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Abstract. Low-loss, hollow, flexible, metal-coated waveguides were designed and fabricated for the maximal 
transmission of terahertz radiation. Since recent terahertz skin, colon, and breast cancer studies showed a contrast 
between normal and diseased tissues between 500 to 600GHz frequencies, flexible metal-coated waveguides with 
various bore diameters were studied at both 584GHz and 1.4THz frequencies for endoscopic applications. 
Attenuation characteristics of 2µm thick silver-coated waveguides with 99% reflective inner surface were measured 
as a function of wavelength, bore diameter, bending angle and bend radius. Though the theoretical attenuation 
coefficient in metal-coated waveguide varies directly as square of wavelength, the propagation loss was found to be 
smaller at higher wavelengths. This study demonstrates that flexible waveguides with bore diameters less-than 10λ 
preserve the linearly polarized mode and hence exhibit low bending losses even at smaller bend radii. Also, in 
contrast to the lower propagation losses in larger bore tubes, the analysis shows higher transmission in smaller bore 
tubes at larger bending angles. Finally, the dual-frequency investigation of bending and modal characteristics 
confirms the feasibility of using these metal-coated flexible waveguides at various terahertz frequencies, to obtain 
low transmission losses even at greater flexures, in addition to the Gaussian mode preservation. 
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1 Introduction 

The Terahertz (THz) frequency regime of an electromagnetic spectrum extends from 0.1 to 10 THz and lies between 
the microwave and infrared regions. This spectral region with wavelengths ranging from millimeters to microns is a 
rapidly developing area in source & detection technologies with a wide range of applications in security screening 
and remote sensing [1]. The high sensitivity of THz radiation to water concentration, resulting from low energy 
interactions with the low frequency molecular motions, has expanded its applications into the areas of imaging and 
spectroscopy [2]. In addition, due to the shorter wavelengths associated with THz rays, they provide better spatial 
resolution as compared to microwaves. Terahertz technologies have become increasingly important for biological 
applications due to its non-ionizing property, unlike X-rays [3]. Recently, researchers have shown that THz 
frequencies can also be used in cancer screening, as they can penetrate through several millimeters of tissue and 
enable the detection of differences in water content and tissue density [4]. 

For biomedical endoscopic applications, it is necessary to propagate terahertz radiation through a flexible tube 
that has low loss even at large bending angles. For imaging applications mode-quality is crucial. Therefore, a 
flexible terahertz waveguide with low propagation and bending losses along with reasonable mode preservation 
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characteristics is an essential tool in the field of interior in vivo terahertz medical imaging. Previously, terahertz 
waveguides have been fabricated from a variety of materials and with different cross sectional designs [5-8]. The 
majority of reported terahertz waveguides are either rigid or not quite flexible at larger bore diameters [6,7]. On the 
other hand, flexible terahertz waveguides suffer from higher propagation losses [9,10]. Matsuura et. al., 
demonstrated flexible low-loss cylindrical waveguides, however, the fabrication technique employed is not feasible 
for bore diameters less than 3 mm [11]. We reported the transmission characteristics of low-loss (less than 1 dB/m), 
hollow, flexible, cylindrical terahertz waveguides fabricated with an inner metal, and metal/dielectric coatings that 
are small enough in diameter for endoscopic applications (1-2 mm bore diameter). These waveguides were designed 
and characterized at1.4 THz (215 μm) frequency [12,13].  

Since recent terahertz skin, colon, and breast cancer studies exhibited a contrast between normal and diseased 
tissues between the frequencies of 500 to 600 GHz [14,15], the Ag coated waveguides with various bore diameters 
(of the order of 3 to 8λ) were fabricated for the transmission of 584 GHz (513 µm). The primary goal of this study is 
to characterize the fabricated flexible hollow-core terahertz waveguides at both 1.4 THz and 584 GHz frequencies to 
confirm the feasibility of using the same waveguide at various terahertz frequencies. This work involves 
characterizing waveguide operational parameters such as propagation loss as a function of bore diameter, bending 
loss as a function of bend angle, and modal characteristics as a function of bore diameter and bend angle. 

2 Material selection and Fabrication 

To obtain flexible terahertz waveguides, the base material was chosen to be polycarbonate (PC). PC tubing is quite 
flexible even at larger bore sizes and has an advantage over Polyethylene/Teflon due to its smoother inner surface 
(with nano-meter surface roughness) comparable to silica glass. Since low-loss waveguides not only require highly 
reflective metal coating but also an adequate uniform layer, both material selection and subsequent quality of the 
layer deposition are vital elements in obtaining ideal waveguides. The flexible polycarbonate tube was coated with a 
layer of silver/gold using liquid phase chemical deposition process, described elsewhere [12]. Due to the higher 
reflectivity values calculated using the Drude parameters, silver (Ag) and gold (Au) were chosen to be germane 
metals at THz frequencies. To attain 99% reflectivity inside the waveguide, the thickness of the silver film 1 – 2 µm 
was chosen to be at least 10 times its skin depth. The skin depth of the metal can be computed using Equation 1. 

 
0

2
2 Rf

ρδ
π μ μ

=  (1) 

Here ρ is the resistivity, and f represents the input frequency. The skin depth for silver and gold at 1.4 THz are 0.05 
µm, and 0.07 µm respectively; for 584 GHz it is 0.08 µm, and 0.1 µm respectively. Since coating thickness is 
directly proportional to the coating time, the desired 2 µm thickness of Ag or Au coating (suitable for all terahertz 
frequencies) can be achieved either by increasing the coating time or solution concentration. 

Polystyrene (PS) was chosen to be the dielectric, due to its low extinction coefficient, which enhances the 
transmission through the waveguide. The thickness of the dielectric coating can be calculated using Equation 2; 
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where λ represents wavelength and nd represents the refractive index of the dielectric material at the specific 
wavelength. The optimal thickness of the polystyrene coating varies directly with wavelength. At 1.4 THz (215 µm 
wavelength), it is 26.8 µm and for 584 GHz (513 µm wavelength), it is given by 64 µm. The optimal polystyrene 
layer can be deposited inside a silver coated polycarbonate tube using dynamic liquid phase chemical deposition 
process. The detail of the fabrication process for the metal and dielectric coatings can be found elsewhere [12]. The 
desired thickness can be achieved by increasing either coating time, or concentration of polystyrene in the 
cyclohexane solution. However obtaining a uniform 64 µm thick polystyrene coating is not feasible with the current 
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Due to the higher coupling losses involved in coupling a 1 mm wide beam (instead of 0.77 mm), a cutback 
technique was used to accurately determine the absorption coefficient for each straight waveguide. If the sensitivity 
setting and attenuators were fixed for all measurements, the attenuation coefficient can be obtained by taking the 
ratio of the input and output powers of the waveguide. The Power can be calculated by adding the intensity of each 
pixel, and maintaining the same pixel number in both the input and output beam profiles. Fig. 3 shows the 
theoretical and experimental attenuation coefficients of silver coated waveguides as a function of bore diameter, d, 
at both 1.4 THz and 584 GHz. Since, equation (5) shows the direct dependence of attenuation coefficient on square 
of the wavelength, the loss in metal waveguides is expected to be higher for greater wavelengths. However, as the 
complex refractive index of the metal also varies as a function of wavelength, the resultant propagation loss in the 
waveguide decreases as the wavelength increases. The experimental attenuation coefficients for all 4.1, 3.2, and 2 
mm bore diameter silver-coated waveguides (as shown in Fig. 3) were smaller at 513 µm than 215 µm. From Fig. 3, 
the theoretical and experimental losses were found to be in good agreement and the predicted trend of decreasing 
loss with increasing bore diameter is clearly visible at both frequencies. In general, the experimental propagation 
loss of the waveguides will be higher than the theoretical losses. The discrepancy between theoretical and 
experimental attenuation coefficients can be due to the edge coupling effect, roughness, and non-uniformity of the 
coating layer. 

 
Table 1Attenuation coefficient of silver and gold coated waveguides as a function of bore diameter and frequency. 

Bore 

Diameter 

1.4 THz 584 GHz 

Loss (dB/m) in Ag Loss (dB/m) in Au Loss (dB/m) in Ag Loss (dB/m) in Au

Theo. Exp. Theo. Exp. Theo. Exp. Theo. Exp. 

4mm 1.44 1.77 1.85 1.98 1.03 1.62 1.29 1.89 

3mm 1.8 2.64 2.31 2.93 1.4 2.3 1.63 2.6 

2mm 2.9 3.5 3.73 4.02 2.19 3.0 2.73 3.65 

 
The straight losses for hollow flexible 50 - 55 cm long silver, and gold coated THz waveguides of different bore 

sizes were measured at 1.4 THz and 584 GHz frequencies. The list of theoretical and experimental attenuation 
coefficients for Ag and Au coated waveguides for various bore diameters were summarized in Table 1 as a function 
of frequency and bore diameter. Twelve tested 4.1 – 2 mm bore diameter silver, gold coated waveguides had 
experimental coupling efficiencies between 75% and 80%. The standard deviation of the power measurements are 
less than 0.25 dB. From Table 1, the better agreement between experimental and theoretical losses in the case of all 
gold coated waveguides, unlike silver coated waveguides, could have resulted from the greater uniformity of the 
layer achieved using a closed loop LPCD fabrication process [12]. Propagation losses of 1.77 dB/m and 1.62 dB/m 
were attained with 4 mm bore diameter silver coated waveguides at 1.4 THz and 584 GHz frequencies, respectively. 

5.2 Bending Loss Measurement 

The bending loss in hollow flexible terahertz waveguides varies as a function of wavelength, bend radius, bending 
angle, and waveguide bore diameter. In order to show the dependence of r3, the attenuation coefficient per bore 
diameter cubed was plotted as a function of bending angle for the three silver coated waveguides attained at 584 
GHz in Fig. 4. All the loss measurements were acquired with the laser polarization perpendicular to the plane of 
bending (s-pol). Here, the experimental total attenuation coefficients for 55 – 60 cm long flexible waveguides, with 
a fixed 6.5 cm bend radius, were obtained using cutback technique. Fig. 4 shows the direct dependence of 
attenuation coefficient on bending angle for all bore diameters. It is also observed that the total loss increases 
abruptly for smaller bore diameters, as predicted by the theory. The Y-intercept multiplied with bore diameter cubed 
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thick silver-coated waveguides for both frequencies to obtain low loss single mode outputs. The development of 
these waveguides can lead to applications in terahertz communication, sensing, and biomedical endoscopic 
applications. 
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