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Wireless Implant Communications 
Using the Human Body

INTRODUCTION

Advancements in medical diagnostics and bio-
sensing technology opened up a great venue for 
research in electronic medical implant. To improve 
accuracy and timeliness of diagnosis, electronic 
devices could be implanted inside human body to 
provide various real-time diagnostics information. 
However, effective technique for implant com-
munication is still an open problem. Early efforts 
based on radio wave propagation are standardised 
as the Medical Implant Communication Services 
(MICS) for 402– 405 MHz frequency range which 
was later adopted as Medical Devices Radio Com-
munications Services (MedRadio) for 401–406 
MHz frequency range (Hanna, 2009).

Currently, the radio-frequency (RF) implant 
wireless communication is enabled by utilizing 
small antennas that radiate radio waves inside the 
human body. As a bid to find alternative wireless 
implant communication mechanisms within the 
Wireless Body Area Network (WBAN), in this 
work, the authors explored two complementary 
techniques. The first uses galvanically coupled 
Intra-body communication (IBC) for implant-to-
surface communication. IBC is a relatively new 
technique that uses the human body as a channel 
with communication frequencies not exceeding 
several MHz. The second technique uses the hu-
man body itself as an antenna by feeding an RF 
current into the tissues.

This chapter first examines a new analytical 
electromagnetic model that uses galvanically 
coupled IBC where the implant transmitter differ-
entially injects current into the tissue via its anode 
and cathode electrodes. A wearable receiver on the 
surface of the skin samples the resulting potential 
difference using its two electrodes. Frequencies 
ranging from hundreds of kHz up to a few MHz 
are considered under quasi-static assumptions. 
The model is unified in the sense that it is based 
on multilayered ellipsoidal geometry that can be 
applied to any part of the body (i.e., head, torso, 
limbs etc.). It also effectively describes influences 
of tissue properties and geometry of the body 
part. The security and low power consumption 
of IBC are also apparent in this model. The path 
loss characterisation of IBC implants shows lower 
values compared to their MICS counterparts.

In addition, the chapter also elaborates on 
the scenario when the RF current is fed by a tiny 
toriodal inductor that is implanted and clamped 
around the tissues in the ankle. The frequency 
range of 1-70 MHz is considered, which includes 
the resonance frequency of the human body. 
Theoretical results show that the system exhibit 
broadband characteristics with a maximum gain 
of - 25 dB between 20 to 40 MHz, assuming an 
isotropic radiation from human body. However, 
for the case of the small toroidal inductors consid-
ered, the radiation resistance of the system is very 
small, which increases the power consumption.

Assefa K. Teshome
Victoria University, Australia

Behailu Kibret
Victoria University, Australia

Daniel T. H. Lai
Victoria University, Australia
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BACKGROUND: IMPLANT 
COMMUNICATION IN THE 
WBAN ARCHITECTURE

To improve accuracy and timeliness of diagnosis, 
and hence improve quality of life, sophisticated 
actuators and biosensors are emerging for vari-
ous diagnostic applications; for example, glucose 
sensors for continuous diabetes monitoring (Heo 
et al., 2013). In broad terms, implant communi-
cation technique explored in literature use radio 
wave propagation, magnetic induction and volume 
conduction(Poon, 2010), (Bjorninen et al., 2012), 
(Yang, 2006).

For implant communication it is important 
that the transmitter consumes small power to 
conserve battery life. The implant should also be 
miniaturized for a minimal invasive embedding. 
Besides, due to sensitive nature of medical data, 
security is a paramount requirement of implant 
communication. To achieve security either the 
signal needs to be encrypted at the transmitter or 
be confined to within the body detectable by as far 
as an on-body receiver. In the case of MedRadio 
based implant, the signal is radiated outside the 
human body; hence, requires all security features 
be implemented right at the transmitter which 
increases the transmitter complexity. Hence, the 
transmitter consumes large power and is difficult 
to miniaturise.

Implant communication scenario can be di-
vided as implant-to-implant, implant-to-surface, 
and human body to external environment. The 
authors explored the use of galvanically coupled 
IBC for implant-to-implant and implant-to-surface 
scenario; and the use of the human body itself 
as an antenna for a possible scenario of commu-
nicating implant inside human body to external 
environment.

The general architecture of body area sensor 
networks, as shown in Figure 1, is that a link node 
wearable on the surface talks to and listens from 
the implanted and other surface mounted devices. 
It then combines and relays the signal to devices 
external to the body – mainly a monitoring or 

controlling device away from the body. Another 
likely scenario is the possibility of two implants 
talking to each other; for example, a glucose sen-
sor and an insulin pump. To reduce complexity 
and power consumption it is better to implement 
advanced security features at the link node rather 
than each individual implanted or on-body device. 
To avoid eavesdropping attempts to listen or talk 
to sensors in and on the body by any transceiver 
external to the body, the signal needs to be con-
fined to within the body. For frequencies ranging 
from a few hundreds of kHz to tens of MHz, the 
human body hardly radiates radio waves. Thus, 
this band is suitable for body confined (intra-body) 
transmissions – implant-to-implant, implant-to-
surface and surface-to-surface communications.

To communicate the signal to outside the body 
wirelessly, radio wave propagation of RF signals 
is required. Such is the case for the link node or 
possibly an individual implant desired to directly 
communicate with the outside environment. For 
this scenario, the authors explored using the hu-
man body as an antenna. Specifically, frequency 
ranging from 10 – 110 MHz was considered. If 
the human body is excited by an RF current in 
this frequency range, the human body radiates 
electromagnetic signals. Furthermore, the human 
body resonance frequency is found to be between 
30 – 70 MHz which falls within the frequency of 
interest. Transmission power levels within human 
tissues considered in this chapter arein accordance 
with the safety recommendations of Specific Ab-
sorption Rate (SAR) levels by the International 
Commission on Non-Ionizing Radiation Protec-
tion (ICNIRP) (ICNIRP, 1994).

THE HUMAN BODY AS A CHANNEL 
FOR IMPLANT COMMUNICATIONS

The HBC uses an electric field communication 
(EFC) where the human body is effectively a 
volume conductor. It exploits the lossy dielectric 
nature of the conductive tissue layers to induce 
a current, and hence a potential distribution, as a 
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result of the electric field caused by the current 
injected by the transmitter electrode(s). Such a low 
frequency signal is expected to penetrate deeper 
into the tissue layers, thus requiring less power 
be detected by a receiver on the surface of skin. 
Moreover, due to a non-conducting free space 
outside the skin surface, the signal is confined to 
within the human body (i.e., inherently secure).

GALVANICALLY COUPLED 
IBC MODEL FOR IMPLANT 
COMMUNICATION

In literature, several modeling techniques have 
been used to model the human body as a channel. 
Some of these techniques include the two-terminal 
circuit model (Besio, 2006), (Hachisuka, 2006), 
four-terminal circuit model (Hachisuka, 2006), 
(Kibret et al., 2014), finite element approach (Weg-
mueller et al., 2006), (Amparo et al., 2014), surface 
electromagnetic propagation models (Ruiz, 2006), 
(Bae, 2012), nearfield electromagnetic models 
(Bae, 2012) and quasi-static electromagnetic 
models (Pun, 2011). Each model shows various 

useful aspects of intra-body communication. 
However, the electromagnetic models used are 
based on simple geometries which limit their use 
to only specific regions of the body. On the other 
hand, circuit models are generally short-sighted 
in the sense that the relationship between channel 
variations and circuit components is not obvious 
in the transfer functions, albeit well characterized 
channels in fixed settings.

The analytical electromagnetic model pre-
sented on this chapter is motivated by geometries 
robust enough to capture tissue layer effects in 
a scalable way that can be applied to any part 
of the body and yet simple enough to guarantee 
analytical solutions. Based on this geometry, a 
mathematical model of the channel is derived 
to characterise the received signal as a function 
of the size of the transmitter, tissue layers of the 
body part, transmitter location, receiver location 
and electrode spacing.

Most body parts can be approximated by a 
variation of the ellipsoidal geometry as shown 
in Figure2. For example, the human head can 
be modeled using an ellipsoid close to spherical 
symmetry. The torso can be modeled by a pro-

Figure 1. Implant communication the WBAN architecture
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late or oblate spheroid versions of the ellipsoidal 
geometry. Limbs can be modeled by an ellipsoid 
where a dominating semi-axis represents the limb 
length whereas the other two axes represent the 
larger and the shorter radii of the limb. When one 
of the semi-axes is large and the other two are 
comparable, the geometry resembles a cylinder 
which is often used in existing electromagnetic 
models e.g. (Pun et al., 2011), (Amparo et al., 
2014).

Hence, an analytical model based on multilay-
ered ellipsoidal representation of tissue layers can 
represent the various body parts by defining the 
semi-axes lengths. The ellipsoidal shells in the 
layers represent each tissue layer with varying 
thickness and complex permittivity.

VOLUME CONDUCTION THEORY 
FOR IMPLANT COMMUNICATION

Volume conduction can be defined as a transmis-
sion technique for electric field inside the volume 
of a lossy dielectric where an electric field is in-
duced by a primary current source; and this field 
propagates to the receiver by means of an induction 
current induced in the conductive medium (Tenke 

et al., 2012). An implant transmitter coupled gal-
vanically can be envisaged as the primary current 
source inside any one of the layers of body tissue. 
The total current inside the volume (i.e., primary 
and induction currents added) creates an electric 
potential distribution inside and on the surface of 
the volume (Rutkove, 2007). The receiver could 
be either another implant or on-body device where 
its two electrodes are used to sample the potential 
difference between the two points of the body the 
electrodes are connected to. The transmission 
frequencies we consider are smaller than the 
high frequency band of the spectrum. From the 
conductivity and permittivity profiles of human 
body tissues at these small frequencies, electro-
magnetic signals in the body can be assumed to 
be quasi-static (Pun et al., 2011), (Plonsey et al., 
1967). In quasi-static assumptions, the variations 
of electric and magnetic fields, denoted as E and 
B respectively, with time are negligible. Hence, 
the set of Maxwell’s equation describing the 
fields inside the human body can be modified as 
given in (1).

∇×E=0,  ∇×B=μJ,  ∇∙E-0, and ∇∙B=0 (1)

where µ is permeability of free space and J is the 
net current density inside the volume. Here, the 
electric field E is given as

E = –∇V,  (2)

where V is the electric potential distribution. The 
current inside the volume is due to the conduction 
source current density J r Md r rs( ) ( - )=

0

J r r rs( ) ( )= −Mδ
0

 and the induced current 
density Ji(r)=σ(r)E(r) where σ(r) is the conduc-
tivity of the tissue layer at point r in space, M is 
the electric dipole moment and r0 is the point in 
space that is mid-way between the transmitter 
electrodes. Thus, the net current density J(r) is 
given as

J r r r r r( ) ( ) ( ) ( ).= − +Mδ σ
0

E  (3)

Figure 2. Ellipsoidal approximation of the hu-
man arm
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No current flows out of the human body due 
to the non-conducting medium (air) outside the 
body; hence, J(r) is a divergent free current density 
(i.e., ∇∙J(r)=0). Taking the divergence of (3) and 
replacing (2) into (3), we can see that

∇ ⋅ ∇ = ∇ ⋅ −σ δ( ) ( ) ( ).r V r r rM
0

 (4)

Equation (4) is the governing equation for 
the electric potential which takes different forms 
for the parts of the volume; i.e., it takes the form 
of a Poisson’s equation in the region (layer) that 
contains the source and takes the form of a La-
place’s equation in the layers that do not contain 
the source.

POTENTIAL DISTRIBUTION: 
AN EXAMPLE SCENARIO

In this section, the solution for the potential V in 
Equation (4) is presented for an example scenario 
shown in Figure 3. The scenario considered is the 
case where a transmitter is implanted inside the 
muscle tissue of the human arm and the receiver 
is placed on the surface of the skin. In this case 
four tissue layers are considered; i.e., bone, muscle, 
fat and skin. The tissue layers are represented by 
multi-layered confocal ellipsoidal shells.

The appropriate coordinate system to solve for 
the potential is the Ellipsoidal coordinate system. 
The solution of (4) in Ellipsoidal coordinate sys-
tems can be simplified by using special functions 
called Lamè’s functions of the first and second 
kind (Dechambre, 2000). The general form of the 
potential distribution inside the ith layer is given by

V A

B

i n p
i

p

n

n
n
p

n p
i

p

( , , ) ( , , )
( , )

( , )

λ λ λ λ λ λ
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=

∞
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(5)

where λ1, λ2, and λ3 are the ellipsoidal coordinate 
system, 

n
p and 

n
p are the Lame’s function of 

first and second kind, respectively, with degree p 
and order n.A

n p
i
( , )

 andB
n p
i
( , )

are the coefficients 

corresponding to the ith tissue layer andα
1
i  is the 

dominating semi-axis length of the ith tissue layer. 
Equation (5) is the general solution and specific 
solution for every scenario is provided by thor-
oughly specifying the coefficients A

n p
i
( , )

 andB
n p
i
( , )

by applying Dirichlet and Numan boundary con-
ditions at each layer.

Figure 3. Implant communication scenario where the transmitter is implanted inside the muscle tissue 
of the human arm and the receiver is mounted on the surface of the skin
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PATH LOSS AND POTENTIAL 
DISTRIBUTION

To calculate the potential distribution and hence 
the path loss human arm model given in Figure 
3 and Equation (5) are used. An arm of smallest 
semi-axis 43.5 mm is considered with tissue thick-
nesses of skin = 1.5 mm, fat = 8.5 mm, muscle 
= 27.5 mm, bone = 6 mm.

Consider the transmitter injecting an r.m.s. 
current of 1 mA with its electrodes spaced by 
5 mm located along the major semi-axis of the 
arm at 6.9 mm into the muscle tissue from the 
muscle-bone interface. The maximum electric 
potential developed along the axis of the dipole 
as a function of radial distance from the center is 
shown in Figure 4. The received potential inside 
decreases at a slower rate inside the body and 
decreases at a faster rate once the signal leaves 

Figure 4. Potential distribution with distance at different frequencies

Figure 5. Path loss as function of distance at different frequencies



 M

Category: Mobile and Wireless Computing

6325

the body. This can also be seen in the path loss 
which increases at a large slope outside the skin 
(at 0.0435m from the center) as shown in Figure 
5. The path loss at the surface of the skin is around 
35 dB which is a lot smaller than the path loss 
reported for MICS based implants. The impedance 
of the tissue layer affects the amount of power 
transmitted. From Figure 6 the transmit power 
decreases with frequency which due to decreas-
ing impedance with frequency. For a 1 mA r.m.s., 
the transmitted power is around -32 to -35 dBm; 
hence, the received power is around -67 dBm to 
-70 dBm. The received power is thus a lot larger 
than the average receiver sensitivity of -92.5 dBm 
required by IEEE 802.15.6 standard. The level 
of signals considered here are well within the 
ISNIRP guidelines.

THE HUMAN BODY ANTENNA: 
IN TRANSMISSION MODE

A remarkable historical attempt to use the hu-
man body as an antenna goes back to the 1970s, 
in a research undertaken by the US army, in an 
effort to design camouflaged and wearable radio 
transmitters that use the human body as antenna 

(Ikrath et al., 1973). The objective was to replace 
the traditional infantry whip antennas, which were 
not suitable to be used in a jungle environment 
- being physical obstacles to the radio operator. 
The human body can be completely character-
ized as a transmitting or receiving antenna from 
the induced currents in the body. The problem of 
computing the induced currents can be simplified 
by considering a typical scenario of a vertically 
polarized plane wave illuminating a human subject 
standing on a highly conductive ground. For this 
specific case, it was assumed that the axial current 
induced by the vertically polarized electric field 
is dominant. Other characteristics of the human 
body as a receiving or transmitting antenna, such 
as the antenna impedance, radiation efficiency 
and reflection coefficient, can be derived from 
the expressions of the axial current.

This problem of characterising the human 
body as a transmitting antenna is addressed by the 
authors in their previous work (Kibret et al., 2015) 
where the human body is effectively characterised 
as a cylindrical monopole antenna; experimentally 
confirmed results show that, for a human subject 
of height 1.76 m and weight 73 kg, it was found 
that the human body behaves like a monopole 
antenna with resonance frequency of 40-60 MHz 

Figure 6. Transmitted power as a function of frequency for different skin conductivity



Wireless Implant Communications Using the Human Body

6326

when fed on the foot depending on the posture 
of the body. Thus, a transmitter inside the ankle 
inducing an axial current in the human can act as 
a feed to the human body antenna.

THE AXIAL CURRENT 
DENSITY IN THE ANKLE

Since the cross-section of the ankle consists of 
different tissues, the axial current density is not 
uniformly distributed.

The tissues have different dielectric properties; 
therefore, they interact differently to the axial RF 
electric field passing through them. Accordingly, 
the authors developed a model for the cross-section 
of the ankle based on a realistic anatomical atlas of 
the human body (Netter, 2014) with various tissues 
assigned specific colours as shown in Figure 7. 
The 4-Cole-Cole dispersions model was used to 
represent the dielectric properties of these tissues.

For the frequency range of interest, it was 
assumed that the axial electric field in the cross-
section of the ankle is uniform. The total induced 

Figure 7. The cross-section of ankle joint with tissues assigned different colours. 1-muscle, 2-fat, 3-con-
nective tissue, 4-cancellous bone, 5-skin, 6-blood vessel, 7-tendon, 8-nerve, 9-blood, 10-cortical bone

Figure 8. The magnitude of axial current density in the cross-section of the ankle joint with area of 
0.0154m2 for an incident electric field E0 = 1 V/m r.m.s.
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axial current Iz in the ankle, which includes both 
the conduction and displacement current in the 
cross-section of the ankle of area S, can be calcu-
lated from the axial current density distribution 
in the ankle Jz as

I J ds E ds
z z z s

SS

= = ∫∫ σ*  (6)

where Ez is the axial electric field that is taken to 
be uniform and σ

s
*  is the complex conductivity 

of ‘points’ in the cross-section. Considering the 
cross-section of the ankle represented by the 
grayscale image, the expression in (6) can be ap-
proximated as given in (7)

I E A
z z m pixel

m

M

� 2
1

σ*

=
∑  (7)

where σ
m
*  is the complex conductivity of the tis-

sue represented by the mth grayscale pixel; M is 
the total number of pixels in the ankle cross-
section and Apixel is the area of a single pixel. Apixel 
can be easily calculated by dividing the actual 
area of the ankle cross-section with M. Therefore, 
the axial current densityJ

z
n  in the area repre-

sented by the nth pixel can be approximated as
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Figure 8 shows the magnitude of the axial cur-
rent density calculated using (8) for an incident 
electric field E0 = 1 V/m r.m.s. illuminating the 
adult male human subject that was discussed in 
(Kibret et al., 2015). It can be seen that the highest 
current density occurred in the blood and muscle 
tissues, and the least occurring in the skin, fat, 
nerve, blood vessels, cortical bone and cancel-
lous bone. Almost half of the current density in 
the muscle tissue exists in the connective tissues 
and tendons.

THE IMPLANTED 
TOROIDAL INDUCTOR

In the preceding section, we showed that a large 
axial current density is induced inside the muscle 
tissue. In order to collect this current for the 
purpose of implant wireless communication, a 
toroidal inductor that is clamped around a group of 
muscle fibers or a tendon in the ankle is assumed. 
Consider a toroid placed around the muscle tissue 
or tendons with the axis of toroid perpendicular 
to the cross-section of the ankle.

The toroid has inner radius r1, outer radius r2, 
and height ht, as shown in Figure 9. An enameled 

Figure 9. The half-section of the implanted toroidal inductor with ferrite core
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round copper wire of radius rcop is wound around a 
ferrite core making N number of turns. In order to 
reduce the effect of leakage inductance, the inner 
wall of the toroid is completely covered by the 
copper windings. Thus, the number of turns was 
derived as N≃πr1/(roop+te) where te is the thick-
ness of the enamel layer of the copper wire. The 
equivalent circuit representation of the toroid is 
shown in Figure 10.

THE PERFORMANCE OF 
THE WHOLE SYSTEM IN 
TRANSMISSION MODE

The operation of the system is similar to that of a 
current transformer; the toroid acts like the primary 
winding while the human body was approximated 
as a single turn secondary, as shown in Figure 11. 
The field induced inside the torroid core induces 
axial current in the tissue along the axis of the 
toroid. The representation of the human body as 
a single turn secondary describes more accurately 
a toroidal inductor clamped to the exterior of the 
ankle. The equivalent circuit of the ankle implant 
in transmission mode was approximated as shown 
in Figure 12. As a loop antenna, a toroidal inductor 
by itself has poor radiation efficiency (Balanis, 
2005); therefore, we ignored its radiation resis-
tance Rt

rad. The approximation of this setup to an 
implanted toroidal inductor is based on the result 
from (9) that large axial current density exists in 

the muscle tissue which spans about 20% of the 
ankle joint cross-sectional area.

The equivalent circuit in Figure 12 consists of 
the equivalent circuit of the toroid in transmitting 
mode includes magnetic core effects, skin-effect 
and proximity-effect in the copper winding, and 
parasitic capacitance of the inductor

In Figure 12, ZB is the sum of the impedances 
that represent the effects of the human body, the 
shoes, the ground and near-field coupling with 
nearby objects. Assuming the human subject is 
standing on a highly conductive ground plane and 
bare foot, ZB can be approximated by the human 
body antenna impedance ZA which is expressed in 
(Kibret et al., 2015) as 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 (Kibret, 2015), ZA 
can be expanded as ZA=Rrad+Rdis+jXA where Rrad 
characterizes the power radiated Prad; Rdis char-
acterizes the power dissipated inside the human 
body due to ohmic and dielectric loss of tissues; 
and XA characterizes the near-field reactive power 
oscillating in the vicinity of 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 (Kibret 
et al., 2015), the expression of Rrad and Rdis can 
be derived.

Figure 10. The equivalent circuit of the toroidal inductor. Csh is the parasitic capacitance between turns; 
Rw represents the loss in winding wire; LAC is the internal inductance of the wire; Rt

rad is the radiation 
resistance of the toroid; Rc represents the magnetic core loss; and LS is the self-inductance.
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The circuit in Figure 12 can be simplified by 
transferring the secondary impedance to the pri-
mary as shown in Figure 13. Since the winding 
is assumed to completely cover the inner wall of 
the toroid, the magnetising inductance Lm was ap-
proximated by the self-inductance Ls of the toroid. 
The equivalent impedance seen by the transmitter 
Zeq can be written as given in (9)

Z
Z

j C Zeq
s

sh s

=
+ω 1

 (9)

where

Z
j L N Z R

j L N Z R
R R j L

s

m A c

m A c

c w
=

+( )
+ +

+ + +
ω

ω
ω

2

2 AC
.  

Figure 11. Visualisation of the lines of force in the 
human body forming the secondary loop

Figure 12. The equivalent circuit of the implanted toroidal inductor. Vin is the input voltage of the trans-
mitter; Zo is the output impedance of the transmitter; Lm is the magnetising inductance referred to the 
primary side; and ZB is the impedance of the human body and the surrounding

Figure 13. The simplified equivalent circuit of the implanted toroidal inductor in transmitting mode
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Therefore, referring Figure 13, the radiation 
efficiency of the system η

r
t  defined as the ratio 

of the radiated power Prad to the input power Pin 
can be written as given in (10)

η
r
t rad

in

A rad

in eq

P

P

I N R

I Z
= =

( )

2 2

2
Re

 (10)

The radiated power escapes into the surround-
ing using the human body as antenna. For sim-
plicity, assuming the radiated power was emitted 
equally in all directions, the antenna gain of the 
system G can be approximated as

G dB
r
t( ) log .= ( )10

10
η  (11)

The gain in the direction of the maximum 
emission can be approximated by that of a quarter-
wave monopole antenna by adding 5.19 dBi to the 
value obtained from (11).

THE IMPLANTED 
TOROID INDUCTOR: AN 
ILLUSTRATIVE SCENARIO

Considering two implanted toroidal inductors with 
parameters shown in Table 1, the gain G calculated 
is shown in Figure 14. As can be seen in the table, 
the two toroids have a core thickness, r2 – r1 of 3 
mm and a height ht of 1 cm. The areas enclosed 
by the toroids are 0.64% and 2.16% of the cross-
sectional area of the ankle joint considered in this 
study, which is indicated by the parameter A % in 
the table. The copper wire used was assumed to 

be 20 AWG (American Wire Gauge) copper wire 
with enamel thickness of 0.25r1. It can be seen 
that the gain exhibits a broadband feature with 
the maximum occurring between 20 – 45MHz, 
which includes the resonance frequency of the 
human body. The resonance frequency of the 
human subject used for the two scenarios, which 
has height Hm and weight m given in Table 1, is 
near 40 MHz (Kibret et al., 2015).

The gain calculated using (11), was based 
on the assumption that only the human body 
impedance affects the current induced inside the 
human body. But, in reality, other factors, such as, 
the ground, shoes and nearby objects, affect the 
gain. When the impedance of 1 cm thick rubber 
shoes was added in series with the human body 
impedance ZA, the calculated gain decreased by 
a maximum of 5 dB.

The given scenario can be further analysed by 
assuming an input current |Iin| of constant mag-
nitude. It was also found that more than 98.5% 
of the power was dissipated inside the magnetic 
core and a maximum of 1% of the power was ab-
sorbed inside the human body, with a negligible 
amount dissipating inside the wire, as shown in 
Figure 15. The radiated power was less than 0.5%. 
This suggests that the two important factors that 
determine the performance of the toroid are the 
parasitic capacitance and the magnetic core losses. 
Reducing these effects improves the efficiency 
of the system.

One way of reducing this capacitance is by 
increasing the separation of turns in the induc-
tor. But this approach also introduces a leakage 
inductance that does not contribute to the axial 
current induced inside the enclosed tissue. As 
can be deducted from Figure 14, a toroid that 

Table 1. Parameters of the system (Kibret et al., 2016)

Parameters r1
[mm]

r2
[mm]

ht
[cm]

d
[m]

rcop
[mm]

te
[mm]

N σ 
[S/m]

Hm
[m]

m
[Kg]

A%

Case 1 6.59 9.59 1 λ/2π 0.4 0.1 41 5.592x107 1.76 73 0.64

Case 2 11.28 14.292 1 λ/2π 0.4 0.1 70 5.592x107 1.76 73 2.16
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has a minimised leakage inductance and smaller 
number of turns has a better performance than a 
toroid with larger number of turns. Therefore, the 
design of an efficient system calls for an optimized 
choice of the smallest number of turns that result 
in a reduced leakage inductance.

Assuming a transmitter of EIRP=0 dBm is 
located a distance of d=λ/2π from the body, the 
power received Prec on the load impedance ZL=50Ω 
that is connected to the terminals of both inductors 

is shown in Figure 16. As the received power is a 
function of the gain, the received power for toroid 
1 is larger than that of toroid 2.

FUTURE RESEARCH DIRECTIONS

Experimental validations, as can be referred in 
(Teshome et al., 2016, and Kibret et al., 2015b), 
showed that the two techniques presented are not 

Figure 14. The calculated gain for the two cases

Figure 15. The power loss percentage in the human body, the wire and the radiated power
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only theoretical assertions, but also practical pos-
sibilities. As an immediate follow-up, the authors 
are working on transceivers that make use of 
the models presented in this chapter. The rising 
breakthrough in medical diagnostics and sensor 
technology demands more efficient implant trans-
ceivers. Most of existing implant-communication 
mechanisms are not tuned to this rising demand 
for medical implants and implant communica-
tions. Hence, low-power implant transmissions 
such as IBC and effective use of the human body 
as antenna needs further investigation in terms 
of transceiver coupling, powering systems and 
investigation of mitigation techniques for losses. 
The authors believe the results in this chapter 
could fill part of the knowledge gap in the field.

CONCLUSION

In this chapter two approaches are explored as 
alternative to existing implant communication 
techniques. A novel unified model for galavnically 
coupled IBC implant communication is presented. 
Analysis of the model shows that the technique 
is low power consuming, secure and offers a 
lower path loss compared to existing MICS based 

implants for implant-to-implant and implant-to-
surface setting. The second technique uses the 
human body itself as an antenna to radiate signals 
from the body to the outside environment. With 
proper mitigation of losses, the toroidal inductor 
provides a feasible feeding mechanism to utilise 
the body as an antenna.
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KEY TERMS AND DEFINITIONS

Antenna: A device designed to radiate or 
receive electromagnetic radio waves.

Electromagnetic Models: Analytical and/or 
numerical models that describe propagation of 
electromagnetic signals through a medium.

Galvanically Coupled IBC: A type of intra-
body communication where electric current is 
differentially coupled to the body using the anode 
and cathode electrodes implanted or mounted on 
the surface of the human body.

Human Body Antenna: The usage of the 
human body as an antenna to transmit or receive 
electromagnetic radio waves.

Implant Communication: A communication 
scheme where an electrical signal is transmitted 
to or from an electronic device implanted inside 
the human body.

Intra-Body Communication (IBC): Electric 
field communication using the human body as 
channel.

Wireless Body Area Network (WBAN): 
Signal transmission network of transmitters and 
receivers in, on and around the vicinity of the 
human body using the human body as part of 
communication channel.
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