Sensors and Actuators B 261 (2018) 434-440

journal homepage: www.elsevier.com/locate/snb

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

SENSORS an

ACTUATORS

A temperature and humidity synchronization detection method based

on microwave coupled-resonator

Check for
updates

Ml

Hao Guo?, Qiang Zhu?, Jun Tang?, Fushun Nian®, Wenyao Liu?, Rui Zhao?, Fangfang Du?,

Baoguo Yang"*, Jun Liu®*

2 Key Laboratory of Instrumentation Science and Dynamic Measurement, School of Instrument and Electronics, North University of China, Taiyuan 030051,

China

b Science and Technology on Electronic Test & Measurement Laboratory, The 41st Research Institute of CETC, Qingdao 266555, China

ARTICLE INFO ABSTRACT

Article history:

Received 3 November 2017
Received in revised form

23 December 2017

Accepted 17 January 2018
Available online 31 January 2018

This article proposes a novel temperature and humidity synchronization test method based on the U-
shaped microwave resonator technology. U-shaped microwave resonator have been manufactured using
the U-shaped microwave probe by studying the high quality factor, which was deponed on the length,
distance of gap and radius of tungsten filament. Based on this U-shape microwave probe, the reso-
nance frequency shift was using to detect the temperature and relative humidity with the sensitivity

of 38 kHz/°C and 10.3 kHz/%RH, respectively. Meanwhile, the humidity can be detected by the resonance
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intensity with the signal noise ratio (SNR) of 100. Based on it, the temperature and relative humidity
can be synchronization detected using the U-shaped microwave resonator. It proves a high sensitive,
low-cost, ease of fabrication technologies.

© 2018 Published by Elsevier B.V.

1. Introduction

Temperature and humidity detection technolo-
gies play a key roles in wvarious fields, such as
atomic/quantum/molecular/condensed matter physical scientific
experiment environment control, aeronautics and astronautics
devices running environment control, industrial production pro-
cess monitoring, biological tissue living environment control and
agricultural planting management [1-5].

The temperature and humidity detection technologies based on
different working principles has been studied for several decades
and have many reports. However, there were fewer reports about
method for the temperature and humidity synchronization detec-
tion. Generally, it is difficult to detect the humidity signal from the
temperature with the high SNR because of the temperature effect
of the most of humidity sensing materials [6-10]. Hence, the main
synchronization detection technologies was assembled with two
sensing elements. One of the element was used to sensing temper-
ature and another one was to sense relative humidity.

In addition, the microwave technology to detect the relative
humidity have gained extensive attention, due to the metal sens-
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ing elements without the temperature effect. Meanwhile, the
microwave resonator can detect the temperature signals based on
the dielectric effect and electron spin effect with the high-quality
factors and signal-noise ratio [11-13].

Hence, this paper proposed a temperature and humidity syn-
chronization test method based on U-shape microwave resonator.
By simulate the quality factor of microwave resonator to design
the length, distance of gap and radius of U-shape structures. And,
fabricated the U-shape microwave probe based on the tungsten fil-
ament. In the experiment, the resonance frequency intensity have
been used to detect the humidity, and the resonance frequency shift
have been used to calculate the temperature. The relative humidity
and temperature can be synchronization detected. And, the con-
clusion have been demonstrated in the temperature and humidity
mixing environment, and the sensitivity can up to 38 kHz/°C for the
temperature and 10.3 kHz/%RH for the relative humidity.

2. Prepare for the experiment

U-shape microwave probe was fabricated by using the tungsten
filament with the diameter of 1.0 mm and the length of 72 mm. And
the changes in the length of tungsten filament have a function of
temperature can be express as: Al=4.5x 1076 x I x AC.

The U-shape microwave coupled-resonant was made by cou-
pling the microwave cavity and the U-shape microwave probe. The
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microwave cavity was connected to vector network analyzer (VNA,
Agilent N5224A) by the coaxial cable (LMR-SW540, Pasternack
Company) with the diameter of 2.2 mm and the length of 30 cm.
The shield layer of coaxial transmission line was made of seamless
aluminum, and center layer was made by the copper materials with
the impedance of 50 2. The whole structures have been packaged
by the ordinary glass tube.

Therelative humidity environment was created by the saturated
salt solution prepared by the lithium chloride, potassium acetate,
magnesium chloride, potassium carbonate, sodium bromide, potas-
sium iodide, sodium nitrate, potassium chloride, potassium nitrate.
Temperature was testing in the home-made temperature control-
ling system (TCS) with the accuracy of 0.1 °C.

3. Results and discussion
3.1. Methods of detection

Fig. 1a show the synchronization testing schematic of temper-
ature and relative humidity using the U-shape microwave probe.
As in Fig. 1a shows, the U-shape microwave resonator was made
with the air at the gap of U-shape probe and the U-shape metal
structure. The microwave signals (generated by the vector network
analyzer) was coupling transferred into U-shape microwave res-
onator by the coupling area, and resonated at a certain frequency
in the U-shape microwave resonator. The certain resonance fre-
quency was as a function of the dielectric constant of air at the
gap, which was determined by the temperature and the relative
humidity. While, the resonance intensity of microwave signals was
determined as a function of the amounts of water molecules in air
depended by the air humidity. That is, the relative humidity can be
detected by the resonance intensity. And the temperature can be
calculated by the resonance frequency drift without the frequency
drift created by the relative humidity. Based on this method, the
temperature and relative humidity can be synchronous tested.

The synchronous testing model have been equivalent to be the
resistance R, inductance L, capacitance C(namely RLC) circuit model
as shown in Fig. 1b. The coupling area was working as the induc-
tance L. The air at the gap can be equivalent as the parallel model of
resistance R and capacitance C by the electromagnetic interaction
theory and the transmission line theory [14].

By the transmission line theory, the resistance R, capacitance C,
inductance L, and conductivity G of our equivalent model can by
calculated as [15,16]:
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Where, g, was the dielectric constant, o; was the DC conductiv-
ity, ® was the microwave frequency, the d was the skin depth of
transmission line, o was the environment medium conductivity,
&0 was the initial dielectric permittivity of environment. a was the
diameter of transmission line, and the d was the distance of the gap.

Therefore, from Egs. (1)-(4), the resonant frequency of the U-shape
microwave resonantor was:
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In this work, U-shape microwave probe was open at the end and
the RLC circuit can be calculated by the transmission line theory as:

(5)
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Where, Zy was the characteristic impedance, the propagation con-
stant y was given by the attenuation constant oo and the phase
constant 3 (the propagation equation was expressed as y=o+j[3).
I was the equivalent length and w; was the resonant frequency of
the transmission line as: w, = 27f, = 7/2I(LC)"/? = c/4l./&r. er was
the dielectric constant of transmission line.

Therefore, the resonant frequency of the U-shape microwave
resonantor was:
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The dielectric constant of air at the gap was as a function of
temperature and the relative humidity was [17]:
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Where, p; and A; were the molar density and the molar polariz-
ability in the air (i=Njy, Oy, Ar). py was the molar density of water
vapor, and T was the absolute humidity. Ay, and By, were the Debye
constants.

Based on the above model, the resonance frequency was as a
function of temperature and relative humidity. The two parameter
can be detected, but cannot calculate respectively. In this work,
the microwave intensity attenuation effect on moisture have been
study to detect the relative humidity. The relative humidity can
be accurately detected, and the temperature can be calculated by
removing the factor of relative humidity. The microwave intensity
attenuation effect on moisture can be expressed as [18]:
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Where, m was refraction index of moisture, p,, was the water con-
tent (was the molar density of water vapor). When the spread
distance was a fixed value, the microwave intensity attenuation
approximation was determined as a function of the relative humid-
ity:
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Where, T was absolute temperature, A WAs the microwave
wavelength. The saturation humidity F at 40°C was 51.2 g/m3,
Pw=Y1 x Fx 100%, Y{ was the relative humidity.

a(z)=4.343 Pw (12)

3.2. Design and fabricate the U-shaped coupled-resonant probe

By the synchronization test model of temperature and humidity,
the measurement system have been made based on the U-shaped
resonance probe as shown in Fig. 2a. The microwave signals was
transmitting into the microwave cavity and coupling into the
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