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Abstract — A modern health system increasingly relies on
modern sensing tools to aid in patient care. This paper suggests
exploiting accessible electromagnetic radiation properties of
propagation delay, attenuation and dispersion to extract
biomedical parameters and to assess medical conditions
continuously, in a non-invasive way, and with a minimal cost. It
is performed by employing a set of sensors equipped with
wireless capabilities that transmit to the medium of interest a
known pattern of electromagnetic radiation. From the partial
reception of the signal at the sensors, parameters like tremor
characteristics, distance between body parts, and tissue bleeding
indicator, can be derived and then used for medical diagnosis.

Index Terms — Biomedical telemetry, Microwave
measurements, Parameter extraction, and Motion analysis.

1. INTRODUCTION

An Electro-Magnetic (EM) radiation is a form of energy
propagated through free space or through a material medium
in the form of electromagnetic waves. An EM wave has
magnetic and electrical fields which oscillate in phase
perpendicular to each other and perpendicular to the direction
of energy propagation. An EM wave can be characterized by
the wave frequency which is inverse proportional to the EM
wavelength.

A common way to produce EMR is by oscillating current in
a radio antenna. The antenna of a radio transmitter is part of
an electric resonance circuit in which the charge is made to
oscillate at a desired frequency. The EM wave can be
received by a similar antenna connected to an oscillating
electric circuit in the tuner that is tuned to that same
frequency. The electromagnetic wave in turn produces an
oscillating motion of charge in the receiving antenna.

EMR is not affected by travelling through static electric or
magnetic fields in a linear medium such as a vacuum. When
electromagnetic radiation is incident on matter, it causes the
charged particles to oscillate and gain energy. Interactions
between EM and nonlinear media can cause the EM wave to
alter its speed and polarization. Dispersion is a frequency-
dependent response of a medium for EM wave propagation.
The EMR can be re-radiated and appear as scattered,
reflected, or transmitted radiation [1]. It may also get
dissipated into other microscopic motions within the matter,
manifesting itself as thermal energy in the material. The EMR
in space decreases according to the inverse-square law in a
quantity which is inversely proportional to the square of the
distance from the source of the radiation. The EMR is further

attenuated due to absorption or scattering. As a result, an EM
wave radiated from a radio antenna propagates in a dispersive
medium and scattered to different multi-paths with different
attenuations and propagation delays.

Electromagnetic (EM) radiation is widely used in medicine
[2]. A main application of the EMR is in medical imaging,
e.g. X-ray computed tomography (CT) [3] or Magnetic
resonance imaging (MRI) [4]. Another main use of EMR is
for medical treatment. In [5], for example, short duration
electrical fields are used to permanently permebilize the cell
membrane, and is used as a treatment of a tumor. Most of the
systems that exploit EMR needs expensive infrastructure that
can reach to millions of dollars, requires heavy computation
sources [6] and is mostly not portable. As a result it cannot be
accessible to the majority of world population.

The main goal of this paper is to show different way to
exploit fundamental EMR properties to extract biomedical
parameters that can be used for medical assessment. A major
effort was given that the proposed medical technologies will
be accessible to the majority of the world, not expensive,
portable and can be used almost anywhere. This research
focus mainly on three basic properties of the EMR: 1) EM
wave propagation delay; 2) signal attenuation in space and 3)
signal dispersion in medium. These properties can be
measured by three parameters that can be obtained by existing
and future commercial systems.

For each of the three EMR properties we present in this
research a sensing system and a criterion to derive out of the
raw data the medical parameters needed for medical
assessment and treatment. We demonstrate the exploitation of
the three EMR properties for medical diagnosis by three
medical applications: 1)Exploitation of EM wave propagation
delay to quantify neurological tremor; 2) Exploitation of EM
wave attenuation to obtain human motion kinematics; 3)
Exploitation of dispersion of EMR in a tissue to monitor an
internal bleeding. We suggest implementation schemes,
perform a experiments for feasibility tests for each of the
system and suggest direction for future research.

The paper is organized as follows. The second paragraph
describes the system modeling for the three technologies to
obtain the parameters needed for medical diagnosis and
treatment. For each technology we describe the system, and
give a criterion to derive the parameters data which are used
for the medical diagnosis. In the paragraph section we
describe the experimental set up used for feasibility tests and



to evaluate the technology performance similar to the one
used in [7],[8] and in [9]. The fourth paragraph gives
preliminary performance results. In the fifth section we
conclude the research and suggest directions for future
research for each technology.

II. SYSTEM MODELING

An EM can be radiated to a medium from a radio
transmitter which is equipped with an RF circuit. The
transmitter itself generates in its RF circuit a radio frequency
alternating current, which is applied to the antenna. When
excited by this alternating current, the antenna radiates the
EM wave. The EMR can carry a baseband signal which can
be modulated to carry a data [10]. The transmitted signal can
be represented by its complex envelope [11] which is defined
as:

x(t) = real{p(t)e~@/et+®} (1)

where p(t) is baseband signal, with amplitude A, and duration
Ty, fc is the RF frequency and @ is an arbitrary phase of the
electromagnetic wave.

The transmitted signal is diffracted and reflected from and
dispersed through objects and scattereres in the medium [11],
and is received by a radio receiver. The receiver is an
electronic device equipped with an RF circuit that receives its
input from an antenna, uses electronic filters to separate the
radio signal from all other signals picked up by this antenna,
amplifies it to a level suitable for further processing, and by
digital processing can detect the data which was carried by
the EM wave.

The complex impedanceZ includes is a measure of
electrical characteristics of a medium. It is defined as the ratio
of electrical potential difference (voltage) and electrical
current and is given by:

Z(f) = I\(a(f) + iwe(f)) )

where f is the EM wave frequency, o is the conductivity of
the medium which is related to resistance to the EM electrical
field and € is the permittivity of the medium which is related
to resistance to EMR energy storage. Studies have shown that
different tissues have different electrical properties [12-14].
From analyzing the changes in complex impedance we can
determine tissue properties which can be used for medical
diagnosis.

The commonly electromagnetic propagation model
between the transmitter and the receiver can be characterized
by a complex channel model composed of sum of different
multi-paths [11]. The transfer function that represents the
channel model is:

h(t) = Xy b (£)6(t — 7)), (3)

where k is the path index, § is Dirac delta function, 7y, is the
k’th propagation delay and by (t) is complex reflection term
which is composed of phase shift 6, and amplitude

attenuation Sy, by (t) = B (t)e ?<® | The number of Multi-
Path Component (MPCs) in the medium is infinite. Still in
practical models it is used to relate to discrete number of
dominant MPCs which are combination of many paths and
thus contain most of signal energy. The parameter by (t) is
related the complex impedance Z of the k’th object in the
medium. In dispersive materials, like biological tissues, the
complex impedance is frequency dependent.

The received signal at instant time t, can be obtained by the
real part of time convolution of x(t) and h(t):
r(t) = real{Ty Bu()p(t — 1i)e” (Brfelt-m+0+0k(0)} 4
n(t), “4)

Where n(t) is an additive noise component. The noise
includes thermal and amplifier noise which can be modelled
by white Gaussian processes, distortion from non linearity of
amplifiers and interference from other radio signals from
narrow band systems. In many wideband systems, the
transmitted pulse p(t) suffers from distortion which affects
the performance.

Time of Arrival (ToA) is defined as the time the
transmitted signal propagated in space till the reception in the
receiver. Each MPC has a different ToA which is determined
by the propagation delay ty:

ToAy, = (tgy — tr) = Tp, ®)

where tr is the transmission time and tp) is the reception
time for the £’th MPC. Higher ToA of MPCs related to the
same transmission, indicates that the signal has propagated a
longer way in the medium till it has been received.

The power profile of the received signal is important
feature of the signal and is commonly used for analysis. The
power profile at instant time t is defined as the received signal
power:

P.(t) = r*(D). (6)

For phase shifts 8, statistically independent and uniformly
distributed over [0,2m) the power profile of the received
signal is:

B(8) = Xk Be(®Op*(t — 1) + 1 (D), )

where P.(t) is the power profile spectrum (as displayed on
the oscilloscope) and n'(t) is the additive noise which is
related to the noise term in (4).

The power spectrum, as measured by RSSI measurements,
changes in time as scatterers and sometimes the transmitter
are dynamically moving [15]. It is usually obtained by
averaging the instantaneous received power in (7):

RSSI = [ P.(t), ®)

where T is a period determined by the communication
standard and moves between milliseconds to seconds. The
ratio between the RSSI and the known transmitted power is
an indicator to the absolute value of total signal attenuation.



The main goal of this paper is to exploit these parameters
for medical diagnosis. The ToA and RSSI are widely used in
communication and are periodically computed in many
communication standards. The complex impedance can be
measured either by a set of radio transmitters and receivers or
by electrodes. We suggest using continuous measurements of
ToA to quantify neurological tremor, of RSSI to obtain
human motion kinematics and of complex impedance of a
tissue to monitor an internal bleeding.

III. DERIVING MEDICAL PARAMETERS FROM
ELECTROMAGNETIC PROPERTIES

Further details are provided in the remainder of this paper
for specific situations.

A. Tremor assessment based on electromagnetic wave
propagation delay

Tremor characteristics can be obtained from the
displacements in 3-D of the TBP over time. For 1-D (one
sensor node), the Minimum Mean Square Error (MMSE)
criterion for a transformation that extracts the I'th TBP’s
displacement from the received signal in (3) is:

f = argmingE {(f(rm) - bl_t(m))z}, 9

where by(m) is the displacement at time index m of the I’th
TBP in the x direction, f(-) is a transformation of the sampled
received signal to displacement, Iy, is an Ny, length vector of
received signal as defined in (3) and E[-] denotes expectation
over all stochastic noise sources in the observation period.

We choose an observation period small enough so that the
patient can be considered as stationary and the TBP’s
displacements are around a center location. As a result, the
MPCs related to the TBP are relatively constant during the
observation period and differ in time mainly by a delay shift.
This delay shift is in a range that is determined by the tremor
amplitude and the frequency of the change of the time shifts
in the observation period is determined by the tremor
frequency. To simplify the criterion in (9) we replace
f(+) by a linear transformation on the sampled received signal.
A Linear MMSE criterion that utilizes the statistical
information from all pulse repetitions in the observation
period and the known clinical tremor amplitudes and
frequencies range is:

~ A . — 2
{W: T} = argmlnwrtE {Z$=]¥[(W‘Imrm - Sl,m) }

A
s.towg we =1, —2—; < Ty < Z—E,ftL < argmax|FFT(7)|

< ftH’
(10)

where 1, is an N;, length vector of the sampled received
signal for pulse index m, 1<m<M, s; is a scalar representing
the signal energy reflected from the 1’th TBP surface for pulse
index m, T, is the m’th time shift, wy is an Nj length

weight vector w shifted by T, w,(n) = w(n — 1), Tis an
M long vector that includes the time shifts, T = {TLTZ. .TM},
f and f;, are the lower and upper clinical tremor boundaries
(usually 2-12 Hz), A, is the maximal clinical tremor
displacement (in the range 1-4 cm) and E[-] is the expectation
operator in the observation period w,_(n) = w(n — tp,).

A feasible solution to the criterion is presented in the work
of [7]. A set of tremor frequencies and amplitudes can be
obtained by a Fourier transform of the sensor nodes
displacements T. For a single dominant tremor frequency the
estimated tremor frequency and amplitude are:

A.; = max|FFT(ct)|, fi; = argmax;|FFT ()|,
(11

where 1 is the sensor node index, i=1...Q and %; is the time
shift vector as estimated by the i’th sensor node.

B. Tracking Motion Based on Electromagnetic Wave
Attenuation

To track the mobile node, we need to continuously estimate
using the set of N power measurements, the location of the
mobile node. The MMSE optimal transformation of the
measurement matrix Pr can be obtained by solving: the
following criterion:

f = argmingE(L — f(B,))? s.t L =L | <8,

12)

where L consists of M consecutive coordinates of the mobile
node; M refers to the size of a frame; B. is the N X M power
measurement matrix that contains the N anchor nodes power
measurements over M measurements; f is a transformation of
the power measurements to location; E[-] is the expected
value over all stochastic sources; and § is a bound on the
difference between consecutive location estimations which
are a function of transmission rate and mobile node velocity.
With high RSSI transmission rate consecutive RSSI
measurements imply proximate locations.

A feasible solution to the criterion is presented in [8]. For
medical applications, multiple sensor nodes need to be
attached to the patient’s body. The sensor nodes can include
additional sensors like inertial sensor nodes. For optimal
communication between the nodes, there is needed to be LOS
conditions. Still, with proper calibration performed on the
patient body, a communication between the sensor nodes can
be obtained using the creeping EM wave energy. The nodes
that are relatively static, like the one attached to the torso, can
be referred to as anchor nodes. The RSSI based tracking
algorithm can give information about the relative
displacement of the body parts. Imprecise calibration can
affect the distance approximation accuracy. Still, the pattern
of change of the relative displacement of the different body
parts can be used for medical diagnostics. For advanced
medical analysis these sensor nodes information can be used
to additional integration with other sensor nodes.



C. Extracting Tissue Blood Concentration Based on
Electromagnetic Wave Dispersion Measurement

The bulk changes in the composition of the tissue (e.g.
hypoperfusion or hyperperfusion of blood) relative to a
baseline composition reference (usually taken at the start time
of measurements) produce changes in the transfer function H.
It was found in [16] that the phase shift is more sensitive over
most of the frequencies to composition changes in the brain
and consequently statistically more informative than the gain
shift. This phase shift represents the difference in the Time of
Arrival (ToA) of the electromagnetic wave induced by the
inductive coil due to changes in the composition of the tissue
due to dispersion. Therefore, in this study we will use, instead
of the complex transfer function, only the phase shifts.

The phase shift difference P;(t; f;) is sampled at sampling
frequency T; for a set of N, inductive frequencies and stored
in descending order in a N, length vector P,. The sampling
frequency must be fast enough to capture inductive phase
shift changes caused by internal injuries.

A Minimum Mean Square Error (MMSE) criterion to find
changes in fluid composition can be reduced to finding a
function of the phase shift difference that minimize the
prediction square root error over a set of different induction
frequencies:

f = argmin E(f (AP) — AC)?, (13)

where AC is a scalar, representing the bulk change in the
tissue composition from a baseline reference value C,. In
clinical situation like hyperperfusion or ischemia, AC is
related mainly to change in tissue internal blood
concentration, AP is an N length vector of normalized phase
shifts which is the vector of phase shift P, subtracted by a
basal phase reference P,, AP = P, — P,. The basal phase
reference P, is the phase measurement which is related to
baseline reference value C;, at start of measurements. f(-) is
transformation of the sampled received signal to
displacement, and E[-] denotes expectation over all stochastic
noise sources in the observation period.

The phase shift change compared to basal reference at a
certain induced frequency is equivalent to the average
propagation delay caused by the change in the tissue
composition due to dispersion. This change tends to be
continuous and happen to be higher in certain frequencies
according to the tissue composition. A feasible solution to the
criterion was obtained in [9]. A medical diagnosis algorithm
can be obtained by pattern matching of the bulk concentration
changes AC over time with known pathological conditions
that can be stored in data base at the DPM. It is anticipated
that this will be a continuously growing data base which will
store information on a growing population of patients with

various pathological conditions, e.g. stroke, bleeding, edema,
hypoperfusion, hyperperfusion.

VI. EXPERIMENTAL SETUP

Experiments were performed mainly to show feasibility of
the system and to give preliminary performance evaluation
for each technology. The experimental setup for the tremor
assessment based on ToA measurements is shown in Fig. 1.
The experimental setup consisted of an UWB 1-D tremor
acquisition system composed of one sensor node prototype, a
reference video recording system and a tremulous arm model
that mimics tremor. The experimental setup for tracking
motion based on RSSI measurements is shown in Fig. 2. It
includes two sensor nodes were used as anchor nodes and a
third one that was used as a mobile node. The mobile node
was attached to a toy car which modeled patient hand
movement on 2-D, and transmitted data packets. The anchor
nodes received the packets, calculated the RSSI
measurements and sent them through the base station to the
notebook for further processing. The experimental setup for
bleeding assessment based on inductive measurements is
shown in Fig. 3. It was used to simulate brain hypoperfusion
(ischemia) or bleeding (hematoma) by changing ethanol
concentration inside hand model.

VI. RESULTS AND DISCUSSION

A. Tremor assessment based on electromagnetic wave
propagation delay

Utilizing the data analysis methods in [7], the frequency
estimation was shown to be excellent with mean error of less
than 0.1 Hz. The UWB system provides a set of tremor
amplitudes along the TBP, while the video system includes
only single tremor amplitude related to the marker location on
the TBP. The approximation of the tremor amplitude differed
on average from the video amplitude approximation by less
than 0.2 mm. A marker with a smaller reflecting surface is
expected to improve the UWB amplitude estimation quality.
Still, as the current diagnosis of clinical neurological diseases
is based more on tremor frequency than on tremor amplitude
[17], an UWB based system with its accurate tremor
frequency estimation can be used for clinical diagnosis. An
advantage of the UWB acquisition system over the optical
based system and over inertial sensors is that it includes
information of all tremulous body parts and gives additional
information on patient kinematics, which in the future can be
aggregated in the analysis to improve the quality of the
medical diagnosis.
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Fig. 1.  The tremulous arm model and UWB and reference video systems. The UWB tremor acquisition system is shown in Figure Error!
Reference source not found..a. It was implemented by a UWB sensor node prototype that consists of a transmitter (pulse generator and Tx
antenna), a receiver (Oscilloscope and Rx antenna) and a processing unit and storage units (notebook computer). The reference video recording
system is shown in Figure 2.b and described in Appendix A. The tremulous arm on Figure 3.c was based on an electrical current which induced
electromagnetic field and created force which moved the arm in a cycle with the frequency of the AC current frequency. The arm surface was
moving back and forth from and to the UWB acquisition system in a way that the reflection surface is maximized and horizontal to the video
camera to capture full tremor amplitude.

Fig.2.  RSSI tracking system model consists of a plastic trail, 2 anchor nodes, located in x and y axes, a car model that functions as a mobile
node, a base station, and a notebook that functions as a processing unit

Fig. 3.  Experimental setup for brain hypoperfusion vs bleeding detection: 1) Sensor coil radius 15cm. 2) Inductor coil radius 3cm. Both coils
were made by ten turns of magnet wire AWG22. 3) Spherical human head model composite made of two glasses sphere; a 7.4 cm radius
centered inside of a second 8.4 cm radius. Central sphere was filled with 1000 ml of ethanol and the remnant volume of the external sphere was
partially filled with physiological saline NaCl 0.9%. 4) Inductive spectrometer prototype. A 60ml-syringe was used to modify the relative
volume of saline respect to ethanol.



B. Tracking Motion Kinematics Based on Electromagnetic
Wave Attenuation

The developed tracking system provides instantaneous
location estimates for any path. With the processing
techniques presented in [8], it can achieve a high accuracy in
a scale of around 5 cm with standard deviation of around 2
cm which is better than other existing RSSI-based tracking
techniques and the static location theoretical bound.

The system was designed for 2-D, and the tracking
accuracy will be affected by changes in sensor node
instantaneous orientation changes in 3-D. This work should
be adopted in the future to fit these changes and to the one in
non-omnidirectional antennas. The RSSI-based tracking we
proposed can further be improved by accumulating other
sensor information, e.g. an auto-calibration method that
provides online information from inertial sensors that can be
used as a feedback to improve the offline calibration method
we developed.

C. Extracting Tissue Blood Concentration Based on
Electromagnetic Wave Dispersion Measurement

Utilizing the data analysis presented in [9], the sensor had
an average estimation error of only 4.8 ml and standard
deviation of around 1 ml which was sufficient to obtain,
according to nearest neighborhood classification of bleeding
or hypoperfusion conditions. There is a tradeoff between the
size of data base and the accuracy as the solution.
Classification methods that match the phase shift directly to
pathological conditions (bleeding or hypoperfusion in the
brain) can be derived in future, e.g. intensity of the blood
fluctuation can be indicator to a certain physical condition.
Establishing a reliable data base will require substantial future
clinical research.

VII. Conclusion

A modern health system increasingly relies on modern
sensor tools to aid in patient care. Technologies that allow for
non-invasive physiological monitoring need to incorporate
novel sensors that will meet a range of engineering design
challenges.

The suggested UWB technology promises to have many
advantages over the common video recording system based
on optical technology. Clinical research with real patients
with multiple TBPs, and with and without a metal marker
should be conducted in the future. Tremor assessment with
small UWB active wireless tags attached to the patient TBP
of interest and similar to the active markers used in the video
should be investigated. An automatic mechanism to find
optimum ratios of UWB pulse repetitions and efficient UWB
radiation power should be developed in the future. In the
future, multiple UWB sensor nodes, well synchronized (e.g.
by 802.15.4a standard) and placed in different locations in an
indoor environment can offer continuous non contact 3-D
tremor assessment from all body parts. Unlike the video, the

UWRB technology can work in any light conditions, penetrate
through walls, and obtain tremor amplitude values of different
body parts. UWB data transmission capabilities can be further
used to transfer the raw data from the sensor node to an UWB
hub with internet access to enable long-term tremor
monitoring acquisition.

Tracking motion by sensing channel attenuation can be
used in future for assessment of gait parameters like stride
length. Spatial calibration which includes the antenna pattern
can improve the performance. Auto-calibration during
activation can exclude the need for calibration in advance and
mitigate channel distortion. Aggregation of gyroscope and
accelerometer measurements to the RSSI measurements is
planned to be investigated in future.

Sensing tissue characteristics, in particular assessment of
changes in blood content in a tissue after and during injury, is
a promising technology. Conventional technologies that
monitor changes in the brain such as MRI and CT are
expensive and not portable and thus cannot be used for great
majority of the world population and in emergency medicine.
Utilizing dispersive measurements, can be used in future for
pervasive monitoring and diagnosis of internal head injury
condition, in particular changes in blood content in the brain,
after and during head injury, tumors in the brain, and stroke.
One application is in emergency medicine network where fast
monitoring of the condition of the disease is crucial and in
some cases a matter of life and death Another application is
continuous stroke monitoring of patient in risk of having
stroke in particular, patients who had first stroke and in risk of
having second one.

Exploitation of electromagnetic radiation properties in
medical diagnostic is a field that can improve diagnostic in
more locations at lower price. Still lots of research efforts
should be dedicated in order to reach this potential. We hope
that in the future, new medical technologies will be based on
this work and will exploit the commonly available
electromagnetic radiation properties to help the world having
better medical diagnosis and treatment.
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