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Abstract: A multi-band metamaterial antenna is proposed to operate at the terahertz (THz) band for medical applications. The proposed structure is designed on a polyimide as a support layer, and its radiating elements are made of graphene. Initially, the design is started with a conventional shape showing a single operating frequency at 1.1 THz. To achieve a multi-band operating frequency, the conventional shape was replaced with the proposed metamaterial as a radiating patch that has properties not exist in nature. The multi-band frequencies are obtained without compromising the overall size of the design. The overall size is 600 × 600 × 25 μm3. The operating frequencies are 0.36, 0.49, 0.69, 0.87, and 1.04 THz. A full ground plane is used to behave as isolation between the design and the human body model. The proposed design is investigated on free space and on the human body model, showing excellent performance in both cases. The achieved gains for the following frequencies 0.36, 0.49, 0.69, 0.87, and 1.04 THz are 4.81, 6.5, 8.41, 6.02, and 7.96 dB, respectively, while the efficiencies are 83.91%, 96.28%, 90.80%, 91.71%, and 92.99%, respectively. The conventional design was modified to have a partial ground to show the benefit of using the full ground. The design is loaded on the human body model and its performance is affected. The efficiency and gain are 6.61 dB and 95.58.7% for the case of no human body model, and 4.26 dB and 40.30% for the case of using a human body model. Hence, the proposed metamaterial antenna will be useful for future medical applications in the THz band.
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1  Introduction

In the electromagnetic frequency spectrum, the usable region between the microwave spectrum and the infrared spectrum is called a terahertz (THz) spectrum [1–4]. This frequency band has not been widely explored over the past few decades because of the lack of types of equipment used as sources, detectors, and measurement equipment. However, its unique features, such as non-ionizing and non-invasive features, make it appropriate for a variety of applications such as radio astronomy, wireless communications, agriculture, security health monitoring, medical imaging, and low visibility [3–8]. The key motive for this exploration is the focal benefits of the terahertz range, such as low loss, low power requirements, small size, high data rates, low interference, potential high soot penetration, high resolution, and confidentiality [3–8]. This exploration led to an effort to incorporate terahertz technology into wireless communication systems. Furthermore, an interesting aspect of terahertz radiation is its higher information density compared to the GHz commonly utilized in today’s classical electrical components.

The demand for high-speed data rates is rapidly increasing and will soon impact wired communication capacity constraints. The next generation will demand data rates greater than 100Gbps, keeping the need to dedicate additional frequency bands to wireless communications [8]. In this regards, the terahertz band is considered key to meeting ever-increasing data rate demands [8]. Compared to microwaves, terahertz waves offer secure communications because of their highly directional and scatter less [9].

Antennas are always an essential part of any wireless communication device. More than a few numbers of antenna structures have been studied to suit wireless communication at terahertz bands [5,8,10–26]. Among the antenna structures explored, microstrip patch antenna (MPA) was found to be very appropriate candidates compared to other structures with complex or three-dimensional structures. This is because of its low cost and profile and it can be incorporated easily with terahertz devices. Furthermore, the major shortcoming of the MPA is its narrow bandwidth, lower gain, and signal band. These shortcomings limit the use of MPA in a variety of applications at terahertz band.

Traditional single operating frequency antennas can increase the number of MPA elements in multi-frequency wireless communication devices. Therefore, it does not meet the demands of progression in wireless communication. To this end, the multi-band antenna was proposed and received attention from researchers and industries. The benefit of a multiband antenna compared to a single band is the cost-effectiveness and size that is achieved with the help of MPA. Numerous procedures have been utilized to attain multiband antenna at microwave frequency, including but not limited to slots, Defected Ground Structure (DGS), feed lines, stacked patches, parasitic elements, meandering slots, and fractal structures [27,28]. However, these procedures lead to issues such as complex structure, large size, and low performance. Such issues can be overcome by using artificially engineered structures called metamaterials (MTM).

In the past few decades, the idea of metamaterials has attracted great attention and achieved great successes in the area of engineering and science. Metamaterials are artificially engineered materials with properties not easily found in natural materials such as negative permeability, negative refractive index, and negative permittivity [29–31]. These properties allowed researchers and scientists to explore the use of metamaterials in numerous applications at the terahertz regime.

The utilization of metamaterials in antenna design can not only significantly miniaturize the size of the antenna, but also enhance other antenna parameters, such as obtaining a multi-band antenna, improving the bandwidth, enhancing the efficiency, and increasing the gain. The main purpose of using metamaterial in this paper is to achieve multi-band operating frequencies. The multi-band operating frequencies are 0.36, 0.49, 0.69, 0.87, and 1.04 THz. The overall size of the metamaterial antenna is 600 × 600 × 25 μm3. Furthermore, the metamaterial antenna structure is simple such that it can be easily fabricated and suit the terahertz systems.

2  Antenna Design

Fig. 1 illustrates the proposed MPA design, which consists of a substrate made of polyimide (ε=3.4) on top of a conductive ground plane. The thickness of the substrate is 25 μm. Conductive elements such as patch, feed line, and ground plane are made of graphene with a 0.3 Ohm/sq and a thickness of 0.1 μm. Compared with other substrates, polyimide has better radiation efficiency, broadband performance, and gain. A full ground plane is used to back the MPA in order to obtain a better performance in terms of gain, efficiency, and radiation. Moreover, the use of full ground is considered to be beneficial for antennas that are developed to operate in close proximity to the human body [32], as it will act as isolation between the antenna and the body. Therefore, it will reduce any risk caused by radiation. A 50 Ω microstrip line is used to excite the MPA. The overall size of the presented MPA is 600 × 600 μm2. CST Microwave Studio was used to design the proposed design.
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Figure 1: Microstrip patch antenna (MPA) design with its dimension in CST (a) Front view, and (b) Back view (units in μm)

Fig. 2 presents the performance of MPA in free space in terms of the reflection coefficient. It can be seen that the MPA operates in a single frequency band. The operating frequency is 1.1 THz with a return loss of 35 dB. The single frequency band will limit the application of MPA, especially in modern wireless communications operating in multiple frequency bands. Using a single band MPA in such applications running at multiple frequencies would require the use of multiple elements that would increase the size of the system, which is not in line with the advancement of technology. Thus, with the aid of artificial structures, such as artificially engineered metamaterials that are not found in nature, multi-band antennas can be realized. The radiating patch is modified to have metamaterial properties that produce multiple operating frequencies. The modification doesn’t affect the overall size of MPA.
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Figure 2: Simulated reflection coefficient of MPA

3  Metamaterial Structure and Design

Fig. 3 illustrates the structure of the presented THz metamaterial which is constructed on the same substrate and conducting materials that used in Section 2. The perfect magnetic conductor (PMC) boundary condition is applied to the x-axis, and the y-axis is defined as a perfect electric conductor (PEC), while two waveguide ports are placed along the ± z-axis. The overall size is 400 × 400 × 25 μm3.
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Figure 3: Metamaterial unit cell (a) 3D perspective setup, and (b) Front view with its dimension (units in μm)

The metamaterial unit cell has undergone several evolutions to achieve the need for MPA to operate at multiple frequency bands without compromising overall size. The evolution process is shown in Fig. 4. The first stage is started with a normal patch (Fig. 4a), then a slot and strip line are introduced in the middle of the radiating patch with an additional slot at the left side (Fig. 4b), and finally, two complementary split-ring resonators were added as illustrated in Fig. 4c.
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Figure 4: Metamaterial unit cell evolutions (a) Unit cell-A, (b) Unit cell-B, and (c) Unit cell-C (units in μm)

The S-parameters (S11, S21) of the evolved metamaterial unit cell structure were exported as magnitude as presented in Fig. 5. The result shows that the unit cell-A operates at four stopband frequencies (0.5, 0.94, 1, and 1.15 THz) with return loss of 13, 58, 62, and 17 dB, respectively, while unit cell-B operates at four stopband frequencies (0.49, 0.95, 1, and 1.13 THz) with return loss of 10, 56, 52, and 10 dB, in that order. Furthermore, the result also reveals that the final design unit cell-C operates at six stopband frequencies (0.4, 0.67, 0.69, 0.95, 1, and1.14 THz) with return loss of 15, 35, 17, 56, 46, and 17 dB, respectively.
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Figure 5: Simulated S11 and S21 of the metamaterial unit cell evolutions

The effective parameters of the metamaterial such as refractive index (n), permeability (μ), permittivity (ε) and impedance (Z) should be verified through the S-parameters of the unit cell given by the equations from (1)–(5) and can extract by the MATLAB software or by the built-in CST post-processing [29–31].

z=±(1+S11)2−S212(1−S11)2−S212(1)

n=1k0d{Im[ln(eink0d)+2mπ]−iRe[ln(eink0d)]}(2)

eink0d=S211−S21−z−1z+1(3)

ε=nz(4)

μ=n∗z(5)

where S11 reflection coefficient; S21 transmission coefficient; ε is the permittivity; μ is the permeability; z is the wave impedance; m is the integer related to the refractive index of n; d is the maximum length of the unit element, and k0 is the wavenumber.

Fig. 6 reveals the results of the real effective parameters of the presented evolutions metamaterial such as refractive index, permeability, permittivity, and impedance extracted from the complex scattering parameters using built-in CST post-processing method. As can be seen from the results, unit cell-A, unit cell-B, and unit cell-C show positive permeability and positive impedance over the entire frequency range. Furthermore, they also reveal a negative refractive index and negative permittivity at specific frequencies. Based on these results the presented structure can be categorized as single negatives (SNG) left-handed (LH), which is graded as an epsilon negative (ENG) metamaterial [33,34]. Moreover, it can be observed that the unit cell-A, unit cell-B, and unit cell-C reveal three, three, and four negative peaks refractive index (n), respectively, while four, five, and seven negative peaks permittivity (ε), correspondingly. According to these results, unit cell-C shows excellent performance compared to unit cell-A and unit cell-B. Therefore, unit cell-C will be used as the radiating patch of the MPA.
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Figure 6: Simulated effective medium parameters of the MTM unit cell; a) Permeability (μ), b) Impedance (Z), c) Refractive index (n), and d) Permittivity (ε)

Fig. 7 illustrates the result of the proposed (unit cell-C) metamaterial structure. The result covers the real and imaginary parts of effective parameters. The proposed unit cell-C illustrates negative refractive index (n) and permittivity (ε). The negative frequency of refractive index (n) is 0.4, 0.68, 0.96, 1.02, and 1.06 THz. Furthermore, the frequency range of permittivity (ε) negative is 0.4, 0.49, 0.68, 0.69, 0.98, 1.07, 1.11, and 1.14 THz and the negative peaks are −13,−9,−19,−17,−25,−22,−27, and −27, respectively. The permeability (μ) and impedance (Z) values are as well recorded, as shown in Figs. 7c and 7d. It can be seen that the real permeability (μ) and impedance (Z) values remain positive throughout the simulated frequency range.
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Figure 7: Simulated effective medium parameters of the proposed Unit cell-C (a) Refractive index (n), (b) Permittivity (ε), (c) Permeability (μ), and (d) Impedance (Z)

4  Metamaterial Antenna

Multi-band antennas are attractive in many applications because of their reliability, cost-effectiveness, and small footprint, while single-band antennas will take up a large area for applications that require more operating frequencies. Hence, the conventional radiating patch will be replaced with the proposed unit cell-C structure that has features not found naturally but is artificially designed. These features can be found based on orientation, geometry, shape, size, and arrangement. Electromagnetic waves cause them to react differently.

The proposed metamaterial is used to boost the performance of the conventional MPA in terms of radiation density, bandwidth, return loss and create multiple resonant frequencies without modifying the overall dimension of conventional MPA. Fig. 8 illustrates the top view of the proposed MPA metamaterial. The design has been analysed based on CST software. The frequency range is set between 0.3 THz and 1.2 THz. The result is plotted in Fig. 9. From the result, it can be observed that the MPA metamaterial reveals a multi-operating frequency. These frequencies are achieved without compromising the overall dimension convention MPA that shows a single operating frequency. The operating frequencies realized from Fig. 9 are 0.36, 0.49, 0.69, 0.87, and 1.04 THz with a return loss of 37.3, 22.3, 20.9, 28.4, and 38.7 dB, respectively.
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Figure 8: Metamaterial MPA antenna (a) Front view, and (b) Back view (units in μm)
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Figure 9: Simulated reflection coefficient of the proposed metamaterial MPA antenna

To demonstrate the benefit of metamaterial in creating multi-band operation frequencies, a surface current distribution simulation was carried out. A simulation was performed at the following frequencies 0.36, 0.49, 0.69, 0.87, and 1.04 THz. As can be noticed from Fig. 10, the surface current is evenly distributed over the entire radiating surface at all resonant frequencies. From Fig. 10a, it can be seen that when the proposed structure resonates at 0.36 THz, the maximum surface current is concentrated on the inner and outer rings. At 0.49 THz, the maximum surface current is concentrated on the outer ring and the upper slot, while at 0.69 THz, the maximum surface current is concentrated on the inner ring and the strip. Furthermore, at 0.87 THz, the maximum surface current is concentrated partially on the inner and outer rings as well as the upper slot and the slots between the strip while at 1.04 THz the current is evenly distributed across the patch. In general, it is clear that the proposed metamaterial is controlling all operating frequencies.
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Figure 10: The simulated surface current distributions of the proposed metamaterial MPA antenna at (a) 0.36 THz, (b) 0.49 THz, (c) 0.69 THz, (d) 0.87 THz, and (e) 1.04 THz

The radiation patterns of the proposed MPA metamaterial and conventional MPA are investigated. The results are plotted in Figs. 11 and 12. The study is carried out along both planes H and E. From Fig. 11, it can be seen that the radiation pattern of the conventional MPA along the two planes are similar. This is because the antenna structure is backed by a full ground, which helps reflect energy along the two planes. Furthermore, the conventional MPA shows a gain and a radiation efficiency of 7.15%, and 86.01% respectively, at 1.1 THz operating frequency. Moreover, it also observed from Fig. 12 that the radiation pattern of the proposed MPA metamaterial along both planes E and H are comparable. The gain of the proposed design is 4.81 dB at 0.36 THz, 6.5 dB at 0.49 THz, 8.41 dB at 0.69 THz, 6.02 dB at 0.87 THz, and 7.96 dB at 1.04 THz, whereas the radiation efficiency is 83.91%, 96.28%, 90.80%, 91.71%, and 92.99%, respectively. The results demonstrate that the proposed metamaterial unit cell structure not only exhibits multiple operating frequencies but also helps to enhance other parameters such as radiation efficiency and gain.
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Figure 11: Simulated radiation of the conventional MPA (single band)
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Figure 12: Simulated radiation patterns of the proposed metamaterial MPA antenna at (a) 0.36 THz, (b) 0.49 THz, (c) 0.69 THz, (d) 0.87 THz, and (e) 1.04 THz

5  Wireless Body Area Networks Application

Terahertz has attractive medical applications because of its many unique properties that make it ideal such applications as being very sensitive to polar substances, low photon energy, capability to distinguish between different materials, and even isomers, precise measurement, no harm to biological tissues, and better soft-tissue contrast. These properties are of interest to scientists and researchers carrying work on wireless body area networks (WBANs) under this regime. WBAN is a type of network that wirelessly connects multiple nodes to each other. These nodes function in vivo to handle various medical applications. It can also be utilized in other applications such as sports, entertainment, and other fields. The antenna is a part of the sensor that helps transmit data to the end location. Therefore, the antenna is considered to be an important part of the WBAN.

Antennas designed for WBAN are more difficult than the free-space environment, because of the absorption of the human skin. Therefore, it is expected that the antenna performance will be affected due to the complexity of the human body that absorbs the radiated energy. Hence, the antenna must be wisely developed to obtain all the essential features whether it works close to the body or inside the body. Moreover, in WBAN, the specific absorption rate (SAR) is a significant parameter to consider. It is the main determinant of the absorption of electromagnetic waves by human tissue.

More than a few THz antennas have been developed for WBAN, but these are based on defected ground structure (DGS) or partially ground antenna [20–26]. These types of antennas will have high back radiation which can be hazardous to human health. Therefore, it is not suitable for WBAN applications. Since the proposed MPA metamaterial antenna is intended for future medical applications, it is necessary to study the performance of MPA in close proximity to the human body. The purpose of this investigation is to confirm that the antenna has the same performance whether in free space or on the human body, because the high conductivity of the human body may affect the antenna parameters such as reflection coefficient, gain, and efficiency.

To analyse the performance of the proposed MPA metamaterial, a layer of human tissue was designed for the study. The dimension of the tissue is 1000 × 1000 μm2, as shown in Fig. 13. The real part of the permittivity of the model varies with different values. The purpose of these variations in the permittivity is to ensure that the proposed MPA metamaterial antenna is robust to any changes in the value of the permittivity. These values are randomly chosen, they are 3, 9, 15, 50, and 100.

[image: images]

Figure 13: Proposed metamaterial MPA antenna placed on the human body model

The proposed structure is positioned on the human body model without any gap. The result is plotted in Fig. 14. The result reveals that the reflection coefficient of both designs with and without the human body model is in good agreement even with increasing permittivity values. This outcome is achieved with the presence of the full ground plane that helps to isolate the proposed MPA metamaterial antenna from the body.
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Figure 14: Performance of the proposed metamaterial MPA antenna placed on the human body model with various permittivity

The full ground plane of the conventional MPA in Fig. 1 is reduced by 380 μm to demonstrate the benefits of the use of the full ground plane in terahertz wearable applications. The conventional MPA with a modified ground plane (partial ground) is investigated with and without the human body model. The result is depicted in Fig. 15.
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Figure 15: Simulated reflection coefficient of MPA with partial ground antenna on human body model

It can be observed that the partially grounded conventional MPA, without the human body model, operates at 0.85 THz. Furthermore, positioning the structure on the human body model revealed multiple resonance frequencies, as plotted in Fig. 15. This indicates that the human body model has an impact on the performance of conventional MPA due to the inability of partial ground to isolate the structure from the human body. The human body model acts as an additional substrate with high permittivity which results in a severe mismatch in performance.

Further studies are underway to compare the performance of the proposed MPA metamaterial and the conventional MPA with the partial ground when loaded on the human body model. Comparisons are made based on their gain, efficiency, and radiation pattern.

The Fairfield results of conventional MPA with the partial ground with and without the human body model are illustrated in Fig. 16. From Fig. 16a, it can be noticed that there is high back radiation for the case of no human body model, which is unwanted for wearable applications that could cause a health risk. On the other hand, it can be realized that with exist of the human body model the back radiation is decreased compared to the case of no human body model. This realization shows that the human body model absorbed some amount of power. This absorbed power could lead to health concerns such as impaired blood circulation and tissue damage. The reason for the reduction of back radiation in the case of the existing human body model is that the partial grounding makes the human body model behaves as an additional substrate, resulting in a significant difference in the antenna performance. In addition, the efficiency and gain of these two cases are also investigated. The results are shown in Figs. 16b and 16c. From these figures, it can be seen that the efficiency and gain are 6.61 dB and 95.58.7% for the case of no human body model, and 4.26 dB and 40.30% for the case of using a human body model. It can be observed that the gain and efficiency are affected when the human body model is used. This is because of the high dielectric constant of the model which degrades the performance of the antenna.
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Figure 16: Fairfield results of the conventional MPA partial ground (a) Radiation pattern with and without human body model along E-plane, (b) Gain and efficiency without human body model, and (c) Gain and efficiency with human body model

On the other hand, the radiation patterns of the proposed MPA metamaterial antenna with a full ground are carried out. The results are illustrated in Fig. 17. These results demonstrate that there is no significantly different when the proposed structure is present with and without the human body model which indicates that the human body model does not absorb energy that may cause harm. Moreover, the efficiency and gain are investigated both with and without the human body model. The results are presented in Figs. 18 and 19. As can be seen from Fig. 18, the following frequencies, 0.36, 0.49, 0.69, 0.87, and 1.04 THz for the case of no human body model, have gains of 4.81, 6.5, 8.41, 6.02, and 7.96 dB, respectively, whereas the efficiencies 83.91%, 96.28%, 90.80%, 91.71%, and 92.99%, respectively for the same frequencies. In addition, we also see from Fig. 19 that in the case with the human body model, the gains for the following frequencies, 0.36, 0.49, 0.69, 0.87, and 1.04 THz are 5.05, 6.23, 8.6, 8.14, 7.6 dB, respectively, while the efficiencies for the same frequencies are 81.15%, 93.41%, 84.15%, 87.84%, 86.04%, respectively. The results are slightly different compared to the case of no human body model, but not significant. The proposed MPA metamaterial antenna exhibits significant benefits in obtaining high-level stability results. This is since a full ground plane is used, which behaves as isolation between the structure and the human body model.
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Figure 17: Comparison of radiation patterns of the proposed metamaterial MPA antenna with and without human body model along E-plane at (a) 0.36 THz, (b) 0.49 THz, (c) 0.69 THz, (d) 0.87 THz, and (e) 1.04 THz
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Figure 18: Gain and efficiency of the proposed metamaterial MPA antenna without human body model at (a) 0.36 THz, (b) 0.49 THz, (c) 0.69 THz, (d) 0.87 THz, and (e) 1.04 THz

[image: images][image: images]

Figure 19: Gain and efficiency of the proposed metamaterial MPA antenna with human body model at (a) 0.36 THz, (b) 0.49 THz, (c) 0.69 THz, (d) 0.87 THz, and (e) 1.04 THz

6  Conclusion

A multi-band MPA metamaterial is proposed in the THz band for feasible medical applications. The design is constructed on a polyimide as a supporting material, while the conducting elements are from graphene. The polyimide is selected because of its better radiation efficiency, and gain. The design is started with conventional MPA that shows a single operating frequency at 1.1 THz. Then, a metamaterial was used as a radiating patch which create multi-band operating frequencies. The multi-band is attained without compromising the overall size of conventional MPA. The performance of the proposed MPA metamaterial in terms of the gain and efficiency are studied for the following frequencies 0.36, 0.49, 0.69, 0.87, and 1.04 THz. The obtained metamaterial antenna gain is 4.81, 6.5, 8.41, 6.02, and 7.96 dB, whereas the efficiency is 83.91%, 96.28%, 90.80%, 91.71%, and 92.99%, respectively for the same frequencies. The performance of the proposed MPA metamaterial was also studied while loaded on the human body model. The results show that there is not much significance between the results with and without the human body model. This is because of the full ground plane that isolates the proposed structure from the body. The full ground of conventional MPA was reduced by 380 μm to show the benefit of using the full ground plane. The modified partial ground tested on the human body model and its performance is negatively affected. Therefore, the use of partially grounded for future medical application at the THz band is not recommended. Unlike the proposed MPA metamaterial, which is based on full ground and is appropriate for medical applications in the THz regime.
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