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Abstract— With emerging medical, chemical, and biological
applications of microwave-microfluidic devices, many researchers
desire a fast and accurate calibration that can be achieved in
a single connection. However, traditional on-wafer or coaxial
calibrations require measurements of several different artifacts
to the data prior to measuring the microwave-microfluidic device.
Ideally, a single artifact would be able to present different
impedance states to correct the vector network analyzer data,
minimizing drift and eliminating artifact-to-artifact connection
errors. Here, we developed a multistate single-connection calibra-
tion that used a coplanar waveguide loaded with a microfluidic
channel. We then used measurements of the uncorrected scat-
tering parameters of the coplanar waveguide with the channel
empty, filled with deionized water, and filled with 30 w%
(30 grams per liter) of saline to construct an eight-term error
model and switch-term correction. After correction, the residuals
between measured scattering parameters and with the literature-
based finite-element simulations were below −40 dB from
100 MHz to 110 GHz. This multistate single-connection calibra-
tion is compatible with both wafer-probed and connectorized
microwave-microfluidic devices for accurate impedance spec-
troscopy and materials characterization without the need for
multiple device measurements.

Index Terms— Calibration, microfluidics, microwave,
scattering parameters, vector network analyser (VNA).

I. INTRODUCTION

M ICROWAVE-MICROFLUDIC devices integrate micro-
wave circuits with microfluidics for quantitative

electrical measurement of fluids [1]–[5]. This emerging
field has the potential to advance industrial applications of
impedance spectroscopy, including point-of-care diagnostics
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and quality assurance for pharmaceutical and chemical man-
ufacturers [4], [6]. For these commercial applications to be
realized, it is important to accurately and quickly correct the
electrical measurements of microwave-microfluidic devices for
the attenuation and phase shift of the measurement leads and
the standing waves between the fluid-under-test and the vector
network analyzer (VNA) [7]–[11].

Due to its basis in circuit theory, the on-wafer multiline
thru-reflect-line (TRL) calibration algorithm [12] is the most
accurate VNA calibration algorithm. However, like other cali-
bration algorithms—e.g., load-reflect-match [13], [14], series-
resistor [15], and short-open-load-thru [16]—the multiline
TRL calibration [17], [18] requires more than one calibration
artifact. For on-wafer measurements, this requirement means
one must move the wafer probes to contact different artifacts.
For connectorized measurements, this problem is even worse,
because the disconnect between artifacts can occur behind
the reference plane of the microfluidic channel. Moving the
probes or exchanging calibration artifacts has been shown to
introduce connection errors between different measurements of
the scattering (S-) parameters [19], which ultimately increases
the measurement uncertainty [20]. Increasing the measurement
uncertainty has the potential to overwhelm sample-to-sample
differences or result in false-positive statistics, which may
limit the motivating applications for microwave microfluidics.
Hence, a fast and accurate calibration algorithm is needed;
one that can be done on the microwave-microfluidic device
itself [21], [22] in a single connection without separate calibra-
tion artifacts. Such a multistate single-connection calibration
would facilitate testing of sources of uncertainty that limit the
signal-to-noise ratio, the measurement drift of the VNA, and
even the drift of the fluid sample itself.

Our approach for calibrating microwave-microfluidic
devices is to use fluids of known electrical properties to access
different impedance states, and then use those artifacts to build
an error model (Fig. 1) as in the series-resistor calibration
algorithm [15]. In lieu of the series resistor, we developed
an algorithm for correcting the S-parameters of a microwave-
microfluidic transmission line that uses known fluids as
the calibration artifacts. Here, we show that a microfluidic
channel filled with different known fluids enables a multi-
state single-connection calibration with the reference plane
directly adjacent to the channel. This proposed calibration
requires only two known fluids to correct the S-parameters
of a microwave-microfluidic device with an unknown fluid.
The single-connection calibration results in S-parameter
errors like those obtained with a microfluidic-multiline TRL
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Fig. 1. Diagram of the microwave-microfluidic device. (a) Schematic
representation of different regions that are modeled. (b) Transmission-line
model where Zo is the system impedance, and Z , γ , and l are the characteristic
impedance, propagation constant, and length of regions under air, SU-8 and
fluid as denoted by subscripts “a,” “s” and “ f ,” respectively. The substrate
for all regions is quartz and the microfluidic channel side walls are SU-8.
(c) Measurement model for VNA without coupling between two ports. Error
boxes X and Ȳ are matrices to be determined by the calibration artifacts A
in the calibration procedure.

calibration, which uses fluid-loaded transmission lines that
have different lengths. Compared to the microfluidic-multiline
TRL calibration, the multistate single-connection calibration
greatly reduces measurement time and simplifies impedance
spectroscopy.

In the following, Section II-A discusses a multistate
single-connection calibration based on the measurement
of a microwave-microfluidic device with known fluids
(see Fig. 2). Section II-B describes the use of the multistate
single-connection calibration to extract the error boxes that
de-embed the microfluidic channel. The design and fabrica-
tion of the microwave-microfluidic device is introduced in
Section III. We then compare and validate the mul-
tistate single-connection calibration with a co-fabricated
microfluidic-multiline TRL calibration and finite-element sim-
ulation in Sections IV-A and IV-B, respectively. Section IV-C
provides data for different numbers of known fluid artifacts.
Finally, we summarize our findings in Section V and offer a
perspective on how the multistate single-connection calibration
can be applied.

Fig. 2. Top and cross section views of the microwave-microfluidic device.
(a) Photograph showing the device under test consisting of a gold CPW
under a microfluidic chamber formed by a PDMS cover. (b) Micrograph
showing microfluidic channel confined on the left and right by SU-8 walls.
Microfluidic device for measuring S-parameters of a fluid in a single connect.
The SU-8 (gray regions) formed the channel wall and confined the fluid
to the fluid channel (light blue region), where the fluid flowed from left
to the right in the measurement. (c) Cross-sectional dimensions of the CPW
in the channel region, which is 850 μm long and 0.65 μm thick with the
widths of center electrode, electrode spacing, and ground electrodes being 50,
5 and 200 μm.

II. THEORY

A. Artifacts

Like [23], this microwave-microfluidic device had five
regions [Fig. 1(a)], which are modeled as uniform distrib-
uted transmission-line segments. We labeled each segment
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per the material above: air, SU-8, and fluid. As shown in
Fig. 1(b), the microwave-microfluidic device consisted of two
air segments, two SU-8 segments, and a fluid segment. The
air segments had length la , characteristic impedance Za , and
propagation constant γa; the SU-8 segments had length ls ,
characteristic impedance Zs , and propagation constant γs ; and,
the fluid segment had length l f , characteristic impedance Z f ,
and propagation constant γ f . The reference impedance for
the model [Fig. 1(b)] was Zo. The models for the calibration
artifacts A [Fig. 1(c)] were simply the microwave-microfluidic
device with different known fluids.

The calibration artifact models (A) require γ f , Z f , l f ,
transmission (T-) matrix model of the transmission line,
and impedance transformers [24]. From the telegrapher’s
equations [25], we wrote γ f , and Z f as

γ f =
√

(R f + iωL f )(G f + iωC f ) (1)

and

Z f =
√

(R f + iωL f )

(G f + iωC f )
(2)

where R f , L f , C f , and G f were the distributed resistance,
inductance, capacitance, and conductance per unit length of the
transmission line loaded by the fluid. The parameters R f , L f ,
C f , and G f are dependent on frequency, which we omitted
for clarity.

There were several approaches to obtain R f , L f , C f , and
G f for the known fluid samples, including finite-element
simulation [23], direct measurement [23], and analytical
calculation [26]. If the materials used to fabricate the
microwave-microfluidic transmission lines (including the fluid)
are nonmagnetic, then R f and L f depend solely on the
metallic conductors [27]. In this nonmagnetic case, both finite-
element simulations and analytical calculations [23], [28]
could be used to obtain R f and L f from the cross-sectional
dimensions of the transmission line. Then, either finite-element
simulation or conformal mapping can be used to obtain
geometrical factors, m and n, that relate C f and G f to
the complex permittivity of the fluid. The dielectric constant
extraction method for different fluids at the full frequency
band from 100 MHz to 110 GHz can be found in [23].
For a known fluid of complex permittivity ε̃ f , the C f ,
and G f are

G f + iωC f = ε̃ f

m
+ ε̃q

n
(3)

where ε̃q is the complex permittivity of the substrate. Note
that (3) assumes that the contribution of the fluid is in parallel
with that of the substrate, which is only true for a coplanar
waveguide (CPW) on a dielectric with a uniform fluid on top
covering both gaps.

After computing R f , L f , C f , and G f for the known
fluid artifacts, we obtained γ f and inserted it into
the T-matrix model of the transmission-line segment of
length l f

T l f =
[

e−γ f l f 0
0 eγ f l f

]
. (4)

Then Z f could be used to construct the T-matrix model
of the impedance transformer [24] that transitioned from
Zo to Z f

QZo
Z f

= 1

2Zo

∣∣∣∣
Zo

Z f

∣∣∣∣
√

Re(Z f )

Re(Zo)
·
[

Zo + Z f Zo − Z f

Zo − Z f Zo + Z f

]
. (5)

Q
Z f
Zo

is the inverse of QZo
Z f

. We then multiplied the left and

right sides of (4) by QZo
Z f

and Q
Z f
Zo

, respectively, to obtain the
T-matrix model relative to Zo as

T
l f
Zo,Z f

= QZo
Z f

T l f Q
Z f
Zo

. (6)

In the following section, we develop the multistate
single-connection calibration algorithm based on (6) and
switch to a more conventional simplified notation, where
T

l f
Zo,Z f

= A.

B. Algorithm

After we used (6) to form the T-matrices of different known
fluid artifacts, we derived the multistate single-connection
calibration algorithm that solved for the error boxes X and Ȳ
[Fig. 1(c)], which included everything between port 1 of the
VNA to the fluid and from the fluid to port 2 of the VNA,
respectively. In this case, any measurement (M) could be
expressed as

M = X AȲ . (7)

For an artifact Aa and measurement Ma , Ȳ could be
solved as

Ȳ = A−1
a X−1 Ma . (8)

Inserting (8) in (7), we derive

M = X A
(

A−1
a X−1 Ma

)
. (9)

Following [15], we could either set X or Y to be reciprocal
without losing the generality of the error model. We chose X to
be reciprocal with form

X = r

[
1 a
b c

]
(10)

where r = (c − ab)−(1/2). This eliminated one unknown in X .
We then solved for the unknown complex parameters a, b,
and c by measuring another fluid artifact. Above (7)–(10) are
all taken from [15].

At least two artifacts are required to solve (9) for the
unknown complex parameters a, b, and c. We chose to use
measurements of the microwave-microfluidic device filled with
air (Ma), and deionized (DI) water (Mw). The corresponding
models were Aa , and Aw for air and water, respectively.
We inserted Ma , Mw Aa , and Aw into (9), which imposed
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four conditions on the a, b, and c. These conditions were

−[
Aw

21

(
Aa

11

)−1 + Aw
22

(
Aa

21

)−1]
a + (

Mw M−1
a

)
12b

= Aw
11

(
Aa

11

)−1 + Aw
12

(
Aa

21

)−1 − (
Mw M−1

a

)
11 (11)

[(
Mw M−1

a

)
11− Aw

21

(
Aa

12

)−1− Aw
22

(
Aa

22

)−1]
a+(

Mw M−1
a

)
12c

= Aw
11

(
Aa

12

)−1 + Aw
12

(
Aa

22

)−1 (12)
[(

Mw M−1
a

)
22 − Aw

11

(
Aa

11

)−1 − Aw
12

(
Aa

21

)−1]
b

− [
Aw

21

(
Aa

11

)−1 + Aw
22

(
Aa

21

)−1]
c

= −(
Mw M−1

a

)
21 (13)

(
Mw M−1

a

)
21a − [

Aw
11

(
Aa

12

)−1 + Aw
12

(
Aa

22

)−1]
b

+ [(
Mw M−1

a

)
22 − Aw

21

(
Aa

12

)−1 − Aw
22

(
Aa

22

)−1]
c

= 0 (14)

where Aij is a matrix element of A. Since (11)–(14) overde-
termined a, b, and c, we used a least-squares algorithm [29]
to obtain the complex values of a, b, and c.

Generally, the more artifacts included in the calibration, the
more conditions there are on a, b, and c. Any two artifacts
imposed four conditions on a, b, and c. Hence, n artifacts
would impose 4× (n(n − 1)/2) conditions on a, b, and c. This
means that the number of conditions increases quadratically
with the number of artifacts. We expect that increasing n would
improve the worst case error comparison to the microfluidic-
multiline TRL calibration.

III. FABRICATION OF THE MICROWAVE-
MICROFLUIDIC DEVICE

In this section, we discuss the fabrication of the microwave-
microfluidic device, the microfluidic-multiline TRL test set,
and a companion dry reference wafer with conventional on-
wafer artifacts. All of them were co-fabricated to reduce
the effect of fabrication tolerances. We chose quartz (fused
silica) as the substrate for all the devices due to its low
dielectric loss and homogenous dielectric constant. Devices
were fabricated on a 76.5-mm-diameter and 0.5-mm-thick
quartz wafer, and the dimensions of quartz and other layers
were labeled in Fig. 2(c). A commercial stepper that used
projection lithography was used to pattern each layer. The
stepper had layer-to-layer alignment better than 250 nm [30].

Each wafer was fabricated in five layers for resistor, pads,
conductors, SU-8, and polydimethylsiloxane (PDMS), respec-
tively. The resistor, pad, and conductor layers were deposited
by electron-beam evaporation and lifted off via a two-layer
resist process [31]. First, we deposited a 1-nm Ti adhesion
layer followed by 10 nm of PdAu for the resistor [32]. Next,
a 10-nm Ti adhesion layer was deposited followed by 100 nm
of Pd for the pads. Later, we deposited a 10-nm Ti adhesion
layer followed by 650 nm of Au for the conductor. The
CPW had a 50-μm-wide center conductor with 5-μm gaps
from 200-μm-wide ground planes [see Fig. 2(c)].

We added the microfluidics onto the wafer with the
SU-8 [33] sidewalls and PDMS roof (see Fig. 2). We first
spin-coated the wafer with SU-8 to a thickness of 60 μm.
Second, we patterned it with the stepper, using an exposure
dose of 200 mJ /cm2, a postexposure-bake at 55 °C for 1 h,

and developed it to define the microfluidics. To remove craz-
ing, we performed a postdevelop bake to 150 °C for 5 min,
then let it cool to room temperature on the hot plate.
After the SU-8 layer, we diced the wafer into individual
12 mm × 12 mm dies. The PDMS layer was patterned
following a procedure outlined in [34], which produced the
PDMS layer’s microfluidic channels. Finally, we placed the
PDMS onto the SU-8 layer under a microscope and sealed
the completed microwave-microfluidic with a clamp.

The completed microwave-microfluidic device (Fig. 2)
had inlet and outlet for the microfluidic channels. The
device consisted of a full microfluidic-multiline TRL test
set with four transmission lines of lengths (0.5, 0.85, 1.55,
and 3.314) mm and a 0.25-mm offset short-circuit reflect.
We selected the 0.85-mm line to demonstrate the multistate
single-connection calibration [see Fig. 2(b)]. The compan-
ion dry reference wafer had identical conductor cross sec-
tions to the microwave-microfluidic device. On this wafer,
we fabricated a 10-μm series resistor, a 10-μm series
capacitor, a short-circuit reflect, and seven bare CPW trans-
mission lines with lengths (0.420, 1.000, 1.735, 3.135,
4.595, 7.615, and 9.970) mm. Each lumped element artifacts
had a 0.21-mm offset, which was half the length of the
0.42-mm thru.

IV. METHODOLOGY

A. Measurement

We measured the S-parameters of the microwave-
microfluidic device, the microfluidic-multiline TRL test set,
and the dry calibration artifacts on the companion reference
wafer, using an intermediate frequency bandwidth of 50 Hz
and a power level of −20 dBm for the Anritsu MS4647A
VNA with extender heads. The small input power is used
to ensure that the extender heads were linear. However,
one must take care when performing microwave-microfluidic
measurements, as some fluids may absorb microwave energy.
The measurement setup is probe-based and the S-parameters
were measured from 100 MHz to 110 GHz in 512 logarithmic
steps. The measurements were performed on a temperature-
controlled probe station at 28.5 ± 0.5 °C. The quality of
the calibration is dependent on the temperature dependence
of the microwave-microfluidic device, and the temperature
sensitivity of the states. We tested the temperature dependence
of our microwave-microfluidic device and its associated cali-
bration by varying the temperature dependence of the model
and recalculating the difference between microfluidic-multiline
TRL and our approach. The result of this test proved that our
microwave-microfluidic device was insensitive to deviations
on the order of 1 °C. And 1 min is also ample amount of
time to assume thermal equilibrium between injected fluids
and the probe station which we measured directly. After
measuring the dry calibration artifacts on the companion
reference wafer, we placed the microwave-microfluidic device
onto the temperature-controlled probe station. Then the raw
S-parameters of the device were measured with the microflu-
idic channel filled with air, DI water, and (30 and 3 w%)
saline solutions. We first flushed out the channels with air
followed by DI water three times to make sure that the
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Fig. 3. (a) Distributed resistance R, (b) inductance L , (c) capacitance C , and (d) conductance G for microwave-microfluidic coplanar waveguide under
air or water. The finite-element simulation results are shown as solid lines while multiline TRL- extracted results are shown in black-dotted lines. The
finite-element simulations agreed with the multiline TRL measurements to within the measurement uncertainty.

channels were clean, and then injected new samples. Since
the time to clean the channel is a function of the fluid flow
rate and the total channel volume, it takes roughly 0.01 s to
completely change fluids. A microfluidic switch could be used
to automatically control and change artifacts during the cali-
bration, which would reduce the time between measurements
and minimized the effect of measurement drift along with the
time.

B. Analysis

The analysis is divided into two parts: 1) the
microfluidic-multiline TRL test set and 2) the microwave-
microfluidic device. To analyze the S-parameters of the
microfluidic-multiline TRL test set, we performed a two-tier
calibration [18], which used the S-parameters of the multiline
TRL calibration artifacts on the companion reference wafer to
extract error boxes between the VNA and the probe tips. This
first-tier calibration also extracted the propagation constant
of the CPW without the microfluidics, which we assumed
was equal to the microwave-microfluidic CPW with air in the
channel. In this step, we also corrected the data for the switch
terms [35]. Next, we transformed the reference impedance
to 50 � using the resistor, and empirically computed the
capacitance per unit length of the CPWs on the quartz
substrate (Cq = (ε̃q/m) ∵ Gq ≈ 0) [23]. Having obtained Cq

[air, Fig. 3(c) and (d)], we used the propagation constant
to obtain R f [Fig. 3(a)] and L f [Fig. 3(b)]. It is true that
most the frequency dependence of loss is consistent with

Fig. 4. Finite-element simulated electrical-field distribution across a water-
filled channel of the microwave-microfluidic device. The electric-field is
strongest in the coplanar waveguide gap.

the classical skin effect, but the geometrical effects can also
have a significant role for the CPW configuration [28], [36].
We then corrected the S-parameters of the microfluidic-
multiline TRL test set to 50 �, and performed a second-tier
calibration to obtain γ f and the second-tier error boxes.
And we calculated C f and G f from γ f using R f and L f ,
which allowed us to transform the second-tier error boxes
to 50 �. This enabled us to verify that the modeled values
of C f and G f were consistent with the measurements and
the literature [23]. Finally, we cascaded the first-tier error
boxes with the second-tier error boxes to construct the total
error boxes that extended from the microfluidic channel to
the VNA in 50 �.

In addition to extracting R f , L f , C f , and G f from mea-
sured S-parameters, we calculated these parameters (solid
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Fig. 5. Demonstration of the multistate single-connection calibration. (a) As-measured reflection and transmission coefficients from 100 MHz to 110 GHz
for the microwave-microfluidic device filled with air (red triangles), water (blue squares), and 30-w% saline (yellow dots), respectively. (b) Models used to
generate the multistate single-connection calibration (black dotted lines) and microfluidic-multiline TRL-corrected results (dots). The models used to compute
the multistate single-connection calibration agree with the microfluidic-multiline TRL results to within the measurement uncertainty.

lines, Fig. 3) for the water and air cases based on finite-element
simulations of the microwave-microfluidic device (Fig. 4),
using the measured dc resistivity of gold (ρ = 2.57e−8 S/m),
relative permittivity of substrate (εr = 3.83), and the
literature values for the permittivity of air and water
(ε = 76.39, τ1 = 7.39 ps, ε2 = 5.75, τ2 = 0.9 ps,
and ε∞ = 4.6) [37]. We optimized the mesh of the finite-
element simulation with a 1% convergence on the calculated
admittance.

After confirming that the simulated R f , L f , C f , and
G f agreed with the microfluidic-multiline TRL corrected
result to within the measurement uncertainty, we used the
finite-element simulations to construct S-parameter models
of the microwave-microfluidic device filled with air (Aa),
water (Aw), and 30 w% saline (As) based on (1)–(6). We then
used these models and the measured raw S-parameters Ma ,
Mw , and Ms [Fig. 5(a)] in multistate single-connection cali-
bration based on (11)–(14). Note that the discontinuity around
30 GHz in raw data is purely due to the specific VNA using
extender heads, which give rise to this discontinuity.
These multistate single-connection model Aa , Aw, and As

[solid line, Fig. 5(b)] compared well with microfluidic-
multiline TRL-corrected results [circles, Fig. 5(b)]. In both
cases, the reference planes of both the microfluidic-multiline
TRL calibration and the single-connection calibration are at
the planes of the interface between the SU-8 and fluid with a
reference impedance of 50 �.

C. Validation
With three sets of error boxes from the microfluidic-

multiline TRL calibration, consisting of multistate single-
connection calibration with two known fluids (air, water),
and multistate single-connection calibration with three arti-
facts (air, water, and 30-w% saline), respectively, we used each
set of error boxes to correct the as-measured S-parameters of
the microwave-microfluidic device filled with an “unknown”
fluid (3 w% saline, in reality). The corrected S-parameters
agreed with microfluidic-multiline TRL calibration [green tri-
angles, Fig. 6(a)] and the multistate single-connection calibra-
tions (two artifacts: blue circles; three artifacts: red squares).
Both the reflection [left-axis, Fig. 6(a)] and transmission
[right axis, Fig. 6(a)] agreed between calibration methods
up to 20 GHz. Above 20 GHz, both reflection [left-axis,
Fig. 6(a)] and transmission [right axis, Fig. 6(a)] deviated
from the microfluidic-multiline TRL results. The deviation
from microfluidic-multiline TRL results was much larger for
the two artifact case [blue circles, Fig. 6(a)] compared to the
three artifact case [red squares, Fig. 6(a)]. For frequencies
above 60 GHz, the three artifact case also disagreed with
the microfluidic-multiline TRL result. We hypothesize that
additional artifacts would place more constraints on a, b,
and c in (11)–(14), which would further improve the agree-
ment between the multistate single-connection calibration and
microfluidic-multiline TRL calibration. The method to extract
permittivity of saline solution over such broad frequency



MA et al.: MULTISTATE SINGLE-CONNECTION CALIBRATION FOR MICROWAVE MICROFLUIDICS 1105

Fig. 6. Validation of the multistate single-connection calibration relative to
finite-element simulations and microfluidic-multiline TRL. (a) Comparison.
(b) Error of reflection and transmission coefficients of the microwave-
microfluidic device filled with 3 w% saline single- contact corrected
with two (blue circles) or three artifacts (red squares) versus multiline
TRL-corrected results (green triangles). This demonstrates that the multistate
single-connection calibration is consistent with microfluidic-multiline TRL.

bandwidth has been well studied in [38].
To better illustrate the difference between the corrected

S-parameters, we calculated an error function [Serr , Fig. 6(b)]

|Serr| =
√√√√

N=2∑

i, j=1

∣∣SSCC
ij − STRL

ij

∣∣2 (15)

where STRL
ij were microfluidic-multiline TRL corrected

S-parameters and SSCC
ij were multistate single-connection cor-

rected S-parameters. This error function facilitates visualizing
the difference between the two calibrations, as well as the
effect of additional artifacts. As shown in Fig. 6(b), Serr was
less than −60 dB below 20 GHz, but increased according
to a power law above 20 GHz. Yet, even at 110 GHz,
the Serr was less than −40 dB for the three artifacts case
[red circles, Fig. 6(b)].

V. CONCLUSION

In this paper, we established a multistate single-
connection calibration algorithm and technique for microwave-
microfluidic devices, providing an accurate calibration at the

reference planes of the microfluidic channel to a reference
impedance of our choosing for frequencies up to 110 GHz.
We demonstrated the single-connection calibration algorithm
with microwave-microfluidic devices filled with air, water,
and 30 w% saline. We then used finite-element simulation
and the literature values to construct models that we validated
with microfluidic-multiline TRL calibration. Next, we applied
the single-connection calibration using two or three known
fluids, and compared the results to microfluidic-multiline
TRL calibration. With three artifacts, multistate single-
connection calibration produced the least-square error from
the microfluidic-multiline TRL calibration below −30 dB from
100 MHz to 110 GHz.

Future work will include an uncertainty analysis on the mul-
tistate single-connection calibration to clearly define the error
and repeatability of the experiment and test microfluidic tech-
niques to achieve variable states. Two key questions remain:
1) how different do the impedance states of the artifacts need
to be and 2) how increasing the number of states improves
the calibration accuracy. In a word, we developed a multistate
single-connection calibration algorithm that can be performed
by simply measuring known fluids, which is essential for the
commercialization of microwave-microfluidic devices. This
calibration protocol could be easily extended to packaged
devices by connectorizing the microwave microfluidics.

ACKNOWLEDGMENT

The authors would like to thank the critical review of
Dr. A. C. Stelson and Dr. T. M. Wallis from the National
Institute of Standards and Technology (NIST), for their critical
feedback during this research, and their comments on this
manuscript. The authors would also like to thank S. E. Bonson
from Mount St. Mary’s University, for fabricating the samples.
The content of the information does not necessarily reflect
the position or the policy of the federal government, and
no official endorsement should be inferred. This paper is an
official contribution of NIST; not subject to copyright in the
U.S. Usage of commercial products herein is for information
only; it does not imply recommendation or endorsement by
NIST.

REFERENCES

[1] G. M. Whitesides, “The origins and the future of microfluidics,” Nature,
vol. 442, no. 27, pp. 368–373, Jul. 2006.

[2] D. Mark, S. Haeberle, G. Roth, F. von Stetten, and R. Zengerle,
“Microfluidic lab-on-a-chip platforms: Requirements, characteristics and
applications,” Chem. Soc. Rev., vol. 39, no. 3, pp. 1153–1182, 2010.

[3] D. Witters, K. Knez, F. Ceyssens, R. Puers, and J. Lammertyn, “Digital
microfluidics-enabled single-molecule detection by printing and sealing
single magnetic beads in femtoliter droplets,” Lab Chip, vol. 13, no. 11,
pp. 2047–2054, 2013.

[4] A. Manz, N. Graber, and H. M. Widmer, “Miniaturized total chemical
analysis systems: A novel concept for chemical sensing,” Sens. Actua-
tors B, Chem., vol. 1, nos. 1–6, pp. 244–248, Jan. 1990.

[5] N. Meyne, W. Müller-Wichards, H. K. Trieu, and A. F. Jacob,
“Quasi-lumped coplanar transmission-line sensors for broadband liq-
uid characterization,” in Proc. 44th Eur. Microw. Conf., 2014,
pp. 687–690.

[6] K. Grenier et al., “Recent advances in microwave-based dielectric
spectroscopy at the cellular level for cancer investigations,” IEEE Trans.
Microw. Theory Techn., vol. 61, no. 5, pp. 2023–2030, May 2013.



1106 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 66, NO. 2, FEBRUARY 2018

[7] W. Chen, D. Dubuc, and K. Grenier, “Microwave dielectric spectroscopy
of a single biological cell with improved sensitivity up to 40 GHz,” in
IEEE MTT-S Int. Microw. Symp. Dig., May 2015, pp. 1–3.

[8] Y. Ning et al., “Broadband electrical detection of individual bio-
logical cells,” IEEE Trans. Microw. Theory Techn., vol. 62, no. 9,
pp. 1905–1911, Sep. 2014.

[9] X. Ma et al., “Reproducible broadband measurement for cytoplasm
capacitance of a biological cell,” in IEEE MTT-S Int. Microw. Symp.
Dig., May 2016, pp. 1–4.

[10] D. J. Rowe, A. Porch, D. A. Barrow, and C. J. Allender, “Microfluidic
device for compositional analysis of solvent systems at microwave
frequencies,” Sens. Actuators B, Chem., vol. 169, pp. 213–221, Jul. 2012.

[11] D. J. Rowe, S. Al-Malki, A. A. Abduljabar, A. Porch, D. A. Barrow, and
C. J. Allender, “Improved split-ring resonator for microfluidic sensing,”
IEEE Trans. Microw. Theory Techn., vol. 62, no. 3, pp. 689–699,
Mar. 2014.

[12] D. F. Williams et al., “Calibration-kit design for millimeter-wave silicon
integrated circuits,” IEEE Trans. Microw. Theory Techn., vol. 61, no. 7,
pp. 2685–2694, Jul. 2013.

[13] D. F. Williams and R. B. Marks, “LRM probe-tip calibrations using
nonideal standards,” IEEE Trans. Microw. Theory Techn., vol. 43, no. 2,
pp. 466–469, Feb. 1995.

[14] M. A. Pulido-Gaytán, J. A. Reynoso-Hernández, J. R. Loo-Yau,
A. Z.-D. Landa, and M. del Carmen Maya-Sánchez, “Generalized theory
of the thru-reflect-match calibration technique,” IEEE Trans. Microw.
Theory Techn., vol. 63, no. 5, pp. 1693–1699, May 2015.

[15] D. F. Williams and D. K. Walker, “Series-resistor calibration,” in 50th
ARFTG Conf. Dig., vol. 32. 1997, pp. 131–137.

[16] S. Padmanabhan, L. Dunleavy, J. E. Daniel, A. Rodriguez, and
P. L. Kirby, “Broadband space conservative on-wafer network ana-
lyzer calibrations with more complex load and thru models,” IEEE
Trans. Microw. Theory Techn., vol. 54, no. 9, pp. 3583–3593,
Sep. 2006.

[17] R. B. Marks, “A multiline method of network analyzer calibration,”
IEEE Trans. Microw. Theory Techn., vol. 39, no. 7, pp. 1205–1215,
Jul. 1991.

[18] D. F. Williams, C. M. Wang, and U. Arz, “An optimal multiline TRL
calibration algorithm,” in IEEE MTT-S Int. Microw. Symp. Dig., vol. 3.
Jun. 2003, pp. 1819–1822.

[19] A. Fraser, R. Gleason, and E. W. Strid, “GHz on-silicon-wafer probing
calibration methods,” in Proc. Bipolar Circuits Technol. Meeting, 1988,
pp. 154–157.

[20] D. F. Williams, J. C. M. Wang, and U. Arz, “An optimal vector-network-
analyzer calibration algorithm,” IEEE Trans. Microw. Theory Techn.,
vol. 51, no. 12, pp. 2391–2401, Dec. 2003.

[21] S. Liu, I. Ocket, P. Barmuta, A. Lewandowski, D. Schreurs, and
B. Nauwelaers, “Broadband dielectric spectroscopy calibration for
microliter samples of biogenic liquid,” in Proc. 44th Eur. Microw. Conf.,
2014, pp. 279–282.

[22] S. Liu et al., “Broadband dielectric spectroscopy calibration using
calibration liquids with unknown permittivity,” in Proc. 84th ARFTG
Microw. Meas. Conf., 2014, pp. 1–5.

[23] J. C. Booth, N. D. Orloff, J. Mateu, M. Janezic, M. Rinehart, and
J. A. Beall, “Quantitative permittivity measurements of nanoliter liquid
volumes in microfluidic channels to 40 GHz,” IEEE Trans. Instrum.
Meas., vol. 59, no. 12, pp. 3279–3288, Dec. 2010.

[24] R. B. Marks and D. F. Williams, “A general waveguide circuit theory,”
J. Res. Nat. Inst. Standards Technol., vol. 97, no. 5, pp. 533–562,
Sep./Oct. 1992.

[25] D. M. Pozar, Microwave Engineering, 4th ed. Hoboken, NJ, USA: Wiley,
2011, pp. 48–56.

[26] D. Williams and R. Marks, “The interpretation and use of S-parameters
in lossy lines,” in 36th ARFTG Conf. Dig., vol. 18. 1990, pp. 84–90.

[27] R. B. Marks and D. F. Williams, “Characteristic impedance
determination using propagation constant measurement,” IEEE Microw.
Guided Wave Lett., vol. 1, no. 6, pp. 141–143, Jun. 1991.

[28] W. Heinrich, “Quasi-TEM description of MMIC coplanar lines including
conductor-loss effects,” IEEE Trans. Microw. Theory Techn., vol. 41,
no. 1, pp. 45–52, Jan. 1993.

[29] K. Levenberg, “A method for the solution of certain non-linear problems
in least squares,” Quart. J. Appl. Math., vol. 2, no. 2, pp. 164–168,
Jul. 1944.

[30] S. Wittekoek, J. van der Werf, and R. A. George, “Phase gratings
as waferstepper alignment marks for all process layers,” Proc. SPIE,
vol. 0538, pp. 24–31, Jul. 1985.

[31] J. Golden, H. Miller, D. Nawrocki, and J. Ross, “Optimization of
bi-layer Lift-Off Resist Process,” in CS Mantech Tech. Dig., 2009,
pp. 1–4.

[32] N. D. Orloff et al., “A compact variable-temperature broadband series-
resistor calibration,” IEEE Trans. Microw. Theory Techn., vol. 59, no. 1,
pp. 188–195, Jan. 2011.

[33] H. Lorenz, M. Despont, N. Fahrni, N. LaBianca, P. Renaud, and
P. Vettiger, “SU-8: A low-cost negative resist for MEMS,” J.
Micromech. Microeng., vol. 7, no. 3, p. 121, 1997.

[34] J. C. McDonald and G. M. Whitesides, “Poly(dimethylsiloxane) as a
material for fabricating microfluidic devices,” Accounts Chem. Res.,
vol. 35, no. 7, pp. 491–499, Jul. 2002.

[35] R. B. Marks, “Formulations of the basic vector network analyzer error
model including switch-terms,” in 50th ARFTG Conf. Dig., vol. 32. 1997,
pp. 115–126.

[36] W. T. Weeks, L. L.-H. Wu, M. F. McAllister, and A. Singh, “Resistive
and inductive skin effect in rectangular conductors,” IBM J. Res.
Develop., vol. 23, no. 6, pp. 652–660, 1979.

[37] R. Buchner, J. Barthel, and J. Stauber, “The dielectric relaxation of
water between 0 °C and 35 °C,” Chem. Phys. Lett., vol. 306, nos. 1–2,
pp. 57–63, Jun. 1999.

[38] C. A. E. Little, N. D. Orloff, I. E. Hanemann, C. J. Long, V. M. Bright,
and J. C. Booth, “Modeling electrical double-layer effects for microflu-
idic impedance spectroscopy from 100 kHz to 110 GHz,” Lab Chip,
vol. 17, no. 15, pp. 2674–2681, Jul. 2017.

Xiao Ma (S’15) received the B.S. degree in physics
from Peking University, Beijing, China, in 2014. He
is currently pursuing the Ph.D. degree at Lehigh
University, Bethlehem, PA, USA.

In 2016, he joined the National Institute of
Standards and Technology (NIST), Boulder, CO,
USA, where he has been involved with measure-
ments and modeling for microwave microfluidic
devices, as a Foreign Guest Researcher. He is spe-
cialized in 3-D electromagnetic simulation using
finite-element methods and microwave device char-

acterization techniques. His current research interest includes biosensors,
microwave measurement, and liquid calibration.

Nathan D. Orloff received the B.S. (Hons.) and
Ph.D. degrees in physics from the University of
Maryland at College Park, College Park, MD, USA,
in 2004 and 2010, respectively. His doctoral thesis
involved the study and extraction of microwave
properties of Ruddlesden-Popper ferroelectrics.

In 2011, he joined the Department of Bio-
engineering, Stanford University, Stanford, CA,
USA, as a Dean’s Post-Doctoral Fellow with
Prof. I. Riedel-Kruse. In 2013, he joined the Mate-
rials Measurement Laboratory, National Institute of

Standards and Technology (NIST), Gaithersburg, MD, USA, as a Rice
University Post-Doctoral Fellow with Prof. M. Pasquali. In 2014, he joined
the newly formed Communications Technology Laboratory, NIST, to lead the
Microwave Materials Project.

Dr. Orloff was a recipient of the 2004 Martin Monroe Undergraduate
Research Award, the 2006 CMPS Award for Excellence as a Teaching
Assistant, the 2010 Michael J. Pelczar Award for Excellence in Graduate
Study, and the 2015 Communications Laboratory Distinguished Associate
Award.



MA et al.: MULTISTATE SINGLE-CONNECTION CALIBRATION FOR MICROWAVE MICROFLUIDICS 1107

Charles A. E. Little received the B.S. degree in
physics from Appalachian State University, Boone,
NC, USA, in 2008, and the M.S. degree from the
Mechanical Engineering Department, University of
Colorado, Boulder, CO, USA, in 2013, where he is
currently pursuing the Ph.D. degree in mechanical
engineering.

He was a Research Assistant with Duke University,
Durham, NC, USA, as part of the Neutrino Group,
Physics Department. Since 2010, he has been with
the National Institute of Standards and Technology

(NIST), Boulder, developing fabrication techniques for microfluidics, with
recent work concentrating on integrated microfluidic/microwave devices for
measuring the electrical and magnetic properties of fluids.

Christian J. Long, photograph and biography not available at the time of
publication.

Isaac E. Hanemann, photograph and biography not available at the time of
publication.

Song Liu received the Ph.D. degree in electrical
engineering from KU Leuven, Leuven, Belgium,
in 2016.

From 2014 to 2015, he spent six months with
the RF Technology Division, National Institute of
Standards and Technology (NIST), Boulder, CO,
USA, under the support of KU Leuven. His current
research interests include RF power amplifier design,
microwave biomedical applications, VNA calibra-
tion, and material characterization.

Dr. Liu was one of the recipients of the ARFTG
Roger Pollard Student Fellowship in 2013 and the IEEE MTT-S Graduate
Fellowship in 2014.

Jordi Mateu (A’02–M’04–SM’10) received
the telecommunication engineering and Ph.D.
degrees from the Universitat Politècnica de
Catalunya (UPC), Barcelona, Spain, in 1999 and
2003, respectively.

Since 2007, he has been with the Department of
Signal Theory and Communications, UPC, where
he is currently an Associate Professor. He is also
with the Center Tecnologic de Telecomunicacions
de Catalunya (CTTC), Castelldefels, Spain, as an
external Senior Research Associate. He also

possesses over six years of experience outside academia as Engineer,
Researcher, and Manager with Gillette, Weybridge, U.K., Superconductor
Technologies Inc., Santa Barbara, CA, USA, CTTC, and the Massachusetts
Institute of Technology, Cambridge, MA, USA, including over three years
with the National Institute of Standards and Technology (NIST), Boulder,
CO, USA.

James C. Booth, photograph and biography not available at the time of
publication.

James C. M. Hwang (M’81–SM’82–F’94–LF’15)
received the B.S. degree in physics from National
Taiwan University, Taipei, Taiwan, and the M.S. and
Ph.D. degrees in materials science and engineering
from Cornell University, Ithaca, NY, USA.

He spent 12 years with IBM, Bell Labs, GE, and
GAIN. Since 1988, he has been a Professor of elec-
trical engineering and the Director with Compound
Semiconductor Technology Laboratory, Lehigh Uni-
versity, Bethlehem, PA, USA. He was the co-founder
of GAIN and QED; the latter became the public

company IQE. He has been focused on microwave materials, devices, and
circuits for four decades.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


