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Nano-FluidicMillimeter-Wave
Lab-on-a-Waveguide Sensor
for Liquid-Mixture Characterization
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Prayoot Akkaraekthalin, Member, IEEE, lan D. Robertson, Fellow, IBR& Nutapong Somijit, Member, IEEE

Abstract— This paper reports on a miniaturized lab-on-a-
waveguide liquid-mixture sensor, achieving highly-accurate
nanoliter liquid sample characterization, for biomedical
applications. The nanofluidic-integrated millimeter-wave sensor
design is based on near-field transmission-line technique
implemented by a single loop slot antenna operating at 91 GHz,
fabricated into the lid of a photolaser-based subtractive
manufactured WR-10 rectangular waveguide. The nanofluidic
subsystem, which is mounted on top of the antenna aperture, is
fabricated by using multiple Polytetrafluoroethylene (PTFE)
layers to encapsulate and isolate the liquid sample during the
experiment, hence, offering various preferable features eg.
noninvasive and contactless measurements. M oreover, the sensor
isreusable by replacing only the nanofluidic subsystem, resulting
a cost-effective sensor. The novel sensor can measure a liquid
volume of as low as 210 nanoliters, while still achieving a
discrimination accuracy of better than 2% of ethanol in the
ethanol/deionized-water liquid mixture with a standard deviation
of lower than 0.008 from at least three repeated measurements,
resulting in the highest accurate ethanol and DIl-water
discriminator reported to date. The nanofluidic-integrated
millimeter-wave sensor also offers other advantages such as ease
of design, low fabrication and material cost, and no life-cycle
limitation of the millimeter-wave subsystem.

Index Terms—biomedical liquid mixtures, nanofluidic,
millimeter-wave sensor, transmission line method, W-band.

|I. INTRODUCTION

ECENTLY, microwave and
measurements of liquid mixture concentratidrave

become attractive techniques for numerous biologica(g
industrial and biomedical applications [1]-[4] due to their higfg

sensitivity, robustness and efficiencyas well as low

fabrication and measurement costs [5]. In addition to theﬁ
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millimeter-wave

advantages, they also exhibit short assay,t@asy integration
into an electronic system, and no additional chemical material
requirements, making them one of the most preferable
techniques for noninvasive and contactless biosensing
technologies [6]-[8] For examples, high sensitivity and
accurate identification of biological and chemical liquid
samples using microwave dielectric and metallic cylindrical
resonators have been extensivielestigated9]-[11].

There are many methods in using microwave and
millimeter-wave sensors to discriminate liquid ingredients
from liquid mixtures, e.g. transmission-line and resonance
techniques 12)-[13]. The selection between transmission-line
and resonance techniques predominantly depends on the
material to be measured, the required measurement accuracy
and the operational frequendgenerally, resonance methods
were used for solids characterization [14] becaubasically
determines the dielectric property from resonance frequency
and quality factor. Recently, they can also be used for liquid
material detection and quantification, offering a good
measurement accuracy [1H8]]. Transmission-line methods,
on the other hand, have been used to characterize both liquids
and solids and offer broadband characterization compared to
the resonance techniques [18fansmission-line methodse
widely usedin liquid characterization than resonance methods
[19]-[21], since the liquid solutions usually exhibit very high
material losses, which significantly attenuate the peak
amplitude at the resonant frequency of the resonance methods
and thereby reduce the measurement accuracy [8], [12].

The operational frequencies of liquid-mixture sensors are
nes of the crucial parameters to determine the sensitivity of
he sensors. Generally, higher measurement and
discrimination accuracy of a liquid-mixture sensor increases at
?gher operational frequenciet], [19]. In microwave and
millimeter-wave bands, many research studies have been
published on the characterization of ethanol content in liquid
mixtures [L7]-[19], [22]-[23] reporting the best current
achievements of discrimination sensitivities of approximately
5% ethanol content in liquid mixtures.
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This paper presents a miniaturized taba-waveguide |fop wall of the wavesuide

liquid-mixture sensor, requiring only nanoliter liquid sample Output
for noninvasive and contactless liquid-mixture Input Input signal = Output signal signal
characterization and discrimination. The sensor design #sznal

based on near-field transmission-line techniques implementégtiom wall of the waveguide

by a tailor-made WR-10 rectangular waveguide integrated @

with a single loop slot antenn@he nominal frequency of 91 4444 Radiated wave

GHz with an operational bandwidth of 0.5 GHz is chosen aSop wall of the waveguide | | ¢— Loop slot antenna
the compromised frequency band fan accurate sensing

efficiency with a small sensor size, while still offering IHIQE\J_‘ Input signal = Output signal AV
superior figuresf-merits, ease of design and low fabrication signal _ Output signal
cost. The nanofluidic subsystem is fabricated by using PTFEeHem wall of thewaveguide ®)

to encapsulate and isolate the liquid mixture sample during
measurement. The sensor can achieve the discrimination |
accuracy of ethanol content in the ethanol/deionized water | S | Nanofluidic subsystem
mixture of approximately 2%, while requiring only 210 °PWalofthewaveguide A
nanoliters of the liquid sample. At least three repeated Incident e/ Reflected wave
measurements for each liquid mixture sample were carried “;] Input signal >= Qutput signal
and the standard deviation of those measurements iS OR¥iom wall of the waveguide

0.008. To our best knowledge, the proposed nanofluidic- (c)

|n'teg.rat'ed_ millimeter-wave sensor achpvgs the bestLiquid sample (210 n{)\ | Radiated wave
discrimination accuracy of Diater/ethanol liquid mixture '

| a Radiated wave

Output signal

| | Nanofluidic subsystem

ever reported in any literatures to date. Top wall of the waveguide
Incident wave / Reflected wave
Il.  LIQUID MIXTURE CHARACTERIZATION Tnput Input signal = Qutpit signal
WORKING PRINCIPLE mg:lal (depending on liquid properties) Output Sjgj]al

The liquid-mixture quantization sensor in this work is base§otem wal of the waveguide

. .. . . . d

on the near-field transmission-line technique. The baslzc_ L The EM t(_) () inside standarboROWR-10

. . . . . . ig. 1. e wave propagation (a) inside standariolwoWR-
working p.r|nC|pIe as Sh(?Wﬂ In 'F.Ig. 1 isto det.eCt any tlnyWaveguide, (b) After integrating a single loop slotemna into the top wi
changes in the transmitted millimeter-wave signal betweeithe waveguide, (c) After mounting the nanofluigitosystem on top of t
input and output port of &VR-10 75-110-GHz rectangu|ar loop slot antenna and (d) After filling liquid sampletd the nanofluidi
waveguide, caused by an electromagnetic (EM) interactigia""e"
between the radiated near-field from a loop slot antenna _
fabricated into the top wall of the waveguide and the liquii"® '00p slot antenna and, therefore, méf power is
material in the nanofiuidic subsystem located on top of tEansmitted to the output port. In Fig.1 (d), the liquid sample is
antenna. encapsulated inside the nanofluidic channel without any air

Fig.1 (a) depicts the EM-wave propagation from the ianHubblg. T_he_ EM wave propag_ation and_ interz_action, in this
to output port inside the hollow of the WR-10 waveguidecase' is similar to Fig.1 (c) but its transmitted signal power to

By embedding the single loop slot antenna into the top wall §}€ Output port is higher, depending on the material properties

the waveguide, as shown in Fig. 1(ijost of EM power of the liquid, e.g. complex dielectric constant and

radiates from the antenna into the open space while only a tfgnductivity. As most liquid samples are a high loss material,
fherefore, a great impedance mismatch between the antenna

amount of the EM power reaches the output .por i :
and the free space is introduced and almost all of the radiated

The magnitude of the transmission coefficjel®4|, is thus : ) >
very small, as compared to the waveguide without the antenf/ POWer is reflected back into the waveguide and propagates

due to the much less transmitted EM power from the input [Bward the output port. Hence, the magnitude and phase of the

the output port. Fig. 1 (c) shows the EM interaction of thEansmission coefficient at the output port can be used to
radiated EM wave when a nanofluidic subsystem is mount&faracterize liquid content in the liquid mixture becaeaeh
on top of the loop slot antenna with the nanofiuidic channdfiuid content possess different characteristic impedance and,

filed up with air. It can be also called an empty channel 5pus_ _mtroduces different reflection and transmission
calibration channelThe EM interaction of the millimeter- CO€fficients between the loop slot antenna and free space
wave system integrated with the nanofluidic can be explainéfich affect the magnitude and phase of the transmission
asfor Fig. 1 (b) but less EM power radiates from the slot loofC€fficient at the output port

antenna into the free space and more EM power propagates

towards the output port. In this case, the nanofluidic IIl. SENSORDESIGN AND FABRICATION

subsystem implemented by using PTFE as a low-loss The liquid-mixture sensor is composed afmillimeter-
material, creates an impedance mismatch between the antewase and a nanofluidic subsystem. The millimeter-wave
and the free sge resulting in less radiateBIM power from subsystem consists in two parts: a tailor-made YWRiollow
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Nanofluidic layer |

Top part of
the WR-10
waveguide

z

Flange
4 holder

Fig. 2. 3D drawing of the labra-waveguide liquid mixture sen:
composed of a rectangular waveguide with a single Eopantenna ar
nanofluidic subsystem on top.

TABLE |
SENSORDESIGN GEOMETRY
Parameter Description Length (mm)
a Width of the waveguide aperture 2.54
b Height of the waveguide aperture 1.27
D, Diameter of waveguide flange 4
holder
D, Diameter of the screw holes of the 2
nanofluidic sub system
f Flange holder width 7
g Gap between loop slot antenna 0.17
hy Copper block height (bottom part ¢ 14
the WR-10 waveguide structure)
h, Waveguide lid thickness (top part 0.5
the WR-10 waveguide)
hs Flange holder height 12
hy Isolation layer thickness 0.1
hs Nano-fluidic layer thickness 0.3
| Liquid channel length 2
lw Liquid channel width 0.35
R, Outer radius of loop slot antenna 0.64
R, Inner radius of loop slot antenna 0.43
w Width of the PTFE layer 14
(nanofluidic subsystem)
X Copper block width of the WRO 26
waveguide
y Copper bock length of the WR-10 30

waveguide

A Millimeter-wave subsystem design

By using the waveguide splitting technique, the waveguide
structure is split in the H-plane, which creates two parts of the
WR-10 rectangular waveguide. The bottom part is the
rectangular waveguide structure without top metallic wall,
resulting in an open rectangular-cross-section slot along the
waveguide structure. The top part is the removable metallic lid
used as a top wall of the slotted waveguide structure, forming
a complete WR-10 rectangular waveguide. By reusing the
bottom part of the waveguide structure and only changing the
top waveguidelid, the life cycle of the tailor-made WE3
waveguide is increased. Furthermore, it is simple and
cost-effective to machine any desired slotted pattein thre
top lid to accommodate various different sensor structures
with different measurement purposes. The key requirement for
the H-plane split waveguide in this work is to ensure that the
top and bottom parts are assembled properly without any gap
along the boundary to sustairtontinuous current distribution
on the waveguide walls without any unintended current and
EM-field disruption. The bottom structure of the WIR-
waveguide is made of a copper block with the waveguide
cross-section aperture of 2.54 minl.27 mm, allowing the
TE;, mode to propagate between 75 GHz and 110 GHz in
a single-mode pattern.

A single loop slot antenna is embeddetb the waveguide
lid, which is made of a copper sheet with a thickness of 0.5
mm. The loop slot is located at the center of the copper sheet
to maximize the surface current flow around the slot antenna
structure, resulting highe&M radiation of the loop antenna.
The resonance frequency of this slot is defined as [24]

c

“Z(R+R)-29 @)

0

where, R, R; and g are the outer radius, inner radius, and gap
of loop slot antenna, respectively. For the sensor design in this
paper, the resonance frequency is calculated using the
parameters listed in Table. IFrom CST Studio Suite
simulations, smaller slot width achieves better impedance
matching at the designed resonance frequency of 91 GHz,
resulting in increased dynamic range of the sensor.
On the other hand, the wider slot width introduces worse
impedance matching and, thus, offers worse dynamic range.
In this paper, the slot width of 0.19 mm is selected as the best
compromise between the slot width and the sensitivity and
accuracy of the sensor due to fabrication limitations of the
manufacturing facility in our laboratory.

rectangular metallic waveguide structure operating in tH& Nanofluidic subsystem design

75110 GHz W-band and an integrated single loop slot The nanofluidic subsystem consists of an isolation Jayer
antenna embedded into the top-side wall of the waveguidghich is mounted on top of the loop slot antenna to physically
The nanofluidic subsystem is made of two PTFE layers {olate the fluidic subsystem from the millimeter-wave ,one

isolate and encapsulate the liquid sample under test duria§d a nanofluidic layer. The isolation layer is made of PTFE
liquid-mixture characterization. The geometry of the sens@heet with a thickness of 0.1 mmy (h Fig. 2), preventing any

and the values of all necessary design parameters are showiifid leakage from the nanofluidic channel into the loop slot
Fig. 2 and Table I, respectively.

antenna. On top of the isolation layer, a 0.3-mm PTFE
nanofluidic layer (hin Fig. 2) with a micro-scale rectangular-
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and length of 1.27 mm and 2.54 mm, respectivEhe etched
= “._Nanofluidic slotinto the copper block serves as the waveguide hollow used
4 channel to transmit EM power from the input to output pddn both
f—— | sides of the copper block, three guide holes are fabricated for
h A the alignmenbf two W-band extender flanges of the network
analyzer with the tailor-mad@&/R-10 rectangular waveguide.
A 0.5-mmrthick copper sheet is utilized as the waveguide lid
to cover the top part of the waveguide structure, completing
the WR-10 waveguide. The LPKF Photo Laser U3 is used to
fabricate the loop slot antenna by etching through to the
Teelatiini 1 waveguide lid. Then, eight screw holes are fabricated for
layer "-, : aligning the waveguide structure with the lid embedded with
p— an = Top-tid of = loop slot antenna. Four screw holga (DFig. 2 located close
< e wiiepide the waveguide ~ 2-mm-diameter holes to the four corners of the waveguide lid are used to mount the
@ flange holders. Likewise, four additional screw holes {iD
Fig. 2 are fabricated and used to fix the position of the
Nanofluidic channel nanofluidic subsystem during measurement. Two copper
"""" flange holders, which are made of two smaller copper bjocks
are mounted on both edges of th¢R-10 waveguide to
increase the mechanical and electrical stabilities of the
physical interfaces between the waveguide sensor and the
W-band extenders from the network analyzer.

Flange holders Loop slot
) ) antenna
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; \
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D. Nanofluidic subsystem fabrication

The nanofludic subsystem composed of an isolation layer
and a nanofluidic layer is fabricated bsing LPKF ProtoMat
S100. The isolation layeis made of an unpatterned PHF
sheet with a thickness, length and width of 0.1 mm, 26 mm
and 14 mmrespectively. The isolation layer is used to prevent

v fluidic /\ 9 ~any liquid leakage into the loop slot antenna; thus, protecting
~cm ; subsystem > " the milimeter-wave subsystem from any moisture damage.
(b) Nea the four corners of the isolation layer, four screw holes

Fig. 3 (a) Fabricated sensor prototype before integrawhich consists «  with a diameter of 2nm are etched through the layer and
the bottomstructure of the waveguide, an integrated single klopantenn  gre used to fix the position of the nanofluidic subsystem
embedded into the top lid of the waveguide, twodtaholders, the isolati : : .

layer and the nanofluidic layer. (b) Fabricated sengmtotype afte durlng .”."easureme’?”he nanofludic Iayer co_ntalnlng a
integration comprising the millimeter-wave subsystem andofaidic ~ nanofluidic Chan.nEI_ is made Of a PTFE sheet W'?h a th'ckness
subsystem, which is made from Polytetrafluoroethylene (PiEgrial an  of 0.3mm. The liquid channel is etched through in the middle
the liquid channel (with dimensions 0.352 mnf) at the center of t#  of the nanofluidic layer in which the liquid sample is to be
dielectric layer. encapsulatedSimilar to the isolation layer, four screw holes
gwith a diameter of 2 mm are etched through near the corners
of the layer serving the same purpose as for the isolation layer
Subsequently, the nanofluidic layer is glued to the top of the
riﬁolation layer using the nonconductive adhesive spray.

slot liquid channeis mounted. The liquid channel is locate
above the center of the loop slot antenna to maximiz&he
interaction between théeM signal and fluidic material
The nanofluidic channel has dimensions of 2 mm (lengt
x 0.35 mm (width)x 0.3 mm (height), which minimizes the E. Millimeter-wave and nanofiuidic subsystems integration.
requirement of the liquid volume to only 210 nanoliters. The Fig.3 (a) and (b) show the fabricated sensor prototype
By employing the isolation layer, the nanofluidic subsystemefore and after integratiprrespectively. To integrate the
can be simply replaced and other liquid mixture materials cafillimeter-wave subsystem, the top-lid of the waveguide is
be measured, while still keeping the millimeter-wavenountedon top of the fabricated bottom waveguide structure
subsystem reusable, resulting in a very cost-effective seng@id is well aligned by using eight alignment screw holes,
system. which are fabricated into tliep and bottom waveguide
C. Millimeter-wave subsystem fabrication structures. Then, both waveguide flange holders are placeq on
. . top of the both edges of the waveguide lid and all waveguide
The millimeter-wave subsystem composing of the MR- tructures are mounted together with M4 screws at the four

waveguide structure without the top wall, the waveguide I|§Orners to complete the WR-10 wavegui@n the top of

integrated with the loop slot antenna, and the Waveguiweave uide lid of the milimeter-wave subsystemthe
flange holders, are fabricated by using subtractive g Y

manufacturing LPKF Photo Laser U3. As shown in Fig. 3 (a ’anofluidic subsystem is mounted by using fours M2 screws

to construct the WR.O-waveguide bottom structure, a copper© physically attach both subsystems together and eliminate
block is laser etched to create a rectangular slot with slot wictY &ir 9ap along the boundary between them.
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I Waveguide
transition from
‘W-band Extender |s

port2

Waveguide flange
holder

Waveguide
transition from
‘W-band Extender

Nanofluidic
0 1 2 subsystem (PTFE)
Liquid channel

) cm

Fig. 4. Fabricated sensor after putting the namditusubsystem on top
the microwave subsystem and connecting the sensor W-thend extend:
and that to the VNA.

-3.0 . ; . ; ; ; . T .
S — . 0% Ethanol (Pure DI Water)
= 1
31 4 Tf‘ig 6 ! 10% Ethanol
- % e ——— a ____‘I M
20% Ethanol
B 30% Ethanol
40% Ethanol
., 50% Ethanol
5 334 e 4, PUASHICT
= e Fig. 7 60% Ethanol
—_ *b—/“‘,_t—
~ -3.4 4 70% Ethanol ]
w
@ 80% Ethanol
HM M
-3.5 b 90% Ethanol
4_—0—/—‘,
-3.6 1 Fig. 8 100% Ethanol
_q\*\*\—o——o‘k
-3.7 T T T T T T T T T
90.7 90.8 90.9 91.0 91.1 91.2
Frequency (GHz)
Fig. 5. Measured transmission coefficient;||$h dB with error bar fc

ethanol concentration in the range of 0%, 10%, 20%%,3M%, 50%, 609
70%, 80%, 90%, and 100% in DI water. In the top, middied bottor
dashed boxes are the zoomed areas shown in largeirs€éde 6, 7, and !
respectively.

-3.06 J\ T T T T T T T T T
._I\ ) /K 4
-3.07 + \} 0% Etllﬂi’lﬂ] {Pure DI Water) A 3 b
- i S
\\—_,__Jf_/ T t
3084 o
=

- 1 S
=] 3 & ¥ 204 Etl 1 . vy
T -3.09 - e TIang S
— ™ T 0, P —]
A e S

340 -_,-‘ Y g -0 6“u Ethancl P -

: SRR ¥
i 5 NE T S"- Fthanol ¥
3.1 " i el O ' |
N o _10% Ethanol_-~
- — R '17 =
312 : . . , ; : . , .
90.7 90.8 90.9 91.0 91.1 91.2

Frequency (GHz)

Fig. 6. Measured transmission coefficient|Sn dB with error bar fc
ethanol concentration in the range of 0%, 2%, 4%, &%, and 10% in C
water.

326 : ; ’ , ’ r ; .
iy
i 4
-3.28 L N ~
x - B
=3
-3.30 4 - A .
v
- — & = e = i"".-'u 'l"lh“no
& = = e SO o
= 332 g sx‘«f‘“‘m‘
- e -
e . B 'a“m(\““’“o
T 334 e SCC S o .
%
= : hu’n\‘\
5% B
BB, T nol |
X % - 5 (Qu“y\\-\g
e Y SR B e
-3.38 . T ‘ . " 7 ‘ T
90.7 90.8 90.9 91.0 91.1 91.2

Frequency (GHz)

Fig. 7. Measured transmission coefficiend;||$h dB with error bar fc
ethanol concentration in the range of 50%, 52%, 386%, 58%, and 60
in DI water.

352 . . . . . . ‘ . .
ssada. 90% “E‘mm\\"
| e R S A AT
a5, © ab e B e S SRR qan/.,E\,“}")fl\_
” il 9A%=
. A e ;}h“ I“E‘“?‘“Q\
~ -3.58 - e o o e o]
5 | & = —-— = q%“’ E‘\ an
Q; -3.60 —— R .
3621 o
= g\‘c\?‘“
. \Eg/‘
-3.64 T . -
3.66 ; | . " g ; ; , ;
90.7 90.8 90.9 91.0 91.1 91.2

Frequency (GHz)
Fig. 8. Measured transmission coefficient;||$ dB with error bar fc
ethanol concentration in the range of 90%, 92%, 98%,98%, and 100
in DI water.

IV. MEASUREMENTRESULTS

A Measurement Setup and Sensor Calibration

To accurately fill the nanofluidic channel with the liquid-
mixture, the liquid solution is carefully dropped into the liquid
channel by using micropipette. Moreover, fluidic channel is
completely filled without any air bubble during the
measurement. The temperature of the liquid mixture sample is
well  maintained at room temperature of 25°C.

The S-parameter measurement is completed by using the
Agilent PNA-X N5242A Network Analyzer with two
75110GHz W-band millimeter-wave VNA Extenders
mounted at both ports, shown in Fig. 4. Two-port TRL
calibration is performed using standard waveguide calibration
kit prior to the measurement.

Two unmixed liquid samples, which are the 100% deionized
(DI) water and 100% ethanol, are separately characterized and
qguantified. The measured transmission coefficients, f6r
each unmixed liquid solution are used as the reference
parametersFor the frequency band from 90.7 to 91.2 GHz,
the measured transmission coefficient]|8f the unmixed DI
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TABLE I
KEY FACTOR COMPARISON OFMEASUREMENT OFTHIS WORK AND OTHER WORKS
Key Factor [18] [22] [23] [17] [19] Thiswork
Sensitivity of liquid-mixtures 25% 20% 10% 5% 5% 2%
Liquid volume N/A ~500 nl* ~69ul* 0.3 nl* 0.9nl 210 nl
Frequency for DI water
measurement (GHz) 1-5 1.57 0.15 17.90 0.04-40 90.7-91.2
- . Transmissiometect e
Characterization method Transmission Resonance Resonance Resonance capacitance change Transmission
Reusability No Yes No Yes Yes Yes
. L . Planar with Planar with Waveguide
Sensor structure Coplan_ar Microstrip W!th I?Iana_r W'th quarter-wavelength- Interdigitated with loop slot
waveguide metamaterial interdigital .
type resonator capacitor antenna
Design complexity Low Moderate Complicated Complicated Moderate Low
Fabrication technique Milling Milling machine & Milling Cleanroom Cleanroom Photolaser
machine Chemical process machine machine
Fabrication complexity Low Moderate Moderate Complicated Complicated Moderate
Costs Raw material Low High High High High Low
Fabrication Low Medium Medium High High Medium
* Calculated from liquid channel dimensions providethie paper
, 100 T T T concentrations of the ethanol and DI water mixture.
g & | The concentrations of ethanol content in the DI water varied
= from 0 — 100% which 0% means the liquid solution is
= 80+ o . composed of only DI water and 100% means only ethanol is in
-'E:: st | the liquid mixture. Fig. 5 shows the measured transmission
g coefficient || of the ethanol concentration, which was varied
= 60 & T in the step of 10% starting from 0 i®0% Fig. 6, 7 and 8
E __;Jr ] depict_the measured magnitudeg of $ersus frequencies _
s with higher measurement resolutions, in three representative
S 404 - 7 groups comprising 0-10%, 50-60% and 91-100% of ethanol
s & content in liquid-mixture, respectively. In the first group, the
En e ethanol content varies in the range of 0%, 2%, 4%, 6%, 8%
E L =~ 1 and 10%. The measurement results clearly show an accurate
g | | e Measured plot || discrimination of better than 2% ethanol in DI water. At least
R .-: ----- Fitted plot three measurements for each liquid-mixture sample were
0 ' T ¥ T . T : T T T T i indi
o N3 "3 R 4 os o repeated and agreeable results are obtained, as indicated by the

error bars. The average change in transmission coefficient is
|AS, | (dB) approximately 0.005 dB for each 2% step of ethanol in
Fig. 9. Liquid-mixture quantification curve in thelative transmissic DI Water liquid-mixture, as Sh(_)W”. in Fig. 6. In the second
coefficient changesAfy| in dB as a function of Ethanol in DI we  group, the ethanol content varies in the range of 50%, 52%,
concentration and regression value of 0.99679 fromditiot. 54%, 56%, 58% and 60%. The magnitmxlehe measured,S
approximately changes by 0.01 dB per 2% step of ethanol in
liquid mixture solution, as shown in Fig 7. For the third group,
o . the ethanol content varies in the range of 90%, 92%, 94%,
gg?vi’gﬁsfﬁe CL?r?rTiisgt é‘? v(\)/;tgfsgi ddtBheW?LSOOl;bsgtr;]/Zgo 6%, 98% and 100%. The average transmission coefficient
. o - 0 changes by 0.02 dB per 2% step of ethanol concentration in
The relative transmission coefficient measuremgxi;|

between two liquid-mixture samoles is sufficient to perfor DI water, as shown in Fig. 8. For all the measured results, the
q P b aximum, minimum, and average of the standard deviation of

:!qu!g:m!x:ure dlscirlmlnatlons between each differen easured S are 0.00897, 0.00654, and 0.00776, respectively.

lquid-mixture sampre. Table Il extebsively shows the figuod-merit coparisions

B. DI-Water/Ethanol Liquid Mixture Measurement of the laben-a-wavguide liquid-mixture sensor with other
All liquid-mixture samples are carefully prepared in th@ublished works, [17]-{19] and [22]-[23]. The liquid-mixture

laboratory environment by using the micropipette for hig€nsor in this work is the most accurate ethanol/DI water
precision level of ethanol concentration in eachjquid-mixture discriminator and offers many advantages over

Dl-water/Ethanol liquid-mixture sample. The verification ofn€ statesf-the-art liquid sensors published to date.
the liquid-mixture sensor was demonstrated using different

water is -3.075 dB. For thd00% ethanol, the measured
transmission coefficient J& is -3.64 dB. The difference in
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C. Liquid Mixture Quantification Curve

Fig. 9 shows the calibrated curve for 0% to %06thanol
volume in the DI water liquid mixture. The regression value
(R? of 0.9%77 is generated from the polynomial fitted plot
calculated by Origin. The mathematically curve-fited modeti]
for the ethanol/DI water mixturds achievable in two
calculation steps The first calculation step involves the o
measurement results of the unmixed DI water as a reference
point. In the second step, the varied ethanol content fromi
2 to 100% in the DI water are measured. The mathematical
equation, therefore, gives the ethanol percentage in the |iC]ItIi?
mixture in terms of the relative transmission coefficia®.

The liquid-mixture quantification equation of different ethanol

contents in the DI water using this sensor is given as [5]
E,=-97.271 1S, V' + 235.1714S, )+ 0.064 (2) (]
|A521 |= | Sl(measureq - %1( DI wate) | (3) [7]

where AS;| is the magnitude of the relative transmissior[18
coefficient, which is the difference between the measured
transmission coefficient of the liquid mixture;{@easurey) and

the measured reference transmission coefficient of tfhd
unmixed DI water (8o watery Ep iS the percentage of ethanol

contentin the ethanol/DI water liquid mixture. [10]

D. Environmental Effects

In this study, the temperature of the liquid-mixture sample
is well controlled at theoom temperature of 25°C. (11

At a higher temperature, the value of dielectric loss of the
DI water decreases 25|, [26], resulting in lower [12]
discrimination sensitivity of the liquid-mixture sensor due to
slight changes of the transmission coefficient||$vels. [13]
However, the liquid-mixture sens@ not required to operate
at over 78C [27] aslarge quantity of ethanol will evaporate at
this boiling point, causing thinaccuracy of the ethanol [14]
content in the liquid mixture.

V. CONCLUSION

The miniaturizeddb-on-a waveguide liquid-mixture sensor[l5]
has shown many merits. High discrimination accuracy can be
with very small liquid-mixture volume of 210 nanoliters [16]
In this work, a single loop slot antenna is adequate to provide
the EM interaction between the radiated near field and thez
liquid samples. Moreover, the liquid-mixture sensoable to
discriminate ethanol contendf approximately2% in the
ethanol/DI water liquid mixture with high repeatability at[1
91 GHz. By using cost-effective fabrication processes and8
materials, a low-cost integrated sensor with potential
biological and medical applications was developed (19]
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