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Fig. 1. Schematic diagram of a typical coupler for a sheet beam in a CRW. 

 

Abstract—Photonic Crystal (PhC) technology was recently 

proposed as a compact and effective solution to improve the 

performance and ease the fabrication of terahertz vacuum 

electron devices. In particular, the introduction of defects in a bi-

dimensional, all metallic PhC provides very effective 

transmission of the useful signal in a compact input/output 

coupler where a novel tunnel for sheet-beam injection/collection 

is realized. Simulation results are here experimentally validated 

via measurements on a Ku-band scaled model of the PhC-coupler 

which confirm the validity of the concept. 

 
Index Terms—Photonic Crystals (PhCs), Terahertz, vacuum 

electron devices, couplers, sheet beam. 

 

I. INTRODUCTION 

S novel technological solutions to design portable sub-

THz and THz (100 – 1000 GHz) vacuum electron 

devices with relatively high output power are sought, photonic 

bandgap (PBG) structures have recently attracted the interest 

of the vacuum electron device (VED) community, in the 

emerging field of millimeter wave sources and amplifiers [1]-

[5]. At THz frequency, many challenges need to be overcome 

to offer viable solutions: assembly of the slow wave structure 

(SWS) with dimensions of parts in the order of tens of 

microns, where a suitable level of vacuum is obtained, is 

particularly critical, while the achievable output power is 

limited by the reduced beam transversal section. Moreover, 

the performance of THz VEDs is affected by the reduced 

intrinsic conductivity of the metal and by the ohmic losses 

deriving from the metal wall surface roughness.  

In our early work, we proposed the use of photonic crystal 

(PhC) technology to assist the design of THz VEDs based on 

SWSs as traveling wave tubes (TWTs) and backward wave 

oscillators (BWOs), [4]. PhCs are a well-known technology 

for the engineering of frequency-selective synthetic media by 

means of the property of exhibiting a photonic bandgap [6]-

[8]. The use of PhC technology is proposed to relax some of 

the issues which make the realization of conventional SWSs 

and coupler for THz vacuum electron devices very 

demanding. In particular, the properties of PhCs solve for the 
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problem of beam tunnel cut-off for large sheet electron beams 

(up to 15:1 ratio) which have been demonstrated to enhance 

VEDs performance [6]-[13]. In this context, SWSs are 

typically derived from the corrugated waveguide (CRW). 

PhCs have been experimentally demonstrated in the X-band as 

a solution to eliminate currents in joints or interfaces of 

enclosed metallic waveguides [14], simplifying significantly 

the assembly. In addition, thanks to their open nature, PhC-

waveguides introduce a wider empty space around the 

interaction region which can ease the process of vacuum 

pumping.  

In this paper, the experimental validation of the novel 

coupler based on a 2D PhC-bend scaled for the Ku-band is 

discussed. Measurement results demonstrate that the concept 

is valid and may be successfully scaled to the THz frequency 

range. The low sensitivity due to a gap between PhC pillars 

and top lid which could further ease the assembly is also 

demonstrated in simulation. 

II. PHC COUPLER FOR SHEET BEAM THZ SWSS 

A typical configuration of the corrugated waveguide and 

coupler to support a sheet electron beam and extract/inject RF 

signal from/to an input/output port is shown in Fig.1. The 

wide cross section of the beam tunnel required in sheet beam 

VEDs, behaves as a waveguide over cutoff, leading to a 

relevant portion of the signal propagating in the beam tunnel 

rather than in the coupler port, with consequent degradation of 

performance (Fig.1). So far, appropriate impedance 

mismatches have been added in the beam tunnel to obtain the 

required isolation of the beam aperture [15]. However, this 

approach results in an increased complexity of geometries and 

fabrication. The Photonic bandgap has been demonstrated as 

an effective solution to build high quality couplers with wide 
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beam tunnel of ratio up to 15:1 [4]. The SWS taken into 

consideration is a CRW as shown in Fig. 1, whose typical 

dispersion curve is shown in Fig. 2(a). The principle is to 

replace the metal walls with a PhC designed around the 

operation frequency to realize the effective and selective 

confinement of the hybrid modes supported by the CRW [4]. 

Depending on the region of beam intersection chosen, the 

SWS can realize a backward wave oscillator (BWO) or a 

travelling wave tube (TWT) for which the design here 

presented can operate as input or output coupler. 

  
The PhC is made of a square lattice of squared (or circular) 

copper pillars designed to exhibit a photonic bandgap for both 

TE and TM polarization of the incident electromagnetic field 

between 0.4 and 0.54 in terms of normalized frequency (f ∙ 

ap/c), where ap represents the period of the PhC and the pillars 

edge length is taken as sp=0.42ap, (Fig. 2(b)). The bandgap 

can be tuned to the frequency range 0.55-0.8 THz when the 

period, ap, is chosen as 204 μm. Fig. 3 shows the proposed 

design for the three-port PhC-coupler, based on a 90° bend of 

the single line defect waveguide [6]-[7]. Point defects (pillars 

with different dimension and position) are introduced around 

the bend in order to maximize transmission from Port 1 (SWS) 

to Port 2 (input/output port) and vice versa, for a given width 

of the PhC waveguide. Four properly modified pillars are 

introduced in the beam tunnel (towards Port 3) to allow the 

beam through while retaining the photonic bandgap around 

operation. The inner corner pillar (Fig. 3, P1), is offset of 

0.20ap, and the position of the pillars P2 and P4-9 is offset of 

0.33ap with respect to the PhC lattice. In addition, the outer 

corner pillar and the beam tunnel corrugations (Fig. 3, P2, P6-9) 

have 0.43ap height, 0.50ap length and 0.42ap width. The 

dimensions are fully compatible with microfabrication 

processes, such as UV-LIGA or CNC milling, depending on 

the operating frequency, [16]. The modified PhC pillars with 

different height in the outer corner and beam tunnel have the 

same height of the corrugated waveguide teeth which provides 

synchronism at the operation frequency. To realize the 

structure via LIGA process, a two-step approach can be used 

for the PhC pillars and the defects/central corrugations. 

Simulation results in [4] showed that the PhC-bend has a 

symmetrical behavior and can be used as a coupler for forward 

(Port 2 towards Port 1) and backward operation (Port 1 

towards Port 2). Also, transmission from Port 3 towards Port 2 

and 1 was found to be below -45 dB at 0.65 THz which 

predicts with high degree of accuracy high isolation of Port 3. 

III. FABRICATION AND EXPERIMENTAL MEASUREMENTS OF 

THE KU-BAND SCALED MODEL 

In order to validate the results obtained from numerical 

simulations, the PhC-coupler design at 0.65 THz from [4] has 

been scaled down and fabricated in Aluminum to operate in 

the Ku-band, with a central operating frequency of 14 GHz. 

Due to the nature of PhC-technology, the scaling is a reliable 

procedure for the demonstration of the structure properties. To 

tune the design, a period ap = 9.47 mm is chosen, feasible by a 

common CNC milling machine. The width of the linear defect 

forming the waveguide is given as 15.8 mm in order to 

accommodate for the WR62 flanges (Fig. 4).  

Figure 5(a)-(c) show the measured S-parameters for the Ku-

band PhC-coupler when excitation is sent from Port 1, Port 2, 

and Port 3, respectively. As it can be noted, the behavior from 

Port 1 and 2 is symmetrical, with a value of return loss of -20 

dB in a wide frequency band centered at 14 GHz. This results 

in a wide tunability range of the operating frequency of the 

whole VED. Three-dimensional electromagnetic simulations 

performed by CST Microwave Studio [17] are compared with 

the experimental results shown in Fig. 5(d)-(f), respectively. 

The very good agreement of measured S-parameters with 

numerical simulations demonstrates the validity of the novel 

coupler approach based on PhC technology and the simulator 

reliability. In particular, both measured transmission 

parameters, |S12| and |S21|, are very close to the values 

predicted in simulation with an average difference less than 

0.9 dB across the band. Measurements of |S33 | for the isolated 

port match even more closely the simulation results with an 

 
 (a) (b) 

Fig. 2. (a): typical dispersion curve of a CRW with beam line at two different 

voltages to highlight BWO and TWT regimes. (b): transmission coefficient 

of the designed PhC. 
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Fig. 3. Perspective view of the input/output PhC-coupler. 

 
 

Fig. 4. Ku-band model of the PhC-coupler fabricated in Al with the PhC 

period is ap = 9.47 mm. 
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Fig. 5. (a), (b) and (c): measured S-parameters; (d), (e) and (f): simulated S-parameters of the Ku-band PhC coupler. 
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agreement better than 0.5 dB. 

IV. SENSITIVITY TO GAP BETWEEN TOP LID AND PHC PILLARS  

The PhC-coupler was shown to have very low sensitivity 

against tolerances on the defect geometry, [4]. Here, the 

robustness of the design when a gap between the PhC pillars 

and the top lid exists is investigated. The case of PhC-coupler 

tuned at 346 GHz is chosen with ap = 0.4 mm, sp = 0.167 mm 

and pillar height of 0.36 mm.  S-parameters are simulated for 

this structure when the gap, g, is varied in a range 0-30 μm. 

The conductivity of copper is assumed as σCu = 3.907×107 

S/m, lower than the ideal value, to account for metal losses in 

simulation. Figure 6(a)-(b) show that return loss for the 

coupler is maintained below -20 dB between 320-355 GHz 

and |S31| is as low as -40 dB, with no significant changes with 

respect to the case where no gap exists (black line in Fig. 6(a)-

(b)). The obtained results indicate that the performance of the 

coupler is robust in the range of operation with very low 

sensitivity to a gap between PhC pillars and top lid, making 

the assembly of the overall structure easier.    

 

V. CONCLUSIONS 

A novel approach to the design of a high performance 

input/output coupler for THz vacuum electron devices based 

on wide sheet beams has been presented. By taking advantage 

of the easy scalability of PhCs bandgap properties, the 

simulated results have been validated against measurement 

results for a prototype realized at 14 GHz. Low sensitivity to 

the existence of a gap between PhC pillars and top lid up to 30 

μm is numerically predicted at 346 GHz indicating robustness 

of the design to fabrication tolerances and a possibility for 

easier assembly in THz VEDs.  
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