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Design and microfabrication of folded waveguide
circuit for THz TWT
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Abstract: A simple method based on the physical characteristics to get the main parameters of folded waveguide traveling
wave tube (TWT) circuit is presented. Providing the operating frequency and beam voltage, the authors can obtain the ini-
tial structural parameters of the FWTWT. A D-band folded waveguide circuit was used to verify this method. The cold char-
acteristics including dispersion relation and interaction impedance were analyzed. The simulation results show good agree-
ment with their theory formula analysis. The folded waveguide slow-wave structure has flat dispersion relation, fairly high
interaction impedance about 3.5 ohms at the center frequency of 220 GHz. The large signal performance of 27 mm (50 pe-
riods) folded waveguide circuit was predicted. Simulations show the nonlinear gain is 13.5 dB at 220 GHz where beam volt-
age and current are 20.6 kV and 15 mA, respectively. A saturated 3 dB bandwidth is 11 GHz (213 ~224 GHz). The Mi-
crofabrication process to produce the folded waveguide circuits was discussed. The first example of the folded waveguide cir-
cuit was fabricated by UV-LIGA process.
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Introduction

The THz radiation wave with a frequency of
0.1 THz to 10 THz, is of importance in varieties of ap-
plications to high-rate communications, space re-

search, radar and remote sensing, and so on, which
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require high-power, reliable, compact, efficient and
relatively inexpensive sources. Semiconductor based
sources, such as quantum cascade laser, Gunn and
IMPATT diodes, or typical fast wave vacuum electron
devices such as free electron lasers, do not presently

seem capable of providing simultaneously the high-pow-
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Micro-ma-

er, high efficiency and high bandwidth"'!.
chined vacuum electron devices, that is, micro-VEDs

(23] As the operation

represent a promising solution
frequency increases up to terahertz, the traditional ma-
chining is not feasible for processing requirements. Re-
cent developments in microelectromechanical systems
(MEMS) technologies make it possible to miniaturized
high frequency vacuum electron devices'**!. Compared
with helix TWT'®) and coupled cavity TWT"") | folded
waveguide TWT is one of the most practical and prom-
ising terahertz-range source because of its tremendous
advantages. It has high-power, moderate bandwidth,
Also, the folded

waveguide can be fabricated by micro-machined tech-

and robust all-metal structure.

nology, making it easy to fabricate, and relative low
cost and high reproducibility. Further, the waveguide
transitions can be fabricated with the folded waveguide
circuit at one time. Therefore, in recent years, many
studies have been focused on this kind of slow-wave
TWT™®).  Many novel folded
waveguide circuit are studied for improvement of the
gain and bandwidth """,

For the folded waveguide TWT system, the folded

waveguide slow-wave structure is one of the most impor-

structure for the

tant components. In this paper, we design a 220 GHz
folded waveguide circuit for wireless high-rate communi-
cations system, which can enhance the communication
distance greatly. Based on the physical characteristics of
folded waveguide slow-wave structure, we derived a
simple method to get the main parameters of the folded
waveguide circuit. The cold characteristics of optimized
structural parameters of the folded waveguide circuit,
including dispersion relation and interaction impedance
were analyzed using high frequency structure simulator
(HFSS).
waveguide circuit was predicted by the CST particle stu-
dio. The UV-LIGA process of the folded waveguide cir-

cuit has also been discussed.

Large signal performance of the folded

1 Design of the folded waveguide circuit

Fig. 1 is the schematic of the folded waveguide
circuit. It is formed by E-plane bends rectangular ser-
pentine waveguide and the beam tunnel hole in the

broad wall of the rectangular waveguide. a and b is the

transverse

width and height of the
waveguide, respectively. h is the length of straight

rectangular

waveguide. w is the width of the electron beam tunnel,
R,, is the average radius of E-plane bending. p is the
length of one pitch (half period). In contrast to gener-
al periodic structures, such as the coupled-cavity
structure and the helical structure, the axial phase ve-
locity of an electromagnetic wave in the folded
waveguide is slowed down to the velocity of an electron
beam by its periodic nature. Because of the two-dimen-
sionality of the MEMS process, it sacrifice beam-wave
impedance a little with a rectangular beam tunnel in-
stead of a round beam tunnel'”’. In folded waveguide
circuit, the structural parameters including a, b, h
and p, have great effects on the dispersion relation and
interaction impedance. It is difficult to design an opti-
mum folded waveguide circuit to meet the specifica-
tions, such as gain, bandwidth and power. In this pa-
per, we try to derive a simple method to get the main
parameters of the folded waveguide circuit based on

physical characteristics.

Fig.1 The schematic of the folded waveguide circuit
K1 e EasisEE

It is assumed that a TE,; mode is propagated along
the waveguide, and the mode structure is not changed.
The analytic dispersion relation of the folded waveguide

circuit in half geometric period p is

o = o+ ,1_3202 (B _2m+1 )2 (1)
¢ (h o+ mp/2)P\Pm P A

where w, is the cutoff angular frequency, B, is the on-
axis phase constant of the m,, spatial harmonics, B8,p =
Bop +27m , and m=0, £1, £2---

At center frequency w = w,, the propagation con-
stant of the zero spatial harmonic 8, should match that

of the slow space charge wave in the electron beam'"’



64 405 2 K%K

33 %

B. +B, = Bo , (2)
where 8, = w,/v, ,B. = w/v, , w, is the plasma angu-
lar frequency and v, is the electron beam velocity. In
the THz range, w, <w,B, is neglected, we get

B. = Bo . (3)

It avoids inputting the initial parameters such as
beam voltage I, and radius of beam r, for getting the in-
itial structure parameters of folded waveguide cir-

cuit!'

. The beam current I, can be gotten by taking
into account the efficiency and specifications.

Taking into account the relativistic effect, the e-
lectron velocity is

v,,=c1—( 511 )

511 + U,
where U, (kV) is the beam voltage.

’ (4)

Changing the analytic dispersion relation (1) to
the other form

L

¢ h+mp/2 — 5 ¢
E L

When the rate of change of v,/c is zero, the dis-

(5)

persion curve will be flatter and the bandwidth of a fol-
ded waveguide TWT will be large, the operation fre-
quency will be near this point. Then derivative of v,/c

and setting it equal to zero, we get

h+ap/2 =a , /(f,/f)* -1 . (6)

According to Floquet theorem, we can derive the
analytic formula of interaction impedance, given as fol-
lows.

. 2
K =2, 1 s1nﬂmb/2] . (D
Bup Bnb/2

where Z, is the characteristic impedance of TE,, mode.

Differentiating (7) with respect to b and set the
expression equal to zero, we get

Bob =2.3311 . (8)

Then K, has a maximum.

A value of f,/f, of 1. 25 was selected as a good
compromise with respect to gain, bandwidth and back-
ward wave oscillation (BWO) !, Through the above
formulas, we can get the initial structural parameters of
the folded waveguide circuit. The width of the rectan-
gular beam tunnel can be gotten by tradeoff the band-
width and output power. However the interaction im-

pedance of the folded waveguide circuit by this method

is small and it needs larger current to get the required
gain, although the bandwidth of folded waveguide is
large. In order to tradeoff the bandwidth and gain, we
reduce the cold bandwidth by shortening the value a,
and set the phase shift of the center frequency at
1.474. Table 1 is the initial and optimized structural

parameters of the folded waveguide circuit.

Table 1 The initial optimized structural parameters of fol-
ded waveguide circuit

x1 BITHFBESERSH

Structural parameters initial (mm) optimized (mm)
a 0.852 0.8
b 0.137 0.12
h 0.202 0.2
w - 0.16
p 0.289 0.27

2 Simulations of the folded waveguide circuit

Using HFSS, we set up the geometric model of
folded waveguide with electron beam tunnel, as shown
in Fig. 1. Fig. 2 shows a normalized phase velocity as a
function of frequency, ranging from 195 GHz to
250 GHz. HFSS simulation is used to compare with the
equivalent circuit model of folded waveguide'™. As
shown in Fig.2, the results of HFSS simulation are in
good agreement with the results of the equivalent circuit
model. It shows that the beam tunnel and circuit bends
have a smaller effect on the dispersion relation. The
folded waveguide structure has a fairly flat dispersion a-
round 220 GHz.

Interaction impedance is another important char-

acteristic parameter. It shows the interaction strength
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Fig.2 Normalized phase velocity
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between beam and wave. And gain is proportional to
interaction impedance. Fig.3 shows the interaction im-
pedance as a function of frequency. The simulation is
in agreement with theory calculation. As shown in
Fig.3, interaction impedance is decreased rapidly as
the frequency increased. As the frequency moves away
from the cutoff frequency, interaction impedance main-
tains nearly constant. The interaction impedance is a-
bout 3.5 ohms in 220 GHz.
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Fig.3 Interaction impedance

B3 EAERES

The nonlinear large signal numerical simulations
of folded waveguide slow-wave structure are analyzed
by CST particle studio. Fig. 4 shows the simulation
model of 50 periods of folded waveguide. The simula-
tion model was comprised of the folded waveguide and
beam current emitter. The beam voltage is 20. 6 kV.
The beam current is 15 mA, and the filling rate of the
beam tunnel is 50% . The beam is focused by conven-
tional period permanent magnet (PPM) and the value
is 0.3 T. The input signal is a monofrequent sinus with
an input power of 10 mW. Considering the surface
roughness of microfabricated folded waveguide circuits,
we assume the conservative effective wall conductivity

of copper is 4 x 107 Simens/m.

W

Fig. 4 The simulation model of 50 periods of folded
waveguide

B4 eI ER

In order to gain an instantaneous bandwidth, dif-
ferent input frequencies were simulated. Fig. 5 shows
the large signal gain as a function of driving frequency
using CST. As shown in Fig. 5, the power gain is
found to be 13.5 dB at 220 GHz, and 3 dB bandwidth
of 11 GHz (213 ~224 GHz).

Gain/dB

7 L . L . ) . . L .
212 214 216 218 220 222 224 226 228
Frequency(GHz)

Fig.5 Gain as a function of driving frequency using
PIC code
BS HisRERRICR

3 UV-LIGA fabrication

A major challenge in realizing folded waveguide
TWT is the fabrication of the folded waveguide circuit.
Recently, there have been intensive efforts to employ
LIGA technology'”! and deep reactive ion etching
(DRIE) "™ to fabricate the folded waveguide circuit.
However, The LIGA technology is expensive and it
needs more time to fabricate the mask. DRIE technolo-
gy is a process for silicon. The silicon structures serve
as a mold itself for generating metallic structures, or
must be metalized. UV-LIGA using SU-8 is another al-
folded

waveguide circuit. It can gain high high-aspect ratio

ternative  technology for fabricating the
structure, vertical sidewalls, and it is inexpensive and
timesaving. The completed folded waveguide circuit is
an all-copper structure, providing efficient cooling nee-
ded for a high-power RF circuit.

The process of folded waveguide is shown in
Fig. 6. First, a 315 um thick SU-8 was spun on the Cu
substrate. This photoresist layer was exposed and de-
veloped to define the circuit geometry without a beam
tunnel. Cu was electroplated around the SU-8 mold
forming the folded waveguide. Then polishing the sur-

face using CMP, the second SU-8 layer was spun on
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the substrate. After exposed and developed SU-8, an-
other layer of Cu was electroplated for forming a beam
tunnel. Then the planarization was followed by polis-
hing, and SU-8 was eliminated. By aligned bonding of
two mirrored cell, we get the folded waveguide circuit.

In the UV-LIGA process, there are few challenges
to be overcome. First, the folded waveguide structure
required vertical sidewalls, which are difficult to obtain
in negative-tone resists. There are 10 pm differences
between the top and the bottom of resist in process.
Second, the adhesion is weak between SU-8 resist and
copper substrate. Another, because of the internal
stress accumulated in post exposure bake, it lead to
adhesion failure during or after development. In order
to avoid it, the copper substrate is oxidized in 200 C.
Third, The SU-8 resist is very difficult to remove. We
adopt the molten salt bath to complete remove the SU-8
photoresist in the MEMS laboratory of Shanghai Jiao
Tong University.

(@) (b)

© (d

Fig.6 UV-LIGA fabrication sequence of folded waveguide
circuit. (a) Spin and exposure SU-8 in copper base; (b) E-
lectroplating; (c) Spin and exposure second SU-8; (d) E-
lectroplating; (e) Elimination of SU-8

K6 IERKESLWN UV-LIGA TERE. (a) ik Bt
SU-8 Jit; (b) HL 8% ; () 5 R BE sk (BR Ot SU-8 Ji%; (d) iy
955 (e) BERIEZIR

Figure 7 is the SEM of an SU-8 mold of a folded
waveguide. The SU-8 folded waveguide is about 300 pm
thickness. This shows a negative image of a circuit. We
can get the folded waveguide TWT circuits used SU-8 as
a mold. The first example of folded waveguide circuits
with waveguide transitions microfabricated by the UV-
LIGA process is shown in Fig. 8. The folded waveguide
circuit has a rectangular beam tunnel. Optimization of
the UV-LIGA processing to achieve the desired dimen-

sional tolerances is in progress.

Fig.7 SEM views of an SU-8 mold of a folded
waveguide

B7 &b S SU-8 REEA# R IRA

Fig. 8 SEM views of UV-LIGA produced folded
waveguide circuit

K8 UV-LIGA HilfERIr B A M SR A

4 Conclusions

A simple method based on the physical character-

istics to get the main parameters of the folded
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waveguide circuit is presented. With the knowledge of
the operating frequency and beam voltage, we can ob-
tain the initial structural parameters of the FWTWT.
An optimized structure of 220 GHz folded waveguide
slow-wave structure was designed in order to tradeoff
the bandwidth and gain. Cold characteristics of a fol-
ded waveguide circuit including dispersion relation and
interaction impedance were calculated using HFSS.
The simulative values have good agreement with the
theory ones. The large signal performance was predic-
ted by PIC code. The nonlinear simulation shows that
gain is 13.5 dB at 220 GHz, and 3 dB bandwidth of
11 GHz (213 ~ 224 GHz).

process of the folded waveguide circuit has been dis-

The micromachined

cussed. The first example of folded waveguide circuits
was fabricated by UV-LIGA. Optimization of the UV-
LIGA processing to achieve the desired dimensional
tolerances was discussed. In order to eliminate regen-
erative oscillations, attenuator for a folded waveguide
TWT is important. In THz TWT, the traditional BeO
attenuator isn’ t fabricated because of its size. DRIE-
machined Si attenuator shows promise as drop-in com-
ponents for THz TWT. The design and DRIE fabrica-

tion of Si attenuator is in progress.
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