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Abstract—An analytical formulation for relative dielectric con-
stant retrieval is reconstructed to establish a relationship between
the response of a spiral microstrip resonator and effective relative
dielectric constant of a lossy superstrate, such as biological tissue.
To do so, an analytical equation is modified by constructing
functions for the two unknowns, filling factor A and the effective
length leff of the resonator. This is done by simulating the
resonator with digital phantoms of varying permittivity. The
values of A and leff are determined for each phantom from
the resulting S-parameter response, using Particle Swarm Op-
timization. Multiple non-linear regression is applied to produce
equations for A and leff, expressed as a function of frequency and
the phantom’s relative dielectric constant. These equations are
combined to form a new non-linear analytical equation, which is
then solved using the Newton-Raphson iterative method, for both
simulations and measurements of physical phantoms. To verify
the reconstructed dielectric constant, the dielectric properties of
the physical phantoms are determined with a commercial high
temperature open-ended coaxial probe. The dielectric properties
are reconstructed by the described method, with less than 3.67%
error with respect to the measurements.

Index Terms—dielectric property retrieval, high-permittivity
materials, high-loss materials, non-invasive glucose monitoring,
spiral resonator.

I. INTRODUCTION

It is now recognized that the demographic changes oc-
curring in society, particularly the aging of the increasing
global population, have profound implications and create
many challenges in the provision of health care. Utilization
of technology can greatly aid in meeting these challenges,
including the development of ubiquitous health care. A key
component in realizing ubiquitous health care (that is, health
care provision everywhere—home, hospital, shop, street) is the
development of wireless physiological sensors and associated
systems, usually linked into wearable wireless body area net-
works (WBANs). Such monitoring covers various ‘vital signs’,
including the heart-beat waveform (ECGs, or electrocardio-
graphs), blood pressure, pulse rate, breathing (respiration) rate,
oxygen saturation (concentration of oxygen in the blood) and
blood glucose level. A recent survey of work in this area is
given in [1], whilst a review of the requirements of WBANs
is provided in [2].

Blood glucose monitoring is of particular concern due to
the increase in the number of diabetes patients, in part due to
the aging of the population, in part due to the rise of obesity.
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Standard methods require the periodic sampling of blood, with
an enzyme-based detection method employed to determine the
actual blood glucose level (BGL). More recently, attention has
turned to non-invasive or minimally-invasive methods (usually
requiring a bio-sensor), in order to realize the continuous
monitoring of BGL. A review of the current state-of-the-art
in continuous glucose monitoring, including both minimally-
invasive and non-invasive techniques, is given in [3].

Non-invasive methods avoid the need for penetration of the
skin, removing any risk of infection, as well as avoiding some
psychological barriers from some patients. The main (non-op-
tical) method investigated to date is impedance spectroscopy,
whereby the skin surface impedance is measured and observed
changes are related to alterations in BGL. This results in part
from the fact that the dielectric properties of erythrocyte (red
blood cell) membranes are affected by the concentration of
glucose, affecting in turn the electrolyte balance of skin and
subcutaneous tissue. The amount of such change depends on
the operation frequency [4], [5]. However, one drawback is
that other physiological processes also affect the response of
the RF device, including such things as sweat levels, changes
in posture, and temperature levels. This makes unambiguous
determination of BGL challenging.

The utilization of RF techniques for BGL monitoring has
been investigated in the past. These studies typically observe
the changes in the S-parameter response of an antenna or res-
onator, which occurs due to the changes in dielectric properties
of the propagation medium, the biological tissue. A change in
BGL leads to a change in the effective dielectric constant of
the body, which can thus be detected, in principle, from a
change in the resonant frequency determined by the antenna
or resonator measurement. Work reported in the literature in
this area includes both quantifying the effect of glucose on
the dielectric properties and proposing antennas or resonators
for measurement of such changes. In [6], an open-ended
coaxial probe was used to determine the dielectric properties
of blood for varying amounts of glucose in a controlled
experiment. A wide-band monopole antenna was presented
in [7], [8] for non-invasive BGL monitoring. In [9], a cavity
resonator approach was taken and dielectric properties of
blood characterized between 10 GHz and 20 GHz, for different
glucose concentrations. Finally, in [10], a spiral resonator
was employed (see Section II). Another spiral resonator was
presented in [11], which used a multi-layer digital phantom
of different tissues, with the tissue properties modeled with
the second-order Debye equation. The use of a microstrip
resonator was recently described [12] for an in vitro study
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of blood with controlled amounts of glucose added. However,
this work did not consider in vivo non-invasive applications,
or use a spiral resonator.

The work presented in the following continues to explore
the capabilities and issues relating to this technique. In par-
ticular, we focus on extracting the ‘superstrate’ permittivity
(the phantom permittivity, or equivalent homogeneous body
permittivity) from the resonator response, via the effective
permittivity. The effective permittivity may be determined
fairly easily through known techniques, but the determination
of the phantom permittivity requires the adoption of a suitable
model. The main contribution of this paper is the application of
optimization and non-linear regression methods to determine
relationship between the permittivity of a (lossy) superstrate
and the resonant frequency of the loaded microstrip spiral
resonator. This is a complementary approach to the theoretical
or empirical methods often used, and can be applied more gen-
erally to other resonators and scenarios. Whilst the application
of blood glucose monitoring provides the motivation for this
work, and the general framework for the phantom preparation,
we are not concerned with detecting realistic levels of sugar
here. The glucose-dependent properties are outside the scope
of this paper, but are under investigation by the authors. The
sensitivity requirements for detection of realistic glucose levels
have recently been discussed in [13]. It is also noted that
the reported work applies to the dielectric characterization of
non-biological materials with a spiral resonator, as well as the
stated application of blood glucose monitoring.

This paper is organized as follows: the next section pro-
vides some background on microstrip resonators for dielec-
tric property measurements, with an emphasis on biological
applications. It also briefly reviews the Particle Swarm Opti-
mization (PSO) method, utilized in this work due to its ease
of implementation. The design of the resonator is described
in Section III-A, with the experimental design described in
Section III-B. The improved phantom permittivity retrieval
method is described in Section III-C. Results are presented
and discussed in Section IV, including further investigations
into potential sources of error. Finally, conclusions are drawn
in Section V.

II. BACKGROUND

Microstrip resonators are lengths of microstrip transmission
line that support standing waves at particular frequencies. The
simplest is a straight section of microstrip [14]. Also common
is the ring resonator, where the transmission line is formed into
an annulus. Such resonators have been proposed for dielec-
tric property measurements previously (e.g., [15]). Standard
microstrip has air above the substrate. More complicated ge-
ometries are possible, utilizing additional dielectrics [16]. The
analysis of the behavior of these lines is complicated by the
multiple dielectrics. An effective medium approach is usually
followed, where the geometry is replaced with one dielectric
with material properties equivalent to the combination of the
original materials. These are often determined using conformal
mapping techniques that find equivalent filling fractions for
each material [17]–[19], or the variational method (e.g., [20]).

An alternative approach uses curve fitting to empirical or
simulated data [16]. We use a variation of this approach in
this work.

Spiral resonators are attractive for the relatively compact ge-
ometry and symmetry [10]; however, they introduce a further
complexity into the analysis, namely the coupling between
the adjacent lines, which modifies the effective permittivity
of the equivalent homogeneous dielectric. Design equations
are available for co-planar stripline spiral resonators [21],
including with the presence of a superstrate, and depend on
complete elliptic integrals of the first kind, evaluated numer-
ically. Explicit expressions for the effective permittivity of a
microstrip spiral structure have not been found in the literature,
however, even for standard geometries with air above the
substrate. The use of microstrip resonators for material char-
acterization requires the presence of at least one superstrate,
by definition. In the absence of analytical formulations, the
behavior of a spiral resonator in this application must be
investigated through numerical means. It is also noted that
the (semi) analytical approaches, such as those taken in [15],
[17]–[19], usually result in complex expressions that can only
be evaluated numerically. Furthermore, the equations that are
available for straight coupled microstrip lines (with an air
superstrate) are extremely complicated, with multiple non-
linear equations determined via curve-fitting of simulated data
[16].

PSO, an evolutionary algorithm, was first introduced by
Kennedy and Eberhart in 1998; since then, the algorithm has
been applied to solve many different problems, including EM
problems, such as optimization of free space and implantable
antenna geometries for maximum bandwidth, gain, or to tune
the antenna for a desired frequency of operation [22]–[27].
The algorithm finds an optimal solution to a problem from
a pre-determined solution space by iteratively adjusting the
trajectories of particles according to the personal best position
of each particle and overall, global, best position of the swarm.
The algorithm is powerful and simple and has a wide range of
applications. In this paper, we used the algorithm to solve a
two-dimensional problem, to relate the resonant frequency of
the spiral resonator to the phantom permittivity. A review can
be found in [28]. Its use in this work is due to its simplicity
of implementation; other optimization techniques could be
substituted.

In [10], a microstrip spiral resonator was proposed for
non-invasive monitoring of BGL. Spiral microstrip resonators
are attractive as they are low-cost, potentially conformal
and relatively compact in size. In addition, the “circular-
like symmetry of the spiral makes it less sensitive to contact
orientation. . . ” [10]. The resonator was tested on one subject
and the transmission magnitude of the resonator was recorded
as an initial step. The authors then modified the resonator
and tested it on other subjects, demonstrating the ability to
track glucose changes in each case, although the error could
be as much as 19.5%. This work did not attempt to derive
a closed-form relationship between resonant frequency and
blood glucose. Instead, the data was ‘calibrated’ for each
subject using principal component analysis, the results of
which were used in multiple linear regression when comparing



4 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

against a commercial glucometer. However, the human body is
a complex environment and there are many variables (such as
temperature, sweat levels, and blood pressure) that can affect
the effective permittivity of the tissues above the resonator. In
addition, external effects, such as the applied pressure to the
resonator, can change the response.

Although microstrip resonators are mainly utilized to re-
trieve the dielectric properties of low-loss and low-permittivity
materials in the literature (e.g., [29], [30]), such resonators can
also be utilized for dielectric property retrieval of biological
tissues. The dielectric properties of biological tissues are
mainly investigated with open-ended coaxial probes. Such
probes provides ultra-wide band data; however, the data is usu-
ally lacking precision, the probes are costly, and the equipment
is very bulky. Microstrip resonators are low-profile, can easily
be integrated with remaining circuitry, can be miniaturized,
and are cost-effective to produce. Thus, such resonators are
well-suited for home or ambulatory applications.

The authors previously examined a microstrip spiral res-
onator with phantoms having different sugar levels, and the
dielectric properties of the phantoms were recovered with
an analytical equation [31]. However, this retrieval method
required the measurement of two phantoms with known di-
electric properties, as a means of calibration. The calibration
method was rather inefficient and the retrieval error depended
on the frequency shift during the calibration. In order to
apply the RF methods for non-invasive BGL measurement,
it is critical to establish a clear relationship between the
(glucose-dependent) dielectric properties of biological tissues
and the S-parameter response of the RF device. This paper
reports the first step towards this goal, where an improved
accuracy in the retrieval of the relative permittivity of a
superstrate is demonstrated. In this paper: (1) the previous
analytical equation is modified by utilizing simulation data,
with the intention of eliminating the need for the calibration;
and (2) to verify the validity of the method, the modified
analytical equation is employed to reconstruct the relative
dielectric constant of the phantoms proposed in [31]. The new
technique is expected to perform better, since the simulation
data provides a priori information based on the ideal case,
whereas the pure measurement data used for calibration, when
collected without much care (as may be the case with end-
users), can lead to wrong retrieval values. The ultimate aim
with this work is to produce a method of determining the
phantom permittivity (not the effective permittivity) from the
resonant frequency of the spiral resonator, taking into account
various influences, to achieve a high accuracy and a fast and
simple implementation (e.g., using a pre-calculated look-up
table) for use in a wearable device (e.g., in a watch-type device
or a ‘digital plaster’). Introducing additional factors into the
model is left for further work.

III. DESIGN AND METHODOLOGY

A. Design of the Spiral Resonator

The spiral resonator used in this work is shown in Fig. 1. It
is a modified version of a design given in [10]. The original
resonator was designed to be used as a complementary method

(a)

(b)

Fig. 1. Spiral microstrip resonator [10]: (a) structure; and (b) manufactured
prototype. A ground plane covers the entire lower surface of the substrate
(not shown).

TABLE I
DIMENSIONS OF THE SPIRAL MICROSTRIP RESONATOR (UNITS: MM)

Parameter Value

a1 8.0

a2 6.5

a3 5.0

a4 3.5

a5 2.0

a6 0.5

Parameter Value

Lsubs 95.00

Ls1 7.51

Ls2 15.00

Lp 9.00

Lf 11.00

Lc 47.00

Parameter Value

wsubs 33.000

ws1 3.980

ws2 2.207

ws3 1.000

to the traditional periodic lancet sampling, and required the
user to press his thumb against the resonator for a short period
of time. The design was re-implemented by the authors, using
both FR-4 [32] and Taconic TLC(30) substrates [31]. The
details of this modified design were not provided in the earlier
papers [31], [32], so are given here.

The resonator was designed with CST Microwave Studio
and printed on Taconic TLC(30) substrate, with a substrate
thickness of 1.47 mm and εr = 3. Dimensions are provided
in Table I; the ground plane covered the reverse side of
the substrate. One of the key benefits of a spiral resonator,
as opposed to a ring or line resonator, is its compact size.
The version discussed here is an early prototype and is,
hence, still relatively large for the intended application of
wearable continuous BGL monitoring; however, further size
reduction is anticipated, even with the required integration of
the necessary electronics. Although the design presented has
two ports, we focused on the reflection coefficient for this
paper, due to the relative sensitivity shown to permittivity
changes. The simulated and measured performance of the
unloaded resonator (i.e., with air above the substrate) is shown
in Fig. 2.

In [32], the FR4 resonator was tested with liquid phantoms,
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Fig. 2. Simulated and measured unloaded (free-space) performance of
the spiral microstrip resonator, as determined by the impedance matching
performance.

where the liquid phantoms were placed on top of the resonator
in a plastic bag. The plastic bags introduced an air-gap between
the resonator and the phantom; thus, the repeatability of the
measurement results was low. The resonator fabricated on
the Taconic TLC(30) substrate, reported in [31], was tested
with semi-solid phantoms to investigate the repeatability of
the measurements. The dielectric properties of the phantoms
were then retrieved with an analytical method. However, the
analytical method was ambiguous, due to the calibration pro-
cedure. 16 measurements with the resonator were considered
for calculations in [31]. A further 44 measurements (60 in
total) are included in the data-set for this paper, in which
optimization techniques are utilized to improve the analytical
formulation, with the intention of eliminating the need for the
calibration procedure. We emphasize that our objective is not
to determine the effective permittivity. We want a method of
calculating the phantom permittivity from the measurement of
a resonant frequency. No existing model relating the effective
permittivity (measurable via the resonant frequency) to the
superstrate permittivity has been found in the literature. This
forces us to adopt a non-linear model with two coupled
unknowns, described in the following sub-sections.

B. Experimental Methodology and Physical Phantom Prepa-
ration

Conceptually, the experimental methodology is simple.
First, the physical phantoms are prepared; second, the di-
electric properties of each phantom are measured across a
wide frequency band using a vector network analyzer (Hewlett
Packard 8720ES VNA) with an open-ended coaxial probe,
as a reference for the resonator; finally, the resonator is
used with each phantom, with S11 (magnitude and phase)
measurements performed with the VNA. The phantoms used
are termed gel-like; they are semi-solid and require protection
from the atmosphere when not in use. This was achieved
by covering them with plastic bags. It had been observed
that the resonant frequency of the sensor is affected by the

Fig. 3. S-parameter measurements with phantom material placed above the
resonator [31].

thickness of the sample, the pressure applied to the resonator
and the surface condition of the phantom [32]. Thus, the
thicknesses and weights of the phantoms were kept constant.
Ten measurements in total were performed per phantom, with
the resonator mounted at the bottom of a container and each
phantom placed just above the resonator. All measurements
were performed at 21◦C.

The gel-like phantoms were created by preparing a set of
liquid solutions, then mixing each with 170 g of flour. The
liquids consisted of 100 g deionized water solutions with 5,
10, 15, 20, 25, and 30 percent sugar concentrations. Please
note that the sugar concentrations are not representative of the
blood glucose concentrations in humans. A recent study on the
effect of realistic glucose-dependence of dielectric properties
for blood tissue mimicking phantom (TMP) is revealed that
the relative permittivity of the blood TMP decreases by 1
unit with maximum realistic change in glucose levels [13].
One unit change will approximately corresponds to increase
in sugar content from 5% to 7%-7.5%. However, in this paper
to prove the dielectric property retrieval concept higher sugar
concentrations are considered. Water has the highest dielectric
constant of these substances; the dielectric constant is reduced
by adding the sugar and flour. The dielectric properties mea-
sured with the coaxial probe at resonance frequencies are given
in Table II, and wide-band measurements are given in Fig. 4
(a)–(b) for permittivity and conductivity, respectively.

The resonator is a microstrip transmission line; it has
resonances that are determined by the length of the line and the
phase velocity in the effective medium formed by the substrate
and the phantom under test. As these are non-magnetic, the
phase velocity dependence is equivalent to a dependence on
the effective dielectric constant of the medium. The resonances
can be expressed by [29]:

fn =
nc0

leff
√
εeff

(1a)

=⇒ εeff =

(
nc0
lefffn

)2
(1b)

where n indicates the mode (number of the resonance, equal
to two for the mode monitored in this work), c0 is the speed
of light, leff is the effective length of the microstrip line and
εeff is the effective dielectric constant.

The effective dielectric constant can be related to the
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dielectric constants of the substrate (εr) and phantom (εp) by:

εeff = Aεr +Bεp (2a)

B = 1−A (2b)

where A is an unknown representing the proportion of the
electric field propagating in the substrate, relative to that
in the substrate and phantom (essentially a ‘filling factor’).
A is necessarily a function of frequency, the geometry of
the resonator, the substrate and phantom permittivities, and
the geometry of the phantom, making (2a) non-linear. The
method of coupling to the resonator will also affect A and l eff.
However, the exact dependence on these factors is unknown.
It is noted that εp can be considered the relative permittivity
of a homogeneous phantom or the effective permittivity of
a heterogeneous phantom, filling the half-space above the
microstrip in either case. This is similar to approaches in the
literature for standard microstrip (e.g., [16]), which assume
air occupies the half space above the microstrip, meaning
εp = 1. Furthermore, a sufficiently-thick material can be
a good approximation to an infinite half space at a given
frequency, as the penetration depth is much less than infinity
in reality, particularly when losses are included.

As the effective length is also unknown (and not indepen-
dent from εeff, or equivalently A), measurements from two
samples were previously used to ‘calibrate’ the parameter
retrieval by solving simultaneous equations for l eff and A
[31]. It was assumed initially that these values were not
strong functions of the change in dielectric constant, enabling
them to be used for all concentrations of sugar. The previous
calculations [31] only included 16 measurements, whereas a
total of 60 measurements were collected. Thus, the retrieved
phantom permittivity values were re-calculated for this paper
using the original calibration-based method and the expanded
data-set; the second mode (n = 2) was used.

The original method is as follows. First, the median of
all the measurements for each phantom was taken to find
the frequency of operation. Second, the measured relative
dielectric constant was taken at the frequency of interest.
Finally, by employing the calibration procedure (using the 5%
and 10% phantom measurements), leff and A were calculated
as 0.4794 m and 0.9693, respectively. Once the unknowns
were found, the phantom dielectric properties were retrieved
by inserting the measured frequency into (1b) and (2a). The
results are given in Table II. However, the gap between the
measured and retrieved relative dielectric constant, termed the
retrieval error, increased with decreasing phantom dielectric
constant (increasing sugar concentration), as shown in Table II,
indicating that the leff and A cannot be considered as constants
with respect to the permittivity change. The dielectric proper-
ties (Table II) were calculated considering only the frequencies
consecutively increasing while the phantom dielectric con-
stant was decreasing. The retrieval of the dielectric constant,
through (1b) and (2a), is highly dependant on the calibration;
thus, there is a need to eliminate the calibration step. Note
that the 5% and 10% sugar concentrations were used for
calibrating the resonator, so the results are shown for 15%
sugar concentration and above.

TABLE II
COMPARISON OF THE RETRIEVED AND MEASURED RELATIVE

DIELECTRIC CONSTANT FOR THE PHANTOMS USING THE ORIGINAL

METHOD

Parameter Value

Sugar / % 30.00 25.00 20.00 15.00

fr / MHz 676.20 662.50 652.90 648.90

Retrieved εp 16.90 21.50 24.90 26.50

Measured εp 24.60 26.40 28.10 29.30

Error / % 31.40 18.50 11.20 9.78
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Fig. 4. Wide-band measurements of Phantoms with Agilent’s open-ended
coaxial probe: (a) permittivity measurements; (b) conductivity measurements.

C. Parameter Retrieval with Modified Analytical Method

The original method, reviewed in Section III-B, required a
calibration procedure [31]. In the new approach, the calibration
procedure was eliminated by utilizing the simulation results
to predict the values of the unknown parameters, A and l eff.
In order to further decrease the retrieval error, A and l eff

were expressed as a function of frequency (fr) and phantom
dielectric constant (εp). To do so, twelve digital homogeneous
phantoms, with different non-dispersive dielectric constants,
were placed above the resonator in CST Microwave Studio and
the simulated S parameter responses of the resonator recorded.
The digital homogeneous phantoms were 30 mm thick, with
the dielectric constants ranging from 15 to 40.5.
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The operating frequencies of the resonator were determined
for the different phantoms from the recorded S 11 simulation
results. The PSO algorithm was applied to the analytical
formulation, as given by (1b)–(2), in order to find the cor-
responding A and leff for each simulation. The algorithm
was given the resonant frequency and the phantom dielectric
constant for each of the twelve CST simulations. The feasible
solution space for A was the range 0.8 to 1, due to the
construction of (2a) and considering the A value obtained
from the calibration method. The solution space for l eff was
chosen to be from 0.224 m to 0.5 m. This range was chosen
considering the physical length (0.224 m) of the resonator
and the length of the resonator found using the calibration
method (0.4794 m). Furthermore, the solution spaces for A
and leff were successively reduced with each simulation, to
ensure that they were both decreasing with increasing phantom
permittivity. The fitness function for the algorithm was the
phantom dielectric property retrieved from (2a). The threshold
was set at 0.01%. To calculate the threshold, the absolute
difference between the retrieved εp and given εp is calculated,
the error determined by dividing the absolute difference by the
given εp, and then the percentage calculated:

Error% =

∣∣∣εpg − εpr

∣∣∣
εpg

· 100 (3)

It is noted that experimentation with reducing the threshold
resulted in a significant increase in the number of particles
leaving the solution space; hence, the achieved solutions are
highly likely to be the global solutions with the restricted
solution space provided. We note that the PSO algorithm can
settle to a local optimum if the problem is too complicated
(e.g., if the problem has many parameters to optimize or if the
function or design problem has many local minima) [33]–[36].
There are two traditional methods employed in the literature
to overcome this issue: 1) using a linearly decreasing inertial
weight, and 2) using an adequate number of particles. The
first methodology helps the particle to be mostly pulled from
the initial position at the beginning of the optimization. As
the iteration progresses, the inertial weight decreases and the
particle is mostly pulled by the personal and global best values.
This approach prevents premature convergence and helps the
particle converge towards the end of the iteration. It should be
noted that inertial weight is only applicable for real PSO.

The second method helps by starting with a larger number
of points in the search space, which eventually increases
exploitation of the search space. Although these methods are
effective for many problems, they may still fail to prevent
premature convergence for complex design problems [35]. In
our optimization algorithm, we adopted both of the above
mentioned methods, such that our problem has only two
variables with small search spaces, meaning particles can
scatter to different positions in the search space, allowing them
to explore the search space thoroughly.

Next, the filling factor and effective length were expressed
as a function of resonant frequency and the relative dielectric
constant of the phantom material using Multiple Linear Re-
gression (MLR) and Multiple Non-linear Regression (MNLR)

models [37, Ch. 12]. Different models of the relationships
between frequency, phantom permittivity and filling factor or
effective lengths were examined. Some were obviously worse
than others. Here we show four forms for each parameter that
were similar (in terms of goodness of fit, as measured by the
correlation coefficient R), as examples. The equations for the
models of leff are:

leff(fn,εp)
= a1 + a2

c0
fn

+ a3
1√
εp

(4)

leff(fn,εp)
= a1 + a2

c0
fn

+ a3
c20
f2
n

+ a4
1√
εp

+ a5
1

εp
(5)

leff(fn,εp)
= a1 + a2

c0
fn

+ a3
c20
f2
n

+ a4
1

εp
+ a5

1

ε2p
(6)

leff(fn,εp)
= a1 + a2

√
c0
fn

+ a3
1√
εp

(7)

The equations for the models of A are:

A(fn,εp) = b1 + b2
c0

2

fn
2 + b3

1√
εp

(8)

A(fn,εp) = b1 + b2
c0
fn

+ b3
c0

2

fn
2 + b4

1√
εp

+ b5
1

εp
(9)

A(fn,εp) = b1 + b2

√
c0
fn

+ b3
1

εp
(10)

A(fn,εp) = b1 + b2

√
c0
fn

+ b3
1√
εp

(11)

The first two models for both parameters were based on
physical considerations, particularly (1)–(2). The last two
models are examples of models where different combinations
were examined. The correlation of the regression lines with the
PSO-derived data was used to determine which model should
be used.

The right side of (1b) is equated to the right side of (2a),
giving:(

nc0
leff(fn,εp)

fn

)2
= A(fn,εp)εr +

(
1−A(fn,εp)

)
εp (12)

Next, the functions for A and leff are inserted into (12), to
be solved numerically for each phantom with the Newton-
Raphson (NR) method. The initial guess for the NR method
was chosen as 15 (for each phantom) and the solution space
was constrained between 1 and 75 in order to prevent the
method from finding negative and very high roots. These
values were selected as the dielectric properties of human body
tissues are located in this range.

Finally, the error in retrieved phantom dielectric constant
(εpr ), compared with the given or measured relative dielectric
constant (εpg ), is determined from (3).

IV. RESULTS AND DISCUSSION

A. Permittivity retrieval using the spiral resonator

The simulated S11 response of the spiral resonator is shown
in Fig. 5 for the different phantoms. The resonant frequency
for each phantom was identified as being the frequency of the
second notch, as this showed more variation with phantom
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and σ = 0.216 S/m (solid lines), which correspond to 5% and 30% sugar
phantoms respectively.

permittivity than the first notch, and was usually somewhat
narrower than the third notch. This corresponds to the n = 2
mode for the spiral resonator, as used in (1) and (12).

The radiation patterns of the simulations with those digital
phantoms corresponding to 5% and 30% sugar phantoms,
respectively, are shown in Fig. 6. Including more sugar de-
creases the relative permittivity of the phantom. Zero degrees
in this plot corresponds to normal to the spiral and towards the
phantom. It is clear that the gain level is marginally affected
and the beam broadens slightly with increased sugar levels.

The simulated resonant frequencies and phantom permittiv-

TABLE III
REGRESSION COEFFICIENTS AND R VALUES FOR THE CONSIDERED

MULTIPLE NON-LINEAR REGRESSION EQUATIONS

leff a1 a2 a3 a4 a5 R

(4) 0.5859 −0.3565 −0.0416 0.9715

(5) 0.2080 1.6817 −2.1495 −1.1990 3.1980 0.9752

(6) 0.2753 1.0037 −1.4373 −0.9683 12.6386 0.9752

(7) 0.0807 −0.5514 −0.1117 0.9723

A b1 b2 b3 b4 b5 R

(8) 0.8642 −0.0222 1.9596 0.9654

(9) 1.5370 0.6975 −1.8092 −5.1694 11.9084 0.9939

(10) 0.9046 −0.0623 1.8796 0.9655

(11) 0.7712 −0.0052 0.8274 0.9526

ities were fed into the PSO algorithm. The PSO algorithm
utilized the invisible boundary condition; that is, the particles
could fly out of the defined solution space and were then
simply assigned a bad fitness value. The solutions were
reached using 50 particles within 13 to 87 iterations. The
point estimations of the two unknowns were then used to fit
a function to the obtained data set, given in Table IV, with
the MNLR method. The regression coefficients of equations
(4)–(8), and the corresponding R values (as a measure of
the goodness of the proposed fitting function), are given in
Table III. Note that the coefficients are calculated based on
the data from the simulation response.

Fig. 7(a) shows a graphical representation of the l eff output
for simulations from the PSO algorithm and the models fitted
by MLR. From Fig 7(a), it can be seen that the functions
are fairly similar; however, the function given in (5) has a
numerically better fitting to the PSO output than that of (8),
(6) and (7), as seen in Table III. Similarly, Fig 7(b) shows the
functions fitted to the A coefficient PSO output; the function
given in (9) has the better fitting. Hence, (5) and (9) were
selected for use with the NR algorithm.

Both fitting functions—i.e., (5) and (9)—were analyzed to
determine the reliability of the regression coefficients. Both A
and leff were within the 95% confidence interval. The p value is
much smaller than α = 0.05. Thus, the outputs of the fitting
function for the obtained data sets are deemed statistically
significant.

Table IV shows a comparison of the retrieved phantom
dielectric constant, the known dielectric constant given to
the digital phantom during the simulation, and retrieval error,
along with the operation frequencies. The retrieval error for all
12 digital phantoms is less than 3.34%. The sources of retrieval
error are, first, the error resulting from the PSO algorithm’s
threshold and, second, the fitting functions for A and l eff. The
final error source is the solution space constraint for the NR
model. The NR model suggests the following:

xn+1 = xn −
f(xn)

f ′
(xn)

(13)

Since the solution space is restricted in this case study,
the left side of (13) should be replaced with xn+1 + �(n),
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TABLE IV
DIELECTRIC CONSTANT RETRIEVAL FROM SIMULATION RESULTS, FOR PHANTOMS THAT ARE 33 MM BY 95 MM IN CROSS-SECTION AND 30 MM THICK

(‘NARROW LOAD’).

Parameter Value

fr / MHz 784.4 755.4 732.2 706.1 685.8 677.1 653.9 639.4 624.9 613.3 601.7 584.3

A 0.9972 0.9801 0.9551 0.9458 0.9377 0.9340 0.9283 0.9276 0.9192 0.9160 0.9094 0.9010

leff / m 0.4391 0.4386 0.4249 0.4246 0.4220 0.4188 0.4147 0.4134 0.4078 0.4057 0.3999 0.3963

Retrieved εp 14.9463 17.0723 19.0133 21.5704 23.9373 25.0842 28.6806 31.6105 34.6349 36.3650 38.5375 40.0611

Given εp 15 17 19 21.6 23.8 25.37 29.41 32.7 34.47 36.5 38.5 40.5

Error / % 0.3574 0.4258 0.0703 0.1370 0.5348 1.1262 2.4799 3.3318 0.4785 0.3698 0.0974 1.0836
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Fig. 7. Functions fit to PSO data with MLR for leff and A: (a) comparison
between equations (4), (5), (6), and (7); (b) comparison between equations
(8), (9), (10), and (11). The blue dots show the data obtained from the PSO
algorithm.

with �(n) representing the error due to the feasible solution
space constraint. The constraint directly affects the retrieved
relative dielectric constant; however, without the restriction of
the solution space, the NR method might give very high or
low roots, meaning such a restriction is necessary.

Table V shows the comparison between the retrieved and
measured dielectric properties. The measured εp values are
the dielectric property measurements performed by using
Agilent’s open ended high temperature dielectric probe at the
corresponding frequencies. Note that, as the measurements

TABLE V
COMPARISON OF THE RETRIEVED AND MEASURED RELATIVE

DIELECTRIC CONSTANT FOR THE SOLID PHYSICAL PHANTOMS USING
THE MNLR-BASED ANALYTIC FORMULATION

Parameter Value

Sugar / % 30 25 20 15 10 5

fr / MHz 676.2 662.6 652.9 648.9 634.3 628.7

εpRetrieved
25.2043 27.2273 28.8468 29.5938 33.2904 34.0235

εpMeasured
24.6240 26.4059 28.1296 29.3185 32.1132 34.3661

Error / % 2.3570 3.1109 2.5498 0.9391 3.6660 0.9967

are taken between 300 MHz to 2 GHz with sixteen hundred
points, the resonant frequencies may not correspond to the
measurement frequencies. In such cases, the closest frequency
of the dielectric probe measurement is chosen as the reference
dielectric property measurement. Note that the dielectric prop-
erties are a smooth function of the frequency; thus, such an
approximation is valid and the error introduced is expected to
be small in comparison to other error sources.

The error percentage is calculated using (3), which gives
less than 3.67% for all measurements. The discrepancy be-
tween the retrieved and measured phantom dielectric proper-
ties can be partially attributed to measurement errors (i.e., in
addition to the sources of retrieval error related to the retrieval
method, discussed above). Two different measurement errors
may have occurred: 1) measurement error due to the spiral
resonator; and 2) measurement error due to the coaxial probe.

B. Measurement Error due to the Spiral Resonator

The differences between simulated and fabricated resonators
(e.g., effect of the SMA connector and solder) are an obvious
source of error in resonant frequency, as seen from Fig. 2.
However, this type of error is relatively easy to minimize with
advanced modeling techniques, so will not be discussed further
here. In addition, this error is not as severe when the resonator
is loaded with the phantoms, as shown by results discussed
below.

During the simulations, the size and shape of the phan-
toms were considered ideal and homogeneous. However, the
shape and condition of the phantom may not be ideal for
the measurements. Thus, such imperfections can introduce
measurement errors. From the simulations, we know that the
thickness of the sample phantom affects the resonance of the
spiral sensor. As the sample thickness increases, the effective
permittivity increases; thus, the resonator starts to operate at
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lower frequencies. The effect of thickness was investigated
by simulating the spiral structure with five phantom samples
having the thickness of 10 mm to 30 mm. The dielectric
properties of the phantoms are kept constant (εr = 32.7 and
σ = 0.284 S/m) and the size of the phantoms are 95 mm
by 33 mm. The change in the return loss response is given
in Fig. 8. From the simulation results, we conclude that the
response of the resonator is affected by the phantom thickness
for four samples, increasing the resonance response by around
17 MHz; however, the linearity changes with the 30 mm
phantom.

To further understand the real effect of the load size on
the response of the spiral resonator, it was simulated with
two loads of different sizes. The phantoms were named wide
and narrow loads and both had the same dielectric properties:
εr = 32.7 and σ = 0.284 S/m. Note that the dielectric
properties correspond to the 10% sugar concentration phan-
tom. The surface dimensions of the wide load were 125 mm
by 125 mm, and the dimensions of the narrow load were
95 mm by 33 mm (corresponding to the dimensions of the
physical phantoms used in Section IV-A). Both phantoms had
the same thickness of 30 mm. The resonator response was
also measured with an equivalent wide load physical phantom.
The wide load phantom was composed by following the recipe
of oil-in-gelatine phantoms, that has been used to mimic the
dielectric properties of biological tissues [38]. The wide load
was a liquid phantom when first composed; it solidified over
night at room temperature. To perform the measurement, the
resonator was mounted at the bottom of a plastic container,
facing upwards, with the container dimensions of 125 mm by
125 mm. The liquid wide load was poured into the container
to a thickness of 30 mm and left overnight to solidify. The
S-parameter response of the resonator was then collected.

After the measurements of the spiral resonator response
were complete, the dielectric properties of the phantom were
measured with Agilent’s high temperature dielectric probe.
Dielectric property measurements were collected at 10 points,
twice from each point (including both top and bottom surfaces
of the phantom) and averaged to obtain the properties given
in Fig. 9. The measured dielectric properties at 600 MHz are
εr = 30.53 and σ = 0.5043 S/m. The measurement set-up
with the spiral structure is shown in Fig. 10. Note that all
measurements were collected within 24 hours of the phantom
composition. The comparison of the return loss responses for
the wide and narrow loads is given in Fig. 11. Although
there is a dielectric property discrepancy between the physical
and digital phantoms, the simulated and the measured return
loss for the wide load phantom agree well, with a 19.5 MHz
discrepancy in resonant frequency. Similarly, the narrow load
measurement and simulation also agree reasonably well, with
a relatively small 13.7 MHz discrepancy observed between
measured and simulated return loss responses. However, when
the simulations for the narrow and wide loads were compared,
we observed a 95.7 MHz discrepancy between the resonance
frequencies, indicating that the phantom dimensions should be
taken into account.

From the presented analysis, it is evident that the thickness
and other dimensions of the phantoms have a significant effect
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on the return loss response of the resonator. Thus, differences
in phantom shape and size result in retrieval errors. We can
conclude that, for the intended application of non-invasive
blood glucose monitoring, the sensor is subject-specific and
could require some form of calibration as a result, particularly
if absolute BGL measurements are desired. However, more
information on this is required before any firm conclusions
can be drawn.

C. Measurement Error due to the Coaxial Probe

The second error source is the dielectric property measure-
ments performed with Agilent’s open ended coaxial probe.
The dielectric probe can pick up faulty measurements if the
probe is not in good contact with the sample and the high
temperature probe has a flange that prevents the experimenter
from inspecting the instrument by eye, especially when opaque
samples were used. Apart from the physical limitations, the
probe itself may introduce measurement errors. The accuracy
of the high temperature dielectric probe is given by [39]:

ε̂′r = ε′r ∓ 0.05 |ε∗r | (14)
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(a) (b)

Fig. 10. Measurement setup: (a) return loss measurement with wide load;
and (b) resonator mounted in a container with the wide load phantom above.
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Fig. 11. Return loss response of the resonator with wide and narrow loads.

ε′r is the relative dielectric constant and ε∗r complex di-
electric property of the sample. ε̂ ′r is the estimate of the
relative dielectric constant. In this study, the measured relative
dielectric constant of the phantoms varies between 24 and 35
and the measured conductivity varies between 0.19 S/m and
0.4 S/m at the frequency of interest. Therefore, it is expected
that the error in the phantom relative permittivity measurement
(which is the reference for the spiral resonator measurements)
is in the range of 1 to 1.7.

To examine the measurement errors that can be introduced
by the coaxial probe, the dielectric property measurements
given in Fig. 9 was analyzed. Considering the frequency of
interest, the mean and standard deviation for 20 measurements
taken from the same sample were calculated. The mean
relative dielectric constant at 600 MHz is 30.5 and the standard
deviation is 3.04. This implies a potential error of more
than 10% for measured values outside one standard deviation,
which could be a significant source of error when using the
coaxial probe measurements as the reference for evaluating the
performance of the spiral resonator and the models represented
by (5) and (9).

D. Discussion

It has been demonstrated that it is possible to use numerical
techniques to relate the phantom permittivity and resonant
frequency of a microstrip spiral resonator with small error.

The error sources have been investigated and a number of
significant sources relate to the measurement of the reference
data, giving further confidence that the error in the resonator
and numerical method are acceptable.

It may be asked, what is the best resonator mode to use?
There are two factors that must be considered: obtaining the
necessary accuracy, and meeting regulatory requirements with
regard to field exposure and heating for biological applica-
tions. Hence, the choice of resonator geometry and operating
frequency must be made so that the field penetrates the sample
(tissue) sufficiently, to ensure a reasonable averaging across the
tissues and to ensure those tissues most responsive to glucose
changes are included, whilst also meeting safety requirements.
Having chosen the spiral geometry for reasons of compactness,
the mode can be chosen to give the desired field pattern, and
the spiral dimensions adjusted to achieve this mode at the
desired frequency, to meet the required penetration and safety
criteria.

It has been demonstrated that the dielectric properties
of high water content tissues can be retrieved for narrow
bands by employing an analytical equation. However, it is
apparent that various error sources must be better understood
and compensated for in a practical system. Moreover, the
effect of the tissue thickness, shape, and reference dielectric
property measurement is techniques have a significant effect
on dielectric property reconstruction. For general dielectric
samples, modification of the MNLR model to account for
other factors may be possible. For blood glucose monitoring,
the performance of a potential on-body resonator will be
dependent on the tissue composition, age, gender, and body
mass index of the patient. These issues may imply the need for
periodic calibration using conventional bio-sensor monitoring
techniques in a practical system; however, it may still be
possible to significantly reduce the frequency of blood sam-
pling required compared to existing solutions. Furthermore, in
vivo experiments with a large enough representative sample
population should provide sufficient data to allow the low
error rate to be maintained, or even improved, particularly
when further analysis of the error sources may help refine the
analytical model and improve performance when applied to
measured results.

It is worth noting that the value measured by commercial
blood glucose monitors “. . . should agree with a laboratory
measurement within ±20% most of the time under normal
conditions” [10]. This relatively large margin of allowable
error is a consequence of clinical considerations (i.e., consid-
erations regarding whether clinical interventions are required),
and can be understood in terms of the Clarke error grid [40]
and similar constructs. Hence, the observed error from the
numerical approach would appear to be well within this limit.
Of course, our error is in retrieved permittivity, not blood
glucose level, so a direct comparison is not intended. However,
for a controlled experiment with no other factor affecting the
permittivity, the likely error in detecting the change in sugar
level (by mapping it to the dielectric constant) will not increase
significantly from that of the error in the retrieved phantom
permittivity. In addition, the concentrations of sugar used in
this study are far from normal blood sugar levels. Refinement
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of the model and resonator for a more restricted range are
required, with evaluations of the sensitivity and repeatability
of the measurements of particular interest. These findings may,
therefore, form the basis for the development of an on-body
resonator for dielectric property change monitoring that could
have applications in non-invasive blood glucose monitoring or
stroke detection.

V. CONCLUSIONS

Microstrip resonators have a number of advantages (e.g.,
compact, low-cost, planar/conformal), but their application
to dielectric property measurements is complicated by the
need to deal with an effective medium. Comparatively simple
geometries, such as rectangular patches, can be analyzed to
produce extraction equations. Such equations are not found in
the literature for the spiral resonator, however, leading to the
use of numerical techniques.

A microstrip spiral resonator was designed and fabricated
for dielectric property retrieval of biological tissues. The
resonator was tested with six physical phantoms, composed
of flour, de-ionized water, and sugar. The amount of sugar
in the physical phantoms was altered from 5% to 30% in
5% increments. The resonator was also simulated with twelve
digital cuboid phantoms, with different relative dielectric con-
stants, placed above the resonator and the S11 response of the
resonator was recorded. The simulated return loss response
of the transmission line was used to determine the resonant
frequency for each phantom (for the mode n = 2), which was
then used to determine the values of two coupled parameters,
A, and leff. This was done by finding an optimal solution for
the analytical formulation with the PSO algorithm for each
simulation response. This approach provided insight on the
behavior of the resonator when the physical phantoms were
placed above.

The obtained simulated data was utilized to express A
and leff as a function of frequency and the relative dielectric
constant of the phantom. The functions for A and l eff were
written using an MNLR model. The retrieval of the relative
dielectric constants of the phantoms was performed by insert-
ing the operating frequency of the resonator obtained from the
measurements. Retrieved dielectric properties were compared
with the dielectric property measurements taken with Agilent’s
open-ended high temperature dielectric probe. The retrieval
error was found to be less than 3.67% for all phantoms. The
dielectric property retrieval algorithm was also applied to the
obtained simulation results and the retrieval error was found to
be less than 3.4% for all twelve digital phantoms. It is possible
that tuning the PSO configuration, or using an alternative
optimisation technique, could reduce this error further. The
use of additional terms and parameters in the MNLR model
is also likely to reduce this error.

One issue needing careful consideration and further work
is how to separate the effect of the change in BGL from
the effect from other physiological processes on the dielectric
constant of the human body tissue. Similar studies will also
be performed, therefore, examining the other factors that affect
effective permittivity. In addition, the use of this technique for

non-biological material characterization requires a reduction
in the errors, perhaps through the expansion of the MNLP
models used to include other parameters affecting A and l eff.
Finally, the application of this numerical approach to other
types of resonator is another avenue for exploration.
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