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a  b  s  t  r  a  c  t

A  novel  portable  open-ended  hollow  coaxial  cable  resonator  (OE-HCCR)  is  proposed  and  demonstrated  for
direct  relative  humidity  (RH)  measurements  without  the assistance  of any  humidity-sensitive  material.
The  sensor  is fabricated  from  a homemade  hollow  coaxial  cable  platform  that  provides  ease  of  modifi-
cation  and  improved  robustness.  The  microwave  cavity  resonator  is a  metal  post-coupled  open-ended
coaxial  resonator,  which  includes  two  highly-reflective  reflectors,  i.e.,  the  metal  post  and  the  metal  plate-
backed  open  end  of the  coaxial  line. The  gap distance  between  the metal  plate  and  the  open  end  is  defined
by  a circular  spacer.  By  simple  one-step  adjustments  of  the  thickness  of the  spacer,  the  RH  measurement
sensitivity  of  the  OE-HCCR  can be greatly  enhanced.  The  device  physics  is  discussed;  numerical  cal-
 device
 resonator

 coaxial cable resonator

culations  and  experimental  investigations  are conducted  to verify  the sensitivity  enhancement  of  the
OE-HCCR  for  RH sensing.  Due  to the  increased  sensitivity,  this  is  the first report  of  an  open-ended  coaxial
line  that  is  able  to directly  sense  gaseous  analyte,  to the best  of  our  knowledge.  The  proposed  OE-HCCR
with  the  sensitivity  enhancement  has  the  potential  for  highly  sensitive  chemical  sensing  combined  with
functional  materials.

© 2020  Elsevier  B.V.  All  rights  reserved.
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ve humidity (RH) sensing is of significant importance in
aboratory and industrial applications such as electronic
anufacturing, food processing, medical storage, pharma-

anufacturing, and chemical gas purification [1]. Various
es have been demonstrated for RH sensing, including con-

 mechanical dial hygrometers, electrical approaches, and
ently, fiber-optic configurations. In a typical mechanical
ter, a hygroscopic material is used as the sensing ele-
nifesting itself as a change in length or shape under a

 variation. The length or shape change is then magni-
 mechanical mechanism and transferred to an indicator
electrical sensors work based on measurements of RH-
hanges in the capacitance of a capacitor due to changes in
ic material [2], the impedance of a conductive material,
electric property of a hygroscopic material [3,4]. Fiber-
ensors have been extensively investigated recently due to
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ptical fibers combined with humidity-sensitive materials
n demonstrated for RH sensing such as grating structures,
meters, and specialty fibers [5–7]. The working principle
ptic RH sensors is based on the humidity-sensitive mate-
ed secondary effects (e.g., due to expansion/contraction

aterial under different RH) on the fiber sensing region,
tions of refractive index and local strain. The secondary

ill subsequently result in spectrum shifts or intensity vari-
 the optical fiber sensors. Tapered optical fibers were
rted for direct RH sensing based on infrared spectroscopy
ater exhibits a strong absorption peak near 2-�m wave-
that no humidity-sensitive material was  needed [8,9].
, the tapered optical fiber-based RH sensors are fragile
e reduced fiber diameters and require extreme caution

 handling and installation. The majority of these reported
rs rely on the use of a humidity-sensitive material as the
ing element, where the material is generally required to be

 over a large range of RH, stable over time under thermal
hemical inert in the presence of various chemical species
bient environment, and preferably exhibit good response
ver speed [3,5,10]. Therefore, the selection of a suitable

-sensitive material for sensor construction is rather diffi-
hallenging.

 advantage of the large contrast in permittivity between
ater in the microwave domain, several microwave sen-
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 demonstrated for direct humidity sensing without the
midity-sensitive materials, such as U-shaped resonator

strate integrated cavity resonator [12,13], and a minia-
ouble-folded substrate integrated cavity resonator [14].
ed coaxial probes are another type of microwave device
een extensively used for the determination of electromag-
perties of materials in the past fifty years [15,16]. A bulky

 material in liquid or solid phase covering the open end
the fringing electric field, and the complex permittivity of
ial can be determined by analyzing the complex reflection
t of the coaxial line. However, open-ended coaxial probes
been demonstrated for direct gaseous vapor sensing due
w dielectric sensitivity.

tly, mimicking the optical fiber in-line interferometers,
sed a series of novel in-line coaxial cable-based devices,

 the coaxial cable Bragg grating [17], the coaxial cable
rot interferometer [18], and the coaxial cable Fabry-Perot

 [19–22], which have been successfully demonstrated
g applications in harsh environments (e.g., large strain

000 ◦C) [17,23]. Compared to fiber-optic sensor counter-
 coaxial cable-based sensors presented here are robust,

ithstand harsh environments, and exhibit a large dynamic
t with relatively low measurement resolution. Very
we reported a new microwave sensing scheme in an
configuration, i.e., the open-ended hollow coaxial cable

 (OE-HCCR) [24]. The OE-HCCR integrated the strength
 different arenas, the open-ended coaxial line technique
ferometry. Similar to the fiber-optic extrinsic Fabry-Perot

eter, the OE-HCCR was explored for displacement mea-
s, offering nanometric displacement resolution within an
al range of 0.1 mm.
s paper, we report a novel OE-HCCR-based portable
ter that is capable of directly measuring RH without
tance of any humidity-sensitive material. More impor-
e measurement sensitivity can be further enhanced by
e-step adjustments of the sensor structure. The underly-
cs that explains the function of the device was studied,
capability for sensitivity enhancement was numerically
ted and experimentally verified. We  demonstrated that

 resonance frequency and resonance depth of the OE-
ponded to variations of RH with high sensitivity. The
nse of the sensor was also demonstrated by monitoring
haled breaths.

r design and measurement principle

ematic and an example of the reflection spectrum of
sed OE-HCCR hygrometer are shown in Fig. 1. The OE-

s fabricated from a homemade hollow coaxial cable. The
he inner conductor (a) and outer conductor (b) (indi-
ig. 1(a)) were 3 and 7 mm,  respectively. The characteristic
ce of the hollow coaxial line was calculated to be 50.8
while, this design geometry also makes the homemade
able of being connected to a commercial coaxial cable
58/U) via a standard SMA  to N-type adapter. A cylindri-
ess-steel post was welded within the hollow coaxial line

ay from the open end. The radius of the metal post was
he metal post created a short circuit between the inner
r and the outer conductor, resulting in a high reflection

 %) of the electromagnetic wave (EM) traveling inside the
mbined with the open end, which provides a total reflec-
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te with thorough holes was fixed to the open end using a
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ness of the circular spacer. According to transmission line
e reflection spectrum of the resonator, in magnitude, can

ated by:

2
1 − 2�1�2e−˛2d0 cos(ı − �1 − �2) + � 2

2 e−˛4d0

 − 2�1�2e−˛2d0 cos(ı − �1 − �2) + � 2
1 � 2

2 e−˛4d0
(1)

and �2 are the phase reflection coefficients of the metal
the open end, respectively; �1 and �2 are the magnitudes
o  corresponding reflection coefficients; d0 is the phys-

th of the microwave cavity resonator, i.e., 75 mm;  and,
transmission loss of the cable. Fig. 1(b) is a plot of the
lly-calculated reflection coefficient in magnitude of the

 with air filled in the gap when d was  set to 1 mm.  Two  res-
equencies were observed within the 3 GHz-observation

th, including the fundamental and the 2nd harmonic res-
According to Eq. (1), the resonance frequencies of the
, where the phase-matching condition is satisfied, can be
d as [24]:

m� + �1 + �2)
4�d0

(2)

s the speed of light in vacuum; m is a non-negative integer
 the resonance order.
the working principle of the RH sensor is based on the
tion of �2 (as discussed later), we will focus on mathemat-
iving �2; �1 can be determined by a full-wave simulation,
NSYS HFSS [19]. Employing equivalent circuit modeling,

 calculated by:

an−1(ωZ0C) (3)

s the frequency of the EM signal; Z0 is the characteristic
ce of the cable (i.e., 50 �);  C is the capacitance at the open
s given by [25]:

2ε0

[ln(b/a)]2

∫ b

a

∫ b

a

∫ �

0

cos �′d	d	′d�′√
	2 + 	′2 − 2		′ cos �′

a)]2

∞∑
n=1

∫ b

a

∫ b

a

∫ �

0

cos �′d	d	′d�′√
	2 + 	′2 + 4n2d2 − 2		′ cos �′

}
(4)

and εr are the vacuum permittivity and relative permit-
the gaseous analyte in the gap defined by the open end

etal plate, respectively; k denotes a linear coefficient. As
served from Eq. (4), the capacitance (C) is determined by
istance (d) and relative permittivity (εr) of the gas filled in
for a given d, C is linearly proportional to εr . Therefore, a

 εr results in a variation of C, and the variation of C changes
 reflection coefficient of the open end (i.e.,�2), resulting
tion of the phase-matching condition and manifesting as

 the resonance frequency. Therefore, by monitoring the
e frequency shift, the variation of εr can be determined.
vantage of the fact that water has a large permittivity

icrowave domain (e.g., ∼80 at 20 ◦C), a small change in
 change in the relative amount of water vapor in the air)

 a relatively large variation of permittivity of the vapor.
ported that the dielectric change per unit change in RH
2/RH at 30 ◦C and 1 atm [13]. Consequently, the proposed

ve resonator has the potential to directly measure varia-
H without the assistance of a hygroscopic material. More

tly, the sensitivity can be further enhanced based on a
sing scheme, as discussed below.

r recent study [24], we  demonstrated that the fring-
citance increases exponentially as the gap distance (d)
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Fig. 1. The proposed OE-HCCR hygrometer. (a) Schematic of the hygrometer. The gap distance d separates the endface of the central conductor from the surface of the metal
plate.  (b) Calculated reflection spectrum of the hygrometer where the gap was filled with air and d was set to 1 mm.  The fundamental resonance frequency was determined
to  be 817 MHz.

Fig. 2. Numerical investigations of the sensitivity enhancement of the OE-HCCR. (a) The dependence of the linear coefficient on the gap distance d. The inset shows the
capacitance as a function of εr for five different values of d. (b) The relative change in resonance frequency (i.e., frequency shift/initial resonance frequency) as a function of
εr for five d ect to
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 for a given εr (e.g., 1) of the material in the gap. There-
 decreases, the linear coefficient k in Eq. (4) increases
ially, indicating that the fringing capacitance will have

 dependence on εr , thus higher sensitivity for measuring
s of εr . Numerical calculations of the OE-HCCR were con-

 verify our expectations, as presented in Fig. 2. Fig. 2(a)
e dependence of the linear coefficient k on the gap dis-
he inset presents the capacitance C as a function of εr for
rent values of d. As expected, the slope (i.e., k) increases
ially as d decreases. Fig. 2(b) includes the plots of numer-
culated relative changes in the fundamental resonance

 (i.e., 
f/fres, the shift in resonance frequency/initial res-
requency) as a function of �r for five different values

 absolute value of the slope, i.e., measurement sensitiv-
elative change in resonance frequency/variation of εr)

 as d decreased. The exponential relationship between
lated sensitivity and the thickness of the spacer d is

 Fig. 2(c). As can be seen, the absolute value of the
y to the relative permittivity of the material in the gap

 exponentially as d decreased from 5 mm to 0.01 mm.
, the sensitivity for measurements of humidity by the

 hygrometer can be enhanced by simple one-step adjust-
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imental results and discussion

sponse of a prototype OE-HCCR hygrometer under con-
onditions was investigated by placing the sensor in
nmental chamber (electro-tech systems, MODEL 5506),
e RH could be manually adjusted and monitored by a
ial hygrometer in real-time. A portable VNA (Anritsu
B) was employed as the interrogator, which was  config-

 sampling points of 5000, an intermediate frequency (IF)
th of 1 kHz, and an observation bandwidth of 20 MHz. In
iment, the RH inside the chamber was  increased from 40

 in steps of 10 %, and the corresponding responses of the
ere recorded at each setting of the RH. Fig. 3 includes the

 reflection spectra of the prototype hygrometer for dif-
ttings of the RH when d (the thickness of the spacer) was
0.5, 0.3, and 0.1 mm.  The reflection spectrum shifted to
r-frequency region as d decreased from 1 mm to 0.1 mm,
tched well with our previous study [24]. For each setting

reflection spectrum shifted to the lower frequency as the
sed from 40 % to 80 %, consistent with increases in εr due
ter component of the humidified air. More importantly,
itude of the shift of the reflection spectrum increased as

ed, indicating that the sensitivity to variations in the RH

 as d decreased, as expected. The fundamental resonance
y obtained for the prototype device when d was set to
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Fig. 3. Measured reflection spectra centered at the fundamental resonance frequency for different 

spacer) was  set to (a) 1 mm,  (b) 0.5, (c) 0.3 mm,  and (d) 0.1 mm.

Fig. 4. Shift in the fundamental resonance frequency as a function of the RH for four
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s approximately 812 MHz, which matched well with the
l prediction of approximately 817 MHz.
plots the shift in resonance frequency as a function of
r four different settings of d. When d was set to 1 mm,

tem
A

quen
were
0.3 m
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the 

of ∼
ance frequency first increased by approximately 10 kHz
 increased from 40 % to 60 %, and then decreased by about
as the RH increased from 60 % to 80 %. We  believe that

onotonic phenomenon is due to the low sensitivity and

indicatin
coupling
of the eff
settings of the RH in the range 40 %–80 % when d (the thickness of the

n under this setting of d (i.e., 1 mm).  The environmental
 employed in the experiment has an RH control uncer-

 ±2.5 %, which might contribute to the non-monotonic
 of the sensor. The errors introduced in the determination
onance frequency from the recorded spectrum might also
e in the recorded non-monotonic response. Therefore, sen-
hancement for the sensor is necessary. As can be observed
s d decreased, the magnitude of the shift in resonance fre-
creased, and monotonic relationships were obtained for

settings of d (i.e., 0.5, 0.3, and 0.1 mm). The inset in Fig. 4
the dependence of the average frequency sensitivity (fre-
hift/variation of RH) on the gap distance d. A more than
ensitivity enhancement was realized as d decreased from
0.1 mm.  Although a nonlinear relationship was  revealed,
type device could be employed for RH sensing after proper
ns. Since no hygroscopic material was used in the sensor
ion, the long-term stability and repeatability of the pro-
grometer are ensured. In addition, the all-stainless-steel

 makes the sensor capable of measuring RH at elevated
ures.

 from monitoring RH-induced shifts in resonance fre-
hanges in the resonance depth of the reflection spectra

 investigated. According to Fig. 3, as d was set to 1, 0.5, and
he resonator was over coupled, and the resonance depth

 as the RH increased. As d decreased down to 0.1 mm,
ator became critically coupled with a resonance depth
g that the resonator evolved from critical coupling to loose
 [24]. The reason for this evolution is that the magnitude
ective reflection coefficient of the open end decreased as
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creased and became smaller than that of the metal post.
d analysis of the coupling states of the resonator can be
ur previous work [24]. Fig. 5 plots the absolute change in

ance depth of the microwave resonator as a function of the
r different settings of d, according to the reflection spectra

 Fig. 3. Monotonic relationships were obtained for all four
settings of d. Interestingly, the absolute change in reso-
th also increased as d decreased. The inset in Fig. 5 shows

ge resonance depth sensitivity (absolute change in reso-
pth/variation of RH) as a function of the gap distance d. A
n fiftyfold improvement was observed as d decreased from
0.1 mm.  Therefore, the evolution of the resonance depth

 be employed as a parameter for monitoring variations in

so expect a fast response from the proposed RH sensor
time sensing) since no humidity-sensitive material was
e sensor design. The response time was  investigated by
g the hygrometer for monitoring human exhaled breaths.
sents the investigation results. The experimental setup is
d in Fig. 6(a), where a fan was placed in front of the sensor
e the circulation in the sensing chamber of the hygrome-

Fig. 5. Absolute change in the resonance depth of the fundamental resonance as
a  function of the RH for four different settings of d (1, 0.5, 0.3, and 0.1 mm). The
inset shows the average resonance depth sensitivity (absolute change in resonance
depth/variation in RH) of the hygrometer as a function of the gap distance d.

stigation of the response and recovery times of the OE-HCCR hygrometer. (a) A schematic diagram of the experimental setup used to demonstrate the response
y times of the OE-HCCR hygrometer. (b) Measured responses of the sensor to two successive human breaths. The inset presents an enlarged view of the response
red at ∼2.1 s showing the fast response time of the sensor. (c) The measured responses of the sensor as the volunteer exhaled into the sensor probe head at seven
stances away from the sensor head, from 40 cm to 10 cm in steps of 5 cm.
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ap distance between the open end of the coaxial cable and
l plate was set to 0.3 mm,  where the OE-HCCR resonated

Hz  (see Fig. 3(c)). To obtain a rapid update rate from the
tor (i.e., the VNA), a CW-frequency mode was  used and the

 frequency was set to 747 MHz. The magnitude reflection
t at the operating frequency was monitored in real-time.
hows the measured response of the hygrometer when a

 exhaled into the sensor head twice. The inset presents
ed view showing the response time of the sensor. As the

 from exhaled breaths reached the chamber of the sensor,
tion magnitude decreased; as the humid air flowed out
amber (due to the airflow driven by the fan), the reflec-
nitude recovered. The response time was determined to
ms,  while the recovery time was found to be ∼7 s. The

 long recovery time can be explained by the process of
ion of the water molecules in the chamber of the sensor.
t that an improved circulation system can be designed to

ecrease the recovery time of the sensor, for example, by
ng an outlet port on the OE-HCCR, which can be driven
um. The response and recovery times of the OE-HCCR

ter are ultimately limited by the flow rate of the analyte
t. The unique feature of the proposed OE-HCCR hygrom-
ch does not use a humidity-sensitive material, makes it
y suitable for monitoring variations of RH of flowing gas

e. In fact, the development of a human breath analyzer
an improved OE-HCCR is ongoing in our lab. Fig. 6(c) shows
nse of the sensor when a volunteer exhaled into the sen-
erent distances away from the sensor probe head. As the

 kept approaching the sensor head, larger changes in the
e were recorded because more water molecules entered
hamber.

usion

mmarize, we proposed, fabricated, and tested a novel
OE-HCCR hygrometer for highly sensitive RH measure-
ithout the assistance of a hygroscopic material. A metal

led open-ended coaxial resonator was engineered from
ade hollow coaxial line. A gap was introduced at the
te-backed open end using a spacer and was used as
ber for the gaseous analyte (e.g., moist air). Numerical
ns demonstrated that the resonance frequency of the

 was highly sensitive to changes in permittivity of the
hat filled in the gap. Importantly, the dielectric sensitiv-

 OE-HCCR could be enhanced by only decreasing the gap
 Taking advantage of the large permittivity of water vapor
crowave frequency domain, the OE-HCCR sensor device
loyed for direct measurements of RH. The experimental
ations show that both the resonance frequency and res-
epth of the developed resonator had a great dependence
ions of the RH. Also, it was experimentally demonstrated
sensitivity of the device for RH sensing could be further

 by adjusting the gap distance between the open end
etal plate. In addition to humidity measurements, the

ated OE-HCCR sensor device with sensitivity enhance-
ld be developed further for detection of trace chemical
d employed for biochemical sensing applications when

 with functional films (e.g., an electronic nose) [26].
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