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The	development	of	electromagnetic	wave	absorbers	operating	in	the	sub‐terahertz	(sub‐THz)	region	is	necessary	in	6G	
communications.	We	designed	and	fabricated	a	sub‐THz	metamaterial	absorber	based	on	metal	microcoils	embedded	
and	 periodically	 arranged	 in	 a	 dielectric	 substrate.	 The	 microcoil	 parameters	 were	 optimized	 by	 calculating	 the	
electromagnetic	response	of	the	metamaterial	using	finite	element	analysis.	An	actual	metamaterial	was	then	fabricated	
based	on	 the	optimized	parameters	and	characterized	using	THz	 time‐domain	 spectroscopy.	Our	microcoil	absorber	
exhibits	an	absorptance	of	>	80	%	and	a	high	shielding	performance	at	about	250	GHz.	The	resonance	frequency	can	be	
precisely	adjusted	by	modifying	the	microcoil	array	dimensions.	

 

The future of 6G communications lies in the sub-terahertz (sub-
THz) band, i.e., the frequency spectrum between 90300 GHz. 
Although the deployment of 5G technology is still underway, 
researchers are already exploring beyond the 5G region. This range 
of frequencies is expected to be utilized for ultra-high speed 
wireless communications enabling very high data rate and 
enormous bandwidth that is several tens of GHz [1]. Owing to the 
significant progress of THz technology, a wide array of THz 
functional devices and diagnostic applications have been made 
possible [27]. For the advancement of telecommunications 
utilizing THz waves, there is a need for the development of 
appropriate electromagnetic interference (EMI) shielding materials 
that must protect the communication systems from disruptive 
external sources of electromagnetic signals. EMI shielding pertains 
to the attenuation of the propagating electromagnetic waves by 
reflection and/or absorption [8]. Reflected electromagnetic waves, 
however, cause secondary electromagnetic pollution which can 
adversely affect the normal operation of equipment and devices. 
Thus, absorption-dominant shielding materials are more desirable 
in enhancing the isolation among devices and in reducing EMI. 
Absorbers with operating frequency at the sub-THz region are 
thereby necessary for EMI shielding application in future wireless 
communications. For this purpose, magnetic materials with 
resonance absorption peaks within 100200 GHz have been 
proposed as an electromagnetic wave absorber [9]. 

Metamaterial absorbers are notable for their tunable absorption 
properties that depend on the structural parameters of the 
metamaterial. Metamaterials are artificially engineered sub-
wavelength structures (meta-atoms) that can actively manipulate 

electromagnetic waves based on their geometric design. By 
changing the size, shape, and distribution of the meta-atoms, the 
electromagnetic response of the metamaterial to incident radiation 
can be tailored. Various metamaterial geometries based on two- 
and three-dimensional (2D, 3D) structures have been 
demonstrated catering to different applications. Planar 2D 
metamaterials are favorable for device integration because they are 
ultrathin; however, it is challenging to obtain a large bandwidth 
with a very small absorber thickness. As a workaround, planar 
metamaterials can be stacked together to produce multi-layered 3D 
absorbers with enhanced absorption and bandwidth [10].  

Helical metamaterials are interesting 3D structures because an 
individual helix supports many internal resonances [11,12]. They 
are commonly employed as circular polarizers owing to their 
circular dichroism [11,13–15], whereby a helical structure 
selectively interacts with light whose polarization is the same 
direction as the handedness of the helix. Furthermore, it has been 
reported that bio-templated metal microcoils with electromagnetic 
responses in the THz region show remarkable transmission loss 
and very low reflectance, indicating high absorption of THz 
waves [16]. Thus, helical metamaterials based on metal microcoils 
have potential for absorber applications, and their operation 
frequency can be designed in the sub-THz band depending on the 
parameters of the microcoils. For the characterization of such 
metamaterial devices, THz spectroscopy is a necessary tool which 
has been widely implemented in elucidating the properties of 
various functional materials [1719]. 

Metal microcoils offer a cost-effective alternative to intricate 3D 
metamaterials produced through advanced microfabrication 



techniques. Metal coils are industrially manufactured as 
commonplace components such as springs and inductors within 
various mechanical and electronic devices. Remarkably, 
micrometer-scale coils are currently mass-produced using 
mechanical winding techniques, making them readily available in 
commercial markets. Despite their accessibility, these mechanically 
made microcoils remain largely underexplored as sub-THz wave 
absorbers. In this study, we then investigated and developed a 
metal microcoil array as an electromagnetic wave absorber for the 
sub-THz region. The incident waves were linearly polarized, and 
normal incidence was considered. We utilized tungsten and 
polyester as the materials for the microcoil and the substrate where 
the microcoils were embedded, respectively. First, we designed the 
metamaterial and simulated its electromagnetic response for 
different microcoil parameters. We selected the design with the 
best parameters for an absorber and fabricated an actual 
metamaterial sample. Then, we used THz time-domain 
spectroscopy to characterize the actual sample and compared the 
experimental results with the simulations.  

 

 
 
Fig. 1. Microcoil metamaterial: (a) model of the unit cell and (b, c) x-ray 
images of an actual sample taken from the top and at a tilted angle. 

 
The parameters of the microcoil unit cell are defined in Fig. 1(a). 

The coil is characterized by the coil diameter Dc, the wire diameter 
Dw = 30 m, the pitch or spacing between the turns s	= 60 m, and 
the height h	= 2 mm. The coils, which are made of tungsten, are 
embedded in a polyester substrate with the same height and are 
periodically arranged in a square lattice by a period P. We 
performed numerical calculations of the electromagnetic response 

using a commercial finite element analysis software, Ansys HFSS. 
The scattering	 parameters were calculated using realistic 
permittivity and dielectric loss values of tungsten and the polyester 
substrate. The permittivity of tungsten was derived based on the 
Drude model where the plasma frequency p = 5.17  104 cm-1 and 
the scattering time  = 4.87  102 cm-1 [20]. On the other hand, the 
permittivity of the polyester substrate was obtained experimentally 
through THz-TDS. Furthermore, the propagation (polarization) 
direction of the incident THz radiation is parallel (perpendicular) to 
the helical axis z. Periodic boundary conditions were applied along 
the x	and y	directions.  

We varied the coil diameter and the period of the array to find the 
optimal parameters for our desired absorber.  Figure 2(a) shows 
the calculated transmittance spectra of metal microcoil 
metamaterials with different coil diameters Dc	= 250, 300, 350 m, 
referred to as D250, D300, and D350, respectively. Here the period 
was fixed at P	 = 750 m. Figure 2(b) shows the calculated 
transmittance spectra for different periods P = 500, 750, 1000 m 
and a fixed coil diameter Dc	= 250 m. The other parameters are 
fixed to their respective values in Fig. 1(a). The transmittance is 
expressed in decibel (dB) so that the characteristic resonances are 
discernible. The broad resonance band is attributed to the 
combination of internal resonances and their mutual coupling in 
each coil and the coupling between adjacent coil resonators [11–13]. 
In Fig. 2(a), the resonance band shifts to lower frequencies as Dc is 
increased. Our microcoil resonator is operating in the axial mode of 
a helical antenna. The axial mode dominates when the 
circumference of the helix is proportional to the wavelength and the 
electromagnetic wave propagates along the helix axis [21]. A bigger 
circumference leads to a longer resonance wavelength, thus the 
resonance frequency redshifts with increasing coil diameter. In Fig. 
2(b), the resonance band narrows as the period is increased. This is 
attributed to the weaker lateral interaction between adjacent coils 
as their spacing widens [22]. Furthermore, the depth of the 
resonance band becomes shallower with decreasing Dc and 
increasing P. This is because decreasing the size of the coils or 
increasing their spacing dilutes the array, thereby weakening the 
resonance strength.   

In Fig. 2, the transmittance minimum in each spectrum is 
indicated by a vertical dashed line. The calculated transmittance (T), 
reflectance (R), and absorptance (A) values at this resonance 
frequency for different coil diameters at a fixed period and for 
different periods at a fixed coil diameter are summarized in Table 1 
and Table 2, respectively. Note that these values follow the relation 
A = 1  T  R. For absorber applications, high absorption (A > 80 %) 
and high shielding performance are desired. The shielding 
effectiveness (SE) is defined by [8]  

𝑆𝐸 ൌ 10 log ฬ
1
𝑇
ฬ. (1) 

To achieve a power loss of > 99 % after shielding, a value of SE	> 20 
dB is required (i.e., T <  20 dB). We used these criteria to select the 
best parameters for our metamaterial absorber. Based on the 
simulation results, the criteria of A	> 80 % and T	<  20 dB at the 
resonance frequency are met when Dc	= 250 m and P	= 750 m.  
Hence, we fabricated a sample using these microcoil parameters 
with the rest of the parameters fixed to the respective values in Fig. 
1(a). 

To fabricate the metamaterial sample, commercial tungsten coils 
were individually inserted into the holes of a stainless-steel plate 



that was used as a guide to periodically arrange the coils. The coils 
were produced by a filament winding process. Note that the coils 
had the same handedness and that each helix had random starting 
points. The coil array was then embedded in a polyester resin, and 
the stainless-steel plate was removed. Grinding was carried out on 
the top and bottom sides of the sample to achieve a thickness of (2.0 
± 0.1) mm. The x-ray images of the coil array are shown in Figs. 1(b) 
and 1(c). We employed transmission and reflection THz-TDS 
measurements to characterize the optical properties of the sample. 
The THz-TDS system (Advantest TAS7500TS) utilized two 
oscillatory frequency synchronous type fiber lasers ( = 1.55 m, 

pulse width ≤ 50 fs, pulse repetition rate = 50 MHz) and fiber-
pigtailed photoconductive antennas for THz generation and THz 
detection. The sampling of the THz field was based on an 
electronically controlled sweep method. We used an aperture that 
was slightly smaller than the microcoil array and had a diameter of 
10 mm. The experimental results were then compared to the 
simulations. 

Figure 3 shows the transmittance spectrum of the sample 
measured by THz-TDS together with the calculated spectrum for 
comparison. The overall shapes of the experimental and the 
calculated transmittance spectra are consistent. The transmittance 
minimum of the sample is found at 252 GHz where T =  27 dB. At 
this frequency, the measured reflectance of the sample is 10.5 %, 
resulting in an experimental absorptance of 89.3 %. The 
experimental results have excellent agreement with the 
simulations. The high attenuation of THz waves can be mainly 
attributed to ohmic and radiative losses in the metallic microcoils 
[23].  

 

 
Fig. 2. Calculated transmittance spectra of the microcoil metamaterial: (a) for 
different Dc	= 250, 300, 350 m at fixed P = 250 m; (b) for different P	= 500, 
750, 1000 m at fixed Dc	= 250 m. 

Table	1.	Resonance	Properties	for	Dc	=	250,	300,	350	m	at	
Fixed	P	=	750	m	

 f (GHz) T (dB) T (%) R	(%) A	(%) 
D250 258  23.7 0.430 17.2 82.4 
D300 232  29.8 0.00104 28.6 71.3 
D350 218  44.8 0.0000328 56.3 43.7 
Table	2.	Resonance	Properties	for	P	=	500,	750,	1000	m	at	
Fixed	Dc	=	250	m		

 f (GHz) T (dB) T (%) R	(%) A	(%) 
P500 324  50.8 0.000830 37.6 62.4 
P750 258  23.7 0.430 17.2 82.4 
P1000 202  11.1 13.8 7.78 78.4 
 
For a helical metamaterial such as the microcoils, the 

electromagnetic response can be described by the antenna 
theory [21]. Helical antennas have two modes of operation: the 
normal mode and the axial mode. In the normal mode, the 
dimensions of the helix are small compared to the wavelength of 
operation and the radiation field is normal to the helical axis. In the 
axial mode, the circumference of the helix is proportional to the 
wavelength and the electromagnetic wave travels along the helical 
axis. Provided that the wire is thin (Dw	<< Dc) and that at least 3 helix 
pitches are used, the resonance frequency f	of a helical antenna in 
an axial mode of operation is in the interval [12,15,21] 

1
𝑛

3𝑐଴
4𝜋𝐷௖

൏ 𝑓 ൏
1
𝑛

4𝑐଴
3𝜋𝐷௖

 (2) 

where c0	is the speed of light in free space and n	is the refractive 
index of the material where the coils are embedded. Our helical 
metamaterial operates in the axial mode. Given Dc = 250 m and n	
 1.7 for polyester in the frequency region of interest, the estimated 
resonance frequency is expected between 170 and 300 GHz, which 
is similar with the observed resonance band in our experiment and 
simulation.  

 

 
 
Fig. 3. Experimental and calculated THz transmittance spectra of metal 
microcoils (Dc	= 250 m) embedded in polyester and arranged in a square 
lattice (P	= 750 m). 



Following the helical antenna theory, the frequency of operation 
is strongly dependent on the diameter of the helix. The resonance 
frequency is also influenced by the period due to lateral interaction 
effects between adjacent helices. Thus, by modifying the coil array 
parameters, the resonance frequency of the metamaterial can be 
adjusted according to specific requirements. Figure 4(a) shows how 
the resonance frequency, which corresponds to the transmittance 
minimum, varies with coil diameter and period. The corresponding 
absorptance at each resonance frequency is also shown in Fig. 4(b). 
The results are obtained by calculating the electromagnetic 
responses for Dc = 250400 m and P = 600750 m with a 
respective step of 50 m while the rest of the parameters are fixed 
to their respective values in Fig. 1(a). Note that the data points used 
to generate the 3D surface plots lie on the intersection points of the 
gridlines and major axes and that the color scales represent the 
frequency and absorptance values (see Tables S1 to S4 in 
Supplement 1 for underlying values). In general, we observe a 
redshift of the resonance frequency with increasing coil diameter 
and period. Furthermore, given a fixed period the absorptance 
generally increases as the coil diameter is decreased from 400 to 
250 m. For these sets of parameters, the shielding performance is 
generally above 20 dB, i.e., T	<  20 dB (see Supplement 1). However, 
when the coils have a wide diameter and/or packed closely to one 
another, there is high reflection loss thereby resulting in weak 
absorption. Therefore, the resonance frequency of the microcoil 
array metamaterial can be easily adjusted by modifying the 
microcoil parameters such as coil diameter and period, but the 
absorption properties are sensitive to the combination of such 
parameters.  

 

 
 
Fig. 4. (a) Effect of the coil diameter and the period on the resonance 
frequency and (b) the corresponding absorptance of the microcoil 
metamaterial based on simulations. See Supplement	 1 for underlying 
values. (Color version available online) 

In summary, we designed and fabricated a helical metamaterial 
based on metal microcoils embedded in a dielectric substrate. Our 
metamaterial exhibits high absorption (A	 > 80 %) and high 
shielding performance (SE	 > 20 dB) at about 250 GHz, with a 
resonance band in the 170300 GHz region. With these properties, 
our metamaterial has a potential application as a shield of wireless 
high-frequency modules to improve the electromagnetic 
compatibility of future 6G devices. By changing the structural 
parameters of the microcoil such as the coil diameter and the period 
of the array, the resonance frequency of the metamaterial can be 
adjusted in the sub-THz region and the absorption properties can 
be optimized. Furthermore, the metal microcoils used in our study 
can be easily mass-produced through an industrial process, and 
their parameters can be conveniently controlled without any 
complicated templating method, making them a practical unit of 
metamaterial absorbers and devices.  
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