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Grating rectangular waveguide for THz backward wave oscillator
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Abstract: A slow-wave structure (SWS) composed of a grating inside a rectangular waveguide is adopted as the
circuit of the backward wave oscillator (BWO) in terahertz regime in this paper. Its dispersion curves and interac-
tion impedance are presented by an analytical method and three-dimensional (3-D) electromagnetic software. The
results by analysis and simulation agree well. By optimization, a BWO with the SWS at a central frequency 340
GHz is fully verified by 3-D particle-in-cell (PIC) code. The BWO is demonstrated with more than 100 mW out-
put power at very low current density and 30 GHz tuning bandwidth.
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Introduction

The application of THz wave, which has been
sprung out recently in the field of communication, securi-
ty, imaging, medicine and many others, promotes the
development in THz sources. The vacuum terahertz
sources " ®! are recognized as the promising sources, es-
pecially compact and powerful THz sources. This type of
sources is a challenging issue due to the high level of los-
ses and the small dimensions that makes it very difficult
to design and realize the source. Recently, advances in
micro-fabrication techniques and electron guns have
greatly promoted the development of terahertz vacuum e-
lectron devices. A 650 GHz micro-fabricated BWO based
on a folded waveguide was reported with 52mW output

power!”' | but the current density 1 000 A/cm® was so
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high that it was very difficult to control. A BWO at 1THz
supported by European Community FP7 OPTHER Project
was performedm. An output power of 75 mW was pre-
dicted with the current density about 200 A/cm”. These
sources require very high current density so that it is dif-
ficult to design and realize.

The frequency near 340 GHz is an important atmos-
phere window so that it can be applied for wireless com-
munication system[g'”]. Some applications of short-range
indoor communication systems in the frequency range 300
~400 GHz have been carried out'"?’. In this paper, a
slow-wave structure of grating in a rectangular waveguide
is proposed as the circuit for a BWO at 340 GHz with a
sheet beam, due to its simple geometry that allows the
easy realization. In Section II, the dispersion relation
and the interaction impedance of the SWS are analyzed
and computed, as well as compared with the results by
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CST simulation. In Section IIT, a PIC code CHIPIC'" is
adopted to simulate a sheet beam tunable BWO with this
SWS at 340 GHz with very low current density.

1 Theoretical analysis

1.1 Dispersion relation

The schematic of the longitudinal section is shown in
Fig. 1 with the width a in transverse and other geomeltric
parameters denoted. Based on the analytical model in
Ref. 14, the dispersion equation of the TE, mode can
be calculated via solving the wave equations in both the
region | and region Il by applying the continuity of tan-
gential components of E-field and H-field on the interface
between the two regions. Thus the dispersion equation of
the dominant TE ; mode is written as;

s v, sinc’(k,s/2)

I- dtdn(vxh) Z v, tanh[v, (b - h)]

, (1)

xlm

where

k =ln/a

x l:l,"',OO

km = kz+2n1'r/d n=0,+1,+ %o

with the longitudinal wavenumber k_, of the nth Floquet
spatial harmonic and transverse wavenumbers k_, v  and

14

n*

Fig.1 Longitudinal section view of the SWS
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In the dispersion equation there exists a tan (v h)
function related to the grating height . A numerical cal-
culation was performed to solve the dispersion relation
Eq. 1. The geometric parameters corresponding to the
frequency range 100 ~ 600 GHz assumed in the calcula-
tion are listed in Table 1.

Table 1 The geometric parameters ( Unit in mm)
x1 JLAEHSE (LA . mm)
s d a b h
0.08 0.14 0.96 0.48 0.18

The fundamental TE_,, mode, the upper modes
TE ,, and TE 5, varying with the wave number normalized
to the period d of the grating are shown as Fig. 2. The
calculation results by the analytical model are plotted in
solid line. By comparison, the dispersion of these three
modes, simulated by a full electromagnetic 3-D software

CST, are plotted in dash line. The analysis results agree
well with those by the simulation. The comparison infers
the validation of the analytical method. The TE,,, TE ,,
and TE ;, mode exists in the range 150 ~370 GHz, 300
GHz- 460 GHz and 405 ~570 GHz, respectively.

Fig.2 Dispersion curves of the SWS by analysis and
CST
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Here we mainly discuss the dispersion of the funda-
mental mode TE , varying with grating width and height
of the SWS. The dispersion curves of the mode with the
geometric parameters are shown in Fig. 3. In these calcu-
lations, only the waveguide grating width and height are
changed while others kept constant. The results in Fig. 3
(a), which display the dispersion curves related to the
waveguide width ( namely the grating width) @ in the
range of 0. 90 ~ 1. 00 mm, indicate that an increase of
the grating width lowers the dispersion curves. Results in
Fig.3 (b) indicate that an increase of grating depth h in
the range of 0. 16 ~ 0. 20 mm lowers the dispersion
curve. Meanwhile the deeper grating can flatten the dis-
persion curve. By comparison the grating depth can
strongly influence the dispersion, while the width lightly.
1.2 Interaction impedance

BWO working principle is based on the synchro-
nisms of the electron velocity with the phase velocity of
the first backward wave space harmonic of a slow-wave
structure. The interaction impedance of the — 1% space
harmonic is defined as:

2
_ ‘ E:( -1) ‘ ( 2 )
(- = 2 ’
2B, P
where £ _,) is the z-component of the electric field inter-
acting with the electron beam, B, _,, the propagation

constant of the — 1™ space harmonic, and P is the power
of the propagating field including all the space harmon-
ics.

The electromagnetic field expressions of the TE

mode for the SWS is expressed as

E ®
* w/'l’ . ik,,z
[E)] = Tiosm(kxx) 2 a,e’™

n=-o0

xmn

0
[ - k_cosh[v,(b —y) ]
w,sinh[v,(b - y) ]
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Fig.3 Dispersion curves of the TE,, mode with grating
width (a) and height (b)
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, (3)
where

bysv,sin( v h)sinc(k, s/2)e" ">
n v,d sinh[v, (b - y) ]

Based on the field expression in Eq. 3, the interac-
tion impedance for the — 1% space harmonic can be de-
rived by calculating the Poynting flux and z-component of
the electric field. After some algebraic manipulations,
the square of the magnitude of z-component of the elec-
tric field is written:

2 )
By P = 15 [2(“22) () sin® (o) sin (k)
U.t
sinh’ b —y
S.m 2[1}“1)( })]aincz(k(fl)s/Z)
sinh™[ v _, (b = h) ]
, (4

a

and the Poynting flux is expressed as:
__ L s\ 2 -
P = 3 | b, |*opea(b h)(g) sin (UXh)n;x
k,  sinc’(k,s/2) {
T2

sinh[2v, (b —h)]}
v2 sinh®[v,(b = h) ] 2v,(b - h)

(5)
Thus, the interaction impedance of the — 1% space har-
monic is written as,
K(q) = K(—I)nsinz(k,rx)Sinhz[U(—l) (b -y) ]
, (6)

where ,
_ - 460,”«0 Sincz(k(il)s/Z)

K =
e T a(b - h),B%fl)vf sinhz[v“,)(b -h)]
1

n

- k., sinc® (k,s/2) { sinh[ZU,I(b—h)]}

W 2 sinh’[v, (b = h)] 2v,(b - h)
is a coefficient that depends on the geometric parameters,
wavenumbers and operating frequency. The coefficient
K. should have a minus. The maximum value of K _,,
is obtained assuming x =a/2 and y = h.

Here we specially focus on the impedance in the
space y=h, where the electron sheet beam can effective-
ly interact with the E-field above the grating. The inter-
action impedance, varying with the distance from the
grating top for the first backward space harmonic by anal-
ysis in formula 6 and CST simulation, is shown in Fig. 4.
The interaction impedance is computed in the range of
1.45 ~1.55 m on the line (x =a/2, y=h) and (x =a/
2, y=h +0.05 mm) , respectively. These graphics indi-
cate that the interaction impedance decreases with k. d in
the range 1.45 ~ 1.55 7 and sharply decreases with the
distance from the grating top. The results show that the
structure has high interaction impedance and that the re-
sults by analysis agree with those by simulation. Further-
more the impedance decreases about 20 times when the
distance between the beam and the grating top increases
from y =h to y =h +0.05 mm. In order to enhance the
beam-wave interaction, the distance should be very
small. On the other hand the results can provide the
choice of the distance, which compromises between avoi-
ding beam being caught by the grating and achieving the
highest interaction impedance.

2 PIC simulation

By optimizing the dispersion and impedance, the di-
mension of the SWS for a 340GHz BWO are determined
in Table 1. A BWO, to be tunable, requires the beam
line to intercept the — 1™ backward wave of the disper-
sion curve. When the electron energy lies in 10 ~ 18
keV, the beam line can intercept the dispersion curve of
the TE ,, mode in a frequency range of 330 ~366 GHz in
Fig. 2.

The BWO performance is simulated using a 3-D PIC
code CHIPIC. The SWS consists of 60 periods (8.4mm
length). The structure is considered to be made of free-
oxide copper (conductivity 5.8 x 10’ S/m). The BWO
is initially simulated at the central frequency 340 GHz
and a beam voltage 12. 8 kV. A sheet electron beam
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Fig.4 Interaction impedance varying with &
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800 wm x 80 um, whose central position in y-direction is
50 wm above the grating top, is adopted and the distance
between the beam and the grating is 10 pm. The beam
current 6.4 mA ( current density 10 A/ em’) is chosen to
compromise the maximum output power and the recent
cathode emitting ability without e-beam convergence.
Due to the short transmission length of the beam and low
current density, the magnet required is not too strong. A
uniform solenoid focusing magnetic field of 0. 3 T can
meet the requirement for beam confinement and noncolli-
sion with the grating. The power spectrum of the BWO
output signal is shown in Fig.5, which has an output peak
power more than 100 mW at the frequency 340 GHz.

Fig.5 Output power spectrum
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To demonstrate the tunable performance of the
BWO, different cathode voltages 10 ~ 18 kV are consid-
ered while the beam current, period numbers and the fo-
cusing magnetic field are maintained fixed at the original
values. The frequency and power of the BWO increase
with the voltage as shown in Fig. 6. From Fig. 4 the in-
teraction impedance decreases with the phase shift in the
range 1. 45 ~ 1. 55mw. Then from Fig. 3 the interaction
impedance actually increases with the voltage and the fre-
quency in this range. The increase both in the interaction
impedance and bean energy enhances the beam-wave in-
teraction in the voltage range. The BWO delivers the out-
put power 30 ~350 mW from 325 GHz to 355 GHz with

14
Voltage/kV

Fig.6 Frequency excited and output power with voltage
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30 GHz tunable bandwidth.

For THz BWO, the product of ISTOK presents the
best level. lts output power is less than 10 mW near 340
GHz with the voltage less than 6 kV'"™'. On other hand,
Mineo M"'*! adopted this type SWS to study 0.9 ~1. 1
THz BWO and predicted to deliver more than 100 mW
with the current density 500 A/cm’(current 8 mA). By
comparison, our BWO model has great advantages in the
high output power and the low current density.

Fig.7 Fabrication sample by LIGA
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Fabrication of the SWS is a major challenge because
the physical dimensions of the SWS are inherently small.
This imposes severe constraints on the fabrication toler-
ance and surface roughness of several skin depths in or-
der to minimize the losses in the electromagnetic wave
propagation path. A microfabrication of Lithographie Gal-
vanoformung Abformung ( LIGA ) technology in Being
Synchrotron Radiation Facility ( BSRF) was adopted to
manufacture the slow-wave structure. The fabricated
sample is shown in Fig. 7 with good fabrication uniformity
and surface roughness, which verifies the fabrication of
the SWS used in the THz range.

3 Conclusions

A slow-wave structure comprising a rectangular
waveguide with a grating has been analyzed. The slow-
wave dispersion relation and the interaction impedance
were derived and numerically solved. The validity of the
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analytical model is verified by comparison with 3-D elec-
tromagnetic software. Because The SWS has attractive
merit in high interaction impedance and micro-fabrica-
tion, it is adopted as the circuit for BWO in THz band.
A tunable BWO, operating in the range of 325 ~355 GHz
range, is demonstrated as a promising vacuum source for
terahertz signal generation. The BWO is predicted to de-
liver more than several tens or several hundreds of mW
with a lower current density. It has a promising applica-
tion for wireless communication at 340 GHz.
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