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Abstract— In this work, non-intrusive stochastic techniques 

are combined with 3D modeling in order to build adequate 
surrogate models for the evaluation of performances of a 
transmission link for biomedical applications. A surrogate 
model is appropriate to deal with uncertainties and 
variabilities of parameters defining the electromagnetic 
problem. Numerical results obtained in case of a realistic 
configuration involving an external patch antenna and an 
embedded antenna illustrate the proposed methodology.  

Index Terms— implanted antennas, biomedical 
applications, uncertainty analysis. 

I.  INTRODUCTION  

Progress in highly integrated radio-frequency (RF) 
circuits has a significant impact on medical implants. 
Miniaturized antennas not only provide wireless 
communication capability to transduce organ or tissue 
signals to a receiver outside the body and/or receive 
commands to adjust the implant settings but also allow 
continuous monitoring and therapeutic treatment without 
constraints in the patient’s mobility. Medical implants have 
the advantages of being noninvasive and having high 
efficiency. Obtaining an optimal electromagnetic link is 
challenging necessitating, among others, designation of 
several design parameters like operational frequency, 
implanted device shape and maximum power deposited on 
the tissues while implant size needs to be minimal to avoid 
tissue damage and increase patient safety. For biomedical 
uses, several frequency bands are authorized: Medical 
Device Radiocommunication (MedRadio) Service band 
(401-406 MHz), and the Industrial, Scientific, and Medical 
(ISM) bands (433.1-434.8 MHz, 868-868.6 MHz, 902.8-
928MHz and 2.4-2.5 GHz). 

Recently, many rectenna systems dedicated to biomedical 
application have been studied by many research teams in the 
world: X. Fang et al. have conducted a study at UHB (3.1-
5.1GHz), but losses are very high due to the high frequency 
[1]; the research team of M. Ali et al. has also presented their 
multi-resonance antenna but the antenna size is relatively big 
and thus hard to be implanted in-body [2]. 

In [3] a miniaturized circular antenna was designed to 
support both energy and information transmission. The 
antenna is embedded into a three-layer cylindrical model of 
arm and its performance is evaluated. It has dual resonant 

frequency which covers MedRadio (401- 406MHz) and ISM 
bands (902-928MHz). The wireless transmission link was 
analyzed and allowed to determine the amount of power that 
could be received from an external dipole at maximum 
authorized input power.  However, it was observed that the 
performances of the implanted antenna and the 
characteristics of the transmission link are highly dependent 
on many parameters defining the problem. Geometrical 
parameters involved in the study like implantation depth, 
orientation of the antenna, distance between exciting source 
and embedded antenna strongly affect the overall efficiency 
of the system. Also physical parameters relevant to materials 
used for the miniaturized system or relevant to the 
environment (biological tissues) impact the global efficiency. 
For such a complex issue, a parametric analysis only relying 
on design of experiments and/or 3d modeling tools may lead 
to heavy computational cost and is time consuming. In this 
case the introduction of stochastic tools allows to deal with 
the variability of all the parameters describing the 
electromagnetic problem [4]. Such approaches were shown 
to be very efficient in the framework of the determination of 
specific rate absorption (SAR) in biological tissues due to 
mobile phones at microwaves frequencies [5,6] and have 
already demonstrated their efficiency in case of a simplified 
wireless inductive power system [7].  

This paper shows that a surrogate model based on 
polynomial chaos expansion (PCE) provides a powerful tool 
for optimizing the performances of the transmission link 
between an exciting patch antenna and an implanted antenna. 
In [7], Monte-Carlo method is already proved to be less 
efficient than the PCE method so that it will not be discussed 
again in this paper. The approach is applied in case of the 
antenna presented in [3] associated with a reflector. Such a 
methodology allows to identify the most significant 
parameters at low cost and makes easier any sensitivity 
analysis in view of the design stage of the system, and at the 
same time, save the calculation time without losing much 
accuracy. 

II. SCENARIO ANALYSIS 

The miniaturized antenna is designed to be implanted 
into human body by surgery. However, due to the huge 
difficulty to control the antenna’s orientation, implanted 



location and depth during the surgery, an analysis of the 
impact of these parameters is of vital importance. The 
results will not only serve as an indication for surgeons to 
know where to pay more attention, but also anticipate the 
different possible cases that would occur during the 
transmission.  

The entire power transmission scenario is shown in Fig. 
1. A three-layer cylindrical human arm model (radius are: 
Bone 0-25mm; Muscle 25-47.5mm; Skin 47.5-50mm) is 
used as the simulation environment. In order to save the 
calculation time, the length of the arm model is set to the 
minimum value so that it does not affect the results. An 
external rectangular patch antenna radiates energy from 
outside the arm to the deep-implanted antenna in muscle 
(distance larger than 10mm from skin) circular dipole. A 
patch antenna that resonates at 915MHz is used in order to 
be more directive than an isotropic antenna and thus reduce 
loss. Besides, a metallic wave reflector is placed behind the 
human tissue model in order to enhance the reception. The 
half-cylindrical reflector has length = 380mm, open angle = 
190°, thickness=1.2mm and is placed at 5mm from the skin 
surface. 

Three parameters rotX, rotY and rotZ represent the three 
possible angles (in relation with each axis respectively) of 
the implanted antenna according to its original position in 
Fig.1. The implantation depth tz is defined as the distance 
between the center of the implanted antenna and the skin 
surface. tx is the distance between the implanted antenna 
center and the symmetry plane. In the following study, these 
five parameters are divided into two different groups in 
order to reduce the computation time and complexity. 
Furthermore, each group consists of a series of parameters 
that are similar and difficult to prioritize when this wireless 
system is to be embedded into human body. In a practical 
point of view, this helps to identify the most important 
factor in each group when sacrifice has to be made. 
Therefore, the division of these five parameters into two 
different groups is necessary.    

 
Fig. 1. Power transmission link design  

All the chosen parameters have, on one hand, many 
accuracy uncertainties in real life, and on the other hand, 
have relatively strong effect on the power transmission 
results, and thus, meaningful to analyze.  

III. NUMERICAL RESULTS 

A. Uncertainty and vairability study 

Polynomial chaos expansions (PCE) is a metamodelling 
technique that aims at providing an approximation of an 
output variable through its spectral representation on a 
suitable basis of polynomial functions [4]. In this chapter, a 
PCE model is established to simulate the varying trend of 
the S21 values (output) according to the different 
parameters mentioned in the previous chapter. The 
polynomial expansion is built from a design experiment 
(samples) deduced from 3D computations with CST Studio 
[8]. The following results given in this chapter are obtained 
by the UQLAB toolbox (Uncertainty Quantification toolbox 
in MATLAB) [4]. 

The polynomial order does not exceed the total number 
of samples that are taken into account. The samples in this 
paper are picked up uniformly. Orthogonal Matching 
Pursuit (OMP) method is chosen as the computing method 
in order to get the most optimized polynomial order.  

Firstly, the trustworthiness of the method must be 
approved since it is used during the entire study. Therefore, 
the Leave-One-Out (LOO) error is calculated so as to ensure 
the accuracy of the results.  

The LOO error is a global indicator defined as in [9] 
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calculated with all but the ith sample. This value shows how 
much the estimated results change with the absence of one 
single sample point. More the LOO value is near 0, more the 
method is stable and reliable. This LOO error is calculated 
between the estimated results and the original data.  

In order to equilibrate the computation time with the 
results’ accuracy, the polynomial order for metamodeling is 
decreased and set to the value with a relatively low LOO 
error. 

Here 150 samples of different antenna orientations 
(angles) are calculated and 20 samples of different antenna 
position (distances) are analyzed separately. 

 
Fig. 2. LOO values with different numbers of samples calculated (angles) 



 
Fig. 3. LOO values with different numbers of samples calculated 

(distances) 

Fig.2 and Fig.3 show the relation between LOO error 
and number of samples taken into account. As expected, the 
LOO error decreases continuously as more samples are 
included. In the case of angles, with 50 samples (50 set of 3 
angles), the LOO error is smaller than 1%. This convergent 
tendency approves the trustworthiness of this surrogate 
model.  

B. Sobol Indices and sensitivity analysis 

A Sobol Index is a number that varies from 0 to 1 and 
who characterize the sensitivity of the output against each 
parameter [10]. More the index is close to 1, more the result 
is sensitive against this parameter. With the value of Sobol 
indices, it is easy to figure out which parameter to pay more 
attention with and which one to sacrifice. Each Sobol index 
of the output S21 = M1 (rotX, rotY, rotZ), S21=M2 (tx, tz) is 
defined as  
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where P is one of the variables that affect the output.  
The Sobol’s indices are easily evaluated with a surrogate 

PCE model [9]. Fig. 4 and Fig. 5 shows the first order Sobol 
Index relevant to the different uncertainty parameters.  

 

 
Fig. 4. Sobol indices of different angle parameters with different numbers 

of samples taken into account (indicated with different colors) 

 

 

Fig. 5. Sobol indices of different parameters with different numbers of 
samples taken into account (indicated with different colors) 

As shown in Fig. 4, the values of the first Sobol index for 
rotZ and rotX are clearly less important than that of rotY, 
which shows that the rotation around Y axis (the antenna’s 
symmetric axis) should be paid more attention with. Thus it 
is strongly suggested that the insert orientation should be 
marked on the antenna’s surface in order to facilitate the 
surgery procedure. Moreover, in Fig. 5, tx has more 
important impact on the results than tz, which means the 
surgery place should be well chosen. In contrast, the 
implantation depth is less important with whatever the 
number of samples taken into account, which corresponds to 
previous results in [3].  

C. Results analysis  

Previously in part A, the LOO value shows that the 
estimation model of the angle simulation could be 
established with limited number of samples. Thus these 
results could shorten largely the simulation time when a 
great number of simulation results are needed. For the 3 
parameters of angle, the value predicted by the PCE 
estimation model with 60 samples has only less than 2% 
difference comparing with the reference results from 
simulations. For distance parameters, only 10 results are 
needed. Fig.6 shows, in case of 60 angles samples (rotX, 
rotY, rotZ), and around the resonant frequency, the 
comparison between the estimated S21 value and the result 
obtained by the CST simulation for a random set of 
parameters. The same variation of S21 is shown on Fig. 7 in 
case of 10 distance samples (tx,tz). 

As seen in Fig. 6, the predicted S21 well matched the 
simulation results with a maximum error of only 2%. (0.8% 
for distance samples). The uncertainty bars are also shown 
in the figures. These uncertainty bars show, for example in 
the case of angle calculation, the average output prediction 
deviation calculated by the rest 90 of the 150 data apart 
from the 60 sets of parameters which are already used to 
construct the current prediction model.  



In consequence, this surrogate model could be used to 
predict the real simulation results with an error tolerance 
smaller than 2%. This could largely save the calculation 
time without losing much accuracy when a huge amount of 
results is required.  

 

 
Fig. 6. Predicted results with uncertainty bar and simulated results      

(angle results, predicted by 60 samples) 

 
Fig. 7. Predicted results with uncertainty bar and simulated results   

(distance results, predicted by 10 samples) 

CONCLUSION 

This paper presents a methodology based on a surrogate 
model (PCE method) to improve the microwave transmission 
link calculation in a biomedical application. The studied 
configuration involving an exciting patch antenna and an 
implanted antenna is very sensitive to many geometrical 
parameters. A surrogate model allows to deduce at low cost 
the behavior of the system according to the variability of the 
parameters. The trustworthiness of such model is first 
validated and the first order Sobol indices are calculated in 
order to compare the impact of different parameters on the 
S21 results. Based on these impact factor, some advices on 
surgery may be given to ensure the performance. Finally, the 
model is used to predict the result of a random combination 
of parameters while deviations are controlled under 2%, 
which proves the possibility of saving calculation time by 

using this method when a large number of results are 
required.  
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