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Abstract

:

In this paper, we proposed a small transparent thin film antenna for a wireless capsule endoscopy system. The transparent thin film antenna is needed to provide a clear 360° broad-sight view of the wireless capsule system in the future. Furthermore, the transparent thin film is critical for performing the dual-polarized antenna operating at 2.45 GHz. The proposed transparent thin film uses the nano-alignment process to further achieve low resistivity from 3.78 × 10−4 Ω-cm to 9.14 × 10−5 Ω-cm and improves the transparency by over 70%. The nano-alignment process includes periodic electrodes with AC signals that can effectively rearrange the nano-material into an ordered arrangement, enhancing the thin film’s microwave characteristics. Due to applying to the capsule endoscopy system, the ability of water resistance is also considered in this design. Therefore, the O2 plasma treatment is used to improve the water contact angle from 76° to 31°, measured on the surface of the thin film. The proposed transparent antenna is designed to have a center frequency of 2.45 GHz, a bandwidth of 855 MHz, and an antenna gain of −26.3 dBi, and is helpful for capsule endoscopy systems.
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1. Introduction


There has been growing attention toward transparent antennas and related applications in recent years [1,2,3,4,5]. For example, microwave transparent thin film techniques are used in several applications, especially in the wireless capsule system [6,7,8,9,10]. In Figure 1, the conventional wireless capsule system is small and integrated into an antenna, radio frequency (RF) front-end module, cameras, LED (light-emitting diode) light, batteries, etc. However, due to the patient’s need to swallow the capsule system into the gastrointestinal tract and then transmit the RF signal to observe the health situation in real-time, the capsule system with a tiny camera indeed needs a clear whole broad sight view to capture complete pictures and videos for diagnosing gastrointestinal details. Therefore, the transparent thin-film-based antenna must provide a clear 360° broad-sight view of the wireless capsule system. In developing transparent thin film for use in microwave applications, there are some methods to achieve this requirement, such as the transparent circular monopole antenna by using a printed Cu mesh [11], a semitransparent antenna by using a Cu micromesh structure [12], and the transparent dual-band MIMO (multiple-input and multiple-output) antenna by using an Ag micromesh film nanoparticle technology [13]. Additionally, the use of AgHT-4 [14], indium–zinc–tin oxide (IZTO) [15], and indium tin oxide (ITO) is also having a similar transparent effect. However, four essential requirements should be satisfied in the transparent antenna and its applications in capsule systems as the thick film with ≥1 μm for considering the skin effects at the operating frequency, high conductance (≥1,000,000 S/m) (the same with low resistance ≤10−4 Ω-cm), high transmittance (≥70%), and low toxicity effects (the use of gold thin film is a good choice but hard to go to commercial way). Some references have proposed the thin-film-based antenna with high transmittance and low resistance as the transparent electrode [13,14,15,16,17,18]. The dual-band good antenna uses a metal mesh thin film for the first time [13]. A dual-band coplanar waveguide-fed exemplary antenna using silver-coated AgHT-8 thin film [16]. However, the nano-alignment thin film antenna is difficult to realize as a high-performance device [17]. In [18], the activation process to perform the metal mesh thin film (MMTF) to achieve high conductivity and transmittance antenna must be further improved. In this paper, we proposed a transparent antenna using the transparent thin film for performing the dual-polarized antenna operating at 2.45 GHz. The metal mesh thin film (MMTF) uses the nano-silver mesh alignment process to achieve low resistivity from 2 × 10−4 Ω-cm to 1.2 × 10−4 Ω-cm and improves the transmittance by around 80%. The nano-silver mesh alignment process uses AC signals with 10–20 Vp–p and 100 Hz to 16 MHz by periodic electrodes. In comparing the Ag nanoparticle-based and Ag nanowire-based transparent antenna on biological toxicity in wireless capsule systems, Ag nanowires elicited the most negligible impact [19]. This method can effectively provide a metal mesh thin film from a random arrangement into an ordered arrangement to improve the microwave performance of the transparent antenna.




2. Preparation of Metal-Meshed Thin Film (MMTF)


Figure 2 shows the fabrication flow of the metal-meshed thin film (MMTF). The transparent antenna is fabricated on a small PET substrate with 30 × 15 × 0.2 mm3, relative dielectric constant εr = 5.27, and loss tangent δ = 0.003. The fabrication steps are described as follows. The fabrication steps are described as follows. (I) The first step is to treat PET substrate cleaned by sonication in ethyl alcohol for 60 s and in deionized (DI) water for 60 s before use. PET substrate was dry-treated with nitrogen gas. (II) Using 3 M thin double adhesive transfer tape 50 um thickness adhesive for a long-lasting bond MMTF and PET substrate. (III) To treat metal-meshed thin film (MMTF) with oxygen plasma before treatment with 40.68 MHz very high-frequency plasma-enhanced chemical vapor deposition (VHFPECVD) oxygen plasma (70 to 400 W) for 3 min, and the purpose is to activate the surface energy of the film [20,21]. (IV) To define the configuration of the antenna, a mask was an electrode pattern using 60 μm thick cu-resistant tape. (V) The 205.7 μm thick wet film layer using a standard ceramic thick film fabrication process. A manual bar-coating blade is used to apply the nano-alignment thin film (nano metal wire composites) to the MMTF. Only a tiny amount of solution passes through the small gaps between the wrapping wires of the bar in the process. In this process, the nano-alignment thin film was activated onto the surface of the MMTF. (VI) Using the Beambox-FLUX-FX0001 laser cutting machine for mask removal and antenna structure pattern cutting, (VII) complete the final experimental antenna sample. The O2 plasma treatment improves the water contact angle from 76° to 31°. The proposed oxygen plasma surface treatment’s process parameters are summarized in Table 1.



Figure 3 shows the water contact angle measurements for different oxygen plasma RF power surface treatment MMTF surfaces. After subjecting the film surface to high RF power during oxygen plasma treatment, the plasma within the glow discharge engages with the surface, resulting in an etching process that removes the surface material. Moreover, the etching process is significantly accelerated at the grain boundaries due to numerous defects, such as voids or vacancies. These defects strain and weaken the bonds, making them more susceptible to breakage [22]. A significant decay of the water contact angle for different plasma-treated power samples occurred at the plasma-treating power (70 to 400 W), which can be observed in Figure 3. The water contact angles of the modified MMTF surface were dropped below 31° after 180 s plasma treatment. The decay of the water contact angle represents many hydrophilic functional groups inserted into the surface of the original hydrophobic MMTF after oxygen plasma was treated [23].



Figure 4 shows the comparison of optical transmittance spectra, electrical resistively, Hall mobility, and carrier concentration under different thin-film conditions. The optical transmittance of the PET substrate is around 90% over the visible wavelength range, as shown in Figure 4a. The transmittance of the MMTF depends on the thickness of the conductive layer. With increasing nano-silver mesh alignment process conductive layer thickness, the transmittance in the wavelength region of 500–800 nm decreases from 75% to 73.6%.



To analyze the conduction mechanism, the Hall effect measurement was employed to determine the mobility and carrier concentration. Figure 4b displays various conductive thin film materials’ electrical resistivity, Hall mobility, and carrier concentration. Previous research [22] indicates that plasma treatment decreases the grain boundary of the MMTF surface. This reduction in grain boundaries results in reduced scattering of charge carriers, increasing film mobility. However, excessive oxygen plasma supply exceeding 100 W results in the formation of carbon–oxygen bonds. This effect causes over-etching and breakage of the MMTF surface, leading to a decrease in mobility from 2.87 to 0.53 cm2/Vs. Compared to sample 1, the carrier concentration of the treated thin film was also enhanced. The result was attributed to reduced charge carrier losses from forming O2 plasma. In this work, the better condition of O2 plasma power is choosing 70 W.




3. Transparent Antenna Design and Discussion


Figure 5a shows the configuration of the proposed transparent antenna, where the gray color area is the PET substrate, and the yellow color area is the metal mesh thin film. Considering both antenna size miniaturization and suitable microwave radiation efficiency, the compact dual-polarized thin film transparent antenna is designed at a 2.45 GHz operating frequency and 855 MHz bandwidth. The fundamental mode resonant frequency of the symmetry dipole antenna was calculated by using (1)


  λ =   C   f    



(1)




where λ is the wavelength, C is the speed of light in free space, and f is the frequency. In this work, the operating frequency at 2.45 GHz uses λ/8 wavelength. The conductor uses the proposed metal-meshed thin film with an ordered arrangement using the AC-signal activation process. Figure 5b compares the transmittance differences between the conventional visible Cu conductor antenna and the proposed transparent thin film antenna, which are integrated into the wireless capsule system. It shows that the proposed transparent antenna can provide a clear 360° broad sight view to capture complete pictures and videos for diagnosing gastrointestinal details.



Figure 6a,b show the measurement setup schematic and a practical experimental setup for the proposed transparent thin film antenna. The transparent thin film antenna is located in the simulated colon tissue liquid to simulate the wireless capsule system in the human body. The receiving patch antenna is located 3 to 15 cm outside the simulation box. In Figure 6c,d, the radiation pattern differs between the proposed transparent thin film antenna and the conventional Cu antenna, while the proposed transparent thin film antenna is located in the colon tissue liquid for a simulation of the wireless capsule system in the human body. The proposed transparent thin film simultaneously has high transmittance and conductance for achieving good microwave characteristics.



Dissolving the salt in distilled water. The first step involves dissolving 8 grams of salt in each liter of distilled water. Heating the Triton X-100 and salted water separately: the Triton X-100 and salted water mixture is heated to a temperature of 40 °C. It is not mentioned how the Triton X-100 is combined with the salted water. Mixing the components: the heated Triton X-100 and salted water mixture are combined with the DGBE, resulting in the final liquid formulation. To evaluate the electrical properties of the liquid tissue, we used vector network analyzer Agilent N5230A, Santa Clara, CA 95051 United States and dielectric probe kit, specifically the Agilent 85070E model [24]. These tools are based on the transmission line propagation method. The measurements were taken at a frequency of 2.45 GHz, and the resulting permittivity and conductivity values were found to be 53.88 and 2.038, respectively. These values were chosen to emulate the dielectric properties of colon tissue properly.



Figure 7a shows the measured S-parameters of |S11| of the transparent thin film antenna in the different human body tissue liquids. The dielectric properties of different human body tissue liquids, such as muscle, colon, stomach, and small intestine, as summarized in Table 2. In this paper, despite the transparent thin film antenna staying in the human body tissue liquid, the antenna still has good microwave radiation efficiency operating at 2.45 GHz. Considering the wireless capsule system is moving through the gastrointestinal tract, the measured S-parameters of the different distances (from 3 cm to 15 cm) between the transparent thin film antenna and the receiving patch antenna are shown in Figure 7b. The transparent thin film antenna provides suitable microwave performance without the effects of the distance changing between the transparent thin film antenna and receiving patch antenna. The comparison of the previous works and the proposed transparent thin film antenna is summarized in Table 3.



Link Budget Analysis


The link budget should be considered to evaluate the communication ability between the capsule antenna and the receiving antenna. The link budget can be described from [25] as


  L i n k   C /   N   0   =   P   t   −   L   f e e d   +   G   t   −   L   f   −   L   a   +   G   r   −   L   f e e d   −   N   0   ( d B / H z )  



(2)






  R e q u i r e d   C /   N   0   =   E   b   /   N   0   + 10 l o g 10 ( B r ) −   G   c   +   G   d   ( d B / H z )  



(3)






  M a r g i n = L i n k   C /   N   0   − R e q u i r e d   C /   N   0   ( d B / H z )  



(4)






    L   f   = 20 l o g ⁡ ( 4 π d / λ ) ( d B )  



(5)







The actual link C/N0 is the calculated value based on the Friis formula. This formula is used to calculate the received power in a wireless communication link. It takes into account the transmitted power, free space loss, and antenna gains. The formula is given as (2) to (5), where the information states that the relative parameters and calculated link margin are listed in Table 4. The Table 4. likely contains specific values and calculations related to the link C/N0, required link C/N0, gain of the Tx antenna, and other relevant parameters. The calculation conducted using the simulated Tx antenna gain and the parameters from [26] demonstrates that wireless communication between the capsule and the external Rx antenna is possible. This conclusion is drawn based on the comparison between the actual link C/N0 and the required link C/N0. If the actual C/N0 value exceeds the required C/N0 value, it suggests that the received signal strength is sufficient to enable reliable communication.





4. Conclusions


In this paper, we proposed a small transparent thin film antenna for providing a clear 360° broad-sight view of the wireless capsule system. The transparent thin film is critical for successfully performing the dual-polarized antenna. The studied transparent thin film has low resistivity of 1.2 × 10−4 Ω-cm and transparency of over 70%. The nano-alignment process includes periodic electrodes with AC signals that can effectively rearrange the nano-material into an ordered arrangement, enhancing the thin film’s microwave characteristics. In addition, the O2 plasma treatment on the surface of the thin film is used to improve the water contact angle from 76° to 31° of the thin film. The transparent thin film antenna is designed to have a center frequency of 2.45 GHz, a bandwidth of 855 MHz, an antenna gain of −26.3 dBi, and is helpful for capsule endoscopy systems.
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Figure 1. Overview of the general wireless capsule system details. 
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Figure 2. Fabrication flow of the metal-meshed thin film (MMTF). 
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Figure 3. Water contact angle measurements for different oxygen plasma treatments on the MMTF surface. 
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Figure 4. Comparison of (a) optical transmittance spectra, (b) electrical resistively (ρ), Hall mobility (μ), and carrier concentration (n) under different thin-film conditions.(Lin et al. at 2019 cited [18]). 
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Figure 5. (a) Configuration and (b) practical photograph of the proposed transparent antenna. (Gray color area is the PET substrate, and the yellow color area is the metal mesh thin film. L = 30, W = 15, L1 = 10, L2 = 6, W1 = 9, W2 = 2, W3 = 2, G1 = 2, all are in mm). 
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Figure 6. (a) Measurement setup schematic, (b) practical experimental setup for the proposed transparent thin film antenna, (c) radiation pattern of the proposed transparent thin film antenna, and (d) radiation pattern of the conventional Cu antenna. (The proposed transparent thin film antenna is located in the colon tissue liquid to simulate the wireless capsule system in the human body.) 
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Figure 7. Measured results of (a) S-parameters of |S11| of the transparent thin film antenna in the different human body tissue liquid and (b) S-parameters of the transparent thin film antenna with different distances (from 3 cm to 15 cm) to the DUT. (S11: reflection coefficient at Port1, S22: reflection coefficient at Port2, S12: isolation (reverse), S21: insertion loss (passive device case)). 
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Table 1. Process parameters of the proposed oxygen plasma surface treatment.
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	Chamber Pressure

(m Torr)
	Times

(s)
	Substrate Temperature

(°C)
	RF Power

(W)
	Electrode-to-Substrate Distance (mm)
	Resistivity

(Ω-cm)
	Contact Angle (θ°)





	MMTF
	-
	-
	25
	-
	-
	3.78 × 10 −4
	76



	Sample 1
	1000
	180
	25
	70
	15
	9.14 × 10 −5
	31



	Sample 2
	1000
	180
	25
	100
	15
	1.38 × 10 −4
	36



	Sample 3
	1000
	180
	25
	400
	15
	1.41 × 10 −4
	37
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Table 2. Dielectric properties of different human body tissues operating at 2.45 GHz.






Table 2. Dielectric properties of different human body tissues operating at 2.45 GHz.





	DUTs
	Conductivity (S/m)
	Relative Dielectric Constant (εr)





	Muscle
	1.734
	52.73



	Small Intestine
	3.173
	54.88



	Stomach
	2.211
	62.16



	Colon
	2.038
	53.88
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Table 3. Comparison of the previous references and the proposed transparent thin film antenna.
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	Ref.
	Antenna

Type
	Dielectric Material
	Frequency (GHz)
	Bandwidth (MHz)
	Gain (dBi)
	Efficiency (%)
	Transmittance (%)
	Capsule Antenna Size (mm)





	[6]
	Conformal Loop
	RO3010
	0.434
	247
	−31.8
	N/A
	0
	11 × 26



	[7]
	Conforma Cylinder
	RO4350B
	0.915/1.4
	948
	−0.2/1.7
	1.14/0.09
	0
	11 × 22



	[8]
	Conformal Loop
	Preperm 255
	0.433
	795
	−35
	0.02
	0
	11 × 27



	[10]
	Conformal Loop
	PET
	0.433
	N/A
	−39
	N/A
	0
	11.2 × 30.2



	This

work
	Conformal Dipole
	PET
	2.45
	855
	−26.3
	1.04
	≥80.3
	9.9 × 26
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Table 4. Parameters of the link budget of the transparent thin film antenna.
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Transmission (Wireless Capsule System)




	
Par

	
Detailed

	
Value






	
C

	
Speed of light in free space

	
2.99 × 108 m/s




	
fr

	
Frequency (GHz)

	
2.45




	
Pt

	
Transmitter power (dBm)

	
−40




	
Gt

	
Antenna gain (dBi)

	
−26.3




	
EIRP

	
Pt + Gt (dBW)

	
−66.3




	
Lf

	
Free space loss (dB)

	
52.27




	
Lfeed

	
Feeding loss (dB)

	
1.0




	
Receiver




	
Gr

	
Receiver antenna gain (dBi)

	
2.15




	
T0

	
Ambient temperature (K)

	
293




	
N0

	
Noise power density (dBm/Hz)

	
−199.95




	
K

	
Boltzmann constant

	
1.38 × 10−23




	
Signal quality




	
Br

	
Bit rate (Mb/S)

	
1 or 5




	

	
Bit error

	
1 × 10−5




	
Eb/N0

	
Ideal PSK (dB)

	
9.6




	
Gc

	
Coding gain (dB)

	
0




	
Gd

	
Fixing deterioration (dB)

	
2.45




	
Margin (dB) = C/N − C/N0




	
Link C/N0 (dB/Hz)

	
81.03




	
Required C/N0 (dB/Hz)

	
42.1 or 49.09




	
Margin (dB)

	
31.94 or 38.93
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