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Abstract— Implantable antennas have many important healthcare applications. One key aspect for a successful
communication process from the implantable device to the on or off-body receiver is the accurate evaluation of
the in-body path losses. These losses include, mainly, the attenuation and the reflection losses. Usually, normal
incidence is considered for the calculation of the reflection losses between the tissue layers. However, this is not
very accurate as the incident wave may be oblique at the boundary between the tissue layers. Therefore, in this
paper the influence of oblique incidence on the reflection losses in a multilayer human body model is
investigated. The reflection losses at the bone/muscle, muscle/fat and fat/skin layers are calculated at 403 MHz
considering the cases of parallel and perpendicular polarization oblique incidence. The results are analyzed and
compared with those of normal incidence. They show that larger losses are obtained at some angles for the case of
oblique incidence compared to those for the case of normal incidence (about 241.16% larger reflection loss is
obtained at an incident angle of 85° for the case of oblique incidence/perpendicular polarization at the fat/skin
interface in comparison with that for normal incidence). Hence, it is very important to take the oblique incidence
into consideration to provide more accurate in-body path loss calculations.

Keywords— Normal incidence; Oblique incidence; Parallel polarization; Perpendicular polarization; Reflection
coefficient; Reflection losses.

1. INTRODUCTION

Implantable devices have a vital role in healthcare applications such as glucose
monitoring [1-3]. The implant is composed of different components that sense, process and
send the bio-signals to body worn or external receivers around the human body [4-6]. The
location of the implantable device - whether it is in the bone, deep in the muscle or just
beneath the skin - is mainly influenced by the application [7]. The signals transmitted from the
implantable device pass through different human body tissues till they reach the receiver.
During this process, the signals are susceptible to absorption and reflection losses. The power
absorption is mainly caused by attenuations in the lossy tissue layers while reflection losses
are attributed to the difference in the dielectric properties between tissue layers [8]. The path
loss is an important parameter in estimating the communication range or specifying the
required implantable transceiver characteristics such as the required input power or receiver
sensitivity [9]. Hence, these losses should be estimated accurately to provide accurate link
budget calculations for the intended application. However, this is not an easy task for a
complicated channel such as the human body, which is composed of multiple layers [10]. The
path losses were either calculated in heterogeneous and non-uniform anatomical body
models or in uniform multilayer tissues. In [11], the in-to-out body path loss was estimated
and modeled for multilayered and heterogeneous medium at 2.4 GHz. That path loss
estimation was specified for a commercial anatomical body model provided by SEMCAD-X
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software tool. In [12], the path loss between muscle and bone implants was estimated at
403 MHz. However, the estimation was also for a specific anatomical model provided by the
CST software package. Another model of the path loss in the anatomical model was
suggested and discussed in [13] between an endoscopy capsule and a receiver outside the
human body. It is obvious that the results obtained in [11-13] were for specific body models
and they will be different for other anatomical body models. Hence, these results cannot be
generalized. This issue was confirmed in [14] where the path loss was computed in the
gastrointestinal tract of different anatomical body models provided by SEMCAD-X at
2.4 GHz. The study showed that in 50% of the cases - at the same capsule location in any of
the models - the obtained losses were different. This was due to the fact that different human
subjects are significantly different in terms of the body mass and size. To overcome the issue
of estimating the path loss for each model in specific, the path loss can be calculated in a
uniform body model that resembles the structure of the human body and then extra losses
can be added as a link margin [9, 15, 16]. The value of the link margin can then substitute the
effect of the human body structure and gender. This concept was followed in [17] where the
path loss was calculated and analyzed in a simplified human body model of a uniform
multilayer structure. The path loss was analyzed in [18] in a multilayer digestive tract model.
However, the analysis considered mainly the attenuation losses while the reflection losses
were not investigated. In [19], the path loss was only calculated in a single muscle layer. The
overall path loss in a simplified multilayer body model of the human leg was calculated in
[20] taking into consideration both the attenuation and the reflection losses. Although the
path losses in [17] and [20] included the reflection losses in addition to the attenuation losses,
they were calculated assuming the case of normal incidence only. However, oblique incidence
is possible and thus should be analyzed [21]. Larger losses than that of normal incidence is
possible at some angles. This means that the overall path losses may be underestimated if this
case of oblique incidence is not taken into account. Therefore, this paper is focused to
investigate the effect of oblique incidence on the reflection losses in a multilayer human body
model. The results in this paper are important to provide an accurate estimation of the
in-body path losses and hence, to provide accurate link budget calculations. Up to the
author’s best knowledge, the investigations on the influence of oblique incidence on the
reflection and in-body path losses proposed in this paper, are new and have not been
reported in literature.

This paper is arranged as follows: in section 2, the parameters and characteristics of the
channel model is provided. In section 3, the reflection losses due to normal and oblique
incidence are calculated and compared. The relationship between the angles of incidence and
reflection losses are analyzed for both of parallel and oblique incidence in section 4. The paper
is finally concluded in section 5.

2. THE CHANNEL MODEL

The human body is composed of multiple tissue layers of different thicknesses.
Implants are usually placed inside either bone or muscle. The implants in the muscle are
either placed deep inside it, or just beneath the skin. The wave usually passes through bones,
muscles, fat and skin to the air. The wave is susceptible to attenuation losses in the tissue
layer and to reflection losses at the boundaries between tissues. This paper aims at
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calculating the reflection losses between the human body tissues. The propagation channel in
this paper is modeled as multiple layers composed of: bone, muscle, fat, and skin. This
model is shown in Fig. 1. A rectangular shape is selected to simplify the analysis while
obtaining reliable calculation results at the same time. This model resembles the multilayer
structure of real human body. It can be considered reliable enough for the intended
calculations as reflection losses are usually calculated considering a plane boundary between
the human body tissue layers which is always the case even if different model shapes
(circular or rectangular) are considered.

Bone Muscle Fat Skin

Fig. 1. Model of the investigated channel.

Human body tissues are heterogeneous and their dielectric properties are frequency
dependent. The 401-406 MHz Medical Device Radio communications band has been
allocated for data transmission of implantable applications [22, 23]. The selection of this band
has the following advantages for in-body communication:

e Relatively small losses are obtained in this band, especially if compared with losses at
higher frequencies in the GHz range, because the conductivity of human body tissues
and attenuation losses increase with frequency.

e Limitations of inductive links used for in-body communication (i.e. short
communication range, issues of misalignment between the coils, low data rates and
slow transmission) are overcame [24].

Hence communication in this band provides an optimum choice for in-body
communications as it enables reasonable data rates, relatively small losses and longer
communication ranges than inductive links. The 403 MHz which is the center frequency of
this band has been selected for the calculations in this paper.

3. CALCULATIONS AND ANALYSIS

In this section, the reflection losses at the boundary between each two layers of the
model are calculated. The reflection losses L.[dB] are calculated as [20, 25]:

Ly =20log1o(IT']) 1)
where |I'| is the reflection coefficient magnitude. The value of the reflection coefficient differs
for the cases of normal and oblique incidence. In normal incidence, the incident wave is
normal to the boundary between the media. In oblique incidence, the incident wave is
oblique at the boundary making some angles with it. Two cases for oblique incidence are
assumed depending on whether the wave fields are in the plane of incidence or
perpendicular to it. In this section, the reflection losses are calculated for three cases, namely
normal incidence, parallel polarization oblique incidence and perpendicular polarization
oblique incidence.
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3.1. Normal Incidence

As indicated above, the incident wave is normal to the boundary between the media
for this case. Normal incidence is illustrated in Fig. 2. It can be seen from the figure that two
regions below and above z= 0 exist around the boundary. The incident wave is propagating
from the first region or medium (z< 0) to the second region or medium (z> 0) in a direction
normal to the interface (the direction of propagation is indicated by the unit vector (dy)
which is 3, for this case). The electric (E) and magnetic (H) fields of which the wave is
composed are in a plane normal to the axis of propagation (the xy-plane in this case).

Medium 1 (y,&,01) X Medium 2 (uy, &5, 03)
E;
Eq
H ©— ax
Incident wave Ifl’t o—> ak
E; Transmitted wave
dk «—® ﬁr
Reflected wave Y Cl‘ >z

z=0

Fig. 2. Normal incidence [8]; Ei , Er and Et are the incident, reflected and transmitted electric field intensities,

respectively; Hj , H, and Hy are the incident, reflected and transmitted magnetic field intensities, respectively.

For the body model exhibited in Fig. 1, the media represent the human body tissues
while the boundary is the interface between these tissues. The proportion of the incident
wave that is reflected or transmitted depends on the constitutive parameters (y, €, o) of the
two tissues involved:

M2—M
-1z 1 (2)
N2+
where I' is the reflection coefficient, n; and n, [Q] are the intrinsic impedances of the first and
second tissue layers between which the reflection coefficient is calculated. The intrinsic

impedance 1 [Q] of the tissue layer is defined as:

| jop
n= o+ jwe ®
where p [H/m] is the magnetic permeability which is equal to p, for the nonmagnetic human
body tissues, o [S/m] is the electric conductivity and w [rad/m] is the radian frequency, and

€ [F/m] is the electric permittivity which is calculated as:
€= &gy (4)
where ¢, is the free space permittivity given as 8.854E-12 F/m and ¢, is the relative
permittivity (dielectric constant) which is unitless.
In lossy media such as the human body tissues, the intrinsic impedance is a complex
quantity that is represented by a magnitude |n| and phase 8, which can be calculated as [8]:
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n=nl£6, )

nl = ; (6)
(1+ o)
tan20, = & N

where the factor (i) is the loss tangent which is an important parameter in defining the

behavior of lossy media at different frequencies.

The dielectric properties of bone, muscle, fat and skin at 403 MHz are summarized in
Table 1 [26].

Table 1. Dielectric properties of bone, muscle, fat and skin at 403 MHz [26].

€ o

The tissue layer [E/m] [S/m] Loss tangent
Bone 13.14 0.092 031
Muscle 57.1 0.797 0.62
Fat 5.58 0.041 0.33
Skin 46.72 0.69 0.66

The intrinsic impedance for each tissue layer of investigation is calculated based on the
parameters in Table 1 and its values are summarized in Table 2.

Table 2. The intrinsic impedance 1 of the model layers at 403 MHz.

. Q
e (e leyres Polar form . [R]ectangular form
Bone 101.6 £ 8.6° 100.5+j15.2
Muscle 45.96 £15.9 44.2+j12.59
Fat 155.41 £ 9.1 153.45+j24.58
Skin 50.35 £ 16.7° 48.23+j14.47

The largest intrinsic impedance is obtained for fat which has the smallest value of
permittivity amongst the investigated tissues.

The total reflection losses in such a case can be calculated using Eq. (1). The wave is
assumed to transfer from bone to muscle, muscle to fat and fat to skin which is the boundary
between the human body and free space. The results are summarized in Table 3.

Table 3. The reflection coefficient I' and reflection loss at 403 MHz between the tissue layers.

. r The reflection loss
The interface r| /£ 6,° [dB]
Bone/muscle 0.38 £171.51 -8.4
Muscle/fat 055/-4.3 -5.19
Fat/skin 0.51 £174.53 -5.85

Eq. (1) indicates that the reflection losses are mainly influenced by the reflection
coefficient magnitude which increases if the difference in the intrinsic impedances and
relative permittivity between the body tissues is increased. Hence, the largest reflection
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coefficient and loss (less negative) are obtained at the muscle/fat boundary which have the
largest difference in the relative permittivity values between the muscle and the fat tissues.
Followed by the reflection loss for the fat/skin boundary for which the fat and skin tissues
have also a large difference in their permittivity values but this difference is smaller than that
for the muscle/fat boundary. The smallest reflection loss (most negative) is obtained for the
bone/muscle interface as the difference in the permittivity values between the tissue layers is
the smallest amongst all the investigated interfaces.

3.2. Oblique Incidence

The incident wave may strike the boundary between the tissues making some angles
(different from 90°) with it. This represents the case of oblique incidence. Two types of
oblique incidence are usually considered depending on whether the electric field is in the
plane of incidence (parallel polarization) or normal to it (perpendicular polarization). Both
types are discussed in the following subsection.

3.2.1. Parallel Polarization

Fig. 3 illustrates the case of parallel polarization for which the electric field intensity
components are in the plane of incidence. The plane of incidence is determined by the axes of
the interface and normal to the interface which is the xz-plane for the case indicated in the
figure. It can be seen from the figure that the incident, reflected and transmitted electric

— — - -

fields have x and z- components which are (Eix,ﬁiz), (Evx , Evz) and (Egy , Et;), respectively
that are in the plane of incidence.

Medium 1 (u4, &1, 0¢) ‘): Medium 2 (u,, &5, 03)
E’t Ex
; P
rfo_)r z ™2 k.
2 H
E'\®'> rz t
r —
r 6
= 6 > Z
gl 2
EiZ @ —
-k
H;

z=0
Fig. 3. Oblique incidence/ parallel polarization [8]; E;,E, and Et are the incident, reflected and transmitted
electric field intensities, respectively; ﬁi , ﬁr and ﬁt are the incident, reflected and transmitted magnetic field
intensities, respectively.

The reflection coefficients for this case (Ij)) is usually calculated as [8]:

_ Mpc0s6; —nycosb;

I 8
I M, c0s0; + 14 cosb; ®

where 0; is the angle of incidence in the first tissue layer and 6y is the angle of transmission
in the second tissue layer.
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The angle of transmission can be calculated using Snell’s law as:

n;sin6; = n,sinb; 9
n; = Gy €q (10)
Ny = CVH28€2 (11)

where n; and n, are the refractive indices for the first and second medium, respectively.
The results of the reflection coefficient and loss for this case are summarized in Table 4.
They indicate that the reflection coefficient decreases as the angle of incidence increases
untill it obtain a zero value at the Brewster’s angle 8g. The Brewster’s angle is usually
calculated using Eq. (12) [8].
Nz

tan SB” =
1

(12)

The losses and the reflection loss then increase again for angles larger than the
Brewster’s angle till they obtain a value of 1 at an angle of 90° at which the wave is incident
at the same interface axis. For angles of incidence sufficiently greater than the Brewster
angle, the reflection coefficient can be considerably larger than that for the normal incidence
such as for the angle 85° at the bone/muscle interface of which the loss is about 183.66%
larger than that for normal incidence at the same interface. For the muscle/fat interface, the
angles of transmission do not exist at some angles of incidence such as 45° and 75°. This is

because substituting these angles in Snell’s law with n;>n, results a sine value that is greater

than 1 which is not possible.

Table 4. The reflection coefficient I}, and reflection loss for oblique incidence/ parallel polarization at 403 MHz.

I The reflection loss
The interface n n 0; 0
v ‘ ‘ |Gl £ 6r,° [dB]
10 4.77 0.38 £171.63 -8.4
45 19.79 0.24 / 166.54 -12.4
05 =64.41 25.59 ~0 No ref
Bone/muscle  3.62 7.56 75 27.55 023 /15.7 12.77
85 28.49 0.64 / 3.35 -3.88
90 28.61 1 Total reflection
10 33.8 048 / -54 -6.38
Muscle/fat 756 236 0 1;7'34 72.6% =0 No reflection
175 2 ——
10 3.43 0.51 £ 174.45 -5.85
45 14.12 039 /171.7 -8.18
. 0= 70.964 19.04 ~0 No ref
Fat/skin 236 684 75 1947 011 £ 4454 19.17
85 20.1 056 /4.6 -5.04
90 20.184 120 Total reflection

3.2.2. Perpendicular Polarization

For this type of oblique incidence, the electric field intensity has a component that is

normal to the plane of incidence which is the y-component in this case as depicted in Fig. 4,
in which the dot inside the circle indicates that the electric field is out of the plane in the
y-axis direction.
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The reflection coefficient for this type of oblique incidence (I’p) is calculated as:

N2€0s6; — 11 cos;

N, co0s0; + 1, cosO;

The results are summarized in Table 5.

Medium 1 (u4, &1, 01) Medium 2 (u,, &5, 03)
— E’ N
H; tG)'kf
_)V\G)f Hi
kr =
E 0
' 91‘ } ‘ »
0.
E ey
i Gx k;
Hy

z=0

(13)

Fig. 4. Oblique incidence/ perpendicular polarization [8]; .Ei , Er and Et are the incident, reflected and
transmitted electric field intensities, respectively; ﬁi , ﬁr and ﬁt are the incident, reflected and transmitted
magnetic field intensities, respectively.

Table 5. The reflection coefficient It and the reflection loss for oblique incidence/ perpendicular

polarization at 403 MHz.
. Iy The reflection loss

The interface ny n, 0; 0, In| £6.° [dB]
10 4.77 0.39.£171.94 -8.18
45 19.79 05/174.42 -6.02
Bone/muscle 362 756 75 27.55 0.77 £ 178 -2.27
85 28.49 0.92 £179.35 -0.72

90 28.61 1180 Total reflection
10 33.8 0.6 £-3.61 -4.44
Muscle/ fat 756 236 45 @ - e e
75 e e
10 343 0.52 £174.62 -5.68
45 14.12 0.622176.2 -4.15
Fat/skin 236 684 75 19.47 0.83 £175.5 -1.62
85 20.1 0.942 £179.55 -0.52

90 20.184 12180 Total reflection

The results in the table indicate that the reflection coefficient increases with angles.
Larger reflection coefficient is obtained in this case than that for parallel polarization at the
same angle. For example, about 106.64% larger reflection coefficient is obtained at 85° for the
case of bone/muscle interface at perpendicular polarization than that for parallel
polarization. For the muscle/fat interface, the angles of transmission do not exist at some
angles of incidence such as 45° and 75° again for the same reason mentioned in the previous
section. The Brewster’s angle (8gp) given in Eq. (14) does not exist in this case because for
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nonmagnetic media such as the human body tissues p; = p, = iy, the sinOgp goes to .
However, the sine of an angle is never greater than unity [8].

_ Mg
H2&1

Hiy2
1— (&
&

The reflection coefficient has a value of -1 at 90° which represents the case of total

sin®0p, = (14)

reflection (indicated by total reflection in the table). The reflected wave for this case combines
with the incident wave in the medium of incidence to form a standing wave which stands
and does not travel.

The reflection coefficient is calculated as ratios in the 6th column of Tables 4 and 5.
When the reflection coefficient value is zero, it means that no reflection will happen and the
signal will be totally transmitted:

Pr =Ppn — FZPin (15)
Where Pr [W] is the power of the signal transmitted from the first medium to the second
medium across the interface, P, [W] is the power of the signal incident on the interface and
['2P, [W] represents the reflected power. When T = 0, the incident signal will be totally
transmitted (Pr = P,;,) and no power will be reflected (I'?P,, = 0), i.e. no reflection losses.
However, the reflection loss in dB (L, = 20log;,0) is undefined when I = 0. To indicate the
actual case of no reflection losses and that the entire input power of the incident signal is
transmitted “No reflection” is indicated in the tables. When I' = 1 which occurs at the angle
of 90°, the reflection losses in dB (L, = 20log,,1) will be equal to zero. However, this is not
the actual case as the incident signal will be totally reflected for this case and no signal part
will be transmitted (Pr =P, —T'?P,,, Pr= 0 when T = 1). Therefore, “Total reflection” is
indicated in the tables.

The results in the previous sections show that considerable extra reflection losses might
be obtained if the wave is incident obliquely at the interfaces between the human body tissue
layers. In real scenarios, the angle of incidence is unknown. Hence, the maximum possible
loss should be taken into consideration. Based on the results obtained in this paper, this loss
can be calculated at a maximum angle below 90° for the case of perpendicular polarization
(85° for the results in this paper). The extra losses obtained for the case of oblique incidence
can be modeled as a link margin which is added to the reflection losses obtained for the case
of normal incidence. The link margin represents the difference between the summation of the
maximum reflection losses for oblique incidence at all the boundaries and that for normal
incidence as:

Lr [dB] = Lr,normal incidence + LM (16)

By a way or another, the maximum reflection losses of oblique incidence should be
considered.

4. ANALYSIS OF MULTIPLE REFLECTIONS

Multiple reflections are possible in the multilayer human body. The case of multiple
reflections for both of normal and oblique incidence is illustrated in Fig. 5.
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Fig. 5. Multiple reflections path: a) normal incidence [17]; b) oblique incidence.

When the signal passes from one layer to the next one, ie. from (i — 1) layer to
(i) layer, part of it is reflected. The remaining signal part transmitted to the next layer ((i)
layer) will pass through it and then reflected back at the boundary between this layer and the
layer after it (between (i) and (i + 1) layers). This reflected part of the signal propagates in
the reverse direction in the (i) layer till it arrives the boundary between the (i) and (i— 1)
layers at which the signal is reflected again. The remaining signal part then continues to
propagate in the (i) layer again towards the (i + 1) layer. Hence, the signal obtained from
multiple reflections (Pvr) with the direct signal (Ppirect) contributes to the total signal
transmitted to the (i + 1) layer [17]. The difference in the power attenuation of the direct
power and multiple reflections signal depends on:
e The reflection between the (i — 1) and (i) layers.
e The reflection between the (i) and (i + 1) layers.
e Two times the attenuation loss in the (i) layer as the signal passes forward and
backward between the (i—1) and (i + 1) layers. The attenuation loss L, [dB] in each
tissue layer is calculated as [25]:

L, = 20logyo(e™%) 17)

where d [m] is the distance the signal travels in the tissue layer and a [Np/m] is the
attenuation constant which is calculated as [8]:

1/2
1 2
a=m\/u_l§(f1+(£) —1)] (18)
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The attenuation constant, at 403 MHz for each tissue layer of the model under
investigations, is calculated based on the data in Table 1 and summarized in Table 6.

Table 6. The attenuation constant at 403 MHz for the model’s tissue layers.

. a
The tissue layer [Np/m]
Bone 4.7
Muscle 19
Fat 3.24
Skin 18.13

The power attenuation difference (Lgif) between the multiple reflection signal and
direct signal transmitted to the (i + 1) layer can be calculated as [17]:

Laifr(dB) = Ly(i—1),i) (dB) — 2L, 5y (dB) + Ly (i ¢i+1)(dB) (19)
where Ly(i_1) ) is the reflection loss between the (i — 1) and (i) layers, L, ;) is the attenuation
loss in the (i) layer and Ly () i+1) is the reflection loss between the (i) and (i + 1) layers. Lgjf
is calculated for the bone-muscle-fat layers as an example. The bone, muscle and fat layers
are the (i—1), (i)and (i + 1) layers, respectively for this case. A thickness of 4 mm is
considered for the fat layer. The reflection losses for the case of oblique incidence are

calculated at 10°. The calculations for the cases of normal and oblique incidence are
summarized in Table 7.

Table 7. The power attenuation difference between the direct and multiple reflection signal at 403 MHz for
bone-muscle-fat.

) Lo 48 s 2L Lo v o |
Incid r(i-1),3i) a (i) r (i),(i+1) diff
. [dB] [dB] [dB] [dB]
Normal incidence -8.4 0.225 -5.19 -13.815
Oblique incidence/ parallel polarization -8.4 0.225 -6.38 -15
Oblique incidence/perpendicular 818 0.225 444 12.845

polarization

As shown in Table 7, the differences of the multiple reflection signal and the signal in
the direct path are very small. This means that the multiple reflections signal is much smaller
than the direct transmitted signal and thus does not contribute significantly to the total
signal. These results are in good agreement with those obtained in [17].

5. CONCLUSIONS

In this paper, the effect of oblique incidence on the reflection losses inside a multilayer
human body model has been investigated. The losses have been calculated for the cases of
parallel and perpendicular polarization of oblique incidence and compared to that of normal
incidence. The results show that larger losses might be obtained for the case of oblique
incidence than that for the normal incidence. Hence, it is very important to take the losses of
oblique incidence into considerations for accurate overall path loss calculations. The
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reflection losses decrease with angles smaller than the Brewster’s angle and increase for
angles larger than it for the case of parallel polarization. They increase with angles for the
case of perpendicular polarization without any correspondence to the Brewster’s angle that
does not exist for this case considering the nonmagnetic human body tissues. Larger
reflection losses are obtained for the case of oblique incidence/perpendicular polarization
than that for oblique incidence/parallel polarization at the same angles of incidence. For
example 241.16% larger reflection loss is obtained at an incident angle of 85° for the case of
oblique incidence/perpendicular polarization at the fat/skin interface in comparison with
that for normal incidence. Analysis of the multiple reflections case reveals that the multiple
reflections signal is much smaller than the direct transmitted signal for both cases of normal
and oblique incidence and thus does not contribute significantly to the total signal.
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