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Introduction 

Metamaterials are materials with unique 

electromagnetic properties not seen in nature, such 

as negative permeability and negative permittivity. 

Negative electromagnetic characteristics of MTMs 

enable backward wave propagation and reverse 

Cherenkov radiation (Tatiana et al., 2021). Recently, 

there has been increased interest (Jorwal et al., 2023) 

in researching the use of MTMs to produce HPM 

radiation sources. Two different types of vacuum 

electron devices (VEDs) have been used to create 

and amplify microwaves; travelling wave tubes 

(TWTs) and BWOs (Banerjee, 2020; Kumar et al., 

2023). TWTs enhance the incoming RF signal that 

moves with the electron beam, whereas a BWO uses 

noise from the DC electron beam and the explosive 

emission cathode to produce a backward RF output 

signal (vgvph < 0) (Seidfarji et al., 2019; Banerjee et 

al., 2014). 

For generation of electromagnetic waves in 

VEDs, two basic requirements must be satisfied:  

(1) The existence of an axial component of the 

electric field as required by Poynting's theorem; and 

(2) the phase velocity of the wave must be slightly 

less than the beam velocity as required by the 

Cherenkov resonance condition. The TWTs and 

BWOs are called Cherenkov devices because their 

electrons radiate similarly to electrons that generate 

Cherenkov radiation when they travel through a 

medium faster than the average speed of light in that 

medium. They are sometimes referred to as O-type 

devices since the electrons follow the axial DC 

magnetic field that guides them through the SWS 

interaction zone (Seidfarji et al., 2019). The 
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Abstract: Metamaterials (MTMs) are synthetic materials designed to have 

characteristics that "may not be readily available in nature," such as negative 

permittivity, reversed Doppler Effect, reversed Cherenkov Effect, and negative 

Refractive Index. These characteristics have motivated researchers to analyze and 

investigate the use of MTMs for modelling high-power microwave (HPM) radiation 

sources. One of the most potential HPM sources is an annular beam-driven Backward-

Wave Oscillator (BWO) based on the Cerenkov mechanism. The devices that use the 

Cerenkov mechanism are preferred due to their larger bandwidth. Its high output 

power and repetition operations make it a promising source. In this paper, an annular 

beam-loaded metamaterial BWO is simulated in order to investigate and comment on 

the possibility of metamaterial or metamaterial-inspired structures replacing the slow-

wave structures (SWSs) in vacuum tube devices. Performance parameters of several 

BWO configurations loaded with different metamaterial-inspired conductor rings are 

compared to rippled SWS-based BWOs. The results suggest that fewer metamaterial 

rings with solid cross-section (CS) inside the BWO lead to a closer match in generated 

output power and frequency with the output power generated using a rippled SWS. 
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Cerenkov devices are preferred over rippled wall 

devices because of their larger bandwidth. The 

electron beam in rippled wall devices has a more 

limited interaction region in terms of frequency than 

that of a Cerenkov device (Shiffler et al., 2010). 

The extensive research on MTMs over the last 

decades comprises exploring their extraordinary 

electromagnetic characteristics like negative 

Permittivity, negative Permeability, reversed 

Doppler Effect, reversed Cherenkov Effect, negative 

Refractive Index etc (Veselago Viktor G., 1968; 

Pendry et al., 1999; Smith et al., 2000; Pendry et al., 

2006; Marqués et al., 2007; Simovski et al., 2009; 

Chen et al., 2016; Hadap et al., 2020). These exotic 

electromagnetic properties motivated several 

potential applications in the field of VEDs. 

Conventional VEDs, like BWOs and TWTs, work 

on the principle of interaction of intense electron 

beam with the slow wave structure to generate and 

amplify microwave signals (Mineo et al., 2010; 

Wang et al., 2013; Nguyen et al., 2014; Baig et al., 

2012). For conventional VEDs, efficient interaction 

of beam mode with waveguide mode is always 

desired. Recent theoretical studies investigate the 

realizability of beam wave interaction in 

metamaterial (Tan et al., 2009; Shiffler et al., 2013; 

Duan et al., 2012; Shapiro et al., 2012; Duan et al., 

2013; French et al., 2013) and studying the use of 

metamaterial for the efficiency enhancement in 

VEDs by beam interaction with waveguide modes 

and miniaturization of the conventional high-power 

microwave devices. The Cherenkov radiation from 

an electron beam moving through a SWS describes 

the physical mechanism in BWOs. The waveguide 

material (Hummelt et al., 2014) is crucial in 

determining the apparatus's parameters and output 

power. It also significantly determines the design 

ease and flexibility of the device. According to 

(Grow et al., 1955), efficiency can be increased by 

increasing the space-charge parameter or the gain 

value. It has been discovered that velocity spread, 

beam thickness, and circuit loss reduce efficiency. 

This paper presents the analytical study of an 

annular beam-driven BWO using particle-in-cell 

(PIC) code, where a metamaterial-loaded cylindrical 

waveguide replaces the slow wave structure (SWS). 

Experimentation on HPM devices has various 

limitations that can be overcome using PIC 

simulations (Ludeking et al., 2011; Goplen et al., 

1995). High-power microwave (HPM) devices, 

which generate intense bursts of electromagnetic 

radiation in the microwave range, can be difficult to 

test due to several experimental limitations. These 

limitations can include issues with the size and 

complexity of the devices, the potential danger of 

high-power radiation, and the difficulties associated 

with measuring and characterizing the radiation 

produced. One way to overcome these limitations is 

to use Particle-In-Cell (PIC) simulations, which are a 

type of computational technique used to model the 

behaviour of plasmas and electromagnetic fields. 

PIC simulations can provide a virtual laboratory 

environment where researchers can test and optimize 

HPM devices without physical experimentation. By 

modelling the complex interactions between 

electrons, ions, and electromagnetic fields, PIC 

simulations can provide insights into the behaviour 

of HPM devices that may be difficult or impossible 

to obtain experimentally. The PIC simulations can 

be used to validate experimental data and provide a 

deeper understanding of the physical processes 

underlying experimental observations (Pan et al., 

2021; Xiangyan et al., 2022). Therefore, optimizing 

input parameters for PIC simulations to ensure 

accurate and reliable results while minimizing 

computational cost is essential. This can involve a 

combination of trial and error and mathematical and 

computational methods to determine the optimal 

parameters for a given simulation. 

This paper compares six different annular beam-

driven BWO configurations for their peak output 

power, output power frequency and efficiency. 

These six configurations are modified versions of 

the BWO design presented by (Chandra et al., 2018; 

Banerjee et al., 2020) and can be listed as follows:  

i) BWO without any SWS (figure 2),  

ii) Conventional BWO with rippled SWS 

(figure 1),  

iii) BWO with SWS replaced by 40 

metamaterial-inspired identical dual ring structures 

(named as ‘40D’) shown in figures 3 and 4, 

iv) BWO with SWS replaced by 40 

metamaterial-inspired identical single ring structures 

(named as ‘40S’) shown in figure 5, 
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v) BWO with SWS replaced by 20 

metamaterial-inspired identical dual ring structures 

(named as ‘20D’) is shown in figure 6, 

vi) BWO with SWS replaced by 20 

metamaterial-inspired identical single-ring structures 

with a central solid conductor (named ‘20Solid’) as 

shown in Figures 7 and 8. 

This article is arranged as follows: The Materials 

and Methods section presents the design and 

dimensional details of the six BWO configurations. 

The simulation results have been shown in the 

Results and Discussion section. Here, we discuss the 

effect of loading metamaterial rings inside the 

BWO’s waveguide structure by comparing the 

output power, output power frequency, and 

efficiency results. 

Materials and Methods 

Design Consideration of BWO  

The design of the BWO (Chandra et al., 2018; 

Banerjee et al., 2020) shown in Figure 1 is modelled 

using Magic3D PIC code developed by ATK 

Mission Systems, USA (Tan et al., 2009). Here, a 

SWS can be seen and it is one of the six 

configurations under study. The SWS is made up of 

five similar corrugations over a distance of 255 mm. 

The length of the annular cathode is 58 mm, and the 

thickness is 2 mm, as illustrated in Figure 1, along 

with all other model dimensions. In order to 

understand the beam wave interaction and analyze 

the effect of metamaterial structure, no SWS case 

(figure 2) was initially simulated. Later, the 

metamaterial BWO was analyzed by varying the 

number and structure of the rings. The simulation 

model of 40 rings of metamaterial BWO and Figure 

3 and the cross-section of the same highlighting the 

metamaterial ring structure is shown in Figure 4. 

Figure 5 is the ring structure for another BWO 

configuration named as 40S. Figure 6 shows the 

placement of 20 rings of configuration 20D inside 

the BWO with the same ring structure as shown in 

Figure 4. The case of 20Solid is shown in Figures 7 

and 8. Here, only a single ring structure is 

considered to be connected to a cylindrical central 

conductor inside the waveguide. 

 

 

Figure 1. BWO simulation model. 

 

Figure 2. BWO simulation model (without SWS). 

 

Figure 3. BWO simulation model (40D). 

 

Figure 4. Ring structure for 40D BWO. 
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Figure 5. Ring structure for 40S BWO. 

 

Figure 6. BWO simulation model (20D). 

 

Figure 7. ‘20Solid’ BWO configuration. 

 

Figure 8. Ring Structure for ‘20Solid’ BWO 

configuration. 

Result and Discussion 

To replicate the experimental KALI pulse, the 

actual device runs on a simulated high-voltage pulse 

(~550V) for a short period (~100ns) (Chandra et al., 

2018). The simulated magnetic field has a maximum 

magnitude of ~0.5T and a spatial profile represented 

by a fifth-order polynomial in z-coordinate. The 

explosive emission model simulates plasma 

formation on a material's surface due to electric field 

enhancement at micro-protrusions. The plasma 

typically 'emits' under the influence of the ambient 

electric field. The performance comparison of the six 

different BWO configurations is presented in Table 

I. The observations of different BWO configurations 

are summarized as follows: 

i) The output obtained from the conventional 

rippled SWS BWO is a high power (~900MW) and 

high frequency (~2.7GHz) electromagnetic pulse 

radiated out of the device. The output microwave 

power is shown in figure 9 and the corresponding 

FFT is shown in figure 10. 

 

Figure 9. Simulated output power with 550kV input 

pulse for SWS BWO configuration 

 

Figure 10. FFT of the output power with SWS BWO 

configuration. 
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Table 1. Simulation Results. 

Parameters 
With 

SWS 

Without 

SWS 
40D 40S 20D 20Solid 

Input Voltage 

(kV) 
~550 ~550 ~550 ~550 ~550 ~550 

Magnetic 

Field (T) 
~0.5 ~0.5 ~0.5 ~0.5 ~0.5 ~0.5 

Peak Output 

power (GW) 
~0.9 ~0.55 ~0.28 ~0.21 ~0.28 ~0.6 

Output 

Frequency 

(GHz) 

2.67 No RF 1.35 6.62 1.329 2.6 

ii) As seen in Figure 2, radio frequency is not 

detected when running a BWO without the 

appropriate SWS because when an electron beam 

interacts with the SWS, an electromagnetic pulse is 

generated.  

iii) The third set of observations is obtained by 

replacing SWS with 40 metamaterial-inspired 

identical dual ring structures (named ‘40D’) as 

shown in figures 3 and 4, generating an 

electromagnetic pulse at 1.35 GHz with an output 

power of 280 MW. 

iv) BWO, with SWS replaced by 40 

metamaterial-inspired identical single-ring structures 

(named ‘40S’) shown in figure 5, radiates 

electromagnetic waves at a high frequency of around 

6.62 GHz and an output power of 210 MW. 

v) Figure 6 depicts the BWO with SWS 

replaced by 20 identical dual-ring structures inspired 

by metamaterials (referred to as ‘20D’). It emits 

electromagnetic radiation at 1.329 GHz and has an 

output power of 280 MW. 

vi) It can be observed from figures 11 and 12 

that the results of ‘20Solid’ BWO configuration are 

much closer to the ‘with SWS’ configuration. It has 

higher peak output power and efficiency than ‘40D’, 

‘40S’ and ‘20D’ configurations. Also, Figure 13 

shows that the output power frequency of the SWS 

BWO is in close agreement with ‘20Solid’ 

configuration. The output power and its FFT for 

‘20Solid’ BWO configuration is shown in Figures 

14 and 15, respectively. The peak output power 

generated is 0.6GW, which is closer to the generated 

output power due to SWS. 

The data from Table I is graphically represented 

in Figures 11, 12 and 13, where Figure 11 represents 

the peak output power, figure 12 shows the 

efficiency and Figure 13 shows the dominant output 

power frequency component for the different 

configurations.    

 
Figure 11. Comparison of peak output power for 

different cases. 

 
Figure 12. Comparison of efficiency for different cases 

 
Figure 13. Comparison of dominant output power 

frequency for different cases. 
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Figure 14. Output power for ‘20Solid’ BWO 

configuration. 

 
Figure 15. Output power FFT for ‘20Solid’ BWO 

configuration. 

Conclusion 

This work investigates the interactions between 

an annular beam cathode and several types of MTM 

structures in a cylindrical waveguide. We designed 

an axially periodic structure composed of MTM 

metallic plates that are replicated in the azimuthal 

coordinate. The study employed the Magic3D PIC 

code developed by ATK Mission Systems, USA 

(Tan et al., 2009) to obtain the necessary data for the 

analysis. Six different BWO configurations are 

simulated using the PIC code. The simulation model 

of an experimental device or actual BWO device has 

been taken as the base design for comparisons. By 

comparing the performance parameters of the BWO 

configurations, it has been found that metamaterial 

rings alone cannot replace or match SWS 

performance, but rings attached together with a solid 

conductor can possibly replace the SWS. However, 

further analysis is required regarding the 

optimization of the shape, material, number and 

design of the metamaterial rings to improve the 

design and performance of BWOs. 

Future scopes and limitations 

However, to enhance the performance and 

functionality of annular beam-driven metamaterial 

BWOs, further mathematical modelling is needed to 

optimize the size, composition, quantity and 

configuration of the metamaterial rings. 
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