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Abstract: A bandwidth broadening and voltage reducing method for the azimuthal supported angular log-periodic
strip meander line slow-wave structure has been proposed. By means of the vane-loaded technique to control the
dispersion characteristics, the bandwidth of the azimuthal supported angular log-periodic strip meander line trave-
ling-wave tube is expanded effectively. Through numerical simulation, it can be found that the 3 dB bandwidth of
the structure without vane and with multi-vane loaded is 2. 5 GHz and 3 GHz, respectively. The work voltage of
the structure without vane and with multi-vane loaded is 5450 Vand 4650 V, respectively. As the results shown,
the bandwidth and work voltage of the angular log-periodic strip meander line slow-wave structure can be expanded
and reduced by means of vane-loaded method.
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Introduction

As an important kind of vacuum electron device,
traveling wave tubes (TWTs) are widely applied in ra-
dar, communication, electronic countermeasure and oth-
er electronic equipment. The helix TWTs are the most
widely used devices in applications which require some
important properties such as wide bandwidth, smooth RF
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response, and high efficiency and so on. With the oper-
ating frequency of TWTs developing to millimeter-wave
and THz range, the dimensions of the devices are re-
duced to micron-scale. The microfabrication technique
and semiconductor silicon processing method have been
adopted to the components processing'''. During this
process, the planar slow wave structure has gradually de-
veloped, such as planar helix slow wave structure and
angular log-periodic microstrip meander-line and so on.

r#5 B H#A:2018- 12- 13, 1&[E HH#E:2019- 05- 29

Foundation items : Supported by National Natural Science Foundation of China (61531010)

Biography : CHEN Zi-Jun (1996-) , female, Hebei, China,master. Research area involves millimeter wave and terahertz wave vacuum electron devices. E-

mail ; chenzijunly@ sina. com

* Corresponding author : E-mail ; ybgong@ ueste. edu. cn



434 4 5 2 K 38 %

The planar helix with straight-edge connections ( PH-
SEC) has been proposed**’ | and metal vanes have been
shown to be effective in dispersion shaping of PH-SEC
structure */.

The slow wave structure named angular log-periodic
microstrip meander-line was proposed by Gong et al"’
And a lot of research works are explored to develop a
miniature planar TWT with the microstrip meander line
SWS, such as the optimal design of the SWS'® | the
EOS of fan-shaped radial divergent electron sheet beam
with radial tunable PCM focusing system'’' and so on.
The microstrip structures have the properties of high effi-
ciency, miniaturized dimensions, and easily to be inte-
grated. In order to improve the performance in dissipa-
ting heat and resisting electron beam bombardment, the
azimuthal supported angular log-periodic strip meander
line SWS is proposed'®’. The strip meander line is loca-
ted in the middle of vacuum chamber and supported by
two dielectric support sheets in azimuthal, as shown in
Fig. 1. For expanding the bandwidth and reducing the
voltage of this kind of slow wave structure mentioned a-
bove, the vanes are added and the multi-vane-loaded
slow wave structure is presented in Fig.2. As the simula-
tion results shown, the 3-dB bandwidth of the structure is
expanded 0.5 GHz and the work voltage is reduced 800
V by multi-vane loaded method.

Dielectric support Angular log
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Fig. 1  Azimuthal supported angular log-periodic
strip meander line SWS
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Fig.2 Multi-vane-loaded azimuthal supported angu-
lar log-periodic strip meander line SWS
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1 The structure of the vanes

The metal vanes have been found very effective in
dispersion shaping for the circular helix and the PH-
SEC''. By considering the structure of vanes, the radi-
an of the vane is concentric with the circular helix in he-
lix TWTs, and for the PH-SEC, the cross section of the
vane is rectangle. As the angle log-periodic slow wave
structure has the trend of divergence in radial direction,

the cross section of the vanes used in this kind of SWS is
designed to be isosceles trapezoid. The formation of
vanes is shown in Fig. 3. Two half-lines with an angle of
0_vane launch out from original point O, which is the
center of the angular log-periodic meander-line, and they
are on the symmetry of the middle axis. There are four
intersections a, b, ¢ and d which are formed by two half-
lines and the first and the last segments of the angular
log-periodic meander-line. Connecting four points forms
the cross section of the vane in the r- plane. The single
solid vane is formed by stretching the cross section a
thickness of h_vane in the longitudinal direction, shown
in Fig.4(a). With O as the center, rotating the single
vane an angle of 6_rotate with four times repeatedly is
forming the multi-vane structure, as shown in Fig.4(b).

The number of the vanes is n, which is 5 in Fig.4(b).

Fig.3 The formation of the vane
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Fig.4 The structure of (a) single vane, and (b)
multi-vane
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2 The structure of the vane-loaded strip
meander line SWS

The establish procedure of the angular log-periodic
strip meander line is similar to the method mentioned in
Ref. [6]. Figure 2 shows the multi-vane-loaded SWS.
The material of the meander line and vanes is set as per-
fect electrically conducting (PEC), and the material of
the dielectric support sheets is boron nitride (BN) , with
a relative dielectric constant £, =4 and a dielectric loss
tangent tand = 0. 000 5 . The relative position of the
vanes and the angular log-periodic strip meander line of
two methods are shown in Fig. 5 (vertical view and side
view). The open angle of the vane is §_vane, the thick-
ness of the vane is h_vane, and the length of the vane is
depended on the length of the strip meander line SWS.
The height of vacuum chamber at one side of the SWS is
h_air, and the gap between the vanes and SWS is the
difference between h_air and h_vane.

The structure parameters we used are listed in Table
1. The parameters a, 6, b, w and ¢ are initial radius,
the open angle, growth rate, strip width, and strip thick-
ness of the angular log-periodic strip meander line, re-
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spectively. The dielectric support sheets’ thickness and
width are ¢_sup and w_sup. The length of dielectric sup-
port sheets is determined by the length of the strip SWS.

Vanes strip meander line

Cathodcs

(a)

strip meander line and

h_vane )\“”CS /suppurl sheets 7 e

Cathodcs

Fig.5 The relative position of the vanes and the
angular log-periodic strip meander line (a) vertical
view of multi-vane loaded, and (b) side view of
multi-vane loaded structure
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Table 1 Parameters for the slow wave structure
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Parameters values
a/mm 16
0/ deg 4
b 0.001 47
w/mm 0.075
t/mm 0.1
t_sup/mm 0.1
w_sup/ mm 0.4
n (the number of vanes) 5
h_vane/mm 0.1
0_vane(deg) of multi-vane 0.5
0_rotate/ deg 0.8
h_air/mm 0.4

3 Dispersion relation and interaction im-
pedance of the slow wave structure

Angular log-periodic meander-line is not the stand-
ard periodic structure but a logarithmic periodic struc-
ture. The method of calculating the dispersion relation
and interaction impedance of this kind of structures is
proposed in Ref. [9]. According to this method, the
phase velocity of the structure mentioned in this paper
can be obtained from v, = Ar/At, where Ar is the dis-
tance between the input and output ports, Af is the time
of signal propagating from input port to output port. By
changing the frequency of the signal, the v, varies with
the frequency can be obtained, which means the disper-
sion relation curves can be obtained. As shown in Fig. 6,
multi-vane loaded structure have lower normalized phase

velocity than the structure without vane, the normalized
phase velocity of multi-vane structure is lower than
0. 145, which can predict the lower work voltage. It
shows that metal vanes are effective in reducing normal-
ized phase velocity. This result can be interpreted as fol-
lows; for the vane-loaded structure, vanes are equivalent
to the electrical boundary, and the distribution of the e-
lectric field is compressed towards slow wave line. While
the distribution capacitance between vanes and slow wave
line increases, the phase velocity will decrease. In sum-
mary, vane loaded technology is effective in dispersion
control, which can get lower phase velocity.
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Fig. 6 Comparison of normalized phase velocity of multi-
vane-loaded structure and no vane structure
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In order to study on how the structure parameters of
vanes effect on the dispersion relation, the variation of
dispersion relation with the number of vanes, the thick-
ness of vanes and the open angle of vanes are given in
Fig.7 (a-c).

Figure 7 (a) shows the variation of dispersion rela-
tion with the number of vanes when h_vane =0.1 mm, 0
_vane = 0.5 °, the normalized phase velocity will de-
crease with the number of vanes increases. Figure 7 (b)
shows the variation of dispersion relation with the thick-
ness of vanes when n =5, §_vane =0.5 °, the normal-
ized phase velocity will decrease with the thickness of
vane increases. Figure 7 (c¢) shows the variation of dis-
persion relation with open angle of the vane when n =35,
h_vane =0.1 mm. It can be seen that the open angle of
vane has little influence on dispersion relation. Based on
these results, the structure parameters of vanes are set as
n=5, h_vane =0.1 mm and §_vane =0.5 °.

The interaction impedance of these structures can be
calculated by the formula k, = E>/2B°P. In Ref. [9],
E. and P can be obtained by setting the integral surface
and integral lines, B can be calculated from v, = w/p.
The comparison of interaction impedance of multi-vane-
loaded structures and no vane structure in the frequency
range from 10 GHz to 40 GHz is shown in Fig. 8. It can
be found out that the vanes have no significant influence
on interaction impedance, and in the Ka-band which is
from 26 GHz to 40 GHz, the interaction impedance of



436 ARG/ RS2 b2 3 14 38 4

Fig.7 Dispersion relation varies with (a) the number of vanes,
(b) the thickness of vanes, and (c) the open angle of vanes
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two structures approaches from 6.3  to 10.3 Q.

4 The transmission characteristics of
vane-loaded slow wave structure

The transmission characteristics of SWS are usually
expressed in S parameters. S, is the reflection coefficient
of port 1 when port 2 matches the load. S,, is the trans-
mission coefficient of port 1 to port 2 when port 2 mat-
ches the load. The S parameters of the multi-vane loaded
azimuthal supported angular log-periodic strip meander

without vane
with multi-vane

Interaction impedar

0
8 1012141618202224262830323436384042
Frequency/GHz

Fig. 8 Comparison of interaction impedance
of multi-vane-loaded structure and no vane
structure
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Fig.9 S parameters of the vane-loaded SWS
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line SWS are calculated by CST and shown in Fig.9. In
the frequency range from 26 GHz to 40 GHz, S, is less

than —12 dB, and S,, is greater than —0.07 dB. The
vanes have no significant influence on S parameters of the
SWS mentioned in this paper.

5 Beam-wave interaction simulation re-
sults

To investigate the amplification performance of the
multi-vane loaded azimuthal supported angular log-peri-
odic strip meander line SWS, the beam-wave interactions
of the models are simulated by PIC solver of CST Particle
Studio. Two ideal cathodes are settled at the input side of
the strip meander line with the thickness of 0.2 mm and
on the symmetry of the strip meander line, both side at
distance 0. 02 mm over of the strip meander line surface,
the position of the cathodes is shown in Fig. 5. Both of
cathodes emit electron beam with dimensions 4° x 0. 2
mm propagated along the radial axis. The synchronous
voltage of the electron beam is determined by the disper-
sion relation of the slow wave structure. As the phase ve-
locity decreases, the required synchronous voltage de-
creases, which means the work voltage decreases. The
work voltages of the structure without vane and multi-
vane loaded structure are optimized to be 5450 V and
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4 650 V, respectively. Beam current is 0.3 A of each e-
lectron beam, and total beam current is 0.6 A.

In order to choose the appropriate input power, the
saturation power curves of two structures are obtained, as
shown in Fig. 10. The saturation output power of two
structures are similar, close to 490 W, which makes a
great agreement with the results of interaction imped-
ance. As two structures have similar interaction imped-
ance, the saturation power will be similar. The vane-
loaded structure reaches saturation with input power of 12
W, and the structure without vanes reaches saturation
with input power of 24 W. Considering the power availa-
ble from solid-state devices, the input power of two struc-
tures are set as 5 W, and the beam-wave interaction re-
sults are obtained.

with multi-vane
without vane

6 8 10 12 14 16 18 20 22 24 26 28
Po/W

Fig. 10 The saturation output power curve of multi-
vane loaded structure and no vane structure
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The beam-wave interaction results of multi-vane
loaded structure at 38 GHz is shown in Figs. 11 (a-c).
Figure 11(a) shows the electron bunching in the direc-
tion of motion, which is the necessary condition for
beam-wave interaction. Figure 11(b) shows the electron
beam kinetic energy variation along the radial distance.
The kinetic energy of the electron beam is transferred to
the electromagnetic field, so that the energy of electro-
magnetic field increases, the excitation signal is ampli-
fied. Figure 11(c) shows the frequency spectrum of the
output signal obtained by Fourier transformation. It is
relatively pure at 38 GHz.

With the input power of 5 W, the beam-wave inter-
action results of two kinds of structures are obtained. The
comparison of gain of these structures are presented in
Fig. 12. The gain of the structure without vane and struc-
ture with multi-vane loaded is 14.5 dB and 17.9 dB, re-
spectively. The 3 dB bandwidth of structure without vane
is 2.5 GHz, which is from 38 GHz to 40.5 GHz. The 3
dB bandwidth of structure with multi-vane loaded is
broadened to 3 GHz from 38 GHz to 41 GHz.

As the simulation results shown, the multi-vane
loaded SWS obtains better amplification performance.
The voltage is 800 V lower than the structure without
vane , which makes a great agreement with the dispersion
relation. The maximum gain of multi-vane loaded SWS is

3.4 dB higher and the 3 dB bandwidth is 0.5 GHz broa-
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Fig. 11 (a) Electron bunching in the direction of motion,
(b) electron beam kinetic energy variation along the radial
distance, (c) frequency spectrum of the output signal
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der than those of the structure without vane.
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Fig. 12 Comparison of gain of multi-vane
loaded structure and no vane structure
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The beam-wave interaction results mentioned above
are obtained based on lossless models. After that, the
material of mender line and vanes is set as oxygen-free
high-conductivity copper (OFHC) and the conductivity
o=5.8x10" S/m. The beam-wave interaction results
are shown in Fig. 13. The output power of the lossy
structure is slightly lower than the lossless structure.

6 Conclusion
The multi-vane-loaded azimuthal supported angular

log-periodic strip meander line slow-wave structure is
studied in this paper. Multi-vane loaded structure has
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Fig. 13 Comparison of output power of lossless vane-
loaded structure and lossy vane-loaded structure
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lower normalized phase velocity than the structure without
vane, and the vane has no significant influence on inter-
action impedance of SWS. According to the beam-wave
interaction results, the multi-vane loaded SWS reaches
saturation with lower input power than the structure with-
out vanes. The work voltage of multi-vane loaded SWS is
4 650 V, which is 800 V lower than the voltage of SWS
without vane. The 3-dB bandwidth of multi-vane loaded
structure is 0.5 GHz broader than that of structure with-
out vane. As the results shown, vane loading method can
expand the bandwidth and reduce the work voltage of an-
gular log-periodic strip meander line slow-wave struc-
ture.
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