Journal of ELECTRICAL ENGINEERING, VOL 72(2021), NO4, 240248

$ sciendo
PAPERS.

Design of dual-band implanted patch
antenna system for bio-medical applications

Ahmed Z. A. Zaki'*, Tamer Gaber Abouelnaga??3,
Ehab K. I. Hamad*, Hala A. Elsadek?

In this paper, a miniaturized implantable antenna system for biomedical applications is presented. The system consists
of almost two similar patch antennas, named internal and external. The internal antenna is implanted inside the body at a
depth of 2 mm, and the external antenna is to be attached to the body aligned with the internal one. The antenna system
consists of implant-side antenna with dimensions are 10.25 x 10.25 x 1.27 mm3 , while the external antenna dimensions are
11.1 x 11.1 x 1.27 mm3. The proposed antennas designs showed dual resonant frequency on ISM bands (ie , 915 MHz and
2450 MHz). The computed -10 dB bandwidth considering three-layer human phantom demonstrates that a bandwidth of 870
to 970 MHz and 2.38 to 2.47 GHz for internal and external antennas are achieved. The Specific Absorption Rate (SAR) has
been considered for health care consideration. The measured and simulated scattering parameters are compared, and good
agreements are achieved. The proposed antenna system is simulated and investigated for biomedical applications suitability.

Keywords: antennas for biomedical applications, implanted antenna, medical implant communication service band

(MICS), medical monitoring

1 Introduction

As a result of medical technology advancements, small
size and high-efficiency systems are required to use in
biomedical applications [1,2]. Biomedical telemetry allows
the physiological signals to be measured remotely, either
by wire or wireless communication technologies. Recently,
the most popular method of telemetry for implantable
medical devices was low-frequency inductive link, but the
data rate was very low (1- 30 kbps) with a limited range
(< 10 cm) of connection and sensitivity to inter-coil posi-
tioning. So to overawe these restrictions, research is now
directed toward implanted radio frequency medical de-
vices [3], [4]. Thousands of people around the world de-
pend on implantable medical devices (IMD) to monitor
and develop their lives quality. Medical implanted devices
that depend on RF-connection are used already till now
for a lot of applications, including temperature sensing
[4], functional electrical stimulators (FES) [5], pacemak-
ers and cardioverter-defibrillators [6], cochlear [7], blood-
glucose sensors [8] and retinal implants [9].

The design of antenna for implantable devices for a
medical solution is based on the frequency of operation.
Antennas are categorized into low-frequency band an-
tenna, ISM, medical implant communication service band
(MICS) antenna, and wireless medical telemetry services
band (WMTS) [10].

Low-frequency band inductive links in implanting have
long been used for biotelemetry for IMD. MICS frequency
band between 402 MHz and 405 MHz, allocated by the
Federal Communication Committee (FCC) in 1999 and
refers to a specification in communication with medical
implants [11,12]. The spectrum of 3 MHz allows for 10
channels (bandwidth of 300 kHz each) [4], and it allows
bidirectional radio communication between electronic ex-
ternal and implants devices. ISM devices operate in the
902-928 MHz, 2400-2483.5 MHz, and 5725-5850 MHz
bands [12]. WMTS bands are (608-614 MHz, 1.395-1.400
GHz), and ultra-wideband (UWB) of 3.1-10.6 GHz. There
are limitations on the devices that can be implanted in
the body. The design of implantable antennas with the
appropriate properties still presents a major challenge for
special biocompatibility, miniaturization, and safety [13].

Recently, patch antenna receiving major attention in
implantable antennas applications because of its flexibil-
ity in design and compatibility with most applications
[14][15][16], thus allowed to reducing antenna size eas-
ily and integrate it into the implantable medical device
(IMD) [17].

The maximum power allowed to be incident on hu-
man tissue is limited by Specific Absorption Rate (SAR)
maximum value [15]. The IEEE standard limits the av-
erage SAR for a 1 g of cube-shaped tissue to less than
1.6 W/kg. And the ICNIRP (International Commission
on Non-Ionizing Radiation Protection) basic restrictions
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Fig. 1. Miniaturization process of the proposed internal antenna with the respective current distributions: (a) — case 1, (b) — case 2, and
(c) —case 3

limit the SAR averaged over 10 g of contiguous tissue to
less than 2 W /kg, [18-21].

In this paper, a novel miniaturized implantable an-
tenna system is proposed for biomedical applications, and
it resonates over the ISM bands of 870-970 MHz and 2.40-
2.48 GHz.

2 Antenna design and simulation

2.1 Antenna design

The implanted patch antenna system consists of in-
ternal and external patch antennas. Internal antenna im-
plants inside the body at a depth of 2 mm from body
skin, while the external antenna is put on body skin. Due
to the very limited space allowed, the proposed internal
antenna has to be miniaturized to be easily implanted
inside the human body with minimum harm. There are
several techniques to reduce the size of the antenna, such

(@)

as using a high permittivity dielectric, increasing the path
of current flow over the surface of the patch, short pins
and/or patch stacking [4].
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Fig. 2. Simulated Si11 for miniaturization process of the proposed
internal antenna shown in Fig. 1
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Fig. 3. Geometry of the proposed internal antenna, top and side view
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Fig. 4. Geometry of the proposed external antenna: (a) — patch 2, (b) — patch 1, (¢) — side view of external antenna
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Fig. 5. Three-layer phantom constructed in CST

The electromagnetic performance of the antenna must
be maintained acceptable during the antenna downsizing
process to implant inside the body. Despite the high per-
meability of human tissues, which may be the reason for
reducing the antenna gain, but it also helped in reducing
the physical size of the antenna.

The size reduction process is shown in Fig. 1. Initially,
a traditional square patch antenna was used (Case 1)
for the proposed internal antenna; the current path is
short, resulting in two resonant frequencies at 1.2 GHz
and at 4.5 GHz, as shown in Fig. 2. So, various slots
with different shapes around the edges of the patch are
etched out. The current path length increased because of
adding slots on the patch, so the lower frequency shifted
to 910 MHz (Case 2). Then, circular slots like a split ring
resonator (SRR) are created in the center of the patch

(case 3) to move down the resonance frequency to 2.45
GHz [16].

The structures of the proposed antennas (internal and
external) are shown in Fig. 3 and Fig. 4, respectively. The
proposed antenna prototypes are built on a substrate of
Rogers 3210 with 10.2 relative permittivity and 0.003 loss
tangent and thickness of 0.635 mm. The internal antenna
is covered with another layer of the same substrate to
have a total thickness of 1.27 mm. The patch of the
internal antenna consists of two metallic slot rings printed
on the center of the radiated element, which is surrounded
by different shapes of slots, as demonstrated in Fig. 3.

As shown in Fig. 4, the structure of the external an-
tenna consists of two layers of substrates of the same type
from the internal antenna, and each layer consists of two
metallic slot rings implemented in the center of the patch.
Different rectangular slots are etched surrounding the cir-
cular split ring.

The proposed antennas (internal and external) are fed
through a 50 2 microstrip line. To avoid a short circuit of
implanted antenna by the human tissues, the internal an-
tenna is enclosed around by biocompatible material with
tissues and at the same time to reduce the parasitic cou-
pling of electromagnetic with human tissues. The pro-
totype uses alumina with 9.2 relative permittivity and
0.008 loss tangent, and a thickness of 0.02 mm to protect
the antenna. The optimized dimensions are obtained and
listed in Tab. 1.
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Table 1. Optimized internal antenna dimensions (in mm)

5.28), and muscle (o = 1.74s/m, e, = 52.7) layers as il-
lustrated in Fig. 5. The relative permittivity and the con-
ductivity of each layer values have been considered. The
proposed internal antenna is inserted in the skin layer at
a depth of 2 mm. The external antenna is placed above
the phantom and separated from the body by a 0.5 mm
foam layer.

Table 3. Optimized external patch 2 antenna dimensions (in mm)

Dim Value Dim Value Dim Value
Gs 10.25 Le 0.45 Ws 0.45
Ly 9.75 L7 1.05 We 0.4
Ly 1.925 Lg 0.3 Ry 2.96
Lo 3.9 Wi 2.7 Wa 0.4
Ls 1.65 Wy 1.65 W 0.5
Ly 0.6 W3 1.425 We 0.45
Ls 1.3 Wy 1.3 D 2

Table 2. Optimized external patch 1 antenna dimensions (in mm)

Dim Value Dim Value Dim  Value
Gs 11.1 X6 0.45 Ys 1.3
X5 10.6 X7 1.05 Ys 0.56
X, 1.3 Xs 0.3 a1 3
X 3.9 Y1 3.35 Y. 0.4
X3 1.65 Ys 1.65 Yo 0.5
X4 0.6 Ys 1.86 Ye 0.45
X5 0.95 Ya 0.95 x 0.5

Dim Value Dim Value Dim Value
By 11.1 Asg 0.45 Bs 1.3
Ao 10.6 Az 1.05 Bs 0.4
Ay 2.35 As 0.3 D, 2.96
Ao 3.9 Bi 1.4 Do 0.4
As 1.65 Bo 1.65 D3 0.5
Ay 0.6 Bs 1.86 Dy 0.45
As 0.95 B 0.95

To imitate a typical human body, a three-layers phan-
tom has been constructed on a microwave studio (CST)
simulator. The human tissue consists of three layers [21-
23] skin (o = 1.44s/m, &, = 38), fat (o = 0.1s/m,e, =

The full system of antennas is simulated and optimized
on CST studio. Fig. 6 demonstrates the S -parameter
of the proposed system. The proposed internal antenna
has a —10 dB bandwidth of 100 MHz at both frequency
bands (870 - 970 MHz) and (2.38 - 2.48 GHz). While the
external antenna has impedance bandwidths of 86 MHz
from 894 to 980 MHz and 80 MHz from 2.4 to 2.48 GHz
bands. The external antenna is placed on a layer of foam
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Fig. 8. Radiation patterns of external antenna, E and H plane, respectively at (a) — 910 MHz (b) — 2.45 GHz

to isolate the antenna and to keep the distance of the
Fairfield region, which is 2.013 mm at 2.45 GHz and 0.751
mm at 915 MHz for the external antenna The radius of
the fairfield region can be calculated as, [24]

(1)

where A is the wavelength and D is the largest dimension
of the antenna. The coupling between the internal and
external antennas is directly affected by several factors,
such as the separation between the antennas (internal
and external) and the medium surrounding the internal
antenna. The coupling value varies due to changes in the
x values (foam thickness), as shown in Fig. 6(b). It is
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Fig. 9. Effect of varying width (W1) values on S-parameters of
the internal antenna

found that the coupling value is better when the external
antenna is closer to the skin. The coupling value varies
with the frequency, so coupling was obtained of —33 dB
at 910 MHz and —35.5 dB at 2.45 GHz. The coupling was
affected due to the emission of the signal through the skin
layer, which is the lossy material that causes significant
signal attenuation [25]-[28].

Radiation patterns, given in Fig. 7 and Fig. 8 are
almost directional. The internal and external antennas
are placed in the z — y plane so that the direction of the
radiation pattern is mainly in the z-axis direction. The
maximum value of the E-field of the internal antenna is
obtained at 0 degrees, as shown in Fig. 7, and at 180
degrees, as shown in Fig. 8. Because the electrically small
size of internal (0.08\) and human tissues cause high
dissipation in gain, so negative -19.8 dBi peak gain has
been obtained [17].

A 3dB beamwidth of internal antenna is 140 degrees at
910 MHz band with —6.9 dB side lobe level as shown in
Fig. 7 (a) and 80 degrees at 2.45 GHz band with —11.7dB
sidelobe level.

While the 3 dB beamwidth of the external antenna is
about 146 degrees at 910 MHz with —6.4 dB side lobe
level as shown in Fig. 8(a) and about 88 degrees at 2.45
GHz band with —11 dB side lobe level

2.2 SAR calculations

There are essential issues for patient safety to limit
the maximum power of the implantable antenna, so the
dosimetric of allowed power is measured according to
international guidelines as stated in the introduction. The
maximum specific absorption rate at 910 MHz is 33 W /kg
and at 2.45 GHz and is 32 W/kg at 0.5 W input power
delivered to the internal antenna so the input power must
be reduced to meet SAR limits, so the delivered power to
the proposed antenna must not increase more than 30
mW (14.7 dBm), [18-19]. The SAR is defined by[29]

SAR = , (2)
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Fig. 10. Effect of varying length (Lg) values on S-parameters of
the internal antenna

where ¢ is the conductivity of human tissue, E is the
intensity of the electric field, and pgen is the density
of human tissue. At present, there is no experimental
method for measuring SAR, so a CST studio as a 3D full-
wave simulator has been used to determine the maximum
power of the RF radiation to achieve the safety standards.

2.3 Parametric studies

Many parameters affect the performance of the pro-
posed internal antenna, so several factors are analyzed to
optimize the design. The most effective parameters on the
antenna characteristics, such as resonance frequencies are
studied to find out their changing effects on the antenna
performance, as illustrated in the following figures.

The simulation results depicted in Fig. 9 to Fig. 11
show that the main parameters that affect the resonant
frequencies are the radius Rj, slot width Wi, and the
length Lg, which play a vital role in the distributions
of surface current and also in matching impedance. The
higher resonant frequency is fully controlled by change
R;.

2.4 Link budget for wireless communication

The way to quantifying the performance of communi-
cation link is called link budget [30]. There are three main
factors determining the received power in wireless com-
munication: Tx power, Tx antenna gain, and Rx antenna
gain. The difference between the minimum received sig-
nal level (required C/No) and the actual received power
(link C/No) is called the link margin. to estimate the
range between the proposed antenna and a receiver out-
side the body, The link margin must be positive, and it
can calculate by [17]

- requiredg, (3)

e
LM(dB) = hnkﬁo7 N

C
Llnkﬁ = Pt — 2Lfeed + Gt - Lf - La + Gr + NO; (4)
0
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Fig. 13. Photos of the fabricated antenna prototype

C K
Required— = = 1010g(Br)—GC + Gy,

No T Ny (5)

where P; is Tx Power, Lgeeq is feeding loss, Gt is gain of
the transmitter antenna, L¢ is total propagation loss, L,
is air propagation loss, G, is gain of received antenna Ny
noise power density, Ey/Ny normalized signal-to-noise,
B, is bit rate G. coding gain Gy fixing deterioration.

The gain of the received antenna is -27.95 dBi, and the
again of the transmitter antenna is -19.8 dBi, and a good
matching is assumed. The feeding power to implanted
antenna is —41 dB to investigate the safety required
mentioned above. The values of other related parameters
used to calculate the LM are chosen to be identical to
those reported in the relevant literature[30]

As illustrated in Fig. 12, the maximum range to com-
municate between Tx antenna and Rx antenna can be
reached within 8 meters for LM values greater than 0 dB.

3 Experimental results and analysis

For validation purposes of the simulated results, exper-
imental measurements are performed here in two cases:

Link margin (dB)
0

40

20

Distance d (m) 20

Fig. 12. Calculated link margin of the proposed internal antenna

(a) — on air, and (b) — in fresh streaky meat. The fabri-
cated prototype and experimental setup images are shown
in Fig. 13.

As shown in Fig. 14, a comparison of simulated and
measured reflection coefficients of internal and external
antennas show that they are agreed well. The slight fre-
quency shifting could be caused by the unexpected fabri-
cation tolerance and soldering roughness.

Due to the difficulty in obtaining alumina, which pre-
vents antenna from direct contact to tissues and mea-
surements were performed without it. So, the proposed
antenna under test is in direct contact with the fresh
streaky meat, and this did not help the antenna resonate
at the lower frequency band of 910 MHz as illustrated in
Fig. 15, the comparison between simulated and measured
reflection coefficients of the implanted internal antenna
without the alumina layer.

4 Conclusions

In this article, an efficient system consisting of inter-
nal and external antennas operates at the ISM band is
presented. A novel single-fed miniaturized dual-band im-
plantable antenna system for biomedical applications has
been introduced. Both the internal and external anten-
nas are designed to have a simple patch structure that
can be easily used in biomedical applications. The pro-
posed antennas are miniaturized to harmless implant in-
side the human body. The miniaturization process has
been presented in this paper. For the optimization pro-
cess of the implantable antenna, the CST microwave
studio simulator with homogeneous human tissues was
used. The implanted proposed antenna has dimensions of
10.25 x 10.25 x 1.27 mm?, while the external antenna has
dimensions of 11.1x11.1x1.27 mm?. The coupling be-
tween the internal and external antennas has been stud-
ied, and its results are widely accepted. The radiation
patterns are presented, and it found that the radiation of
the implanted antenna is mainly outside the body, which
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makes it suitable for biomedical applications. A paramet-
ric study was performed to determine the main factors
affecting the resonant frequencies. The fabricated proto-
types were performed in two cases (a) — on-air and (b) —
in fresh streaky meat. A good agreement is obtained be-
tween simulation and measurement results for the reflec-
tion coefficients of both antennas. The measured band-
width is wide enough to cover the whole MICS band. For
human health safety, the SAR has been evaluated.
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