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Abstract— This paper aims to demonstrate that novel additive
manufacturing (AM) technologies like metal adhesive laminate
and multilayer inkjet printing can be effectively exploited to
fabricate high-performing radio-frequency passive components
on flexible substrates. Both processes are substrate independent
and therefore suitable for manufacturing circuits on several
unconventional materials, such as photo-paper. In addition,
their complementary features can be combined to develop a
novel hybrid process. Proof-of-concept AM prototypes of passive
components, such as capacitors and inductors, exhibiting quality
factors over 70, never achieved before on paper, and self-
resonant frequencies beyond 4 GHz are described. The maximum
inductance and capacitance per unit area are 1.4 nH/mm2

and 6.5 pF/mm2, respectively. Moreover, an AM RF mixer
with a conversion loss below 10 dB is demonstrated still on
paper substrate. The mixer, fabricated with the copper adhesive
laminate method, operates at 1 GHz and exploits a lumped balun
transformer connected to two packaged diodes in series.

Index Terms— Additive manufacturing (AM), copper adhesive
laminate, flexible electronics, green electronics, inkjet printing,
Internet of Everything (IoE), Internet of Things (IoT), passive
components.

I. INTRODUCTION

C ISCO reported about the market forecast for Inter-
net of Things (IoT) in 2011 as “IoT will change

everything, including ourselves (...) there will be 50 billion
devices connected to the Internet by 2020” [1]. Another
report from Verizon [2] states that the IoT “is founded on
familiar technologies—like sensors, networking, and cloud
computing—but its potential for transformation is incredible”
and it has already increased the connections on our networks in
2013–2014 of 204% in manufacturing sector, 128% in finance
and insurance, 120% for media and entertainment, and so
forth.

Industrial reports state that, nowadays, we are living the
highest increase in the number of connected devices and, most
of all, they are not only PCs, laptops, TVs, smartphones,
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or tablets, but also watches, glasses, wearables, medical
equipment, and almost anything else very soon. The IoT is
having impact on everything, and at some point, we expect
everything to be connected in the Internet: the era of Internet
of Everything (IoE) is beginning with a huge market by
2020 [3].

The idea behind IoT is that objects autonomously
sense, collect, and wirelessly send the information to the
network [4]–[7]. Having a huge amount of connected devices
means also considering new challenges related to high-level
protocols and communication [8], energy (no batteries and no
cables), and integrability with the environment. Ideally, the
most suitable device for IoT applications should be wireless,
energy autonomous, and made of environmentally friendly and
mechanically flexible materials [9]. In this way, the electronics
can be integrated to the hosting object with a limited impact on
the environment, on the fabrication process and cost, and on
the end user, while they can be printed in large areas enabling a
great scalability to large numbers [10]. These requirements can
be pursued by introducing novel technologies and materials
such as zero- or low-power architectures, wireless power trans-
fer and energy harvesting [11], chipless solutions [7], [12],
low-cost polymer-based substrates, and roll-to-roll (R2R) com-
patible industrial prototyping.

The focus of this paper is on the enabling technologies
and, in particular, it has the purpose of demonstrating that
RF passive elements can be fabricated by means of additive
manufacturing (AM) processes reducing the costs and time
of production with respect to traditional technologies, using
unconventional, mechanically flexible, and environmentally
friendly substrates (like photo-paper), and keeping high the
RF performance of the component. In particular, in this paper,
technologies like vertically integrated inkjet printing [13], [14]
and metal adhesive laminate method [15], [16] are adopted.
The choice of such technologies is suitable not only for the
beforehand discussed motivations, but also for the perspective
of their combination in an industrial (R2R) environment for
high volume production of hardware in the IoT and large-area
electronics application scenarios [10].

It is well known that inductors and capacitors are key com-
ponents for the realization of many RF circuits (e.g., filters,
matching networks, oscillators, resonators, and mixers) that are
fundamental for wireless IoT nodes. The proposed technolo-
gies aim to effectively integrate these elements so that bulky

0018-9480 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



MARIOTTI et al.: HIGH-PERFORMANCE RF DEVICES AND COMPONENTS ON FLEXIBLE CELLULOSE SUBSTRATE 63

lumped components can be avoided. In this way, the costs
and weight of the hosting systems are dramatically reduced,
while better mechanical flexibility and eco-compatibility can
be achieved: these aspects are of paramount importance
when pursuing compatibility with objects’ manufacturing [1].
In particular, with respect to [17], we show inductors and
transformers with higher Q-factors fabricated on paper with
the proposed processes.

This paper is divided into an illustration of the fundamental
features of the proposed technologies (Section II), design and
characterization of proof-of-concept RF passive components
prototypes on paper substrates (Section III), and eventually the
demonstration of their design (Sections IV–VI) and integration
in a prototype of 1-GHz balanced mixer, realized on paper as
well (Section VII).

II. TECHNOLOGIES AND THEORY OF OPERATION

The growth of IoT market perspective and new applications
is increasing the research to propose enabling technologies
for high industrialization of the wireless nodes involved in
such scenarios. The requirements for new technologies are
independence on the hosting materials, mechanical flexibility,
low cost, eco-compatibility, and fast prototyping. In the last
decade, various candidate technologies have been identified
to accomplish the prerequisites previously illustrated. Among
others, there are gravure printing, screen printing, laser etch-
ing, inkjet printing [13], and metal adhesive laminate [10]. The
last two will be described in the next sections since they have
been adopted in this paper to demonstrate RF metal–insulator–
metal (MIM) passives on cellulose-based substrate.

A. Vertically Integrated Inkjet Printing

Planar circuits on cellulose-based substrates fabricated by
means of nanoparticle silver inkjet printing have been already
widely investigated and demonstrated [11], [13], [18] in the
past. Recently, new dielectric inks have been developed and
characterized in order to enable the realization of MIM struc-
tures: inductors on flexible LCP or paper [14], [17], capacitors
on Kapton [19] or silicon [20], transformers on LCP [21],
LC tank [22], and microelectromechanical systems [23].

Fig. 1 illustrates the basic steps of vertically integrated
inkjet printing. In step 1, the first metal layer is deposited
with a typical thickness of 0.5 μm per pass and with a
curing temperature of 120 °C (this value can go up to 180 °C
based on the thermal tolerance of the substrate). After creating
the conductive film, a dielectric ink is selected based on the
application (typically polymers like PVPh or SU-8 are adopted
to realize the ink solution) and printed to obtain an insulating
layer. The way of processing the dielectric films and their
physical and RF properties are highly dependent on the type
of polymer used [24]. The third step consists of the next metal
layer printing and its baking to finalize the MIM component
or prepare it for the next layer deposition.

The proof-of-concept components proposed in this paper
are fabricated with the Dimatix DMP2800 platform that is
typically used for rapid prototyping at laboratory level. The
silver ink is provided by Advanced Nano Products (ANP).

Fig. 1. Schematic of the fundamental features of vertically integrated inkjet
printing technology.

The dielectric ink is composed of SU-8 2002 and 2005
(from Microchem) with a solid content by weight of 29% and
45%, respectively, dissolved in cyclopentanone in a 80%–20%
ratio by weight in order to obtain a stable ink with a viscosity
of 9 cP measured on a Gilmont falling ball viscometer [19].
The SU-8 ink is cross linked by exposition to UV rays and
heating to 50 °C for 30 min. The typical realized thickness,
with a drop spacing of 20 μm, is of about 4–5 μm per pass.
The electrical permittivity is between 3 and 3.2, while the loss
tangent is close to 0.04 for frequencies up to 25 GHz. The
profile thickness is determined using a Dektak profilometer
on square pads printed on top of rigid glass substrates.

The entire process is performed with 10-pL cartridges and
a drop spacing of 20 μm. A more detailed description of the
ink formulation and characterization is reported in [25].

B. Copper Adhesive Laminate Method

The copper laminate method is described and character-
ized on paper substrates for frequencies up to 30 GHz in
[15] and [16]. This technology adopts the lithography approach
on adhesive copper tape and exploits its glue to attach the
circuit on top of the substrates. Many circuits fabricated in
this way are demonstrated in [26]–[32].

As it can be seen in Fig. 2, the key step of the process
is to use a sacrificial layer, after the standard lithography
procedure. This layer allows the protection film from the
copper tape to be removed and to be attached it to the substrate
by keeping constant the relative distances of the layout traces.
This process is taking place at room temperature and is low
cost, R2R compatible, substrate independent, and with a high
metal conductivity (i.e., 5.8 × 107 S/m).

The substrate chosen for this paper is standard Mitsubishi
photo-paper with a thickness of 230 μm, a dielectric constant
(εr ) equal to 2.9, and a loss tangent (tan δ) of 0.06 at 1 GHz.

C. RF Passive Components’ Design and Analysis

All RF passive components’ geometries have been first
designed, simulated, and optimized using a full-wave
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Fig. 2. Illustration of the basic steps of the copper laminate method.

Fig. 3. Photograph of the experimental setup.

electromagnetic tool, in particular Computer Simulation
Technology (CST) Microwave Studio (MS); then the proto-
types have been fabricated and tested with a vector network
analyzer, measuring the two-port S-parameters. The S-matrix
is then elaborated with the equations reported in the following,
relative to port 1 when port 2 is shorted to the ground:

L = Im{1/Y11}
2π f

(1)

C = −1

Im{1/Y11}2π f
(2)

R = Re{1/Y11} (3)

Q = |Im{1/Y11}|
R

. (4)

In these equations, the S-matrix is converted into the Y-matrix,
being Y11 = Y (1, 1), and R is the equivalent series resistance.
The data postprocessing has been performed using Advanced
Design Studio (ADS) to compare the measurements with the
simulations, as it will be shown in the following. A picture of
the experimental setup is reported in Fig. 3.

III. INKJET-PRINTED RF PASSIVE COMPONENTS

This section describes the experimental results obtained
for inkjet-printed RF, multilayer inductors, and capacitors on
flexible paper substrates in configurations enabling their easy
two-port integration in RF modules.

Fig. 4. Inkjet-printed MIM inductors. (a) and (c) Top view and
(b) and (d) photograph of the prototypes for 1.5- and 2.5-turn design,
respectively.

A. MIM Inductors

In Fig. 4, the top view of the inductors’ geometry
[Fig. 4(a) and (c)] and the photographs of the prototypes
[Fig. 4(b) and (d)] are reported for 1.5- and 2.5-turn designs,
respectively. In both cases, the linewidth (w in Fig. 4) and
the spacing are set to 0.3 mm. Metalizations are made of
five passes of nanoparticle silver ink from ANP, resulting in a
2.5-μm film; the dielectric to separate the metal levels is made
of a four-pass printed SU-8 ink [19] with an overall thickness
of 20 μm. The vias to connect metal 0 and metal 1 have
been created by patterning holes in the SU-8 film in a way
that the silver ink of the top metal could fill them and realize
low-resistance contacts.

Fig. 5 shows the inductance (L) and the quality factor (Q)
measured on five samples per design. The process is demon-
strated to be highly repeatable, and a good agreement between
measurement and simulated models is shown.

Inductance values of about 7 nH, maximum Q of 11,
and self-resonant frequency (SRF) of 4.25 GHz are exhibited
by the 1.5-turn inductors. The 2.5-turn geometry is instead
performing L of 18 nH, maximum Q of 10, and SRF around
2 GHz. It is confirmed, as expected from the inductors’ theory,
that larger geometries result in higher L values and lower
SRFs.

B. MIM Capacitors
Inkjet-printed MIM capacitors’ prototypes on photographic

paper are discussed in this section. The geometry proposed,
depicted in Fig. 6(a), consists of circular parallel-plate capaci-
tors with a radius (r ) of 0.5 mm and a CPW feeding structure.
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Fig. 5. RF performance of the printed inductors: dashed curves are for
1.5 turns, while solid lines are for 2.5 turns. Measurements of the five
prototypes are in black, whereas simulations are shown in gray.

Fig. 6. Inkjet-printed MIM capacitors. (a) Top view. (b) Photograph of the
prototype. In the design, r = 0.5 mm, w = 0.3 mm, gap = 0.25 mm, and
l = 0.65 mm.

The SU-8-based ink is printed as a dielectric film between
the metal plates, with thicknesses of 4 (one pass) and 8 μm
(two passes). The photo of an inkjet-printed prototype is shown
in Fig. 6(b).

Considering the geometry and the properties reported for the
adopted materials, the expected value of the capacitance for
the fabricated prototypes has to be in the range of 2.5–6.5 pF.
This fits very well with the values of the curves reported

Fig. 7. RF performance of the inkjet-printed MIM capacitors, with one layer
(dashed line) and two layers (solid line) of SU-8, in terms of (a) capacitance
and (b) quality factor. Gray curves refer to simulations, while black curves
are experimental.

in Fig. 7, where the simulated and experimental results are
summarized for both samples with one and two layers of SU-8.
Performance has been evaluated up to 3 GHz demonstrating
a quality factor over 15 and the SRF of 2.5 GHz; moreover,
a good agreement between the CAD model and the fabricated
prototypes is shown.

IV. COPPER ADHESIVE LAMINATE

RF COMPONENTS ON PAPER

This section reports similar geometries of MIM passive
components fabricated with the copper adhesive laminate
technique on the same flexible cellulose-based substrate for
comparison purposes. In this case, the insulator between two
metal layers is just the acrylic adhesive layer provided with
the copper laminate (original idea). Such an insulator has a
thickness of 30 μm with a εr = 2.45.

A. MIM Inductors

Spiral circular inductors are illustrated in this section: the
geometries are shown in Fig. 8(a) and (b), while the micro-
graphs of the fabricated samples are given in Fig. 8(c) and (d),
for 1.5-turn and 2.5-turn structures, respectively. The metallic
traces are 0.4 mm wide (w), while the gap between them is
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Fig. 8. Copper adhesive laminate MIM inductors. (a) and (b) Top view of
the design and (c) and (d) micrographs of the prototypes, for the 1.5-turn and
2.5-turn design, respectively.

Fig. 9. Equivalent circuit of the inductors. In both geometries, Rs = 0.6 �,
C p = 0.28 pF, and Cox1 = 0.05, pF while Cox2, Rsub, and Csub are 0.
Rp is 4 k� for the 1.5-turn inductor and 18 k� for the 2.5-turn one. Ls is
determined by (5).

equal to 0.2 mm. The outer diameters are 3.3 mm for 1.5 turns
and 6.5 mm for 2.5 turns.

The S-parameters have been measured up to 4 GHz, and the
devices exhibit inductance values of 7.5 and 41 nH and quality
factors over 75 and 50, for 1.5-turn and 2.5-turn inductors,
respectively.

An equivalent circuit model has also been developed based
on the schematic in Fig. 9. As shown in the results in Fig. 10,
such a fits the experimental results in a very accurate way
(error below 8%).

The inductance value in Fig. 9, Ls , is obtained with the
equation for planar spiral inductors reported in [33] is also
performed. The formula is

Ls = μn2davgc1

2
(ln(c2/ρ) + c3ρ + c4ρ

2) (5)

where n is the number of turns, μ is the permeability, the
coefficients ci for circular designs are equal to 1.00, 2.46,

TABLE I

EQUATION-BASED MODEL FOR COPPER INDUCTORS
BASED ON THE FORMULA IN [33]

Fig. 10. RF performance of the copper inductors: dashed lines are for
1.5-turn designs, while solid lines are for the 2.5-turn geometries. EM
simulations are in gray lines, while the equivalent model results are in blue
dashed–dotted lines.

0.00, and 0.20, respectively, davg is the average diameter
defined as 0.5(dout + din), and ρ is the fill ratio expressed by
(dout − din)/(dout + din).

The computed inductance values are reported in Table I.
Finally, it is worth underlining that the inductance values

obtained with the copper adhesive laminate devices comple-
ment those of the inkjet-printed ones.

B. MIM Capacitors

An MIM capacitor fabricated with copper laminate on paper
is shown in Fig. 11(b), while its design is illustrated in
Fig. 11(a). The top and bottom plates have edges = 2 mm (l1)
and = 1.7 mm (l2), respectively. It is worth noting that the
top plate is smaller than the one in the bottom to facilitate
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Fig. 11. Copper laminate MIM capacitor. (a) Top view. (b) Fabricated sample.

Fig. 12. Copper laminate MIM capacitor: RF performance. The max Q is over
30, and the SRF is 1 GHz. Simulations are in gray lines, while measurements
are in black lines.

the alignment step and minimize the probability of accidental
short circuits of the capacitor.

The sample is tested in the frequency range of
0.05–1.5 GHz. The SRF is close to 1 GHz, whereas the
maximum Q is over 30 and the capacity value is 2.5 pF. The
specific capacitance is about 1.25 pF/mm2. The agreement
between simulations and measurements is reasonable (see
Fig. 12).

V. SUMMARY OF RESULTS AND COMPARISON

WITH THE STATE OF THE ART

In this section, a comparison with the state of the art of
flexible inductors and capacitors, i.e., the standalone passive
devices, is reported in Tables II and III, respectively.

As it can be seen from the data shown in Tables II and III,
the performance of the inductors realized with the proposed

TABLE II

RF INDUCTORS ON PAPER: COMPARISON WITH THE STATE OF THE ART

TABLE III

RF CAPACITORS ON PAPER: COMPARISON WITH THE STATE OF THE ART

technologies are two to three times higher than what is
reported in the literature for similar geometries printed on flex-
ible substrates [38]–[40]. Also for the capacitors, the Qs are
two times higher compared with those already published [19].

Note that, in order to make the comparison with state of the
art, the values per unit area have been computed with post-
processing operations [de-embedding and math computation
of L (or C)/A (nH (or pF)/mm2)]

In general, despite the fact that the presented proof-of-
concept designs are similar to what is shown in [14] and [19],
they exhibit higher Qs on lossier substrate (i.e., stan-
dard photographic paper, tan δ ≈ 0.06) than what is
reported on more conventional materials as LCP and Kapton
(tan δ ≈ 0.003).

As a result, both proposed technologies are suitable for the
fabrication of RF multilayer components and the difference in
performance is, for instance, due to the different conductivity
of the metals or the dielectric properties and thicknesses.
However, an industrialization exploiting the benefits of both
methods would be very beneficial for the integration of flexible
components and circuits with IoT systems.

VI. APPLICATION: RF MIXER ON PAPER SUBSTRATE

Several examples of high-performing passive components
on flexible cellulose-based substrates have been presented
in the previous sections; now, in order to demonstrate their
usability for practical RF components and circuits, an RF
mixer layout is proposed on paper substrate. The mixer oper-
ates in the UHF-RFID frequency band up to 1 GHz and uses
a lumped balun transformer.

A. Transformer Design and Characterization

First, the proof-of-concept transformer geometry has been
developed and simulated through the full-wave tool MS,
provided by CST for frequencies up to 5 GHz. The balun
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Fig. 13. Transformer (a) schematic and (b) equivalent circuit. (c) Four-port
model and (d) 3-D CST model, for simulation and characterization.

TABLE IV

BALUN SIMULATED PERFORMANCE AT 1 GHZ

consists of a square single-turn primary and a square two-turn
secondary.

For the transformer characterization, the primary is split
into two halves on the right (see Fig. 13) where the mixer
diodes will be placed (i.e., ports 2 and 3). The character-
ization of the transformer is performed by exporting the
S-parameter file in ADS and simulating the schematic of
Fig. 13. The self-inductance and mutual inductance and
quality factors are determined adopting the series model as
follows.

1) L1 = (Im{1/Y11}/2π f ) and Q1 = (|Im{1/Y11}|/R1),
when port 1 is terminated in a 50-� load and all the
other ports are left open.

2) L2(3) = (Im{1/Y22(33)}/2π f ) and Q2(3) =
(|Im{1/Y22(33)}|/R2(3)), when port 2 (3) is terminated
in a 50-� load, port 4 is grounded, and port 1 is open.

3) L23 = (Im{1/Y22(33)}/2π f ) and Q23 =
(|Im{1/Y22(33)}|/R2(3)), when ports 2 and 3 are
terminated in the same 50-� load and all the other
ports are left open.

The results of the characterization are shown in Fig. 14 and
summarized in Table IV at the frequency of interest for the
mixer (i.e., 1. GHz).

Fig. 14. Balun transformer simulations in terms of (a) self-inductance and
mutual inductances and (b) quality factors.

B. Mixer Design and Test

The presented proof-of-concept singly balanced mixer sub-
system prototype consists of a balun, the primary of which
is connected to the LO, while the secondary center receives
the RF. The other two secondary terminals (ports 2 and 3)
are wired to two diodes (i.e., HSMS2850 from Avago Tech-
nologies), providing the required nonlinearity. Schematic and
an illustration of the described circuit are shown in Fig. 15.
Since the theory behind mixers’ working principle is not the
main aim of this paper and it is well known in the literature,
the authors refer to [41] and [42] for a more detailed discussion
of this type of circuit.

The mixer prototype has been optimized to work with an
LO signal at 1 GHz and an RF signal at 900 MHz with a
resulting IF of 100 MHz.

Once the transformer has been designed and characterized
with full-wave simulations (see the previous paragraph), the
S-parameters are imported in ADS in order to perform the har-
monic balance simulation of the complete circuit in Fig. 15(a)
and determine the conversion loss (CL) between the power
available at RF and that delivered to the road. The circuit
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Fig. 15. Mixer (a) schematic and (b) illustration: a spiral transformer is
connected to a series of diodes in a single-balanced mixer configuration. The
output capacitance (C) is 4.7 pF.

TABLE V

MIXER COMPARISON WITH THE STATE OF THE ART

simulation is performed considering the SPICE model of the
diodes reported in the datasheet.

The device has been fabricated on paper substrate with
the copper adhesive laminate method and tested with
the HP8657A spectrum analyzer. Simulations and experi-
ments are shown in Fig. 16, where the CL is reported
in decibels. A difference of 1.1 dB in correspondence
with the minimum CL is shown demonstrating an agree-
ment between the measurement and the simulations of
about 28%.

Moreover, it is worth noting that the tested IF-LO isolation
is 50 dB.

A comparison with similar mixer topologies in
traditional substrates and technologies is reported
in Table V.

Fig. 16. Mixer test: measured and simulated CL (dB) versus LO available
power (dBm). The photo of the prototype is also shown.

To the best of the authors’ knowledge, this is the first
mixer on cellulose substrates based on a lumped balun
transformer. The total substrate area is only 25 mm2,
whereas the measured CLs compare well with those of
other mixer circuit implemented with more performing
technologies.

VII. CONCLUSION

To summarize, this paper demonstrated, with models, simu-
lations, and experiments, the use of novel technologies for on-
paper mechanically flexible microwave passive components.
Such processes exploit several additive steps with advantages
in terms of low chemical waste, short time of production, and
low costs. The RF performance is evaluated up to 6 GHz,
and Qs over 70 are registered. The featured capacitance
and inductance per unit area demonstrate an improvement
of more than one order of magnitude compared with the
state of the art of similar technologies on less lossy flexible
substrates. In addition, in order to step up to a system-block
level, a transformer is adopted to design and implement a
5×5 mm2 single balanced mixer that exhibits a CL of less than
10 dB. In conclusion, the combination of the copper adhesive
laminate process with inkjet printing would be an excellent
manufacturing technology for the realization of flexible RF
components and circuits in low-cost ordinary materials, such
as cellulose-based paper, for a variety of IoT and “networked
society” applications.
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