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			Abstract

			Development activities addressed to 0.22THz centre frequency is of significant importance for ultra wideband communication and remote sensing because of the available atmospheric spectral window over a band from 0.20THz to 0.30THz. 0.22THz planar TWT of output power more than 100W, gain more than 30dB, and bandwidth more than 30GHz is designed for high data rate wireless communication, imaging and remote sensing. Planar TWT is designed using a rectangular sheet electron beam of beam voltage 20kV and beam current 100mA, and of beam size 100m (thickness) x 600m (width). A planar staggered double vane loaded rectangular waveguide slow-wave structure (SDV-SWS) of broad bandwidth, high impedance and low circuit loss is designed for the 0.22THz TWT. Planar structure is used because it is compatible for sheet beam operation and it is also easy to fabricate using MEMS technologies. Large signal analysis code SUNRAY-P, developed to determine RF performance of a planar TWT with sheet beam, is used to design the 0.22THz 100W TWT with sever, couplers and phase velocity taper. WR-3 rectangular waveguide of size 864m x 432m is used for the input and the output couplers.
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			Introduction
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			High power terahertz frequencies from 0.1THz to 10THz of the electromagnetic spectrum [1,2] are extensively being investigated over the last 2 decades for numerous applications like ultra-broadband high date rate wireless communication, security, medical imaging, remote sensing, planetary exploration, atmospheric studies, and spectroscopy. As shown in Figure 1, the atmospheric attenuation increases with increase in frequency with additional loss peaks caused by water molecules and other gas molecules. Fortunately, there are many atmospheric windows with low atmospheric loss are available in the THz band, which are being explored for wireless communication. Many R&D labs in India are extensively working on developing efficient and compact high power devices and systems around 94GHz and 220GHz bands [3-5]. Frequency band around 0.22THz is of significant importance for communication because wide atmospheric spectral window is available from 0.20THz to 0.30THz. Ultra wideband communication, remote sensing, imaging applications demand broad bandwidth (>10 GHz) and high power (>10 W) linear devices at THz frequencies. Solid-state devices are not capable to amplify output power more than hundred mW at THz frequencies. Vacuum electronic devices (VEDs) can amplify tens of watts output power at THz frequencies with high efficiency and linearity. Among various vacuum tube amplifiers, travelling wave tube (TWT) is the most preferred choice as a high power THz amplifier for communication and remote sensing due to its high efficiency, wide bandwidth, large RF thermal capacity and high gain. TWTs can have tens of watts amplified output power at such high frequencies with gain 30 dB and efficiency around 5%.

			0.22THz 100W PLANAR TWT
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			High efficiency, high gain 0.22THz planar TWT, as shown in Figure 2, of output power 100W, gain 30dB and bandwidth more than 30GHz is designed. The electron beam of voltage 20kV and current 100mA is selected considering beam efficiency more than 5%. The major components of a planar TWT are: 

			
					The electron gun assembly with flat cathode for generation of a rectangular/elliptical sheet electron beam of beam size 100μm (thick) x 600µm (width), at electron beam voltage 20kV and electron beam current 100mA.

					The RF slow-wave structure (SWS) of wide bandwidth, high impedance, low circuit loss and planar geometry for supporting and amplifying THz waves extracting maximum kinetic energy from the sheet electron beam.

					The input and the output waveguide couplers to feed THz signal into the circuit and coupled out from the circuit. 

					The periodic permanent magnetic focusing circuit for confined flow of the sheet beam through the structure.

					The collector for collection of the spent electron beam efficiently with zero back streaming.

					The packaging of TWT with conduction cooling.

			

			Planar RF structure and sheet beam are preferred for a THz TWT because planar structure is easier to fabricate using MEMS technologies, and sheet beam has higher beam current capacity as compared to pencil beam [6-9]. Sheet beam has very small space charge force as compared to a pencil beam of same beam current, and thereby requiring less magnetic field for beam focussing. Depressed collector is used for recovering kinetic energy from the spent electron beam. TWT for communication is designed for desired RF performance like output power, gain, efficiency, AM/PM factor, gain compression over the desired operating band.

			Planar RF Slow-Wave Structure

			Simplified analytical approach is developed for designing of a wideband planar RF SWS of a THz TWT [10]. Staggered double-vane rectangular waveguide SWS, as shown in Figure 3, is selected in the present design of a 100W, 0.22THz TWT because it has wide bandwidth and high interaction impedance. Also, it has low circuit loss and it is convenient to fabricate using both MEMS and Nano CNC technologies. There are nine design parameters of a staggered double vane SWS for a given beam voltage. These parameters are: pitch of the vanes (p), staggering factor (d), gap between two vanes (g), vane shape (s), vane thickness (t), vane height (h), beam tunnel height (2a), and height (H) and width (W) of the waveguide. For the vane-loaded SWS, first forward space harmonic (n=+1) of phase shift per pitch (βp) varying from 2π to 3π is selected for TWT operation. TWT operation with the first forward space harmonic (n=+1) provides amplification of RF waves over wider bandwidth and larger size of the structure for given beam voltage. Beam voltage is selected for the synchronous condition with the wave at centre frequency 0.22 THz corresponding to βp equals to (2π+0.5π). 
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			 The designed parameters of unit cell of double-vane SWS are summarized in Table 1. The designed parameters of the structure are compared with the published designed data by Deng [11] and Ryskin [12] for a 0.22THz TWT operating at 20kV beam voltage. A very good agreement is achieved in our developed approach with the other latest work for this structure. The vanes loaded on the opposite sides in the waveguide are staggered by half of the period (d=p/2) for wide bandwidth and high impedance of the structure.

			Table 1: Parameters of a Unit Cell.

			
				
					
					
					
					
				
				
					
							
							Parameter (μm)

						
							
							Analytical

						
							
							Deng [11]

						
							
							Ryskin [12]

						
					

					
							
							Pitch [p]

						
							
							463

						
							
							450

						
							
							500

						
					

					
							
							Gap[ g]

						
							
							139

						
							
							113

						
							
							250

						
					

					
							
							Vane thickness [t]

						
							
							324

						
							
							337

						
							
							100

						
					

					
							
							Beam Tunnel [2a]

						
							
							118

						
							
							110

						
							
							200

						
					

					
							
							Vane height [h]

						
							
							354

						
							
							300

						
							
							300

						
					

					
							
							W/G height [H]

						
							
							826

						
							
							710

						
							
							800

						
					

					
							
							W/G width [W]

						
							
							770

						
							
							770

						
							
							850

						
					

					
							
							Staggering [d]

						
							
							p/2

						
							
							p/2

						
							
							p/2

						
					

					
							
							Vane shape [s]

						
							
							Rectangular
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			The dispersion curve and the interaction impedance for the analytically designed SDV-SWS are determined by solving the determinant matrix equation (eq. 29) and (eq. 30) of [13,14] respectively. The analytical results for the dispersion curve (normalized phase velocity) and the interaction impedance (averaged across the electron beam) curve corresponding to the +1-space harmonic of the forward wave for the 0.22THz TWT over the frequency range are found comparable with the simulated results using standard 3D e.m. field simulator CST-MWS [15]. For simulating the dispersion and impedance characteristics of the structure of dimension as given in Table 1 using CST code, Eigen mode solver with hexahedral meshing and AKS algorithm method are selected. Simulation was carried out for (n=+1) forward space harmonic of βp varying from 2π to 3π. It has been found from the simulation that half period staggering of vanes provides widest possible bandwidth with high interaction impedance of the structure. Therefore, half period staggered vane-loaded structure is used. Staggered structure (SDV-SWS) has cold bandwidth more than 50 GHz. Dispersion curves for fundamental mode (mode 1) and higher mode (mode 2) are shown in Figure 4. Mode 1 is from 194GHz to 252GHz and Mode 2 is from 252GHz to 274GHz. 20kV beam line as shown in the Figure 4, intersects the dispersion curve at 212GHz. The lower end frequency of the pass band for Mode-1 at phase shift 2π corresponds to the cut-off frequency of the dominant mode TE10 of the rectangular waveguide of width (W). The upper cut-off frequency of mode 1 is decided by the cut-off frequency of mode TE11 (Mode-2).

			Table 2: Comparison between Analytical values and CST-MWS values for determined design parameters.

			
				
					
					
					
				
				
					
							
							Parameter

						
							
							Analytical Value

						
							
							CST-MWS Value

						
					

					
							
							βp at 0.22THz

						
							
							2.5 π

						
							
							2.5551 π

						
					

					
							
							fL

						
							
							194.67GHz

						
							
							194.49GHz

						
					

					
							
							fU

						
							
							252.33GHz

						
							
							252.78GHz

						
					

				
			

			The analytically determined values of βp at 0.22THz, fL, fU and ∆f are found comparable with the simulated values using CST-MWS code, as shown in Table 2. This indicates good accuracy of our analytical approach of determining initial design parameters of a unit cell of staggered double-vane rectangular waveguide SWS of a THz TWT.

			Large-Signal Analysis
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			The designed 0.22THz TWT with sheet beam was analysed for its RF performance using in-house developed SUNRAY- large-signal analysis code [16,17]. In the developed SUNRAY code for planar TWT with sheet beam, the rectangular sheet beam of one beam wavelength is sliced into number of uniform rectangular discs, as shown in Figure 5. These discs are numerically tracked in small integration steps in presence of the RF circuit field and the space charge field using Runga-Kutta method. Number of rectangular discs and number of the integration steps per wavelength are selected as per the consistency of the output results. The space charge force between 2 rectangular discs in a rectangular tunnel is calculated by solving Green’s Function for an infinite rectangular tunnel of height (a+h/3), and using eq. (1) [18]. Figure 6 shows variation of space charge force between 2 rectangular discs in a rectangular tunnel over one beam wavelength. The SCF between two discs is negligible after half beam wavelength (λe/2=1.85×10-4m). Effective space charge force on a disc is therefore calculated by summing up the SCF on the disc due to all other surrounding discs up to half a beam wavelength. An efficient approach is developed for determining relative disc positions. Also, efficient approach is developed to use look-up table for determining exact value of SCF between 2 discs. The SCF between two cylindrical discs [16] is significantly more as shown in Figure 6. The dimensions of the cylindrical beam and cylindrical tunnel are selected for same cross-section areas as that of the sheet beam and the rectangular tunnel, respectively. 

			For verifying the numerical accuracy of the SUNRAY code, over a wide dynamic range, the transfer characteristic curves (output power and phase versus drive power) are simulated, as shown in Figure 7. It is found that the power transfer curve is consistent from -100dB below saturation to much beyond 10dB above saturation. The power growth rate is exactly 1dB/dB over the linear region. Also, there is no variation in the phase angle of the output voltage for linear condition. The energy balance factor is found 100% for all drive powers even much beyond saturation indicating high numerical accuracy of the SUNRAY code. Figure 8 shows profiles of the forward growing RF power and normalized RF beam current (I1/I0) along tube length for center frequency 0.22THz, as simulated by SUNRAY code. The growing RF power profile was compared with the published results [19] simulated using CST code. The energy balance profile is also shown and it is 100% throughout the length of the tube.
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			Conclusion

			THz waves have unique properties such as non-ionizing radiation with reduced health risks, effective penetration through fabric and fog, and molecular resonances that occur in this frequency band. Therefore, THz waves from 0.1THz to 1THz are highly demanding for medical imaging, safety, defense, remote sensing, spectroscopy and for ultra broadband wireless communication. Development activities addressed to 0.22THz centre frequency is of significant importance for ultra wide band communication, imaging and remote sensing because of the available atmospheric spectral window over wideband from 0.20THz to 0.30THz. Compact vacuum electronic devices are being investigated of high output power, high gain and high efficiency at THz frequencies. Among various vacuum devices, TWT is preferred as a high power amplifier due to its wide bandwidth and high linearity. THz TWT of centre frequency 0.22 THz, 100 W output power, 30 dB gain, 5-10% efficiency and more than 30 GHz bandwidth is being investigated for high data rate wireless communication, imaging and remote sensing. 
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Figure 1: Atmospheric attenuation (Y-axis) in dB/km versus em wave frequency (X-axis) in THz.
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Figure 6: Space Charge Force versus Distance for rectangular and equivalent circular discs in equivalent beam tunnels.
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Figure 7: Output Power and Output Phase versus Input drive power.
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Figure 4: Dispersion Curves for Mode 1 and first higher Mode 2 with 20kV electron beam line.
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Figure 8: RF growing Power, Energy balance and RF beam current Profiles along the structure.
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Figure 3: Staggered double-vane Slow-Wave Structure with rectangular sheet electron beam.
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Figure 2: Schematic of a THz Travelling-Wave Tube with planar RF slow-wave structure and sheet beam.
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