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A compact-implantable-antenna-based biosensor is presented for the Medical Device
Radiocommunications Service (MedRadio) (401-406, 413—419, 426432, 438—444, and 451457
MHz), long term evolution (LTE) 700 (698—787 MHz), global system for mobile communications
(GSM) 850 (824—-894 MHz), GSM900 (880—-960 MHz), and Wireless Medical Telemetry Service
(WMTS) (1395-1400 MHz) band applications. The proposed antenna has a wide operating
bandwidth and small size owing to the effective use of meandering strips on the radiator and
ground plane. An optimal antenna biosensor with compact dimensions of 15 x 15 x 2.25 mm? is
fabricated and measured in a skin-mimicking gel. The measured 10 dB return loss bandwidth
ranged from 376 to 1411 MHz, effectively covering the MedRadio, LTE700, GSM850, GSM900,
and WMTS bands. Furthermore, the measured return loss exhibited stable characteristics with
varying temperatures of the contact tissue, making it suitable for implanted biotelemetry and
other wireless telemetry applications.

1. Introduction

With the expanding variety of diagnostic, therapeutic, and biological monitoring functions,
wireless implantable devices are receiving considerable attention as a means of obtaining
physiological data from patients to improve their quality of life.() Various frequency bands are
allowed for medical implants. In 1999, the United States Federal Communications Commission
(FCC) and the European Radio Communications Committee (ERC) allocated the 402—405 MHz
band for the Medical Implant Communication Service (MICS), which was then the most
commonly used band for medical implant communications. Ten years later, the FCC established
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the Medical Device Radiocommunications Service (MedRadio) with a range of 401-406 MHz,
which combined the MICS band (402—405 MHz) with two extra spectra (401-402 and 405—406
MH2z) to replace the previous MICS band.””) FCC also allocated other spectra (413—419, 426—
432, 438—444, and 451-457 MHz) together with the 401-406 MHz band for diagnosis and
treatment applications involving implantable medical devices and wearable devices. The 433.1-
434.8/868—868.6/902.8—928/2400—2480 MHz industrial, scientific, and medical (ISM) bands are
additionally allocated for biotelemetry in some countries.®) The 608—614/1395-1400/1427-1432
MHz bands are approved by FCC for the Wireless Medical Telemetry Service (WMTS).

An antenna is a very important part of an implantable system, as it communicates the
collected biological information to hospitals or health data centers. Some challenging problems
in implant antenna design must be considered by engineers, such as realizing a small size and
wide bandwidth and avoiding signal attenuation through tissues. A stacked planar inverted-F
antenna (PIFA) structure has often been used to reduce the antenna size.*>) In addition, a
meandering strategy has also been used to reduce the size of implant antennas. Liu et al
proposed an implantable antenna operating at 372—468 MHz, that was based on a meandering
line and six open slots in the ground.(®) Although the antennas were compact in Refs. 4—6, their
bandwidths were too narrow to match the complicated and widely varying dielectric properties
of tissues in the human body.

To create a wideband compact antenna for biomedical applications, the meandering structure
is a strong candidate for use in implantable antenna design. In this paper, a compact wideband
implanted antenna with an operating bandwidth from 376 to 1411 MHz is proposed. The
compact size of the proposed antenna is realized by using meandering structures of the radiating
element and the ground plane. Then wideband operation can be achieved by appropriately tuning
some antenna parameters. We examined the geometric parameters of the proposed implantable
antenna necessary to meet the requirements. We also investigated the performances of the
proposed antenna inside different tissues of the human body and at different environmental
temperatures. Finally, the proposed antenna was implanted in a skin-mimicking gel to confirm
its simulated and measured performances.

2. Antenna Design and Experimental Results

Figure 1 presents the geometry of the proposed wideband implantable antenna, which has
dimensions of 15 x 15 x 2.25 mm?. The antenna is printed on an FR4 substrate with a dielectric
constant of 4.4, a loss tangent tand of 0.02, and a thickness of 1.6 mm and is fed by a microstrip
line of width 3 mm. Two meandering strips, used as the radiating element [Fig. 1(a)] and ground
plane [Fig. 1(b)], are placed on the top and bottom of the FR4 substrate, respectively. The
meandering structure forces the current to flow near the two parallel meandering strip lines,
increasing the current flow path, which decreases the resonant frequency and reduces the
antenna’s size. A broad impedance bandwidth can be obtained through suitable adjustment of
the lengths of the meandering lines of the antenna element and ground plane. The similar current
lengths of the radiating element and ground plane can generate two close resonant frequencies.(’-*)
Single-layer homogeneous skin tissue with dimensions of 100 x 100 x 24 mm?3 is used for
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Fig. 1.  (Color online) Geometry of the proposed antenna: (a) radiating element, (b) ground plane, and (c) side view
of the implanted antenna inside a single-layer skin tissue model.

simulation. The proposed antenna is embedded at a depth of 4 mm from the skin surface. The
skin tissue model is placed in the center of a radiation boundary box having dimensions of
300 x 300 x 300 mm?. The physical simulation model of the proposed implantable antenna is
illustrated in Fig. 1(c). During the simulation process, the dielectric constant (¢,) and conductivity
(o) of the skin tissue model are respectively set at 46.7 and 0.689 S/m and at 41.4 and 0.867 S/m
for frequencies of 402 and 902 MHz, respectively.’”) The proposed antenna has a similarly good
performance when embedded in a single-layer skin tissue model for both frequencies. Therefore,
the subsequent simulation results are only given for a frequency of 402 MHz. Al,0; with a
permittivity of 9.8 and a height of 0.65 mm is used for the superstrate, and its dimensions are
shown in Fig. 1.

To clarify the effect of the two meandering strips, we simulate the proposed antenna with
different values of parameters W, GL, and GW (see Fig. 1), the simulated S;; results of which are
shown in Figs. 2—4, respectively. Figure 2 shows the simulated return loss curves as a function of
width W. W affects the coupling capacitance between the upper radiator element and the ground
plane. Accordingly, impedance matching can be realized. The optimal impedance bandwidth
below —10 dB is in the frequency range of 359-1953 MHz when W' =2.7 mm.

The effect of the parameter GL on the return loss performance of the proposed antenna is
simulated, as illustrated in Fig. 3. It can be observed that the lower resonances do not change
significantly with increasing GL, while the upper resonances become weak. However, the
resonant frequencies do not significantly shift. Therefore, we use the minimum value of GL to
obtain the desired impedance-matching performance. Figures 2 and 3 show that impedance
matching is easily realized by controlling W and GL.
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Figure 4 shows the simulated S;; as a function of GW. With increasing GW, resonant
frequencies f, and f; clearly shift to higher frequencies, while f3 shifts to a lower frequency. By
adjusting GW, the frequency shift can be compensated to fit the variations of lossy tissue
environments for real implantable applications.

Figure 5 shows simulated and measured S;; for the antenna embedded in a human-skin-
mimicking gel for the MedRadio 402 band. The composition of the gel for the MedRadio 402
band is taken from Ref. 10. The concentrations of the ingredients in our skin-mimicking gel
prepared for the MedRadio 402 band are 55.92% sugar, 2.53% NaCl salt, and 41.55% deionized
water to form a 100 ml solution. Then, 1 g agarose is added to the solution. The skin-mimicking
gel is housed in a plastic container with dimensions of 100 x 100 x 24 mm?3. The proposed
antenna is implanted at a depth of 4 mm inside the skin-mimicking gel. We obtained ¢, of 46.37
and o of 1.22 S/m for the skin-mimicking gel. From Fig. 5, it can be seen that the measured curve
agrees well with the simulated one in the MedRadio 402 band (f}). As expected, the measured
resonant frequencies f5, f3, and f; shift to lower values owing to the higher ¢, of the skin-
mimicking gel prepared for the MedRadio 402 band. In addition, there is some disagreement
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between the measured data and simulated results, especially in the higher frequency band. This
discrepancy is due to the conductivity (¢ = 1.22 S/m) of the prepared skin-mimicking gel being
higher than that of real skin. The phenomenon is similar to that in Ref. 10. As seen from the
graph, the measured bandwidth in the skin-mimicking gel is 1035 MHz (from 376 to 1411 MHz)
for Sy, less than —10 dB.

Figure 6 shows the simulated return losses of the proposed antenna immersed in skin, eye
tissue, muscle, and heart. Regardless of the biological tissue in which the proposed antenna is
implanted, the MedRadio, long term evolution (LTE) 700, global system for mobile
communications (GSM) 850, GSM900, and WMTS bands are still covered and a wide bandwidth
from 377 to 1680 MHz is obtained.

With an increase in temperature from 36 to 40 °C at 400 MHz, the dielectric constant and
conductivity of the human body tissue slightly decrease and increase, respectively.(!) To
understand the influence of the temperature change of the skin tissue on the proposed implanted
antenna, we used a heating plate to control the temperature of the skin tissue model. Figure 7
presents the measured return losses of the proposed antenna in the skin-mimicking gel at
different temperatures. From the results, one can observe that the temperature effect on the
proposed antenna implanted in the skin-mimicking gel is minimal because of minimal changes
in permittivity and conductivity upon varying the temperature from 36 to 40 °C.

Figure 8 shows the radiation gain patterns of the proposed antenna implanted in the skin-
mimicking gel. The amount of radiation reaching the human body is less than 10 dBi, meaning
that the power is delivered outward from the body. The measured peak gains are —20.9, —14.6,
—13.2, —12.9, and —11.8 dBi for operation at 403, 700, 850, 900, and 1400 MHz, respectively.
Owing to the gain of the implanted antenna being greater than —35 dBi, the proposed antenna
has a beneficial design for wireless biological data telemetry applications.

Table 1 gives the performances of skin-implantable antennas operating with the MedRadio
system.(12-19) In our work, the proposed antenna has a slightly larger volume because of the low
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antenna implanted in different biological tissues. antenna implanted in skin-mimicking gel at different
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Fig. 8.  (Color online) Measured radiation gain patterns of the proposed antenna implanted in the skin-mimicking
gel. (@) Y-Z plane; (b) X—Z plane.

Table 1
Performances of the proposed implantable antenna and these in previous studies (thickness unit: mm).
Ref. 12 13 14 15 16 This work
. 360-620 356504 280-480 375-475 373-525
BandwidthMH?) — )300 2540 23162529 24002480 22002500 24302600 > 01411
Volume (mm®) 153.35 17.15 447.04 248.92 49.5 506.25
fil;l:tl;mtanon Skin/3 mm Skin/3 mm Skin/3 mm Skin/3 mm Skin/3 mm Skin/4 mm
M: -20.9
M: —38.08 M: -30.5 M: —18.5 M: —46 M: —38.8 L:-14.6
Peak gain (dBi) e e T e . e G8: —13.2
I: -22.03 I: -18.2 I: -19.5 I -19 I: -18.6 G9 129
W: —11.8
Shorting pin used Yes No No Yes Yes No
Substrate Rogers 3010  Rogers 6010  Rogers 3210  Rogers 3010  Rogers 3010 FR4
&er 10.2 10.2 10.2 10.2 10.2 44
thickness 0.635 0.25 1.27 0.635 0.25 1.6
Superstrate Rogers 3010  Rogers 6010 Rogers 3010  Rogers 3010 AlO3
&r 10.2 10.2 None 10.2 10.2 9.8
thickness 0.635 0.127 0.635 0.25 0.65

M: MedRadio, I: ISM, L: LTE700, G8: GSM850, G9: GSM900, W: WMTS

permittivity of the substrate and superstrate. However, compared with the antenna in Ref. 14, the
proposed antenna has a compact volume when it uses a substrate and superstrate of lower
relative permittivity. Moreover, the proposed antenna exhibits a very wide bandwidth, enabling
operation over a wider range of frequencies and higher gain despite the greater implantation
depth than in previous studies. No shorting pins or vias are utilized in the proposed antenna,
eliminating additional losses and reducing design complexity.
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3. Conclusions

An implantable antenna operating in the MedRadio, LTE700, GSM850, GSM900, and
WMTS bands is presented. Compact dimensions of 15 x 15 x 2.25 mm? are achieved by
employing two meandering strip lines as the radiator element and ground plane. To clarify the
biocompatibility requirement for practical application, the proposed implantable antenna is
measured in a skin-mimicking gel for the MedRadio 402 band. The results indicate that the
proposed antenna has a wide measured impedance bandwidth of 1035 MHz, ranging from 376 to
1411 MHz and covering the MedRadio, LTE700, GSM850, GSM900, and WMTS bands. A
resonant frequency shift occurs when the proposed antenna is immersed in different biological
tissues. Furthermore, the frequency response is insensitive to changes in the biological tissue
temperature. The gain of the antenna is greater than —35 dBi when it is placed in the skin-
mimicking gel. Owing to these features, the proposed implantable antenna is promising for
application in implanted systems.
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