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Abstract. The article proposes the use of a traveling wave tube (TWT) as an amplifying device of a microwave
transmitter for a mobile combined digital troposcatter-radiorelay station (MCDTrRRS). Such a telecommunication
system has two separate components - a troposcatter and a radio relay, but a common frequency-shaping system, a
control and diagnostic system, and also can have a single microwave transmitter. The radio relay component can
operate in various allowed frequency bands, for example in the range 7.9...8.4 GHz. The troposcatter component
operates only in the range 4.4...5 GHz. the single microwave transmitter in this case must have a gain band of 4.4...8.4
GHz or operate in the above two frequency bands. The traveling wave tube can operate in this frequency broadband
with an output power of more than 1.5 kW without self-excitation on the reverse wave. Therefore, the presence of the
TWT makes it possible to realize a single microwave transmitter for the two components of the MCDTrRRS. The entire
microwave transmission path is built on a partially filled of dielectric rectangular waveguide (PFDRW). Thus, an
increase in the diameter of the helix of TWT at a length equal to 50 ... 60% of the total length of the helix and the
introduction of an absorber from the metamaterial significantly improved the output parameters of the instrument over a
wide frequency range 4.4 ... 8.4 GHz without self-excitation on the backward wave. It should be noted that the slow
wave structure in the form of a helix has a strong structural connection and good alignment with the coaxial-PFDRW-
junction (CPFDRW-junction). The coaxial waveguide has a direct connection of the center conductor to the helix. The
use of the own function method allowed us to take into account the electromagnetic field in the opening of the coaxial
waveguide and obtain the expressions for the CPFDRW-junction in an explicit form. An increase in the broadband of a
traveling wave tube is achieved by applying input and output rectangular waveguides partially filled of dielectric, with a
simultaneous change in the helix pitch. This solution allows not only to increase the broadband of the traveling wave
tube, but also its electrical strength. Such a construction of a traveling wave tube can find application in microwave
radio systems, including telecommunication ones, which operate in several frequency bands as it shown on MCDTrRRS
example.

Keywords. a traveling wave tube; partially filled of dielectric rectangular waveguide; coaxial waveguide;
CPFDRW-junction; broadband.

Anomayin. Y cmammi 3anpononogano sacmocysanus aamnu 6ixcyuoi xeuni (JIBX) sax niocuniosanbhozo
npucmpoio HBY nepedasaua mobineHoi kombinosanoi yughposoi mponocgepro-paodiopeneiinoi cmanyii (MKLTpPPC).
Taxa menexomynixayitina cucmema Mmae 08I OKpemi KOMHOHeHmMU - mponocepny i padiopeneliny, aie 3a2anbHy
cucmemy 4acmomo@opmy8anHs, cucmemy Ynpasiinus i OlazHOCMUKY, a MaKoic modice mamu €ounutl nepedasay CBY.
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Paoiopeneiina komnonenma modxice npayiosamu 8 pizHux 00360JeHUX YACHOMHUX 0ianA30HAaX, HANPUKIAO, 8 Oianda3oHi
7,9..8,4 I'Ty. Tponocgepna xomnonenma npayroe 6 dianazoni 4,4...5 I'Ty. €ounuii nepedasauw HBY 6 yvomy sunaoxy
nosunen mamu cmyey 6 4,4..8,4 I'Ty. Poboma namnu 6ixncywoi X6uni MOXNCIUSa 6 Makitl WUpoKil cMy3i yacmom 3
8UXIOHOI0 nomydicHicmio nonao 1,5 kBm 6e3 camo3bydocenns na 36opomuiu xeuni. Tomy, sukopucmanns JIBX dozeonse
peanizysamu eounuii HBY nepedasau ons d0eéox xomnonenm MK TpPPC. Ilpu yvbomy 6ecv nepedasanivHuii mpaxkm
cmanyii noOy008aHUll HA 4ACMKOBO 3ANOGHEHOMY OLeeKMPUKOM NPAMOKYmHOMY xeunesodi (Y3/IIB). 3a paxyHox
30inbuents diamempa cnipani cnosiivrioiouol cucmemu JIBX na 0oeoicuni, wo oopisnioe 50...60% 3aeanvroi 00excunu
cnipani, i 86e0eHHAM NOIUHAYA 3 Memamamepianry 60al0Csa ICMOMHO NOKpAWUMYU SUXIOHI napamempu npuiaoy 8
3A3HAYEHOMY WUPOKOMY Oiana3oni yacmom 0Oe3 camo30y0xceHHA HA 380pOmHil xeuni. Y3eooocenna Y3/IIB 3i
CHOBIIbHIOIOUO — cucmemor Y  6uenadi  cnipani  30ilicHIOEmbea  uepes  Koakciamvuuti - Y3/IIB  nepexio
(KY3I1B-nepexio). B ybomy eunaoxy xoaxcianvuuil xeunesio mae npime 3'€OHAHHA YEHMPANbHO2O NPOGIOHUKA 31
cnipanato. 3acmocy8anns memooy AACHUX QYHKYILU 6 OaHil pobomi 003601UN0 8PAXYBAMU eleKMPOMAsHImMHe noje 8
PO3KpUBI KOaxcianbHoeo xeuneeody i ompumamu eupasu 0ia KY3/JIIB-nepexody 6 asnomy euenidi. Takum yunom 6
pobomi 30iIbUEHHA WUPOKOCMY2080CME  JAMRU OINCYHOT XBUNL 00CA2AEMbCS UWIISAXOM 30ACMOCY8AHHS 6XIOH020
BUXIOHO20 NPSMOKYMHUX X6ULEB0018, YACMKOBO 3aN0BHEHUX OIeNEeKMPUKOM, 3 OOHOUACHOIO 3MIHOI0 KpOKYy chipani. Taxe
PiutenHs: 00360J151€ He MiNbKU 30UIbWUmMY WUpOKOCMY208iCmb  1amMnu Oixcywol xeuui, ane i il enekmpuyry MiyHicmep.
Taxa koHCmpYKYisi Aamnu Oidcyuoi XeUii Modice 3HAUMu 3acmocy8ants 6 padiomexuiunux cucmemax HBY dianasony,

BKIIOYAIOYYU MENIeKOMYHIKAYIUHI, 5K (DYHKYIOHYIOMb 6 0eKLIbKOX Oland3oHax 4acmom sK ye HOKA3aHO HA NPUKIaoi
MKITpPPC

Knrwuosi cnoea. namna 0idxcHoi X8uuni;, NPAMOKYMHUL X6UNe8i0; HACMKOB0 3ANOBHEHUl OieleKMPUKOM,
Koakcianvruil xeunegio, 3'eonanns CPFDRW; wupoxocmyeosuil.

1 INTRODUCTION

The patent [1] proposed a new type of mobile digital telecommunications microwave system
- a mobile combined digital troposcatter-radiorelay station (MCDTrRRS). Such a system has two
components - a troposcatter and a radio relay, but a common frequency-shaping system, a control
and diagnostic system, and also can have a single microwave transmitter. Since the radio relay
component can operate in various allowed frequency bands, for example in the range 7.9...8.4 GHz,
and the troposcatter component operates in the range 4.4..5 GHz, then the single microwave
transmitter in this case must have a gain band of 4.4..8.4 GHz or operate in the above two
frequency bands. To provide communication range on the troposcatter interval of more than 200 km

with a probability of erroneous reception of BER=10"° with a capacity of > 2 Mbit/s, the
transmitter output power should be more than 1.5 kW. Naturally, such an output power is not
required by a radio relay component and less than 10 W can branch off from a single transmitter. In
this case, the radio relay component will allow to transmit STM-1 level signals and Ethernet signals
at a speed of 100 Mbit / s for a range of 40...50 km, depending on the height of the antenna support.
It should be noted that in the transmitting path of the MCDTrRRS, the solution found in [2] is
applied, when the entire microwave transmission path is built on a partially filled of dielectric
rectangular waveguide (PFDRW). Therefore, the aim of the work is to show the possibility of using
as amplifying device a single microwave transmitter MCDTrRRS, the transmission path of which is
built on the PFDRW, a traveling wave tube (TWT) operating in the 4.4...8.4 GHz band with an
output power of more than 1.5 kW without self-excitation on the reverse wave.

2 GENERAL DESCRIPTION OF A WIDE BAND TRAVELING WAVE TUBE
WITHOUT SELF-EXCITATION ON THE REVERSE WAVE

2.1  The modern features of broadband solid-state microwave amplifiers

The current stage in the development of microwave transmitting devices is characterized by
the replacement of microwave electric vacuum devices with solid-state microwave amplifiers. For
example, Advantech Wireless developed for the troposcatter communication systems in the range of
44..50 GHz a GaN power amplifier with an output power P, =350/400/500 W, which

out
provides high linearity in this range. However, this linearity of the SapphireBlu™ SSPA/SSPB
Super Compact TT Series amplifiers in the 4.4 to 8.4 GHz band can not yet provide. The design of
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the output stages of the microwave transmitter is even more complicated if Pout should be more than
1.5 kKW. The use of eight amplifiers of this series in accordance with the scheme of 8x400 W makes
it possible to obtain P, ~2,5 kW, but at the same time we have an efficiency of less than 20%,

and we also do not maintain linearity requirements. The review of the source [3] as one of the
leaders in the field of solid-state microwave amplifiers makes it possible to draw the following
conclusions:

— In the C and X ranges, kilowatt capacities (up to 6 kW) are achieved, but not in a wide
frequency band.

— Achieving such parameters and characteristics required the use of expensive materials.

— High power is achieved by summing the output power of several amplifiers located on
pallets.

Hence the low efficiency of these amplifiers and the inability to achieve high linearity over a
wide frequency band (4.4...8.4 GHz).

Another world leader — Sumitomo Company has a wide range of power amplifiers created
using GaN technology and power amplifiers MMIC based on GaAs technology. The company owns
the technology for the creation of GaN HEMT Pallet Amplifiers. The output power of GaN HEMT
in the 8 GHz band reaches 100 W. More information can be found in the materials [4].

2.2 The modern features of broadband TWT

Broadband TWT have been studied in papers [5-11]. A feature of these papers is that the
helix was used as a slow wave structure in broadband TWT. In our study uses a waveguide of
complex transverse shape — a partially filled of dielectric rectangular waveguide (PFDRW). Various
applications of waveguides of complex transverse shape for input and output of energy in TWT are
known. In [12-14] TWT is investigated with some waveguides of complex transverse shape, and in
[15] — with a planar helix slow-wave structure.

2.3 Application of broadband TWT for modern telecommunication systems

As it was shown, MCDTrRRS operates in a wide frequency band 4.4...8.4 GHz, and the
transmission of digital signals via tropospheric communication channels with a speed > 2 Mbit/s
requires high linearity of the amplifiers of microwave transmitters. The analysis shows that it is not
possible to provide high linearity in such a broad band as 4.4...8.4 GHz with an output power of
more than 1.5 kW by a solid-state amplifier to date, as the authors know. If you want to transfer
information at a speed of, for example, 8 Mbit/s and even in such a wide bandwidth, the
requirements for linearity of the amplifier is significantly tightened. Therefore, the authors propose
to use as the microwave transmitter for the MCDTrRRS the amplifier on broadband TWT without
self-excitation on the backward wave.

The general approach to the solution of the problem formulated in the goal of the paper is
based on the results of [16, 17].

2.4 Elimination of self-excitation by the backward wave in TWT

The risks of self-excitation by the backward wave is increase in broadband TWT. It is
known that self-excitation on the backward wave can arise in a TWT with a helix as a type of slow
wave structure is due to a decrease in the velocity of the electron beam. This is a result of
interaction with the electromagnetic wave. Helix as a slow wave structure has the greatest wideband
and from the point of view of mechanical effects it has advantages over other kinds of slow wave
structure, which is important for mobile communication complexes. The presence of a helix helps to
reduce the cost of TWT, which at an output power of more than 1.5 kW have a cost below the cost
of a solid-state microwave amplifier on GaN with equal bandwidth. The broadband TWT with the
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helix has a better linearity of the amplitude characteristic compared to a solid-state microwave
amplifier on GaN with an output power of more than 1.5 kW.

Eliminate self-excitation on the backward wave by changing the diameter of the passageway
along the length of the interaction space. For this purpose, the diameter of the part of the helix that
is under the absorbers increases by 1.15 times, and the absorber is a plate of metamaterial. The helix
is set in such a way that modulation of the velocity of the electrons succeeds in the initial part of the
helix. In fact, the enlarged part of the helix is under the central part of the absorber. The extreme
parts of the helix are 1.45 times elongated, which increases the length of the interaction space.

2,5
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1

0,5

Output power, kWt

0
35 45 55 65 75 85 95

Frequency, GHz

Figure 1 — Dependence of output power on frequency

To reduce the jump in the phase velocities at the junctions of the parts of the helix with
different diameters, the pitch of the helix changes. In this case, not only the close values of the
deceleration factor are obtained, but the reflection coefficient from the shock also decreases. The
starting self-excitation current on the backward wave increases not only in saturation mode, but also
in the entire thirty decibel range of input power variation. The focusing of the electron beam is
realized with the aid of a solenoid with a current creating a uniform longitudinal constant magnetic
field along the axis of the helix. The dependence of output power on frequency is shown in Figure
1. The working parameters are i = 1,25A and the voltage on the decelerating system Ug = 8 kV. The
output power at the level of 2 kW is achieved practically in the entire frequency range
4.4..8.4 GHz.

At the same time, the efficiency of the device studied was 44% in the same frequency range
(Figure 2).
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Figure 2 — Dependence of efficiency on frequency
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In Figure 3 shows the dependence of the gain on frequency. With these operating
parameters, the TWT was resistant to self-excitation on the backward wave.
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Figure 3 — Dependence of the gain on frequency

In order to increase the broadband of devices of input and output energy is suggest to use
PFDRW.

3 ELECTRODYNAMIC ANALYSIS OF THE COAXIAL-PFDRW-JUNCTION
ON THE INPUT AND OUTPUT OF TRAVELING WAVE TUBE

It is known that in order to improve broadband matching at the input and output, waveguide
transformers are often used, for example, as a piece of a rectangular waveguide with a smoothly
decreasing size of a narrow wall. With the same purpose in the TWT, the helix pitch at its ends
increases smoothly.

The coordination of the PFDRW with the decelerating system in the form of a helix is
realized through a coaxial-to-moderated junction. In this case, the coaxial waveguide will have a
direct connection of the center conductor to the helix. Here, the most difficult for electrodynamic
analysis is the coaxial-PFDRW-junction (CPFDRW-junction).

The rectangular waveguide contains a dielectric also of rectangular cross section, not
touching the walls of the waveguide. The junction in the general case can be asymmetric. The
equivalent circuit of the CPFDRW-junction contains an ideal transformer with a transformation
coefficient no and a reactance jX, which takes into account the response of local fields arising at the
junction of the PFDRW with the wave impedance Z,, and the coaxial waveguide with the Z, wave

resistance [2]. The values entered have the following expressions:
Z,, =1207k, ! y,10;  Z; =60INn(R,/R),

where k, — the wave number, »,,, — the propagation constant of the quasi-Hio wave
PFDRW, R2, R1 — the outer and inner radii of the coaxial waveguide, respectively.

The transformation coefficient has the following form:

Ny = IghmETdS’
s

where:

&0 — the transverse electric own function of the PFDRW for the main wave [2];
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- &= (]/,IZnIn(RZ/Rl))(FO/r) — eigenvector function of a coaxial waveguide.

The reactance X can be represented in the form:
x =1 > niZ,,
2id

N, = [ &0z ds,
S

where:
— & —own function of the coaxial waveguide for higher types of waves;
— Z, —characteristic impedances of higher types of waves of a coaxial waveguide;

— k—index of summation over non-propagating waves.
In the special case, if the coaxial waveguide is a coaxial transmission line with a thin

internal conductor (k,R, <0.25), then the expression for no is as follows:

N, =—j[| (1)/15] ol dl,
o €Y
[lrm/1p]di =1,

where:

— |, —the effective height of the conductor;

— I(I) —the current in the conductor;

— 1, —the initial current at the base of the conductor.

For example, if the current distribution in the conductor is uniform, I, =1, and for a linear

current distribution in the conductor, I, =1/2, where | — the height of the inner conductor of the
coaxial transmission line in the PFDRW.

If the conductor is introduced through a wide wall of the PFDRW, then I’ =y° and
expression (1) takes the form:

n, = \/128/ab(64+q2 + p? +q2p2)/(1/;(h10)x

x{(ﬂ/a)sin (7xy,/a)—(pr/2a)sin(zx,/a)-cos(2x1/b)—(3qz/8a)sin (37X, /a)+
+(3qpr/16a)sin (37x,/a)cos(271/b)},,

where:
— a, b—the wide and narrow walls of the PFDRW,

— (, p — parameters that depend on the dielectric filling of the waveguide;
— Yo — the transverse wave number of the main wave;
— X, —the distance from the narrow wall of the waveguide to the conductor.

The input resistance of the CPFDRW-junction from the side of the coaxial waveguide (the
PFDRW is matched on both sides) has the following form:

35



HU®POBI TEXHOJIOIIL, Ne23, 2018

Z,=(n/2)z, + jX. )
Then the reflection coefficient has the form:
Sn :(Zin_ZT )/(Zin +ZT)‘ (3)

The calculation of the reflection coefficient Si1 from the considered junction by formula (2)
with sufficient accuracy for practice can be performed without taking into account local fields in the
case when the condition kR, <<1 is satisfied. In this case, the extent of the "near" zone is much
smaller than the wavelength 4 and therefore X ~0. If this condition is not met, then the extension

of the "near" zone grows and it is necessary to take into account the waveguide waves of the coaxial
waveguide. For this, it is necessary to substitute (2) in (3).

Figure 4 shows the equivalent circuit of the junction, when PFDRW one side shorted. This
equivalent circuit also takes into account the effect of the coaxial waveguide hole. It is assumed that
the local field to attenuate the short end walls [18].

L

0
L
~

Zi

1:n0

Figure 4 — Equivalent circuit of a CPFDRW-junction with a short-circuited waveguide
section

The input impedance of such a junction from the side of the coaxial waveguide (PFDRW
matched on one side) has the following form:

Z,, =Z, sin 0+ j| (1 /2) 2, sin 20+ X |, @

where €=y,,,L, L — the length of the short-circuited segment of the PFDRW. For the
equivalent circuit under consideration, the coaxial waveguide is aligned with the PFDRW, if
Z,, sin® 0=2,,(1; /2)Z, sin20+ X =0.

The technique of integration in determining the transformation coefficient is the
representation of the transverse electric eigenvector function of the fundamental PFDRW wave,
expressed in Mathieu functions, through their trigonometric series. In determining the
transformation coefficients, the Bessel functions of the first and second kinds and their derivatives
appearing in the transverse electric vector own functions of the coaxial waveguide for higher types
of waves were expressed in terms of the power series in which the first six terms were retained. For
example, the power series of the Bessel functions of the first and second kind of the zeroth order
was limited to the term containing the argument to the tenth power [19].

Numerically investigated actively 7 and reactive X the input impedances of the CPFDRW-
junction, the equivalent circuit of which is shown in Figure 4. Expression (4) is represented as
follows:

Z. X =R+ jX.

36



HU®POBI TEXHOJIOIIL, Ne23, 2018

In Figure 5 shows the dependencies F=R/Z; and X=X /Z, of the value of y,,,/K,:
— Curve 1is constructed for ¥ at L=a/4.
— Curve 2 is constructed for X at L=a/4;
— Curve 3 is constructed for X at L =a/3.

The remaining parameters of the CPFDRW-junction are the following: ¢ =4, c/a=0.1,
d/b=0.8, x,/a=0.5, R/a=0.05, I/b=0.8. It should be noted that accounting for higher types
of waves depends on the ratio R,/R, .

3
2

7
2
i
0 i
5 065 a7 05

V snro'ke

0 3

Figure 5 — Equivalent circuit of a CPFDRW-junction with a short-circuited waveguide
section

Analysis of the obtained dependences shows that, firstly, the active input resistance r
weakly depends on the wavelength, which can be the basis for the design of broadband junction,
and secondly, in the lower part of the operating band, the PFDRW reactive input impedances = little
differ from each other, which facilitates the provision of stable alignment for various variations in
the parameters of the PFDRW.

CONCLUSION

Thus, an increase in the diameter of the helix of TWT at a length equal to 50 ... 60% of the
total length of the helix and the introduction of an absorber from the metamaterial significantly
improved the output parameters of the instrument over a wide frequency range 4.4 ... 8.4 GHz
without self-excitation on the backward wave. In combination with a sufficiently high operating
current i = 1,25A, such a combination of "techniques™ made it possible to have high values of
output power, efficiency, gain in a wide frequency range 4.4...8.4 GHz, while not having the highest
value Uo. Despite the high output power, focusing with a solenoid made it possible to create a high
uniformity of the electron beam, which helped to reduce the noise level at the output of the TWT.

The presence of such a TWT makes it possible to realize a single microwave transmitter for
the two components of the MCDTrRRS and, at the same time, to create the entire transmitting path
to the PFDRW. It should be noted that the slow wave structure in the form of a helix has a strong
structural connection and good alignment with the CPFDRW-junction. The use of the own function
method allowed us to take into account the electromagnetic field in the opening of the coaxial
waveguide and obtain the expressions for the CPFDRW-junction in an explicit form.
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