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Abstract

Dielectric spectroscopy (DS) is an important technique for scientific and technological
investigations in various areas. DS sensitivity and operating frequency ranges are critical for many
applications, including lab-on-chip development where sample volumes are small with a wide
range of dynamic processes to probe. In this work, we present the design and operation
considerations of radio-frequency (RF) interferometers that are based on power-dividers (PDs) and
quadrature-hybrids (QHSs). Such interferometers are proposed to address the sensitivity and
frequency tuning challenges of current DS techniques. Verified algorithms together with
mathematical models are presented to quantify material properties from scattering parameters for
three common transmission line sensing structures, i.e., coplanar waveguides (CPWSs), conductor-
backed CPWs, and microstrip lines. A high-sensitivity and stable QH-based interferometer is
demonstrated by measuring glucose—water solution at a concentration level that is ten times lower
than some recent RF sensors while our sample volume is ~1 nL. Composition analysis of ternary
mixture solutions are also demonstrated with a PD-based interferometer. Further work is needed to
address issues like system automation, model improvement at high frequencies, and interferometer
scaling.

Index Terms

Dielectric spectroscopy; microfluidics; microwave sensor; permittivity

[. Introduction

Dielectric spectroscopy (DS) measures the complex permittivity of materials over a broad
frequency range. It is a powerful technique for scientific investigations and technological
developments in various areas, including chemistry, biology and micro-total-analysis
systems (l-TAS) [1]. For chemistry, DS between 102 and 107 Hz has been developed to
obtain mobile ion concentration level and ion mobility, which are of great interest for
developing secondary ion batteries and fuel-cell membranes [2]. DS between 1 MHz and 20
GHz has been used to determine the dielectric constants of imidazolium-based ionic liquids
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[3], which are developed as environmentally benign solvents. The dielectric constant values
are important for solvent behavior modeling, which often depends on the dielectric
continuum models of the solvent. Furthermore, dielectric spectroscopy can investigate the
relaxation processes occurring in aqueous solutions in an extremely wide time range. Thus,
it is one of the most important methods for the study of polyelectrolyte-solution structure
and dynamics [4], such as the molecular structures of aqueous urea solutions [5]. For
biology, dielectric spectroscopy has been used to study the relaxation of DNA aqueous
solutions [6], to investigate the collective vibrational modes of proteins, DNAs and
oligonucleotides (from 60 GHz to 2 THz) [7], to help understand protein folding and
unfolding processes [8], to explore the dynamic processes at the protein-solvent interface
(from 300 kHz to 20 GHz) [9], to quantitatively assess the Debye dielectric model of
membrane lipid bi-layers [10] and to characterize tissues [11]. For p-TAS development,
such as electronic flow-cytometers [12] for single cell detection and identification [13], [14],
DS is promising to be a label-free method.

Sensitivity is critical for these applications. The strong interest in minimizing the volume
and concentration level of chemical and biomedical samples has further emphasized the
need for high-sensitivity operations. Small volumes save materials. This is especially
important for studying minute amounts of precious samples. Low concentration levels avoid
the interactions among analyte molecules, which is important for potentially label-free
molecular identifications [15] without using additional recognition molecules. Different
approaches have been explored to improve sensitivities, including differential measurements
of signals from electrode pairs [12] and the development of nanometer electrodes. Among
the efforts, resonance-based methods achieved higher sensitivities. Examples include the
recent planar resonator for single-cell capture and measurement [16], the resonant circuit for
single particle detection and counting [17] the resonant filters for biological and chemical
sensing [18], the resonant structure for femtomolar DNA detection [19], the cavity-enabled
microwave imaging for DNA sensing [20], and the whispering gallery-mode resonator for
aqueous solution measurement [21]. Nevertheless, these devices are still limited in
sensitivity since their quality factors are modest except for the whispering gallery-mode
resonators, which have an unloaded Q as high as ~1.1 x 10° [21]. However, the Q values
degrade significantly when a lossy sample, e.g., water solutions, are introduced. In addition,
dielectric resonators need sophisticated fabrication processes and more complicated liquid-
handling procedures. As a result, it is of great interest to develop new and highly sensitive
DS techniques.

Broadband measurements are also essential for many applications, such as those discussed
in the first paragraph. Additionally, the potential resonant absorption of microwaves by
molecules and viruses [22], [23], the potential electrical identification of individual cells
[15], and the development of microwave microdosimetry [24] need broadband RF
measurements. Straight transmission lines are very broadband, but with relatively low
sensitivity [25]; tunable RF resonators [11], [26], [27], harmonic-frequency/multimode
resonators, and whispering gallery-mode resonators [28] can operate at a wide frequency
range, but their sensitivities are still limited, as discussed above.
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Recently, we proposed and demonstrated an interference-based approach for high-sensitivity
DS measurements over a wide frequency range [29]. A quadrature-hybrid (QH)-based
implementation is also presented [30] and used in the detection and analysis of DNA
solutions [31]. It is shown that the interferometers are convenient for introducing test
samples and highly flexible for choosing sensing electrode structures. In this work, we
further analyze the design and operation of the interferometers, introduce corresponding
algorithms to quantify material-under-test (MUT) properties from measured scattering
parameters, and improve interferometer stable operation sensitivity while presenting high-
sensitivity measurement results of glucose solutions as well as the detection and
identification of molecular components of ternary aqueous solutions.

This paper is arranged as follows. Section Il presents the design and analysis of the
interferometers. Section 111 describes the measurement results of glucose—water solutions
and composition analysis of aqueous samples. Section 1V concludes the paper.

Il. Interferometer Design and Analysis

Basic interference principles, which use a reference branch and a MUT branch, have been
exploited for measuring material properties, such as the dielectric properties of water with
directional couplers and isolators [32]. Microwave bridges that are commonly used in
electron-spin resonance (ESR) spectrometers also resemble such an approach even though a
resonator is usually included in the MUT branch [33]. In these previous efforts, sample
volumes are often large and/or analyte concentration levels are high. Thus, MUT effects,
e.g., loss, are significant. As a result, probing signals in the MUT branch and reference
branch can be significantly different. For small MUT volume and low analyte concentration
levels, however, MUT effects are minimal. Therefore, the use of interference principles and
their implementations need to be reevaluated for high-sensitivity and broadband operations,
as indicated in [29]. Furthermore, models need to be established to obtain MUT properties
from scattering parameters. The models should include micro- and nano-fluidic channels,
which are often convenient choices to introduce MUT to the sensing zones.

A. Power-Divider-Based RF Interferometers

Fig. 1(a) shows the schematic of an RF interferometer that is based on broadband 3-dB
power dividers (PD). Fig. 1(b) illustrates the magnitude of transmission scattering
parameters. The tunable phase shifters (&) are used to tune the operating frequencies, fg, at
which the probing signals from the reference branch and the MUT branch have destructive
interference, i.e., 180° phase difference. The tunable attenuators (R) are used to tune the
signal balance between the two branches. Thus, the sensitivity of the interferometer is also
tunable, as shown in Fig. 1(c). In the analysis, the MUT and REF TL sections in Fig. 1(a)
are first simulated with High Frequency Structural Simulator (HFSS) to obtain their
scattering parameters. Then the S-parameters are imported into the whole system in Fig. 1(a)
modeled with Advanced Design System (ADS). Adjusting the phase shifter and attenuator
modules in ADS, an |Sy1|min 0f ~—106 dB, origin in Fig. 1(c), is obtained. The tuning in Fig.
1(c) is obtained by changing the value of only one phase shifter or attenuator. The TLs used
in the HFSS simulations are conductor-backed coplanar waveguides (GCPWSs) with the
cross section illustrated in Fig. 4. The dimensions are 1/2/1 mm for g/s/g with 787-um-thick
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Duroid 5870 substrate, which has a relative dielectric constant of 2.33. Copper thickness is
17 um. The MUT zone has PDMS wells that are 3 mm high and 3 mm long to hold liquids.
The power dividers in Fig. 1(a) should provide isolations between their two output ports,
i.e., between the MUT branch and the REF branch in Fig. 1(a). Hence, Wilkinson power
dividers are convenient choices. The use of two phase shifters and two attenuators, instead
of only one attenuator and one phase shifter that are necessary for the interferometer, adds
more tuning flexibilities.

In Fig. 1(a), different transmission lines (TLs), such as coplanar waveguides (CPWSs),
GCPWs, and microstrip lines, can be used to transmit RF probing fields. Simple TLs
introduce less insertion loss, enable broadband operations, and simplify system design,
fabrication, as well as data processing. Additionally, micro- and nano-fluidic channels can
be easily integrated with planar TLs.

The sensitivity of the interferometer is determined by the insertion loss (IL) of the circuit
components and the achievable [Sy1|min, i-€., the effective quality factor Qgft = fo/Afsgp, as
illustrated in Fig. 1(b). Thus, the use of two-way 3-dB power dividers yields high sensitivity
when compared with other power-division ratios since no additional attenuation is needed to
balance the two branches if MUT and reference materials (REFs) are identical. The insertion
loss argument also indicates that the arrangement in Fig. 1(a) has higher sensitivity than
previous systems [32].

The VNA in Fig. 1 can often generates low-phase-noise RF probing signals, i.e., highly
coherent probing signals. The VNA also detects the probing signals over a large dynamic
range. Thus, Qeftf can be very high, higher than 108 with lossy water as MUT though
stability is an issue therein [29]. Such Qg¢s value is comparable with that of the highly
sensitive optical microresonators [34] and enables the measurement of minute changes of
MUT properties (¢= & - j&’ = £(1 - tanJ)), as indicated in Fig. 2(a) and (b). The results are
obtained with the TLs for Fig. 1(c) and through HFSS and ADS simulations.

A few observations can be made. First, Fig. 2(a) shows that a change of Ag'/¢ ~ 5 x 107>
while keeping tand constant causes significant changes of |Sy1|min and fg. Such changes are
easily measurable, as further indicated by the measured results in Fig. 2(b), where A¢'/&' ~
1%. Thus, the RF interferometer has a sensitivity comparable or better than the
backscattering interferometry, which can measure An/n ~ 1072 and are developed for single
molecule studies [35]. The nonsymmetric effects of +A&/e’ and —A&l€ in Fig. 2(a) are
related to the initial balance between the REF and MUT branches. When A&/’ = 0, an ideal
balance would yield [So1|min — —oo. The finite |Sy1|min Value and subsequent changes in Fig.
2(a) indicate that MUT branch has somewhat higher loss than the REF branch. It can be
shown that when Atand/tand = £0.005% while keeping & constant causes both [So1|min and fg
changes, but at much smaller, yet detectable, values. Second, unlike Ae, minute tuning of
phase shifters or attenuators in Fig. 1 only induces fq shift or|S,1|min Value change, as shown
in Fig. 1(c) since R and & are decoupled. Third, the simulated |S1|min change in Fig. 2(b)
agrees with measured results reasonably well, where an error bar is also drawn to indicated
the uncertainty of measured |So1|min- The number of repeated measurements is five here and
hereafter, i.e., Figs. 10-12. In the simulation and measurement, DI water and glucose-water
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solution (at 0.1-mol/L concentration level with €= 76.79 — j7.49) are used in MUT section.
The agreement helps validate the simulation analysis in Fig. 2(a)—(b).

The tuning range of f is determined by the bandwidth of the circuit components in Fig. 1(a).
Thus, tuning fy over a decade is achievable since a decade bandwidth is fairly common for
broadband circuit components. For wider fy tuning range, switches can be used to combine
multiple RF interferometers, as shown in [29]. Thus, highly sensitive and broadband
interferometers can be easily designed and built.

From the obtained |S»1|min @nd the corresponding fq, the signal propagation constant ywyt =
(ac + aqg) + jpof the MUT TL section can be obtained through the following considerations.
First, the obtained Sy;vuT) can be described as

SZI(MUT) :Klexp(_’VMUT lMUY')+K2 eXp(_’VREF lREF) 1)

where coefficients K1 and K include the signal transfer functions of all of the components
in MUT and REF branches, respectively, except for the MUT and REF TL sections. Since
the attenuators and phase shifters often do not have accurate and high-resolution readings,
then two additional calibration liquids have to be used to eliminate the coefficients K; and
Ky for data processing. Accordingly, we have Spjcai1) and Spy(calz) by replacing yut with
veal1 @nd a2, respectively, where subscripts call and cal2 are for two different calibration
liquids. Now the coefficients K1 and K5 can be eliminated to give

SZl(MUT) _521(0311) _ exp(— Yoz haur) —€XP(—Yealt by ) .
521((:312) _521(ca,11) exp(—Yeal2lyyr ) —€XP(—Yealt lyur)

@

As aresult, pur is obtained from S-parameter measurements since ycqi1 2, and hyyt are
known.

The above analysis ignored the effects of mismatches between MUT/REF section and their
adjacent 50-Q) sections. For Sq1, the reflection is partly absorbed by the power dividers. For
S12, mismatch effects are included in its accurate expression [36]

S _ 27 7y
2branch) =5 7z cosh(y1)+(Z2+ Z2)sinh(yl) ¢

3)

where Z is the characteristic impedance of the Reference/MUT section. A constant ratio of
S21(branchy/e€xp(=) for CAL and MUT indicates that reflection can be ignored. For
calibration liquids and MUT with close permittivity values in this work, e.g., DI water,
methanol-water and 2-propanol-water both with 0.005 and 0.01 mole fractions, respectively,
the ratio at 6 GHz is (1.54 ~ 1.58)v(—0.04 ~ —0.03), which can be considered to be a
constant. Consequently, the calibration process and the use of the simplified Sy in (2) can
be used for simplified extraction of extract MUT permittivity. However, for large
permittivity differences, better matched REF/MUT lines should be considered or (3) should
be used. As a result, data processing is a lot more involved.
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The next step is to obtain MUT dielectric properties, = & - j&”, from puT as long as the
relationship between these parameters are established. In the following subsections, we
identify such relationships for the most commonly used CPWs, GCPWSs, and microstrip
lines. Micro- and nano-fluidic channels are also included.

a) CPW-Based MUT Sections—Fig. 3 shows the top and cross-sectional views of CPW-
based MUT TL section together with a microfluidic channel. The capacitance of a uniform
CPW with the cross section in Fig. 3(b) can be written as the superposition of four partial
capacitances [37]

Cit=Co+C1+C2+Cs5. (4)

The configurations for the calculation of these partial capacitances are similar to those in
[37]. The expressions of Cy ~ C3 are [37]

K (k,
Co=4e %ZQQU (5)

. K (K, ;o
C1=2¢0(e1—¢3) ((kll):al(el—sg,) (6)

~—

=

’

, K (k /
022250(52—1)%:@ (eo—1)

Ko

032250(5‘;—1) K(k;) (13(53—1) (8)

where q;=2¢0 K (k) / K (k;) (i=0, 1,2, 3), K’ = (1 = k?)®5, K(K) is the complete elliptic
integrals of the first kind with modulus kg = w/(w + 29), kij(i = 1, 2, 3), and

sinh (%)

4h;

The effective permittivity of the CPW is

Eeff:Er,eff—jEi)eﬁ' (10)

where the real and imaginary parts of the permittivity are [38]
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Chot : ' '
Ereff= C—quo +q1€1+q2€9+q3g3  (11)

" " "
€icft=q1€1 tG269+q3e3  (12)

where filling factors qg = (2ag — a, — a3)/(2ag), 91 = a1/(2ag), g2 = ay/(2ag), and qz = (ag -
8.1/(28.0).

The dielectric loss aq is determined by the substrate, MUT liquids, and the channel cover
material

ag= (&1 +q282+a383)- (13

2c .\ /Erett

The conductor loss o of the center signal line and the ground planes can also be calculated.
But its effects will be cancelled out in (2).

For phase constant 4, it depends on the relative effective dielectric constant & et

w
B=——=27f \/€0&r eftHhO- (14)

l/p h

Thus, MUT permittivity £= & - j&” can be obtained from with sy ut = (ac + aq) + i (13)
and (14).

b) GCPW-Based MUT Sections—For the GCPW-based MUT TL section, shown in Fig.
4, the total capacitance is similar to (4).

The expressions of C1 and C3 have the same forms as (6) and (8). However, Cq and C, have
to be changed to include back conductor. The derivation for them in [39] can be applied to
our case with the assumption that the height of upper shielding is much larger than w and g,
shown as follows:

Cp=2¢ K (ko) +2¢ K(ks) =ap+az (15)
K (ky) K (k)
/ K(kz) ’
Cy= -1 — == _
9=2¢0(g5—1) I (ké) az(e5—1) (16)

where aj(i = 0, 2) can be found in [29]. Then, (11) and (12) can be used to calculate the real
and imaginary parts of the effective permittivity, where qg = (ag — a1 — a3)/(a0 + ay), gj =
ajl(ag + ay) (i =1, 2, 3). Equations (13) and (14) can be used to extract MUT permittivity.
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¢) Microstrip Line-Based MUT Sections—For microstrip line-based MUT TL
sections, shown in Fig. 5, the effective permittivity can be solved by using the conformal
mapping method [40], [41].

Then, we have

2

v qitas
Er,cff29252+5153¥ (17)

q1€3+q3€,

2

" "o q1+Q3
Ei,cﬁ:q252+5153(/—)/ (18)

q1€3+4g3e;

where for w/h, = 1, filling factors g; ~ g3 can be written as

qlzl—qZ_EMI [weﬁ' o8 (;’;f;)

. TVe
n +sin | — 19
2 Wef [ h2 (hl/h2+05)+2)5/2h2 <2h2> (19)

| E——

1 In(mwesr/ho—1)
3 sm (@)

ho

g2=1—

g3=1—q1—q2 (21)

where the effective line width is
2h2 w
Wei=w+—1In (17.08 (—+0.92>) (22)
s h2

and the quantity is

o 2h2 " [ 7Th1 :|
V= s arctatt TWefr/2—2ho 23)
for w/hy = 1, g1 ~ g3 can be also found in [41].

With the assumption of g;’ < g’l’, (18) is an empirical expression we proposed to evaluate the
imaginary effective permittivity. The dielectric loss ag can be determined by

2
w " n o (q1+q3
Qg=-"—"— CI2€2+€163¥ - (29
q1€3+493€q

The phase constant gis described with (14).
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These models have been partially verified in [37]-[39] even though the dimensions used
therein are quite different from those of on-chip TLs. Here we use HFSS simulations to
further substantiate the models for our targeted applications. The dimensions of the
simulated GCPW, CPW and microstrip line are listed in Table 1. Polydimethylsiloxane
(PDMS, &= 2.3) channels, which are used in our experiment in Section I11-A, are considered

as sample holders. Frequency-dependent PDMS loss is ignored, i.e., s:,DMS(f)zo, since no
reported data are available and the loss does not affect the discussions below. The effective
permittivity values of MUT (i.e., DI water and glucose-water mixture with 0.1 mol/L) can
be found in [42]-[44]. Then, the calculated (modeled) and simulated (HFSS) propagation
constants for the CPW, GCPW and microstrip line MUT sections are shown in Fig. 6(a)—(c).
The results show that models agree with simulations at low frequencies, below ~4 GHz for
CPW and GCPW lines, but below ~1 GHz for microstrip lines. At higher frequencies, large
discrepancies occur, especially for the model of microstrip lines. The discrepancies are
probably inherent to the conformal mapping techniques used to obtain the models since
conformal mapping is for dc analysis. Additionally, the partial capacitance method assumes
that the electric field lines are parallel to the surface of each dielectric layer [37]. Such

approximation is less accurate at high frequencies.

To predict the sensitivity level needed for MUT characterization in Fig. 1(a), Fig. 6(d)
shows the Sp1 magnitude differences when the CPW TL in Table | is used for MUT and
REF sections. It is obtained with the calculated and simulated propagation constants in Fig.
6(a) through

‘ S, (MUT) —5,, (REF) |: ‘eXp(_'YMUT Lyvr)—€xXP(—Vppelner) | (25)

where Iggr is equal to lyyy7. DI-water is used as reference and glucose-water mixture (0.1
mol/L) as MUT. The results indicate reasonable agreement between simulations and models.
They also indicate the anticipated interferometer output level, as shown in (1) where the
magnitudes of K; and K are close to 1 for a reasonably designed system. Therefore, Fig. 6
shows that the models in this section are reasonable for interferometer performance
prediction.

Fig. 7(a) summarizes the algorithm for extracting material property e= & - j&’ = (1 -
tans) from scattering parameters. Fig. 7(b) and (c) shows the liquid permittivity versus
frequency obtained from simulated |S21|min by use of the algorithm with the CPW used to
obtain Fig. 6 and the procedures used for Fig. 1(c). Additionally, in ADS analysis, |S21|min Of
~—90to ~—100 dB is used. The call and cal2 are DI water and 2-propanol-water solution at
0.01 mole fraction concentration level, respectively. MUT is glucose-water solution at 0.1
mol/L concentration level. The complex permittivity of these solutions can be found in [42]
and [44]. The reasonable agreement between given permittivity values and calculated
permittivity values indicates the validity of the proposed models, procedures, and algorithms
for material property extraction.

IEEE Trans Microw Theory Tech. Author manuscript; available in PMC 2015 November 06.
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B. Quadrature-Hybrid (QH)-Based RF Interferometers

Power dividers in Fig. 1(a) can be replaced with broadband QHs, as shown in Fig. 8(a).
Compared with power-divider implementation, the QH implementation enables the use of
reflected RF probing signals, e.g., Sq1 in Fig. 8(b) [30], in addition to transmission signal
S,1. The use of Sy also helps to address the uncertainties that appear in obtaining phase
constant Ayt from propagation constant [30]. The use of Sy1 will not be repeated below.

To use Sqqto obtain MUT properties, it is easy to show

g ZrovuT) “%0  Zr(can) ~%0
nmur)  Pll(call)  ZrovuT) 20 Zr(cann) 40
=7z Zo Z Z (26)
L(cal2) "“0  “[(call) ~“0

ZL(ca12) 20 Zp(carn)y T20

S

Sll(ca12) _Sll(call)

where Z, (\mur) is the impedance looking towards attenuators and phase shifters at the MUT
branch [30]. Matching consideration is assumed between adjacent circuit components except
the MUT TL section, which has a characteristic impedance of Zyyyt. For CPW and GCPW,
it can be written as [37]

7 1 \/Er,eff

= = -
MuT (Ctot'Uph) (Ctotc) @)

For microstrip line, the following expression can be used [40]:

60 8ho
Zoe= In—=" (28

MUT
\Ereff w

which is valid for w/h, = 1, and the expression for w/h, > 1 is also given in [40].

The obtained scattering parameters S11 and Syq can be combined to obtain MUT permittivity
[30]. The use of S11 for MUT detection is also highly sensitive even though the measured
S11 does not yield an effective Q that is nearly as high as that from |Sy1|min. The high
sensitivity is enabled by the differential nature of the reflections from MUT and REF branch
in Fig. 8(a). The differential operation of S14 in (26) removes reflections from mismatches
occurred mainly at quadrature-hybrid connections. These reflections are part of the
measured Sq4 data for each individual measurement and cause much higher |Sq1| values (e.g.,
-20 dB) than |S1|min values (e.g., =100 dB). Thus, the smallest |S17| change measured by
VNA determines Sqp-related sensitivity. Typical long term measurement uncertainty of |Sq4|
is better than 0.005 for commercial VNAS. For our measurements at each frequency point,
we observed that Sq4 is stable at the fifth digit, which corresponds to a level of =100 dB. It
implies that our differential S;; measurement has the potential to achieve a sensitivity that is
comparable to that of |So1|min-

Fig. 6(d) shows the changes of Sy; for the given CPW MUT TL sections. The changes of S11
of the same TL sections are shown in Fig. 8(c). Similar S;1 and S»1 changes in Figs. 6(d) and
8(c) suggest that both approaches may yield similar sensitivity levels though the changes

IEEE Trans Microw Theory Tech. Author manuscript; available in PMC 2015 November 06.
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depend on factors like lpuT. Therefore, S11 and Syq can be combined together for data
processing. Furthermore, if a four-port network analyzer is used, then Sz; and S47 in Fig.
8(a) provide information about RF energy absorbed by the MUT. Such information is
important in chemistry and biology studies, e.g., in the study of potentially resonant
absorption by molecules and viruses [22], [23].

lll. High Sensitivity Interferometer Operation and Composition Analysis of

Ternary Aqueous Samples

The operating principles of the two types of interferometers in Figs. 1(a) and 8(a) have been
demonstrated [29], [30]. In this work, the QH-based interferometer is further improved for
stable operations at much higher sensitivity levels. The improved performance is
demonstrated by measuring glucose solutions at a concentration level ten times lower than
that in [45]. At the same time, the effective MUT volume is only ~1 nL. We further
demonstrate the analysis of molecular compositions of ternary solutions with a power-
divider based interferometer. Such capabilities may lead to some interesting applications,
including non-invasive, label-free detection and identification of molecules [15].

A. High-Sensitivity Measurements: Glucose—Water Solution

The CPW TL MUT section is fabricated with standard microfabrication techniques on 1-
mm-thick fused silica substrate. A 500-nm-thick gold film on top of a 10-nm-thick Ti
adhesion layer is deposited as CPW sensing electrode. Microfluidic channels, 500 pm wide
and 50 um high, are incorporated with the CPW for MUT handling. HFSS simulation
indicates that the channel has an insertion loss of 0.54 dB at 6 GHz with water as MUT. The
small loss does affect measurement sensitivity, but negligible in our measurements. Fig. 9
shows the measurement setup, where VNA, phase shifters and attenuators are marked, for
glucose—water solution measurements. The CPW lines for MUT and references are covered
with thick PDMS slabs to eliminate deposition of micro-particles from the measurement
environment onto CPW surfaces. These particles and the mechanical stability of the cables
and connections in Fig. 9 affect achievable |Sy1|min, Which is improved by 15-20 dB in this
work when compared with that in [30]. The Qg magnitude is improved from ~10% to ~10°.
The micro-particles are mainly from air in the measuring environment. Fig. 9 shows
measured Spq and Sq; of glucose-water solution at 5 mg/dL (~0.0002 mol/L) from ~2 — ~10
GHz. The concentration level is ten times lower than that in [45], which aims at non-
invasive measurements of glucose in blood vessels. DI water and methanol-water solution
(at 0.005 mole fraction) are used as calibration liquids for this measurement.

The liquid volume that is directly above the CPW signal line and signal-ground gaps for test
in Fig. 8(a) is ~0.51 nL. Therefore, the effective MUT volume is ~1 nL in our
measurements. The insets in Fig. 10 show that even smaller MUT volumes and lower
glucose concentration levels can be accurately measured.

For our measurement |Sy4| level, the uncertainty is <0.3 dB (from -75 to =100 dB). No data
are available for |Sy;| < =100 dB. But we assume the measurement accuracy is better than
5%. Furthermore, the reported uncertainty is for long term operations and a temperature
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change from 18°C to 28°C. Thus, for our short term measurements, the uncertainty level
should be much smaller. Moreover, using (2) and (26), the long-term uncertainty
components occurred in each scattering parameter can be partly cancelled.

Fig. 11 shows the calculated permittivity of glucose-water solution by following the
algorithm in Fig. 7(a). Based on the calculated results, the Cole-Cole (CC) equation in [42]
can be fitted through a least-square fitting approach, also drawn in the same figure. Table 1l
lists all fitting parameters in the CC equation. The uncertainty of the reference material
property also propagates to the extracted MUT properties. For instance, the calculated 5
mg/dL glucose—water permittivity value is 77.57 — j7.96 at ~2 GHz if the permittivity of the
calibration liquid methanol-water (at 0.005 mole fraction) is 77.02 — j8.10 [43]. A +1%
uncertainty, i.e., a deviation of 0.77 — j0.08 of methanol-water permittivity, induces a +1%
shift of glucose-water solution permittivity to 78.30 — j8.04. If we repeat the same process
again at ~10 GHz, the permittivity changes from 63.10 — j29.66 to 63.18 — j29.75, which is
smaller than 1% shift. The larger uncertainty at relatively lower frequency point is caused by
closer permittivity values among calibration liquids 1 and 2 and MUT.

Glucose—water solutions of different concentration levels are also measured with their
permittivity values at each frequency point obtained. Part of the results is summarized in
Table Il with their fitting parameter values. It shows that the techniques can be applied to
measure solutions with wide range concentration variations. The parameters also show two
types of Debye processes (high-frequency process: subscript 1; low-frequency process:
subscript 2) contribute to the dielectric spectrum of glucose—water solution [42]. With the
concentration level increased, the fitting parameters a; and a, change in opposite directions,
which suggest that the low frequency process is more significant. Parameters z; and % also
demonstrate such a trend. The change trend of & suggests that the static permittivity
decreases with the increase of glucose molecules due to the glucose related low frequency
processes. The non-monotonic variations of &y, 71 and z versus concentration level are
probably due to measurement errors.

When the MUT (e.g., ethanol-water mixture) permittivity is changed significantly from that
of the calibration materials (e.g., an & change of ~30), MUT causes large frequency shift
and |So1|min change. As a result, the extracted permittivity values deviate from previously
published values significantly. The main reason for the discrepancy is the “nonlinear”
response of the interferometer. Further investigation is needed about this issue.

For the 0.0002-mol/L solution, if we assume that a glucose molecule is 1 nm long [46], and
the glucose is uniformly dispersed in DI water, then, the distance between two adjacent
glucose molecules is 17.16 nm. The obtained results show that the RF interferometers with
nanometer sensing electrodes are promising for measuring the properties of single glucose
molecules in solutions.

B. Composition Analysis of Aqueous Samples

The GCPW TLs for Fig. 2(b) and the power divider-based measurement setup in Fig. 1(a)
are used here. PDMS wells with a 3-mm I,y are attached to the GCPWs to hold REF and
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MUT solutions, which has a volume of 200 L. The HFSS simulation indicates that the
GCPW section has an insertion loss of 1.75 dB at 6 GHz with water as MUT.

Three solution samples, methanol, 2-propanol, and water, are used for measurements. The
mole fractions of the mixtures are listed in column 1 of Table Il1. Fig. 12 shows
measurement results for methanol-2-propanol-water solution (m: 0.01; p: 0.01) at ~1 GHz
and ~8 GHz. DI water and 2-propanol-water mixture solution with a mole fraction of 0.01
are used as calibration liquids. The measurement setup is similar to that in Fig. 9.

The permittivity of the solutions can be obtained with the algorithm described in Fig. 7(a)
and are shown in column 2 of Table III.

One way to identify the concentration levels of the solution components is to exploit the
relative dielectric constant expression [47], [48]

Etot:(l _‘T_y)sw +‘T6m+ysp (29)

where g’m and e; are relative dielectric constants of pure methanol and 2-propanol. Factors x
and y are the mole fraction of methanol and 2-propanol, respectively. The excess function &&
has been eliminated since the interactions between different molecules are expected to be
weak under low mole fractions, as described in [47], [48].

Substituting these data and the corresponding permittivities of pure water, methanol and 2-
propanol [43], [44] into (29), x and y can be found as 0.0130 and 0.0130, respectively. Table
I11 also summarizes the results for the other two samples. These results indicate that the
obtained solution composition levels are reasonable even though further work is needed to
improve the accuracies.

In addition to sensitivity and frequency coverage range, measurement uncertainty (depuT) 1S
also an important consideration in practical applications [10], [49]. The factors that affect
demur include the accuracy of the VNA (&delta;yna), the uncertainty of the reference
liquid properties (Secq) and the measurement procedures. The cascaded calibration-liquid
and MUT measurement process at each frequency point significantly reduce the effects of
Svna since any long-term drifting of VNA is removed. Such drifting is a VNA accuracy
limiting factor even though commercial VNA accuracies are often better than 1%. As a
result, decy is the main factor of deyyt. It can be shown that Seyyyt is comparable to Secy
in our measurements. However, the issue of analyzing and minimizing deyyr, including the
choice of calibration liquids and repeatable handling of liquids which contribute to the errors
in Table 11, needs further investigations.

Currently, the interferometers are operated manually. It can be time consuming for
broadband measurements. Therefore, automating the processes is highly desirable. In
addition to automated fluid handling, the use of high-resolution, electronically controllable
attenuators and phase shifters help address this issue. Furthermore, time domain
measurements will help reduce the measurement time. It is also desirable to further improve
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the sensitivity of the interferometers. However, stable, high resolution, and tunable
attenuators and phase shifters, as indicated in Fig. 1(c), need to be developed.

The interferometers in Figs. 1 and 8 are passive systems. Therefore, they are scalable in both
frequency and transmission-line dimensions. At terahertz (THz) frequency, such an
interferometer can help improve the sensitivity of current THz dielectric spectroscopy
techniques even though THz circuit components need to be developed and improved. The
components include broadband power dividers, hybrids, tunable attenuators and phase
shifters. Additionally, with nanometer MUT TLs, the interferometers are expected to be
applicable for label-free investigations of nano-particles and single molecules. These issues,
including further improvement of modeling accuracies, will need more work.

IV. Conclusion

The design and operation consideration of highly sensitive and tunable interferometers are
presented in this work. Power-dividers and quadrature-hybrids are two of several possible
approaches to implement the interferometers. Mathematical models for extracting
quantitative MUT properties from scattering parameters are introduced for commonly used
CPW, GCPW, and microstrip line sensing structures. Microfluidic channels are also
included in the considerations. Results from modeling, simulation and measurement agree
reasonably well. Furthermore, a QH-based interferometer is demonstrated to measure
glucose solutions at a concentration level that is ten times lower than that in [45] by
improving |S21|min for 15-20 dB compared with that in [29] and [30]. As a result, the Qs
magnitude is also improved from ~10% to ~10° while the sample volume is reduced to ~1
nL. Composition analysis of ternary mixtures is also demonstrated through high-sensitivity
measurements with a power divider-based system. These results show that the proposed
interferometers have wide application potentials in many scientific and technological areas
even though more work is needed to address many unresolved issues.
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(a) Schematic of a power-divider-based RF interferometer, which includes a network
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Diagram of transmission scattering parameter |S,1| indicating the operating frequency fp. (c)
Tuning of sensor sensitivity with R and operating frequency with @in (a).
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(a) Simulation analysis of the interferometer in Fig. 1 when & changes by 0.005% while tand

= 0.0975. (b) Simulated and measured results of glucose—water mixture with glucose

concentration at 0.1 mol/L. To test measurement repeatability, i.e., to obtain the error bar in
(b), inset, multiple measurements are conducted. In each group, we first use DI water as
MUT and tune |S»1|min to a given point. Then glucose—water solution is measured to obtain

SEeNnsor responses.
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Fig. 3.
(a) Top view and (b) cross section of a CPW MUT section.

IEEE Trans Microw Theory Tech. Author manuscript; available in PMC 2015 November 06.

Page 20




1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

Cui and Wang

=

(@)

Fig. 4.

Page 21

(b)

(a) Top view and (b) cross section view of the GCPW MUT section.
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Fig. 5.
(a) Top view and (b) cross section of the microstrip-line MUT section.

IEEE Trans Microw Theory Tech. Author manuscript; available in PMC 2015 November 06.

Page 22




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Cui and Wang

Page 23

£1000/ 4 ¢ (HFSS) £ 1000/ 4 ¢ (HFSS)
3 800/ ¢ (HFSS) » 800/ 4 (HFSS)
S 600} o (model) 3 600} .o (model)
o 400} .3 (model) o 400} s (model)
g 200 § 200
a O 1 10 e ° 1 10
Frequency (GHz) Frequency (GHz)
(a) (b)
£400[ = (HFSS) ) ‘gg .
® 300|-e- (HFSS) = - " e
£ del o> -5 - &
8200+« (model) = .90 .
S| +4 (model) & 105w °
8 S az20ln ® = HFSS
9 0 = ° .model
2 ] 0 &% { 10
Frequency (GHz) = Frequency (GHz)
(© (d)

Fig. 6.
Calculated and simulated propagation constants for sensing electrode. (a) CPW. (b) GCPW.
(c) Microstrip line. (d) Sp; magnitude differences of the CPW-based MUT TL line.
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(a) Algorithm to obtain MUT permittivity values from S-parameters. (b), (c) Calculated
glucose—water permittivity from So1,min, Which is obtained with HFSS and ADS
simulations. The CPW-based MUT TL lines are used in the calculation.
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(a) Schematic of an interferometer that is based on QHs. (b) Diagram of |Sy4| and [Sq1]. (€) |

Sq4| differences of a CPW-based MUT TL.
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High-sensitivity interferometer measurement setup.
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Measured (a) Sp1 and (b) Sq; from ~2— ~10 GHz and a zoom-in view at ~10 GHz (blue solid
line, I: DI water; red dashed line, I1: glucose-water; black circles: methanol-water). The
error bar in (b) shows the range of |Sq1| difference for water (w) and glucose-water (g) at the

frequency fo, i.e., [Sy1lw = [S11lg (dB).
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Fig. 11.
Permittivity, e = & - j&”, of glucose—water solution at 5 mg/dL.
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Fig. 12.
S,1 measurement result (m: 0.01; p: 0.01) at (a) ~1 GHz and (b) ~8 GHz (blue solid line, I:

DI water; black dashed line, I1: 2-propanol-water; red dash-dot line, I11: methanol-2-
propanol-water).
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TABLE |
Parameters Used for Model Verification
Parameter Symbol Value
Thickness of metal layer t 0.5 pm
Thickness of substrate h, 1mm
Relative dielectric constant of substrate & 3.75
Length of MUT zone Imut 0.5 mm
Height of MUT zone hy 50 um
Dimension of CPW g/wig 7.2/6/7.2 ym
Dimension of GCPW g/wig 7.2/6/7.2 pm
Dimension of microstrip line w 6 um
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TABLE Il

Fitting Parameters for Glucose—Water Solution at Different Concentrations

Parameter Fitting values
0.0002 mol/L  0.001mol/L 0.0l mol/L 0.1 mol/L
& 78.36 78.52 77.9 77.6
i 8.15 ps 8.21ps 8.18 ps 7.57 ps
o 8.17 ps 9.79 ps 9.50 ps 11.8 ps
a 72.1 71.7 70.4 64.5
a 1.1 2.02 2.6 10.1
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TABLE Il

Composition Analysis of Methanol-2-Propanol-Water Solutions With Different Mole Fractions

Sample (m& p) M easur ement result

Per mittivity (1 GHz& 8 GHz)  molefraction

0.01&0.01 76.71&66.02 0.0130&0.0130
0.005&0.01 77.17&66.31 0.0032&0.0139
0.01&0.005 77.07&65.93 0.0156&0.0069
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