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Abstract

Biomedical telemetry permits the transmission (telemetering) of physiological signals at a distance. One of its latest 
developments is in the fi eld of implantable medical devices (IMDs). Patch antennas currently are receiving signifi cant 
scientifi c interest for integration into the implantable medical devices and radio-frequency (RF)-enabled biotelemetry, 
because of their high fl exibility in design, conformability, and shape. The design of implantable patch antennas has 
gained considerable attention for dealing with issues related to biocompatibility, miniaturization, patient safety, improved 
quality of communication with exterior monitoring/control equipment, and insensitivity to detuning. Numerical and 
experimental investigations for implantable patch antennas are also highly intriguing. The objective of this paper is to 
provide an overview of these challenges, and discuss the ways in which they have been dealt with so far in the literature. 
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1. Introduction

Biomedical telemetry permits the measurement of physio-
logical signals at a distance, through either wired or 

wireless communication technologies. Physiological signals 
are obtained by means of appropriate transducers, post-proc-
essed, and eventually transmitted to exterior monitor ing/control 
equipment. One of the latest developments of bio medical 
telemetry is in the fi eld of implantable medical devices (IMDs) 
[1]. Low-frequency inductive links have long been the most 
prevalent method of biotelemetry for implant able medical 
devices [2, 3]. However, they suffer from low data rates (1-
30 kbps), restricted range of communication ( 10< cm), and 
increased sensitivity to inter-coil positioning. To overcome 
these limitations, research is currently oriented towards radio-
frequency (RF)-linked implantable medical devices. 

 Millions of people worldwide depend upon implantable 
medical devices to support and improve the quality of their 
lives. RF-linked implantable medical devices are already in 
use for a wide variety of applications, including temperature 
monitors [4], pacemakers and cardioverter defi brillators [5], 
functional electrical stimulators (FES) [6], blood-glucose sen-
sors [7], and cochlear [8] and retinal [9] implants. As technol-
ogy continues to evolve, new implantable medical devices are 
being developed, and their use is expected to rapidly increase 
from an already large base.

 Until recently, no globally accepted frequency band 
had been dedicated to biotelemetry for implantable medical 
devices. The situation changed with the ITU-R Recommenda-
tion SA.1346 [10], which outlined the use of the 402.0-
405.0 MHz frequency band for Medical Implant Communica-
tions Systems (MICS). The spectrum of 3 MHz allows for 10 
channels (a bandwidth of 300 KHz each) in order to support 
simultaneous operation of multiple implantable medical 
devices in the same area, and to limit interference from the 
co-located Meteorological Aids Service band (401-406 MHz). 
The MICS band is currently regulated by the United States 
Federal Communications Commission (FCC) [11] and the 
European Radiocommunications Committee (ERC) [12]. The 
433.1-434.8 MHz, 868-868.6 MHz, 902.8-928 MHz, and 2400-
2500 MHz Industrial, Scientifi c, and Medical (ISM) bands are 
also suggested for implantable medical device bio telemetry 
in some countries [13]. However, focus is on the MICS band, 
because of its advantages of being available worldwide and 
being feasible with low-power and low-cost circuits, reliably 
supporting high-data-rate transmissions, fal ling within a 
relatively low-noise portion of the spectrum, lending itself to 
small antenna designs, and acceptably propa gating through 
human tissue. A review of the regulatory stan dards for 
implantable medical devices and the characteristics of MICS 
transceivers was performed in [14].

 A key and critical component of RF-linked implantable 
medical devices is the integrated implantable antenna, which 
enables bidirectional communication with the exterior moni-
toring/control equipment. Patch designs are currently receiv ing 
considerable attention for implantable antennas, because they 

are highly fl exible in design, shape, and conformability [15-17], 
thus allowing for relatively easy miniaturization and integration 
into the shape of the implantable medical device. In a realistic 
scenario, implantable patch antennas will be mounted on the 
existing hardware of the implantable medical device, which 
will also serve as the ground plane. 

 The design of implantable patch antennas has attracted 
high scientifi c interest for fulfi lling the requirements of bio-
compatibility, miniaturization, patient safety, and high-quality 
communication with exterior equipment. Numerical and 
experimental investigations are also highly intriguing. An 
overview of these challenges is hereafter presented, and ways 
in which they have been dealt with so far in the literature are 
discussed. 

2. Design

 The requirements and constraints related to the design of 
implantable patch antennas are as follows.

2.1 Biocompatibility

 Implantable antennas must be biocompatible in order to 
preserve patient safety and prevent rejection of the implant. 
Furthermore, human tissues are conductive, and would short-
circuit the implantable antenna if they were allowed to be in 
direct contact with its metallization. Biocompatibility and pre-
vention of undesirable short-circuits are especially crucial in 
the case of antennas that are intended for long-term implanta-
tion.

 The most widely used approach for preserving the biocom-
patibility of the antenna – while at the same time sepa rating the 
metal radiator from human tissue – is to cover the structure with 
a superstrate dielectric layer (e.g., Figure 1a [18]). Commonly 
used biocompatible materials include Tefl on (permittivity, 

2.1rε = ; dielectric loss tangent, tan 0.001δ = ), MACOR® 
( 6.1rε = ; tan 0.005δ = ), and ceramic alumina ( 9.4rε = ; 
tan 0.006δ = ) [15]. However, it is important to highlight that 
ceramic substrates do not easily lend themselves to drilling and 
round cuts [19]. 

 Insulating the implantable antenna with a thin layer of 
low-loss biocompatible coating is another reported approach 
(e.g., Figure 1b [20]). Materials proposed for biocompatible 
encapsulation include zirconia ( 29rε = ; tan 0δ ≈ ) [21], 
PEEK ( 3.2rε = ; tan 0.01δ = ) [22], and Silastic MDX-4210 
Biomedical-Grade Base Elastomer ( 3.3rε = ; tan 0δ ≈ ) [20]. 
Because of its electrical properties, zirconia is a better candi-
date material for biocompatible insulation from an electro-
magnetic point of view. High permittivity and low loss-tan gent 
values allow the near fi elds of the antenna to concentrate inside 
the low-loss encapsulation layer, thus mitigating power loss. 
However, PEEK and Silastic MDX-4210 Biomedical-Grade 
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Base Elastomer are much easier to prepare and handle. The 
thickness of the biocompatible insulation layer is an important 
factor in antenna design. The computation of its optimum value 
is considered to be highly signifi cant for low ering power loss 
without aimlessly increasing antenna size [21, 22].

2.2 Miniaturization

 Recent advances in the technology of implantable-medi-
cal-device electronics have led to ultra-small designs for 
implantable medical devices. For example, retinal prosthesis 
implantable medical devices are small enough to be inserted 
inside the eyeball (a radius of ~12.5 mm). The dimensions of 
the traditional half-wavelength ( 2λ ) or quarter-wavelength
( 4λ ) antennas at the frequency bands allocated for medical 
implants – and especially at the low-frequency MICS band – 
make them useless for implantable applications. Therefore, 
miniaturization becomes one of the greatest challenges in 
implantable-antenna design. 

 Human tissue in which implantable antennas are intended 
to operate exhibits relatively high permittivity (e.g., the rela-
tive permittivity of skin tissue at 402 MHz is 46.7 [23-25]), 
or, equivalently, reduced wave-propagation velocity, which, 
in turn, work to advantageously miniaturize the physical 

size of the antenna. However, it should be noted that when a 
low-permittivity biocompatible layer is inserted around the 
antenna, the value of the effective permittivity decreases, and 
miniaturization achieved by the high-permittivity tissue mate-
rial is degraded. 

 The use of patch designs for implantable antennas allows 
for several additional miniaturization techniques. The aim is to 
reduce the size of the antenna at a given operating frequency, 
while still maintaining adequate electromagnetic performance. 
Miniaturization techniques proposed in the literature for 
implantable patch antennas include:

1. The use of high-permittivity dielectric (substrate/ 
superstrate) materials: high-permittivity dielectrics 
are selected for implantable patch antennas (e.g., 
ceramic alumina, 9.4rε =  [26] or Rogers 3210, 

10.2rε =  [27]) because they shorten the effective 
wavelength and result in lower resonance frequen-
cies, thus assisting in antenna miniaturization. 
However, even with such high-permittivity dielec-
trics, the superstrate layer still insulates the antenna 
from the higher-permittivity tissue. Thicker 
superstrates increase the operating fre quency of the 
antenna, and, in turn, require enhanced physical 
dimensions to refi ne resonance [28]. Dielectric 
materials with high permittivity values and thin 
superstrate layers are thus solicited. 

2. Lengthening of the current-fl ow path on the patch 
surface: longer effective current-fl ow paths excited 
on the radiating patch can reduce the resonance 
frequency, and achieve a more-compact size for the 
implantable antenna. For this purpose, mean dered 
[29], spiral [29], waffl e-type [30], and hook-slotted 
[31] shaped patches have been suggested, as shown 
in Figure 2. 

3. The addition of shorting pins: inserting a shorting pin 
between the ground and patch planes increases the 
effective size of the antenna, and, in turn, reduces 
the required physical dimensions, given a specifi c 
operating-frequency scenario. The tech nique works 
in much the same way that a ground plane doubles 
the height of a monopole antenna, i.e., it typically 
produces a planar inverted-F antenna (PIFA) with 
the same resonance perform ance as a double-sized 
antenna without the short ing pin [15]. 

4. Patch-stacking: vertically stacking two radiating 
patches reduces antenna size by increasing (nearly 
doubling) the length of the current-fl ow path [26, 
27]. 

 Implantable antennas reported in the literature combine 
some (or all) of these miniaturization techniques in order to 
reduce size. All antenna design parameters, including the 
location of the coaxial feed, have to be appropriately selected 
(optimized) for a good 50-ohm match at the desired operating 

Figure 1a. Biocompatibility issues for implantable patch 
antennas: the addition of a superstrate [18].

Figure 1b. Biocompatibility issues for implantable patch 
antennas: thin-layer encapsulation [20].

Figure 2. Lengthening of the current-fl ow path on the patch surface: (a) meandered [29], (b) spiral [29], (c) waf fl e-type [30], 
and (d) hook-slotted [31] shaped patches.

a) b)

c) d)
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Figure 3. The geometry of a stacked skin-implantable PIFA with meandered patches [27].

frequency. For example, the skin-implantable antenna of Fig-
ure 3 adapted a stacked PIFA structure of meandered patches 
built on Rogers 3210 substrate to achieve a miniaturized 
structure (a volume of 3214.9 mm ), resonating in the MICS 
band [27].

 Table 1 compares the volume occupied by MICS implant-
able-patch antennas reported in the literature with respect 
to the applied miniaturization techniques [15, 18, 26-28, 30-
42]. The bands of operation covered, as well as the shapes of 
the antennas, are also included. When the number of bands 
of operation is increased, the size of the antenna is typi cally 
increased to cover them. A circular shape is generally preferred, 
in order to avoid sharp edges that could cause injury.

2.3 Patient Safety

 Issues related to patient safety limit the maximum allow-
able power incident on the implantable antenna. The Specifi c 
Absorption Rate (SAR) (the rate of energy deposited per unit 
mass of tissue) is generally accepted as the most appropriate 
dosimetric measure, and compliance with international guide-
lines is assessed. For example, the IEEE C95.1-1999 standard 
restricts the SAR averaged over any 1 g of tissue in the shape of 
a cube to less than 1.6 W/kg ( 1 ,SAR 1.6g max ≤ W/kg) [43]. The 
ICNIRP basic restrictions limit the SAR averaged over 10 g of 
contiguous tissue to less than 2 W/kg [44]. To harmo nize with 
the ICNIRP guidelines, the IEEE C95.1-2005 stan dard restricts 
the SAR averaged over any 10 g of tissue in the shape of a cube 
to less than 2 W/kg ( 10 ,SAR 2g max ≤ W/kg) [45]. 

 The power absorbed by the human body in the presence of 
an incident electromagnetic fi eld is given by

 

21
2absP E dVσ= ∫ ,     (1)

where σ  is the conductivity of the human tissues, and E  is 
the intensity of the electric fi eld inside the body [32]. Equa-
tion (1) indicates that the absorbed power is related to the 
electric fi eld, so that maximum SAR values are recorded in the 
areas where maximum electric-fi eld intensities occur. Based on 
the deduction that peak averaged SAR values are generated 
from high near fi elds, novel implantable patch antennas can be 
designed that aim at lower electric-fi eld intensities.

 The radiation mechanism of an implantable antenna was 
discussed in [34] in an attempt to modify its design for reduc ing 
the spatially averaged SAR in human tissue. Replacing the 
uniform-width spiral radiator of an implantable MICS PIFA 
with a nonuniform-width radiator was found to decrease the 
electric-fi eld intensity and, in turn, the 1 ,SAR g max . The simu-
lated near-electric-fi eld distribution showed that the high 
electric-fi eld area of the PIFA employing the nonuniform-width 
radiator (Figure 4a) was much smaller than that of the original 
PIFA (Figure 4b). The value of 1SAR g,max  was thus reduced 
from 310 W/kg to 210 W/kg, considering a net input power of 
1 W. 

 Table 2 compares the computed 1SAR g,max  and 

10 ,SAR g max  values for the MICS implantable patch antennas 
of Table 1 (where available) [15, 18, 26-28, 30-42]. Maximum 

Table 1. A comparison of the volume occupied by MICS implantable patch antennas reported in the literature, with 
respect to the miniaturization techniques employed.

Ref Substrate 
Shape

Implantation 
Tissue

Bands 
[MHz]

Miniaturization Technique
Vol. 

[mm3]
Dielectric 
Material

Patch 
Shape

Shorting 
Pin

Patch 
Stacking

[32] rectangular skin 402-405 Rogers 3210 (1) spiral – – 10240.0
[30] rectangular 2/3 muscle 402-405 RT/duroid 6002 (2) waffl e yes – 6480.0
[32] rectangular skin 402-405 Rogers 3210 (1) spiral yes – 6144.0
[15] rectangular 2/3 muscle 402-405 MACOR® (3) spiral yes – 3457.4

[33] square skin 402-405
2400-2480 ARLON1000(4)

SRR 
coupled to 

a spiral
yes – 1375.4*

[18] rectangular skin 402-405
2400-2480 Rogers 3210 (1) meandered yes – 1265.6

[34] rectangular skin 402-405 Rogers 3210 (1) spiral yes – 1200.0
[35] rectangular skin 402-405 Rogers 3210 (1) meandered yes – 1200.0
[36] rectangular 2/3 muscle 402-405 RT/duroid 6010 (5) spiral yes – 823.0
[37] rectangular muscle 402-405 Rogers 3210 (1) π-shaped yes – 790.9

[38] circular skin 402-405 Rogers 3210 (1) hook-
slotted yes yes 335.8

[39] square vitreous 
humor 402-405 Rogers 3210 (1) spiral yes yes 273.6

[40] square skin
402-405
433-435

2400-2480
Rogers 3210 (1) comb and

π-shaped yes yes 254.0

[27] circular skin 402-405 Rogers 3210 (1) meandered yes yes 203.6
[41] square skin 402-405 Rogers 3210 (1) spiral yes yes 190.0

[31] circular skin 402-405 Rogers 3210 (1) hook-
slotted yes yes 149.2

[42] square skin 402-405 Rogers 3210 (1) hook-
slotted yes yes 121.6

[28] circular skin 402-405 Rogers 3210 (1) meandered yes yes 110.4
[26] circular skin 402-405 alumina (6) meandered yes yes 32.7

(1) 10.2rε = , (2) 2.94rε = , (3) 6.1rε = , (4) 6.1rε = , (5) 10.2rε = , (6) 9.4rε = ; * O. Quevedo-Teruel, personal communication
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Figure 3. The geometry of a stacked skin-implantable PIFA with meandered patches [27].

frequency. For example, the skin-implantable antenna of Fig-
ure 3 adapted a stacked PIFA structure of meandered patches 
built on Rogers 3210 substrate to achieve a miniaturized 
structure (a volume of 3214.9 mm ), resonating in the MICS 
band [27].

 Table 1 compares the volume occupied by MICS implant-
able-patch antennas reported in the literature with respect 
to the applied miniaturization techniques [15, 18, 26-28, 30-
42]. The bands of operation covered, as well as the shapes of 
the antennas, are also included. When the number of bands 
of operation is increased, the size of the antenna is typi cally 
increased to cover them. A circular shape is generally preferred, 
in order to avoid sharp edges that could cause injury.

2.3 Patient Safety

 Issues related to patient safety limit the maximum allow-
able power incident on the implantable antenna. The Specifi c 
Absorption Rate (SAR) (the rate of energy deposited per unit 
mass of tissue) is generally accepted as the most appropriate 
dosimetric measure, and compliance with international guide-
lines is assessed. For example, the IEEE C95.1-1999 standard 
restricts the SAR averaged over any 1 g of tissue in the shape of 
a cube to less than 1.6 W/kg ( 1 ,SAR 1.6g max ≤ W/kg) [43]. The 
ICNIRP basic restrictions limit the SAR averaged over 10 g of 
contiguous tissue to less than 2 W/kg [44]. To harmo nize with 
the ICNIRP guidelines, the IEEE C95.1-2005 stan dard restricts 
the SAR averaged over any 10 g of tissue in the shape of a cube 
to less than 2 W/kg ( 10 ,SAR 2g max ≤ W/kg) [45]. 

 The power absorbed by the human body in the presence of 
an incident electromagnetic fi eld is given by

 

21
2absP E dVσ= ∫ ,     (1)

where σ  is the conductivity of the human tissues, and E  is 
the intensity of the electric fi eld inside the body [32]. Equa-
tion (1) indicates that the absorbed power is related to the 
electric fi eld, so that maximum SAR values are recorded in the 
areas where maximum electric-fi eld intensities occur. Based on 
the deduction that peak averaged SAR values are generated 
from high near fi elds, novel implantable patch antennas can be 
designed that aim at lower electric-fi eld intensities.

 The radiation mechanism of an implantable antenna was 
discussed in [34] in an attempt to modify its design for reduc ing 
the spatially averaged SAR in human tissue. Replacing the 
uniform-width spiral radiator of an implantable MICS PIFA 
with a nonuniform-width radiator was found to decrease the 
electric-fi eld intensity and, in turn, the 1 ,SAR g max . The simu-
lated near-electric-fi eld distribution showed that the high 
electric-fi eld area of the PIFA employing the nonuniform-width 
radiator (Figure 4a) was much smaller than that of the original 
PIFA (Figure 4b). The value of 1SAR g,max  was thus reduced 
from 310 W/kg to 210 W/kg, considering a net input power of 
1 W. 

 Table 2 compares the computed 1SAR g,max  and 

10 ,SAR g max  values for the MICS implantable patch antennas 
of Table 1 (where available) [15, 18, 26-28, 30-42]. Maximum 

Table 1. A comparison of the volume occupied by MICS implantable patch antennas reported in the literature, with 
respect to the miniaturization techniques employed.

Ref Substrate 
Shape

Implantation 
Tissue

Bands 
[MHz]

Miniaturization Technique
Vol. 

[mm3]
Dielectric 
Material

Patch 
Shape

Shorting 
Pin

Patch 
Stacking

[32] rectangular skin 402-405 Rogers 3210 (1) spiral – – 10240.0
[30] rectangular 2/3 muscle 402-405 RT/duroid 6002 (2) waffl e yes – 6480.0
[32] rectangular skin 402-405 Rogers 3210 (1) spiral yes – 6144.0
[15] rectangular 2/3 muscle 402-405 MACOR® (3) spiral yes – 3457.4

[33] square skin 402-405
2400-2480 ARLON1000(4)

SRR 
coupled to 

a spiral
yes – 1375.4*

[18] rectangular skin 402-405
2400-2480 Rogers 3210 (1) meandered yes – 1265.6

[34] rectangular skin 402-405 Rogers 3210 (1) spiral yes – 1200.0
[35] rectangular skin 402-405 Rogers 3210 (1) meandered yes – 1200.0
[36] rectangular 2/3 muscle 402-405 RT/duroid 6010 (5) spiral yes – 823.0
[37] rectangular muscle 402-405 Rogers 3210 (1) π-shaped yes – 790.9

[38] circular skin 402-405 Rogers 3210 (1) hook-
slotted yes yes 335.8

[39] square vitreous 
humor 402-405 Rogers 3210 (1) spiral yes yes 273.6

[40] square skin
402-405
433-435

2400-2480
Rogers 3210 (1) comb and

π-shaped yes yes 254.0

[27] circular skin 402-405 Rogers 3210 (1) meandered yes yes 203.6
[41] square skin 402-405 Rogers 3210 (1) spiral yes yes 190.0

[31] circular skin 402-405 Rogers 3210 (1) hook-
slotted yes yes 149.2

[42] square skin 402-405 Rogers 3210 (1) hook-
slotted yes yes 121.6

[28] circular skin 402-405 Rogers 3210 (1) meandered yes yes 110.4
[26] circular skin 402-405 alumina (6) meandered yes yes 32.7

(1) 10.2rε = , (2) 2.94rε = , (3) 6.1rε = , (4) 6.1rε = , (5) 10.2rε = , (6) 9.4rε = ; * O. Quevedo-Teruel, personal communication
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Figure 4. The near electric fi eld distribution in front of (a, 
top) nonuniform-width and (b, bottom) uniform-width 
radiators of a spiral implantable patch antenna [34].

allowable net-input-power levels to the antennas are also 
shown, as restricted by the IEEE C95.1-1999 (PC95.1-1999) [43] 
and IEEE C95.1-2005 (PC95.1-2005) [45] standards. Increased-
size implantable antennas exhibit more uniform distributions of 
the electric fi eld and current density across an increased patch 
surface area, so that lower SAR values are obtained. The IEEE 
C95.1-1999 [43] standard appears to be much stricter than the 
IEEE C95.1-2005 [45] standard.

2.4 Far-Field Gain

 Medical implant communication systems (MICS) are 
comprised of the implantable medical device and an exterior 
monitoring/control device, which is placed at some distance 
(typically, 2 m) away from the body [10]. Biotelemetry links 
may be used for device-parameter adjustment, transmission of 
stored information, as well as real-time transmission of vital 

monitoring information. The implantable antenna should thus 
provide a signal that is strong enough to be picked up by the 
exterior device, regardless of any power limitations. It is 
important to highlight that apart from patient safety, interfer-
ence issues also limit the maximum allowable power incident 
on the implantable antenna. For example, a strict limit of 16−
dBm (25 μW) has been set on the effective radiated power 
(ERP) of implantable medical devices operating in the MICS 
band, in order to prevent interference to the collocated 
Meteorological Aids Service band [10].

 Given the SAR and effective radiated power limitations, 
the far-fi eld gain of the implantable antenna indicates the 
desired receiver sensitivity for achieving reliable biotelemetry 
communication. In order to increase the range of biotelemetry 
communication, implantable antennas with enhanced gain are 
solicited. However, reduced-size antennas exhibit degraded 
electromagnetic performance: miniaturization degrades gain, 
while high-gain antennas exhibit relatively increased size. The 
maximum far-fi eld gain values ( maxG ) achieved by the MICS 
implantable antennas of Table 1 are shown in Table 2 (where 
available). Low values of gain imply poor radiation effi cien-
cies; however, compromises in the system’s performance are 
inevitable, given the miniaturized antenna dimensions.

 (A)symmetry of the implantation tissue model affects 
symmetry of the antenna’s far-fi eld radiation pattern, accord-
ingly. Omnidirectional, monopole-like radiation is observed 
inside symmetrical tissue models (e.g., Figure 5a [26, 27]), 
whereas asymmetrical radiation is recorded within anatomical 
tissue models that are irregular and inhomogeneous (e.g., Fig-
ure 5b [26, 27]).

2.5 Low Power Consumption

 If operated continuously, the implantable medical device’s 
transceiver will consume signifi cant energy, and reduce the 
lifetime of the implantable medical device. There exist some 
methods for recharging the battery (e.g., via an inductive-loop 
approach [2, 3]). However, using the bio telemetry link only 
when necessary would be highly advanta geous. 

 For this purpose, a transceiver with dual-band operation 
may be used, such as the commercially available Zarlink 
ZL70101 transceiver [46]. The system uses two frequency 
bands, one for “wake-up” and one for transmission. The trans-
ceiver stays in “sleep mode” with low power consumption 
(1 μW) until a “wake-up” signal is sensed in the 2450 MHz ISM 
band. In the normal mode, the implantable medical device is 
fully powered, and exchanges data in the MICS band. Following 
the data transfer, the implantable medical device’s transceiver 
returns back to the “sleep mode.” The exterior device may be 
programmed to wake up the implanted device according to a 
physician-defi ned schedule, or only when a patient event is 
detected [14].

 For example, a dual-band (MICS and ISM) implantable 
antenna was proposed in the literature for continuous glucose 

Table 2. A performance comparison of MICS implantable patch antennas reported in the literature with respect to the 
occupied volume: maximum 1 g ( 1 ,SAR g max ) and 10 g ( 10 ,SAR g max ) averaged SAR for a net input power of 1 W, with 

maximum allowable net-input-power levels imposed by the IEEE C95.1-1999 (PC95.1-1999) and IEEE C95.1-2005 
(PC95.1-2005) standards, maximum far-fi eld gain ( maxG ), and bandwidth at a return loss of 10 dB (10 dB-BW)

(where available).

Ref. Volume
[mm3]

1 ,SAR g max

[W/kg]
10 ,SAR g max

[W/kg]
PC95.1-1999

[mW]
PC95.1-2005

[mW]
maxG

[dB]
10 dB-BW

[MHz]

[32] 10240.0 182.0 – 8.791 – – 20
[30] 6480.0 – – – – – 16
[32] 6144.0 209.0 – 7.656 – – 25
[15] 3457.4 – – – – – 28
[33] 1524.0* – – – – –6* 12*

[18] 1265.6 – – – – –25 142
[34] 1200.0 310.0 – 5.161 – – 28
[35] 1200.0 294.0 – 5.442 – – 40
[36] 823.0 274.9 – 5.820 – – 25
[37] 790.9 280.0 – 5.714 – –27 120
[38] 335.8 333.5 – 4.798 – –26 50
[39] 273.6 – – – – –24 39
[40] 254.0 341.0 – 4.692 – –7 113
[27] 203.6 324.7 66.6 4.928 30.030 –37 27
[41] 190.0 336.0 – 4.762 – –26 50
[31] 149.2 716.0 – 2.235 – – 84
[42] 121.6 900.0 – 1.778 – –38 122
[28] 110.4 828.3 96.6 1.932 20.704 –46 50
[26] 32.7 679.8 82.0 2.354 24.390 –45 40

 

  * O. Quevedo-Teruel, personal communication
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Figure 4. The near electric fi eld distribution in front of (a, 
top) nonuniform-width and (b, bottom) uniform-width 
radiators of a spiral implantable patch antenna [34].

allowable net-input-power levels to the antennas are also 
shown, as restricted by the IEEE C95.1-1999 (PC95.1-1999) [43] 
and IEEE C95.1-2005 (PC95.1-2005) [45] standards. Increased-
size implantable antennas exhibit more uniform distributions of 
the electric fi eld and current density across an increased patch 
surface area, so that lower SAR values are obtained. The IEEE 
C95.1-1999 [43] standard appears to be much stricter than the 
IEEE C95.1-2005 [45] standard.

2.4 Far-Field Gain

 Medical implant communication systems (MICS) are 
comprised of the implantable medical device and an exterior 
monitoring/control device, which is placed at some distance 
(typically, 2 m) away from the body [10]. Biotelemetry links 
may be used for device-parameter adjustment, transmission of 
stored information, as well as real-time transmission of vital 

monitoring information. The implantable antenna should thus 
provide a signal that is strong enough to be picked up by the 
exterior device, regardless of any power limitations. It is 
important to highlight that apart from patient safety, interfer-
ence issues also limit the maximum allowable power incident 
on the implantable antenna. For example, a strict limit of 16−
dBm (25 μW) has been set on the effective radiated power 
(ERP) of implantable medical devices operating in the MICS 
band, in order to prevent interference to the collocated 
Meteorological Aids Service band [10].

 Given the SAR and effective radiated power limitations, 
the far-fi eld gain of the implantable antenna indicates the 
desired receiver sensitivity for achieving reliable biotelemetry 
communication. In order to increase the range of biotelemetry 
communication, implantable antennas with enhanced gain are 
solicited. However, reduced-size antennas exhibit degraded 
electromagnetic performance: miniaturization degrades gain, 
while high-gain antennas exhibit relatively increased size. The 
maximum far-fi eld gain values ( maxG ) achieved by the MICS 
implantable antennas of Table 1 are shown in Table 2 (where 
available). Low values of gain imply poor radiation effi cien-
cies; however, compromises in the system’s performance are 
inevitable, given the miniaturized antenna dimensions.

 (A)symmetry of the implantation tissue model affects 
symmetry of the antenna’s far-fi eld radiation pattern, accord-
ingly. Omnidirectional, monopole-like radiation is observed 
inside symmetrical tissue models (e.g., Figure 5a [26, 27]), 
whereas asymmetrical radiation is recorded within anatomical 
tissue models that are irregular and inhomogeneous (e.g., Fig-
ure 5b [26, 27]).

2.5 Low Power Consumption

 If operated continuously, the implantable medical device’s 
transceiver will consume signifi cant energy, and reduce the 
lifetime of the implantable medical device. There exist some 
methods for recharging the battery (e.g., via an inductive-loop 
approach [2, 3]). However, using the bio telemetry link only 
when necessary would be highly advanta geous. 

 For this purpose, a transceiver with dual-band operation 
may be used, such as the commercially available Zarlink 
ZL70101 transceiver [46]. The system uses two frequency 
bands, one for “wake-up” and one for transmission. The trans-
ceiver stays in “sleep mode” with low power consumption 
(1 μW) until a “wake-up” signal is sensed in the 2450 MHz ISM 
band. In the normal mode, the implantable medical device is 
fully powered, and exchanges data in the MICS band. Following 
the data transfer, the implantable medical device’s transceiver 
returns back to the “sleep mode.” The exterior device may be 
programmed to wake up the implanted device according to a 
physician-defi ned schedule, or only when a patient event is 
detected [14].

 For example, a dual-band (MICS and ISM) implantable 
antenna was proposed in the literature for continuous glucose 

Table 2. A performance comparison of MICS implantable patch antennas reported in the literature with respect to the 
occupied volume: maximum 1 g ( 1 ,SAR g max ) and 10 g ( 10 ,SAR g max ) averaged SAR for a net input power of 1 W, with 

maximum allowable net-input-power levels imposed by the IEEE C95.1-1999 (PC95.1-1999) and IEEE C95.1-2005 
(PC95.1-2005) standards, maximum far-fi eld gain ( maxG ), and bandwidth at a return loss of 10 dB (10 dB-BW)

(where available).

Ref. Volume
[mm3]

1 ,SAR g max

[W/kg]
10 ,SAR g max

[W/kg]
PC95.1-1999

[mW]
PC95.1-2005

[mW]
maxG

[dB]
10 dB-BW

[MHz]

[32] 10240.0 182.0 – 8.791 – – 20
[30] 6480.0 – – – – – 16
[32] 6144.0 209.0 – 7.656 – – 25
[15] 3457.4 – – – – – 28
[33] 1524.0* – – – – –6* 12*

[18] 1265.6 – – – – –25 142
[34] 1200.0 310.0 – 5.161 – – 28
[35] 1200.0 294.0 – 5.442 – – 40
[36] 823.0 274.9 – 5.820 – – 25
[37] 790.9 280.0 – 5.714 – –27 120
[38] 335.8 333.5 – 4.798 – –26 50
[39] 273.6 – – – – –24 39
[40] 254.0 341.0 – 4.692 – –7 113
[27] 203.6 324.7 66.6 4.928 30.030 –37 27
[41] 190.0 336.0 – 4.762 – –26 50
[31] 149.2 716.0 – 2.235 – – 84
[42] 121.6 900.0 – 1.778 – –38 122
[28] 110.4 828.3 96.6 1.932 20.704 –46 50
[26] 32.7 679.8 82.0 2.354 24.390 –45 40

 

  * O. Quevedo-Teruel, personal communication
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Figure 5. The far-fi eld-gain radiation patterns of the skin-
implantable antenna proposed in [26] inside (a, top) a 
100 mm-edge skin cube, and (b, bottom) the skin tissue of an 
anatomical human head model.

monitoring [18]. A meandered antenna confi guration was con-
sidered for optimizing the antenna’s surface area, and particle-
swarm optimization was applied to achieve the desired reso-
nance characteristics. The simulated and measured bandwidths 
were found to be 82 MHz and 142 MHz in the MICS band, 
and 103 MHz and 174 MHz in the ISM band, respectively. An 
innovative dual-band (MICS and ISM) patch antenna with a 
multilayer confi guration and electromagnetic-coupling-based 
feeding was further proposed for implantation inside the left 
sub-pectoral region [33]. Recently, a novel antenna design was 
suggested using a π-shaped radiator with stacked and spiral 
structure to support triple-band operation with data telemetry 
(402 MHz), wireless power transmission (433 MHz), and wake-
up controller (2450 MHz) [40]. The simulated and measured 
bandwidths were 86 MHz and 114 MHz in the MICS band, and 
60 MHz and 70 MHz in the ISM band, respectively.

3. Numerical Investigations

3.1 Tissue Models

 In numerical simulations, implantable antennas are ana-
lyzed inside inhomogeneous lossy media that simulate bio-
logical tissues. Biological tissues have their own permittivity
( rε ), conductivity (σ ), and mass-density values. Canonical 
tissue models are often used to speed up simulations, and to 
ease the design of implantable antennas. These may be a sin gle 
layer (e.g., Figure 6a [27]), thus accounting for a generic tissue-
implantable antenna. They may also be multilayer (e.g., 
Figure 6b [18]), thus providing a simplifi ed model of a spe cifi c 
implantation site inside the human body. Example canonical 
tissue models used in the literature for the simula tion of 
implantable patch antennas are shown in Table 3 [15, 18, 26-32, 
34, 35, 41, 42]. 

 To obtain more realistic results, anatomical tissue models 
(e.g., Figure 6c [27]), produced by the combination of mag-
netic-resonance imaging (MRI) or computer tomography (CT) 
data with the electrical properties of human body tissues, can 
also be applied. Anatomical tissue models used in the litera-
ture for simulation of implantable patch antennas are shown in 
Table 4 [15, 26, 27, 29, 32]. 

 As far as antenna design is concerned, it is important 
to highlight that multilayer canonical models have been 

Figure 6a. A single-layer canonical (skin cube) tissue model 
[27].

Figure 6c. An anatomical human head tissue model [27]. 

Figure 6b. A three-layer (skin/fat/muscle) canonical tissue 
model [18].

proven to provide an acceptable model for the human body. 
Highly similar return-loss characteristics have been found for 
implantable patch antennas inside a three-layer planar geome-
try and a realistic model of the human chest [32], as well as 
inside a three-layer spherical and an anatomical model of the 
human head [27]. 

3.2 Numerical Methods and Software

 Analytical methods can only be applied for analyzing the 
performance of simplifi ed implantable antennas positioned 
inside canonical tissue models. For example, a spherical dyadic 
Green’s function (DGF) code was implemented in the literature 
to characterize a MICS dipole antenna implanted inside a 
multilayer spherical human-head model [32]. As a result, 
emphasis is mainly on numerical methods implemented on 
commercial electromagnetic simulation platforms.

 The electromagnetic solvers that are most commonly used 
in the literature for implantable antenna design are based on 
the Finite-Element (FE) Method (e.g., Ansoft HFSS) [28, 31, 
36, 41]. The Finite-Difference Time-Domain (FDTD) Method 
is also applied in some studies, because it exhibits simplicity in 
the implementation of inhomogeneous media and assessment 
of bioelectromagnetic interactions, while enabling effi cient 
modeling of detailed anatomical human body parts (e.g., CST 
Microwave Studio, Remcom XFDTD) [15, 26-28, 32, 34]. 
In all cases, the computational cost heavily depends on the 
complexity of the tissue and antenna models.

 The frequency dependency of tissue dielectric values ( rε  , 
σ ) is taken into account by using Cole-Cole models [18], or 
simpler two-pole Debye models [47], which can be effi ciently 
incorporated into numerical codes. Absorbing boundaries (e.g., 
Mur [15] or perfectly matched layer bounda ries [30]) are placed 
at some distance away from the setups to truncate the simulation 
domain while extending radiation infi  nitely far. 

3.3 Antenna Design Strategies

 Several strategies have been proposed for implantable 
antenna design. These are mainly dictated by the fact that 
antennas are intended to operate inside human tissue instead of 
free space. The antenna should therefore be designed inside free 
space, and further refi ned for tissue implantation, or designed 
directly inside an environment surrounded with human tissue.

 In [48], a MICS patch antenna was designed in a free-
space environment, and further implanted inside the skin tis sue 
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Figure 5. The far-fi eld-gain radiation patterns of the skin-
implantable antenna proposed in [26] inside (a, top) a 
100 mm-edge skin cube, and (b, bottom) the skin tissue of an 
anatomical human head model.
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swarm optimization was applied to achieve the desired reso-
nance characteristics. The simulated and measured bandwidths 
were found to be 82 MHz and 142 MHz in the MICS band, 
and 103 MHz and 174 MHz in the ISM band, respectively. An 
innovative dual-band (MICS and ISM) patch antenna with a 
multilayer confi guration and electromagnetic-coupling-based 
feeding was further proposed for implantation inside the left 
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suggested using a π-shaped radiator with stacked and spiral 
structure to support triple-band operation with data telemetry 
(402 MHz), wireless power transmission (433 MHz), and wake-
up controller (2450 MHz) [40]. The simulated and measured 
bandwidths were 86 MHz and 114 MHz in the MICS band, and 
60 MHz and 70 MHz in the ISM band, respectively.

3. Numerical Investigations

3.1 Tissue Models

 In numerical simulations, implantable antennas are ana-
lyzed inside inhomogeneous lossy media that simulate bio-
logical tissues. Biological tissues have their own permittivity
( rε ), conductivity (σ ), and mass-density values. Canonical 
tissue models are often used to speed up simulations, and to 
ease the design of implantable antennas. These may be a sin gle 
layer (e.g., Figure 6a [27]), thus accounting for a generic tissue-
implantable antenna. They may also be multilayer (e.g., 
Figure 6b [18]), thus providing a simplifi ed model of a spe cifi c 
implantation site inside the human body. Example canonical 
tissue models used in the literature for the simula tion of 
implantable patch antennas are shown in Table 3 [15, 18, 26-32, 
34, 35, 41, 42]. 

 To obtain more realistic results, anatomical tissue models 
(e.g., Figure 6c [27]), produced by the combination of mag-
netic-resonance imaging (MRI) or computer tomography (CT) 
data with the electrical properties of human body tissues, can 
also be applied. Anatomical tissue models used in the litera-
ture for simulation of implantable patch antennas are shown in 
Table 4 [15, 26, 27, 29, 32]. 

 As far as antenna design is concerned, it is important 
to highlight that multilayer canonical models have been 

Figure 6a. A single-layer canonical (skin cube) tissue model 
[27].

Figure 6c. An anatomical human head tissue model [27]. 

Figure 6b. A three-layer (skin/fat/muscle) canonical tissue 
model [18].

proven to provide an acceptable model for the human body. 
Highly similar return-loss characteristics have been found for 
implantable patch antennas inside a three-layer planar geome-
try and a realistic model of the human chest [32], as well as 
inside a three-layer spherical and an anatomical model of the 
human head [27]. 

3.2 Numerical Methods and Software

 Analytical methods can only be applied for analyzing the 
performance of simplifi ed implantable antennas positioned 
inside canonical tissue models. For example, a spherical dyadic 
Green’s function (DGF) code was implemented in the literature 
to characterize a MICS dipole antenna implanted inside a 
multilayer spherical human-head model [32]. As a result, 
emphasis is mainly on numerical methods implemented on 
commercial electromagnetic simulation platforms.

 The electromagnetic solvers that are most commonly used 
in the literature for implantable antenna design are based on 
the Finite-Element (FE) Method (e.g., Ansoft HFSS) [28, 31, 
36, 41]. The Finite-Difference Time-Domain (FDTD) Method 
is also applied in some studies, because it exhibits simplicity in 
the implementation of inhomogeneous media and assessment 
of bioelectromagnetic interactions, while enabling effi cient 
modeling of detailed anatomical human body parts (e.g., CST 
Microwave Studio, Remcom XFDTD) [15, 26-28, 32, 34]. 
In all cases, the computational cost heavily depends on the 
complexity of the tissue and antenna models.

 The frequency dependency of tissue dielectric values ( rε  , 
σ ) is taken into account by using Cole-Cole models [18], or 
simpler two-pole Debye models [47], which can be effi ciently 
incorporated into numerical codes. Absorbing boundaries (e.g., 
Mur [15] or perfectly matched layer bounda ries [30]) are placed 
at some distance away from the setups to truncate the simulation 
domain while extending radiation infi  nitely far. 

3.3 Antenna Design Strategies

 Several strategies have been proposed for implantable 
antenna design. These are mainly dictated by the fact that 
antennas are intended to operate inside human tissue instead of 
free space. The antenna should therefore be designed inside free 
space, and further refi ned for tissue implantation, or designed 
directly inside an environment surrounded with human tissue.

 In [48], a MICS patch antenna was designed in a free-
space environment, and further implanted inside the skin tis sue 
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Table 3. Canonical tissue models used in the literature
for analysis of implantable patch antennas.

Canonical Tissue Model
Ref.

Body Part Tissue(s) Shape
(volume [mm3])

Generic skin skin

cubic
(100 × 100 × 100) [26-29]

rectangular
(16 × inf × inf) [32]

rectangular
(8.5 × 102.5 × inf) [18]

rectangular
(50 × 100 × 100)

[31]
[34]
[35]

cylindrical
(π × (10)2 × 20)

[41]
[42]

Average 
body 2/3 muscle

rectangular
(20 × 40 × 50) [15]

rectangular
(20 × 50 × 60) [30]

Head
skin/bone/brain spherical

(π × (100)3) [27]

skin/fat/bone/
dura/CSF/brain

spherical
(π × (90)3) [32]

Left upper 
chest skin/fat/muscle rectangular

(16 × inf × inf) [32]

Table 4. Anatomical tissue models used in the literature 
for analysis of implantable patch antennas.

Anatomical Tissue Model
Ref.

Body Part # of 
Tissues

Max Dimensions 
[mm]

chest 30 286 × 320 × 584 [32]
shoulder 31 180 × 190 × 390 [15]

head
13 160 ×177 × 177

[26]
[27]
[29]

30 200 × 256 × 280 [32]
head with shoulders 30 288 × 400 × 620 [32]

of an anatomical head model. Resonance-frequency detuning 
was observed, as attributed to the capacitive loading effect 
of the surrounding tissues, and a varactor diode with tuning 
capability was inserted to refi ne resonance. 

 In [22], a MICS antenna was designed in free space, aimed 
at high gain (higher than 20− dB), in order to account for 
subsequent body-absorption losses. The antenna was opti mized 
in free space to minimize size, and further covered by a 
biocompatible layer and placed inside tissue material. Design 
modifi cations were performed to account for the frequency 
shift induced by the presence of encapsulation and human tis-
sue. 

 Use of a single-layer tissue model is the simplest and 
fastest option when designing implantable antennas directly 
inside tissue material. Following this methodology, antennas 
are designed for a “generic” tissue-implantation scenario. 
Simplifi ed tissue models in the shape of a cube [26-29], a 
rectangular parallelepiped [31-35] and a cylinder [41, 42] 
have been used for this purpose. The design is performed by 
selecting the dielectric material, and subsequently optimizing 
all antenna design parameters to refi ne tuning at the desired 
operating frequency.

 Another option is to design the antenna for a specifi c 
implantation site by taking into account a specifi c region of the 
body. A multilayer tissue model, with either fi nite or infi  nite 
dimensions, is selected in this case. For example, implant able 
antennas intended for trunk [18] and chest [32] implanta tion 
were directly designed inside three-layer planar tissue models 
consisting of skin, fat, and muscle tissues.

 Recently, a novel two-step design methodology was 
pro posed for implantable antennas. This emphasizes design 
speed-up and optimized resonance performance inside a spe-
cifi c implantation site [27]. This involves an approximate 
antenna design inside a simplifi ed tissue model (a cube fi lled 
with the intended tissue material), and further quasi-Newton 
optimization inside a canonical model of the desired implan-
tation site. Despite being optimized inside a canonical tissue 
model, the designed antennas were shown to exhibit insignifi -
cant resonance discrepancies inside detailed anatomical tissue 
models.

4. Experimental Investigations

 Experimental investigations are required in order to con-
fi rm the validity of numerical simulations for implantable 
antennas. Since it is not possible to carry out measurements 
inside real operating scenarios (i.e., inside the human body), 
investigations are performed by measuring laboratory-fabri-
cated prototypes inside either tissue-equivalent mediums 
(phantoms) or animal tissue.

4.1 Prototype Fabrication

 Due to the unavailability of biocompatible materials in 
some laboratories, other dielectrics with similar electrical 
properties may be selected for prototype fabrication. For 
instance, Rogers 3210 ( 10.2rε = , tan 0.003δ = ) is often used 
because it has properties similar to the biocompatible ceramic 
alumina ( 9.4rε = , tan 0.006δ = ) [18, 27, 31].

 Prototype fabrication of implantable antennas meets all 
classical diffi culties of miniature antennas. For example, addi-
tional glue layers used to affi x all components together strongly 
affect antenna performance, by shifting the antenna’s resonance 
frequency and degrading its matching characteris tics [22, 27]. 
Furthermore, the coaxial cable feed used to con nect the antenna 
with the network analyzer may give rise to radiating currents 
on the outer part of the cable, which, in turn, deteriorate 
measurements. The effects of different feeding techniques 
for implantable patch antennas were analyzed in [49]. Patch-
antenna prototypes immersed inside phantoms, with the ground 
plane being in direct contact with the tissue-emulating material, 
were found to be insignifi cantly infl u enced by the coaxial 
feeding cable.

 Based on the above, the numerical antenna model must 
be slightly adjusted in order to take prototype fabrication con-
siderations into account. Example fabricated prototypes of 
implantable patch antennas are shown in Figure 7 [27, 36, 50]. 
Numerical simulations and experimental measurements must 
be carried out with the exact same antenna structure in order to 
be able to validate the design. 

4.2 Testing Inside Phantoms

 Testing inside phantoms is relatively easy and practical to 
implement. The fabricated prototype is immersed inside a tissue 
phantom (i.e., a container fi lled with a liquid or gel material 
that mimics the electrical properties of biological tissue), and 
measured. For validation purposes, the same sce nario as that of 
the numerical simulations has to be considered.

 Canonically-shaped phantoms have so far been used for 
testing of implantable patch antennas (e.g., Figure 8a [27]). In 
this case, the main challenge lies in the formulation and char-
acterization of tissue-emulating materials. Example phantoms 
and tissue recipes reported in the literature are given in Table 5 
[15, 18, 19, 27, 31, 32, 35, 36, 50, 51]. Recipes pro posed mainly 
included deionized water, sugar, and salt. An increase in sugar 
concentration has been found to signifi cantly decrease rε  while 
slightly increasing σ . An increase in salt concentration 
decreases rε  and signifi cantly increases σ  [18]. Adding 
gelatin or dry agarose to solidify the liquids and form multilayer 
gel phantoms was also examined (e.g., Fig ure 8b) [18, 51]. To 
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Table 3. Canonical tissue models used in the literature
for analysis of implantable patch antennas.

Canonical Tissue Model
Ref.

Body Part Tissue(s) Shape
(volume [mm3])
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rectangular
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[31]
[34]
[35]

cylindrical
(π × (10)2 × 20)

[41]
[42]

Average 
body 2/3 muscle

rectangular
(20 × 40 × 50) [15]

rectangular
(20 × 50 × 60) [30]

Head
skin/bone/brain spherical

(π × (100)3) [27]

skin/fat/bone/
dura/CSF/brain

spherical
(π × (90)3) [32]

Left upper 
chest skin/fat/muscle rectangular

(16 × inf × inf) [32]
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 In [22], a MICS antenna was designed in free space, aimed 
at high gain (higher than 20− dB), in order to account for 
subsequent body-absorption losses. The antenna was opti mized 
in free space to minimize size, and further covered by a 
biocompatible layer and placed inside tissue material. Design 
modifi cations were performed to account for the frequency 
shift induced by the presence of encapsulation and human tis-
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 Use of a single-layer tissue model is the simplest and 
fastest option when designing implantable antennas directly 
inside tissue material. Following this methodology, antennas 
are designed for a “generic” tissue-implantation scenario. 
Simplifi ed tissue models in the shape of a cube [26-29], a 
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have been used for this purpose. The design is performed by 
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cated prototypes inside either tissue-equivalent mediums 
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 Due to the unavailability of biocompatible materials in 
some laboratories, other dielectrics with similar electrical 
properties may be selected for prototype fabrication. For 
instance, Rogers 3210 ( 10.2rε = , tan 0.003δ = ) is often used 
because it has properties similar to the biocompatible ceramic 
alumina ( 9.4rε = , tan 0.006δ = ) [18, 27, 31].

 Prototype fabrication of implantable antennas meets all 
classical diffi culties of miniature antennas. For example, addi-
tional glue layers used to affi x all components together strongly 
affect antenna performance, by shifting the antenna’s resonance 
frequency and degrading its matching characteris tics [22, 27]. 
Furthermore, the coaxial cable feed used to con nect the antenna 
with the network analyzer may give rise to radiating currents 
on the outer part of the cable, which, in turn, deteriorate 
measurements. The effects of different feeding techniques 
for implantable patch antennas were analyzed in [49]. Patch-
antenna prototypes immersed inside phantoms, with the ground 
plane being in direct contact with the tissue-emulating material, 
were found to be insignifi cantly infl u enced by the coaxial 
feeding cable.

 Based on the above, the numerical antenna model must 
be slightly adjusted in order to take prototype fabrication con-
siderations into account. Example fabricated prototypes of 
implantable patch antennas are shown in Figure 7 [27, 36, 50]. 
Numerical simulations and experimental measurements must 
be carried out with the exact same antenna structure in order to 
be able to validate the design. 

4.2 Testing Inside Phantoms

 Testing inside phantoms is relatively easy and practical to 
implement. The fabricated prototype is immersed inside a tissue 
phantom (i.e., a container fi lled with a liquid or gel material 
that mimics the electrical properties of biological tissue), and 
measured. For validation purposes, the same sce nario as that of 
the numerical simulations has to be considered.

 Canonically-shaped phantoms have so far been used for 
testing of implantable patch antennas (e.g., Figure 8a [27]). In 
this case, the main challenge lies in the formulation and char-
acterization of tissue-emulating materials. Example phantoms 
and tissue recipes reported in the literature are given in Table 5 
[15, 18, 19, 27, 31, 32, 35, 36, 50, 51]. Recipes pro posed mainly 
included deionized water, sugar, and salt. An increase in sugar 
concentration has been found to signifi cantly decrease rε  while 
slightly increasing σ . An increase in salt concentration 
decreases rε  and signifi cantly increases σ  [18]. Adding 
gelatin or dry agarose to solidify the liquids and form multilayer 
gel phantoms was also examined (e.g., Fig ure 8b) [18, 51]. To 
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Figure 7a. A fabricated prototype of an implantable patch 
antenna [27].

Figure 7b. A fabricated prototype of an implantable patch 
antenna [36].

Figure 7c. A fabricated prototype of an implantable patch 
antenna [50]. 

Figure 8a. A liquid canonical phantom used for testing of 
implantable patch antennas [27].

Figure 8b. A multilayer gel canonical phantom used for 
testing of implantable patch antennas [51].

Table 5. Phantoms used in the literature for testing of implantable patch antennas.

Phantom Measured Electrical 
Properties

RefTissue(s) Shape
(volume [mm3]) State Ingredients f 

[MHz] rε
σ  

[S/m]

Skin

cubic
(100 × 100 × 100) liquid deionized water, sugar, salt, 402 46.7 0.69 [27]

rectangular
(height of 100 mm) liquid deionized water / sugar / salt 

/ cellulose 402 49.6 0.51 [32]

rectangular
(100 × 100 × 50) liquid deionized water, fruit sugar, 

salt, cellulose, 402 46.7 0.69 [31]

rectangular
(height of 50 mm) liquid – 402 49.6 0.51 [35]

rectangular gel deionized water, sugar, salt, 
agarose 402 46.7 0.69 [18]

rectangular gel deionized water, sugar, 
agarose 2450 38.1 2.27 [18]

2/3 
muscle

rectangular liquid water sugar, salt, TX-151 
powder, 402 48.9 0.71 [15]

rectangular liquid water, sugar, salt, cellulose 
cetylpyridinium chloride 403 41.3 – [36]

Scalp rectangular gel
water, salt, acrylamide, 
TMEDA, ammonium 

persulphate,
2450 50 2.2 [19]

Rat 
tissue

rectangular gel deionized water, salt, DGBE 402 0.78 1.3 [50]

rectangular gel deionized water, DGBE, 
Triton X-100 2450 0.73 1.27 [50]

Skin
Fat

Muscle

rectangular
(40 × 80 × 160)

(multilayer)
gel

deionized water, sugar
deionized water, salt, 
vegetable oil, fl our

deionized water, sugar, salt

868
38.7
4.9
53.0

0.77
0.04
0.92

[51]
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prevent the formation of air bubbles and/or gaps, the mixture 
must be carefully heated and stirred, and slowly poured inside 
the container of the phantom. Since it is not possible to produce 
a valid approximation to human tissue for a broad frequency 
spectrum using a single formula, separate recipes are given for 
different frequency bands [18]. Measurements of the liquid’s 
electrical properties ( rε  and σ ) are conducted by either the 
open-ended coaxial cable tech nique [52], or a dielectric probe 
kit (e.g., Agilent’s 85070E dielectric probe kit). 

 Most studies of implantable patch antennas are limited to 
refl ection-coeffi cient ( 11S ) measurements (e.g., [27, 30-36]). 
As part of the experimental setup, prototype antennas are con-
nected to a network analyzer through a coaxial cable, immersed 
inside the tissue-emulating phantom, and measured. Only in 
[19] was the transmission coeffi cient ( 21S ) measured through a 
scalp phantom at the 2450 MHz ISM band. In this study, a 
2450 MHz PIFA was implanted inside a gel scalp phantom for 
intracranial pressure monitoring, and a linearly polarized 
2450 MHz chip antenna was used as the receiving (probing) 
antenna.

4.3 Testing Inside Animal Tissue

 Testing inside animal tissue can be performed either by 
embedding the implantable antenna inside tissue samples from 
donor animals, or by surgically implanting the antenna inside 
live model animals (in-vivo testing). In the fi rst case, electrical 
properties of the test tissue can be measured using a dielectric 
probe kit and a network analyzer.

 The use of animal-tissue samples provides an easy 
approach to mimicking the frequency-dependency character-
istics of the electrical properties of tissues. This can prove highly 
advantageous when carrying out measurements for multi-band 
implantable antennas. In the literature, an implant able patch 
antenna with dual resonances at 380 and 440 MHz was tested 
inside test tissue obtained by grinding the front leg of a pig 
[37]. The electrical properties of the adapted pork were found 
to be between those of human skin and muscle in the MICS 
band. A dual-band skin-implantable patch antenna operating in 
the MICS and 2450 MHz ISM bands was also tested in real 
animal skin [50]. Skin samples with dimensions of 50 mm × 
50 mm × 5 mm were extracted from the dorsal area of three 
donor rats to cover the designed antenna, and measurements 
were performed within 30 minutes of euthana sia (Figure 9a). 
Finally, a triple-band implantable patch antenna was tested 
inside a minced front leg of a pig [40]. The electrical properties 
of the minced pork were measured, and found to correspond to 
those of human skin and muscle between 100 MHz and 3 GHz. 

 In-vivo investigations are also vital in order to investigate 
the effects of live tissue on the performance of implantable 
patch antennas, while providing valuable feedback for antenna 
design and analysis. Testing inside living animals is highly 

Figure 9a. The testing of an implantable patch antenna 
inside animal tissue: an antenna embedded inside rat-skin 
samples [50].

Figure 9b. The testing of an implantable patch antenna 
inside animal tissue: a antenna surgically implanted into a 
rat [20].

challenging. An in-vivo testing protocol needs to be developed 
before the experimental investigations. This needs to deal with 
the choice and number of animals, pre-surgical preparation, 
anesthesia, surgical procedure, measurements (e.g., repeat-
ability requirements, determination of potential sources of 
noise), and post-surgical treatment. In-vivo studies reported 
in the literature are very limited. The return-loss frequency 
response of a skin-implantable antenna was measured using 
rats as model animals [20] (Figure 9b). In this study, the 
antenna was implanted by means of a surgical operation inside 
the dorsal midline of three rats (for validation purposes), and 
euthanasia was applied after the measurements (approximately 
13-15 minutes after the surgery). Canine studies for trans-scalp 
evaluation of a scalp-implantable antenna at 2450 MHz were 
also presented [53]. Canine models were selected to ensure a 
large head size. An intra-cranial pressure-monitoring device 
with an integrated PIFA was fi xed to the skull. The monitor 
was tested while the dog was still under anesthesia. After 
the measurements, the animal was allowed to emerge from 
anesthesia and taken to the recovery area.

5. Conclusion

 In this paper, we have presented an overview of the chal-
lenges faced and solutions suggested regarding the design, 
numerical simulations, and experimental investigations of 
implantable patch antennas for biomedical telemetry. The 
design of implantable antennas mainly emphasizes miniaturi-
zation issues and biocompatibility. However, electrically small 
antennas present poor radiation performance and relatively 
narrow bandwidths. Even though gain enhancement is consid-
ered crucial, compromises in the system performance are gen-
erally inevitable. Conserving energy to extend the lifetime of 
the implantable medical device is also signifi cant. Multi-band 
antennas are being designed for this purpose that “wake up” 
the implantable medical device only when there is a need for 
information exchange.

 The computational tools that are most commonly used 
for the numerical simulations of implantable patch antennas 
are based on the Finite-Element and Finite-Difference Time-
Domain Methods. Several methodologies have been proposed 
for implantable antenna design, all of which need to take into 
account the host body. Simplifi ed tissue models have proven 
to be able to substitute for complex anatomical tissue models, 
thus speeding up simulations. Although a homogenous model 
is suffi cient for basic antenna design, a more-realistic model is 
needed to refi ne the fi nal antenna design and provide accurate 
results. Using effi cient and accurate simulation tools and tis sue 
models is a key issue for both design and performance analysis.

 Regarding experimental investigations, implantable 
anten nas exhibit tight fabrication tolerances, attributed to 
their miniature size. Testing inside tissue-emulating phantoms 
mainly needs to deal with the formulation and characterization 
of the tissue-mimicking liquid or gel. To benefi t from fre-
quency-dependent tissue electrical properties, testing in animal 
tissue samples can additionally be performed. However, the 
highest challenge lies in measurements within living animals, 
for which careful consideration is required for developing the 
optimal testing protocol. 

 Implantable medical devices are a growing technology 
with a high potential for improving patients’ life and the qual ity 
of healthcare. RF technology for implantable medical devices 
promises many benefi ts for both patients and caregiv ers. Even 
though emphasis has been given to implantable patch antennas, 
it is worth noting that the shape of the implantable medical 
device and the intended implantation site will actually dictate 
the type of the antenna. Patch antennas are appropriate for 
being integrated onto most fl at implantable devices; however, a 
helical antenna might be more preferable for a urinary implant 
application. 
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prevent the formation of air bubbles and/or gaps, the mixture 
must be carefully heated and stirred, and slowly poured inside 
the container of the phantom. Since it is not possible to produce 
a valid approximation to human tissue for a broad frequency 
spectrum using a single formula, separate recipes are given for 
different frequency bands [18]. Measurements of the liquid’s 
electrical properties ( rε  and σ ) are conducted by either the 
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inside test tissue obtained by grinding the front leg of a pig 
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to be between those of human skin and muscle in the MICS 
band. A dual-band skin-implantable patch antenna operating in 
the MICS and 2450 MHz ISM bands was also tested in real 
animal skin [50]. Skin samples with dimensions of 50 mm × 
50 mm × 5 mm were extracted from the dorsal area of three 
donor rats to cover the designed antenna, and measurements 
were performed within 30 minutes of euthana sia (Figure 9a). 
Finally, a triple-band implantable patch antenna was tested 
inside a minced front leg of a pig [40]. The electrical properties 
of the minced pork were measured, and found to correspond to 
those of human skin and muscle between 100 MHz and 3 GHz. 

 In-vivo investigations are also vital in order to investigate 
the effects of live tissue on the performance of implantable 
patch antennas, while providing valuable feedback for antenna 
design and analysis. Testing inside living animals is highly 

Figure 9a. The testing of an implantable patch antenna 
inside animal tissue: an antenna embedded inside rat-skin 
samples [50].

Figure 9b. The testing of an implantable patch antenna 
inside animal tissue: a antenna surgically implanted into a 
rat [20].

challenging. An in-vivo testing protocol needs to be developed 
before the experimental investigations. This needs to deal with 
the choice and number of animals, pre-surgical preparation, 
anesthesia, surgical procedure, measurements (e.g., repeat-
ability requirements, determination of potential sources of 
noise), and post-surgical treatment. In-vivo studies reported 
in the literature are very limited. The return-loss frequency 
response of a skin-implantable antenna was measured using 
rats as model animals [20] (Figure 9b). In this study, the 
antenna was implanted by means of a surgical operation inside 
the dorsal midline of three rats (for validation purposes), and 
euthanasia was applied after the measurements (approximately 
13-15 minutes after the surgery). Canine studies for trans-scalp 
evaluation of a scalp-implantable antenna at 2450 MHz were 
also presented [53]. Canine models were selected to ensure a 
large head size. An intra-cranial pressure-monitoring device 
with an integrated PIFA was fi xed to the skull. The monitor 
was tested while the dog was still under anesthesia. After 
the measurements, the animal was allowed to emerge from 
anesthesia and taken to the recovery area.

5. Conclusion

 In this paper, we have presented an overview of the chal-
lenges faced and solutions suggested regarding the design, 
numerical simulations, and experimental investigations of 
implantable patch antennas for biomedical telemetry. The 
design of implantable antennas mainly emphasizes miniaturi-
zation issues and biocompatibility. However, electrically small 
antennas present poor radiation performance and relatively 
narrow bandwidths. Even though gain enhancement is consid-
ered crucial, compromises in the system performance are gen-
erally inevitable. Conserving energy to extend the lifetime of 
the implantable medical device is also signifi cant. Multi-band 
antennas are being designed for this purpose that “wake up” 
the implantable medical device only when there is a need for 
information exchange.

 The computational tools that are most commonly used 
for the numerical simulations of implantable patch antennas 
are based on the Finite-Element and Finite-Difference Time-
Domain Methods. Several methodologies have been proposed 
for implantable antenna design, all of which need to take into 
account the host body. Simplifi ed tissue models have proven 
to be able to substitute for complex anatomical tissue models, 
thus speeding up simulations. Although a homogenous model 
is suffi cient for basic antenna design, a more-realistic model is 
needed to refi ne the fi nal antenna design and provide accurate 
results. Using effi cient and accurate simulation tools and tis sue 
models is a key issue for both design and performance analysis.

 Regarding experimental investigations, implantable 
anten nas exhibit tight fabrication tolerances, attributed to 
their miniature size. Testing inside tissue-emulating phantoms 
mainly needs to deal with the formulation and characterization 
of the tissue-mimicking liquid or gel. To benefi t from fre-
quency-dependent tissue electrical properties, testing in animal 
tissue samples can additionally be performed. However, the 
highest challenge lies in measurements within living animals, 
for which careful consideration is required for developing the 
optimal testing protocol. 

 Implantable medical devices are a growing technology 
with a high potential for improving patients’ life and the qual ity 
of healthcare. RF technology for implantable medical devices 
promises many benefi ts for both patients and caregiv ers. Even 
though emphasis has been given to implantable patch antennas, 
it is worth noting that the shape of the implantable medical 
device and the intended implantation site will actually dictate 
the type of the antenna. Patch antennas are appropriate for 
being integrated onto most fl at implantable devices; however, a 
helical antenna might be more preferable for a urinary implant 
application. 
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