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Theoretical and experimental study of a 0.85-THz tunable folded waveguide

regenerative-feedback vacuum-electronics oscillator
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Abstract: A tunable feedback oscillator for 850 GHz terahertz wave imaging system is proposed. The use of a
folded waveguide as the slow-wave structure permits the superior performance together with the capability of UV -
LIGA process. The comparison of dispersion character of FWG designed and optimized using eigenmode solver
in CST Microwave Studio, respectively applied in regenerative feedback oscillator and traveling wave tube shows
the key factor of tunable frequency centered at 850 GHz. Additionally, a feedback circuit including T-joint struc-
ture with lossy metal is simulated and the design, including SWS and feedback circuit, is verified by 3-D particle-
in-cell simulations. On varying the beam voltage, the frequency-adjustable oscillation changes from a stale single-
frequency state at the beginning to multi-frequency spectra, demonstrating more than 200 mW output power.
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Introduction

In recent years, many research institutions are de-
voted to the research of high-frequency terahertz devices
and their applications, and the research on terahertz radi-
ation sources has become the basis of all researches. As
a kind of terahertz radiation source, regenerative feed-
back oscillator (ROF) connects the input port and output
port of TWT amplifier through the lossy feedback circuit
with a coupling output port. Stable electromagnetic out-
put signal can be obtained by amplifying the electronic
noise of random phase. Regenerative feedback oscillator
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has many advantages, such as small size, low manufac-
turing cost compared with other kind of terahertz sources
such as the free electron laser (FEL) and backward wave
oscillator (BWO). It has been listed as the primary re-
search content of high-frequency terahertz devices by do-
mestic and foreign research institutions. In 2004, a 65
MW, 560 GHz regenerative feedback oscillator was de-
signed and simulated by the University of Wisconsin
Madison, United States Air Force Research Institute and
Navy Laboratory'". In 2007, Northrop Grumann devel-
oped a regenerative feedback oscillator sample tube by
using folded waveguide TWT for the first time. An output
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power of 16. 3 mW can be obtained at the central frequen-
cy of 638 GHz with the beam voltage of 9.44 kV, and
the current of 0. 9 mA "', In 2009, Beijing Vacuum Elec-
tronic Technology Research Institute completed the opti-
mization design of a regenerative feedback oscillator in
the 560 GHz frequency range. The output power is 95
mw centered at 559. 63 GHz with an electronic efficiency
of 0.45%". Gao Peng of University of Electronic Sci-
ence and technology simulated 560 GHz regenerative
feedback oscillator in his doctoral dissertation in 2010,
and carried out regenerative feedback oscillation experi-
ment using a 5 GHz helix TWT, demonstrating the feasi-
bility of regenerative feedback oscillator of TWT™*". Re-
cently, Peking University proposed a scheme of regener-
ated amplification of terahertz spoof surface plasmon radi-
ation via loading a Fabry-Perot (F-P) cavity on a grating
interaction circuit”’, where THz wave experienced multi-
ple back-and-forth regenerated amplifications to obvious-
ly improve the device efficiency.

In this paper, the theory of regenerative feedback
oscillation is introduced. Then a comparison of FWGs ap-
plied in both TWT and RFO is demonstrated. The overall
structure including SWS and feedback circuit is designed
and optimized by CST simulation software, and the
scheme design is verified by the simulation results.

1 Theory of regenerative feedback oscil-
lation

Regenerative feedback oscillator is proposed on the
basis of TWT amplifier by adding a feedback circuit with
T-joint structure between input and output ports which is
shown in Fig. 1. A phase-random electron beam noise is
used as the signal source and a stable output signal is
demonstrated by multiple-selective amplification in the
interaction structure of TWT amplifier through the energy
exchange between electromagnetic wave and electron
beam.

Electron
Beam Noise

Traveling

T-Joint Output
Wave Tube

Structure Power

Feedback
circuit

Fig. 1 Operating principle of RFO
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There are three conditions for the establishment of
regenerative feedback oscillation including synchroniza-
tion condition, amplitude condition and phase condition.
The synchronization condition needs the electron beam to
keep a synchronous phase velocity with the electromag-
netic wave spreading in the SWS. By calculating the dis-
persion and coupling impedance of SWS, the size of
FWG which conforms to the synchronization condition
can be obtained. The dispersion character is given by *

2 2
=0+ —L—| (B _@urm)
‘ wpl2 + h ! p ’

Amplitude condition is given by'®

n 6= A . (2)

where 1), indicates feedback factor determined by feed-
back circuit with T-joint structure while G indicates the
gain of SWS. A, indicates the total loss of electromag-
netic wave propagating in the whole circuit. G is given

G =A+ BCN , (3)
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where I, and V, indicates beam current and beam volt-
age. K, is the coupling impedance of SWS which can be
written as'”

. (4)

(5)
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Amplitude condition suggests that the gain of the
SWS should be greater than the loss in the feedback
loop, otherwise, no signal will transmit to the input port
through the feedback loop, which means the RFO can’t
start the oscillation.

Phase condition means that the phase shift of elec-
tromagnetic signal after passing through SWS, feedback
circuit and T-joint should be a positive integral multiple
of 211, otherwise the signal of each cycle cannot be super-
posed. The phase condition for realizing single frequency

oscillation is shown below'®:

BL +B,L, =2N7w N =(1,2,---) . (6)

The parameters of 8, B, and L, L, are phase con-
stants and lengths in the folded waveguide and feedback
circuit respectively. Different from the beam feedback
circuit of BWO, The feedback circuit of RFO is a rectan-
gular waveguide located outside SWS. Therefore, there
are numerous electromagnetic waves near the center fre-
quency point that can conform to the phase conditions.
The target frequency electromagnetic wave can be ob-
tained by selecting the electromagnetic wave through the
synchronous condition of SWS.

The core component of the regenerative feedback os-
cillator is slow wave structure and feedback circuit with
attenuation. The dispersion and coupling impedance
characteristics of slow wave structure directly determine
the synchronization conditions in the regenerative feed-
back oscillation theory. Both SWS and feedback circuit
determine the amplitude conditions and phase condi-
tions.

2 Design of SWS in RFO

Due to the wavelength-scale law of vacuum electron-

1 (sin,Bnp/Z)2 1
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ic devices, the fabrication and assembly of a traditional
vacuum electronic device in the THz band encounter un-
avoidable challenges. The slow wave structure with work-
ing frequency higher than 0. 5 THz is generally processed
by UV-LIGA or deep reactive ion etching (DRIE) tech-
nology™. The applicable SWS types are folded wave-
guide, double rectangular waveguide grating SWS, corru-
gated rectangular waveguide and other planar structures.
FWG has an advantages of good heat dissipation and
large power capacity, which is widely used in the vacu-
um devices such as TWT amplifier, BWO, stop band os-
cillator, etc. Therefore, the folded waveguide SWS is se-
lected to design the SWS of RFO in this paper. A single
period folded waveguide SWS model is established in the
CST Microwave Studio which is shown in Fig. 2. The pa-
rameter a respects for the size of waveguide broadside
while b respects for waveguide narrow side. The parame-
ter h is the length of straight waveguide, p is half period
length of the module, and r, respects for half edge of elec-
tronic channel.

Fig.2 Folded waveguide module
K2 frEd

Although the RFO is designed on the basis of TWT
with the folded waveguide SWS, the design for disper-
sion characteristics of the folded waveguide is the oppo-
site. As a broadband amplifier, TWT aims to achieve
power amplification in a wide frequency range, so the
dispersion of the SWS is relatively flat and it is synchro-
nized with the electron beam voltage in a broadband.
However, if the slow wave structure of TWT is directly
applied to the RFO, there will be many signals oscillated
from different frequencies in the synchronous bandwidth
meeting the oscillation conditions at the same time. As a
result, the signal spectrum excited by FRO is not pure
enough to be used as a power source and the change of
beam voltage has a great influence on the oscillation fre-
quency which means the oscillation frequencies are ex-
tremely a few. According to the law that the frequency is
step-tune with the variation of beam voltage™ , the SWS
of RFO needs to have a steep dispersion characteristics.
A large number of oscillation signals working at different
frequencies with a pure spectrum are generated on vary-
ing the beam voltage.

Table 1 shows the SWS design dimensions of 850
GHz TWT and RFO respectively. Figure 3 shows the rel-
atively flat dispersion curve of the TWT SWS, which is
synchronized with beam voltage in the 800~850 GHz
broadband. According to the previous report, only two
frequency points centered at 801. 7 GHz and 811. 1 GHz
can generate oscillation signals when the structure is di-

rectly applied to RFO''™. Figures 4-5 show the disper-
sion and interaction impedance of the SWS in RFO. The
normalized phase velocity v/c decreases rapidly from
0.237 8 10 0. 270 6, the corresponding synchronous volt-
age varies from 15. 1 kV to 11. 7 kV. And the interaction
impedance is over 3. 435 (). The structure with steep dis-
persion can make the resonant frequency of the RFO
have a large tuning range with the variation of beam volt-
age.

Table 1 Dimension parameter of FWG in TWT and

RFO
x1 TRESBERBIRZHATINEESRTISH
parameter a b h p r,

value of TWT(/mm)  0.210  0.025 0.040 0.050 0.020
value of RFO(/mm) 0.185 0.022 0.036 0.044 0.018
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Fig. 3 Dispersion curve of TWT
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Fig. 4 Dispersion curve of RFO
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Fig. 5 Interaction impedance of RFO
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3 Design of 850 GHz oscillator

The preliminary design is simulated with Rowe
three-dimensional large signal software®. The length of
slow wave structure is 6. 6 mm with a saturated output
power of 616 mw shown in Fig. 6, and the small signal
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gain is 17. 89 dB. The loss introduced by metal materials
is not considered in this software. The formula for calcu-
lating the equivalent conductivity of high-frequency met-
al is given by Hammerstad and Bekkadal through data fit-
. 0] . .
ting . HB formula is given as
o

o, = , (1)

o 2 uaft]

where skin depth s = \/2/wuo, h respects for surface

roughness while o respects for DC conductivity. The sur-
face roughness of copper produced by UV-LIGA process
is 30~100 nm"", and the equivalent conductivity of 850
GHz copper is calculated to be 3X10” S/m when the value
is 50 nm. A SWS module is built in CST PIC solver. A
saturated output power of 332.76 mW is produced cen-
tered at 850 GHz with a lossy metal background of 3x10’
S/m shown in Fig. 7.

o
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Fig. 6  Output power of interaction structure in three-dimension-
al large signal software
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Fig. 7 Output power in PIC
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The length of the feedback circuit is 6. 6mm whose
metal conductivity is set as 3x10” S/m. The T-joint is a
standard E-T joint whose size is 0. 185x0. 022 mm. The
model of feedback circuit and T-joint is established in
CST Microwave Studio shown in Fig. 8. Port 1 is con-
nected to the SWS. After passing through the T-joint,
half of the power transmits to the output port which is
Port 2, while the other part of power enters the SWS
again after the transmission along feedback circuit and
proceed beam-wave interaction. The S parameter is
shown in Fig. 9. The overall attenuation of the feedback
circuit including the loss of T-joint is -11. 23 dB , which
is less than the small signal gain of the SWS. As a re-
sult, the design meets the amplitude condition of the re-

generative feedback oscillator.

Fig. 8 CST module of feedback circuit and T-joint
K8 S tlnl g T RIS A

frequency/GHz
%00 810 820 830 840 850 860 870 880 890 900

| |
wW N
S

Sparameter/dB
bl
S L O W
. .
\.
\

|
(3
wn

1 — -
st S12--S13

Fig.9 S parameter
Ko SZH

4 PIC Simulation of feedback oscillator

According to the oscillator preliminarily designed,
3D model is built in the PIC module of CST particle stu-
dio. The electron is transmitted from the cathode on the
left to the collector on the right. In Fig. 10, the electron
beam is clustered in the second half of the SWS to realize
the energy exchange between beam and electromagnetic
wave. The conductivity of 0.8 THz oxygen-free copper
material is set to 3X10" S/m. The SWS has 75 periods
with an electron beam whose current is 5 mA. The syn-
chronous voltage varies from 11.7 kV to 12.9 kV. The
permanent magnetic field is 0. 8 T.

feedback circuit T-jointoutput port

et —— |11 { (30} 41 (0 1 RN SN W

cathode slow wave structure electroon beam

Fig. 10 Model of regenerative feedback oscillator
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For operation at 841. 09 GHz, a power of 334 mW
is demonstrated with a 12. 9kV electron beam through
the FWG circuit shown in Figure 11. As shown in Fig.
12, the frequency spectrum of the oscillation signal is
pure, which means the RFO works in the single frequen-
cy oscillation state.

The output power and oscillation frequency are
shown in Table 2. With the decrease of beam voltage,
the oscillation frequency of the RFO increases gradually
and is observed to step-tune shown in Fig. 13. With the
decrease of beam voltage, the distance between oscilla-
tion frequency bands is gradually reduced, and the volt-
age range of maintaining the same oscillation frequency
is gradually increased. There is a corresponding relation-
ship between the normalized phase velocity and the beam
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Fig. 11  Output power with synchronous voltage of 12. 9 kV
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Fig. 12 FFT spectrum analysis with voltage oﬁ 12.9kV
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voltage. With the decrease of the normalized phase veloc-
ity, the dispersion curve tends to be gentle.

When beam voltage varies from 12.9 kV to 12.2
kV, the RFO operates at single frequency state. A power
of 237 mW is demonstrated at 867.64 GHz with the
beam voltage of 12.2 kV, which is the last single fre-
quency working state. Figure 14 shows the output power
of 214 mW centered at 871. 95 GHz with the beam volt-
age of 12.1 kV. As shown in Fig. 15, there are small
spikes in the outer envelope of the power amplitude curve
because of the signals oscillated at other frequencies.
There are two small signals generated at the distance of

5.23 GHz between the two sides of the center frequency
of 871. 95 GHz.
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Fig. 13 The tuning effect of beam voltage on frequency
B13 H 7 X AR Y R T

When the beam voltage is adjusted to 11. 7 kV, the
SWS works in the target working range of TWT, and the

beam voltage synchronizes with the dispersion curve in a

cooco

ARV OND O ®

(=)

voltage amplitude/V

sooo

2 4 ) 8 10 12
time/ns

Fig. 14  Output power with synchronous voltage of 12. 1 kV
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Fig. 15 FFT spectrum analysis with voltage of 12. 1 kV
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large frequency range, so the frequency spectrum of os-
cillation signal is chaotic, as shown in Fig. 16.
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Fig. 16  FFT spectrum analysis with voltage of 11. 7 kV
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5 UV-LIGA micro-fabrication

UV-LIGA is the process method of re-electroforming
by ultraviolet exposure. This method use copper block
with good surface roughness and flatness after grinding
and polishing as substrate. The photoresist film is ob-
tained on the substrate by UV exposure of thick SU-8
photoresist, and then the surface without photoresist on
the substrate is treated and electroplated to produce the
folded waveguide SWS. The advantage of this process is
that solid pure copper structure can be obtained. The dis-
advantage is that the copper material is relatively soft, so
the thick copper substrate required considering the stress
of electroforming process leads to the difficulty whirl coat-
ing. At the same time, it is very challenging to obtain a
high precision depth width ratio thick photoresist film
with good side wall perpendicularity.

The experiment of using UV-LIGA to develop folded

Table 2 The tuning effect of beam voltage on output power and frequency

F2 ETIFREHH IR R ER

Voltage(/V) 12000 12100 12200 12300 12400

Output power(/mW) 133 214 237 220
Frequency (/GHz) 882 871.95 867. 64 858. 56

12500 12600 12700 12750 12850 12900
233 217.8 250 195.9 302.6 334
850. 86 852. 04 850. 86 844.33 840. 61 841.09
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waveguide is in progress in BVERI. Figure 17 shows a
scanning electron microscope image of the photoresist
film structure. Figure 18 shows the folded waveguides on
the substrate after electroplating and polishing. Although
the good surface roughness realize the minimized losses
with high conductivity copper walls, it remains necessary
to develop precision welding technology to keep two cir-
cuit halves in a better relative position.

Fig. 17 Photoresist film structure
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Fig. 18 Folded waveguide electroplated on substrate
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5 Conclusions

In this paper, theoretical study about a 0. 85 THz
tunable folded waveguide regenerative feedback vacuum-
electronics oscillator is carried out. Firstly, the cold

characteristics of the FWG are analyzed, and the struc-
ture size parameters are determined according to UV-LI-
GA fabrication process. Then, the interaction structure
is designed and simulated using PIC module in CST parti-
cle studio. The simulation result shows that a RFO oper-
ates between 841. 09 and 882 GHz is proposed with more
than 200 mW output power. The recent experimental re-
sults of UV-LIGA are introduced. The following experi-
mental development of the 0.85 THz tunable power
source work is going to be carried out.
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