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Modelling and Measurements of the Microwave
Dielectric Properties of Microspheres

Ali A. Abduljabar, Student Member, IEEE, Xin Yang, David A. Barrow, and Adrian Porch

Abstract—A microwave microstrip sensor incorporating a split
ring resonator is presented in this paper for microsphere detection
and dielectric characterization within a microfluidic channel. Split
ring resonator (SRR) sensor of three different radii, but with ap-
proximately equal gap dimensions to change their sensitivity, were
designed and fabricated, of resonance frequencies 2.5, 5.0 and 7.5
GHz. To validate the SRR sensors, two sizes of polystyrene micro-
spheres were tested, of diameters 15 and 25 ym. Measurements of
changes in resonance frequency and insertion loss of the odd SRR
mode were related to the dielectric contrast provided by the micro-
spheres and their host solvent, here water. COMSOL Multiphysics
was used to model the sensors, and good agreements were found
between the simulated and measured results.

Index Terms—Cell detection, microspheres, microwave sensor,
split ring resonator.

I. INTRODUCTION

UCH research has been undertaken in the use of

microwave methods for the realization of rapid, re-
liable, accurate and non-invasive bio-sensors. Recent use of
microwave methods for detecting the dielectric properties of
human cells has yielded compelling results [1]. The dielectric
property of a single cell has also been investigated by using a
microwave biosensor [2], incorporating a capacitive sensing
zone for trapped cells within microfluidic channel. Microwave
dielectric spectroscopy has been identified as a promising
method to study the membrane permeabilization of cells in-
duced by chemo-treatment, and its consequences for the cells
[3]. An original label free bio-sensing approach for cellular
study based on micro-technologies at RF frequencies is also
proposed [4]. This bio-detection method presents advantages
in that it is label free and of sub-millimetric size, allowing
operation at the cell scale and with a limited number of cells. A
tuneable, resonant, microwave biosensor that allows measure-
ment of the dielectric permittivity of microscale particles over a
range of frequencies is presented in [5]. A cost-effective, scal-
able microwave system that can be integrated with microfluidic
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devices enabling remote, simultaneous sensing and heating of
individual nanoliter-sized droplets generated in microchannels
is proposed in [6]. A new type of biosensor based on a two pole
microstrip filter, using the inter-resonator's planar coupling
capacitor as an ultrasensitive biosensing element, has been
developed to investigate the electrical parameters of human
cells [7].

A method to measure the permittivity of single particles and
yeast cells at microwave frequencies is presented in [8] and
[9], respectively. An electrical approach for single-cell analysis,
wherein a 1.6 GHz microwave interferometer detects the capac-
itance changes produced by single cells flowing past a coplanar
interdigitated electrode pair, is demonstrated in [10]. A passive
microwave sensor based on microstrip lines for characterizing
cell cultivation in aqueous compartments is presented in [11].
The cultivation stadium of a yeast culture was monitored to de-
tect the permittivity changes. In [12] and [13], broadband mi-
crowave measurements and sensing of single Jurkat and HEK
cells were used to overcome electrode polarization, with ac di-
electrophoresis used to precisely place cells between narrowly
spaced electrodes, and relatively wide microfluidic channels in-
corporated to prevent cell clogging.

A miniaturized microwave based biosensor was fabricated in
[14] for the characterization of living and dead cells via their di-
electric properties. Another detection system is based on a mi-
crowave coupled transmission line resonator integrated into an
interferometer [15], designed for the detection of biomaterials
in a variety of suspending fluids.

However, most of these works have been dedicated to the
dielectric assessment of groups of cells, rather than single cell
properties. Increasing evidence in other clinical and pre-clinical
studies suggests that the single-cell heterogeneity in the regu-
lation of oncogenic signaling pathways is a general feature of
most cancers. In [16] it was shown that the dielectric permit-
tivity, capacitance and conductivity values of cell membranes
are higher for normal lymphocytes than for malignant ones.
Model-based numerical predictions of the dielectrophoretic be-
havior of spheroidal biological cells are carried out in [17]. A
linear relationship was observed between the DNA content of
eukaryotic cells and the change in capacitance in [18] that is
evoked by the passage of individual cells across a 1-kHz elec-
tric field. Moreover, theoretical analysis and measurement tech-
niques for dielectric spectroscopy of biological cells in the radio
frequency range were reviewed in [19].

In this work, we demonstrate a new application for a mi-
crowave split ring resonator (SRR) with a narrow, tapered gap
section, as a sensor for the dielectric characterization of mi-
croparticles. This is shown schematically in Fig. 1, illustrating
the gap adaption for single cell investigations in medical and
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Fig. 1. Schematic of the split-ring microstrip sensor (the ground plane is on
the back surface, not shown), connected to a microwave network analyzer and
controlled by a LabVIEW program. Microspheres are passed through the gap
region via a water filled, glass capillary, after [20].

biological applications. Three sizes of the sensors are presented
in this work, model A, B, and C, where the design and measure-
ments of model A was presented in [20]. The added work of this
paper is the miniaturization of model A sensor to models B and
C to enhance sensor sensitivity.

In Section II, the theory and concepts of the polarization
of the liquid with and without spheres (“cells”) are presented;
also the theoretical enhancements in sensitivity that can be
expected by tapering and reducing the gap, and that due to
reducing the overall size of the SRR. A description of the
sensor design and fabrication (together with simulation results)
are presented in Section III. In Section IV, the experimental
results are demonstrated and discussed, with final conclusions
described in Section V.

II. CONCEPTS, THEORY AND SIMULATION

A. Odd and Even Resonator Modes

The SRR based on the microstrip geometry (i.e., with ground
plane) shown in Fig. 1 has odd and even mode resonances. The
odd mode has the lower resonance frequency and occurs when
the wavelength is equal to the electrical length of the ring plus
the gap [21]; the even mode has higher frequency and occurs
when the wavelength is equal to the ring length only [22].

The distribution of electric field in the gap cross section for
both modes is shown schematically in Fig. 2. In the odd mode
configuration the electric field penetrates the gap where the cap-
illary resides, while in even mode the electric field is mostly
outside the gap. In our experiments, the odd mode is used to
characterize the presence of microspheres whilst the even mode
is insensitive to the microspheres but can be used as a useful
reference, for example, to account for small changes in temper-
ature.

The input and output power couplings of the resonator are
mostly inductive owing to their positioning at a magnetic field
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Even mode

Fig. 2. Quasi-TEM modes of the SSR. (a) Odd mode (with large electric field
in the gap), and (b) even mode (with small electric field in the gap).
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Fig. 3. Cross section of the capillary filled by liquid, (a) without a microsphere,
and (b) with a microsphere. The dimensions and relative permittivities of all
regions are shown.

antinode, with a smaller degree of capacitive coupling arising
from the fact that they are extended structures and are made of
open-circuit, microstrip sections [23].

B. Electric Dipole Moment Calculations

Next we develop a simple, approximate theory to account for
the change of electric dipole moment of the capillary within the
gap when a microsphere is present. This allows us to calculate
the resonator perturbation using first order perturbation theory
[24] and [25].

Consider first a liquid of complex relative permittivity € com-
pletely filling a low loss tube (for example, glass, as in the ex-
periments here). Referring to Fig. 3(a), we define ¢ as the (real)
permittivity of the tube, and b and a to be its outer and inner
radii, respectively. The complex electric dipole moment p in-
duced for a length £ of a filled tube can be calculated analyt-
ically based on the direct solution of Laplace's equation for a
quasi-static electric field. The main result is [25]

v o2 (e = 1) Fy(e —i)(er + 1)
ple) =2mtt <(E +e)(ee+ 1) +v(e —e)(er — 1)) 60]5(7(1))

where Ej is the magnitude of the electric field applied perpen-
dicular to the tube's axis, assumed to be uniform along the length
of the tube, and vy = a?/b?.

The perturbations measured experimentally in this paper are
due to the presence of polystyrene microspheres within the gap
region. Referring to Fig. 3(b), we next analyse quantitatively
how the presence of a small spherical particle, assumed to be
homogeneous and of relative permittivity €5, modifies the elec-
tric dipole moment of a water filled tube and so leads to per-
turbations of the resonator parameters. If the sphere occupies a
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volume fraction 5 of the liquid within the tube (with 5 <« 1),
the complex permittivity of the liquid in the tube can be consid-
ered to have changed from ¢ to an effective value ¢.g. This is
estimated from simple effective medium theory to be

30(e, — s)> '

2
£s+ 2¢ 2)

Ee ff ~ £ (]. +
The resulting perturbation in electric dipole moment is then the
difference

Ap =~ pleess) — ple). 3)

C. Cavity Perturbation Theory

First order cavity perturbation theory states that a small
change in electric dipole moment Ap due, for example, to a
change in ¢ will result in changes (i.e., perturbations) in both
the resonance frequency f and unloaded quality factor ¢, given
by the approximate formulae [26]

Ap E} >

Af—fl—fo%—foRe< YT )

1 1 APE5>
A(Q)Ql Qo Im< 2 ) ©)

Here the subscripts “1” and “0” denote the perturbed and un-
perturbed states of the resonator, respectively. The quantity U7
is the time averaged stored energy of the resonator in its unper-
turbed state, defined by

E2
—dV (6
o)

1 1 .
U= 550]§E2dv = 5goEgvm, V=
14

\4

where Ej is the unperturbed electric field magnitude at the posi-
tion of the tube and V, is the mode volume of the resonator. This
latter term quantifies the concentration enhancement of electric
energy density at the position of the tube relative to the average
electric energy density elsewhere in the resonator. Miniaturizing
the resonator by, for example, reducing the gap width or the ring
radius, results in a decreased value of V,,, and hence also a de-
creased value of U, thus causing larger changes in resonator pa-
rameters for a given perturbation Ap (i.e., enhanced sensitivity
to the cause of the perturbation), which we will return to in more
detail below.

To gain a better physical understanding of how the presence
of a microsphere affects the SRR, for the moment we ignore
the presence of the glass tube (assumed to be very thin walled)
and develop an approximate formula for Ap in the limit when
the permittivity of the host liquid € is much greater than that
of the microsphere 5. This will indeed be the case when water
(¢ =~ 78— j12 at 2.45 GHz) and polystyrene (g5 = 2.0} are con-
sidered, respectively. Then, (1)—(5) reduce to the very simple
results

6rla’s
Aprs — WTQ'EOEO (7)
Af 36V (1
2SS 122V Re | 2 8
W St e(a) ®)

1\ _, 68V 1
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Fig. 4. The calculated transmission spectrum of the SRR with (dotted) and
without (solid) a plastic microsphere in the gap region. Both resonance fre-
quency and microwave loss increase with the presence of the sphere. In this
calculation, the SRR is assumed to have a @ factor of 200 and a resonance fre-
quency of 2.5 GHz when unperturbed by the microsphere. The microsphere is
assumed to occupy a volume fraction of 0.1 of the gap volume, and the ratio of
tube volume to mode volume is 0.02. The microsphere permittivity is assumed
to be 2 and the water permittivity 78 — 712. In this limit when € >> &, the
simplified analysis using (7) for Ap gives almost identical results to the more
rigorous analysis using (1)—(3).

where V; = mfa? is the physical volume of the sample within
the gap region. From this we see that on introducing a polysty-
rene microsphere into the gap region, the resonance frequency
increases, but that the ¢ factor decreases (i.e., the microwave
loss increases). This is illustrated further in Fig. 4, where we
consider the effects of the presence of a microsphere on the
voltage transmission coefficient 521 in the frequency domain,
with perturbation calculated using both (1)—(3) and the simpli-
fied formula (7).

This can be understood by referring to Fig. 5, where we plot
the electric field intensity £? in the space in an around a sphere
placed in a uniform electric field when (a) the sphere's permit-
tivity is much less than that of its host liquid (as is the case here),
and (b) when the sphere's permittivity is much greater than that
of its host (as would be the case for a metal sphere). In (a), we
note that the intensity is enhanced within the host liquid adja-
cent to the equatorial regions of the sphere, whilst in (b) it is
enhanced adjacent to the polar regions. In both cases, this inten-
sity enhancement increases the overall dielectric loss. However,
in (b) there is an increase in electrical potential energy owing to
the strong polarisation of the sphere, so the resonance frequency
would decrease. In (a), since the sphere is of a low permittivity
material, its polarisation is small and overall the electric poten-
tial energy is reduced, resulting in an increased resonance fre-
quency.

D. Sensitivity Enhancement of the SRR

It can be seen from the perturbation (4)—(6), and their sim-
plified counterparts (8), (9), that greatest SRR sensitivity to
the presence of a single microsphere is attained when its mode
volume V4, is reduced. This is most easily accomplished by
reducing the ring radius r of the SRR. Table I shows the results
of a COMSOL Multiphysics 4.4 simulation of the SRR shown
in Fig. 1, with varying radii r, giving unperturbed resonance
frequencies labelled fy. As expected, to a good approximation
fo o 1/r since the SRR's lumped inductance L is proportional
to the ring area 772, and fo x 1/+/L. The gap region is 70
pm deep (defined by the thickness of the copper cladding),
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Fig. 5. The calculated electric field intensity £2 around a sphere when (a) its
permittivity is much less than that of its host liquid, and (b) much greater than
that of its host (the arrows show the direction of the applied field). The enhance-
ment of E2 in the host in both cases gives rise to increased losses but in (a) the
overall electric potential energy is reduced, giving rise to an increased resonance
frequency.

TABLE 1
EFFECT OF VARYING SRR DIMENSIONS (SHOWN IN FIG. 1) ON RESONANCE
FREQUENCY, Af, AND EFFECTIVE VOLUME

r w Frequency, Af Ay Vm3
(mm) (mm) fo (GHz) (MHz) (mm~)
1.75 0.5 9.8150 2.000 0.000204  0.01301
2.25 0.5 7.4280 1.200 0.000162 0.01641
3.50 1.0 4.9420 0.550 0.000111 0.02382
5.50 1.0 3.9093 0.325 0.0000831  0.03188
7.35 1.3 2.5073 0.150 0.0000598  0.04431

with in-substrate gap widths of 35 um x 35 pm to give a
total geometrical volume of the gap of 8.58 x 10* um? (i.e.,
8.58 x 107° mm?).

We also simulate the perturbation on the SRR region imposed
by inserting a single, spherical metal particle of radius 7.5 pm
within the gap volume. The sphere volume is 2.1% of the gap
volume, thus giving a small perturbation from which the mode
volume V3, for SRRs of varying radii can be computed using (4).
The resulting decrease in resonance frequency A f is also shown
in Table I. A metal sphere of radius a completely depolarises the
electric field within it by developing an electric dipole moment
p = 4dnegEga® = 3e9EV,, where V is the volume of the
sphere. This means that the mode volume V;,, can be calculated
from Af of a metal sphere using

3Vsfo

Vm%_QAf

(10)

The resulting values for V;,, are also shown in Table I. The
fact that V), increases with increasing radius r is indicative of
the fact that the electrical energy is not solely stored within the
gap region, but occupies a much larger volume outside of the
gap. This is associated with charge storage on the curved ring
surfaces itself, which is more effective the larger the radius 7.
The main results of Table I are plotted in Fig. 6, for the reso-
nance frequency fy (Fig. 6(a)) and also the mode volume V;;
(Fig. 6(b)) as a function of ring radius r.

III. DESIGN AND REALIZATION

The SRRs were fabricated by initial cutting of the ring shape
and the gap structure using laser micromachining followed by
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Fig. 6. Simulated results of varying the ring radius r of the SSR. (a) Resonance
frequency for different ring radii. (b) Effective volume for different ring radii
(assuming a constant gap geometry).

TABLE 11
DIMENSIONS OF THE SPLIT RING RESONATORS SHOWN IN FIG. 7, ALL
DIMENSIONS ARE IN MM

Model I, T, I3 I, t gap
A 10.9 10.6 8.0 6.7 6.0 0.035
B 6.6 6.3 4.0 3.0 3.0 0.030
C 4.6 4.4 2.5 2.0 1.5 0.030

fine finishing with a milling machine. The gap is defined in
this way to a tolerance of 1 to 2 micrometer. A Rogers Cor-
poration RT/duroid 5880 laminate was used with a substrate
(dielectric) thickness of 1.57 mm, relative permittivity of 2.20
4 0.02 and loss tangent 0.0009. The thickness of the copper
is 70 pm, which is chosen to be as thick as possible to en-
sure a higher quality factor ). Polystyrene microspheres (A4lfa
Aesar, A Johnson Matthey Company) were chosen to validate
the sensor, of 15 and 25 ym diameters. These were dispersed in
water and passed through the glass micro-capillary with the aid
of a syringe.

Three sizes of SRRs were designed to study the effect of the
ring radius on the microsphere detection, here denoted models
A, B and C; their dimensions are listed in Table II. By changing
the dimensions we change the mode volume V;,,, which reduces
in going from model A to B to C, thus increasing their sensitivity
to microsphere detection. In model A the gap was designed to
be of width 35 pum, which is wide enough for two sizes of mi-
crosphere (diameters 25 and 15 pm) to pass through it, while
in models B and C the gap and radius were reduced to increase
the detection sensitivity of the smaller microspheres (diameter
15 pm).

The soda glass capillary (SAMCO company) with permit-
tivity of 3.8, inner diameter of 1.3 mm, and outer diameter of
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Model B

Model C

Fig. 7. Photographs of the fabricated sensors A-C, with a magnified view
showing the position of the glass capillary within the gap region, model A
given in [20].

2 mm was heated and then pulled down to an outer diameter of
34 pm and inner diameter of 30 um in the case of the model A
sensor. For the models B and C sensors, the inner and outer cap-
illary diameters are 28 and 23 pm, respectively. Fig. 7 shows a
photograph of the magnified gap region with the capillary, to-
gether with the layout for models A-C.

The constructional materials used here for the microwave
microfluidic device comprised (i) an RT/duroid 5880 laminate,
with (ii) an integrated soda glass capillary. The laminate was
chosen because of its favorable dielectric properties due to
its PTFE—glass-fiber construction. Whilst, the method used
here for integrating the glass capillary and the circuit board,
based split ring resonator, do not conform to currently used
microfluidic mass-production techniques [27], the proof of

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 63, NO. 12, DECEMBER 2015

principle functional operation does demonstrate that further
work is justified in order to more effectively integrate the
use of microwave interrogation techniques with microfluidic
flows. The materials used to form microfluidic circuits depends
hugely on the production volumes required, there dispos-
ability, solvent resistance, creep specifications, electro-optical
transmission characteristics, and range from silicon, glasses,
polymers, metals, elastomers, paper, sapphire, and diamond
[28]. PTFE based materials, especially Teflon AF, do offer
excellent dielectric properties, solvent resistance, and can be
light transmissive, but equally are more difficult to bond as
integrated capillary structures, and are not so amenable to
cost-effective micro-structuring as is silicon and glass. It highly
possible that the integrated microwave-microfluidic detectors,
such as that demonstrated here, could be fabricated as a sepa-
rate small-scale plug-in modules, that could be inserted within
more complex electrofluidic motherboards, and that possibly
the recent advances in additive 3D manufacturing [29] could
enable such a hybrid assemblies made from diverse materials
sets.

COMSOL Multiphysics 4.4 was used to perform 3D sim-
ulations of the electromagnetic fields of the sensors with and
without polystyrene spheres in water at 25°C. The EM waves
model was used to simulate the S-parameters of the SRRs. The
wave equation in the frequency domain was computed in the
EM waves model as described in the software according to

jo

qu;l(VXE)—kg<6r— >E:0 (11)

WE,
where g, is the permeability, £, the permittivity and ¢ the elec-
tric conductivity of the material region; ¢, is the permittivity of
the vacuum, k, is the wave number in free space, and w the an-
gular frequency. The impedance boundary condition is used for
the copper surfaces of the resonator and ground in order to in-
corporate the copper losses. The scattering boundary condition
was utilized for the faces of the volume 40 x 34 x 40 mm? (en-
closing the device) to make the boundaries transparent for the
scattered waves. Coaxial ports were used to feed the electromag-
netic energy to the resonator. The relative permittivity of water
(e = 1 — je2) was described in the simulation by using Debye
Theory [30] as its permittivity is variable with frequency. The
properties of the materials that were used in the simulation are
shown in Table III. The simulated and measured results of the
three models A- C are illustrated in Fig. 8. In Fig. 8 (a), the mea-
sured and simulated results of |S2; | of the model A are shown for
three cases: water only, water and 15 pm diameter microsphere,
and water and 25 pm microsphere. The measured and simulated
results of models B and C are illustrated in Fig. 8(b) and (c), re-
spectively, for water and 15 pym diameter microsphere cases. In
all models, the results shown in Fig. 8 demonstrate that there is
good agreement between the measured and simulated results.

IV. RESULTS AND DISCUSSION

A. Measurement Set-Up and Data for Sensor A

The bench-top assembly of the split ring resonator with the
network analyzer, microscope and computer is shown in Fig. 9.
We consider first the results of model A, with a resonance fre-
quency of approximately 2.5 GHz. Fig. 10 shows the broad-
band transmission response (i.e., |S21]) of the resonator's first
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TABLE III
MATERIAL PROPERTIES USED IN THE SIMULATION AT 25°C

Material & & o (S/m)
Air 1 0 0
Microstrip Dielectric 2.21 0 3.17x107*
Copper 1 0 2.70 x 107
Polystyrene microsphere 2.10 0 0
Glass °apillary 3.80 0 1.00 x 10712
£, £ T (pse
Water [31] 3 = (pse)
78.4 5.16 8.27
-16.4
-16.6
-16.8 |
-17.0 +
% -172
1AL
-17.6 1
Water
-17.8 1 —&— |5 um sphere in water
-18.0 —— 25 um sphere in water
, /. - - -~ Simulated . b
2.503 2.504 2.505 2.506 2.507 2.508 2.509 2.510 2.511
Frequency (GHz)
(a)
-14.9
-15.1
-153
_-155 ¢t
m
T sy
a
159
\
-16.1 1 Water \
-16.3 |/ —=e— |5 um sphere in water \
165 i Sirrllulateld ) )
4,968 4.972 4.976 4.980 4.984
Frequency (GHz)
(b)
-20.00
-20.25 +
-20.50
~ -20.75 f
g
~,-21.00 |
(/]N
2125+
2150 Water
2175 ¢ —=e— |5 um sphere in water
- - - - Simulated
-22.00 L + L + L
7.54 7.55 7.56 7.57 7.58
Frequency (GHz)
(©)

Fig. 8. Measured and simulated Sz of the sensors with a single microsphere
dispersed in water in the gap region. (a) Model A, after [20]. (b) Model B. (c)
Model C.

(odd mode) and second (even mode) resonance frequencies. The
odd mode is perturbed by the dielectric properties of the mate-
rial within the gap as there is a strong electric field there. Con-
versely, the even mode is almost unperturbed as its electric field
is confined mostly between the ring and the ground plane.
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Fig. 9. Photograph of the assembly of the sensor, network analyzer, laptop
computer and optical microscope to aid positioning of the polystyrene micro-
spheres in the gap region.

-10 7
First f,

Sy (dB)

40|

_45 1 1 1 1 1 1 1
23 24 25 26 48 50 52 54 56
Frequency (GHz)

Fig. 10. Measured broadband |S21| response of the split ring resonator (model
A) given in [20], showing the odd and even mode responses (the even mode has
the higher frequency of the two).

The changes in the resonance frequency and the insertion loss
of the odd mode with time due to a flow of microspheres along
the capillary are shown in Fig. 11(a) and (b), respectively.

The results in Fig. 11 were collected by a computer running a
LabView program to record instantaneously the change in reso-
nance frequency and insertion loss of both modes owing to the
movement of the microspheres. The |S,1| data was fitted to a
Lorentzian curve, from which the resonator parameters were ex-
tracted. The network analyzer was an Agilent ES071C, with an
IF bandwidth of 10 kHz and 401 sweep points to give a sweep
time of approximately 0.07 s. This is fast enough to capture
enough data during the short time (around 2 s) when the mi-
crosphere occupied the gap region of the SRR. Increases in the
odd mode resonance frequencies were measured to be 150 £ 8
kHz and 350 + 18 kHz due to the presence of the 15 and 25
pm diameter microspheres, respectively. The increases in in-
sertion loss were measured to be 0.030 = 0.002 dB and 0.060
£ 0.003 dB, respectively. All errors quoted are random errors
estimated from repeating each experiment three times. These
dominate over other systematic errors linked to the measure-
ment system.
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Fig. 11. Measured variation of the resonator parameters with respect to time
when a 15 pm diameter microsphere enters the gap region of model A (2.5
GHz), followed by a 25 pm diameter microsphere, after [20]. (a) The resonance
frequency of the odd mode, (b) the insertion loss of the odd mode, and (c) the
resonance frequency of the even mode.

B. Use of the Even Mode and Effects of Changing Temperature

Furthermore, there was no measured perturbation of the even
mode with the same microsphere flow, as expected (Fig. 11(c)).
Therefore, the even mode has the very useful property that its
resonance frequency can be used to monitor (and indeed correct
for) minute changes in temperature. This is essential in a prac-
tical device owing to the highly temperature-dependent com-
plex permittivity of water. Otherwise, small increases in tem-
perature could be inferred as being due to changes in the dielec-
tric properties of the microspheres. The complex permittivity of
the microspheres can be extracted from the resonator measure-
ments using approaches in [23] when the size of the microsphere
is known. For example, in model A the extracted relative per-
mittivity of microsphere is 2.1 &+ 0.1.

Whilst the perturbations on the resonator are small in the case
of Fig. 11, they can be unambiguously separated from the ef-
fects of small temperature changes. A change in temperature
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Fig. 12. Measured change in the fractional resonance frequency with temper-
ature Af/f/, of both odd and even modes given in [20].

would cause the baseline to shift up or down, accordingly. How-
ever, this is likely to occur on a timescale which is much longer
than the perturbations associated with the presence of the mi-
crospheres (typically less than 2 seconds), and these short term
changes will be readily separated from the longer term effects
of temperature drift.

To verify the usefulness of the even mode in correcting for
temperature, the sensor was measured in a temperature-con-
trolled oven (Memmert, Model: IPP 400) with a high degree
of temperature control (£0.1°C) over the range from 20 to
32°C. The resulting fractional changes in resonance frequen-
cies of both modes with temperature are shown in Fig. 12. The
resonance frequencies of both modes increase with temperature
as the dielectric thickness expands with increasing temperature.
The increase in frequency for the odd mode is some 30% larger
than for the even mode due to additional expansion of the gap
width, which causes an additional frequency shift. The results
of Fig. 12 for the even mode can be used to deduce an accu-
rate value of the temperature, and hence also the additional fre-
quency shift in the odd mode caused by a change in temperature.

C. Use of Sensors B and C to Enhance Sensitivity

The increase in insertion loss when a microsphere is present is
an interesting result that arises since the microsphere enhances
the electric field inside the water filled capillary. This subse-
quently increases the dielectric losses, as has been discussed in
detail in Section 1I-B.

To increase the ability of the sensor to discriminate the
spheres with 15 pm diameter, or to deal with spheres (such as
biological cells) which may not have such large differences
in their permittivity with that of the host liquid, two smaller
models B and C have been designed and tested.

In these two models the gap width was reduced to 30 ysm and
the ring radii were decreased to 3.5 and 2.25 mm for model B
and C respectively, as shown in Table II. In model B, the reso-
nance frequency is set at 5 GHz and its S5 is shown in Fig. 8(b).
The changes in the resonance frequency and amplitude (losses)
are shown in Fig. 13. The shift in resonance frequency is 400 +
20 kHz and the increase in the insertion loss is 0.012 £ 0.001
dB, which is more sensitive to the 15 pm diameter microsphere
than model A.

More sensitive results have been obtained from model C, as
shown in Fig. 14. The shift in resonance frequency is now 1.00
£ 0.05 MHz and the increase of the insertion loss is 0.040 +
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Fig. 14. Measured variation of the resonator parameters with respect to time
when a 15 pm diameter microsphere enters the gap region in model C (7.5
GHz). (a) The resonance frequency (b) The insertion loss.

0.002 dB when the 15 pm diameter sphere passes though the
model C's gap.

The results have some variation due to small temperature
drifts. The change in temperature arises due to the flow of water
inside the capillary; the water needs to reach thermal equilib-
rium to achieve stable, and hence accurate, results. In addition,
the variation in results comes from the limitation of the network
analyzer sensitivity as the changes in S3; are very small.

Finally, since we hope to apply our sensor for the detection of
human cells, we have performed a simulation of the SRR with
the 15 micron microsphere replaced by a “white blood cell” with
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diameter of 12 pm [16] of representative permittivity of 10 and
conductivity of 0.5 at 7.5 GHz [32]. In the small SRR this gives
a frequency shift of 0.5 MHz, so we expect our method to be
able to quantify both the presence, and measure the complex
permittivity, of individual cells.

V. CONCLUSION

In this work, three models of microwave sensors based on
a microstrip split ring resonator were developed and tested for
the dielectric measurement, size measurement and counting of
microspheres. The high sensitivity of all three resonator models
A-C is due to the small size of the gap region, here 35 and 30
pm. Two sizes of polystyrene microspheres (15 and 25 pm)
have been used to verify the odd mode's perturbation when a mi-
crosphere is present in the gap. Furthermore, it has been demon-
strated that the even mode is insensitive to the presence of mi-
crospheres and so can be used for temperature compensation. To
increase the sensitivity as the real cell permittivity does not have
large contrast with liquid permittivity, the gap and ring radii
have been reduced in models B and C. Their increased sensi-
tivity is simply due to the associated reduction in mode volume
Vn- The observed changes in resonance frequency and insertion
loss of the odd mode were due to the dielectric contrast between
the microspheres and their host solvent (water). The complex
permittivity of the microspheres can be extracted from the res-
onator measurements either using an optimization routine based
on matching the simulated and experimental results or using the
theoretical method in [23]. The ability of the split ring resonator
sensor to count microspheres, as well as determine their com-
plex permittivity, will next be applied to human cell detection
and diagnostics.
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