components - horn transitions and waveguide
flanges - remain suitable for further use.

A rectangular SSMW with a standard waveguide

2 can be used

channel cross-section of 7,2 x 3,4 mm
on a long section (~1 m) of the combined feeder line.
At A ~ 1 mm, the calculated losses in the SSMW
are 0,8 dB/m for the H;ymode and 0,5 dB/m for the
Hy;mode. Based on this fact, it is advisable to select

the Hy;mode as the working mode of the waveguide.

The design of conical horn transitions intended for
connecting the DV to the RI output waveguide with a
cross-section of 0,9 x 0,45 mm? and the SSMW is sim-
ilar to that described above. Losses at each transition
do not exceed 1 dB.

It is proposed to use the open end of the SSMW
as the irradiator of the combined AFS, as it is the
simplest to implement and has acceptable radiation
characteristics. The results of numerical modelling
showed that in the E-plane, the width of the irra-

diator’s beam is 7,4°, and the beam width is minus

b
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Fig. 20. Horn feed and its relative position relative to the small mirror: A =3.2 mm (dashed line); A, =1.06 mm (solid line)
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13,2 dB. In the H-plane, the beam width is 20,9°, and
the beam width is minus 24,7 dB [25].

5. Quasi-optical AFS in the 3 mm
and sub-millimetre ranges

Another variant of the AFS design is based on the
formation of a wave beam in free space by an axisym-
metric two-mirror long-focus antenna with an ellipti-
cal generatrix of a small mirror [26].

A specific feature of the use of AFS in RI is the need
for the line of sight of the objects under study to co-
incide with their trajectory of movement, Therefore,
to protect the mirror antenna from destruction dur-
ing gas-dynamic experiments, a destructible flat mir-
ror is introduced into the AFS separating the optical
axis of the antenna and the destruction vector, which
coincides with the direction of movement of the ob-
ject. The measurement diagram is shown in Fig. 18,
where 1 is a large mirror, 2 is a small mirror, 3 is a flat
mirror, 4 is the antenna explosion protection, and r is
the distance from the aperture to the focus.

The antenna excites a quasi-optical waveguide sys-
tem with a flat mirror, which allows, depending on
the size and distance of the object under study, to
redirect the incident beam and focus it on the ob-
ject being diagnosed. A 40-60 mm long DV segment
can be used as a damper for the RI connection to the
antenna.

When analysing the operation of the antenna, a
geometric-optical representation (ray interpretation
of wave propagation) can be used, since the condi-
tions of the near and intermediate zones are met:
r < 2D%/), where D is the antenna aperture. The width
of the formed focal spot [ at half the maximum ra-
diation intensity is determined by Rayleigh’s formula:

[=1,210r/D, and the depth of field at 0,9 of the maxi-
mum corresponding to the focus for long-focus an-
tennas is approximately equal to (30 S0)A. The focal
length is equal to three aperture diameters D, and an
aperture diameter of about 30 cm is sufficient for fo-
cusing at a distance of 1 m.

The essence of the quasi-optical antenna under
consideration is well illustrated in Fig. 19, described
in more detail in [27]. The minor focal axis B-B of the
large mirror is made in the form of an axisymmetric
cutout from an ellipsoid of revolution. The diameter
of the small mirror d is determined by the condition
of equality of the distance between the foci F, and Fn).
The small mirror is made in the form of a cylinder,
the end facing the illuminator of which is profiled as
an axisymmetric cutout from an ellipsoid of revolu-
tion. One of its foci, O, lies on the optical axis of the
antenna and must coincide with the phase centre of
the horn radiator (RO).

The characteristics of the entire antenna are large-
ly determined by the beam pattern of the primary
source, the TR. In this case, the shape of the main

lobe in the sector of radiation of the small mirror,
the steepness of the DN and SL outside the sector are
crucial.

The following requirements are imposed on the
PO to create an optimal field distribution at the an-
tenna aperture:

- aclearly defined phase centre of the horn, which
must coincide with the focus O of the small mirror
along the antenna axis;

- axisymmetric main lobe in the E and H planes;

- the irradiation level of the outer edge of the
small mirror should be no more than minus 13...15
dB from the maximum value of the main lobe of the
directional pattern in order to avoid energy leakage
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beyond the small mirror and to minimise diffraction
effects at the edge.

These requirements are met by a phased conical
horn with a break in the conical generatrix at an an-
gle of 40-50° between the generatrix and the axis of
symmetry. The phase centre of such horns lies at the
mouth of the horn.

In a quasi-optical antenna designed for a specific
frequency in the mm range, the mirror system can
also be used at any other higher frequency. This is
true provided that the horn radiator ensures the
specified focus ratios F, and O and meets the require-
ments for the radiator set out above.

Work [27] describes a quasi-optical antenna in the
3 mm band, previously developed at the RIMS, for
radio interferometric diagnostics of gas-dynamic
processes, which has a high spatial resolution of the
order of the wavelength of the probing radiation.
The diameters of its large D and small d mirrors are
320 mm and 20 mm, respectively. The antenna focuses
radiation at a distance of 984 mm from the aperture
with a resolution of 10,5 mm in the transverse coordi-
nate and a depth of field (at the 0,9 level) of 100 mm.

Due to its broadband nature, the antenna mirror
system can also operate in the submillimetre range,
in particular at a wavelength of A = 1 mm, but this re-
quires the development of an appropriate RO equiva-
lent to a 3 mm range irradiator in terms of electrical
characteristics and design.

Using comparative numerical modelling of the RO
in mm and sub-mm, the dimensions of the sub-mm
range RO (A = 1,06 mm) were evaluated. Fig. 20 shows
the mm and sub-mm range irradiators and their rela-
tive positions with respect to the small mirror.

The RO contour for an operating frequency of
93,5 GHz (A, = 3,2 mm) is shown (dotted line). The il-
luminator for an operating frequency of 282,3 GHz
(A, =1,06 mm) is shown as a solid line.

The parameters of the 3 mm range are interrelated
with the focal points of the large and small mirrors.
The half-aperture angle a of the phased horn antenna
is 45°. The diameter of the focal ring F,, F’, is equal
to the diameter d = 20 mm of the small mirror. A horn
with a near-symmetrical radiation pattern and an
external edge of the small mirror with an irradiation
level no more than minus 13 dB from the maximum
radiation pattern is achieved with a horn aperture di-
ameter d1 equal to 13,5 mm.

For an RO operating at a wavelength A, =1,06
mm, in order to maintain the relationship between
the geometric dimensions and the focal points of
the mirrors, the angle o, the distance OT from the

phase centre O to the conical tip T of the small mir-
ror, and the diameter d must be preserved. To achieve
Ay =1,06 mm, identical to the beam pattern of a 3 mm
RO, the diameter of the horn aperture is selected to
be d,=4,45 mm. Accordingly, the distance L, from
the horn aperture to the tip of the small mirror in-
creases from 2,35 mm to 6,85 mm.

Numerical simulation of the radiation characteris-
tics of both irradiators showed that at an operating
frequency of 93,5 GHz, the original irradiator forms
an almost symmetrical beam pattern. The beam width
is -39° and 42,5° in the E and H planes, respectively.
The irradiation level at the edge of the small mirror is
no more than minus 20 dB (E-plane) and minus 13 dB
(H-plane). The results of modelling the beam pattern
of the RF for the submillimetre band AFS operating
ata frequency of 282,3 GHz (A, = 1,06 mm) show an al-
most complete coincidence of the beam patterns: the
beam width of the developed RF was 37,3° and 44,4°
in the E- and H-planes, respectively.

The irradiation level of the edge of the small mir-
ror is no more than minus 25 dB and minus 13 dB in
the corresponding planes [28]. The radiation charac-
teristics of the two RO are identical, which will al-
low the proposed design to be used at a wavelength
of X = 1,06 mm for irradiating a three-millimetre two-
mirror AFS system without recalculating the designs
of elliptical surfaces.

Although quasi-optical AFS is technologically
more complex, it allows for spatial resolution of the
order of wavelength and minimises losses in the mea-
suring path in both the mm and sub-mm wavelength
ranges, which expands the diagnostic capabilities
and increases the accuracy of measurements of gas-
dynamic processes in the sub-mm wavelength range.

This version of the AFS requires complex adjust-
ment and is only applicable if the antenna is protect-
ed from shock waves and shrapnel damage.

Conclusion

Currently, the radio interferometric diagnostic
method is a unique non-contact method for diagnos-
ing fast-moving processes, widely used to measure
the motion parameters and electrophysical charac-
teristics of substances. The article shows the advan-
tages of the microwave method and considers a wide
range of methods and schemes for constructing an-
tenna-feeder systems for EHF radio interferometers,
justifying the use of various types of AFS - dielectric,
metallic, combined metal-dielectric, quasi-optical,
depending on the task at hand and the operating fre-
quency range.
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Poccuiickuil penepanbHbIi sioepHBIA LEHTP —
Bcepoccuiickuit HayYHO-MCCIIE0BATENBCKUI HHCTUTYT 9KCIIEPUMEHTATbHON GpU3UKHU
607188, Poccus, Huxeropopckast o6:., r. Capos,
np. Mupa, 37

Annomayusa - O6ocHoBaHMe. PazBuUTHe MHUKPOBOJHOBOIO METOAA HCCIENOBAHMS YAAPHO-BOJHOBBIX M JE€TOHALMOHHBIX
IPOLECCOB C IPUMEHEHHEM PafHOMHTEPPEPOMETPOB TpebyeT pa3paboTKH aHTEHHO-PUAEPHBIX CHCTEM C YIETOM CIeLUHUKH
razofMHaMHUYeCKUX oKcrmepuMeHToB. Llenp. IIpoekTHpoBaHMe aHTeHHO-QHUIEPHBIX CHUCTEM pagHOMHTEPHEPOMETPOB
MHUIIMETPOBOTO ¥ CYyOMIJUIMMETPOBOTO JHANA30HOB [JIMH BOJH, pa3paboTka BapHaHTOB MOCTPOeHUs (UAEPHBIX JIHMHUH
Y 30HAUPYIOIUX ycTpoHcTB. MeTombl. IIpuBOAsiTCS pe3ynbTaTsl YuciaeHHOro Mmopenuposanusi B CST MWS, TeopeTndeckux
pacyeToB M OKCIEPHMEHTAIBHBIX WCCIE[OBAaHUN aHTEHHO-QUAEPHBIX CHCTEM pagHOMHTEPPEPOMETPOB, MOABEPXKAAIINE
3¢ PEeKTUBHOCTD IpPETIOKEHHBIX TEXHUYECKUX pelleHui. Pesdymprarsl. [IpuBefeHbl TpeGOBaHMs K aHTEHHO-QUAEPHOH
cHCTeMe KaK COCTaBHOM dYacTu paguouHTepdepomerpa. OGOCHOBaHBI MPEHMYLIECTBA [JUATEKTPUYECKUX H3/IydaTeseH,
[peJIOKEHbl AUIIEeKTPUYECKHe H3JIydaTeNld IUIAHAPHOTO Tuma. [lokasaHbl ManorabapuTHble aHTEHHO-QUAEPHBIE CHCTEMBI
C [U3JEeKTPUIECKUMU BCTaBKAMH, HAIeMIIHe CBOE INPHMEHEHMEe B 3ajladyax 30HAMPOBAHUs B 3aMKHYTHIX o6bemax. C LeIbio
CHUXeHHMs MOTephb B $UAEPHOMN TMHUY U MOCTPOEHUS TMHUH AJTMHOM 10 HECKONBKUX METPOB UCC/Ie0BaHbl aHTeHHO-QUIEPHBIE
CHCTEMBI Ha TPSMOYTOTbHBIX CBEPXPasMEePHBIX MeTa/NIM4eCKHX BOJIHOBOJAX, B TOM YHCJIe TNpeIOXKeHbl NMHpaMH/aNbHbIe
PYIOpHBIE IEPEXONbl CO CTAaHAAPTHOIO CEYEHUs] BOJNHOBOJA Ha CBepXpasMepHOe cedeHHe, KOMOMHHpOBaHHAas ¢uuepHas
JIMHUSL C MCIOJIb30BAHUEM I'MOGKOrO [AMAJIEKTPHUYECKOr0 BOJHOBOAA [JIsl CBSI3M BOJIHOBOAA CTAaHAAPTHOIO M CBEPXPA3MEPHOIO
cedeHHst. PaccMoTpeHa KBa3HONTHYeCKasl ABYX3epKaIbHasi aHTEHHA, 061afaoInasi BHICOKUM IIPOCTPAHCTBEHHBIM paspelleHreM
¥ MUHUMaJbHBIMM MNOTepsAMHU. 3aKao4eHHe. B cTaTbe MoKasaHbl NMpPeHMyIleCTBA MHKPOBOJHOBOIO MeTOJa AUArHOCTHMKH,
[pefCTaBIeHbl Pas3InYHble CIIOCOGBI U CXEMBI IIOCTPOeHHs GUAEPHBIX IHHUN 1 060CHOBAHO NPUMEHEHNE TUIIOB 30HAUPYIOIINX
YCTPOMCTB (M31ydaTesieii) B 3aBUCHMOCTH OT pellaeMo 3aia4yy ¥ AHana3oHa paboynx 4acTor.

Kniouegvle cnosa - papnonHTepdepoOMeTp; aHTEHHO-QUAEPHAs. CHCTEMA; 30HAMPYIOLIEE YCTPOMCTBO; AMANIEKTPUYECKUN
BOJIHOBO/I; CBEPXPa3MepPHBIN BOJHOBOJ; KBA3HONTHYECKasl AHTEHHA.
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