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Abstract

:

This paper describes the development and evaluation of an on-body flexible antenna designed for an in-body application, as well as on-body communications at ISM and UWB frequency bands. The evaluation is performed via electromagnetic simulations using the Dassault Simulia CST Studio Suite. A planar tissue layer model, as well as a human voxel model from the human abdominal area, are used to study the antenna characteristics next to human tissues. Power flow analysis is presented to understand the power flow on the body surface as well as within the tissues. Simulation results show that this wearable flexible antenna is suitable for in-body communications in the intestinal area, e.g., for capsule endoscopy, in the industrial, scientific, and medical (ISM) band and at lower ultra-wideband (UWB). At higher frequencies, the antenna is suitable for on-body communications as well as in-body communications with lower propagation depth requirements. Additionally, an antenna prototype has been prepared and the antenna performance is verified with several on-body measurements. The measurement results show a good match with the simulation results. The novelty of the proposed antenna is a compact size and the flexible substrate material, which makes it feasible and practical for several different medical diagnosis and monitoring applications.
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1. Introduction


Currently, healthcare devices have attracted the interest of many antenna designers [1,2,3,4]. The continuous monitoring of a patient can interfere with the freedom of movement, which complicates the use of continuous monitoring. Thus, currently, healthcare systems aim to devise innovative wearable devices for wireless diagnosis, monitoring, and following-up of the patient’s health status, involving the motion activity [5]. Among the technological devices currently in a clinical use, we can find several wearable antennas implemented in those systems. Such antennas are mounted on the patient by means of attachment belts and the communication is established wirelessly with internal or external devices with respect to the human body [6,7,8]. To ensure good performance and safety of these connected devices, many issues should be taken into the account during the design stage [9,10,11]. The antenna radiating properties close to a human body should be investigated, as well as the antenna on-body matching at different body locations.



The design of new, sophisticated antennas for different body area applications has been an active research topic for several years [12,13,14,15,16,17,18,19,20,21,22,23,24,25]. Recently, there has been recognized a need for especially flexible, wearable antennas for biomedical applications. A couple of recently published surveys on flexible antennas and their materials [26,27,28] give a comprehensive overview on the previously published flexible antennas having different sizes, shapes, materials, properties, and their intended uses. One can find several flexible antennas designed especially for industrial, scientific, and medical (ISM) bands or ultra-wideband (UWB) [29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55]. However, published studies for flexible on-body antennas have emphasized on-body communications, leaving aside the implant communications. Only a few initial flexible antenna studies have been presented for the in-body applications: for tumor detection [52,53,54], brain hemorrhage detection [35], or in general head imaging [36]. These proposed antennas operate at least partially on UWB band or ISM band. In general, a very limited number of flexible antenna studies can be found covering the whole UWB band as well as ISM band 2.45 GHz.



When considering practical applications, the size of the antenna is crucial. Several wearable flexible antennas covering ISM bands 2.45 GHz or lower UWB bands are approximately at least 30 mm on the shorter side and even 50 mm on the longer side [26]. Antenna total efficiency, which is a ratio of the power delivered to the antenna relative to the power radiated from the antenna, is usually rather low with flexible antennas at UWB frequencies, approximately −20 dB [51], since the antenna operates less efficiently in proximity to the human body. The closer the antenna is to the skin surface, the weaker the total efficiency.



To the authors’ best knowledge, wearable flexible antennas for in-body communications for the entire UWB band, as well as ISM bands, have not yet been reported. This paper addresses this uncovered issue in flexible antenna design for medical monitoring and diagnosis applications by presenting for the first time in-body propagation results with the wearable flexible antenna. As an example case, the suitability of this flexible antenna for implant communications and gastrointestinal track monitoring, e.g., for wireless capsule endoscopy (WCE), is studied by evaluating frequency domain radio channel characteristics between this antenna and a UWB capsule endoscope antenna. Furthermore, the antenna is shown to be feasible for on-body communications as well.



The study is carried out using electromagnetic simulations as well as measurements with a hand phantom and a volunteer. Simulations are conducted with Dassault Simulia CST Studio Suite [55] using an abdominal tissue layer model as well as the torso anatomical voxel model’s torso from the abdominal area. The power flow analysis is conducted to evaluate propagation depth at different frequencies in the abdominal tissues. Specific absorption ratio (SAR) values, total antenna efficiency, and impact of the bending is studies, while simulation and measured results are also compared.



This is the first flexible on-body antenna that has been presented for implant communications and which covers such a wide frequency band. Besides, compared to the recently published antenna structures, the proposed monopole antenna is a very simple, more compact in size, and represents good peak efficiency.



This paper is organized as follows. Section 2 presents the antenna model and prototype. Section 3 presents the methodology, including a description of the layer model and the voxel model used in this study. This section also discusses pros and cons of these simulation models. Additionally, a description of measurements is given. Section 4 presents the simulation and measurement results. Section 4 presents a discussion, including future perspectives.




2. Antenna Model and Prototype


The novelty of the proposed antenna is the compact size with the use of a flexible substrate material, which is suitable for in-body and on-body communications. The antenna structure is illustrated in Figure 1a. The prototype of the antenna is presented in Figure 1b. The antenna is printed on the front side of the flexible Rogers XT8100 substrate, having the following dimensions: width 20 mm, height 30 mm, and 50 µm of substrate thickness.



The antenna dimensions are summarized in Table 1 as follows: R is the radius of the monopole, f1 is the total length of the feed line, g1 is the height of the shorter edge of the monopole ground, g2 is the height of the longer edge of the monopole ground, g3 is the width of the monopole ground, x1 is the lower gap of the coplanar feed, and x2 the higher gap of the coplanar feed.




3. Methodology


The novel antenna is evaluated with (1) electromagnetic simulations and (2) measurements using the prototype of the antenna. These methodologies are described in the following subsections.



3.1. Simulations


The antenna is designed and its performance is evaluated using Dassault Simulia CST Studio suite software [55], which is based on finite integration technique (FIT) [56]. Since the antenna is designed to operate tightly attached on the human skin, the performance is evaluated using two human tissue models, namely (a) a planar tissue layer model, and (b) CST’s anatomical voxel model Laura, which are presented in Figure 2a,b, respectively.



The thicknesses of the different tissue layers in the planar model are presented in Table 2, where also the relative permittivity of the tissues (𝜀r) and wavelength (λ) in the tissues are presented at the selected frequencies [57]. As can be seen, the relative permittivity and wavelength varies significantly from tissue to tissue, which has a clear impact on the propagation characteristics, as will be described through the paper. Figure 2b presents the torso of Laura voxel model used in the simulations. Laura voxel resembles a young, lean female. Only the part of the voxel model’s abdomen area is included in the simulations to save simulation time. The pixel resolution of the Laura voxel is 1.88 × 1.88 × 1.25 mm3.



The layered tissue models and voxel models have their own advantages and disadvantages in the evaluations as described, e.g., in [58]. The layered tissue model provides possibility to verify antenna performance and radio channel characteristics with a lower complexity. Additionally, the thickness of the tissue layers is easy to vary in the simple layer models. However, the deficiency of the layer model is the simplicity, especially in the in-body propagation studies: it cannot exploit multipath rich in-body propagation environment similar to the realistic human voxel models, in which the tissue thicknesses and thickness variations are designed according to a real human body. With anatomical voxel models, more realistic performances can be obtained. For instance, in the capsule endoscopy evaluations, it is crucial to use the realistic models since the abdominal muscles have certain shape with clear thickness variation. The areas with thinner/none muscle layer, e.g., in the central line of the abdomen, can provide “easier” propagation paths for the signal since the signal can avoid traveling through the muscle layer which has high propagation loss [59]. With layer modes, such realistic evaluations are not possible. Besides, fat as a propagation channel can be studied more efficiently with the voxel models [59]. Deficiency of the voxel models is the pixelization as well as higher computational complexity. The higher the resolution, i.e., the smaller the pixel size in the voxel model, the higher the complexity. Besides, in some cases, pixelization may cause challenges in the modeling, e.g., in the cases when the antenna is supposed to be tightly attached in the human skin. Such cases may require the use of smoothening layers, which consist of thin skin and fat layers inserted to the voxel model just below the on-body antenna to compensate non-smoothness due to pixelization as described, e.g., in [60].



The proposed flexible antenna has been designed to operate as tightly attached to the skin. Thus, some modifications have to be made for the voxel models with pixels to ensure smooth contact with the voxel’s skin surface. Although the pixels of the Laura-voxel are relatively small due to high resolution, they still cause air gaps between the antenna and the skin as shown in Figure 3a. The air gaps decrease matching of the antennas and thus, require the use of smoothening layers, as shown in Figure 3b. In realistic situations, the on-body antenna is tightly attached on the skin. Due to this “smoothening layer”, the model is more realistic as tight attachment of the antenna on the skin is achieved.




3.2. Measurements


Simulation results are verified with an antenna prototype produced based on the simulation model. Antenna reflection coefficient measurements were conducted using an Agilent Vector Network Analyzer 8720ES, with the SOLT-calibration for the frequency range of 2–11 GHz with 50-ohm coaxial cables, and with an input reference power of 5 dBm. The antenna’s efficiency was measured with Satimo Starlab antenna measurement system and with SH2000 dual ridge antenna.



A hand phantom of IXB-090 provided by IndexSAR company was used in the measurements. The phantom hand was vertically oriented along the X-axis in the Satimo coordination system, and the antenna was located on top of the hand on XY-plane and approximately on 1 mm distance to the surface of the hand. The feed cable was installed in the Z-axis direction connected to the 90-degree turn connector, and finally the antenna, where the antenna connector was pointing to +Y-axis direction and the antenna open end to the Y-axis direction, as presented in Figure 4, where the 90 degree turn connector was mechanically supported by the paper tape. The total antenna efficiency was measured both in the free space and on the hand. Moreover, the S11 parameter of the antenna was measured with a female volunteer on the hand area as well as on the abdomen area. The Ethical Committee of the Human Sciences of University of Oulu has granted approval for the antenna measurements on the human abdomen area with the permission number 14/2018.





4. Results


This section presents simulation and measurement-based evaluations of the flexible antenna. Firstly, the antenna matching is studied in Section 4.1 by evaluating S11 parameter as the antenna is fed with discrete port and with coaxial cables having different thicknesses. Then, in Section 4.2, the measured antenna matching is evaluated in different body parts, located directly on the skin or above the cloth of the volunteer. Additionally, impact of the bending is studied with measurements. Section 4.3 compares the simulated and measured S11 parameters as well as antenna efficiencies. In Section 4.4 and Section 4.5, the antenna’s usability for in-body and on-body communications at different frequencies is evaluated by studying power flow representations with the layer model as well as the voxel model. Channel characteristics between the flexible antenna and a UWB capsule endoscope model is evaluated in Section 4.6. Finally, the antenna’s safety is studied by SAR evaluations in Section 4.7.



4.1. Simulated S11 Parameters


In this subsection, the impact of the antenna feeding as well as the impact of the antenna-skin distance (a-s) for S11 parameter is studied with the layer model. Discrete port as well as coaxial cables with thicknesses 6.5 mm and 1 mm are used in the simulations. With discrete port, the antenna can be attached directly on the skin layer in the simulations. Thickness of the coaxial cable determines the antenna-skin distance in the simulation model, as seen in Figure 5a. With the coaxial cable thickness of 6.5 mm, the antenna-skin distance is 3.2 mm, whereas with the coaxial cable thickness 1 mm, the antenna-skin distance is 0.94 mm. Furthermore, we evaluate a case whereby we set the antenna with 1 mm coaxial cable directly located on the skin layer so that the skin layer is partially cut below the coaxial cable to enable direct contact between the skin and the antenna, as shown in Figure 5b.



Figure 6 presents the S11 results obtained with these different cases. As observed, the feeding and the antenna-skin distance has clear impact on the S11 results. The closer the antenna is to the skin, the better the antenna matching obtained for the whole frequency range 2–11 GHz. This result is positive since the wearable flexible antenna is targeted to work directly on the skin contact. The best matching is obtained with the discrete port.




4.2. Measured S11 Parameters


In this subsection, we evaluate S11 parameters by antenna prototype measurements. The antenna is measured on the abdomen and on the hand, as shown in Figure 7a,b, respectively. The measurements were taken with and without the thin cloth between the antenna and the skin. The thickness of the cloth was approximately 3 mm. The measured S11 results in these different cases are shown in Figure 8. Additionally, S11 results measured with the hand phantom are included in the figure.



It is observed that in the measurements, the antenna matching is relatively good within the whole bandwidth. One can note the variation between the measured S11 results. The best antenna matching is obtained as the antenna is located directly on the skin of the abdomen. The S11 parameter remains below −10 dB up to 9 GHz, after which it remains below −9 dB. As the antenna is located on the hand, directly on the skin, the S11 parameter remains below −10 dB within the whole measured range except at 2–3.7 GHz and 6.5–7 GHz, in which the S11 remains below 8 dB. Including the cloth between the antenna and the skin decreases antenna matching slightly at the frequency range 6–7 GHz, but interestingly improves antenna matching at lower frequencies.



Next, the impact of bending the antenna on S11 results is studied on the hand and on the abdomen by locating the antenna on the areas where occurs natural bending, e.g., on side of the hand. The measurements were taken with and without the cloth between the antenna and the skin. The results are shown in Figure 9. The S11 values measured on the unbended, i.e., straight part, are included for comparison. It is observed that the bending causes some changes in S11s at certain frequencies: on the hand, the major changes can be seen below 4.5 GHz, and on the abdomen, major changes are seen above 9.5 GHz. However, the antenna matching remains good, despite bending. In fact, the bending even improved the antenna matching on the abdomen measurements.




4.3. Comparison of Simulated and Measured Results for S11 Parameter and Antenna’s Total Efficiency


This subsection compares the simulated and measured S11 results. Figure 10 presents the simulated S11 result (in which the antenna is fully attached on the skin layer surface) as well as S11 parameters measured on the abdomen and skin with cloth. It is noted that a similar tendency can be found in simulated and measured results. There are some fluctuations along the evaluated frequency range. At certain frequencies, simulated and measured S11 parameters match better than in others. However, the differences are moderate and antenna matching is good in both simulated and measurement cases.



Next the antenna total efficiencies are studied by simulations and measurements. In the simulations, total efficiencies are measured in the cases when the thicker cable is used (antenna skin distance is 3.2 mm) as well as in the case when the antenna is fully attached on the skin (skin partially cut below the thinnest cable). The measured efficiency is obtained when the antenna is on the hand phantom. The simulated and measured efficiencies at different frequencies are summarized in Table 3. The efficiency results obtained from simulations, in which the antenna is fully attached on the skin layer, correspond well with the hand phantom measurements at lower frequencies. At higher frequencies the difference is several decibels. This is assumed to be due to the hand phantom properties. The hand phantom is designed for a lower UWB band, and thus the results obtained at higher UWB range are less reliable. In the simulations, as the antenna–skin distance increases, the efficiency improves slightly.




4.4. Power Flow Analysis at Different Frequencies for Layer Model


Next, we study in-body propagation from the proposed flexible antenna at the selected frequencies using the notion of power flow. Power flow represents the directional energy flux (the energy transfer per unit area per unit time) of an electromagnetic field. The total electromagnetic power flowing through a given surface is represented by the flux of the Poynting vector through it. In this case, the power flow values are selected to be expressed as decibels. Power flow values are normalized so that 0 dB is the maximum, which means the value at the transmitting antenna. The plotted dB range is −65–0 dB which is chosen to illustrate coverage according to the receiver’s sensitivity, 65 dB [60].



Figure 11a–g presents the power flow variation from the flexible antenna (ranging from 0 to −65 dB) on a 2D vertical cross-cut plane of the tissue layer model at 2.45, 3.1, 4.1, 5.8, 7, 9, and 10.6 GHz, respectively. All these frequency ranges are presented to enable a comparison in the power flow and especially in the propagation depth at different frequency ranges targeted for medical communications.



As is noted, the small intestine layer is reached easily up to a frequency of 3.1 GHz since the propagation loss is more moderate at lower frequencies. However, as the frequency increases, power loss increases affecting straightly to the propagation depth. The outer corner of the small intestine layer with the selected layer model thicknesses can be achieved up to 7 GHz, but at 9 GHz the small intestine area is not reachable. However, at the higher frequencies the flexible antenna could be used for the applications where the requirements for the propagation depth are minor. Next, the simulated power flows are studied with the voxel models.




4.5. Power Flow Analysis at Different Frequencies for Voxel Models


This subsection presents power flow evaluations obtained with an anatomical voxel model with flexible antenna set above the navel. Both in-body and on-body propagation evaluations are more realistic with voxel models than with layer models due to more realistic shape and anatomical structure of the voxel models. Due to significantly higher computational complexity of voxel models, in this case, we evaluate power flows only up to 5.8 GHz. Figure 12a–d presents power flow at 2.45, 3, 4, and 5.8 GHz, respectively. Further, in this case, the plotted dB range is −65–0 dB. At this horizontal cross-cut, the front part of the small intestine area is fully covered if the ISM frequency band of 2.45 GHz is used. Only the outer rightmost corner of the small intestine area is outside of this dB range. However, with multiple on-body antennas, the whole small intestine area would be easily covered. As the frequency increases, power flow coverage decreases. However, even at 5.8 GHz, the small intestine is achieved right below the antenna.



The presented flexible antenna is suitable also for on-body communications since the signal from the on-body antenna travels widely also via body surface. At higher frequencies, the propagation depth decreases clearly, but coverage on the body surface remains almost at the same level at this horizontal cross-cut.




4.6. Channel Evaluations between the Flexible Antenna and UWB Capsule Endoscope Model


Finally, the usability of the proposed flexible antenna for capsule endoscopy is studied by evaluating the channel characteristics between the flexible antenna and an UWB capsule endoscope model. The UWB capsule antenna is illustrated in Figure 13a and was originally presented in [25]. Figure 13b presents the dimensions of the capsule model used in the simulations.



In the simulation, the layer model described in Section 2 is used. The capsule model is set inside the small intestine layer in the same line as the flexible antenna. The simulations were carried out only until 7 GHz, since the power loss was expected to be excessively high after 7 GHz based on power flow results.



The frequency domain channel characteristics, i.e., the channel parameter S21, is presented in Figure 14. As expected, the S21 parameter decreases smoothly as the frequency increases. In this case, the signal from the capsule could be detected easily up to 5.4 GHz until which point the channel strength remains above −65 dB. Evidently, the receivers with better sensitivity, e.g., −85 dB as stated in [60], could detect the signal even at 7 GHz.




4.7. SAR Evaluations


SAR is a measure of the rate at which energy is absorbed per unit mass by a human body when exposed by electromagnetic field. According to IEEEC95.3 standard, the allowed SAR value is 2 W/kg [10]. The safety of the proposed antenna structure is evaluated by CST’s SAR calculations. The evaluations are carried out with the simulation model case shown in Figure 5b, in which the antenna–skin distance is 0 mm. An input power of 5 dBm was used in the SAR evaluations since it is the same power as was used in the measurements. With this input power, the maximum SAR value (10 g) is calculated for the selected frequency ranges, and these are summarized in Table 4. The maximum SAR values vary from 0.027 (2.45 GHz) to 0.053 (10.6 GHz), which are clearly below the standardized limit. Hence, this antenna can be considered safe for in- and on-body communications.





5. Discussion


This paper presents a compact-sized wearable flexible monopole antenna designed for in-body and on-body communications at ISM and UWB frequency bands. Compared to the recently published wearable flexible antennas structures, the proposed monopole antenna is a very simple, more compact in size, and represents good radiation performance in terms of total efficiency. Additionally, this is the very first flexible antenna paper presenting evaluations for in-body communications by studying radio channel characteristics between the proposed antenna and an UWB capsule endoscope with simulations.



The antenna evaluations were performed via electromagnetic simulations using CST Studio Suite simulation software, utilizing a tissue layer model for the abdominal tissues as well as an anatomical voxel model. Additionally, the antenna prototype was prepared, and measurements were carried out with a hand phantom as well as with a volunteer.



It was found that this antenna operates well both in ISM and UWB bands. The closer the antenna is to the skin surface, the better the antenna matching. This is an important characteristic for flexible antennas designed for body area networks and it also provides potential for many different applications.



Another important characteristic is that the bending of the antenna has only minor effect on the S11 results since the antenna would naturally bend when attached on the human skin. The power flow analysis show that the propagation depth in the abdominal tissue layer model and voxel model is good up to 5.8 GHz. Besides, the channel evaluations between the flexible antenna and a UWB capsule model using the layer model are in line with the power flow results. With the proposed flexible antenna, the signal could be detected easily up to 5.8 GHz if the receiver’s sensitivity limit is around −65 dBm [61]. With receivers having better sensitivity [62], even the signals transmitted at 7 GHz could be detected smoothly in this case. Naturally, as the propagation depth increases, also power loss increases and thus, 7 GHz frequency will become excessive to detect signals from the capsule which is deep inside the intestine area especially with persons having thicker muscle and fat layers. Overall, the presented results indicate that this flexible antenna would operate well as an on-body antenna in the capsule endoscopy if lower frequencies as well as multiple receiving antennas are used. At higher frequencies, the antenna is suitable for on-body communications as well as for in-body communications with lower propagation depth requirements.



The properties of the capsule endoscope antenna also have a strong impact on the radio channel evaluations between the on-body antenna and the implant antenna, especially in the practical scenarios where the capsule can rotate inside the intestine. Being in arbitrary position, the channel attenuation may become excessively high in unfavorable capsule positions if both on-body and implant antennas are linearly polarized. Hence, the use of circularly polarized efficient implant antennas, as presented, e.g., in [13,14,15], could significantly improve the channel condition in certain capsule positions. Additionally, enhancement of the power transmission link in the implant communications requiring deep propagation depths, as presented in [14], could also improve the performance of implant communications in practical scenarios.



As a future work, we will evaluate radio channel characteristics between the flexible antenna and a capsule endoscope model with simulations using several different anatomical voxel models having different sizes and body constitutions. Additionally, we will verify the simulation results measuring human tissue mimicking phantoms as well as pork tissue. Besides, our future work will include evaluations of the antenna’s usability for different medical monitoring and diagnostic applications in different body parts. We also aim to use more efficient and circularly polarized implant antennas for realistic evaluations.
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Figure 1. Flexible antenna (a) simulation model, (b) prototype. 
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Figure 2. (a) Tissue layer model, (b) CST’s anatomical voxel model Laura. 
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Figure 3. (a) Vertical cross-cut illustrating the air gaps between the skin and the antenna due to pixels of the voxel model, (b) Smoothening layer replacing air gaps. 
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Figure 4. Flexible antenna on the hand phantom in Satimo. 
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Figure 5. Dependence of the antenna-skin (a-s) distance from the cable length: (a) a-s = 3.2 mm as the cable thickness is 6.5 mm, (b) a-s = 0 mm as the antenna is on the skin layer which has been cut partially below the thin cable. 
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Figure 6. S11 results simulated with the layer model with different antenna-skin distances (coaxial cable thicknesses). 
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Figure 7. (a) Antenna located on the hand, (b) antenna located on the abdomen, both locations measured with and without the thin cloth between the antenna and the skin. 
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Figure 8. Measured S11 in different cases: antenna set on the hand phantom (green line), on the volunteer’s hand with and without the cloth between the antenna and the skin (blue lines), volunteers abdomen with and without the cloth between the antenna and the skin (red lines). 
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Figure 9. Impact of the bending of the antenna, measured on the abdomen (blue curves) and on the hand (red curves). 
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Figure 10. Comparison of the S11 parameters obtained by layer model simulations and measurements on the hand (with and without the cloth). 
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Figure 11. Power flows in the vertical cross-cuts of the layer models at (a) 2.45 GHz, (b) 3.1 GHz, (c) 4 GHz, (d) 5.8 GHz, (e) 7 GHz, (f) 9 GHz, and (g) 10.6 GHz for dB range −65–0 dB. 
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Figure 12. Power flows in the vertical cross-cuts of the voxel models at (a) 2.45 GHz, (b) 3.1 GHz, (c) 4 GHz, (d) 5.8 GHz, for the dB range −65–0 dB. 
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Figure 13. (a) UWB capsule antenna, (b) UWB capsule endoscope model. 
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Figure 14. S21 channel parameter between the flexible antenna and UWB capsule. 
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Table 1. Dimensions of the antenna structure.
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	Parameter
	X
	Y
	R
	f1
	g1
	g2
	g3
	x1
	x2





	Dimension [mm]
	20
	30
	8.1
	11
	9.1
	10
	5.7
	0.4
	0.6
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Table 2. Thicknesses of the tissue layers, relative permittivity (𝜀r) of tissue and wavelength in the tissue (λ) at different frequencies.
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Tissue

(Thickness)

	
Relative Permitivity 𝜀r/Wavelength λ [m] at Selected Frequencies




	
Frequency [GHz]




	
2.45

	
3.1

	
5.8

	
7

	
9

	
10.6






	
Skin (1.4 mm)

	
38.0/0.022

	
37.4/0.015

	
35.1/0.009

	
33.1/0.42

	
32.0/0.42

	
30.7/0.005




	
Fat (outer:15 mm, inner 7.5 mm)

	
5.28/0.053

	
5.21/0.04

	
4.95/0.023

	
4.84/0.20

	
4.68/0.015

	
4.58/0.013




	
Muscle (15.13 mm)

	
55.0/0.04

	
51.9/0.013

	
48.5/0.072

	
46.8/0.006

	
44.12/0.05

	
42.0/0.0042




	
Small intestine (15 mm)

	
59.4/004

	
53.8/0.013

	
48.5/00.07

	
46.7/0.006

	
43.6/0.049

	
41.2/0.0042
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Table 3. Measured and simulated total efficiencies at different antenna-skin distances.
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	Frequency [GHz]
	2.45
	3.1
	4.0
	5.8
	7.0
	9.0
	10.6





	Simulated, a-s = 0 mm [dB]
	−15.5
	−16.5
	−17.2
	−17.1
	−16.0
	−17.0
	−17.5



	Simulated, a-s = 3.2 mm [dB]
	−10.5
	−12.5
	−11.0
	−7.5
	−7.0
	−4.2
	−4.5



	Measured [dB]
	−16.6
	−14.8
	−11.0
	−6.5
	−7.1
	−5.9
	−6.1
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Table 4. Simulated SAR-values at different frequencies as the input power is 5 dBm.
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	Frequency [GHz]
	2.4
	3.1
	4.0
	5.8
	7.0
	9.0
	10.6





	SAR
	0.027
	0.032
	0.040
	0.046
	0.050
	0.052
	0.053
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