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An open-styled dielectric-lined azimuthally periodic circular waveguide (ODLAP-CW) for a millimeter-wave

traveling-wave tube (TWT) is proposed, which is a modified form of a dielectric-lined azimuthally periodic circular
waveguide (DLAP-CW). The slow-wave characteristics of the open-styled DLAP-CW are studied by using the spatial
harmonics method, which includes normalized phase velocity and interaction impedance. The complicated dispersion

equations are numerically solved with MATLAB and the results are in good agreement with the simulation results

obtained from HFSS. The influence of structural parameters on the RF properties is investigated based on our theory.

The numerical results show that the optimal thickness of the metal rod can increase the interaction impedance, with

the dielectric constant held fixed. Finally, the slow-wave characteristics and transmission properties of an open-styled

structure are compared with those of the DLAP-CW. The results validate that the mode competition is eliminated in

the improved structure with only a slight influence on the dispersion characteristics, which may significantly improve
the stability of an open-styled DLAP-CW-based TWT, and the interaction efficiency is also improved.
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1. Introduction

As an essential component of slow-wave interac-
tion between the electron beam and the RF wave of a
traveling-wave tube (TWT), the slow-wave structure
(SWS) is a determining factor for the properties of the
TWT.'=5 When the operating frequency increases
to the millimeter-wave range, the output power of a
TWT based on a conventional SWS such as a helix and
a coupled cavity decreases significantly due to beam-
current density limitation, thermal-mechanical stabil-
ity and fabrication issues.!%7 For these reasons, efforts
have been made to develop novel SWSs®~19 which
are characterized by large beam apertures, excellent
thermal dissipation properties, and simple structures.

The dielectric-lined azimuthally periodic circu-
lar waveguide (DLAP-CW) is regarded as poten-
tial SWS for high-power TWT at millimeter-wave
and THz frequencies, which has a large beam aper-
ture, high manufacturing precision, and other special
characteristics.'*) However, this structure is an over-
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moded interaction circuit and the operating mode is
TMy;, not the fundamental mode. Although the re-
sults obtained by a previous investigation!''] showed
that the interaction impedances of the competing
modes are much lower than that of TMy;, which in-
dicates a low risk of competing interaction or oscilla-
tion, care must be taken when designing the RF cir-
cuit. This is because in the beam-wave interaction,
the stability of the traveling-wave tube circuit may
be influenced by the competing modes. The inter-
action impedances of competing modes should be as
small as possible. Thus, in an effort to alleviate this
disadvantage, an improved slow-wave structure, an
open-styled dielectric-lined azimuthally periodic cir-
cular waveguide (open-styled DLAP-CW) which is a
modified form of a DLAP-CW, is proposed in this pa-
per. The difference between the two structures is that
the metal shell is removed in the novel structure. The
configuration of the open-styled DLAP-CW is shown
in Figs. 1(a) and 1(b). The proposed open-styled
structure can effectively eliminate the mode compe-
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tition in the beam-wave interaction. As a result, the
TWT interaction efficiency and the stability based on
such a structure can be expected to be greatly im-
proved.

1 metal rod

dielectric 4

(b)
Schematic diagram of the open-styled DLAP-
CW: (a) cross section of the open-styled DLAP-CW, and
(b) three-dimensional (3D) view of the open-styled DLAP-
CW.

Fig. 1.

The rest of the present paper is organized as fol-
lows. In Section 2, the RF characteristics of the open-
styled DLAP-CW, which include the field expres-
sions, analytic dispersion, and interaction impedance,
are studied by using the spatial harmonics method
(SHM)[*2=17) and the field-matching method with an
appropriate eigenfunction expansion. In Section 3, the
numerical results from Section 2 are compared with
HFSS!8] simulations. Additionally, the numerical cal-
culations are carried out by using our theory to in-
vestigate the influences of the structural parameters
on slow-wave properties. Using the same structural
parameters, a comparison between the open-styled
DLAP-CW and the conventional one is also carried
out. Section 4 is dedicated to a brief summary and
conclusion.

2. Theory

The cross section of open-styled dielectric-lined
azimuthally periodic circular waveguide is shown in
Fig. 1(a), which can be described in terms of a cylin-
drical coordinate system (7, ¢, z). The structure is di-
vided into four regions for analysis: region 1 (r > Ry),

region 2 (Ry < r < Ry), region 3 (R3 < r < Rs), and
region 4 (r < R3). Here, h is the axial length of the
structure, IV is the number of metal rods, the thick-
nesses of which are all represented by d and the angle
of wedge ¢r,; is equal to ¢, ; — s ;. The structure has
1/N azimuthal symmetry, in other words, the angular
period ¢, is 2m/N.

2.1. Field expression and boundary con-
ditions

The transverse field components in region 1, re-
gion 3, and region 4 can be expressed as a series of
longitudinal field components, which is represented as
a summation of spatial Bloch components by Floquet
theory. The series expression for region 2 has a spe-
cial form, which is expressed as an infinite sum of the
eigen standing waves using Fourier expansion. Omit-
ting e(«t=382) the field expression for E, is derived,
and the other field expressions can then be derived
from E,. In the subsequent analysis, w represents
the angular RF frequency, 8 the propagation constant,
and ¢, is the relative dielectric constant. In addition,
m is the azimuthal mode index, which represents the
periodicity of the RF field in the azimuthal direction.
Here, the TMy; (m = 0) mode is the only one consid-
ered for the longitudinal interaction between the linear
beam and the longitudinal field component E,. The
field expressions of these four regions are as follows:
in region 1 (r > Ry),

By, = io [A1n K (kar)] exp(ikne),  (1a)
B, = ZQ;B . %% 125 (1b)
Biv = 75 5B (1¢)
Hi, = %%Em (14)
m, =5 (1¢)

in region 2 (Ry < r < Ry),

By, ;= Jio[Al,iJkl,i(kcﬂ') + B1iYe, , (kear)]
=1

x sinfkyi (@ — @s,i)]; (2)

in region 3 (R3 < r < Ry),

Es, = Jio [AznJpi (kear) + Ban Yy (kear)]

< expliHTo) ®

048403-2



Chin. Phys. B Vol. 21, No. 4 (2012) 048403

in region 4 (r < R3),

“+o0
Z [A4nlk}}’ (k‘c4’l“) + B4nKk11v (k‘c47“)]

n=—oo

x exp(jky’ @)- (4)

E4z =

2.2. Dispersion equation

In order to obtain the equations for the slow-wave
characteristics in the analytical model, we use the fol-
lowing boundary and matching conditions of fields at
the boundaries between regions.

The tangential components of the electric field are
continuous at r = Ry, r = Ry, and r = Rg, therefore

N
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2.3. Interaction Impedance

{ Z Kkl clRl (ké,k;)R(—k;,]{;)

>~ { Z Yo (kea Ro) R(KLY, k) R(—KLL, k7)

H, =
Nn = €r50k04Y]€l51;1(kc2R3)a

E3z|7':R3 - E4z‘7‘:R3- (7)

The tangential components of the magnetic field are
continuous at r = Ry, 7 = Ry, and r = Rj3, therefore

Pe,i Pe,i
H2go,i r=Ri d‘P = / Hlip‘T:Rl d<P7 (8)
Ps,i s,1
Pe,i Pe,i
Hagp,ilr=r, dp = Hylr=r,dep,  (9)
Ps,i Ps,i
H380|7‘:Rz = H4§0|T:Rs' (10)

Inserting Egs. (1)—(4) into the boundary conditions
(5)—(10) to eliminate the amplitude constants, the dis-
persion relation can be written as the following expres-
sion:

Cog 0 0 0O
0 Dpg Eng O

Det ¢ =0, (11)
0 Fn GTL H71

where

} — 216, K1 (k1 Ry),
PL,i "

{ Z Jyan (ke Ro) (kéllkf)R(—kEI,kf)E}—27r6ank}31(k02R2),

} - Qﬂ(anYknl(k‘chg),
SOL i n

_Ikiv (kC4R3),

Qn = 750]{3CQI]/€£1V (kc4R3)'

The interaction impedance of the TMg, mode is defined as

*
Eon - Ezn

[A4n IkIV (kc4 Rbeam)]2

n=—oo

where I, is the longitudinal electric field of the n-th space harmonic, E%,

; (12)

(Z P1+ZP2+ Z P+ Z P4)

n=—oo n=—oo

is its conjugate, (3, is the axial

wavenumber of the n-th space harmonic, and P is the total power flow in the z direction (axial power flow).

The axial power flows through each region are obtained as

w/BEO too 2m +o001 27 21
1” . 2k31 / / Clr TdT’d(p + kgl / 0 [Kk{L (kclr)} ;dgﬁdr},
UJﬂETEO Pe,i , ) _
T [AviTr, (kear) + Br¥y, ; (kear)]”sin®[kyi(p = ¢s0)|rdrde
c2 71 8,1
Pe,i ) , , 1
k2 / / [Av,i Tk, (kear) + BuiYh, , (kear)]” cos” [kii(@ — ¢s,i)] ;dwdr},
c2
WIBET'E:O 27T
Ps 2%2 Asn ka(kCQ’f") + Bgnykm(kcg’/‘)] Td?“dgp
c2
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kIII 27 51
2 / [Aganzln(chT) 4+ B3nYk£LII(k'CQ7")} *d(pd’r‘},
c2 0
R3 27
P =A% - w”BjO / / [Ty (ko) 2rdrde 4! n
2kc4 0 0 " kc4

R3 27
/ / Ikw cal)] dcpdr}

where Py, P, P53, and P, are the axial power flows through region 1, region 2, region 3, and region 4, respectively.
The relative values of A1y, Aii, Bis, Asn, Ban, and Ay, can be obtained by solving Eq. (12), and the results

are

kclgr n
B, =

heo > Avn K (ken Ra) Rk, ki) i, (kea Ra) —

> A K (ke R)Jy, (ko Ry)

n

PL.i
n
A=

(pL Tk, (ke R)YY, (k2 Ry) — T, (keaR1) Y, , (kea Ry)]

Z A1 Kyt (kei R1)R(KL, ki) — BriVi, , (k2 R1)

Jiy (ke R1)

)

Pe,i
R(—ky,, ki) =/ sinfkyi (¢ — ¢s.:)] exp(—jky ) dep,

8,1

L ki) = / sinfkyi (¢ — @s.i)] exp(jkyp) de,
©s,

+oco N

X1 = > [Aidu, (keaRo) + BiiYx, , (keaRo) [ R(—k}, ki),

=1 1i=1
+oco N

=> > A, (keaRo) + BiiYy, (keaRo)|R(—k}, ki),
=1 1=1

J]/€3 (kchz)Xl - ka’L (k’CQRQ)XZ

b

Ban =~ [Jis (keaR2)Yigs (ko o) = Jig (kea Ra) Yy (keaR) |
Ay, — X1 —27B3,Yys (k2 Ra)

27 [ Ty (ke o) Vi (heaB2) — Jig (kea Ra) Yy (kea Ro)|
Ay, — AspJpm (k2 R3) + BSnYk}lU(kCQRS)-

Liav (keaR3)

Using the results of the dispersion relation ob-
tained in Section 3, and substituting Eq. (13) into
Eq. (12), the interaction impedance of the open-styled
DLAP-CW is obtained.

3. Numerical results and discus-
sion

The dispersion equation (11) and the interaction
impedance equation (12) can be solved numerically
using the Matlab'¥) computer software package. For
comparison, we simulated the structure using a three-
dimensional (3D) electromagnetic code HFSS in order
to verify the correctness of the present theory. The
results of the open-styled DLAP-CW with ¢ = 10,
Rl/Rg = 2, R2/R3 = 1.5, PLi = 7T/6, N = 8, and
R3; = 2 mm in Fig. 2 indicate that the HFSS simula-
tion data accord well with the numerical calculation
data obtained from the present theory, which supports

(13)

our theory. Next we investigate the effects of the struc-
tural parameters on the slow-wave properties of the
open-styled dielectric-lined azimuthally periodic cir-
cular waveguide according to our theory.

Figure 3(a) shows the effect of the dielectric con-
stant on the normalized phase velocity of the open-
styled DLAP-CW. It can be concluded that with the
increase of ¢ the relative passband becomes wide and
the phase velocity decreases. At the same time, the
cutoff frequency decreases and the passband range
shifts toward lower frequency.

Meanwhile, the interaction impedance versus nor-
malized frequency for the open-styled DLAP-CW with
the variation of the dielectric constant e is investi-
gated in Fig. 3(b). The results show that the interac-
tion impedance increases noticeably with the decrease
of the dielectric constant €. On the other hand, if
choosing a material with a small dielectric constant ¢,
the normalized phase velocity will become too high.
In other words, its high phase velocity indicates that
the TWT based on such a structure needs a relatively
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high operating voltage for satisfying the synchronous
conditions in the beam-wave interaction, which may
restrict the further application in the compact TWT
interaction circuits.

The normalized phase velocities and the interac-
tion impedances for several thicknesses of the metal
rods versus frequency are plotted with ¢ fixed at 12,
respectively, in Fig. 4 (a) and Fig. 4 (b). The normal-
ized phase velocity decreases as the thickness of the
metal rod, d, decreases. At the same time, the disper-
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sion curve also becomes steeper. And the interaction
impedance first increases but then decreases as the
thickness d increases. Therefore, the thickness of the
metal rod for a specific open-styled DLAP-CW design
must be carefully optimized to improve the perfor-
mance of the beam-wave interaction in an open-styled
DLAP-CW-based TWT. Here, curve B in Fig. 4(b)
indicates that the interaction impedance of the open-
styled DLAP-CW with d = 1 mm is optimal.
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Fig. 2. Dispersion curves of open-styled DLAP-CW: (a) normalized phase velocity and (b) interaction impedance of
open-styled DLAP-CW, calculated using the present theory and HFSS.
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Finally, we investigate the slow-wave characteris-
tics and the transmission properties of a DLAP-CW
and an open-styled DLAP-CW with the same dimen-
sions. The results obtained from the present theory
in Fig. 5 show that the interaction impedance of the
ODLAP-CW slightly increases compared with that
of DLAP-CW when the dispersion characteristics are
similar. Furthermore, compared with a DLAP-CW in
the same case, the results in Figs. 6 and 7 from full
3D simulations using HFSS show that the values of

L 1.0

s A: open—styled DLAP (a)

sy B: DLAP

9]

S 0.8

[

>

2

£

a 0.6

o

o}

N

3

E 041

e

o

Z. 1 1 1 1 1
25 30 35 40 45

Frequency/GHz

transmission coefficient S12 of the competing modes
are all less than —12 dB, and that of the operating
mode is close to 0 dB in the open-styled DLAP-CW
while there is little influence of the reflection coeffi-
cient S11. This indicates that the mode competition
will be eliminated in the beam-wave interaction. In
other words, there is a significant improvement on the
stability of an open-styled DLAP-CW-based TWT,
and the interaction efficiency is also improved.
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Fig. 5. Comparison of the dispersion characteristic between open-styled DLAP-CW and DLAP-CW with ¢ = 10,
Ri/R3 =2, Ry/R3 = 1.5, ¢, = 7/9, N = 8, and R3 = 2 mm: (a) normalized phase velocity and (b) interaction

impedance.
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Meanwhile, a new magnetic focusing system
structure is needed in practical applications, which
may affect the open style of this structure. As a re-
sult, the performance of the ODLAP-CW is studied
when the focusing system is considered. In the follow-
ing research, the inner wall of the pole shoes of the
period permanent magnet (PPM) focusing system is
replaced by a metal boundary in order to make anal-
ysis convenient, and the radius of the metal shell is
represented by Ry. The influences of radius R4 on the
RF properties are indicated in Figs. 8 and 9, obtained
by the HFSS simulation, which include the dispersion
characteristics, the interaction impedances, and the
transmission properties.

From Fig. 8 it follows that for the R4 values of 6,
10, and 16 mm, the normalization phase velocity and
the interaction impedance for TMg; mode vary lit-
tle with frequency. Furthermore, in Fig. 9, it is clear
that as radius R4 increases, the competing modes can-
not transport well expect the operation mode TMjy;,
which is close to that of an open-styled structure in
this case. At the same time, the inhibition of the
mode competition is rapidly enhanced, which is the
advantage of the ODLAP-CW.

In practical applications, the ODLAP-CW needs
a magnetic focusing system in order to achieve a sta-
ble and nonintercepting transmission of the electronic
beam in this structure. In addition, it is good for the
open style of this structure when a large radius Ry is
chosen, thereby increasing size and weight of the fo-
cusing system, which is unacceptable for linear beam
TWT interaction circuits. For these reasons, attenu-
ators are loaded between the slow-wave structure and
the focusing system, or a layer of attenuating material
is evaporated on the structure, which can effectively
attenuate the energy of the competing modes without
deteriorating the transmission properties of the oper-
ating mode TMy;. This is because the electric field
energy of the operation mode is concentrated mainly
in the electron beam channel, and the field energies
of the other competitive modes are distributed at the
edge of the structure.

4. Conclusion

In this paper, the equations for the slow-wave
characteristics including phase velocity and interac-
tion impedance of the open-styled dielectric-lined az-
imuthally periodic circular waveguide (open-styled
DLAP-CW) are derived using a spatial harmonics
method. The theoretical solutions are well consis-
tent with the results from full 3D simulations using
HFSS, which supports our theory. Furthermore, the
effect of the SWS dimension on the RF characteris-
tics of this circuit and the parametric analysis reveal

that the dielectric constant and the thickness of the
metal rod both significantly influence the open-styled
DLAP-CW characteristics. Consequently, it is neces-
sary to select optimal structural parameters to strike
a balance between the bandwidth and the interac-
tion impedance. Finally, we compare the transmission
characteristics and RF properties between a DLAP-
CW and an open-styled DLAP-CW with same struc-
tural dimensions. The results show that the interac-
tion impedance of the open-styled DLAP-CW slightly
increases when their dispersion characteristics are sim-
ilar. In the open-styled DLAP-CW, the mode com-
petition is eliminated in the beam-wave interaction.
Therefore, there is a significant improvement in the
stability of an open-styled DLAP-CW-based TWT,
and the interaction efficiency is also improved.
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