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Design, fabrication and cold test of a high efficiency folded groove waveguide
for w-band sheet beam TWT

TIAN Yan-Yan', WANG He-Xin’, SHI Xian-Bao®, LI Xin-Yi', GONG Yu-Bin*>, HE Wen—Longl*

(1. Free Electron Terahertz and Nanobeam Laboratory Shenzhen University, Shenzhen 518000, China;
2. School of Electronic Science and Engineering, University of Electronic Science and Technology of China, Chengdu
610054, China;
3. Ceyear Technologies Co. , Ltd, Qingdao 266400, China;
4. Nanjing Sanle Electronic Group Co. , Ltd; Nanjing 210008, China)

Abstract: In this paper, a design, fabrication and cold test of a high efficiency folded groove waveguide (FGW )
for w-band (85~110GHz) sheet beam traveling wave tube (TWT) is proposed. One stage phase velocity taper
(OSPVT) was used in the FGW to enhance the electronic efficiency of a millimeter-wave sheet beam TWT. The
OSPVT was realized via a change of the period of the FGW. Three FGWs with and without OSPVT were fabricat-
ed and their measured s-parameters demonstrate good transmission characteristics and wide bandwidth. More-
over, wave dispersions and phase velocities of the unchanged and OSPVT FGWs were obtained from measured
transmission phases. 3-D particle-in-cell simulations of beam-wave interaction predicted that the proposed TWT
with an OSPVT of twenty half periods could output a saturated power of 240 W at 95 GHz, which is about 70 W
higher than the case of without OSPVT. Meanwhile, the application of the OSPVT improves the electronic effi-
ciency in the whole operating frequency range of 85~110 GHz, with a maximum efficiency enhancement of about
47% in the vicinity of 95 GHz.

Key words: folded groove waveguide, once stage phase velocity taper, millimeter-wave traveling wave tube,
electronic efficiency enhancement, high-power source

BAERWITERSERBITRE R HEF2 N

Has', ITARS, BxE’, FHY, FEWS, AXA"
(1. P 5EE TR2EEE, BRI, T 4 R 518000
2. LFRLE S TR, PR R, I B#ER 6100545
3. EEBHECRHE R A BRA ] 1A 75 5 2664005
4. B AR B SE A R R T BEAT 210008)

FEE . AR — A& A T TAE7E 2 K 0K B (85~110 GHz) By A7 R 8 80 th 37 48 0 5 22 KR AT I8, SR 84T
THBEA B TR ERA N LR, bR ERRA — KRR AR R AR S H R E
BRPATHER T ERARE, Xp i THET = F 5 B A A5 (& A8 2 Bk & fu 2 49 40 2 7 Af £ AL) oy
AT S FEAT T SE B, 45 R R R — KM 2 Bk R R B A S B R AT B A M A
S R AN, BT B = AT B R A B A S AL B AR B T R B R p, A p, B ol &
EEZRINALHTARIANE RS AN EFI e R G LTS, XFERIER S TFENEREX
BA ;2 il 7 K 0B R 2 A R 3 20 AN B TR R — R AR Bk R BOR B, A R 95 GHz 4L B ) 4 e o 3 i 3
240 W, He [5] %8 4 T B 3 A7 AR d 4 K AT HE A 95 GHz AL B 70 W, I B, dh 47 W AT W R A — K

Received date: 2021- 07- 09, revised date: 2021- 08- 04 e B #A:2021- 07- 09, & H B #1:2021- 08- 04

Foundation items: Supported by the National Natural Science Foundation of China (62001297, 61921002 and 61988102) and Shenzhen Science and tech-
nology (JCYJ 2020019105415835 and KQTD 20200820113046084 )

Biography: TIAN Yanyan (1985-), female, associate professor. Current research interests include Microwave and Terahertz sensor. E-mail : tyy5586561@
163. com

" Corresponding author : E-mail : wenlong. he@szu. edu. cn



312 AP/ NI Qb A 41 %

HERTZAREMW 85~11I0CHz i E N FREHERINBET, FEESCH2 A R AR FHRERE T

47% .,

X OB W EES - AHEREBRBEATRE B TRE;HHER

FE 425 :TN124

Introduction

High power, wide bandwidth, high efficiency and
high frequency electromagnetic radiation sources are in
urgent demand, especially when the operating frequen-
cies increase into the millimeter wave and terahertz rang-
es'™. Higher power terahertz devices enable longer
transmission distance and higher data-rate capability for
wireless communications. For example, satellite commu-
nications are projected to use w-band (70~110 GHz)"**.
Vacuum electronic devices have high electronic efficien-
cies with a flexible manner without scattering phenome-
non due to the vacuum environment, which are ideal for
millimeter wave generations and amplifications. There-
fore, vacuum electronic devices have strong advantages
over solid state electronic devices, when the operating
frequency is in the millimeter wave and higher terahertz
band. Traveling wave tubes (TWT) are one of the most
used vacuum electronic devices due to its capabilities of
power and bandwidth.

However, high power amplifiers in sub-terahertz
and terahertz frequency ranges are still lacking. A slow
wave structure (SWS) is a core component of TWT devic-
es and plays a crucial role in their performances, whilst
also playing an important role in other large facilities
such as linear synchrotron radiation light sources'®. As
the frequency increases, the commonly used SWSs, such
as helix and coupled cavity, encounter the problems of
power capacity, heat dissipation and micron-size manu-
facture. Folded waveguides have shown the characteris-
tics of combined capabilities of high power and wide fre-
quency bandwidth, as well as operability compared to tra-
ditional helix and coupled cavity structures. The first
TWT based on a folded waveguide (FW) was studied by
Waterman in 1979. Since then, a great deal of experi-
mental and theoretical studies on FW-TWT have been
published and several modified FWs were proposed for
improving the performance of FW-TWTs""*". However,
FW will affect the electromagnetic field in the waveguide
because the circular electron beam channel is made in
the waveguide wall lending to increase reflection of FW
and reduce its power capacity in the light of engineering.

In order to further improve TWT’ s performance in
power, efficiency and bandwidth in the millimeter-wave
and terahertz band, one stage phase velocity taper (0S-
PVT) was studied and applied to a Folded Groove Wave-
guide (FGW) TWT for the first time in this paper. The
technique could be considered to be a simple version of
Dynamic Velocity Technology (DVT) which has been
used in the helix TWTs""'"”". This idea could be applied
to a variety of TWTs, such as those based on FWs or stag-
gered double grating structures. FGW is suitable struc-
ture to operate in a sheet beam and the manufacture of
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the beam channel is unnecessary, which the electromag-
netic field distribution affected in FGW is no longer exist-
ing. Therefore, FGW possesses higher power capability
than FW, from the stand point of practical view. The
FGW, as a kind of SWS, has been proposed for its low
transmission loss because the ohmic loss on its wall is
much lower than that of an FW", Moreover, the loss co-
efficient of an FGW decreases with the increase in the fre-
quency ™, which would be helpful for a terahertz
TWT. Various FGWs with the cross-sections in the form
of rectangular, V-, double ridge and ridge-loaded shapes
have been studied """

The article is composed as follows. Section 1 con-
tains the theoretical analysis of the phase velocity of the
wave in FGWs and the principle of DVT. Section 2 pres-
ents the manufacture of the FGWs and their measured
transmission and dispersion characteristics. The simulat-
ed performance of a high power millimeter-wave FGW-
TWT exploiting OSPVT is presented in Section 3. Final-
ly a brief summary is given in this paper.

1 Theory analysis

A schematic diagram of the FGW with sheet elec-
tron beam is shown in Fig. 1. The waveguide is formed
between the two plates (1 and 2), both of which have a
folded waveguide (3).

ly

Electron
beam b

Fig. 1 The schematic diagram of the FGW with sheet electron
beam present.
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Suppose the half-period of the FGW is P,, which
was designed to support a wave of an appropriate phase
velocity V, to efficiently interact with an electron beam
with velocity U,. After electrons loosing enough energy
their reduced velocity would be no longer in synchronism
with the wave, and hence, wave growth would stop.
However, at that moment if the phase velocity of the
wave is adjusted to a degree so that it continues to match
with the reduced electron velocity, then interaction could
in principle continue to extract energy from the electrons
and wave continue to grow, hence, improve the electron
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efficiency of the TWT. In this paper the phase velocity of
the electromagnetic wave is changed once by changing
the half-period of the latter part of the FGW once, 1. e.
OSPVT, in the operating frequency. This extends the
synchronous condition between the wave and the electron
beam, transferring more energy from electrons to wave,
hence improving the output power and electronic efficien-
cy. When taking no account of the corner reflection and
coupling between adjacent grooves, the analysis of the
dispersion of the FGW is similar to that of an FW. The
unchanged FGW has a curved groove length [, and a half
period P,. The OSPVT FGW has a curved groove length
[,and a half period P,. The length of the straight part is
set to be s and defining the phase constant of the funda-
mental mode B, and its nth spatial harmonicf,, the
phase velocity of the fundamental mode V, and its nth
spatial harmonic V,,, then the following equations could

be derived.

=" ()
BuwPy =Bl +(2n+ 1) 7 . (2)

In formula (2), B = /k* — k2, is the cutoff wave

number and k is the wave number.

meoz[zo 1—(k")2+(2”+1)7TJ P, (3)

c k k

here ¢ is velocity of light, from Eq. (3) V,, is a mono-
tone function of half-period P,. Hence, the phase veloci-
ty of the fundamental mode decreases as P reduces. On-
ly when the electron beam velocity U, is slightly faster
than phase velocity of the wave V,,, can the electron ener-
gy be transferred to waves. Supposing the electron beam
velocity become U, when the beam-wave synchronization
is about to lose, then electron energy transfer ratio is de-
fined as m=(U,-U,)/ U,. In order to maintain the syn-
chronization condition, the electromagnetic wave phase
speed V,,needs to reduce as the electron velocity U, de-
creases to U,. This decrease in speed of the electromag-
netic wave phase speed V, is defined as A. Then we
have:

MU,
A:VpO_V;)I(]:l_I_CB , (4
here B = —>— g pierce velocity parameter >,
CV,

Hence, by properly adjusting the phase velocity of
the wave in the latter part of the FGW, the synchronous
condition between the wave and electron velocity could
maintain.

2 Experiments and discussions

As satellite communications plan to use w-band in
the near future, a high power high efficiency folded
groove waveguide millimeter-wave TWT based on OSPVT
was designed (85~110 GHz). Fig. 2 (a) is a picture of
the upper and lower half of the FGW machined by a high-
speed CNC milling machine. The FGW with its input
and output couplers was formed by assembling the two

half with the help of eight screws and four location pins.
The FGW with integrated input/output couplers includes
two sections: a FGW section in the green box has un-
changed half-period P, and an OSPVT section of 14 half-
periods in the blue box with reduced period P,. The di-
mensions of the structure are listed in Table 1.

FGW with

' FGW
with % Four
OSPVT locating

section

FGW with
unchanged Py

(a)

(b)

Fig. 2 (a) A photo showing the upper and lower half of the FG-
Ws with in/out-puts, (b) setup for the cold test of the FGWs.
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Table 1 The parameter values of the FGWs
x1 HIFERSENSH

Parameters  Description

Values(mm)

a The depth of folded waveguide region 0. 82

b The width of folded waveguide region 0. 35
s The length of straight aveguide 0.5
h The height of FWG 1.88
P, half-period FGW without OSPVT 0.6
P, half-period FGW with OSPVT 0.588

The setup for the cold test of the FGWs with and
without OSPVT sections is shown in Fig. 2 (b). The S-
parameters were measured by a vector network analyzer
(Ceyear: AV3672E) with millimeter wave frequency ex-
tending module (Ceyar: 3640A). Simulated and mea-
sured s-parameters are displayed in Fig. 3. The simulat-
ed and measured reflection S,; were below -13 dB in the
frequency range of 85 to 110 GHz. It can be seen from
Fig. 3 that the measured curve of the reflection S,; is not
perfectly consistent with the simulated one, this is be-
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cause of the reflection of the windows in the input and
output couplers. When an effective conductivity of 3. 6*
10" was used, the simulated transmission coefficient S,,
agreed well with the measured one. Both the simulations
and the measurements verified that the proposed FGW
has good transmission characteristics and a wide band-
width.

The electric field in the FGW is similar to that of
TE,, mode in the circular waveguide. The measured
wrapped phase of the operating mode in three FGWs is
shown in Fig. 4. Fig. 4 shows the measured phase
change of transmission (S,/) as a function of frequency
for three structures: “structure a” has totally 98 half peri-
ods, 84 P, and 14 P,; "structure b" 84 P,, and "struc-
ture ¢" 58 P,. All three structures have the same input
and output couplers. Therefore, the phase change of the
wave passing through the OSPVT section (14%P,) could
be obtained by taking the phase difference between case
b and a. Similarly, the phase change of the wave of
26*P, could be obtained by taking the difference between
case ¢ and b. The phase information was firstly un-
wrapped, then the differences between the unwrapped
phases used to calculate the normalized phase velocity of
the operating wave in FGWs with period P, and P, are
shown in Fig. 5. It can be seen from Fig. 5 that the mea-
sured normalized phase velocities are in very good agree-

TONES Rl | RENY | CAAE SRR e EL,
P T i I T
| - |
| |
i EER
x |
ol 1
. . ! |
T i {
1 ! LR |
|
A ms
oA ERNW |
T, R T ]
] Ll | \
|
1
e
’ |
1)
! ! P10 |
H Aa: k% y
TTREE  EREE T RiEy R R R as
i ™ 5
A IR s

Fig. 4 Tests of transfer phase versus frequency.
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Fig. 3 The simulated and measured s-parameters of the FGW.
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ment with the simulated ones.
3 Simulation of beam-wave interactions

In order to evaluate the performance of OSPVT, a
high power high efficiency FGW millimeter-wave TWT
based on OSPVT technology was designed, and it was

¥ (a)

trlminE 84 periods(P0)+14periods(P1)

£ 3 (C)
10.53] 58 periods(p0)



TIAN Yan-Yan et al: Design, fabrication and cold test of a high efficiency folded groove waveguide for w-

315

11 band sheet beam TWT
0.3 -
0.27 -
0.24 -
@5- —Simulated—P0
> 0.21 - ---Measured—P0
—Simulated—P1
0.18 1 ---Measured—P1
0.15 T T T T T T

85 90 95 100 105 110 115 120
Frequency (GHz)

Fig. 5 Measured and simulated phase velocities for FGWs with
period P jand P,.
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simulated by using CST particle studio. According to the
measured transmission loss a conductivity of 3. 610" was
used in the simulation. The optimized beam voltage was
found to be 19.1 kV for the FGW with half-period P,
and the beam current was set to be 0. 15 A. The cross
section of the electron beam is 0. 12 mm*0. 45 mm. In
order to ensure no electron interception on the beam tun-
nel, an axial uniform magnetic field of 0. 5 T was used in
the simulation. Fig. 6 shows the simulation model and
the bunching electron beam in FGW with 14 half periods
OSPVT based on the PIC. It can be seen from Fig. 6 (b)
the phenomenon of electron beam bunching appears in
the end of the FGW with 14 half periods OSPVT. There-
fore, it is evident that some electrons are retarded and
some electrons are accelerated.

Input Port Output Port
Electron gSuiiuiu@iaSiuiiuiing .
beam VI
T EE——————e—y
~ OSPVT
\e- o !

Main section

(a) -
(b)

Fig. 6 (a) Simulation model of 14 half periods OSPVT based on
the PIC, (b) the bunching electron beam in FGW with 14 half pe-
riods OSPVT.
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i e

Fig. 7 shows the simulated output power as a func-
tion of input power at 95 GHz, when the total length of
the FGW is set at 104 half periods under five cases, with
each of them having different length of OSPVT section. It
can be seen from Fig. 7 that proper selection and applica-
tion of OSPVT can effectively improve the output power.

Furthermore, the designed high power high efficiency
FGW millimeter-wave traveling wave tube with 20*P1
OSPVT could output 240 W saturated power when the in-
put driving signal is 0. 08 W to 0. 15 W. This is approxi-
mately 70 W higher than the case of without OSPVT sec-
tion. When the OSPVT was set to be 14*P,, the saturat-
ed power and the electronic efficiency were simulated
and are shown in Fig. 8. For comparison the saturated
power and the electronic efficiency with the FGW OSPVT
and without OSPVT are both shown in Fig. 8. In the
whole frequency range of 85~110 GHz, the bandwidth of
the saturated power above 100 W for the FGW with 14
half periods (14%P,) OSPVT is larger than the case of
without OSPVT. Fig. 8 also demonstrates that the appli-
cation of OSPVT is beneficial to increase the electronic
efficiency in the range of 85~110 GHz.

250
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Fig. 7 Power transfer curves at 95 GHz for FGWs of different

length of OSPVT
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Fig. 8 Saturated output power and electron efficiency versus

frequency
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4 Conclusion

In this article, an FGW millimeter-wave traveling
wave tube based on OSPVT was proposed. A combina-
tion of three FGWs with and without OSPVT section,
each with the same input and output couplers was fabri-
cated. The s-parameter measurements using VNA and

simulations of these FGWs OSPVT demonstrated good
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transmission characteristics and wide bandwidth. Simula-
tions predicted that the saturated power and electron effi-
ciency were significantly improved by the application OS-
PVT in the operating frequency of 85~110 GHz. It is pos-
sible that the electronic efficiency of a TWT could be fur-
ther improved by more sophisticated phase velocity
change techniques such as DVT and multiple stage phase
velocity change, which will be studied in the future.
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