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Abstract—We report a MEMS (micro-electro-mechanical systems)
compatible distributed loss type sever design for the 220GHz double
vane half period staggered traveling-wave tube amplifier (TWTA) [1].
The cold test simulations for a full TWT model including input/output
couplers and broadband tapered vane transitions incorporating the
sever, predicted a return loss (S11) of < −10 dB in the pass band
(205GHz–275GHz) while an insertion loss/isolation (S21) of ∼−27 dB.
The return loss of the TWT circuit did not degrade by the inclusion
of the sever (< −10 dB) while still maintaining a good isolation (S21)
for the RF signal. Particle-In-Cell (PIC) simulation analysis for the
full 220GHz TWT circuit (a) without sever and (b) with sever was
conducted. With the inclusion of the sever, the TWTA showed
generally a stabilized output response for all cases. The maximum
power from the long sever case was ∼ 25W for Pin ∼ 50mW and
the gain was ∼ 27 dB. The reverse power was decreased to ∼ 30mW.
For the short sever, the PIC results were even better with a maximum
output power of ∼62W and a gain of ∼30.92 dB with a reduced reverse
power of ∼5mW for an input power of 50 mW at 220 GHz. The FFT
spectrum of the RF signal at the output port also showed a spectrally
pure waveform at 220GHz.
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1. INTRODUCTION

In the last decade, there has been considerable work aimed at the
realization of compact and mobile sources in the THz regime of
the electromagnetic spectrum (0.1–1 THz) [2]. It is well established
that this mmwave — THz range of frequencies has unique features
including its non-ionizing radiation characteristics, ability to pass
through packaging materials and clothing, and strong signal-to-noise
ratio in the presence of fog and water content. This leads to a
variety of potential applications [3] that include non-invasive detection
of contraband items, industrial quality control, plasma and medical
imaging, all-weather visibility, and advanced telecommunication
system applications.

VED (Vacuum Electron Device) technology remains at the top
for providing high power [4] at almost all frequency ranges of available
microwave/millimeter devices. The sheet beam topology in micro-
vacuum electron devices provides further benefit through the use of
planar slow wave structures where the beam tunnel is squashed in one
dimension and stretched in other. This makes possible high current
transmission at moderate magnetic fields in addition to the benefit of
the compatibility of sheet electron beam type SWS planar structures
with MEMS fabrication schemes [4].

VEDs with reasonably high power device ( > 10W) at millimeter
wave — THz frequencies, demands high conversion efficiency. For a
typical TWTA, the reflected wave in the slow wave structure (SWS)
from the impedance mismatch at the input and output couplers could
cause instability and feedback oscillations that affects the efficiency of
the tube. To counter this instability, typically the TWT structure is
electrically disconnected or severed in the middle [5, 6]. The amplitude
of the forward growing wave drops at the sever location; however, the
wave starts growing again after the sever, attributed to the modulation
carried forward by the electron bunching. The challenge for a sever
design is to attenuate the forward wave over a wide range of frequencies
and at the same time not letting the reflections to build up in the
circuit. This needs an efficient impedance matching in the sever
structure over a wide bandwidth [7, 8]. Moreover, the classic sever
is comprised of two separate ports loaded with loss material that
attenuates the forward going wave and the reflected wave. However, at
THz frequencies where the familiar P ∼ 1/f2 scaling fails and µVEDs
(micro-scale Vacuum Electron Devices) struggle to maintain reasonable
efficiency and permanent magnet focusing particularly for the case
of a sheet electron beam TWTA, there is a need for an appropriate
distributed loss type sever that does not need separate couplers in
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the middle of TWTA [9–11] and compatible with advanced fabrication
techniques.

In the present work, a novel distributed sever for a planar SWS
structure was designed and analyzed that not only is compatible
with MEMS fabrication schemes [12] and excludes the need for the
additional ports in the middle of structure, it also provides wide-band
impedance matching by a tapered vane design. By not using separate
ports in the middle, the length of the TWTA structure is reduced,
which is promising for employing PPM (periodic permanent magnet)
design [13] for a truly compact and light weight TWT package. This
paper report the associated design efforts using cold test simulation
and extensive Particle-In-Cell simulations.

2. 220 GHz ULTRA WIDEBAND TWTA

Figure 1(a) shows the half-period staggered double-vane array based
TWTA circuit [1, 14]. The beam parameters are 20 kV, and 250 mA
with a sheet electron beam area of ∼ 0.055mm2 with a beam tunnel
width of ∼ 770µm and height ∼ 150µm. For a high current density
cathode loading of ∼40A/cm2, the current density in the tunnel area

 

(a)

(b) (c)

Figure 1. 220GHz TWTA cold test simulation for different height
of the slow wave structure. (a) Sheet beam TWT circuit diagram.
(b) Transmission/reflection analysis.
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is ∼450A/cm2 with a compression ratio of ∼85% in the top-to-bottom
and ∼ 12% compression right-to-left of the beam for the formation of
an elliptical beam. The PIC simulations suggested an output power
> 50W for a hot bandwidth of > 60GHz for an operating frequency
of 220 GHz [15]. This UCD design gives wideband synchronism and
the planar structure is compatible with MEMS fabrication schemes
and Nano-CNC milling technology. The cold test bandwidth exceeds
∼ 70GHz as shown in Figures 1(b), (c) for different heights of one
circuit half of the TWTA.

3. MEMS COMPATIBLE WIDEBAND DISTRIBUTED
SEVER (∼ 12mm) FOR 220 GHz SHEET BEAM TWT
AMPLIFIER

As mentioned earlier, for a wideband high power TWT amplifier it
is crucial to have a sever that attenuates the forward going wave
and does not result in reflections. To accomplish this task while
accounting for fabrication challenges, a tapered loss material approach
was employed in the cavities of the SBTWT (Sheet beam traveling
wave tube amplifier). The idea is to have a wideband impedance
matching through tapering and an optimized placement of the sever in
the TWT structure for maximizing the RF gain. Figure 2(a) shows the
annealed OFHC (Oxygen Free high Conductivity Copper) casing that
houses the TWT. The thickness of the loss layer (Si/SiC) [16, 17] is
linearly increased in the cavities to a maximum thickness of ∼= 270µm
(i.e., the cavity depth) and decreased back again. The loss material
was inserted in the cavities of the TWT with varying depth up to a
distance of ∼12 mm almost ∼1/3 of the total length of the slow wave
structure. The loss material (Si/SiC) [16, 17] is shown in grey color in
the figure.

Figure 2(b) shows that the reflection (S11) in the circuit is down
to ∼−10 dB in the passband (∼205–280GHz). It is to be noted that
the S11 value in the circuit without sever also shows the similar trend
in reflections (∼ −10 dB or better). However, for this sever, a peak
around 247 GHz was noted which could be attributed to a trapped
mode or mode conversion issues. The best isolation (S21) achieved
was ∼ −30 dB or better by varying the conductivity (engineered) of
loss material from 10 S/m to 1000 S/m. The RF loss in sever at high
powers could be an issue particularly for a long pulse/CW operation,
but our plan is to operate the TWTA in short pulse/low duty mode for
a proof-of-principle test. Before discussing the even shorter and better
performance ∼4mm sever, it is useful to first discuss the Particle-In-
Cell results for the 12 mm sever design.
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Result for 12 mm long  
Sever:
Isolation S 21 < -30 dB  
S11 < -10 dB except a 
peak around 247 GHz  

(a)

(b) (c)

Figure 2. (a) Distributed tapered sever of length ∼ 12mm.
(b) Isolation, S21 versus frequency for different conductivities 10 S/m
to 1000 S/m.

4. PARTICLE-IN-CELL (PIC) ANALYSIS OF LONG
SEVER ∼ 12mm AT DIFFERENT CONDUCTIVITIES

For PIC/Hot test simulation analysis, the TWTA circuit that
incorporates the input/output couplers is employed to keep the
electron beam and electromagnetic wave separate in the incoming
channel. Figures 3(a)–(d) show the PIC results and the PIC
simulation model for an ∼ 12mm long sever. The power output
versus conductivity plot shows that the output power increases for
conductivities > 10 S/m and reaches to about ∼ 25W at a sever
conductivity of ∼ 1000 S/m, while the reflected power contained to
∼ 30mW at this conductivity. Figure 3(c) shows that the gain that
has a minimum at around 10 S/m. It is clear that for conductivities
> 10 S/m, the gain increases but the reflections build up is small as
compared to the conductivities < 10 S/m. At the same time, it has to
be considered that a particular conductivity value should be practically
achievable [16, 17]. In this regard, a conductivity of 1000 S/m was
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(a) (b)

At conductivity 1000  S/m
P
P ref ~ 30 mW
Gain ~ 27 dB

(c)

out  ~ 25 W

(d)

Figure 3. Sever optimization in hot test simulation analysis.
(a) Output power versus conductivity of loss material. (b) Reflected
power at input port at different conductivities. (c) Gain (dB)
versus sever conductivity. (d) TWTA model incorporating broadband
couplers and sever in the middle of the circuit.

chosen for this design that predicted a gain of ∼27 dB at 220 GHz for
the model that incorporates the 12 mm sever.

Figure 4 shows the comparison of output performance of the tube
(a) with sever, and (b) without sever. For the TWT model without
sever, an instability in the tube is observed on the reflective time
scale of ∼ 1 nsec. The PIC simulation with the inclusion of the long
sever, however, appears to stabilize the tube. Although for the long
sever design, there is further room for improvement by optimizing the
position of the sever [18] in the beam tunnel, from fabrication point of
view, it was decided to shorten the sever to∼1/10 of the SWS structure
length. However, the long sever studies did establish that the inclusion
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(a)

(b)

Figure 4. (a) The paticle-in-cell (PIC) response of the TWTA circuit
with (a) no sever, (b) with long sever∼1/3 length of TWTA (∼12mm).

of the sever does not degrade the performance of the tube significantly
and rather helps stabilizing the tube and minimizing reflections at the
same time while maintaining gain at a reasonable level.

5. MEMS COMPATIBLE WIDEBAND DISTRIBUTED
SEVER (∼ 4mm) FOR 220 GHz SHEET BEAM TWT
AMPLIFIER

It is useful to constrain the sever design to be compatible to the
MEMS fabrication processes and techniques available in a typical class
100 clean room. From this point of view, extensive simulations were
conducted to reduce the length of the sever to only comprise eight to
nine vanes. This also provides a benefit if the loss material shims or
in powder form is inserted in the cavities of the slow wave circuit to
the required depth. It has also been discussed that one could employ a
mask with an opening only on top of the cavities where the loss material
is required. This will ensure that loss material is deposited into the
cavities and doesn’t migrate to the beam tunnel area. This is important
for practical TWT amplifier operation as any impurity present in the
beam tunnel could poison the high current density cathode. Another
aspect that should be considered is the out gassing of the material.
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For the convenience in the MEMS fabrication and process, a
relatively short sever ∼ 1/10 of the slow wave structure length was
also designed. Figure 5(a) shows the cold test (S-matrix) simulation
model. Figures 5(b), (c) show the cold test simulation results. The
isolation (attenuation level of the forward traveling electromagnetic
wave) achieved was ∼ −27.6 dB while keeping the reflections low to
about ∼−10 dB. It is necessary to analyze the placement of the sever
in the beam tunnel. The position should be such that the beam-
wave interaction has already taken place which is indicated through
observation of small signal RF gain. This is due to the fact that the
sever electrically disconnects the RF channel while the modulation
information is carried through the electron bunches which necessitates
electron beam and RF interaction before the circuit is subjected to loss
material/sever. On the other hand, the placement of the sever should
not be very far as compared to the electron emission location which
could result in a significant reduction of gain at the sever which could
not be compensated for, in the rest of the available tube length.

Result for Optimized 4mm 
short Sever:
Isolation S21 <-27.6 dB  
S11< -10 dB in pass band

Isolation:  S21 < -27.6 dB in pass band

(a)

(b) (c)

Figure 5. Distributed tapered sever of ∼ 4mm length. (a) TWTA
simulation model incorporating a sever. (b) Reflections in the TWTA
circuit with sever for varying conductivities. (c) Isolation level achieved
by using the 4 mm sever for different conductivities.
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6. PARTICLE-IN-CELL (PIC) ANALYSIS OF SHORT
SEVER ∼ 4MM AND OPTIMIZATION

PIC/hot test simulation was conducted for the 220GHz TWT model
incorporating the 4 mm long sever, to optimize the location for
maximizing the gain and minimizing the reflections. Figure 6(a)
shows the output power versus sever position in the TWT slow wave
structure. At the optimum location, the gain is maximum and is
∼31 dB. Figure 6(b) shows that the reflected power minimum (∼5 mW)
occurs at the same optimum location. This is further described in
Figures 7(a)–(d). The output power of ∼60W is observed with a gain
of ∼31 dB at 220GHz, for an input peak drive of 50 mW. The reflected
power remains at a reasonable level (∼ 5 mW). This is crucial as the
reflected power could damage the RF driver and an isolator could add
as much as ∼ 2 to 3 dB loss at the input section of the tube. Hence,
this sever design could obviate the need for an isolator and increase
the effective power at the input section which is important since power
is at a premium at such high frequency. Figure 7(d) shows the FFT
amplitude of the RF signal at the output port versus frequency. It
is observed that the peak occurs at the excitation frequency (i.e.,
220GHz) and no side bands or presence of parasitic oscillations are
observed.

(a) (b)

Figure 6. (a) 4 mm sever position optimization in hot test simulation
of entire TWTA model. (a) Output power versus sever position.
(b) Reflected power versus sever position.
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(a) (b)

(c) (d)

Figure 7. Beam-wave interaction analysis for the TWTA output
performance employing 4 mm sever. (a) Input drive of 50 mW.
(b) Output power ∼60W at 220 GHz. (c) Reflected power reduced to
∼ 5 mW. (d) FFT amplitude of the output signal.

7. SEVER EFFECT ON THE RF ELECTRIC FIELD AND
ELECTRON BEAM MODULATION

To demonstrate the effect of electromagnetic field suppression in
the sever area and the electron beam that carries the interaction
information forward, PIC simulation results are given in Figure 8
for the optimized 4 mm long sever. Figure 8(a) shows that the
electromagnetic wave enters the RF channel and travels toward the
beam tunnel while the amplitude toward the electron emission side
is very low due to the design of the coupler which consists of an RF
choke at the electron gun side. Over the first few periods of the slow
wave structure, the beam-wave interaction results in a reasonable wave
amplification/gain; however, the optimized sever efficiently suppresses
this forward growing wave (shown in red circle) and at the same
time reduces reflections. Further down the beam tunnel, the RF
amplification is clearly shown to grow back again and maximizes in the
output coupler area. Figure 8(b) shows that while the sever attenuates
the electromagnetic wave, the electron beam carries forward the beam-
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(a)

(b)

Figure 8. 220GHz Traveling Wave Tube Amplifier PIC Model with
coupler and sever. (a) E-field amplitude in the sever area and growing
wave beam-wave interaction. (b) Electron beam bunching illustrated
in the vicinity of output coupler.
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wave interaction and beam bunching have been illustrated by a red
circle near the output coupler.

8. CONCLUSION

The MEMS compatible distributed sever design using Si/SiC was
analyzed for the full model of the 220 GHz double-vane half period
staggered TWTA. Two lengths for the distributed tapered sever were
considered (a) long sever ∼ 12mm; and (b) short sever ∼ 4mm,
to elucidate the effect of length while performing parameter sweeps
on thickness and sever conductivity. Cold test simulation and
optimization for the 12 mm long sever (case a) suggested a return loss
S11 < −10 dB in the pass band (205GHz–275 GHz) with an isolation
of S21 < −50 dB except for a peak around 247 GHz. For the 4 mm
short sever (case b), the return loss S11 was < −10 dB while isolation
of S21 ∼ −27.6 dB was achieved in the pass band. As the return loss
S11 of the TWT circuit without sever is ∼ −10 dB, this suggests that
the tapered sever design did not deteriorate the S11 value while still
providing a good isolation for the RF signal.

The output performance of the 220 GHz sheet beam TWTA was
analyzed using PIC simulations which were conducted for (a) long
server ∼ 12mm; and (b) short sever ∼4mm. With the optimization of
conductivity, for case (a) a maximum gain of∼27 dB was achieved for a
peak input power of 50 mW. At the same time, the reflected power was
reduced to ∼30mW which was quite promising. For case (b), further
improvement in terms of compatibility with the MEMS fabrication
process (LIGA/DRIE/Nano CNC Milling) with a reduction of the sever
size to only ∼4mm (∼1/10 of the length of TWTA) was obtained. The
sever position was also optimized to maximize the gain while keeping
the reflections low. The maximum gain achieved was ∼ 31 dB with
an output power of > 60W and reflected power reduced to ∼ 5mW.
Furthermore, the incorporation of the sever in the TWTA also showed
stabilization of the output signal.

In conclusion, the S-parameter computations and PIC/hot test
analysis for the 220GHz TWT with the sever showed a promising sever
design that could satisfy the TWT design gain bandwidth product goal
of ∼ 1000W-GHz with an enhanced stability to the system. Another
significant benefit of this type of sever is that it is integrated into the
MEMS compatible design of the SWS planar structure and conserves
the real estate. The classical sever design typically needs additional
sever ports, matching elements, and loss material to attenuate the RF
outside the beam tunnel area. Not only does this extend the TWT
length, it also makes the magnetostatic design challenging. Hence, for
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the sheet electron beam millimeter wave to THz VED regime, where
magnet focusing is among the major challenges, this sever design could
be a very useful tool to stabilize the tube without suffering from length
reduction or magnet focusing problems.
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