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Abstract

:

The effect of using a superstrate dielectric layer on an on-head matched antenna for biomedical diagnosis applications is investigated. Two on-head matched antennas are considered with different length meandered lines ensuring operation around 0.9 GHz frequency. The first antenna’s conductive radiating structure is in direct contact with the head phantom, whereas the second one utilises a 0.5 mm thick superstrate layer on top of the conducting layer as a buffer. The lateral dimensions of both antennas are held constant at 30 × 30 mm2. The electric and magnetic field distribution is analysed and the power penetration, 50 mm inside the head phantom, is derived from the electromagnetic field surrounding the antennas. Both homogeneous and inhomogeneous head phantoms are considered while evaluating the antennas in terms of their reflection coefficient, current distribution, electric field, magnetic field, specific absorption rate (SAR) and power penetration inside the head. The antennas are fabricated and measured utilizing an inhomogeneous phantom to validate the proposed performance improvement using a superstrate. It is shown that the superstrate antenna achieves a ~8 dB increase in power penetration inside the head phantom along with a 0.0731 W/kg decrease in SAR compared to the antenna without a superstrate.
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1. Introduction


The microwave regime has gained its popularity over the last decade for medical diagnosis applications due to its non-ionizing radiation, low-cost, and time efficient advantages. The microwave antenna can act as the radiating element for stroke diagnosis, chemo-thermotherapy, and head imaging [1,2,3,4]. Numerous antennas have been proposed to achieve signal propagation inside human tissue without touching the surface of the human body. A coplanar waveguide (CPW)-fed antenna designed for medical diagnosis is reported in [5], where the antenna is designed to be operating at the far field from the human body. Another antenna for brain stroke detection is reported in [6], providing both the far field and near field characteristics of the antenna. However, the antenna also operates without touching the human body. A similar approach is taken when designing antennas for medical diagnosis in [3,7,8].



Antennas that contact with the surface of human tissue are more likely to provide increased penetration compared to those operating in air due to reflections at the air-skin interface. Relatively few antenna designs are reported in the literature which are directly attached to the human body for operation. In [9], a bowtie shaped antenna matched to a human head model is reported. The top antenna conductor directly touches the human head surface to achieve impedance matching. The radiation pattern of the antenna is characterized at the boresight direction only. Antenna designs with a similar operation principle are reported in [10,11] for breast cancer detection application where the antenna conductor plane is in direct connection with the skin layer of the breast. It is reported in [12,13,14] that a direct connection between the antenna and human tissue results in a poor antenna performance. However, there is no evidence of a direct comparison between antennas with and without direct contact of the conductor of the antenna with human tissue.



In some cases, direct contact between the antenna conductor layer and the human tissue is prevented by using a superstrate. A wideband antenna design is reported to detect early congestive heart failure employing a foam material as a superstrate and around the antenna to achieve durability during operation [15]. However, the foam material that is used outside of the antenna shielding the conductors from directly touching human tissue is not considered in the simulation. For thrombolytic treatment with microwave operated medical diagnosis systems, a patch antenna covered by a plastic container holding a matching liquid is utilized [1]. However, the impact of the container filled with water on the performance of the antenna was not investigated. An antenna utilizing a superstrate layer in the boresight direction of the antenna is reported in [16], but the performance of the antenna without a superstrate is omitted in the simulation and measurement and hence its effect cannot be determined. A superstrate layer is widely used for implantable antenna designs as well where the conductor contact with the human tissue is unwanted. An implantable antenna to monitor intracranial pressure of human head is presented in [17], equipped with a battery and data and power management circuitry encapsulated in a container. The container made of Alumina (Al2O3) isolates the whole antenna system from the human tissue. In [18], an implantable antenna operating at 2.4 GHz is reported for biomedical applications which uses a superstrate layer of Rogers 6010 material to achieve separation of the human tissue from the antenna conducting layer. Similar mechanisms to achieve antenna isolation from the human tissue are reported in [19,20,21]. In all these proposed implantable antennas, a comparative characterization of the presence of a superstrate layer is omitted so the usefulness and impact of the superstrate cannot be determined.



In this study we investigate the effectiveness of a superstrate layer on the performance of an on-head matched antenna, particularly with regards to power penetration pattern and SAR. As identified above there is a need for systematic characterization and comparison of the impact of a superstrate for antennas mounted in direct contact with the human body. Two on-head matched antennas, one with a superstrate and one without, are designed to compare the antenna performance. Both antennas are impedance matched at a similar frequency range to achieve a more rational comparison. The overall lateral dimensions of the antennas are fixed at 30 × 30 mm2 while achieving −10 dB impedance matching at around 0.9 GHz. An inhomogeneous head model is empolyed in the analysis and comparison of the antennas, and the importance of considering the inhomogeneity is highlighted. A realistic human head phantom with skin, bone and brain mimicking materials is constructed for verification of the results. The reflection coefficient, E- and H-fields, power penetration pattern, and specific absorption rate (SAR) inside a human head phantom are evaluated, considering both homogeneous and inhomogeneous lossy tissue models to establish the effect of a superstrate in antenna designs for biomedical applications.




2. Antenna Designs and Numerical Settings


The antennas depicted in Figure 1 utilize FR4 dielectric material with a thickness of 1.6 mm. Antenna 1 in Figure 1a is designed to operate in contact with a human head without a superstrate layer. The thickness of the superstrate for Antenna 2 shown in Figure 1b is 0.5 mm, and is also made of FR4. With the aid of the high permittivity of human head, the radiating conductor of Antenna 2 achieves a short meandered length of a + b + c (0.12λ0) while achieving a good impedance matching at around 0.9 GHz. This frequency was targeted as the lower microwave frequency region is reported to be more suitable compared to higher microwave frequencies to achieve increased signal propagation inside human tissue [22]. The aim for Antenna 2 was to keep identical overall footprint of 30 × 30 mm2 of Antenna 1 for effective comparison. As the Antenna 2 lacks the advantage of being in direct contact with high permittivity human head phantom, the length of the conductive meander line is extended to d + e + f + g + h to achieve impedance matching at 0.9 GHz. The feed position also remains constant for both antennas in the middle of the ground plane on the reverse side.



The simulation setups depicted in Figure 2 consider the antennas affixed to the surface of a human head phantom, and were executed in computer simulation technology (CST) 2017 [23]. For Antenna 1, the antenna conductor plane is in direct contact with the head phantom as shown in Figure 2a, whereas Antenna 2 is buffered by the superstrate (Figure 2b). The antennas were evaluated against both homogeneous and inhomogeneous human head phantoms. The homogeneous phantom is constructed with permittivity εphantom = 35 and conductivity σphantom = 0.5 S/m [9] with dimensions 80 × 80 × 60 mm3. The inhomogeneous head phantom is constructed using layered skin, bone and brain tissue materials from the CST 2017 library. The thickness used for the skin, bone and brain layers are 3 mm, 10 mm and 50 mm respectively. Figure 2c,d depicts the permittivity and loss tangent respectively of the utilized tissue materials to construct the phantom in terms of frequency, and Figure 2e presents the dielectric properties of the superstrate.



The surface current density of the antenna can be calculated utilizing Ampere’s Law among the Maxwell’s equations for time varying fields:


   ∇ →  ×  B →  =  μ 0   (   J →  +  ε 0    d  E →    d t      )   



(1)







Here,   B →   = magnetic field, µ0 = permeability,   J →   = current density, ε0 = permittivity, and   E →   = electric field. The current distribution patterns of the two antennas at 0.9 GHz are shown in Figure 3. In Figure 3a the current flow intensity for Antenna 1 peaks near the feed point and decays towards the first 90° bend in the conducting line and is almost completely extinguished half way down the length of the line. Such a distribution occurs due to the direct connection between the antenna conducting plane and the conductive human head models. In Figure 3b, the current distribution for Antenna 2 shows distributed current flow across almost the entire length of the conductive meander line of the antenna, indicating its length is mostly responsible for impedance matching at 0.9 GHz. The superstrate inhibits the current from directly flowing towards the conductive human head phantom. The surface current distributions of Antennas 1 and 2 remain largely similar for both homogeneous and inhomogeneous head models.



The |S11| responses of the antennas are shown in Figure 4. Antenna 1 with homogeneous head phantom possesses an impedance bandwidth of 0.25 GHz with the |S11| response below −25 dB at 0.9 GHz. The impedance dip of Antenna 2 occurs at 0.95 GHz, a 0.05 GHz offset from Antenna 1, with an impedance bandwidth of 0.14 GHz for the homogeneous head phantom. Nonetheless, the |S11| response for Antenna 2 at 0.9 GHz is below −10 dB providing minimal reflection at the desired frequency. The discrepancy between the two antennas is due to the set requirement of maintaining a 30 × 30 mm2 footprint for Antenna 2. To maintain a simple meandered loop shape, the length of the line is limited and can only reduce the centre of the impedance bandwidth down to 0.93 GHz. Similar |S11| responses can be found with the inhomogeneous head phantom, with corresponding overall meander length issues for Antenna 2.




3. Numerical and Experimental Results and Analyses


3.1. Numerical Simulations


The E-field and H-field distributions inside the human head phantom with the two antennas attached are depicted in Figure 5 and Figure 6 respectively. Stronger, more evenly distributed fields are seen inside the homogeneous human head phantom for Antenna 2 (in Figure 5b and Figure 6b) than Antenna 1 (in Figure 5a and Figure 6a). The superstrate layer in Antenna 2 shields the conductor from leaking energy directly into the lossy material, allowing significantly more to penetrate into the head.



Once the more realistic inhomogeneous head phantom is considered, Antenna 2 generates significantly more E- and H-field intensity than Antenna 1. Only a very small portion of the field penetrates the skin and bone layers into the brain for Antenna 1 mounted on the inhomogeneous phantom. This is because the propagation modelling must consider the successive reflections at the boundaries between the tissues, which can be significant due to the large variation in layer permittivity properties. This highlights the importance of utilizing an inhomogeneous model in the design of biomedical antennas.



Figure 7 illustrates the xz- and yz-plane normalized near field power radiation pattern of the antennas along a 50 mm radius from the antenna feed centre for the homogeneous phantom, where 0° represents the +z direction. Although the patterns are of similar shape, the power radiation level is approximately 6 dB lower for Antenna 1 compared to Antenna 2 towards the boresight direction (0°) into the homogeneous head phantom. This corroborates with the field results of Figure 5 and Figure 6. The front to back ratio (FBR) of the power radiation patterns for Antenna 1 and Antenna 2 are 11.18 dB and 11.4 dB respectively.



The normalized near field power radiation patterns when the inhomogeneous head phantom is utilized are depicted in Figure 8 for Antenna 1 and Antenna 2 at 0.9 GHz. The power penetration inside the inhomogeneous head phantom is 7 dB more for Antenna 2 as compared to Antenna 1 at the boresight direction of the antennas, and the FBR for Antenna 1 and Antenna 2 are 9.32 dB and 9.78 dB respectively. Variations in the main lobes of the antenna patterns are evident when the inhomogeneous head phantom is used, which are not there in the homogeneous case. These variations can be attributed to interference patterns generated by field reflections occurring at the interfaces between tissue layers.



As the human head comprises of inhomogeneous tissue characteristics, a simple homogeneous model is not adequate. The results of Figure 5, Figure 6, Figure 7 and Figure 8 indicate that to achieve more representative antenna design for biomedical applications such as on-head matched case, the inhomogeneity of human head needs to be considered.



SAR is an important parameter for biomedical applications, especially when an antenna is operating near or on a human body. The SAR is defined by the time derivative of the incremental energy (dW) absorbed by an incremental mass (dm):


  SAR =  d  d t      (    d W   d m    )   



(2)







Using the built-in calculation system for human tissues in CST 2017 the SAR can be evaluated, indicating the absorption of energy by the tissue. As CST 2017 can only evaluate SAR for human tissue materials, the SAR response for the homogeneous head phantom (a bulk dielectric) cannot be calculated. Figure 9 displays the computed SAR for Antenna 1 and Antenna 2 at 0.9 GHz at the surface of the skin layer of the inhomogeneous phantom. The maximum 10 g average SAR for Antenna 1 and Antenna 2 are 0.0884 W/kg and 0.0153 W/kg when an input power of 1 mW is applied to each antenna. Although the SAR for Antenna 1 is over 5 time more than Antenna 2, both of the SAR levels are well below the general human exposure limit of SAR [24].




3.2. Experimental Validation


The antennas are fabricated on FR4 substrates using the UV precision processing system (DL561U) from design comes true (DCT). Antenna 1 is without a superstrate, and the superstrate of Antenna 2 is attached on top using an epoxy glue which has similar permittivity (~3.5) to the FR4 material. The antennas are fed through the ground plane using an subminiature-A (SMA) connector. Figure 10 depicts the measured |S11| response of the two antennas when they are attached to the fabricated inhomogeneous human head phantom shown in Figure 11. The details of the measurement setup and the head phantom can be found in [16]. Both the antennas exhibit similar characteristics to those predicted in the simulation for the inhomogeneous human head phantom in Figure 4. The normalized near field power radiation pattern is shown in Figure 12, with measurement points taken every 10º at a 50 mm radius for both xz- and yz-plane of the antennas. As the power radiation pattern are normalized to the peak value from both patterns, it can be observed that Antenna 2 directs ~8 dB more power towards boresight than Antenna 1. The FBR for Antenna 1 is 6.5 dB whereas for Antenna 2 it is 17.7 dB, again indicating more substantial levels of power directed into the head phantom. Table 1 compares the properties of the proposed antennas to relative antennas for biomedical applications. Antenna 2’s use of a superstrate enables it to be comparable or outperform the leading antennas in the literature, particularly in terms of SAR and FBR.





4. Conclusions


In this paper, two antennas for on-head biomedical applications are designed with identical lateral dimension of 30 × 30 mm2, both operating at 0.9 GHz. The antennas differ in relation to the presence (or not) of a superstrate layer between the antenna and a human head phantom. An analysis as to the effect of the superstrate layer is undertaken in terms of current distribution, E- and H-field penetration, near field power radiation pattern and SAR when utilizing both a homogeneous and inhomogeneous layered human head phantom. The antenna without the superstrate is less effective at achieving field/power penetration deep inside the phantom, primarily due to the direct contact of the antenna conductors with the lossy high permittivity tissues. The antenna with the superstrate achieves more significant field/power penetration with a lower SAR on the skin surface due to the separation between the phantom and the antenna elements. The superstrate antenna achieves ~8 dB higher power penetration inside the head model in conjunction with a 0.0731 W/kg decrease in SAR compared to the antenna without a superstrate. Experimental validation of the antenna performance utilizing an inhomogeneous phantom was also achieved. The superstrate antenna also surpasses the performance of comparative biomedical antennas presented in the literature particularly in terms of SAR and FBR highlighting the importance and originality of this research. Hence this paper has provided evidence that including a superstrate in the structure of an on-head matched antenna for biomedical applications can provide increased power penetration inside human head with lower SAR.
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Figure 1. Schematic diagrams of the human head phantom matched antennas (a) without superstrate (b) with superstrate. Dimensions (in mm): a = 13, b = 13.5, c = 13.5, d  = 20.8, e = 12.9, f = 28.5, g = 29.4, h = 27, l = 30, w = 30. 
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Figure 2. Simulation setup of (a) Antenna 1 (b) Antenna 2 attached to the surface of a human head phantom. (c) Permittivity (εr), (d) loss tangent (tan δ) of the human head phantom material and (e) superstrate material (FR4) microwave characteristics. 
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Figure 3. Surface current distribution of (a) Antenna 1, and (b) Antenna 2 at 0.9 GHz while operating on-head. 
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Figure 4. |S11| of Antenna 1 and Antenna 2 for homogeneous and inhomogeneous head phantoms. 
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Figure 5. Distribution of the E-field inside the human head phantom for (a) Antenna 1 and (b) Antenna 2 at 0.9 GHz. 
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Figure 6. Distribution of the H-field inside the human head phantom for (a) Antenna 1 and (b) Antenna 2 at 0.9 GHz. 
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Figure 7. Normalized power radiation pattern at a 50 mm radius from the antenna feed centre for the homogeneous head phantom. (a) xz-plane, (b) yz-plane at 0.9 GHz. 
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Figure 8. Normalized power radiation pattern at a 50 mm radius from the antenna feed centre for the inhomogeneous head phantom (a) xz-plane, (b) yz-plane at 0.9 GHz. 
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Figure 9. SAR distribution of inhomogeneous head phantom for (a) Antenna 1 and (b) Antenna 2 for an input power of 1 mW. 
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Figure 10. Measured |S11| response of the antennas with and inhomogeneous phantom. 
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Figure 11. Fabricated inhomogeneous human head phantom. Overall dimensions: 300 mm × 150 mm × 150 mm. 
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Figure 12. Measured normalized power radiation pattern at a 50 mm radius from the antenna feed centre with an inhomogeneous head phantom (a) xz-plane, (b) yz-plane at 0.9 GHz. 
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Table 1. Performance comparison.
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	Antenna
	Electrical Size
	Max SAR (W/kg)
	Phantom
	FBR
	Placement





	[3]
	0.22λ × 0.22λ
	Not shown
	Inhomogeneous human head
	19 dB
	On-body



	[4]
	0.29λ × 0.08λ
	0.02 (10 g)
	Inhomogeneous human head
	10 dB
	Off-body



	[9]
	0.05λ × 0.05λ
	0.06 (10g)
	Homogeneous human head
	3.5 dB–16.5 dB
	On-body



	[25]
	0.35λ × 0.15λ
	Not shown
	Inhomogeneous human head
	Not shown
	On-body



	This Work (Antenna 1)
	0.09λ × 0.09λ
	0.0884 (10 g)
	Inhomogeneous human head
	6.5 dB
	On-body



	This work (Antenna 2)
	0.09λ × 0.09λ
	0.0153 (10 g)
	Inhomogeneous human head
	17.7 dB
	On-body











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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