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Abstract— This paper presents a comprehensive study on the impact of 

sternotomy wires and a medical implant on the ultra-wideband (UWB) 

channel characteristics by studying intra-body propagation in the vicinity of 

on-body antennas. The main contribution on this work is to verify 

propagation path calculations with measurement data taken from a 

volunteer that has sternotomy wires and an aortic valve implant and from 

a reference volunteer without any implants. Furthermore, the impact of 

sternotomy wires and the aortic valve implant is confirmed by finite 

integration technique simulations using a tissue layer model. It is shown, 

that additional signal peaks and variations of the channel impulse 

responses are observed for the medical implant case, since both 

sternotomy wires and aortic valve implant contain highly conductive 

materials which impacts on the channel characteristics. In the time 

domain simulation results, the difference between the channel strength of 

the implanted and non-implanted cases varies between 5-17 dB within the 

time range corresponding to the relevant propagation paths.  This 

phenomenon should be taken into account when designing on-body 

monitoring devices and when choosing sensor node locations to avoid 

interference due to the additional multipath propagated signal 

components. On the other hand, knowledge of the impact of the aortic 

valve implant may be utilized in the design of devices that can monitor the 

functionality of a valve implant during the heartbeat. 

Index Terms—Aortic valve implant, intra-body propagation, channel 

characteristics, sternotomy wires, wireless body area networks. 

I. INTRODUCTION 

The study of the channel characteristics in wireless body area 

networks (WBAN) has been a very active area of research for several 

years. Numerous measurement campaigns and propagation 

simulations experiments have been conducted to gain a better 

understanding of the electromagnetic propagation in the vicinity of 

human tissues [1-25]. Recently, intra-body communications has 

become an intensive research topic. Several studies proposing  intra-

body channel characteristics, channel models, as well as new intra-

body antennas have recently been published e.g. in [2-10]. 

Furthermore, the implant communication has become an important 

research topic [11-21].  Numerous studies have been presented on the 

radio channel characteristics between the transmitting implant and the 

on-body device, e.g in [11].  One of the main challenges in this field 

is the lack of the measurement data. Typically animals, or part of their 

organs, have been used to get the experimental knowledge about the 

intra-body propagation [11], [18-19]. 

Nowadays, computer simulators of electromagnetic (EM) waves 

propagation are common tools used to estimate the channel 

characteristics   in   the   vicinity   of   human  tissues [26-27]. Finite  
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Integration Technique (FIT), Finite Element Method (FEM), Finite 

Difference Time Domain (FDTD) are all suitable tools for intra-body 

propagation prediction [28-30]. However, at some phase, it is also 

essential to verify the simulation based results with actual 

measurements. 

Medical implants, such as pace makers and valve implants bring 

their own challenges to the study of propagation characteristics. 

Several of these implants contain steel, titanium alloys, tungsten, and 

other highly conductive materials and hence, have a strong impact on 

the channel characteristics in the vicinity where they are located. 

Furthermore, medical wires, staples, and bands, which are used for the 

closure after the operation [31], can also have significant impact since 

usually they are located close to the skin and hence near to the on-

body antennas and sensor nodes. 

Although the implant communications has been recently under an 

intensive study, the impact of the passive medical implants on the on-

body radio channel characteristics is still a scarcely studied topic. The 

impact of a titanium based aortic valve implant on the ultra-wideband 

(UWB) channel characteristics was noticed for the first time in the 

measurement campaigns conducted for medical application purposes 

in [23]. The channel impulse responses (CIR) of a volunteer having 

an aortic valve implant had additional peaks due to the scattering from 

the aortic valve implant. Furthermore, the CIR was noted to drop off 

more quickly. In [24], some statistical parameters were presented to 

show the difference between the CIRs of different volunteers 

including the volunteer having an aortic valve implant. The main 

scope of [23] and [24] was to study UWB channel characteristics for 

medical applications – not just the impact of the aortic valve implant. 

These references did not include the impact of the sternotomy wires. 

The impact of the aortic valve was evaluated using a FEM-based 3-D 

simulator as shown in [25]. In the reference, new antenna locations 

were evaluated as well as the impact of the depth of the valve within 

the thorax on the CIR. The impact was minor with the antennas used 

and their locations for the case of a model of an adult having the valve 

at the depth of 7-8 cm, as well as with models of average adults as 

shown in Section II. If the valve was at the depth of 3 cm, the impact 

was more significant.   

The impact of an artificial aortic valve on the UWB on-body 

channel characteristics was studied in [32] by calculations, analysis of 

data measurements, and FIT -based power flow simulations. The 

paper describes the impact of the sternotomy wires on the channel 

characteristics as a novel topic in this field. The impact of the 

sternotomy wires on the channel characteristics was further studied in 

[33] using FIT-based simulations and a multi-layer tissue model. The 

presented results showed that sternotomy wires have clear impact on 

the channel characteristics. 



 

 

This paper further extends the studies presented in [32] and [33] by 

including detailed calculations for different intra-body propagation 

path options, new experimental measurements, and simulations 

results. The main contribution is to verify propagation path 

calculations with the experimental data and with simulation results for 

two cases, for a subject that has sternotomy wires and an aortic valve 

implant and for a subject without any implants 

To our knowledge, this paper presents, for the first time, a 

comprehensive study on the impact of sternotomy wires and a medical 

implant on the channel characteristics by studying intra-body 

propagation in the vicinity of the on-body antennas. Previously 

published work have presented measurement data results, whereas this 

paper verifies the measurement data with intra-body propagation 

calculations and simulations taking account different propagation path 

options within the tissues. Furthermore, we present new measurement 

results with different antennas and different antenna locations.  

This paper is organized as follows: Section II presents the studied 

scenario by describing the sternotomy wires and aortic valve implant, 

antennas and their locations, volunteers, simulation details, as well as 

measurement setup.  Numerical calculations for the propagation paths 

inside the human body tissues are presented in Section III. 

Measurement data is presented and verified with the numerical 

calculations in Section IV. Simulations results are presented in Section 

V. Conclusions are given in Section VI. 

II. STUDY CASE 

A. Sternotomy wires and aortic valve implant 

 It is common for medical implants to contain metal or other highly 

conductive materials. Thus, implants will have a strong impact on the 

radio channel characteristics within the body, especially if they are 

located close to on-body antennas. For example, sternotomy wires, 

staples, and bands, which are used for the sternum closure after an 

open heart operation [31] are expected to have a clear effect on the 

channel characteristics.  

In this study, sternotomy wires [31] are used as the sternum closure 

method. A Medtronic aortic valve implant [34], consisting of a 

titanium torus ring surrounded by a Teflon material, is also 

considered. The 1 mm thick sternotomy wires are made from steel, 

and they were wrapped around the sternum as it was closed after the 

valve replacement operation. Fig. 1a illustrates the location of the 

wires in the sternum as well as the position of the aortic valve with 

respect to the wires. The picture of the valve is also shown in Fig. 1a. 

The Medtronic aortic valve consists of a titanium torus ring 

surrounded by a teflon material. Details of the Medtronic valve are 

given in [34]. The x-ray figure of the volunteer having an aortic valve 

implant and sternotomy wires is shown, with his permission, in Fig, 

1b. It is noted that the valve implant for this case is around 7 cm from 

the body surface. 

a)  b)  

Figure 1. Location of the sternotomy wires and the aortic valve implant. 

B. Antennas and antenna locations 

For this study, we have used three different antennas designed for 

on-body and off-body communications: experimental loop and dipole 

[35], and a commercial SkyCross antenna [36]. The antennas were 

located on the chest with a 4 mm distance from the body surface. The 

antenna-body distance was selected to provide a reasonable operation 

mode for the antennas as well as keeping the distance as small as 

possible to be suitable for sensor nodes applications [35].  Two 

different antenna locations were studied: asymmetric and symmetric. 

The antenna separation distance in the asymmetric case was 6.5 cm 

and in the symmetric case 15 cm. These separation distance, both 

suitable for medelical monitoring, were selected to study the impact 

of the sternotomy wires and aortic valve implant in both types of 

separation distances. 
In the asymmetric case, the antennas were located asymmetrically 

with respect to the sternum. The transmitter antenna (Tx) was located 

on the left side of the chest and the receiver antenna (Rx) antenna on 

the middle of the sternum with a separation distance of 6.5 cm. Figure 

2 illustrates the locations of the antennas in the cross-section view of 

the human body. The distances between the Rx and Tx antennas and 

the aortic valve implant are approximately 7 cm and 9 cm, 

respectively. Fig. 2 also shows the structure and dimensions of the 

wire loops as they are wrapped around the sternum.  These loops are 

on the average 3 cm diameter and the wire itself is 1 cm of average 

thickness. Since the wires are 1 mm thick, the twisted ends are about 

2 mm thick. The length of twisted end pair is approximately 2 cm. 

Fig. 3 presents the cross section view for the symmetric case where 

the distance between the antennas is 15 cm. In this case, the distance 

between an antenna and the heart implant is approximately 9 cm.  

 

 
Figure 2. Antenna locations on the cross-section of the human body in the 

asymmetric case with antenna separation distance 6.5 cm. 

 

 
Figure 3. Antenna locations on the cross-section of the human body in the 

symmetric case with antenna separation distance 15 cm. 

C.  Volunteers 



 

 

Three male volunteers participated in the measurements.  The 

metrics and age of the volunteers are summarized in the Table I. 

Volunteer A has a titanium alloy based aortic valve implant which was 

illustrated in Fig. 1. This volunteer has also steel sternotomy wires in 

his sternum, which were used for the sternum closure after the valve 

replacement. There are altogether six loop wires with the separation 

distance of approximately 2.5 cm, as seen for x-ray presented in Fig1b. 

Table I. Sizes of the volunteers. 

 A (with implant) B (no implant) C (no implant) 

Height 170 cm 181 cm 173 cm 

Weight 62 kg 76 kg 75 kg 

Age 65 22 27 

D.  Simulations  

Simulations were conducted with the CST MicroWaveStudio 

software (CST) [38], which is a well-known EM-propagation 

simulator that uses the finite integration technique. The basic idea of 

FIT is to predict radio propagation by solving the Maxwell’s equations 

in their integral form. Due to lack of the space, the corresponding 

Maxwell’s equations are not repeated here but they can be found e.g. 

in [28] and [38]. 

A layered human body tissue model of the chest area is used to 

evaluate the channel characteristics in the vicinity and inside the 

human body. The layer model, illustrated in Fig. 4a, consists of the 

following tissues: skin, fat, muscle, bone, cartilage, heart, blood 

vessel, lung, and anterior mediastinum (ant. med). For simplicity sake, 

the tissues are modeled as rectangular blocks. The size of the whole 

layer model cube is 22 cm x 13 cm x 12 cm. The thicknesses of the 

tissues are designed according to [12], as well as according to the x-

ray figure of the volunteer, with the aortic implant [33]. The dielectric 

properties for the different tissues were found in [39]. A simplified 

version of the aortic valve implant was modeled according to the 

material and dimension information provided in [34] and using the 

CST material library. This library provides enough materials 

properties for the valve modeling. The valve model was inserted in the 

heart layer of the tissue layer model so that the distance between the 

skin and valve is 7 cm, as in the Fig. 1b.  Furthermore, sternotomy 

wires with a thickness of 1 mm were modeled of steel material, and 

wrapped around the sternum layer rectangular. This way, the 

dimensions and materials of both layer model and implants are close 

to their real counterparts. For the reference case, a model without 

sternotomy wires and valve implant was also simulated.  

Next, the simulation parameters are briefly summarized. The 

simulations were conducted for the 0 - 8 GHz frequency bandwidth, 

with 2135 equally distributed frequency samples. Then number of 

mesh cells for the implant and non-implant models were 2.8*10 9 and 

1.1*109, respectively. Such a large amount of mesh cells require 

parallel processing of several cluster nodes. We had 13 cluster nodes 

with CPU type: Intel(R) Xeon(R) CPU E5-2640 v4. Despite of an 

efficient parallel processing, the simulation time for the implant model 

was 4 days.   

When carrying out EM-propagation computer simulations, it is 

essential to determine the boundary conditions properly and to define 

suitable and appropriate radiation environment for the model. CST 

provides several boundary condition options. Boundary condition 

“Open”, which extends the touching geometry virtually to infinity, 

was selected to faces 1-5 in the layer model cube (sides and the 

bottom) to avoid unintentional propagation via the sides, as shown in 

Fig. 4c. On  the face 6 of the layer model cube, i.e., above the skin 

layer and antennas, the boundary condition was set “Open add space,” 

which is similar to the “open” boundary condition but there is some 

extra space with distance ds added to enable to proper functionality of 

the antennas [38]. The parameter ds can be determined as an absolute 

distance or as the fraction of the wavelength  

𝑑𝑠 =
𝜆

𝑛
     (1) 

where n can be determined suitable for the simulation model [35].  In 

CST the default value for n=4 which is appropriate to our case as well 

[38]. For the rest of the simulation parameters, the default settings 

provided by the simulator are appropriate for our simulations case. 

Due to lack of the space, they are not discussed more in detail in this 

section, but they can be found in [38].  

The excitation signal, which was in this case is a pure sinusoid signal, 

is fed to the Tx antenna, whose location in the layer model is shown 

in Fig. 4. The simulator calculates and provides frequency domain 

results such as the reflection coefficients for Tx and Rx antennas, S11, 

and S22, respectively. Besides, the channel responses S12 and S21 

were also calculated.  The frequency domain channel response is 

further converted into time domain by using the inverse fast Fourier 

transform (IFFT) function in Matlab to obtain the impulse response. 

Furthermore, Matlab is used for calculating the propagation time for 

each of the various path options as well as the power loss for each 

path, as described in Section III. 

   
a)                                          b) 

 
c)  

Figure 4. Tissue layer model used in the simulations a) for the non-implanted 

case and b) for the implanted case, c) with boundary conditions selected. 

E. Measurements 

 Two sets of measurements were conducted in an anechoic chamber. 

For the first set, a Vector Network Analyzer (VNA) Rohde & Schwarz 

ZVA8 was used to measure within the 2-8 GHz frequency band. For 

the second set, a VNA 8720ES was used to measure within the 

frequency band 3.1-10.6 GHz. These frequency bands were chosen 

since UWB is one of the physical layer options selected for 

IEEE802.15.6 standard and medical monitoring devices could be 

designed to work within that portion of the UWB band. We also 

selected large bandwidths to get good time resolution in the 

evaluations. 

The antenna prototypes were connected to the VNA’s ports using 8 

m long Huber + Suhner SUCOFLEX 104PEA measurement cables. A 

proper calibration was performed before the measurements. The VNA 

was set to sweep 100 times for each scenario, collecting 1601 



 

 

frequency points for each measurement set. In the first measurement 

set, the frequency band was 2 - 8 GHz and the antenna distance was 

dA = 6.5 cm. Volunteers A (with implant) and B (without implant) 

participated in this measurement. In the second measurement set, 

volunteers A (with implant) and C (without implant) participated, the 

frequency band was 3.1 - 10.6 GHz and dA = 15 cm. In order to get the 

desired antenna-body distance, a 4 mm rohacell piece was set between 

the antenna and the human body.  

The measurements were conducted in the frequency domain to 

obtain radio channel’s frequency responses (S21 parameters), which 

were later transformed into time domain in Matlab using IFFT. Since 

the channel data is stored in the frequency domain, it will be possible 

to study impulse responses for different bandwidths and frequency 

ranges as the IFFT can be performed to the selected frequency band. 

III. NUMERICAL CALCULATIONS 

In this section, different path options for signal propagation within 

the human body tissues are introduced. In addition, numerical 

calculations for the propagation delays inside the human body are 

presented. In Subsection A we consider the asymmetric case with 

antenna separation distance of 6.5 cm and in Subsection B we consider 

the symmetric case with antenna separation distance of 15 cm. 

 

A. Asymmetric case with antenna distance 6.5 cm 

Fig. 2 in Section II illustrates the location of the antennas in a cross-

section view of the human body. The distances between the antennas 

and the aortic valve implant are approximately 7 cm and 9 cm, 

respectively. Next, we discuss the propagation path options from Tx 

to Rx antenna in the asymmetric case. 

The dielectric properties of human tissues have significant impact 

on how the EM signal propagates. These dielectric properties vary 

significantly with the frequency and the tissue type. Dielectric values 

for different human tissues can be found in [39]. When considering 

signal propagation in the asymmetric case, one option is to consider 

the most direct path from the Tx antenna towards the valve/wire and 

further towards the Rx antenna, as presented in [32]. Another option 

is to consider, which of the possible paths are the fastest for 

propagation, i.e. for which the calculated propagation time is the 

smallest. When determining the propagation time, we first calculate 

the propagation velocity as, 

𝑣 = 𝑓𝜆,     (2) 

where f is the frequency and is the wavelength in the tissue. Table II 

[39] summarizes the ’ s at the frequencies 2.5 GHz, 3.5 GHz, 5 GHz 

and 8 GHz for the tissues that are used in the propagation path options 

in this asymmetric case. Once we know the propagation velocity for 

each tissue, we can then calculate the propagation time td taking 

account the distance d that the signal travels in that tissue as 

𝑡𝑑 =
𝑑

𝑣
=

𝑑

𝑓𝜆
 .   (3) 

Table II.  Wavelengths for different tissues [39] 

Tissue Wavelength [m] 

2.5 GHz, 3.5 GHz, 5 GHz, 8 GHz 

Air 0.12,   0.086, 0.060, 0.037 

Aorta 0.018, 0.012, 0.009, 0.006 

Blood 0.015, 0.010, 0.010, 0.005 

Bone Marrow (sternum) 0.052, 0.036, 0.03, 0.02 

Cartilage 0.019, 0.012, 0.010, 0.007 

Heart 0.016, 0.098, 0.008, 0.0054 

Lung Deflated 0.017, 0.011, 0.0088, 0.0057 

Lung Inflated 0.026, 0.016, 0.013, 0.0088 

Muscle 0.016, 0.011, 0.008, 0.0012 

Skin dry 0.019, 0.012, 0.0099, 0.0064 

Fat 0.052, 0.044, 0.027, 0.017 

 

Next, we will describe propagation path options for the case of 

asymmetric antennas with separation distance 6.5 cm. Furthermore, 

we will calculate propagation time for each of these propagation path 

options. 

 

Path 1: Skin: In this path option, the propagation is assumed to 

travel only through the skin, i.e., antenna distance of 6.5 cm. Hence, 

the propagation time is at 2.5 GHz 

 𝑡𝑇𝑋𝑅𝑥 =
1

𝑓
(

6.5∙10−2m

19∙10−3m
) = 1.36 ns. (4) 

If there are medical wires in the sternum, part of the signal travels 

along the wires, as explained with details in [32-33]. The propagation 

speed is significantly higher in the wires and thus the propagation time 

is negligible compared to the propagation time in the tissues. For that 

case, the signal travels 5 cm in the skin until it reaches the wire, along 

which it travels until reaching the area of antenna, and from wire back 

on the skin surface and the antenna. In this case, the propagation time 

is 1.36 ns at 2.5 GHz. Similarly, the propagation times are calculated 

for the frequencies 3.5 GHz, 5 GHz, and 8 GHz, which are 

summarized in Table III.  

In the tables, the corresponding propagation path option through the 

wires are denoted as “_w”. For instance, Path 1 describes the 

propagation path in the case of no wires/implant (reference case) and 

the Path1_w describes the path option where there are sternotomy 

wires in the sternum (implanted case).  

Table II.  Wavelengths for different tissues [39] 

Tissue Wavelength [m] 

2.5 GHz, 3.5 GHz, 5 GHz, 8 GHz 

Air 0.12,   0.086, 0.060, 0.037 

Aorta 0.018, 0.012, 0.009, 0.006 

Blood 0.015, 0.010, 0.010, 0.005 

Bone Marrow (sternum) 0.052, 0.036, 0.03, 0.02 

Cartilage 0.019, 0.012, 0.010, 0.007 

Heart 0.016, 0.098, 0.008, 0.0054 

Lung Deflated 0.017, 0.011, 0.0088, 0.0057 

Lung Inflated 0.026, 0.016, 0.013, 0.0088 

Muscle 0.016, 0.011, 0.008, 0.0012 

Skin dry 0.019, 0.012, 0.0099, 0.0064 

Fat 0.052, 0.044, 0.027, 0.017 

 The Table III presents two propagation time values separated by slash 

(/) for each path option. The latter value is presented to ease the 

comparison between the calculated and measured results later in 

Section IV, since the value includes the delay of 0.3 ns due to cabling 

etc caused by the measurement setup. These values are presented in 

this section to avoid necessity to repeat the Table III in Section IV. 

Furthermore, one should note that the implanted case has both 

propagation options, i.e., the part of the signal propagates through 

normal propagation path options (Path X) and part through the wire 

option (Path X_w). Due to these additional propagation paths, the 

implanted case has usually more peaks visible in the impulse response.  

Path 2: Skin-sternum-skin: In this propagation option, the signal 

travels about 5 cm through the cartilage or the skin (which have almost 

same dielectric properties) until it hits the sternum. The propagation 

time for signal travelling 5 cm in the skin or the cartilage is 

 

𝑡𝑇𝑋𝑆𝑡𝑒𝑟𝑛𝑢𝑚 =
1

𝑓
(

5.0 ∙ 10−2m

19 ∙ 10−3m
) =

1

2.5 ∙ 109Hz

50

19
= 1.05 ns . (5) 



 

 

The average width of the sternum is about 3 cm with a thickness of 

about 1 cm.  The antenna is centered on the sternum.  The EM travels 

through the sternum towards the antenna for about 1.5 cm, and then 

passes through the fat and skin tissues reaching the Rx. The thickness 

of the fat and skin tissues on the sternum area assumed to be 0.6 cm 

and 0.15 cm (lean person), respectively according to [9]. Hence, the 

propagation time is calculated at 2.5 GHz 

𝑡𝑆𝑡𝑒𝑟.−𝑅𝑥 =
1

𝑓
(

1.5 ∙ 10−2m

52 ∙ 10−3m
) +

1

𝑓
(

1.5 ∙ 10−3m

19 ∙ 10−3m
) +

1

𝑓
(

6 ∙ 10−3m

52 ∙ 10−3m
)

= 0.19ns.                                                                            (6) 

The propagation time from Tx antenna to Rx antenna via the cartilage 

and sternum is then (using the values for 2.5 GHz) 

𝑡𝑇𝑥−𝑐𝑎𝑟𝑡𝑖𝑙𝑎𝑔𝑒−𝑠𝑡𝑒𝑟𝑛𝑢𝑚−𝑅𝑥 = 1.05 ns + 0.19 ns = 1.24 ns.               (7) 

In the presence of sternotomy wires, the part of the signal may travel 

through the wires. Hence, the propagation time is calculated taking 

into account the total distance in the skin (5.15 cm) and fat (0.6 cm) at 

2.5 GHz as 

𝑡𝑇𝑥−𝑅𝑥 =
1

𝑓
(

5.15 ∙ 10−2m

52 ∙ 10−3m
) +

1

𝑓
(

6 ∙ 10−3m

52 ∙ 10−3m
) = 1.1 𝑛𝑠. 

Similarly, the propagation time is calculated for the frequencies 3.5 

GHz, 5 GHz and 8 GHz, which are summarized in Table III. 

Path 3 Skin-fat-skin: In this path option, the signal travels through 

the skin (0.15 cm) layer reaching the fat layer, along which the signal 

travels about 6.5 cm. Then it travels through the skin layer again (0.15 

cm) and reaches the Rx. In the presence of the sternotomy wires, part 

of the signal propagates through the wires, which decreases the 

propagation time. In this case, the propagation time is around 0.52 ns 

and in the presence of wires only 0.44 ns. . As discussed in [5], fat is 

a good propagation channel for intra-body communications.  

 

Table III  

Propagation times [ns] for asymmetric case with antenna distance 6.5 cm. 

Frequency 2.5 GHz 3.5 GHz 5 GHz 8 GHz 

Path 1 1.34/1.64 1.33/1.63 1.31/1.61 1.27/1.57 

Path 1_w 1.08/1.38 1.06/1.36 1.04/1.34 1.02/1.32 

Path 2 1.27/1.57 1.23/1.53 1.22/1.52 1.11/1.41 

Path2w 1.11/1.41 1.11/1.41 1.09/1.39 1.05/1.35 

Path 3 0.56/0.86 0.55/0.85 0.54/0.84 0.53/0.83 

Path3_w 0.45/0.75 0.44/0.74 0.43/0.73 0.42/0.72 

Path 4 1.39/1.69 1.37/1.67 1.35/1.65 1.30/1.60 

Path 4w 1.37/1.67 1.36/1.66 1.33/1.63 1.29/1.59 

Path 5_D 
Path 5_I 

1.56/1.86 
1.32/1.62 

1.56/1.86 
1.30/1.70 

1.51/1.81 
1.30/1.70 

1.45/1.75 
1.23/1.53 

Path5w_D 

Path5w_I 

1.49/1.79 

1.24/1.54 

1.49/1.79 

1.22/1.52 

1.43/1.73 

1.21/1.51 

1.38/1.78 

1.16/1.46 

Path 6_D 3.03/3.33 2.97/3.27 2.92/3.32 2.81/3.11 

Path 6_I 2.87/3.17 2.83/3.13 2.76/3.06 2.65/2.95 

Path6w_D 

Path6w_I 

2.96/3.26 

2.79/3.09 

2.89/3.19 

2.75/3.05 

2.85/3.15 

2.69/2.99 

2.73/3.03 

2.58/2.88 

Path 4 Skin-fat-muscle-bone/wire-fat-skin: In this path option, the 

signal mainly travels through the ribs (5 cm). Naturally, the signal has 

to pass through the skin (0.15cm), fat (0.6cm), and muscle (0.5cm) 

layers before reaching the bones.  The propagation time would be 1.37 

ns at 3.5 GHz. In the presence of the wires, the propagation time would 

be 1.35 - 1.45 ns in the measured frequency band.  

Path 5 Skin-fat-muscle-lung-anterior mediastinum-bone/wire-fat-

skin: This propagation path option considers the main propagation 

through the lungs from Tx to Rx antenna. The distance travelled 

through the lungs is approximately 3 cm. After passing the lungs, the 

signal travel through the anterior mediastinum (1cm) reaching the 

sternum. The propagation time is 2.01 -2.39 ns depending if the lungs 

are inflated (I) or deflated (D). These abbreviations are used in the 

tables to clarify the propagation time as the lungs are inflated 

(Path5_I) or deflated (Path5_D). Also in this case, the signal passing 

through skin, fat, and muscle layers is also taken into account. In the 

presence of the wires, part of the signal travel via the wires whereas 

without the wires it will go through the sternum, fat and skin tissue 

before reaching the Rx antenna. Hence, the propagation distance 

without the wire option is 1.17 - 2.21 ns. 

Path 6 Skin-fat-muscle-lung-heart-valve-heart-anterior mediasti-

num-bone/wire-fat-skin: In [23]-[24], [32] it has been shown that 

titanium alloy based aortic valve implant has an impact on the channel 

characteristics. Here we consider the propagation path, which reflects 

from the valve. 

The most direct path from Tx to the valve travels through the skin, 

fat, muscle, bone, lung (2 cm) and heart (4 cm). The reflected signal 

goes back through the heart (4 cm), anterior mediastinum (1 cm), fat, 

and skin. Only the dimensions of the tissues, which differ from the 

previous cases, are marked. The propagation time, which is calculated 

similarly to the previous cases, is 3.38 ns in the case of deflated lungs 

and 3.20 ns in the case of inflated lungs. These both values are 

calculated just to emphasize the impact of the respiration on the 

propagation delays. Part of the signal may travel via the sternotomy 

wires instead of the sternum, which enhances the propagation. In that 

case the propagation time with the deflated and inflated lungs is 3.15 

ns and 2.98 ns, respectively.  

It should be noted that reflections from the medical wires may occur 

also from the wires above or below the antenna – not just in the nearest 

wires. The signal can travel along the wires horizontally but also 

vertically along the twisted ends of the wires. For instance, as the 

signal travels through muscles, it can propagate until the medical wire 

which is 2.5 cm below the antenna. From the wire it can continue 

upwards towards the Rx antenna so that it needs to travel via the 

sternum bone only 1.5 cm before reaching the Rx. In this case, the 

propagation time is only between 1.79 - 1.92 ns for the measured band. 

There is a reflection from the sternotomy wire which is 5 cm below 

the antenna, the corresponding propagation times is 2.0 - 2.2 ns. All 

these possible propagation paths can be seen as variation between the 

CIR samples. Thus, the variation between the samples is stronger with 

the implant case than with the non-implant case. 

A. Symmetric case with antenna distance 15 cm 

In the symmetric case, the Rx and Tx antennas are located on the 

chest symmetrically respect to the sternum as shown in Fig. 5 

providing more propagation options. The propagation path options are 

described in the following. 

Path 1 a) Skin- fat-muscle-cartilage-sternum/wires-muscle-fat-skin 

and b) Skin-sternum/wires-fat-skin. The propagation path option 1a 

consists of the route from Tx to Rx through the skin (0.15cm), fat (0.6 

cm), muscle (0.5 cm), cartilage (3 cm), sternum (3 cm), cartilage (3 

cm), muscle, fat and skin. The propagation velocities through the skin 

and through the cartilage are about the same and thus the propagation 

time for these path options are almost the same. The only difference 

comes from the fat tissue calculated only once in the case (a), whereas 

it needs to be multiplied by two if the signal goes until the cartilage 

tissue case (b). For the case (a), propagation times for the chosen 

bandwidth is 2.59 - 2.75 ns. For the case (b), it is 2.65 – 2.82 ns. In the 

presence of sternotomy wires, the signal may propagate via the wires 

instead of the sternum bone. In this case, the propagation times for the 

cases (a) and (b) are 2.37 – 2.53 ns and 2.43 - 2.60 ns, respectively. 

Path 2: Skin-fat-muscle-bone-cartilage-sternum-cartilage-bone-

muscle-fat-skin: In Path 2, the signal travels though the rib (4 cm 

bone), cartilage (2 cm), sternum (3 cm bone), cartilage (2 cm), and 



 

 

again the rib (4 cm bone). Since the signal travels through the skin, 

fat, and muscle tissues, their impact is also included in the total 

propagation time. The total propagation time will be 2.07 - 2.19 ns in 

the considered frequency band. As in the previous case, in the 

presence of the sternotomy wires, the signal may travel partly though 

the wires. In this case total propagation time is 1.28 - 1.40 ns.  

Path 3: Rib (4 cm bone), skin (3+ cm), sternum (3 cm bone), skin 

(3+ cm), rib (4 cm bone). Since the propagation velocity within the 

skin is about the same as within the cartilage, the overall propagation 

time for waves taking this path is about the same as for those in Path 

2. Similarly as in the case of Path 2, the medical wires may diminish 

the propagation time if part of the signal travels through the wires in 

the sternum. 

Path 4: Skin-fat-skin: In this propagation path option, the signal 

travels only through the fat layer (15 cm). Propagation time is 

surprisingly small, only roughly 1.0 ns. The presence of wires further 

diminishes the propagation time. 

Path 5: Skin-fat-muscle-lung-anterior mediastinum-bone/wire-fat-

skin: This propagation path option considers the propagation through 

the lungs from Tx to Rx antenna. The distance travelled through the 

lungs is approximately 2.5 cm/side, i.e., altogether 5.0 cm. After 

passing the lungs, the signal travels through anterior mediastinum (1 

cm) reaching the sternum and continues further through the anterior 

mediastinum and lungs on the right side of the chest. Then it 

propagates further until Rx antenna via muscle, fat and skin tissues. 

The propagation time is 1.55 - 2.12 ns depending on if the lungs are 

inflated or deflated. In the presence of the wires, part of the signal 

travels via the wires whereas without the wires it will go through the 

sternum, fat and skin tissue before reaching the Rx antenna. Hence, 

the propagation distance without the wire option is 1.33 - 1.56 ns. 

Path 6: Skin-fat-muscle-fat-skin: This option considers that signal 

travels through the muscles, which are between the ribs. In this case, 

the total propagation time consists of the time that takes to travel 

through skin (0.2 cm), fat (0.9 cm), muscle (6 cm), sternum (3 cm), 

muscle (6 cm), fat (0.9 cm) and skin (0.2 cm), resulting total 

propagation time 3.13 - 3.32 ns. In the presence of sternotomy wires, 

by which the signal can propagate instead of the sternum bone, the 

total propagation time would be 2.91 - 3.09 ns. 

Path 7: This propagation path option considers possible reflection 

from the aortic valve implant through the most direct way from the Tx 

antenna to the valve. As shown in Fig. 3, the signal would go through 

the skin, fat, muscle, lung (2.5 cm), and heart (4 cm), where it hits the 

titanium based ring of the valve structure and the part of the signal 

reflects towards Rx antenna through the heart, lungs, muscle, fat, and 

skin. The propagation time within the studied bandwidth is 3.33 -3.58 

ns in the case on deflated lungs and 2.92 – 3.17 ns with the inflated 

lungs. 

Path 8: This propagation path option considers the possible 

reflections from the aortic valve implant. In this case, a signal of the 

Tx-valve link is propagated through the aorta, since propagation 

velocity is relatively high in the blood and blood vessels. The valve-

Rx link is calculated similarly as in the previous path option since on 

the right side of the chest, the blood vessel does not reach the vicinity 

of the Rx-antenna and hence, the direct path is faster. Thus, the 

propagation path consists of skin, fat, muscle, lung (2 cm), blood (10.5 

cm), valve, heart (4 cm), lung (2 cm), muscle, fat, and skin. The total 

propagation times result to 3.41 - 3.65 ns in the case on deflated lungs 

and 3.1 - 3.34 ns in the case on inflated lung.  

In all intra-body paths, as the EM traverse the sternum they will 

interact with the sternotomy wires. This interaction will cause 

dispersion of the waves in several directions but also the wire array 

will store and release energy across time, i.e. like a solenoid being 

impacted by an EM wave. All this can be seen as a strong variation in 

the impulse responses. 

IV. MEASUREMENT RESULTS 

In this section, several measurement results are presented and 

compared to the propagation path calculations in order to verify the 

impact of the sternotomy wires and the aortic valve implant. First, we 

 

evaluated the delay due to the measurement setup (antennas, cabling, 

etc) by measuring the antennas at free-space in the anechoic chamber 

and comparing it with the free-space propagation calculation. For the 

case of the 15 cm separation, the line-of-sight (LOS) in the air 

propagation time from 𝑇𝑋to 𝑅𝑋 is  

𝑡𝑇𝑋𝑅𝑋
(𝐿𝑂𝑆) =

1

𝑓
(

15 ∙ 10−2m

86 ∙ 10−3m
) = 0.50 ns. 

When only the antennas (separated by 15 cm) are in the anechoic 

chamber, the signal at the receiver is shown in Fig. 5. The first peak 

arrives about 0.80 ns. The difference of 0.30 ns with the LOS epoch 

computed above is due to the delay introduced by the antenna system 

(including the cables) and the UWB pulse shape used [41]. This delay 

should be taken into account when discussing the calculations and 

results for other measurements described next and thus it was added 

for the propagation time values presented in Tables II and III in 

Section III. 

Table IV  

Propagation times [ns] in the symmetric with antenna distance 15 cm. 

Path/frequency 3,5 GHz 5 GHz 8 GHz 10 GHz 

Path 1a 

Path 1a_w 

Path 1b 
Path 1b_w 

2.75/3.05 

2.44/2.74 

2.82/3.12 
2.60/2.90 

2.72/3.02 

2.43/2.73 

2.79/3.09 
2.56/2.86 

2.67/2.97 

2.37/2.77 

2.73/3.03 
2.51/2.81 

2.59/2.89 

2.28/2.58 

2.65/2.95 
2.43/2.73 

Path 2&3 

Path 2&3w 

2.19/2.49 

1.40/1.70 

2.18/2.48 

1.34/1.74 

2.13/2.43 

1.32/1.72 

2.07/2.37 

1.28/1.58 

Path 4 1.22/1.52 1.20/1.50 1.18/1.48 1.15/1.45 

Path 4w 1.09/1.29 1.08/1.38 1.07/1.37 1.04/1.34 

Path 5_D 
Path 5_I 

2.11/2.41 
1.67/1.97 

2.12/2.42 
1.70/2.00 

2.00/2.30 
1.60/1.90 

1.93/2.23 
1.55/1.85 

Path5w_D 

Path5w_I 

1.89/2.19 

1.45/1.75 

1.81/2.11 

1.45/1.75 

1.74/2.04 

1.37/1.67 

1.71/2.01 

1.33/1.63 

Path 6 3.32/3.52 3.28/3.58 3.19/3.49 3.13/3.43 

Path6w 3.09/3.39 3.03/3.33 2.97/3.27 2.91/3.21 

Path 7_D 3.58/3.88 3.46/3.76 3.45/3.75 3.30/3.70 

Path 7_I 3.17/3.47 3.12/3.42 3.05/3.35 2.92/3.22 

Path 8_D 3.68/3.98 3.65/3.95 3.51/3.81 3.41/3.71 

Path 8_I 3.33/3.53 3.34/3.64 3.21/3.51 3.10/3.40 

 
Figure 5. Impulse response of the loop antennas in the anechoic chamber with 

the antenna distance 15 cm. 

A. Antenna separation distance 6.5 cm 

In [29], we showed several impulse responses for this measurement 

scenario. In this paper, some of them are repeated for clarity since new 

analysis and discussion about the results are presented.  



 

 

First, we study the channel impulse responses with the SkyCross 

antenna having the separation distance is 6.5 cm. Figs. 6a-b [32] 

present the comparison between the impulse responses with implanted 

and non-implanted volunteers, respectively.  

For both cases, the main peak arrives at the same time, approximately 

0.5 ns. This is the line-of-sight propagation peak. At time instant 1 ns 

the second peak arrives for both cases, which is assumed to be the 

signal propagation via creeping waves. The main peak is quite wide - 

it reaches up to 0.8 ns. The reason for this is that the propagation signal 

which travels through the fat layer, arrives already at this time range, 

as calculated in Section III for Path 3. 

There are variations in the timing and strength of the peaks for 

several reasons: the propagation time is different for different 

frequencies and also breathing has an impact. Besides, on the case of 

the volunteer with sternotomy wires and aortic valve implant, there 

are reflections from the several wires and also from the implant, which 

all cause variation in the channel responses, as discussed earlier. 

When we study the channel impulse responses of the implanted and 

non-implanted cases in Figs 6a-b, we see that in both cases there are 

visible peaks after 1.6 ns. These correspond to the propagation Path 1 

described in Section III. Instead, the response strength is high around 

1.3 ns only in the case of implanted volunteer, since for Path 1, the 

propagation is further enhanced if there are wires in the sternum. Also 

for these cases, propagation calculations for paths 2, 4, and 5 shows 

that there should be signals arriving around 1.6 ns for non-implant and 

around 1.2 - 1.3 ns for implanted cases. Thus, in the time slot 1.5 - 1.9 

ns there are variations between the CIR samples because according to 

the calculations, propagation time for several path options coincides 

in this time slot.   

As discussed in Section III the reflections from the other loop wires 

will arrive around 1.79 -1.92 ns (2.5 cm away from the antennas) and 

2.0 ns -2.2 ns (5.0 cm away from the antennas). When the 0.30 ns 

delay is included, we will get 1.99 - 2.12 ns and 2.3 - 2.5 ns. These 

peaks can also be seen in the impulse responses of the implanted 

volunteer’s data.  

Furthermore, peaks due to the reflection from the aortic valve (Path 

6) can be seen from the time instant around 2.7 - 3.3 ns. At that time 

instant, the channel is attenuated strongly, though still clearly visible. 

There are variations between the arriving time and strength depending 

on the respiration (signal travel partially through the lungs) and the 

path option.  

.  

a)                                                             b) 

Figure 6. Impulse responses with the SkyCross antenna for a) implanted and 

b) non-implanted volunteer’s cases [32]. 

Next, we study the impulse responses with 3D plots and contours 

plots, which clearly illustrate/visualize the variations between the 

impulse response samples from both the implant and non-implant 

cases, in more details. Fig. 7 a-b illustrates the 3D plots and contour 

plots with SkyCross antenna for the implanted volunteer, respectively. 

Figs. 7c-d illustrates the 3D and contour plots with SkyCross antenna 

for the non-implanted volunteer, respectively. These 3D plots 

illustrate the attenuation profile of the channel and the rough variation 

between the CIR samples. The additional peak line due to the 

reflections from the sternotomy wires is evident. Besides, the peak line 

caused by the reflections from the aortic valve implant is noticeable.  

However, these differences can be seen more clearly in the contour 

plots presented below the 3D plots. Comparing the contour plots of 

the implanted and non-implanted volunteer’s cases at the time instant 

of 1.3 ns, we can note clear differences. For the non-implanted case, 

there is just a few contour lines whereas for the implanted case there 

are several lines representing steep changes in the impulse responses. 

Similarly, at the time instant of 2.5 ns, which corresponds to the time 

instant for the reflections from the further loop wires, the difference 

between the contour plots of implanted and non-implanted cases is 

noticeably. For the non-implant case, there are almost no lines on that 

area whereas for the implant case, there are several contours lines 

whose density varies within the samples. Similarly, the reflections due 

to the valve around 3.0 ns is clearly seen. 

 

a)  

 



 

 

b)  

Figure 7. 3D plot and contours of the impulse responses obtained with 

SkyCross antenna a) with implanted volunteer, b) non-implanted volunteer. 

B. Antenna separation distance 15 cm 

Next, we will evaluate the impact of the medical wires and the aortic 

implant for the case with antenna separation distance 15 cm. Figures 

9-10 present all the impulse response samples obtained with the 

volunteer A (implanted) and with volunteer C (no implant), 

respectively. Since the variation between the impulse response 

samples is large, the mean over all the impulse responses is also 

plotted in the figures. For the implanted and non-implanted 

volunteer’s case dash-dot black line and blue solid line are used, 

respectively. As it can be noted, especially in the case of the implanted 

volunteer, averaging operation diminishes some of the peaks.  

For both cases, the main peak arrives at the same time, 

approximately at 0.8 ns, which is the line-of-sight propagation peak. 

The main peak is followed by creeping waves as well as the fast 

propagation through the fat tissue (Path 4). The peaks due to the Path 

4 and Path4_w can clearly be seen around 1.5 ns and 1.3 ns, 

respectively. 

According to the calculation presented for the symmetric case in 

Section III, waves via Path 1 should arrive at time instants 2.59 - 2.82 

ns. For this case, we need to add 0.30 ns due to the cabling delays, 

antennas setup, etc., resulting on instants 2,89 ns - 3.12 ns, including 

both cases a and b. The effect of this path option can be clearly seen 

in the impulses responses of the volunteers A (with implant) and B 

(without the implant) since there is an obvious peak in those epochs. 

There are variations in the attenuation and timing between the 

samples, especially in the CIR of the volunteer A. Furthermore, in the 

impulse responses of the implanted volunteer we can see strong 

variations at time instants 2.58 - 2.90 ns which correspond to the cases 

a) and b) as the signal propagates partly through the wires.  

Furthermore, as described in the subsection about the antenna 

distance of 6.5 cm, there are also reflections from further away 

sternotomy wires and the signal can also propagate through the wires 

vertically. For instance, the signal that passes along the wires that are 

2.5 cm above/below the antennas, arrive at the receiver approximately 

3.1-3.4 ns.  According to the calculations presented in Section III, Path 

2 and Path 3 should arrive approximately at the time instant 2.5 ns 

when the 0.30 ns delay is included. This is also clearly seen in all the 

impulse responses. In the presence of the wires, the propagation is 

enhanced with the signals arriving within 1.58 - 1.70 ns, which can be 

seen as strong variation in the impulse responses samples. In addition, 

Path 6 is clearly noted on the CIRs at the time instant approximately 

3 ns in both cases. Also for the case of the implanted volunteer there 

are waves arriving slightly earlier due to the propagation path via the 

wires. 

In the impulse responses of the implanted volunteer and non-

implanted volunteer, there is a clear peak with strong variations at the 

time instant of approximately 2 ns. This is due to Path 4, i.e., 

propagation through lungs. The strong variation between the samples 

is due to the respiration, since the propagation time difference between 

deflated and inflated lungs is remarkable, as can be seen from Table 

IV. In the presence of the sternotomy wires, the propagation time is 

1.33 - 1.89 ns depending on the frequency and respiration rate. In 

general, the variation between the CIR samples is stronger for the 

implanted case since in this period several waves arrive via different 

wired paths. 

Next, we study the reflection from the aortic valve implant in the 

case of Path 7.  According to the propagation path calculations 

presented in Section III, the signal reflected from the valve should 

arrive in the cases of inflated and deflated lungs at times instants 3.22 

- 3.47 ns and 3.70 - 3.88 ns, respectively. When we compare these 

results with the impulse responses obtained with the implant volunteer 

and non-implant volunteer shown in Figs 8-9, we can see the 

differences at these time slots. For the implanted case, we can see 

peaks and strong variation between the impulse responses on these 

time instants, since there can be several reflections from the different 

parts of the valve. Besides, the movements of the valve cause 

variations on the propagation. On the other hand, the impulse 

responses of the non-implanted case are very smooth and there is 

minimal variation between the impulse response samples. As one can 

note, the channel strongly attenuates the signals at these time instants 

due to a relatively large distance from the antenna, though some small 

peaks are seen. Furthermore, it should be noted, that averaged impulse 

response does not describe the channel characteristics for the 

implanted case very well since it is relatively flat on these time 

instants.  

For Path 8 (partly through the blood vessels), the signal arrives 

around 3.4 - 4 ns. However, the channel is strongly attenuated at these 

time instants, especially for the case of dipole antennas. 

 Finally, these variations are studied with the 3D plots and contour 

plots presented in Figure 10a for implanted volunteer and in Figure 

10b for the non-implanted volunteer in more details. 

 As it can be seen, peak lines of the non-implanted volunteer case 

are smoother; there is less variation between the CIR samples. With 

the implanted volunteer, the variation is remarkable, especially in the 

time slots where impact of the sternotomy wires and the aortic valve 

implant can be seen (2 ns, 3 ns, 3.5 ns, 4ns). As discussed earlier, the 

systematic variation between the samples in the time instants that 

correspond to the impact of the sternotomy wires is explained by the 

assumption the wire array will store and release energy across time, 

i.e. like a solenoid being impacted by an EM wave. 

 

   
 a)                                                              b) 

Figure 8. Impulse responses for a) the implanted volunteer and b) the non-

implant volunteer with the loop antenna. 

 



 

 

     
a)                                                            b) 

Figure 9. Impulse responses for a) the implanted volunteer and b) non-

implanted volunteer with the dipole antenna. 

 

 

 
 

 
Figure 10. 3D plot and contours the impulse responses obtained with loop 

antenna a) with implanted volunteer, b) non-implanted volunteer. 

 

When comparing the measurement results obtained with the 

symmetric antenna layout to the asymmetric antenna layout results in 

[33], both cases having 15 cm antenna separation, we can see that the 

impact of sternotomy wires is stronger in the symmetric case. The 

variation between the measured samples at the time instant where the 

impact of sternotomy wires should be seen,  is stronger in the 

symmetric than in the asymmetric case. This is understandable since 

the signal travels longer way through the wires in the symmetric case. 

Also the wires above and below the antenna line can have more effect 

in the symmetric case.  

The impact of sternotomy wires and aortic valve implant is clearly 

visible even with the antennas designed for on- and off-body 

communications, for which the radiation pattern is preferably 

outwards from the body. With the antennas designed for intra-body 

communications, in which the antenna radiation is towards the body, 

the impact would be stronger.  

In the measurement studies, one challenge is the inter-subject 

variability, which may have strong impact on the differences between 

the channel responses of different volunteers. For instance, there is a 

level of differences for the main peaks, shape of the main peak etc. 

These are commonly known uncertainties in the measurements, as 

discussed e.g. in [41]. Despite of these inter-subject variabilities, one 

can note a consistent difference between the implanted and non-

implanted cases at time instants that correspond to propagation path 

calculations. In order to study pure impact of aortic valve implant and 

sternotomy wires on the channel characteristics, we conduct 

simulations with a layer model with and without the implants. The 

results are presented in Section V. 

V. SIMULATION RESULTS 

Simulation results for the tissue layer model introduced in Section 

II are presented in this section. The results are verified with numerical 

calculations and measurement data. 

Figures 11 (a) and (b) show the impulse responses obtained for the 

layer model with a valve implant and sternotomy wires (black solid 

line) and the reference layer model without any implants (blue dashed 

line)  . Figure 11 (a) is for the loop antenna (a) and Figure 11 (b) is for 

the dipole antenna. First, we consider the case with the loop antenna. 

When comparing the impulse responses of implanted and non-

implanted cases, we notice that the main peaks are at the same level 

but there are changes in the strength and timing of the following side 

peaks. As explained earlier, the sternotomy wires store and release 

energy due to their loop form. This phenomenon can be seen at the 

time instant 0.7 ns - 1 ns where the simulated CIR of the non-

implanted layer model is higher than that of the implanted layer 



 

 

models. The energy of the loops is released later, for the first time 

around 1.1 ns - 1.5 ns. Besides, at the time instant 1.1 ns, appears the 

additional peak due to the faster propagation in the wires (Path2_w), 

which will be summed to the energy released from the wire loops. 

Thus, the level of the CIR is significantly higher at time range 1.1 ns 

- 1.2 ns with the implanted than with the non-implanted case. Next  

side peak common to both cases arrives at time instant 1.3ns, which 

corresponds to propagation path option Path_2 (propagation through 

skin).  One can note that the peak of the implanted layer model is 

slightly smaller than that of the non-implanted case because part of the 

signal has propagated through the wires. Paths 4 and 5 both appear 

around 1.5 ns. As discussed earlier, the impact of the wires 

below/above antennas can be seen around 1.7 ns and 2.2 ns, which are 

clearly visible in the simulated impulse responses. Furthermore, the 

impact of the aortic valve appears for the first time at 2.4 ns (Path 6), 

which is visible in the impulse response as well. The level of the peak 

is low since the signal reflected from the aortic valve implant is 

strongly attenuated. In general, the difference between the implanted 

and non-implanted cases varies between 5 dB - 17 dB within the time 

range corresponding to the relevant propagation paths. 

Similar tendency can be found in the impulse responses obtained 

using a dipole antenna as shown in Figure 11 (b). The impact of the 

sternotomy wires and the aortic valve implant can be seen in the same 

time ranges as with the loop antenna. However, the impact of the 

sternotomy wires is clearest around 2 ns. Besides, the impact of aortic 

valve implant is weaker than with the loop antenna. This is assumed 

to be due to different radiation patterns close to the human body [35]. 

Next, the propagation path options are validated by calculating the 

power loss for each path. The calculation is based an extension of the 

algorithm that includes lossy media proposed by Orfanides [40]. Due 

to lack of the space, the power losses for each path is only summarized 

in Table V. One should note that power loss is calculated for each path 

option separately, i.e., all the transmitted power is directed to the 

evaluated path option. In this way, different propagation path options 

are compared equally. However, in the measurements or in the CST 

simulations, the transmitted energy is spread for all the directions 

taking into account the antenna radiation pattern at each frequency. 

Thus, these power loss results cannot be compared directly with the 

peak levels of the simulated and measured data. 

a)  b)  

Figure 11 (a) and (b). Channel impulse responses for the implanted case and 

non-implanted case using a) loop antenna and b) dipole antenna. 

As one can see from Table V, power loss for different path options 

varies depending on the tissues of the path option as well as on the 

frequency. For most of the path options, the power loss is close to 30 

dB at 2.5 GHz and around 100 dB at 8 GHz. Propagation through the 

fat layer makes an exception: the power loss is only 12 dB at 2.5 GHz 

and only 38 dB at 8 GHz. As a comparison, the power loss for skin at 

8 GHz is 117 dB. Thus, most of the signal arriving to Rx through the 

tissues is from the lower frequency band. Fat layer seems to be the 

only possible propagation path option at higher frequencies. 

Table V Power loss for each of the path option in [dB] 

Path option / frequency 2.5 GHz 3.5 GHz 5 GHz 8 GHz 

Path 1 31.91 41.45 60.12 111.74 

Path1w 26.02 33.35 47.69 87.35 

Path 2 30.27 36.74 56.83 100.78 

Path 2_w 26.15 36.68 54.80 95.92 

Path 3 12.68 17.34 24.41 37.57 

Path3_w 12.37 16.66 22.19 32.53 

Path 4 27.55 43.94 68.62 115.49 

Path 4w 26.59 42.62 68.11 117.13 

Path 5 29.18 63.54 97.03 176.71 

Path5w 23.94 62.19 98.43 174.94 

Path 6 68.64 96.81 147.06 269.38 

Path 6_w 63.63 95.17 102.57 193.49 

 

VI. CONCLUSIONS 

In this paper, we have presented a study on the impact of sternotomy 

wires and aortic valve implant on the radio channel characteristics, 

within the human body, by studying intra-body propagations in the 

vicinity of on-body antennas. Propagation path calculations are 

compared with measurement data obtained from a volunteer that has 

sternotomy wires and an aortic valve implant as well as reference 

volunteers without any implants. Furthermore, the impact is studied 

using a tissue layer models designed according to the dimensions of 

the implanted volunteer.  

The correspondence between the propagation path calculations and 

measurement data is clear; there are peaks in the radio channel impulse 

response at the epochs that correspond to the calculated arrival times 

of propagation paths. Sternotomy wires and the aortic valve implant 

cause additional peaks in the channel impulse response as well as 

stronger variation between consecutive channels. Additionally, the 

simulation results obtained with a tissue layer model with and without 

wires and implant clearly emphasize the impact of the sternotomy 

wires and aortic valve implant on the channel impulse response. The 

strongest impact is due to the sternotomy wires, which are close to the 

skin surface and hence close to the antennas. The impact of the aortic 

valve implant is weaker since the valve is located deep inside the body 

(approximately 7 cm from the body surface for an average size adult) 

and the signal reflected from the valve, is strongly attenuated. 

However, one should note that in this study case we have used 

antennas designed for on- and off-body communication. With 

antennas designed for intra-body communications, the impact of the 

sternotomy wires and aortic valve implant will be even more 

significant. 

Knowledge about the impact of the sternotomy wires and aortic 

valve implant is important and should be taking into account when 

designing on-body monitoring devices. Especially the location of the 

Tx and Rx antennas should be planned carefully to avoid multipath 

interference. The closer the Tx and Rx antennas are to each other, the 

stronger is the impact. Particularly the sternotomy wires could cause 

interfering additional peaks on the impulse response since they are 

located close to the skin. As discussed in the Section IV, the impact of 

the sternotomy wires is more significant if the antennas are located 

symmetrically respect to the sternum. Our future target is to study in 

more detail the impact of medical wires and implants on the channel 

characteristics with different antenna locations and antenna types.  

Furthermore, one of our aims is to find antenna locations in which the 

valve implant has the strongest impact on the channel characteristics. 



 

 

Our assumption is that with appropriate antenna locations and highly 

directive on-body antennas designed for intra-body communication, 

even the valve movements could be detected during the heartbeat 

period. This knowledge may be utilized in the design of a monitoring 

device observing the functionality of the valve. 
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