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A novel configuration of folded-waveguide slow-wave structure was conceptualized in which a pair of identical 
conventional folded-waveguide slow-wave structures is combined in a contra-twined placement (similar to a contra-
wound helix or a ring-bar structure). The proposed structure promises cold-bandwidth close to an octave with lowered 
interaction impedance. The twin-folded configuration would ease out the manufacturing aspects appreciably and also 
would allow operation with a larger electron beam carrying higher current or requiring lower focusing magnetic field. 
The reason being a constituent conventional single folded-waveguide structure operating at a low frequency (having 
larger dimensions), in its twin-folded configuration, would offer operability approximately at double the frequency over 
almost an octave bandwidth. The analysis of the structure was carried out by parametric approach and validated against 
numerical simulation and cold-test measurement, for a structure operating at Ka-band and validated against numerical 
simulation at W-band. © Anita Publications. All rights reserved.
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1 Introduction

	 Conventionally, a configuration of a folded-waveguide slow-wave structure (FWG-SWS) having 
a serpentine E-plane bend is known as a serpentine folded-waveguide slow-wave structure (SFWG-SWS). 
However, cold-bandwidth of these types of structures is typically limited to around 30% [1-4]. Increasing 
the cold bandwidth of the conventional folded-waveguide slow-wave structure was attempted by ridge and 
dielectric loading on the broad wall of the structure [5,6]. A new configuration of the conventional folded-
waveguide SWS is proposed here as shown in Fig 1 and Fig 2 in which a pair of identical single-folded-
waveguide SWSs are combined in a contra-twined placement (similar to a contra-wound helix or a ring-bar 
structure) [7]. This structure promises cold-bandwidth close to an octave along with moderate interaction 
impedance suitable for traveling-wave tubes. This new configuration is termed as ‘twin-folded-waveguide 
slow-wave structure (TFWG-SWS)’ which supports both symmetric (even) and anti-symmetric (odd) modes: 
enhancement of axial electric field occurs for the even-mode around the beam-hole region, while axial 
electric field diminishes around the beam-hole region for the odd-mode. In this paper, detailed analysis and 
measurements are carried out for obtaining the dispersion and interaction impedance characteristics of the 
proposed structure. The results from parametric analysis and numerical simulation are compared against 
experimental results from cold-test measurement.
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2 Analysis

Parametric analysis

	 TFWG-SWS is a periodic structure of periodicity consisting a pair of identical conventional 
folded-waveguide SWS combined in a contra-twined direction (similar to a contra-wound helix or a ring-
bar structure) as shown in Fig 2. The structure comprises two waveguide elements supporting TE10-mode 
[1-4]: (1) A straight waveguide of length h having broad-wall dimension a, and narrow-wall dimension 
b accommodating the beam-holes (of radius rc), and (2) Two E-plane serpentine waveguide bends. The 
structure can support symmetric modes (even-mode) when each of the folded-waveguides is excited at same 
phase and anti-symmetric modes (add-modes) when each of the folded-waveguide structures is excited at 
out-of-phase. Thus, the symmetric mode has the axial electric field for beam-wave interaction; whereas 
the axial electric field at the beam axis gets cancelled out for the anti-symmetric mode making this mode 
non-participating for beam-wave interaction. Our interest is, therefore, kept focused on the characteristics 
of the twin-folded structure operating on symmetric mode. 

 

 

 

Fig 1. Schematic of typical (a) Single-folded-waveguide and (b) Twin-folded-waveguide slow-wave structures 
in serpentine.

	 For a smooth-wall SFWG-SWS, the phase-shift of the axial electric field (along the beam-axis) for 
the first forward space-harmonic per period can be estimated to be , 

	 ∆  θc = Kc 
ω 

 νpc
  p + π	 (1) 

Here, νpc = ω/β0 is the phase velocity of the axial electric field along the beam-axis with β0 as the axial 
propagation constant of the axial electric field along the beam-axis. The RF field corresponding to TE10 
propagating mode in the waveguide undergoes a phase reversal at the bend portion thereby reducing the 
actual path length of wave propagation. Thus, the axial propagation constant along the beam axis for the 
TFWG-SWS can be expressed as, 

	 β0 =  
θ 
 p

  = 
(ω2 – ωs

2)
c 

1/2 

h– b
 p  + 

π
 p	 (2) 
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Here, ω is the angular frequency, ωs is the cut-off frequency of the structure, and c is the velocity of 
electromagnetic wave in free space. The capacitance per period of the TFWG-SWS operating on symmetric 
mode will become half compared to the conventional SFWG-SWS. With this consideration, the cut-off 
frequency of the TFWG-SWS supporting fundamental TE10-mode is expressed as: 
	 ωs = √2 πc/a	 (3) 
	 Substituting Eq (3) into Eq (2), one can compute the dispersion characteristics of the structure. The 
analytical expression for the interaction impedance can be expressed following the approach in [1] and [2] 
as,

	 Kc = π
 

240  
√ 2  

λg 
λ0

 
b 
a 

sin (βo b/2) 
( βo b/2) 

2 


1 
 βo p

  
2
	 (4) 

Here, λg is the guided wavelength and λ0 is the free space wavelength. Using Eqs (2) and (4), one can 
compute the dispersion and interaction impedance characteristics of the structure.

3D electromagnetic simulation
	 Electromagnetic simulation of the structure has been carried out using 3D electromagnetic code 
CST Microwave studio [8] to compute its dispersion and interaction impedance characteristics. The TFWG-
SWS was modeled for nine periods and was solved for Eigen frequencies using adaptive mesh refinement. 
The fundamental symmetric and anti-symmetric modes have been identified by their field configurations. 
The phase of axial electric field on the beam-axis remains the same at each half of the circuit (lower and 
upper halves) for the even mode (symmetric) as shown in Fig 2(a), whereas that remains out-of- phase for 
the odd mode (anti-symmetric) as shown in Fig 2(b).

 (a) (b)

Fig 2. Two dimensional sectional view of a three period twin-folded-waveguide SWS showing the 
electric field arrow plot for (a) even mode, (b) odd mode at phase-shift.

	 The Eigen-frequencies were interpreted for the dispersion characteristics of the structure for the 
fundamental forward space-harmonic. It is worth mentioning here that both the even- and odd-modes would 
have the same phase velocity, however, the characteristic impedances would differ. The on axis interaction 
impedance was computed for the symmetric mode using the relation,

	 Kc = 
|Ez

2| 
2βo

2W νg
	 (5)

Here, Ez is the axial electric field at the beam-axis obtained from the spatial Fourier decomposition of the total 
on-axis axial field,W is the energy stored per period and νg (= dω/dβo) is the effective axial energy velocity. 
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3 Cold-test measurement

	 A Ka-band structure has been fabricated by CNC milling in two halves with a beam hole at center 
as shown in Fig 3, and the cold-test was carried out after assembling the two halves with suitable probe-
coupling. Two co-axial probes are attached parallel to the electric field lines at both the ends of the structure, 
for measuring its resonance peaks. The cold-test was carried out by conventional resonant perturbation 
technique. The axial phase shift is determined by measuring the resonant peaks in the frequency domain, 
based on the return loss/insertion loss resonance peaks, and interpreted for the dispersion characteristics. 

Fig 3. Fabricated Cold-test circuit of the Ka-band twin-folded-waveguide slow-wave structure. 

	 The interaction impedance is measured using the value of perturbation in the resonance peaks by 
inserting a dielectric rod through the beam-hole at the location of the maximum electric field. The interaction 
impedance is computed using the following equtation [9],

	 Kc = 
2Δβ 
 βo

  
1

ε0 (εr – 1)πrb
2 βo sin2 (π rb / rc)

	 (6)

Here, βo is the effective axial propagation constant of the un-perturbed circuit; ∆ βo is the change in 
propagation constant due to perturbation; rb is the radius of the dielectric rod; rc is the inner radius of the 
beam-hole; ε0 

and εr are the free space permittivity and relative permittivity of the perturbing rod, respectively.

4 Results and discussion

	 For numerical appreciation of the analysis, a typical TFWG-SWS operating in Ka-band has been 
considered, in which the constituent single SFWG-SWS operates in the Ku-band. The dispersion and 
interaction impedance characteristics of these structures as obtained from the 3D electromagnetic analysis 
are shown in Fig 4. It is evident that the constituent Ku-band SFWG-SWS offers a cold bandwidth of around 
36%, while cold bandwidth around an octave could be achieved in its twin-folded configuration, however, at 
the cost of lower interaction impedance. The TFWG-SWS, however, offers reasonable value of interaction 
impedance for practical purposes except at the frequencies close to the cut-offs. The interaction impedance 
can be further improved by the introduction of ferrules near the beam-hole region, which we have kept 
outside the purview of the present study. Moreover, the circuit having dimensions of Ku-band waveguide 
would be able to support larger diameter electron beam carrying higher beam current or requiring lower 
focusing magnetic field. 
	 The dispersion and interaction impedance characteristics for the TFWG-SWS using the parametric 
analysis are compared with those obtained from the 3D electromagnetic analysis in Fig 5. The measured 
dispersion and interaction impedance characteristics of the SWS are also superimposed in Fig 5.
	 Similarly, a TFWG-SWS operating in D-band has been considered, in which each constituent 
SFWG-SWS operates in the W-band. The comparison of dispersion and interaction impedance characteristics 
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of these structures as obtained from the parametric analysis and 3D electromagnetic analysis are shown in 
Fig 6. 

 
Fig 4. Comparison of dispersion and interaction impedance characteristics of an SFWG structure 
against those of a TFWG structure.

Fig 5. Comparison of dispersion and interaction impedance characteristics of the Ka-band TFWG 
structure as obtained from parametric analysis, 3D simulation using CST Microwave Studio and 
measurement of the experimental circuit. 

	 The dispersion characteristics obtained from the parametric analysis and measurement show around 
3% and 1% departures, respectively, against those from the 3D electromagnetic analysis; and the interaction 
impedance characteristics obtained from the parametric analysis and measurement show around 24 % and 
22 % departures, respectively, against those from the 3D electromagnetic analysis at center frequency for 
Ka-band structure. Similarly, the dispersion characteristics obtained from the parametric analysis shows 
around 3% departures against 3D numerical analysis, and interaction impedance characteristics obtained 
from the parametric analysis shows 20% departures against 3D numerical analysis, respectively, for the 
W-band structure. However the percentage error is high at cut-off points. The appreciable deviation in 
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the measured values of the interaction impedance with regard to analysis is attributed to the higher order 
waveguide modes and other asymmetric hybrid modes supported in the structure. 

 
Fig 6. Comparison of dispersion and interaction impedance characteristics of the D-band TFWG 
structure as obtained from parametric analysis and 3D simulation using CST Microwave Studio.

5 Conclusion 

	 The novel slow-wave structure proposed here can provide close to an octave bandwidth with 
reasonable interaction impedance. Moreover, the dimensions of the structure would be larger and easy to 
manufacture; for instance an SFWG-SWS designed at W-band can be used at D-band in its twin-folded 
configuration. Further, constituent circuit having higher transverse dimensions can be operable with electron 
beam of larger diameter carrying higher beam current or requiring lower focusing magnetic field. However, 
the effects of higher order modes and RF loss at higher frequencies are kept outside the purview of the 
present study. It is expected that the concept would be useful in enhancing the bandwidth and output power 
of millimeter-wave folded-waveguide devices. 
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