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Analysis of the Human Body as an Antenna for
Wireless Implant Communication

Behailu Kibret,Member, IEEE, Assefa K. Teshomdylember, |IEEE, and Daniel T. H. LaiMember, |IEEE

Abstract—Currently, the radio-frequency (RF) implant wire-  coils [4], [5]. Moreover, the implant is usually powered by an

less communication is enabled by utilizing small antennas that external coil; thus, the implant cannot initiate communication
radiate radio waves inside the human body. As an alternative 6]

technique for implant wireless communication, we propose to . .
use the human body itself as an antenna by feeding an RF In MedRadio, the frequency band 401-406 MHz is allocated

current into the tissues. In particular, this paper studies the for radio-frequency (RF) biomedical telemetry accommodating
scenario when the RF current is fed by a tiny toriodal inductor  both implants and wearable medical devices. In addition to
that is implanted and clamped around the tissues in the ankle. MedRadio, the Industrial, Scientific and Medical (ISM) bands
The frequency range of 1-70 MHz is considered, which includes 5.6 peen used for wireless implant communications. The
the resonance frequency of the human body. Theoretical results, . . L .
from applying small toroidal inductors, show that the system wireless |mplant Communlcgtlon in MedRadio or.ISM bands
exhibit broadband characteristics with a maximum gain of - €mploy high frequency radio waves that are radiated from a
25 dB between 20 to 40 MHz, assuming an isotropic radiation miniaturized antenna embedded on the implants. The high fre-
from human body. However, for the case of the small toroidal quency enables higher data-rate and antenna miniaturization;
inductors considered, the radiation resistance of the system is pg\yever, it also prompts higher free-space path loss. Moreover,
very small, which increases the power consumption. It is known the human body is an unpredictable and hostile environment
that the radiation resistance can be further improved by choosing . . o ;

a magnetic core with high permeability and low loss, as well for high frequency radio-based communications. It causes high
as, by optimizing the number of turns to reduce the parasitic power consumption due to the power absorbed by tissues,
capacitance and obtain a usable magnetizing inductance. impedance mismatch, and radiation pattern distortion [6].

Index Terms—human body, human body antenna, torodial Another technique that utilizes the conductive nature of
inductor, wireless implant communication, monopole antenna, the human body for implant-to-implant or implant-to-surface
cylindrical antenna, three-term approximation, resonance fre- communication is galvanic coupling intra-body communica-
quency, radiation efficiency, reflection coefficient tion (IBC) [7], [8]. The transmitter in galvanic coupling IBC

differentially applies a low-power and low frequency electric
|. INTRODUCTION current using a pair of electrodes and the receiver detects

The fast growth in the technology of wireless communicdhe transmitted signal from the potential difference across a
tion, low power microelectronics, and physiological sensommir of receiver electrodes. This technique promises a low-
has enabled a new generation of wireless sensor networksgower communication; however, it only allows a low data-
wearable computing devices based on the body area netwtate applications since the operation frequency is lower than 1
(BAN) paradigm. BAN refers to the wireless communicatioMHz. Moreover, it does not allow a wireless communication
of systems on, inside or in the immediate proximity of thbetween an implant and a receiver that is placed close to the
human body [1]. Broadly, BAN devices are classified dsody without making a contact.
wearable and implants. Currently, the wireless communicationAs a bid to find an alternative wireless implant communi-
of implants with an external monitoring devices is enablechtion technique, in this paper, we explored the possibility of
using magnetic induction or the radio-based Medical Implanising the human body itself as antenna for implant wireless
Communications System (MICS) [2] that was later expandedmmunication in the frequency range lower than 100 MHz. In
and renamed to Medical Device Radiocommunications Servigarticular, we considered the case when a toroidal inductor is
(MedRadio) by the Federal Communications Commissiatiamped around a group of muscle fibers in the ankle in order
(FCO) [3]. to induce an electromotive force (emf) inside the body. It was

The wireless implant communication using magnetic indubypothesised that the induced emf causes an RF current inside
tion requires the external devices to be placed very closette body that dissipates in the tissues and also radiates out of
or in contact with the surface of the body. Also, the commuhe body using the human body as an antenna. Therefore, the
nication efficiency is highly dependent on the orientation afbjective of this paper is exploring the feasibility of applying
the magnetic coils used. In addition to this, the commercialtiie radiated power to connect implants and external devices
available implant devices, which employ magnetic inductiofgcated in the proximity of the human body. Moreover, the
usually operate in the low-MHz frequency range that requiregame scenario was studied to analyse the amount of emf
large coils for efficient communication. At such frequencinduced on the terminals of the implanted inductor when a
range, the magnetic link efficiency deteriorates if the implantaiman body is exposed to a vertically polarized electric field.
are required to be smaller. However, recent studies foumtiis approach promises lower power consumption compared
that an equivalently efficient magnetic link can be obtaingd higher frequency radio-wave based techniques, since the
by operating in the low GHz range and applying mm-sizeaduman body tissues absorbs less power as frequency decreases
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It also promises the use of small size inductors when compatedas also demonstrated that saline filled cylindrical antennas
to the size required if the magnetic induction technique wasn be used to measure the induced ankle currents predicted
employed at the same frequency range. based on finite-difference-finite-time (FDTD) computations
This study was motivated by our previous results on thesing realistic voxel models of the human body [16]. Recently,
characterization of the human body as a cylindrical monopdlee authors have successfully used the equivalent cylindrical
antenna [9]. From our previous study, for a human subject ahtenna representation of the human body to characterize
height 1.76 m and weight 73 kg, we found out the human botlye human body as a monopole antenna [9], analyse the
behaves like a monopole antenna when fed on the foot, witlhole body averaged specific absorption rate (SAR) [17],
a resonance frequency between 40-60 MHz depending on [h&] and investigate interference mechanisms in Human Body
posture of the body. We also found the human body behav@dmmunications (HBC) [19].
as a monopole antenna with a radiation efficiency reaching 70The rest of the paper is organized as follows. Firstly, the
% and a minimum reflection coefficient of -12 dB when itxial current density calculated based on a realistic gray-scale
was coupled to a source of 30 output impedance. This wasimage representation of the cross-section of the ankle joint is
supported by measurement and theoretical results. In additigigen, followed by the analytical expressions of the parameters
to this, from the large number of RF dosimetry studies, su@h the toroidal inductor. Expressions for the gain of the system
as [10], it is well known that the maximum axial RF currenand the received power to a load connected to the terminals of
is induced near the foot when the human body is exposg® inductor are derived. Next, the scenarios of two toroidal
to a vertically polarized electric field of frequency less 10fhductors of different sizes are analyzed in order to understand
MHz. Thus, the maximum axial current near the foot causese important factors that need to be considered in the design
a large axial current density in the ankle cross-section. Thisgssuch a system. Lastly, the results from a simple experiment
because, in addition to the maximum axial current, the anklging a saline filled cylinder are reported, that validates our
cross-section has smaller mass of conductive tissues compgeshosed approach.
to other transverse cross-sections of the human body. Based
on this context, this study aims to explore an implant wireless

communication technique using a small implanted toriodal Il. THE AXIAL CURRENT DENSITY IN THE ANKLE
inductor as a means to collect or couple the induced axial ) ) )
current inside the ankle. Since the cross-section of the ankle consists of different

There are several studies in the literature that directly Bpsues, the axial current density is not uniformly distributed.
indirectly support the validity of our proposed approach. Fdrhe tissues have different dielectric properties; therefore, they
example, in a research undertaken by the US army in the 197itjgract differently to the axial RF electric field passing
[11], the human body was utilized as an antenna to transmittgough them. Accordingly, we developed a model for the
radio signal that was coupled to the human body using a coilgess-section of the ankle based on a realistic anatomical atlas
wire wound around the chest. The study reported that a ra@bthe human body [25]. The tissues in the cross-section were
signal was transmitted for a distance of 1.5 km at 4.6 MHSsigned specific colours, as shown in Fig. 1; and from this,
from a 1 Watt transmitter. Though the transmitter power is high 9rayscale image file was created that has specific intensity
and the air-cored toroidal inductor was located on the che¥@lues for the pixels representing each tissues. The tissues
the underlying concept is similar to our proposed approaéﬁ.at were classified in the cross-section were skin, muscle,
Moreover, in the area of RF dosimetry, there are several studi@k cortical bone, cancellous bone, blood vessel, blood, nerve,
that strongly support our proposed concept. In these studi)don, and connective tissues. Using the grayscale image, we
similar to our proposed technique, toroidal inductors were usBad accurate representations of the size and location of the
to measure the induced ankle current when the human bd@@ues; and it was also possible to read such information into
is exposed to electromagnetic fields. For example, in [12], t§@Mputer programs. Moreover, the 4-Cole-Cole dispersions
design and application of an ankle-worn RF current measurifpdel was used to represent the dielectric properties of these
device is discussed. The device uses a clamp-on and ferritgSues.
cored toroidal inductor to measure the induced RF current inFor the frequency range of interest, it was assumed that the
the ankle for the frequency range of 0.1-80 MHz. Similarly, igxial electric field in the cross-section of the ankle is uniform.
[13], an air-cored and ankle-worn toroidal inductor was uselhe total induced axial currert in the ankle, which includes
to measure the induced ankle current in the frequency rarh the conduction and displacement current in the cross-
of 1-200 MHz. Additionally, in [14], a commercially availablesection of the ankle of ared, can be calculated from the
clamp-on current probe with a ferrite core was also utilized &xial current density distribution in the anklg as
measure induced ankle current.

In this study, the human body was represented by an I, = /szs — Ez/g;ds (1)
equivalent cylindrical antenna. It is well known that the
induced axial current inside a human body that is exposed to a
vertically polarized plane wave has a similar axial distributiowhere FE, is the axial electric field that is taken to be
as that of a monopole cylindrical antenna [10]. Based amiform ando} is the complex conductivity of ‘points’ in
this, a practical equivalent monopole antenna was propogshd cross-section. Considering the cross-section of the ankle
to measure the induced ankle current in the human body [1Bpresented by the grayscale image, the expression in (1) can

S S
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Fig. 1. The cross-section of ankle joint with tissues assigtiferent colours. 1-muscle, 2-fat, 3-connective tissue, 4-cancellous bone, 5-skin, 6-blood vessel,
7-tendon, 8-nerve, 9-blood, 10-cortical bone.

be approximated as

M
Iz = 2Ez Z O—:nApixel (2)

m=1

wherec?, is the complex conductivity of the tissue represented
by the m!" grayscale pixel;M is the total number of pixels
in the ankle cross-section antl,;,.; is the area of a single
pixel. Apizer Can be easily calculated by dividing the actual
area of the ankle cross-section witli. Therefore, the axial
current densityJ” in the area represented by thé" pixel
can be approximated as

W . 050l
Jl =0 B = —— . ®3)

Apia;el Z U:u

m=1

Using (3), we can calculate the total axial current passiflf, 2, e TSl of oo o feret (V) e o

through any subsection of the ankle cross-section. Fig. i total cross-section area of the ankle was taken as 0.0254 m

shows the magnitude of the axial current density calculated

using (3) for an incident electric fieldd, = 1 V/m r.m.s.

illuminating the adult male human subject that was discuss&tie magnetic field in turn induces electromotive force on the

in our previous papers [9]. It can be seen that the highestpper winding that drives a current into the receiver load

current density occurred in the blood and muscle tissues, armhnected to its terminals.

the least occurring in the skin, fat, nerve, blood vessels, corticalThe toroid has inner radius, outer radius-y, and height

bone and cancellous bone. Also, almost as much as half of the as shown in Fig.3. An enameled round copper wire of

current density in the muscle tissue exists in the connectikagiusr.,, is wound around a ferrite core makidg number

tissues and tendons. of turns. In order to reduce the effect of leakage inductance,

the inner wall of the toroid is completely covered by the copper

1. THE IMPLANTED TOROIDAL INDUCTOR windings. Thus, the number of turns was derived as

In the preceding section, we showed that a large axial N~ _ "1

— (4)
current density is induced inside the muscle tissue. In order Teop tte

to collect this current for the purpose of implant wirelesgheret, is the thickness of the enamel layer of the copper

communication, we propose to use a toroidal inductor thgfre. Also, the equivalent circuit representation of the toroid
is clamped around a group of muscle fibers or a tendon j§ishown in Fig. 4.

the ankle. We considered a toroid placed around the muscle

tissue or tendons with the axis of toroid perpendicular to the )

cross-section of the ankle. Using such an arrangement, dhgMagnetic core effects

with toroid thickness of several millimeters, it can be placed It is well known that ferromagnetic materials dissipate

in the ankle without causing major tissue damage. power, due to magnetic hysteresis and eddy currents, when
The mechanism of receiving the RF current flowing ithey are introduced into a changing magnetic field [27].

the tissues that are encircled by the toroid is similar to théhe eddy current loss can be reduced by using a laminated

operation mechanism of current transformers. The RF currenégnetic core that has high electrical resistivity. The effect of

in the tissues induces a magnetic field inside the core of thgsteresis can be characterized by using the complex relative

toroid, in our case, which is assumed to be a ferrite congermeability,.* of the magnetic core. The complex relative
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Fig. 3. The half-section of the implanted toroidal inductathwierrite core.
R,
T

Fig. 4. The equivalent circuit of the toroidal induct@ry, is the parasitic
capacitance between turng;, represents the loss in winding wiré; 4 is

LAC Riad

R,

L

the internal inductance of the wiré;%ﬁa ., is the radiation resistance of the

toroid; R. represents the magnetic core loss; dndis the self-inductance.

permeability is defined as

pt=p =g 5)

wherey/ characterizes the stored energy arfdcharacterizes

http://dx.doi.org/10.1109/TAP.2016.2526070

in Fig. 3, )
i
L, = N Hpohi (T—Q) 8)
2 T
and .
R.— K
c = W_,Ls (9)
7

wherew is the radial frequency.

B. The skin-effect and proximity-effect in the copper winding

It is well known that, at high frequency, the effective
resistance of copper wire increases due to the skin-effect
phenomenon. For the case of inductors, the copper windings
are placed close to each other; therefore, the magnetic field
created due to the changing current in one conductor affects
the current distribution in the neighbouring conductors, caus-
ing the proximity effect phenomenon. Thus, for RF inductors,
the skin-effect as well as the proximity effect cause power loss
in the winding conductor.

An analytic approximation for the AC resistanég, of a
round copper wire of conductivity in a single-layer winding
inductor is given in [29] as

e?V — e72 4 2sin (20)

the power dissipated. The frequency characteristics of ferritasd

can be expressed using a theoretical dispersion model that in-
cludes magnetizing mechanisms, such as, domain-wall motion,
magnetization rotation, and gyromagnetic spin rotation. Such

a dispersion model is given in [28] as

o EKain(f555)? Kaw(fi55)? [(Fagn)? — 17
n= 1+ res \2 2 + 2 9 (6)
(figm)?+ f [(fres)? — f2]° + B2f2
v Kspinfipinf Kaw(fi55,)28f

P ((fre)? - 12 B2

where f is the operating frequencyy,, is the static spin
susceptibility; /777, is the spin resonance frequendyy,, is
the static susceptibility of domain wall motiorf;,>* is the

Ry = Rge 10
v VB0 | =20 _ 2cos (2v) (10)
where Ry, is the DC resistance defined as
2N (h —

Ry = et 2 m), (11)

O—Trrcop

™ % T
=(=) 2r —cop ) 12
v=(7)" 2reor o (12)

The internal inductance of the wire was also expressed as

v e?Y —e72Y — 25in (20)
Lac = Rac— .
Ac 9w e2v + e=2v — 2cos (2v)

(13)

C. The parasitic capacitance of the inductor

Another important factor in the high frequency application
of inductors is the parasitic capacitance between turns. The
parasitic capacitance determines the self-resonance frequency
of the inductor; beyond this frequency the reactance of the
inductor gets capacitive. The parasitic capacitance shunts the

domain wall resonance frequency;is the damping factor of Magnetizing current so that it causes a reduction in the per-
the domain wall motion. In this study, it was assumed thfermance of inductors. For a single layer inductor’ofturns,

the magnetic core used is a ferrite tape ESL 40012 thattR® lumped parasitic capacitance referred to the terminals of
manufactured using the Low Temperature Co-fired Ceranffte inductor was approximated in [30] as

(LTCC) processing and it is considered suitable for low power
applications. The values of the coefficients in (6) and (7) foCy;, = 2.732¢oN (ht + 12 — 71)
the initial complex permittivity of the ferrite tape ESL 40012
at 25 C are given in [28] that were obtained by curve fitting

experimental data.

From the conventional approach of calculating the induWhereer
tance of a toroidal inductor [27], the core lose resistaRge 0
and self-inductancd.; can be calculated by replacing the
relative permeability of the core with the complex relative
permeabilityu* = p/ — ju”. Thus, for the inductor shown

-1
lerg* (ln M)
Tcop

0* T
+ cot <7) — cot (E)] (14)
is the relative permittivity of the enamel layer and
is defined as

6* = cos™* (1 —

1 .
“n M) ) (15)

€r Tcop
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Zp

Fig. 5. The equivalent circuit of the implanted toroidal isthr. V;, is the ~Fig. 7. The simplified equivalent circuit of the implanteddiotal inductor
input voltage of the transmittetZ,, is the output impedance of the transmitter;in transmitting mode.
L,, is the magnetising inductance referred to the primary side;ggnds the
impedance representing the effect of the human body and the surrounding.
study [9], the human body was represented by a cylindrical
monopole antenna to express the axial current inside the
human body when it is excited by an RF source on the foot.
Hence,Z, is the antenna impedance of the human body when
the human subject is excited by a delta-gap electromotive force
(emf) placed between the feet and the ground. The delta-
gap emf was assumed to be equal to the emf induced by the
implanted inductor, which is approximated by a current-probe
feeding model.

Based on the analysis in [9% 4 can be expanded as

ZA = Rrad + Rdis + ]XA (16)

where R,,q characterizes the power radiaté®l,q ; Rais
characterizes the power dissipated inside the human body due
to ohmic and dielectric loss of tissues; aid, characterizes

the near-field reactive power oscillating in the vicinity of
ground plane the human body. From the expression of the resistance per
unit length of the equivalent cylindrical antenna and from the
definition of the radiation efficiency in [9], the expression of

R,.q and Ry;s can be derived.
Fig. 6. Visualisation of the lines of force in the human bodyning the 7.;{?1 o dis. Fig. 5 be simplified b torri h
secondary loop, which is represented by the human antenna impedanee, e circuit In Fig. 5 can be simplified by transferring the

Ryaaq + Rais +3Xa, whereR,..q characterizes the power radiat&l,, ; secondary impedance to the primary as shown in Fig. 7.

Rgis characterizes the power dissipated inside the human body due to oh@ihce we assumed that the Winding completely covers the

and dielectric loss of tissues; andl4 characterizes the near-field reactive. . L .

power oscillating in the vicinity of the human body. inner wall of the toroid, the magnetising inductantg was
approximated by the self-inductande, of the toroid. The

equivalent impedance seen by the transmitie; can be

IV. THE PERFORMANCE OF THE WHOLESYSTEM written as 7
Leq = =

(17)

A. In transmission mode JjwCspZs+ 1

The equivalent circuit of the ankle implant in transmissioWhere
mode was approximated as shown in Fig. 5. As a loop antenna, jwLpy, (NQZA + Rc) '
a toroidal inductor by itself has poor radiation efficiency [26]; %s = Gl + N°Za+ R T Re+ Ry + jwlac.  (18)

therefore, we ignored its radiation resistari¢e, ;. The oper- . . - -
ation of the system is similar to that of a current transformel€refore, referring Fig. 7, the radiation efficiency of the

the toroid acts like the primary winding while the humarfyStem, defined as the ratio of the radiated powey,; to
body was approximated as a single turn secondary, as shdfify INPUt powerP;, can be written as

in Fig. 6. The represgntation of the human body.as a single . Prad |[A|2 N2R,0d N2R,0d

turn secondary describes more accurately a toroidal inductor =75 = 12 |2 Re (Zoy) ~ " Re ) (19)
clamped to the exterior of the ankle. The approximation of this ‘ o “d “

setup to an implanted toroidal inductor is based on the reswlaere the factor” can be written as

from (3) that large axial current density exists in the muscle jwlL 2

tissue which spans aboutZ0of the ankle joint cross-sectional ~ F' = = (20)

area. (jwCsnZs + 1) (Re + N2Z 4 + jwLy,)

In Fig 5, Z is the sum of the impedances that represent théoreover,Z., can be expanded as
effects of the human body, the shoes, the ground and near-field 7 _ RS RS XS 21
coupling with nearby objects. Assuming the human subject eq = frad  fazs +J (21)
is standing on a highly conductive ground plane and bawhere R} , characterizes the radiated power from the sys-
foot, Zp can be approximated by the human body antentem; R, characterizes the power dissipated in the wire, the
impedanceZ 4, which is expressed in [9]. In our previousmagnetic core and the human body; aXd characterizes
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TABLE |
PARAMETERS OF THE SYSTEM
NVoe
Parameters Casel Case2

1 6.59 mm 11.28 mm

) 9.59 mm 14.292 mm
Fig. 8. The simplified equivalent circuit of the implanteddiofal inductor he 1cm 1cm
in receiving modeV,.. is the open-circuit voltage driving the current through d A/ 2m A/2m
the area enclosed by the toroid a#q, is impedance of the load connected Teop 0.4 mm 0.4 mm
to the terminals of the toroid. te 0.1 mm 0.1 mm

N 41 70

o 5.592x107 Sm—!  5.592¢<107 Sm~!

Hpm, 1.76 m 1.76 m

the power oscillating in the parasitic capacitance and in the - 73 kg 73 kg
near-field of the human body. From (19) and (20), the system A% 0.64% 2.16%
radiation resistance can be derived as

rad = FN?Rraa. 22) . e -
_ _ _ ~Using the relation between the incident electric field and the
The radiated power escapes into the surrounding using &P (equivalent isotropically radiated power) of a radiation
human body as antenna. For simplicity, assuming the radiatgflirce at a distance df £, = VGOEIRP and for a free-space

power was emitted equally in all directions, the antenna gajfhvelength), the expression in (26) can written as
of the system can be approximated as

)\ 2
G(dB) = 101ogyq (1) (23)  Free=120 (m) EIRP|u(O0)f" FrRe(Z)  (27)

In our previous study [9], the human body was represent@ghere
by a monopole antenna based on measured and calculated ‘wNIL. 7
values of the reflection coefficient and the radiation efficiengy, = ‘ 5 j meA

of the human body antenna. The definition of the gain of the | (N?Za + Zin) (jwlim + Zp) (jwConZ) + 1)

human body antenna requires the knowledge of the directivity (28)
or radiation pattern; therefore, the gain in the direction of
the maximum emission can be approximated by that of a Zy = Re+ Ry + jwLac + # (29)
guarter-wave monopole antenna by adding 5.19 dBi to the JwCsnZy +1
value obtained from (23). L 7
jw mép
Zin = Re + 7y 5 joloy” (30)

B. In reception mode

When a vertically polarized incident electric field impingegherefore’ for a given radiation source at a d|st:_adcand
the human body, an axial current density is induced insi{éth.a kr)own EIRP, the power recewed_at the terminals of the
the cross-section of the ankle. From antenna theory, it is w chrmdal iNductorFr.. in dBm can be written as
known that an antenna in receiving mode can be represen;qgc(dgm) =20.79 + EIRP(dBm)
by a Thevenin’s equivalent circuit with a voltage soufi¢g

A
that is calculated by multiplying the short circuit current at the +201log, (m) + 10log, [FrRe (Z1)]
antenna terminals and the antenna impedance. Thus, assuming
the human subject is standing bare foot on a conductive +201ogyg [[u(0)[], (31)
ground,V,. can be written as which is used to assess the received power in the illustrative
Voo = 1.(0)Z4 (24) scenario of the next section.
whereI (0) the axial foot current expressed in [9]. Therefore, V. AN |LLUSTRATIVE SCENARIO

the whole system in receiving mode was represented by theConsidering the scenario of two implanted toroidal induc-

3|mp||f|ed. eq_uwalent C|r.cu!t shown in Fig. 8. tors with parameters shown in Table |, the géincalculated
For an incident electric fiel&, on the surface of the human. L . .

body, the current..(0) is defined in [9] as is shown in F|g: 9. As can be seen in the table, Fhe two toroids

have a core thickness, — r; of 3 mm and a height; of 1

cm. The areas enclosed by the toroids are 0/6dnd 2.16%

of the cross-sectional area of the ankle joint considered in this

rﬁtudy, which is indicated by the parametéf; in the table.

The copper wire used was assumed to be 20 AWG (American

Wire Gauge) copper wire with enamel thicknes0df5r;. It

can be seen that the gain exhibits a broadband feature with the

Prec =051 Re (Z)) . (26) maximum occurring between 20 - 45 MHz, which includes

1:(0) = 7—~u(0) (25)
whereu(0) is a function of the parameters of the equivale

cylindrical antenna. Thus, the power delivered to the 16ad
can be calculated as
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-500 20 40 60 70 CO 20 40 60 70
Frequency (MHz) Frequency (MHz)
Fig. 9. The calculated gain for the two cases. Fig. 11. The magnetic core resistanBe for the two cases. The toroid in

Case 1 is smaller than that of Case 2.

Human body loss 10
1.2 Wire loss
"""" Radiation loss 80
— 1F ]
X
o 0.9 E . 60| 1
= < N N R 20 AWG wire
g 0.6 - - ——32 AWG wire
5 & a0
~oa ST L _
0.2 E 20]
% 20 40 60 70 B = : :
Frequency (MHz) 0 40 60 70

Frequency (MHz)

Fig. 10. The power loss percentage in the human body, the wadetize Fig. 12. The wire resistanck,, for the case of two different wires of radius
radiated power.

0.1 mm (32 AWG) and 0.4 mm (20 AWG).

the resonance frequency of the human body. The resonatiee magnetic core losses. Reducing the effect of the parasitic
frequency of the human subject used for the two scenarigapacitance as well as the magnetic core losses improve the
which has height7,, and weightm given in Table |, is near efficiency of the system.
40 MHz [9], [17]. The magnetic core resistancés. calculated for the two
The gain calculated using (23) and shown in Fig. 9 waseroids is shown in Fig. 11. As shown in the figure, the value
based on the assumption that only the human body impedan€ehis resistance is very large. The eddy currents induced
affect the current induced inside the human body. But, inside the human body, due to the magnetic field inside the
reality, other factors, such as, the ground, shoes and neacbye, produce a magnetic flux that counteracts the original flux.
objects, affect the gain. When the impedance of 1 cm thi¢tk doing so, the eddy currents introduce additional loss in the
rubber shoes was added in series with the human boahagnetic core due to magnetic hysteresis, which otherwise
impedanceZ 4, the calculated gain decreased by a maximumould have been dissipated inside the body or radiated.

of 5 dB. From (9), the expression d®. can be rewritten as

The given scenario can be further analysed by assuming ,
an input current;,| of constant magnitude. It was found R. = wp' jioN?h; In (—2) . (32)
that more than 99.5¢ of the input current was shunted by "

the parasitic capacitance, returning to the input terminal. TReom the above equation, it can be seen that the value of
rest of the current dissipates power on the wire, the magnefig is affected by the magnetic core material, the geometry

core, the human body, and also contributes to the radiatefdthe toroid, number of turns, and frequency. Therefore, the

power. It was also found that more than 98:5of the power magnetic core loss can be minimised by choosing a material
was dissipated inside the magnetic core and a maximumtbét introduces less magnetic hysteresis and using a toroid
1 % of the power was absorbed inside the human body, withat has less outer to inner radius ratfoand less number of

a negligible amount dissipating inside the wire, as shown farns. As these parameters also determlne the value of the self-
Fig. 10. Moreover, the radiated power was less than%.5 inductance, which determines the emf induced in the human

This suggests that the two important factors that determibedy, an optimization should be carried out to get a desirable

the performance of the toroid are the parasitic capacitance aratlie of the self-inductance.
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Fio. 13. The parasitic capacitan and the equivalent capacitanc® Fig. 14. The calculated receiyed powEr.. for the two cases for a source
ofgthe two caseps. P o 9 P of 0 dBm EIRP located at a distance @f= A\/27 m.

The winding wire resistance introduces losses due to skin-Snce the real part of the equivalent impedané® (; +
effect and proximity-effect; but the value of this power los&ais) 18 very small, the input current required to cause a
is negligible when compared to other losses. This is becal@bPle radiated power is very large; this puts a challenge on
the resistance due to the wife, is much smaller compared'OW power requirements of |rr_1plants that run on batte_rles. For
to R.. Fig. 12 shows the calculated wire resistaftg for 20 €xa@mple, at 40 MHz, for an input curref, = 10 mA into
AWG and 32 AWG wires that have radius of 0.4 mm and o.fproid 1, the total radiated power from the body is about -80
mm, respectively. The thinner wire caused a power loss of #§m that falls down to -86 dBm at a distance of 2 m due
dB higher than the thicker one; but in both cases, the powl@r free space path loss, assuming isotropic radiation. Even
loss ratio due to the wire is negligible. The overall dissipatd@ough. the input power for this case is much smaller, about
power in the case of the thinner wire is lower by almost 8 dB2° dBm, the large input current might drain batteries quicker.
This is because the number of turd& increases when the 1herefore, it is crucial to minimise the parasitic capacitance,
radius of the wire decreases in order to get a reduced leak¥fjdch has the effect of increasing the real part of fg.
inductance. Assuming a transmitter off//RP = 0 dBm is located a

From the calculation of the equivalent impedarige, in distance ofd = 5+ from the body, the power received...
(17), the parallel reactance due to the parasitic capacitancé3g) On the load impedancg, = 50 (2 that is connected to
much smaller thar,: therefore, only a very small fraction "€ términals of both inductors is shown in Fig. 14. As the
of the total current is used to setup the magnetic flux that J§C€1ved power is a function of the gain, the received power
necessary to induce an emf in the body. The self-resonari@gtoroid 1 is larger than that of toroid 2.
frequency of the toroid is much less than the frequency
range of interest; thus, the inductor acted like a capacitor. VI. VALIDATION
Fig. 13 shows the comparison of the parasitic capacitancelo show the validity of our proposed approach, we car-
Cs, and the equivalent series capacitari¢eof Z.,, which ried out a simple experiment using a saline-filled cylindrical
shows that the reactance af., is dominated byCy,. The antenna as a human body phantom. The idea is based on
design of a more efficient system requires the reduction of tekeme studies, which demonstrated that saline-filled cylindrical
parasitic capacitance. One way of reducing this capacitarar@ennas can be used to represent the human body in order to
is by increasing the separation of turns in the inductor. Buteasure the induced foot current [16]. For our experiment, a
this approach also introduces a leakage inductance that dwaasparent vinyl cylinder of height 1.2 m and diameter of 3
not contribute to the axial current induced inside the enclosenh, with a conductive plate base, was used as shown in Fig.
tissue. For example, from Fig. 9, toroid 1 has a better gal’d. A ferrite-core toriodal inductor of number of turns 36,
than toroid 2, even though toroid 1 is smaller than toroid 2eight 1 cm and, inner diameter 1 cm and outer diameter of
This is because the number of turns in toroid 2 is larger th&8 cm, was inserted at the base of the cylinder leaving a 1 cm
that of toroid 1, which increased the parasitic capacitance. Tigiap from the conductive plate. The inductor was connected to
suggests that a toroid that has a minimised leakage inductaackattery powered Vector Network Analyzer (VNA) capable
and with smaller number of turns has a better performance thafrsweeping 0.1-200 MHz via a 5 cm coaxial cable. The VNA
a toroid with larger number of turns. Therefore, the design efas connected to the computer via bluetooth so the effect of
an efficient system calls for an optimized choice of the smallasteasuring cables was eliminated. The reflection coefficient
number of turns that result in a reduced leakage inductanees measured, which agrees with our theoretical result that
In addition to this, in receiving mode, another important factdhe parasitic capacitance shunts most of the current. Fig. 16
that puts a challenge when minimising the size of the torohows the measured reflection coefficient indicating abo¥it 85
is: the current density inside the enclosed tissue area atfothe current is reflected back, which agrees reasonably to
decreases causing less magnetic flux induced inside the cdne. theoretical example discussed previously witf9% the
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Frequency (MHz)

Fig. 17. The measured impedance of the toroidal inductor.

Fig. 15. The experimental setup.
occurs. The bandwidth allocated for the 40.68 MHz ISM band
is about 100 kHz, which might be suitable for transmitting low
bit rate biomedical signals that do not require a small duty
cycle. The other ISM band at 27.12 MHz has relatively wider
bandwidth, about 300 kHz. Another additional advantage of
these bands is the maximum EIRP allowed is relatively higher,
for example, 1 W in Australia [35]. This suggests that the
both ISM bands can be suitable to transmit signals downlink,
from a transmitter located outside the body to an implant.
Another important aspect of the frequency range used is it
aligns with the frequency range of operation of human body
. . . communication (HBC) [36], [8], which is a technique that
0 50 100 150 200 uses the human body as part of the communication channel.
Frequency (MHz) Thus, the wireless implant communication technique proposed

can be used in conjunction with HBC, expanding the potential
applications of body area networks.

Taking the gain in Case 1 at 40 MHz and taking a similar

current shunted by the parasitic capacitance. It should be nofétlysis as ITU-R SA 1346 [37], the performance of the
that the inductor considered for the theoretical case is mug¥stem in a practical scenario is assessed. Assuming an input
smaller. In practical design, the reflection coefficient can @wer of -2 dBm, the receiver located at a distance of
improved by employing proper impedance matching to elim\/2m = 1.2 m that causes a free-space path loss of -6 dB, a
inate the large reactance. Also, the reflection coefficient cfle margin and excess loss of -25 dB similar to the one given
be improved by using a high quality magnetic core materitl ITU-R SA 1346, a radiation pattern of the human body
and with optimized design of the inductor, which increases ti§émilar to a quarter-wave monopole antenna that increases the
radiation resistance. Additionally, in order to see the validi§@in by 5.16 dB, required signal-to-noise ratio (SNR) at the
of our experiment, we also measured the impedance of meiver is 14 dB, receiver antenna gain of 5.16 dBi, the power
toroid to see the location of the self-resonance frequency. F8feived at the receiver is -57 dBm. The received power is
the size of the toroid we used, the self-resonance frequencynych larger than required for practical application. When the
expected to occur in the kHz range; the measured impedaf@geiver is placed at a distance of 2 m, the free-space path loss
in Fig. 17 supports this. is about -10 dB, which is much lower compared to the -30 dB
In the literature, a similar experiment applying a ferritel0ss in MedRadio at the same distance.

cored toroidal inductor to induce RF current in a sea-water 'he amount of power dissipated inside the human body is
stream monopole antenna is reported in [33]. Also, a recedProximately 1% of the total dissipated power, as discussed
study [34] carried out similar experiments that used sea-waa'lier. For example, for an input current of 1 mA, at 40

filled cylinder and a jet of sea-water pumped vertically intd!Hz, the power dissipated inside the human body is close
the air. to -100 dBm. This shows that current induced inside the

human body from an implanted inductor for the purpose of low
power wireless communication is less likely to cause harm.
For the frequency range of interest, ICNIRP puts a whole-
The frequency range studied here aligns with the ISM radibmdy averaged specific absorbtion rate of limit (WBA-SAR)
bands at center frequency of 27.12 and 40.68 MHz, whidf 0.4 Wkg" for occupational exposure [24], which is much
are inside the range of frequency where the maximum gdarger compared to the power levels calculated in this paper.

[Sul (dB)

Fig. 16. The measured reflection coefficient.

VIl. REMARKS
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h I h ideri | licati ft Protect , Vol. 10, No. 2, 109-114, 1990.
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