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Abstract. This paper presents a study on the in-body propagation using pork
meat at the lower ultrawideband (UWB) frequency band 3.74-4.25 GHz of the
wireless body area network (WBAN) standard 802.15.6. Pork meat in terms of
the dielectric properties is one of the most similar to human tissues and thus is
commonly used in in-body propagation studies. Nevertheless, there are differences
in the dielectric properties, creating some differences also in the radio propagation.
The first objective of this paper is to investigate by simulations the propagation
differences between human and pork tissue layer models. The simulations results
show clear differences between the channel characteristics obtained using a human
tissues and pork tissues: within the frequency range of interest, the path loss with
porkmeat can be up to 5 dB less thanwith the humanmeat. The second objective of
this paper is to study, by measurements, the in-body channel characteristics using
different types of pork meat piece having different fat and muscle compositions.
It was found that path loss is clearly higher with the pork meat having separate
skin, fat, and muscle layers compared to the pork meat having interlaced fat and
muscle layers. Furthermore, the third objective of this paper is to study the impact
of the meat temperature on the measured channel characteristics by comparing the
channels obtained with the meat at the temperatures of 12 °C and at 37 °C. Also, in
this case clear differences were observed in path loss: within the frequency range
of interest, the path loss was maximum 5 dB lower with meat at 37 °C than with
a colder meat. The results presented in this paper provide useful information and
relevant aspects for the in-body propagation studies conducted with pork meat.

Keywords: Dielectric properties of tissues · Fat layer propagation · In-body
propagation · Radio channel measurements · Temperature impact · Ultra
wideband ·Wireless body area networks

1 Introduction

Wireless medical monitoring has increased interest in recent years due to the several
benefits it may provide for the healthcare of human beings [1–3]. Capsule endoscope is
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one example of the implant monitoring systems which has become popular method of
investigating the gastrointestinal (GI) tract [4, 5].

Smooth design of monitoring devices requires deep knowledge of radio channel
characteristics. Channel characteristics can be studied with electromagnetic simulations,
which are based on solving Maxwell’s equations in their differential or integral forms,
or measurements using phantom models, anaesthetized living animals, or tissues of the
animals [5–8].

Measurements with the anaesthetized animals provide the most realistic results of
the measurements since dielectric properties of the tissues start to change immediately
after the death of the animal [9]. However, measurements are challenging with anaes-
thetized animals since suchmeasurements require hospital environment [10, 11]. Instead,
measurements with meat pieces are more feasible. Since some of the tissue dielectric
properties of adult pig is known to be close to the those off human beings, pig meat is
commonly used in the on-body/in-body antenna studies aswell as in in-body propagation
studies [12–14].

However, the use of meat pieces has some shortcomings and restrictions which
should be considered. For instance, dielectric properties of animals can be different
compared to those of human beings though dielectric properties of adult pork tissues are
found to be close to those of humans [15–17]. Besides, dielectric properties of tissues
change with the age of the animal [18] or as the time passes from the death of the animal
[9]. Moreover, temperature impacts the dielectric properties of the tissues [16], which
obviously has clear impact on the in-body channel characteristics. Finally, composition
of fat and muscle layers in the meat piece is assumed to have strong impact on the results
since fat is known to be a good propagation channel [19, 20].

Up to the author’s knowledge, there is no studies presented on comparing channel
characteristics evaluated with meat pieces having different fat and muscle composition
with realistic antennas. Furthermore, up to the author’s knowledge there are no studies
presenting impact of the meat temperature on the channel characteristics.

The aim of this paper is to address the aforementioned aspects. First, channel char-
acteristics obtained using human tissues and pork tissues in the layer simulation models
are compared. Secondly, the channel characteristics are evaluated using two different
meat pieces: the first one having interlaced muscle and fat layers, the second one having
separate muscle and fat layers. Finally, the impact of the meat’s temperature is evaluated
on the antenna performance and channel characteristics.

The paper is organized as follows: Sect. 2 presents study case including description
of the simulations, antennas, and measurements. Section 3 presents simulation-based
antenna verification. Section 4 compares channel characteristics obtained using human
tissues and pork tissues in the layer simulation model. Measurement results for meat
pieces with different fat and muscle composition are evaluated in Sect. 4. Furthermore,
the impact of the temperature on the antenna and channel characteristics are studied in
Sect. 4. Finally, Conclusions with future work perspectives are discussed in Sect. 5.
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2 Study Case

2.1 Simulations

Simulationswere conductedwith a 3D electromagnetic simulation tool CSTStudio Suite
software [21], which uses the finite integration technique. A planar layer tissue model,
which is presented in Fig. 1, was used in the simulations. The thicknesses of the tissue
layers are selected according to the thicknesses of tissue layers of the meat piece 1 used
in the measurements. These thicknesses are presented in Table 1 in Subsect. 2.2

Fig. 1. Layer model used for the verification of the antennas.

Table 1. Tissue thicknesses of Meat1 and Meat2 in the location of antennas.

Tissues Meat1 Meat2

Skin 2 mm 2 mm

Outer fat 10 mm 7 mm

Muscle 15 mm 18 mm

Inner fat 3 mm 3 mm

In this study, we use two types of antennas. The first one is a directional cavity backed
UWB on-body antenna, shown in Fig. 2a, which was introduced in [22]. It is designed
for on-in body communications for the frequency band 3.75–4.25 GHz which meets
the IEEE 802.15.6 standards requirements [23]. Its dimensions with the cavity are x =
83mm, y= 49.5mm, and z= 19.62mm,where x and y arewidth and length, respectively
and z is towards the body. The size of the antenna itself is x = 47.5 mm, y = 47.5 mm.
The second antenna is a loop antenna, shown in Fig. 2b, which is introduced in [24].
The loop antenna is omni-directional antenna UWB antenna, having large bandwidth
3.1–10.6 GHz and it is originally designed for on-body communications. The size of the
antenna is 43 mm x 46 mm. In this initial study, the loop antenna is used to resemble
the in-body antenna, since in the simulations, it was noticed to achieve similar path loss
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Fig. 2. Antennas used in this study: a) cavity backed low-UWBon-body antenna, b) loop antenna.

values as the implant (capsule endoscope) antenna [25], for which a prototype was not
available.

2.2 Measurements

Measurements were conducted using two different types of porcine pieces which are
presented in Figs. 3a–b. Both pieces had skin, outer fat, muscle and inner fat layers. In

Fig. 3. a) Meat 1 with interlaced fat and muscle layers, b) Meat 2 with distinct muscle and fat
layers.
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the first meat piece, which is referred to asMeat1, the fat andmuscle layers are interlaced
so that there are “fat tunnels” going through the muscle layer.Meat2 has distinct fat and
muscle layers. Both meat pieces have thickness of 3 cm. The thickness of the tissues
layers for Meat1 and Meat2 below the antennas are presented in Table 1.

The measurements were conducted with a Vector Network Analyzer (VNA) 8720ES
in measurement laboratory premises at the University of Oulu, Finland. The meat pieces
were set individually inside a cube form area made by absorber pieces to avoid signal
interference from the surrounding environment as well as minimize the propagation
overflow from the sides of meat pieces. Meat piece was set inside a thin plastic bag to
protect the antennas and the absorbers. The picture of themeasurement setup is presented
in Fig. 4.

Fig. 4. a) Measurement setup before closing the back and front walls, b) on-body antenna with
meat piece

3 Simulation Based Antenna Verification

The aimof this section is to verify usability of the loop antenna on themeasurement based
in-body propagation studies. This verification is conducted by comparing simulated
channel characteristics obtained using an implant antenna [25] and a loop antenna [24]
as the in-body antenna. The simulations are conducted using the planar tissue layermodel
since the pork meat piece also resembles planar layer model. The aim of this comparison
is to show that loop antenna can be considered as an alternative in the measurements
when using layer meat pieces. Figure 5 presents comparison between the frequency
and time domain channel characteristics obtained using a capsule antenna and the loop
antenna in the simulations. Figure 5a presents the S21 for the whole simulated frequency
range and Fig. 5b the zoomed version of Fig. 5a for the frequency band of interest 3.75–
4.25 GHz. Figure 5c presents channel impulse responses obtained applying inverse fast
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Fourier transform (IFFT) for the simulated band. As one can note from Figs. 5a-b, the
path loss difference is minor between the results obtained using the capsule antenna and
the loop antenna within frequency range of interest. However, outside the frequency
range of interest the differences are larger.

In time domain, the main peaks of the IRs are at the same level, though the main
peak is clearly wider with the loop antenna. From the results it can be concluded that
loop antenna can be used as in-body propagation studies in the measurements.

4 Simulation Based Comparison Between the Channel
Characteristics Obtained Using Human and Pork Tissues

This section compares simulation results obtained using tissue layer models having
dielectric properties of human tissues to those obtained using pork tissues. Dielectric
properties (relative permittivity and tangent loss) for human and pork tissues at 4GHz are
presented in Table 2. The dielectric properties of human tissues are found from e.g. [26].
For dielectric properties of pork tissues there are several studies available in the literature
[9, 10, 15, 16]. However, the challenge is there is variation in the values presented for
pork. The reason for this is that several factors affect the dielectric properties: age and
size of the pig, time from the death of the pig, temperature of the meat. For instance,
there is wide variation in the reported results for tangent loss values of the pork muscle
tissue. Thus, for this study, we decided to use tangent loss value of the human tissues
also for pork tissues and we left study of the impact of the reported tangent loss variation
for future work.

First, the antenna matching with human and pork tissues are evaluated by studying
the S11 parameters presented in Figs. 6a–b for the on-body antenna and the loop antenna,
respectively. It is found that the difference between the dielectric properties of human
and pork tissues cause approximately 3 dB difference in the antenna’s notch area so that
S11 values is slightly higher with the human tissues. Same phenomenon can be found
with both antennas.
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Fig. 5. Simulation based comparison of channel characteristics obtained using a loop antenna
and a capsule endoscope implant antenna [25]: a) S21s for the whole simulated bandwidth, b) S21
for the frequency range of interest, and c) impulse responses.
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Table 2. Dielectric properties of human and pork tissues at 4 GHz.

Tissues Human tissues
Relative permittivity/tangent
loss

Pork tissues
Relative permittivity

Skin 36.6/0.29 37.5/0.32

Fat 5.12/0.16 5.78/0.23

Muscle 50.8/0.27 48.0/0.27

Fig. 6. S11 parameters with a) on-body antenna, b) loop antenna (in-body antenna) obtained with
simulation model having dielectric properties of human tissues and pork tissues.

The frequency and time domain channel characteristics are presented in Figs. 7a–
b, respectively. As it is noted, difference in the dielectric properties of human and pork
tissues have clear impact on the channel characteristics: within the simulated bandwidth,
the path loss is up to 8 dB higher with pork tissues until 3.25 GHz than with the human
tissues. Instead, from 3.5 GHz onwards, i.e. also within the frequency range of interest
3.75–4. 25 GHz, the path loss is higher with human tissues.
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Fig. 7. Comparison between the differences of human and pork tissues: a) S21 parameters, b)
IRs obtained by performing IFFT for whole the frequency bandwidth, and c) IRs obtained by
performing IFFT for whole the frequency band of interest 3.75–4.25 GHz.
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In time domain, as the IFFT is performed for the whole simulated bandwidth, the
difference can be seen mainly in within the time range of 1–2 ns, where the level of the
channel taps is higher with the human tissues than with the pork tissues. However, as it
was pointed out that S21 is higher with pork tissues at the frequency range of interest,
it is important to study impulse response also with the filtered S21. The IR obtained by
performing IFFT only for the frequency range 3.75–4.25 GHz, is presented in Fig. 7c. In
this case, it can be clearly seen that the IR peaks are 1–3 dB stronger with pork tissues.
Even the difference in the main peaks in almost 3 dB.

5 Measurement Results

5.1 Channel Comparison with Different Meat Pieces

In this section, the frequency and time domain channel characteristics are evaluated and
compared using Meat1 and Meat2, which both have thickness of 3 cm. The aim is to

Fig. 8. Reflection coefficient for a) on-body antenna, b) the loop antenna within the tissues with
Meat1 and Meat2.
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observe how the meat constitution, i.e. whether the fat and muscle layers are interlaced
or separated, have impact on the channel characteristics.

Firstly, the antenna reflection coefficients are on-body and the loop antenna are
studied when located on or below the pork pieces Meat1 and Meat2. The reflection
coefficients for the on-body antenna is presented in Fig. 8a and for the loop antenna in
Fig. 8b. Antenna reflection coefficients for the on-body antenna are very similar with
both meat pieces, since the skin thickness and outer fat thickness are same with both
meats. Instead, one can note differences in the reflection coefficients of the loop antenna,
which is located below the meat pieces. This is due to the different tissue constitution of
these different pork meats: there is more fat on the inner surface ofMeat1whereas more
muscle tissues on the inner surface of Meat2. The differences in the antenna matching
are noteworthy only at 1.5 GHz and 2.5 GHz, which however, are out of the frequency
range of interest. The antenna matching at 3.75–4.25 GHz is relatively same with both
meat pieces.

Next, the channel characteristics are studied. Frequency domain channel character-
istics, i.e. S21 parameters, and time domain channel characteristics, i.e. channel impulse
responses, are presented in Figs. 9a–b. As one can note, there is a clear level difference in
the frequency and time domain channel characteristics obtained using Meat 1 and Meat
2 in the measurements. In frequency domain, the level difference is clearest at 1.5 GHz
and 3 GHz which, however, are out of the frequency range of interest. At the on-body
antenna’s operational frequency range, 3.75–4.25 GHz, the level difference is at highest
10 dB, except at 3.75 GHz there is a large notch with Meat1. In time domain, the main
difference is observed in the level and width of the main peak. The difference is also in
this case at highest 10 dB.

The differences in the channel characteristics obtained using Meat1 and Meat2 are
partly explained by differences in the antenna matching. However, the main difference
comes from the different propagation paths due to different tissue composition. Fat
is known to be one of the “easiest” tissue for UWB signal propagation in terms of
propagation time and power loss [19, 20], hence, Meat1 having “fat tunnels” through
the muscle layer appear to be clearly easier meat piece to propagate through.

6 Impact of the Temperature

The channel results presented in the previous section were evaluated for the meat pieces
which was measured to have temperature of 12 °C. However, temperature of the humans
is approximately 37 °C. The temperature is known to have a clear impact on the tissues’
dielectric properties [16], which is assumed to change also channel characteristics signif-
icantly. Thus, next, the impact of the temperature is evaluated for channel characteristics
withMeat1.

The Meat1 was heated in a heating box up to 37 °C. Then the S11, S21, and IR
values are evaluated in the same antenna positions as in Section A. The obtained results
are presented in Figs. 10a–c. For the comparison, S11, S21, and IR values measured in
the cold (12 °C) temperature are included in the figure.

As noted from Fig. 10a, temperature changes the antenna matching slightly at the
lower frequencies (up to 4.1 GHz). Due to these changes, the notch of the S11 is trans-
ferred 0.2 dB to the lower frequency, to 3.9 GHz. The changes in the S21 values are also
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Fig. 9. a) Frequency domain and b) time domain comparison of channel characteristics obtained
usingMeat1 and Meat2.
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Fig. 10. Comparison between the antenna and channel characteristics at 12 °C and 37 °C temper-
ature: a) S11 parameters for on-body antenna, b) S21 parameters, and c) IRs obtained performing
IFFT for the whole frequency bandwidth.
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noteworthy at lower frequencies, as presented in Fig. 10b. However, at the frequency
range of interest, the difference is maximum 5 dB. In time domain results, presented
in Fig. 10c, the main difference can be noted in the level of the CIR’s main peak: with
warm meat, the main peak is 9 dB at higher level than that with the cold meat.

7 Conclusions

This paper presented a study on UWB in-body propagation measurements conducted
using pork meat. The first aim of this paper was to investigate by simulations the propa-
gation differences between human and pork tissue layer models. The simulations results
showed clear differences between the channel characteristics obtained using human tis-
sues compared to pork tissues: within the frequency range of interest at 3.75–4.25 GHz,
the path loss difference is up to 5 dB. The second aim of this paper was to study, by
measurements, the propagation using different types of pork meat piece having different
fat and muscle compositions. It was found that path loss is clearly higher with the pork
meat having separate skin, fat, and muscle layers compared to the pork meat having
interlaced fat and muscle layers. Furthermore, the third objective of this paper was to
study the impact of the meat temperature on the measured channel characteristics by
comparing the channels obtained with the meat at the temperature of 12 °C and at 37 °C.
Also, in this case clear differences were observed in path loss: within the frequency
range of interest, the path loss was maximum 5 dB lower with meat at 37 °C than with
a colder meat.

The results presented in this paper provide information and insights on the use of
pork meats in the in-body propagation studies. It is shown that selection of the meat
pieces used in the measurements is crucial: meat composition may have strong impact
on the channel characteristics. Besides, it would be important to heat themeat up to 37 °C
if more realistic scenario is aim to be evaluated. Furthermore, although the dielectric
properties of the human and adult pork tissue are similar, the differences in the dielectric
properties cause clear impact on the channel characteristics, which should be taken into
the account in monitoring device design.

Our future work plans include extensive measurements using different meat pieces
having different thicknesses with different fat and muscle composition. Aim is to per-
form propagation path calculations for different propagation path options with the corre-
sponding dimensions and compare them with the measured data. Furthermore, different
on-body and implant antennas having different operational frequencies will be used in
the evaluations.
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