
 

 
Abstract—In order to inspect the feasibility and safety of 

wireless communication operated in 3.1-5.0 GHz band between 
the devices located in vivo and on body or off-body, the path 
gain and specific absorption rate (SAR) were investigated 
through embedding a high-resolution 3D electromagnetic model 
of human body into a numerical electromagnetic (EM) 
simulator which is based on finite integration technique (FIT) to 
solve the Maxwell equations. Based on the electromagnetic 
(EM) simulating results, a channel numerical statistical model 
depicting the in vivo distance-depended channel path gain was 
proposed. The experimental results indicate that it is feasible 
and safe for the wireless communication of implantable devices 
in 3.0-10.5 GHz band. The in vivo distance-depended path gain 
can be modeled by a modified classical power law function, and 
the averaged root-mean-square error (RMSE) between the 
computational results of numerical statistical model and EM 
simulation is 9.8. 
 

Index Terms — electromagnetic model of human body, 
electromagnetic radioactive, ultra wideband (UWB), finite 
integration technique (FIT), implantable devices 
 

I. INTRODUCTION 

ITH the development of medical technology, more and 
more sophisticated biomedical devices are used for 

diverse applications, such as telemedicine systems, remote 
health monitoring, body implantable devices, and so on[1-3]. 
The physiological data of patients can be measured with the 
aid of electronic devices located on or inside the human body 
and transmitted wirelessly to an external receiver for 
processing, thereby enhancing the health monitoring, 
diagnosis, and therapy of the patients. In-body medical 
implantable devices are typically battery-operated, and once 
implanted, they should operate for several years and consume 
as little power as possible. Furthermore, more and more 
advanced implantable devices need high data rate, low 
complexity, and small size. For instance, a multi-channel 
neural recording system needs more than 100 Mbps data rate 
[4], and a capsule endoscope needs more than 10 Mbps data 
rate [5]. The Medical Implant Communication System 
(MICS) which is in the band of 402-405 MHz, has been 
applied to implantable medical devices by the US Federal 
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Communications Commission (FCC), and it has suitable 
propagation characteristics of going through human tissues. 
However, MICS only provides a maximum data rate of 800 
Kbps, and it belongs to narrow-band standard and needs 
power hungry components like voltage controlled oscillator 
(VCO), phase locked loop (PLL) and analog to digital 
converter (ADC). Due to the inherent characteristics of 
simple electronics and high transmission speed, ultra 
wideband (UWB) technology has great potential to satisfy 
the needs of the next generation implantable devices’ 
aforementioned characteristics, and becomes a promising 
candidate [5]. In particular, impulse radio UWB (IR-UWB), 
the simplest form of UWB, is a promising low complexity 
solution. An IR-UWB transmitter which is always implanted 
in the body is simple to design and has lower power 
consumption. Contrarily, complexity is more on the receiver 
side which is always located on the body or off the body. 
Moreover, the power consumption of IR-UWB scales down 
with data rates. 

The designs and architectures of communication system 
are influenced by the transmission rates, the wave 
propagation channel, modulation and demodulation schemes, 
and the system power consumption [5]. To provide a clear 
understanding of the communication link between the 
implanted device and the transceiver located outside the 
human body, it is essential to analyze the wave attenuation in 
high-loss human tissues and propagation in the vicinity of the 
human body. Moreover, accurate knowledge of the 
propagation channel and strategies to optimize the 
communication link quality is necessary for efficient design 
of implantable UWB wireless communication systems. 
However, currently, there is no standard model of the UWB 
channel properties for in-body medical implants due to the 
unavailability of measurements and the complexity of 
simulations for the frequency-dependent tissue properties of 
the human tissues or organs [5]. 

Considerable research efforts have been devoted to 
characterizing the propagation characterization of radio 
waves for on-body or in-body devices [2, 6-8]. The 
characterization of the UWB communication link of 
chest-to-waist and chest inside-to-outside was presented in 
[6], but the frequency band only covered the lower band of 
UWB from 3.4 GHz to 4.8 GHz. The wave propagation for 
line-of-sight (LOS) scenarios in the frequency bands of 
100-1000 MHz and 1-5 GHz were evaluated in [2] by using a 
model of the human torso and, a second-order polynomial 
was used to approximate the permittivity of human tissues 
calculated from the Gabriel’s four-pole Cole-Cole equation, 
which simplified the calculation. However, the permittivities 
of human tissues are frequency-dependent complicated 
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variables and the same tissue has different permittivity in 
different frequency. Therefore, it was cursory to evaluate the 
average power density in a wide frequency band over 1-5 
GHz in [2]. In [7], several different human tissues’ electrical 
parameters were used to define each layer as a specific 
dielectric material in a multi-layer model which was 
implemented in HFSS (High Frequency Structure Simulator) 
to investigate the channel path loss of implantable wireless 
link. However, the multi-layer model was too simple to well 
characterize the complicated real human body. The in-body 
propagation characterization presented in [8] only covered 
2.5 GHz and 3.5 GHz.  

To more accurately characterize the propagation channel 
between in-body implanted devices and on-body or off-body 
devices in the frequency band of 3.0-10.5 GHz, this paper 
performed electromagnetic simulation based on a high 
resolution electromagnetic model of human body which was 
comprised of 85 kinds of tissues or organs and constructed 
from living human body’s computed tomography (CT) and 
magnetic resonance imaging (MRI) images. The average 
power density of electromagnetic field in the body and the 
specific absorption rate (SAR) absorbed by the human body 
were also explored to investigate the validity of implantable 
communication in this band. Finally, the distance-dependent 
path gain for inside body was modeled based on the average 
power density.  

II. ELECTROMAGNETIC HUMAN BODY MODEL AND 

SIMULATION SCENARIO 

A.  Electromagnetic Model of Human Body 

Different from typical wireless communications through 
the free space, the main difficulty for in-body UWB channel 
propagation modeling is the frequency-dependent material 
properties of different human tissues and organs which must 
be considered in the calculations. The various tissues and 
organs within the human body have their own unique 
conductivity, dielectric constant, thickness, and complex 
geometry. On the other hand, the electromagnetic properties 
of different human tissues, such as the permittivity and 
conductivity, depend largely on the frequency and therefore 
can only be considered constant over a narrow range of 
frequencies. The complex relative permittivities as a function 
of angular frequency for human body tissues have been made 
available based on the four-pole Cole-Cole equations, by 
Gabriel [9]: 
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This equation was derived from the well-known Debye 
expression, in which   is the permittivity at field 

frequencies with 1 ,  is angular frequency, i  is the 

static ionic conductivity and 0  is the permittivity of free 

space, the distribution parameter, n , is a measure of the 

broadening of the dispersion, and n is the relaxation time for 
each dispersion region. For a known relative permittivity, the 
conductivity can be obtained by equation: 
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In this equation, is attenuation coefficient, r  is relative 

permittivity, 0 is magnetic permeability of free space, and 

f is frequency. It is shown from (1) and (2) that the 
permittivity and conductivity are complex functions of 
angular frequency respectively. Therefore, they can only be 
considered constant over a narrow range of frequencies.  

In order to investigate the characteristics of UWB wireless 
communication link in/through the human body, the body has 
to be characterized as a medium for wave propagation, and a 
high resolution electro-magnetic model of human body 
would be constructed. The accuracy of EM calculation is 
determined by the resolution of the electromagnetic human 
vowel model. This paper has constructed an electromagnetic 
model of human body based on CT and MRI slices data 
provided by Yale University [10]. The model was 
constructed from 498 slices, and the slices images of torso 
and head were taken from a living human male, the slices of 
arms and legs were from the Visible Human Project (VHP) of 
National Library of Medicine [11] by Stuchly. A sample of 
the cut view image is illustrated in Fig. 1(a). The original 
images were reconstructed in a 512×512 matrix with a 
resolution of 1 mm in the x, y planes; the z-axis resolution is 1 
cm from neck to mid-thigh and 0.5 cm from neck to crown of 
the head. The proposed 3D electromagnetic model of human 
body is shown in Fig. 1(b). It is with 3.6×3.6×3.6 mm3 
resolution.  

The more human tissues or organs are considered, the 
more the accuracy of the model is achieved. The dielectric 
and physiological parameters of 85 kinds of different human 
tissues or organs were considered in the electromagnetic 
human body model of this work. The dielectric properties, 
i.e., permittivity and conductivity, can be found from website 
of the National Research Council in Italy Institute of Applied 
Physics, which was prepared by Andreuccetti et al. Some 
average characteristics of the tissue materials such as skull, 
brain， and muscle come from the website of FCC. The 
physiological parameters are thermal conductivity and 
density. The thermal conductivity values are directly 
available for almost all the considered tissues from [12]. All 
these parameters are indexed by image gray value and 
mapped to the tissues or organs in the electromagnetic model 
of human body. 

 

B. Simulation Scenario 

The electromagnetic model of human body can be 
embedded in numerical electromagnetic (EM) simulator 
which is based on time-domain finite integration technique 
(FIT) to perform electromagnetic computation. The 
simulation scenario within the electromagnetic model of 
human body taken from living males is illustrated in Fig. 2. 

   

(a)   Cut view                                (b) 3D model 
Fig. 1. Electromagnetic model of human body. 
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The body was exposed to an incoming plane wave from the 
back. A total of 324 electric and magnetic field probes were 
placed outside and inside the body from 10 mm to 140 mm 
depth, with space of 10 mm depth and 20 mm height, 
respectively. They were located in the middle from left to 
right side, and embedded in different tissues or organs such 
as bones, cartilages, blood, and heart, fat, liver, lung and 
muscles. The incident plane wave was excited with the UWB 
Gaussian signal for the corresponding frequency bands 
considered, herein. All of the field probes are ideally 
frequency independent with a specified polarization, and do 
not have any coupling among them. Open boundary 
condition is used for the simulations, and therefore the body 
environment reflections are considered. 

 

III. NUMERICAL SIMULATION 

Performed EM simulation by utilizing the aforementioned 
simulation scenario, electric and magnetic field 
characteristics in the body over 3.0-10.5 GHz band were 
obtained, and then the average power density and specific 
absorption rate (SAR) characterization were investigated, 
and the feasibility and security of wireless communication 
for implantable devices deep inside the human body were 
validated. 
A.  Average Power Density 

The US FCC has declared a maximum transmit power 
density of -41.3 dBm/MHz for UWB. Therefore, even with 
the full band (i.e. 7.5 GHz) of 3.1-10.6 GHz, the maximum 
transmitted power is only -2.6 dBm [13], so the signal 
strength at the receiver becomes important for achieving high 
data rate transmission, and the strategies to optimize the 
UWB communication link quality are important too [2]. 
Average power density is a measurement of signal strength 
and link quality in the channel. The electromagnetic power 
density can be computed by the electric and magnetic field. 
The Poynting vector (S) can be used to describe both the 
power density and the direction of wave propagation, it is 
depicted as: 

            S E H                                                                       (3) 
where E (V/m) and H (A/m) are the electrical and magnetic 
field density, respectively. For incident plane wave 
propagating along y-axis direction with a horizontal (x-axis) 
or vertical (z-axis) polarization, the power flux density can be 
calculated from the Poynting vector along the dominant 
direction (Sy(t)) into the body. Therefore, the average power 
density for one observation probe is computed by integrating 

the Poynting vector along the dominant direction (Sy(t)) over 
the observation time [2]. The observation time was chosen to 
include 99% of the signal power, and it was approximately 
200 ns in this work. The average power density for different 
depths was computed by averaging the power density 
experienced at each probe on the same plane.  

The average power density versus distance from in vitro to 
back inside is depicted in Fig. 3. It shows that the power 
density is reduced by distance from the source due to the high 
loss of the human tissues and organs, and the power loss 
increases significantly with the increase of transmitted 
frequency and, with the increase of propagated depth inside 
body. 

 
It can be seen from the results in Fig. 3 that the higher 

frequencies lead to the greater signal attenuation in human 
body, making their reception almost prohibitive at a deeper 
distance. However, the UWB communication is still possible 
for short distances. For instance, when implantable devices 
are implanted subcutaneously or the implanted depths are 
less than 3.5cm and they have to communicate with other 
devices which are either on-body or at short distances 
outside, the UWB communication is possible. The typical 
examples are retinal and cochlear in which implant distances 
are a few centimeters. Assuming an UWB transceiver with a 
band width of 500 MHz and a maximum transmitted power 
density limit of -41.3dBm/MHz is adopted,  the maximum 
transmit power is -14.3 dBm. It can still bear a path loss of 80 
dB and make UWB wireless communication possible for a 
typical receiver whose sensitivity is -95 dBm. On the other 
hand, since the human body is a high lossy medium and the 
transmitter for an implantable device is always embedded 
inside the body, it should be able to transmit more than -41.3 
dBm/MHz while it still accommodates the FCC requirement 
outside the body [14]. For instance, based on Fig. 3, the 
transmit power level can be arranged for a typical receiver 
with a sensitivity of -95 dBm, as illustrated in Fig. 4. The 
deeper the penetration depth is (i.e., the deeper the transmitter 
is implanted into the human body), the higher the 
transmission power are required. 

B. Specific Absorption Rate (SAR) 

Recently, the most recognized radio-frequency (RF) 
protection standards adopt the SAR as the basic parameter to 
establish the safety of human body exposure in the high 
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Fig. 2. Simulation scenario of human body with electric and magnetic 
field probes inside 
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Fig. 3. Average power density inside body versus distance for 3.0-10.5 GHz. 
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frequency bands. 

 
Specific absorption rate (SAR) is the unit of measurement 

for the amount of radio-frequency energy absorbed by tissues 
or organs when exposed to electromagnetic field. It is defined 
as the time derivative of the incremental energy (dW) 
absorbed by (dissipated in) an incremental mass (dm) 
contained in a volume element (dV) of a given density ():  

     
d dW d dW

SAR
dt dm dt dV

      
   

.                                (4) 

Another mathematical expression which relates SAR to the 
electric field is shown below: 

2 2

2 2

p E J
SAR


  

           ,                                         (5) 

where p is power loss density, J is current density,  is 
conductivity, and E is electric field amplitude in tissue. 
Values of SAR depend on the incident field parameters and 
the characteristics of the exposed body, i.e., its size and 
external and internal geometry, and the dielectric properties 
of the various tissues. 

The human body model allows the evaluation of local SAR 
as averaged over 1 g and 10 g all along the body. The SARs 
in different frequencies were evidenced by performed EM 
simulations. The max SAR, average SAR over 1 g and 
average SAR over 10 g absorbed by human body in 3.0-10.5 
GHz band are listed on Table I. 

As the guidelines from the International Commission on 
Non-Ionizing Radiation Protection (ICNIRP) [15]: the 

localized SARs of head and trunk for human body in 10 
MHz-10 GHz frequency band are under 2 W/kg. It can be 
seen from Table I that the SAR values absorbed by human 
body in 3.0-10.5 GHz band are under the limit of ICNIRP, so 
using this band for implantable devices’ wireless 
communication is secure.  

IV. CHANNEL MODELING 

The path gain is a measure for the average attenuation of 
the signal from transmitter to receiver. It obviously depends 
on the distance between receiver and transmitter and, 
together with the transmit power, determines the range of a 
wireless system: for distances beyond a certain range, the 
received signal becomes so week that proper reception is not 
possible anymore [16]. The path gain modeling is needed to 
estimate the signal energy at different distances from the 
source. The distance dependent path gain for both indoor and 
free space were modeled with the classical power law (the 
logarithmic function) [16] given as 

0 10
0

( ) 10 logp p
dG d G n d

    
 

,                             (6) 

where, Gp0 is a power scaling constant, d is the distance 
between the end and source, and n corresponds to the path 
gain factor (propagation exponent). The path gain factor 
depends on the environment in which the system operates, for 
free space propagation, n=-2 is valid, the typical values for 
line-of-sight (LOS) are on the order of -1.5, and for non-LOS 
on the order of -3 to -4. Due to the influence of lossy tissues 
and organs, the path gain for both outside and inside the 
human body calculated from (6) does not fit with the 
simulated data in Fig. 3. Hence, the classical power law is 
modified as 

            0
0 10

0

( )( ) 10 logp p
d dG d G n d
    

 
 .                (7) 

The EM simulation results and numerical computation 
results from (7) are depicted in Fig. 5. It can be seen that the 
proposed numerical model produces a good approximation. 
The minimum and average root-mean-square error (RMSE) 
is 4.3 and 9.8, respectively. All of these fitted path gain factor 
(n), power scaling constant (Gp0) and d0 for band of 3.0-10.5 
GHz are tabulated in Table II. It can be seen that the path gain 
factors (n) in human body are -6.5 to -11.0 for 3.0-10.5 GHz 
band, which indicates that the higher frequency is transmitted, 
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TABLE I 
SUMMARY OF SAR BY HUMAN BODY IN 3.0-10.5 GHZ BAND 

Frequency 
(GHz) 

Max. SAR 
(W/kg) 

10g SAR 
(mW/kg) 

1g SAR 
(mW/kg) 

3.00 0.013 0.073 0.15 
3.50 0.012 0.068 0.16 
4.00 0.009 0.064 0.18 
4.50 0.012 0.071 0.17 
5.00 0.010 0.077 0.19 
5.50 0.009 0.084 0.24 
6.00 0.010 0.091 0.26 
6.50 0.012 0.088 0.27 
7.00 0.015 0.088 0.26 
7.50 0.015 0.089 0.26 
8.00 0.015 0.088 0.27 
8.50 0.009 0.095 0.26 
9.00 0.100 0.101 0.29 
9.50 0.007 0.098 0.29 
10.0 
10.5 

0.010 
0.009 
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Fig. 5. EM simulation results and modeling results of average power density 
inside body versus distance  
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the severer power loss is undergone. 

V.  CONCLUSIONS 

By performing electromagnetic (EM) simulation based on 
an electromagnetic human model, it is found that the max 
SAR, average SAR over 1 g and over 10 g absorbed by 
human body in 3.0-10.5 GHz band are in accordance with the 
criterions of ICNIRP, substantiating the security of using this 
band for wireless communication of implantable devices.  

The loss of average power density at the different depths of 
human body indicates the feasibility of using 3.0-10.5 GHz 
UWB band for the wireless communication of implantable 
devices. For devices with implanted depth less than 3.5 cm, 
the full band 3.0-10.5 GHz of UWB can be applied to 
wireless communication while it still accommodates the 
requirement of FCC. For further deep implantable devices, 
the lower sub-band of UWB should be applied to wireless 
communication to accommodate the requirement of FCC, or 
the devices in the body should transmit more than -41.3 
dBm/MHz to guarantee the proper communication and make 
the signal level accommodate FCC’s requirement outside the 
body. Finally, the transmit power level for typical receiver 
has been arranged. 

 A modified classical power law function can be adopted 
to depict the in vivo distance-depended path gain. The 
channel numerical statistical model describing the in-body 
propagation channel characterizations has a simple form, 
making it unnecessary for the designers of implantable 
devices to use a complexity EM simulation which causes 
extremely long computational time. 
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TABLE II 
FITTED PATH GAIN FACTOR (n), POWER SCALING CONSTANT (GP0) AND d0 

FOR 3.0-10.5 GHZ 

Frequency 
(GHz) 

n Gp0 d0 

3.00 -6.5 -28.7 70 
3.50 -6.7 -23.7 50 
4.00 -7.0 -19.7 45 
4.50 -7.3 -16.7 34 
5.00 -7.5 -18.7 33 
5.50 -7.7 -15.7 30 
6.00 -7.8 -12.7 26 
6.50 -8.0 -10.7 22 
7.00 -8.2 -12.7 21 
7.50 -8.5 -9.70 20 
8.00 -9.1 -9.70 21 
8.50 -9.6 -7.00 20 
9.00 -10.0 -7.70 18 
9.50 -10.7 -6.60 19 
10.0 
10.5 

-10.8 
-11.0 

-6.70 
-6.70 

18 
18 
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