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Abstract—In this paper, we propose a robust microwave
characterization of inkjet printed components on flexible sub-
strates, which aim at measuring the material properties of
silver nanoparticle inks and the supporting dielectric spacer
employed during measurements. Starting with propagation con-
stant extracted from multiline thru-reflect-line calibration with
coplanar waveguide (CPW) standards and then proceeding with
finite element modeling of CPWs, the proposed technique can
dynamically produce an interpolated search space by automatic
driving of simulation tools. In the final stage, the algorithm
utilizes a least-square optimization routine to minimize the
deviation between model and measurements. Our technique
significantly reduces the computing resources and is able to
extract the material parameters using even a nominal ink profile.
Characteristic impedances for CPWs are extracted using series
resistor measurements from 10 MHz to 20 GHz. It is also
shown that the proposed characterization methodology is able
to detect any changes in material properties induced by changes
in fabrication parameters such as sintering temperature. Ink
conductivities of approximately 2.973× 1072.973× 1072.973× 107 S/m and spacer
dielectric constant of 1.78 were obtained for the inkjet printed
CPWs on PET. In addition, the inkjet printed CPWs sintered at
170 ◦170 ◦170 ◦C and 220 ◦220 ◦220 ◦C on Kapton had conductivities of 0.187× 1070.187× 1070.187× 107

and 0.201× 1070.201× 1070.201× 107 S/m respectively. We verified our technique by
measuring the material parameters with conventional approach.

Index Terms—Inkjet printed CPW, flexible substrates, CAD,
measurement, characterization.

I. INTRODUCTION

TO ENABLE microwave circuits for emerging markets
like the internet-of-things (IoT), there is a need for the

inexpensive manufacture of environmentally friendly electron-
ics. Thus, many traditional printing methods such as gravure
printing, flexography, screen printing, and inkjet printing are
making inroads into electronics manufacturing [1], [2]. Inkjet-
printing has emerged as an alternative to conventional sub-
tractive fabrication techniques such as etching and milling,
since it is both cost-efficient and environmentally-friendly [3].
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Unlike conventional etching and milling, where the waste
includes hazardous chemicals, inkjet printing is an additive
process, depositing controlled amounts of functionalized inks
and producing no by-products [4]. Furthermore, inkjet printing
is compatible with inexpensive flexible substrates such as
polyethylene terephthalate (PET), photo paper, and Kapton.
Numerous applications of inkjet printing have been reported
for RF/microwave applications [5]-[7], including wireless
power transfer topologies, RFID-based sensors [8], and mi-
crowave components [9]-[12] for low loss and high speed
communication systems.

Measurement of electrical properties of inkjet printed com-
ponents at RF/microwave frequencies elucidate fundamental
properties of constituent materials including conducting inks
and supporting dielectrics. Significant effort from the scientific
community has been devoted to extract electrical properties
of silver nanoparticle inks from these measurements. Some
studies proposed extraction of propagation constant and char-
acteristic impedance with the aid of complex scattering (S)-
parameter measurements [13], [14]. K. Hettak et al. reported
CPW on flexible PET with an attenuation of 0.6 dB/mm at 60
GHz [15]. Belhaz et al. showed a 0.3 dB/mm reduced losses at
67 GHz with a 300 ◦C sintering temperature [16]. Characteri-
zation based on conductivity analysis were presented in [17]-
[19]. An adaptive, non-contact sensor measurement was pro-
posed to extract the conductivity and current density in [20].
However, all of these approaches utilize analytical formulae
to evaluate the ink conductivity, and require high precision
microscopic measurements [21]. In addition, for repeatable
measurements on flexible substrates, one has to address the
most crucial challenges in flexible electronics such as per-
formance distortion (substrate alignment) and delamination of
integrated circuits (ICs) [22]. Computer-aided-design (CAD)
based techniques utilizing commercial electromagnetic (EM)
simulation packages are popular to extract dielectric properties
from measured S-parameters [23], [24]. The problem with
these techniques is that the simulation requires a prohibitive
meshing or large number of iterations to find the dielectric
constant that best matches the measured S-parameters.

Recently, we proposed a new approach to flexible printed
electronics measurement as a first step toward developing
a broadly-applicable test platform for evaluation of flexible,
inkjet printed microwave circuits as well as their constituent
materials [25]. Our approach enabled repeatable measurements
for inkjet printed CPWs on a flexible PET substrate from 10
MHz to 20 GHz. In addition, we showed that with electromag-
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netic simulation and optimization, it is possible to characterize
the ink and supporting materials [26]. This paper develops and
expands the main aspects of our previous work, and includes
the following new significant additions:

1) A robust technique that reduces the computing resources
and is able to obtain the values of the ink conductivity
and spacer dielectric constant,

2) The technique automates all the subtasks involved in
CAD modeling and optimization, thereby facilitating an
efficient and concurrent parameter extraction framework,

3) Demonstration of the sensitivity of the CAD-assisted
method to changes in fabrication, e.g. change in ink
conductivity due to sintering temperature variation,

4) Extraction of capacitance per unit length and character-
istic impedance for printed CPWs using a series resistor.

In Section II we present a detailed analysis to extract the
microwave material parameters. We explain how to use the
multiline TRL calibration and series resistor measurement to
extract the propagation constant [27] and the characteristic
impedance of the CPW [28]. We then present the interpolation-
based EM modeling and least-square-based optimization pro-
cess to fit the simulated attenuation and phase constant to
measured values. We subsequently present a flow diagram
that compares the proposed characterization approach with
the conventional one to extract ink properties and dielectric
constant of the spacer. In Section III, we present the fabrication
and measurement methodology adopted for inkjet printed
CPWs. In Section IV, the results from our proposed CAD-
driven characterization technique are presented. The method is
able to detect the changes in conductivity of the silver nanopar-
ticle ink after sintering at different temperatures. Additionally,
we present the simulated and measured attenuation constant,
capacitance per unit length, characteristic impedance, and
extracted ink conductivities and spacer dielectric constant. As
will be shown, these results demonstrate a viable test platform
for characterization of inkjet printed microwave circuits as
well as the constituent materials. Finally, we conclude this
paper in Section VI.

II. CHARACTERIZATION METHODOLOGY

An illustration of a CPW on a flexible substrate studied here
is provided in Fig. 1. The desire to measure on-wafer CPWs
with high precision leads to the need to support a wafer with
minimal deformation while maximizing stiffness [29]. Flexible
materials may be sensitive to mechanical probe contact during
measurement. Vacuum chucks are suited to increase stiff-
ness of these materials, however, the metallic vacuum chuck
gives rise to a conductor-backed CPW (CBCPW), resulting
in excitation of unwanted parallel-plate parasitic modes and
microstrip modes.

We employed a dielectric spacer to avoid excitation of un-
desired modes. The spacer is planar and porous, thus ensuring
uniform back support while distributing the vacuum equally
throughout the surface and mitigating any potential deflection
of the flexible substrate. The above topology can be easily
analyzed as a multilayer CPW [30].

tDS

tFS

wc

Dielectric Spacer, εDS

Flexible Substrate, εFS

Fig. 1. Representative CPWs in a CAD environment. Silver nanoparti-
cle inks of conductivity (σink) are deposited on a (tFS) thick flexible
substrate to print CPWs with a ground plane of width (wg), center
conductor of width (wc) and gap of width (g). During measurements,
the CPWs are supported by a dielectric spacer of thickness (tDS)
underneath. εFS and εDS are dielectric constants of the flexible
substrate and dielectric spacer respectively. CAD simulations are
performed with waveguide port excitation.

A. Coplanar Waveguide Analysis

In this study, we used a multiline TRL calibration algorithm
for determining the complex propagation constant from uncal-
ibrated S-parameter measurements of multiple transmission
lines [27]. In multiline TRL, the calibration is defined relative
to the characteristic impedance of the transmission line (Z0),
which is complex and frequency dependent for normal metal
transmission lines. For a series resistor, the assumption is that
at low frequencies, the impedance (ZL) can be approximated
by the dc resistance of the resistor ZL ≈ RDC . The dc
resistance of the series resistor is determined experimentally
from the difference between two-port dc measurements of the
series resistor and the thru. Following the assumptions from
[31], Z0 for transmission lines on a low-loss substrate can be
simplified as

Z0 ≈
γ(ω)

jωC0
. (1)

where γ(ω) is the frequency-dependent complex propagation
constant obtained from the multiline TRL method and C0 is
capacitance per unit length of the CPW transmission lines.

The expression for the capacitance matrix, C obtained from
a series resistor is [28]

C11,22 ≈
(

2γ(ω)

jωRDC

)
S11,22

1− S11,22
(2)

C21,12 ≈
(

2γ(ω)

jωRDC

)
1− S21,12

S21,12
. (3)

where Sij denote S-parameters of the series resistor load.
Once we obtain (2) and (3) from the reflection and trans-
mission coefficients of a single series resistor, C0 is then
calculated by taking the average low-frequency limit of C11,22

and C21,12, thus providing estimates of C0.
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Fig. 2. Flow diagram of the conventional parameter extraction procedure with complex analytical CMM framework and full wave CAD
simulation (left branch), against the proposed adaptive empirical model extraction with coarse meshed CAD simulation (right branch).

B. Modeling based Interpolation and Optimization

The multiline TRL calibration does not directly determine
the material properties such as conductivity. Further, the
effective dielectric constant (εeff ) obtained from calibration
is the weighted average of the different substrate dielectric
constants in the multilayer CPW. Hence motivating use of EM
simulation to extract the unknown substrate dielectric constant
from εeff .

In the conventional approach, first the εeff is inferred
from the scattering parameter measurements by means of a
conformal mapping method (CMM) in combination with a
parallel capacitance technique (PCT), which provides closed
form formulas for εeff of the device [30]. However, CMM
is based on quasi TEM propagation and requires multiple
elliptical integrals to evaluate the filling factors. The second
step involves deriving a relation between εeff and the un-
known εDS utilizing full-wave EM simulated and measured S-
parameters. As this analytical framework requires calculation
of multiple complex elliptical integrals and fine meshed full-
wave simulated S-parameters, it can be cumbersome, time
consuming and requires significant computational resources.

The inherent challenges of this conventional parameter
extraction technique is further augmented by the need to
make additional high precision microscopic and resistance
measurements to obtain conductivity. The dc conductivity of
the inkjet printed silver nanoparticles is generally extracted
using the measured profiles of the printed traces following [5]

σdc
ink =

l

R ·A
. (4)

where σdc
ink is dc conductivity (S/m), l is the length of the

CPW, R is the CPW measured resistance (Ω) and A is the
cross sectional area of the CPW. The cross section areas of

printed traces may be determined by accurate profilometry and
numerically integrating over the number of printed layers. An
in-depth discussion on challenges of conventional conductivity
measurement techniques has been reported in [21].

In order to overcome the above problems, we propose an
alternative CAD-based extraction technique. Here, we first
developed an EM-simulated, finite-element model to map the
microwave properties of the CPW lines (attenuation constant
α, phase constant β) relative to unknown material properties
(σink, εDS) and frequency (ω). The output parameter Y and
unknown material properties for the model x are represented
as

x =

[
σink
εDS

]
, Y =

[
α
β

]
. (5)

where attenuation and phase constants of the CPW lines can
be obtained from the simulated propagation constant γ using
the classical relationship

γ = α+ jβ. (6)

Once the finite element model is developed, a search space
is then created dynamically which offers interpolated values of
Y at specific query points for x and ω. Subsequently, x can
be obtained through a non-linear optimization in the search
space, thus minimizing the deviation between the models and
measurements. The interpolated matrices can be represented as
Yem(xem, ω). Whereas, the measurement in this case, has a
response represented by Ym(xm, ω). In general, these models
are defined in two parameter spaces xm and xem. The goal
is to perform minimum number of EM simulations in finding
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a non-linear least square solution x∗em with Yem(x∗em, ω) as
close to Ym(xm, ω) as possible, where,

x∗em = arg
{
min

(∑
ω

||Ym(xm, ω)− Yem(xem, ω)||
)}
. (7)

We optimized the values of both material parameters of
interest by solving this non-linear least square problem, fol-
lowing Levenberg-Marquardt algorithm, which helps to avoid
the local minima. The lower and upper bounds for the opti-
mization algorithm for each iteration were set as the minimum
and maximum value of σink and εDS from EM simulation.

C. Parameter Extraction

A flow diagram depicting the proposed parameter extrac-
tion procedure is shown in Fig. 2. The first step of the
procedure consists of extracting the propagation constant of
the CPW lines directly from measurements using multiline
TRL calibration. Next, an EM analysis with an initial guess
of x is performed. To consider a uniform, two-layer CPW
structure, we defined σink= 8.5 × 107 S/m (equal to copper)
and εDS=εFS as the initial guess of x. As regarding the
other material parameters, such as the loss tangent (tan δ)
and εFS of the flexible substrates, final values were adopted
from the literature but the process we developed could be
expanded to include these as well. Next, a search space is
created by sweeping the σink, while keeping εDS constant.
Following (7), we then extracted the optimal value of σink
by minimizing the difference between modeled and measured
attenuation constant (summed over all frequencies) using a
least-square algorithm.

The design parameter x is then updated with the new σink.
In the next iteration, the search space is created with εDS

sweep, while keeping the σink constant and phase constant
from measurement and simulation is considered as the opti-
mization criteria. The above steps are iterated till we attain a
least square error ≈ 1×10−4 and finally the design parameter
x provides the values for unknowns σink and εDS .

In this work, the whole procedure was automated and
controlling software (MATLABTM ) was interfaced with the
EM simulator Ansys HFSSTM ||, enabling a robust platform
to extract the unknown parameters. Our interpolation and error
minimization tasks are based on the Optimization Toolbox in
Matlab [32].

Contrary to the classical approach, the proposed technique
concurrently determines all of the necessary material param-
eters utilizing only a single set of calibrated S-parameter
measurements. These parameters that can be readily used in
the electromagnetic simulator to enable accurate simulations
of more complex circuits. Furthermore, as the optimization
objective function requires just the propagation constant, a
two-dimensional finite element simulation for waveguide port
excitation solutions of the CPW cross section would suffice.
In this way, the total time and computing resources is expected
to diminish very quickly with an increasing search space of
design parameter x.

||Trade names are used for clarity and do not imply endorsement by NIST.

Fig. 3. Schematic of the measurement setup. A LCR meter is
connected to the VNA to measure the dc resistance of THRU and
series resistor.

III. FABRICATION AND MEASUREMENT

A. Fabrication

To demonstrate that the proposed technique is applicable
to multiple processing parameters, we fabricated two sets of
printed CPW lines with different printing methods. In the first
set, the printing was carried out using a commercial process
with Inkjetflex [33]. This process uses inkjet printing as a
precursor on which copper is electroplated. This overcomes
the low resistance issues that commonly occur with traditional
nanoparticle inks used in inkjet processes. The process uses
reel-to-reel printing. The printing was performed at 360 dots
per inch in a single printing pass. The prototyping for the
circuit was performed using a sheet resistance of 30 mΩ/mm2.
The CPW lines (Fig. 1) have a 1.983 mm center conductor
(wc), a 0.130 mm gap (g), and 1.983 mm wide ground planes
(wg) fabricated on 125-µm-thick (tFS) PET substrate with
approximately 2 µm copper plating. To complete a benchmark
multiline TRL calibration, the fabrication included a set of 6
CPWs with lengths of l=

(
14.97 mm, 18.42 mm, 23.57 mm,

35.78 mm, 61.60 mm, 97.93 mm
)
, a symmetric short circuit

and a reflect standard. The reflect standard consisted of a
6.50-mm-long transmission line on each port centered about
the termination. The lengths were determined based on the
approach in [34].

The second set of CPW devices with similar dimensions
were fabricated using a drop-on-demand Dimatrix DMP-2800
inkjet printer. Custom-modified nanoparticle ink (Aldrich)
with 150 nm particle size was printed as a single layer to define
the patterns. In addition to the change in printing technique,
we modified other variables to validate the robustness of the
proposed approach. In the second set of devices, instead of
PET a 125-µm-thick Kapton was used as a substrate and
different sintering temperature were introduced to obtain Ag
tracks with different conductivities. Two sets of CPWs were
fabricated with sintering temperature of 170 ◦C and 220 ◦C. As
before, to complete a benchmark multiline TRL calibration,
the fabrication included a set of 5 CPWs with lengths of
l=
(
6.00 mm, 8.33 mm, 12.99 mm, 17.65 mm, 19.98 mm

)
,

a 6.50-mm-long symmetric short circuit reflect standard and a



SAHU et al.: ROBUST MICROWAVE CHARACTERIZATION OF INKJET PRINTED COPLANAR WAVEGUIDES ON FLEXIBLE SUBSTRATES 5

Fig. 4. (a) Zoomed microphotograph of printed CPW lines on Kapton.
(b) Tilt-view SEM images of a cross-section of the ink layer sintered
at 170 ◦C. (c) SEM Image showing granular ink particles sintered at
170 ◦C. (d) Tilt-view SEM images of a cross-section of the ink layer
sintered at 220 ◦C. (e) SEM Image showing granular ink particles
sintered at 220 ◦C.

series resistor standard. For the series resistor, a 50 Ω surface
mount resistor was adhered to the center trace of the CPW
using a silver conductive epoxy.

B. Measurement

Fig. 3 depicts a schematic of the measurement setup. Two-
port S-parameter measurements were carried out with a vector
network analyzer (VNA) and an on-wafer measurement plat-
form. The system includes two ground-signal-ground (GSG)
microwave probes (1.0 mm pitch), probe manipulators, and
an optical microscope. As described before, during measure-
ments, the flexible substrate was supported by a 0.5 cm-thick
(tDS) porous, dielectric. The power level of VNA was set to
-17.0 dBm and the uncorrected S-parameters were measured
for each device from 10 MHz to 20 GHz. A LCR meter
was connected with the VNA to measure the dc resistance
of the THRU. In order to test the repeatability, four sets of
measurements were carried out at two separate laboratories
on nominally identical sets of devices. An optical image of
an inkjet-printed CPW device is shown in Fig. 4(a). Scanning
electron microscope (SEM) images of CPW devices sintered
at 170 ◦C are shown in Figs. 4(b) and 4(c), while SEM
images of CPW devices sintered at and 220 ◦C are shown
in Figs. 4(d) and 4(e). Inspection of the respective SEM
images of the devices sintered at 170 ◦C and 220 ◦C reveals an
increased grain size at the higher sintering temperature, which
is consistent with previous results [16]. The root-mean-square
(rms) surface surface roughness of the inkjet-printed devices
on Kapton was measured by use of an optical profilometer.

IV. RESULTS AND ANALYSIS

Here, we present results obtained for parameter extraction of
inkjet printed CPW lines on different flexible substrates with
various processing parameters. We divide the results into two
sections: 1) Multiline TRL Analysis 2) Parameter Extraction
outputs.
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A. Multiline TRL Analysis

Fig. 5 shows the attenuation constant as a function of
frequency for inkjet printed CPW lines on PET. It can be seen
that loss increases with frequency. As measured propagation
constant and multiline TRL calibration are the most crucial
components of our technique, we verified the measurement
repeatability through four sets of measurements; each with
a pre- and post-calibration. As can be seen in Fig. 5, the
four sets of measurements agree quite well with each other,
confirming the attenuation constant repeatability. Fig. 6 shows
a comparison of calibration coefficients for the four sets of
measurements following the technique presented in [35]. This
technique evaluates the worst-case deviations of the measured
S-parameters for an examined calibration with respect to a
benchmark calibration. Deviations are treated as max(|Sij −
Sij′ |) for ij ∈ 11, 12, 21, 22, where Sij′ is the S-parameter
measured by the first (or pre) calibration to be tested, and Sij is
the S-parameter measured by the second (or post) calibration.
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The worst-case difference demonstrates the repeatability of
multiline TRL calibrations.

One of the primary objectives of this research is to show
that the proposed technique is able to detect changes in
fabrication parameters. Here, we adopt sintering temperature
as the case study [16], [19]. We first studied the influence
of the sintering temperature on attenuation. Specifically, we
characterized lines sintered at 170 ◦C and 220 ◦C for 30 min
each. Fig. 7 shows the attenuation constant versus frequency
for the two different heating temperatures 170 ◦C and 220 ◦C.
One can see that losses decrease by about (40 dB/m) at
20 GHz when we change the sintering temperature from
170 ◦C to 220 ◦C, reflecting the decrease of the resistivity. To
confirm the difference in attenuation constant, we performed
repeatable measurements for both samples over a period of
several weeks. In Fig. 7 the dashed lines with crosses represent
attenuation constants from repeated measurements. The two
sets of measurements for both samples agree quite well with
each other, confirming change in attenuation constant due to
variation in sintering temperature.

We then used (2)-(3) for the series resistor to evaluate C0

with γ(ω) determined by the multiline TRL algorithm. In Fig.
8, the capacitance per unit length C extracted from (2), using
the reflection coefficient data for series resistor, is shown as
the solid red and blue lines; the corresponding value calculated
from (3) using the transmission coefficient data, is shown as
the solid green and black lines (in online version). Fig. 8 shows
that below 1 GHz, C obtained from reflection and transmission
data is between 0.6 pF/cm to 0.8 pF/cm. We then used the
mean value below 1 GHz to estimate C0 at zero frequency
and obtain a value of 0.7 pF/cm. This value is consistent with
the capacitance per unit length obtained from finite element
simulations of the cross-sectional CPW geometry on Kapton.
We then obtained the characteristic impedance of the CPW
lines from equation (1). Fig. 9 displays Z0 computed from γ
and C0 for both sets of inkjet printed CPWs on Kapton. The
results are in good agreement with the designed characteristic
impedance.

B. Parameter Extraction

Following the methodology described in section II, we
performed several iterations to estimate the value of σink
and εDS . To further simplify the procedure, reduce time and
memory consumption, we interpolated the measurement data
utilizing the EM simulation grid. This resulted in a much
smaller data set to carry out the modeling. We first demonstrate
the technique on inkjet printed CPWs on PET. The dielectric
constant and loss tangent of PET substrate were defined as 3.1
and 0.01. Additionally, the initial values for σink and εDS were
set as 8.54×107 S/m (same as copper) and 3.1 (same as PET)
to define a uniform model to initiate the optimization routine.
After each iteration, the automated search updates the search
range by observing the results from previous iterations. A 2-D
interpolated search space was created dynamically between the
simulated CPW response and material parameters as described
in section II-B. It was observed that the least square optimiza-
tion routine converged after 7 iterations with an aggregated
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respectively, extracted from the series resistor reflection coefficients
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C12 and C21 respectively, from the transmission coefficients. C0 is
determined by taking the average low-frequency limit of all curves.

error of 4 × 10−4. The final values of σink and εDS of the
dielectric spacer were found to be 2.973× 107 S/m and 1.78.
Fig. 5 depicts the comparison of attenuation constant from
EM simulation with extracted parameters and measurement.
The normalized phase constant can be calculated by dividing
β by the free space phase constant, β0 = 2πf/c, where c is
the speed of the light. A comparison plot for normalized phase
constant from measurement and simulation is shown in Fig.
10. As can be observed, both the plots are in agreement, thus
demonstrating the effectiveness of the proposed methodology.
Furthermore, it was also observed that the losses in the CPW
lines are mostly affected by the conductivity of the ink and
loss tangent of PET substrate. The loss tangent of the dielectric
spacer is very low and has minimal effect on the overall losses
of the CPW lines.

CAD-based modeling and characterization techniques are
known to be sensitive to the design variables [36]. In order
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TABLE I
EXTRACTED CONDUCTIVITY AND SPACER DIELECTRIC CONSTANT FOR

INKJET PRINTED CPWS ON DIFFERENT FLEXIBLE SUBSTRATES

Test Samples σink(107σink(107σink(107S/m) εDSεDSεDS (Sim.) εDSεDSεDS (Meas.)
PET 2.973 1.78 1.81
Kapton 170 ◦C 0.187 1.76 1.79
Kapton 220 ◦C 0.201 1.81 1.84

to quantify the applicability of the proposed characterization
methodology to detect change in sintering temperature, we
repeated the analysis described in this section for measure-
ments at different temperatures: 170 0C and 220 0C. In this
instance, the dielectric constant and loss tangent of Kapton
were defined as 3.4 and 0.1 [17] in the HFSS model. Like the
previous scenario, the initial values for σink and εDS were set
as 8.54×107 S/m (same as copper) and 3.4 (same as Kapton)
to define an uniform model for iteration 1. The final values
of σink for 170 ◦C and 220 ◦C were found to be 0.187× 107

S/m and 0.201 × 107 S/m respectively. Table I reports, the
extracted σink and εDS for printed CPWs.

In order to further verify if the extracted material properties
are correct, σink and εDS were determined using alternative
approaches. First, the spacer dielectric constant εDS was
measured at Boulder and Warsaw utilizing macroscopic mea-
surement techniques. For the frequency region below 5 GHz,
a split post resonator method [37] was adopted at Warsaw to
measure the εDS . The resulted εDS was noted to be 1.81.
Further, for frequency between 18 GHz and 27 GHz, we
employed a waveguide technique at Boulder to measure εDS

employing a WR42 waveguide [38]. The measured εDS was
noted to be between 1.79 and 1.84 and reported in Table I.
Measurements from both techniques confirm that the value
is constant with frequency, as expected over the measured
frequency range.

As an additional verification, dc conductivity for the printed
CPW lines were measured. Equation (4) is widely cited in
the literature as an accurate calculation of dc conductivity

Frequency [GHz]
0 5 10 15 20

β
/β

0
 [N

p/
m
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Fig. 10. Comparison of normalized phase constant from the inkjet
printed CPW lines on Kapton. The normalization is achieved by div-
ing the phase constant with free space phase constant, β0 = 2πf/c,
where c is the speed of the light. The red curve denotes the normalized
phase constant from simulation and dashed blue curve (in online
version) depicts from measurement.

TABLE II
COMPARISON OF SIMULATED AND MEASURED CONDUCTIVITIES

Test Samples RDC(Ω)RDC(Ω)RDC(Ω) σsim
ink (107S/m)σsim
ink (107S/m)σsim
ink (107S/m) σmeas

ink (107S/m)σmeas
ink (107S/m)σmeas
ink (107S/m)

170 ◦C 3.65 0.187 0.192
220 ◦C 2.95 0.201 0.206

for inkjet printed transmission lines [17]. Following the same
technique, we measured the dc resistance of printed CPW lines
using a LCR meter connected to the VNA as depicted in
Fig. 3. The resistance of the THRU lines for both samples
were measured to be 3.65 Ω and 2.95 Ω, respectively. Table
II reports a comparison of measured dc conductivity and
extracted conductivity by our approach. As can be seen, we are
able to verify values of material parameters using a nominal
ink profile in the EM simulation. This suggests that our
procedure may be of use in areas where the process leads
to a predictable or well-known profile, e.g. manufacturing
processes.

Last but not least, the effect of surface roughness was inves-
tigated. The rms roughness of the devices sintered at 170 ◦C
was 80 ± 13 nm while the rms roughness of the devices
sintered at 220 ◦C was 86 ± 13 nm. It is very small compared
to the skin-depth of Ag at 20 GHz and hence was ignored in
the EM simulation. However, note that, for frequencies above
50 GHz, where the rms surface roughness is comparable to
skin-depth, surface roughness must be incorporated into the
finite element model.
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VI. CONCLUSION

This paper proposes a robust methodology for microwave
characterization of CPW lines on flexible substrates such as
PET and Kapton. First, metrology based on on-wafer TRL
was proposed to measure the printed samples on a flexible
substrate which avoids unnecessary parasitic modes for CPWs.
A detailed measurement-based CPW analysis was carried out
to extract the microwave parameters such as propagation con-
stant, capacitance per unit length and characteristic impedance.
Further, using a CAD based technique, we were able to extract
the ink conductivity and dielectric constant of the spacer
used for measurement. Employment of CAD enabled full
automation of the extraction procedure. It was demonstrated
that the resulting robust characterization methodology is able
to detect the variation in fabrication parameters such as sin-
tering temperature. The extracted conductivity of the ink and
spacer dielectric constant were found to be in good agreement
with the measured values. Direct measurement of the device
profile may be useful to reduce uncertainty in the extracted
parameters, but a nominal profile is sufficient to extract a
physically reasonable (and in this case, verified) value. In
design applications, a short extraction time and straightforward
extraction procedure make the CAD model a good replacement
for the time-consuming and experience-demanding analytical
procedure of traditional approach.
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