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The study on a miniaturized, low-voltage, wide-bandwidth, high-efficiency modified V-shaped microstrip meander-

line slow-wave structure is presented. This structure is evolved from the original U-shaped microstrip meander-line slow-

wave structure, combining the advantages of a traditional microstrip and a rectangular helix. In this paper, simulations

of the electromagnetic characteristics and the beam-wave interaction of this structure are carried out. Our study shows

that when the design voltage and the current of a sheet electron beam are set to be 4700 V and 100 mA, respectively,

this miniature millimeter-wave power amplifier is capable of delivering 160-W output power with a corresponding gain

of 37.3 dB and a maximum interaction efficiency of 34% at 97 GHz.
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1. Introduction

Nowadays, the millimeter-wave spectrum, espe-

cially the relatively low atmospheric attenuation in the

vicinity of 94 GHz, is one of the most actively used

spectrums, with applications such as high-data-rate

communications, radar and electronic warfare.[1−3]

The millimeter-wave traveling-wave tube (TWT) is a

vital part of modern millimeter-wave amplifiers[4−11]

due to their combined performances in bandwidth,

power capacity, gain variation, and linearity.

In the microwave device community, there is

a significant interest in compact and light weight

millimeter-wave amplifiers with moderate power and

wide bandwidth capabilities. One of the most promis-

ing millimeter-wave amplifiers that can satisfy the

above requirements, especially at the Ka-band and

the Q-band frequencies, is the helix TWT.[12−14] How-

ever, as the operating frequency extends to W-band

or above, the fabrication of helix circuits is a cru-

cial challenge.[15] The micro-fabrication technique, as

a way to solve this problem, is more naturally applica-

ble to two-dimensional (2D) structures.[16] Therefore,

as a three-dimensional (3D) structure, the fabrication

process of the helix circuit will be rather complicated

and difficult. It is essential for us to find a new type of

slow-wave structure (SWS) which retains the advan-

tages of helix TWTs but overcomes their fabrication

problems.

A novel V-shaped slow-wave transmission line,

of the microstrip type, called V-shaped microstrip

meander-line SWS, has been proposed for low volt-

age, wide bandwidth, and moderate power miniature

TWTs. It has a periodic structure with a period

length of L in the longitudinal propagation direction,

and its fabrication is very convenient when utiliz-

ing 2D MEMS technology. This V-shaped microstrip

meander-line SWS, as a new type of slow-wave struc-

ture, is evolved from the original U-shaped microstrip

meander-line SWS,[17] combining the advantages of a

traditional microstrip and a rectangular helix.[18,19] In

order to enhance the output power, this V-shaped mi-

crostrip meander-line SWS is improved by using a V-

shaped dielectric rod instead of a dielectric substrate.

In this paper, the electromagnetic characteristics

of this structure, including the dispersion characteris-

tics, interaction impedance, and transmission charac-

teristics, are investigated by using the CST-MWS.[20]

Its beam-wave interaction is also calculated with the

∗Project supported by the National Natural Science Foundation of China (Grant No. 60971038) and the Fundamental Research

Funds for the Central Universities (Grant No. ZYGX2009Z003).
†Corresponding author. E-mail: yywei@uestc.edu.cn

c⃝ 2012 Chinese Physical Society and IOP Publishing Ltd
http://iopscience.iop.org/cpb　http://cpb.iphy.ac.cn

064210-1



Chin. Phys. B Vol. 21, No. 6 (2012) 064210

particle-in-cell (PIC) algorithms in the CST-PS.[21]

2. System description

As shown in Fig. 1, the shielded V-shaped mi-

crostrip meander-line SWS is comprised of a partially

filled dielectric rectangular waveguide and a novel V-

shaped metal strip having specific transverse and lon-

gitudinal dimensions. Its modified form, the modified

V-shaped microstrip meander-line SWS, consisting of

a periodic V-shaped metal strip each having a period

length of L and a V-shaped dielectric rod, is depicted

in Fig. 2. Here, the dielectric material filling the rect-

angular waveguide is no longer a dielectric substrate,

but a periodic V-shaped dielectric rod instead. It is

the significant difference between the original struc-

ture and the modified structure, wherein a and h are

the width and the height of the rectangular waveguide;

hd is the thickness of the dielectric substrate and it is

also the height of the dielectric rod.

Fig. 1. Model of the shielded V-shaped microstrip

meander-line SWS.

Fig. 2. Model of the modified V-shaped microstrip

meander-line SWS.

Figure 3 shows dimensional parameters of the V-

shaped metal strip, wherein b is the transverse width

of the metal strip; p is the length of a single pitch; θ

is the bending-angle of the V-shaped metal meander-

line; w and t are the width and the thickness of the

metal strip, respectively.

Fig. 3. Dimensional parameters of the V-shaped metal

strip.

3. Electromagnetic properties

In this section, the electromagnetic properties

including dispersion characteristics and interaction

impedance are presented by utilizing the eigen mode

solver of the CST-MWS under the periodic boundary

condition. Subsequently, the transmission character-

istics will be calculated by the transient solver in CST

Microwave Studio. In this paper, our study focuses on

the W-band, and the longitudinal central axial posi-

tion of the sheet electron beam is 0.05 mm over the pe-

riodic V-shaped metal strip. In Table 1, the optimized

structural parameter values of the modified V-shaped

microstrip meander-line SWS are presented.

Table 1. Optimized structural parameters.

Parameter Value

a/nm 1.056

b/nm 0.528

p/nm 0.112

w/nm 0.024

t/nm 0.005

h/nm 0.85

hd/nm 0.05

θ/(◦) 7.6

In order to highlight the advantages of the modi-

fied V-shaped microstrip meander-line SWS, the com-

parisons of dispersion characteristic and interaction

impedance between the original structure and its mod-

ified structure are carried out. Here, all the dimen-

sional parameters of the two SWSs are set to be equal.

From Fig. 4, we can obtain that the cold band-

width of the modified structure ranges from 11.6 GHz

to 140 GHz, and that of the original structure is in a

range from 9.3 GHz to 113 GHz. Obviously, the cold-

bandwidth of the modified structure is much broader

than that of the original structure. Furthermore, the
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interaction impedance of the modified structure is

higher than that of the original structure as well.

Fig. 4. (a) Dispersion characteristics and (b) interaction

impedance comparison between two microstrip meander-

line slow-wave circuits.

In Figs. 5 and 6, the influences of some im-

portant dimensional parameters of the modified V-

shaped microstrip meander-line SWS on dispersion

characteristic and interaction impedance are investi-

gated. As the thickness of the dielectric rod or the

metal strip increases, the dispersion property becomes

worse, whereas the interaction impedance becomes

larger in the operating frequency band we required,

ranging from 80 GHz to 100 GHz. Since these two pa-

rameters can easily affect the dispersion property and

the interaction impedance of this modified structure,

we should choose proper sizes to satisfy our require-

ments.

In this part, the loss of the modified V-shaped

microstrip meander-line slow-wave circuit, besides the

energy input or output coupling structure, is calcu-

lated. In our simulations, the metal conductivity is

2.25× 107 S/m,[22] the relative permittivity of the di-

electric rod is 4.[23]

Fig. 5. (a) Dispersion properties and (b) interaction

impedances versus thickness of the dielectric rod.

Fig. 6. (a) Dispersion properties and (b) interaction

impedances versus thickness of the metal strip.
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As is well known, the total transmission loss αt is composed of conductor loss αc and dielectric loss αd . In

order to calculate αc and αd , we assume the boron nitride to be loss free and the V-shaped metal strip to be a

perfect electric conductor (PEC), then
αt = αc + αd, copper (σ = 2.25× 107), boron nitride (εr = 4, tan δ = 0.00025),

αt case 1 = αc + 0, copper (σ = 2.25× 107), boron nitride (εr = 4, tan δ = 0),

αt case 2 = 0 + αd, PEC (σ = ∞), boron nitride (εr = 4, tan δ = 0.00025),

(1)

where αt, αt case 1, and αt case 2 can be obtained by

using the transient solver in the CST-MWS. Then, αc

and αd can be generated from the solutions to Eq. (1),

respectively. From Figs. 7 and 8, we can find that

the reflection loss S11 is below –20 dB ranging from

80 GHz to 105 GHz. Meanwhile, the total loss αt is

too small (less than 0.095 dB/mm), and the conduc-

tor loss αc is much larger than the dielectric loss αd

as shown in Fig. 8.

Fig. 7. Reflection loss S11 of the modified V-shaped mi-

crostrip meander-line SWS.

Fig. 8. Loss of the modified V-shaped microstrip

meander-line SWS.

Figure 9 shows the longitudinal electric field dis-

tribution of the fundamental mode. From Fig. 9, we

see that the longitudinal electric field covers the entire

width of the slow-wave circuit. Therefore, the width

of the sheet electron beam can be designed to be equal

to the circuit transverse width for pursuing the maxi-

mum output power.

Fig. 9. Patterns of axial electric field.

4. Beam-wave interaction simula-

tions

In this section, large-signal analyses are carried

out via the PIC solver in CST-PS based on the opti-

mized parameters given above. The whole slow-wave

circuit has a length of 21 mm. In order to obtain a

large enough gain and suppress the backward wave os-

cillation, the whole interaction circuit is divided into

four sections, and the section lengths are 25, 25, 25,

and 61 pitches, respectively. Two adjacent sections

are separated by an attenuator with a length of 15

pitches, and the relative permittivity and the dielec-

tric loss tangent of the material are 11.5 and 0.3.[24]

The amplitude of the focusing magnetic field is set to

be 1.4 T.[25] Finally, the optimized operating param-

eters for our modified V-shaped microstrip meander-

line TWT are shown in Table 2.

Figures 10 and 11 show the particle velocity mod-

ulation along the axial direction and the electron

bunching phenomenon, respectively. As shown in

Fig. 10, we can see that most of the electrons are

decelerated and a small number of electrons are ac-

celerated. Consequently, most of the kinetic energy

of the sheet electron beam is transferred to the high

frequency electromagnetic field. Then, the excita-

tion signal power will be amplified. Figure 11 shows
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the electron bunching phenomenon around the end of

the circuit. The electrons are periodically accelerated

and retarded along the longitudinal direction, which

demonstrates a beam-wave energy exchange process.

Table 2. Operating parameters for a 97-GHz TWT.

Parameter Value

Beam voltage 4700 V

Beam current 0.1 A

Beam cross sectional area 0.528 mm×0.05 mm

Center frequency 97 GHz

Input power 30 mW

Saturated output power 160 W

Saturated efficiency 34%

Saturated gain 37.3 dB

Fig. 10. Beam energy versus longitudinal distance.

Fig. 11. Electron bunching phenomenon at 97 GHz.

Figure 12 depicts the time-domain features of the

input signal and the output signal. From the figure,

a steady-state output signal is seen after a transient

time of about 2 ns. That is to say, energy exchange

between the sheet electron beam and the drive signal

is already stable. Meanwhile, the reflection signal is

small enough to be ignored.

Fig. 12. Input signal and the output signal.

Figure 13 shows the frequency spectrum of the

output signal obtained from the Fourier transforma-

tion. As can be seen, there is only a single frequency

at 97 GHz in the frequency spectrum. That is to say,

this modified V-shaped microstrip meander-line SWS

is almost free from oscillation.

Fig. 13. Spectrum of the output signal.

The frequency sweep is performed in order to ex-

amine the instantaneous bandwidth at a constant in-

put power. Figure 14 gives the plots for saturated

output power and the corresponding gain versus drive

frequency. As can be seen, this modified V-shaped mi-

crostrip meander-line TWT can deliver output pow-

ers of more than 67 W at least covering the frequency

range of 80 GHz–100 GHz. Moreover, the peak out-

put power is 160 W at 97 GHz, corresponding to the

gain and electron efficiency of 37.3 dB and 34%, re-

spectively.

Figure 15 shows the output power as a function of

input power and the corresponding gain. We can see

that the gain decreases as the input power increases.

And as the input power increases to 30 mW, the out-

put power becomes saturated.
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Fig. 14. Output power and gain versus frequency.

Fig. 15. The output power and gain versus the input

power.

5. Conclusion

This modified V-shaped microstrip meander-line

TWT inherits the advantages of both traditional mi-

crostrips and a rectangular helices. It is a compact,

low voltage, broad bandwidth, high efficiency, and

high power millimeter-wave power amplifier. As a

microstrip structure, its fabrication process is rather

simple and convenient by utilizing 2D MEMS tech-

nology. Furthermore, this kind of slow-wave circuit

is well compatible with the solid-state circuit, abd

therefore it is maybe an attractive choice for W-band

MMPM. Therefore, this modified V-shaped microstrip

meander-line TWT can be considered to be a promis-

ing millimeter power amplifier for the future.
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