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Abstract— The growing interest in wireless high data rate 

communications at millimeter waves both for terrestrial networks 

and satellite communications is stimulating novel solutions to 

overcome the strong atmosphere attenuation. In particular, the 

development of high throughput satellite communication systems 

for internet distribution is fundamental to complement the 

terrestrial networks and to cover regions not connected to 

terrestrial backbones, such as sea or remote areas. Ku-band and 

Ka-band satellite systems are presently available. Recently, the W-

band (71 -76 GHz, 81-86 GHz) has been allocated for multigigabit 

transmissions, providing 5 GHz bandwidth both for uplink and 

downlink. However, it has been estimated that for enabling high 

throughput W-band satellite communication systems, 

transmission power higher than 50 W is needed. In this paper, a 

71-76 GHz double corrugated waveguide (DCW) traveling wave 

tube (TWT) is designed as amplifier for high-data rate satellite 

downlink, with about 70 W output power. The dispersion 

characteristic of the designed DCW is experimentally validated by 

cold test. The proposed TWT is also a test vehicle, scaled in 

frequency, for a future novel 220 GHz DCW TWT for terrestrial 

wireless networks. 

  

Index Terms—Double corrugated waveguide, Traveling wave 

tube, Satellite communications, W-band. 

I. INTRODUCTION 

LOBALLY, mobile data traffic is predicted to grow 7-

fold between 2016 and 2021, amounting to 49 exabytes per 

month by 2021 [1]. Such data growth already makes the actual 

terrestrial networks insufficient for future wireless 

communications, requiring new architectures and solutions. 

High data rate satellite communications are considered a 

complementary solution to terrestrial networks. Satellites are 

also used to cover regions not connected to optical fiber 

backbones such as sea and remote areas, or to provide resilience 

to the terrestrial networks in extreme circumstances, such as 

natural disasters. To date, the satellite systems at Ka-band and 

Ku-band provide data rate up to 150 Gbps. Nevertheless, the 

high throughput demand makes the actual provision insufficient. 

Recently, the W-band, 71-76 GHz for the downlink and 81-86 

GHz for the uplink, has been allocated for multi-gigabit 

transmission [2]-[4]. This has raised a relevant interest in high 

data rate satellites at W-band [3]. However, the high 

atmosphere attenuation due to gases, rain and clouds is a strong 
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obstacle for propagation, especially when 99.99% availability 

is required. As a result, the estimation of the link budget to 

support high modulation orders suggests values of transmission 

power above 50 W [5 - 6].  

Traveling wave tubes (TWTs) are presently the only compact 

devices able to provide wideband high-power amplification 

with tens of watt at millimeter waves [7-8]. Reliability, 

robustness against high thermal stress and high saturated power 

make TWTs the preferred devices in the majority of airborne 

and space applications. Conventional space TWTs are based on 

the helix slow-wave structure (SWS), which can provide multi-

octave bandwidths and output powers above 100 W up to 50 - 

60 GHz [8-11]. The dimensions of a helix SWS inversely scale 

with the operation frequency, making its fabrication and 

alignment extremely demanding at the increase of the 

frequency, if not impossible above 70 GHz. The W-band is an 

upper limit for helix fabrication. Therefore, at the increase of 

the frequency, different slow wave structures, suitable to be 

fabricated by modern microfabrication techniques, are needed 

to build TWTs for enabling future constellations of high 

capacity W-band satellites [12] - [16]. 

Among these, the Double Corrugated Waveguide (DCW) 

was conceived as easy assembly SWS for millimeter waves 

tubes [16]-[17]. It supports a pencil electron beam flowing 

between two rows of pillars, enclosed in a rectangular 

waveguide (Fig. 1). The DCW is broadband, simple to build, 

robust and compatible with advanced fabrication techniques 

including UV-LIGA (German acronym of lithography, 

electroplating and molding) process [18] and high-precision 

CNC milling, being cost-effective and with high yield.  
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Fig. 1. Schematic of the DCW transverse and axial cross-sections. 
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In this paper, the design and initial fabrication of a 71-76 GHz 

TWT, using the Double Corrugated Waveguide, as downlink 

amplifier for high data rate W-band satellite communications is 

presented. The design is aimed at easing manufacturing and 

alignment while maximizing the beam–wave interaction. The 

TWT is designed with two sections separated by a sever for 

avoiding self-excited oscillations. About 70 W output power is 

obtained with more than 28 dB gain in the whole frequency 

band. The DCW electrical behavior was experimentally 

validated by cold test. 

The paper is organized as follows: Section II presents the 

design and cold analysis of the DCW SWS for the 71-76 GHz 

TWT, Section III focuses on the hot simulation of the complete 

two sections DCW TWT and Section IV reports on the 

fabrication and cold test results of the DCW.  

II. DOUBLE CORRUGATED WAVEGUIDE DESIGN 

The DCW was designed to work in forward wave mode in 

the 71- 76 GHz band [17].  The electron beam specifications are 

160 m radius and 12.3 kV beam voltage. The beam current is 

set to use a low cathode loading for long life time, compatible 

with satellite system specifications. The dimensions of the 

DCW are listed in TABLE I. The distance g between the two 

rows of pillars has been optimized for the best interaction for 

the given beam radius. The distance of the beam from the metal 

walls (g/2-r) is fixed at 40 m, to assure a good alignment and 

the highest beam transmission. A specific effort was devoted to 

minimize the impact of the couplers in the transition between 

the DCW and the input/output standard WR10 waveguide. The 

height b of the DCW is fixed at 1270 m to be compatible with 

the height of the WR10 flange (2540 m x 1270 m) and reduce 

the fabrication steps.  

The beam-wave interaction is set in the forward wave region 

of the first space harmonic, to obtain broadband 

synchronization at a low beam voltage. The dispersion curve of 

the DCW, calculated by the eigenmode solver of CST 

Microwave Studio [19], with superimposed 12.3 kV electron 

beam line, is shown in Fig. 2. A very good beam-wave 

synchronization has been obtained in the 71-76 GHz frequency 

band.  

The vertical position d of the beam is chosen to maximize the 

averaged interaction impedance on the circular cross-section of 

the electron beam. The interaction impedance for different axis 

position d of the electron beam is shown in Fig. 3. The optimum 

value d = 600 m is assumed in the following, that ensures an 

averaged interaction impedance of about 1 Ω in the operation 

frequency range, sufficient to support adequate energy transfer 

from the electron beam to the propagating wave. A substantial 

improvement of the interaction impedance can be obtained 

reducing the pillar cross section w. Fig. 4 shows the interaction 

impedance as a function of the phase shift for three values of w. 

An increment of 100% is obtained when reducing the pillar 

dimension by 100 m (w = 150 m). 

III. FABRICATION AND COLD TEST 

The dispersion curve of the DCW has been experimentally 

validated following the process illustrated in [20]. Two 

identical test DCWs were realized by conventional CNC 

milling in Aluminum (Fig. 5) with 10 periods and 20 periods 

respectively. 

The DCW dimensions listed in TABLE I were used. To 

simplify the fabrication, linear couplers tapered in height are 

adopted to connect the WR-10 flanges. Each coupler has 15 

pillar pairs with the height linearly tapered from the nominal 

TABLE I 

DIMENSIONS OF THE DCW FOR THE 71 – 76 GHZ TWT  

 Designed Value (µm)  Designed Value (µm) 

a 1700 p 1100 

b 1270 r 160 

d 600 s 850 

g 400 w 250 

h 680   

 

 

 

Fig. 2. Dispersion diagram of the DCW with dimension in TABLE I. The beam 
line at 12.3 kV is superimposed in red. 

 

 

Fig. 3. Variation of the averaged interaction impedance of the DCW as a 

function of the beam position d.  

 
Fig. 4. Averaged interaction impedance as a function of the pillar section w. 
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height of 640 m down to 80 m. Each DCW was fabricated in 

two parts: a bottom flat part with all the pillars and a top part 

with the waveguide and the electron beam tunnel. This 

fabrication approach reduces the CNC milling effort and allows 

the use of tooling with large diameter. It is noteworthy that the 

assembly of the two parts needs only alignment pins and screws. 

Fig. 5 shows the fabricated top and bottom parts and the pillar 

profile. Before the assembly, the two parts were cleaned by 

acetone and ultrasound to remove metal residues. The 

microscopic view of the fabricated pillars is shown in Fig. 6.  

The S-parameters of the fabricated DCWs were measured by 

Rohde&Schwarz Vector Network Analyzer with millimeter 

wave extension at W-band. The S-parameters of the 10-periods 

DCW are shown in Fig. 7. The measured S21 is lower than the 

simulated value. This can be explained by the relatively low 

electric conductivity at the interface between the two parts and 

a slightly irregular surface flatness caused by the vibration of 

toolings during the CNC fabrication process. However, the 

good agreement demonstrates that the tolerance of a few 

microns typical of an affordable CNC milling process have a 

limited effect on performance. The fabrication of the DCW for 

the final TWT will be done in copper and the two parts will be 

joined by diffusion bonding. An identical DCW with 20 periods 

has been also fabricated in Aluminum. The S-parameters were 

measured, with the purpose to obtain the phase of the 

transmitted signal. The dispersion curve of the DCW has been 

derived by the difference of the measured phases of the 

transmitted signals of the 10 periods and the 20 periods DCWs. 

The phase difference is given by: 

 

 Δφ(f) / ΔL = β(f) ∙ p        (1) 

 

where  Δφ(f) is the phase difference as a function of frequency 

f, ΔL is the DCW length difference, β(f) is the propagation 

constant and p is the period of the DCW [20]. The experimental 

and simulated dispersion curves of the DCW are shown in Fig. 

8. It can be observed the very good agreement in the operation 

frequency band. The difference at the lower band edge is mainly 

 
Fig. 7. Comparison between the simulated and measured S parameters for the 

10 periods DCW with linear taper.  

 

 
Fig. 8. Comparison between the simulated and measured dispersion curve of 
the fabricated DCW. 

 
a) 

b) 

Fig. 5. The fabricated DCW SWS. (a) Side view of the pillars; (b) Top view 
of the fabricated top and bottom parts. 

 

 

 
 

Fig.6. Detailed view of the fabricated pillars of the DCW. 

 

X
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caused by the use of the W-band converters at the limit of their 

band, below 66 GHz. Consequently, the results are seriously   

affected   by  the phase   distortion and extremely low signal-

noise ratio. The difference  at  the  upper  band  edge  is  mainly  

caused  by  fabrication  tolerances. 

IV. HOT SIMULATIONS 

The large signal performance of the DCW TWT is 

investigated via 3D Particle in Cell (PIC) simulations 

performed by CST Particle Studio on a workstation with GPU 

NVIDIA K40. An electron beam with voltage of 12.8 kV, beam 

current of 100 mA and 160 m radius is considered. The 

electron beam voltage in the hot simulation is optimized to 

maintain satisfying beam-wave interaction and thus it is slightly 

higher than the value predicted by cold analysis. The focusing 

magnetic field is set as 0.3 T. The conductivity of the copper is 

reduced to = 2.353×107 S/m to account for eventual ohmic 

losses due to surface roughness. The input power at Port 1 is 

100 mW.  This value is compatible with solid state power 

amplifiers available in the market. A first set of simulations was 

performed to evaluate the performance of a single section TWT 

with 80 periods, as a function of the pillar cross section, with 

all the other dimensions fixed. This study permitted to verify 

the effect of the improvement of the interaction impedance due 

to the reduction of the pillar section reported in Fig.4. Fig. 9 

shows that more than 6 dB gain and 40 W output power increase 

is obtained by reducing the pillar dimensions. 

V. DCW TWT DESIGN 

The 71-76 GHz DCW TWT is made of two sections with 40 

and 80 periods of uniform pillars, respectively, separated by a 

sever. This is a typical two-section configuration to suppress the 

self-excitation and achieve high gain. The dimensions of the 

pillars are the same as in Table I, to evaluate the full TWT 

performance in the conservative case of pillars with w =250 m. 

The two sections are connected by an electron beam tunnel 

which is cut-off at W-band. Each end of the DCW is connected 

 

      (a) 

(b) 
Fig.10. Section view of the full DCW TWT interaction structure a) top view, b) coupler side view. 

 

a) 

b)  

 

 
c) 

 
Fig. 9. a) Gain, b) output power for 80 periods single section TWT as a 

function of the pillar section, c) simulation setup. 
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to the flange by a coupler connected to a 90-degree DCW bend. 

The use of the bent DCW permits to reduce significantly the 

length of the SWS and thus the focusing magnet, removing 

from the interaction zone the tapered region of the DCW, to 

couple the TE10 to the DCW mode. Each coupler comprises 18 

pillar pairs tapered in height and 6 pillars with nominal height. 

The configuration of the height-tapered pillar pairs is shown in 

Fig. 10 (b). The four pillar pairs in the bend region before the 

coupler are shaped and optimized to provide good transmission 

property, easy manufacturability and sufficient distance from 

the electron beam. The length of the whole structure in the z 

direction is about 145 mm.  

The input power signal is injected in Port 1 of Section I and 

propagates towards Port 2, modulating the electron beam 

current. The slightly amplified wave is then absorbed in Port 2 

to avoid reflections, by high-loss material (graphite). The 

modulated electron beam travels into Section II, where by a 

longer interaction DCW section, the signal is amplified to the 

specification values at Port 4. The small portion of reflected 

power in Port 3 will be also absorbed by high-loss absorbing 

materials. 

The optimization of the DCW bend and the coupler was 

carried out by CST Microwave Studio [19]. Fig. 11 shows the 

simulated S-parameters of Section I (Port 1 to Port 2) that 

includes two DCW bends and two couplers, assuming a reduced 

copper conductivity = 2.353×107 S/m to take into account the 

finite surface roughness of the fabricated DCW. The S11 is 

better than -14.7 dB in the frequency band. The S21 is around -

4 dB having conservatively assumed high copper ohmic loss. In 

this simulation, the electron beam, generated by a conventional 

Pierce gun, has 12.8 kV voltage, 150 mA current and radius of 

160 m. The higher current was used to increase the gain due 

to the use of pillars with w = 250 m. The focusing magnetic 

field is set as 0.3 T. The input power at Port 1 is 100 mW.  

Fig. 12 shows the instantaneous signal amplitude at Port 1, 

Port 2 and Port 4 at 71 GHz. The signal at Port 2 starts to grow 

earlier than at Port 4 as expected. The gain achieved at Port 2 is 

about 8 dB due to the low beam-wave energy interaction 

resulting from the short DCW length. The output power at the 

output Port 4 stabilizes at about 4 ns producing 72.7 W power. 

The output signals at Port 1 and 3 are negligible, demonstrating 

the good matching of the couplers. The electrons energy 

distribution in the axial direction (Fig. 13) shows a strong 

modulation of the electron beam in the second section of the 

TWT, where most of the electrons lose energy in favor of the 

wave.  

Output power and gain in the 71-76 GHz frequency band are 

shown in Fig. 14. The output power varies from 69 to 79 W, 

with output power levels at the frequency band edges higher 

than those at the center. This can be explained by the variation 

of the synchronization condition and interaction impedance 

across the band. A flat gain of about 28.5 dB is demonstrated.   

The output power and gain variation of the DCW TWT as a 

 

Fig.14. Output power and gain of the DCW TWT. 

 
Fig. 13. Electron energy distribution as a function of the axial distance for the 

DCW TWT. 

 
Fig.15. Output power as a function of the input power at 71 GHz and 76 GHz. 

 

 
Fig. 11. Simulated S-parameters of Section I of the DCW TWT  

 
Fig. 12. Input and output signal variation in time for the DCW TWT at 71 GHz. 
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function of the input power, at 71 GHz and 76 GHz, is shown 

in Fig. 15. The output power increases at the increase of input 

power from 40 to 140 mW, showing the expected saturation for 

higher input power. The output gain reduces at the increase of 

the input power.  

VI. CONCLUSION 

A 71-76 GHz DCW TWT has been designed for high data 

rate satellite communication downlink. Output power of about 

70 W and 28 dB gain across the frequency band have been 

demonstrated. The good performance, simple fabrication by 

CNC milling, easy assembly and robustness to tolerances make 

the Double Corrugated Waveguide a suitable SWS for space 

millimeter wave tubes to enable W-band high capacity 

communication satellites. The DCW has been experimentally 

validated by the good agreement of the S-parameters and the 

dispersion curve with the simulations. The presented DCW 

TWT design is also a test vehicle at scaled frequency for using 

the same topology for a 220 GHz TWT for high capacity 

wireless networks for terrestrial applications. 
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