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	 A compact tapered antenna with a meandered strip line for implanted biomedical applications 
is proposed. The proposed antenna can be operated at a medical device radio communication 
service (MedRadio) band, a long-term evolution (LTE) band 8, an LTE band 11, and an 
industrial, scientific, and medical (ISM) band. A linear tapered structure is introduced to 
improve antenna gain, and simultaneously, a meander line is adopted to lower the resonant 
frequency to the MedRadio band and reduce the size of the proposed antenna. The proposed 
compact tapered implanted antenna is fabricated and measured using a skin-mimicking gel. The 
measured results are in good agreement with the simulated ones. The proposed antenna has gain 
values of −15.55 and −8.37 dBi in MedRadio and ISM bands, respectively. Furthermore, the 
salient features of the proposed antenna make it a candidate for wireless biotelemetric 
applications.

1.	 Introduction

	 Recently, body area networks (BANs) have attracted widespread research interest because 
they can wirelessly and continuously monitor patients to improve the quality of medical services, 
thus making implantable devices popular. Implanted medical devices with integrated wireless 
sensors enable communication between internal and external devices through implanted 
antennas.
	 In today’s patient care systems, implantable sensors are implanted into the human body to 
enable the continuous monitoring of body parameters, including blood pressure, blood glucose 
level, and intracranial pressure, and to communicate well with the external environment, 
allowing patients to be assured of a good quality of life.(1) To obtain the human body’s critical 
physiological data, the implanted telemetry antenna plays an extremely important role. 
Implantable antennas with far-field RF telemetry communications offer the advantages of high 
data rate and long-distance communication. To maximize system performance at high data rates, 
the available bandwidth of an implantable antenna is an important parameter. For instance, 
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multichannel neural recording systems and visual prostheses require sufficient bandwidth to 
meet the high data rate requirement of 10 Mb/s. Implantable antennas operate at multiple 
frequency bands, but the medical device radio communication service (MedRadio; 401–406 
MHz, 413–419 MHz, 426–432 MHz, and 438–444 MHz) and industrial, scientific, and medical 
(ISM; 433–438 MHz and 2.4–2.48 GHz) bands are the most common frequency bands.(2,3)

	 Developing implantable antennas inside the human body faces more challenges such as 
antenna miniaturization, impedance matching, biocompatibility with the surrounding tissue, 
and specific absorption rate (SAR). By considering human tissues with high permittivity (such as 
skin or brain) and applying antenna miniaturization methods (such as using pyramidal or 
meandering structures, employing multiple folded structures, introducing short circuits, and 
employing thick ceramic substrates with high permittivity), the implanted antenna size can be 
reduced.(4–6) However, the lossy and inhomogeneous human tissue causes most of the reported 
implantable antennas to have low gain. Recently, many antenna types with good gain have been 
manifested in applications. Among them, the tapered slot antenna is well known and can provide 
broadband impedance matching, planar configuration, good directivity, and reasonable gain 
owing to its gradual tapered structure.(7)

	 In this study, an implanted human skin antenna operating at MedRadio and ISM bands is 
proposed. To avoid signal attenuation by the human skin and body fluids, we adopt a linearly 
tapered structure to improve the implanted antenna gain. Moreover, a meander line structure is 
introduced to reduce the antenna size, which results from the MedRadio system operating at low 
frequencies. The design procedures, parametric analysis, and performance of the proposed 
antenna are investigated and presented below.

2.	 Antenna Design

	 An overview of the compact tapered implanted antenna is shown in Fig. 1. The radiating 
element of the proposed antenna consists of two linearly tapered monopole structures, a meander 
line, an I-shaped microstrip line, and a 50 Ω microstrip feedline, which are placed on one side of 
an FR4 substrate with a permittivity εr of 4.4, a thickness of 0.8 mm, and a loss tangent tanδ of 
0.02 as shown in Fig. 1(a). The linearly tapered monopole structures are introduced to enhance 
the operating bandwidth and gain, the meandering element is used to reduce the size of the 
proposed implanted antenna, and the I-shaped microstrip is adopted to tune the resonant 
frequency. The rectangular ground plane [Fig. 1(b)] of 11 × GL mm2 size is on the other side of 
the substrate, and its relative position is shown by the green dotted line in Fig. 1(a). The radiating 
element is covered with a 0.64-mm-thick Al2O3 layer with a dielectric constant εr of 9.8 and a 
loss tangent tanδ of 0.0087. Then, the proposed antenna is covered with biocompatible silicone to 
prevent direct contact between the human tissue and the antenna conductor layer. The overall 
volume of the proposed tapered implanted antenna is 25 × 25 × 1.44 mm3. Figure 1(c) shows the 
one-layer skin simulation model of 100 × 100 × 24 mm3 size, which is placed at the center of a 
radiation boundary box with dimensions of 300 × 300 × 300 mm3. The proposed tapered 
implantable antenna is placed at a depth of 4 mm below the surface of the skin model. The 
electrical properties of the skin simulation model at 402 MHz and 2.4 GHz are a conductivity σ 
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of 0.689 S/m, and a dielectric constant εr of 46.7, and σ = 1.441 S/m, and εr = 38.1, respectively, as 
published in Ref. 8. Figure 1(a) shows the detailed geometric parameters of the proposed compact 
tapered implanted antenna.

3.	 Results and Discussion

	 The effects of the important design parameters, such as the slot opening width between two 
linearly tapered monopole structures (W), the length of the I-shaped microstrip line (L), and the 
length of the ground plane (GL), on the electric characteristics of the proposed antenna are 
described in this section. The length of the sum of the meander line and the tapered monopole 
structure is approximately a quarter wavelength at the lowest operating frequency, whereas the 
length of the I-shaped microstrip line corresponds to around a quarter wavelength at the highest 
operating frequency. Figure 2 shows the comparison of the return losses obtained with various 
slot opening width (W) values between two linearly tapered monopole structures. It can be 
clearly seen that the return loss of the 402 MHz band is mainly affected by W. By increasing  W, 
the bandwidth of the 402 MHz band can be effectively improved. The largest bandwidth is 
obtained at W = 11 mm.
	 Figure 3 shows the simulated return losses of the proposed tapered implanted antenna 
obtained with different lengths of the I-shaped microstrip line. It can be seen that L mainly 
controls the high-frequency band. As L decreases, the resonant frequency increases, 
corresponding to a low-frequency resonant mode that remains almost constant.

Fig. 1.	 (Color online) Proposed antenna geometry: (a) top view of the radiating element, (b) ground plane, and 
(c) side view of the antenna inside a homogeneous single-layer skin tissue structure.
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	 The effect of GL on the return loss curve of the proposed tapered implanted antenna is 
evaluated as shown in Fig. 4. GL increases from 21.5 to 25 mm. It can be found that GL 
contributes to improving the impedance matching and then enhancing the bandwidth 
characteristics of the ISM band for the proposed tapered implanted antenna. This result indicates 
that the bandwidth of the proposed antenna can be effectively improved by moderately adjusting 
the size of the ground plane, which is a phenomenon similar to the results described in Ref. 9.
	 The proposed antenna is fabricated and then fed by an SMA connector. To understand the in 
vitro testing performance of the proposed tapered implanted antenna, the recipes include 41.49% 
deionized water, 2.33% salt, and 56.11% sugar for the MedRadio band and 58.2% deionized 
water, 5.1% diethylene glycol monobutyl ether, and 36.7% Triton X-100 for the ISM band as 
mimicking gels provided by Refs. 10 and 11. In addition, the liquid mixtures of both mimicking 
gels are solidified using agarose. A comparison of the simulated and measured return losses is 
presented in Fig. 5, where W = 11 mm, L = 14.5, and GL = 22.5 mm. Overall good agreement can 
be observed between the measured and simulated return losses except for the higher frequency 
bands. This mismatch between the simulated and measured results could be due to imperfect 
surrogates for simulating the dielectric properties of the human skin over a wide frequency 
range resulting in differences in the dielectric constant and conductivity of the simulated 
materials and actual mimicking gels, as well as forming defects and solder roughness during 
fabrication. The −10 dB measured bandwidth is obtained at around 402 MHz, 900 MHz, 1.46 
GHz, and 2.4 GHz with 274–448 MHz, 868.5–1013.5 MHz, 1.424–1.507 GHz, and 2.246–2.739 
GHz, which simultaneously cover MedRadio, Long-Term Evolution (LTE) 8, LTE 11, and ISM 
systems, respectively.
	 The 3D radiation patterns of the proposed tapered implanted antenna at the operating 
frequencies of 402 MHz and 2.4 GHz are presented in Fig. 6. This figure shows that the proposed 
antenna has the main-direction radiation characteristic in the z-direction of the tapered structure, 

Fig. 2.	 (Color online) Simulated S11 of the proposed 
tapered implanted antenna for various slot opening 
width (W ) values between two linearly tapered 
monopole structures.

Fig. 3.	 (Color online) Simulated S11 of the proposed 
tapered implanted antenna for various length (L) 
values of the I-shaped microstrip line.
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especially at the higher frequency band. The measured far-field peak gains are −15.55 and −8.37 
dBi for the MedRadio and ISM bands, respectively, whose small gain values are contributed by 
the lossy surrounding biological tissues. Then, further study is conducted on the effect of the slot 
opening width between two linearly tapered monopole structures (W) on the antenna gain. The 
comparison of gain values obtained with different W values in the design of the proposed tapered 
implanted antenna at 402 MHz (MedRadio), 900 MHz (LTE band 8), 1.46 GHz (LTE band 11), 
and 2.4 GHz (ISM) is shown in Table 1. Clearly, as W increases, the gain of the proposed 
antenna improves expected.
	 The specific absorption rate (SAR) is utilized to estimate the harmful effects of radiation 
from implanted medical devices, which restricts the maximum up to 1.6 W/kg over 1 g of tissue 
and 2 W/kg over 10 g of tissue according to IEEE C95.1-1999 and C95.1-2005 standards, 
respectively. The 1- and 10-g average SAR values on the radiating surface of the proposed 
tapered implanted antenna at 402 MHz and 2.4 GHz for 1 W input power are shown in Fig. 7. 

Fig. 4.	 (Color online) Simulated S11 of the proposed 
tapered implanted antenna for various GL values of 
the ground plane.

Fig. 5.	 (Color online) Simulated and measured S11 
of the proposed tapered implanted antenna.

Fig. 6.	 (Color online) 3D radiation patterns of the proposed implantable antenna at (a) 402 MHz and (b) 2.4. GHz.

(a) (b)
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The highest SAR is found at the center of the radiating element, and the energy dissipated by 
thermal conversion gradually decreases away from the center of the antenna. For 1 W input 
power, the average SAR maximum values for 1- and 10-g standards are respectively 172.62 and 
55.2 W/kg at 402 MHz. Moreover, the obtained SAR values are 176.71 W/kg for the 1-g standard 
and 41.54 W/kg for the 10-g standard at 2.4 GHz. After the input powers are limited to 9.2 mW 
for 1 g and 36.2 mW for 10 g at 402 MHz as well as 9 mW for 1 g and 48 mW for 10 g at 2.4 GHz, 
all the average SAR values can meet the IEEE standard.
	 Finally, the proposed antenna is compared with other implantable antennas designed in the 
recent year, for example, in terms of antenna size, operating frequency, gain, and SAR, as 
summarized in Table 2.(12–15) From Table 2, it is clearly confirmed that the use of the meander 
line and the tapered structure can realize a smaller size and a higher gain, respectively, although 

Table 1
Antenna gains of the proposed implanted antenna obtained with different W values at 402, 900, 1460, and 2400 
MHz.

Frequency (MHz) Gain (dB)
W = 10 W = 10.5 W = 11 W = 11.5

402 −16.00 −15.91 −15.55 −15.07
900 −13.45 −12.11 −12.07 −11.89

1460 −11.86 −11.45 −11.04 −10.85
2400 −9.68 −8.45 −8.37 −7.47

Fig. 7.	 (Color online) 1- and 10-g average SAR distributions on the radiating surface of the proposed tapered 
implanted antenna at (a) 402 MHz and (b) 2.4 GHz for 1 W input power.

(a) (b)
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the proposed antenna is fabricated on the FR4 substrate with low dielectric constant. 
Additionally, the SAR of the proposed implanted antenna can be effectively improved compared 
with those of other implantable designs because the antenna is encapsulated with a biocompatible 
ceramic aluminum oxide (Al2O3) material as the superstrate. The use of commercially available 
and biocompatible Al2O3 ceramics as the superstrate can separate the lossy high-dielectric-
constant human tissue from the antenna conductor, limit the leakage current from the conductor 
directly entering the lossy material, and avoid the high-dielectric-constant human body from 
shorting out the antenna. In addition, the Al2O3 ceramic with a high dielectric constant of 9.8 
and low loss characteristics meets the low-frequency operation of implantable antennas.(16,17) 
Therefore, the proposed tapered implanted antenna is a good candidate for biotelemetric 
applications owing to its features of simple fabrication, relatively small size, high gain, and low 
SAR values.

4.	 Conclusions

	 A compact tapered skin implanted antenna is presented in this paper. The tapered structure 
improves antenna performance and gain. The meander line is also utilized for antenna 
miniaturization. The return loss results indicate the measurement and simulation agreements. 
Moreover, the proposed antenna can generate 174, 145, 83, and 493 MHz impedance bandwidths 
covering the MedRadio band, LTE band 8, LTE band 11, and ISM band, respectively, as well as 
exhibit excellent gain, acceptable radiation characteristics, and improved SAR values to satisfy 
the IEEE standard safety guidelines.

Table 2
Performance comparison of implanted antennas in the MedRadio and ISM bands in recent studies.

Ref. Substrate
(εr/tanδ)

Volume
(mm3)

Frequency
(MHz)

Bandwidth
(MHz)

Gain
(dBi)

SAR (W/kg) Max. input 
power
(mW)1-g 10-g

12 Rogers 3010
(10.2/0.0023) 642.62 402 30 −36.7 832 — 3.8

2400 170 −27.1 690 — 4.6

13 Rogers 3010 
(10.2/0.0023) 797.96 402 150 −34.08 241.5 — 6.6252400 430 −15.2 149.7 —

14
RT Duroid 

5880
(2.2/0.0009)

3375
2400 900 −18.5 1101.7 — 1.45

5800 1500 — 1135.8 — 1.41

15 FR4
(4.4/0.02) 6720 402 6 −31.7 — — 5.186 (1-g);

30.17 (10-g)
2400 45 — — — —

This 
work

FR4
(4.4/0.02) 900

402 174 −15.55 172.62 55.20 9.2 (1-g);
36.2 (10-g)

900 145 −12.07 — — —
1460 83 −8.37 — — —

2400 493 −8.37 176.71 41.54 9 (1-g);
48 (10-g)
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