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ABSTRACT This paper presents a comprehensive study on the impact of the sternotomy wires on the
characteristics of ultra wideband (UWB) radio propagation channel in the human chest area. The study is
conducted using two simulation models: a planar layer model and a three-dimensional elliptical layer model.
The study includes antennas designed for on-body and in-body communications. Furthermore, the measured
data and propagation path calculations are presented to verify the simulation results. The main purpose is
to show how the steel wires affect the on-body channel characteristics and in-body propagation within the
tissues when the monitoring antennas are located in close vicinity of the human body. The study is conducted
by evaluating: 1) channel characteristics in both frequency and time domains; 2) 2D power flow figures; and
3) Poynting vector values. Furthermore, the impact of the fat layer thickness on the visibility of sternotomy
wires is studied. Moreover, the impact of sternotomy wires is studied for the case of the recently operated
patient, for which the sternotomy wires are on the sternum bone surface, as well as for the case where the
sternotomy wires are embedded into the sternum bone. It is found that sternotomy wires have a clear impact
on the channel. The strength of the impact depends on the antenna types used by the monitoring devices,
the thickness of the fat layer in the sternum area, and whether the sternotomy wires are on the sternum
surface or whether they have already been embedded on the sternum as it happens with time.

INDEX TERMS In-body propagation, medical implants, monitoring device, radio channel, sternum closure
method, wireless body area networks.

I. INTRODUCTION
There is an increasing trend for using remotely accessible
medical monitoring devices due to the ease and cost effi-
ciency of their improved capabilities for a long term mon-
itoring [1]–[5]. A proper design of these devices requires
good knowledge of the propagation and radio channel char-
acteristics in the vicinity of the human body. Thus, wireless
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body area network (WBAN) channel characteristics, both
on-body and in-body, have been studied intensively in past
years [6]–[31].

Recently, in-body communications and especially implant
communications have attracted a great deal of attention.
Numerous channel models have been presented to describe
in-body channel characteristics. Studies about the chan-
nel characteristics between the on-body antenna and the
implant or between the implants have been in the scope of
e.g. [19]–[24].
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However, very few works have been reported on how the
radio channel characteristics can be affected by the impact
of medical implants or the other medical materials left in the
body after the surgery, such as medical wires, staples, and
bands [32]. In-body materials can have significant impact on
the channel characteristics, since they often contain highly
conductivematerials, such as titanium and steel. Besides, they
are located close to the skin and close to the on-body antennas
and sensor nodes, which may increase the impact remarkably.

Taparugssanagorn et al. [30] firstly investigated a
measurement-based study on the impact of the aortic
valve implant on the channel characteristics, presented
in [30], which was followed by others [33]–[35]. Especially
Särestöniemi et al. [34], [35] reported a pioneering mea-
surement based study on the evaluation of the impact of
sternotomy wires on the ultra wideband (UWB) on-body
channel characteristics. The propagation path calculations
andmeasured data have showed that the sternotomywires can
cause additional peaks in impulse responses. These additional
peaks may interfere monitoring devices, whose antennas are
located on the sternum area. Moreover, a simulation based
study on the impact of the sternotomy wires was presented
for the first time in [36]. The simulation results confirmed the
impact of the sternotomy wires clearly: the additional peaks
in the (impulse response) IR appear in the same time instants
as found in the measurements

The main contribution of this paper is to present a compre-
hensive study on the impact of the sternotomy wires on the
UWB radio channel characteristics and verify the simulation
results with measured data and propagation path calculations.
The simulator is based on the finite integration technique
(FIT), which is known to be among the best techniques
in the propagation prediction in the vicinity of the human
body [37], [38]. Several study cases are evaluated to see the
impact of the sternotomy wires. Two different layer models,
two different antennas, and several antenna locations are
evaluated in this study. The impact of the sternotomy wires is
evaluated with the simulation models illustrating a recently-
operated case (where the wires are on the sternum surface) as
well as cases when the wires are partially or totally embedded
in the sternum. The cases of underweight and overweight
persons are modeled by the thickness of the fat layer in the
simulation model. Moreover, it is shown that there is a clear
correspondence between the measurement and simulation
results – especially when using a more realistic elliptical
model which has been designed to take into account the body
shape of the volunteer assisted in the measurements.

This paper is organized as follows: Section II describes the
study case. Section III summarizes the numerical calculations
used in this study. Section IV presents the simulation and
measurement channel results obtained using the loop antenna
and SectionV presents the simulation results using the cavity-
backed low-UWB antenna. Section VI covers the power flow
and Poynting vector evaluationswith thewired and non-wired
simulation model. The summary and conclusion are given
in Section VI.

FIGURE 1. Sternotomy wires and antenna locations on the human chest.

FIGURE 2. (a) Loop antenna (b) cavity-backed UWB antenna.

II. STUDY CASE
A. STERNOTOMY WIRES
In a chest-opening surgery, sternotomy wiring is the most
commonly used technique in the sternum closing. Here, the
sternotomy wires are assumed to be made from steel and with
a width of 1 mm. As shown in Figure 1, sternotomy wires
are wrapped around the sternum. The distance between the
sternotomy wires is approximately 2.5 cm but it depends on
the area of the sternum where the wires are located [32]. The
sternotomy wires are basically on the sternum bone surface.
But over the time they are gradually getting embedded inside
the sternum bone [32], which changes their impact on the
channel characteristics.

B. ANTENNAS AND ANTENNA LOCATIONS
In this study, we use two types of on-body antennas. The
first one is a loop antenna, shown in Fig. 2a, which is intro-
duced in [39]. The loop antenna is designed for on-on and
on-off body communications with the −10 dB impedance
bandwidth of 3.1-10 GHz. The second one is a cavity backed
UWB antenna, shown in Fig. 2b, which was introduced
in [40]. It is designed for in-on body communications for the
frequency band 3.75-4.25 GHz.

In the simulation model, the transmitter antenna (Tx) is
located on the sternum whereas the receiver antenna (Rx) is
located on the left side of the chest. Three different antenna
separation distances are evaluated: 6.5 cm, 10 cm, and 15 cm,
which all are realistic antenna separation distances of an on-
body monitoring devices. The main difference of two antenna
types is that a loop antenna is an omni-directional whereas the
cavity-backed antenna is a directional.
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FIGURE 3. (a) Planar tissue layer model and (b) elliptical tissue layer
model.

C. SIMULATION MODELS
Simulations were conducted with the 3D electromagnetic
simulation tool CST MicroWaveStudio software (CST) [41],
which uses the finite integration technique. The basic idea
of FIT is to predict the radio propagation by solving the
Maxwell’s equations in their integral form. Due to lack of the
space, these equations are not repeated here but they can be
found, e.g., in [41].

The simulations were conducted using a planar layer
model, which was used in the study cases of [35] and [36].
In addition, an elliptical tissue layer model designed for the
sternotomy wire area is presented and used in the evalua-
tions. The planar and elliptical layer models are presented
in Figs. 3a-b, respectively. The layermodels consist of the fol-
lowing tissues: skin, fat, muscle, bone, cartilage (cart.), heart,
blood vessel, lung, and anterior mediastinum (ant. med).The
layer thicknesses, which are summarized in Table 1, are
determined according to [19], as well as according to the
x-ray images of the volunteer, with the sternotomywires [35].
In addition, Table 1 also includes width of the tissues which
are smaller than the width of the simulation model. The
dielectric properties for the different tissues are presented
in [42]. In this study case, the transmitter antenna (Tx) is
located on the sternum and the receiver antenna (Rx) on the
left chest.

TABLE 1. Dimensions of the tissues in the simulation models.

The simulation were carried out for 0-8 GHz frequency
band. The boundary conditions of insulation were set on
the sides, top surface and bottom surfaces in the simulation
model. Details of the simulation parameters and boundary
conditions are explained in [34].

III. NUMERICAL CALCULATIONS
In this section, the procedure for the calculation of the cer-
tain antenna locations is reviewed; this procedure has been
detailed in [35], [36]. Furthermore, Poynting vector calcula-
tions [43] are introduced to evaluate the power flow in the
determined areas in the simulation model.

A. PROPAGATION PATHS
The propagation paths are presented for asymmetric
(with respect to the sternum) antenna location at antenna
separation distance 10 cm. Propagation paths are calculated
for 6.5 cm and 15 cm asymmetric cases in [35], [36]. As dis-
cussed in [35], the propagation time is calculated taking into
account the frequency f, the distance d that the signal travels
through tissue, and the wavelength in the tissue λ as

td =
d
v
=

d
f λ

(1)

The propagation time is calculated for each layer where the
propagation distance is calculated differently depending on
the propagation path. Furthermore, note that the implanted
case has both propagation options, i.e., (1) the part of the sig-
nal propagates through the normal propagation path options
(Path X) and (2) the part through the wire option (Path X_w).
Due to these additional propagation paths, the implanted
case usually has more peaks visible in the impulse response.
Five main propagation paths are summarized in Table 2.
Dimension d is marked only if they change from the values
presented in Table 1 of the previous section. If the tissue layer
is writtenwith the capitalized first letter in Table 2, e.g., ‘‘Skin
(10 cm)’’, it means that on the propagation path the signal
travels in the horizontal direction (x-axis), i.e., along the skin
tissue for 10 cm distance. If the tissue is written with a non-
capitalized first letter in Table 2, e.g., ‘‘skin’’, it means that the
signal just travels through the tissue (y-axis) for the distance
presented in Table 1.
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TABLE 2. Propagation paths as the antenna distance is 10 CM.

B. COMPLEX POYNTING VECTOR CALCULATION
The average power flow density of interest here, Sav, is related
to the complex Poynting vector S as

Sav =
1
2
<(S) =

1
2
<

(
E×H∗

)
(2)

where E and H are the electric and the magnetic field inten-
sity [43]. The CST simulator provides (x, y, z) three dimen-
sional values for the electric and magnetic fields separately in
the determined probe points, which are then used to calculate
the average power flow.

IV. LOOP ANTENNA EVALUATIONS
A. ASYMMETRIC CASE, ANTENNA SEPARATION
DISTANCE 10 CM
In this section, the impact of the sternotomy wires is eval-
uated using a loop antenna, whose properties are suitable
for on- and off-body communications. Firstly, the impact is
evaluated in the frequency domain by studying the reflection
coefficients in the wired and non-wired case as the antenna
separation distance is 10 cm. In this study case, the reflection
coefficients S11s are related to the Tx antenna and S22s to
the Rx antenna.

Figs. 4a-b present the simulated S11 for wired and non-
wired cases obtained using the planar layer model and ellip-
tical model, respectively. As one can note, the vicinity of
the wires changes the antenna reflection coefficients, which
can be seen in both simulation models: there are some
small differences between S11s of wired and non-wired
cases. Instead, as shown from Figs. 5a-b, S22 are same
for both models since the wires are enough far from the
Rx antenna and hence, their impact is ignorable. Furthermore,
we can see small differences in the frequency domain channel

FIGURE 4. Simulated S11s for wired and non-wired cases obtained using
(a) the planar and (b) the elliptical model as the antenna separation
distance is 10 cm.

parameters S21s within the simulated frequency band, as pre-
sented for the planar and elliptical models in Figs. 6a-b,
respectively. Instead, the differences between the wired and
non-wired cases are more significant in time domain chan-
nel calculations, as shown for planar and elliptical models
in Figs. 7a-b, respectively. As presented in [36], the wires
cause additional peaks or stronger side peaks in the impulse
response in the time instant equivalent with the propagation
path calculations. As presented with the propagation calcula-
tions in the previous section, impact of the sternotomy wires
should be visible at the time instants starting from 0.65 ns
(Path2) and continuing until 1.7 ns (Path5). For Paths 2 and 5,
the difference between the wired and non-wired cases is
negligible. The largest difference can be seen in the side peaks
followed by the main peak (Paths 3 and 4): the difference
can be up to 15 dB. For the practical scenarios, e.g., for an
on-body monitoring device, the additional impulse response
peak around 1 ns could cause some interference, since the
level of the side peak is only 6 dB lower than the main peak.

The difference between the wired and non-wired cases is
more significant with the elliptical model than with the planar
model. Since the elliptical model corresponds to a more
realistic scenario, the results presented in Figs. 7a and 7b
are assumed to be closer to the reality. Next, we will ver-
ify the simulation results obtained with both models to the
measurement data presented in [34], [36]. However, it should
be noted that the implanted volunteer, who participated in the
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FIGURE 5. Simulated S22s for wired and non-wired cases obtained using
(a) the planar and (b) the elliptical model as the antenna separation
distance is 10 cm.

FIGURE 6. Simulated S21s for wired and non-wired cases obtained using
(a) the planar and (b) the elliptical model as the antenna separation
distance is 10 cm.

measurements, had his operation decades ago. Thus his wires
are completely embedded in the sternum. Before comparing
the simulation and measurement results, we will evaluate the

FIGURE 7. SImulated impulse responses for wired and non-wired cases
obtained using (a) the planar and (b) the elliptical model as the antenna
separation distance is 10 cm.

impact of embedding the sternotomy wires in the following
section.

B. IMPACT OF EMBEDDED STERNOTOMY WIRES
Until now, the impact of the sternotomy wires have been
evaluated in the case of recently operated patient, i.e., as
the sternotomy wires are on the sternum bone surface. Over
the years, the sternotomy wires become embedded in the
sternum. Next, we will model the impact of embedded ster-
notomy wires on the channel characteristics.

The embedded sternotomy wires are modeled by widen-
ing the sternum so that the wires sink inside the sternum,
i.e., the sternum is slightly larger than in the original case.
For the elliptical model, we also evaluated the case, when
the sternotomy wires are only partially embedded, i.e., the
twisted ends of the wires are visible. These three different
sternum wire models are presented in Figs. 8a-c. The impulse
responses obtained with these three different wire models are
presented in Fig. 9. For the comparison, the IRs of the non-
wired original and larger size sternum models are included in
the figure. As one can see, there is a clear difference whether
the wires are embedded partially or totally in the sternum
starting from 1.2 ns onwards. The difference can be even
several decibels. Interestingly, the impact of the sternotomy
wires is most significant in the case of partially embedded
wires: the IR’s side peak at the time instant of 1.35 ns is
approximately 5 dB higher than that of the fully buried wires.

74674 VOLUME 7, 2019
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FIGURE 8. Sternum wire models used in this study: (a) wires on the
sternum surface, (b) wires partially embedded, and (c) wires completely
embedded.

FIGURE 9. Simulated impulse responses in the cases when the wires are
on the sternum surface (recently operated case), partially
embedded or totally embedded in the sternum bone.

The difference between fully buried and recently buried cases
is approximately 2 dB at time instant 1.35 ns but becomes
larger after 1.5 ns, up to 10 dB. These differences are assumed
to be due to signal propagation in the bones as well as the
reflections from the wires above and below the sternum. Note
that the peaks of the fully buried case are smaller than those
of the other cases in the Path 5 (around 1.7 ns) and afterwards
since the propagation in the bone tissues smooths the peaks.

Comparison of the IRs obtained using the normal sternum
and grown sternum is interesting as well: propagation peaks
appear earlier with grown sternum than with normal sternum.
With grown sternum, signal can propagate a larger portion
of the whole propagation distance through bone than with
normal sternum. Bone has a higher propagation velocity than
muscle tissue, which can explain why the propagation peaks
are shifted earlier with grown sternum.

C. COMPARISON WITH MEASURED DATA
In this section, the simulation results obtained with the ellip-
tical model, are evaluated with the measured data as the
antenna separation distance is 15 cm. Since the implanted
volunteer who assisted in the measurement had his surgical

FIGURE 10. Measured impulse responses obtained with (a) the volunteer
having sternotomy wires and (b) reference volunteer.

operation over decades ago, the sternotomy wires are com-
pletely embedded in the sternum and thus we use the sim-
ulation results obtained with the sternotomy model options,
presented in Fig 8. Furthermore, one should note that the vol-
unteer participated in the measurements has also a titanium
based aortic valve implant [44], which also has an impact on
the channel characteristics as presented in [34], [35]. How-
ever, from the propagation path calculations presented in [35]
we know the time window in which the impact of aortic valve
implant is visible, and thus we can ignore that time range in
this study. We will focus only on the time window where the
sternotomy wires are visible.

Part of the measured data results are already presented
in [34]–[36]. The same results are repeated here to enable
comparison with the elliptical model simulation results pro-
posed in this paper for the first time. Details of the measure-
ment campaigns can be found in [34]–[36].

The measurement and simulation results are presented
in Figs. 10 a-b for implanted and non-implanted cases,
respectively. For both cases, the measured data consist of
100 measurement samples, which all are plotted to illustrate
the variation between the measured samples. The averages of
the measured samples are plotted in the figures as thick black
line and thick blue line for implanted and non-implanted
volunteers, respectively.

The simulation results with the elliptical models are also
included in the Figs. 10a-b as dashed lines: with black color
for the wired case and blue color for the non-wired cases.
As one can note, there is good correspondence between
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FIGURE 11. Impulse responses obtained with an elliptical layer model in
which the thickness of the fat layer is doubled.

the simulated and measured data: the shapes and levels of
the IRs are relatively similar and there is only small time
offset between the measured and simulated IRs. The time
offset is apparently due to unintentional differences in the
antenna separation distances between the measurement and
simulation cases. Furthermore, in the wired case, the level
of the measured impulse response is lower than that of the
simulation results, whereas in the non-wired-case, the level
of the simulated and measured main peaks are quite similar.
The level difference between the measured wired and non-
wired cases can be due to the several uncertainties that are
always present in the measurements: unintentional small tilts
of the antennas, different clothing, etc. These uncertainties
are discussed more in detail, e.g., in [34].

D. IMPACT OF THE THICKNESS OF THE FAT LAYER
The elliptical model used for this study case is designed to
resemble the lean volunteer who assisted as an implanted
case in the measurements. His fat percentage is low and the
thickness of the fat layer on the sternum area is low as well.
Next, we will evaluate the impact of the sternotomy wires as
the thickness of the fat layer on the sternum area is 9.6 mm,
i.e., 6.4 times thicker than in the original case. The antenna
separation distance is 6.5 cm in this case.

The IRs obtained with thicker fat layer models for wired
and non-wired cases are shown in Fig. 11. For the compari-
son, IRs with the original fat layer thicknesses are presented
as well with the dashed lines in Fig 11. One should note that
these results with the original fat layer thickness are not same
as presented in Fig. 9, since the antenna separation distance
is different. Furthermore, the values for propagation paths
presented in Table 2 are not valid in this antenna separation
distance, but can be found in [34].

As noted, the impact of the sternotomy wires is most
visible between 1-2 ns in this antenna separation distance.
Interestingly, the impact of the wires is actually stronger with
thicker fat layer, especially at the time instant approximately
of 1.3 ns. This propagation path corresponds to Path4 [34],
in which the signal travels mainly through the ribs. In the
case of thicker fat layer, the path arrives earlier and they
are stronger than in the case of thinner fat layer. The reason

FIGURE 12. Location of the antennas respect to the sternotomy wires as
the antennas separation distance is (a) 10 cm and (b) 15 cm in the case of
the symmetric antenna location option.

for this is that the signal propagates only partly via ribs in
propagation Path 4 and mostly through the fat layer, since
the fat is more favorable propagation medium than the bone
in terms of velocity and propagation loss. In the presence
of thicker fat layer, the larger amount of the signal energy
spreads towards the fat layer before reaching the bone layer.
The sternotomy wires further increase the amount of the
propagation in the fat layer due to reflections towards the fat
layer.

E. SYMMETRIC ANTENNA LOCATION OPTION
In this section, we will study the impact of the sternotomy
wires as the antennas are located symmetrically respect to the
sternum, i.e., none of the antennas are above the sternotomy
wires. We consider the antenna separation distances 10 cm
and 15 cm, as shown in Figs. 12a and b, respectively. With the
antenna separation distance 10 cm, the antennas are relatively
close to the wires, there is only 1 cm between the antenna
substrate and the outermost part of the wire. With the antenna
separation distance 15 cm, the corresponding wire-substrate
distance is 3.5 cm.

The frequency and time domain results for wired and
non-wired cases are presented for 10 cm antenna separation
distance in Figs. 13a-b, respectively. One can note that there
are minor differences in the reflection coefficients between
the wired and non-wired cases. S21s are also very similar
except on the 1-2 GHz range, which is out of the antenna’s
operational bandwidth. In time domain, there is clear differ-
ence between the wired and non-wired cases at 1.6-2.5 ns.
However, the additional peaks are minor compared to the
asymmetric case and they appear in the time range which
should not cause interference for practical systems.

Next, we will study the case of antenna separation dis-
tance 15 cm. The frequency and time domain results for
wired and non-wired cases are presented in Figs. 14a-b,
respectively. The differences between the wired and non-
wired results are smaller than those obtained with the antenna
separation distance 10 cm. Especially, in the time domain,
the difference is negligible. Hence, it can be concluded that
the further the antenna is located from the wires, the minor is
the impact on the channel characteristics.

V. LOW-BAND UWB ANTENNA EVALUATIONS
We will study next the impact of the sternotomy wires on
the frequency and time domain channel characteristics with
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FIGURE 13. (a) Frequency domain and (b) time domain results for the
symmetric antenna location with antenna separation distance 10 cm.

the 802.15.6 low-band UWB cavity-backed antenna. In this
case we consider asymmetric case. First, the impact is eval-
uated on the reflection coefficient S11 and S22, presented
in Figs. 15a-b, respectively. As in the case of loop antenna, the
wires can be seen in the shape of the reflection coefficients.
Obviously, S22 for wired and non-wired cases are equal since
the antenna 2 is enough far from the wires. As it is shown
in Fig. 16a, the changes in the frequency domain channel
coefficient S21 are clearly at 1.25-2.25 GHz range, which is,
however, out of the antenna’s operational bandwidth. Instead,
in the impulse responses, presented Fig. 16b, the changes are
visible along the presented time range.

With the low-band UWB antenna, the difference between
the wired and non-wired cases appear at clearest after 5 ns.
With loop antenna, the difference is visible already in the
first side peaks after the main peaks, which causes more
interference in the practical scenarios.

VI. POWER FLOW AND AVERAGE POYNTING VECTOR
EVALUATIONS
In this section, 2D power flow representations are studied
both in wired and non-wired cases. Furthermore, the aver-
age power flow in different parts of the elliptical model are
evaluated to see impact of the wires. The average power
flow is obtained by Poynting vector calculations presented
in Eq. 2. In our study, the E- and H-field probes are set in the
determined areas of the simulation model. The determined
location of the probes is presented in Fig. 17. The first two
probes A and B are located on the front and back side of the

FIGURE 14. (a) Frequency domain and (b) time domain results for the
symmetric antenna location with antenna separation distance 15 cm.

FIGURE 15. Simulated S11s and S22s for wired and non-wired cases
obtained using the elliptical model as the antenna separation
distance is 10 cm.

sternum, next to the located sternotomy wires. Probes C and
D are located close to the Rx antenna on the chest area, C on
the rib bone tissue and D on the fat tissue.
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FIGURE 16. (a) Simulated S21s and (b) IRs for wired and non-wired cases
obtained using the elliptical model as the antenna separation distance
is 10 cm.

FIGURE 17. Location of the E- and H-probes in the elliptical model.

The power flow and average Poynting vectors are evaluated
for loop and low-band UWB antennas in wired and non-
wired cases. In all cases, the Tx power is same and thus the
reported dB values have same reference value.

A. LOOP ANTENNA
2D power flow within the tissues with the cross-cut at the
sternotomy wire area is illustrated for wire and non-wired
cases at 2 GHz in Fig. 18. Moreover, power flow at 4 GHz
is presented in Fig. 19 At f = 2 GHz, we can see a clear
difference in the power flows between the wired and non-
wired cases. From the wired case we see clearly how the
signal propagates through the wires; the power flow follows
the wire lines and the color of the arrows represents the higher
dB values than in the non-wired case.

Next, we will study the average power flow values in
location A. The results are shown for the frequencies 2, 4, 6,

FIGURE 18. 2D power flow with the loop antenna for the (a) wired model
and (b) non-wired model at 2 GHz.

TABLE 3. Poynting vectors at probe points for loop antenna.

and 8 GHz in Table 3, which covers also the average power
flow values for all the monitoring probe points. One can note
that the average power in the probe location A is noteworthy
higher in the wired than in the non-wired case within the
whole simulated frequency range. At 2 GHz, the difference
is even 9 dB. It is obvious that the wires store and release
energy which can be seen as the increased power lever.
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FIGURE 19. 2D power flow for the (a) wired model and (b) non-wired
model at 4 GHz.

FIGURE 20. Angles in the spherical coordinate system.

What it comes to the probe location B, the difference
between the average power flowofwired and non-wired cases
is clearly minor, maximum 4 dB. Interestingly, the averaged
power level is higher in the wired case only at the f = 2 GHz.
For the f = 4-8 GHz, the average power flow is higher at
the non-wired case. Presumably, the propagation through the
wires is more evident at lower frequencies.

In the probe location C, the difference between the wired
and non-wired cases is relatively small at lower frequencies.
Instead, in the higher frequencies, the difference becomes
larger: the power flow is at the clearly higher level in the
non-wired case than in the wired case. The case of the probe
location D is interesting: at f = 2 GHz and f = 4 GHz,
the average power flow is higher in the wired case than in
the non-wired case, whereas at 6 GHz and 8 GHz the power
level is higher with the non-wired model.

The results at higher frequencies are assumed to appear
due to the scattering caused by the wires. Wires disperse

FIGURE 21. 2D power flow with the low-UWB antenna for the (a) wired
model and (b) non-wired model at 2 GHz.

FIGURE 22. 2D power flow with the low-band UWB antenna for the
(a) wired model and (b) non-wired model at 4 GHz.

electromagnetic waves beyond the loops into the body and
hence there will be less propagation sideways, which can be
seen as lower levels for the wired cases.
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TABLE 4. Poynting vectors at probe points for low−band uwb antenna.

The impact of the sternotomy wires is also evaluated by
comparing the spherical angles of the field components, pre-
sented in Fig. 20, in the wired and non-wired cases. The
angles for different probe locations at different frequencies
are listed in Table 3 as well. It is found that the presence of
the wires change the direction of the field components clearly.
Especially at the probe locations A and B, the changes are the
most significant.

B. CAVITY-BACKED LOW-UWB ANTENNA
In this section, we will study the impact of the sternotomy
wires with the low-band UWB antenna designed for into-
body communications. The power flows at 2 GHz and 4 GHz,
are presented in Figs, 21 and 22, respectively, separately for
a) wired and b) non-wired cases. In this case, the impact of the
wires is noticeable also at 4 GHz: one can clearly see how the
power flow follows the structure of the wires. Interestingly,
the wires seem to steer the power flow towards the rib bones.

Next, we study the averaged power flows values presented
in Table 4 for the wired and non-wired cases at different
frequencies. It is found that at the probe location A, the dif-
ference between the wired and non-wired model is clearly
minor than in the case of loop antenna. In the probe location
B, the difference between the wired and non-wired cases is
significant at f = 2 GHz, even 8 dB in the favor of the
wired case. In the probe locations C and D, the difference
between wired and non-wired cases is significant especially
at the higher frequencies. The averaged power flow can be

even 10 dB higher in the wired than in the non-wired case.
With the loop antenna, it was vice versa.

VII. CONCLUSION
In this paper, we presented a comprehensive study on the
impact of the sternotomy wires on the UWBWBAN on-body
channel characteristics as well as the propagation within the
tissues. The results were verified with measured data and
propagation path calculations. The simulations include two
human tissue layer models, whose dimensions were designed
taking into account the body size of the volunteer assisted
in the measurements. It was found that the sternotomy wires
effect on the channel characteristics significantly and they
cause additional peaks or peaks at higher level on the impulse
responses. Besides, the presence of the wires can be clearly
noted in the in-body power flow within the tissues as well as
in the Poynting vector values.

This paper covers several different study cases to evaluate
the impact of the sternotomy wires. This impact was evalu-
ated with simulation models illustrating a recently operated
case (as the wires are on the sternum surface) as well as
cases when the wires are partially or totally embedded in the
sternum. Besides, the impact is evaluated with a simulation
model corresponding a lean person’s case as well as higher
fat percentage person’s case. The simulation result is well
aligned to the measured data – especially in the case when
using a realistic elliptical model which has been designed tak-
ing into account the body shape of the volunteer assisted in the
measurements. The impact of the sternotomy wires is studied
with an antenna designed for on-body communications as
well as with an antenna designed for in-body communica-
tions. Furthermore, it is found that antenna location effects on
the visibility of the sternotomy wires in the channel response.
The knowledge about the impact of sternotomy wires on
the channel characteristics is important since the additional
peaks or stronger side peaks may cause interference on the
monitoring devices whose antennas are located close to the
sternum area. Our next target is to extend our study to cover
different sternotomy wiring methods and their impact on the
on-body channel characteristics and in-body propagation.
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