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Devices

Eric Y. Chow, Milton M. Morris,
and Pedro P. Irazoqui

n the early ages of implantable devices, radio

frequency (RF) technologies were not common-

place due to the challenges stemming from the

inherent nature of biological tissue boundaries.

As technology improved and our understand-
ing matured, the benefit of RF in biomedical applica-
tions surpassed the implementation challenges and
is thus becoming more widespread. The fundamen-
tal challenge is due to the significant electromagnetic
(EM) effects of the body at high frequencies. The EM
absorption and impedance boundaries of biological tis-
sue result in significant reduction of power and signal
integrity for transcutaneous propagation of RF fields.
Furthermore, the dielectric properties of the body tis-
sue surrounding the implant must be accounted for in
the design of its RF components, such as antennas and
inductors, and the tissue is often heterogeneous and the
properties are highly variable. Additional challenges
for implantable applications include the need for min-

Implantable
RF Medical

iaturization, power minimization, and often account-
ing for a conductive casing due to biocompatibility
and hermeticity requirements [1]-[3]. Today, wireless
technologies are essentially a must have in most electri-
cal implants due to the need to communicate with the
device and even transfer usable energy to the implant
[4], [5]. Low-frequency wireless technologies face fewer
challenges in this implantable setting than its higher
frequency, or RE, counterpart, but are limited to much
lower communication speeds and typically have a very
limited operating distance. The benefits of high-speed
communication and much greater communication
distances in biomedical applications have spawned
numerous wireless standards committees, and the U.S.
Federal Communications Commission (FCC) has allo-
cated numerous frequency bands for medical telem-
etry as well as those to specifically target implantable
applications. The development of analytical models,
advanced EM simulation software, and representative
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RF human phantom recipes has significantly facilitated
design and optimization of RF components for implant-
able applications.

Frequency Bands for Medical RF
Communication and MedRadio

In the past couple decades, the FCC has been increas-
ing its focus on medical communications and dedicat-
ing numerous new bands in the frequency spectrum
to these associated applications. Back in 1947, the FCC
established the industrial, scientific, and medical (ISM)
bands, which they did not initially intend for commu-
nication [6]. The ISM bands are unlicensed and, as a
result, the bands are relatively noisy and users have lit-
tle-to-no regulatory protection. More recent advances
in RF technology, including new modulation types,
multiplexing schemes, and other novel methods, have
now enabled a multitude of devices to successfully and
reliably communicate in these bands. Medical devices
most commonly use the 433 MHz, 900 MHz, 2.45 GHz,
and 5.8 GHz ISM bands, where the FCC emissions
regulations and power-level requirements are more
relaxed; however, specific absorption rate (SAR) con-
siderations are still required [58]. About 40 years ago,
the FCC allowed biomedical telemetry applications to
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utilize the 460-470 MHz band, part of the private land
mobile radio service (PLMRS) band, but only as a sec-
ondary user, meaning that those medical applications
must tolerate interference from the PLMRS primary
users but not itself cause any interference. Medical
telemetry devices used to also utilize the previously
unused portions of the television bands (174-216 MHz)
and (470-668 MHz); however, the emergence of digital
television is now targeting usage of these bands.

On 12 June 2000, the FCC specifically allocated the
608-614 MHz, 1,395-1,400 MHz, and 1,429-1,432 MHz
bands for wireless medical telemetry service (WMTS)
applications, typically devices worn on the patient’s
body, and used for untethered monitoring of patient
health parameters [7]. Just recently, in 2012, the FCC allo-
cated the 2,360-2,400 MHz band for multiple body area
network (MBAN) applications, networking of multiple
body transmitters used for performing measurements,
diagnostics, or therapeutic functions [8]. Medical devices
have also begun exploring the 3.1-10.6 GHz ultrawide-
band (UWB) spectrum, which the FCC approved on 14
February 2002 for a broad range of applications [9]-[11].

The FCC has also been allocating spectrum spe-
cifically for just implantable medical device applica-
tions, and it established the 402-405 Medical Implant
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Communications Service (MICS) band on 19 Novem-
ber 1999 [12], [13]. Shortly after the FCC established
the MICS band, major players in the medical device
industry began releasing MICS-based devices, includ-
ing Biotronik in 2003, Medtronic in 2004, and St. Jude
in 2006 [14]-[16]. On 20 March 2009, the FCC renamed
this band the Medical Device Radio Communica-
tion Service (MedRadio) and extended the spectrum
to 401-406 MHz [17], [18]. On 30 November 2011, the
FCC added four additional bands (413-419, 426432,
438-444, and 451-457 MHz) to the MedRadio spec-
trum, specifically targeting neuromuscular micro-
stimulation implantable applications in medical
micropower networks (MMNs) [19] [20]. As mentioned
above, the FCC allocated the 2,360-2,400 MHz,
which is considered part of MedRadio but does not
specifically target implantable applications. The
401-406 MHz band is the spectrum of most interest
to the general implantable device industry, and the
FCC has set strict rules on this band to ensure interop-
erability. In [21], the rules are described in detail and
restrictions on usage modalities (listen-before-talk),
power levels (<25 uW),and bandwidth (100, 150, and
300 kHz) are included. The 401-406 MHz frequency
range provides a band with low interference and decent
bandwidth as well as a reasonable balance between
body effects such as attenuation and relatively efficient
antenna designs. The most widely used commercially
available MICS transceiver chip setis available through
Zarlink Semiconductor [22]. The Zarlink transceiver
accurately follows the MICS standard, communicates
at rates of 200-800 kb/s, and consumes around 5 mA.
Recent work in RFIC design has developed very-low-
power transmitters and transceivers that operate at the
MICS frequency band. Work presented in [23] and [24]
show data rates around 100250 kb/s with around
300-500 uW of power, and [25] achieves 200 kb/s with
a power consumption of only 90 uW.

Analytical Modeling of the Biological
Implanted Environment and RF Design
The human body is a heterogeneous media consisting
of multiple layers of tissue with varying dielectric prop-
erties. A representative model for RF design should
account for these layers and for reasonable analytical
calculations, these layers can be simplified to rectan-
gular slabs. More detailed contours and textures can
be incorporated into EM simulation software, such as
ANSYS High-Frequency Structural Stimulator (HFSS)
or Computer Simulation Technology (CST) Microwave
Studio (MWS), where the structures are broken down
into a tetrahedral-based mesh network. For implant-
able RF antenna design, the major considerations are

e tissue absorption

¢ interfaces between layers and corresponding

reflections
¢ antenna matching in the implanted environment.
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The tissue absorption is the amount of EM energy that
is reduced after passing through a homogeneous media.
Since the human body is quite heterogeneous, different
absorptive properties need to be considered as the RF
signal passes through the various media. The effect on
signal power due to absorption in a particular material
is an exponential decay as a function of distance and
a factor known as the attenuation coefficient [26]. This
attenuation coefficient represents how difficult it is for
energy to travel through the particular media and is a
function of the media’s dielectric properties and the
frequency of interest. A method to calculate the overall
effect of just tissue absorption on a particular propaga-
tion is to take a superposition of the results from evaluat-
ing the signal loss independently in each material. Since
the relationship is exponential with distance, all but just-
underneath-the-skin implants will see an effect with the
significance growing rapidly with implantation depth.

The heterogeneous nature of the human body pres-
ents a multitude of interfaces between varying materi-
als where the boundary conditions of the interfaces
themselves can have a significant effect on the signal
propagation. The magnitude of the effect depends on
the geometries and thicknesses of the layers and their
corresponding dielectric properties. When an EM signal
is traveling from one tissue-type to another, the imped-
ance difference between the two tissue-types results in
a reflection of some energy, which reduces the power of
the signal that travels to the other side of the interface.
The boundary condition relationships derived from
Maxwell’s equations describe the effect of each interface
on the signal [27]. The effect of these reflections, relative
to that from just tissue absorption, is more significant
for a relatively higher density of layers in the signal path
where the dielectric properties of the neighboring layers
are drastically varied. Implantable medical devices, such
as pacemakers, are often placed somewhere between a
depth of about 1 in and the surface of the skin where the
primary interfaces are between muscle, fat, skin, and air.
If the implant is placed deep in the muscle in a patient
with very thin fat and skin layers, then the absorption
effect will dominate. Conversely, if the implantation is
shallow and goes through equally thick layers of muscle,
followed by fat, followed by skin, then the effect of the
interface reflections may dominate.

The tissue surrounding the antenna of an RF
implanted medical device has a significant effect on the
impedance and resonance frequency of the antenna and
will detune the antenna from its free-space performance
[28], [29]. The effect of the implanted environment is
dependent on the dielectric properties of the surround-
ing media. For an analytical model, a useful simplifica-
tion of the surrounding environment is using a single
dielectric with properties derived from a weighted aver-
age of the permittivity and conductivity of the nearby tis-
sue types, with the weighting positively correlated with
the corresponding tissues” proximity to the antenna.
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In the mid-1990s, Camelia Gabriel, Sami Gabriel,
and their team developed an extremely useful database
of the dielectric properties of body tissues at RF and
microwave frequencies [30]-[32]. This database pres-
ents data that shows, for RF frequencies, that dielectric
properties of skin and muscle are not too dissimilar.
At 400 MHz, skin and muscle have relative permittivi-
ties of 47 and 57 and conductivities of 0.7 and 0.8 S/m,
respectively. The relative permittivity and conductiv-
ity of fat, however, are quite a bit different with values
of about 5.6 and 0.04 S/m respectively. From a tissue
absorption perspective, due to the higher permittiv-
ity and conductivity values, the skin and muscle will
have a more significant effect on the signal than fat for
a given thickness. Often, however, a medical implant
is just below the fat and on the surface of the muscle,
but not beneath any muscle, as is typically the case for
pacemakers and implantable cardiac defibrillators, and
if the skin layer is much thinner than the fat section that
the signal propagates through, the fat section in these
cases may actually be the material that absorbs the
most EM energy. For medical implants, RF communi-
cation typically traverses layers of alternating high and
low dielectric property values from muscle, through
fat, through skin, and then into the air. The large vari-
ance between neighboring layers results in significant
reflections, which reduce the strength of the signal that
traverses through the layers. If the implanted antenna
is inside the fat layer and the thickness of the skin is
very small with respect to the wavelength, which is
a common case for medical devices, then the effect of
reflections is reduced because the thinness of the skin
results in transparency and the dielectric properties of
fat are not too different than that of air. The similarity
of the dielectric properties of fat with that of air reduce
the detuning and impedance change that the fat would
have on the antenna with respect to its performance in
air; however, the high dielectric muscle and skin are
typically nearby, which will significantly affect the
antenna properties.

Accounting for tissue absorption, reflections due to
interface layers and antenna detuning, and impedance
changes, and utilizing the dielectric property data of
human body tissues to derive an analytical model pro-
vides a useful initial step to implanted antenna design.
Although the analytical calculations encompass signifi-
cant simplifications to the surrounding geometries as
well as utilization of the far-field plane-wave approxi-
mation, the derived relationships are still necessary to
provide initial design guidance and help with the under-
standing of the EM effects of the implanted environment.

EM Simulation Software, Modeling,

and Design Optimization

There are numerous advanced EM simulation tools for
considerably advancing the model after the initial design
and guidance from the analytical assessment. Full-wave
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three-dimensional (3-D) EM software provides the capa-
bility for implementing a relatively comprehensive model
of the antenna and the human body. Full-wave simulation
tools consider all the time-varying components in Max-
well’s equations and do not make assumptions about field
relationships, whereas other solver-types (i.e,, quasistatic)
solve for only certain modes, typically just transverse EM,
and approximates the time-derivatives typically defining
them as zero. Additionally, an important aspect for bio-
medical implantable applications is that full-wave solvers
accurately capture losses due to radiation.

Among modern-day full-wave simulators, there are
three main types: method of moments (MoM), finite
element method (FEM), and finite-difference time-
domain (FDTD). For human-body modeling, MoM is
not ideal because it uses a surface mesh and thus can-
not accurately model complex dielectric structures such
as the tissue geometries and interfaces. FEM and FDTD
achieve greater accuracy for this application because
they utilize volume meshing. FEM solves in the fre-
quency domain and can often more accurately handle
complicated geometries, such as curved objects and the
heterogeneous human body, due to its use of tetrahedral
meshing with variable element sizes [33]. FDTD solves
in the time-domain, making it good for capturing large
frequency ranges, and its simplicity can often lead to
more efficient simulations, but it is limited to more rect-
angular shapes that may increase the difficulty and/or
accuracy in human-body modeling [34].

Three-Layer

Top View Tissue
LungS 1o del
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Figure 1. (a) The simplified model, (b) the intermediate
model, (c) the CST HUGO model, and (d) the ANSYS
human-body model [40], [41].
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A popular full-wave 3-D simulator that employs
FEM is ANSYS HFSS, and one that utilizes FDTD is
CST MWS. An additional advantage of both of these
tools is that they already have human-body models
available. CST’s human-body model, called HUGO, is
a model of slices consisting of several thousand lay-
ers, 32 tissue types, and down to a 1 mm resolution.
ANSYS’s human-body model consists of 300+ objects
(bones, muscles, organs), about 1/2 million tetrahe-
dral, and also has accuracies down to the millimeter
level. Modern-day advanced EM software have dem-
onstrated that computational techniques and existing
human-body models are accurate enough such that the
FCC deems the FDTD method and FEM are sufficient
for showing compliance with RF exposure limits, per
47 CFR §95.1221 and DA 11-192 respectively [35]-[37].

Utilizing different levels of simulation fidelity
through the simulation design phases optimizes the
design-time efficiency. Beginning with a simple model
such as a box with the appropriate dielectric proper-
ties, as shown in Figure 1(a) or one described in [38],
or a simple structure with just a few layers allows for

Figure 2. An anechoic chamber (a) shield and (b) RF
absorbent foam.
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coarse design and antenna tuning. An intermediate
model encompassing some of the larger structures, i.e.,
nearby organs as shown in Figure 1(b), improves the
accuracy, allowing for finer design optimization while
maintaining reasonable simulation times. A final com-
prehensive model provides the highest level of accuracy
in the simulation environment, but its lengthy simula-
tion time requirement limits this to the end of the simu-
lation environment design phase where the antenna is
already close to its final implementation. The CST Stu-
dio HUGO and ANSYS HFSS human-body models are
shown in Figure 1(c) and (d), respectively. Additional
simulation permutations incorporating different body
types and positions, as described in [39], are useful in
more closely mimicking the precise implantation envi-
ronment and use-case.

Physical Testing and RF Phantoms
A representative lab testing environment allows for effi-
cient and comprehensive testing of the physical antenna
or multiple antennas developed in the simulation design
phase. An RF anechoic chamber is crucial for obtaining
consistent and repeatable results. A typical chamber
is composed of two main parts, a conductive exterior
and an RF absorbent interior. The conductive exterior,
shown in Figure 2(a), acts as a Faraday cage and shields
the testing environment from outside noise, typically
offering well over 100 dB of isolation at RF frequen-
cies. The interior of the chamber is covered with an RF
absorbent material, shown in Figure 2(b), which signifi-
cantly reduces the multipath that would otherwise lead
to variations from constructive/destructive interference,
frequency distortion, and time/phase delay spreading.
Essentially, an ideal anechoic chamber mimics an infi-
nitely sized open space with no external radiation noise
and no walls or other obstacles present, thus allowing
for direct line-of-sight measurements and clean evalu-
ation of the isolated effects of just the device under test.
The two most commonly used radiation-absorbent
materials are carbon-iron-based foam, fabricated in
pyramidal cones to minimize reflectivity, and ferrite-
based tiles. Utilizing a high-performance pyramidal
absorber available from Cuming Microwave, achieving
a reasonable reflectivity of —30 dB for operation down
to 300 MHz requires a cone length of 2 ft (610 mm) [42].
Typically, cones are oriented such that they point nor-
mal to an incoming RF plane wave such that the foam
presents a tapered impedance, gradually absorbing the
energy as the signal progresses through the length of
the cone, but techniques are sometimes used with stra-
tegically positioned smaller wedge-shaped foam, which
divert the energy to a wall where the longer pyramidal
cones are present. The alternative material, ferrite-based
tile, has a complex relative permeability, which is depen-
dent on frequency, and for a frequency range of about
160-180 MHz is close to its relative permittivity, resulting
in low reflectivity due to a wave impedance near that of
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free space (377 (). Typically, near the optimal frequency,
the reflectance can be less than —40 dB but outside of
30 MHz to about 500 MHz, the reflectance will rise above
—20 dB. Ferrite tile is relatively expensive but can reduce
the chamber size requirements, especially for the lower
frequency ranges, and actually result in lower overall
cost. A third option is a higher-cost hybrid combination
of ferrite-tile and foam, which may offer a wider range
of operation, encompassing the lower frequency ranges.
When designing the chamber dimensions, the
designer must keep in mind that the maximal absorp-
tivity of the interior chamber walls occurs at normal
incidence. Design considerations should sufficiently
satisfy the far-field approximation for the signals ema-
nating from the device(s) under test and incident on the
interior wall. In some cases, if size and cost factors are
acceptable, a circular room may offer the most optimal
solution as it can present a normal incidence boundary
for the entire azimuthal plane around the point source.
An implanted setting is required to produce rel-
evant results and the use of a representative human-
body phantom, prior to ex vivo and in vivo trials, allows
for comprehensive testing and consistent repeatable
results. Shortly after the MICS band was established in
1999, the FCC updated their rules and regulations [see
CFR47 §95.639(f)(2)(1)], to include guidance on measure-
ment appropriating a human-torso simulator consist-
ing of a cylindrical Plexiglas container [43]. In 2009, the
FCC removed that section to provide greater testing
flexibility and expand compliance options as described
in [44] but keeps the guidance available in [45]. In
[35], the OET Bulletin 65 Supplement C (Ed. 01-01), an
appropriate RF human phantom tissue recipe is pre-
sented for a variety of frequencies utilizing mixtures
of water, salt, sugar, hydroxyethyl cellulose (HEC), bac-
tericide, Triton X-100, and diethylene glycol butyl ether
(DGBE). This RF phantom recipe and its specific mate-
rials are based primarily on the work presented in [46].
Solid materials such as Play-Doh or similar modeling
compounds and rubber are sometimes used to mimic
additional layers such as fat. The target application
may require variations of phantom form-factor as well
as differing tissue recipes. For example, a rectangular

‘/ Location

Figure 4. In vivo ocular implant studies [50].
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Figure 3. Ex vivo studies [47], [48].

form-factor incorporating a fat mimicking phantom
layer may be more appropriate for some torso-based
implant applications. A spherical-type structure may
be more appropriate for head modeling applications. A
fully accurate human body form-factor is typically not
necessary for the accuracy that is expected at this stage,
although, depending on the use case, mimicking of the
limbs may provide some more insight specific to the
use-case. Rotation platforms, preferably plastic or made
out of another RF-transparent material, and support for
different body position testing allows for measurement
of a more comprehensive antenna radiation pattern.

Ex Vivo and In Vivo Studies

Measurements and studies done on real biological tis-
sue is the final stage of design verification and valida-
tion. Testing using deceased tissue or cadavers (ex vivo),
prior to engaging in full-fledged live animal and clinical
trials (in vivo), provides a useful testing model, and the
corresponding measurement data is useful for additional
design adjustments. Performing these initial ex vivo stud-
ies is a good risk-reduction step and helps with surgical
set-up prior to entering the more involved and higher cost

Figure 5. In vivo cardiovascular studies [41].

IEEE microwave magazine

69



70

live animal and clinical trials (in vivo). A quick simple
measurement done with a network analyzer is shown
in Figure 3(a), where the performance of received power
is evaluated with and without a piece of excised tissue
placed over a patch antenna, and the results showed
about a 15 dB power reduction due to the tissue [47]. Note
that the set-up is acceptable for relatively large antennas
and patch-type antennas, which have a ground plane to
prevent stray fields from coupling onto the large submin-
iature version A (SMA) ground shield, but for miniature
antennas, accurate measurements require elimination of
the cable or use of ferrite beads. For an ocular implant
application, the cable is eliminated in [48] through the use
of an implantable transmitter IC and a miniature antenna
and, as shown in Figure 3(b), ex vivo measurements are
performed in an excised porcine eye utilizing a patch
antenna and a spectrum analyzer. Measurements showed
a power reduction of up to 6 dB, due to boundary reflec-
tions and attenuation, when implanted 1.5 mm beneath
the surface of the eye, behind the cornea and scleral tissue.
Studies shown in Figure 3(c) incorporate more of the sur-
rounding tissue, mainly the ribs and torso area, and the

(10, 42.8)
ook 5 A 100, 33.37
40 4 (100, \)
$ 304 ™~ ]
P (10, 34.8) . —a
o N e o
@ 20 + (.;/ = '\::- =
Qo uth T ST PSE——— o R
yDE 10 4 \ 3 i
5 (100, 13.71)
B (10.1531) e aion (3.5 cm)
a —® - Saline (4 cm)
~10 4 —&— Ex Vivo (5 cm)
= <0 = In Vivo (1 cm)
o0 : .—..—Ir: Vivo (3.5: cm)
0 20 40 60 80 100

Distance (cm)

(a)

0° Simulations
330° "—O_?BG‘BCBD%C%O‘) ..... Oneee ::reel S[t)a:e
53 5[ <@ Implante
300°° - -=10¢B 60°
f /) ~15dB . Lateral
] [ 4 \
2700 | | -20dB ! 4900 Left
VLN s / T Ventral
\ SN \\\ —
240°' .. 5 “120° l
. T e Lateral
210° “~~e__-- -~ 150° Right

Figure 6. In vivo porcine (a) antenna transmission and
(b) pattern plot compared with simulated results [40], [41].

IEEE microwave magazine

experiment shown in Figure 3(d) included the heart and
involved an implantation in a vessel near the organ, both
utilizing an implantable transmitter and antenna, with
measurements taken through a wideband horn antenna
and spectrum analyzer.

The ex vivo testing phase vets out some more risk,
helps with the surgical set-up, provides a close repre-
sentation of what to expect from the antenna in a clini-
cal setting, and allows for some additional tuning prior
to entering the in vivo studies. The in vivo testing is
the most accurate method to quantify the effects of
surrounding biological tissue on RF propagation. Com-
pared to the ex vivo studies, the set-up for in vivo experi-
ments is substantially more involved. Organizations such
as the Institutional Animal Care and Use Committee
(IACUC), has comprehensive and stringent rules for any
type of testing on live animals. It is required for any ani-
mal testing facility to submit a detailed protocol for the
surgical procedure and testing that is intended. The pro-
tocol for an acute in vivo test must have all presurgical
animal preparation, surgical details, and testing set-up
details through the termination of the test subject, where
the time between anesthetic induction and euthanization
is on the order of hours. For a chronic (on going) study,
the protocol is quite a bit more involved, as the surgical
procedural rules are more stringent and it must include
details of the longer-term care for the animal and testing
throughout the chronic study. The protocol must ensure
that the study follows all the rules set by the IACUC, and
the approval process is usually lengthy as the committee
thoroughly reviews the protocol. Often, the committee
requests changes, and the protocol may go through sev-
eral iterations of submission and review as the committee
ensures all rules are closely followed. The animal study
can only commence after protocol approval by the IACUC
or another certified animal use and care committee.

Work done in [49] and [50] for ocular implant applica-
tions involved acute testing on live New Zealand white
rabbit subjects, shown in Figure 4. This specific species
of rabbit has relatively large eyes, and their size is similar
to that of human eyes. Surgery and testing done in this
work followed a Purdue Animal Care and Use Commit-
tee (PACUC) approved protocol (PACUC No. 08—-004). The
rabbits are first caged, maintained, and monitored for one
week prior to surgery. On the day of the surgery, anes-
thetic induction is done using a ketamine-xylazine injec-
tion in the leg muscle and maintained with an intravenous
Propofol drip through a vein in the ear and a proparacaine
eye-drop applied every 10 min. For these RF propagation
studies, a miniature device with a 2.4-GHz transmitter and
antenna is implanted in the suprachoroidal space, about
1 mm beneath the surface of the eye. Measurements show
that the power of the 2.4-GHz RF signal reduced by about
4-5 dB due to tissue absorption and boundary reflections.

Studies described in [40] involve acute in vivo test-
ing on porcine test subjects, as shown in Figure 5, for
cardio-thoracic applications. Again, due to the strict
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regulations surrounding in vivo studies, the studies
strictly followed a PACUC-approved protocol (PACUC
No. 08-019). For this surgery, the subject is first anes-
thetized with a Telazol (250 mg tiletamine and 250 mg
zolazepam), ketamine (250 xmg), and xylazine (250
mg) combination. Anesthesia maintenance is accom-
plished with an isoflurane (1.5-4.0% oxygen) inhala-
tion anesthetic administered from a machine with a
vaporizer and a waste gas ventilation system. The sur-
gery involved implantation of a stent-based antenna,
integrated with a miniature 2.4-GHz transmitter, at
a depth of 3.5 cm. The results of these in vivo stud-
ies showed a power loss of 33-35 dB due to boundary
reflections and tissue attenuation effects.

If further design optimization is desired, it is useful
to first evaluate the accuracy of the simulation models
by comparing the in vivo results with those done using
the EM simulation software. Adjustments to increase the
accuracy of the EM simulation model can help improve
the next antenna design iteration. The simplest simu-
lation model, the box with the dielectric properties of
muscle, was accurate to within 10 dB when compared
with the porcine in vivo measurements [40], [51]. The
simulation model incorporating several components of
ANSYS’s human-body model was accurate to within
3-5 dB when compared with the in vivo porcine test-
ing results [41]. The implanted location and surround-
ing structures will undoubtedly affect the antenna
pattern, and the work in [41] shows a stent-based antenna
with a near-omnidirectional pattern in free-space but an
altered pattern in the implanted setting, shown in both
the simulation environment and the in vivo measure-
ments. Figure 6(a) shows the power reduction (power
difference) due to tissue affects determined by the dif-
ference of a received power measurement done in free-
space and that done in an implanted setting (simulation,
phantom, ex vivo, and in vivo). Figure 6(b) shows a com-
parison of the radiation pattern between the simulation
results and the data gathered from the in vivo studies,
which took measurements at discrete points in the front
hemisphere of the porcine test subject.

These models provide a useful tool for antenna and
impedance matching network design iterations. To fur-
ther improve and optimize the network to help account
for the multitude of application specific variability, auto-
mated closed-loop matching technique provide a good
option. Work presented in [52] describes a system that
determines the actual input impedance of the antenna
and tunes the matching network accordingly. Perform-
ing this automated matching in the final implanted
setting results in a matching network that is truly opti-
mized for the specific use case environment.

Revolutionizing the

Implantable Device Industry

The implantable electronic device industry saw its ear-
liest mainstream success with the cardiac pacemaker.
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In 1958, Rune Elmqvist and Ake Senning developed
an internal pacemaker and implanted the device into
a patient, Arne H. W. Larsson, in Sweden, marking the
first successful human pacemaker implant [53], [54].
The advent of the semiconductor transistor, just ten
years prior, made the development of that pacemaker
possible and is one of the key enabling technologies
for the field of electronic implantable devices [55]. The
once-large devices have evolved into very small pace-
makers and cardioverter defibrillators that, aside from
providing great therapeutic benefit, can now commu-
nicate important diagnostic information about a sub-
ject/patient and about itself (device status). The global
cardiac rthythm management (CRM) industry, which
includes pacemakers and defibrillators, is forecasted
to reach US$22.3 billion by 2015, with implantable
devices consisting of over half that market [56]. The
explosion and globalization of implantable devices in
cardiac applications has spawned their use in a mul-
titude of other indications and driven rapid advance-
ment of related electronic technologies.

The basic concepts of direct tissue stimulation used by
the first implantable pacemakers have been broadened
to include the nervous system (neuromodulation) and
have inspired the development of implantable functional
instrumentation that, among other things, are used for
measuring and reporting pressure or transporting fluids
(e.g., blood). Implantable neuromodulation systems have
been advanced to address pathologies from gastroesoph-
ageal reflux disease (GERD), sleep apnea, chronic pain,
Parkinson’s, Alzheimer’s, obesity, epilepsy, hypertension,
heart failure, and compromises to auditory and vision
function. Cochlear implants are discretely enabling the
improvement of hearing. Mechanical hearts and left ven-
tricular assist devices (LVADs) are designed to increase
a human’s forward flow of blood thereby extending and
improving their lives. From the hypoglossal nerve to the
vagus, from the phrenic nerve to the spinal cord, from
the heart to the head, the ears and the eyes, there is a new
frontier for implantable devices. Each has its own unique
set of challenges and most have the unique opportunity
to monitor, measure, diagnose, and report key diagnos-
tics that can lead to better insights into a patient’s well-
being. In an emerging world of “Big Data” where pro-
tected health information, if available, can be served up at
a caregiver’s command, finding low-power, high-fidelity,
and broad-bandwidth approaches to liberating key diag-
nostics brings great promise to patient care. However, in
the electronic implantable device field where there is sig-
nificant tissue-based RF effects and ultra-low power and
miniature form factors are crucial, such communication
solutions remain a challenge to develop.

Near-field inductive coupling technology intro-
duced the option of wireless communication to implant-
able devices allowing remote connection to an external
programming device (with an inductive wand). This
communication link has traditionally been used for
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programming the device and for retrieving important
device centric information such as battery status. Dur-
ing the surgical implant procedure, the wand is brought
into the sterile field and thus requires sterilization. Dur-
ing the follow up and technical servicing of an implant,
the patient is typically required to place the wand
directly over their device, which can be difficult if the
device is difficult to find beneath the skin or the patient
is not capable of remaining still during the communica-
tion process. The relatively slow data-rates result in an
oftentimes lengthy data-transfer period and misalign-
ment of the wand over the implant during the commu-
nication session may cause breaks in the inductive link.

The advent of far-field RF communication links in
electronic implantable medical devices alleviates many
of these issues and drives a higher perceived ease-of-
use. This communication advancement eliminates the
need for a wand in the sterile field and physicians can
begin to suture up a patient while communicating with
the device to verify its operation. Far-field RF technol-
ogy relieves the necessity of patients assisting with
holding a wand, precise alignment, and searching for
the implant and appeases the issue of patient movement
during the communication session. Devices could now
use their wireless communication capabilities to trans-
mit their functional status to a base station in the home.
The base station could be used by the patient, family
members, or caregivers to review device functional sta-
tus and programming as well as certain patient diag-
nostics that are collected by the implanted device. This
advanced patient management system helped to form
new revenue opportunities for major companies in the
industry (e.g., Carelink from Medtronic, Inc, and Lati-
tude from Boston Scientific Corporation) but also gave
physicians, patients, and family members an opportu-
nity for improved managed care through better, more
accessible data [15], [57]. Alas, these great advances have
largely been isolated to the area of care that pioneered
the genre, cardiac pacemakers and defibrillators.

Conclusion

The rapidly accelerating growth of the medical device
field has turned to RF as a key technology. The FCC
has confirmed its importance through allocation of fre-
quency bands specific to medical applications and RFIC
chip sets developed by both research groups and indus-
try have supported operation in these bands. Analyti-
cal modeling and simulations offer solutions for initial-
izing an antenna and matching network design while
subsequent empirical testing is necessary. An anechoic
chamber provides a noise and multipath-free testing
environment for consistent and repeatable results. An
RF phantom and/or ex vivo tissue model the implanted
environment and oftentimes allows for relatively simple
and quick measurement set-ups. The final, most accu-
rate test is that done in vivo. The cardiac pacemaker and
defibrillator market has pervasively integrated RF into
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their devices, but we are just beginning to see RF tech-
nology permeate into other applications of implantable
electronics such as neurostimulators and internal mon-
itoring devices. There is still work to be done and the
most exciting diagnostic information is still in front of
us, untapped, waiting to be liberated, and in need of the
emerging RF technology for implantable devices.
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