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Design of a re-entrant double-staggered ladder circuit
for V-band coupled-cavity traveling-wave tubes*
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The re-entrant double-staggered ladder slow-wave structure is employed in a high-power V-band coupled-cavity

traveling-wave tube. This structure has a wide bandwidth, a moderate interaction impedance, and excellent thermal

dissipation properties, as well as easy fabrication. A well-matched waveguide coupler is proposed for the structure.

Combining the design of attenuators, a full-scale three-dimensional circuit model for the V-band coupled-cavity traveling-

wave tube is constructed. The electromagnetic characteristics and the beam-wave interaction of this structure are
investigated. The beam current is set to be 100 mA, and the cathode voltage is tuned from 16.8 kV to 15.8 kV. The
calculation results show that this tube can produce a saturated average output power over 100 W with an instantaneous

bandwidth greater than 1.25 GHz in the frequency ranging from 58 GHz to 62 GHz. The corresponding gain and

electronic efficiency can reach over 32 dB and 6.5%, respectively.
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1. Introduction

High-power millimeter-wave amplifiers with mod-
erate bandwidths
plications, such as high-data-rate communication,

are attractive for many ap-

high-resolution radar,
[1-6]

active imaging, and space

applications. Due to its outstanding combined
performance in power capacity and bandwidth, the
traveling-wave tube (TWT) is one of the most im-
portant millimeter-wave vacuum amplifiers.["~14 As
the core component of the TWT amplifier, the slow-
wave structure (SWS) critically determines the per-
formance of a TWT. As a full-metal structure, the
coupled cavity, including the Hughes typel'>=18] and
the ladder type,'=23 has been shown to have ex-
cellent power capability. Consequently, there is great
interest in the study and development of high-power
millimeter-wave coupled-cavity traveling-wave tube
(CCTWT). For example, the Hughes-type coupled
cavity has been used to develop a 75 W 59-64 GHz
TWT for inter-satellite communications.['6! However,
when the operating frequency increases to be within
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the shorter millimeter-wave band, the Hughes-type
coupled-cavity circuit will be expensive and difficult
to fabricate by the conventional machining because
of the extremely small manufacturing tolerances. In
order to solve this problem, the ladder-type coupled
cavity was proposed by James and Kolda.!'”) The lad-
der circuit can be easily fabricated from a single cop-
per block, through which the cumulative errors of the
stacked cavities can be eliminated. Then, the circuit
can achieve the extremely tight tolerances required
to maintain the synchronism between the electron
beam and the radio frequency (RF) waves. Mean-
while, among the ladder coupled cavities, the double-
staggered ladder has the widest bandwidth.['9-20] In
order to develop a high-power V-band TWT with
a moderate bandwidth for inter-satellite communica-
tions, the re-entrant double-staggered ladder-coupled
cavity is adopted because of its wide frequency band-
width, moderate interaction impedance, and excellent
thermal dissipation properties, as well as its easy fab-
rication.

In this paper, we present the design and the anal-
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ysis of a re-entrant double-staggered ladder circuit
for V-band CCTWT by utilizing HFSS?4 and the
CST studio suite.[2526] The rest of this paper is or-
In Section 2, the model of the
re-entrant double-staggered ladder-coupled cavity is
described in detail. High frequency properties, such
as dispersion characteristics and beam—wave interac-
tion impedance, are studied and optimized. In Section
3, a well-matched waveguide coupler is proposed for
the re-entrant double-staggered ladder circuit. The
transmission characteristics of this ladder circuit are
obtained. In Section 4, we perform the beam-wave
interaction simulation in the presence of an electron
beam and predict the operating characteristics of the
V-band CCTWT, such as saturated average output
power, gain, and electronic efficiency. In Section 5, a

ganized as follows.

Conclusion and a description of the future work are
given.

2. Slow-wave structure design

Figure 1 shows the model of the re-entrant
double-staggered ladder- coupled cavity. The co-
ordinate system used in the simulation is a rect-
angular one (z, y, z), with a positive z axis run-
ning along the axis of the beam tunnel. The cav-
ities have square-shaped cross sections (w X w).
Unlike the double-staggered ladder-
coupled cavity proposed by James and Kolda,[!?]
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Fig. 1. (colour online) Dimensional parameters of the re-
entrant double-staggered ladder-coupled cavity: (a) cut-
away view in the direction of the beam tunnel and (b)
cross-sectional views at A—A’ and B-B’ planes.

the axial electric fields in the beam interaction gap, as
shown in Fig. 1(a). Figure 1(b) shows the alternating
cavity wall cross-sectional views at the A—A’ and the
B-B’ planes. The circuit is fabricated by machining
two coupling slots 180° apart from the beam axis in
each wall between the cavities. And the slot positions
are rotated through 90° about the beam tunnel axis on
the successive walls. Compared with the Hughes-type
coupled—cavity circuit, the ladder circuit can be more
easily fabricated with extremely tight tolerances.

Figure 2 shows the electric field distribution of the
fundamental mode for the re-entrant double-staggered
ladder-coupled cavity. This structure has a strong
symmetric axial electric field along the electron beam
propagation direction, which is essential to the beam—
wave interaction of the TWT. Meanwhile, we can also
see that the re-entrant ferrule of the cavity concen-
trates the axial electric field in the beam interaction
gap, which can enhance the beam-wave interaction
efficiency.
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Fig. 2. (colour online) Electric field distribution of the
fundamental mode for the re-entrant double-staggered
ladder-coupled cavity.

The high frequency properties of this structure
are simulated by using HFSS,!*¥ which include the
dispersion characteristics and the beam—wave inter-
action impedance. Since the slow-wave structure is
periodic, the simulation can be carried out just in one
pitch. By employing the master and slave boundary
condition in the eigenmode solver,[?”] the simulation
can be conducted and optimized in an efficient and
accurate way. The typical optimized structural pa-
rameters are listed in Table 1. As shown in Fig. 3(a),
this type of circuit is a fundamental backward wave
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circuit, and the electron beam interacts with the first
The phase shift and the cavity
period determine the circuit wave velocity, which in

spatial harmonic.

turn determines the beam voltage to be approximately
16 kV for the central frequency of 60 GHz required for
the synchronized interaction with the electron beam.
Since the dispersion of this structure is fairly strong,
the cathode voltage is tuned to acquire a wider oper-
ating bandwidth in our design. Changing the cathode
voltage from 16.8 kV to 15.8 kV results in the synchro-
nization of the electron beam with the RF wave over

Table 1. Optimized structural parameters.

Parameter Value/mm

Cavity (w X w) 2.22 x 2.22

Coupling slot (¢ x d) 1.74 x 0.24
Cavity height (h) 0.568
Cavity gap (g) 0.278
Slot height (s) 0.29
Ferrule height (¢) 0.145
Ferrule radius (r}) 0.63
Beam tunnel radius (rg) 0.38
Period length (p) 1.716
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Fig. 3. (colour online) (a) Dispersion characteristics with
synchronous beam voltage lines. (b) Voltage-tuned band-
width.

a frequency band from 58 GHz to 62 GHz, as shown
in Fig. 3(b). Meanwhile, as this ladder circuit has a
wide cold bandwidth, the high impedance band-edge
frequencies, especially the upper band-edge frequency
at 2w, are far away from synchronism with the elec-
tron beam, the risk of band-edge oscillations will be
avoided.28]

As a measure of the interaction strength between
the electron beam and the RF wave, the average inter-
action impedance calculated for the first spatial har-
monic is given in Fig. 4, which is calculated in the
central area of the circular beam tunnel with a radius
of 0.19 mm. The impedance is greater than 4.5 Q in
the frequency range from 58 GHz to 62 GHz, which
indicates that the structure can support fairly strong

beam—wave interaction.
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Fig. 4. Average interaction impedance versus frequency.
The inset shows the details of the transition.

3. Input /output coupler design

A good coupler between the coupled-cavity cir-
cuit and the waveguide is important for improving
tube efficiency, gain, and stability over the required
bandwidth.

band-edge oscillation at the upper cut-off frequency

It is also conducible to preventing the

of the cavity mode.[*”) Therefore, the design and the
optimization of the waveguide coupler for the coupled
cavity are important parts of the CCTWT design.
However, the coupled cavity is inherently a three-
dimensional structure, and the design of broadband
The
available literature in this respect is relatively rare and

low-VSWR couplers is a complicated process.

just limited to the case of Hughes-type structure.29-30

In this section, a well-matched input/output cou-
pler with a simple structure for the re-entrant double-
staggered ladder CCTWT is proposed. It is composed
of three components, i.e., a flat rectangular waveguide,
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a transition section, and a waveguide transformer, as
shown in Fig. 5(a). The flat rectangular waveguide,
with a wide side length of 3.795 mm (the same as that
of the standard waveguide WR-15) and a narrow side
length of h (equal to the cavity height, 0.568 mm),
is inserted into the cavity from the direction of the
coupling slot. From the waveguide to the transition
section, there are mainly two categories of free param-
eters, namely the cavity and the slot parameters, to be
varied to adjust the VSWR within the range of interest
when the flat rectangular waveguide is fixed. As the
cavity structure parameters are determined mainly by
the operating voltage and frequency, they will not be
varied here. We just change the size of the slot (¢ x d)
with the other structure parameters kept constant. In
our design, length ¢ and width d of the slot are gradu-
ally increased to match the input/output flat rectan-
gular waveguide. And then a gradual transition sec-
tion between the main SWS section and the flat rect-
angular waveguide within the length of two periods
is formed. Meanwhile, a three-step waveguide trans-
former from the input/output flat rectangular waveg-
uide (0.568 mmx3.795 mm) to the standard waveg-
uide WR-15 (1.88 mmx3.795 mm) is also designed

here.[31]
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Fig. 5. (colour online) (a) Coupler model and (b) transmis-
sion model of the re-entrant double-staggered ladder circuit.

The transmission model of the coupler-cavity cir-
cuit including 20 periods of main SWS section and
input/output coupler is presented in Fig. 5(b). The
boundary is set as copper with an effective con-
ductivity of 3.5x107 S/m considering the surface

roughness.['532] By using the transient solver in the
CST Microwave Studiol?® and sweeping the free pa-
rameters, the optimal coupler for the structure is ob-
tained. The transmission characteristics are shown in
Fig. 6. The reflection parameter S1; < —16 dB and
the VSWR<1.4 in the frequency range from 58 GHz
to 62 GHz are obtained. This result illustrates that
the designed input/output coupler is well matched to
the circuit over a wide frequency range.
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Fig. 6. (a) Parameter S and (b) VSWR of the re-entrant
double-staggered ladder circuit.

4. Particle-in-cell simulations

In this section, a full-scale three-dimensional (3D)
circuit model for the V-band CCTWT is presented.
And the particle-in-cell simulations are carried out to
investigate the beam dynamics of the CCTWT using
the PIC solver in the CST Particle Studio.?¢! The
dimensional parameters are listed in Table 1. In or-
der to obtain a large gain and suppress the oscillation
caused by reflection, the whole interaction circuit is
divided into two sections by attenuators.33] As shown
in Fig. 7, the first section consists of 23 periods, and
the second one is composed of 31 periods.

074202-4



Chin. Phys. B Vol. 21, No. 7 (2012) 074202

input port

section one (23 periods)

attenuators

output port

section two (31 periods)

P>

U O OO

Y
T—»ZJZI‘HEIIIHIHHHIIIIHHIHHI i
.y

input coupler

sever region

|
output coupler

Fig. 7. (colour online) Full-scale 3D circuit model for the V-band CCTWT.

Before performing the particle-in-cell simulations,
the transmission characteristics of the first section
circuit including the attenuator are investigated, as
shown in Fig. 8. The attenuator adopts a long lin-
ear taper to provide a good match and sufficient
attenuation.l®¥ In our simulation, the length of the
attenuator is four periods, and the lossy ceramic ma-
terial (80% BeO and 20% SiC) with a loss tangent
of 0.3 and a relative permittivity of 11.5[%! is used
for the attenuator. The transmission characteristics
of this circuit with the optimized attenuators are ob-
tained and shown in Fig. 9. The Si; is almost below
—15 dB and S5; keeps below —30 dB throughout the
bandwidth from 58 GHz to 62 GHz.

port 2
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T

4 periods
port 1

Fig. 8. (colour online) Three-dimensional model of the
re-entrant double-staggered ladder circuit with an attenu-

ator.
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Fig. 9. (colour online) Transmission characteristics of the
re-entrant double-staggered ladder circuit given in Fig. 8.

In our simulation, we assume that the circular
beam has a radius of 0.19 mm with a current of
100 mA, corresponding to a beam filling factor of 50%
with a current density of 88 A/cm?. And a samarium-
cobalt periodic permanent magnetic (PPM) field with
an amplitude of 0.3 T and a period of 9.5 mm is used
to confine the electron beam. The boundary is also
specified as copper with an effective conductivity of
3.5x107 S/m.

The typical simulation results at 60 GHz are ex-
hibited in Figs. 10-12. The cathode voltage is set to
be 16.2 kV, and the input driven signal with a power
of 45 mW is applied. Figure 10 shows the frequency
spectra of input, output, and reflected signals. As
for the output signal, the spectrum is relatively pure.
Although the higher harmonics are also aroused, the
amplitudes are much lower than that of the operat-
ing frequency at 60 GHz. Meanwhile, it can be learnt
that the reflected power is well below the input power,

which implies that the oscillation is unlikely to occur.

As shown in the inset of Fig. 11, the accelerating
and the retarding electrons are periodically arranged
along the longitudinal direction, which demonstrates
a good beam—wave energy exchange. Figure 11 shows
the phase momentum plot of the bunched electron
beam along the longitudinal direction when the elec-
tron dynamic system is in the steady state. As the
electron beam propagates along the circuit, most of
the electrons are decelerated and lose their kinetic en-
ergies at the end of the circuit. Consequently, the lost
kinetic energy of the electron beam is transferred to
the high frequency electromagnetic field. Then, the
amplification of the input signal is observed, as shown
in Fig. 12. The output signal becomes stable at 140 W
with an electronic efficiency of 8.64% and a gain of

34.93 dB after 2.8 ns, and no oscillation occurs.
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Fig. 10. (colour online) Frequency spectra of input, out-
put, and reflected signals at 60 GHz.
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Fig. 11. (colour online) Phase momentum (p.) plot of the
bunched electron beam at 60 GHz, the inset shows the elec-

tron bunching phenomenon around the end of the SWS.
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Fig. 12. Input and output signals at 60 GHz.
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Fig. 13. Power transfer curves across the voltage-tuned

bandwidth.

To find the saturation, the power transfer curves
at three typical frequencies that span the voltage
tuned bandwidth of the TWT are shown in Fig. 13. At
each frequency, the TWT can be driven up to a satu-
rated average output power of over 100 W (50 dBm).
The saturated gain of the TWT decreases with the
increase of the working frequency, which can be ex-
plained by the frequency variation of the interaction
impedance illustrated in Fig. 4.

In order to obtain the instantaneous bandwidth
of this TWT, the curves of saturated output power
versus frequency for three fixed beam voltages, i.e.,
16.8 kV, 16.2 kV, and 15.8 kV, are shown in Fig. 14.
The voltage tuned TWT can produce a saturated
output power over 100 W in the frequency range
from 58 GHz to 62 GHz.
and electronic efficiency can reach over 32 dB and

The corresponding gain

6.5%, respectively. Changing the cathode voltage re-
sults in the synchronization of the electron beam and
the RF waves over different frequency bands, which
means that the saturated output power can be tuned
to different frequencies by changing the cathode volt-
age. Meanwhile, when it operates at a fixed cathode
voltage, the TWT can have an instantaneous band-
width greater than 1.25 GHz. The typical operating
parameters for the ladder CCTWT are summarized in

50;/.\5'"/‘_:}‘"/\:

16.8 kV 16.2 kV 15.8 kV/

P,/dBm

42+ B

I 1 I I 1 I I
60.0 61.0 62.0

Frequency/GHz

I I 1 I
58.0 59.0

Fig. 14. 100 W operations in three voltage-tuned instan-
taneous bands.

Table 2. Operating parameters for the CCTWT.

Parameter Value
Frequency 58-62 GHz
Beam current 100 mA
Cathode voltage 16.8-15.8 kV
Circuit section 2
Saturated output power > 100 W
Saturated gain > 32dB
Instantaneous bandwidth > 1.25 GHz
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Table 2. Compared with the Hughes-type V-band
CCTWT,'8 our designed CCTWT has the perfor-
mance that is more competitive in power capability.
And more importantly, the ladder-type CCTWT can
be easily fabricated and assembled with extremely
tight tolerances.

5. Conclusion

The re-entrant double-staggered ladder SWS is
employed as the RF circuit for the V-band CCTWT
and has been proved to possess outstanding cold and
hot performances. An input/output coupler is pro-
posed for the structure, which can be well matched
to the structure over a wide frequency range. As far
as we know, this is the first time that the CST 3D
simulation has been conducted for a full-scale V-band
CCTWT. The simulation results show that the tube
can produce a saturated output power over 100 W
with a gain over 32 dB at the frequencies ranging
from 58 GHz to 62 GHz when the cathode voltage
is tuned from 16.8 kV to 15.8 kV. And when it op-
erates at a fixed cathode voltage, the TW'T can have
an instantaneous bandwidth greater than 1.25 GHz.
Compared with the Hughes-type coupled cavity, our
designed CCTWT has the performance that is more
competitive in power capability. More importantly,
the ladder-type CCTWT can be easily fabricated and
assembled with extremely tight tolerances. Therefore,
it is a competing high-power millimeter-wave ampli-
fier.

Moreover, our design scheme including the pro-
posed input/output coupler will have significant ref-
erence values for engineers to develop the millimeter-
wave CCTWT. Future work will be concentrated on
the design of the electron optical system, RF windows,
etc. And the experimental study of this CCTWT will
be carried out.
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