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Abstract: With the help of in-body antennas, the wireless communication among the implantable medical devices (IMDs) and exterior monitoring equipment, the telemetry system has brought us many benefits. Thus, a very thin-profile circularly polarized (CP) in-body antenna, functioning in ISM band at 2.45 GHz, is proposed. A tapered coplanar waveguide (CPW) method is used to excite the antenna. The radiator contains a pentagonal shape with five horizontal slits inside to obtain a circular polarization behavior. A bendable Roger Duroid RT5880 material (εr = 2.2, tanδ = 0.0009) with a typical 0.25 mm-thickness is used as a substrate. The proposed antenna has a total volume of 21 × 13 × 0.25 mm3. The antenna covers up a bandwidth of 2.38 to 2.53 GHz (150 MHz) in vacuum, while in skin tissue it covers 1.56 to 2.72 GHz (1.16 GHz) and in the muscle tissue covers 2.16 to 3.17 GHz (1.01 GHz). GHz). The flexion analysis in the x and y axes was also performed in simulation as the proposed antenna works with a wider bandwidth in the skin and muscle tissue. The simulation and the curved antenna measurements turned out to be in good agreement. The impedance bandwidth of −10 dB and the axis ratio bandwidth of 3 dB (AR) are measured on the skin and imitative gel of the pig at 27.78% and 35.5%, 13.5% and 4.9%, respectively, at a frequency of 2.45 GHz. The simulations revealed that the specific absorption rate (SAR) in the skin is 0.634 and 0.914 W/kg in muscle on 1g-tissue. The recommended SAR values are below the limits set by the federal communications commission (FCC). Finally, the proposed low-profile implantable antenna has achieved very compact size, flexibility, lower SAR values, high gain, higher impedance and axis ratio bandwidths in the skin and muscle tissues of the human body. This antenna is smaller in size and a good applicant for application in medical implants.
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1  Introduction

In-body devices play a key role in improving the daily lives of patients [1]. With in-body antennas, the biotelemetry system has given lots of benefits, including high data-rates and long-range connections [2,3]. The main features of the proposed CP antenna design are in-body medical equipments [4]. In the medium frequency range (402–405 MHz) [5–7], and in the ISM frequency range (2.4–2.48 GHz) [8–13], many native CP antennas have been planned for communication in wireless systems. Reference [14] described a small broadband antenna for biomedical implants that operates in the MICS band (403 MHz). The non-conducting layer was a Roger 6010 semi-bendy material with a 1.27 mm-height. SAR values of 284.5 W/kg at 1 g were determined, which is significantly higher than our stated design. Reference [15] proposed a new biomedical ISM antenna for in-body purposes created on a polyimide material. The antenna had a peak gain of −16.8 dB and a working band-range of 1.22%. The total antenna size was 2520 mm2. On the required frequency, the obtained gain and working band-range were recorded at −34.9 dB and 14.9% respectively. References [16,17] reported multiband antennas for the ISM band purposes. Reference [18] described a small CP antenna for biological purposes with improved matching. The ground plane has an X-shaped slot, and the radiating array is circular. Rogers 3010 was employed as the substrate, and it was 0.634 mm thick. The antenna profile is thicker than our proposed design [19] due to the two-layer substrate. However, the antenna was not biologically compatible with the individual body and had SAR value of approximately 649 W/kg, which is still above the IEEE/IEC 6270-1 limit of 1g mass of tissue. A circular CP antenna with AR of 19.1% has been reported for medical purposes in [20]. This stated design made with dual flexible layers of Roger 3010, each of 0.635 mm thick. The antenna worked at 2.45 GHz in the ISM band, with an operating band-range of 8%. The value of SAR for the design, worked in muscle tissue, were calculated to be 508 W/kg, exceeding the standard limit. The maximum antenna gain was −17.5 dB. As the design was larger than our presented antenna, also no twisting analysis were performed. Another work in [21], described a CPW-powered implantable split ring resonator-based design for biological purposes. The complete size was found to be 2422 mm2 and the bendy polyimide material with 0.07 mm thick was used. The antenna had a low profile and could be tested in vitro. Compared to our proposed antenna, the antenna was still quite large. At 2.45 GHz, the realized gain, and optimum band range were −19.7 dB and 24.4%, respectively.

This paper illustrates a bendable in-body CP antenna design with a volume of 21 × 13 × 0.25 mm3 for biomedical purposes working in the ISM band (at 2.45 GHz). The antenna has an elliptical radiation pattern in the E-plane and omnidirectional in the H-plane at 2.45 GHz. The in-body antenna is compact and flexible, which allows it to work better inside body. The proposed antenna uses modified coplanar waveguide (CPW) technology, which reduces SAR and back radiation values. The stated design covers a wider band-range at 2.45 GHz due to the recent patch and CPW modification, and its maximum gain is comparable to recent research Under the impact of the physical body, the effectiveness and act of the proposed antenna have increased and the SAR values greatly reduced The paper is distributed in four sections: The first section presents the research topic, traces the history of the proposed study, the description of the research objectives and the meaning of the study. Design analysis of the proposed system is discussed in Section 2. The production and measurement results, as well as the testing of the antenna in skin and muscle tissues, are described in Section 3 and the conclusion is presented in Section 4.

2  Antenna Design Methodology

A compact monopole slotted antenna with a pentagonal radiator in coplanar waveguide (CPW) technique is stated. The suggested design contains a flat printed monopole with a flexible Roger RT5880 substrate of 0.25 mm thick as shown in Fig. 1. Roger RT5880 is a known material for its low profile and stability in folded conditions. The total size of the antenna is 21 × 13 × 0.25 mm3. The antenna shown was simulated employing CST simulator and the antenna’s S11 value was observed to be −31.985 dB at an operating band of 2.45 GHz. The impedance and the AR band-range of the presented antenna seem to be 5.73% and 13.46%, correspondingly. The optimal parameters of this design are shown in Tab. 1.
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Figure 1: In-body antenna design structure
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2.1 Stated Structure Design Steps

The model procedure for the in-body antenna is demonstrated in Fig. 2. The design steps of the antenna help to find out the optimized parameters to achieve optimum values in terms of S11 and the axial ratio bandwidths. The proposed design can be performed in three steps; in the first step (ANT I), a rectangular radiator is proposed to achieve a reflection coefficient of −10 dB, but it resonates only at 2.7 GHz and in this case, it has no circular polarization. The length and width of the radiating monopole (13 × 12 mm2) are denoted by ‘Lm’ and ‘Wm’, respectively. In the second step (ANT II) (Fig. 2a), the rectangular monopole is truncated at its lower edges to change the frequency toward the desired band and to achieve CP. This lowers the resonant frequency to 2.6 GHz (100 MHz) while maintaining the S11 below −10 dB at 2.55 GHz and AR band-range of 8.1%. In the step 3 (ANT III), the CPW ground of the truncated rectangular monopole is modified to achieve a good AR bandwidth of 10.2%, but the frequency is at 2.55 GHz with a characteristic band-range of 120 MHz. Thus, to shift the band to a lower band (up to 2.45 GHz) with improved AR, horizontal slots are introduced in the truncated rectangular monopole, as shown in ANT IV. In the instance of ANT IV, the stated design displays an AR band-range of 13.46% and works completely at 2.45 GHz with a improved band-range of 140 MHz. The simulated S11 plot and the plot of the axis-to-frequency ratio of the entire design process is shown in Fig. 2b, demonstrating how easy it is to match the impedance at 2.45 GHz with the CPW technique.
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Figure 2: (a) Printed antenna design procedure, (b) comparison of S11 and the axial ratio in [dB]

2.2 Parametric Analysis

This section explains in detail how to analyze the parameters of the implanted antenna. The width of the monopole ‘w1 = wm’, feedline’ width ‘w5’, CPW ground’ width ‘w6’, length of the upper length of the monopole ‘l2’, CPW ground’ length ‘l5’, length of the horizontal slit ‘l3’, width of the slit ‘w2’, and width of the rotated slit ‘w3’ as shown in Fig. 3. The frequency band was changed from 2.6 to 2.45 GHz (150 MHz) by changing the value of ‘w1’ from 16 to 20 mm as shown in Fig. 3a. The frequency band changed 2.2–2.63 GHz (430 MHz) when the value of ‘w5’ changed 0.5–1.5 mm, as shown in Fig. 3b. The frequency band increased 2.45–2.39 GHz (60 MHz) when the values of ‘w6’ increased 3–6 mm, as shown in Fig. 3c. The frequency changes from 2.45 to 2.6 GHz (150 MHz) when the value of ‘l2’ changes from 5.25–7.25 mm, as shown in Fig. 3d. The band was changed 2.45–2.82 GHz (370 MHz) by increasing the value of ‘l5’ 7–9 mm, as shown in Fig. 3e. Optimization of the radiator slots is now also considered. The frequency band was increased 2.45–2.7 GHz (250 MHz) with a reduction in return loss when the length and width of the horizontal slot ‘l3’ was increased from 0.5–1.25 mm, as shown in Fig. 3f. As shown in Fig. 3g, the frequency was increased 2.5–2.81 GHz (310 MHz) by reducing the width of the ‘w2’ slot from 6.5–4.5 mm. Finally, the width of the ‘w3’ rotation slot has been optimized. It was found that by reducing the value of ‘w3’ 6–4 mm, the frequency could be increased 2.5–2.8 GHz (300 MHz), as shown in Fig. 3h.
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Figure 3: Study of parameters; (a) changes in ‘w1’, (b) changes in ‘w5’, (c) changes in ‘w6’, (d) changes in ‘l2’, (e) changes in ‘l5’, (f) changes in ‘l3’, (g) changes in ‘w2’, (h) changes in ‘w3’

3  Manufactured Model of the Stated Design

The proposed implantable design was printed on a flexible Roger RT5880 material with 0.25 mm thick profile; front and back view of the constructed prototype are displayed in Fig. 4a. In an anechoic chamber, the radiation pattern is measured, and the experimental frame is presented in Fig. 4b. In the far field evaluation anechoic chamber, we use the stated design and the proposed radio frequency (RF) absorber to absorb the RF signals from the device in the anechoic chamber. A VNA is used to verify the implantable antenna S11. The stated design covers the band-range 2.39–2.53 GHz (140 MHz) at 2.45 GHz in the case of the simulated results and the band-range 2.35–2.55 GHz (200 MHz) at 2.45 GHz in the case of the measured reflection coefficient, as shown in Fig. 4c.
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Figure 4: (a) Prototype fabricated antenna, (b) antenna setup inside anechoic chamber, (c) assessment between the simulated and experimental S11 [dB] in free space

In vacuum, the (E & H) levels of the design are validated and experimentally checked (see Fig. 5a). The performance of the antenna is described by its two-dimensional (2D) radiation pattern. At 2.45 GHz, the proposed antenna radiates an elliptical pattern in the E-plane and an omnidirectional in the H-plane. At 2.45 GHz, the proposed antenna has simulated and measured gain of −2.5 dB and −2.7 dB, respectively. Fig. 5b provides the current density of the implanted antenna. The coplanar waveguide power line (CPW), the ground plane and the lower slots where most of the current flows. When current flows in a circular path through the printed monopole, the characteristics of circular polarization are demonstrated. Fig. 6 shows the maximum gain graph and a contrast among the measured and simulated axis ratios. The simulated antenna in vacuum covers the AR band-range from 2.25 to 2.53 GHz (11.42%) at 2.45 GHz, while the prototype covers the AR band-range 2.3 to 2.53 GHz (9.38%) at 2.45 GHz.
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Figure 5: (a) Two-dimensional pattern of the design in vacuum at 2.45 GHz, (b) Surface current distribution
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Figure 6: Difference in the simulations and the experimentally validated gain and the axial ratio vs. frequency graph

3.1 Bending Analysis

As the design is manufactured by using a bendy Roger material RT5880, it is needed to study the antenna deflection along the horizontal and vertical axes to confirm the S11 of the prototype when it is not folded. In implanted conditions, the antenna is essentially based on bending. The assessment of the antenna deflection along the x and y axes in vacuum is described in detail in this section. Flexural analyzes are not only based on simulations, but also measured using a cylinder-shaped foam with a radius of 30 mm. Bending analysis along the x and y axes demonstrates both the stability and flexibility of the antenna [22]. Therefore, the antenna scattering parameters in human tissues may not change when folded. Therefore, it is necessary to test the stability of the antenna as it is made of flexible material.

3.1.1 Bending Along X-axis

Different radii of curvature are chosen along the x-axis Bx = 20–100 mm to study the behavior of the S11, the maximum gain and the pattern of the antenna. Fig. 7a relates the simulated results of the antenna folded along the x-axis. It is recognized that all radii of curvature undergo unnecessary changes and the peak gain attained with the radiation pattern at 2.45 GHz decreases significantly. The difference of the AR of the curved antenna alongside the x-axis is demonstrated in Fig. 7b.
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Figure 7: Bending study of the antenna along x-axis at 2.45 GHz; (a) difference in S11, (b) difference in AR

When folded along the x-axis, the reflection coefficient of the proposed biomedical implantable printed unipolar antenna is not only modelled, but also measured. When folded along the x-axis (Bx = 30 mm), Fig. 8 illustrates the contrast between the simulated and measured S11. The folded antenna covers the band-range from 2.38–2.53 GHz (150 MHz) to 2.45 GHz in the computed result, whereas the antenna covers the band-range from 2.34–2.49 GHz (150 MHz) to 2.45 GHz in the measured result.
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Figure 8: Bending of the antenna and S11 behavior when Bx = 30 mm

3.1.2 Bending along Y-axis

To authenticate the S11 behavior, the acquired gain, and the antenna’s radiation pattern, several values of radii of curvature (curvature along the y axis ‘By’ = 20–100 mm) are used. In Fig. 9a, the antenna modeling results are compared when folded along the y axis. There are minimal changes in all radii of curvature, and the gain achieved with the radiation pattern at 2.45 GHz gradually decreases. Fig. 9b shows a comparison of the axial ratio of an antenna bent along the y axis. The axis ratio values change somewhat when folded along the y axis, as seen in the diagram. The AR value is less than 3 dB and the antenna works perfectly at 2.45 GHz.
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Figure 9: Deflection study of the antenna along y-axis at 2.45 GHz; (a) difference in S11, (b) difference in AR

When the suggested flexible implantable antenna is bent along the y-axis, the S11 is simulated and measured. The difference between simulated and observed S11 when bent along the y-axis (By = 30 mm) is shown in Fig. 10. The folded antenna covers the band-range of 2.39–2.52 GHz (130 MHz) at 2.45 GHz in the computed result, whereas the antenna covers the band-range of 2.40–2.49 GHz (90 MHz) at 2.45 GHz in the measured result.
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Figure 10: Bending of the antenna and S11 behavior when By = 30 mm

4  Antenna Testing Inside Human Tissues

This section simulates and evaluates the suggested antenna design in a human body phantom model to see if it is suitable for biomedical telemetry applications. As a result, when building an antenna for high-precision biotelemetry applications, the existence of tissues must be considered while estimating SAR. The antenna’ act in near-body phantoms and the SAR values at 2.45 GHz are also considered for this objective. As indicated in Fig. 11, the 3D box has a surface size of 50 x 50 mm2. The phantoms utilized in the testing are made up of three layers of tissue: skin, fat, and muscle. Tab. 2 shows their thickness and 2.45 GHz properties. The stated design was tested in the tissue layers in two ways, namely skin and muscle. CST Microwave Studio is employed to simulate the proposed antenna.
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Figure 11: Human body phantoms box
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4.1 Testing Inside Skin Mimicking Gel

Ideally, endogenous antennas are proposed to minimize the strong effects of coupling affected by human tissue. The antenna will be implanted 0.75 mm deep into the skin tissue while examination, as displayed in Fig. 12. The proposed design is simulated over a 50 mm × 50 mm area with different layers of human tissue to estimate these effects. As shown in Tab. 2, it consists of a layer of skin (1.6 mm-thickness), fat (4 mm-thickness), and muscle tissue (8 mm-thickness). To calculate the radiation pattern and S11 of the presented design in the skin, a “skin-like gel” with an εr of 46 is used (see Fig. 12a) because its values are near to human skin tissue. To prepare a solution of the “skin-like gel”, the amount and percentage of the ingredients of the gel such as sucrose (53%), deionized water (47%), and sodium chloride (NaCl) solution are adjusted to 40 ml in a beaker with a magnetic stirrer and stimulated for 15 min. Then, 0.5 g of dry carbomer was added in a liquid solution to form a ‘skin-like gel’. The solution was then heated to 81°C for 59 min to obtain a neat mixture. The solutions were then coagulated by chilling to room temperature before being measured [19]. Fig. 12b depicts the discrepancy among the simulated and measured S11 of the antenna in the skin. The biological antenna works from 2.16 to 3.17 GHz (41.22 percent) at 2.45 GHz, whereas the produced antenna in the imitating gel has bandwidths from 2.17 to 2.85 GHz, according to the simulated S11 value in the skin (27.75 percent).
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Figure 12: (a) Investigational framework to determine pattern and S11, (b) comparison of S11 inside skin tissue

The modeling and measurement findings of the radiation pattern in skin tissue in the (E&H) plane is shown in Fig. 13. The two-dimensional pattern defines the activity of the antenna inside the skin. The antenna under the skin features a wide-area omnidirectional radiation pattern in the E-plane and an elliptical radiation pattern along the H-plane, according to these far-field observations at 2.45 GHz. The simulated realized gain within the skin at 2.45 GHz is −14.3 dB, whereas measurement findings reveal a realized gain of −13.8 dB. Fig. 14 depicts the axial ratio and realized gain inside the skin as modelled and measured. The AR band-range of the simulated antenna in the skin tissue is 2.18 to 2.53 GHz (14.2 percent) at 2.45 GHz, whereas the manufactured antenna in the skin-like gel is 2.19 to 2.52 GHz (13.5 percent) at 2.45 GHz.
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Figure 13: Two-dimensional pattern at 2.45 GHz inside skin tissue
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Figure 14: Difference in the simulation and experimental gain and the AR inside skin

4.2 Testing Inside Muscle

To simulate and test the flexible implantable antenna in human muscle tissue, the antenna is kept 2 mm deep in muscle tissue. Fig. 15 shows the simulation evaluation setup and radiation pattern measurement in the anechoic chamber and S11 measurement in tissue with VNA. Since, in the situation of the simulation outcomes, the antenna is tested inside the human muscle tissue, while in the case of the experimental outcomes the antenna is measured inside the pork phantom whose properties are very similar to human muscle tissue. Antenna S11 is simulated in human muscle tissue and measured in pork and their comparison is indicated in Fig. 15b. The simulation results of the implantable antenna in human muscle tissue indicate an operating bandwidth of 1.56 to 2.72 GHz (47.3%) to 2.45 GHz. The antenna prototype in the pork, on the other hand part, it featured bandwidths from 1.82 to 2.69 GHz (35.5%) to 2.45 GHz, which shows that the simulated S11 is close to the measured S11.
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Figure 15: Antenna testing setup inside muscle of human tissue, (b) contrast among the simulated and measured S11 inside muscle tissue

The planes (E and H) of the simulated radiation pattern observed inside the muscle are shown in Fig. 16. The 2D radiation pattern defines the antenna performance inside the muscle. These far-field results demonstrate that the antenna within the muscle has broad directional radiation patterns in both planes in the 2.45 GHz frequency band. The simulation results also showed maximum gain within the muscle. of −16.1 dB at 2.45 GHz, while the realized gain is determined by the measurement results of −15.8 dB at 2.45 GHz. Fig. 17 shows the graphs of simulated and measured gain and axial ratio performed within the muscle tissue. At 2.45 GHz, the simulated antenna within muscle tissue covers an AR band-range of 2.37 to 2.5 GHz (5.3%), while the antenna manufactured within the pig covered an AR band-range of 2.39 to 2.51 GHz (4.9%).
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Figure 16: Simulated and measured farfield results at 2.45 GHz inside muscle tissue
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Figure 17: Assessment of the of gain and the axial ratio of the prototype inside muscle tissue

4.3 SAR Evaluation

The radiation of EM-waves can produce hazards to the health of the body and these hazards are computed by means of SAR. The relation among input power and SAR is as follows [10]:

SAR =σ|E2|ρ(1)

where, ′σ' and 'ρ′stands for thermal conductivity (S/m) and mass density (kg/m3), respectively. The signal power is proportional to the electric power intensity as shown below [13]:

Power (W/m2)=(E(V/m))2377(2)

SAR simulations were performed when the stated design is held in skin and muscle. The input power pin was held constant at 0.05 mW with an estimated SAR for IEEE/IEC 6270-1 be close to 1 g tissue mass. Calculated SAR values at 2.45 GHz are 0.634 W/kg in skin tissue and 0.914 W/kg in muscle tissue, as indicated in Fig. 18. Suggested antenna performance is compared to recent studies in Tab. 3.
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Figure 18: SAR distribution of the proposed antenna at 2.45 GHz over 1 g; (a) inside skin tissue, (b) inside muscle tissue
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5  Conclusion

This work presents a printed unipolar antenna with a small footprint for biomedical implant applications. Computer Simulation Technology (CST) software was used to simulate the design. This antenna resonates at 2.45 GHz in the ISM band. The antenna is manufactured of RT/Duroid 5880 and has overall dimensions of 21 mm × 13 mm × 0.25 mm. The measured gain of the antenna within the skin and the skin mimicking gel is considered as −13.8 and −15.8 dB correspondingly, while the measured band-range of the antenna is testified as 35.5% and 27.78% inside skin and muscle tissues, correspondingly and the AR band-range are estimated by experimentation as 13.5% inside mimicking gel and 4.9% inside pork. SAR values are smaller than the FCC standards, which are 0.634 W/kg within the skin and 0.914 W/kg within the muscles. Biocompatibility and safety compliance issues related to medical building applications were also addressed. As it is clear from the above results that the antenna showed much lower values than the SAR values, this antenna is applicable for biomedical telemetry applications and is useful in doctor-patient communication. This antenna is miniaturized and is an appropriate candidate for portable biomedical purposes. Additionally, it is suggested to improve the antenna gain within human tissues as well as to reduce the SAR values to make the antenna biocompatible.
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Table 3: A comparison of the performance of the proposed antenna to that of other recent studies

Ref. Dimensions Operating  Substrate  Realized Imp. Polarization/ Human SAR Proposed
no. (mm3)/(xg3) frequency  material gain BW(%)/ Design tissue (Wikg) technique
(GHz) (er) (dB) AR complexity enclosure @ lg
BW
(%)
9] (3.14 x 100 x 2.54) 0.4/2.45 Roger —33.1/ 38.1 Linear/ SKIN 241.5/ Coaxial
(0.082 x 2.6 x 0.066) 6010 —-1455 & Slotted 149.7 feeding
(10.2) 17.6 complex probe
circular
patch
[12] (40 x 40 x 1.59) 1.76/4.88 FR-4 -39/ 20.3 Linear/ SKIN Not Coplanar
(1.37 x 1.37 x 0.054) 4.4) -22.2 & Simple Calculated Waveguide
32.11 monopole (CPW)
[13] (3.14x28.6x 1.34)  0.402/2.45 Roger —41/ 41 Linear/ SKIN 666/ Slotted
(0.082 x 0.748 x 0.035) 3010 -21.3 & Complex 676 ground
(10.2) 27.8 circular
PIFA
[14] (3.14x23x0.634) 245 Roger —203 16/ Circular/ MUSCLE 649 Coaxial
(0.082 x 0.60 x 0.016) 3010 18.3 Slotted feeding
(10.2) circular probe
patch
[15] 3.14x25x1.27) 2.45 Roger —17.5 8/ Circular/ MUSCLE 508 Circular
(0.082 x 0.65 x 0.033) 3010 19.1 Complex slots
(10.2) annular
ring
[16] (24 x22x0.07) 2.45 Polyimide —19.7  24.4 Linear/ SKIN/ 0.719/ Complementary
(0.36 x 0.33 x 0.001) (3.5) Complex MUSCLE 0.229 split
ring
resonator
[This 21 x 13 x 0.25 2.45 Roger -13.8/ (27.78 Circular/ SKIN/ 0.634/ Truncated
work] (0.25 x 0.15 x 0.003) T5880 -15.8 & Simple MUSCLE 0.914 slotted
2.2) 35.5)/ monopole patch
ass with
& Coplanar
4.9) Waveguide

(CPW)






OEBPS/Images/CMC_25527-fig-10.png
0
-5
)
K]
=10
-
-
(]
=15
e Simulated By=30mm
@a e Measured By=30mm
-20 T T T :
2.0 22 24 2.6 2.8 3.0

Frequency [GHz]





OEBPS/Images/CMC_25527-fig-15.png
e Sim $11inside MLlscIe
Meas $11 inside Muscle

42 ] //

1.8 2.0 2.2 2.4 2.6 2.8
Frequency [GHz]

(a) (b)





OEBPS/Images/CMC_25527-fig-11.png
FAT
MUSCLE






OEBPS/Images/CMC_25527-fig-3b.png
$11 [dB]

-15

-20

-25

-30

‘mgna... T e o .—---.-.-:.-,--.-r
4 ‘ ..'
.\ ... -_/ . 4
% \ 4
\ .‘-, SN2
.o‘ 1 H N .l
1 ]
(W]
4 2
4 o
.
e
|emes w2s6.5mm :.5
esee W2=5.5mm -
== w2=4.5mm
2.0 2.2 24 2.6 28 3.0

Frequency [GHz]

(2)

$11 [dB]

-30

-40

2.0

seee W3=6mm
oo W3=5mm
- W3=4mm

22

24 2.6
Frequency [GHz]
(h)

2.8 3.0





OEBPS/Images/CMC_25527-fig-16.png
300

270

240

www Measured H-plane
=== Simulated H-plane

wwe Measured Eplane
=== Simulated E-plane

150 =~ 210 150 210
180 180





OEBPS/Images/CMC_25527-fig-7.png
»

S$11 [dB]
w

Axial Ratio [dB]

N

Bx=20mm
Bx=40mm
Bx=60mm
Bx=80mm
Bx=100mm

Frequency [GHz]

2.2 24 2.6
Frequency [GHz]
(b)






OEBPS/Images/CMC_25527-fig-12.png
Proposed
Antenna

yy11?

&
v
»
-
»
»

e Sim $11inside Skin|
6 Meas $11 inside Skir

MY

1.8 2.0 2.2

24

2.6

Frequency [GHz]

(b)

2.8

3.0





OEBPS/Images/CMC_25527-fig-17.png
Pelak Gain [dB]
S &

0
-
(2]

)
=3

e Sim AR inside Muscle
| ===« Meas AR inside Musclg
e Sim Gain inside Muscle
| == <+ Meas Gain inside Musgle

S

wsommesamesamosmmhoabof 3 ﬁ\
.

T T Y —rry—

2.2 23 24 25

Frequency [GHz]

2.6

[ap] oney |eixy





OEBPS/Images/CMC_25527-fig-2.png
A
oW
iLm STEP T
d 1 =
; *
STEP
2
o
k-
o
STEP S
3 x
s
\/ 43 <

(a)

wmssmm ANT |
-40 {==== ANTII
= e= ANTIIl
e ANT IV
-50 T T T :
20 2.2 24 2.6 2.8 3.0
Frequency [GHz]

40

»
L

w
L

e o ANTI
w=ceam ANTII
@®ee ANTH
w— ANT IV
s Grnd on Back

20

22

24 26
Frequency [GHz]

28 3.0

(b)





OEBPS/Images/table-1.png
Table 1: Optimum parametric list of the design

Parameters  Values (mm) Parameters Values (mm)

L 21 W 13
11 4.78 wl 12
12 4.25 w2 5

13 0.5 w3 6

14 11.35 w4 5.76
15 8.50 w5 1

16 9 wb 5

Lm 13 Wm 12
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Table 2: Properties of the body phantoms at 2.45 GHz [21-22].

Human body phantoms Thickness (mm) Relative permittivity (¢,) Electrical conductivity (S/m)

Skin 1.6 38.5 1.45
Fat 4.0 5.29 0.10
Muscle 8.0 52.7 1.73
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