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Abstract 
Optical devices for the terahertz wave band are being 

developed now and require better designs. This paper 
analyzes an artificial dielectric lens with metallic rectangular 
chips for the terahertz wave band. This paper also provides 
an explanation of the phenomena by use of a periodic model. 
The periodic analysis model, extracted from the full one by 
assuming periodicity, confirms the phase delay as the 
mechanism that produces the focusing effect. Furthermore, 
the results of full model confirm the focusing length is 
longer with the larger periodicity of rectangular metal chips 
along the direction transverse to the propagation direction. It 
also indicates a nonuniform change for the periodicity along 
the propagation direction and the longer focusing length 
with narrower rectangular chips. The results of the full 
model analysis are qualitatively consistent with those of the 
periodic model one. This implies that the design for an exact 
size lens is possible through use of the periodic model. 

1. Introduction 
Optical devices for the terahertz wave band ranging 

from 0.1 to 10 THz are currently being developed and 
require improved designs. It is not easy to realize an 
arbitrary refractive index n using naturally-occurring 
materials. When materials are directly used for optical 
devices, the material properties themselves determine the 
optical characteristics. Typical lenses for the terahertz wave 
band are made of high density polymer, Tsurupica, and 
silicon with refractive indices of 1.52, 1.56, and 3.41, 
respectively. It is significant that the unit cell of the 
electromagnetic metamaterial controls the refractive index 
with respect to design flexibility and cost performance. 
Lenses composed of electromagnetic metamaterials, sphere 
arrays, disk arrays, square plate arrays, and strip arrays, 
have been proposed for microwave frequency band in [1]-
[5]. These lenses produce focusing action due to the phase 
delay, slow wave effect. Lenses that use the high phase 
velocity of the propagation mode in a parallel plate 
waveguide structure have been proposed in [6]. The works 
in [7]-[10] present a metamaterial absorber, that in [11] 
presents an antireflection coating, that in [12] presents a 
metamaterial with an unnaturally high refractive index, and 
that in [13] and [14] present a three-dimensional  
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Figure 1: Lens of rectangular metallic chips  
for terahertz wave band 

 
metamaterial in the terahertz wave band. The effective 
permittivity and permeability of a metal slit array are 
derived and the proper refractive index is estimated as 1 in 
[15]. The work in [16] reports anomalies in a double-
layered metallic slit. It is relatively easy to fabricate a 
terahertz-band metamaterial by metallic processing and 
chemical reduction on a film with thin metal [13], [14] 
compared to a metamaterial in optical range because the 
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Figure 2: Unit cell models 

dimensions of the unit element are on the order of tens of 
microns. 

This paper presents the focusing effect of an artificial 
dielectric lens with metallic rectangular chips in the 
terahertz wave band and operational explanation of the 
focusing length through use of a periodic analysis model. 
The periodic analysis model, which is extracted from the 
full model by assuming periodicity, confirms the phase 
delay used to estimate the focusing effect in the full model. 
Commercial EM simulators are now quite powerful but are 
still computationally heavy for the design and optimization 
of a whole array. A lens with a large but finite and 
complicated unit cell array is generally cumbersome and 
challenging to design. The work in [2] comments the 
necessity of further publication for an explanation of the 
lens operation. The analysis and design using the periodic 
model is fast and effective and can be used in an iterative 
design procedure [15]. An HFSS simulation of the full 
model confirms that the focusing length is longer with the 
larger periodicity of rectangular metal chips along the 
direction transverse to the propagation direction. It also 
confirms a nonuniform change for the periodicity along the 
propagation direction and the longer focusing length with 
narrower rectangular chips. These phenomena are 
demonstrated by the periodic analysis model.  Results from 
the periodic model imply the possibility of efficient design 
for a full size lens.  The dimensions of the full model in the 
analysis are small compared with those of the actual lens to 
reduce analysis time. Section 2 explains the structure and 
dimensions of artificial dielectric lens with metallic chips. 
Section 3 shows the analysis results of the periodic model 
and Section 4 shows those of full model. 

2. Artificial dielectric lens  
with metallic rectangular chips 

Figure 1 shows the artificial dielectric lens with metallic 
rectangular chips. A +z traveling TEM wave with a x-

polarized electric field propagates through the lens. For a 
true dielectric material, the phase of electromagnetic wave 
in the dielectric material is delayed by the slow-wave effect. 
This effect is caused by the molecules and atoms in the 
dielectric material acting as electrical dipoles to the 
electromagnetic wave. Thus, the lens shape focuses the 
electromagnetic wave. In the metallic lens, each of the 
rectangular metallic chips macroscopically acts as an 
electrical dipole and the behavior is similar to a dielectric 
material. The lens dimensions, r=1.32 mm (2.21λ), R=1.60 
mm (2.67λ) and h=0.70 mm (1.17λ), are used for the full 
model analysis. Figure 2 shows the unit cell models. Pattern 
A focuses on the characteristics for periodicity of 
rectangular metal chips along the direction transverse to the 
propagation direction. Pattern B focuses on the 
characteristics for the periodicity along the propagation 
direction. Pattern C focuses on the characteristics for the 
rectangular chip size. The spacing of adjacent rectangular 
chips is fixed with 40 µm (0.067λ) in Pattern C. Table 1 
shows the parameters of the reference model in Fig. 2. The 
design frequency is 0.5 THz. 

3. Phase delay analysis by periodic model 
Figure 3 shows the periodic analysis model extracted 

from the full model. The phase delay is derived from the 
analysis of the periodic model in Fig. 3. Figure 4 shows the 
phase delay results by Ansys HFSS (Ver. 13). 

The dimensions of periodicity px and py in Pattern A are 
px=py=160 µm (0.27λ), 200 µm (0.33λ), 240 µm (0.40λ). 
The delayed phases at the 10th chip are -255.3, -159.4 and -
108.3 degrees with px=py=160 µm, 200 µm and 240 µm, 
respectively, as shown in Fig. 4 (a). The phase delay 
decreases as the periodicity px and py increase. 

The dimensions of pz in Pattern B are pz=30 µm 
(0.050λ), 70 µm (0.12λ), 110 µm (0.18λ). The delayed 
phases at the output edge are -209.9, -255.3 and -191.4 
degrees with pz=30 µm, 70 µm and 110 µm, respectively, as 
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shown in Fig. 4 (b). The length of horizontal axis in Fig. 4 
(b) is normalized by wavelength. The phase delay changes 
nonuniformly with the periodicity px and py. These 
phenomena may be caused by the standing wave between 
the metal chips. The phase delay from pz=30 µm to pz=190 
µm changes with periodicity, even though that from pz=190 
µm to pz=230 µm does not change with periodicity. The 
dimensions of periodicity a and b in Pattern C are a=b=80 
µm (0.13λ), 120 µm (0.20λ), 160 µm (0.27λ). The delayed 
phase at the 10th chip are -155.3, -255.3 and -391.1 degrees 
with a=80 µm, 120 µm and 160 µm, respectively, as shown 
in Fig. 4 (c). The phase delay increases as the chip size a 
and b increase. 

The decreasing phase delays imply a decreasing of 
refractive index, which results in an increasing of the 
focusing length. 

4. Lens full model analysis 
Only one quarter of the analysis model is analyzed using 

image theory [16] in order to reduce the problem size. The 
full wave analysis results are obtained by Ansys HFSS (Ver. 
13). The workstation CPU is an Intel Xeon 5690 (3.46 GHz 
6 Core) x 2 and applied memory is 129 GB. It took 26 hours 
23 minutes to analyze the reference model. The incident 
electric field is shown in Figure 5 for the reference model. It 
is verified that the lens with rectangular metallic chips 
produces a focusing effect. The local maximum value of the 
electric field magnitude is 3.6 times that of the incident 
wave at 1.12 mm (3.03λ) from the top of lens sphere. 
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Figure 3: Analysis model with periodic boundary walls for 

estimation of phase delay. 
 
 
 

Table 1: Lens parameters for reference model. 
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(b) Pattern B 
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(c) Pattern C 

Figure 4: Phase delay for analysis model  
with periodic boundary walls. 

 

4.1. Pattern A 

Figure 6 (a) shows the full model analysis result for 
Pattern A-1, px=py=200 µm (0.33λ). For Pattern A-1, the 
local maximum value of the electric field magnitude is 3.0 
times that of the incident wave at 1.89 mm (3.15λ) from the 
top of the lens sphere, as shown in Figure 9 (b). Fig. 6 (b) 
shows the full model analysis result for Pattern A-2, 
px=py=240 µm (0.40λ). For Pattern A-2, the local maximum 
value of the electric field magnitude is 2.4 times that of the 
incident wave at 2.25 mm (3.75λ) from the top of the lens 
sphere, as shown in Fig. 9 (b). The periodic model results in  
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Fig. 5 Full wave analysis results for reference model. 
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(a) A-1 px= py=200 µm (0.33λ) 
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(b) A-2  px= py=240 µm (0.40λ) 

Figure 6: Full wave analysis results for pattern A. 
 

x
y

z

H
E

k
Lens

0 1 2 3 4 5 5.4-0.7-1.6
Position (mm)

Local Maximum Value

 
(a) B-1 pz=30 µm (0.050λ) 
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(b) B-2 pz=110 µm (0.18λ) 

Figure 7: Full wave analysis results for pattern B. 
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(a) C-1 a=b=80 µm (0.13λ) 
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(b) C-2 a=b=160 µm (0.27λ) 

Figure 8: Full wave analysis results for pattern C. 
 
Fig. 4 (a) are qualitatively consistent with those of full 
model because the focusing length increases as the 
periodicity px and py increases. The equivalent refractive 
index decreases as the periodicity px and py increases. 

4.2. Pattern B 

Figure 7 (a) shows the full model analysis result for 
Pattern B-1, pz=30 µm (0.050λ). For Pattern B-1, the local 
maximum value of the electric field magnitude is 3.0 times 
that of the incident wave at 1.49 mm (2.48λ) from the top of 
the lens sphere, as shown in Fig. 9 (b). Fig. 7 (b) shows the 
full model analysis result for Pattern B-2, pz=110 µm 
(0.18λ). For Pattern B-2, the local maximum value of the 
electric field magnitude is 3.4 times that of the incident 
wave at 1.50 mm (2.50λ) from the top of the lens sphere, as 
shown in Fig. 9 (b). The phase delay for pz=30 µm exists 
between that for pz=70 µm and pz=110 µm, as shown in Fig. 
4 (b). Fig. 4 shows a nonuniform change for the periodicity 
along the propagation direction and a longer focusing length 
with narrower rectangular chips. The periodic model results 
shown in Fig. 4 (b) are qualitatively consistent with those of 
full model because the focusing length for pz=30 µm exists 
between that for pz=70 µm and pz=110 µm, as shown in Fig. 
9 (b). This suggests we can simplify the design of unit cell 
array with exact size to an iterative one by using a periodic 
model, even under nonuniform changes with parameters. 

4.3. Pattern C 

Figure 8 (a) shows the full model analysis result for 
Pattern C-1, a=b=80 µm (0.13λ). For Pattern C-1, the local 
maximum value of the electric field magnitude is 3.0 times 
that of the incident wave at 1.57 mm (2.62λ) from the top of 
the lens sphere, as shown in Fig. 9 (c). Fig. 6 (b) shows the 
full model analysis result for Pattern C-2, a=b=160 µm 
(0.27λ). For Pattern C-2, the local maximum value of the 
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electric field magnitude is 4.0 times that of the incident 
wave at 0.59 mm (0.98λ) from the top of the lens sphere, as 
shown in Fig. 9 (c). The results of periodic model in Fig. 4 
(c) are qualitatively consistent with those of full model 
because the focusing length decreases as the periodicity a 
and b increases. The equivalent refractive index increases as 
the periodicity a and b increases. 
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(b) Pattern B 
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(c) Pattern C 
Figure 9: Electric field. 

 

5. Conclusions 
This paper presents the focusing effect of an artificial 

dielectric lens that consist of metallic rectangular chips in 
the terahertz wave band and an  explanation of the focusing 
length using a periodic analysis model. The periodic model 
analyses confirm the phase delay, and the full model 
analyses confirm the focus effect. The full model analysis 
confirms that the focusing length is longer with the larger 
periodicity of rectangular metal chips along the direction 
transverse to the propagation direction. It also confirms a 
nonuniform change for the periodicity along the 
propagation direction and a longer focusing length with 
narrower rectangular chips. The periodic model analysis can 
be used for iterative design of the refractive index for 
artificial dielectric lens with metallic rectangular chips, 
even under nonuniform changes with parameters. We are 
planning to fabricate the lenses and measure the focusing 
effect and the equivalent refractive index. 
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