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This study is dedicated to the development of a new design of the shielded low-loss metal-dielectric wave-
guide for the frequency range of 90—100 GHz. High level of losses in metal is a major challenge complicating
implementation of commonly used waveguides in the specified wavelength range. The study objective was to
develop the proposal regarding the waveguide design with losses lower than 0.5 dB/m, with persistent wave
polarisation. To address the problem, we analysed various waveguide design solutions and estimated losses
per unit length along with the possibility to implement the proposed design. We proposed the final variant of
waveguide design and selected parameters of structural members to solve the problem at hand.
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Introduction

The problem of EHF band wave guidance be-
tween devices is not terra incognita to researchers
and developers. However, a signal sometimes
needs to be transmitted between radio electronic
equipment modules separated by a rather long
distance (tens of meters). So far, in the range of
30-70 GHz, the problem is supposed to be solved,
but at frequencies over 70 GHz there are no ap-
propriate industrial solutions regarding waveguide
structures with losses per unit length less than
1 dB/m. According to an analysis of standard
waveguide structures such as rectangular and
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circular metal waveguides, losses may exceed
units and tens of decibels per meter in a given
frequency range at the primary operating mode.
That is why this study analyses other advanced
waveguide structures as shown in Fig. 1.
Oversized hollow-type metal waveguides
(see Fig. 1a and b) are similar to standard ones
in design, except for larger cross-section sizes.
Losses in such waveguides are basically caused
by attenuation in metal walls and conversion to
higher modes. Beam guides are based on such
waveguides [1]. In this respect, any irregu-
larity in such a line may lead to the appea-
rance of higher modes and subsequent losses.
Dielectric waveguides (DW) can be viewed as
a good solution for implementing a low-loss
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Fig. 1. Cross-sections of waveguide structures

waveguide path in the specified frequency
range. Unfortunately, these are open waveguide
structures. Placing a dielectric waveguide in an
oversized waveguide is a promising solution to
the problem. The structures (Fig. 1¢ and #) al-
low to register the primary mode and provide
polarization stability. These structures were
analysed in [2]. The structures (see Fig. 1e and f)
allow to reduce losses in metal walls, but there
are some losses in the dielectric material itself,
and such a system shall operate at particular
higher wave modes, which shall be properly
excited and then disabled. For the waveguide
proposed by Tischer (see Fig. 1g), losses were
calculated in [3] and [4]. Such a waveguide is
likely to have relevant losses, but we will not
analyse it due to the requirement for complete
shielding. Finally, we have three types of struc-
tures to be analysed (see Fig. 1¢, d and #).

The application of this particular waveguide
path is required for combined interferometers and
radiometers to enable simultaneous signal pro-
cessing in order to determine the distance to and
the temperature of the object being measured.
Therefore, on the one hand, we shall have appro-
priate matching and low losses at a given frequen-
cy; on the other hand, a sufficiently wide frequen-
cy band, including several low-frequency ranges.

1. Estimation of losses in different

waveguide structures

To solve the problem, at the fist stage we estimated
losses in walls of an oversized metal waveguide
(see. Fig. la, b) for the primary mode. We con-
ducted calculations that allowed to estimate losses
in walls of hollow-type rectangular and circu-
lar metal waveguides. For this purpose, we used
calculation ratios given in [5, 6]. The authors did
not analyse the structures of standard metal wave-
guides for the specified range, a priori knowing
that losses at the required frequency were over
2 dB/m.

Oversized waveguides’ losses per unit
length were calculated for the main wave modes:
H,, of rectangular waveguide, H,, and £, of cir-
cular waveguide. Figs. 2 and 3 show the attenua-
tion per unit length — frequency dependencies for
series-manufactured oversized copper waveguides
of standard cross-sections. According to graphs
(see Figs. 2—4), losses increase monotonically as
the frequency rises, while a decrease in losses is
proportional to the waveguide tube’s cross-sec-
tion area.

Waveguide tubes comply with problem set-
ting if their cross-sections are over 13x6.5 mm
for rectangular waveguides (waveguide sizes are
selected as per State Standards GOST 17426-72
“Metallic tubing for waveguides” and GOST
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“Connectors of microwave channels of radio-
measuring apparatus’) as well as with the diame-
ter over 6 mm for circular metal waveguides.

Waveguide attenuation per unit length is
calculated by the following formula:

A,, ~8.686-4’ {@},
m

(1

where h"=h", + h",, — total attenuation coeffi-
cient in metal and dielectric-filled waveguide.
Due to losses in walls of a rectangular metal
waveguide for magnetic wave H,,, the attenuation
coefficient is represented in the following form:
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where a and b — waveguide cross-section sizes,
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o, — metal conductivity, y,, —metal permeability.
Due to losses in walls of a circular metal

waveguide for magnetic wave H,,, the attenuation

coefficient is represented in the following form:
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Due to losses in walls of a circular metal

)

waveguide for electric wave E,,, the attenuation
coefficient is represented in the following form:
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According to the analysis of losses caused

“4)

by change of materials, silver coating of the in-
ternal shield surface insignificantly reduces losses
per unit length by (3—5 %), but makes the product
much more expensive.

The second stage was intended to analyse
losses in dielectric structures, which were ar-
ranged inside the shield, based upon the physical
principles of waveguide losses. Losses per unit
length in the dielectric medium are estimated by
the following formula:
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(5)
where 6., = 0g,etgd — specific conductivity, € and
tgd — dielectric permeability and dielectric loss
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tangent for filling medium material.

By all means, for a shielded dielectric
waveguide it will be more difficult to calculate
the dielectric loss power in comparison with
a waveguide with continuous uniform filling,
while the contribution to total losses will be mi-
nor. According to estimations, the heat loss power
in polyethylene is lower by 2 orders than that in
shield walls, regarding some structures.

The smaller the dielectric rod cross-section
sizes, the lower the losses per unit length as per
the dielectric waveguide loss calculation proce-
dure given in [7]. According to formula (5), the
higher the dielectric permeability, the higher the
losses per unit length. With these factors, we can
find appropriate solutions for design of a dielec-
tric structure to meet the specified requirements.
According to numerical calculation, losses in a
polyethylene or fluoroplastic dielectric waveguide
become acceptable only if the dielectric wave-
guide thickness is less than 1 mm.

A semi-shielded dielectric waveguide can
be used as the waveguide structure with required
losses. Such losses were calculated as per the
procedure described in [4]. However, such a va-
riant will not meet the requirement for complete
shielding.

Finally, the best suitable solution for the
above-mentioned structures is to use a circular
oversized metal waveguide more than 6 mm in
diameter with wave mode H,; that serves as the
shield. The advantage of the solution is that mode
H,, in a circular waveguide is the primary mode
and its excitation is not difficult. Polarization in-
stability is supposed to be a major drawback of
the solution.

As a result, the following problem can
be formulated: for the specified type of wave-
guide, we shall design a device maintaining
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Fig. 2. Dependence of attenuation per unit length on fre-
quency in hollow-type rectangular copper waveguide with
primary wave mode H |, for different cross-sections:

——7.2x3.4 mm; — — 9x4.5 mm;
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Fig. 4. Dependence of attenuation per unit length on fre-
quency in hollow-type circular copper waveguide of dif-
ferent cross-sections with wave E;:

— -6 mm; —— 10 mm; — — 16 mm; — — 20 mm

polarization and providing total losses per unit
length that do not exceed the allowable value
of 0.5 dB/m.

2. Physical principles of loss reduction
in metal-dielectric structures

Losses in a conditionally regular (real)
waveguide structure comprise heat losses in a
metal shield, heat losses in a dielectric structure,
polarization losses (due to rotation of the pola-
rization plane) and mode conversion losses. The
latter occur only on irregularities and may be de-
cisive in case of a long-distance line. Therefore,

| Electronics. Radio Engineering |

0.4
\\_
03
£
g
02
é ---------------------------------
= Y S A R R A RS A
<
Rl T & RSP
0
60 70 80 90 100 110 120

f, GHz

Fig. 3. Dependence of attenuation per unit length on fre-
quency in hollow-type circular copper waveguide
for different cross-sections with wave mode H;:

— -6 mm; —— 10 mm; — — 16 mm; — — 20 mm

in order to reduce the loss level, it is reasonable
to reduce the following:

* heat losses in metal — by placing the shield
as fas as possible from the maximum electric field
distribution,;

* heat losses in dielectric structures — by
reducing the thickness of dielectric elements and
by selecting the element material with the lowest
dielectric permeability values and the lowest
dielectric loss tangent;

* losses caused by change of the polariza-
tion angle — by maintaining the field in the prede-
termined position using dielectric elements;

* mode conversion losses — by creating a
structure, which allows to minimize irregular sec-
tions and prevents the formation of local irregu-
larities (for example, joint gaps).

3. Shielded low-loss waveguide

design solutions

Fig. 5a shows simulated field distribution in
an oversized waveguide of 20 mm in diameter.
Excitation was made by wave H|,. According to
field distribution, this waveguide will have a multi-
mode regime not suitable for solving the problem
at hand. That is why we will not further discuss
this structure. However, we must add that the
losses calculated by accurate formulas from [6]



| ISSN 2542-0542

20 (mm)

Journal of “Almaz — Antey” Air and Space Defence Corporation | No. 2, 2021

4

20 (mm)

20 (mm)

Fig. 5. Field distribution in cross-section of circular copper waveguide of 2 mm in diameter upon excitation of wave H;
without rod (a), with dielectric rod of 1 mm in diameter (b) and with 0.2 mm thick dielectric plate (c)

and the software-simulated losses for a 1 m-long
section differ by 30—40 %. Such a difference is
caused by higher wave modes and rotation of the
polarization plane in the computational model.

Based on the physical phenomena and the
analysis of dielectric elements, we decided to
study some design solutions:

* coaxial structure with a circular dielectric
rod in the centre of the circular metal shield (see
Fig. 1d);

s structure with a dielectric plate in the
symmetry plane of the circular metal shield (see
Fig. 1h);

* hybrid structure including a rod and a thin
plate made of dielectric material in the symmetry
plane of the tube.

The inherited advantage of the first structure
is that it uses two standard waveguides: circular
metal and dielectric waveguides. Theoretically,
it is easy to implement such a structure, but it is
more difficult to implement it in terms of tech-
nology. After analysing ratios of dimensions and
losses for numerical experiment, we selected
dielectric rods of 0.1 to 1.5 mm in diameter. Fig. 6
shows the results of simulation of attenuation per
unit length. We should note that for a rod of 1 mm
in diameter (1/3 wavelength) and for a shield of
20 mm in diameter, losses per unit length in the
investigated frequency band are 0.4 to 0.55 dB/m
and they increase if the frequency exceeds
96 GHz.
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Fig. 6. Attenuation per unit length — frequency dependence
for circular shielded dielectric waveguide with rod
of 1 mm in diameter and shield of 20 mm in diameter:
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Fig. 8. Dependence of extra losses on polarization plane
angle in circular waveguide

In terms of manufacturability, the second
structure seems to be more complicated, but im-
plementable in laboratory conditions. A dielectric
plate is clamped between two halves of a shield
tube with the longitudinal cut. Fig. 14 shows the
cross-section of the structure; Fig. 5S¢ shows field
distribution E. Distributions show that the field is
pressed to the symmetry plane of the metal shield.
There is a minimal field near the metal shield, and
losses in the dielectric plate make a major contri-
bution as shown in Fig. 7. According to experi-
mental data, the dielectric plate thickness shall be
less than 0.2 mm to comply with problem settings.
This figure is less than 6 % of the wavelength at
the specified frequency in polyethylene. Such a
dielectric waveguide is called the low attenua-
tion waveguide, which is thoroughly studied in
the theory of dielectric waveguides [7]. Knowing
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Fig. 7. Attenuation per unit length — frequency dependence
for circular copper waveguide with longitudinal dielectric
plate located in symmetry plane:

— — 0.2 mm film; =——— 0.6 mm film

that the shield sizes exceed 3—5 wavelengths, we
can apply the theory of loss calculation to the in-
finite dielectric plate in a semi-shielded dielectric
waveguide [4].

4. Extra loss estimation

Losses caused by rotation of the wave polarization
plane along with losses caused by energy transfer
to other modes can be classified as extra losses.
Total losses in the waveguide can be estimated by
the following formula:

AZ = (A,wem + A()uaﬂ) + Anm + AMOO' (6)

Losses caused by rotation of the polariza-
tion plane and low irregularities can be estimated
using the loss — polarization plane rotation angle
dependence graph (Fig. 8). This graph is based on
the geometry, provided the receiving and transmit-
ting sections are installed in the same plane and
if there is some smooth irregularity that contri-
butes to rotation of polarization plane inside the
waveguide.

Loss estimation due to loss conversion turns
out to be a challenging problem that requires in-
stantiation of the irregularity type. This study does
not cover the said problem.

Conclusions

1. As a result of our work, we have found
out that there is the possibility to implement a
closed-type electromagnetic waveguide path in
the range of 90 to 110 GHz featuring the structure
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shown in Fig. 14, or the structure combining the
solutions shown in Figs. 1d and 4.

2. The best suitable shield design solution
for the above-mentioned waveguide path is a
copper tube with the diameter equal to 6 or more
wavelengths.

3. The dielectric plate thickness may vary
in the range of 3 to 6 % of the operating wave-
length.

4. Wave H,, of circular metal waveguide (or
H,, of rectangular one) is considered the opera-
ting wave. This wave mode has the lowest losses
on the shield surface and along with that allows
to considerably simplify the design of adapters to
standard flanges.

5. Interms of design, thin film being part of
the waveguide dielectric channel will not be the
worst solution for the attachment system intended
to attach the dielectric rod inside the shield.

6. With combination of wide-band and nar-
row-band properties, the resulting waveguide path
can be suitable not only for radiometric, but also
for interferometric measurements.

7. To reach the set parameters, this path can
be made only as a rigid linear waveguide, while
rotary devices and adapters require further studies.

8. The presented waveguide path de-
sign solution can be implemented in measu-
ring instruments combining both radiometer and
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interferometer for simultaneous measurement of
the distance to and the temperature of the object.

9. This study analyses only possible wave-
guide path design solutions. Other important ele-
ments such as rotary devices, exciters, and wave
mode adjusters require further studies.

Bibliography

1. Kostenko A. A. Quasioptics: Historical Pre-
conditions and Modern Trends of Development.
Radio Physics and Radio Astronomy. 2000. Vol. 5,
No. 3. P. 221-246. (Russian)

2. Vzyatyshev V. F. i dr. Zashchishchenniy
dielektricheskiy volnovod s malymi fazovy-
mi iskazheniyami, kod “SHIPR” // Nauchno-
tekhnicheskiy otchet. 1998. 126 s. (Russian)

3. Guttzeit E. M. Tipy voln v N-obraznom metal-
lodielektricheskom volnovode // Radiotekhnika
1 elektronika. 1962. T. 7. No. 2. S. 310-314.
(Russian)

4. Krutskikh V. V. Funktsionalnye uzly na polu-
ekranirovannykh dielektricheskikh volnovodakh:
dis. ... kand. tekhn. nauk. M.: MEI, 2005. 207 s.
(Russian)

5. Lebedev I. V. Tekhnika 1 pribory SVCh. T. 1.
M.: Vysshaya shkola, 1970. 440 s. (Russian)

6. Baskakov S. I. Osnovy elektrodinamiki. M.:
Sov. radio, 1973. 248 s. (Russian)

7. Vzyatyshev V. F. Dielektricheskie volnovody.
M.: Sov. radio, 1970. 217 s. (Russian)

Krutskikh Vladislav Viktorovich — Cand. Sci. (Engineering), Assoc. Prof., National Research University “Moscow Power
Engineering Institute” (MPEI), Moscow, Russian Federation.
Science research interests: radio engineering.

Saadallah Mohamad Minkara — Cand. Sci. (Engineering), Engineer, National Research University “Moscow Power
Engineering Institute” (MPEI), Moscow, Russian Federation; Meatel, Beirut, Lebanon.
Science research interests: radio engineering.

Ibrahim Ali Rashid — Cand. Sci. (Engineering), Assoc. Prof., College of Science University of Anbar, Ramadi, Iraq.
Science research interests: radio engineering.

Mirzoyan Artavazd Eduardovich — Postgraduate student, National Research University “Moscow Power Engineering
Institute” (MPEI), Moscow, Russian Federation.
Science research interests: radio engineering.

= I | Electronics. Radio Engineering |



= I | ISSN 2542-0542  Journal of “Almaz — Antey” Air and Space Defence Corporation | No. 2, 2021

E)@ | Electronics. Radio Engineering |

Ushkov Andrey Nikolaevich — student, National Research University “Moscow Power Engineering Institute” (MPEI),
Moscow, Russian Federation.

Science research interests: radio engineering.

MeTanaoandjieKTpuYecKuil FIKPAHNPOBAHHBIH BOJIHOBO/ ¢ MAJILIMU MOTEPAMH
i auana3zona yactor 90100 I'T'x

B. B. Kpytckux', M. C. Munkapa'?, P. A. M6paxum?®, A. 3. Mup3sosiH', A. H. Yiukos'

T @edepanbHoe eocydapcmeeHHoe 6rodxemHoe obpasogameribHoe yypexoeHue ebiclueao 0bpasoeaHust
«HayuoHanbHbIl uccrnedosamernsckul yHusepcumem “M3W”», Mockea, Poccutickas ®edepayus

2 «Mumoarnb», Belipym, Jlugarckasi Pecriy6rniuka

3 Konnedx Hayk yHusepcumema AHbapa, Pamadu, Mpak

HacTtoswasn pabota nocssiLeHa pa3paboTke HOBOW KOHCTPYKLMM 3KpaHMPOBAHHOIO METANIOANANEKTPUHECKOrO
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