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Abstract—The combination of microwave and microfluidic
technologies has the potential to enable wireless monitoring
and interaction with bioparticles, facilitating in this way the
exploration of a still largely uncharted territory at the inter-
section of biology, communication engineering and microscale
physics. Opportunely, the scientific and technical requirements
of microfluidics and microwave techniques converge to the need of
system miniaturization to achieve the required sensitivity levels.
This work, therefore, presents the design and optimization of
a measurement system for the detection of bioparticles over
the frequency range 0.01 to 10GHz, with different coplanar
electrodes configurations on a microfluidic platform. The design
of the measurement signal-chain setup is optimized for a novel
real-time superheterodyne microwave detection system. In par-
ticular, signal integrity is achieved by means of a microwave-
shielded chamber, which is protected from external electro-
magnetic interference that may potentially impact the coplanar
electrodes mounted on the microfluidic device. Additionally,
analytical expressions and experimental validation of the system-
level performance are provided and discussed for the different
designs of the coplanar electrodes. This technique is applied
to measure the electrical field perturbation produced by 10 µm
polystyrene beads with a concentration of 105 beads/mL, and
flowing at a rate of 10 µL/min. The achieved SNR is in the order
of 40 dB for the three coplanar electrodes considered.

Index Terms—Bioparticles, Coplanar electrodes,
Superheterodyne, Microfluidics, Microwaves, Sensing, Single-cell
detection, System-On-a-Chip.

I. INTRODUCTION

THE pairing of microwave sensing and microfluidic plat-
forms enables cutting-edge technological solutions for

interfacing with biological systems in medicine, industry,
environmental analysis and pharmaceutical applications [1].
Among the many advantages of interfacing with individual
bioparticles provided by the combination of these engineering
disciplines, like for example integration of multiple processes
into one device and managing small volume of fluids, detection
and quantification with high specificity and sensitivity are
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of significant wide importance [2], and are consequently the
properties of interest in this work.

Generally, microwave sensors are non-destructive, cost-
effective, and highly sensitive instruments that provide rapid
sensing capabilities [3], [4]. Microfluidic devices, on the
other hand, offer small sizes, fast speed, automation and high
integration characteristics [5]. As a result, these two technolo-
gies combined facilitate the development of new microwave-
microfluidic systems capable of interacting with microorgan-
isms, providing high throughput, real-time and non-invasive
monitoring. In most standard configurations, the microwave
sensing elements mounted in microchannels are composed of
parallel facing electrodes [6], [7]. However, coplanar elec-
trodes present a number of advantages over traditional parallel
facing electrodes [8]: (i) coplanar electrodes can be integrated
into microfluidic chips through standard microfabrication pro-
cesses; and (ii) their planar structure allows surface scanning
by the electrodes to acquire information, and consequently
facilitate the possibility of designing wearable sensors in
practical applications [9]. Finally, at the micrometric scale,
focusing and sorting of bioparticles is a challenge that can
be overcome through the advantages offered by microfluidic
technologies, which typically make use of microchannels with
cross-sections in the order of 100 µm or smaller. These charac-
teristics enable automated control and position of bioparticles
without mechanical moving parts, and presenting little noise
generation in the process [10].

Different examples of electromagnetic bioparticle detection
methods that are, at present, operational have been described
in the literature [11]–[15]. In general, the most common
approach is based on optical methods consisting in illumi-
nating the microchannel with light at frequencies typically
within the visible range of the electromagnetic spectrum,
and sensing in the far-field regime the optical phenomena
caused by the bioparticles as they flow along the centerline of
the microchannel [16]–[19]. Electrical-based strategies have
also been proposed, which perform measurements at low
electromagnetic frequencies (typically f < 0.1 MHz, with
f the frequency), and present wavelengths much larger than
the dimensions of the system. In this type of strategies, the
principal contribution in the detection process is provided by
the electromagnetic dielectric properties of the particles [20]–
[22]. On the other hand, microwave methods typically measure
field disturbances, in the near-field region, at frequencies in
the range 0.1 GHz < f < 100 GHz, where the wavelength is
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comparable to the dimensions of the microfluidic channel and
sensing elements (e.g., electrodes) [23]–[25]. Although there
is no specific technique that reins in all domains, over the past
decades, many advances have been achieved by utilizing op-
tical and low/medium-frequency electrical techniques. In gen-
eral, optical approaches face technological difficulties posed
by the complexity of arranging the components required, while
electrical techniques present drawbacks related to selectivity,
stability and reproducibility. As an alternative, or in combi-
nation with the latter, microwaves can potentially overcome
some of these limitations [10]. In this regard, this work is
focused on microwave techniques at the microfluidic scale,
which is of interest for particle detection applications, and
especially relevant for sensing and interacting with particles
of size comparable to that of microorganisms, e.g., E. Coli,
referred to in this paper as bioparticles.

The objectives of this work, therefore, are to (i) derive a
microwave-based theoretical framework for designing and as-
sessing the performance of coplanar electrodes configurations
in microfluidic platforms to detect bioparticles, (ii) provide
an experimental demonstration of the capabilities achieved
in combination with a proposed microwave superheterodyne
receiver, and (iii) discuss the results at microwave frequencies.
In this regard, the paper is organized as follows. First, ana-
lytical expressions of the spatial electrical field distributions
of three different sensing electrodes to detect particles are
provided in Section II. Next, Section III presents the microflu-
idic particle-focusing platform and describes the microwave
detection system. Experimental demonstration of the system
and presentation and discussion of the results are, respectively,
provided in Sections IV and V. Finally, Section VI summarizes
the work and provides conclusions.

II. THEORETICAL DESCRIPTION

A. Electric field sensing
The sensing technique utilized in this work is based on

the capacitance variations measured from the perturbation that
a single bioparticle produces in the electric field, which is
mostly concentrated in the near-field as described below. In
general, the Near Field Region (NFR) and the Far Field Region
(FFR) are defined as NFR < 2D2/λ < FFR, where D
is the maximum physical linear dimension of the electrical
configuration, and λ is the wavelength in the medium. The
NFR is divided into two parts: (i) the Reactive Near Field,
where the electric and magnetic fields are 90o out of phase;
and (ii) the Radiative Near Field, where the electromagnetic
field starts the transition from reactive to radiative. The limit
between these two regions is typically defined as 0.62

√
D3/λ.

The microconfined flows considered in this work reduce the
distances at which the bioparticles are found with respect to
the coplanar electrodes; viz. in the order of 40 µm. As a result,
instead of studying the far-field region [26], the analysis of the
electric fields is carried out for the near-field region. Moreover,
while the electric field distribution is mostly uniform for
parallel facing electrodes, the electric field distribution varies
spatially as a squared function of distance to the electrodes in
coplanar configurations [10], resulting in a nonlinear response
that can be leveraged for sensing applications.

Considering a microfluidic channel filled with a solution
(e.g., water) of dielectric complex relative permittivity ε∗r,m,
the initial stored energy of the region can be written as U0 =
−1/2C0V

2
0 , where V0 is the applied voltage and C0 is the

capacitance of the electrodes. Therefore, when a particle with
dielectric complex relative permittivity ε∗r,p passes through the
detection region, it causes a capacitance variation ∆C, and the
energy variation becomes ∆U = −1/2∆CV 2

0 . In particular,
the applied electric field produces an effective induced dipolar
moment ~p = α~E [27], where α is the polarizability, which for
a spherical particle of radius a is equal to α = 4πε0ε

∗
r,pa

3,
where ε0 is the permittivity of vacuum. Consequently, the
perturbed energy can be computed as ∆U = −1/2αE0(~r)2,
where E0(~r) is the electric field intensity in the medium. The
induced change in capacitance is then found to be

∆C = 4πa3<
{
ε∗r,mKCM (ω)

}
|E0|2 /V 2

0 , (1)

where KCM (ω) = [ε∗r,p(ω)−ε∗r,m(ω)]/[ε∗r,p(ω)+2ε∗r,m(ω)] is
the complex Clausius-Mossotti factor describing the particle-
medium dielectric contrast, and ω is the angular frequency.

To detect these particles, three different configurations
of coplanar electrodes, with ∼100 µm overall width and
10−75 µm gap separation, mounted on the bottom wall of
a microfluidic channel are studied. The first coplanar config-
uration, named Parallel Plates (PP), consists of two parallel
electrodes of width wpp coplanarly positioned with a gap sep-
aration gpp between them as depicted in Fig. 1a. The second
electrode configuration, referred to as Interdigitated (ID), is
composed of multiple sets of parallel coplanar electrodes, each
pair having a width wid and a gap separation gid [28], [29].
As shown in Fig. 1c, two main connections feed the elements
of each pair. The ID configuration analyzed is characterized
by wid = gid. The setup displacement from the origin, as
shown in Fig. 1d, forms an elliptical electrical field distribution
between the electrodes within the microfluidic channel. The
penetration depth of the resulting hotspot varies with wid and
gid. In this configuration, almost all energy is concentrated
within 2(wid + gid), making ID electrodes significantly ef-
ficient for measurements of small-volume samples [30]. The
third configuration considered, as shown in Fig. 1e and named
Disk Ring (DR), presents the inherent advantage of rotational
symmetry and a larger sensing area [31]. DR electrodes are
formed by an inner central disk of diameter wd, and an outer
ring of width wr, although for this analysis it is considered
wd=wr=wdr; the gap between the disk and the ring is gdr
as depicted in Fig. 1e. The field lines go from the central
disk to the outer ring, as shown in Fig. 1f. This particular
characteristic warrants analyzing this type of sensors as an
open-ended coaxial probe [32], where the capacitance value
describes the geometry of the probe. Typically, the larger the
test dimensions (comparable to the size of bioparticles), the
larger the capacitance value, and as a result more accurate
measurements of small variations of real relative permittivity
can be obtained.

B. Retardation effects
In this section, the electromagnetic retardation effects of the

fields produced by the electrodes are presented. The derivation
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Fig. 1: Geometrical configurations (a, c, e) and electric field
distributions and hotspots (b, d, f) at 1 GHz of the PP (a, b), ID
(c, d), and DR (e, f) electrodes mounted on the microfluidic
channel. Orange and white lines represent, respectively, the
maximum penetration depth and width of the hotspot.

of the radiation field resulting from time-varying charges and
currents is based on Green’s functions to describe the concept
of retarded vector potential. Starting from Maxwell’s equations
and following the derivations of [33], the scalar φ(~r, t) and
vector A(~r, t) potentials of a charge ρ(~r, t) and current ~J(~r, t)
varying in time correspond, respectively, to

φ(~r, t) =

∫
~r′
ρ(~r′, t− |~r − ~r′|/c)/(4π|~r − ~r′|)d3~r′ (2)

and

A(~r, t) =

∫
~r′

~J(~r′, t− |~r − ~r′|/c)/(4π|~r − ~r′|)d3~r′. (3)

The retarded potential is the effect observed at position r
at time t due to the disturbance originated at a retarded time
t′ = t − |r − r′| /c and location r′ propagating at speed c.
The difference t − t′ can be explained as the time that the
wave takes to propagate from the source to the point where
it is measured. The size of the electrodes studied is much
shorter than the wavelength of the electromagnetic wave of
the applied signal. As a result, the electrodes are assumed to
be represented as short dipole antennas [34]. In this regard,

the electric field as a function of position ~r and time t for a
short dipole antenna is modeled as

~E(~r, t) = <
{
jc
µ0kI0L

4πr
sin θe−jkrejωt

}
θ̂, (4)

where µ0 is the vacuum permeability, k is the wavenumber in
the medium, I0 is the time harmonic current, L is the length
of the equivalent electrical dipole, and θ is the angle between
x-axis and ~r in the x− z plane.

It is important to note, based on Eq. 4, that wave propagation
is function of e−jkr and ejωt. In this regard, considering that
the time that a particle remains within the electric field radiated
by the electrodes is very large compared to the time period
of the source signal, the temporal effect of the factor ejωt

is negligible. However, the factor e−jkr modifies the electric
field distribution depending on the wavelength. Therefore, if
the real part of Eq. 4 is considered, the electric field changes
with cos(2πr/λ), where λ is the wavelength in the medium
of the applied signal. The retardation effect will need to
be considered when r/λ > 0.01, that may be obtained for
dimensions of the electrode area of millimeters and operation
frequencies of GHz. Consequently, the retardation effect only
becomes negligible in the limit when the electrodes are much
smaller than the wavelength in the medium, i.e., 2πr/λ� 1.

C. Electric field distributions
The Ez electric field distribution in the physical plane x−z,

corresponding to a pair of coplanar electrodes of width w and
a gap separation g, can be obtained using the technique of
conformal transformation [35], [36] as

Ez = EW
dW (Z)

dZ
, (5)

where EW is the electric field in the transformed complex
W -plane; i.e., W = u(x, y) + jv(x, y) with u the electrical
potential function and v proportional to the electrical flux
function. In the W -plane, EW is defined as

EW =
V0

2K(q2)
, (6)

where q = g/(g + 2w) is related to the electrode layout,
V0 is the applied voltage, and K(q2) is the complete elliptic
integral of the first kind applied to q2. Hence, the electric field
distribution over each of the three configurations depicted in
Fig. 1 can be defined in terms of short dipoles, considering
the retardation effects and the conformal transformation as
explained below.

The description of the PP electrode configuration in the W -
plane [37] is defined as

WPP = V0 −
2V0
π

cos−1
(

Z

gpp/2

)
, (7)

where Z = X + jY is the coordinate position in the complex
W -plane. Using Eq. 5 and considering the two electrodes
as a short dipole antenna, the E-field distribution of the PP
configuration, as depicted in Fig. 1b, can be described as

EPP =
V0

2K(q2pp)

1√
(1− l2pp)(1− q2ppl2pp)

cos

[
2π
√
ε′m

λ0
r

]
,

(8)
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where λ0 is the wavelength in free space, ε
′

m is the dielectric
real permittivity of the medium, and variables qpp, lpp and
r are defined as qpp = gpp/(gpp + 2wpp), lpp = 1/2 −
1/π cos−1[2Z/gpp] and r =

√
X2 + Y 2, respectively.

The ID configuration is the sum of several parallel elec-
trodes, displaced from the origin, with a conformal transfor-
mation described as

WID = V0 −
∑
n

2V0
π

cos−1
(
Xid,n + jY

gid/2

)
, (9)

where n = [−N, . . . , N ] ∈ N with N + 1 even-odd
pairs, and Xid,n correspond to the symmetrical location of
each electrode from the origin of coordinates as depicted in
Fig. 1d. In particular, the symmetrical locations are defined
as: (i) Xid,n = X − n (wid + gid) for even n ≥ 0, (ii)
Xid,n = X − (n + 1) (wid + gid) for even n < 0, (iii)
Xid,n = −X − (n − 1) (wid + gid) for odd n > 0, and
(iv) Xid,n = −X − n (wid + gid) for odd n < 0. The
corresponding E-field distribution is computed as

EID =
V0

2K(q2id)

∑
n

1√
(1− l2id,n)(1− q2idl2id,n)

(10)

cos

[
2π
√
ε′m

λ0
(r − n [wid + gid])

]
,

where variables qid and lid,n are defined as qid = gid/(gid +
2wid) and lid,n = 1/2− 1/π cos−1[2(Xid,n + jY )/gid].

Finally, the DR configuration consists in a central electrode
which is coupled to two side electrodes. This setup can be
approached as two pairs of PP displaced from the origin
and oriented toward the center. In this case, the conformal
transformation corresponds to

WDR = V0 −
∑
n

2V0
π

cos−1
(
Xdr,n + jY

gdr/2

)
, (11)

where n = [−1, 1], Xdr,−1 = −X − (wdr + gdr) /2 and
Xdr,1 = X − (wdr + gdr) /2, which are utilized for the
equivalent two pairs of electrodes schematically represented
in Fig. 1f. Similarly, the E-field distribution for the DR
configuration is calculated as

EDR =
V0

2K(q2dr)

∑
n

1√
(1− l2dr,n)(1− q2drl2dr,n)

(12)

cos

[
2π
√
ε′m

λ0

(
r − nwdr + gdr

2

)]
,

where qdr = gdr/(gdr + 2wdr) and ldr,n = 1/2 −
1/π cos−1[2(Xdr,n + jY )/gdr].

The analytic expressions above are valid for the upper
spatial hemisphere considering an infinite channel with a
dielectric real permittivity of the medium ε

′

m, and are utilized
in Section IV to analyze the experimental data. In particular,
these expressions are utilized to quantitatively assess and
discuss, in terms of strength of signal variations produced by
the sensed bioparticles, the experimental results obtained for
the three configurations of coplanar electrodes considered.
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Fig. 2: Schematics of the superheterodyne microwave system
(a) on a microfluidic platform (b) with coplanar electrodes and
shielding enclosure (c).

III. SYSTEM OPERATION

The experimental rig developed is schematically illustrated
in Fig. 2, in which the different configurations of the coplanar
electrodes presented in Section II have been mounted for their
characterization. In particular, the system consists mainly of
(i) microwave instrumentation for generating and detecting
signals, and (ii) a flow-controlled microfluidic pump station
combined with a sealed microchip holder. Detailed information
about the characteristics of these two main subsystems is
provided in the paragraphs below.

A. Microwave architecture

The microwave system is based on an original
superheterodyne receiver architecture that allows to
baseband-detect signals in the GHz range, overcoming
in this way conventional limitations of homodyne systems for
detecting high-frequency microwave signals. It is composed
of a microwave function generator (FG) (SMB 100A,
Rohde & Schwarz, Germany), a spectrum analyzer (SA)
(FSW43, Rohde & Schwarz, Germany), a lock-in amplifier
(LIA) (SR844, Stanford Research Systems, USA), and an
oscilloscope (OSC) (RTC1022, Rohde & Schwarz, Germany)
for visualizing and measuring the received signals. The
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different components have been connected by using 50 Ω-
matched coaxial cables, and the master reference 10 MHz
clock from the FG has been propagated along the subsystems
to ensure proper synchronization of the equipment. The FG
provides 50 Ω-matched sinusoidal signals up to 20 GHz with
a maximum power of 13 dBm. The SA provides a working
frequency from 10 MHz to 43.5 GHz with a receiver dynamic
range of 100 dB, and the LIA can operate from 25 kHz to
200 MHz with a baseline white-noise sensitivity limited to
2 ∼ 8 nV/

√
Hz. On top of the microfluidic chip, a 10 GHz

resonance free grounded coplanar waveguide has been used
to interface the electrodes with the input/output coaxial
cables. Overall, the system allows a proper operation up to
the foreseen frequency of 10 GHz.

The microwave signal from the FG is fed into the coplanar
electrodes. Simultaneously in time, the 10 MHz reference
clock of the FG is used to synchronize the SA. The SA
is configured to work in zero span mode, and converts the
received signal with an intermediate frequency local oscillator
(IFLO) to a 10 MHz signal, with 3 kHz of bandwidth, by
means of the multiplier (M1). The M1 output signal is a
midband replica of the measured signal. In addition, the SA
10 MHz synchronized reference clock signal is utilized as the
input reference for the LIA, which includes a phase-locked
loop (PLL), a phase-shifter (PS), a multiplier (M2), and an
adjustable low-pass filter producing a baseband signal at the
output. Finally, an oscilloscope is used to visualize and digitize
the measured signals in magnitude and phase as reported in
Fig. 2. All the electromagnetic systems are properly shielded
with a coated grounded enclosure that reduces interference
in 40 dB; a 3D design of the shielding is shown in Fig. 2c.
This shielding avoids electromagnetic interferences present in
the laboratory environment to interact with the system, and
reduces the impact of potential picked-up noise resulting from
the utilization of exposed electrical elements.

B. Microfluidic platform

The microfluidic part of the experiment is based on a
pressure-driven flow-controlled pump, which is capable of pro-
viding 30 psi of maximum pressure to drive the fluid through
the microchannel; a schematic of the system is presented in
Fig. 2b. The different microfluidic components are connected
using polyetheretherketone (PEEK) and polytetrafluoroethy-
lene (PTFE) tubing of 1/32” of internal diameter; the internal
diameter of the tubes is constant throughout the system to
reduce the quantity of bubbles generated and enhance the sta-
bility of the flow. The hydraulic diameter of the microchannels
is 40 µm.

As a surrogate for bioparticles, the experiments were per-
formed utilizing polystyrene beads with average diameter of
10 µm and concentration of 105 beads/mL. The microparti-
cles were suspended in a medium that emulates the functional
conditions of living organisms. In a set of initial experiments,
air bubbles were introduced into the tubes to provide a higher
permittivity contrast to calibrate the system. The preparation of
the liquid medium followed the method described in a previous
work [10], which is composed of 0.2 µm-filtered water with

500 ppm of polyethylene oxide (PEO) cured for more than
4 weeks; the PEO was taken from a 104 ppm of 0.4 MDa
prepared stock.

The procedure to run an experiment starts by pouring the
mixture solution prepared into a reservoir of 10 mL. Next, the
mixture is introduced into the fluid tubes from this reservoir
at a flow rate of 10 µL/min by the pressure pump, which is
connected to a flow controller with a resolution of 1 µL/min.
Then, the mixture flows through the microchannel in which
a balance of hydrodynamic forces constraints the micropar-
ticles to focus at its centerline [10], and passing through the
electromagnetic fields generated by the electrodes. Finally, the
mixture is collected in a second reservoir (waste) at the outlet
of the microchannel to be later recycled.

IV. EXPERIMENTAL RESULTS

A. Response characterization of the electrodes

The electrodes have been characterized at microwave fre-
quencies using a 0.01 to 20 GHz two-port Vector Network An-
alyzer (VNA) with a 91 dB of dynamic range and −94 dB m
sensitivity at the test port. The measured 0.01 to 10 GHz
forward transmission scattering parameters S21 for the three
electrodes operating into the microchannel filled with water
are reported in Fig. 3a.

Overall, it may be seen that the magnitude of the signals
received by the three different coplanar electrodes increases
with frequency, at a rate of around 40 dB/decade (as expected,
since the scattering power intensity scales as f4 with frequency
[38]). The responses having values that depend on the specific
coupling for each geometry of electrodes where the PP elec-
trode has the smallest S21 measured magnitude, being roughly
10 dB and 30 dB smaller than the responses of the DR and
ID electrodes, respectively.

Above 1 GHz it has been observed, analyzing the reflection
coefficient, that the PP electrode has a dominant capacitive
effect (producing an equivalent short-circuit), while the ID
and DR electrodes instead present an inductive dominant
effect (producing an equivalent open-circuit). As a result, this
dominant capacitive/inductive effect significantly reduces the
sensing capabilities at large frequencies with the current design
of electrodes, as it is experimentally observed and confirmed
at 10 GHz in Fig. 4d, having much lower detection levels.
This capacitive/inductive effect above 1 GHz results in an
S-parameters dependence with frequency that is flat for the
three electrodes, and consequently do not follow the previous
scaling.

Sufficient level of detection is a necessary condition for
sensing bioparticles, but it has to be combined with a mea-
surable variation of the signal when a bioparticle is sensed.
Hence, a more convenient parameter for characterizing the
detection of bioparticles as they flow through the microchannel
into the electromagnetic fields created by the electrodes is
the signal-to-noise ratio (SNR); viz. the ratio between the
signal, defined as the integrated contribution of the response
magnitude of the peaks detected, over noise considered as
the integrated baseline magnitude contribution over the area
of the peaks’ width. In this regard, it is shown in Fig. 3b
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Fig. 3: Scattering parameters and SNR values. (a) Experimen-
tal forward transmission scattering S21 parameters. (b) SNR
from experimental results and theoretical estimations.

the SNR levels measured for the three different electrodes
compared to the theoretical estimation of the expected trends.
In the theoretical estimations, the trend is computed as the
variation of the penetration depth of the hotspot, in which its
dependence over frequency is evaluated from the analytical
expressions derived in Section II. In general, both PP and DR
electrodes provide an almost flat response over the frequency
range considered; this feature can be anticipated from the
theoretical estimations. Instead, as it is also indicated by
the theoretical estimations (decrease of its penetration depth),
the ID electrode presents a constant decay as a function of
frequency.

B. Pulse levels detected

As bioparticles flow through the electromagnetic fields of
the electrodes, they produce signal pulses with SNR and
time duration proportional to the produced electrical field
disturbance, width of the electrodes and microfluidic flow rate,
respectively, as summarized in Table I.

Figure 4 shows the AC-coupled signal received by the
system for 10 MHz, 100 MHz, 1 GHz, and 10 GHz, when
a 250 mV input signal is fed to each of the three different
electrodes considered. As anticipated in Fig. 3b, the ID elec-
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Fig. 4: Pulses detected from the bioparticles as a function of
time at 10 MHz (a), 100 MHz (b), 1 GHz (c) and 10 GHz (d).
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TABLE I: Characteristics of measured pulses.

Electrode
type

SNR freq. dB
variation [%]

Pulse
width [ms]

Interpulse
interval [s]

PP 14.01 516 1.05
ID 26.84 618 1.33
DR 11.93 809 1.71

trode behaves better at 10 MHz, while PP and DR electrodes
perform better at higher frequencies. In this sense, the signal
received from the ID electrode has an amplitude of approx-
imately 1.5 V at the lowest frequency, while the amplitudes
for the PP and DR electrodes are roughly 0.8 V. For the ID
electrodes, when operating at 100 MHz, the amplitude decays
rapidly to 0.5 V, which is below the values for PP and DR
at approximately 0.8 V. Moreover, at 1 GHz, the amplitude
of the PP and DR pulses decrease roughly to 0.3 V, while the
amplitude for ID is below 0.2 V. Finally, it is important to note
that, at 10 GHz, the capacitive and inductive effects described
above significantly reduce the detection performance of the
three electrodes studied; viz. the amplitudes are reduced to
pulses below 50 mV. Even so, the responses of the bioparticles
remain within detectable levels in this study.

V. FREQUENCY DEPENDENCE DISCUSSION

The combination of a superheterodyne architecture (with
broadband coverage) and a lock-in detection receiver (capable
of achieving very high sensitivities), when compared to a
homodyne detection, presents a reduction of 3 dB in its SNR
[noise increases at the intermediate frequency (IF) detection
stage as a result of the two image components; right and left
sides of the central frequency], but provides the significant
advantage of being able to operate up to very high microwave
frequencies only limited by the parameters of the transmission
line, electrode geometries, and the operating frequency range
of the spectrum analyzer. In this regard, the system proposed
presents significant advantages when it comes to characterizing
bioparticles down to eventually millimeter wave frequencies,
since it allows to reach frequencies higher than the common
operational frequency limit for lock-in amplifiers (500 MHz).

In this work, the pairing of a grounded coplanar waveguide
(GCPW), acting as a 10 GHz resonance free transmission line,
with PP and DR broadband coplanar electrodes allowed to
reach frequencies up to 10 GHz. Therefore, a solution com-
bining PP (capacitive reactance) and DR (inductive reactance)
electrodes will allow to reduce the limiting reactance effect,
which, together with a GCPW feeding line, will provide a
significant increase of the operational frequency.

In general, the SNR obtained for the PP and DR electrodes
is mostly uniform at approximately 45 dB for the range of
frequencies measured. Moreover, the ID electrodes provide
SNR of 50 dB at low frequencies, which decrease to roughly
20 dB at high frequencies. Nonetheless, when considering the
expected 30 dB signal decrease due to a 1000× volume reduc-
tion of bioparticles, the measurements obtained indicate that
detection levels of 1 µm-sized microorganisms (e.g., bacteria)
fall within the experimental demonstrated capabilities of the
system.

A. Extension to higher frequency ranges

In this work, the frequency detection range of bioparti-
cles has been extended into the GHz range (up to 10 GHz)
allowing to enter into the γ−dispersion region to enable
the identification of cell types [39], [40], by making use
of a superheterodyne receiver, in contrast to common lock-
in amplifier systems which only reach hundreds of MHz.
To compare the detection systems commonly used at MHz
frequencies with the system described in this work, capable
of working at GHz, it is shown in Table II the detection
results of 10 µm bioparticles consisting of polystyrene beads
with both systems for different frequency ranges. In particular,
it is shown the measured peaks with the three different
coplanar electrodes in the range 100 kHz to 10 MHz for the
lock-in amplifier, and the range 10 MHz to 10 GHz for the
superheterodyne receiver.

TABLE II: Measured peaks of 10 µm beads with the different
electrodes in the range 100 kHz to 10 GHz using a lock-in
amplifier based system and the superheterodyne receiver.

PP
Peak values [V]

ID
Peak values [V]

DR
Peak values [V]

Freq.
[MHz] LIA Superhet. LIA Superhet. LIA Superhet.

10−1 1.18 − 1.75 − 0.88 −
100 1.24 − 1.23 − 0.93 −
101 1.16 0.90 0.95 1.43 0.86 0.71
102 − 1.22 − 0.58 − 0.81
103 − 0.39 − 0.09 − 0.51
104 − 0.09 − 0.02 − 0.03

The peak values for the different coplanar electrodes as a
function of frequency follow a continuity trend when pass-
ing from the lock-in amplifier detection technique to the
superheterodyne-based detection systems, which overlap at
10 MHz. The values follow a decreasing trend with frequency,
which is consistent with the decreasing response of the elec-
trodes with frequency as explained in the previous subsection.

Starting from the standard definition of a bioparticle as
“a particle of biological material”, in this work the con-
cept is extended to also include beads of size 1 to 10 µm
(similar to microorganisms) with electric parameters capable
to electromagnetically mimic bioparticles in the frequency
range 0.01 MHz to 10 GHz, and with an especial interest
on the upper microwave region. Typically, polystyrene beads
are utilized for biosensor assessment and calibration as it is
a reliable process for adjusting instruments to produce an
accurate physical measurement [41], [42]. Therefore, the use
of polystyrene beads (i) helps ensure that instruments operate
correctly, (ii) facilitates the reproducibility of experimental
results, and (iii) provides accuracy for wider parameter stud-
ies [43]. In addition, based on the analysis of signal detec-
tion capabilities above, it has been estimated the similarities,
differences and limitations for a selected group of common
bioparticles (Yeast cells and E. Coli bacteria) and compared
to 1 µm and 10 µm polystyrene beads.

The similarities between polystyrene beads and microor-
ganisms can be accommodated in size by choosing beads of
similar diameter as Yeast cells and/or E. Coli bacteria. The
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TABLE III: Typical size range and dielectric complex relative
permittivity ε∗r = ε′r − jε′′r for a polystyrene bead, Yeast cell
and E. Coli at different frequencies.

Bioparticle
Freq.
[MHz]

Polystyrene bead
Size (1-10 µm)

Yeast cell
Size (1-6 µm)

E. Coli
Size (1-2 µm)

10−1 3.17− j0.03 500− j34168 225− j59345
100 3.12− j0.04 300− j3776 110− j6294
101 3.07− j0.04 110− j413 75.38− j659
102 2.94− j0.04 90− j46.75 75.26− j59.52
103 2.87− j0.03 76− j5.39 75.05− j6.02
104 2.82− j0.02 63− j0.64 74.8− j0.61

values of the dielectric complex relative permittivity ε∗r,p of
these bioparticles are obtained from [44]–[47] and are reported
in Table III.

When detecting bioparticles with electromagnetic sensors,
the two most significant parameters are the diameter of the
bioparticle being sensed and the Clausius-Mossotti factor,
which is related to the dielectric complex relative permittivity
of the bioparticle and medium. Particularly, as shown in Fig. 5,
the detection signal voltage scales with the particle’s diameter
as a power of 3/2 and as a power of 1/2 with the permittivity
of the biomaterial.
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Fig. 5: Estimation, based on experiments with 10 µm
polystyrene beads, of the absolute voltage detected for dif-
ferent bioparticles in the frequency range 100 kHz to 10 GHz.

Experimental detection values of 10 µm polystyrene beads
from Table II have been used as a reference to estimate the
results in Fig. 5. As a first-order approximation, the expected
detection voltage values have been calculated using PP elec-
trodes for (i) a 4 µm Yeast cell and E. Coli, and (ii) a 1 µm
polystyrene bead, and the three of them compared to the 10 µm
polystyrene bead. These calculations utilize the mentioned
sizes and dielectric complex relative permittivity provided in
Table III. The results for the detection levels confirm the larger
importance of size with respect to dielectric complex relative
permittivity contrast, and, thus, support the use of polystyrene
beads to analyze the sensing of bioparticles. They provide also
an indication of the eventual convenience of jointly tuning
the geometries of the electrode and microchannel to optimize
the response of the system. Moreover, the availability of

the frequency response when correlated with its frequency
permittivity trend (Table III) may enable extending the use
of the system for bioparticle differentiation.

VI. CONCLUSIONS

Advancing the scientifico-technical frontier of sensing mi-
croorganisms provides many opportunities to generate new
discoveries and develop novel applications in a wide range of
areas, especially in biotechnology. In this regard, the multidis-
ciplinary system presented and experimentally demonstrated
in this work to sense bioparticles is based on combining
microwave communication techniques, which is a virtually
unexplored frequency range window for interacting with mi-
croorganisms, with microfluidics for an efficient hydrodynamic
focusing of single-particle flows. The resulting microfluidics-
based superheterodyne microwave detection system is demon-
strated to be significantly adequate for operating and sensing
micron-sized elements, like for example bacteria and cells.

Generally, coplanar-type electrodes are good solutions for
diverse electromagnetic applications, as well as for detecting
bioparticles in microfluidic platforms, especially when parallel
facing electrodes cannot be mounted. In particular, the analyt-
ical expressions of the spatial field distributions for the three
electrode configurations considered have allowed to carefully
infer insight and perform validation of the results obtained
from experiments. Moreover, the theoretical expressions devel-
oped and presented warrant the possibility of designing these
type of electrodes for other applications targeted at higher
frequency ranges and/or for other system arrangements.

Additionally, the novel superheterodyne microwave receiver
proposed enables high-throughput of bioparticle detection for
a wide and robust range of microwave frequencies with
optimized SNR capabilities. In particular, the receiver architec-
ture proposed facilitates operating at microwave frequencies,
resulting in a novel approach since, up to present, the solutions
presented in the literature were limited to (complex) very
specific and/or individual-frequency-operation systems.

As future work, in the mid- to long-term, the approach pro-
posed and technology demonstrated will be further optimized
for applications related to robust detection of bioparticles for
in-field operation by focusing on increasing the (i) maximum
operational frequency, and (ii) detection sensitivity.
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