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ABSTRACT This paper presents a reflective-mode planar microwave biosensor based on phase-variation
allowing for the detection of low bacteria concentration. The sensor is a one-port coplanar waveguide (CPW)
structure implemented by means of a pair of weakly coupled step-impedance resonators (SIRs). The high
sensitivity needed for bacteria detection is obtained by modulating (reducing) the coupling level between
the pair of resonators, which simply requires separating such resonators enough. A sensor demonstrator is
developed to operate in K-band, resulting in a compact structure manufactured using a single-layer metal-on-
glass technology. An experimental study is conducted on an example of detection of various concentrations
of E. coli bacteria, where the phase variation at single frequency is an indicator of the bacteria presence.
The measurement results show that as low as 100 colony-forming-unit in 1 ml (100 CFU/ml) of bacteria
suspension can be easily detected with sensitivity of 3.24◦ per order of concentration, indicating potential
to go even lower with detection threshold, which is superior to many state-of-the-art E. coli microwave
biosensors.

INDEX TERMS Microwave sensors, reflective-mode sensor, phase-variation sensor, bacteria detection,
Escherichia coli detection.

I. INTRODUCTION
Fast quantitative detection of bacteria is a subject of extensive
research all over the world, since pathogenic bacteria such
as Escherichia coli and Salmonella, are the most common
foodborne pathogens that affect millions of people annually,
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with severe and fatal outcomes [1], [2], [3]. Early diagno-
sis is important to prevent sepsis symptoms [4], which are
dangerous to humans. Unfortunately, the methods of diag-
nosing infections suffer from time-consuming and laborious
process which typically require few days to obtain accurate
and reliable results [5], [6]. Thus, there is a great need to
develop faster methods, able to detect significantly low bac-
teria amounts, i.e., 100 CFU/ml and below, which can be
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used as first screening tests and allow to decrease the diag-
nosis time [6]. Taking all of this into account, recently, other
methods utilizing biosensors were investigated for bacteria
detection purposes [6], [7], [8], [9], [10], [11], [12], [13],
[14], [15], [16]. The most promising methods are optical
and microwave biosensors, since such sensors operate at
wavelengths comparable to bacteria size and enable auto-
mated and label-free detection of pathogens. Nevertheless,
in general, the higher the frequency of operation of the
biosensing element, the higher the cost of its production
and the accompanying read-out circuitry. Thus, microwave
biosensors present a good trade-of between sensitivity (to
detect small bacteria concentrations) and cost of the sensing
element and measurement setup realization.

Selectivity, sensitivity, and stability are critical param-
eters on top of low cost in high-volume production and
easy integration into a complete sensing system. There-
fore, planar resonant circuits operating at a single frequency
are of interest [17], and phase-variation microwave sen-
sors [18], [19], [20], [21], [22], [23], [24], [25], [26], [27],
[28], [29], [30], [31] belong to this category, featuring the
advantage of immunity against noise and electromagnetic
interference (EMI).

In this study, we explore the phase-variation class of
resonator-based planar microwave sensors operating in
reflective mode for the detection of E. coli bacteria. Such
sensors exhibit ultra-high sensitivity of their phase on a small
variation in the permittivity of a covering material [20], [21],
[22], [25], [26], [27], [28], [29], [30], [31], [32], thereby being
good candidates for biosensing applications, where small
amount of biological specimen needs to be detected and dif-
ferentiated. A weakly coupled stepped-impedance resonator
(SIR) topology [30] is adopted for the detection of various
concentrations of E. Coli bacteria, in which it is possible to
loosen fabrication requirements and realize gap spacing in the
range of hundreds of micrometers with no deteriorative influ-
ence on sensor sensitivity. An exemplary sensor operating at
K-band was developed in a single-layer coplanar waveguide
transmission line technology and fabricated using metal-on-
glass technology, yielding a low per-unit cost. The sensor is
designed as a single-use device, which helps mitigate issues
of contamination and sensor degradation after repeated use.
After bacteria detection, the sensor becomes covered with a
biological layer, and while it is possible to clean the surface,
this may cause damage to the sensor structure after excessive
usage. To address this, the design aims to lower production
costs so that the sensor can be used as a disposable unit.
This way the sensor is well suited for a stand-alone system
where only the sensitive part is replaceable. An experimental
study was carried out for a large range of bacteria concen-
trations and the results show the possibility to easily detect
as low as 102 CFU/ml of E. coli, which is on pair or rep-
resents better detectability in comparison to previously pub-
lished solutions [8], [12], [15]. The obtained measurement
results are promising in terms of potential biotechnological
applications.

FIGURE 1. A concept of the biosensor operation.

II. MATERIALS AND METHODS
A. BIOSENSOR DESIGN
A biosensor consists of a reactive layer that can identify
a specific biomolecule and a transducer that converts the
biochemical interaction into a physical signal, as illustrated
in Fig. 1. In the case of microwave biosensors, the sensing
element consists of a metallic pattern etched or printed on a
dielectric substrate. The ability to capture and bind specific
biomolecules is ensured by the appropriate biofunctionaliza-
tion of the surface. For highly sensitive biosensors, it is crucial
that both the biosensitive layer and the sensing element are
meticulously designed. Previous studies [8], [12], [15] indi-
cate that the biofunctionalization method outlined in [33]
enables the creation of highly selective biosensors for detect-
ing bacteria such as E. coli and Salmonella. However,
as bacteria are small and attach randomly to the sensor sur-
face, achieving high sensitivity remains critical. Even when
selective biofunctionalization is applied, bacteria may not
attach uniformly or to the most sensitive areas of the sensor.
This reinforces the need to explore new microwave sensor
configurations that enhance sensitivity and lower the bacteria
detection threshold.

When biomolecules, such as bacteria, attach to the surface
of a microwave sensor, they modify the electrical character-
istics of the dielectric layer covering the sensor, altering the
effective permittivity of the overall dielectric stack ‘‘seen’’
by the sensor. A single E. coli bacterium is rod-shaped, mea-
suring approximately 2 µm in length and 0.8 µm in diameter.
Consequently, the bacterial layer is thin, only a fewmicrome-
tres in thickness, which results in a minor alteration of
the effective permittivity. Detecting such a significantly low
changes necessitates a highly sensitive sensor design, capable
of detecting very small variations in permittivity, as shown
in past studies [8], [12], [15], where bacteria were randomly
attached to the biofunctionalized sensor surface. Even with
the best selective biofunctionalization techniques, bacteria
may not attach uniformly to the most sensitive regions of the
sensor. Therefore, a well-designed sensor with a maximized
sensing area relative to the entire sensor structure is crucial.
Additionally, to ensure compatibility with the biofunctional-
ization process and to achieve the desired feature size, the
sensor should be fabricated using microfabrication technol-
ogy on an inorganic substrate with gold electrodes.

Taking these considerations into account, a reflection-
mode phase-variation sensor, as introduced in [30], was cho-
sen as a promising candidate for this biosensing application.
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The layout of the designed circuit is presented in Fig. 2.
As seen, the circuit is composed of a pair of mirrored coupled
SIRs realized in CPW technology, requiring only a single
metal layer for sensor fabrication. Another advantage of this
construction is the large ratio of the sensing region to the
entire sensor area, which increases the probability of bacterial
detection. It should be noted that the sensor consists of a pair
of electrically coupled SIRs in series configuration [30], with
the output variable being the phase of the reflection coeffi-
cient at a specific frequency, i.e., the resonance frequency
of the isolated resonators. To achieve high sensitivity, a high
phase slope at the operating frequency is necessary, and this is
accomplished by weakly coupling the resonators. This design
approach loosens fabrication requirements and, in contrast to
most sensor designs presented in the literature, allows the
physical dimensions of the biosensor to be in the range of
hundreds of micrometres (rather than just a few micrometres
or below) [7], [8], [12], [15].

FIGURE 2. Layout of the designed reflective-mode phase-variation sensor
with indicated dimensions in mm.

The sensor demonstrator was designed on 1 mm-thick
glass substrate with dielectric constant εr = 6.5 and loss
tangent tanδ = 0.01. Taking into account the microfabrica-
tion process and required sensor compact size, operation in
the K-band was considered. Moreover, for the realization of
sensor’s metallic pattern, gold with a thickness of 100 nm
was assumed as the conductor. The main dimensions of the
designed circuit are indicated in Fig. 2. The circuit was elec-
tromagnetically (EM) simulated using the AWR Microwave
Office software and the magnitude and phase characteristics
are depicted in Fig. 3. As seen, the phase slope at the operating
frequency, f0 = 22.5 GHz, is −96◦/GHz. With such high
phase slope, enough sensitivity of the phase at the operat-
ing frequency with the dielectric constant of the sensor’s
surrounding, so as to detect the small dielectric constant
variations caused by bacteria attached to the sensor surface,
is expected.

B. SENSOR MICROFABRICATION
The developed microwave sensor was microfabricated using
a metal-on-glass technology. 1-mm thick quartz-glass was
covered with a positive resist. The micro-resonator pattern
was exposed using projection lithography with a 1-µm res-
olution. After the development process, the glass substrate

FIGURE 3. Magnitude (blue) and phase (pink) characteristics of the
designed reflective-mode phase-variation one-port sensor featuring
layout shown in Fig. 2. Results of EM simulation.

FIGURE 4. Photograph of the manufactured sensor set on a glass
substrate (a) and a close-up view on a single unit having extra access
line (b).

was covered by 5-nm-thick Ti adhesion layer and 100-nm-
thick Au. After the lift-off in acetone in ultrasonic bath,
the matrix of identical resonator was obtained for further
biosensing applications. Photograph of an exemplary sensing
unit is shown in Fig. 4.

C. BACTERIA CULTIVATION
Escherichia coli strain 0111 (PCM 418), Escherichia coli
PCM2560 (K12), Escherichia coli PCM1935 (B), P. aerugi-
nosa NBRC 13743 (13743), H. alvei PCM 1185 (1185) were
cultivated in Luria-Bertani medium at 37 ◦C with shaking at
120–150 rpm.

III. MEASUREMENTS
A. PRE-BACTERIA CHARACTERIZATION
For the sake of experiment, the sensors’ batch was charac-
terized before and after bacteria binding. All S-parameters
were captured at 10 MHz step with 1 kHz IF bandwidth
using the Agilent N5224A PNA microwave vector network
analyzer (VNA) equipped with on-wafer probe station and
Z-probe Z040-K3N-GSG-650 (650 µm pitch). The VNA was
calibrated using CSR-15 Calibration Substrate from Cas-
cade MicroTech setting the reference plane at the sensor
input transmission line. The captured S-parameters of a batch
of fabricated sensing units are shown in Fig. 5, with EM
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simulations overlaid for reference. Frequency response vari-
ability is seen between units due to fabrication limitations.
However, the operating frequency is around 24GHz in almost
all cases. Interestingly, a frequency upshift is observed as
compared with EM results. This is due to the fact that
the on-wafer probe station uses a vacuum-assisted metal-
lic table to hold the wafer during measurements which
for high frequency circuits on thin substrates may act as
a capacitively-coupled ground plane on the back side of
the sensor surface leading to a conductor-backed CPW
(CB-CPW). This impact was assessed through EM simula-
tions and the results are overlayed in Fig. 5 where one can
see a good agreement with measurement data. Presence of
the backside ground plane decreases coupling between res-
onators as now some of the field couples to ground rather than
in-between resonators. Weaker coupling leads to increased
phase slope what is seen in Fig. 5 and so sensitivity of
the sensor is increased. The same backside ground plane
increases resonators‘ capacitance to ground (higher effective
permittivity of the structure) and at the same time decreases
their inductance (lowered impedance). Interestingly, lower-
ing the inter-resonator coupling leads to increasing resonance
frequency, while tweaking resonator‘s LC values works both
down and up. It is seen in Fig. 5, however that resonant
frequency is increased for the CB-CPW structure meaning
that the coupling level plays a major role here and is highly
sensitive to any changes of the stack-up effective permittivity,
as it is expected for the employed structure.

The frequency upshift and variability observed across
sensor units do not affect the bacteria detection capabil-
ity. Relative measurements are carried out for each sensor
unit before and after bacteria exposure, at a selected single
frequency. The bacteria detection is based on small phase
variations relative to the reference level (raw sensor), specif-
ically the pre- and post-bacteria attachment phase difference.
Since each sensor is analysed independently, any variation in
the frequency characteristics of the sensors due to manufac-
turing differences does not influence the final measurement
results or the bacteria detectability. This approach ensures
that repeatability of the manufacturing process does not
impact the bacteria detection capability. By measuring the
phase change for each sensor individually, the fabrication
spread has minimal impact on the sensing results. Therefore,
any frequency variations between sensors due to manufactur-
ing will not affect the detection of bacteria, as each sensor’s
response is independently analysed, allowing for accurate
detection despite these variations.

B. BACTERIA DETECTION
To experimentally validate the performance of the proposed
sensor for bacteria detection, a set of various E. coli concen-
trations in Phosphate Buffered Saline (PBS) were prepared
i.e., 102, 103, 105 and 107 CFU/ml. Moreover, clear PBS was
chosen for zero control (no bacteria) of the sensor. Negative
control (response to a different, nonspecific to the biofunc-
tionalization layer, type of bacteria) was not performed in this

FIGURE 5. Magnitude (a) and phase (b) response of the manufactured
microwave sensors population in a form of mean value and standard
deviation illustrating the fabrication related spread. The results of EM
simulations are overlaid for reference where solid lines correspond to the
design-assumed CPW structure while dashed lines factor in extra
backside ground plane that appears during measurement being a part of
the probe station vacuum-assisted mounting mechanism.

particular experiment, since the main goal was to examine
the sensitivity of the reflective-mode phase-variation sensor
on various concentrations of bacteria, whereas selectivity of
the biofunctionalization layer was a topic of our previous
studies [8], [12], [15], [33].

First, 16 units were selected for the bacteria detection
process. The sensors were grouped as shown in Table 1. For
higher concentrations ofE. coli, i.e., 103–107 CFU/ml, 3 units
were chosen per concentration, whereas for 102 CFU/ml of
E. coli, 6 units were selected. The increased number of units
utilized for measurement are due to the fact that, in such
concentrations (102 CFU/ml), the tested volume may contain
zero or very few bacteria, which results in a low probabil-
ity of detection by the sensor. This randomness in bacterial
presence leads to larger fluctuations in the measured data.
Thus, to obtain valid results, more units need to be tested with
the same concentration. For PBSmeasurement (zero control),
only two units of the sensor were selected, since it contains
no bacteria.

Then, respective S-parameters were measured and the
phase zero crossing frequency f0 was established in each
case as listed in Table 2. Next, an adjustable (0.1 µl
resolution) automatic micropipette was used to cover the
selected sensor units with 0.5 µl of a solution with
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TABLE 1. Selection of sensors for E.coli detection.

appropriate E. coli concentrations. The sensors were left for
two hours before proceeding further so that the liquid cover-
ing the sensors could dried. Photographs of exemplary sensor
units after this process are shown in Fig. 6.
Following, S-parameters of each biosensor were measured

once again. Phase response of the biosensors after bacteria
binding are presented in Fig. 7 while the phase deviation at
sensor’ unit specific f0 is summarized in Table 2. A mean
value of phase deviation across units exposed to a given con-
centration is then calculated to be used for further assessment.
As seen, the phase changes monotonically with the increased
concentration of bacteria covering the sensor.

FIGURE 6. Sensor set exposed to various concentrations of E. coli
bacteria during the suspension drying process (a). From top to bottom
sensors with following samples: PBS (b), E. coli 102 CFU/ml (c), E. coli
103 CFU/ml (d), E. coli 105 CFU/ml (e).

Fig. 8 illustrates the average phase difference trend fitted
with a linear function at R2

= 0.96 for data stretching from
pure PBS to bacteria of 107 CFU/ml. The slope is 3.24◦ per
order of CFU/ml. Thus, the function that fits the mean phase
variation (in degrees) and bacteria concentration (order of
CFU/ml) being an inverse function to the above relation can
be written as:

E.coliconcentration = (|mean1φ| − 18.56) /3.24 (1)

Importantly, assessment of Table 2 indicates that inter-unit
variability within a given bacteria concentration is rather
low and similar for all tested concentrations. A slightly
greater variability is observed for 102 CFU/ml, which can be
attributed to the low number of bacteria in the tested volume,
what can lead to an absence of bacteria on some sensor units.

TABLE 2. Summary of the results – phase difference at operating the
frequency f0 obtained after bacteria binding procedure.

FIGURE 7. Measured phase of reflection of the tested sensor population
pre (dashed lines) and post (solid lines) E. coli bacteria attachment of
increasing concentration (a)-(e).

This is related to the fact that within the tested volume
of suspension statistically single bacteria may or may not
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FIGURE 8. Mean values of the phase difference averaged over a number
of samples (population std overlayed) versus bacteria concentration
fitted with a linear function.

be present, what drives down the probability of detection
by the sensor. Nevertheless, this variability remains within
acceptable limits and does not compromise the overall trend
or consistency of the data. This indicates that when low
concentration is expected, a larger number of sensor units
is necessary to have a statistically significant response. The
obtained results are more promising as compared to [8], [12],
[15], [34], and [35] despite the utilization of low-cost fabri-
cation technology with loosened fabrication requirements.

IV. DISCUSSION
Based on our previous studies on biosensors for E. coli detec-
tion [8], [12], [15], [34], [35], it can be seen that, generally,
bacteria attach randomly to the sensor surface. The size of the
bacteria is in the micrometre scale. Nevertheless, when only
small amounts of bacteria are present, they tend to attach to
only small parts of the sensor surface, often covering only
a limited area, which results in very slight changes in the
sensed effective permittivity. Thus, to detect such small vari-
ations, a high sensitivity of the biosensor is required, as even
significantly small changes in permittivity can be crucial
for detection. The proposed microwave biosensor is a good
candidate for such applications due to its high sensitivity. The
one-port sensor realized using a pair of weakly coupled SIRs
features a large sensing region and is significantly sensitive
to even slight and spot changes of the permittivity of the
covering layer. Hence, it potentially allows for the detection
of bacteria at concentrations as low as 100 CFU/ml, as shown
in Section III-B. The results are in line with, or better than,
our previous results [8], [12], [15], [34], [35]. This highlights
the importance of designing sensors with a large sensing area
relative to the overall sensor structure to maximize the prob-
ability of bacterial detection, given their random attachment.

To validate the operation of the proposed sensor and
confirm its usability for biosensing applications, measure-
ments were initially performed using a Vector Network
Analyzer (VNA). Nevertheless, it is important to note that a
VNA is not strictly required. Since the sensor is a one-port
passive circuit, it can also be measured using a low-cost

alternative such as a multiport reflectometer [36], [37], [38],
which allows for the extraction of both magnitude and phase
using a reference signal and a set of power detectors. More-
over, another great advantage of the proposed implementation
is simple construction, which allows manufacturing a circuit
as a single-layer structure with larger metal strip widths and
spaces between the metal strips (100 µm in this particular
design). Thus, some low-cost technology like metal-on-glass
could be utilized for such a realization, lowering the overall
cost of the physically realized biosensors, which are generally
intended for single-use only. After a single use for bacte-
ria detection, the sensor becomes covered with a biological
layer, and although it can be cleaned, excessive cleaning may
lead to structural damage over time. Therefore, our design
focuses on making the biosensor to be used as a disposable
unit, reducing the possibility of cross-contamination between
measurements and maintaining sensor performance. Addi-
tionally, the sensor is designed on an inorganic substrate
(glass), and the metallic structure is manufactured using
gold, allowing for easy integration with the biofunctional-
ization approach for achieving selectivity. As demonstrated
in [33], this approach can be used to functionalize the sensor
surface with specific biomolecules, such as polyclonal anti-
bodies, enabling selective detection of E. coli bacteria. The
resonant frequency of 24 GHz was selected for the sensor
based on several key design considerations. First, E. coli
bacteria, which are rod-shaped and approximately 2 µm in
length, require a small and sensitive sensor for detecting
low concentrations. Higher frequencies, such as 24 GHz,
allow for a smaller sensor design, which enhances sensi-
tivity to the small changes in permittivity that occur when
bacteria are present. Furthermore, operating at 24 GHz sup-
ports sensor miniaturization, which is crucial when using
gold electrodes, a material chosen for its compatibility
with biofunctionalization techniques. Gold is expensive,
so minimizing sensor size directly reduces fabrication costs
while ensuring compatibility with biofunctionalization for
selectivity.

The obtained results can be compared also to other biosen-
sor realizations described recently in literature. In [7] a
graphene-based field effect transistor device was presented
for the detection of bacteria presence and it was shown, that
the presented sensor features linear range for the E. coli
concentration ranging from 103 CFU/ml to 105 CFU/ml.
In [39], an open-ended coaxial probe was used for the detec-
tion of bacteria and biofilm growth, with a method showing
sensitivity of 2. 3× 104 CFU/mL. The open-ended coaxial
probe is not a portable solution suitable for single-use and
cannot be covered with a biofunctionalization layer, which is
necessary to achieve sensor selectivity. In [9], a microstrip
ring resonator structure was used for monitoring subsur-
face growth of E. coli on solid growth media. The resonant
amplitude variations were recorded for different volumes of
E. coli (3 µL and 9 µL) and compared to control without
E. coli for 36 hours. Unfortunately, the sensor was not used
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for the detection of distinguished concentrations of E. coli.
In [6], a microwave ring resonator sensor was presented as
a biosensor structure allowing for the detection of approxi-
mately 105 CFU/mL of E. coli in a liquid solution. Choi et al.
demonstrated the utilization of a functionalized microwire,
which in combination with a dielectrophoresis technique
allows detecting the concentration of Escherichia coli from
103 to 107 CFU/ml [40]. Mohammadi et al. have shown a
microfluidic chip integrated with a microwave resonator sen-
sor for real-time and contactless detection of E. coli bacteria
concentration as low as 107 CFU/ml [41].

In comparison to our previous works, this study presents a
significantly different approach. While our earlier biosensor
designs [8], [12], [15], [35] utilized capacitance changes or
resonant frequency shifts to detect E. coli bacteria, the current
work explores a phase-variation resonator-based microwave
sensor operating in reflective mode. This new sensor topol-
ogy, based on weakly coupled stepped-impedance resonators,
offers enhanced sensitivity to small changes in permittivity,
allowing for the detection of lower bacterial concentrations.
Notably, this sensor was fabricated using a low-cost single-
layer metal-on-glass technology, which significantly reduces
production costs compared to the more complex GaAs-based
systems used in earlier works. As a result, the proposed
sensor is capable of detecting E. coli concentrations as low
as 100 CFU/ml, and potentially even lower, indicating a
significant improvement in detection sensitivity.

It is observed that the variability at a concentration
of 100 CFU/ml is comparable to that of higher concen-
trations, indicating consistent inter-unit performance across
the tested range. This consistency suggests that, despite
the low bacterial load, the sensor maintains reliable behav-
ior. However, due to the statistical nature of low bacterial
concentrations—where the tested volume may contain zero
or very few bacteria—there remains a risk that individual
sensor units might not detect any bacteria at all. To miti-
gate this and ensure valid detection, it is necessary to use a
greater number of sensor units at lower concentrations. This
increases the likelihood of capturing representative responses
and stabilizes the overall dataset. As a result, the data
for 100 CFU/ml still follows the general linear trend observed
for higher concentrations and remains consistent with the
overall model.

Taking the previous considerations into account, it can
be concluded that the presented one-port reflective-mode
phase-variation sensor composed of weakly coupled SIRs
provides superior results for bacterial detection and is a good
candidate for biosensing applications, especially when sensi-
tivity to small changes in permittivity is crucial for detecting
randomly-attached bacteria. Additionally, the sensor’s low
production cost, combined with its design for single-use
applications, minimizes the risk of contamination and ensures
reliable performance. The ability to incorporate selectiv-
ity through biofunctionalization with specific biomolecules
makes this sensor a versatile platform for targeted bacterial
detection.

V. CONCLUSION
This paper shows utilization of a phase-variation microwave
sensor for biosensing applications. Specifically, a one-port
reflective-mode phase-variation sensor composed of weakly
coupled step-impedance resonators, implemented in CPW
technology, and operating in the K-band was utilized for the
detection of various concentrations of E. coli bacteria. Due
to the sensor construction, a low-cost biosensor realization
was possible using metal-on-glass technology. Such a low
cost is significantly important due to the preferable single-use
biosensor usage. The sensor is very sensitive at 3.15◦ per
order of CFU/ml, being able to easily detect bacteria con-
centrations as small as 100 CFU/ml. Considering the above
advantages, future works will focus on the development of
a multiport-based low-cost measurement platform where a
biofunctionalized sensor is used to detect real-world samples,
such as blood, food matrices, or wastewater, which contain
complex interference elements.
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