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Abstract— A theoretical analysis is presented on the accuracy of a
novel method to extract the dielectric constant of deep tissues. The
method exploits the variations of the electric fields on the surface of a
multilayer dielectric scattering model and their dependence on
dielectric properties of the deep tissues. The dielectric constant at a
specific depth is expressed as a linear combination of the surface
electric field samples. Critical parame-ters that affect the accuracy
are determined through a numerical study, and basic guidelines for
sensor design optimization are provided, using an emulation of a
human torso. It is concluded that accuracies with errors <3% can be
achieved, demonstrating the efficacy of the method and proposed
representation.

Index Terms— Biomedical sensor, human health monitoring,
tissue dielectric properties, wearable electronics.

. INTRODUCTION

MAGNETIC resonance Imaging (MRI), X-ray and

Computerized Tomography (CT) are the most used surgery-
free technologies to detect tumors and produce deep tissues
images. Nonetheless, they are not able to provide real time
human tissue characterization, as they are not body-worn
systems. Also, they are expensive and not portable for use in
rural areas or in the field for emergency diagnostics.

There is, of course, a strong need to develop low cost health
monitoring devices. Devices such as those in [1], [2] pursue
monitoring of breathing, heart rate, temperature or blood
pressure monitoring. But these devices are not suitable for
imaging as they penetrate only few cm within the skin.

Toward this goal, a new on-body health-monitoring sensor was
proposed in [3]-[5]. This is a multi-probe sensor operating at
40MHz, providing penetration depth of 10-15 cm within the
human body. Therefore, it can be used to sense deep tissue
dielectric properties. Specifically, the dielectric constant of the
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Fig. 1. Top and lateral view of the multi-probe sensor. The electric field force
lines inside the medium are also shown.

medium of interest is calculated using a linear combination of
the S-parameters measured at the sensor’s passive probes. In
this way, the classic inverse-scattering approach is avoided.
That is, we avoid the solution of ill-posed matrices [6]-[9]. As
claimed in [4], experimental results have demonstrated that
the proposed method can provide dielectric constant
estimation with errors less than 11%. However, this level of
accuracy is not sufficient. Therefore, there is a need to
improve imaging accuracy (dielectric constant prediction)
down to 2-3% by optimizing the sensor in [4].

In this paper, a numerical study is performed to better
assess the algorithm’s prediction capability and determine
critical parameters that affect its accuracy. Specifically, a
stratified dielectric medium is used to model the human torso.
The probe sensor is a linear arrangement of transmitting and
receiving ideal dipoles sources or probes (see Fig. 1). For a
specific excitation, a spectral domain Green’s function is used
to calculate the received fields at the probe locations. The
dielectric constant at a specific depth inside the torso is then
expressed as a weighted sum of the computed electric field
samples. General guidelines for sensor design optimization
are extracted and employed to achieve dielectric constant
estimation with better than 3% accuracies.

The paper is organized as follows. In Section Il the overall
imaging sensor concept is briefly described. The proposed
model and numerical approach used to estimate the deep
tissues dielectric constant is then presented in Section Ill. In
Section 1V, we discuss the results and provide guidelines for
further sensor improvement.
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Fig. 2. Schematic representation of the relation between electric field and
voltage (which is related to the S-parameters).

Il. SENSOR OVERVIEW
The sensor concept to estimate the dielectric constant has
been presented in [3]-[5], and is briefly summarized below.
The proposed sensor consists of a finite set of 17 electrodes,
as in Fig. 1.
2

The overall sensor size is 16 x 10 cm” and is designed for
human torso applications. The proposed sensor size and number
of electrodes were chosen to ensure sufficiently large dynamic

range in the values of Sj,1 [5]. Only one port (a port is the gap
between two electrodes) is fed by a 40MHz input signal, while
the rest are used for receiving the radiated fringing field after
propagation and attenuation into the tissues. Specifically, the S-

parameters are collected from the passive ports, denoted as Sj,1 ,

where i =2, 3,....16. Port #1 is always
active and the others terminated with a matched load. Using

the collected Sj,1 parameters, the dielectric constant (er ) is
then represented by a weighted sum of the measured
scattering parameters via the relation

N
Er = Zh';_|5,"| (1

The coefficients wi in (1) are computed to minimize the error

in approximating &r for a set of known configurations. That is,
they are determined by enforcing (1) for several combinations
of assigned outer tissue layers and known values of the inner
layer dielectric constant [5]. This process generates a system
of equations solved via a least squares method to extract the

coefficients wj in (1). Measurements given in [5] confirmed
the effectiveness of the representation (1). However, for the
selected sensor, the estimation error was up to 11%. Below,
we examine the sensor length and required number of probes
to obtain accuracies with error lower than 2-3%.
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Fig. 3. (a) Actual multi-probe sensor with ports. (b) Multi-layer model for
dipole excitation simulation.

I1l. LAYERED MODEL

To optimize the sensor length and number of probes for
minimal error, we consider an ideal dipole excitation depicted
in Fig. 3(b). The excited infinitesimal dipole is oriented along
the x -direction. In practice, we measure the voltage between
the probes. The latter is related to the electric field, as shown
in Fig. 2. Thus, instead of measuring the fields as the voltage
between two electrodes, we will simply use the x -directed
electric fields along the y-axis (see Fig. 3(b)). These fields are,
of course, proportional to the voltage between the electrodes

(Fig. 2) and will be used to represent the Sj,1 values in (1).

We specifically chose to examine the surface fields up to
30cm away from the dipole excitation. That is, we examined
sensor lengths up to 30cm.

To compute the dipole excitation fields in presence of the
multilayer medium, we used the spectral representation of the
Green’s functions [10]. Using this approach, the electric fields
for the TE and TM components are given by (2) and (3), as
shown af/ the bottom of this \;/Jage. In these expressions,

ki = w plel and Z1 = ,u1/£_1 refer to the wavenumber and
|ntr|n5|C|mpedance of reglon 1, resi)ectlvely [10]. Also,

kiz = k1 - kp where kp =kx™ + % y. Further, RT E and RT
M are the TE and TM plane wave reflection coefficients of an
impinging plane wave at the interface [10], [14].

Since both RT E and RT M are functions of kp , the double
integral can be reduced to a single integral by invoking the well-

known Sommerfeld and Weyl identities [10]. For brevity, the
final integral expression is given in (4), as shown at the bottom of

this page, for the dominant field component, ExT
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TABLE |
NOMINAL VALUES AND VARIATION RANGE OF THE TISSUE ELECTRICAL
PROPERTIES AND THICKNESSES [15]

Tissue Dielectric Loss tangent Thickness (&)
B Constant (&,) (tand) [em]
Skin 93.73 £ 10% 2.17£10% 0.3+10%
Fal T733L10% 2.09 L 10% 1.5110%
Muscle 82.57 £ 10% 3.64 + 10% 1.5+ 10%
Bone 26+ 10% 1.55 £ 10% 2.0+ 10%
Lung 65 + 40% 2.65+ 20% 15+ 20%

Using these representations, the fields arecomputed on the
medium’s surface along the y-axis in Fig. 3(b). Thus, only the
field component parallel to the dipole orientation is used.

As is well known, direct numerical computation of
Sommerfeld’s integral is time-consuming and computationally
expensive. This is due to the oscillatory and slowly decaying
nature of the integrands, especially whenever the source and
observation points are on the same interface [11], [12].
Indeed, several techniques have been proposed in the
literature to numerically evaluate Sommerfeld’s integral.

Similarly to [10]-[14], we invoke Cauchy’s theorem to
deform the original path of integration off the real axis and
avoid difficulties associated with integrand singularities along
the real axis of integration [10]-[13]. Specifically, we decided

to split the integration path y into three paths, y1 = (-~-j a,
a-ja,y2=(@-jaa+jaandys=(at+ja, ~+ja),
where a is chosen equal to 0.8ko. Doing so, the fields can be

computed on the interface and used to estimate the inner layer
dielectric constant. Having the fields at the original probe

locations, and given that Sj,1 is proportional to the computed x
-directed electric field, denoted as Eij,1, we proceed to express
&r as

M
E!:ZWFEI+L| {5)
i=2

This can be rewritten as

erliew = Wliwnr [EDpracn (6)

Here, [er ] is the vector representing the “known” dielectric
constant at the chosen depth for each of the N simulated
combinations of other layers parameters, {w} is the matrix
containing the coefficients to be determined, M is the number
of points where the electric field is computed or probed, and
[E] contains the calculated surface electric field values. As in
[5], since N M, (5) is solved via the least squares method to
obtain {w}.

The accuracy of (5) will likely depend on:

1. Number, N, of random simulated combinations used to

populate the [E]MxN matrix in (6), and

2. Sensor length, and

3. Distance between sampling points.
As in [5], we chose to generate the system (6) using the
parameter variations in Table | for each layer. Below we
discuss the accuracy of (6) for predicting the dielectric
constant of deep layers representing the lung.
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Fig. 4. Human torso equivalent model taking into account: (a) three and

(b) four outer layers. Electric field propagation inside the medium is also
sketched.
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Fig. 5. Average percentage error in estimating er4 (see Fig. 4(a)) when the

sensor includes: (a) M = 6 probes, (b) M = 10 probes, and (c) M = 20 probes.

IV. NUMERICAL RESULTS

The accuracy of the proposed deep tissue dielectric constant
extraction method was evaluated as a function of: (a) the sen-sor
length, (b) the number of points where the electric field was
probed, viz. number of field measurements points, and (c) the
number of equations, N, used to populate the matrix {E} in (6).
Two scenarios were considered, shown in Fig. 4. In one case, the
torso model included 3 outer layers (skin, fat, and muscle) as
depicted in Fig. 4(a). Of course, the proposed deep tissue
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Fig. 6. Average percentage error in estimating er5 (see Fig. 4(b)) when the

sensor includes: (a) M = 6 probes, (b) M = 10 probes, and (c) M = 20 probes.

monitoring method must be able to provide accurate results
for any arbitrary number of tissue layers and sensing depths.
Therefore, to demonstrate the versatility of this method, we
also considered a torso model with 4 outer layers (skin, fat,
muscle, and bone). The latter scenario is depicted in Fig. 4(b).

To calculate the weight coefficients, {wi }, we considered the
parameter variations shown in Table | for each layer, leading to N

= 2000 equations. After obtaining wi , the average error of the
approximation (6) was then obtained using different and random
combinations of the top 3-4 layers. Specifically, we averaged the
errors computed over 1000 random combinations of tissue
electrical properties and thicknesses.

Fig. 5 and Fig. 6 show the average error in estimating the
lung’s dielectric constant for the scenarios depicted in Fig.
4(a) and Fig. 4(b), respectively.

A different set of weight coefficients, {wi }, was computed and
used for these two scenarios for several sampling points or probe
number, M. Three different values of M were considered, M = 6,
10, and 20. The error for each of these M values was plotted in
Figs. 5-6 for different number of equations, N. Specifically, the
vertical axis of Fig. 5 and Fig. 6

refers to the number (N) of equations used to determine the wi
coefficients and the horizontal axis is the overall sensor length
for M = 6, 10 and 20. As indicated to the right of the plots,
deep red colors imply large errors (8-10%), whereas light
yellow refers to low errors (<2%).

From the results in Figs. 5 and 6, we can extract the
following guidelines for sensor design optimization:

- the electric field must be recorded across a sensing area

that spans at least 20cm from the source point

- for a given sensor length, a larger number of probing

points leads to greater accuracy

- increased accuracy is achieved as the matrix system used

to solve for wj increases in size.

Remarkably, for the scenario of Fig. 4(a), an average error of
less than 2% may be achieved by (a) using at least 10 probes or
field sampling points, (b) distributing the probes over a length at
least 18-20cm, and (c) using at least N = 100 equations are

needed for computing the coefficients wi . For the scenario in Fig.
4(b), an average error of less than 3% was achieved by:

(a) using at least 20 probes, (b) distributing the probes across
a length of at least 20cm, and (c) using at least N = 100
equations to compute the coefficients wj . These scenarios
provide consistent results for achieving an accuracy with error

of 2-3% in extracting the lung’s &r .
As would be expected, the accuracy of our expression (6) is
lower for the case in Fig. 4(b), compared to that of Fig. 4(a).

V. CONCLUSION
A theoretical analysis was presented to assess the accuracy

of a novel method for extracting the dielectric constant, r , of
deep human tissue. To do so, the human torso was modeled as
a stratified dielectric medium and the electric field distribution
on its surface was computed using a custom numerical code.
A key aspect of the extraction method was the representation

of er as a linear combination of the surface electric field
samples. The paper presented guidelines for sensor design
optimization. It was concluded that the deep tissue’s dielectric
constant can be estimated with errors lower than 3%, at almost
any arbitrary depth. Future steps will include: (a) further
experimental verification, and (b) expan-sion of the proposed
method to provide 2-D localization of the dielectric constant
aimed at developing an imaging method for the torso cross-
section that involves additional complexity.
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