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A watt-class backward wave oscillator is proposed, using the concise sine waveguide slow-wave structure combined
with a pencil electron beam to operate at 220 GHz. Firstly, the dispersion curve of the sine waveguide is calculated,
then, the oscillation frequency and operating voltage of the device are predicted and the circuit transmission loss is
calculated. Finally, the particle-in-cell simulation method is used to forecast its radiation performance. The results
show that this novel backward wave oscillator can produce over 1-W continuous wave power output in a frequency
range from 210 GHz to 230 GHz. Therefore, it will be considered as a very promising high-power millimeter-wave to

terahertz-wave radiation source.
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1. Introduction

A high power millimeter wave or terahertz
wave radiation source is attractive due to its
many applications, such as imaging, diagnostic sys-
tems, radar, high-data-rate telecommunication and

[1-16] A hackward wave oscillator

space applications.
(BWO), based on the conventional vacuum electronic
principle, is also one of the most important high-power
signal generators.[17=1] The BWO, as a wideband
electronically tunable device, possesses compact di-
mensions and mW-class output power, especially at
a frequency range of 100 GHz-1 THz. Therefore, it
has attracted intensive investigation. Despite this it
is still far from the requirements of a watt-class or
higher output power device. The high power terahertz
wave radiation source is critical to investigate the new
nonlinear phenomena and the dynamic properties of
materials.[!]

The main problems arise from high circuit radio
frequency (RF) transmission loss and strong reflec-
tion in the current devices. These problems severely

prevent power enhancement. The most important
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reason for this is that the cross sections of many of
the current structures are not uniform. Then, it be-
comes more difficult to design a good input or out-
put coupling component as the operating frequency
increases up to the shorter millimeter wave or tera-
hertz regime. Therefore, the transmission character-
istics of the high frequency circuit will be not good
enough for use in applications. Now, we have a fea-
sible solution to this problem. Sine waveguide slow-
wave structure has been proposed for a 220-GHz trav-
eling wave tube (TWT). The benefits of this structure
include low propagation loss and low reflection, as well
as its easy fabrication.[?”) It possesses a very concise
coupling component to achieve good RF transmission
characteristics. It also supports strong beam-wave in-
teraction. Therefore, it can be considered to serve as
an RF structure for a high power millimeter wave or
terahertz wave BWO.

In this paper, a group of reasonable structure di-
mensions is designed to operate around 220 GHz. The
BWO radiation performance will then be forecast by
using the particle-in-cell (PIC) method. Then, we
can predict what capability it will have when the sine
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waveguide is used to design a BWO.

2. Slow wave circuit design

Commonly, considering the entire system dimen-
sion, the operating voltage is assumed to be below
30 kV. In view of this design consideration and the
high-aspect-ratio microfabrication process, a group of
dimensions about sine waveguide slow-wave struc-

ture as shown in Fig. 1(a), are given as follows:

(b)
0.32
% 0.28F 20 kV
~
0.24+
200 210 220 230 240
Frequency/GHz
1.2+ (c)
0.9
G
R
0.6
0.3
210 220 230
Frequency/GHz

Fig. 1. Dimension parameters (a) and slow wave char-
acteristics of sine waveguide: dispersion characteristics
about the first negative spatial harmonics (b), and inter-
action impedance defined on the central axis of the beam

tunnel (c).

wide side length ¢ = 0.74 mm; narrow side length

b = 0.52 mm; oscillating period p = 0.32 mm; oscillat-

ing amplitude A = 0.2 mm. The dispersion character-
istics about the first negative spatial harmonics and
the interaction impedance defined on the central axis
of the beam tunnel are shown in Figs. 1(b) and 1(c).
Both curves are calculated by the Figenmode Solver
from Ansoft HFSS with master and slave boundary
conditions.[?":?2l From Fig. 1(b), we can see that by
tuning the beam line around 20 kV, the operating fre-

quency range can be tuned from 210 GHz to 230 GHz.

3. Circuit radio frequency trans-

mission loss calculation

As mentioned in the introduction, the circuit
transmission loss becomes nearly the most important
factor when a millimeter wave or terahertz wave elec-
tron device is designed. In this paper, the circuit
transmission loss is calculated using the model shown
in Fig. 2(a), at frequencies ranging from 210 GHz
to 230 GHz. This model consists of two rectangular
waveguides, two transitions and one sine waveguide
slow wave structure.[2) The material of the model is
set as high conductivity copper with a conductivity
of 5.8 x 107 S/m. Due to the modern high manufac-
turing level such as X-LIGA, UV-LIGA or DRIE, the
copper surface roughness is four or five times smaller
than the skin depth in the above operating frequency
range.1?324 So, it is neglected in the following simu-
lation. However, this method will not make the sim-
ulation results unreasonable, and it has been exten-
sively adopted.[19:20:25.26] Here, the S-parameters of
the model are calculated by the Transient Solver in
CST Microwave Studio.[?”] The calculation results are
shown in Fig. 2(b). Over the entire frequency range,
sine waveguide shows good electromagnetic propaga-
tion characteristics. Also, we can obtain the circuit

transmission loss as shown in Fig. 2(c), by formula

|21

Loss (dB/mm) = [
total

(1)
where Lot is the total length of the circuit. Here, the
sine waveguide slow-wave structure has 60 periods, so
the total length equals 23.68 mm.

One can see that the total circuit transmission
loss is low. Therefore, the sine waveguide is very suit-
able for operating in the millimeter wave or terahertz

frequency band.
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Fig. 2. Electromagnetic propagation characteristics of the slow-wave circuit. Panel (a) shows the circuit transmission

loss calculation model, panel (b) indicates the S-parameters of the circuit transmission loss model, and panel (c) displays

the circuit loss versus frequency.

4. Device performance prediction

In order to predict the BWO performance, the
particle-in-cell method is used to calculate the out-
put power and oscillation frequency. In the simula-
tion, a pencil electron beam with a radius of 35 pm
is adopted in the middle of the beam tunnel but not
a sheet electron beam. Because the pencil beam tech-
nology is more mature than the sheet beam technol-
ogy, the BWO does not need a current as large as that
in TWT. Here, the beam current is set to be 10 mA,
so the pencil beam mentioned above can support the
current. The current density is about 259 A/cm?. A
uniform longitudinal focusing magnetic field of 0.5 T
is used to guide the pencil electron beam. Subse-
quently, the PIC code in the CST Particle Studio is
used to execute the simulation.!?®! The simulation is
carried out on a computer with a CPU frequency of
2.66 GHz. For example, an operating voltage of 20 kV
takes about 79 h to stabilize the self-consistent oscil-
lation processes. Figure 3 shows a cross section of
the model where one can see that the pencil beam is
focused well in the beam tunnel.

Also, we can obtain a signal generation at port 1
but not port 2. This is an obvious characteristic of
a BWO. Figure 4 just shows the monitored signal at
port 1.
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Fig. 3. (colour online) The cross section of the model

about electron beam transmission.

One can see that the signal takes about 20 ns to
become stable, and the output peak power is up to
5 W. The continuous wave (CW) power is half the
peak power. Therefore, the corresponding interaction
efficiency is over 1.25%. Its spectrum is illustrated
in Fig. 4(b). From the spectrum it follows that the
oscillation frequency is 217.2 GHz but not 220 GHz.
This is a common phenomenon. One reason may be
that a small beam velocity slows down when electrons

go away from the emitter, due to a beam potential
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depression near the emitter.[!6l The potential depres-
sion is caused by a virtual cathode, formed by elec-
tron accumulation. So the practical beam velocity is
a bit lower than the one set. Thus a signal with lower
frequency will be synchronized to produce stable os-
cillation. The other reason is that in the beam wave
interaction, there are two space charge waves prop-
agating on the electron beam. One is a fast space-
charge wave; the other is a slow space-charge wave.
Actually, the backward wave interacts mainly with the
slow space-charge wave. So the oscillation frequency
is determined by the phase velocity of the slow space-
charge wave. In one-dimensional space-charge wave
theory,[?9 the phase velocity of the slow space-charge
wave is calculated by the following formula:

ORI

S )

where v, is the electron beam velocity, wy, is the
plasma angular frequency, and w is the signal angular
frequency. Obviously, the v, is lower than v.. There-
fore, the actual oscillation frequency is lower than the

predicted design frequency.

6

Peak power/W
w

0.5 : : : : :
0.31
0.2

0.1

Normalized amplitude

0 H H H H H H H
100 150 200 250 300 350 400 450 500
Frequency/GHz

Fig. 4. Monitored signal at port 1. Panel (a) shows the
variation of output peak power with time, and panel (b)
indicates the spectrum of the output signal.

Subsequently, by changing the operating voltage
from 17 kV to 26 kV, the power output performance
of the BWO can be predicted as shown in Fig. 5. It
shows that this BWO can produce more than 1-W
CW power output in a frequency range from 210 GHz
to 230 GHz. It is also predicted that the CW power

produced at 220-GHz central frequency is over 2 W.
Therefore, we can say that the BWO based on the
above sine waveguide slow-wave structure can be used
to generate high-power electromagnetic radiation at
the millimeter wavelength or in a terahertz frequency
band.
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Fig. 5. BWO power output versus frequency.

5. Conclusion

In this paper, the sine waveguide can be consid-
ered as a promising slow-wave structure for a high-
power millimeter wave or terahertz wave backward
wave oscillator. The investigation results show that
the sine waveguide backward wave oscillator can pro-
duce a watt-class output power ranging from 210 GHz
to 230 GHz with a tuning operating voltage in a range
from 17 kV to 26 kV and a pencil beam current of
10 mA. Therefore, this sine waveguide BWO will be-
come a very promising watt-class millimeter wave or
terahertz wave radiation source for future applica-

tions.

Acknowledgment

The authors would like to thank Prof. Wang Wen-
Xiang from the University of Electronic Science and

Technology of China for enlightening discussions.

References

[1] Carr G L, Martin M C, McKinney W R, Jordan K, Neil
G R and Williams G P 2002 Nature 420 153

(2] Booske J H 2008 Phys. Plasmas 15 055502

[3] Feng JJ,HuY F, Cai J, Wu X P and Tang Y 2010 Vac-
wum Electronics 52 27 (in Chinese)

068402-4



Chin. Phys. B Vol. 21, No. 6 (2012) 068402

(4]

Feng J J, Hu Y F, Cai J, Ma S'Y and Wu X P 2010 Pro-
ceedings of IEEE International Vacuum Electronics Con-
ference, May 18-20, 2010 Monterey, USA, p. 501

Feng J J, CaiJ, Hu Y F, Qu B, Li HY and Tang Y 2009
Journal of China Academy of Electronics and Informa-
tion Technology 4 249 (in Chinese)

Cai J 2006 “Study on W-band Folded Waveguide Slow
Wave Structure” Ph. D. Dissertation (Shandong: Shan-
dong University) (in Chinese)

Cai J, Feng J J, Liao F J, Huang M G and Wu X P 2006
Acta Electron. Sin. 34 2342 (in Chinese)

Hu Y F, Feng J J, Cai J, Du Y H, Tang Y and Wu X
P 2011 Proceedings of IEEE International Vacuum Elec-
tronics Conference, February 21-24, 2011 Bangalore, In-
dia, p. 21

Qi C C and Ouyang Z B 2011 Acta Phys. Sin. 60 090704
(in Chinese)

Xu A, Wang W X, Wei Y Y and Gong Y B 2009 Chin.
Phys. B 18 810

Liao M L, Wei Y Y, He J, Gong Y B, Wang W X and
Park G S 2009 Chin. Phys. Lett. 26 114207

He J, Wei Y Y, Gong Y B, Duan Z Y and Wang W X
2010 Acta Phys. Sin. 59 2843 (in Chinese)

Zhang C Q, Gong Y B, Wei Y Y and Wang W X 2010
Acta Phys. Sin. 59 6653 (in Chinese)

He J, Wei Y Y, Gong Y B, Duan Z Y, Lu Z G and Wang
W X 2010 Acta Phys. Sin. 59 6659 (in Chinese)

Zhong K, Yao J Q, Xu D G, Zhang HY and Wang P 2011
Acta Phys. Sin. 60 034210 (in Chinese)

WuY, Jin X, MaQS,LiZH, JuB Q, SuC, XuZ and
Tang C X 2011 Acta Phys. Sin. 60 084101 (in Chinese)

17]

(18]

(19]
20]

(21]

[22]
23]
[24]
[25]
[26]
[27]

(28]
29]

068402-5

Ma Q S, Jin X, Xu M, Li Z H and Wu Y 2011 Acta Phys.
Sin. 60 105201 (in Chinese)

Tang Y and Feng J J 2008 Proceedings of China-
UK /Europe Workshop on Millimetre Waves and Tera-
hertz Technologies, October 20-22, 2008 Chengdu, China,
p- 38

Mineo M and Paoloni C 2010 IEEE Trans. Electron Dev.
57 1481

Xu X, Wei Y Y, Shen F, Duan Z Y, Gong Y B, Yin HR
and Wang W X 2011 IEEE Electron Dev. Lett. 32 1152
Booske J H, Converse M C, Kory C L, Chevalier C T, Gal-
lagher D A, Kreischer K E, Heinen V O and Bhattacharjee
S 2005 IEEE Trans. Electron Dev. 52 685

Ansoft Corp., Ansoft HF'SS User’s Reference
http://www.ansoft.com.cn/

Shin Y M, So J K, Han S T, Jang K H, Park G S, Kim J
H and Chang S S 2006 Appl. Phys. Lett. 88 091916.
Shin Y M, Barnett L R, Gamzina D, Luhmann N C Jr,
Field M and Borwick R 2009 Appl. Phys. Lett. 95 181505
Shin Y M and Barnett L R 2008 Appl. Phys. Lett. 92
091501

Mineo M and Paoloni C 2010 IEEE Trans. Electron Dev.
57 3169

CST Corp., CST MWS Tutorials
http://www.cstchina.cn/

CST Corp., CST PS Tutorials http://www.cstchina.cn/
Tsimring S E 2007 Electron Beams and Microwave Vac-

wum Electronics, (Hoboken, New Jersey: John Wiley &
Sons) pp. 277284



