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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.

Keywords – radio interferometer; antenna-feeder system; probing devices; dielectric waveguide; supersized waveguide; quasi-
optical antenna.

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 

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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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.

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;

Fig. 1. Single-channel interferometer of the three-millimetre range 
RI-03
Рис. 1. Одноканальный интерферометр трехмиллиметрового 
диапазона РИ-03

а

b
Fig. 2. External appearance of radio interferometers MRI-03 (a) and 
PRI-03 (b)
Рис. 2. Внешний вид радиоинтерферометров МРИ-03 (а) и 
ПРИ-03 (б)
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	– 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 
pattern to be covered by the object under investigation;

	– 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 × 1 mm2 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 
NE11 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 20λ 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 × 1,2 mm2 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 
NE11were carried out. In the CST MWS package, 
the RD for the open end of the waveguide made of 
PTFE-4 with ε = 2,2, tgδ = 2·10-4 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 2θ = 65°, 
then the dimensions of the object under investigation 
should be determined by the ratio: Rоб > rtg(θ), where 
Rоб is the radius of the object under investigation; r 
is the distance from the aperture to the object under 
investigation; θ 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.

	
Fig. 3. External appearance of the dielectric waveguide
Рис. 3. Внешний вид диэлектрического волновода
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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 

Fig. 4. Directional diagram of the open end of the DW (CST MWS)
Рис. 4. Диаграмма направленности открытого конца ДВ (CST MWS)

	 a	 b	 c	
Fig. 5. Designs of conical (b) and planar emitters (a, c)
Рис. 5. Конструкции конического (б) и планарных излучателей (а, в)
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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, c). 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)λ, characteristic of the multimode mode 
of the DV. The size of the smaller side of the 2a 
cross-section = 0,3125λ, characteristic of the single-
mode mode. The emitter was made of fluoroplastic 
(ε = 2,08). The wedge angle is 10°, measurements were 
taken at λ = 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 (PGE0) 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 PGE0. 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 
PGE0 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 
PGE0 with the required accuracy. This is due to the 

A, dB Scanner
CST
Gauss

A, dB Scanner
CST

x, mm y, mm

Fig. 6. Amplitude distributions of the field component Ey of a conical emitter at a distance of 10 mm (a – in the H-plane; b – in the E-
plane)
Рис. 6. Амплитудные распределения составляющей поля Еy конусного излучателя на расстоянии 10 мм (а – в Н-плоскости; б – в 
Е-плоскости)

a b

A, dB Scanner
CST
Gauss

Fig. 7. Amplitude distributions of the field component Ey 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)
Рис. 7. Амплитудные распределения составляющей поля Еy 
клиновидного излучателя в Е-плоскости на расстоянии 10 мм 
между плоскостями апертур излучателя и зонда (Е-плоскость)

y, mm
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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 
PGE0 synthesis.

The AFR of the radiation field at the end of the 
regular section of the WRFW is approximated by 
PGE0 based on the waves NE11, NE13, NE15 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 PGE0, 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 PGE0 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-

Fig. 8. Structure and appearance of the experimental sample of the emitter with inhomogeneities in the form of wedge-shaped slits
Рис. 8. Структура и внешний вид экспериментального образца излучателя с неоднородностями в форме клиновидных щелей
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Fig. 9. Experimental amplitude and phase distributions of the component Еy of the electric field in comparison with the PGE0 at a dis-
tance of 20 mm from the aperture
Рис. 9. Экспериментальные амплитудные и фазовые распределения составляющей Еy электрического поля в сравнении с ПГЭ0 
на расстоянии 20 мм от апертуры
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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 PGE0 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 PGE0 with a standard RMS of no worse than 10–3.

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 / λ 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 (λ = 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 NE11with 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.

A
, d

B

y, mm
Fig. 10. Experimental AR Ey (y) in the E-plane for a three-channel system of emitters
Рис. 10. Экспериментальные АР Ey(y) в Е-плоскости для трехканальной системы излучателей

b

a

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
Рис. 11. Варианты стержневых диэлектрических излучателей: а) с толщиной, равной диаметру МВ и усеченным заострением; б) с 
толщиной, меньшей диаметра МВ, со скачкообразным изменением радиуса сечения
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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 variant 
(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).

b

a

E-plane H-plane

Fig. 12. Directional pattern formed by a polystyrene rod radiator shown in: a – Fig. 11, a; b – Fig. 11, b
Рис. 12. Диаграмма направленности, формируемая стержневым излучателем из полистирола, представленным на: а – рис. 11, а; 
б – рис. 11, б

a

b

с

Fig. 13. Variants of a dielectric conical emitter
Рис. 13. Варианты диэлектрического конического излучателя
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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 
a wave 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 EN12 
is effectively excited and, in combination with the 
fundamental wave NE11, 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 23,4° 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-

E-plane H-plane

a

b

с

Fig. 14. Directional patterns formed by a conical polystyrene radiator shown in: a – Fig. 13, a; b – Fig. 13, b; c – Fig. 13, c
Рис. 14. Диаграммы направленности, формируемые коническим излучателем из полистирола, представленным на: а – рис. 13, а; 
б – рис. 13, б; в – рис. 13, в
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sions to an aperture of 5 mm and a length of the outer 
conical part of 2,85 mm (Fig. 13, c), which will give a 
beam width expansion of no more than 10° without 
deteriorating the SL (Fig. 14, c).

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 λ 
equal to D/λ = 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 

Experiment	  	 CST
DN width 22-26°; SL = -21,6 dB 			   Directional pattern width 25°; SL = -14 dB

Fig. 15. Experimental AR of small-sized emitter samples in comparison with CST modelling results
Рис. 15. Экспериментальные АР образцов малогабаритных излучателей в сравнении с результатами моделирования CST
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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 H10 in a 
rectangular SSMW with a standard cross-section of 
7,2 × 3,4 mm2 , 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 × 1,2 mm2 to 7,2 × 3,4 mm2 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 
transitions with a cross-section of 2,4 × 1,2 mm2 to 
7,2 × 3,4 mm2 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 × 3,4 mm2 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/λ2 = 2...8, where λ is the operating wave-
length. In this case, the length of the expanding sec-
tion of the waveguide channel should be at least 6λ. 
With this design of waveguide transition 2, minimal 
conversion of the fundamental wave H10 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 NE11 of the DV.

Similarly, when the wave NE11propagates along 
DV, the reverse conversion of the wave NE11 into N10 
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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of 2,4 × 1,2 mm2 and an oversized cross-section of 
7,2 × 3,4 mm2 with a fluoroplastic DV cross-section of 
2,2 × 1,0 mm2. 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 4-10-4 , and the attenuation coefficient 
per unit length of a waveguide with a cross-section of 
0,9 × 0,45 mm2 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 tgδ ≈ 2-10-4 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.

a

b

Fig. 16. Waveguide nodes of the LP: a – rectangular oversized metal waveguide; b – pyramidal waveguide transition
Рис. 16. Волноводные узлы ЛП: а – прямоугольные СРМВ; б – пирамидальный волноводный переход

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
Рис. 17. Устройство гибкого волновода для связи МВ стандартного и сверхразмерного сечений, модель волноводного перехода с 
ДВ на СРМВ в CST MWS и его экспериментальный образец
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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 
channel cross-section of 7,2 × 3,4 mm2 can be used 
on a long section (~1 m) of the combined feeder line. 
At λ ≈ 1 mm, the calculated losses in the SSMW 
are 0,8 dB/m for the H10mode and 0,5 dB/m for the 
H01mode. Based on this fact, it is advisable to select 
the H01mode 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 × 0,45 mm2 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 

Object of study

DW

RI

Fig. 18. Measurement scheme using quasi-optical antenna-feeder system
Рис. 18. Схема измерений при использовании квазиоптической АФС

Large 

mirror

Small 
mirror

Horn

Fig. 19. Schematic diagram of a two-mirror antenna with split focus
Рис. 19. Схема двухзеркальной антенны с расщепленным фокусом
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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 < 2D2/λ, where D is the antenna aperture. The width 
of the formed focal spot l at half the maximum ra-
diation intensity is determined by Rayleigh’s formula: 

l = 1,21λr/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 50)λ. 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 Fn 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:

	– a clearly 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 

Mirror

Fig. 20. Horn feed and its relative position relative to the small mirror: λ1  = 3.2 mm (dashed line); λ2  = 1.06 mm (solid line)
Рис. 20. Рупорный облучатель и его взаимное расположение относительно малого зеркала: λ1 = 3,2 мм (пунктирная линия); λ2 = 
1,06 мм (сплошная линия)
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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 Fn 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 λ = 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 (λ = 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 (λ1 = 3,2 mm) is shown (dotted line). The il-
luminator for an operating frequency of 282,3 GHz 
(λ2 = 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 α of the phased horn antenna 
is 45°. The diameter of the focal ring Fn F’n 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 λ2 = 1,06 
mm, in order to maintain the relationship between 
the geometric dimensions and the focal points of 
the mirrors, the angle α, 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 
λ2 = 1,06 mm, identical to the beam pattern of a 3 mm 
RO, the diameter of the horn aperture is selected to 
be d2 = 4,45 mm. Accordingly, the distance L2 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 
at a frequency of 282,3 GHz (λ2 = 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 λ = 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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Аннотация – Обоснование. Развитие микроволнового метода исследования ударно-волновых и детонационных 
процессов с применением радиоинтерферометров требует разработки антенно-фидерных систем с учетом специфики 
газодинамических экспериментов. Цель. Проектирование антенно-фидерных систем радиоинтерферометров 
миллиметрового и субмиллиметрового диапазонов длин волн, разработка вариантов построения фидерных линий 
и зондирующих устройств. Методы. Приводятся результаты численного моделирования в CST MWS, теоретических 
расчетов и экспериментальных исследований антенно-фидерных систем радиоинтерферометров, подверждающие 
эффективность предложенных технических решений. Результаты. Приведены требования к антенно-фидерной 
системе как составной части радиоинтерферометра. Обоснованы преимущества диэлектрических излучателей, 
предложены диэлектрические излучатели планарного типа. Показаны малогабаритные антенно-фидерные системы 
с диэлектрическими вставками, нашедшие свое применение в задачах зондирования в замкнутых объемах. С целью 
снижения потерь в фидерной линии и построения линий длиной до нескольких метров исследованы антенно-фидерные 
системы на прямоугольных сверхразмерных металлических волноводах, в том числе предложены пирамидальные 
рупорные переходы со стандартного сечения волновода на сверхразмерное сечение, комбинированная фидерная 
линия с использованием гибкого диэлектрического волновода для связи волновода стандартного и сверхразмерного 
сечения. Рассмотрена квазиоптическая двухзеркальная антенна, обладающая высоким пространственным разрешением 
и минимальными потерями. Заключение. В статье показаны преимущества микроволнового метода диагностики, 
представлены различные способы и схемы построения фидерных линий и обосновано применение типов зондирующих 
устройств (излучателей) в зависимости от решаемой задачи и диапазона рабочих частот.

Ключевые слова – радиоинтерферометр; антенно-фидерная система; зондирующее устройство; диэлектрический 
волновод; сверхразмерный волновод; квазиоптическая антенна.
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