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Abstract— The usage of implanted wireless transmitting 

devices inside the human body has become widely popular in 

recent years. Applications such as multi-channel neural 

recording systems require high data rates in the wireless 

transmission link. Because of the inherent advantages provided 

by Impulse-Radio Ultra Wide Band (IR-UWB) such as high 

data rate capability, low power consumption and small form 

factor, there has been an increased research interest in using 

IR-UWB for bio-medical implant applications. Hence it has 

become imperative to analyze the electromagnetic effects 

caused by the use of IR-UWB when it is operated in or near the 

human body. This paper reports the electromagnetic effects of 

head implantable transmitting devices operating based on 

Impulse Radio Ultra Wide Band (IR-UWB) wireless 

technology. Simulations illustrate the performance of an 

implantable UWB antenna tuned to operate at 4 GHz with an -

10dB 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 

analyzed to compare the compliance of the transmitting device 

with international safety regulations.  

I. INTRODUCTION 

Physiological signal monitoring using implantable 

wireless devices has become increasingly popular recently 

[1-4]. With the emergence of new techniques to record 

physiological data such as neural recording systems [5], the 

need of high data rate wireless transmission has become a 

key requirement for implantable devices. Impulse Radio 

Ultra Wide Band (IR-UWB) can be identified as a 

technology which caters the need for high data rate while 

requiring low power consumption [6]. 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) kept below -41.3 

dBm/MHz [7]. Figure 1 shows the use of IR-UWB to 

transmit data from a brain implant. With the extensive use of 

wireless devices within or at close proximity to the human 

body, electromagnetic effects caused by the interaction 

between radio frequency waves and human tissues are of 

paramount importance. Specific Absorption Rate (SAR), 

which determines the amount of signal energy absorbed by 

the human body tissue, is used as the index for many 
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standards to regulate the amount of exposure of the human 

body to electromagnetic radiation [8-9].  
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Fig. 1. Brain implant communication using IR-UWB. 

 

As UWB communication becomes more prominent in high 

data rate implant communication [6, 10, 11], it is important 

to investigate the electromagnetic effects caused by a UWB 

transmitter implanted in the human body. Several 

publications are found in the literature that has analyzed the 

effect of UWB on the human body based on on-body 

scenarios [12-13]. While these results provide a general 

understanding about the electromagnetic effects caused by 

on-body propagation of UWB signals, the work in this 

article does not look into the effects caused by implanted 

UWB devices. Many reported studies used homogeneous 

human body models; hence they do not depict the 

differences 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 directivity, orientation and gain. Few reported 

studies demonstrate the effects of radio frequency 

transmission from implantable devices inside the human 

body [14-16]. The work reported in [16] illustrates the SAR 

variation caused by an IR-UWB source inside the human 

stomach. However, it has not considered an antenna model 

in the simulations: additionally, the FCC regulations which 

govern the UWB indoor propagation are not taken into 

account. The work presented in [17] has analyzed the SAR 

variation inside the human head caused by the UWB signals, 

but has used a simple layered tissue model. 

This paper presents the electromagnetic and thermal 

effects of IR-UWB transmission from a brain implant. We 

used a complex head model to simulate the combination of 

tissue materials present in the head. An implantable antenna 

working at UWB frequencies is used as the source of the 

UWB signals. An IR-UWB pulse, operating at a center 

frequency of 4 GHz and a bandwidth of 1GHz has been 
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chosen as the excitation to the antenna. This range is 

selected so that the UWB spectrum has minimum 

interference from other wireless technologies such as 5 GHz 

Wi-Fi. The simulations are conducted in CST Studio [18], 

which has been recognized by the FCC as a suitable 

simulation tool for SAR calculations. 

II. SAR, SA AND TISSUE TEMPERATURE CALCULATION 

METHODS 

A. SAR and SA 

The SAR value for a certain material subjected to an 

electromagnetic field can be calculated by (1) [25]. 
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,where E is the root mean square (RMS) electric field 

strength,  ρ is the mass density (in kg/m
3
), and σ is the 

conductivity of the tissue. The electric field is related to the 

complex relative permittivity by Maxwell’s curl equations. 

Hence the SAR variation inherently depends on the relative 

permittivity of the material which itself depends on the 

incident frequency of the electromagnetic signal. Gabriel et 

al. has proposed a method of evaluating the frequency 

dependent relative permittivity of a material by the so called 

4 - Cole Cole model approximation given in the equation 

below [19], 
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,where j=√   is the imaginary unit,   is the angular 

frequency,    is the permittivity when     (permittivity 

in Terahertz frequencies in practical scenarios),     is the 

change in the permittivity in a specified frequency range 

during the n
th

 iteration,    is the relaxation time during the 

n
th

 iteration,   is the n
th

 iteration of the distribution 

parameter which is a measure of the broadening of 

dispersion,    is the static ionic conductivity and   = 

8.85×10
-12

  F/m is the permittivity of the free space. We used 

the 4- Cole Cole method to model the dielectric dispersion in 

the human body tissues used for the simulations in this 

paper. The parameter values required for this equation are 

taken from the values given in [19]. 

Apart from the frequency dependent dispersive nature of the 

tissue materials, the human age affects the electromagnetic 

behavior of body tissues. This is mainly due to the change in 

the water content of tissue with age. We followed the 

methods provided in [20] in order to calculate the age related 

human tissue properties. We assumed that the age of the 

human head model used for the simulations to be 35 years 

old. By using the 4-Cole Cole approximation in combination 

with the age related tissue parameter approximations it is 

possible to characterize the human tissue properties with 

sufficient precision. 

The Finite Integration Technique (FIT) is used as the 

volume discretization approach for the described 

simulations. This technique is used to calculate the 

absorption loss of the body tissues by discretizing the 

Maxwell’s curl equations in a specified domain [21]. 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. Present 

simulations use an IR-UWB signal pulse as the excitation 

signal, and are conducted in order to calculate the 10g 

averaged SAR so as to compare it with the ICNIRP 

specifications for pulse transmission [8]. 

The Specific Absorption (SA) per pulse, which is being 

used to introduce additional limitations for pulsed 

transmissions in the ICNIRP limitations, is computed using; 

                                         (3) 

,where    is the pulse duration. 

B. Temperature Variation 

When exposed to an electromagnetic field, the absorbed 

power by the body tissues causes a temperature increase. A 

temperature increase exceeding 1-2 
o
C in the human body 

tissue can cause adverse health effects such as a heat stroke 

[22]. 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 bio heat equation in (4) [23]. 
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,where K is the thermal conductivity, ρ is the mass density, 

Cp denotes the specific heat, A is the basal metabolic rate, B 

is the term associated with blood perfusion, 𝜌 is the tissue 

density in 
  

        (   ) represents the thermal spatial 

diffusion term for heat transfer through conduction at 

temperature T in degrees Celsius.  

III. ANTENNA MODEL 

The variation of the SAR is highly dependent on the 

antenna parameters such as directivity and gain. The UWB 

antenna considered in this paper was modeled on the work 

presented in [24]. The dimensions of the antenna are 

23.7×9×1.27 mm, which are reasonable values to be used 

within a neural implant. The antenna 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 

between 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 [24]. 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 [24]. The 

antenna is placed at 6 mm distance from the surface of the 

head. Figure 2 depicts how this antenna model is used 

alongside the CST voxel head model in order to perform 

present simulations. 
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Fig.2. (a) IR-UWB antenna (b) Insertion in the head. 

 The gain and the S-parameters of the head implanted 

antenna are depicted in Figure 3 and Figure 4 respectively. 

 

 

 

 

 

 

 

 
Fig. 3.S11 for the two different implant orientations. 

 

 

 

 

 

 

 

 

Fig.4. Antenna gain at 4GHz and phase of 90o. 

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 [7] 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 ensuring that the 

input power to the antenna falls within the FCC regulated 

power spectrum. 

IV. RESULTS AND DISCUSSION 

A. SAR and SA Variation 

Using the developed simulation models, the 10g 

averaged SAR variations for three different input power 

values have been analyzed in a 35 year old adult head 

(Figure 2). Three simulation scenarios have been analyzed 

based on the input power to the antenna. The first scenario 

uses a FCC regulated IR-UWB pulse which lies within the 

specified -41.3dBm/MHz limit. The second scenario is 

obtained by considering the results in Figure 4 : it can be 

observed in Figure 4 that the resulting maximum antenna 

gain is -13.9dB. 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 

implanted antenna, the radiation in free space will lie at the 

FCC limit [24]. This corresponds to an input pulse with peak 

spectral limit of -27.4 dBm/MHz. The Specific Absorption 

(SA) for these two scenarios is also calculated for a pulse 

width of 2 ns, in order to form a comparison with the 

ICNIRP special regulations for pulse transmissions. In the 

third scenario, an IR-UWB pulse which causes a maximum 

SAR of 2W/kg is used: the latter value is specified as the 

maximum allowable SAR limit by the ICNIRP regulations. 

The results are depicted in Figure 5. 

 

 

 

 

 

 

Fig. 5. Side view of the 10g averaged SAR variation in the adult voxel 

head model for the peak spectral power limits of (a) -41.3dBm/MHz (b) -
27.4 dBm/MHz and (c) 0.9dBm/MHz. 

 

The results depicted in Figure 5 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 

2W/kg and 2mJ/kg respectively. This is due to the very 

small power contained in the signal (a total in-band accepted 

power of 0.0024mW in scenario one and 0.0504mW in 

scenario two considering 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 

results obtained in scenario two are comparable with the 

results reported in [25], where the authors have used the 

FCC regulated radiated power as the excitation source for 

calculating their SAR values. The obtained SAR results in 

this paper are comparatively higher than those reported in 

[25] since this paper considers an implanted transmitter, 

while [25] described an on-body circuit. 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 

IR- UWB pulse, but violates the FCC regulations for IR-

UWB indoor propagation. 

B. Temperature Variation 

 

 

 

 

 

Fig. 6. Temperature variation for a signal with peak spectral power limits of 

(a) -41.3dBm/MHz (b) -27.4 dBm/MHz (c) 0.9 dBm/MHz. using bio heat 
equation. 

Simulations using the same input power scenarios as 

reported in Figure 4(a-c) are used to obtain the 
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corresponding temperature variations. The bio heat equation 

considers the variation of basal metabolic rate and blood 

perfusion. Because of the short duration of the excitation 

pulse, the heat conduction which occurs through sweating is 

assumed to be negligible. The temperature increase is 

measured after the steady state is achieved. Figure 5 depicts 

the obtained temperature variations.  

 

It can be seen in Figure 6 (a) and (b) that there is no 

temperature increase in the head for the corresponding 

signals. This is due to the generated temperature resulting 

from the small electric field being regulated by the blood 

perfusion inside the head. As can be observed in these two 

cases, the temperature in the immediate vicinity of the 

antenna is lower than the temperature of the surrounding 

tissue that is heated up by metabolic activities. This is 

because of the thermal absorption by glycerin surrounding 

the antenna. The temperature increase is clearly visible in 

Figure 6 (c) where a higher power signal is used for 

excitation. 

V. CONCLUSION 

This work describes 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 

communication 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 dBm/MHz 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.   Also, it was observed that the SAR is 

highly dependent on the bandwidth of the IR-UWB signal.  

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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