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ABSTRACT This paper introduces a microwave-based approach that aims to non-invasively measure water,
particularly cerebrospinal fluid (CSF) dynamics, in the human brain. Themicrowavemeasurement technique
is well-known in industrial applications. More recently microwave techniques have awakened interest also
in biomedical applications. This is the first time it is suggested to be utilized in measurements of brain
water, particularly of CSF. Two different head phantoms were built in order to validate the sensitivity of the
technique to sense dynamic variations of CSF and water volume inside a human skull. These were comprised
of multilayered head phantom, including a real human skull, mimicking the electromagnetic properties of
a human head. In addition, the variation of the CSF is evaluated with electromagnetic simulations using
a planar layer model and a hemispherical layer model. Moreover, propagation and power flow inside the
head model is evaluated using 2D power flow presentations. Reflection sensor principle was selected due
to its simplicity and ability to measure relatively thick samples. Importantly, reflection sensor requires only
one-port measurement making it very feasible for in vivo brain monitoring. In addition, the measurement
setup does not require attachment of the sensor to the head, thus the measurement can be realized also
without touching the head. Our experimental study as well as simulation results demonstrated the possibility
to non-invasively sense, by microwaves, small dynamic variations in CSF volume in the brain, in particularly
in the subarachnoid space.

INDEX TERMS Brain water, cerebrospinal fluid (CSF), human head phantoms, microwave electromagnetic
reflection, microwave measurement.

I. INTRODUCTION
Brain monitoring devices are used to monitor and diagnose
neurological conditions by exploring the structure and func-
tions of the brain. These devices provide the information of
the brain and greater understanding of neurological prob-
lems, with possible new treatments. Among these devices
computed tomography (CT) andmagnetic resonance imaging
(MRI) are the conventional devices, which are being used for
the structural diagnosis of the brain, for example when detect-
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ing possible tumor, head injury, etc. [1]. On the other hand,
electroencephalography (EEG), functional magnetic reso-
nance imaging (fMRI), magnetoencephalography (MEG),
transcranial doppler (TCD) and functional near-infrared spec-
troscopy (fNIRS) are the techniques used for studies of brain
functionality [1]. Recently, microwave-based techniques for
human brain imaging have awakened arising interest, mainly
because it potentially enables whole head imaging by using
small and portable equipment [2]. For instance, pre-clinical
studies show its potential in detection of brain tumors and
hemorrhagic strokes [2]. Its capability to detect changes in
water content inside the skull have not yet been reported.
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In this paper, a microwave-based approach is introduced
using free-space reflection for non-invasive measurement of
water and CSF inside the human skull. CSF is slightly alka-
line; due to its salinity it has high relative permittivity of 36.5
at 20 GHz and conductivity of 33.1 S/m at 20 GHz [10].
About 99% of CSF is water [1]. Potentially, the proposed
technique could be utilized in online clinical diagnostics
where the immediate detection of changes in water volume
in the brain is of high interest, for instance, in early detection
of edema and head concussions. In addition, fluctuations in
brain water have attracted increasing interest with regards to
studies of the glymphatic system, which is connected to the
complex organization of dural lymphatic vessels responsible
for cleaning tissue [3]. Furthermore, disturbances in glym-
phatic circulation are associated with several brain disorders,
including dementia [3]. Measurement of variations in CSF
and glymphatic circulation could thus eventually allow for
portable and long-term functional brain monitoring to be
utilized for several diagnostic purposes.

A. THE PRINCIPLE OF MICROWAVE SENSOR
Microwaves in general include wavelengths approxi-
mately between 1 m and 1 mm and a frequency range
between 300MHz – 300GHz, correspondingly [4]. Transmit-
ted microwaves are being interacted with by matter. Matter
can attenuate, reflect, scatter, refract or change the speed
and phase of microwaves depending on the dimensions and
dielectric properties. The received signal, which includes
the attenuation and phase information, is used to calculate
results [5].

Microwave sensors are commonly used to measure a wide
range of quantities like distance, movement, shape and par-
ticle size, but the largest group of applications are related to
the measurement of dielectric properties of materials [6].

Microwaves have several advantages in measuring human
tissues including the possibility to adjust sensitivity to differ-
ent tissue factors using a wide range of frequencies, allow-
ing deep brain monitoring, the ability to focus the energy
inside the brain on the location of interest, a variety of
supporting simulation tools, relatively low cost, and low,
if any, health risk. However, similarly to optical imaging,
microwave imaging is still limited by rather low spatial res-
olution, which is why most of the current studies focus on
improving this characteristic [7]. Spatial resolution increases
in terms of decreased wavelength being about half the used
wavelength [8]. At 40 GHz in dielectric medium with a
relative permittivity of 20, half wavelength is less than 1 mm.

The interaction between microwaves and the medium of
propagation is completely determined by the well-known
complex relative permittivity and permeability of the
medium [8].

Different tissues have different permittivity values. Thus,
the combined permittivity of several tissue layers depends on
the thickness of the layers and the tissue types. By measur-
ing the changes in permittivity of the tissue, it is possible
to gather information about its composition. Generally, the

FIGURE 1. a) Planar layer model and b) hemispherical layer model.

tissue permittivity is influenced by factors like temperature,
tissue density and layer thickness variations. Thus, there
may also be more than two components adding to the total
amount of unknowns. The main property of the soft tissues is
their water content, due to the unique properties of water in
microwave spectra [7].

In reflection-based microwave imaging the measurement
principle commonly relies on scattering resulting from the
interaction between the incident wave and the target. In radar-
based time domain tissue imaging, a microwave pulse, which
includes a wide band of frequencies, is transmitted towards
the target using a suitable antenna. The backscattered signals
are collected using an array of antennas surrounding the target
at certain positions [2].

The capabilities of these imaging methods are strongly
related to a proper description of the dielectric properties of
human bodies, as well as the availability of specific numerical
models [7]. In terms of deep brain imaging, the fact that
the higher the frequency, the lower the penetration depth
inside target, must be considered. In addition, without a
coupling medium, a low penetration depth may also occur at
low frequencies, since most of the electric field is reflected
at the first interface or diffracted around the sample. The
high frequency of the antenna results in small physical size
and high directivity beneficial properties in the application.
The operating frequency should therefore be approximately
from 20 GHz up to 50 GHz. The selected frequency band
should be as wide as possible to yield more information. This
band is the practical compromise between penetration depth,
antenna directivity and antenna‘s dimensional limitations in
the application.

In this paper both simulation and experimental methods
were used with one wideband antenna to monitor dynamic
changes inside the skull by changing the CSF volume. Results
are derived from the reflection coefficient S11 data presented
in the frequency and time domains. The model of the system
is presented and then measurement results with two types of
head phantoms mimicking the real human head.

II. MATERIALS AND METHODS
A. SIMULATIONS
Simulations were conducted using electromagnetic simula-
tions software CST Studio Suite [19], which is based on
finite integration technique (FIT). Two simulation models
were used: 1) a planar layer model resembling the Phantom I,
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FIGURE 2. Phantom I, In Figure a) the horn antenna is directed towards the head Phantom I
on a custom-built table. In b) one injection needle can be seen in place. Nylon screws are not
tightened in the picture to show construction and c) illustrates different layers of the
phantom including the physical dimensions and the head tissues’ relative permittivities. One
side of the PTFE foils are etched so that it can be glued to PVC-frame using cyanoacrylate
instant adhesive. Also, we used polyolefin primer that makes surfaces easier to bond. Since
only one side of the film is etched both sides cannot be glued. It was chosen to use glue on
both sides of skin and CSF chambers and just to use PTFE to seal other chambers without
glue. No leaks between the chambers were detected.

and 2) a hemisphere layer model resembling Phantom II. The
simulation models are presented in Fig. 1.

The dimension and the dielectric properties of the layers
were equal to those of measurement Phantom II. The thick-
ness of the CSF layer is gradually increased from 2.0 mm to
3.8 mm with the step of 0.25 mm, however, the last step was
0.30 mm. A horn antenna, obtained from the CST’s antenna
library, is used in the simulations.

The antenna body distance was the same as in the mea-
surements, 80 mm. The distance was selected not too close to
the phantom to assure proper antenna impedance matching,
and on the other hand to have certain directivity towards the
phantom, and antenna beam illumination on the phantom‘s
surface area.

In the simulations, antenna reflection coefficients S11 and
time domain impedance results were evaluated. Further-
more, propagation within the layer model is studied with
2D power flow representations, which illustrate propagation

in the vicinity and inside the tissues within the selected dB
range.

B. MEASUREMENTS
To study the sensitivity of microwaves for detecting water
inside a skull, two custom made head phantoms were used.
The construction of Phantom I is shown in Fig. 2.

In Phantom I, a hard aluminum oxide plate (Plate of dense
sintered 99.5% Al2O3, 100 mm × 100 mm × 5 mm, flat
machined, Grade A3) is used for the skull layer [12]. Other
soft tissue layers are chambers filled with liquid having the
corresponding dielectric properties and thicknesses as the
tissue layers. Aluminum oxide also gives mechanical sup-
port between the skin and brain layers. Each chamber has
two 1 mm diameter holes that are used to fill in the liq-
uid. Injection needles of 0.9 mm in diameter were installed
through one hole and the second hole was let to bleed the
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TABLE 1. Electrical properties at 20 GHz and thicknesses of different head tissues [11].

TABLE 2. Measured electrical properties of liquids used in dummies @1900 MHz.

TABLE 3. Measured celebrospinal fluid used in dummies vs it’is publisher properties [11].

air out. After filling the chambers with the proper liquid, the
holes were sealed with a small screw.

Table 1 shows the thicknesses of different tissue layers
and electrical properties at a frequency of 20 GHz published
by the IT’IS Foundation [11]. The company Verkotan Oy
delivered the liquids for the study. Table 2 shows electrical
properties of the liquids used inside the phantom layers,
measured by Verkotan Oy at 1900 MHz using a commercial
dielectric assessment kit (Speag DAK). The measurement
settings and equipment were as follows: Temperature: 22 ◦C,
Probe: AK 3.5, Network Analyzer: Keysight ENA. Using the
same equipment, permittivity and conductivity of the CSF
liquid from 2 GHz to 20 GHz was measured and compared
to the IT’IS Foundation’s published data. Results are shown
in Table 3. Skull layer (in Phantom I), 5 mm aluminum
oxide, has the relative permittivity of 9 – 10 from 1 kHz
to 100 GHz, respectively [12], which is close to the human
skull permittivity.

In Phantom II, a real human skull, shown in Fig. 3, was
used. By this, it was possible to study the impact of the real
shape of the human head. Other tissues, except skin, were
mimicked with liquids like in Phantom I, but the liquids were
placed in plastic bags.

In both phantoms, the liquid volume in the CSF mimicking
layer could be adjusted causing slight change in the thickness
of the layer. This change of thickness was quantified using
the Polytec OFV-522 laser interferometer in Phantom I and
with a line gauge in Phantom II. The CSF volume could be
adjusted using twomethods: by adding volume with a manual
syringe or with the Model AL-300 syringe pump made by
World Precision Instruments.

In the experiments, an A-info LB-28-15 standard
26.5 – 40 GHz horn antenna was used [13], which was used
for both transmitting and receiving. The antenna is measured
and actuated by an Agilent 8510C vector network analyzer.
The microwave signal is transmitted and a reflection coeffi-
cient (S11) is recorded. The S11 data is converted from the
frequency domain to the time domain. The time window was
estimated by the distance from the antenna to the layer of
interest [14]. The antenna was placed perpendicular to the
head Phantom I at 80 millimeters. Measurements were made
at a room temperature of 21 degrees centigrade.

The performance of a microwave circuit is often defined
in the frequency domain. However, since in the wave prop-
agation phenomenon, time and distance are proportional to
each other, time domain measurement (TDR) can be inter-
preted in terms of the physical layout of the circuit. TDR is
based on measuring the step response of the reflection and
transmission coefficients of the circuit.When there are reflec-
tions from the measured propagation path, the step response
presents maxima at the corresponding points. The horizontal
axis of the step response can be interpreted as distance. When
there are points along the propagation path where permittivity
is changing or there are mismatches, points can be exactly
located. Although the algorithm is exact for Transverse Elec-
tromagnetic Modes (TEM) of wave propagation, it can be
applied to non-TEM propagation modes, too [15].

The measurement jig consisted of a table made of POM-C
plastic. The dielectric constant for POM-C is 2.8 – 3.0 and the
loss tangent is from 7.0E-3 to 1.8E-2 at 30 – 50GHz [16]. The
plastic table size was 500 mm × 400 mm × 12 mm (length,
width and thickness, respectively). The table had 100 mm
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FIGURE 3. Phantom II, a) a real human skull was used and inside the
skull three plastic bags were placed in a stack. The skull was placed on
extruded polystyrene foam (XPS) b) and the table was raised with a
wooden beam so that we were able to place the horn antenna under it.
In c) the layers of Phantom II are presented, each filled with specific
volume of liquid mimicking the properties of CSF, gray matter and white
matter.

long stands made of nylon, which were bolted to the table
by nylon screws.

With Phantom I, the horn antenna was bolted to the table,
too. Phantom I was aligned using contours on the table,

FIGURE 4. Power flow at 20 GHz as the thickness of the CSF layer is
a) 2.0 mm and b) 3.8 mm.

as seen in Fig. 2 a and b. All parts including the cables were
anchored with tape to minimalize mechanical movement.

The Phantom II was placed on carved extruded polystyrene
foam (XPS) and the POM-C-table was raised with wooden
beams. The horn antenna was placed under the table pointing
upwards as seen in Fig. 3. The antenna distance from the skull
was 80 mm.

III. RESULTS
A. SIMULATION RESULTS
1) POWER FLOW EVALUATIONS
Firstly, the 2D power flow with the hemispherical layer
models was evaluated. Fig. 4 a – b presents the power flow
at 20 GHz having a CSF thicknesses of 2.0 mm and 3.8 mm,
respectively. The plotted power range is 0 – −42 dB, in
which 0 dB is on the antenna. From the power flows, it can
be seen that as the transmitted signal reaches the skin layer,
part of the signal diffracts and continues propagating along
the skin surface. Part of the signal penetrates skin and bone
tissues towards the inner parts of the brains, i.e., grey matter
and white matter. Within the dB range of interest, power flow
reaches the outer part of the grey matter if the thickness of
the CSF layer is 2.0 mm. Instead, if the thickness of the CSF
layer is 3.8 mm, the CSF layer is not fully covered even in the
area which is on the direct line from the antenna. The power
loss in the CSF layer is high at 20 GHz. For instance, at the
border of the CSF and grey matter layers, which is marked
using a red circle in Fig. 4 a, the power is −38.1 dB when the
CSF layer thickness is 2.0 mm. Instead with the 3.8 mm CSF
layer thickness, the power at the same location is −44.5 dB.
The propagation loss in the tissues increases as the frequency
increases. For comparison, power values at the same location
with 40 GHz are −53.6 dB, when the CSF layer thickness
is 2.0 mm and −62.1 dB, when the CSF layer thickness is
3.8 mm. The typical noise floor port power in the VNA is
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FIGURE 5. S11 coefficients with different CSF thicknesses obtained with the planar layer model.

FIGURE 6. Enlarged versions of S11 coefficients at a) 21.6 GHz, b) 32 GHz.

less than −110 dBm, together with a 10 dBm input power
this enables reasonable dynamic range for the measurements.

2) LAYER MODEL EVALUATIONS
Next, the antenna reflection S11 coefficients for the planar
layer model with different CSF layer thicknesses was evalu-
ated. Simulated S11results are presented in Fig. 5. As one can
note, the thickness of the CSF layer changes S11 mainly at

frequencies 21.7 GHz and 32 GHz, where clear notches are
visible.

Fig. 6 a) and b) present the enlarged version of the
S11coefficients at the frequencies 21.7 GHz and 32 GHz,
respectively. It is noted that the shape of the notch varies
significantly between different CSF layer thicknesses at
these frequencies. The variation of the S11 is not straightly
dependent on the thickness of the CSF layer. For instance,
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FIGURE 7. Impedance values for time range a) 0 – 0.9 ns, b) 0.589 – 0.61 ns.

FIGURE 8. S11 parameters with CSF thicknesses 2.0 mm and 3.8 mm
obtained with the hemispherical layer model.

at 21.6 GHz the deepest notch is obtained when the CSF
layer thickness is 2.25 mm, whereas the shallowest notch is
obtained with the CSF layer thickness of 3.0 mm. The differ-
ence between these two extreme cases is 22 dB. Instead, at the
notch area of 32 GHz, the differences due to the variation
in CSF thickness are diluted. The deepest notch in this case
is obtained with a CSF layer thickness of 2.5 mm, whereas
the shallowest notch is obtained at 3.5 mm. The difference
between these two cases is 4 dB.

Finally, impedance values obtained with different CSF
thicknesses are presented in Fig. 7 a). It is noted that only
small differences can be seen in the impedance values at the
time range 0.5 – 20.7 ns, which is marked as a black square
in Fig. 7 a). Enlarged versions of the impedance plots at the
time range 0.59 – 0.61 ns are presented in Fig. 7 b).

3) HEMISPHERICAL MODEL EVALUATION
In this section, the antenna reflection S11 coefficients and
impedances are evaluated with the hemispherical layer
model. In this case, only the CSF 2.0 mm and CSF 3.8 mm
cases are considered.

FIGURE 9. Impedances obtained with CSF 2.0 mm and 3.8 mm with the
hemispherical layer model.

The S11 parameters are presented in Fig. 8. As one can
note, the difference between the CSF 2.0 mm and 3.8 mm
cases is more noteworthy than in the case of the layer model.
Differences can be seen over almost the whole simulated
frequency band. Similarly, the variation in the impedance
values is clearly larger as can be seen in Fig. 9. The difference
between the impedance values may vary up to 0.4 ohms
whereas in the case of the planar layer model the difference
was 0.15 ohm.

The hemispherical model is also evaluated without the skin
layer to get a better equivalence with the Phantom II measure-
ment results. The results are shown in Appendix. Addition-
ally, Appendix presents the impact of the CSF-layer’s volume
changes for different antenna-model distances.

B. MEASUREMENT RESULTS
In our experiments, the volume of the CSF layer liquid was
increased first manually with a syringe. The liquid increase
step for Phantom I was 1 ml and 12 ml for Phantom II due to
its larger volume. Phantom I was also tested with a syringe
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FIGURE 10. Liquid volume in CSF chamber was increased in 1 ml steps and data saved. a) Time domain impedance measurement results
with different CSF volumes. The interesting time window is marked. b) Marked time window scaled. c) Maximum impedance value of
each impedance curve in selected time window including the standardized error (n = 3).

pump using 1 ml/min and 3 ml/min liquid flows. After each
step the TDR response was measured 3 times.

1) PHANTOM I MEASUREMENT WITH MANUAL CSF
VOLUME INCREASE BETWEEN 0 AND 6 ml
The first filling was done so that there was no air coming out
of the outlet. After that the CSF chamber was filled further
by adding 1 ml of liquid in sequences up to a 6 ml addition.
The PTFE-walls of the chambers are flexible enough to take
excess amount of liquid.

The manual syringe filling changed the thickness of the
CSF liquid layer and caused an impedance response in the
time window of interest, as seen in Fig. 10 a).

In the selected time window from 0.778 to 0.783 ns, the
impedance decreased by 0.0032 Ohm as the volume was
increased, as seen in Fig. 10 b). Maximum impedance vs. the
filling volume in time window is shown in Fig. 10 c).

In the beginning of the filling process there is a short period
of time when the original (calculated) chamber volume was
completely filled by the intended liquid. After that follows the
main period where the chamber‘s volume was incrementing
due to the forced fill. That caused the impedance in the
beginning to first increase and then decrease when filling
continued.

When comparing the impedance variations from the sim-
ulation and the measurement results, one can observe simi-
lar tendencies, though the variation is slightly larger in the
simulation results. In this time range, the variation is approx-
imately 0.15 Ohm.

2) MICROWAVE MEASUREMENT OF PHANTOM I WITH
CONTINUOUS PUMPING 0 – 3 ml/MIN
The CSF liquid was circulated with a syringe pump with a
flow of either 1 ml/min or 3 ml/min and the TDR response
was measured. The same time window was used as in the test
with the manual syringe. In this test, impedance decreased by
0.001 Ohm. This test is simulating the fluid flow. Results are
shown in Fig. 11.

3) MICROWAVE MEASUREMENT OF PHANTOM II, HUMAN
SKULL
The human skull was measured using the setup shown in
Fig. 3. On the skull bone, there was a plastic bag with
a CSF mimicking liquid. On top of that, there were also
sealed plastic bags for gray matter and white matter liquids.
The liquids electrical properties were as stated in Table 2.
The CSF liquid was filled with a syringe from 0 to 240 ml
and the TDR response was measured, as seen in Fig. 12 a).
Fig. 12 b) shows the interesting time window from 1.325 ns
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FIGURE 11. Results of flowing CSF liquid in the Phantom I with syringe pump. a) Time domain results and the interesting time
window is marked in the box. b) Marked time window scaled. c) Maximum impedance value on each curve in selected time
window including the standardized error (n = 3).

to 1.345 ns. Measured impedance increased by 0.012 Ohm
during the filling from 0ml to 240ml in 12ml steps, as seen in
Fig. 12 c). The movement of the top layer was also measured
when the CSF bag was emptied in 25 ml steps from 250 ml
to 75 ml. Due to the bag collapsing, all of the liquid could not
be removed. Overall, the movement was 11.5 mm, as seen in
Fig. 12 d).

IV. CONCLUSION
The reflection sensor principle was selected for the mea-
surement because the phantoms are formed from multiple
layers and they are relatively thick both physically and elec-
trically (high permittivity and loss). The frequency range
and measurement distance were selected to optimize the
penetration depth, spatial resolution, antenna directivity and
the antenna‘s physical dimensions in the application. Dif-
ferent microwave sensor principles, such as parallel plate,
resonant cavity, and transmission line [16], could be imprac-
tical due to the human head’s dimensions and electrical
properties. Importantly, the reflection sensor needs only
one-port measurement reducing the number of antennas

and high frequency cables. Moreover, it makes the cali-
bration easier and the reflection is used in time domain
measurement.

Simulation based evaluations also show that the thickness
of the CSF layer clearly impacts the antenna reflection coef-
ficients as well as the impedance. The changes are more
apparent with the hemispherical model, which corresponds
to the realistic case, than with the layer model. This is due
to the richer multipath environment in the hemispherical
model: bended layers provide more variation for multipath
propagation as the transmitted signal reflects from the outer-
most layer (skin layer) as from the inner layers (bone, CSF).
Hence, the changes in the CSF layer variation are also more
remarkable.

With Phantom I, the impedance measured by the abso-
lute value of the TDR signal increased clearly when the
CSF volume was increased, and the errors were low giving
good signal to noise ratio. With Phantom II, the absolute
value of the impedance increased when the CSF volume was
increased. The results are a promising indication that the CSF
volume can be measured.
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FIGURE 12. Results of filling the Phantom 2 with a syringe manually. a) Time domain results and the interesting time window is marked in the
box. b) Marked time window scaled. c) Maximum impedance value on each curve in the selected time window. d) Movement of the surface
during removal of the CSF liquid.

Obviously, as the result shows, with this method it is not
possible to measure CSF-flow. Measuring flow needs further
investigations.

The TDR impedance changes due to the variation in CSF
thickness are larger in the simulation results than in the
measurement results. There are different reasons for this
phenomenon: simulation software provides noiseless results
whereas in the measurements noise limits the dynamic range
of the system within analyzed power levels. Also, the thick-
ness of the CSF layer can be determined exactly in the
simulations, whereas in the measurements the thickness was
not constant over the whole layer, especially in the case of
Phantom II. Moreover, the phantom liquids were set inside
thin plastic bags, whichmay haveminor impacts on the signal
propagation, especially for the reflected signals. However,
both simulation and measurement results provide common
trends for the impact of the CSF variation on the TDR
impedance results.

With the CSF liquid flow test the impedance change was
low compared to the volume increase and the errors were

bigger suggesting that the presented system is not suitable
to measure flow. However, by combining information from
several receivers, right time-windows, and utilizing recent
statistical signal processing there is a potential chance to see
how CSF liquid behaves in the brain.

The aim of this paper was to present the idea of detecting
changes in CSF layer with microwave sensing. As future
work, the group plans to conduct further measurements and
simulations to find out the optimal frequency range, antenna
types, antenna count and locations in terms of the head, etc.
to get the S11 and impedance variation to be the most visible.
Furthermore, new more realistic phantoms are also devel-
oped. Particularly, the phantom liquids are tuned to higher
frequencies describing more realistic results. Used phantoms
are not commercially available, but the results shown here
are promising. The authors encourage also other researchers
working in the field to develop more realistic phantoms to
characterize novel microwave sensing techniques. Realistic
phantoms are the fastest way to get these systems to clinical
use as the different dynamic changes, e.g. heartbeat, CSFflow
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FIGURE 13. a) S11 parameters and b) impedances with CSF thicknesses 2.0 mm obtained with the
hemispherical layer models with and without the skin layer.

FIGURE 14. a) S11 parameters and b) impedances comparison with CSF thicknesses 2.0 mm and 3.8 mm
obtained with the hemispherical layer model without the skin layer.

and temperature, can be tested individually and characterized
before moving to clinical testing.

The advantage of the microwave measurement method is
the ability to measure the target nondestructively using deep
penetrating waves. Measuring distance can be short without
direct galvanic contact, contrast is high, and the measurement
method has low sensitivity to ionic conductivity. Used elec-
tromagnetic waves are non-ionizing without health hazards
to the personnel or patient.

APPENDIX
This Appendix presents impact of the CSF layer thickness
increase from 2.0 mm to 3.8 mm with the hemispherical
model without the skin layer, which closer resembles Phan-
tom II. The antenna body distance is 80 mm in this case as
well. Furthermore, the impact of the antenna-body distance
on the detection of changes in CSF layer thickness is eval-
uated with three different antenna-body distances: 70 mm,
80 mm, and 90 mm.

VOLUME 8, 2020 111313



J. Hakala et al.: Microwave Sensing of Brain Water – A Simulation and Experimental Study Using Human Brain Models

FIGURE 15. Impedance comparison with different antenna-body distances for CSF thicknesses
2.0 mm and 3.8 mm.

First, the impact of the skin layer is evaluated and presented
in Figs. 13 a – b by comparing the S11 and impedance results
obtained using the hemispherical models with and without
skin, respectively. As expected, the skin layer has a clear
impact on the S11 and impedance results. The differences
in S11s become larger, as the frequency increases. This is
due to the fact that as the frequency increases, more power
is reflected backwards from the outermost tissues. Since the
propagation in the skin tissue is more challenging due to its
dielectric properties, the S11 and TDR levels are higher in the
model including the skin layer.

Next, the impact of the CSF layer thickness is compared to
the hemispherical model without the skin layer. The S11 and
impedance results with CSF layer thicknesses 2.0 mm and
3.8 mm are presented in Fig. 14 a – b. The changes in CSF
layer thickness are evident both in the S11 and impedance
results. As assumed, the changes are clearly more evident
without the skin layer than with the skin layer since the skin
layer decreases the power of the signal reflected from the
CSF-layer boundaries.

Finally, the impact of the CSF layer thickness changes
is evaluated with antenna-body distances 70 mm, 80 mm,
and 90 mm. Impedance results are presented in Fig. 15 for
CSF thicknesses 2.0 mm and 3.8 mm. As one can see, the
antenna-body distance has an evident impact on the visibility
of the CSF thickness changes. The closer the antenna is, the
clearer the difference is between the impedances obtained
with different CSF layer thicknesses. However, horn antennas
are strongly directive high gain antennas and thus the larger
antenna-body distances are safer. Thus, as a future work,
different antennas and antenna-body distances are evaluated
to approach optimal solutions for the practical and safe CSF
layer thickness detection scenarios.

‘
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