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Abstract— Wideband power combining of four W-band 

microfabricated traveling-wave tubes (TWTs) is presented. The 

proposed TWTs are based on a planar helix slow-wave structure 

(SWS) with straight-edge connections (PH-SEC) that can be 

microfabricated with stripline input/output feed. A novel 1:4 WR-

10 waveguide-to-stripline power divider/combiner is designed that 

covers the frequency range of 92 GHz-104 GHz. The simulation 

results show that S11 is less than ‒20 dB and the magnitude and 
phase differences among the four output signals are less than 0.01 

dB and 0.41°, respectively, indicating a power combining 

efficiency as high as 99.9%. The power divider, four PH-SEC 

SWSs, and the power combiner are assembled and the 

performance of the overall assembly is checked by simulation. The 

overall S11 is better than ‒15 dB in the frequency range of 91.7 
GHz-100.7 GHz and S21 is better than ‒12.3 dB. Effects of power 

and phase variation of individual TWTs have also been 

considered. With four 5 kV and 10 mA sheet electron beams, 

particle-in-cell (PIC) simulations show that the combined TWTs 

can give 25 W saturation peak power at 94 GHz with a gain of 18 

dB.  

 
Index Terms— Power combining, wideband, microfabrication, 

sheet beam, traveling-wave tube  

 

I. INTRODUCTION 

ICROWAVE and millimeter wave frequencies have very 

important applications in modern society [1]. In 

particular, the W-band frequency range (75–110 GHz) is useful 

for communications, radar, spectroscopy etc. [2]. In these 

applications, it is very desirable to get a power amplifier with 

high power, gain and wide bandwidth. Among these properties 

wide bandwidth enables higher rate of information transmission 

and a better resolution of radar imaging. The W-band frequency 

range can provide sufficiently wide bandwidth for such 

applications.  

One of the important features of travelling-wave tubes 

(TWTs) is operation over a wide bandwidth with high gain. As 

a consequence, there has been strong interest in developing W-

band TWTs with high power in the recent years. At such high 

frequencies, the physical dimensions of the various parts of 

TWTs become quite small [3], making it very challenging  
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Fig.1. Planar helix SWS with straight-edge connections (PH-SEC) [8]. 

 

to achieve the required accuracy using traditional fabrication 

processes. To address this problem, various slow-wave 

structures (SWSs) that can be microfabricated have been 

proposed in the recent years [4]-[7] An SWS is a very important 

part of a TWT. But TWTs incorporating a microfabricated SWS 

generally offer modest output power levels. 

The recently proposed planar helix with straight-edge 

connections (PH-SEC), shown in Fig. 1, is readily amenable to 

microfabrication [8]. It has been demonstrated that this 

structure retains the broadband property of the circular helix. 

Besides, its aspect ratio can be changed to accommodate a sheet 

beam which can offer advantages such as higher beam current 

capacity, decreased beam voltage, lower magnetic field 

requirement and increased bandwidth [9]. 

Especially keeping in view the feasibility of 

microfabrication, a wideband configuration of the PH-SEC for 

operation at W-band has also been proposed recently [10]. Fig. 

2 shows the cross-section of this configuration which achieves 

a wide bandwidth and can accommodate a sheet beam. The PIC 

simulation results show that the small-signal gain of such a W-

band PH-SEC TWT can reach 36.8 dB and the 3-dB bandwidth 

is about 60%. But the output power at 3.7 W is quite modest. 

One approach to increase the output power of such a TWT is 

to employ power combining. There are many schemes that have 

been reported for power combining for both solid state 

electronics devices [11]-[13] and vacuum electronics devices 

[14]-[18]. These schemes include binary Wilkinson power 

combiners, T-junction waveguide power combiners and quasi-

optical power combiners [19]-[22]. The binary Wilkinson  
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Fig. 2.  Cross-section of the W-band PH-SEC SWS together with dimensions. 

 

 
(a)                                                           (b) 

Fig. 3 (a) Dispersion and (b) coupling impedance characteristics of the W-band 

PH-SEC SWS. 

 

power combiner is widely used for solid state devices. The 

waveguide power combiner is used when the required output 

power is relatively high. The quasi-optical power combiners are 

adopted to combine power for a rather large number of devices 

[23]. 

In this paper, our goal is to combine the output power of four 

PH-SEC TWTs that are driven by four independent electron 

beams, using waveguide input/output ports. For this purpose, 

we propose a combination of 1:2 WR10 waveguide-to-

waveguide power divider/combiner and a 1:2 WR10 

waveguide-to-stripline power divider/combiner to achieve 4-

way power combining. Compared to the binary Wilkinson 

power combiner, the power combiner proposed here is more 

suitable for vacuum electronic devices. Compared to a 1:4 

waveguide power combiner, the overall size of the proposed 

combiner is much smaller. The structure of the proposed 

combiner is also much simpler than that for the quasi-optical 

power combiner schemes. The waveguide-to-stripline power 

divider can provide a power combining efficiency as high as 

99.9%. Moreover, the waveguide-to-waveguide power 

divider/combiner can be cascaded to form a 1:2n power 

combiner to produce a much higher combined power. 

The paper is organized as follows. Section II describes the 

W-band PH-SEC SWS structure and its dispersion and coupling 

impedance. Section III presents the design of the stripline feed 

for the PH-SEC SWS. In section IV, the 1:4 waveguide-to-

stripline power divider/combiner is realized in two steps: the 

first step involves a 1:2 waveguide-to-stripline power 

divider/combiner; then a 1:2 waveguide-to-waveguide power 

divider/combiner is implemented by using the magic T 

junction. Section V describes the PIC results of the combined 

PH-SEC TWTs. Section VI discusses the effect of power and  

 
(a) 

 
(b) 

Fig. 4 Structures of the PH-SEC SWS with 10 periods and input and output 

stripline feeds. The metal enclosure is not shown. (a) 3-D view, and (b) 2-D 

view with main dimensions. 

 

 
Fig. 5 S-parameters of the PH-SEC SWS with 200 periods and input and output 

stripline feeds. 

 

phase variation of individual TWTs on the power combining 

efficiency. Section VII concludes the paper. 

II. W-BAND PH-SEC SWS 

Fig. 2 shows the W-band PH-SEC SWS used in this paper. 

This is a modification of the SWS in [10] and uses a metal 

enclosure instead of vertical metal pillar arrays and horizontal 

metal layers for shielding. Getting rid of the shielding pillars 

and shielding metal layers of [10] simplifies the fabrication 

process considerably. All simulation results include the metal 

enclosure but the rest of the figures showing this SWS omit the 

metal enclosure for the sake of clarity. 

The properties of the materials in the SWS are set as below: 

dielectric constant and loss tangent of quartz are 4.43 and 

5.1×10-5, respectively; conductivity of copper for our 

fabrication is estimated to be 2×107 S/m; dielectric constant and 

loss tangent of silicon are 11.9 and 2.5×10-4, respectively; 

dielectric constant of BCB (Cyclotene) is 2.65 [24].  

Fig. 3(a) shows the phase velocity vs. frequency for the 

proposed structure using the dimensions given in Fig. 2 and a 

period of 128 μm. Simulations have been carried out using CST 

Microwave Studio [25]. Similar to [10], the phase velocity 

shows only a small variation over a large frequency range. The 

dispersion curve is different from a normal helical SWS in 

which phase velocity falls with increasing frequency.  Such a 

behaviour (including negative dispersion) is seen when the 

metal shield comes rather close to the SWS and there are also 

CPW ground planes [26]. The coupling impedance shown in 

Fig. 3 (b) has a relatively high value of about 23.6 Ohms at 100 

GHz.  
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(a)                                                     (b) 

 
(c) 

 
(d) 

Fig. 6 W-band waveguide-to-stripline adaptor. (a) 3-D view, (b) dimensions 

and (c) details of the stripline probe, (d) cut-away view of the probe. 

 
 Fig. 7 Perspective view of the 1:2 waveguide-to-stripline power divider. 

 

The flat dispersion characteristics of the proposed structure 

enable relatively wideband impedance matching and beam-

wave interaction.   

III. STRIPLINE FEED FOR W-BAND PH-SEC SLOW-WAVE 

STRUCTURE 

As shown in Fig. 1, the PH-SEC SWS consists of vertical  

pillars connected by horizontal strips. As a result, it is  

 
(a) 

 
(b) 

Fig. 8 S-parameters of the 1:2 waveguide-to-stripline power divider. (a) 

Magnitudes of S11, S21, S31 and (b) phases of S21 and S31. 

 

convenient to use stripline as input/output feed lines connecting 

to the horizontal strips. Also, a waveguide-to- stripline power 

divider/combiner can be more compact than a waveguide-to-

waveguide power divider/combiner. 

Fig. 4 (a) shows the PH-SEC SWS with 10 periods and 

stripline input/output feeds which consist of approximately two 

tapered periods of PH-SEC and a section of stripline at both 

ends to get a good match. The stripline feeds are in the same 

layer as the horizontal strips of the PH-SEC; thus both features 

can be fabricated in the same process step. Fig. 4 (b) shows the 

top view of the PH-SEC structure with stripline feeds; this 

figure also includes the taper dimensions.   

Fig. 5 shows the S-parameters of the stripline feeds applied 

to a 200-period PH-SWS structure. S11 is better than ‒20 dB 
while S21 is around ‒10 dB in the frequency range of 83 GHz-

108 GHz, indicating a bandwidth of 26% centered at 95.5 GHz. 

IV. WAVEGUIDE-TO-STRIPLINE POWER DIVIDER 

To handle the combined output power of four PH-SEC 

TWTs, we need a waveguide output port. Hence, to keep the 

overall structure symmetric, we use a waveguide port at the 

input also. To implement a 1:4 power divider/combiner with 

waveguide input/output ports, we propose a combination of 1:2 

waveguide-to-waveguide power divider/combiner and a 1:2 

waveguide-to-stripline power divider/combiner. Compared to a 

1:4 waveguide power combiner, the overall size of the proposed 

combiner is much smaller. The design procedure of the 1:4 

rectangular waveguide-to-stripline power divider is described 

in the following. 
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Fig. 9 Perspective view of the 1:4 waveguide-to-stripline power divider. 

 

Fig. 10 Magnitude pattern of the electric field inside the 1:4 waveguide-to- 

stripline power divider. 

 

A. Stripline-to-rectangular waveguide adaptor 

 

For implementing a 1:2 waveguide-to-stripline power 

divider/combiner, a stripline-to-waveguide adaptor is required. 

The proposed adaptor, shown in Figs. 6, involves extending the 

stripline feed described in the previous section and inserting it 

into the WR-10 rectangular waveguide to act as a probe to 

excite the TE10 mode. The probe is inserted through the middle 

of the broad wall of the rectangular waveguide. With reference 

to Figs. 2 and 6(a), there is shielding above and below the 

stripline due to the metal enclosure. But the stripline probe 

inside the waveguide does not have such shielding; of course 

the probe ‘sees’ the top and bottom waveguide walls. 
The stripline probe consists of three sections with different 

widths for wideband impedance matching. One stop-neck is 

located at each end of the silicon support to guarantee good 

alignment between the probe and the waveguide. The main 

dimensions of the stripline probe are marked in Fig. 6 (b). The 

structure details of the stripline probe are shown in Figs. 6 (c) 

and (d); as can be seen the probe has the same substrate 

structure as the PH-SEC SWS shown in Fig. 2.  

The effects of the fabrication tolerances on the performance 

of the stripline-to-waveguide adaptor have been studied. The 

simulation results show that for a variation of ±10 μm in the 

dimensions marked in Fig. 6(b), the changes in the S-

parameters are quite small. The effect of misalignment between 

the stripline probe and the waveguide has also been studied. 

With reference to Fig. 6(a), for misalignments along the x, y and  

 

 
(a) 

 
(b) 

Fig. 11 S-parameters of the 1:4 waveguide-to-stripline power 

divider; (a) magnitude, and (b) phase. 

 

z directions of 30 μm, 50 μm, and 50 μm respectively, the 
insertion loss does not change by more than 0.2 dB and the −20 
dB S11 bandwidth remains unchanged. But there is a 2-3% shift 

in the center frequency of operation. 

 

B. 1:2 waveguide-to-stripline power divider  

Next, based on the stripline-to-waveguide adaptor, the 1:2 

waveguide-to-stripline power divider is designed. As shown in 

Fig. 7, the two stripline probes are arranged symmetrically 

about the mid-plane of the broad wall of the waveguide so that 

two identical signals can be obtained from Ports 2 and 3 when 

Port 1 is set as the input port. The distance d_probes is the 

vertical separation between the center-conductors of the 

stripline probes. 

Fig. 8 shows the S-parameters of the 1:2 waveguide-to- 

stripline power divider using dimensions as d_probes=1200 

µm, w1=860 µm, w2=840 µm, w3=210 µm, w4=40 µm, l1=310 

µm, l2=680 µm, l3=280 µm, l4=860 µm. As can be seen, S11 is 

better than ‒20 dB and S21 and S31 are equal and close to ‒3 dB 
in the frequency range of 92 GHz-105 GHz. Fig. 8(b) shows the 

phases of S21 and S31 with no observable difference between the 

phases. Due to the cosine variation of the TE10 E-field in the 

waveguide, the output drops if a larger vertical separation 

between the probes is used. 

 

C. 1:4 waveguide-to-stripline power divider 

The just mentioned cosine variation of the E-field also 

restricts the number of stripline probes that can be ‘stacked’ 
vertically in the waveguide. Instead, to realize a 1:4 power  
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(a) 

 
(b) 

Fig. 12 (a) Assembled power divider, four PH-SEC SWSs, and power 

combiner; (b) connection between the probe and SWS. 

 

divider, we cascade a 1:2 waveguide-to-waveguide power 

divider with the 1:2 waveguide-to-stripline power divider. The 

rectangular waveguide H-plane T-junction is used as the 1:2 

waveguide power divider.  

The 1:4 waveguide-to-stripline power divider is shown in 

Fig. 9. In the center part is the H-plane T-junction, at the bottom 

of which a thin vertical copper sheet is placed centrally. The 

width of the copper sheet is the same as the short edge of the 

rectangular waveguide. By adjusting the thickness and height 

of the copper sheet, the performance of the power divider can 

be improved. Each of the two branches of the T-junction is 

connected to a 1:2 waveguide-to-stripline power divider 

described before. Ports 2 and 4 are symmetrically located on 

either side of the copper sheet and so are ports 3 and 5. When a 

signal is fed to port 1 of the power divider, ideally we expect 

the signals coming from the four output ports to have the same 

magnitude and phase. The dimensions are also marked in Fig. 

9. 

When port 1 is excited, Fig. 10 shows the magnitude pattern 

of the electric field inside the 1:4 waveguide-to-stripline 

divider, visually indicating symmetrical power division at the 

output ports. Since the efficiency of a power divider depends on 

the differences in the magnitude and phase of the divided 

signals, Figs. 11(a)-(b) show the magnitudes and phases of the 

S-parameters of the power divider. Fig. 11(a) shows that S11 is 

better than ‒20 dB in the frequency range of 94 GHz-104 GHz. 

The magnitudes of S21, S31, S41, S51 appear identical; at 100 GHz 

these are ‒6.152 dB, ‒6.159 dB, ‒6.152 dB and ‒6.159 dB, 
respectively, so that the magnitude difference among the output 

values is ~0.007 dB. In a similar manner the phases of S21, S31, 

 
Fig.13 S-parameters of the assembled TWT. 

 

TABLE I. 

PARAMETERS OF THE ELECTRON BEAMS 

Parameter Value 

Voltage 5.0 kV 

Current 10 mA 

Beam height 40 μm 

Beam width 160 μm 

Transmission distance 25.8 mm 

 

 
(a) 

 
(b)                                                       (c) 

Fig. 14 Typical PIC results for the overall assembly. (a) Electron beam 

trajectories near the output end of the SWSs; (b) input and output signals vs. 

time curves; (c) spectrum of the combined output signal. 

 

S41, S51 also appear identical; at 100 GHz these are ‒146.747°, 
‒146.339°, ‒146.747° and ‒146.339°, respectively, so that the 
maximum phase difference is ~0.41°. According to these phase 

and magnitude differences, the power combining efficiency can 

be calculated [14] and it comes to about 99.9% at 100 GHz. 

V. POWER OUTPUT OF THE OVERALL ASSEMBLY 

To estimate the combined output power of 4 PH-SEC TWTs, 

we assemble the 1:4 power divider and combiner with four PH-

SEC SWSs. Fig. 12 (a) shows the simulation model built in CST 

for the assembly with common input and output waveguide 

ports. Fig. 12 (b) shows the details of the connection of the 

stripline probe and the PH-SEC SWS with tapered periods. The 
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Fig. 15 Output power vs. input power curves at different frequencies with 150-

period long SWSs. 

 

transmission properties of the assembly with 200-period long 

SWSs are shown in Fig. 13; S11 is better than ‒15 dB and S21 is 

better than ‒12 dB in the frequency range of 92 GHz-102 GHz. 

The assembled structure will be placed into an evacuated 

metal enclosure for shielding and maintaining vacuum. Four 

electron guns and collectors will be assembled together with the 

metal enclosure. A single magnetic circuit, similar to the one 

proposed in [10] can be used to provide the focusing magnetic 

field for the overall TWT.  

To estimate the hot-test performance using particle-in-cell 

(PIC) simulations, one cathode is defined for each PH-SEC 

SWS. In practice, the cathodes will be replaced by identical 

electron guns. A magnetic field of 0.5 T is assumed and the PIC 

simulations are carried out over the frequency range of 90 GHz-

100 GHz. The parameters of the electron beams used in the 

simulations are listed in Table I.  

Fig. 14 presents a typical result obtained from the PIC 

simulations using CST Particle Studio [26]. Fig. 14 (a) shows 

the electron beam trajectory and the bunching phenomenon in 

all four electron beams.  Fig. 14 (b) is the magnitude-time curve 

of the combined output signal at the frequency of 92 GHz. 

When the input power is set to 8 dBm, the output power can 

reach 13.69 W, indicating a small signal gain of 33.3 dB.  Fig. 

14 (c) shows that the spectrum of the output signal is quite clean 

and does not suffer from oscillations.  

But in practice, due to the mismatch between the SWS and 

input/output ports, the gain of a single section TWT is usually 

limited to below 26 dB to reduce the risk of oscillation. Thus, 

in the subsequent results, the length of the SWSs has been 

reduced to 150 periods.  

Fig. 15 shows the output vs. input power curves at different 

frequencies for the overall assembly. Both the linear and non-

linear parts of the curves can be seen. The saturation point 

occurs at lower input power for lower frequencies. For instance, 

the saturation input power is 0.36 W for 90 GHz compared to 

0.46 W for 98 GHz. This is expected from the coupling 

impedance vs. frequency curve shown in Fig. 3(b). If we fix the 

input power at 0.36 W, the output powers are 25.4 W and 18.2 

W at 90 GHz and 100 GHz, respectively, indicating a maximum 

TABLE II. 

POWER COMBING EFFICIENCIES FOR DIFFERENT PHASES 

Phase 2 

(°) 

Phase 3 

(°) 

Phase 4 

(°) 

Phase 5 

(°) 
Efficiency (%) 

0 0 5 5 99.5 

0 0 10 10 99.2 

0 0 20 20 95.7 

0 20 0 20 96.7 

0 0 50 50 77.3 

0 50 0 50 79.9 

0 5 10 15 97.9 

0 10 20 30 94.6 

0 20 40 60 82.4 

 
TABLE III. 

POWER COMBING EFFICIENCIES FOR DIFFERENT POWERS 

Power 2 

(W) 

Power 3 

(W) 

Power 4 

(W) 

Power 5 

(W) 
Efficiency (%) 

1 1 0.81 0.81 99.8 

1 1 0.64 0.64 98.7 

1 1 0.25 0.25 90.1 

1 0.25 1 0.25 88.8 

1 0.81 0.64 0.25 94.5 

 

TABLE IV. 

POWER COMBING EFFICIENCIES FOR DIFFERENT POWERS AND PHASES 

Pow. 2 (W) 

Pha. 2 (°) 

Pow. 3 (W) 

Pha. 3 (°) 

Pow. 4 (W) 

Pha. 4 (°) 

Pow. 5 (W) 

Pha. 5 (°) 

Efficiency 

(%) 

1 

0 

1 

0 

0.81 

5 

0.81 

5 
90.2 

1 

0 

0.64 

20 

1 

0 

0.64 

20 
78.8 

1 

0 

0.81 

5 

0.64 

10 

0.25 

15 
62.9 

1 

0 

0.81 

20 

0.64 

40 

0.25 

60 
54.3 

 

power variation of 1.5 dB in the operating frequency range. If 

we change the input power to operate the TWT at saturation, 

the output powers will be 25.4 W and 22 W at 90 GHz and 100 

GHz, respectively, indicating a maximum power variation of 

0.69 dB. The corresponding saturation gains vary from 18.4 dB 

to 16.2 dB. 

 

VI. DISCUSSION 

The combining efficiency of 99.9% for the 1:4 rectangular 

waveguide-to-stripline power divider/combiner in section IV is 

based on ideal conditions, i.e., the four ports have identical 

amplitude and phase. Moreover, the four TWTs are very likely 

to have different output power and phase even for identical 

input signals. Therefore the effect of power and phase 

difference on the power combining efficiency should be 

estimated. Table II lists the power combining efficiency for 

different phase combinations, assuming that the input power for 

Ports 2-5 is uniform at 1 W. When the phase differences are less 

than 10°, the power combining efficiency can be higher than 

99%. When the phase differences are 50°, the power combining 

efficiency can drop to 77.3%.  

Table III lists the power combining efficiency for different 

power combinations, assuming that the input phase for Ports 2-

5 is identical. As can be seen, when the power difference is less 
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than 2 dB, the power combining efficiency is higher than 

98.7%. When the power difference reaches 6 dB, the power 

combining efficiency can reduce to 88.8%.  

Table IV lists the power combining efficiency for different 

power and phase combinations. When the power difference is 

less than 1 dB together with the phase difference less than 5 

degrees, the power combining efficiency can be higher than 

90%. In the rather extreme case when the power difference 

reaches 6 dB and the phase difference reaches 60 degrees, the 

power combining efficiency can reduce to 54.3%. 

VII. CONCLUSION 

This paper has described the power combining of four W-

band TWTs that employ four microfabricated planar-helix 

SWSs and four sheet electron beams. To realize 1:4 power 

combining with waveguide input/output ports, a novel 1:4 

rectangular waveguide-to-stripline power divider/combiner has 

been designed with a high combining efficiency of 99.9% in the 

ideal case. The assembled TWT, including the power divider, 

four PH-SEC SWSs and the power combiner, shows a 

reflection coefficient better than ‒15 dB and an insertion loss 

better than ‒12.3 dB in the frequency range of 91.7 GHz-100.7 

GHz. When the assembly is excited with four 5.0 kV and 10 

mA sheet electron beams, the combined TWT has been 

predicted to produce 25 W saturation output power with a gain 

of 18 dB at 94 GHz.  The power combining efficiency has also 

been estimated for the likely case in which the four TWTs do 

not have identical output power and phase and is seen to drop 

depending upon the extent of difference. 
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