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Abstract—Wireless sensor elements integrated with 

miniaturized antennas are useful in various applications such as 

wearable chemical and environmental sensors and IoT sensor 

nodes.  A major problem in antenna operation is detuning of the 

antenna bandwidth due to loading by the sensor element.  In this 

paper, we report on the integration of an interdigitated capacitor 

(IDC), acting as a sensor, into an Aperture Coupled Patch (ACP) 

antenna, such that weak coupling is established between the IDC 

and the rectangular patch resonator. Because of low mutual 

coupling, during the sensing process the antenna is not detuned 

out of its operational bandwidth and its performance is not 

compromised by the presence of the sensor and vice versa.  A 

sensing material (barium titanate film) is deposited on the IDC 

located at the edge of the microstrip line used to slot-feed the ACP 

antenna.  A change in the material permittivity is transduced into 

a variation of resonant frequency of the antenna. We describe the 

design and fabrication of the IDC sensor-integrated ACP antenna, 

and demonstrate the measured sensing performance at different 

temperatures and relative humidity concentrations. 

 
Index Terms—patch antenna, gas sensor, microwave resonator, 

humidity sensor, internet-of-things, wireless sensor.  

 

I. INTRODUCTION 

HE global sensors market is increasing every year. 

According to Allied Market Research (AMR), it will grow 

at an annual rate of 11.3% until 2022, when the market will 

reach $241 billion [1]. A key role in this scenario is played by 

the Internet-of-Things (IoT) and mobile technologies. 

Nowadays, sensors are integrated in many objects of our 

everyday life, for example, fitness and wellness sensors (like 

Fitbit), proximity sensors and accelerometers in the cell phone, 

indoor air quality monitors, etc. Novel sensors for many 

applications, including environmental monitoring, healthcare 

and industrial processes, are being developed using metal oxide 

semiconductors, electrochemical and nanotechnologies [2]-

[12].  

Recently, there has been significant interest in microwave 

 
G. Gugliandolo is with the MIFT Department, University of Messina, 98158 

Messina, Italy (e-mail: giovanni.gugliandolo@unime.it).  
K. Naishadham, is with the School of Electrical Engineering Georgia 

Institute of Technology, Atlanta, GA 30332, USA (e-mail: 

krishna.n@ieee.org). 

resonator or antenna-based sensors, which utilize change in 

resonant frequency or dielectric constant as a marker for gas 

detection [13]-[25]. These low-power and relatively low-cost 

sensors, capable of operation at ambient temperature, can be 

readily integrated in a Wireless Sensor Network (WSN) by 

interfacing the antenna for each node with the corresponding 

sensor, the signal conditioning, control and communications 

circuitry.  The difference between a resonator-type sensor and 

an antenna-type sensor is simply that the former is not designed 

with the additional functionality of radiation of electromagnetic 

(EM) waves in mind, which is necessary for operation as a 

wireless node.  The latter encompasses both functions in a 

compact node and obviates the need for a separate antenna.  A 

microwave sensor for gas detection is generally characterized 

by a planar resonator structure such as a patch or a slot covered 

in whole or partially by the sensing material, as thin or thick 

film. When the gas target is adsorbed on the surface of the 

sensing film, the permittivity or the impedance of the surface 

changes. This process is responsible for variation in the 

resonant frequency as well as the quality factor of the resonator, 

because the surface impedance of the sensor film loads the 

resonator and perturbs its resonance.  It is not only the resonant 

frequency, but the amplitude and phase of the detected signal at 

resonance are also affected by such loading.  Thus, in principle, 

microwave sensors offer multivariate signal processing 

capability to reduce the influence of confounding effects (such 

as cross-sensitivity to analytes of similar chemical nature as the 

one being detected).  

For an antenna-based sensor node, the first step is to couple 

the sensor with an antenna, generally on the same board as the 

processing electronics and the sensor element. The extent of 

coupling between the sensor and the antenna will affect the 

node performance (i.e. sensing properties, antenna radiation 

pattern, power gain, etc.). The integration of sensors in antennas 

is widely described in literature (cf. [26]). Novel antenna 

configurations with carbon nanotube (CNT) loading of a 

microstrip patch or a dipole resonator have been explored for 
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gas detection using either the return loss [17] or the resonant 

frequency shift [18]-[20] as the detection marker.  The selective 

carbon loading over a small gap in a tuning stub connected to 

the radiating edge of a microstrip patch (6 GHz center 

frequency) reduced the radiation efficiency from 99% (without 

the CNT film) to about 50% (with the film) and resulted in a 

frequency shift between 100 to 300 MHz, thereby detuning the 

antenna bandwidth and compromising its performance [18], 

[19].  In contrast, Chopra et al. [13] discuss the design of a 

circular patch resonator at 3.9 GHz, completely coated with a 

mixture of CNT powder and a conductive epoxy, for ammonia 

detection.  Exposure of the CNT mixture to ammonia changes 

effective permittivity of the patch and shifts its resonant 

frequency. The large area of carbon loading increases the 

resonator losses and deteriorates the quality factor.  Thus, the 

antenna efficiency was less than 10%, and even with a high 

ammonia concentration (1000 ppm), only 5 MHz shift was 

detected in a controlled gas flow chamber.  Therefore, the shape 

and location of the sensor element should be designed such that 

there is weak coupling between the antenna and the sensor and 

the antenna losses are minimal. 

This paper presents a novel design approach to weakly 

couple the antenna and the sensor film, involving the 

integration of an interdigitated capacitor (IDC) along the 

electromagnetically coupled microstrip feed line of an aperture 

coupled patch (ACP) antenna.  Nano-powder of barium titanate 

with urea coating (BaTiO(C2O4)2/CO(NH2)2) is deposited as the 

sensor material between the interdigitated electrodes to detect 

humidity. For convenience, the IDC may be alternatively 

referred henceforth as the sensor or the sensing element. The 

innovation in this design is that the antenna characteristics are 

not influenced by the presence of the sensor and vice versa, as 

demonstrated in the sequel below. In particular, the loading by 

the IDC and the activated sensor film (in a detection event) 

produces a distinct measurable frequency shift without detuning 

the antenna bandwidth. We investigate the performance of this 

Sensor-integrated Aperture Coupled Patch (SACP) antenna as 

a humidity sensor, and demonstrate measured sensing 

performance at different temperatures and relative humidity 

levels. 

The paper is organized as follows. In Section II, the design and 

fabrication of the SACP antenna are reported. In Section III, 

baseline measurements of the ACP antenna are described, and 

the antenna response (without the sensor film) to humidity and 

temperature variation is investigated. In Section IV, the sensing 

material synthesis and its deposition over the IDC are 

described. Finally, Section V presents and discusses the sensing 

properties of the SACP antenna at different temperatures and 

relative humidity concentrations. Section VI summarizes the 

conclusions.  

II. SENSOR INTEGRATED ANTENNA DESIGN 

The ACP antenna, introduced by Pozar in [27], [28], 

comprises of the patch radiator on one substrate, 

electromagnetically coupled to a microstrip feedline placed on 

another substrate, through a narrow slot aperture in the ground 

plane that separates the two substrates (Fig. 1). This 

configuration enables reduction of the EM interference between 

the feed network and the main radiator, and minimizes the feed 

radiation. Moreover, direct connections between the feed and 

the antenna element are avoided, mitigating the parasitic 

inductance and capacitance of alternate feeding mechanisms, 

such as coaxial probe feed and microstrip line feed, 

respectively. 

 

 
 
Fig. 1.  Aperture coupled patch antenna geometry (3D exploded view). The 

top layer is the antenna substrate with a rectangular patch antenna shown, the 

middle layer is the ground plane with a centered slot parallel to the patch width, 

and the bottom layer is the microstrip feed substrate hosting a transmission line 

terminated by an IDC upon which the sensor film is deposited. 

 

 
Fig. 2.  Geometry of the IDC integrated into the ACP antenna. 

 

The ACP antenna has been researched and reviewed in 

literature for EM applications such as phased arrays and radar 

[29]-[32].  However, its integration with a sensor for potential 

application as a wireless node has never been addressed.  

Interdigitated electrodes offer large surface area to enhance the 

transduced signal arising from a chemical reaction between the 

sensor film and the analyte being detected, thus improving the 

sensitivity.  An interdigitated capacitor was first deployed as a 

sensor in a printed antenna structure in [33], [34] wherein 

coupling between the two dominant modes on an annular slot 

antenna was adjusted to widen the bandwidth by controlling the 

capacitance along the microstrip feed line.  The IDC enables 

change in input impedance and bandwidth of the antenna which 

can be used as markers in the detection signal.  In this paper, an 

IDC sensing element is integrated into an ACP antenna for the 

first time and its performance as a humidity sensor is 

investigated.  Preliminary design of an IDC coated with barium 



titanate-based sensing material, which forms the basis for 

sensor integration with the ACP antenna, has been presented in 

the conference proceeding [35]. This article is an extended 

version of this work. The sensing material was deposited 

between the IDC electrodes by drop-coating in a specially made 

2-port IDC gas testing fixture, and its baseline performance 

without gas exposure has been established.  Building on the 

sensor baseline characterization in [35], in this paper, we 

investigate the integration of the IDC sensor element along the 

feed line of the ACP antenna. The SACP design for a humidity 

sensor is described in detail, and the sensor fabrication, 

materials synthesis and physical properties are addressed.  

Microwave measurements are performed to validate the design 

and evaluate the sensing performance at various humidity levels 

and temperatures.  

As depicted in Fig. 1, an IDC is introduced as a sensing 

element in the proximity-coupled microstrip feed line of an 

ACP antenna.  The geometry of the IDC is sketched in Fig. 2.  

One end of the IDC is connected to the feed line and the other 

end is left open- circuited. A short circuit may be used instead, 

but the short introduces additional inductance and complicates 

the impedance matching at the antenna input.  Through 

simulations, we optimize the IDC dimensions and its placement 

along the line so that without any nanomaterial loading, the 

antenna presents a distinct resonance at 2.45 GHz, the center 

frequency of the ISM band. Due to its weak coupling, the 

antenna resonant frequency and return loss will not be 

compromised after the sensing material deposition and the 

detection process, as will be shown by the measurements in 

Section IV. 

The rectangular patch is first designed using the classic 

formulas reported in literature (cf. [36]). Its length (L = 40 mm) 

and width (W = 30 mm) are calculated for 2.45 GHz resonance 

using Rogers RO4003C substrate with thickness h = 1.52 mm 

and dielectric constant [35]. The substrate has the dimensions 

80 x 75 mm. The feedline on the second substrate is designed 

for an input impedance of 50 ohms.  In standard ACP design, 

the feed line is terminated in a quarter wavelength stub.  The 

capacitance of the open end of the stub compensates for the 

excess slot inductance to provide the desired impedance for 

matching the antenna. However, when the feed line is 

terminated by an IDC, the stub length needs to be reduced to 

account for the larger capacitance provided by the IDC.  Hence, 

in the second stage of the design, the IDC is placed at the end 

of the feedline, and its geometry, position, as well as the slot 

length are optimized in full-wave EM simulation (using CST 

Studio Suite [37]) to produce resonance at 2.45 GHz.  This also 

required the patch length to be adjusted slightly to tune the 

resonance to the desired frequency.  The final dimensions of the 

IDC, patch and the feed line are listed in Table 1.  Fig. 2 

displays the overall size of the IDC. The feed line length 

includes the stub.  The slot aperture length is a critical parameter 

which determines the extent of coupling between the feed line 

and the patch.  For higher isolation between the IDC sensor and 

the patch antenna, less than critical coupling is highly desirable.  

To prevent over coupling, the slot length must be made no 

larger than required.  A narrow slot width is chosen to make the 

electric field uniform within the coupling region.   

Next, we present important simulated results of the SACP 

antenna.  The simulated return loss of the optimized SACP 

antenna (without material loading of the IDC) is depicted in Fig. 

3, reaching its maximum (54.65 dB) at 2.453 GHz with an input 

impedance of 49.9 Ω. For comparison, the return loss of the 

measured SACP antenna is also plotted, showing excellent 

agreement with the simulated result.  The reader is referred to 

[35] for a discussion on the simulated radiation pattern.  To 

summarize, the simulated realized gain is 6.35 dBi, the 

radiation efficiency is -0.77 dB, and the side lobe levels in the 

two principal planes are -18 dB. 

 
TABLE I 

OPTIMIZED SACP ANTENNA DIMENSIONS 

Parameter Dimension (mm) 

Substrate width / length 75 / 80 
Rectangular patch width / length 30 / 41 
Microstrip line width / length 3.3 / 40 
IDC finger width / length 1 / 11.5 
IDC finger pitch 0.5 
Aperture width / length 1.5 / 12.4 

 

 
Fig. 3.  S11 magnitude. Simulation and measurement of the resonance at 2.45 

GHz. 

 

Fig. 4 shows a plot of the electric field intensity on the 

surfaces of the patch, the feed line and the IDC at the resonant 

frequency of 2.45 GHz. The feed line is oriented along the y-

direction, the slot length is along the x-direction, and the patch 

length is along the y-direction.  The dominant mode is evident 

on the surface of the patch with a sinusoidal distribution along 

the patch length, reaching its maximum at the edges and a null 

at the center. The field distribution over the IDC surface is weak 

(ten orders of magnitude smaller than the maximum electric 

field on the patch), signifying the lack of electromagnetic 

interference between the sensor and the antenna. This is clear 

evidence of the fact that the antenna performance is not affected 

by the sensor and vice versa. 
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Fig. 4.  The simulated electric field distribution on the SACP antenna (left) 

and the IDC sensor element (right). 

 

III. EXPERIMENTAL DETAILS  

A. Antenna Fabrication and Characterization 

After its design and optimization, the SACP antenna was 

fabricated on Rogers RO4003C substrate using the LPKF 

Protomat S103 PCB Milling Machine. An SMA connector was 

soldered at the end of the microstrip line creating the excitation 

port. A plastic frame was also fabricated with a 3D printer for 

the ACP assembly [35]. The antenna and the sensor boards were 

fabricated separately with two independent ground planes and 

centered slots. The frame design allows to move one substrate 

with respect to the other in x and y directions for precise 

alignment of the two slots. If the two apertures in the ground 

planes are not well-aligned, the antenna performance is 

compromised. The simulations reveal that the return loss is 

strongly influenced by the alignment of the boards (i.e. aperture 

size and position), while the resonant frequency is affected by 

the dimensions of the rectangular patch. The fabricated antenna 

and its plastic alignment frame are shown in Fig. 5. 

 

 

 
 
Fig. 5.  (a) Realized SACP antenna with the IDC-loaded feed line (left) and 

the patch resonator (right) on two separate substrates.  (b) The 3D printed plastic 

frame to align the antenna and the feed substrates.  Screws A and B move the 

antenna substrate in the vertical direction. Screws C and D move the antenna in 

the horizontal direction. Screws E, F, G and H lock the substrate in the 

optimized position. 

 

Microwave measurements on the fabricated antenna are 

carried out using Rohde & Schwarz ZNB20 Vector Network 

Analyzer (VNA). As shown in Fig. 3, the measured return loss 

of the SACP antenna at resonance (2.447 GHz) is 54.18 dB.  

Interestingly, the simulated and measured resonant frequencies 

deviate only 3 MHz (or 0.01%) on either side of the design 

value of 2.45 GHz.  This small difference in the resonant 

frequency is attributed to dimensional tolerances of the 

fabricated antenna.  

 

 
Fig. 6.  Frequency shift at different humidity concentrations relative to the 

resonant frequency in dry air (10 %RH).  All measurements are conducted at 

room temperature (24 °C ±1 °C). 

 

 
Fig. 7.  Resonant frequency shift for a constant humidity (10%) at different 

(a)
(b)



antenna temperatures, relative to the resonant frequency at 24 °C. 

 

The main goal of this research is the development of a 

humidity sensor integrated into a 2.45 GHz ACP antenna. 

Temperature and humidity play a significant role in the 

response of gas sensors.  Therefore, before deposition of the 

sensing material, the ACP antenna sensor is characterized in 

terms of its baseline response to temperature and humidity 

variation. According to these measurements, while the resonant 

frequency of the antenna is relatively insensitive to humidity 

variation (2 kHz per %RH – see Fig. 6), it has higher variation 

with temperature at 32 kHz/°C (see Fig. 7). This is reasonable 

because of the thermal expansion of the substrate (11, 14, 46 

ppm/°C in x, y, z directions, respectively) [38], [39], and the 

thermal coefficient of the dielectric constant (40 ppm/°C) [39]. 

B. Sensing Material Synthesis and Deposition 

After the antenna fabrication, the sensing material is deposited 

on the surface of the IDC. Nano-powder of barium titanate 

oxalate with urea coating (BaTiO(C2O4)2/CO(NH2)2) is selected 

for this project. Its synthesis is similar to that reported in [40], 

[41].  The main pathway steps are summarized in Fig. 8. Barium 

chloride (BaCl2) was added to 300 ml of water at a temperature 

of 60 °C. The compound was mixed for few minutes in order to 

stabilize the BaCl2 (solution A). Another solution was prepared 

starting from 300 ml of water at 60 °C and mixing it with oxalic 

acid (H2C2O4). After the solubilization, the titanium 

tetrachloride (TiCl4) was added (solution B). Solutions A and B 

were then mixed for one hour at 60 °C, leading to the formation 

of intermediate barium titanate oxalate (BaTiO(C2O4)2). This 

intermediate product formed was then filtered, washed with 

water and placed inside an oven at 80 °C for 12 hours.  The 

dried precipitate was dispersed in a solution of urea (with a ratio 

of 1:3) and the mixture was stirred for 30 minutes. Finally, the 

formed BaTiO(C2O4)2/CO(NH2)2 composite product was 

filtered, washed and dried in oven for 12 hours at 80 °C. 

 

 
Fig. 8. Flowchart of the synthesis of the BaTiO(C2O4)2/CO(NH2)2. 

 

SEM (Scanning Electron Microscopy) analysis of 

BaTiO(C2O4)2/CO(NH2)2 composite highlighted the presence 

of agglomerates of nanoparticles with bundle size less than 5 

m (Fig. 9a). These agglomerates have a spherical shape and 

appear to consist of primary grains of nanometric size. 

Subsequently, TEM (Transmission Electron Microscopy) 

analysis proved that each grain is characterized by an inner 

crystalline core made of BaTiO(C2O4)2 and an external 

amorphous coating of urea (see yellow arrows) with a thickness 

of 3-5 nm (Fig. 9b).  

 

 
 

 
Fig. 9. SEM (a) and TEM (b) analysis of the BaTiO(C2O4)2/CO(NH2)2 

nanoparticles. 

 

In order to confirm the observations made, a microstructural 

characterization has been carried out by XRD and FT-IR 

analysis. The XRD spectrum (Fig. 10) in the wide 2-theta range 

shows the presence of a multitude of diffraction peaks, assigned 

to the crystalline phase BaTiO(C2O4)2. In the inset, is shown a 

limited region of the 2-theta range, which evidences better the 

individual diffraction peaks, thus confirming the good 

crystallinity of the synthesized material.  

 

(a) 

(b) 



 
Fig. 10. XRD spectrum of the urea coated BaTiO3 sample. 

 

The FT-IR analysis (see Fig. 11) of BaTiO(C2O4)2/CO(NH2)2 

highlighted the presence of typical peaks characterizing 

BaTiO(C2O4)2. The band at 3450 cm-1 is due to stretching of the 

adsorbed water. The band at 1692 cm-1 is related to the hydroxyl 

group absorption. The bands corresponding to the symmetrical 

stretching of C-O and C-C groups are centered at 1491 cm-1 and 

1273 cm-1, respectively. The peak at 815 cm-1 is due to the 

stretching of Ti-OH. Finally, the adsorption dips at 3412 cm-1 

and 1623 cm-1 characterize the N-H bond due to the presence of 

the urea coating, which proves the composite composition as 

BaTiO(C2O4)2/CO(NH2)2.  

 

 
Fig. 11. FT-IR spectrum of the BaTiO(C2O4)2/CO(NH2)2 composite sample. 

 

 

IV. SENSOR PERFORMANCE 

The material thus produced looks like white powder. It was 

mixed with water and deposited on the IDC fingers using the 

drop-coating technique. At the end of the process, the material 

in excess was removed so that only the material between the 

fingers remained (with a thickness of 17 µm). Further tests on 

the antenna proved that the sensing material deposition reduced 

the resonant frequency by only 62.5 kHz and the return loss by 

3.6 dB. After the material deposition, the sensing performance 

is tested at different humidity concentrations and temperatures.  

The SACP antenna with its plastic frame is placed inside the 

humidity generator, Thunder Scientific 2500, close to the glass 

window in order to avoid the EM reflected waves off the 

metallic walls.  First, the temperature inside the chamber is 

maintained constant at 23 °C and the sensor is exposed to four 

different levels in humidity (10% (dry air), 40%, 80%, 95 % 

RH).  The scattering parameter S11 is measured every minute 

in order to extract the resonant frequency shift relative to the 

baseline frequency corresponding to the average of the initial 

10% RH data.  At the end of each humidity exposure cycle, the 

humidity is set to 10% RH in order to allow the sensor to return 

to its baseline.  No significant frequency shifts are observed for 

relative humidity lower than 40% (see Fig. 12).  On the 

contrary, at higher humidity levels the antenna resonant 

frequency changes with the humidity concentration.  For a 

variation from 10% RH to 95% RH a shift of approximately 600 

kHz is recorded.  It is worth noting that the sensor returns to its 

baseline at the end of each humidity step.   Next, the same 

measurements are performed at 30 °C with different results, as 

depicted in Fig. 13.  In fact, at the higher temperature, for the 

same relative humidity concentration, the water content in the 

air is higher. This explains why at this temperature the 

sensitivity is also higher, with an observed frequency shift of 

1.2 MHz for the same 10% RH to 95% RH humidity variation. 

Even in this case, no significant frequency shifts were observed 

for humidity levels lower than 40% RH.  The measurements are 

repeated at 40 °C, and similar conclusions have been observed 

(results not plotted for brevity). These results confirm that 

nanomaterial loading does not impact the performance of either 

the antenna or the sensor due to weak coupling between the two. 

 

 
Fig. 12. Antenna resonant frequency shift at different relative humidity 

concentrations (T = 23 °C). 



 

 

 
Fig. 13. Antenna resonant frequency shift at different relative humidity 

concentrations (T = 30 °C). 

 

It is worth comparing the humidity response measurements 

of the SACP antenna before and after the sensing material 

deposition in order to determine the improvement in sensitivity.  

In the former case, at room temperature, a frequency shift of 

200 kHz was recorded for humidity variation from dry air to 90 

% RH (see Fig. 6), with sensitivity of 2 kHz per %RH.  In the 

latter case (Fig. 12), a shift of 600 kHz is observed for humidity 

variation from dry air to 95 % RH, yielding sensitivity of 6.3 

kHz per %RH. This vast improvement (215%) in sensitivity to 

humidity validates the superior sensing performance of barium 

titanate deposited between the IDC fingers. At higher 

temperatures, the sensitivity improves further as indicated in 

Fig. 13. 

 

A. Baseline Drift 

It is observed from Figs. 12 and 13 that the sensor retracts to 

the baseline satisfactorily once dry air is injected into the test 

chamber after cycling each humidity level.  Due to hysteresis, 

measurement noise, and random errors inherent in the physical 

interaction processes occurring at the sensing film 

nanostructure, it is expected that there will be some baseline 

drift during each desorption cycle following the gas exposure.  

In order to quantify this drift, the sensor response at room 

temperature in dry air, measured in between the humidity 

adsorption cycles, is replotted in Fig. 14.  For the four dry air 

cycles shown, the average frequency shifts are found to be 

7.4032, -15.3204, 62.5736, and 77.7663 kHz.  Thus, the drift 

increases during the desorption cycles following higher 

humidity level exposures. This is reasonable to expect because 

the rate of desorption in nanostructured gas sensors slows down 

with increasing gas concentration levels [11], [12].  At room 

temperature, the average drift over almost 24 hours is 33 kHz 

(mean of the four blue segments). This baseline drift is 

relatively small (only 5%) in comparison with the sensor 

response to variation in humidity from 10% RH to 95% RH, 

i.e., a frequency shift of 600 kHz (Fig. 12).  As temperature 

increases, the baseline drift becomes even smaller in proportion 

to the overall response swing (see Fig. 13).  However, long-term 

exposure and desorption cycles need to be investigated to 

evaluate the impact of drift on the humidity sensor calibration. 

 

 
Fig. 14. Antenna resonant frequency shift during the desorption cycles 

characterized by dry air (T = 23 °C).  The blue line is the sensor response and 

the red line denotes the humidity profile. 

 

B. Response Time 

Table II displays the response times of the humidity sensor, 

calculated from the resonant frequency shifts at each 

temperature. For each humidity level, the response time is 

defined as the time taken by the sensor to respond between the 

limits corresponding to 10% and 90% of the steady state 

response [42]. These limits are denoted by markers on the 

graphs in Figs. 12 and 13.  Table II also indicates the response 

time for the stimulus to reach the set humidity level from the 

baseline of 10% RH. It is observed that the sensor response 

tracks the stimulus change almost instantaneously.  In general, 

the sensor reaches steady state (90% level) in less than a minute 

after the set humidity level is attained in the chamber.  The only 

exception is the 30 °C case, which entails steady state response 

times of 2 min and 22 min for 80% RH and 95% RH, 

respectively. The 95% RH level overall response time of 41 min 

appears to be an outlier and is perhaps caused by random 

measurement errors.  Overall, relative response times less than 

a minute seem to be the trend for the humidity response to reach 

steady state. The response times in Table II pertain to 

adsorption of water molecules by the sensor material.  It is 

equally important to examine the desorption times indicating 

the time taken to desorb the water vapor and return to the 

baseline.  From Figs. 12 and 13, it is evident that the desorption 

times, typically less than 30 s, are faster than the adsorption 

times.  In comparison to metal oxide sensors which require 

heating up to 500 °C for desorption times less than a minute [2], 

[7], the proposed SACP antenna sensor can attain fast 

desorption without sensor heating.  This is very attractive to its 

implementation in low-power wireless sensor networks as an 

IoT node for ambient humidity measurements. 

 

 

 



 
TABLE II 

RESPONSE TIME OF THE SENSOR 

Temperature 

(OC) 

Relative Humidity 

(%) 

Response Time (min) 

Stimulus Sensor 

23 

40 12.3 12.6 

80 13.0 13.4 

95 17.0 17.4 

30 

40 12.0 12.4 

80 14.1 16.0 

95 18.6 41.0 

40 

40 11.4 12.2 

80 13.0 13.2 

95 15.0 15.3 

 

 

C. Baseline Temperature Effects of the Sensing Material 

Next, we investigate the baseline sensing performance in dry 

air as a function of temperature to determine the temperature 

effects of BaTiO(C2O4)2/CO(NH2)2 film deposition.  Dry air is 

chosen to eliminate any confounding effects of humidity, which 

are discussed in Section IV D.  Measurements were performed 

on the SACP antenna at different temperatures by placing it 

inside the MBW Thunder Scientific 2500 Climatic Chamber, 

close to the glass window. Its resonant frequency was 

monitored at six different temperatures spanning -10 °C to 40 

°C in steps of 10 °C, at a relative humidity of 10% (dry air), 

using the Vector Network Analyzer. Choosing an arbitrary 

reference temperature as -10 °C, the relative resonance shift is 

plotted in Fig. 15.  Using a linear fit to the average steady state 

response over each temperature cycle, a sensitivity of 40 

kHz/°C is estimated from the measurements recorded by the 

VNA. This value is close to that obtained in the baseline 

sensitivity of 32 kHz/°C for the ACP antenna without the 

sensing material (see Fig. 7). This means that the sensing 

material does not appreciably change its permittivity with 

temperature, and the small increase in the observed frequency 

shift in Fig. 15 is due to thermal expansion of copper on the 

antenna surface and the temperature dependence of the antenna 

substrate. 

 
Fig. 15.  Measured sensor-loaded antenna resonant frequency in response to 

temperature variation. 

 

D. Sensor Calibration 

The SACP sensor response depends on both humidity and 

temperature as the former is affected by the latter. In this 

Section, this dependence is examined to determine any 

confounding effect of the temperature and the sensor calibration 

is discussed. For the sensor calibration, measurements have 

been carried out in the temperature range from 10 °C to 40 °C 

in four different steps. For each temperature the antenna 

performance has been tested considering the following relative 

humidity concentrations: 10%, 40%, 50%, 80%, 95%. For each 

set point at least 30 measurements have been acquired and the 

mean values have been taken into account for calibration. The 

standard deviation of each acquired dataset was less than 20 

kHz. Fig. 16 plots all the temporal samples of the SACP 

measurements as a 3D graph depicting the simultaneous 

dependence of the resonant frequency shift (relative to baseline) 

on humidity (RH) and temperature (T) within the range 10% ≤ 

RH ≤ 95% and 10 ≤ T ≤ 40 (°C).  The response surface given 

by 

   2 expf a b RH c d eT gT      (1) 

 

is fit to the frequency shift with RMS error of 22 kHz and   R2 

= 0.99, where the model coefficients are a = -3959, b = -665.3, 

c = 3774, d = -3796, e = 247.5 and g = -7.461.  The residuals 

appear randomly scattered around zero indicating that the 

model describes the data well. The response surface is relatively 

flat for RH < 50% and varies exponentially with humidity at 

higher levels.  Higher humidity and temperature levels are 

associated with a larger slope of the response surface, 

presumably due to higher rate of evaporation with increasing 

temperature.  Interestingly, the measured data for a given 

temperature and humidity clusters around its mean, indicating 

that the measurements are reasonably well-controlled and 

majority of the observed variation is caused by the sensor. It 

may be surmised that temperature confounding is a factor only 

at the higher humidity levels. 

 

 
Fig. 16. (a) Response surface of the measured sensor data as a function of 

humidity and temperature. (b) Residuals. 

 

(a)

(b)



 
Fig. 17. Humidity response calibration curves at selected temperatures. 

 

By considering the steady state sensor response as a function of 

humidity, the sensor calibration can be investigated. Fig. 17 

displays the sensor calibration curves at various temperatures. 

At each temperature, the humidity response is fit to an 

exponential curve given by  1 1 exp .f a b RH   It is 

reaffirmed that RH > 40% yields faster exponential growth and 

the sensor response is relatively flat for the lower humidity 

levels, which is in agreement with prior investigations on 

nanotechnology-based conductimetric [43] and capacitive [44], 

[45] humidity sensors. The sensitivity at each temperature is 

calculated from the slope of the exponential calibration curve, 

and plotted in Fig. 18. Because of goodness of the fit to the 

measured data, the estimated sensitivity will be close to the 

sensitivity computed using the measured data points.  It is 

evident that sensitivity also increases exponentially with 

humidity as well as temperature. 

 

 
Fig. 18. Sensitivity of the humidity response at selected temperatures. 

 

 

V. CONCLUSION 

In this paper, we have reported on the design, fabrication and 

testing of a printed sensor integrated into a 2.45 GHz ACP 

antenna. The sensing element consists of a printed interdigitated 

capacitor (IDC) covered by a nanostructured material based on 

barium titanate. The IDC is located at the end of the microstrip 

line feeding the ACP antenna. The positioning of the IDC at the 

open end of the line and the aperture coupling through a slot 

separating the two substrates helps ensure that the coupling 

between the sensor and the patch antenna is minimized, a 

necessary condition for improved sensitivity.  This allows one 

to overcome the detuning issues and the loss in sensitivity 

affecting the classical configuration of direct line-fed patch 

antenna sensor [19].  

The SEM/TEM analysis of a BaTiO(C2O4)2/CO(NH2)2 

sample highlighted the presence of uniform spherical 

agglomerates (with size less than 5 µm) comprising primary 

crystals with nanometric size (3-5 nm).  The performance of the 

sensor-integrated ACP antenna to relative humidity and 

temperature variations has been investigated experimentally 

after deposition of the sensing material. The fact that resonance 

shifts of the order of few hundred kHz to approximately 2 MHz 

have been measured by the SACP antenna for humidity and 

temperature within the range 10% ≤ RH ≤ 95% and 10 ≤ T ≤ 40 

(°C), respectively, without detuning the center frequency, 

proves that minimum coupling between the sensing element 

and the antenna has been achieved. This is the first successful 

design of an SACP antenna, demonstrated herein for humidity 

detection, but it holds promise in general as a nanotechnology-

based gas sensor element in wireless sensing nodes (such as 

IoT). For IoT applications in the 2.45 GHz ISM band, the 

proposed sensor design is relatively immune to ambient EMI 

because the antenna and the sensor are strongly decoupled as 

shown by the measurements.  

A comparison of the humidity response measurements before 

and after the sensing material deposition reveals the 

improvement in sensitivity of this novel design. In the former 

case, at room temperature, a frequency shift of 200 kHz was 

recorded for humidity variation from dry air to 90 %RH, with 

sensitivity of 2 kHz per %RH.  In the latter case, a shift of 600 

kHz is observed for humidity variation from dry air to 95 %RH, 

yielding sensitivity of 6.3 kHz per %RH. This vast 

improvement (215%) in sensitivity to humidity validates the 

superior sensing performance of BaTiO(C2O4)2/CO(NH2)2 

deposited between the IDC fingers.  At higher temperatures, the 

sensitivity improves further. The sensor calibration follows an 

exponential behavior, indicating higher sensitivities at high RH 

levels and flattening out at the lower levels.  
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