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ABSTRACT In this work, a customized portable semi-shielded chamber for torso phantoms to evaluate
fat-intrabody communication (Fat-IBC) is presented. Fat-IBC is a technology where human fat tissue is
used for microwave communication with intrabody medical devices. The potential clinical applications are
vast including central nervous system (brain and spine) communication, cardiovascular disease monitoring
and metabolic disorder control. However, validating this technology needs assurance that the signal leakage
through undesired paths, particularly surface waves and reflections, does not occur. To solve this issue,
an effective technique involving a modified design of a semi-shielded chamber is presented. The cross-
section of the torso phantoms is about 25 cm x 35 cm and the height about 20 cm. As specified by ISO
3745:2012, the maximum object volume that can be measured in a chamber is 5% of the chamber’s internal
net volume. Therefore, the dimensions of the semi-shielded chamber was set to 100 cm x 60 cm x 60 cm.
The semi-shielded chamber was constructed out of a wooden crate, covered on the inside with microwave
absorbers and with thin aluminum sheets on the outside. The experimental evaluation of the semi-shielded
chamber was validated according to standards such as EN 50147-1:1996, IEC 61000-4-3:2020, and IEC
CISPR 16-1-4:2019. The torso phantom was positioned at the center of the chamber, with a separation wall
to ensure signal transmission solely through the phantoms interior and not its surface or chamber walls. The
separation wall can be modified either to be conformal to the phantom sample or serve as a solid partition
dividing the chamber into two separate volumes for performance measurement. The separation wall was
found to have a shielding attenuation of 30 dB to 60 dB for frequencies between 0.7 GHz and 18 GHz,
respectively, while the corresponding values for the external walls were found to be 45 dB to 70 dB. The
semi-shielded chamber realized in this work is useful for Fat-IBC technology, brain-computer interface,
brain-machine interface, body area networks (BANs), and related applications.

INDEX TERMS Anechoic chamber, electromagnetic compatibility, shielding effectiveness measurements,
intrabody communication.

I. INTRODUCTION
The associate editor coordinating the review of this manuscript and Progress in wireless communication, as well as the
approving it for publication was Photos Vryonides . most advanced method in electronic devices with highly
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power-efficient characteristics, have opened up new horizons
in human body area networks (BANs) [1]. In human body
communication (HBC), multiple devices are worn or placed
inside or near the human body. To share data and enable
new services, these devices could form a wireless link or a
small-scale wireless network [2]. Intrabody communication
(IBC) is a wireless communication technique that enables
the transmission of data within the human body. It has the
potential to revolutionize healthcare and sports technology by
providing a reliable and efficient means of transmitting data
from inside the body to medical and sports devices. IBC has
several advantages over traditional wireless communication
techniques, such as higher data rates, lower power, miniatur-
ized transceivers, and greater robustness against interferences
and privacy attacks. However, the complex and dynamic
nature of the human body presents technical challenges
that need to be overcome through continued research and
development to realize the full potential of IBC.

Recently, the Fat-IBC technology has got a lot of attention.
It has been found that adipose tissue is an effective transmis-
sion medium which can serve as a safe and reliable channel
for IBC [3]. Basu et al. [4] used the 2.45 GHz Industrial,
Scientific, and Medical (ISM) band to demonstrate the use of
the fat channel for IBC. EbrahimiZadeh et al. [5], calculated
the path loss for Fat-IBC using Poynting vector theory and
measured it on ex-vivo porcine fat tissues. Asan et al. [6]
characterized the fat channel for IBC at waveguide R-band
frequencies (1.7-2.6 GHz). Effects of different fat thick-
nesses [7], [8] and blood vessel effects have also been studied
and compared to the signal coupling [9]. Later, experimental
validation of signal path loss for the 5.8 GHz ISM band
was performed and the related dynamics of body movements
were examined [3]. Furthermore, digital data communication
through phantom fat tissue was simulated and measured at
2.0 GHz [10].

A problem for Fat-IBC is that the signals sent between
two antennas placed on the skin a distance apart may not
be confined to the fat layer only. Parts of the signal may
also travel as surface waves along the skin and as free-space
waves which can undergo reflections to reach the receiving
antenna, so called multipath. In order to eliminate, or at
least minimize, the undesired signal paths this study pro-
poses the use of a small anechoic chamber, a semi-shielded
chamber, where phantoms emulating different body parts can
be placed. Inside the chamber a separation wall, designed
to exactly follow the shape of the phantom, will be placed
to suppress the undesired signal paths and ensure that the
received signal only has travelled through the fat layer.

Since 1953, anechoic chambers [11] are widely used
for antenna-related measurements. Anechoic chambers and
semi-shielded chambers must satisfy proper boundary con-
ditions to prevent interferences from undesired radiation and
reflections [12]. Isolation from undesired sources is achieved
by enclosing the chamber with a shielding conductive cover
and reflections from the walls are minimized by covering
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the inside walls with electromagnetic (EM) absorbers [13].
Rectangular-shaped anechoic chambers [14], which are con-
sidered here, are suitable for microwaves down to the lowest
part of the ultra-high frequency (UHF) band where the reflec-
tions from the EM absorbers become non-negligible [15].

Earlier works on anechoic chambers [16], [17], [18]
focused on different architectures and measurements such as
antenna radiation pattern, gain, and electromagnetic compat-
ibility. However, the purpose of the proposed semi-shielded
chamber differs completely from these previous applications.
The semi-shielded chamber has been developed to only allow
signals to propagate inside phantoms emulating the human
torso. Furthermore, the semi-shielded chamber has been eval-
uated according to all the relevant international standards for
measurements in anechoic chambers.

The proposed semi-shielded chamber can be used in the
experimental setup for evaluation of offbody, onbody, and
inbody communication. It offers a useful setup for Fat-IBC
in the areas of brain-computer interface, brain-machine inter-
face, BANs, medical imaging [19], [20], and body sensor
networks (BSN), and related applications such as central ner-
vous system (brain and spine) communication, cardiovascular
disease monitoring, and metabolic disorder control (diabetes,
obesity etc).

This paper is organized in the following way. In Section II
the problems and solutions of conducting Fat-IBC experi-
ments in an anechoic chamber are discussed. An explanation
of the simulation and construction of the semi-shielded cham-
ber is presented in Section III. Experimental validation of
the chamber based on relevant standards and a discussion on
suppressing surface waves are addressed in Section IV. In
Section V the impact of the separation wall is quantified for
a torso phantom. Section VI concludes the paper.

Il. PROBLEMS AND METHODOLOGY

In this section, an appropriate way to measure Fat-IBC inside
a semi-shielded chamber for torso phantoms is outlined. Fat-
IBC onbody antennas [21] are placedA onA a torso phantom
with multiple layers, representing skin, fat, muscle, internal
organs, and bone. The Fat-IBC antennas match the impedance
of the skin layer, resulting in better electric field coupling
into the underlying fat layer. It has been shown that signals
are less attenuated in fat tissue than in muscle tissue [6].
Signal transmission through muscle is inefficient due to high
dielectric losses (tand. = (we” + o)/we’ [22]) and the
attenuation per length unit in muscle tissue is more than twice
as high as in fat tissue [6].

A. PROBLEM

The signals sent between two Fat-IBC antennas placed on a
phantom will propagate through the emulated fat tissue, but
a part may propagate as surface waves along the skin of the
phantom and another part may leak out and reflect against the
inside walls of the chamber and finally reach the receiving
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FIGURE 1. The proposed Fat-1BC technique, (a) problem posed by external
signal paths such as surface waves and multipath, and (b) surface wave
suppression by introducing a septum wall a cross the phantom.

antenna, so called multipath. Figure 1(a) illustrates the Fat-
IBC measurement problem with external paths like surface
waves and multipath.

B. SOLUTION

The problem with the two external propagation paths can
be solved by introducing a separation wall inside the semi-
shielded chamber, see Figure 1(b). The separation wall is
placed in the middle of the chamber and is shaped according
to the geometry of the phantom with absorber material in
contact with the phantom to eliminate the surface waves.
Furthermore, the separation wall blocks multipath by prevent-
ing wall reflections from travelling into the other part of the
chamber. In this way the signal can only propagate through
the fat layer to reach the receiving antenna and an effective
free space test setup for Fat-IBC is formed.

Ill. DESIGN AND DEVELOPMENT OF SEMI-SHIELDED
CHAMBER FOR TORSO PHANTOMS

In this section, the design and development of the semi-
shielded chamber for torso phantoms is presented. A com-
puter simulation of the semi-shielded chamber is provided
and the efficiency of the chamber is discussed.

Anechoic chambers range from small compartments the
size of household microwave ovens to sizes as large as aircraft
hangars. The size of the chamber depends on the size of
the test object and the frequency range. The standard ISO
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3745:2012 [23], regulates the anechoic chamber dimensions
based on the volume of the test object, as given by the
volumetric relation

Vobject < 0.05 Vchamber (1)

where Vopject is the net volume of the object to be measured,
i.e. the torso phantom volume, and Vchamper 1S the net volume
of the semi-shielded chamber. The torso phantoms to be mea-
sured have lengths between 20 cm and 40 cm and, to allow
for space to place the Fat-IBC antennas on the phantom,
the length of the chamber was set to 100 cm. The height
of the torso phantoms, about 20 cm, set the height of the
chamber to 60 cm. There were no requirements on the width
of the chamber and a quadratic cross section was chosen
with width 60 cm. This gives a chamber of size Vihamber =
100 cm x 60 cm x 60 cm = 0.36 m® and, according to Equa-
tion (1), a maximum phantom volume, Vgpject, of 0.018 m3.

A. SIMULATION USING COMSOL MULTIPHYSICS
COMSOL Multiphysics provides several inbuilt models
related to anechoic chambers [24] which makes simulations
quick and accurate. Even though the semi-shielded chamber
is covered with flat absorbers inside, the provided simulation
model involves pyramidal-shaped absorbers and therefore the
simulation was performed in this way. Inside the simulated
chamber, absorbers were configured on all the surfaces in
the form of an array of pyramidal structures. The pyrami-
dal shape forces the incident waves to undergo multiple
energy-reducing reflections until they reach the base of the
pyramidal array with substantially lower field amplitudes,
giving minimal scattering back from the walls. By absorbing
electromagnetic waves inside the chamber and blocking out-
side signals, the chamber creates a virtually infinite space that
has almost no internal reflections and does not suffer from any
undesired external RF noise [24].

Figure 2(a) shows the anechoic chamber simulation model.
The model consists of three layers which are, from inside
to outside: microwave absorber, a 0.85 cm thick wooden
structure, and a 30 wm aluminum layer. Figure 2(b) presents a
wire-frame rendering view of the anechoic chamber including
absorbers based on the inbuilt models of COMSOL with an
array of pyramidal objects. Foley [25], discusses in detail the
radiation absorbent material used in the simulation, a low
conductive material with conductivity o = 0.5 S/m and
€= pur=1.

For the simulation, a dipole antenna [26] resonant at
2.45 GHz was used. In Figure 2(c) its resonant torus-shaped
3D far-field power pattern is displayed. The electric field of
the dipole antenna was simulated inside the chamber and in
Figure 2(d) the radiated power inside the anechoic chamber
is plotted showing that the field is weakest at the walls where
the absorbers are situated.

The semi-shielded chamber makes a suitable environment
for accurately measuring the performance of wireless devices
and antennas, free from external interference. However, apart
from the simulation it is also necessary to validate that the
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FIGURE 2. The performance of the 100 cm x 60 cm x 60 cm large
semi-shielded chamber was simulated with COMSOL Multiphysics.
Pyramidal-shaped EM absorbers, the wooden structure, and the
conducting aluminum sheet were all included in the simulation model.
Panel (a) view with closed mesh transparency; (b) wire-frame rendering
view; (c) 3D far-field pattern of a dipole antenna at 2.45 GHz placed
inside the chamber; and (d) electric field simulation with a dipole
antenna inside the chamber.

semi-shielded chamber conforms to the established standards
for anechoic chambers required to make it suitable for test-
ing wireless devices and antennas. This is done in the next
section.

B. CONSTRUCTION OF THE SEMI-SHIELDED CHAMBER
FOR TORSO PHANTOMS

Here, the construction of the semi-shielded chamber for torso
phantoms is discussed. As previously mentioned, a wooden
crate of size 100 cm x 60 cm x 60 cm and 0.85 cm thickness
was chosen. Inside the crate, microwave absorbing material
of type EA-LF500-24 [27] was pasted. This is a dielectrically
loaded carbon polyurethane foam with insertion loss varying
from 20 dB to 34 dB for frequencies of 700 MHz and 18 GHz,
respectively. The outside of the box was covered with a
30 pum thick aluminum layer, which prevents EM waves from
leaking out of the chamber and external EM waves from
entering the chamber. Figure 3(a) shows a photograph of the
implemented semi-shielded chamber. At critical places along
the seams between the side surfaces and at the bottom plane,
multiple layers of aluminum have been used to ensure that no
leakage take place. The bottom of the chamber has 6 legs and
every leg has a wheel attached to make the chamber portable.
Figure 3(b) shows how the lid, or top wall, can be opened to
allow torso phantoms and other devices to be placed inside
the chamber. Small holes for RF-cables have been made on
the two short sides. The gap between the cable and the orifice
was pasted with shield material to minimize leakage.

1) PENETRATION DEPTH OF EM WAVES INTO AN
ALUMINUM SHEET

The shield efficiency of the 30 um aluminum sheet needs
to be evaluated. The penetration depth of microwaves inside
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FIGURE 3. Photographs of the semi-shielded chamber, (a) outside and
(b) with the lid (top wall) opened.

a good conductor, like a metal, is characterized by the skin
depth &5 [22]

2
8 = [ —— @)
opo
where w = 2nf is the angular frequency in radians/s, u the
magnetic permeability in H/m, and o the conductivity in S/m.
For aluminum we can set u = o = 47 x10~7 H/m and the
conductivity has the value ¢ = 3.77 x 107 S/m.

The skin depth is the distance inside the material where
the field has decayed to 1/e (= 36.8%) of its value at the
surface. For example, at the depth of 63, the field has decayed
to 0.25% of the value at the surface, or decayed by 52.1 dB.
For the lowest and highest frequencies used in this paper,
700 MHz and 18 GHz, the skin depths become 3.1 um
and 0.61 um, respectively. In the worst case of the lowest
frequency, the 30 um thick aluminum sheet represents about
1085 and an attenuation of almost 87 dB. This value is suffi-
cient for the semi-shielded chamber.

C. ANTHROPOMORPHIC OBESE TORSO PHANTOM
Figure 4 shows an anthropomorphic obese torso phantom
of the human abdominal region. This phantom, which has
been developed for Fat-IBC, consists of tissues like skin,
subcutaneous fat, muscle, spinal column, visceral fat, and
internal organs. The thicknesses of the tissues have been
chosen according to the average thicknesses of the obese
human body [28]. The torso phantom has length 25.2 cm,
width 24.5 cm, and height 18.5 cm. The main constituents
of the torso phantom and the fabrication procedure of each
tissue are described by Joseph et al. [29]. By utilizing the
semi-shielded chamber signals can only propagate through
the subcutaneous fat layer.

D. MODIFICATION OF THE CHAMBER SEPARATION WALL

In order for the separation wall to block surface waves along
the skin of the phantom, it has to be modified according to
the shape of the phantom. The separation wall is made of the
same 0.85 cm thick wooden structure and is covered on both
sides with absorbers. The torso abdominal torso phantoms
are all almost 20 cm tall and to simplify the setup inside the
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FIGURE 4. Obese abdomen torso phantom with the emulated tissues
indicated, (a) top view and (b) oblique view.

chamber, the 60 cm high separation wall has been divided
into two parts, an upper part of 40 cm and a 20 cm lower
part. In this way the upper part of the separation wall can
remain the same for all the measurements while only the
lower part needs to be modified according to the shape, size,
and position of the torso phantom.

For the measurements the obese torso phantom was placed
at the middle of the semi-shielded chamber. Two phantom
orientations were considered: with the spinal column placed
vertically along the separation wall for side-to-side measure-
ments and with the spinal column still vertical but rotated
90 degrees for front-to-back measurements. The dimensions
across the phantom are marginally the same for front-to-back
and side-to-side. Figure 5 displays three views of how the
separation wall has been adapted to the torso phantom.
Figure 5(a) shows an oblique view where the separation wall
can be seen to be kept in place by plastic clamps mounted
with plastic screws on the middle of the long sides of the
chamber. Figures 5(b) and (c) shows a side view and a top
view, respectively. The side view shows that the lower part
of the separation wall has been modified according to the
geometry of the torso phantom, thereby not only eliminating
surface waves but also preventing reflections from reaching
the other side of the chamber.

IV. EXPERIMENTAL VALIDATION OF THE CHAMBER

In this section, the experimental validation of the
semi-shielded chamber is described. The process involves
three separate aspects for the chamber: shield attenua-
tion, field uniformity, and site voltage standing wave ratio
(VSWR). In the following, these three validation measure-
ments are described.

A. SHIELD ATTENUATION MEASUREMENT

The EN50147-1:1996 standard [30] describes how shield
attenuation measurements of shielded enclosures should be
performed in the frequency range 9 kHz to 40 GHz. For the
semi-shielded chamber the procedure outlined in the stan-
dard has been followed using a pair of horn antennas in the
frequency range 700 MHz to 18 GHz and a pair of stubby
monopole antennas for 700 MHz to 2.7 GHz.

VOLUME 11, 2023
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FIGURE 5. Customized separation wall for the obese torso phantom.
Panel (a) shows how the separation wall has been divided into an upper
unabbreviated part and a lower modified part and how it is held into
place with clamps, (b) side view, and (c) top view.

Horn Antenna 2

Wall 1

FIGURE 6. Semi-shielded chamber with horn antennas to measure the
shield attenuation of the separation wall.

1) SHIELD ATTENUATION MEASUREMENTS WITH HORN
ANTENNAS
Shield attenuation measurements were performed in the fre-
quency range 700 MHz to 18 GHz using two double ridged
broadband waveguide horn antennas, HA-07M18G-NF [31].
In order to evaluate the shield efficiency of the separation
wall, the experimental setup of Figure 6 was used. The horn
antennas were placed 40 cm apart (aperture to aperture), at the
same height, and aligned towards each other with the same
polarization. The semi-shielded chamber was closed and the
RF cables to the antennas were routed through two orifices
on the opposite short sides of the chamber, one cable per
orifice. Pieces of adhesive microwave shielding sheets were
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FIGURE 7. Shield attenuation of the separation wall measured with two
horn antennas placed on either sides of the separation wall 40 cm apart.

used to cover the gaps between the orifices and the cables.
The RF cables were connected to a N9918A FieldFox vec-
tor network analyzer (VNA), which measured the scattering
parameters S21 and S11, where the transmission parameter
S21 is the most interesting, indicating the power transmitted
from antenna 1 to antenna 2.

Figure 7 shows the results of the shield measurements of
the separation wall. The red curve with downward facing
triangles shows the transmission measurement, S21, of the
separation wall and the blue curve with upward facing trian-
gles shows the corresponding measurement of the free space
attenuation (without separation wall) with the horn antennas
placed inside a standard ETS-Lindgren anechoic chamber
[32]. The difference between the red curve and the blue curve
is the shield attenuation of the separation wall (wall isolation),
shown in Figure 7 as the dashed black curve with both upward
and downward facing triangles combined. It can be seen that
the separation wall provides at least 30 dB attenuation and
for frequencies higher than 4 GHz the attenuation is more
than 40 dB and increases to 60 dB at 14 GHz. Figure 7 also
shows reflection measurements, S11, both in the presence
of the separation wall, pink curve with squares, and for the
free space measurement in the ETS Lindgren chamber, purple
curve with circles. The two S11 curves are almost identical
and difficult to separate in the figure.

The outer walls of the semi-shielded chamber should pro-
vide similar values for the shield attenuation as the separation
wall, i.e. between 40 dB and 60 dB. Figure 8 shows a top
view of the setups for measuring the shield attenuation of
Walls 1 and 2. The setups for measuring Walls 3 and 4 are sim-
ilar but the positions of the antennas are mirrored with respect
to the two orthogonal central symmetry lines of the chamber.
For the Walls 1 and 3 the horn antennas were placed 60 cm
apart (aperture to aperture) with the transmitting horn antenna
inside the semi-shielded chamber and the receiving antenna
outside the chamber. For Walls 2 and 4 the distance between
the antenna apertures was 140 cm. Free space measurements
were also made with the horn antennas separated by the same
distances of 60 cm and 140 cm in a standard ETS-Lindgren
anechoic chamber [32].
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FIGURE 8. Measurement setup for shield attenuation measurements for
Walls 1 and 2 using horn antennas.
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FIGURE 9. Shield attenuation of (a) the large Walls 1 and 3 for 60 cm
separation between the horn antennas, (b) the small Walls 2 and 4 with
140 cm separation between the horn antennas.

Figure 9(a) shows the result of the shield attenuation mea-
surements of the largest outer Walls 1 and 3. The two curves
at the bottom show the transmission measurements, S21,
of Wall 1 (red with downward facing triangles) and Wall 3
(grey with diamonds). The free space S21 measurement is
shown as the blue curve with upward facing triangles. The
difference between the wall attenuation and the free space
attenuation is the shield attenuation of Walls 1 and 3, grey
and black curves, respectively, both with double triangles.
It can be seen that Walls 1 and 3 provide shield attenuation of
about 60 dB over the whole frequency range from 700 MHz

VOLUME 11, 2023



P. K. B. Rangaiah et al.: Realization of a Portable Semi-Shielded Chamber for Evaluation of Fat-IBC

IEEE Access

Rx ©
&
Rx 2, £ M3 ) Rx
M6 Wall 3 2 M7
5 ©
= 6°
10cm
10 cm 4}_ 60 cm Rx £
(G—] S
o
M2 Tx w e
Wall 4
Wall 2
o 20
¢ £ Wall 1 T
Rx = " Rx
M5 - '&“ 1 M8

FIGURE 10. Setup for shield attenuation measurements with Mike 1C
antennas.

to 18 GHz. The reflections, S11, pink and purple for the two
walls and light blue for free-space, are practically identical.

For Walls 2 and 4, the results are presented in
Figure 9(b) with the same line styles and colors as in
Figure 9(a). For these two short side walls the shield atten-
uation is slightly better than 50 dB for the whole frequency
range which is less than for the larger walls. Two reasons can
potentially explain the lower wall attenuation. The first can
be leakage through the cable orifices on the short side Walls
2 and 4. The second cause can be leakage from the edges of
the chamber. For the small side Walls 2 and 4, the edges are
closer to the direct line of sight between the antennas than for
the larger Walls 1 and 3 and this may contribute to a smaller
shield attenuation.

2) SHIELD ATTENUATION MEASUREMENT WITH MIKE 1C
ANTENNAS

The Mike 1C antenna [33] is a commercially available ver-
tically polarized monopole antenna for frequencies between
700 MHz and 2 700 MHz (for 960 MHz-1 700 MHz VSWR <
2.0). Since the semi-shielded chamber mainly will be used
for Fat-IBC with WLAN, Bluetooth, and Zigbee protocols,
which all have frequency bands covered by the Mike 1C
antenna, this antenna has been used to test the shield attenu-
ation of the outer walls and to examine any potential leaks at
the edges of the chamber. Figure 10 shows the setup for shield
attenuation measurement using a pair of Mike 1C antennas.
The transmitting antenna (Tx) was placed at the middle of
the chamber, elevated 25 cm from the bottom. Measurements
were taken at eight positions (M1-MS8) outside the chamber
with the receiving antenna (Rx) placed 10 cm from the cham-
ber at the same height as the transmitting antenna. The eight
positions include all mid points of the four outer walls and all
four vertical edges. Comparative measurements were made
in terms of free space measurements at the same distances
(40, 60, and 68 cm) in a standard ETS-Lindgren anechoic
chamber [32].

Figure 11 shows the result of the shield attenuation mea-
surement using Mike 1C antennas. The line styles and colors
are the same as in Figure 9. Figure 11(a) displays S21 for
the M1 and M3 points (Walls 1 and 3). The distance between
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FIGURE 11. Result of the shield attenuation measurements using Mike 1C
stubby antennas for positions (a) M1 and M3, (b) M2 and M4, and (c) M5,
M6, M7, and M8.

the antennas is 40 cm and the results are compared with free
space measurement in a standard ETS-Lindgren anechoic
chamber [32]. Walls 1 and 3 offer at least 50 dB attenuation
up to 2.15 GHz, which is similar to the results with the horn
antennas shown in Figure 9(a). Figure 11(b) shows the S21
measurements for the M2 and M4 points, corresponding to
the smaller Walls 2 and 4, respectively, and a spacing of
60 cm between the antennas. Again, the attenuation values
are similar to the values measured with horn antennas, see
Figure 9(b). Figure 11(c) illustrates the S21 measurements
for the vertical edges (the points M5, M6, M7, and MS),
where the antennas were separated by a distance of 68 cm.
An attenuation of at least 40 dB can be found at each vertical
edge.

B. FIELD UNIFORMITY

Measeurements of field uniformity of an anechoic chamber
should be performed according to the standard IEC61000-
4-3:2020 [34]. The purpose is to verify that the electric field
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FIGURE 12. Field uniformity measurement plan with grid points for the
521 measurements.

inside the anechoic chamber is uniform across the test area
where measurements will take place. Since the semi-shielded
chamber is small compared to a standard chamber, only
100 cm x 60 cm x 60 cm, and that the torso phantoms will
be placed at the middle of the chamber, the test points have
been chosen to be positioned more densely at the middle of
the chamber as shown in Figure 12. More specifically, the
test points have been chosen as the intersections between four
circles of diameters 10, 20, 40, and 80 cm, and four straight
lines, where two of the lines connects the midpoints of the
vertical sides (lines A and B) and the other two lines connect
the opposite edges (lines C and D) of the semi-shielded
chamber. For each measurement the transmitting antenna was
placed at a specific test point and the receiving antenna was
placed at the opposite test point on the same circle which
intersects the same line as the first test point. In this way, four
measurements at different distances were made for each of
the radial lines A, C, and D. For line B, the test point at the
80 cm diameter circle falls outside the semi-shielded chamber
and only three measurements were made.

Figure 13 shows the result of the field uniformity measure-
ment where S21 was measured along the lines A, B, C, and
D at distances of (a) 10 cm, (b) 20 cm, (c) 40 cm, and (d)
80 cm. According to the IEC 61000-4-3:2020 standard [34],
field variations for different measurement directions of up to
6 dB are acceptable for practical test conditions.

For the close range measurements at 10 cm and 20 cm
in Figures 13(a) and (b), respectively, which cover a very
important test area for Fat-IBC measurements, all the mea-
surement curves are very similar indicating an excellent field
uniformity. Even though, slight variations may occur because
of errors in the antenna placement positions and even smaller
variations may arise due to the pre-distorted cables of the
Mike 1C antennas which piece-wise may be aligned with the
vertically polarized Mike 1C antennas.

In case of the long range measurements at 40 cm and
80 cm distance shown in Figure 13(c) and (d), respectively,
the antennas are closer to the walls of the chamber and
reflections come into play. The absorbers [27] at the inside
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FIGURE 13. S21 measurements to check the field uniformity inside the
semi-shielded chamber at distances of (a) 10 cm, (b) 20 cm, (c) 40 cm,
and (d) 80 cm.

chamber walls offer an insertion loss of at least 20 dB, which
may not be negligible. On the other hand, with increasing
distance between the antennas the placement errors become
less important.

The 40 cm distance measurement at the middle of the short
sides of the chamber, along line B, red curve in Figure 13(c),
suffers from higher reflections than the other measurements
at the same distance. Depending on the phase of the reflected
wave the reflections can be either constructive or destruc-
tive giving rise to higher and lower magnitude of S2I,
respectively. In Figure 13(c), this is illustrated by the fact that
the measurement along line B (red curve) have a tendency
to have either the highest or the lowest value of S21. For
line A, blue curve in Figure 13(c), reflections may also be
contributing, but due to the larger distance to the reflecting
walls, about 30 cm, the reflections are weaker and the fluctu-
ation of S21 is less than for measurements along line B. The
diagonal of the chamber, lines C and D, are symmetric and
these measurements show a striking similarity. Due to multi-
ple reflections at the edges of the chamber, both attenuating
the signals and spreading them in favorable directions, the
reflections are minimal.

The measurements at 80 cm distance shown in
Figure 13(d) for the lines A, C, and D, display similar charac-
teristics as the measurement at 40 cm distance, but even more
pronounced. For line A the antennas are placed only about
10 cm from the walls of the chamber and reflections from
the flat absorber surfaces contribute in a similar way as for
line B for the 40 cm diameter case, showing both constructive
and destructive interference making the measured S21 values
either higher or lower that the values for the diagonal lines C
and D. For the diagonal lines C and D, the situation is similar
to the corresponding 40 cm case with multiple reflections
attenuating and scattering the signals, and the measured
curves are very similar.

C. SITE VOLTAGE STANDING WAVE RATIO (VSWR)
For an anechoic chamber or open area test site, sitt VSWR
characterizes the suitability for radiation emission tests [35].
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FIGURE 14. Setup for site VSWR measurement. Two heights (E and F)
have been evaluated.

Site VSWR is very important for frequencies above 1 GHz.
Below 1 GHz, normalized site attenuation is sufficient for
chamber authentication. For site VSWR tests, the standard
IEC CISPR 16-1-4:2019 [36] has been followed. This stan-
dard prescribes that the sitt VSWR must be evaluated with
the receiving antenna and for that purpose a double ridge
guide horn antenna, SAS-571 [37], covering the frequency
range 700 MHz to 18 GHz, has been used. This antenna has
high gain and low VSWR and is an excellent choice for both
immunity and emission testing. For transmission, a vertically
polarized Mike 1C antenna [33] has been used.

Figure 14 shows the site VSWR measurement setup.
The transmitting Mike 1C antenna was placed 20 cm from
the short-side wall where it is outside of the region where
the torso phantom will be placed. The receiving horn antenna
was placed in the region for the torso phantom at a distance
ranging from 10 cm to 50 cm from the transmitting antenna.
Two different heights, marked with letters E and F, were
evaluated. Height E is for the bottom of the chamber where
the torso phantom is placed. Height F corresponds to the
upper height of the torso phantom 20 cm above the bottom of
the chamber. In both cases, E and F, the height of the receiving
horn antenna was adjusted to coincide with the height of the
transmitting antenna.

In Figure 15 the measured VSWR of the receiving horn
antenna is plotted for heights E and F at distances of (a) 10 cm,
(b) 20 cm, (c¢) 30 cm, and (d) 50 cm. The results are also
compared with free space measurements at the same dis-
tances in a standard ETS-Lindgren anechoic chamber [32].
All the VSWR measurements, regardless of distances and
positions, are within acceptable values (less than 10).

The successful results of the three tests presented in this
section implies that the semi-shielded chamber is performing
sufficiently well to function as a substitute for a standard
anechoic chamber. Therefore, the proposed chamber can be
used for evaluating Fat-IBC.

V. EVALUATING THE SEMI-SHIELDED CHAMBER FOR
FAT-IBC

During quantification of signal propagation through subcu-
taneous fat tissue (fat channel) all the alternative propaga-
tion paths, like surface waves and multipath, have to be
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FIGURE 16. Setup to analyze the impact of a separation wall on an obese
torso phantom equipped with ring-shaped Fat-1BC antennas, (a) the torso
phantom without the separation wall, (b) the torso phantom with the
separation wall, and (c) the ring-shaped Fat-IBC antenna used in the
measurements.

suppressed. In this section the capacity of the semi-shielded
chamber to suppress surface waves and multipath is demon-
strated with measurement results. In Figure 16(a) the basic
measurement setup for a torso phantom without separation
wall is shown. This setup is similar to the problematic setup
identified in Figure 1(a). In Section II-B an improved setup
with a separation wall across the torso phantom was discussed
and this setup is shown in Figure 16(b). The obese torso
phantom has been placed at the middle of the chamber and
the separation wall can be seen to divide the chamber into
two equal parts with half of the phantom in each part. Mea-
surements were taken in two directions: anterior-posterior
(front-to-back) and mediolateral (side-to-side) in both left
and right lateral positions. Two customized circular antennas
[38] were used in the measurement setup, see Figure 16(c),
and this antenna type has been optimized to resonate at
2.45 GHz when placed on human skin. The antenna is a
vertically polarized dual loop designed to couple microwave
signals through the skin and into the human fat layer. The
two antennas were held in place on the torso phantom by a
polystyrene belt which can be seen in Figure 16(a) and (b).
The measured scattering parameters S21, S11, and S22
are shown in Figure 17, with and without separation wall.
Panel (a) shows the front-to-back measurements and Panel
(b) the side-to-side measurements. Without the separation
wall the signal transmission S21 (red curves in Panels (a) and
(b)) is high for both torso positions due to additional propa-
gation possibilities in terms of surface waves and multipath.
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FIGURE 17. Comparison of scattering parameters S21, S11, and S22
measured on a torso phantom with and without separation wall for

(a) front-to-back and (b) side-to-side measurements. The S21 parameter
indicates a substantial difference in transmission between the two cases.

With the separation wall in place, S21 (blue curves) drop
significantly when the signal only can propagate through
the fat channel For front-to-back measurements the differ-
ence made by the separation wall at 2.45 GHz is 14.5 dB.
On average between 2 GHz and 3 GHz the difference is
13 dB. For side-to-side measurements, the difference is
12 dB at 2.45 GHz with an average of 12.5 dB over the
displayed frequency band. These measurements show that
the semi-shielded chamber equipped with a separation wall
substantially reduces surface waves and multipath making it
to a viable experimental setup for Fat-IBC.

VI. CONCLUSION

In this paper a customized design of a portable semi-shielded
chamber for evaluation of Fat-IBC measurement setups is
presented. Any anechoic chamber can eliminate interfering
microwave signals, but the challenges are surface waves and
multipath propagation. In order to eliminate surface waves
and multipath a separation wall conforming to the shape of the
torso phantom was developed. The semi-shielded chamber
was designed to house phantoms of various human body
parts and in particular torso phantoms with diameters of
25 cm to 35 cm. According to the standard ISO 3745:2012,
the maximum object volume that can be measured in a
chamber is 5% of the internal net volume of the chamber.
Therefore, the semi-shielded chamber was designed with a
size of 100 cm x 60 cm x 60 cm. Further verification
of the customized dimensions was made by a simulation
with COMSOL Multiphysics using the electric field from
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a dipole antenna inside. The semi-shielded chamber was
constructed from a wooden crate covered on the inside with
microwave absorbers and on the outside with aluminum
sheets. In order to assess the EMC and radio disturbance
characteristics, the semi-shielded chamber was evaluated
against the standards EN 50147-1:1996 for shield attenu-
ation, IEC 61000-4-3:2020 for field uniformity, and IEC
CISPR 16-1-4:2019 for site VSWR. Horn antennas of type
HA-07M18G-NF with high gain have been used for shield
attenuation measurements and another horn antenna, of type
SAS-571, with low VSWR was used to measure site VSWR.
These antennas are excellent choices for both immunity and
emission testing. Mike 1C antennas have also been used and
they are suitable for testing the performance of the walls
and edges of the chamber. The shield efficiencies of the
separation wall and all outer walls were measured, yielding
shielding values ranging from 40 dB to 70 dB for the fre-
quencies 0.7 GHz and 18 GHz, respectively and confirming
that the shielding efficiency of the semi-shielded chamber
is sufficient. Comparisons have also been made with a stan-
dard ETS-Lindgren anechoic chamber with results which are
promising for use in Fat-IBC experiments.

Fat-IBC experiments have been performed in the
semi-shielded chamber with and without separation wall,
giving a difference of 13 dB and 12.5 dB for front-to-back
and side-to-side measurements, respectively. This is because
of elimination of external signals and that the separation wall
blocks surface waves and multipath propagation. The cham-
ber was constructed as a fundamental part of the experimental
setup for Fat-IBC-based microwave experiments on torso
phantoms. These experiments will improve the understanding
and applicability of Fat-IBC based communication in humans
and guide future clinical applications.
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