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Abstract—With the extensive use of wireless devices within or at
close proximity to the human body, electromagnetic effects caused
by the interaction between RF waves and human tissues need to
be considered with paramount importance. The ultra-wideband
(UWB) communication spectrum has recently been utilized in bio-
telemetry applications, such as neural recording, brain-computer
interfaces, and physiological data monitoring requiring high data
rate and low power. This paper reports the electromagnetic effects
of head-implantable transmitting devices operating based on im-
pulse radio UWB wireless technology. Simulations illustrate the
performance of an implantable UWB antenna tuned to operate at
4 GHz with an —10-dB bandwidth of approximately 1 GHz when
it is implanted in a human head model. Specific absorption rate
(SAR), specific absorption (SA), and temperature increase are an-
alyzed to compare the compliance of the transmitting device with
international safety regulations. The frequency- and age-depen-
dent nature of the tissue properties, such as relative permittivity,
is taken into account. The SAR/SA variation of the human head
is presented with varying input power, different antenna orienta-
tions, and different signal bandwidths. We also present the per-
centage of SAR variation for each tissue type in the head model
used for the simulations.

Index Terms—Electromagnetic exposure, impulse radio ultra-
wideband (IR-UWB), specific absorption rate (SAR), ultra-wide-
band (UWB) antenna, wireless body area network (WBAN).

I. INTRODUCTION

IRELESS communication for implantable devices has

drawn the attention of researchers in recent years due to
the various advantages it possesses, such as minimizing restric-
tions in daily activities, facilitating less invasive surgical proce-
dures, and offering remote control and monitoring [1]-[4]. With
the extensive use of wireless devices within or at close prox-
imity to the human body, electromagnetic effects caused by the
interaction between RF waves and human tissues are of para-
mount importance. Specific absorption rate (SAR), which de-
termines the amount of signal energy absorbed by the human
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body tissue, is used as the index for many standards to reg-
ulate the amount of exposure of the human body to electro-
magnetic radiation [5], [6]. Various regulatory bodies provide
different assessment methods and different maximum allow-
able SAR limits for the human tissues that are exposed to elec-
tromagnetic signals. Regulations by the International Council
on Non-lonizing Radiation Protection (ICNIRP) standard limits
the localized 10-g averaged SAR of the head to 2 W/kg for sig-
nals in the range of 10 kHz to 10 GHz [5]. The IEEE/ICES
(C95.1-2005 standard limits the 10-g averaged SAR value over
a 6-min time period to 1.6 W/kg [6]. Additional regulations
are applied for pulsed transmission schemes in order to prevent
auditory effects. A 2-mJ/kg specific absorption (SA) averaged
over 10-g tissue weight for a single pulse is applied by the IC-
NIRP standard, while 576 J/kg averaged over a 10-g tissue for
a 6-min period is applied by the IEEE/ICES C95.1-2005 stan-
dard.

Studies have shown that a temperature increase in excess of
1 °C could prove harmful to the human body [5]. Many studies
have been carried out in order to assess the effect of RF signals
[7]-15]. Most of the research in this area has been done based
on on-body scenarios, where most of the signal propagation oc-
curs through air interface before coming into contact with the
body tissues [10]-[18]. Due to the increased use of implantable
wireless devices where most of the electromagnetic wave prop-
agation occurs within the human tissue, it is important to an-
alyze the effects of those devices on the human body. Only a
few studies that investigate the effect of in-body propagation of
electromagnetic waves on human tissue are reported in the lit-
erature [7], [8].

With the emergence of new techniques to record physiolog-
ical data such as neural recording systems [16], the need of
high data-rate wireless transmission has become a key require-
ment for implantable devices. Impulse radio ultra-wideband
(IR-UWB) can be identified as a technology that caters the need
for high data rate while requiring low power consumption [17].
Ultra-wideband (UWB) signals are defined as signals having a
fractional bandwidth larger than 0.2 or a bandwidth of at least
500 MHz. UWB is allowed to operate in the 0-960 MHz and
3.1-10-GHz bands with the effective isotopic radiated power
(EIRP) is kept below —41.3 dBm/MHz [18]. An IR-UWB
system transmits pulses with short duration to represent data
[17]. IR-UWB is more popular in body-centric applications
compared to other types of UWB signals, such as multiband
UWRB, due to its simplicity of implementation: for this reason
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and out of clarity, IR-UWB is referred to as UWB in the
remainder of this paper unless mentioned otherwise. Due to the
inherent advantages of UWB, such as low power consumption,
a small form factor in circuits and antennas, and a high data
rate, it is considered as a suitable wireless technology for
implant data transmission.

As UWB communication becomes more prominent in high
data-rate implant communication [17], [19], [20], it is impor-
tant to investigate the electromagnetic effects caused by a UWB
transmitter implanted in the human body. Several publications
are found in the literature that have analyzed the effect of UWB
on the human body based on on-body scenarios [12]-[15]. They
investigate the SAR variation caused by a UWB transmitting
source placed externally at a close proximity of the human body.
While these results provide a general understanding about the
electromagnetic effects caused by on-body propagation of UWB
signals, the work in this paper looks into the effects caused by
implanted UWB devices. Many reported studies used homoge-
neous human body models; hence, they do not depict the differ-
ences in properties of various types of tissue materials, which
can significantly affect the results. Also, it should be noted that
the SAR variation depends on antenna properties, such as direc-
tivity, orientation, and gain. A few reported studies demonstrate
the effects of RF transmission from implantable devices inside
the human body [7], [8], [21]. Some of them report the SAR
variations caused by implantable devices operating at low-fre-
quency bands such as Medical Implant Communication Service
(MICS) and industrial—scientific-medical (ISM) bands [7], [8].
The work reported in [21] illustrates the SAR variation caused
by an IR-UWB source inside the human stomach. The latter uses
the finite-difference time-domain (FDTD) computation method,
which discretizes the derivatives in Maxwell’s curl equations
[22] using finite differences. However, [21] has not considered
an antenna model in the simulations: additionally, the Federal
Communications Commission (FCC) regulations that govern
the UWB indoor propagation are not taken into account.

This paper presents the electromagnetic and thermal effects
of IR-UWB transmission from a brain implant. We used a com-
plex head model to simulate the combination of tissue mate-
rials present in the head. An implantable antenna working at
UWB frequencies is used as the source of the UWB signals.
The 4-Cole Cole model is used in order to consider the dis-
persive nature of the tissue materials at these high frequencies.
Also, the effect of human age is considered when calculating
the tissue properties such as relative permittivity. An IR-UWB
pulse operating at a center frequency of 4 GHz and a bandwidth
of 1 GHz has been chosen as the excitation to the antenna. This
range is selected so that the UWB spectrum has minimum inter-
ference from other wireless technologies, such as 5-GHz Wi-Fi.
The simulations are conducted in CST Studio [23], which has
been recognized by the FCC as a suitable simulation tool for
SAR calculations.

This paper is organized as follows. Section II describes the
simulation methods and models such as tissue material param-
eterization methods, the SAR calculation model, and the use of
the bio heat equation to obtain the temperature-related results.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

Section III presents SAR, SA, and temperature variation sim-
ulation results in terms of signal bandwidth, body tissue type,
antenna orientation, and power level. Section I'V concludes this

paper.
II. SIMULATION MODELS AND METHODS

A. Effect of Human Tissue Properties on SAR

A compilation of experimental and theoretical results on
human tissue property variation depending on the incident
frequency provided in [24] proves that the former behaves
differently at different incident frequencies. This is due to a
property known as dielectric dispersion. The SAR value for a
certain material subjected to an electromagnetic field can be
calculated by (1) as follows [25]:

SAR = L7 |EP (1)
2p
where F is the root mean square (rms) electric field strength, p
is the mass density (in kg/m?), and & is the conductivity of the
tissue. The electric field and the magnetic field in the frequency
domain can be described from Maxwell’s curl equations in the
frequency domain as follows:

V x E(w) = —jouH (w) )
V x H(w) = jwege.(w)E(w) 3)
where j = +/—1 is the imaginary unit, w is the angular

frequency, E{w) and H({w) are time—harmonic electric and
magnetic fields, ;o is the permeability, g is the free-space
permittivity, and e, (w) is the frequency-dependent complex
relative permittivity. Due to the dependency of the electric
field on e, (w), the SAR variation inherently depends on the
relative permittivity of the material, which itself depends on the
incident frequency of the electromagnetic signal. The behavior
of the complex relative permittivity for different tissue types
differs from each other, especially at higher frequency ranges
such as UWB. Hence, it is not advised to use straightforward
homogeneous body models to simulate the electromagnetic
effects at higher frequencies. The simulations presented in this
paper use the CST Studio voxel head model, which is a head
model consisting of a mixture of tissue materials such as brain,
bone, fat, and skin. It also takes blood flow into account for
thermal calculations.

The frequency-dependent dielectric permittivity can be ex-
pressed as [26]

’ ’ 1 / 1
e(w)=e —j = —j- T == (1—.7—) )

oW wT

where ¢ is the relative permittivity of the tissue material, £ is
the out of phase loss factor, which can be expressed as £’ =
(0)/(cow), and T = (g¢ )/ (o) is the relaxation time constant.
In the expression for €”, o represents the total conductivity of
the material, which might be partially attributed by frequency-
dependent ionic conductivity o;, g9 = 8.85 X 10712 F/m is the
permittivity of the free space, and w is the angular frequency.
Based on this equation, Gabriel et al. have proposed a method
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of evaluating the frequency-dependent relative permittivity of a
material by so called 4-Cole Cole model approximation given
in the following equation [27]:

4
/ Ae, a;

W)=t D e Ty ©
where £ is the permittivity when w — oo (permittivity in ter-
ahertz frequencies in practical scenarios), Ag,, is the change in
the permittivity in a specified frequency range during nth itera-
tion, 7, is the relaxation time during the nth iteration, «,, is the
nth iteration of the distribution parameter, which is a measure
of the broadening of dispersion, and o; is the static ionic con-
ductivity. Due to the high computational complexity involved
when calculating the SAR in the time domain, for example,
when using the FDTD method, most of the literature available
for SAR variation in body tissues is using an approximation
method such as the Debye approximation [9] or the so-called
4 x L Cole Cole approximation [21] instead of the more accu-
rate 4-Cole Cole model of tissue properties. This is mainly due
to the fact that obtaining a time-domain expression for .. (w)
for 0 < a, < 1 is computationally intensive. The approach
followed in this paper has been to compute the SAR in the fre-
quency domain, which enables to use the more accurate 4-Cole
Cole approximation in the obtained calculations.

Apart from the frequency-dependent dispersive nature of the
tissue materials, the human age affects the electromagnetic be-
havior of body tissues. This is mainly due to the change in the
water content of tissue with age [28], [29]. Methods presented
in [30] follow the Lichtenecker’s exponential law for the com-
plex permittivity based on the water content of human tissue
materials [31]. According to the information given in [29], the
relative permittivity of any tissue material (i.e., real part of the
complex relative permittivity [EI in (4)]) can be calculated as

e =ener” ©)
where ey is the permittivity of water, ¢; is the age-in-
dependent relative permittivity of the tissue organic
material, and [ is the hydrate rate for the tissue ma-
terial. 3 can be expressed as § = p - TBW, where
TBW = 781 — 241 . el-[(In({AGE)/(55)))/(6.9589)]°} g
the total body water index (AGE is the age of the tissues
sample in years) [30], [32]. After some primary operations, the
frequency-dependent complex permittivity for body tissues can
be expressed as follows [30]:

’

874 15 1
e (W) =ew e <l - jE> ©)

where €4 is the age-dependent relative permittivity of a ref-
erence adult tissue material, which can be expressed as ¢4 =
gfla si —ha by replacing e =e4in (6) (for present simulations,
the tissue parameters of a 55-year-old adult are used as refer-
ence) and (3,4 is the hydrate rate for adult tissues [all other pa-
rameters are described in (4) and (6)]. By using the 4-Cole Cole
approximation in combination with the age-related tissue pa-
rameter approximations, it is possible to characterize the human
tissue properties with sufficient precision. This approach has
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Fig. 1. Simulated variation of < ande” in the UWB frequency range.

been utilized in this study. This study also considers the rela-
tive permittivity variation of water depending on the incident
frequency instead of the constant value used in [30] for age-re-
lated calculations. Fig. 1 depicts the variation of ¢ and<” asa
function of frequency for the brain tissue material of a child of
seven years and a male of 55 years. The basic set of tissue pa-
rameters required for the calculation (e.g., 71 — 74, Aeg — Aey,
and oy — ) of the 4-Cole Cole approximation is taken from
[24]. It should be observed that while € depends on the variation
of the tissue water content with age, £” is largely age indepen-
dent as the latter is determined by the conductivity (o). This can
be seen in Fig. 1.

B. SAR Calculation Method

The finite integration technique (FIT) is used as the volume
discretization approach for the described simulations. This tech-
nique is used to calculate the absorption loss of the body tis-
sues by discretizing the Maxwell’s curl equations in a specified
domain [33]. The discretizing volume element is chosen to be
cubic, and appropriate boundary conditions are applied in order
to define the power absorbed within that cube. Further informa-
tion on the FIT model can be found in [33] and [34].

SAR is defined as the power absorbed by the mass contained
within that discretized volume element shown in (8) as follows
[35]:

san = (o)

7 ®)

where AW is the mass of the discretized volume element
and dV is its incremental volume. Present simulations use an
IR-UWRB signal pulse as the excitation signal, and are conducted
in order to calculate the 10-g averaged SAR so as to compare it
with the ICNIRP specifications for pulse transmission [5]. The
maximum SAR within the 10 g of tissue averaging volume is
taken into consideration in order to demonstrate the worst case
scenario. The SA per pulse, which is being used to introduce
additional limitations for pulsed transmissions in the ICNIRP
limitations, is computed using

SA = SAR x T, )

where T}, is the pulse duration.
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It should be noted that heat sources such as the electronic
components used in the implanted circuitry also affect the SAR
variation in the body tissues. The influence of these heat sources
are not considered in the performed simulations since the main
purpose of this work is to determine the effect of the IR-UWB
electromagnetic field on the SAR variations.

C. Temperature Variation Based on Bio Heat Model

When exposed to an electromagnetic field, the absorbed
power by the body tissues causes a temperature increase. A
temperature increase exceeding 1 °C-2 °C in the human body
tissue can cause adverse health effects, such as a heat stroke
[39]. In addition to the study of SAR variations, this paper
also analyses the temperature variation in the human head
when it is exposed to IR-UWB transmission from an implanted
transmitter. The temperature of the body tissues is modeled
using the following bio heat equation in (10) [37]:

Op‘;.—:f =V (kVT)+p-SAR+ A — B(T - Tp)

(10)
where K is the thermal conductivity, Cp denotes the specific
heat, A is the basal metabolic rate, B is the term associated
with blood perfusion, p is the tissue density in (kg)/(m®), and
V - (kVT) represents the thermal spatial diffusion term for heat
transfer through conduction at temperature 7' in degrees Cel-
sius.

The bio heat equation in (10) is solved with the boundary
conditions given in (11), namely,

s

ol

—h-(T-T,) 1y
where T, is the temperature of the surrounding environment,
n is the unit vector normal to the surface of interest, and A is
the convection coefficient for heat exchange with the external
environment.

The human body tries to regulate its core temperature by var-
ious mechanisms in order to keep it at approximately 37 °C. The
effect of thermo regulatory mechanisms causes the tissue spe-
cific basal metabolic rate (A) and blood perfusion coefficient
(B) in (10) to exhibit a dependency on body temperature rather
than being a constant value. The basal metabolic rate is modeled
using (12) [38],

A=1.14]"" (12)
where 7, is the basal temperature and A, is the basal metabolic
rate of the tissue.

The blood perfusion is only dependent on the local blood tem-
perature. Variation of the blood perfusion with the temperature
is obtained using the set of equations presented in [39]. All the
heat-related parameters for the calculation of temperature vari-
ation are obtained from [39].

D. Implantable Antenna Model and Impedance Matching

The variation of the SAR is highly dependent on the antenna
parameters, such as directivity and gain. The UWB antenna con-
sidered in this paper was modeled on the work presented in [40].
The dimensions of the antenna are 23.7 x 9 x 1.27 mm, which
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Fig. 2. (a) IR-UWB antenna. (b) Insertion in the head.

are reasonable values to be used within a neural implant. The an-
tenna is tuned to operate at around 4 GHz with a bandwidth of
1 GHz, which fulfills the bandwidth requirement imposed by the
FCC for UWB communication. The antenna was inserted inside
a capsule-shaped casing with a negligible thickness compared
to the antenna dimensions, in order to prevent direct contact be-
tween antenna radiating elements and the neighboring tissue.
Using an insulating material with a relative permittivity close
to that of the surrounding tissue material between the latter and
the antenna increases the impedance-matching characteristics
[40]. Glycerin, which has a relative permittivity value of 50, is
chosen as the appropriate insulating material when the antenna
is surrounded mainly by the brain tissue, which has a relative
permittivity of around 40 at 4 GHz. The designed antenna is half
embedded inside the insulating material, where only the lower
half of the antenna is immersed in glycerin. This improves the
impedance-matching characteristics in the implant [40]. The an-
tenna is placed at 6-mm distance from the surface of the head.
Fig. 2 depicts how this antenna model is used alongside the CST
voxel head model in order to perform present simulations.

The dimensions of the antenna capsule are significant to
achieve a proper impedance matching characteristic [40].
Through simulation-based optimization, the optimum value
for the radius of the capsule (D) was obtained to be 5 mm for
the head-implanted antenna, which is indicated in Fig. 2. For
most of the simulation scenarios, the antenna is inserted in the
head such that the main far-field lobe of the antenna is pointing
outwards from the brain. This is a realistic data communication
scenario due to the fact that the main lobe of the transmitting
antenna far field is used to excite the antenna of the receiver that
is placed outside the human head. However, for the purpose
of comparison, simulations for the worst case scenario where
the antenna main lobe is pointing toward the brain have been
performed as well.

S-parameter characteristics and antenna gain/directivity far-
field characteristics are presented in Figs. 3 and 4, respectively.
It should be noted that the near-field characteristic of the an-
tenna predominantly affects the SAR and the thermal behavior
of the body tissues. The near-field simulation characteristics are
shown in Section III. Although the far-field stretches outside of
the brain, and therefore does not influence the SAR, the far-field
characteristics are shown in order to compare the antenna per-
formance in different scenarios as well as to get an idea about
the direction in which the maximum power transfer is radiated
by the antenna.

The gain and total efficiency values obtained for the brain im-
plant are comparable with the values reported in [40]. In the sce-
nario where the antenna main lobe is directed toward the brain,
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Fig. 3. Simulated S11 for the two different implant orientations.
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Fig. 4. Simulated directivity of the implanted antenna at 4 GHz. (a) Antenna
radiating outwards of the adult brain. (b) Antenna radiating toward the adult
brain (the simulated total antenna efficiency and antenna gain for each orienta-
tion is given under the directivity plots).

the antenna sidelobe is considered for the calculation of gain
and directivity. It can be seen that the gain in this scenario is
lower than in the scenario where the antenna main lobe is di-
rected outwards of the brain. For the calculation of gain and
total efficiency values, the power loss due to tissue absorption
is considered [40]; hence, it can be used to assess the power ra-
diated into free space resulting from a specified excitation pulse,
which is applied to the antenna.

III. RESULTS AND DISCUSSION

A. IR-UWB Excitation Pulse

An IR-UWB signal centered at 4 GHz with a bandwidth of
1 GHz has been applied to the designed UWB antenna. Initially,
an FCC regulated IR-UWB pulse [18] has been used in order to
investigate SAR and temperature effects. The use of an FCC
regulated UWB pulse for excitation is useful to compare the
obtained results with the results available in the literature. The
pulse duration is 2 ns. These pulses are obtained from a pulse
train with a period of 50 ns.

The pulse amplitude of that signal has been adjusted en-
suring that the input power to the antenna falls within the FCC
regulated power spectrum. The FCC regulated power input
to the antenna, along with its power spectral density and the
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Fig. 5. FCC regulated input pulse and its power spectrum.
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Fig. 6. Magnitude of the electric field generated by the antenna at 4 GHz and
phase = 112.5° on the X —Y -plane at a distance of Z = ().1 mm, when excited
by a FCC regulated IR-UWB pulse.

FCC regulated spectrum limit, is shown in Fig. 5. The total
power contained in that pulse within the 3.5-4.5-GHz band
is calculated as 0.0024 mW. The power calculation is done
by integrating the power spectrum of the UWB pulse in the
frequency range of 3.5-4.5 GHz using the simulation software.
Simulations recorded negative gain values of the antenna after
the tissue absorption: this means that the signal emitted in free
space is lower than the radiated power from the implanted
antenna. Hence, it is possible to excite the antenna with a signal
power higher than the outdoor allowable —41.3-dBm/MHz
power limit by increasing the excitation signal amplitude such
that the power emitted to the free space after tissue absorption
lies within the FCC regulations. Simulations in order to ana-
lyze the effect of this kind of manipulation on the SAR and
temperature variation were conducted as well. The near electric
field of the implanted antenna has been found to be the main
contributor to the SAR variation in the surrounding tissue.
The generated near field of the implanted antenna, when it is
excited by the FCC regulated pulse depicted in Fig. 5, is shown
in Fig. 6.
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Fig. 7. Side view of the simulated 10-g averaged SAR variation in the adult voxel head model (a)—(c) when the antenna main lobe is situated outwards of the
brain for the peak spectral power limits of: (a) —41.3 dBm/MHz and (b) —27.4 dBm/MHz and (c) 0.9 dBm/MHz and (d) when the antenna main lobe is situated

toward the brain for the peak spectral power limit of —41.3 dBm/MHz.

B. SAR Variation

1) SAR Variation for Different Input Signal Power Levels:
Using the developed simulation models, the 10-g averaged SAR
variations for three different input power values have been ana-
lyzed in a 30-year-old adult head (Fig. 7). The first scenario uses
a FCC regulated IR-UWB pulse, which lies within the speci-
fied —41.3-dBm/MHz limit, depicted in Fig. 5. The second sce-
nario is obtained by considering the results in Fig. 4(a): it can
be observed in the latter figure that the resulting maximum an-
tenna gain is —13.9 dBi. This means that if a pulse with a peak
power limit of 13.9 dB higher than the FCC regulated peak
power limit of —41.3 dBm/MHz is used as the input to the im-
planted antenna, the radiation in free space will lie at the FCC
limit. This corresponds to an input pulse with peak spectral limit
of —27.4 dBm/MHz. In the third scenario, an IR-UWB pulse
that causes a maximum SAR of 2 W/kg is used: the latter value
is specified as the maximum allowable SAR limit by the IC-
NIRP regulations. The SA in previous three scenarios is also
calculated for a pulsewidth of 2 ns in order to form a com-
parison with the ICNIRP special regulations for pulse trans-
missions. The results depicted in Fig. 7 show that the SAR
and SA values obtained for the first and second scenario are
well within the ICNIRP regulation limit for a single pulse of
2 W/kg and 2 mJ/kg, respectively. This is due to the very small
power contained in the signal (a total in-band accepted power of
0.0024 mW in scenario 1 and 0.0504 mW in scenario 2 consid-
ering a bandwidth of 1 GHz). It should be noted that the color
scale is set to reflect the maximum SAR in all the scenarios,
and is logarithmically marked to yield an acceptable resolution
for low SAR values. The SAR variation in scenario three uses
a signal, which lies within a peak limit of 0.9 dBm/MHz for an
amplitude increased version of the pulse shown in Fig. 5, but
violates the FCC regulations for IR-UWB indoor propagation.

There are only a few studies found in the literature that ana-
lyze the SA/SAR variation for UWB-based head implants. Re-
sults shown in [11] assume a maximum total delivered power of
1 W to the antenna, and hence, ignores the limitation applied by
the FCC with regard to UWB pulses. It has recorded a maximum
SA of 10 pJ/kg in the human head. The results shown in [41]
are based on a simple tissue model for the human head. It also
uses a total delivered power of 1 W to the antenna and a UWB
antenna bandwidth of 7 GHz. The results show a 1-g averaged

SAR variation in excess of 100 W/kg, which is above the SAR
regulation limits. The work carried out in [42] analyzes the SAR
variation caused by a head-implanted UWB antenna using a
simplified three-layer head tissue model with the antenna im-
planted underneath the skin. The results show a 1-g averaged
SAR within a 1.6-W/kg limit for delivered power of 1 mW to
the antenna. The FCC regulations are not considered in the sim-
ulations. The study in [9] reports results similar to values shown
in Fig. 7(b). The authors have used the FCC regulated UWB
signal with its power adjusted for tissue absorption losses as the
excitation source for calculating the SAR values for an on-body
scenario. The obtained SAR results in this paper are marginally
higher than those reported in [9] mainly because this paper con-
siders an implanted transmitter, while [9] considers an on-body
device. SAR analysis for head-implanted narrowband antennas
are reported in [43] and [44], but the results are not comparable
with this work due to the difference in the excitation signals.

2) SAR Variation Depending on Antenna Orientation: The
effect of the antenna orientation is considered in this paragraph.
Two cases are considered, depending on whether the main lobe
is situated outwards or inwards of the brain. In the former case,
the SAR variation is obtained by placing the antenna main lobe
outwards of the brain for an adult head model aged to 30 years.
In the latter case, the antenna main lobe radiates toward the
brain. These two scenarios are used to represent various possible
applications of wireless transmission in the head. For both cases,
an FCC regulated IR-UWB pulse has been considered. The re-
sults obtained are shown in Fig. 7(a) and (d). The SAR value
for the adult head model with the antenna main lobe pointing
toward the brain is 0.007 mW/kg higher than its counterpart
shown in Fig. 7(a). This is a comparatively negligible value and
is caused by the different orientations in the near field.

3) SAR Variation in Different Tissue Materials in the Human
Head: The SAR variation percentages for all the tissue types
involved in the simulation of the IR-UWB signal with a peak
power limit of —27.4 dBm/MHz and when the antenna main
lobe is located outwards from the brain are shown in Fig. 8: this
case corresponds to the simulation depicted in Fig. 7(c). The
mass percentage of each tissue type is indicated alongside the
SAR. The total SAR recorded for this scenario is 0.102 mW/kg,
and the total mass of the head tissue is equal to 4.766 kg. It
should be noted that the total SAR is calculated by dividing the
total absorbed power by the corresponding tissue masses, unlike
the calculation of the 10-g averaged SAR where local averaging
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Fig. 8. SAR percentages and mass variation of tissue considered in the simu-
lation.

TABLE I
SAR VARIATION WITH PULSE BANDWIDTH

Bandwidth

A 100 250 500 750 1000
Pulse width (ns) 17 6.5 35 2.5 2
Total power in the 3.164 7.798
e (W) et | T8 | 00015 | 0002 | 0.0024
Max SAR (mW/kg) | 0.0153 | 0.0378 | 0.0727 | 0.097 | 0.166
Max SA 02601 | 02457 | 025445 | 02425 | 0332
(pd/kg)

over a 10 g of tissue material is considered and the maximal
value is retained.

As illustrated in Fig. 8, brain, fat, skin, and bone can be con-
sidered as tissue types with considerably high SAR percentage
values. The maximum SAR percentages are recorded for the
brain tissue. This is due to the fact that most of the radiated
power from the antenna sidelobe is directed toward the latter.
The SAR percentage for the skin is relatively high considering
its lower mass percentage: this is mainly due to the high water
content in the former’s tissue. The low water content in the bone
tissue causes a comparatively low SAR value despite its com-
paratively high mass percentage.

4) SAR Variation With the Signal Bandwidth: Simulations
are conducted to show the dependency of the SAR on the signal
bandwidth: IR-UWB pulses with different bandwidths, centered
at4 GHz, are used. The pulses are generated by passing a square
wave through a bandpass filter of appropriate bandwidth fol-
lowed by an amplification stage that adjusts the pulse ampli-
tudes such that their spectrum falls within the FCC mask. The
change in pulse widths for the corresponding bandwidth is tabu-
lated in Table I alongside the total power contained in the pulses
and the maximum SAR values obtained for each bandwidth. It
can be observed from the results that the SAR variation has a
great dependency on the signal bandwidth. This is caused by the
variation in the in-band power levels for different bandwidths
and an increased power absorption in the tissue at higher fre-
quencies. The variation of SA depends on both the SAR value
and the pulse width. Due to the decrease in pulsewidth with the
increasing bandwidth, the SA values remain fairly constant.

C. Temperature Variation

Simulations using the same input power scenarios as reported
in Fig. 7(a)—(c) are used to obtain the corresponding tempera-
ture variations. The bio heat equation considers the variation of

°c
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°c
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Fig. 9. Simulated temperature variation for a signal with peak spectral power
limits of: (a) —41.3 dBm/MHz, (b) —27.4 dBm/MHz, and (c) 0.9 dBm/MHz
using bio heat equation (d) —27.4 dBm/MHz without using bio heat equation.

basal metabolic rate and blood perfusion. Due to the short du-
ration of the excitation pulse, the heat conduction that occurs
through sweating is assumed to be negligible. The temperature
increase is obtained after the steady state is achieved. The initial
body temperature is considered to be 37 °C. Fig. 9 depicts the
obtained temperature variations.

It can be seen in Fig. 9(a) and (b) that the temperature of the
whole head is increased from the initial temperature of 37 °C to
37.178 °C. It is not possible to see a significant temperature dif-
ference between the tissues at a close proximity to the antenna
and those that are at a considerable distance from the antenna.
This can be explained as follows. The temperature of the head
as a whole increases up to 37.178 °C due to the metabolic ac-
tivities in the tissues. The input powers to the antennas for cases
shown in Fig. 9(a) and (b) are not large enough to cause a sig-
nificant temperature increase due to the power absorption by the
tissues. The temperature increases caused by the small radiated
powers in these two cases are small enough to be regulated by
the blood perfusion inside the head. This explanation is further
justified by the results shown in Fig. 9(c) and (d). The power de-
livered to the antenna for the case in Fig. 9(c) is higher than that
of Fig. 9(a) and (b). The high delivered power to the antenna
generates a large enough electric field that causes high power
absorption in the tissues. As a result, this high power absorp-
tion causes a considerable temperature increase in the tissues. It
is clearly visible in Fig. 9(c) that the temperature of the tissues
closer to the antenna are higher (a maximum of 37.316 °C is
recorded in the simulations) than the temperature increase due
to the metabolic activities in rest of the tissues (i.e., 37.178 °C).
The simulations resulted in Fig. 9(d) ignore the heat generation
from the metabolic activities and it does not regulate the temper-
ature through blood perfusion. The power of the excitation pulse
is set to fall within the —27.4-dBm/MHz spectral mask, which
is similar to that of Fig. 9(b). There is an observed negligible
temperature increase near the antenna for this case. This proves
that the reason for the absence of a visible temperature increase
for the simulations of Fig. 9(b) is blood perfusion. As can be
observed in all four figures, the temperature in the glycerin in-
sertion region of the antenna is lower than the temperature of
the surrounding tissue that is heated up by metabolic activities.
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This is due to the fact that the initial temperature of glycerin was
lower than the body temperature for the simulations.

IV. CONCLUSION

This paper has described the electromagnetic exposure
effects of a UWB implanted device targeted at applications
such as neural recording and brain computer interfaces. The
FCC regulations for the outdoor transmit power for UWB com-
munication determines the maximum allowable signal power
from an implanted IR-UWB-based transmitter. The SAR and
SA results for the maximum peak power limits of —41.3 and
—27.4 dBm/MHz lie well within the ICNIRP regulated limits.
The temperature increase due to the exposure of the head tissues
to the IR-UWB electromagnetic field at those peak power limits
is found to be well within the control of thermal regulatory
mechanisms of the human body. It was also observed that the
SAR is highly dependent on the bandwidth of the IR-UWB
signal. This study also showed that it is possible to excite the
antenna with a signal power higher than the outdoor allowable
—41.3-dBm/MHz power limit. It is found that a pulse with a
peak power limit of 13.9 dB higher than the FCC regulated
peak power can be utilized without violating SAR/SA limits, as
well as the outdoor FCC regulations for this particular model.
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