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Abstract Terahertz (THz) backward wave oscillators (BWOs) hold immense
potential for a broad range of industrial and military applications. This study
presents a comparative analysis of 0.34 THz sheet beam (SB) and circular
beam (CB) folded waveguide (FWG) BWOs. We examined the design, simula-
tion (CST MWS and PS, HFSS), and performance, revealing that sheet beam
BWO outperforms circular beam BWO in terms of interaction impedance,
power, efficiency, and bandwidth. Under 20 kV beam voltage and 10 mA beam
current conditions, sheet beam BWO achieves 0.43 Ω (0.34 THz) interaction
impedance, 1.3 W output power, and a bandwidth of approximately 12 GHz,
surpassing the 0.16 Ω, 0.45 W and 8.5 GHz values of circular beam BWO, re-
spectively. Furthermore, this study encompasses the fabrication and thorough
characterization of the sheet beam BWO’s slow wave structure. Experimental
validation confirms its effectiveness, with measured S11 demonstrating reflec-
tion below -10 dB and S21 exhibiting transmission above -2 dB.
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1 Introduction and Background

Terahertz (THz) waves encompass electromagnetic frequencies ranging from
0.1 THz to 30 THz. Contemporary THz technology serves essential roles in
advanced satellite communication systems designed for high-speed data trans-
mission, medical imaging, non-destructive testing, plasma diagnostics, particle
accelerators, environmental sensing, quality control in manufacturing, material
characterization, etc [1]. The researchers have been putting enormous efforts
into the development of efficient, compact, coherent, reliable, frequency agile,
powerful, and cheaper THz devices [2]. BWOs are classical vacuum electron
devices with the benefits of larger electronic tunability bandwidth, compact
size, and better mechanical and thermal behavior. BWOs can produce higher
continuous wave (CW) output powers in the THz band without requiring a
pre-stage RF signal [3]. Folded waveguides (FWG) are promising slow-wave
structures (SWS) used in BWOs for beam-wave interaction due to their com-
pactness, higher power handling capability, enhanced interaction, and rela-
tively easier manufacturing.

Almost all of the FWG SWS uses a circular channel for electron beams
which has certain limitations. Devices employing sheet beams offer many ad-
vantages like high power density, enhanced beam spread control, reduced space
charge effects, and better beam wave interaction. More output power from a
device requires a high-power electron beam by either increasing the voltage
or current. Electrical breakdown in the SWS may happen due to increased
voltage of the beam beyond a certain level. Sheet beams handle this problem
by spatially distributing the beam in one direction [1]. The sheet beam has
been used in many THz vacuum electron devices but rarely in FWG SWS.

Researchers have presented various schemes of FWG BWOs, Travelling
Wave Tubes (TWTs), and oscillators incorporating circular and sheet beams.
In 2009, Rulin Zheng et al [4] studied parametric simulations and cold circuit
properties of a 0.22 THz broadband circular beam FWG SWS for TWTs. M.H.
Zhang et al [5] designed a 0.14 THz FWG sheet beam SWS for TWT with
considerable bandwidth and 48% higher output power than conventional SWS
in 2012. R. K. Sharma et al [6] analyzed FWG circular beam SWS for 0.1 THz
TWT in 2014. Jinchi Cai et al [7] studied and presented a modified pillbox
window as a power coupler part of FWG BWO at 0.22 THz. In 2016, Kunio
Tsutaki et al [8] designed and fabricated a 0.3 THz FWG circular beam SWS
for TWT amplifier using MEMS technology. Zhanliang Wang et al [9] designed
and developed a 0.14 THz larger beam tunnel circular beam FWG SWS for
TWT in 2017. Anurag Srivastava et al [10] studied the electrical design of a
0.22 THz circular beam FWG BWO and fabricated the SWS using multi-step
photolithography and etching processes in 2019. Fengying Lu et al [1] presented
a 0.22 THz sheet beam FWG oscillator and compared its performance with a
circular beam oscillator.

In this article, a 0.34 THz folded waveguide sheet beam backward wave os-
cillator is designed, simulated, and fabricated using modern micro-fabrication
techniques for cold test analysis. The design is compared in depth with a con-
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ventional circular beam structure and it is found that the sheet beam FWG
SWS shows better performance in terms of output power, frequency tunabil-
ity, interaction impedance, bandwidth, and efficiency. As we know with the
increasing frequencies in the THz region, the dimensions of the device become
smaller. This makes the components of the device very hard to realize due to
the mechanical limitations of the manufacturing techniques [11]. This research
work is a successful effort to manufacture such small SWS with high precision
and accuracy. The results of the simulation are experimentally validated in
cold test analysis. A complete analytical and simulation model of the SWS is
investigated in section 2. Particle-in-cell simulations are performed in section
3 for performance evaluation of both SB and CB BWO designs. Section 4
demonstrates the experimental validation of the proposed sheet beam BWO
slow wave structure. Finally, the discussion, conclusion, and future works are
provided in section 5.

2 Slow Wave Structure Design

The slow wave structure (SWS) is composed of a rectangular waveguide clev-
erly bent into a serpentine shape. This design serves the purpose of deliberately
reducing the velocity of radio frequency (RF) power in precise coordination
with the electron beam’s movement. This synchronization maximizes the in-
teraction between the electron beam and the RF signal while optimizing the
transfer of power from the beam to the RF signal.

Within the SWS, a crucial alignment occurs, ensuring that the transverse
component of the RF electric field aligns precisely with the direction of the
electron beam at the interaction gaps. This alignment is pivotal for the effective
functioning of the backward wave oscillator (BWO).

It’s important to note that the BWO consistently operates in the backward
wave mode. In this mode, the group velocity of the RF wave behaves inversely
to the direction of the electron beam. This mode of operation is a fundamental
characteristic of BWOs, enabling the generation of coherent electromagnetic
radiation The SWS consists of a rectangular waveguide bent in the form of a
serpentine. This design serves the purpose of slowing down the speed of RF
power flow in precise coordination with the electron beam. This synchronism
maximizes beam-wave interaction and power transfer from the beam to the
RF signal. This SWS design also ensures that the transverse component of the
RF E-field is aligned with the direction of the electron beam at the interaction
gaps [12].

2.1 Analytical Design

Fig. 1 shows a unit cell of the FWG SWS in which p is the half period, s
is the straight length of the waveguide, a and b are the length and width of
the waveguide while a1 and b1 are the width and length of the beam tunnel
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respectively. The parameter a of the waveguide decides the lower cutoff fre-
quency fc of the RF signal passing through the waveguide. The dimension b
is chosen to ensure maximum on-axis E-Field and interaction impedance. The
fundamental TE10 mode is assumed to be propagating along the waveguide.
Because of the periodic design of the structure, numerous spatial harmonics
become enabled. The phase shift of the mth spatial harmonics is given by [1];

Fig. 1: The vacuum model of a unit cell of the FWG SWS

φ = βmp = (s+
π

2
p)βwg + (2m+ 1)π (1)

where βwg is the propagation constant and m is the spatial harmonics order.
The electron beam interacts with the fundamental spatial harmonic of the
backward wave RF field with a phase shift of βmp= 5π

2
radians. The beam

voltage is chosen to be 20 kV and the beam current to be 10 mA (must be
greater than the minimum starting oscillation current). The beam velocity is
related to the voltage as [10];

vb =

√

2eV

m
(2)

where V is the applied voltage in volts, e is the charge on an electron in
coulombs and m is the mass of an electron in kilograms. The value of the beam
velocity is approximately 0.28c (c=speed of light). We estimate the value of
”p” by aligning the beam velocity with the velocity of the SWS. The phase
velocity can be determined using the following relationships [13]:

vp =
2πf
φ
2

(3)

vp
c

= [
s+ π

2
p

p

√

1− (
ωc

ω
)2 +

(2m+ 1)π

p
]−1 (4)
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2.2 High-Frequency Characteristics

The cutoff angular frequency of a rectangular waveguide with TE10 fundamen-
tal propagating mode is ωc = πc

a
. Therefore the dispersion can be expressed

as [12]:
ω2 = ω2

c + k2c2 (5)

where ω represents the angular frequency measured in radians, and k stands for
the wave number along the axis of the curved waveguide. From the standpoint
of beam-wave interaction, the beam observes the phaseshift from one gap to
the next as given below [1]:

φz = k(s+
p

2
π) + π (6)

The second term of the above equation represents an extra phase shift of π
due to the bending of the waveguide introducing a reversal of the direction of
the E-field as seen along the direction of propagation of the beam. Equations
5 and 6 together give us the dispersion relations for the folded waveguide and
can be conveniently expressed in a simplified form as [10]:

f = fc

√

1 + (
a

s+ p
2
π
)2[

φz

π
− (2m+ 1)]2 (7)

The integer m(0, 1, 2, 3, . . . . . . ) represents the order of the spatial harmonics
due to the repetitive nature of the structure. The beam modulation frequency
at different voltages is fm = vzφz

2pπ
(vz is the axial velocity of the wave). Based on

the above-mentioned analytical relations and using the high-frequency solver
of the CST MWS, the beam-wave dispersion plot of the structure is plotted
as shown in Fig. 2.

Fig. 2: Dispersion characteristics of the FWG SWS showing the operating
point at a beam voltage of 20 kV

It can be seen that the 20 kV beam line intersects with the dispersion
curve at a phase shift of 2.5 π radians. The structure is optimized to have the
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(a) Effect of a on dispersion characteristics (b) Effect of p on dispersion characteristics

Fig. 3: Effect of various geometrical parameters of SWS on the dispersion
characteristics

intersection point close to the center of the lower and higher frequency limits
of the dominant mode to ensure maximum bandwidth and voltage tunability
while keeping the device in the backward region of operation. It is worth
mentioning here that to operate the device in π/2 mode, we have to increase
the voltage beyond 1000 kV which is not possible due to the miniaturized
nature of the structure.

To obtain the most suitable geometric parameters for the slow wave struc-
ture, the effect of each of these parameters is analyzed using CST MWS and
HFSS. The effect of changing a and p on the dispersion characteristic curve of
the SWS is shown in Fig. 3. It can be seen from Fig. 3 that as the broader width
of the waveguide drops from a=0.50 mm to a=0.46 mm, the passband gap of
the SWS increases from 0.303-0.355 THz to 0.330-0.377 THz. The waveguide
width a is thus a key parameter in determining the dispersion of the struc-
ture. The other parameters b, s and p mainly affect the upper frequencies of
the dispersion curve.

2.3 Interaction Impedance

The amount of E-field on an axis that is available for a given propagating power
in the waveguide is numerically represented by interaction impedance. This
factor is greatly affected by the dimensions of the beam tunnel. If the beam
tunnel is small, a large magnetic focusing field will be required and transporta-
tion of the beam through the tunnel without interception with the walls of the
tunnel will be difficult. Electron debunching takes place, significantly diminish-
ing the structure’s amplification potential because of heightened space-charge
effects. Furthermore, if the tunnel dimensions are excessively spacious, there’s
a risk of RF power leaking from the waveguide into the tunnel. This leakage
results in a reduction of the net E-field accessible for beam-wave interaction,
consequently lowering the gain [14]. Therefore, the optimum dimensions of the
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beam tunnel need to be found based on the analytical analysis of interaction
impedance.

Assume that an electron beam is propagating along the z-axis in the SWS.
The interaction impedance can be written as [15,16];

Kc =
|En|

2

2β2Pf

(8)

where En is the E-field of the nth space harmonic and, Pf is the power flow
through the structure which can be calculated from group velocity and stored
energy

Pf =
vgW

2p
(9)

The on-axis E-field Ez of the mth space harmonic is expressed mathematically
as [15];

Ez(z) =

∞
∑

m=−∞

Ene
−jknz (10)

En =
1

2p

∫

2p

0

Ez(z)e
jknzdz (11)

The interaction impedance is greatly influenced by the geometry of the beam
tunnel as well as the distribution of the E-field and H-field around the tunnel.
The interaction impedance for both the sheet beam FWG SWS and circular
beam FWG SWS were calculated at the point of beam-wave interaction in the
beam tunnel and are shown in Fig. 4. The High-Frequency Structure Simulator
(HFSS) software is used for this purpose.

Fig. 4: On-axis interaction impedance for the SB FWG SWS and the CB FWG
SWS.

It can be seen that the interaction impedance is far greater in the sheet
beam FWG SWS as compared to the circular beam FWG SWS having the
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same dimensions as the SB structure (except for the beam tunnel). The overall
cross-sectional area of the beam tunnels for both structures is kept the same.
The extended shape of the SB tunnel in one direction ensures better con-
finement of the field within the waveguide which leads to better interaction
between the beam and the electromagnetic waves. The value of the interaction
impedance for the SB and the CB at 0.34 THz is around 0.43 Ω and 0.16 Ω
respectively.

Based on the above analytical analysis, for a 0.34 THz BWO, a well-
optimized set of parameters is calculated using the CST MWS, PS and HFSS.
Table 1 shows the optimized values of the design parameters of the structure.

Table 1: Optimized values of design parameters for the 0.34 THz FWG SWS
of the BWO

a b s p a1 b1
0.48 mm 0.12 mm 0.30 mm 0.30 mm 0.16 mm 0.25 mm

3 Particle-in-Cell (PIC) Simulations

In order to anticipate the performance of the engineered slow wave structure,
we executed a 3D Particle-in-Cell (PIC) simulation. The CST Studio software
served as the tool for evaluating various aspects, including beam-wave interac-
tion, output power, resonant frequency, tunability, bandwidth, and efficiency
The size of the SWS in Terahertz devices is extremely small and the fabrica-
tion process may introduce uncertainties in device performance characteristics.
Although modern fabrication techniques are quite precise, the skin depth and
surface roughness may become comparable in dimension. To account for these
two factors, annealed copper with a conductivity of 4.3× 107 S/m and surface
roughness of approximately 100 nm is used in PIC simulations [1]. To compare
the performance of circular beam SWS and sheet beam SWS for BWO, 3D
models of both designs are constructed. The only difference is the beam tunnel
in both designs. To achieve the best possible estimation of the performance
comparison, the areas of the beam tunnels in both cases are kept the same. All
other parameters like beam voltage, current, rise time, number of periods, and
SWS dimensions are also kept the same for both cases. A constant magnetic
field of 0.3 T is applied along the axial direction for beam focusing. Fig. 5
shows the complete PIC simulation model of the SWS for the SB FWG BWO.
It is comprised of 90 periods. The top and side views of the beam trajectory
clearly show the bunching of electrons in the tunnel due to sudden acceler-
ation and deceleration. The front view shows the rectangular beam particle
trajectory of the sheet beam. Couplers were also designed to extract the RF
power from the SWS and to later connect the SWS to the Vector Network
Analyzer (VNA) for cold test analysis.
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Fig. 5: Complete PIC simulation model of the SB FWG SWS along with
couplers

3.1 Coupler Design

Fig. 6 shows the transmission and reflection characteristics of the couplers
along with the E-field contour plots. The field plots indicate the propagation
of dominant TE10 mode on both sides of the coupler. Port 1 of the couplers
is connected to the SWS while Port 2 is connected to the standard WR2.8
(260-400 GHz) waveguide flange for connection with the VNA. The S11 is
approximately -33 dB and S21 is almost 0 dB. These values clearly indicate
negligible reflection and good transmission of the RF power.

Fig. 6: Transmission and reflection characteristics of the couplers with field
plots
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3.2 Output Power and Frequency

The output port signals of both the SB and CB designs are shown in Fig. 7a
for the same beam voltage of 20 kV and beam current of 10 mA. A stable and
saturated output power of approximately 1.3 W (square of the output port
signal) is obtained by the sheet beam BWO which is much higher than the
0.45 W as obtained by CB BWO. Also, the oscillations start a little bit earlier
in the SB SWS due to the larger contact area of the beam and the waves. Fig.
7b shows the frequency spectrums for both SB and CB BWOs. The RF port
signal in SB oscillates at approximately 0.34 THz while the CB BWO shows
oscillations at approximately 0.343 THz. This small difference is due to the
change in beam tunnel geometry.

(a) Output port signal vs time (b) Frequency spectrum characteristics

Fig. 7: Comparison of output power and FFTs of SB and CB BWOs

3.3 Tunability and Bandwidth

To further study the effects of external variables like beam voltage, various
simulations were performed under changing beam voltage for both SB and CB
BWOs. The electronic tunability capability of the proposed SB BWO along
with CB BWO is shown in Fig. 8a. It can be seen that for the SB BWO,
the frequency changes linearly with a slope of approximately 2 GHz/kV, and
for the CB BWO, the slope is approximately 1.25 GHz/kV. When the beam
voltage changes from 16 kV to 25 kV, the oscillation frequency changes from
0.33 THz to 0.35 THz for the SB BWO and the frequency changes from 0.335
THz to 0.347 THz for the CB BWO. The performance of the SB BWO remains
acceptable in this operating region with a peak output power of 1.3 W at
0.34 THz and 20 kV. Fig. 8b shows the power vs. frequency characteristics
of both devices from which -3 dB bandwidth can be easily calculated. The
bandwidth of the designed SB BWO is approximately 12 GHz while the CB
BWO offers a bandwidth of approximately 8.5 GHz. This is because the wider
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(a) Peak output power and frequency vs
beam voltage

(b) Power vs frequency showing -3 dB
bandwidth

Fig. 8: Electrical tunability characteristics and -3 dB bandwidth of both BWOs

Fig. 9: Velocity of beam particles as they move along the beam tunnel

beam profile of the sheet beam enables it to engage with a more extensive
spectrum of electromagnetic modes within the slow wave structure, resulting
in an increased bandwidth. Thus, the sheet beam BWO clearly has advantages
over circular beam BWO in terms of output power, tunability, and bandwidth.

3.4 Beam-Wave Power Transfer

Phase space analysis of the complete structure is performed to observe the
transfer of power from the electron beam into the electromagnetic waves. Fig.
9 shows the velocity of particles of the beam as they move along the tunnel.
It can be seen that the overall velocity of particles tends to decrease along the
tunnel due to the loss of energy. The power is continuously transferred from
the beam to the generated electromagnetic waves.
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4 Cold Test Analysis

The main task in the fabrication of a SWS at such high frequency is the realiza-
tion of the surface roughness of the waveguide lower than the skin depth (0.112
µm at 0.34 THz for Cu material). Reduced surface roughness ensures fewer
ohmic losses in the structure during operation. The alignment of the structure
within a tolerance of approximately 5-10 µm is also considered important.
To verify the design, the SWS has been fabricated using oxygen-free copper
(OFC). Fig. 10 shows the complete 3D geometry of the manufactured SWS
in Siemens NX 12.0. The SWS has been manufactured in 2 halves which are

Fig. 10: 3D model of the SWS

braze-welded together. The two flanges are designed to match with a standard
WR 2.8 rectangular waveguide. The overall length of the SWS is approxi-
mately 65mm. The transmission (S21) and reflection characteristics (S11) of
the manufactured SWS were measured by the Ceyear 3672D Vector Network
Analyzer (VNA) and the Ceyear 3643TA VNA extender. Fig. 11 shows the
manufactured parts of the SWS along with the experimental setup. The mi-
croscopic zoomed-in view of the folded SWS shows a clear and smooth surface
of the structure.

Fig. 12 shows the simulated and measured S-parameters of the SWS. It can
be seen that the experimental results are well in accordance with the simula-
tions. The slight differences can be due to limitations in machining accuracies,
assembly, and alignment tolerance of two halves and calibration errors during
actual measurements on VNA. The measured S21 is higher than -2 dB over a
frequency range of 0.335 - 0.345 THz and S11 is lower than -10 dB over the
same frequency range.
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Fig. 11: Manufactured SWS along with experimental setup

Fig. 12: Comparison of the simulated and measured transmission and reflection
characteristics of the SWS

5 Conclusion

In this study, we conducted a comprehensive investigation into the design, sim-
ulation, and performance evaluation of sheet beam and circular beam folded
waveguide backward wave oscillators (BWOs) operating at 0.34 THz.Our find-
ings illuminated the considerable potential of sheet beam BWOs in the tera-
hertz regime. Under identical conditions of 20 kV beam voltage and 10 mA
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beam current, the sheet beam BWO consistently outperformed its circular
beam counterpart. It exhibited superior interaction impedance, power output,
and bandwidth. With an output power of 1.3 W, an interaction impedance
of 0.43 Ω, and a broad bandwidth of approximately 12 GHz, the sheet beam
BWO showcased its capability to meet the demands of the terahertz applica-
tions. Additionally, our work encompassed the manufacturing and meticulous
characterization of the sheet beam BWO’s slow wave structure. Through ex-
perimental validation, we confirmed the efficacy of this critical component at
0.34 THz frequency. The measured S11 demonstrated significant reflection,
surpassing -10 dB, while S21 exhibited transmission above -2 dB. We are plan-
ning to design the electron optical system and electron gun for this SWS in the
future for a hot test. In sum, the observed advantages of sheet beam BWOs in
terms of power, interaction impedance, and bandwidth open new avenues for
advancing terahertz technology, offering enhanced capabilities for applications
ranging from advanced imaging to communication systems. This work serves
as a stepping stone for future research and development in this promising
field, enabling the harnessing of terahertz frequencies for an array of military,
industrial, and scientific endeavors.
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