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Implantable 
Antennas

I
mplantable medical devices (IMDs) are medical 
devices that are implanted inside the patient’s 
body by means of a surgical operation and can 
be used for a number of diagnostic, monitoring, 
and therapeutic applications. Typical examples 

include implantable pacemakers, defibrillators, glucose 
monitors, cochlear implants, drug infusion pumps, 
intracranial pressure monitors, neurostimulators, etc. 

[1]. To be truly beneficial while preserving patient 
comfort, IMDs need to wirelessly exchange data 
with exterior monitoring/control equipment. Low-
frequency inductive links have traditionally been used 
for wireless telemetry of IMDs [2], [3]. However, in an 
attempt to overcome their inherent limitations related 
to low data rate, restricted communication range, and 
sensitivity to intercoil misalignment, recent focus 
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is on antenna-enabled medical telemetry for IMDs. 
Wireless transmission is most commonly performed 
in the 402–405 MHz frequency band, which has been 
exclusively allocated for medical implant communica-
tions systems (MICSs), is internationally available and 
feasible with low-power circuits, falls within a rela-
tively low-noise portion of the spectrum, and allows 
for acceptable propagation through human tissue [4]. 
Nevertheless, other radio-frequency (RF) bands might 
also be used, such as those defined in the recent IEEE 
802.15.6 standard [5].

Implantable antennas, i.e., antennas that are inte-
grated into RF-enabled IMDs, exhibit numerous chal-
lenges in terms of design, fabrication, and testing and 
are, therefore, currently attracting significant research 
attention [6], [7]. Numerical design of implantable 
antennas needs to be performed fast and in a way that 
optimally addresses issues related to miniaturiza-
tion, exhibited radiation performance, patient safety, 
detuning phenomena, effect of the implantation site, 
etc. Furthermore, prototype fabrication of such min-
iature antenna structures is highly challenging given 
their critical tolerance to potential experimental ver-
sus numerical inconsistencies. Finally, in vitro and 
in vivo testing of implantable antennas is considered 
highly intriguing given the requirements for phan-
tom formulation that matches the theoretical electri-
cal properties and implantation inside living model 
animals, respectively. 

The objective of this tutorial is to provide a simple, 
yet analytical and complete, step-by-step guide on 
the design, fabrication, and in vitro/in vivo testing of 
implantable antennas for medical telemetry applica-
tions. Simulations and experimentation are carried 
out within the framework of an MICS implantable 
patch antenna for intracranial pressure (ICP) monitor-
ing applications. Nevertheless, challenges and sug-
gested solutions are highlighted so that the presented 
methodologies and techniques can be applied to any 
implantable antenna model that the designer may 
have in hand.

Selection of the Parametric  
Implantable Antenna Model
The first step in implantable antenna design is the 
selection of the intended antenna model. The selected 
antenna model should take into account considerations 
related to 1) miniaturization, 2) biocompatibility, and 3) 
prototype fabrication, as summarized in the following. 
Furthermore, it should be extensively parameterized 
to allow for a high number of degrees of freedom in the 
design. It is worth noting that patch designs are most 
commonly selected for implantable antennas because 
they are highly flexible in design, shape, and conform-
ability [8]. Moreover, circular structures are very often 
preferred in an attempt to avoid sharp edges, which 
may hurt the surrounding biological tissues [9].

Miniaturization Considerations
Design of a simple circular patch antenna (radius of 
a) is shown in Figure 1. The antenna consists of an 
infinitesimally thin metallic patch placed at a distance 
h above a ground plane. The patch and the ground 
plane are separated by a dielectric substrate (relative 
permittivity of rf ). A coaxial probe is used to feed the 
structure, where the inner conductor of the coaxial is 
attached to the radiating patch, while the outer con-
ductor is attached to the ground plane. The resonance 
frequency of this antenna may be calculated as [10]

 .f
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where c  is the speed of light in free-space and ae  is the 
effective radius of the patch, which takes into account 
fringing according to
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Assuming the circular patch to be printed on a typi-
cal Rogers RO3210 substrate ( rf  = 10.2, h = 0.635 mm), 
which has long been used in implantable antenna 
design [9], [11], then its radius would have to approxi-
mately equal a = 7.5 cm for operation in the MICS 
band ( fres  = 402 MHz).

Based on the above, miniaturization becomes one 
of the greatest challenges for implantable antenna 
design. Fortunately, human tissues in which implant-
able antennas are intended to operate exhibit high 
relative permittivity values ( rf ), which in turn work 
to advantageously reduce the physical size of the 
antenna. According to physics and electromagnetic 
(EM) theory, relative permittivity can be calculated as 
the real part of the complex relative permittivity

 tanjc r r
0

f
f
f
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Figure 1. The design of a simple circular patch antenna:  
(a) side and (b) face views.
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where 0f  is the free-space permittivity and tand  is the 
loss factor. For purely conductive losses

 tan
r0

d
~f f
v= , (4)

where v  is the medium conductivity.
The use of patch designs for implantable antennas 

allows for several additional miniaturization tech-
niques, which can be summarized as follows [7].

•	High-permittivity dielectric materials shorten the 
effective wavelength of the antenna, thus result-
ing in lower resonance frequencies.

•	The effective current-flow path on the antenna’s 
radiating patch can be increased through mean-
dering or spiraling techniques.

•	A shorting pin between the patch and ground 
planes acts somewhat like a ground plane on a 
monopole antenna, thus nearly doubling its size.

•	Vertically stacking multiple radiating patches 
increases the length of the current-flow path, 
without significantly increasing the physical size 
of the antenna.

Table 1 compares the volume occupied by implant-
able patch antennas reported in the literature, with 
respect to the applied miniaturization techniques [8], [9], 

TAble 1. A size comparison of implantable patch antennas reported in the literature.

Ref.
Bands
(MHz)

Implantation 
Tissue

Miniaturization Technique

Volume
(mm3)

Dielectric 
Material 
Permittivity

Patch 
Shape

Shorting 
Pin Patch Stacking

[12]  402–405 Skin 10.2 Spiral No No 10,240.0

[13] 402–405 2/3 muscle 2.94 Waffle Yes No 6,480.0

[12] 402–405 Skin 10.2 Spiral Yes No 6,144.0

[8] 402–405 2/3 muscle 6.1 Spiral Yes No 3,457.4

[14] 402–405
2,400–2,800

Skin 6.1 SRR coupled 
to spiral

Yes No 1,375.4

[11] 402–405
2,400–2,800

Skin 10.2 Meandered Yes No 1,265.6

[15] 402–405 Skin 10.2 Spiral Yes No 1,200.0

[16] 402–405 Skin 10.2 Meandered Yes No 1,200.0

[17] 402–405 2/3 muscle 9.4 Spiral Yes No 823.0

[18] 402–405 Muscle 10.2 r  Shaped Yes No 790.9

[19] 402–405 Mean body 6.7 Folded square Yes Yes 448.0

[20] 402–405 Skin 10.2 Hook-slotted Yes Yes 335.8

[21] 402–405 Vitreous humor 10.2 Spiral Yes Yes 273.6

[22] 402–405
433–435
2,400–2,480

Skin 10.2 Comb and 
r  shaped

Yes Yes 254.0

[23] 402–405 Vitreous humor 10.2 Spiral Yes Yes 254.0

[9] 402–405 Skin 10.2 Meandered Yes Yes 203.6

[24] 402–405 Skin 10.2 Spiral Yes Yes 190.0

[25] 402–405 Skin 10.2 Hook slotted Yes Yes 149.2

[26] 402–405 Skin 10.2 Hook slotted Yes Yes 121.6

[27] 402–405 Skin 10.2 Meandered Yes Yes 110.4

[28] 402–405 Skin 9.4 Meandered Yes Yes 32.7
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[11]–[28]. The bands of operation covered and intended 
implantation tissue and are also included in Table 1. 
When the number of bands of operation is increased, the 
size of the antenna is typically increased to cover them. 
The performance of these antennas is further compared 
in Table 2 in terms of their 10-dB bandwidth (BW), maxi-
mum allowable input power levels imposed by the IEEE 
C95.1-1999 (1 g-avg SAR # 1.6 W/kg [29]) (P1999) and IEEE 
C95.1-2005 (10-g-avg SAR # 2 W/kg [30]) (P2005) safety 
guidelines, and maximum far-field gain (Gmax). 

Biocompatibility Considerations
Implantable antennas must be biocompatible in order 
to preserve patient safety and prevent rejection of the 
implant. Furthermore, human tissues are conductive 
and will short-circuit the implantable antenna if they are 
allowed to be in direct contact with its metallization. In 
the literature, there have been reported two approaches 
for preserving the biocompatibility of implantable 
antennas and separating their metallic parts from the 
surrounding biological tissues: 1) covering the antenna 
structure with a biocompatible superstrate dielectric 
layer (e.g., Teflon, MACOR, ceramic alumina [8]) and 2) 
insulating the antenna with a thin layer of low-loss bio-
compatible coating (e.g., Zirconia [29], poly-ether-ether-
ketone (PEEK) [32], Silastic Grade Elastomer [33]) [34]. 

Prototype Fabrication Considerations
Fabrication of implantable antenna prototypes intro-
duces some additional considerations that need to be 
taken into account within the numerical design stage. 
Due to the miniature size of these structures, inconsis-
tencies between the numerical antenna model and fabri-
cated prototype related to the following considerations, 
might result in a nonfunctional prototype [7], [32].

•	Gluing. Glue layers are to be inserted between 
multiple substrate layers and/or between sub-
strate and superstrate layers of the antenna for 
bonding purposes. 

•	Metallization. Even though zero-thickness and 
perfectly conducting sheets are usually used to 
model the radiating and ground planes of a patch 
antenna, the fabricated prototype is expected to 
exhibit finite-thickness conductive sheets made 
of copper material. 

•	Feeding. Ideal models of 50-Ω coaxial cables are 
usually used to feed the numerical antenna mod-
els. However, it is highly recommended to carry 
out simulations for implantable antennas while 
considering the actual dimensions and material 
properties of the commercial coaxial cable to be 
used in fabrication.

It is important to emphasize that metallization and 
feeding parameters might often be ignored within the 
numerical design of implantable antennas for simplifica-
tion and acceleration purposes. On the contrary, gluing 
has been found to be a very critical fabrication-related 

factor for implantable antenna design and has to be 
taken into account: low-permittivity glue layers isolate 
the high-permittivity substrate layers, thus decreasing 
the effective permittivity and electrical length of the 
antenna while increasing its resonance frequency [35].

Proposed Parametric  
Implantable Antenna Model
The parametric implantable antenna model of Figure 2 
is proposed to serve the goals of this tutorial. The 
antenna model addresses all aforementioned consid-
erations related to miniaturization, biocompatibility, 
and prototype fabrication [9], [35], [36]. The model con-
sists of a ground plane (radius of R) and two vertically 
stacked patches (radius of .R 0 1 mm-  each), printed 

TAble 2. A performance comparison of implantable 
patch antennas reported in the literature with 
respect to their occupied volume.

Ref.
Volume 
(mm3)

BW
(MHz)

P1999

(mW)
P2005

(mW)
Gmax

(dBi)

[12] 10,240 20 8.791 N/A N/A

[13] 6,480 16 N/A N/A N/A

[12] 6,144 25 7.656 N/A N/A

[8] 3,457.4 28 N/A N/A N/A

[14] 1,375.4 12 N/A N/A -6

[11] 1,265.6 142 N/A N/A -25

[15] 1,200 28 5.161 N/A N/A

[16] 1,200 40 5.442 N/A N/A

[17] 823 25 5.820 N/A N/A

[18] 790.9 120 5.714 N/A -27

[19] 448 110 3.7 N/A N/A

[20] 335.8 50 4.798 N/A -26

[21] 273.6 39 N/A N/A -24

[22] 254 113 4.692 N/A -7

[23] 254 5 N/A 60.6 -40

[9] 203.6 27 4.928 30.030 -37

[24] 190 50 4.762 N/A -26

[25] 149.2 84 2.235 N/A yes

[26] 121.6 122 1.778 N/A -38

[27] 110.4 50 1.932 20.704 -46

[28] 32.7 40 2.354 24.390 -45

NOTE: N/A denotes that this information is not available.
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on dielectric substrates 
(permittivity of rdf  and 
thicknesses of h1  and 

,h2  respectively). The 
origin of the coordinate 
system is considered to 
be located at the center 
of the antenna ground 
plane. A dielectric su-
perstrate (permittivity 
of rdf  and thickness of 
h3 ) covers the structure 
for biocompatibi l ity 
purposes. Meanders of 
variable lengths ( ,L ii = 
1–5, 1’–6’) and identical 
widths (0.4 mm) are in-
serted into the patches 
to assist in miniatur-
ization. A shorting pin 
( : ( , ))S s sx y  connects the 
ground plane to the lower patch, while a 50-Ω coax-
ial cable of variable type and length ( )L  excites both 
patches ( : ( , )) .F f fx y  Copper sheets (thickness of hm ) are 
considered for the ground plane and patches, while 
glue layers (permittivity of rgf  and thickness of hg ) 
bond the dielectric layers together.

Numerical Design and Performance 
Evaluation of the Implantable Antenna

Numerical Design
Once the parametric implantable antenna model has 
been selected, the next step is to appropriately tune its 
design parameters using an EM modeling and simu-
lation program. The goal is to quickly calculate those 
parameter values that will optimize antenna design 
in terms of impedance matching as well as exhib-
ited radiation and patient safety performance at the 
desired operating frequency. The flow chart of the 
suggested methodology is shown in Figure 3 [37] and 
is further applied within the framework of tuning the 
parametric implantable antenna model of Figure 2 for 
ICP monitoring [38] at 402 MHz (MICS band) [9], [35].

Fabrication-Related Parameters
Initially, fabrication-related parameters of the antenna 
are set to the values dictated by the intended fabrication 
procedure (Table 3). As part of this tutorial, Rogers RO3210 
( rdf = 10.2) dielectric sheets with a thickness of 0.635 mm  
(h h h1 2 3= = = 0.635 mm) are considered because of their 
availability in our lab and their similarity in electrical 
properties to those of biocompatible ceramic alu-
mina [39]. The aforementioned dielectric sheets 
come premetalized with a 0.017-mm-thick electro-
deposited copper foil (hm = 0.017 mm). Sprayable glue 
3M 77 is used to bond the layers ( rgf = 2.0), which has 

been found to exhibit an average thickness of 0.3 mm  
(hg = 0.3 mm) for the fabrication process to be followed. 
The antenna is to be fed by means of a 50-mm-long  
(L = 50 mm) EZ-47 (center conductor diameter of  
0.29 mm, polytetrafluoroethylene (PTFE) dielectric with 
a diameter of 0.93 mm, outer conductor diameter of  
1.19 mm) semirigid coaxial cable.

Size-Related Parameters
The size-related parameters of the antenna have to be 
selected, i.e., the parameters that determine the outer 
dimensions (physical size) of the antenna. In the para-
metric implantable antenna model considered in this 
tutorial, these are dictated by the antenna radius, .R  
Selection of the outer dimensions relies on the exper-
tise and knowledge of the designer and must be per-
formed based on the following two considerations. 
First, size of the implantable antenna needs to take 
into account the desired implantation site and medi-
cal application scenario as well as the size of the IMD 
in which it will be integrated. Second, miniaturiza-
tion should not be set as the sole goal of the design. 
Previous studies have demonstrated degraded radia-
tion and patient safety performance with size reduc-
tion for implantable antennas and have quantified this 
degradation as a function of size [40]. Given these con-
siderations, a radius of R 6=  mm is selected for the 
ICP monitoring antenna under study (Table 3).

“To-Be-Optimized” Parameters
The rest of the design parameters are considered 
as dimensions in the solution space and have to be 
tuned for an optimized 50-Ω impedance match at 
the desired operating frequency (to-be-optimized). 
Design is performed by setting the fabrication-related 
and size-related parameters to the values selected 

Figure 2. The proposed parametric implantable antenna model: (a) ground plane, (b) lower 
patch, (c) upper patch, and (d) side view.

Feed PointShorting
Pin

h1 hg

hg

h2

h3

hm

hm

hm

L

(d)

L4 L2

L3

Feed Point

Shorting
Pin

L1

L5

Y

X

R

F: (fx,fy)

S: (sx,sy)

(a) (b)

Feed Point

L6’
L4’

L2’
L1’

L5’
L3’

(c)

Authorized licensed use limited to: Konstantina Nikita. Downloaded on September 04,2020 at 19:46:35 UTC from IEEE Xplore.  Restrictions apply. 



82  June 2014

in the previous steps, initializing the to-be-opti-
mized parameters to random values and placing the 
antenna at a distance d  under the outer surface of the 
tissue-simulating box shown in the inset of Figure 3 
[37]. The distance d  corresponds to the actual air-to-
antenna separation distance for the desired medi-
cal application scenario (implantation depth). The 
tissue-simulating box extends by (R  + 4 mm) in the 
x and y directions ( R  is the maximum dimension of 
the antenna in the positive y axis) and simulates the 
electrical properties of the intended implantation tis-
sue ( , )rf v  [41]. These can be either approximated as 
constant within a narrow frequency range [9], [28] or 
described by means of a Cole-Cole formulation for 
the complex relative permittivity, according to

 ( ) ,
j j1

c
n

n i
1

0n
n

f ~ f
~x

f

~f

vD= +
+

+3 a-^ ĥ h/  (5)

where ~  is the angular frequency, n  is the order of the 
Cole-Cole model, f3  is the high frequency permittiv-
ity, nx  is the relaxation time, nfD  is the pole amplitude, 

na  is the parameter that allows for the broadening of 
the dispersion, and iv  is the static ionic conductivity 
[42], [43]. Radiation boundaries have to be set at a dis-
tance of /40m  away from the tissue-simulating box to 
extend radiation infinitely far and guarantee stabil-
ity of the numerical simulations ( 0m  is the free-space 
wavelength at fres ).

In the refinement step, an approximate design 
is performed for the antenna. The to-be-optimized 
parameters are manually updated in an iterative way, 
until the magnitude of the reflection coefficient ( S11 ) 
at the desired operating frequency (fres) satisfies

 15S dB<@fres11 - . (6)

A manual update relies on the skills and expertise 
of the designer, who is considered to be aware of the 
theoretical background related to antenna miniatur-
ization (e.g., longer meanders are expected to increase 
the length of the current flow and result in lower reso-
nance frequencies [44], [45], etc.).

In the optimization step, antenna design is opti-
mized. The to-be-optimized parameters are initialized 
to the values of the refinement step and are optimized 
based on a software-integrated optimization algo-
rithm. The optimization process terminates when

 minS @fres11 =  (7)

or when the number of iteration exceeds a predefined 
maximum number.

As part of this tutorial, the finite element-based 
Ansoft high-frequency structure simulator (HFSS) 
software is used [46]. Simulations are performed at a 
distance of d 5=  mm under the outer surface of a small 
(R 6=  mm) tissue-simulating box, which corresponds 

Figure 3. A flow chart of the proposed methodology for numerical design of implantable antennas.
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to the actual average implantation depth of an ICP 
monitor inside the human scalp. The tissue-simulating 
box represents skin-tissue (scalp) electrical properties 
at fres = 402 MHz ( rf = 46.7, v = 0.69 S/m [41]), which 
are approximated as constant inside the 300–500 MHz 
range. Using this approximation, the maximum errors 
of rf  and v  are given by 6.59% and 8.89%, respectively. 
The to-be-optimized parameters of the antenna are 
optimized based on quasi-Newton optimization (the 
maximum number of iterations is set to 300), due to its 

speed and accuracy in cases of insignificant numeri-
cal noise [47]. Optimal parameter values are given in 
Table 3, whereas the reflection coefficient frequency 
response of the designed antenna is shown in Figure 4 
(numerical model). The antenna resonates at 402 MHz 
with a reflection coefficient of -27.9 dB, and a wide 
10-dB BW of 44 MHz, which covers the MICS band.

It is worth noting that a few other methodologies 
have also been reported in the literature for implant-
able antenna design [9], [32], [37]. However, the afore-
mentioned methodology has been shown to result 
in the fastest design of implantable antennas with 
optimized resonance characteristics within the medi-
cal band in hand. The reason is that it incorporates 
dielectric loading of both the surrounding tissues and 
exterior air on the antenna while employing a canoni-
cal (parallelepiped) miniature tissue model, which 
can be meshed and solved in a relatively easy and 
fast way [37]. Equivalently, the tissue-simulating box 
considered in this methodology has been found to be 
the simplest and smallest tissue model in which the 
implantable antenna exhibits almost identical reflec-
tion coefficient frequency response as it would exhibit 
inside a canonical or anatomical tissue model of the 
intended implantation site [37].

Performance Evaluation
If desired, the designed antenna model can further 
be placed inside a canonical or anatomical model 
of the intended implantation site and evaluated in 
terms of the exhibited resonance, radiation, and 
safety performance.

As part of this tutorial, the parameters of the 
implantable antenna model (Figure 2) are set to those 
of Table 3, and the antenna is placed at a distance of 
5 mm under the skin of a 13-tissue anatomical head 
model [Figure 5(a)] [35]. Tissue electrical properties at 
402 MHz [41] are considered to simulate an ICP moni-
toring scenario in the MICS band. Simulations are car-
ried out in Remcom X finite difference time domain 

Figure 4. Numerical and in vitro measured reflection 
coefficient frequency response of the proposed implantable 
antenna for ICP monitoring.
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TAble 3. Parameter values selected for optimally 
tuning the implantable antenna model of Figure 2 at 
402 MHz (MICS band).

Parameters Values

Fabrication related rdf 10.2

rgf 2.0

h1 0.635 mm

h2 0.635 mm

h3 0.635 mm

hm 0.017 mm

hg 0.3 mm

L 50 mm

Coaxial type EZ–47

Size related R 6 mm

To be optimized L1 7.597 mm

L2 10.146 mm

L3 10.146 mm

L4 3.019 mm

L5 3.019 mm

L '1 11.397 mm

L '2 11.146 mm

L '3 11.146 mm

L '4 10.519 mm

L '5 10.519 mm

L '6 8.993 mm

s x 1 mm

sy -4 mm

fx 0 mm

fy 4 mm
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(XFDTD) [48], which applies the finite-difference, 
time domain method to efficiently model and solve 
detailed anatomical body parts. The reflection coef-
ficient frequency response of the antenna is shown 
in Figure 5(b), and, as expected, it is almost identi-
cal to that of Figure 4 (numerical model). The antenna 
inside the anatomical head model radiates an asym-
metrical far-field gain radiation pattern [Figure 5(c)] 
with a maximum gain of –37.10 dBi. Low gain is attrib-
uted to the small antenna size and high tissue loss. 
Maximum 1 g-averaged (1 g-avg) and 10 g-averaged 
(10 g-avg) specific absorption rate (SAR) values equal 
324.74 and 65.09 W/kg, respectively, for a net input 
power of 1 W. Therefore, the IEEE C95.1-1999 [29] and 
IEEE C95.1-2005 [30] safety standards limit the maxi-
mum allowable net-input power to the antenna to 
4.927 and 30.73 mW, respectively. Local SAR distribu-
tion is shown in Figure 5(d) for a net-input power of 
4.927 mW, considering the ZY slice where maximum 
local SAR has been recorded.

Fabrication of the Implantable  
Antenna Prototype
Fabrication of implantable antenna prototypes needs 
to deal with all challenges related to the fabrication 
of miniature antenna structures and is, therefore, 

highly intriguing. After a number of preliminary tests 
for establishing and optimizing the best fabrication 
approach, the latter is hereafter presented within the 
framework of fabricating the implantable ICP monitor-
ing antenna under study (i.e., the parametric implant-
able antenna model of Figure 2 with its parameter 
values set to those of Table 3).

Three key aspects of the fabrication are considered 
to mainly influence the final antenna behavior: 1) sub-
strate cutting, 2) substrate gluing, and 3) layer align-
ment. One of the problems is that these three steps are 
not necessarily independent. In fact, because the sub-
strate material is relatively stiff, it cannot (or is hard to) 
be cut after the antenna has been assembled; micro-
soldering of the coaxial cable and shorting pin are very 
fragile and cannot withstand the vertical pressure 
and torsion of the cutting tool. Furthermore, external 
alignment points are proved to be required for the 
assembling, to be removed after fabrication. Therefore, 
a mounting base [Figure 6(a)] is suggested to be fabri-
cated in order to help in the antenna’s assembly. This 
base ensures the correct alignment between the three 
layers while serving as the antenna support for the dif-
ferent soldering procedures.

Based on the above, the proposed fabrication meth-
odology includes the following steps.

Figure 5. Performance evaluation of the proposed implantable antenna for ICP monitoring: (a) 13-tissue anatomical head 
model, (b) reflection coefficient frequency response, (c) far-field gain radiation pattern, and (d) local SAR distribution for the 
ZY slice where maximum local SAR has been recorded (net-input power of 4.927 mW).
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•	Photolithography	
masks.	 Photoli-
thography masks 
are prepared and 
printed, as shown 
in Figure 7. The 
masks include: 1) 
a circular circum-
ference, which is 
used to guide the 
antenna cutting, 
2) four circular 
marks, which in-
dicate the position of the holes that match the four 
pins of the mounting base [Figure 6(a)] during the 
assembly procedure, 3) a square frame, which 
matches the dimensions of the mounting base 
[Figure 6(a)], and 4) complementary alignment 
marks to help in the alignment of the two sides of 
the bottom substrate layer (i.e., ground plane and 
lower patch).

•	Photolithography. The acquired Rogers RO3210 
dielectric	layers	( . , . mm,h h h10 2 0 635rd 1 2 3f = = = =

. mm)h 0 017m =  are etched by means of a pho-
tolithographic process, which makes use of the 
photolithography masks of the previous step. The 
lower substrate layer contains the ground plane 
and the lower patch, the upper substrate contains 
the upper patch, while the superstrate has no met-
allization.

•		Cutting	of	 the	 layers.	A	circular	cutting	 tool is 
used to cut the antenna layers, as shown in Fig-
ure 6(b). The cutting tool exhibits a nominal diam-
eter of 12 mm, which corresponds to the diameter 
of the intended antenna prototype .mm)(R 6=  
The adopted strategy is to precut the substrate 
down to a critical depth, just enough to keep the 
alignment points together with the patch, but 
weak enough to allow easy detaching without 
much mechanical stress to the antenna. 

•	Antenna	 assembly.	 The	 antenna	 is	 further 
assembled by making use of the mounting base of 
Figure 6(a). Layers are aligned and glued (3M 77 
glue: . , h . mm),2 0 0 3rg gf = =  while the shorting 
pin is set to connect the ground plane to the lower 
patch through a via. The outer conductor of the 
EZ-47 coaxial cable gets connected to the antenna 
ground plane while the inner conductor gets 
simultaneously soldered to the lower and upper 
patches through vias. Nevertheless, detaching 
the antenna from the excess alignment material 
has been shown to be relatively hard, thus result-
ing in some stress to the fragile antenna.

It is worth noting that several details of the fabri-
cation procedure under consideration have already 
been taken into account within the numerical design 
step, where they provided input for selecting the 

fabrication-related parameters of the antenna. The 
assembled antenna is shown in Figure 6(c). The most 
critical aspect regarding the fabrication of such min-
iature implantable antennas is the control of the glue 
layer thickness. This is impaired not only by the glue 
itself but also by the slight bump of the microsolder 
near the coaxial cable and the shorting pin that pre-
vents perfect contact between the layers. 

In Vitro Testing of the Implantable  
Antenna Prototype

Phantom Setup Selection  
and Sensitivity Tests
The first step before proceeding with in vitro testing 
of an implantable antenna prototype is to decide on 
the phantom setup, i.e., the geometry of the phantom 
to be used, and the relative positioning of the antenna 

Figure 6. Fabrication methodology under consideration: (a) mounting base, (b) circular cutting 
tool, and (c) fabricated prototype of the proposed implantable antenna for ICP monitoring [35].
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Figure 7. Photolithography masks for printing the 
proposed implantable antenna for ICP monitoring: (a) 
ground plane, (b) lower patch, (c) upper patch, and (d) 
superstrate.
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inside it. As highlighted in the “Numerical Design 
and Performance Evaluation of the Implantable 
Antenna” section, design of the implantable antenna 
allows for the selection of any phantom, as long as 
the antenna is placed at a distance d under its outer 
surface (inset of Figure 3) and is surrounded by the 
same tissue material as the one in which numerical 
design took place.

Numerical tests should further be performed with 
the designed antenna placed inside a numerical model 
of the selected phantom, aiming to assess tolerance to 
the most sensitive experimental factors. At this step, 
theoretical electrical properties may be assumed for 
the phantom, which should match those of the tissue-
simulating box in which numerical design took place 
(Figure 3). The goal is to calculate the expected range 
of uncertainty in experimental results, or, equiva-
lently, the maximum allowable deviation between 
numerical and experimental results. If results of the 
subsequent in vitro testing lie within the acceptable 
uncertainty limits, then fabrication and testing of the 
implantable antenna under consideration can be con-
sidered as successful.

As part of this tutorial, we consider the designed 
ICP monitoring antenna to be placed 5 mm under 
the outer surface of a typical plastic drinking 
glass semifilled	 with	 skin	 tissue-emulating	 liq-
uid	 at 402  MHz ( . , . s/m )46 7 0 69 41rph phf v= = 6 @  
[Figure  8(a)]. Sensitivity test results are indicated in 
Figure 9. Only the antenna or phantom parameter 

under investigation is considered variable in each 
case, while all other parameters are kept constant 
and equal to those of the original setup. The exhib-
ited resonance frequency ( )fres  and reflection coeffi-
cient at this frequency ( )S11@fres  is recorded in each 
case, while resonance performance of the original 
setup is also indicated for reference. Given the fabri-
cation approach described in the “Fabrication of the 
Implantable Antenna Prototype” section, the follow-
ing sources of potential experimental uncertainties 
are identified and examined [35].

•	Gluing ( , )hrg gf  [Figure 9(a)]. Air bubbles accu-
mulating within the glue prevent rgf  from being 
accurately determined. Furthermore, the adopted 
layer bonding process does not allow fine control 
of .hg  This is impaired not only by the glue itself 
but also by the slight bump of the microsolder 
near the coaxial cable and the shorting pin that 
prevents perfect contact between the layers. Devi-
ations of %10!  and 33% in rgf  and hg  are found 
to cause frequency detunings by up to 1.7% and 
6.2%, respectively.

•	Antenna	radius (R) [Figure 9(b)]. Rogers RO3210 
requires significant mechanical stress (vertical 
pressure and torsion) for detaching the excess 
alignment material, thus degrading accuracy of 
the cutting procedure. A 0.2-mm increase in R 
detunes the antenna by 4.4%, whereas a 0.1-mm 
decrease brings the copper patch sheets in direct 
contact with the tissue, thus significantly degrad-
ing the resonance performance of the antenna.

•	Relative	 rotation	 between	 the	 patches (indi-
cated by the rotation of the lower l{  and upper 

u{  patches around the z-axis) [Figure 9(c)]. Even 
though alignment marks are included in the 
photolithography masks, the alignment setup is 
relatively relaxed with respect to angular mis-
alignment of the layers. Misalignment by 10° is 
found to cause a maximum frequency detuning 
of only 1.2%, thus proving to be of minor impor-
tance. Positive and negative rotation angles 
correspond to clockwise and counterclockwise 
rotation around the z-axis, respectively.

•	Permittivity	 of	 the	 Rogers	 RO3210	 dielectric	
material ( )rdf  [Figure 9(d)]. The typical value of 
the Rogers RO3210 permittivity is defined to be 
10.2 at 10 GHz under 23 °C. However, frequency 
and temperature variations may slightly affect 
( )rdf  and degrade antenna performance. Never-
theless, sensitivity tests indicate minor effects in 
the exhibited resonance performance; variations 
of !0.4 in rdf  may lead to frequency detunings by 
up to only 1%. 

•	Electrical	 properties	 of	 the	 phantom	 ( ,rph phf v ) 
[Figure 9(e)]. Permittivity and conductivity values 
of the phantom might not exactly match the theo-
retical ones, whereas time and room temperature 

Figure 8. In vitro testing of the proposed implantable 
antenna for ICP monitoring: (a) numerical model and  
(b) experimental setup [35].
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may further perturb these properties from their 
nominal values. Changes in rphf  and phv  by 15% 
are found to degrade antenna resonance by up to 
1.2% and 0.5%, respectively.

•	Relative	 antenna-phantom	 position [indicated 
by the relative shift of the phantom ( , , )m m mx y z  
from its original position] [Figure 9(f)]. Since 
the antenna is manually positioned inside the 
phantom, slight deviations from the immersion 
scenario of Figure 8(a) may occur. As expected, 
numerical	 results	 indicate	 insensitivity	 to 
antenna positioning inside the phantom as long 
as it is surrounded by skin-tissue.

In Vitro Testing
In vitro testing of implantable antennas involves 
measurement of their reflection coefficient frequency 
response while immersed inside phantoms, which 
emulate the intended implantation scenario. This 
involves the following three steps.

•	Phantom	 formulation. In the literature, several 
recipes for emulation of biological tissues at vari-
ous frequencies, including the MICS band (e.g., 
[11], [49], [50]), have been presented. Gels rather 
than liquids are preferred in cases where multi-
layer phantoms and, thus, increased realism in 
experimental modeling, are solicited. Deionized 

Figure 9. Sensitivity test results related to the following parameters: (a) gluing ( , ),hrg gf  (b) antenna radius (R), (c) relative 
rotation between the patches ( , ),l u{ {  (d) permittivity of the Rogers RO3210 dielectric material ( ),rdf  (e) electrical properties of 
the phantom ( , ),rph phf v  and ( )f  relative antenna-phantom position (mx, my, mz) [35].
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or distilled water usually acts as the base ingre-
dient of the phantoms. The addition of sugar or 
glycerol reduces permittivity ( ),rphf  almost with-
out affecting conductivity ( ) .phv  Salt increases 

phv  and slightly increases rphf  [11]. Solidification 
is usually made possible with agar. Other ingredi-
ents may also be used in order to vary the viscos-
ity, preserve the mixture, and further control rphf  
and phv  [49], [50]. As part of this tutorial, a liq-
uid is formulated from deionized water (41.48%), 
sugar (56.18%), and salt (2.33%), which emulates 
skin-tissue properties at 402 MHz ( rphf = 46.7, 

phv = 0.69 S/m) [11].
•	Measurement	of	 the	phantom	electrical	prop-
erties.	 In vitro testing of implantable antennas 
inside phantoms requires experimental mea-
surement of the exhibited electrical proper-
ties ( , )rph phf v  to ensure conformance with the 
corresponding theoretical values. Recently, an 
in-depth analysis has been provided for the 
measurement of the electrical properties of 
biological media [51]. In the market, there exist 
some commercial complex permittivity mea-
surement systems, such as the Agilent Technolo-
gies 85071E (Agilent Technologies, Santa Clara, 
California, United States), or the SPEAG Dielec-
tric Assessment Kit (SPEAG, Switzerland). How-
ever, alternative approaches are further solicited 
for laboratories that are not equipped with such 
commercial systems. For example, a low-cost 

and reliable complex permittivity measurement 
technique has recently been proposed [35]. The 
measurement setup consists of a parallele-piped 
container intercepted by the inner conductor of 
a coaxial cable, as shown in Figure 10(a) (exterior 
container size of 52 mm #  32 mm #  32.2 mm, 
interior cavity size of 40 mm #  20 mm #  20 mm). 
The coaxial container is filled with the liquid or 
gel dielectric material under investigation, and 
once the lid is closed, it represents a transition 
between coaxial guides with a step characteristic 
impedance discontinuity. The transfer function 
between the two coaxial connectors outside the 
container depends upon the complex permittiv-
ity of the container’s filling material. This can be 
de-embedded by comparing the measured scat-
tering-matrix (S-matrix) with simulation results 
for the same structure [Figure 10(b)]. As part of 
this tutorial, the aforementioned cavity is filled 
with the skin-emulating liquid formulated in the 
previous step. Experimental results are shown in 
Figure 11. These are superimposed with numeri-
cal results for the cavity filled with a dielectric 
material which simulates skin-tissue properties 
at 402 MHz ( rphf =  46.7, phv =  0.69  S/m). Quite 
good agreement is observed at 402 MHz, indicat-
ing the adequacy of the formulated mixture for 
in vitro testing of the MICS implantable antenna 
under study.

•	In	vitro	measurement	of	the	implantable	anten-
na.	The phantom geometry selected in the sec-
tion “Phantom Setup Selection and Sensitivity 
Tests” is subsequently filled with the formulated 
liquid or gel dielectric material. The implantable 
antenna prototype is connected to a network 
analyzer and immersed inside the phantom at a 
distance d from its outer surface. The exhibited 
reflection coefficient frequency response is then 
measured and compared to numerical results for 
the same structure (see the “Numerical Designs” 
section), by taking into account the correspond-
ing sensitivity tests results. Care must be taken 
within measurements regarding the presence of 
the coaxial cable, which is used for testing pur-
poses. Nevertheless, it has been shown that the 
coaxial cable has a minor effect on implantable 
patch antennas whose ground planes are in di-
rect contact with the phantom; high losses of the 
equivalent biological medium attenuate the cur-
rents on the back side of the ground plane, thus 
preventing their flow on the cable [52]. As part 
of this tutorial, the implantable antenna proto-
type of Figure 6(c) is placed at a distance of 5 mm 
from the outer surface of the phantom selected 
in the “Phantom Setup Selection and Sensitivity 
Tests” section [Figure 8(a)], and connected to an 
Agilent network analyzer (Agilent Technologies, 

Figure 10. A complex permittivity measurement of liquid 
and semisolid phantoms: (a) coaxial container and (b) 
numerical model [35]. 
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Santa Clara, California). The experimental setup 
is shown in Figure 8(b), whereas the measured 
reflection coefficient frequency response is su-
perimposed in Figure 4 (prototype). Good agree-
ment exists between numerical and experimental 
results. A slight resonance shift of 10 MHz (2.5%) 
is observed, which lies within the uncertainty al-
lowances imposed by the sensitivity tests. Both 
simulation and measurement exhibit a 10-dB BW, 
which includes the MICS band.

In Vivo Testing of the Implantable  
Antenna Prototype
In vitro verification of an implantable antenna does 
not guarantee its proper functioning when implanted 
inside actual biological tissues [33]. Therefore, once 
functionality of an implantable antenna prototype has 
been verified in vitro, in vivo testing is recommended. 
This includes implantation of the fabricated proto-
type inside model animals and subsequent measure-
ment of the exhibited reflection coefficient frequency 
response. The goal is to compare the numerical and in 
vivo experimental results in an attempt to assess the 
effects of the following factors which affect in vivo 
experimentation:

•	air gaps between the implanted antenna and the 
surrounding tissues

•	presence of multiple types of tissues around the 
antenna

•	dependence of tissue electrical properties upon 
frequency

•	intersubject variability (anatomy and dependence 
of tissue electrical properties upon each rat’s age, 
size, sex, internal body temperature, etc.)

•	variations in the surgical procedures followed 
(implantation depth, implantation site, length of the 
wound, closure of the wound with sutures, etc.).

The first step in in vivo experimentation is the 
development of an experimental measurement proto-
col. The protocol has to be developed in cooperation 
with an experimental surgery unit; take into account 
legal requirements regarding the care and use of 

laboratory animals; and address issues related to the 
type and number of model animals, implantation site 
of the antenna, anesthesia, surgical procedure, mea-
surements, and postsurgery treatment.

As part of this tutorial, the fabricated implant-
able antenna prototype of Figure 6(c) (radius of R) 
is tested in vivo. Experimentation is based on an in 
vivo protocol, which has been developed in coopera-
tion with the Center for Experimental Surgery of the 
Biomedical Research Foundation Academy of Athens 
(CES–BRFAA), takes into account the legal require-
ments regarding the care and use of laboratory ani-
mals in Greece and can be summarized as follows [53]

•	Type	 and	 number	 of	 model	 animals. Implanta-
tion and measurements are carried out inside rats, 
which have long been used in the literature as  
model animals [33]. Wistar outbred rats (HsdOla:WI) 
are employed, which exhibit a mean and standard 
deviation (SD) body weight of 331.3 ! 9.2 g. In order 
to assess inter-subject and surgical procedure vari-
ability, each antenna is implanted and measured 
inside three different rats.

•	Implantation	site	of	the	antenna. Since the anten-
nas under study have been designed for opera-
tion inside soft tissues, implantation is carried 
out within the subcutaneous tissue of the rats’ 
abdomen. 

•	Anesthesia. Each rat is first anesthetized with an 
intraperitoneal (i.p.) injection of 70 mg/kg ket-
amine (Ketaset, Fort Dodge, Iowa) and 5 mg/kg 
xylazine (Rompun, Bayer, Leverkusen, Germany). 

•	Surgical	 procedure. A wound with a length of 
(2∙R + 5 mm) is further made in the rat’s abdo-
men area, and the antenna is implanted within 
the abdominal subcutaneous tissue (2∙R is the 
maximum physical size of the antenna). Follow-
ing implantation, the wound is closed with 0/4 
silk sutures (Silkam, Braun, Aesculap, Tuttlingen, 
Germany), leaving a 2-mm opening for the feed-
ing coaxial cable to exit the skin.

•	Measurements. Right after surgery, the feeding 
coaxial cable is connected to an Agilent Fieldfox 

Figure 11. In vivo testing of the proposed implantable antenna for ICP monitoring: (a) experimental setup and (b) X-ray 
images obtained through fluoroscopy. 

(b)(a)
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handheld network analyzer (Agilent Technolo-
gies, Santa Clara, California). The reflection 
coefficient frequency response exhibited by the 
antenna under study is further recorded and 
saved. Measurement is carried out within the 
300–500 MHz frequency range, which symmetri-
cally covers the MICS band.

•	Post-surgery	 treatment. Once measurement is 
completed, the implanted antenna is removed, 
and the rat is euthanized in a CO2 chamber. Time 
lapse from the start of the surgical procedure to 
euthanasia of each rat does not exceed 8 min.

The measurement setup used in this study is shown 
in Figure 11(a), while X-ray fluoroscopy images are pro-
vided in Figure 11(b) to illustrate the exact implantation 
site of the antenna. Measured reflection coefficient fre-
quency responses inside the three different rats under 
consideration are indicated in Figure 12 (denoted as 
“rat 1,” “rat 2,” and “rat 3”). For comparison purposes, 
numerical results obtained in the “Numerical Design” 
section are also superimposed (numerical model). 
Numerical and experimental results are found to 
exhibit quite good agreement. Compared to numerical 
simulations, percentage changes in the exhibited reso-
nance frequency ( ),fres  reflection coefficient at this fre-
quency ),( S @fres11  and 10-dB BW are found to equal 
+6.9%, +51.9%, and +30.2%, respectively. Maximum 
deviations in , ,f Sres @fres11  and BW recorded among 
the three measurements in different rats are found to 
equal 43 MHz, 12.6 dB, and 23 MHz, respectively. 

It is worth noting that other in vivo experimental 
protocols have also been proposed in the literature 
for implantable antenna testing inside canine mod-
els [54], rats [33], porcine subjects [55], and Göttingen 
minipigs [56].

Conclusion
This tutorial provided a simple, yet analytical and 
complete, step-by-step guide on the numerical design, 
fabrication, in-vitro, and in-vivo testing of implant-
able antennas for medical telemetry applications. The 

tutorial considered an implantable patch antenna 
for ICP monitoring in the MICS band. Fabrication 
was performed according to a fabrication procedure, 
which was optimized based on the available materi-
als and assembling tools. In vitro testing was carried 
out inside a skin-emulating liquid, whose electrical 
properties were measured using a dedicated low-cost 
experimental technique. Finally, in vivo measure-
ments were carried out inside rats, following an in 
vivo experimentation protocol, which was developed 
in cooperation with CES-BRFAA. Nevertheless, all 
steps of this tutorial are applicable to any implantable 
antenna (type and operating frequency), fabrication 
procedure, available in vitro materials and equipment, 
and in vivo experimentation protocol that the designer 
might have in hand.
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