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UWB Microwave Functional Brain Activity
Extraction for Parkinson’s Disease Monitoring
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Abstract—Microwaves have proven their imaging capabil-
ities to visualize the body composition for medical applica-
tions, thanks to their penetration inside biological structures.
In this context, this article presents a novel methodology that
aims to extract not just the internal morphology, but also
the brain’s functional activity using the UWB pulse ampli-
tude modulation (PAM) technique to have simultaneously
functional monitoring and imaging capability and apply it to
monitor the Parkinson’s disease (PD). The radio-frequency
system is composed of two orthogonal sets of double UWB
probes operating in the frequency range of 0.5–1.5 GHz.
An experimental setup has been devised that avoids com-
plex in vivo testing, albeit allows a system proof-of-concept
validation. A bio-tag (BT) consisting of an optically modu-
lated photodiode is used to emulate local medium changes
associated with cell activity. The proposed system is used
to first extract the modeled brain action potential (AP) to
validate the performance of the BT and then to monitor the
PD based on the beta frequency band character within basal
ganglia–thalamocortical (BGTC) which is a key marker for
the PD. The results show a good capability of locating and
differentiating the signals generated within the phantom by
the BT, alternatively emulating the healthy and PD’s state, based on the frequency. The obtained results of the functional
monitoring technique on distinguishing the healthy from nonhealthy brain model activity, as well as in the phantom
mimicking the average proprieties of a human head, will serve as a basis for detecting functional diseases in the future.

Index Terms— Action potential (AP), functional diseases, Parkinson’s disease (PD), UWB functional imaging, UWB
pulse amplitude modulation (PAM).
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I. INTRODUCTION

THE use of microwaves in medical applications is a
promising solution for human body monitoring, thanks

to its advantages in terms of innocuity, portability, and cost.
Based on the difference in electrical properties of the internal
composition of the human body tissues, numerous studies have
been conducted for microwave imaging [1], [2], [3], [4], [5],
[6], [7], sensing [8], [9], [10], or functional signal extraction
of the brain or the heart [11], [12], [13], [14] using single-
frequency analysis.

Due to the progressive death of neurons with age, neu-
rodegenerative or functional pathologies such as Parkinson’s
disease (PD) or Alzheimer’s disease (AD) [15], [16] have
become one of the most spread illnesses. The World Health
Organization (WHO) reports that PD has doubled in the last
25 years, and the global estimates show over 8.5 million
individuals with PD (with an increase of 81% since 2000)
and caused 329 000 deaths [17].

The main cause of PD is the loss of dopamine in the
midbrain substantia nigra [18], which leads to a progressive
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neurodegenerative disorder. The PD symptoms start appearing
after the loss of more than 60% of the dopaminergic neurons
or 80% of dopamine concentration in the putamen [19], [20],
[21]. There are treatments available for PD based on medicines
such as Levodopa that provides the brain with dopamine [22],
or surgical as deep brain stimulation (DBS) [23], [24], but just
applied in advanced stages of the illness.

Diagnostic methods for neurodegenerative diseases, some
of them initially intended for cancer detection, are functional
magnetic resonance imaging (fMRI), computed tomography
scans (CT scans), or positron emission tomography scans (PET
scans). These techniques have drawbacks such as patients
must undergo numerous tests and scans; additionally, these
approaches may be expensive, uncomfortable, or inconclusive.

For the early-stage diagnosis and monitoring of PD,
researchers explore specific markers that help in understanding
the progression of the disease for early treatment. These
markers can be clinical as tremors [25], biochemical as neural
density [26], prodromal as rapid eye movement (REM) [27],
pathophysiological as the loss of the dopaminergic neurons
which decreases gradually in the substancia nigra [28] and
affects the firing rate of the action potential (AP) [29], or the
changes in the beta frequency band oscillatory character that
happens in the basal ganglia–thalamocortical (BGTC) [14],
[30], [31], [32]. The functional signal extraction within the
brain has been studied for different contact–electrode applica-
tions using a single-frequency technique as for the brain rat
[11], the human brain [13], and recently in the basal ganglia to
monitor PD [14], but clearly different for the extraction of the
brain activity in terms of both the wireless contact-less char-
acter and the focusing capability of the microwave technique
proposed in this work.

In this article, we propose a novel method that combines
locating the origin of the signal related to the functional
disease using UWB imaging and extracting these specific
electrical activities using the UWB pulse amplitude mod-
ulation (PAM) [33], [34] to differentiate the healthy from
the parkinsonism brain based on the beta frequency band
oscillatory character. The radiating system is composed of four
extended gap ridge horn (EGRH) antennas [1], distributed in
two orthogonal sets of double UWB probes. A low RF disturb-
ing bio-tag (BT) element, based on a GHz operation response
photodiode, is first used to insert a millisecond time-varying
signal, to validate the system capability by extracting the brain
spikes up to kHz frequencies [35], [36] within a medium
mimicking the human head permittivity. This BT is then used
as the origin of the frequency band oscillatory within basal
ganglia to produce the frequency signal of 20 Hz to mimic
the healthy brain and 15 Hz for the parkinsonism one [14].

The remainder of this article is organized as follows.
Section II presents the proposed functional imaging system,
as well as the circuital and electromagnetic analysis of the
BT used to generate the functional signals. In Section III, the
numerical and experimental validation is conducted to prove
the capability of the system to detect a functional activity such
as the AP within the human head–brain model. In Section IV,
an experimental analysis of the beta frequency band oscillation

Fig. 1. Functional monitoring system, where the transmitting and
receiving RF links are selected by the ac to measure the functional
changes of the BT within the tank of liquid mimicking the human
head–brain medium.

changes for differentiating between two signals representing
the healthy and PD’s state based on the firing rate frequency
is discussed. Finally, preliminary conclusions are presented in
Section V.

II. FUNCTIONAL MICROWAVE SYSTEM

In this section, the setup used to validate the proposed
method for microwave functional diseases is presented in
Fig. 1, which consists of two main subsystems.

1) The UWB imaging system: containing an orthogonal set
of two EGRH probes [1], [37], sequentially connected
to a TX/RX vector network analyzer (VNA) collecting
the 4 × 4 UWB scattering parameters.

2) The functional signal modeling unit BT: composed of
a photodiode illuminated through an optical fiber by an
LED [38] emitting a Pinc blue light power.

These two subsystems are connected to a computer controlling
the different instruments and processing the measured S-
parameters to locate the BT and extract the functional signals.

A. UWB Imaging Subsystem
The UWB imaging system in Fig. 1 contains the RF Tx/Rx

addressing circuitry and the four radiating elements (probes).
The RF subsystem sequentially addresses (through a combina-
tion of two RF switches (RF-S) and four directional couplers
(DCi, i = 1–4) controlled by an Arduino (UNO) unit) the Tx
and Rx ports of the VNA ZNB 40 R&S to each one of the
4 UWB EGRH probes emitting power of PEGRH = 10 dBm
to the head model. The system is located inside a liquid tank
with overall dimensions of 450 × 400 × 400 mm3, filled with
liquid material mimicking the human head–brain medium of
permittivity εr ≃ 57.0 and σ ≃ 0.6 S/m [39], forming an opti-
mized imaging geometry of two 90◦ separation double-probe
sets [1] forming a virtual cylinder in black that has a diameter
of dbrn

phn = 200 mm approaching the average size of a simplified
human head. The RF subsystem is immersed in the liquid and
the container to have simultaneously the virtual head model
and the matching liquid inside the probe antennas to minimize
the reflections from the contour of the phantom.
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To protect the photodiode, it is covered with a thin plastic
layer that also keeps the optical fiber oriented to the active
zone of the photodiode, and it is placed in a position shifted
from the equivalent center of the brain which corresponds to
the one pair of the substantia nigra [40].

A control processing unit (CPU), is a computer that con-
nects all the hardware parts. It contains a dual-core processor
with 64 GB of RAM that processes the results in less than
6 min and sends the necessary commands to the VNA and
Arduino Control (ac) units, to collect the set of complex
(amplitude and phase) measured scattering signals sending
in parallel the necessary commands to the functional signal
generator (FSG) to produce the different functional activity
signals in the BT.

B. Equivalence of the Photodiode With the Cellular
Membrane Behavior

Cellular, as well as intracellular, membranes exhibit a dis-
tinct nonlinear electrical behavior due to the potential barrier
resulting from the difference between the inner and outer
electrolytes and the action of ion pumps [41]. In the absence of
an applied electromagnetic field, the transmembrane potential
difference 1φ is equal to the cell “resting” potential V0 (≃
−100 mV for a typical cell) [42]. When a cell enters an active
membrane potential state, it generates itself a low-frequency
(in the order of up to kHz) transmembrane voltage excess
potential 1φ = V0 + δφ (resulting in 1φ = 40 mV). On top
of the self-generated low-frequency voltage, the illuminating
external microwave signal like the one analyzed in this work
(the cell is relatively sensitive to these electromagnetic fre-
quencies) adds a high-frequency small-signal transmembrane
voltage excess potential on the cell, which is proportional
to the electric field applied. As a result, a transmembrane
current density J⃗m (having the two components corresponding
to the self-generated low-frequency signal f sg

lf and to the
externally induced microwave signal f ei

mw) is generated. The
current–voltage response of the membrane is known to be
fairly well approximated by a nonlinear diode-like relationship
of the form J⃗m = J0(e(δφ/VT )

− 1) with typical values in the
order of J0 ≃ 10−5 A/cm2 and VT ≃ 5 mV [43]. As a
result of the nonlinear behavior of the cellular membrane,
a combined modulated signal will appear carrying the specific
information of the membrane state f sg

lf ± f ei
mw. For the case

of the specific cellular functional activities considered here,
the active regions may be approached by a circular surface
with diameter in the order of 10 to 50 µm result in the
transmembrane current–voltage (Im, δφ) point value in the
order of (0.1 nA, 0 V) for the “rest” and (1 mA, 100 mV)

for the “active” states [43], [44]. In this way, when a cell is
illuminated at a frequency f ei

mw, we will recover a “structural
nonmodulated” signal at the same f ei

mw frequency correspond-
ing to the volumetric cell scattering and a “transmembrane
modulated” signal at the frequency f sg

lf ± f ei
mw correspond-

ing to the scattering produced by the changing membrane.
Our interest will focus on recovering this modulated signal
because it is the component carrying the information on the
membrane’s functional state. As elaborated in [44] for a
frequency of 1 GHz the ratio between the two field com-

TABLE I
PARAMETERS OF THE PHOTODIODE MODEL

Fig. 2. Modulated backscattered signal scenario.

ponents corresponding to the “membrane-modulated” and the
“structural-nonmodulated” will be in the order of −90 dB that
will require high-sensitivity (high dynamic range) detection
systems. To produce the modulating signals mimicking the
brain functional activity as mentioned above (i.e., Parkinson-
like signals) the combination of a photodiode FDS015 from
Thorlabs [38] with an active area of 10 × 10 µm2 and overall
size of 20.0 × 4.7 × 6.4 mm3 connected through an optical
fiber to an LED modulator M455F3 [45] is used. The unit
is fed by a 2000 series picoscope generator able to generate
the different signals (the ON PD electric state to simulate the
“active biological state” and the OFF PD electrical state to
simulate the “resting biological state”).

Based on its equivalent circuit [38] (the parameters in
Table I), the ON and OFF values of its corresponding impedance
were obtained. The data has been extracted for the center
frequency fcn = 1 GHz of the operating frequency band
of the EGRH probes 0.5–1.5 GHz. In the case of the pho-
todiode driven with a Ibt = 0.8 mA, which corresponds to
the maximum incident power Pinc = 5 mW, the simulated
complex impedance (ON state) is Z ON

L1 ≃ (31.7− j4.2) �. When
the photodiode is OFF (dark current 0.03 nA), the equivalent
impedance is Z OFF

L2 ≃ (0.6 − j244.8) �. The values of the
current generated at the photodiode for both electrical ON (bio-
active state) of 0.8 mA and electrical OFF (bio-rest state) of
0.03 nA approach quite well the currents passing through the
cellular membrane mentioned above of 1 mA and 0.1 nA,
respectively, that guarantees similar radiated values for the
cellular membrane and the photodiode.

C. Electromagnetic Analysis of the BT
As previously mentioned, the BT when illuminated by

an incident RF signal (as in Fig. 2) will be responsible for
approaching the effect of the cells creating the low-frequency
functional signals AP, resulting in the modulating effect
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produced by the nonlinear behavior of the cell membrane,
and finally reradiating back the RF modulated signal. This
BT may be modeled as the combination of a modulating
photodiode with impedances Z ON

L1 and Z OFF
L2 and a radiating

elements formed by its actual leads. In this way, when the
BT is illuminated by the RF incident field radiated by the
corresponding Tx probe, the induced RF currents into the
photodiode produce a modulated reradiated (scattered) signal
due to the nonlinear effect of the diode that is significantly
below the nonmodulated component due to structural radiation
of the photodiode, similar to what it will happen into the
real biological cell where the membrane-modulated scattered
signal is significantly below the scattering produced by the
whole cell.

In the following, the basic electromagnetic expressions of
the scattering effect are presented. The photodiode with its
leads is first modeled as a dipole of length lbt (20 mm,
in the order of a half-wave dipole in the brain medium at
the operating band) loaded alternatively with a modulating
impedance (Z ON

L1 , Z OFF
L2 ).

The equivalent impedance of the photodiode’s leads Zhw
bt is

calculated using (1) [46] as follows:

Zhw
bt =

(
73 + j43

lbt/λ
brn
phn − 0.45

0.05

)
� (1)

where λbrn
phn is the wavelength within the head–brain medium.

The differential scattered field (difference between the mod-
ulated and the nonmodulated scattered fields) produced by the
BT can be obtained by (2) as in [47] and [48] the following
equation:

1σbt =

(
λbrn

phnGhw
bt

)2

4π
|ρL1 − ρL1|

2 (2)

where ρL1 = (Z ON
L1 − (Zhw

bt )∗/Z ON
L1 + Zhw

bt ), ρL2 = (Z OFF
L2 −

(Zhw
bt )∗/Z OFF

L2 + Zhw
bt ), and Ghw

bt is the antenna gain of the
photodiode leads modeled as a half-wave dipole.

The modulated part of the backscattered signal from the BT
at the receiving probe can be written as follows:

1Smod
21 =

(
λbrn

phn

)2
G2

p1σbt

(4π)3 (
r rx

bt
)4 exp

(
−2αbrn

phnr rx
bt

)
(3)

where G p is the gain of the probe antenna and αbrn
phn is the

attenuation in the human head–brain medium.
For lbt = 20 mm and Ghw

bt = 1.64 dB, G p = 8 dB, αbrn
phn =

1 dB/cm, and r rx
bt = 100 mm at f brn

phn = 1 GHz, the differential
scattering field is calculated analytically using (3) and results
in 1Smod

21 ≃ −92 dB. To detect the variation of equivalent
impedance produced by the BT, we need a dynamic range
larger than −90 dB (in the order of 120 dB), compatible with
the sensitivity levels of the actual network analyzer.

D. Functional Signals Generation
In this section, we validate the BT on producing functional

signals within the head–brain medium based on the equiv-
alent impedance change of the photodiode. The interaction

Fig. 3. Experimentally generated AP using the BT.

process between the brain nerves can be seen as chemical for
the neurotransmitters such as the dopamine in the Synaptic
Cleft, or equivalently electrical for the AP based on different
membrane potential in the axons [49].

The experimental operation of the AP has been conducted
by illuminating the BT with a blue light LED oriented to
the active zone of the photodiode through an optical fiber
controlled by the signal generator Picoscope 2000 series,
approaching the shape of the AP. The voltage values for
the two states of the photodiode measured with the high
impedance oscilloscope are V ON

bt ≃ 140 mV when it is ON,
and V ON

bt ≃ 0.2 mV when it is OFF, with 1Vbt ≃ 140 mV,
close to the values of the cell membrane. The real-time signal
generated by the BT to model the AP is presented in Fig. 3,
which has a frequency in the order of fbt ≃ 1 kHz, which
mimics the firing rate of a realistic brain AP spike −1 ms
duration [50].

III. NUMERICAL AND EXPERIMENTAL VALIDATION

This section presents the validation of the proposed func-
tional microwave system, which is the combination of two
operations: locating the origin of the targeted functional
activity by using the UWB RF signals and extracting the
functional activity parameters (firing rate and shape) from
the backscattered modulated signals using the pulse amplitude
demodulation.

An initial analysis studied the safety of the applied power
and the sensitivity to the antenna–head probe distance. For
the safety for the applied input power of PEGRH = 10 dBm,
the specific absorption rate (SAR) is shown in Fig. 4 for
1 and 10 g of human tissue, where the obtained value at
1 GHz is 0.62 and 0.20 W/kg, respectively, are below the
limit (1.60 and 2.00 W/kg). For an antenna–head tissue
separation sensitivity, it was seen that changes up to 10 mm
do not significantly affect either the dimension or the location
of the reconstructed PD region. In Fig. 5, the experimental
setup used for the functional monitoring is presented, where
the VNA is connected to two PC-controlled RF-S that create
the transmitting and receiving links from the VNA’s ports
to the probe antennas.

The results were extracted during a time range of Tmax =

10 ms, in which the MATLAB script is used to collect the data
from the CST software and the VNA for the numerical and the
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Fig. 4. SAR for the human head model for 1 and 10 g of tissue.

Fig. 5. Experimental hardware diagram.

experimental validation processes, respectively, as previously
mentioned in Fig. 1.

A signal generator is used to create the AP shape on the
BT within the small signals’ regime, modulating the UWB RF
signals transmitted by the probes using the PAM.

The UWB scattering parameters are extracted for 50 sam-
ples, with a time step between samples of 1t = 20 µs. The
corresponding measured matrix is transformed to the time
domain and delayed by n × 1t (where n = 1, 2, . . . 50),
resulting in a PAM received signal, which contains the UWB
pulses enveloped by the AP, as presented for 1 ms period of the
simulated signal in Fig. 6(a), and in Fig. 6(b) for the measured
one, where we can observe the modulation of the UWB pulses
with the functional signal modeling the brain activity.

After demodulating the signal for a time extension of
10 ms (ten periods of the signal in Fig. 6), the AP obtained
is presented in Fig. 7, where we can identify and compare
the functional signal obtained by the BT located within the
head–brain model for the simulated and measured setup.
An AP firing rate of fbt = 1 kHz may be observed in
accordance with the modulating signal produced by the active
zone of the photodiode, mimicking the real brain spiking.

The subtraction of the scattered parameter measurement for
the two ON and OFF states will allow keeping the usefully

Fig. 6. Backscatter pulse amplitude-modulated signal. (a) Numerical
results. (b) Experimental results.

Fig. 7. Numerical and the experimentally extracted AP signal.

modulated component and remove the nondesired reflections
coming from the measurement environment, resulting in the
signal represented in Fig. 7. Then, by applying the Multi-
frequency Bifocusing (MFBF) algorithm [51], we reconstruct
the microwave image that allows locating the BT (modeling
the brain activity within the PD region) as in Fig. 8 for the
numerical and experimental results.

In Fig. 8(a), a realistic human head model used for the
numerical validation with skin, skull, CSF, grey, and white
matter is presented, where the red circle refers to the studied
region related to the PD. The BT is used to model the
functional signals produced on the right side of the basal
ganglia to approach the near-to-reality scenario. The model
is validated numerically with CST software using the system
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Fig. 8. Reconstructed numerical and experimental microwave images. (a) Basal ganglia is illustrated in a realistic human brain. (b) Numerical
simulation of the human head voxel model in CST. (c) Numerical reconstructed image of the human voxel model. (d) Experimentally reconstructed
image of the human head phantom.

TABLE II
DIFFERENTIAL MODULATED FIELD OF THE PAM

mentioned in Section II, as in Fig. 8(b). In Fig. 8(c), the
numerical microwave image reconstructed for the realistic
whole and parts head model are presented in different colors
to precisely localize the BT within the brain, which is shown
in the right part of the basal ganglia. The experimentally
reconstructed image locates precisely the origin of the BT used
to generate the brain activity within the zone of interest, as in
Fig. 8(d).

In Table II, the comparison of the differential 1Smod
21 val-

ues for the analytical, numerical, and experimental cases is
presented. The results show a good agreement and also prove
the capability of locating and extracting the low-level signals
from a high permittivity medium as the human body. These
can help in monitoring functional diseases, as presented in
Section IV.

An additional study for the effect of the changes in dielec-
tric properties on the capability of the system to properly
locate the origin of the signals was proposed, where a
10% change in permittivity (εr = 57 ± 5.7) results in a
5% location error, which is not significant for the purpose
of locating the region where the brain activity is related
to the PD.

IV. EXPERIMENTAL VALIDATION OF THE BETA
OSCILLATION CHANGES FOR PD

The proposed technique is now explored to study its capa-
bility to monitor the changes in the beta frequency band
oscillatory character that happens in the BGTC as previously
mentioned [14], [30], [31], [32]. To evaluate this part, we pro-
pose a beta signal inspired from [14] to see the capability of
the system to differentiate between the two signals (healthy
and unhealthy) in terms of shape and duration (firing rate).
The PD’s signal is modeled with a higher value dual-peak and
longer duration (lower firing rate) compared to the normal one.

The experimental analysis of differentiating the PD’s state
from the healthy one is conducted using the same setup, the
corresponding functional activity signals were produced in the
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Fig. 9. Measured backscattered PAM signals corresponding to the brain
beta band oscillatory activity modeling. (a) Normal state. (b) PD state.

Fig. 10. PD and normal states of the extracted Beta Brain activity
model.

BT and the scattering signals were measured for 150 ms. The
received PAM signals are presented in Fig. 9(a) for the normal
state and in Fig. 9(b) for the PD state.

By analyzing the two signals in Fig. 10, it is observed a
frequency difference of 25% (15 Hz for the PD state and 20 Hz
for the normal state). This frequency difference corresponds
with the values in [52], as mentioned in the introductory part,
based on both the firing rate and the shape of the signal [53].

V. CONCLUSION

This article has presented a novel methodology for monitor-
ing functional neural diseases, and in particular, PD. To model
the functional activity within the brain medium, a BT has
been designed and tested on generating the AP signal and
the proposed technique has proven to be able to extract it

from the received PAM signals, as well as locating the origin
of those activities using UWB microwave imaging. Based on
this technique, we modeled the normal and Parkinson beta
oscillation BGTC (which is one of the PD markers), and as
a combined result we have been able to extract and locate its
origin precisely. This technique will help monitor the brain to
detect PD based on the firing rate and brain signal shape.
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