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Abstract— Propagation model plays a very important role in
designing wireless communication systems. Current advances in
semiconductor technology has made it possible to implant a net-
work of bio-sensors inside the human body for health monitoring
purposes [12], [14], [8]. For wireless communication inside the hu-
man body, the tissue medium acts as a channel through which the
information is sent as electromagnetic (EM) radio frequency (RF)
waves. A propagation model is necessary to determine the losses
involved in the form of absorption of EM wave power by the tis-
sue. Absorption of EM waves by the tissue body, which consists
of mostly saline water, accounts for a major portion of the prop-
agation loss. In this paper we present a propagation loss model
(PMBA) for homogeneous tissue bodies. We have verified the
model for the frequency range of our interest (900MHz to 3GHz)
using a 3D EM Simulation Software, HFSS™, and experimental
measurements using saturated salt water.

I. INTRODUCTION

Many propagation models like 2-ray model, Okumura model
[1] have been developed for wireless applications with air as the
medium, which consider the losses in the form of fading due
to multipath, reflection, diffraction, and scattering. However
a channel model for biomedical applications involving wire-
less communication between the implanted sensors inside the
body has not been developed. When EM RF waves propagate in
freespace, the power received decreases at a rate of (1/d)™ [1],
n being the coefficient of pathloss. Other kinds of losses would
be fading of signals due to multipath propagation. However,
for propagation of EM waves in a lossy medium like human tis-
sue, the losses would be mainly due to absorption of power in
the tissue, which is dissipated as heat. As the tissue medium is
lossy and mostly consists of water, the EM waves are attenuated
considerably before they reach the receiver.

The Specific Absorption Rate (SAR) is useful in determining
the amount of power lost due to heat dissipation. SAR is de-
fined as power absorbed per unit mass of the tissue [4]. SAR is
a standard measure of how much power is absorbed in the tis-
sue and depends upon E- and H-field strengths. By determining
the average SAR over the entire mass of the tissue between the
transmitter and the receiver, we are able to compute the total
power lost. SAR in the near field of the transmitting antenna
depends mainly on the H-field, whereas the SAR in the far field
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of the transmitting antenna depends mainly on the E-field. We
use Maxwell’s E- and H-fields equations for lossy medium to
obtain the average SAR of the medium between the transmit-
ting and the receiving antenna in the far field and near field,
respectively. Thus the propagation loss in the channel is mod-
eled mainly by considering the power absorbed by the tissue
medium.

II. RELATED WORK

Little research has been done in the area of developing prop-
agation models for RF Communication inside human body.
However, there has been considerable research going on in the
field of measurement of power absorption in human tissues, cal-
culation of SAR, and specification of safe absorption rates. This
paves the way for the development of a propagation model for
Biomedical applications.

Pandit et al. [13] have used a finite-difference time-domain
(FDTD) method to calculate the power deposition in a human
head as measured by the SAR in W/Kg. However the actual
model that describes the relation between power received and
the distance from the source inside a human body has not been
developed.

Kuster and Balzano [6] have studied the energy absorption
mechanism in the close near-field region of a dipole antenna by
numerical simulations for frequencies above 300MHz. They
have found that the SAR is mainly proportional to the square of
the H-field, which implies that, in the close near-field regions,
the peak SAR is related to the antenna current and not the input
power. We make use of the approximate formula developed by
them for estimating the average SAR in the near-field region.

The NCRP report [4] has a detailed description of procedures
for evaluation of RF exposure, instruments used, and measure-
ment techniques. The report also explains the SAR character-
istics. The SAR equation for estimating power absorbed in the
far-field region in PMBA is obtained from this report.

III. SYSTEM MODEL

Applications like [8] and [7], involve wireless communica-
tions between implanted biosensor nodes inside human body.
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Fig. 1. A Hertzian Dipole [3]

These nodes exchange data among themselves and also with
the basestation. In general, the system model consists of nu-
merous biosensor nodes placed inside the various parts of the
human body surrounded by tissues. In particular, for the devel-
opment of this model, we consider only one transmitting and
one receiving antenna separated by a distance d. An elemental
short dipole (dipole length < wavelength) in a lossy human tis-
sue medium is considered for this purpose [3] and is shown in
Fig. 1. A small area of tissue surrounding the antenna is con-
sidered for our analysis. Thus we can safely assume the human
tissue under consideration to be a homogeneous medium with
no sharp edges, no rough surfaces and having uniform electric
and magnetic properties. The received power is assumed to be
due only to the power from the transmitter and not from any
other source. The space around the radiating antenna is divided
into near field and far field regions as shown in Fig. 2. The re-
gion of space immediately surrounding the antenna is known as
the near field region. The extent of the near field in the case
of short dipoles is given by dy = A\/27, where \ is the wave-
length [5]. In the near field, the E- and H-field strengths vary
rapidly with the distance from the antenna. The far field is the
entire region beyond the near field. In the far field region, the
E- and H-field exhibit a plane wave behavior. Power absorbed
between the transmitting and receiving antennas can be consid-
ered as the sum of power absorbed in near field (Py ) and far
field (Prr) regions. The total power absorbed between the two
antennas is computed by numerical integration and is explained
in the next section.

I'V. DERIVATION

Consider an elemental oscillating electric dipole in a lossy
medium of conductivity o (S/m), permittivity € (F/m), perme-
ability ;1 (H/m), complex propagation constant -y, complex in-
trinsic impedance 7 = — —‘;;'we [3] at frequency w, as shown in
Fig. 1. The dipole consists of a short conducting wire of length
dl, terminated in two small conductive spheres or disks. As-
sume that the current I is uniform and varies sinusoidally with
time [3]. The electromagnetic field at a distance ‘R’ for an
Hertzian dipole is derived from the vector potential A, given by

(31,
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where a, is the unit vector in the z-direction, v is the propaga-
tion constant, given by 7 = « + j3; attenuation constant o and

phase constant 3 is given as [3],

a = w\/% \/1—1—(&)2—1]1/2(1\76]967"/7@
5= o/ e (D) " vt

Spherical components of A (i.e., arAgr + apAs + agAy) are
givenby Ar = Azcosf, Ay = —Azsinf and Ay, = 0. The
magnetic field intensity H and the electric field intensity E is
given by [3],
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Solving the above magnetic and electric field equations for
lossy medium and expressing in terms of complex impedance 7,
we get:
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A. Power absorbed in the Near Field
The SAR in the near field is given by [6],

SAR = gL(l + CeorrT)?HZ,,  watts/Kg
p

0?4 e2w?

where p is the density of the medium and ¢, is the correction
factor to take into account the changed reflection properties for
small distances R of the antenna from the scatterer. Since we
assume both the transmitting and receiving antennae are in a
same homogeneous medium, the plane wave reflection coeffi-
cient 7 is zero. By substituting 7 = 0 and RMS value of the
H-field, the above equation reduces to

pw Idlsin@efaR i+m 2
02 + €22 4T R? R ’

which gives the value of SAR at a point at distance ‘R’ and
angle ‘6’ from the dipole. Power at infinitely small volume
(dV = R%sinf dR df d¢) is

sArR =2

AP = SAR x Amass = SAR x p x dV 4)

The power absorbed in the near field of the lossy tissue can be
obtained by computing the average SAR over the entire tissue
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Fig. 2. Field regions around a Hertzian Dipole

mass in the near field, which is obtained by integrating A P over
the entire mass in the near field region, i.e., from the surface of
the antenna (R = ) to the end of the near-field region (R = dj)
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The antenna dimensions depend on the wavelength of the wave
in the medium given by \,,, = %” [3].

B. Power absorbed in the Far Field

Neglecting = B2 R3
the far field, we have

.terms from field equations (1)-(3) for

o - st

In the far field the specific absorption rate depends only on the
E,.s value which is given by [4],
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SAR = watts/Kg

The power absorbed in the infinitely small volume (dV =
R?sinf dR df d¢) in the far field, at a distance R and angle 6
from the dipole can again be obtained from (4),

Idl ? -3 —2aR
AP=g¢ \7]|\7|4— sin® fe "dR df d¢
T

The total power absorbed in the far field of the lossy tissue be-
tween the source and destination antennas can be obtained by
computing the average SAR over the entire tissue mass in the
far field from distance d to d (d is the point where the far field
starts). This is obtained by integrating A P over the mass in the
far field between the two antennas.
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||||2“”
127«

Prp
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C. Power received

The effective radiated power (ERP) is obtained by subtract-
ing the loss in the near field (Pyr) and far field (Prr between
the transmitting and receiving antennas) from the transmitted
power PT (i.e., (PT — PLOSS)Gt)a where PLoss = PNF + PFF
is obtained from (5) and (6). The power density (F., Power per
unit area) at a distance ’d’ is different in near field and far field
regions.

1) Pg in the Near Field: There is no general formula for
the estimation of field strength in the near field zone [5]. Only
measurements can provide a simple means of field evaluation.
However, reasonable calculations can be made for antennas like
dipole or monopole. When the receiving antenna is in the near
field region of the transmitting antenna, the power density does
not necessarily depend on the distance from the antenna, but
varies rapidly with distance, and may exhibit oscillatory be-
havior. The magnitude of on-axis (main beam) power density
varies according to the location in the near field and its maxi-
mum value is approximated by [10] P. = 166 P/n L?, where L
is the largest dimension of the antenna, P is Pr — Pyp, and
0 is the aperture efficiency (typically 0.5-0.75) [10]. It can be
approximated as 6 = A, /A (A, is the effective aperture and A
is the physical area of the antenna). The power received by the
receiving antenna in the near field can be approximated by

Pr — Pnr)
wL?
2) Ppg in the Far Field: On the other hand when the receiv-

ing antenna is in the far field region of the transmitting antenna,
the power density is dependent on the distance d and is given

by

166(

PR = PeAe: Ae

(PT - PLoss)

P, =
4md?

Gy

The power received by the receiving antenna in the far field is
Pr = P, A., where the receiving antenna aperture A, is given
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2
by [2] as A, = jl\—ﬂGr . Here, G and G, are the gain of the
transmitting and receiving antenna, respectively. Thus the re-
ceived power is

(Pr — Pnp — Ppp)\?

P =
" (47d)?

GG,

And a total phase change of e =77 is involved during the prop-
agation of the wave. Thus, PMBA can be used for calculating
the propagation loss using the two equations (5) and (6).

V. VALIDATION OF PMBA
A. HFSS

We have simulated the tissue channel characteristics, with
the help of HFSS (3D EM Simulation Software for RF by AN-
SOFT Inc.). Two probes, each of length 20mm and diameter
Imm are defined. These dimensions are chosen in accordance
with the probe dimensions that are used for conducting experi-
ments. Ports are attached to both antennas. These antennas are
placed in a box, which is assigned the properties of tissue mate-
rial. Relative permittivity, electrical conductivity, and electrical
loss tangent properties are defined as a function of frequency.
Permeability and magnetic loss tangent are assigned frequency-
independent and tissue-appropriate values [9]. Two simulations
were carried out with probe separation distance of 30mm and
50mm respectively. Solutions were generated for frequencies
ranging from 0.85GHz to 3GHz by using the interpolating-
sweep method. Figures 3 and 4 compare the PMBA with HFSS
results for separation distance 30mm and 50mm, respectively.
HFESS results shows a maximum deviation of about 6dB at high
frequencies when compared to PMBA. A slightly higher devi-
ation of about 10dB is noticed in the case of 50mm separation
distance. However, the results are encouraging since the rate of
decrease is similar in both the cases. The deviation in the results
can be attributed to the approximate SAR formula, which has a
3dB error margin, used in the derivation of CHMT and the use
of numerical integration.

B. Experiment

An experiment was conducted with Network Analyzer-HP
8510C at the Smart Advanced Antenna Lab, Arizona State Uni-
versity, for the validation of PMBA. Saturated salt solution was
used as the medium between two probes (M/A-COM, Inc.) of
Length 20mm and radius 0.5mm, in a non-reflecting therma-
col container. Saturated salt water was selected as a medium
to make use of its well-known electrical properties and also be-
cause it has been used by many researchers for measurement of
SAR and experimental verification purposes [15]. Proper pre-
cautions were taken in order to immerse the probes in the solu-
tion completely. Accuracy of maintaining distance between the
probes was about +1mm.

The experiment was aimed at plotting S-Parameters (specif-
ically S21) for a range of frequencies from 900MHz to 3GHz.
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Fig. 3. Propagation loss computed by HFSS for tissue medium at d=30mm
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Fig. 4. Propagation loss computed by HFSS for tissue medium at d=50mm

Fig. 5 compares the loss predicted by PMBA with that com-
puted by HFSS software and the experimental results for a sep-
aration distance of 30mm between the two probes. The HFSS
model was simulated for saturated salt solution as a medium.
The loss computed by PMBA increases consistently from about
-54dB (at 900MHz) to about -61dB (3GHz) and the experi-
mental value also increases in a similar fashion and comparable
magnitude, but with a maximum fluctuation of 8dB in the val-
ues. This fluctuation is accounted for by experimental inaccura-
cies and reflections from imperfect absorbing materials around
the experimental setup. However, the HFSS results shows about
10dB less loss throughout the frequency range. Reasons for this
variation of HFSS results have been mentioned in the previous
section. The experiment and analysis were repeated for various
distances separating the two probes. In each case it is found
that the propagation loss calculated from PMBA matches the
propagation loss actually measured. Fig. 6 shows the compari-
son for a separation distance of 50mm between the probes. In
this case, PMBA matches exactly with the HFSS simulations
and also with the experimental results. Again the experimental
inaccuracies lead to a maximum deviation of about 9dB.
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Fig. 5. Comparison of PMBA with Experimental results for d=30mm
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Fig. 6. Comparison of PMBA with Experimental results for d=50mm
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Fig. 7. PMBA (tissue medium) and Freespace Pathloss at 2.4GHz

VI. CONCLUSIONS

In the case of fading channels in mobile communications,
freespace formula is generally used with a higher loss coeffi-
cient (say n=3,4). For estimating the propagation loss for wire-
less communications inside the human body, changing the loss
coefficient only changes the rate of decrease in power, and does
not help in estimating the total loss in the form of absorption.
Fig. 7 compares PMBA with the freespace propagation model
(Pr = PTGtGr(?’\d)”; with loss coefficients n=2,3,4). It is
observed that power received in PMBA decreases more rapidly
than free-space pathloss (n=2,3,4). Compared to freespace,
there is an additional 30-35dB of attenuation at small distances
in the far field. This loss increases further with the distance and
frequency. It is noted from the simulation results that a ma-
jor amount of power is absorbed in the near-field region of the
antenna.Thus it cannot be ignored as in the case of other appli-
cations. It is clear that the amount of power absorbed (propa-
gation loss) is more in the case of a medium with more water
content. When substituted for properties of air (i.e., zero con-
ductivity) in (5) and (6), the total loss involved in absorption
of EM waves in near field and far field zones reduce to zero,
resulting in the freespace formula. Thus the freespace propaga-
tion formula (Friis” Formula) can be viewed as a special case of
PMBA.

There are many numerical techniques and experimental
methods to estimate the EM wave power absorbed in the hu-
man body and are already explained in the related work section.
However, a fixed model that can actually characterize the loss
is not yet developed. Hence PMBA is one such model that is
very useful in determining the loss of EM wave propagation in
tissue. Verification of PMBA performed by HFSS simulations
and measurements helps verify the formula. Though HFSS
uses Maxwell’s electromagnetic equations for lossy medium,

the loss predicted by PMBA was found to be in close agreement
with those computed by HFSS software. In addition to it, the
measurement results matches with PMBA. Thus PMBA paves
the way toward the development of new upcoming wireless ap-
plications in lossy medium like human tissue involving commu-
nications between implantable devices within the human body
[81[7]1[12]. It is important to note here that the derived formula
holds good only in the case of a small dipole antenna. How-
ever, the power loss formula for similar applications with other
antennas (e.g., microstrip) can be derived in a similar manner
as described in Section IV.

In our future research, we plan to develop PMBA for a non-
homogeneous medium, taking into consideration the reflection
coefficients and correction factors. We also plan to refine our
HFSS model and conduct experiments with real human tissue.
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