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Abstract—This paper describes the investigation of broadband
interaction and harmonic suppression. A special dispersion shape used
in broadband traveling-wave tubes (TWT) is obtained. The theoretical
and simulation studies of negative dispersion are presented. On the
basis of these studies, a broadband TWT used in microwave power
module (MPM) is designed. Compared with the old TWT with flat
dispersion, the new one with negative dispersion decreases the second
harmonic content about 10 dB and improves the fundamental efficiency
with a maximum increase of about 5% at the lowest frequency 2 GHz.
The new one operates with the beam voltage of 3600 V and current of
250 mA. The modified TWT is fabricated and the simulation results
meet the measurements very well.
1. INTRODUCTION
MPM is a novel microwave power source, which consists of the solid
state amplifier, miniaturized vacuum TWT and high-voltage switch
power conditioner [1]. The three major parts make up the standardized
RF power amplifier, which has many advantages, such as small size,
high power, high efficiency and ultra broad bandwidth [2–4]. MPM is
the key electron device for the next generation weapon systems, such as
radar, electronic warfare and communication systems [5]. The TWTs,
used in MPM, have ultra broad bandwidth of several octaves and have
become the focus of research in recent years [6].
The challenge of the ultra broadband TWTs is the harmonic
suppression.
Numerous work exists in the area of harmonic
suppression. The theoretical analyses of harmonic generation and
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suppression are demonstrated in [7–10]. Experimental investigation
of harmonic suppression is presented in [11–13]. However, the
simulation has become another important tool for TWT research
in recent years [14–20]. This paper proposed a simple theory for
broadband synchronism and harmonic suppression. Based on the
theory, this paper focused on the simulation studies. The 3-D
electromagnetic cold-test model and 2.5-D beam-wave interaction
model were presented separately with the FIT code CST and PIC
code MAGIC. The simulations were done for dispersion shaping and
harmonic suppression. A modified TWT used in MPM was designed
and measured to validate the simulation results.
2. BASIC THEORY
The synchronism between electromagnetic wave and electron beam is
firstly required for the broad band applications. The relationship of
the electromagnetic wave and electron beam is expressed as the nonsynchronous parameter b, as shown in Equation (1). The derivative of
Equation (1) is shown in Equation (2). C is the gain parameter, and
the derivative is negative as shown in Equation (3). The derivative of
beam velocity u0 is equal to zero. For the broad band applications,
the non-synchronous parameter should be a constant, so the derivative
of b is assumed to be zero. So, it can be induced the phase velocity
vp should be an increasing function with the frequency, as shown in
Equation (4). That is to say the negative dispersion should be shaped
for broadband synchronism.
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On the other hand, Dionne [9] and Sangster [21] has found that
the second harmonic level varies with the harmonic velocity ratio as
shown in Figure 1. In the figure, P2 /P1 is the ratio of the power of
second harmonic to that of fundamental, and V2 /V1 is the ratio of
the phase velocity of second harmonic to that of fundamental. When
V2 /V1 is smaller than 0.94 or greater than 1, the second harmonic level
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is suppressed. However, if the ratio is smaller than 0.94, the strong
dispersion of the slow-wave structure (SWS) can not satisfy the broad
band applications. So, it is feasible that the ratio is greater than 1.
That is to say the phase velocity of second harmonic V2 is required
to be greater than that of fundamental V1 . The frequency of second
harmonic is greater than that of fundamental naturally. Then, the
phase velocity Vp is required to increase as the frequency f . Also, it
can be clearly seen the phase velocity should be an increasing function
of frequency. For harmonic suppression, the negative dispersion should
be shaped, too.
3. COLD SIMULATION
A mini TWT used in the MPM has been designed in our early
work [22]. The SWS has the flat dispersion over a few octaves. The
cross-section is shown in Figure 2. The length of the TWT is only

Figure 1. Harmonic level versus velocity ratio.

Figure 2. Cross-section of the
SWS.

Figure 3. CST MWS simulation
model.
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120 millimeters and the output power is more than 100 W over the
frequency band from 2 GHz to 6 GHz. But, the harmonic level is nearly
zero dB at the low end of the band. So, it is necessary to form the
negative dispersion to suppress the harmonic level.
The dispersion shaping is to form the negative dispersion with the
SWS heavily loaded by dielectric rod or metal vane. For the SWS as
shown in Figure 2, the heavy loading of metal vane can be formed
by decreasing s or increasing m. The heavy loading of dielectric rod
can also be formed by increasing w or εr . The 3-D electromagnetic
cold-test simulation model is presented with the FIT code CST MWS
2010. With the periodic boundary condition of CST, only one period
structure should be modeled as shown in Figure 3.

Figure 4. Phase velocity varies
with s.

Figure 5. Interaction impedance
varies with s.

Figure 6. Distribution of electric
field at low frequency.

Figure 7. Distribution of electric
field at high frequency.
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Firstly, s, the gap between metal segment and helix tape is varied
from its initial value 0.8 mm. The phase velocity and interaction
impedance is simulated as shown in Figures 4 and 5. It can be seen
the phase velocity is turned rapidly from flat dispersion to negative
dispersion, as s is decreased. The dispersion characteristics of low
frequency depend on s more sensitively than that of high frequency.
This can be explained by the distribution of electric field, as shown
in Figures 6 and 7. At the high frequency, the electric field more
concentrates around the helix, the change of the gap between metal
segment and helix only has a little influence on the field. Also, it can be
seen the interaction impedance has a little decrease with s decreased,
especially at low frequency.
Secondly, m, the width of metal segment is varied from its initial
value 1.8 mm. The phase velocity Vp /C and interaction impedance Kc
is simulated as shown in Figures 8 and 9. C is the velocity of light in
vacuum. It can be seen m has little influence on phase velocity and

Figure 8. Phase velocity varies
with m.

Figure 9. Interaction impedance
varies with m.

Figure 10. Phase velocity varies
with w.

Figure
11.
Interaction
impedance varies with w.

186

Zhu and Wei

interaction impedance, and the desired negative dispersion can not be
obtained by m.
Thirdly, w, the width of support rod is varied from its initial value
0.8 mm. The phase velocity and interaction impedance is simulated as
shown in Figures 10 and 11. It can be seen the negative dispersion
is gradually formed, as w is increased largely. At high frequency, the
field more concentrates around the helix tape. The helix tape is close
to the support rod, so the change of support rod width has obvious
influence on the field too. Compared Figures 10 with 4, it can be
seen w is less sensitive than s, as the forming of negative dispersion is
considered. On the other hand, the interaction impedance decreased
more obviously with the change of w, and it will decrease the output
power and efficiency of the tube.
Finally, εr , the dielectric constant of support rod is varied. In
addition to beryllia 6.5, the BN 5.1 and alumina 9.4 is considered.
The phase velocity and interaction impedance is simulated as shown
in Figures 12 and 13. It can be seen only the alumina support rod can
form the negative dispersion, but the interaction impedance is seriously
deteriorated.
To sum up, m has little effect on the dispersion. S, w and εr can
all form the negative dispersion, but w and εr will cause impedance
largely deteriorated. So, s is the only sensitive and feasible parameter.
As the impedance considered, s is finally designed as 0.6 mm in this
paper.
In addition to the above four parameters, other parameters of
the tube are adjusted to compensate the impedance for its decrease.
After many optimizations, the inner radius of helix is adjusted from
1.8 mm to 1.7 mm, pitch from 1.4 mm to 1.3 mm, and inner radius of
barrel from 3.6 mm to 3.4 mm. The phase velocity and interaction

Figure 12. Phase velocity varies
with εr .

Figure
13.
Interaction
impedance varies with εr .

Progress In Electromagnetics Research C, Vol. 28, 2012

Figure 14.
comparison.

187

Phase velocity

Figure
15.
Interaction
impedance comparison.

Figure 16. Simulation model
and space distribution of electron.

Figure 17. Particle energy along
z axis.

impedance is simulated as shown in Figures 14 and 15. It can be seen
other parameters can not change the form of dispersion, and it only
move the curve wholly. The interaction impedance can be improved
especially at low frequency band by the appropriate adjustment of
other parameters.
4. INTERACTION SIMULATION
A two and one half dimensional electromagnetic particle-in-cell
simulation code MAGIC has been used to investigate the nonlinear
beam-wave interaction. The simulation model and space distribution
of electron is presented as shown in Figure 16. The particle energy and
power flow is simulated as shown in Figures 17 and 18 at the frequency
2 GHz. The particle energy is the energy of the charged particles
with the beam voltage of 3600 V. The tube works in continuous
mode. In Figure 18, the power flow is the instantaneous Poynting
power with a filter. In MAGIC simulation code, the instantaneous
Poynting flux power variable is positive in the positive half period of
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Figure 18. Power flow versus time at tube end.

Figure 19. Output power along
z axis for the flat dispersion
structure.

Figure 20. Output power along
z axis for the negative dispersion
structure.

a sinusoid and negative in the negative half period. This is a defect
of MAGIC software. So, during programming the interaction code, a
filter is applied to remove the negative power on the plot to facilitate
reading of the data. Generally, the instantaneous Poynting power is at
twice the frequency of a wave. Because half has been filtered, the
instantaneous Poynting power seems at the frequency of the wave
with the frequency 2 GHz. The fundamental output power Pc {ω}
with frequency 2 GHz and second harmonic output power Pc {2ω} with
frequency 4 GHz is simulated as the interaction length for the former
flat dispersion structure and the modified negative dispersion one, as
shown in Figures 19 and 20. The second harmonic power is suppressed
for the new structure.
There is a note to say, during designing this tube, many
optimizations have been done. The results of our former paper are
at a certain stage of the process in Ref. [6]. The results in this paper
are the final ones, and there are some differences. The mini TWT
designed in this paper is used in the MPM operating from 2 GHz to
6 GHz. So, the fundamental output power P1 , electronic efficiency eff ,
and second harmonic level P2 /P1 is compared over the frequency band
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Figure 21. Fundamental output
power comparison.

Figure 22. Fundamental electronic efficiency comparison.

Figure 23. Second harmonic
level comparison.

Figure 24. Modified negative
dispersion tube.

for the former flat dispersion structure and the modified negative one,
as shown in Figures 21, 22, and 23. The new TWT operates with the
beam voltage of 3600 V and current of 250 mA. From the simulation
results, the fundamental output power increases with a maximum value
of about 50 W at the lowest frequency 2 GHz. The electronic efficiency
improves with a maximum value of about 5% at the lowest frequency
2 GHz. The second harmonic level decreases about 10 dB in the whole
band.
5. MEASUREMENT AND VALIDATION
In sum, all the values of geometrical parameters for the three structures
(flat, non-adjusted, and adjusted) are shown in Table 1. Where s, m,
w, and εr are shown in Figure 1. In the table, rin is the inner radius of
helix, rout the outer radius of helix, p the pitch of helix, sh the height
of support rod, rb the inner radius of barrel, and l the length of tube.
To validate the theoretical and simulation results, the modified
negative dispersion tube is fabricated, as shown in Figure 24. The
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Table 1. All the values of geometrical parameters (units: mm).
s

m

w

εr

rin

rout

p

sh

rb

l

flat

0.8

1.8

0.8

6.5

1.8

2.0

1.4

1.3

3.6

120

non-adjusted

0.6

1.8

0.8

6.5

1.8

2.0

1.4

1.3

3.6

120

adjusted

0.6

1.6

0.8

6.5

1.7

1.9

1.3

1.3

3.6

115

Table 2. Comparison of simulation and measurement for negative
dispersion structure.
f (GHz)

2

3

4

5

6

Average
relative
error

P1 (W)

Simulation
Measurement

140
131

226
217

225
215

167
158

105
100

5.3%

eff (%)

Simulation
Measurement

15.6
14.6

25.1
25.4

25.0
23.9

18.6
17.6

11.7
11.1

5.4%

P2 /P1 (dB)

Simulation
−11.1 −20.2 −29.1 −38.4 −37.5
Measurement −10.2 −19.5 −27.9 −36.8 −36.2

4.9%

Table 3. Comparison of simulation and measurement for flat
dispersion structure.
f (GHz)

2

3

4

5

6

Average
relative
error

P1 (W)

Simulation
Measurement

93
82

204
195

205
196

152
149

98
95

5.6%

eff (%)

Simulation
Measurement

10.3
9.1

22.7
21.7

22.8
21.8

16.9
16.5

10.9
10.6

5.6%

P2 /P1 (dB)

Simulation
−1.0 −11.6 −21.5 −32.8 −28.4
Measurement −0.9 −10.5 −20.4 −32.1 −27.9

6.2%

comparison of simulation and measurement is shown in Table 2. It can
be seen the simulation result has the high accuracy for fundamental
output power with average relative error 5.3%, electronic efficiency
5.4%, and second harmonic level 4.9%. Also, the comparison of
simulation and measurement for the flat dispersion structure is shown
in Table 3. The average relative error is similar.
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6. CONCLUSION
This paper has studied the broadband interaction and harmonic
suppression. The theoretical studies show the negative dispersion
should be formed to satisfy broadband applications. The FIT code
CST and PIC code MAGIC are used to do the simulation research. The
3-D electromagnetic cold-test model and 2.5-D beam-wave interaction
model are presented. A few parameters are investigated to form
the negative dispersion by dielectric and metal loading. From the
interaction simulation results, the fundamental output power increases
with a maximum value of about 50 W at the lowest frequency 2 GHz,
the electronic efficiency improves with a maximum value of about 5%
at the lowest frequency 2 GHz, and the second harmonic level decrease
about 10 dB in the whole end. The modified TWT is fabricated to
validate the theoretical and simulation results. The measurements
meet the simulations very well, with the average relative error not
more than 6.2%.
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