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Abstract. This paper presents a study on the fat in the abdomen area as a propagation medium
in wearable and implant communications systems. Propagation via subcutaneous and visceral
fat is considered separately. Simulations and measurements are done for both female and male
bodies with the on-body antennas designed for in-body communications. Propagation paths are
calculated and compared with the simulated and measured impulse responses. Furthermore, we
analyze simulated 2D power flow figures, which illustrate the propagation inside the different
tissues. It is shown that the signal propagates through the fat layer with minor losses compared
to the other tissues of the studied cases. The signal propagates through the fat tissue from the
abdomen area to the backside of person with 60 dB power loss. Additionally, the calculated fat
layer propagation paths match well with the peaks of the simulated and measured impulse
responses. The information about the fat as propagation medium is useful when designing the
wireless and wired medical and health monitoring devices.
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1 Introduction

Recently, wearable and implant communications have been intensively studied topics
in the wireless body area networks (WBAN) [1]-[4]. Smooth design of the communi-
cations systems requires comprehensive knowledge of the radio channel characteris-
tics. Hence, in-body channel modeling and propagation within the tissues have been
under the scope in e.g. in [5]-[17].

It has been recognized that the signal propagates differently in different tissues due
to the variations in dielectric properties [18]. Fat tissue appears to be the easiest tissue
for the propagation in terms of propagation velocity and losses [5, 6, 10, 19-21]. Fat
as a propagation channel has been a topic for few recent papers [19-21], which have
verified by simulation and measurement based studies that the fat tissue is promising
propagation medium is the ultra wideband (UWB) based medical applications.

Ref. [10] presents a study on the in-body power distribution for abdominal moni-
toring and implant communication systems. The study is conducted by examining
power flow distribution on the anatomical voxel model at different cross section lay-



ers in the abdomen area. The presented power results verify that the signal travels
through the fat layer for wider areas with minor power loss than in the other tissues.
This paper is a continuation for the power distribution studies presented in [10], fo-
cusing now on the propagation in the fat layer. The aim of this paper is to present a
study on the fat as a propagation medium in the abdomen area using finite integration
technique (FIT) based simulations using an anatomical voxel models. Furthermore,
measurement data and propagation path calculations are used in the analysis to vali-
date the results. Both subcutaneous fat and visceral fat are considered separately.

This paper is organized as follows: Section II presents the study cases describing
the simulations, measurements, antennas, and antenna locations. Furthermore, propa-
gation path calculations are described as well. Section III presents the propagation
through the fat layer with 2D power flow diagrams. Section IV presents propagation
through subcutaneous fat layer with measurement based studies and propagation path
calculations. Conclusions are given in Section V.

2 Study Case

2.1 Simulations

Simulations are conducted with electromagnetic simulation software CST MicroWave
Studio [22] by using finite integration technique (FIT). CST provides several voxel
models, among which we selected anatomical voxel models Laura and Gustav,
presented in Fig. la-b. Laura correspond to lean female body with resolution of
1.875 mm x 1.875 mm x 1.25 mm. Gustav is a normal-weighted male with the
resolution of 2.08 mm x 2.08 mm x 2mm. Cross section of the voxel models abdomen
area on the navel line is shown in Fig. 1c. Subcutaneous and visceral fat, muscles, small
intestine (SI), and colon are marked in the Fig. 1c.

c) Subcutaneous fat ! Visceral fat
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Fig. 1 a) Anatomical voxel model Laura, b) Gustav, c¢) cross cut of the abdomen area

presenting the subcutaneous and visceral fat.



2.2

2.3

Measurements

The measurements were conducted in an anechoic chamber in University of
Oulu by using Agilent 8720ES vector network analyzer (VNA). The measured
frequency band was the full UWB band 3.1-10.6 GHz, according to
IEEE802.15.6 standard [23]. We also used a large bandwidth to achieve good
time resolution for the measurements. Transmitted power was selected to be
+5 dBm, which does not cause harm for human tissues.

The antenna prototypes were connected to the VNA by using 8 m long phase
stable Huber+Suhner SUCOFLEX 104PEA measurement cables. A proper
calibration was performed before the measurements to neglect cable effect.
The VNA was set to sweep 100 times for each scenario, collecting 1601 fre-
quency points per sweep for each measurement setup. The measurements were
conducted in the frequency domain to obtain radio channel frequency respons-
es (S21 parameters), which were later transformed into the time domain in
Matlab using inverse fast Fourier transform (IFFT). After IFFT, radio channel
impulse response (IR) is obtained.

In this paper, we use the measurement data of two human volunteers, one
male (M3) and one female (F1), with different body sizes and body balances.
The details of the volunteers are presented in [7], but here we repeat the in-
formation in Table I, which is relevant for the propagation studies through the
fat layer.

Table I. Information about the volunteers.

Volunteer Waist Visceral Overall Muscle
[cm] fat [%] fat [%] [%]

Female 76 5 29 34

F1

Male M3 103 14 32 31

Antenna and antenna location

In this study case, we use a cavity-backed low-band UWB on-body antenna
designed for in-body communications. The antenna’s simulation model and
the prototype are presented in Fig 2a-b, respectively [24]. On the studied simu-
lation and measurement scenarios, transmitter (TX) antenna is on the navel,
and the receiver (Rx) antenna is on the flank. This scenario is conceivable for
abdominal monitoring scenarios.



a)

Fig 2. Cavity-backed low-band UWB antenna designed for in-body communications,

b) prototypes used in the measurements, c) location of the antennas

2.4  Propagation path calculations

In [5], we presented the idea for calculating the propagation paths when signal is pass-
ing through different tissues. In this paper, we just focus on the propagation paths
through the fat layer, either subcutaneous or visceral fat — or as combination. As dis-
cussed in [5], the propagation time f4 is calculated taking into account the frequency f,
the distance d that the signal travels through tissue, and the wavelength in the tissue A
as

_d_d M)

Wavelengths on the different tissues are presented in Table II. As one can note, wave-
length, and hence the propagation speed v in the tissue may vary significantly be-
tween different tissues. For instance, wavelength in the fat tissue is remarkable differ-
ent from other tissues. Hence, the propagation speed is much higher in fat than for
instance in muscle layer. The Table II includes also the estimated thicknesses of the
tissue layers on the navel area of the voxel model.



TABLE II: Thickness of the layers on the navel area and wavelengths in the tissues.

Tissue Thickness Wavelength
[cm] [A]

Skin 0.15 0.012
Subcutaneous fat 2.5 0.0033
Muscle 1.2 0.010
Visceral fat 2.0 0.0033

SI wall 0.1 0.010

SI content 2.0 0.010

3 Propagation through fat layers with 2D power flows

In this section, we evaluate the propagation through the fat layer by studying the 2D
power flow diagrams and Poynting vector values in different areas of the abdomen
area. This study is continuation for power distribution studies presented in [10], how-
ever, now we focus especially on the propagation through the fat layer.

First, we study the 2D power flow representations for the horizontal and vertical
cross sections as presented in Fig. 3a-b. The power flow is normalized for -60 dB —
0 dB range for the clarity. Similar power flow figures are presented in the in-body
power distribution results in [10] but they are repeated here for the fat propagation
channel analysis. The power flow arrow representation describes well how the signal
propagates in the vicinity and inside the human body. Signal propagates along the
body surface, as creeping waves [25], but on the way, the part of the signal also pass-
es the skin surface and propagates inside the tissues. One can easily notice the propa-
gation through the fat layer both in the horizontal and vertical cross sections. In the
horizontal cross section, the back area can easily be reached within the maximum
attenuation -60 dB as the signal propagates through the subcutaneous fat layer. In-
stead, attenuation is strong in the intestine area and thus no power arrays are visible
behind the intestine area. From the vertical cross section in Fig. 3b, one can easily
note how the propagation travels vertically through the fat layer over a wide area.
Within the plotted dB range from -60 dB to 0 dB, the area from the upper parts of the
leg until the stomach can be covered.

Next, we will investigate the power values in different parts of the subcutaneous
fat as well as in the intestine area. Table III summarizes the relative power values at
f=4 GHz. The values are normalized so that the power is 0 dB just before the skin
layer below the Tx-antenna. This way we can easily observe the propagation loss
within the tissues. Points A - H correspond the power values in the fat layer on the
path from the navel to the back. In the point A, the power is -4 dB and at H is -74 dB.
As the power flow arrows describe, the signal in the fat layer consist of the signal
passing through the skin (from creeping waves) as well as the signal propagated
through fat layer from the antenna. The power decreases gradually as the distance
from the Tx antenna increases. Surprisingly, the power is at the points F and G
-48.5 dB and -48.0 dB, respectively. The power is slightly higher at G, since there is



more power summed from the larger area of propagation through the fat layer com-
pared to the point F, whose power consists mostly the power arriving through the
skin.

Next, we compare the power values inside different parts of the intestine and vis-
ceral fat area. It is interesting to note how the power is remarkable higher in the points
on the visceral fat area compared to the points on the intestine area although the dis-
tance from the transmitter antenna is the same. For instance, in the furthest point of
the small intestine M the power is -68 dB, whereas in the visceral fat point N, which
is next to M, the power is -54 dB. It is also interesting to note that the power in G is
approximately 20 dB higher than in M, although M is clearly closer to the Tx antenna
than point G. Similarly, as we compare visceral fat point value P and small intestine
point K, we can note that the power is 5 dB higher at P than in K. At the visceral fat
point L and SI point K, the difference is only 2 dB.

The impact of the fat to the propagation path in the signal strength can easily be
noticed when evaluating power values in the left colon points: R, S, T, and U. At the
point R, where part of the signal has a direct path from the on-body antenna through
the fat layer, the power is -16 dB. Whereas at point S, the power level is -32 dB. The
loss in the colon tissue is high and, thus, the power difference between the points R
and S are remarkable. At the point T, the power is again higher, -22 dB, since the
signal can reach the colon from the left side of the abdominal muscle directly through
the fat layer. At the points U and V, the power is again significantly lower: -36 dB
and -41 dB, respectively.

These power studies verify that the signal propagates with minor losses in the fat
tissue. Additionally, the averaged power is higher in the small intestine points, which
are in the vicinity of the subcutaneous or visceral fat.
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Fig. 3 a) Power flow diagram of the on the cross-cut A with the antenna location

option 1, b) power flow diagram with the vertical cross section

Table III Power at different points in the abdominal area.

Subcutaneous | A B C D E F G H
fat points

Power [dB] -4 -5 | <18 | -33 | 43 | 485 | 48.1 | -74
GI1/Visceral I J K L M N (0) P
fat points

Power [dB] -10 | 40 | -51 | -49 | -68 -54 -39 -46
Colon points R S T U \

Power [dB] -16 | 32 | 22 | -36 | 41

4 Propagation through subcutaneous fat with the channel
simulations and measurement data

In this section, we evaluate the propagation through the fat layer by comparing the
propagation path calculations to the simulated and measured data. The part of the data
has been published in [7], in which we present the channel characteristics on the ab-
domen area. Some of the impulse responses are repeated here to ease the analysis for
the fat as a propagation medium but also to ease the comparison between the channel
responses and propagation path calculations.

4.1 Simulation results
First, we evaluate the channel characteristics using Gustav-voxel model and verify it
with the corresponding propagation path calculations. Propagation paths are calculat-
ed using the dimensions obtained from the Gustav’s cross section, presented in Fig. 4.
The thicknesses of the subcutaneous fat layers below the Tx antenna (on the navel) is
df=2.5 cm, and below the Rx antenna (on the flank) is ds =2 cm. Based on the power
flow figures presented in the previous section, the signal is assumed to travel through
the subcutaneous fat layer, both outer part of the subcutaneous fat (Pathl) as well as
inner part of the subcutaneous fat (Path2). Propagation distance of Pathl is estimated
to be dl =25.5cm. Propagation distance of Path2 (d2) is estimated to be
d2 =d1 + ds + df. Obviously, there is a propagation between these limits, in the middle
part of the fat layer. Besides there is a path, in which the signal travels cross the sub-
cutaneous fat layer towards intestine area until reaching the visceral fat layer, and
then travels via visceral fat until reaching the area where the abdominal muscle layer
is thinner, and returns back to the subcutaneous fat layer continuing towards the Rx
antenna on the flank. Path 3 is the propagation path, which travel around the ab-
dominal muscle on the right side and then merges to the Path 2 in the point A. The
length of this round trip in the visceral fat layer dsur is estimated to be 8 cm and hence,
the total length of the Path3 is d3 = d2’ + dsur, where d2’ is the distance from the point



A until the Rx antenna via Path 2. Additionally, the signal can travel similarly around
the left abdominal muscle resulting in the d4 = d2 + dsul, which is denoted as Path 4.

Next, the propagation times are calculated for the explained propagation paths.
The propagation times are summarized in Table IV. For the value presented in the
Table II, we have added the propagation time which fskin=2%0.06 ns, which takes
when the signal passes the skin layer until the fat layer. Now, when we compare the
obtained propagation times with the IRs presented in Fig. 5, we can see a clear corre-
spondence between the location of the strongest peaks of the IR and the calculated
propagation times. In this antenna location option, there is no clear line-of-sight
(LOS) component since the antennas are towards the different directions. Thus, the IR
consists of the peaks arriving through the creeping waves [25] as well as via the prop-
agation within the tissues. In this study, we focus on the propagation through fat layer.
The strongest peak of the IR arrives at time instant of 2 ns, which corresponds to the
propagation path through the outer subcutaneous fat Path1. The width of the first peak
is 1.1 ns, starting from 1.5 ns until 2.6 ns. Propagation time for the Path?2 is calculated
to be 2.4 ns, which is inside the first peak’s range. The second strongest peak arrives
at 2.4 ns, which corresponds to the Path3. Propagation time for Path 4 is calculated to
be 3.8 ns, which also can be found from the IR. The rest of the IR peaks belong to the
propagation paths travelling through other tissues as well as propagation via body
surface, but those are out of scope in this paper.

The obtained propagation paths match well with the peaks appearing in the simu-
lated IR. Some of the peaks are wider than the others. This is because there are sever-
al indistinguishable paths in the fat layer as well. Signal may bounce back and forth
from the muscle and SI layers making the propagation distance slightly longer. Next,
we will verify the simulated results with the measurement data.

Table IV Propagation times with Gustav-voxel

Paths through the fat Pathl Path2 Path3 Path4
Propagation distance 25.5 31 34 50
in fat [cm]

Propagation time 2 24 2.6 3.8
[ns]
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Fig. 5 Impulse response obtained with the Gustav-voxel.

4.2 Measurement results

In the measurements, the antenna separation distance for the female volunteer F1 was
24.5 cm and for the male volunteer M3 is 27.5 cm. The differences in the distances
are due the different sizes of the waists of the volunteers. The distances ds and df are
estimated in this case since there was no tools to measure exact thicknesses of the
subcutaneous fat layers of the volunteers. The corresponding dimensions of the voxel
models were used to estimate the dimensions. For the volunteer F1, ds and df were
estimated to be 2.5 cm and for the volunteer M3, 6 cm. Additionally, dsur and dsul are
estimated to same as for the Gustav model, 7 cm and 8 cm, respectively.

Propagation times are summarized in Table V. Next, we compare the calculated
propagation times presented in Table III with the IRs obtained with different volun-
teers which are presented in Fig.3. As in the case of the simulation results, there is no
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clear line-of-sight (LOS) component between the antennas. By free-space propagation
calculations, the LOS signal should arrive at the time instants 0.8 ns and 0.9 ns for the
antenna separation distances 24.5 cm and 27.5 cm, respectively. The impulse respons-
es consist of the peaks due to creeping waves [25] as well as propagation within the
tissues.

The Pathl(outer part of the subcutaneous fat) is calculated to arrive for the volun-
teers F1 and M3 at the time instants 1.8 ns and 2.2 ns, as we take account also the
time when the signals pass the skin layer as well (at 0.06 ns). As one can note from
the Fig. 6, there is a clear peak at that time instant for the volunteers. Based on the
propagation path calculations, Path2 would arrive for the volunteers M3 and F1 at
3.0 ns and 2.4 ns, respectively. These peaks can also be clearly found from the both
IRs as well. Path3 and Path4 arrive for the volunteer F1 at 2.6 ns and 3.5 ns and for
the M3 the both paths 3 and 4 at 3.6 ns. Also, in this case the match with the meas-
ured IRs is good. Additionally, in the measured IRs, one can note several peaks
around these time instants.

The reason for this is that the signal travels through the whole fat layer, not just inner
and outer fat layers, which can be seen as several peaks one after another. Volunteer
M3 has more peaks at the time range 3-4.5 ns and besides the strength of the peaks
are clearly higher than those of the volunteer F1. The larger number of the peaks are
assumed to be due to the thicker subcutaneous and visceral fat layers the volunteer
M3 has. Furthermore, there is clear difference of the level of the IR peaks: M3’s
peaks are remarkably higher than those of the F1. The reason for this may be just the
tilting of the antennas: Even the small tilts towards different direction can significant-
ly decrease the received signal strength between the Tx-Rx link, especially in this
kind of antenna configuration. This appear due to the antenna directivity [24].

There is surprisingly good correspondence between the measurement results and
propagation path calculations. Naturally, the dimension relating to the visceral fat
layer are just estimated values and thus there is some uncertainties in the data.
The knowledge about the fat as a propagation channel is useful when designing the
monitoring antennas and especially the antenna locations for on-in body communica-
tion links. The signal may travel from the intestine area through the visceral and sub-
cutaneous fat with reasonable losses if the antennas are located in the area where there
is less muscle layer between the visceral and subcutaneous fat layers.
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Fig. 6 Impulse response obtained with the volunteer F1 and M3.

Table V Propagation times in the fat layer for the volunteers F1 and M3

Paths through the fat Pathl Path2 Path3 Path4
Propagation distance F1:25.5 F1:31.5 F1:34.5 F1:45.5
in fat [cm] M3:27.5 M3:44.5 M3:47.5 M3:47.5
Propagation time [ns] F1: 1.8 Fl1:24 F1:2.6 F1:3.5
pag M3:2.2 M3: 3 M3: 3.6 M3: 3.6

5 Conclusions

This paper presents a study of the fat in the abdomen area as a propagation medium in
WBAN applications. Propagation via subcutaneous and visceral fat is considered
separately. The study was conducted via simulations with anatomical voxel models
evaluating the channel characteristics between two on-body antennas designed for in-
body communications as well as via corresponding on-body measurements. Simula-
tions and measurements were done for both female and male bodies with the on-body
antennas designed for in-body communications. Propagation paths were calculated
and compared with the simulated and measured impulse responses. Furthermore, we
analyzed simulated 2D power flow figures, which illustrate the propagation inside the
different tissues.
It was shown that the signal propagates through fat layer with minor loss compared to
the other tissues. The signal propagates through the fat tissue from the abdomen area
to the backside of person with 60 dB power loss. Additionally, the timing of the cal-
culated propagation paths through the fat layer match well with the peaks of the simu-
lated and measured impulse responses.

The knowledge about the fat as a propagation medium is useful when designing
the wireless and wired medical and health monitoring devices. Location of the anten-
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nas/sensor nodes for the monitoring devices can be establish so that the propagation
through the fat layer can be maximized. Appropriate antenna locations can also facili-
tate that the signal may reach deeper inside the abdominal tissues via subcutaneous
and visceral fat, which is useful for the implant communication systems. As a future
work, we plan to continue the study by using the simulation models having different
thickness of the subcutaneous and visceral fat. Furthermore, more measurements will
be conducted with different antenna locations and with several volunteers having
different body balance.
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