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Printed Microwave Frequency Humidity Sensor
Operating with Phase Shifting Scheme

Guy Ayissi Eyebe, Benoit Bideau, Eric Loranger, Frederic Domingue

Abstract— This paper investigates a shifting sensing scheme
combining slots, transmission lines, and printing technologies.
This sensing scheme translates the electrical sensitivity of a trans-
mission line conductor to the insertion phase as a measurement
variable. A coplanar waveguide (CPW) based structure was de-
signed, screen-printed, and tested on relative humidity (RH) con-
ditions ranging from 22.8 — 75.3 %RH. For the first time, a com-
posite material made of poly-pyrrole and TEMPO Oxidized Cel-
lulose Nanofibers (TOCN/PPy) was integrated to the structure and
studied as a humidity sensitive conductor in microwave frequen-
cies. The measured sensitivity was 0.154°/%RH at 5.870 GHz,
while insertion losses decreased by 1.26 dB. The effects of sensing
layers thickness as well as trade-off considerations between phase
sensitivity and signal attenuation were analyzed by simulation.

Index Terms—RFID, Screen-Printing, RH Sensing, TOCN/PPy.

[. INTRODUCTION

Printing technologies have been involved intensively in a bid
of improving the competitivness of wireless sensors consid-

ering cost, performance, and ease of implementation. These
improvements impacted fields like the Internet of Things, in-
dustrial safety, and automotive systems [1-4]. In that respect,
various sensing schemes imparted from printing materials prop-
erties have been proposed. Each material type was investigated
for its specific properties in the perspective to develop highly
sensitive, low hysteresis and fast response printed sensors. Such
materials include dielectric, semi-conductive and conductive
inks, as well as dielectric sheets [5-8].

First, some dielectric sensitive substrates have been studied.
A study investigating Kapton polyimide foil as a sensing sub-
strate for relative humidity (RH) variations has been proposed
[9]. Achievable sensing schemes in RF/microwave frequencies
while using the coplanar waveguide (CPW) transmission line
technology were identified. The underlying mechanism allow-
ing sensing principle fulfilment translated the substrate dielec-
tric sensitivity to the effective permittivity variation as a func-
tion of RH. Measurement variables in frequency and phase
shifting paradigms included the resonant frequency and the in-
sertion phase [10].

Dielectric inks have been involved in implementing sensing
applications with printed microwave devices as well. Dielectric
inks can enclose sensitive compounds or act as sensitive mate-
rials themselves. Locally dispensed, they correlate sensors elec-
trical properties to the environmental parameter of interest, e.g.
humidity, pressure, gas concentration or temperature. In that re-
spect, inkjet printing of Barium Strontium Titanate (BST) in
phase array applications has been considered for temperature
sensing [11, 12]. Polyvinyl alcohol (PVOH) has been deposited
on microwave sensing devices to improve RH sensitivity [13].
Measurement variables belong to phase and frequency shifting
patterns, as in the case of sensitive sheets.
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Fig. 1: The phase shifting scheme with transmission line circuits

Finally, conductive and semi-conductive inks have been in-
volved to allow microwave printed devices assess environmen-
tal parameters in power variation pattern. An inkjet-printed and
chip-less sensor has been reported to detect CO, and tempera-
ture variations with a single-walled carbon nanotube (SWCNT)
based ink [14]. A stub resonator loaded by a multi-walled car-
bon nanotube (MWCNT) strip has been added to integrate
harmful gases detection as well [15]. Other conductive sensitive
inks such as graphene and PEDOT: PSS have been studied to
address sensing applications [16, 17]. A sensing approach to
detect a predefined power limit based on a RFID tag power
emission has also been reported [18].

While dealing with printed sensors in power variation and
frequency-shifting schemes, reading and processing circuitry
are located remotely. Using sensitive substrates, the character-
istic impedance will change with permittivity, thereby inducing
undesirable frequency shifts and impedance mismatches over
the whole RF chain. On the other hand, RF power assessment
requires remote antennas or inductive coupling. To overcome
such limitations, transmission lines technologies are appealing
in that they avoid the requirement of remote interrogation.
Moreover, they allow simple integration of sensitive conductor
and offer excellent design flexibility to implement sensing
functions. From authors’ best knowledge, there is no study on
printed RH sensors operating with a phase shifting scheme, us-
ing transmission lines so far.

This paper investigates a phase-oriented sensing scheme al-
lowed by an original combination of transmission line technol-
ogies, slots, and printable sensitive conductors. Such an ap-
proach might help to integrate sensing abilities to microwave
systems involving phase-based systems (See Fig. 1). At least
two clues can be considered. First, the electrical length variation
of the transmission line, as the sensitive element conductivity
changes with the parameter of interest. Switched line or loaded
line phase shifters are concerned [19, 20]. Secondly, the input
impedance and phase constant variations might be thought.
Such a strategy applies to reconfigurable systems for example
[21]. The proposed sensing scheme then allows applying print-
ing technologies to such systems, taking advantage of their low-
cost potential, and the full range of sensing materials conven-
ient to address sensing applications.
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CPW transmission line technology was chosen for having
low dispersion, exhibiting a planar configuration, and making
it possible to prototype microwave devices with only one single
layer deposition. This could further be achieved when involving
the screen printing technique in the fabrication process [9].
CPW supports electromagnetic (EM) signals propagation in
nearly transverse electric and magnetic (quasi-TEM) mode.
Slots were inserted to decouple electrical properties of the CPW
line and that of the sensitive conductor. A composite made of
TEMPO Oxidized Cellulose Nanofibers (TOCN) and poly-pyr-
role (PPy) is for the first time studied as sensitive material for
RH sensing applications in microwave frequencies.

The geometry, the operation, and the lumped elements mod-
elling of the CPW-based structure to be investigated are first
presented in section 1. The sensing principle and trade-offs are
explained and simulated in section III. Section IV presents de-
sign considerations applicable to the sensing material layer. The
screen-printing of the device is detailed in section V, mean-
while sections V, VI and VII present experimental section, dis-
cussion and comparison respectively.

II. THE CPW-BASED MICROWAVE STRUCTURE GEOMETRY,
OPERATION AND MODELLING

A. CPW-Based Structure Geometry

The CPW technology exhibits appealing flexibility in the de-
sign of microwave devices when combined with adequate slots
and discontinuities shapes [22]. The structure studied in this re-
search falls within this category. While the CPW line dimen-
sions were W = 4.16 mm and s = 0.3 mm, the ground plane
width was calculated and set to G = 15 mm (See Fig. 2-a). The
whole structure was 3.3 cm in length and 3 cm in width. The
conductive material was silver, one of the most popular materi-
als used for this purpose in printed electronics. The silver layer
thickness was set to 10 um, based on previous experiments data
in our laboratory. Novele 1J-220 sheet was chosen as a sub-
strate. Novele 1J-220 is a PET sheet that went through a chem-
ical surface treatment to ensure proper adherence of printed
electronics inks on one side [23]. Given the thinness of chemi-
cal coating, only dielectrics properties of PET were considered
in the design. The permittivity was set to &, = 3.3, and the die-
lectric losses to tand = 0.015 [24]. The thickness was set to
h = 140 pm according to Novele 1J-220 datasheet.

Table I: Geometrical parameters of the studied CPW-based structure
Dimensions (mm) A B c D X
0.20 0.26 0.26 0.51 7.92

Sensing structure

&———

B Substrate
H TOCN/PPy

M Silver layer

(c)
Fig. 2: Structural parameters of the studied CPW-based structure (a) Geometry of the CPW line; (b) Dimensions of the slots delineating the
inner rectangle and (c) Materials type and location on the CPW-based structure.

Derived from [25], the geometry of the studied CPW-based
structure consists of a rectangle delineated within the central
track of the CPW line portion using slots (See Fig. 2-b). The so-
formed rectangle is named "inner rectangle" below. This geom-
etry confers attractive properties to implement sensing applica-
tions. Slots isolate the inner rectangle from the CPW line so that
their conductive properties are decoupled. The inner rectangle
metallization behaves as a standalone material. Then, some of
its characteristics can be involved to integrate sensing capabil-
ity to printed microwave devices, e.g. electrical conductivity,
thermal conductivity, and thickness swelling. Moreover, the
substrate was thin enough to allow the structure be sensitive to
the variation of the silver conductive layer [26]. This feature
favours excellent sensing performance with the CPW-based
structure in Fig. 2-b (See Table I gives for dimensions). Imped-
ance and phase variations will be very large.

B. Operation of the CPW-Based Structure

The CPW-based structure in Fig 2-b was proven to operate
as a resonator in the literature [25]. One approach to calculate
its resonant frequency was proposed in [9], and applied to this
research. The theoretical resonant frequency was found to be
fr.en = 5.71 GHz. The primary operation of the structure was
studied by analyzing EM field distribution as a function of fre-
quency, with ADS simulations. Fig. 3 depicts the results at three
frequency points: far from the resonance (8.5 GHz), near the
resonance (6.0 GHz) and at the resonance (5.71 GHz).

Referring to Fig. 3-a, it appears from the colour code, the
size, and the orientation of EM currents that the EM signals are
reflected at the middle of the structure. The slots outlining the
inner rectangle left narrow gaps which form serial and fringing
effect capacitances, at the edge with the CPW line. Such gap
capacitances depend on the operating frequency and the char-
acteristic impedance [26]. Far from the resonance, there is high
impedance associated with these capacitances. EM signals are
reflected and no signal passes through the structure. However,
as the frequency moves toward the resonance, these impedance
decreases. The capacitive coupling between the inner rectangle
and the CPW line is reinforced. Consequently, EM signals grad-
ually pass through the structure (See Fig. 3-b). At resonance,
these impedances are at a minimum. EM signals pass through
the structure with maximum intensity and minimum losses (See
Fig. 3-c). The symmetry of the structure's geometry induces a
symmetry in the frequency response.

Based on the above considerations, a conclusion can be
drawn: the frequency-dependent nature of the capacitive cou-
pling makes the structure behaviour dependent on frequency as
well. Thus, the choice of the operating frequency is of great
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Fig. 3: EM field currents on the studied CPW-based structure at var-
ious frequency points (a) 8.5 GHz; (b) 6.0 GHz and (c) 5.71 GHz

importance. While phase-shifting schemes requires low inser-
tion loss and high return loss, the operating frequency of the
sensing structure should be set at resonance or very close to res-
onance.

C. Modelling of the Sensing Structure

The electrical modelling was an essential step in the research
methodology, aiming to find original sensing schemes achieva-
ble with the structure in Fig. 2-b. From [27], there are no general
closed form equations available for this structure in the litera-
ture. However, the influence of the structure geometry and that
of each dielectric or conductive material on EM wave propaga-
tion can be modelled with the help of adequate lumped elements
[28]. This modelling could be achieved thanks to many results
reported on previous works in the literature. The half structure
to be modelled was taken as an open-end CPW line discontinu-
ity, represented by a capacitance [27]. High-frequency models
of the structure involve capacitances and inductances, whose
values might fit accurately with polynomial equations taking
the inner rectangle length as a variable [29]. Assuming the
whole structure as cascade of two serial capacitances, the au-
thors in [9] modelled the structure as a capacitance.

In this paper, the structure was modelled, taking into account
its geometry and the inner rectangle metallization conductivity.
The result is the network depicted in Fig. 4. The structure ge-
ometry is symmetric. Lumped elements modelling the same
mechanisms from one side to another are identical [30]. The
same inductor represents the additional CPW line portions: L.
The capacitive coupling between the CPW line and the inner
rectangle is represented by the capacitance C;, along with the
associated fringing effects. The capacitance C, represents the
dielectric properties of the substrate. For their part, Ry and L,
represent the resistive and the inductive characteristics of the
inner rectangle metallization, respectively. The numerical val-
ues were extracted from ADS simulation after fitting the
lumped elements circuit response to S-parameter simulation.
The proposed model was validated at the 5-14 GHz frequency
range with minimum discrepancy.

III. SENSING PRINCIPLE AND TRADE-OFFS

A. Sensing Principle CPW-Based Sensing Structure

Defining the electrical conductivity of the inner rectangle
layer as (o), the proposed sensing principle is based on (o)

Fig. 4: Lumped elements model of the CPW-based studied circuit

correlation to the environmental parameter of interest. Assumed
here to be RH sensitive, (a;) is named o (RH) below.

Rsc(RH) = |-t )
’ Z'Uc(RH)

Ro(RH) = t X Rgc(RH) (2)

¢,1(RH) = —arctan 'RO(RH)] (3)

Cw
[m

Any variation of RH value will be translated onto a variation
of o (RH). From Eq. (1) whereby w is the pulsation and u the
permeability of the propagation medium, the resistivity associ-
ated to o (RH) that is Rs¢(RH), will change accordingly. De-
pending on the layer thickness, Rg(RH) variation will be re-
ported on the associated resistance that is Ry(RH) through Eq.
(2) [10]. The expression of the insertion phase ¢,; (RH) derived
from the frequency analysis of the lumped-elements model in
Fig. 4 is given in Eq. (3). It appears that ¢p,; (RH) depends on
Ry (RH). Therefore, the RH value surrounding the printed sens-
ing structure is, as a matter of fact, correlated to the insertion
phase. Hence, ¢,; (RH) can be used as a measurement variable
for RH variation (See Fig. 4). Such a relationship justifies the
phase scheme designation of the sensing principle.

The originality of the sensing principle is the ability to trans-
late the electrical properties of sensitive materials to transmis-
sion line microwave parameters, namely the insertion phase.
The sensing application to be implemented depends on the na-
ture of o.. For example, involving temperature-sensitive mate-
rials such as graphene will lead to temperature sensing [31].
Likewise, involving hydrogen sensitive material such as palla-
dium will lead to hydrogen sensing [32].

B. FEM simulation of the Sensing Principle

Given the electrically conductive properties of the printed
sensitive element, a FEM simulation was made to investigate
the effects of surface current densities on the performance of
the phase-oriented RH sensor. The circuit was simulated while
operating at its resonant frequency, to create optimal conditions
for EM signals propagation. The inner rectangle conductivity
was varied up to the conductivity of printed silver layers named
044, by multiple of 10% steps: 1% 0,44, 10% - 044 and gy.
The results are depicted in Fig. 5.

The first observation is derived from the colour code dis-
played by the inner rectangle for each electrical conductivity
value. It appears the EM field intensity increases with the elec-
trical conductivity of the sensitive printed layer. This observa-
tion agrees with transmission line theory in the way that inser-
tion losses decrease as the electrical conductivity of the
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Fig. 5: Surface current densities on the CPW-based structure at vari-
ous inner rectangle electrical conductivity values (a) 1% * 044;

() 10% - 0445 and (c) a4

conductive layer increases. The corollary is a lowering EM sig-
nals reflection and an increase of EM field density passing
through the structure. Another remark is the EM field that is
mainly located in the centre of the inner rectangle.

The second observation is related to the orientation of surface
current density vectors. Far from the resonance, these vectors
are randomly oriented (See Fig. 5-a). The hypothesis was made
that the weakness of the electric field through the sensing struc-
ture can explain this. This weakness is related to the capacitive
coupling between the CPW and the inner rectangle. As the con-
ductivity of the CPW line increases, the capacitive coupling
strength increases. EM fields are more easily flared in the inner
rectangle, then taking part in polarizing the electrical dipoles on
the inner rectangle surface in turn. A positive loop falls into
place. As the conductivity get close to the maximum, the sur-
face current density vectors become more strongly oriented in
the same direction (See Fig. 5-b and Fig. 5-c). For this reason,
one might prioritize sensitive printable materials with high elec-
trical conductivity.

C. Sensitivity - Attenuation trade-off with the sensing structure

While sensing RH variation with the structure in Fig. 2-b, one
major aspect should be taken into account: the attenuation due
to the conductor. Assuming the centre strip was made of an RH
sensitive conductive layer, an expression of the attenuation con-
stant of CPW lines a.(RH), is given in Eq. (4) as derived from
[26]. R:(RH) is the series resistance in ohms per unit length of
the central strip conductor, and R is the distributed series re-
sistance in ohms per unit length for the ground planes. For this
expression to be valid, the assumption is made that the thickness
t is far greater than the skin depth § (t > 56) [26].

Rc(RH) + R;

a.(RH) = 27,

“)

R-(RH) and R;; are inversely proportional to o (RH) and o
respectively. The RH sensitive nature of central strip conduc-
tivity makes a.(RH) change with RH. Noting that the inner rec-
tangle area is a fraction of the central strip area, Ry(RH) is as-
sumed to be a fraction of R (RH). Thus, in attenuation constant
analysis, what applies to R (RH) also applies to Ry(RH). From
Eq. (4), the attenuation constant increases with Ry (RH).

From a phenomenological viewpoint, the increase of attenu-
ation counteracts the sensitivity. Eq. (3) shows that insertion
phase variation increases with Ry (RH). It then appears from Eq.
(3) and Eq. (4) that in a contradictory way, sensitivity and signal
attenuation all result from Ry(RH) increasing. Thus, a trade-off
consideration appears inherently to the sensing principle. When
acting as a phase shifter, the sensing structure should induce a
wide phase-shift while keeping insertion losses to a minimum.
A figure of merit named Fpy is used further in this paper to
evaluate to what extent the sensitivity is improved without
reaching a critical attenuation of EM signals.

IV. DESIGN CONSIDERATIONS WITH THE PHASE-ORIENTED
CPW RH-SENSOR

While using conductive and semi-conductive materials as
sensitive elements, two main mechanisms might occur after in-
teraction with the environmental parameter of interest: the var-
iation of metallization electrical conductivity or its layer swell-
ing. A study analysing their effects on the sensing principle was
done by FEM simulation with EMPro software.

A. Effect of o and Validation of the Sensing Principle

The effect of inner rectangle layer conductivity on the sens-
ing principle was investigated by varying o¢ to 100% - g4,
10% " 044, 1% - 044 and 0.1% - 044. 044 Was set at 2.107 S/m
based on previous experiments in our laboratory. The silver
thickness was fixed at 10 um. This value was also found real-
istic for the screen-printing technique. Simulation results for the
o variation are given in Fig. 6-a to Fig. 6-c. From Fig. 6-a, the
insertion phase ¢,; was analyzed for f, = 5.70 GHz. ¢,; de-
creased from 7.30° (g¢ = gu4) t0 4.15° (0¢ = 1% - 044). The
correlation between the insertion phase and the inner rectangle
conductivity validates the sensing principle by simulation.

From Fig. 6-c, three observations are made. The first is the
worsening of return loss as |S;; | decreases from 29.66 dB when
Oc = 044 to 19.86 dB when o, = 1% 0,4. This may come
from the input impedance variation of the sensing structure. As
oc(RH) increases, Ry(RH) decreases as detailed in section III-
A. The change in Ry(RH) modifies the input impedance of the
sensing structure, which is improved when R,(RH) decreases
and worsened when Ry(RH) increases. The reflection coeffi-
cient then changes as a function of the mismatch between the
inner rectangle and the CPW line. As a result, S;; changes.

The second observation is the resonance shifting from 5.648
GHz (o¢ = g,4) to 5.433 GHz (0, = 1% 044). The skin
depth variation can explain such a situation. The skin depth &
changes with the inner rectangle conductivity: 0.6 pm for g, =
O4g, 1.87 pm for g = 0.1 044 and 18.7 um for g, = 0.1% -
04g- The ratio between conductor and substrate thickness is
h/8 =233, 74.9 and 7.49 respectively. Given h/§ value, the
characteristic impedance of the sensing structure depends on
the conductor thickness [26]. As a result, resonant frequency
and transmission phase shifting occur accordingly.

Finally, from Fig 6-a to Fig. 6-c, curves with 0.1% - g4, dis-
agree with the above-mentioned explanations. The high diver-
gence observed is attributed to the collapsing of the capacitive
coupling between the CPW line and the inner rectangle. The
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Fig. 6: Simulated FEM results with the sensing structure (a) S,; phase, (b) S,; modulus and (c) S;; magnitude to evaluate the influence of
the sensing layer conductivity variation for a4, 10% * 644, 1% - 044 and 0.01% * 0,4, considering a thickness of 10 um. And (d) S,
phase, (e) S,1 modulus and (f) S;; magnitude to evaluate the influence of the sensing layer thickness variation at 10 pm, 20 um, 100 pm
and 200 pm, considering the conductivity of printed silver a.

value of the inner rectangle metallization layer is significantly
low (0¢ K 0,4) so that no conduction is possible. This hypoth-
esis agrees with the analysis in section I1I-B. The variation of
insertion losses |S,;| are shown in Fig. 6-b from 0.84 dB
(GC = aAg) to 4.64 dB (ac =1%-" aAg). Decreasing the inner
rectangle layer conductivity will lead to a critical value of in-
sertion losses for which EM signals will not be able to pass
through the sensing structure.

B. Effect of the Sensitive Layer Swelling

Some of the sensitive layers increase in thickness after in-
teraction with RH [9]. The effect of the sensitive layer swelling
was studied to help designers and other researchers to take this
into account. The conductivity was maintained at 100% - g4 ,
and the thickness varied to the following values: 10 pm, 20 pm,
50 pm and 100 pum. The effective dielectric constant of a CPW
line as a function of conductor thickness t named &g, is given
in Eq. (5), whereby K (x) is the elliptic integral of the variable
x. Eq. (6) gives the relation between setff and the characteristic
impedance Z, for a CPW line.

P Eer —1
off %eff T Wx2s  K[W/W ¥ 25)]
T4t (\/1 —w/Ww + 25)]2)

©)

1.25-¢ AW
20n K(W+ = (1+1n 2 ))

) 6
o k(-2 i)

T
The influence of the conductor thickness appears clearly. A
change in the layer thickness will induce a change in the char-
acteristic impedance, according to Eq. (5) and Eq. (6). As a re-
sult, a resonant frequency shift and a phase transmission varia-
tion will be expected. From Fig. 6-f, the resonant frequency
shifted from 5.527 GHz (t = 200 um) to 5.648 GHz (t = 10

Zy=

pm). The resonance shift (121 MHz) was higher when com-
pared to the case of electrical conductivity variation (15 MHz)
according to theoretical expectations. The peak location of S,
shifted with the resonance shifting (See Fig. 6-¢). Insertion
losses were globally stable around 0.84 dB. There was no sig-
nificant attenuation, and this was coherent to theoretical expec-
tations given that the conductivity remained unchanged. More-
over, the simulated thickness values were high compared to the
skin depth. The phase moved from —6.81° (t = 10 um) to
5.52° (t = 200 pum), which represents a simulated phase shift
of A¢p,; = 12.33° at 5.70 GHz (See Fig. 6-d).

V. FABRICATION OF THE PHASE ORIENTED PRINTED SENSOR

The simulated structure was printed circuit through a pro-
cess with steps including the screen-printing of the microwave
structure, the synthesis of the TOCN/PPy sensitive material,
and their integration onto one circuit.

A. Screen-Printing of the Microwave Structure

The Protoprint S apparatus from LPKF was used as screen-
printer. A stencil including the negative mask shape of the mi-
crowave structure to be printed was purchased from a commer-
cial provider. Other circuits such as Thru-Reflect-Line (TRL)
standards intended for microwave calibration and 1.5 cm square
shapes for electrical conductivity measurement were also in-
cluded. The mask transfer was achieved with the help of a
squeegee provided along with the screen-printing kit. HPS-
021LV silver screen printing ink from Novacentrix (water-
based Ag flake ink, viscosity: 800 cP at 100 sec”!, specific
gravity: 3.1 and Ag content: 75 wt%) was used. Once trans-
ferred, the whole circuit was placed in an oven at 118 °C during
3 hours, for thermal sintering (see Fig. 7). The sintering tem-
perature was chosen lower than PET glass transition tempera-
ture. After that, the circuit was ready for experiments.

As microwave parameters were depending on the circuit
flexion, a rigid backing was added to stabilize the circuit, pre-
vent bending and ensure the robustness of the measurement (see
Fig. 8-a without backing and Fig. 8-b with backing).
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Fig.7: Screen-printing process of the sensing structure

(a) (b)
Fig. 8: Pictures of the printed structure (a) before TOCN/PPy in-
tegration, and (b) after TOCN/PPy integration.

Physical and microwave parameters of the testing device
were measured after fabrication. The resistivity of the printed
silver tracks was extracted based on the 4-probe method results,
at 2.07 pQ.cm. This resistivity is 1.33 times the resistivity of
bulk silver. The thickness of the silver layer measured with
NT1100 optical profilometer from WYKO was 7 um. The
measured resonant frequency was f,, = 5.870 GHz. The meas-
ured phase transmission was ¢,; = 178.7°, and the measured
insertion losses were I. L = 4.42 dB.

B. Synthesis of the Poly-Pyrrole Sensitive Material

PPy has demonstrated many advantages for sensing applica-
tions, including good linearity, low hysteresis, fast response and
high environmental stability [33]. Its RH sensitive properties
have been studied in the literature, with various composites.
Mixing strategies included PPy incorporation by cellulose [34],
blending with other sensing materials such as graphene [35],
and PPy grafting [36]. Chemical oxidative polymerization was
also considered to enhance PPy electrical conductivity [37].
From our best knowledge, the highest conductivity of PPy was
reported at 150 S.cm™1, obtained with polystyrene sulfonate
(PSS) in a ratio of 0.25 relatively to Pyrrole monomer [38].

Fig. 10 presents the synthesis process of the TOCN/PPy com-
posite that was realized in our chemical laboratory. The prepa-
ration started with stirring 80 ml of a TOCN solution at 0.5 %,
and 2 ml of a 0.028 mol Pyrrole solution in a beaker for 10
minutes. The iron chloride oxidant solution (FeCls) at 0.5 mol/L
was added after that. The mixture was kept under stirring for an
additional 30 minutes before the polymerisation was stopped.
The suspension was then filtered and rinsed thoroughly with
distilled water. The film obtained was immersed in hydrochlo-
ric acid (HCI) solution at 0.1 mol/L. HCI doped the PPy chains
with chloride ions and conferred its conductive properties to the
film. Finally, the TOCN/PPy film was heated in a sandwich be-
tween two hot plates for drying, at 94°C for 30 minutes. The
final thickness of the film was around 200 pm.

C. Integration of TOCN/PPy Film and Microwave Structure

The TOCN/PPy composite film was stuck on top of the in-
ner rectangle, using a very thin layer of PVOH as glue (See Fig.
11). S-parameters were measured to evaluate the influence of
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Fig. 9: Comparison of FEM simulation, lumped elements modelling
and measurement of the sensing structure for the following parame-
ters: (a) S14 magnitude, (b) S,; magnitude and (c) S,4 phase.

the TOCN/PPy film integration. The resonant frequency moved
from 5.870 GHz to 5.806 GHz. This variation was attributed to
the thickness variation of the inner rectangle layer material,
henceforth formed by silver and TOCN/PPy layers stack-up.
The insertion phase moved from 178.7° to 176.5°. The inser-
tion losses worsened from 4.42 dB to 4.54 dB, owing to the
increase of inner rectangle metallization resistivity. All these
variations suggest the testing structure will adequately operate
in the frequency shift paradigm as expected.

VI. EXPERIMENTAL AND HUMIDITY RESPONSE

A. Comparison of modelling, simulation and measurement

Fig. 9 presents the comparison of lumped elements model-
ling, FEM simulation and measurement before testing the RH
sensing capability.

Resonant frequencies are very close for all these results (See
Fig. 9-a). The electrical model in Fig. 4 helped to rebuild the
frequency behavior adequately. The hypothesis was made that
material settings can explain the tip observed with the FEM
simulation. The TOCN/PPy layer was simulated as a fully ho-
mogenous piece whereas the raw material was a bit porous and
rough. The Q-factor was better in FEM simulation conditions.

The discrepancy in insertion losses was relatively low, up to
1.5 dB (See Fig. 9-b). This can be explained by precision issues
while trying to model the printed structure geometry, which
combine intertwined shapes of different electrical conductivity.
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The phase shift difference in FEM simulation and measure-
ments can be explained by the precision on reference planes
(Fig. 9-¢). Difference with lumped-elements modelling can be
explained with the precision of model elements as a function of
frequency. However, the maximum gap is around 2°.

B. Humidity Test Setup

The circuit was tested in fixed RH levels ranging from
22.8 %RH (in ambient conditions) to 75.3 %RH. The RH meas-
urement points were generated using aqueous saturated salt so-
lutions [39]. About 100 mL of each solution was placed inside
4L boxes in volume, at 23°C. The CPW device was placed in-
side each box, hanged by cables of the vector network analyzer
through small openings (See Fig. 12). The following RH values
were generated: 32.8 %RH, 43.2 %RH, 52.9 %RH, 70.8 %RH,
and 75.3 %RH. A RH probe was used for real-time RH meas-
urement in the test setup. After the RH value has been settled
throughout the box, S-parameters were saved after 3 minutes
for each test point. The measurements were taken three times.
Only the mean values are represented in the results below.

C. Humidity Response

The humidity response of the testing structure was investi-
gated in the perspective of phase-shifting pattern. The insertion
phase was studied to evaluate the phase sensitivity. Insertion
losses were measured to analyse the attenuation constant, com-
pute and study the phase figure of merit. Return losses were as-
sessed to investigate the impedance matching and the resonant
frequency. The curves of ¢,,, S,; and S;; for each RH men-
tioned above test point are presented in Fig. 13.

Fig. 13-a gives ¢, variation with RH. All the measurements
were taken at the frequency of 5.72 GHz, where insertion losses
were 5.629 dB at 22.8 %RH. From Fig. 13-b, it appears that
¢,1 moved from 176.5° at 22.8 %RH to 168.1° at 75.3 %RH.
This result experimentally validates the phase shifting sensing

VNA

Circuit under test Hermetic box

|
I==1
| 5

Saturated salt solution
| RHprobe

Fig. 12: Humidity test set-up schematic

principle. Moreover, the humidity response exhibits good line-
arity. The phase sensitivity is defined as the relative variation
of the insertion phase with RH, as shown in Eq. (7):

S, Adz
¢~ A (RH) 0
The measured overall phase variation was Ag,; = 8.40° and

RH variation of A(RH) = 52.5%RH, leading to a sensitivity
S¢ = 0.154°/%RH over the 22.8 — 75.3 %RH range.

VII. DISCUSSION

A. Insertion Losses Analysis

Fig. 13-b shows S,; magnitude variation with RH. It ap-
pears insertion losses are improved as RH increases. Indeed,
|S51] gradually moved from 5.63 dB at 22.8 %RH to 4.37 dB
at 75.3 %RH, that is a decrease of 1.26 dB. The improvement
in insertion losses agrees with the decrease of R-(RH) with RH.
The lower R-(RH) is, the better insertion losses are. To further
minimize the final value of insertion losses, some avenues can
be considered. One is the choice of sensing materials having a
relatively high conductivity in ambient conditions. The fewer
insertion losses are in ambient conditions, the fewer they will
probably be after interaction with RH. Another clue is to
properly match the sintering technique to sensitive material
properties (e.g. thermal, photonic), and optimize the recipes.

B. Phase Figure of Merit Analysis

One definition of Fy is the ratio of transmission phase vari-
ation to the mean value of insertion losses over the RH range
[5, 40]. Another definition considers the highest absolute value
of insertion losses rather than the mean value [41]. However,
these definitions are highly dependent on the insertion losses
Lines with high insertion losses will always have poor figure of
merit initial value, at the expense of phase shift.

Here, another definition of Fag is introduced, with the think-
ing of evaluating to what extent the phase increases without
reaching a critical attenuation of the EM signal. The proposed
definition of Fg is the variation of transmission phase (Agy,)
ratio to the variation of insertion losses (AS,,), as given Eq. (8).
Through this definition, Fps measures the influence of the in-
sertion losses worsening over the phase sensitivity. Higher Fy4
is, better is the phase shifting paradigm operation.

. |A¢>21‘ AG, /ARH) | S,
8 7 [ASy1| ~ [ASy1/A(RH)| ~ |ASy1/A(RH) ®
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Fig. 13: Curves microwave parameters variation of the printed

sensor as a function of RH (a) S,; phase, (b) S,; magnitude, (c)
Phase figure of merit and (d) resonant frequency.

Fp¢ variation with RH was computed and plotted, as depicted
in Fig. 13-c. Fpy increases as RH increases. The increase of Fj¢
is explained by the low insertion losses variation (AS,; = 1.26
dB) combined with the constant increase of phase transmission
as RH increased (Ag,; = 8.40°). From Fig. 13-c, the maximum
value of the phase figure of merit was Fpy = 6.7°/dB. For com-
parison purposes, the maximum phase figure of merit as defined
in [40] was measured at Fpy = 1.50°/dB. The gap can be

gle is less resistive, and the test structure input impedance Z;,, is
optimized getting close to 50 Q. Here, Z;,, value was computed
to be 55.63 Q1 (22.8 %RH) to 47.60 () at (70.8 %RH) [42].

VIII. COMPARISON WITH LITERATURE RESULTS

The phase sensitivity in this paper was compared to previous
results in the literature of microwave sensors operating with
phase shifting sensing schemes.

Almost all the results were reported with rigid substrates such
as FR4 or Rogers. Some have investigated other environmental
parameters such as hydrogen [43] and temperature sensing [44].
For RH sensing, only the results on similar RH range were con-
sidered. The sensitivity varied from 0.004°/%RH with
TOCN/PVOH sheet in 30-70 %RH [45], to 0.18°/%RH with
TEMPO oxidized thermomechanical pulp [7]. TOCN foils ex-
hibited 0.025°/%RH on 0-70 %RH range [5], whereas TOCN
and TOCN/PVOH inks reached 0.14°/%RH and 0.11°/%RH
respectively, in 22-70%RH range [46]. The sensitivity with PE-
DOT-PSS ink was 0.14°/%RH over 40-100 %RH range [41].
The only result using printing technologies was 0.18°/%RH in
60-100 %RH, with Kapton HN as a sensitive substrate.

The result of this paper is sometimes better than that of liter-
ature. Such performance is attributed to the efficiency of the
sensing principle in the context of printing technologies. The
thinness of printing susbtrates makes it possible for the conduc-
tive inks to impact the insertion phase and sensitivity notably.

IX. CONCLUSION

This paper presented a passive CPW-based screen-printed
humidity sensor operating through a phase shifting sensing
scheme, and using TOCN/PPy electrically conductive film as
sensing material. Simulation and experimental results validated
this concept with a sensitivity of 0.154°/%RH in 22.8-75.3
%RH range. Insertion losses increased by 1.26 dB and the fig-
ure of merit was 6.7°/dB. The trade-off between the sensitivity
and the insertion losses must be considered.
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