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Semi-circularly folded microstrip meander line slow-wave structure for
Ka-band traveling-wave tube with cylindrical electron beam
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GONG Yu-Bin， WANG Wen-Xiang， WEI Yan-Yu*

( National Key Laboratory of Science and Technology on Vacuum Electronics，School of Physical Electronics，
University of Electronic Science and Technology of China，Chengdu，610054，China)

Abstract: A folded microstrip meander line ( FMML) slow-wave structure ( SWS) based on slotted dielectric sub-
strate is proposed． Due to the metal meander line printed in a semi-circular slot of the dielectric substrate，the pro-
posed FMML SWS is very suitable for traveling-wave tubes ( TWT) with cylindrical electron beam ( CEB) ，which
can be focused by a traditional periodic permanent ( PPM ) magnetic focusing system． The analyses of dispersion
characteristics，coupling impedances，transmission properties and particle-in-cell ( PIC ) of the proposed FMML
SWS are investigated． Compared with traditional planar microstrip meander line ( PMML) SWS，the FMML SWS
has the advantages of lower phase velocities，weaker dispersion and higher coupling impedances，which make the
FMML SWS suitable for developing low-voltage，wideband and miniature millimeter-wave TWTs． With a focus
magnetic of only 0． 4 T，a Ka band TWT with the FMML SWS is capable of delivering 42． 32 W output power
with a corresponding gain of 26． 26 dB at 35 GHz，while the voltage and the current of the electron beam are set to
be 6 550 V and 0． 1 A，respectively．

Key words: Electron physics，folded microstrip meander line ( FMML ) ，computer simulation，slow wave struc-
ture ( SWS) ，traveling wave tubes ( TWT) ．
PACS: 42． 72． Ai，84． 40． Fe，84． 47． + w，84． 40． Az

适用于 Ka 波段圆形电子注行波管的半圆形卷绕微带线慢波结构

丁 冲* ， 李 倩， 雷 霞， 吴钢雄， 杨睿超， 宫玉彬， 王文祥， 魏彦玉*

( 微波电真空器件国家重点实验室，物理电子学院，电子科技大学，四川 成都 610054)

摘要: 提出了一种基于开槽介质基底的卷绕微带线慢波结构． 由于金属曲折微带线印制在介质基底的半圆形

槽中，这种卷绕微带线慢波结构非常适合圆形电子注行波管，从而使得采用这种新型慢波结构的行波管可以

利用传统的周期永磁磁场进行聚焦． 文章对提出的卷绕微带线慢波结构的色散特性，耦合阻抗，传输特性及

注-波互作用进行了分析． 和传统的平面微带线慢波结构相比，提出的卷绕微带线慢波结构具有更低的相速、
更弱的色散和更高的耦合阻抗，从而使得其适合于低电压、宽频带、小型化的毫米波行波管． 将同步电压及直

流电流分别设置为 6 550 V 及 0． 1 A 的情况下，基于该卷绕微带线慢波结构的 Ka 波段行波管在 35 GHz 处能

够输出 42． 32 W 的功率，对应增益为 26． 26 dB，且均匀聚焦磁场只需 0． 4 T．
关 键 词: 电子物理学; 卷绕微带线; 计算机仿真; 慢波结构; 行波管
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Introduction

Vacuum electron devices ( VED) are employed for a
number of specialized applications，such as satellite com-
munications，radar，and medical apparatus［1-4］． New ap-
plications，such as high-data-rate communications and
active imaging in the millimeter wave and submillimeter-
wave bands，demand for reliable-performance high-power
sources，and will be the driving force for vacuum elec-
tronics research in the near future． In particular，vacuum
electronics could play a fundamental role in 5G mobile
communications since the solid state devices cannot pro-
vide sufficient transmit power at millimeter-wave frequen-
cies［5］．

The traveling wave tube ( TWT) can be a perfect
solution to achieve long distance wireless connection with
high data rate beyond 1 km in distance for point-to-multi-
point communications［6］． The helix TWT［7，8］，as one of
the most widely used VED，has the advantages of low op-
erating voltage，wide operating bandwidth and high effi-
ciency． Meanwhile，with the increase of the operating
frequency，the size of the helix TWT reduces，which
limits the use of the helix TWT up to a maximum operat-
ing frequency of 70 GHz． Also helix structures are very
difficult to manufacture with high repeated precision，and
the packing of the helix in to the waveguide and align-
ment with the electron beam are major challenges for hel-
ices with diameters below 1 mm［9］．

2-dimensional ( 2D) slow wave structures ( SWS) ，
such as meander lines［10-13］，have been proposed in order
to simplify the realization of the helix TWT． The 2D SWS
has the advantages of wide operating bandwidth and easy
fabrication［14，15］，but still have issues to be solved before
they can be fabricated as prototype devices． One of the
main problems is that the sheet electron beam ( SEB )
operating at low voltage is used in most studied 2D SWS，
which requires high magnetic focusing field that is very
difficult to be realized with known magnetic materials
compatible with vacuum tube fabrication［11，16］． Thanks
for the simple and mature technology，the cylindrical e-
lectron beam ( CEB ) ，which can be generated by a
Pierce gun［17，18］ and focused by a periodic permanent
( PPM) magnetic focusing system，can significantly sim-
plify the fabrication of TWT devices．

This paper proposes a folded microstrip meander
line ( FMML) SWS that is suitable for cylindrical elec-
tron beam，which can effectively reduce the magnetic fo-
cusing system of the microstrip meander line SWS． A Ka
band N-shaped FMML TWT with a magnetic focusing of
only 0． 4 T is set as an example，and the electromagnetic
characteristics， transmission characteristics， and the
beam-wave interaction of this modified MML SWS are in-
vestigated．

1 Description of the slow wave structure

The model of the FMML SWS is described in this
section． As shown in Fig． 1 ( a ) ，the traditional planar
microstrip meander line ( PMML) can be fabricated by
printing a metal meander line on the flat surface of a rec-
tangular substrate，and an SEB passes over the meander

line in order to interact with the electromagnetic wave
propagating along the meander line． This type of struc-
ture can achieve acceptable results only when the SEB is
set to be closed to the metal meander line，which makes
it difficult to focus the electron beam． Different from
PMML SWS，a modified FMML SWS is proposed as
shown in Fig． 1 ( b) ． The structure can be obtained by
etching an arc shaped slot on the dielectric substrate［19-21］

and printing the folded microstrip meander line in the
slot． Because of the existence of the slot，the structure is
very suitable for the CEB，which can efficiently reduce
the focusing magnetic．

Figure 1 also shows the dimensional parameters of
the two kind of MML SWS，where p is the length of a
single pitch，w is the width of the metal meander line，t
is the thickness of the metal meander line，a is the width
of the dielectric substrate，r is the radius of the circle of
the slot，hd is the thickness of the dielectric substrate，θ
is half of the arc angle．

Fig． 1 Model and Dimensional parameters of ( a ) the
PMML SWS and ( b) the FMML SWS
图 1 ( a) 平面型微带慢波结构模型及参数． ( b) 卷绕型微
带慢波结构模型及参数

2 Analysis of the radio-frequency character-
istics

In this section，the radio-frequency ( ＲF) charac-
teristics including dispersion characteristics and interac-
tion impedances ( Kc) are investigated，which are calcu-
lated by the Eigen-mode solver with master and slave
boundaries in the 3-D electromagnetic simulation software
Ansoft HFSS［22］． The interaction impedances can be cal-
culated by

Kc =
∫
p

0
Eze

－jBzdz /p

2β2p
， ( 1)

where Ez represents the longitudinal electric field，β is
the longitudinal wave propagation constant，and p is the
power flowing through the SWS cross-section．

The calculation models of the PMML SWS and
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FMML SWS have been built，and all the parameters of
the two structures are set the same as shown in Table 1．
The frequency band focused on is Ka band，and the lon-
gitudinal bottom axial position of the sheet electron beam
is 0． 1 mm over the periodic metal meander line．

Table 1 The structural parameters of the FMML SWS and
PMML SWS

表 1 卷绕型微带慢波结构和平面型慢波结构参数
Parameter Value /mm

w 0． 05
a 1． 3
p 0． 4
t 0． 02
r 0． 32
h 1
hd 0． 5
θ 180 ( Deg)

Fig． 2 The Brillouin curve ( 4 mode) of the FMML SWS
图 2 卷绕型微带慢波结构四个模式的布里渊曲线

Figure 2 shows the Brillouin curve ( 4 mode ) of the
FMML SWS． The 6 550 V beam line，which is the syn-
chronizing voltage of the operating frequency of 35 GHz，
intersects with the Brillouin curve of the high-order mode
( mode 2，mode 3 and mode 4 ) ． This indicates that
high-order mode oscillations may occur at this synchro-
nous voltage． On the other hand，the interaction imped-
ances of the operating frequency at 35 GHz is about 12
Ohms，while the interaction impedances of high-order
mode corresponding to the frequency at the intersection
point of the beam line is 1． 8 Ohms，0． 2 Ohms and 0． 18
Ohms， respectively． The coupling impedances of the
high-order modes are much lower than that of the operat-
ing mode，so the probability of producing the high order
mode oscillation is small． At the same time，an attenua-
tor is further loaded in the process of the PIC simulation，
which can further reduce the influence of high-order
modes．

As shown in Fig． 3 ( a) ，the cold band-width of the
FMML SWS ranges from 3． 91 GHz to 46． 19 GHz，while
the cold band-width of the PMML SWS is in a range from
4． 53 GHz to 47． 64 GHz． Meanwhile，the FMML has
lower normalized phase velocity and weaker dispersion，
which means the FMML can have a wider operation band
with a lower synchronous voltage． What’s more，the in-
teraction impedance of the FMML SWS ranges from
44. 28 Ohms to 5． 08 Ohms in the frequency range of

Fig． 3 ( a) Dispersion properties and ( b) average interac-
tion impedances of the FMML SWS and the PMML SWS
图 3 ( a) 卷绕型微带慢波结构和平面型微带慢波结构
的色散特性对比． ( b) 卷绕型微带慢波结构和平面型微
带慢波结构的耦合阻抗对比

3. 91 GHz to 46． 19 GHz，and that of the PMML SWS
ranges from 24． 12 Ohms to 2． 02 Ohms in the frequency
range of 4． 53 GHz to 47． 64 GHz． It is obvious that the
interaction impedance of the FMML SWS is much higher
than that of the PMML SWS，which contributes an effi-
cient energy exchange between the electron beam and the
electromagnetic wave propagating in the FMML SWS．

Figure 4 shows the longitudinal electric field distri-
bution of the PMML SWS and the novel FMML SWS． It
is shown that the electric field is gathered to the central
area of the FMML SWS，which contributes to higher in-
teraction impedance of the FMML SWS．

3 Analysis of the transmission properties

The transmission properties of the proposed FMML
SWS are calculated in this section． A circuit of 50 peri-
ods is built in CST Microwave Studio［23］． The material of
the metal strip is set to be oxygen-free copper with con-
ductivity of 2． 25 × 107 S /m，and the material of the die-
lectric substrate is set as quartz glass with the relative
permittivity of 3． 78． As shown in Fig． 5，in the frequen-
cy range from 20 GHz to 40GHz，the transmission loss
S21 is bigger than － 5 dB and the reflection loss S11 is
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Fig． 4 ( a ) Longitudinal electric field distribution of the
FMML． ( b ) Longitudinal electric field distribution of the
PMML
图 4 ( a) 平面型微带慢波结构的纵向电场 Ez 分布． ( b)

卷绕型微带慢波结构的纵向电场 Ez 分布

less than － 17． 4 dB．

Fig． 5 Transmission characteristics of the FMML SWS
图 5 卷绕型微带慢波结构的传输特性曲线

4 Analysis of the beam-wave interaction

Based on the simulated results including the radio-
frequency characteristics and the transmission properties，
a 3-D PIC model with the length of 120 pitches is built
up as shown in Fig． 6． The intersection circuit is divided

into two sections by an attenuator，and the length of each
section is 40 and 66 pitches while the length of the atten-
uator is 14 pitches． Comprised by attenuation material，
the attenuator can absorb the reflected wave and suppress
the backward wave oscillation at a wide frequency range．
On the other hand，a 3-D PIC model of the PMML TWT
is also built． The optimized electrical parameters for both
the Ka band TWTs are shown in Table 2． The focusing
magnetic field of the PMML TWT is 0． 6 T，while the fo-
cusing magnetic field of the FMML TWT is reduced to
0. 4 T with a rate of 50% ．

Fig． 6 3-D beam-wave interaction model of the FMML
TWT
图 6 卷绕型微带行波管的 3 维注波互作用模型

Table 2 Optimized electrical parameters of the FMML TWT
and the PMML TWT

表 2 优化后的卷绕型微带行波管和平面型微带行波管电参
数

Parameter Value of the FMML TWT Value of the PMML TWT
Beam Voltage /V 6 550 7 700
Beam Current /A 0． 1 0． 1
Beam Cross

Sectional Area /mm2 π* 0． 22 0． 942* 0． 4

Input Power /mW 100 100
Interaction Length

/mm
48 67． 2

Focusing Magnetic
/T

0． 4 0． 6

Figure 7 ( a) shows the time-domain features of the
input，output and reflected signal of the FMML TWT． As
can be seen in Fig． 7( a) ，the output signal is steady af-
ter about 1． 9 ns，and the reflected signal is small enough
that can be ignored． That is to say，energy exchange be-
tween the electron beam and the drive signal is already
stable． Figure 7( b) shows the frequency spectrum of the
output signal obtained from the Fourier transformation．
The results are normalized based on the maximum ampli-
tude at 35 GHz． It is obvious that the normalized ampli-
tude at 70 GHz ( only 0． 005 4) is much lower than that
at 35 GHz ( set as 1 ) ． That means the modified FMML
SWS is almost free from oscillation．

Figure 8 shows the output power along the axial di-
rection of the FMML SWS． It can be seen that the signal
is amplified gradually along the SWS and attenuated at
17． 5 mm due to the function of the attenuator． Then，the
signal is amplified again and outputs at the end of the
SWS with a power of about 42 W．

Figure 9 shows the particle velocity modulation a-
long the axial direction of the FMMLSWS． As shown in
Fig． 9，most of the electrons are decelerated and a small
number of electrons are accelerated，which means most
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Fig． 7 ( a) The input，reflected and output signal of the
FMML TWT，( b) The frequency spectrum of the output sig-
nal at 35 GHz
图 7 ( a) 卷绕型微带行波管的输入信号，反射信号及输
出信号时域图，( b) 工作频点为 35 GHz 时的输出信号频
谱图

Fig． 8 Output Power versus longitudinal distance of the
FMML TWT at 35 GHz
图 8 卷绕型微带行波管在 35 GHz 时输出功率沿着慢波
结构纵向上的变化曲线

of the kinetic energy of the sheet electron beam is trans-
ferred to the high frequency electromagnetic field． Then
the driving signal power will be amplified．

The frequency sweep is performed in order to exam-
ine the instantaneous bandwidth at a constant input pow-
er． Figure 10 gives the plots for output power and the
corresponding gain versus drive frequency with the input
power of 100 mW． As can be seen in Fig． 10 ( a) ，the

Fig． 9 Beam energy versus longitudinal distance of the
FMML TWT at 35 GHz
图 9 卷绕型微带行波管在 35 GHz 时电子注能量在纵向的
变化趋势

FMML TWT can deliver output power of more than 13． 3
W at least covering the frequency range of 31 GHz to 37
GHz． The gain of the FMML TWT is higher than 21． 24
dB at 31 ～ 37 GHz as shown in Fig． 10 ( b) ． Moreover，
the peak output power is 42． 32 W at 35 GHz，corre-
sponding to the gain of 26． 27 dB． Both the output power
and gain of the FMML TWT are higher than those of the
PMML TWT．

Fig． 10 ( a) Output power and ( b) gain versus frequen-
cy of the FMML TWT and PMML TWT
图 10 ( a) 卷绕型微带行波管和平面型微带行波管的
输出功率曲线对比，( b) 卷绕型微带行波管和平面型
微带行波管的增益曲线对比

PIC simulations considering the actual circuit loss
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Fig． 11 Output power and gain dependence on conductivi-
ty of the metal meander line of the FMML TWT
图 11 卷绕型微带行波管输出功率及增益随微带线电
导率的变化趋势示意图

are performed． In general，the material with a conductiv-
ity of 2． 25 × 107 S /m is used to estimate the circuit loss
caused by the actual fabrication． Considering a probable
larger surface roughness for the modified SWS and the
actual assembly and fabrication situation，the material
with lower conductivity is utilized for the interaction per-
formance prediction． As shown in Fig． 11，when the con-
ductivity lower than 1 × 107 S /m，the interaction per-
formance of the FMML TWT becomes relatively poor．
Therefore，in the process of practical processing，the
conductivity of materials should be fully considered in or-
der to obtain satisfactory results．

5 Conclusion

In this paper，a modified FMML SWS is proposed．
The radio-frequency characteristics，transmission proper-
ties and the beam-wave interaction of the FMML SWS are
analyzed． The proposed FMML SWS is suitable for cylin-
drical electron beam TWTs，which can efficiently reduce
the focusing magnetic． Furthermore， this novel slow-
wave circuit can be well integrated with the solid-state
circuit，which could be an attractive candidate for the
millimeter wave power module ( MMPM) ．
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