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Abstract—In this paper, inkjet-printed UHF and microwave circuits fabricated on paper substrates are investigated for the first
time as an approach that aims for a system-level solution for fast
and ultra-low-cost mass production. First, the RF characteristics
of the paper substrate are studied by using the microstrip ring resonator in order to characterize the relative permittivity ( ) and
loss tangent (tan ) of the substrate at the UHF band for the first
time reported. A UHF RFID tag module is then developed with
the inkjet-printing technology, proving this approach could function as an enabling technology for much simpler and faster fabrication on/in paper. Simulation and well-agreed measurement results,
which show very good agreement, verify a good performance of the
tag module. In addition, the possibility of multilayer RF structures
on a paper substrate is explored, and a multilayer patch resonator
bandpass filter demonstrates the feasibility of ultra-low-cost 3-D
paper-on-paper RF/wireless structures.
Index Terms—Cavity resonator, dielectric characterization,
inkjet printing, loss tangent, low-cost RF modules, multilayer,
paper, printable electronics, relative permittivity, resonator bandpass filter (BPF), RF identification (RFID), ring resonator, UHF,
wireless local area network (WLAN).

I. INTRODUCTION

W

ITH THE growth of demand for low-cost, flexible,
and power-efficient broadband wireless electronics, the
materials and integration techniques become more and more
critical and face more challenges [1], especially with the ever
increasing interest for “cognitive intelligence” and wireless
applications such as third–generation (3G)/fourth–generation
(4G) communication systems and WiMax. This demand is further enhanced by the need for inexpensive, reliable, and durable
wireless RF identification (RFID)-enabled sensor nodes that
is driven by several applications [2] such as logistics, aero-ID,
anticounterfeiting, supply-chain monitoring, space, healthcare,
pharmaceutical, and is regarded as one of the most important
methods for realizing ubiquitous ad hoc networks.
In this paper, paper-based electronics are introduced and investigated for the first time in the UHF and wireless local area
network (WLAN) frequency bands. Paper is considered one of
the best organic-substrate candidates for UHF and microwave
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applications, while it features the industrial ability to be processed in a reel-to-reel fashion [3]. Needless to mention that
paper is also environmentally friendly and one of the lowest cost
materials used in the industry in terms of mass production. Paper
can easily obtain a low surface profile with the application of
appropriate coatings, which can enable the utilization of direct
write methodologies such as inkjet-printing, to be used in replacement of relatively expensive wet-etching techniques. Such
a fast process can be used to print electronics on the surface of
a paper substrate or even embedded in a multilayer fashion. In
addition, paper can be made hydrophobic and/or fire retardant
by adding certain textiles.
However, there are hundreds of different paper materials
available in the commercial market, varying in density, coating,
thickness, texture, etc. Each has its own RF characteristics.
Therefore, the RF characterization of a paper substrate becomes
a must for optimal designs utilizing this low-cost substrate.
Some characterization work has been done in frequencies beneath the UHF band [4]–[6]. Cavity resonators were proposed
for characterization above 30 GHz [1], but have not been preferable in lower frequency bands due to their large dimensions
when the operational wavelength is at the scale of centimeters.
Therefore, the microstrip ring resonator method was chosen to
be used in the hereby presented paper characterization.
In this paper, a thorough analysis has been performed in order
to provide accurate broadband dielectric properties of paper
substrates in UHF frequency for the first time. In Section II,
the electrical characterization of paper substrates has been
performed by using a microstrip ring resonator. In Section III,
as a first-generation paper-based microwave testbed, an RFID
tag module using T-match arms for the matching of the antenna
to the integrated circuit (IC) was designed and printed on a
paper substrate using conductive inkjet printing, and characterized experimentally. In addition, a two-layer patch resonator
bandpass filter (BPF) for WLAN applications was designed and
printed on a multilayer paper configuration to demonstrate the
feasibility of realizing 3-D paper-on-paper wireless structures.
II. RF CHARACTERIZATION OF PAPER SUBSTRATE
The most precise methods for determining RF characteristics
of the substrate are the resonator-based methods, including parallel-plate resonators, microstrip ring resonators, and cavity resonators. The parallel-plate resonator method is usually applied
at low frequencies beneath the UHF band [4]. In the UHF band
and higher frequencies, the microstrip ring resonator method
provides dielectric information at periodic resonant peaks.
Among the critical needs for the selection of the right type of
paper for electronics applications are the surface planarity, water
repelling, lamination capability for 3-D module development,
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TABLE I
RING RESONATOR AND TRL LINE DIMENSIONS

Fig. 1. Microstrip ring resonator configuration diagram.

via-forming ability, adhesion, and co-processability with lowcost manufacturing. For the trial runs, a commercially available
paper with hydrophobic coating was selected. The thickness of
a single sheet of paper is 260 3 m.
The layout of the microstrip ring resonator is shown in Fig. 1.
The ring resonator produces
results with periodic frequency
can be exresonances. In this method, relative permittivity
tracted from the location of the resonances of a given radius
is extracted from the
ring resonator, while loss tangent
quality factor of the resonance peaks along with the theoretical
calculations of the conductor losses. Since the conductivity of
the conductive ink varies with the curing temperature and duration time [7], an 18- m-thick copper foil was selected as the
metallic material heat-bonded on both sides of the paper substrate in order to accurately model and deembed the conductive
loss of the microstrip circuit. The photolithography process was
conducted using a dry film photoresist followed by UV exposure
and finally etching copper using a slow etching methodology.
The paper substrate was then dried at 100 C for 30 min.
To investigate the sensitivity of the results to the paper thickness, as well as to investigate the effect of the bonding process,
three and nine sheets of paper were directly heat-bonded together to grow thickness, without any extra adhesive layers.
Two microstrip ring resonators were designed and fabricated
on these two paper substrates, respectively. The effects of the
input and output feeding lines were deembedded using the thrureflect-line (TRL) calibration on the TRL lines that were designed to be a quarter-wavelength long at different frequencies
over the range of measurement [8]. A reference plane was set
at the edge of the coupling gap to the resonator. Therefore,
only the response of the resonating ring element was effectively
measured. Ansoft’s full wave electromagnetic solver High Frequency Structure Simulator (HFSS) was used to assist the designs. Ring dimensions and TRL lines lengths are shown in
Table I.
The measurements were performed using Agilent’s 8530A
vector network analyzer (VNA), leading to the values listed in
Table II, that feature the peak positions, 3-dB bandwidth, and
insertion loss at the resonant frequencies, as shown in Fig. 2.
The relative permittivity
can be extracted from the effective relative permittivity
and the dimensions of the microstrip [9] by using (1) as follows:
(1)

TABLE II
RING RESONATOR RESONANT MODES

Fig. 2. Measured and simulated S of the ring resonator configuration A. Peak
positions and 3-dB bandwidth at the three resonant frequencies were used to
extract the relative permittivity and the loss tangent of the paper substrate.

0

where
is a function of the ring radius
, the th resonant
frequency obtained from measurement of the insertion loss,
and the speed of light in vacuum [9], as defined in (2) as follows:
(2)
and
in (1) is a function of the thickness of the paper and
of the fringing effects on the microstrip edges, which can be
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The ring attenuation due to radiation were computed using
[12]–[14], and were found to be negligible, and therefore ignored in the computation of the attenuation due to the dielectric.
The attenuation in the rings due to conductor losses were computed using formulas given in [10] and [15]–[17]. However, the
result given by the formula in [10] was chosen since it included
the effect of surface roughness, which is shown in (6) as follows:

Fig. 3. Extracted relative permittivity of paper at the resonant frequencies listed
in Table II. Error bar shows a 95% two-sided confidence interval in a linear
regression model using the method of least squares.

calculated as a function of
shown in (3) as follows:

and conductor thickness [10], as
(6)

(3)
in (3) is the effective strip width accounting for the nonzero
strip thickness and is given by (4) as follows:
(4)
The values of the relative permittivity extracted at the three
resonating modes’ frequencies for each ring resonator are shown
in Fig. 3. The lowest value obtained was 3.2 and the highest was
3.5 in the range of 0.5–2.5 GHz with a slight decrease with increasing frequency. The same behavior has been observed in
other material characterization measurements conducted in low
frequencies [4]. Lower
is expected at a higher frequency
band, as verified by the cavity resonator measurements in [1].
The uncertainty in includes errors due to the ring resonator dimensions, sample thickness, and resonant frequency. Linear regression analysis was applied to estimate the confidence interval
of
results under the rule of least squares. A 95% two-sided
confidence interval is
, in which
is the unbiased estimator of variance
[11]. The corresponding error
bar was plotted in Fig. 3.
The loss in the rings occurs mainly due to the conductors,
lossy dielectrics, and radiation. The loss tangent of the paper
substrate is a function of only the attenuation due to the dielectric at the resonant frequency [10] and is computed using (5)
as follows:
(5)
is the wavelength of the free-space radiation from
where
the rings at the resonant frequencies.
was extracted by subtracting the attenuation due to the conductor and radiation
from the total attenuation
that occurs in the structure at
the resonant frequencies.

is the ac resistance of the copper conductor in the
where
rings in ohms that includes the effects of surface roughness
and skin depth , given by (7) as follows:
(7)
The total attenuation in the resonator is obtained from its unloaded quality factor
given in (8) as follows:
(8)
where the effective wavelength of the TEM signal in the ring
resonator
, calculated as a function of the free-space wavelength , using (9) as follows:
(9)
in (8) is obtained from the
The unloaded quality factor
insertion loss (LA) and the 3-dB bandwidth measured at the
resonant frequency
using (10) as follows:
(10)
The loss tangent extracted from ring B at three different resonating frequencies is shown in Fig. 4. It shows values between
6 10 and 8 10 . With the aim of verifying the loss
tangent by other methods, a simulation-based transmission line
(TL) method was utilized. A microstrip line with a length of
74.8 mm and a width of 2.53 mm was fabricated on the same
paper material. Simulation results for conductor and radiation
losses and , respectively, of the microstrip lines were subtracted from the total loss
. This was done by simulating
a microstrip line with no dielectric loss in HFSS and extracting
and , then subtracting these effects from the total measured
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Fig. 5. SEM images of a layer of printed silver nanoparticle ink, after a 15-min
curing at 100 C and 150 C, respectively. At higher temperature, gaps between
nanoparticles diminish, forming a continuous metal layer for the electrons to
flow.

Fig. 4. Paper loss tangent versus frequency measured with the microstrip ring
resonator method and TL method. The error bar shows the variance with 10%
.
uncertainty in measured quality factor

Q

loss. The TL method results are also plotted in Fig. 4, showing
good agreement with the microstrip ring resonator method.
data set revealed that
Regression analysis from the
linear regression was not a good estimation in calculating the
. Since uncertainty of the measured quality
uncertainty in
is the major error source [18], if other uncertainties
factor
are neglected, such as resonant frequency, the uncertainty in
can be calculated from the uncertainty in the measured
. For these sets of measurements, a 10% uncertainty in
measured
was assumed [19]. The calculated uncertainty in
is shown in the error bar in Fig. 4.
The average values of the measured relative permittivity (3.2)
and the loss tangent 7.7 10
were adopted in the full-wave
HFSS simulation. A good agreement in terms of resonant peak
positions between measured and simulated results is shown in
Fig. 2.
To be noticed, when the frequency range extends to 30 GHz,
the roughness of the metal surface potentially approaches the
skin depth, resulting in an inaccurate loss tangent extraction,
which usually requires acceptable theoretical equations for microstrip conductor losses [20]. In this case, the cavity resonator
method provides a higher level of accuracy compared with the
other methods, and has no requirement of a pretreatment on the
substrate [1].

III. INKJET-PRINTED MICROWAVE CIRCUITS
ON PAPER SUBSTRATE
The realization of paper substrate RF dielectric characterization paves the way for a system-level solution for ultra-low-cost
production in UHF, wireless, and microwave applications. For
example, the major challenges existing in today’s RFID technologies advancing toward the practical large-scale implementation stage is to lower the cost of the RFID tags and reduce the
design and fabrication cycle. Most cost models indicate that individual tags must cost less than one cent to be economically
viable for practical applications [21]. The effective characterization of paper in wireless/RF frequency band substrates provides for the first time the possibility to dramatically reduce

the cost of RFID tags. Here, inkjet printing as a fast and economical fabrication technique will be introduced first, then an
inkjet-printed paper-based RFID tag will be demonstrated. 3-D
paper-on-paper integration procedure as a potential replacement
for the relatively expensive ceramics [low-temperature co-fired
ceramic (LTCC)] process and organics [liquid crystal polymer
(LCP)] will also be discussed.
A. Inkjet-Printing Technique
Inkjet printing is a direct-write technology by which the design pattern is transferred directly to the substrate, and there is
not requirement of masks compared with the traditional etching
technique, which has been widely used in industry. Besides that,
unlike etching, which is a subtractive method by removing unwanted metal from the substrate surface, inkjet-printing jets the
single ink droplet from the nozzle to the desired position, therefore, no waste is created, resulting in an economical fabrication
solution.
Silver nanoparticle inks are usually selected in the
inkjet-printing process to ensure a good metal conductivity.
After the silver nanoparticle droplet is driven through the
nozzle, a sintering process is found to be necessary to remove
excess solvent and to remove material impurities from the
depositions. The sintering process also provides the secondary
benefit of increasing the bond of the deposition with the paper
substrate [22]. The conductivity of the conductive ink varies
from 0.4 2.5 10 S/m depending on the curing temperature
and duration time. Fig. 5 shows the difference between heating
temperature 100 C and 150 C after a 15-min curing. At lower
temperature, large gap exists between the particles, resulting
in a poor connection. When the temperature is increased, the
particles begin to expand and gaps start to diminish. That
guarantees a virtually continuous metal conductor, providing a
good percolation channel for the conduction electrons to flow.
There is also a difference between sintering a thin-film layer
and a bulk form. The temperature distribution can be assumed to
be a constant in a thin film layer; however, a significant temperature gradient in the bulk form is resulting in a different conductivity distribution inside the inkjet-printed layers. In this paper,
a bulk inkjet-printed layer, which allows the realization of the
right metal thickness, is the form used to ensure the conductivity
performance of microwave circuits such as RFID modules and
multilayer BPFs. Curing temperature of 120 C and duration
time of 2 h is used in the following fabrication to sufficiently
cure the nanoparticle ink.
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Fig. 6. T-match folded bow-tie RFID tag module configuration. The dimensions were optimized based on the paper substrate characterization results.

B. RFID Tag Module
The demand for flexible RFID tags has rapidly increased due
to the requirements of automatic identification in item-level
tracking [23]. One of the main challenges in designing a passive
RFID is the impedance matching between the terminals of the
tag antenna and those of the IC, which exhibits complex input
impedance that is commonly extremely high or low. This requires a conjugate matching technique such as series or parallel
stubs and/or using inductive coupling [24]. The matching network of the tag has to guarantee the maximum power delivered
to the IC that is used to store the data transmitted to and receive
from the RFID reader.
Another challenge concerns the wideband operation capability of RFID tags for truly global operation. The UHF RFID
band varies in frequency, power levels, number of channels, and
sideband spurious limits of the RFID readers signal depending
on the application and the area of operation (North America:
902–928 MHz, Europe: 866–868 MHz, Japan: 950–956 MHz).
An RFID tag that has the capability of operating worldwide is
becoming more of a necessity, for example, in the implementation of a secured identification system among ports/airports
receiving or exporting cargo from other regions; nevertheless,
it poses serious design challenges due to stringent size and cost
limitations.
To achieve these design goals, a T-match folded bow-tie halfwavelength dipole antenna [25] was designed and fabricated on
the characterized paper substrate by inkjet printing. This design
was used for the matching of the passive antenna terminals to
and
the TI RI-UHF-Strap-08 IC with resistance
reactance modeled by a capacitor with value
pF
[26]. The RFID prototype structure is shown in Fig. 6 along with
dimensions with the IC placed in the center of the T-match arms.
The T-match arms are also responsible for the matching of the
impedance of the antenna terminals to that of the IC through the
.
fine tuning of the length , height , and width
The design was inkjet printed with Dimatix Materials Printer
DMP-2800. In measurement, a GS 1000- m-pitch probe connected to a UHF balun to ensure the balanced signal between
the arms of the T-match folded dipole antenna was used for
impedance measurements. In order to minimize backside reflections of this type of antenna, the fabricated or inkjet printed
antennas were placed on a custom-made probe station using
high-density polystyrene foam with low relative permittivity of
value 1.06 resembling that of free space [27]. The calibration
method used was short-open-load-thru (SOLT). Fig. 7 shows the
impedance plots. As shown in Fig. 7(a), the simulated resistance

Fig. 7. Measured and simulated input resistance and reactance of the inkjetprinted RFID tag. (a) Resistance (b) Reactance. In the UHF RFID band, the
IC chip exhibits a resistance of 380 and a reactance of 2.8 pF. Conjugate
matching is desired for maximum power delivery.

for the antenna in the UHF RFID frequency range maintains a
value close to 380 between the two successive peaks. The reactance part of the impedance, as shown in Fig. 7(b), features a
positive value with a linear variation with frequency pertaining
to an inductance value that conjugately matches or equivalently
cancels the effect of the 2.8-pF capacitance of the IC. Fairly
good agreement was found between the simulation and measurement results. The distortion is possibly due to the effect of
the metal probe fixture, which affects the measured radiating
near field.
The return loss of this antenna was calculated based on the
power reflection coefficient, which takes into account the reactance part of the IC’s impedance [28]

(11)
represents the impedance of the IC and
repwhere
resents the impedance of the antenna terminals with
being its conjugate. The return-loss plot is shown in Fig. 8,
demonstrating a good agreement for both paper metallization
approaches. The nature of the bow-tie shape of the half-wavelength dipole antenna body allows for a broadband operation
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Fig. 8. Return loss of the RFID tag antenna that covers the universal
UHF RFID band. Measurement results from the inkjet-printed tag and the
heat-bonded copper tag demonstrate a good agreement for both paper metallization approaches.

with a designed bandwidth of 190 MHz corresponding to 22%
around the 854-MHz center frequency, which covers the universal UHF RFID bands. It has to be noted that the impedance
value of the IC stated above was provided only for the UHF
RFID frequency, which extends from 850 to 960 MHz; thus,
the return loss outside this frequency region, shown in Fig. 8,
may vary significantly due to potential IC impedance variations
with frequency.
In order to verify the performance of the ink-jet printed RFID
antenna, measurements were performed on a copper-metallized
antenna prototype with the same dimensions fabricated on the
same paper substrate using the slow etching technique mentioned before. The return loss results in Fig. 8 show that the return loss of the inkjet-printed antenna is very slightly larger than
the copper one. Overall, a good agreement between the copper
etched and the inkjet-printed antennas was observed despite the
higher metal loss of the silver-based conductive ink.
The radiation pattern of the inkjet-printed antenna was measured in a microwave chamber. The radiation pattern is almost
uniform (omnidirectional) at 915 MHz with directivity around
2.1 dBi. The IC strap was attached to the IC terminal with H2OE
Epo-Tek silver conductive epoxy cured at 80 C. An UHF RFID
reader was used to detect the reading distance at different directions to the tag. These measured distances are theoretically proportional to the actual radiation pattern. The normalized radiation patterns of simulation, microwave chamber measurement,
and reader measurement are plotted in Fig. 9, showing very good
agreement between simulations and measurements, which can
be also verified for other frequencies within the antenna bandwidth.
C. 3-D Paper-on-Paper Integration
Limitations in integrating RF passive components using
standard CMOS-based technology have driven the trend
towards hybrid packaging techniques involving the integration of system-on-chip (SOC) chipsets with passives and
power amplifier modules on microwave substrates to form
system-on-package (SOP)-based miniaturized modules in the
wireless industry. This trend has led to an increase in the research on the use of relatively expensive laminated substrates,

Fig. 9. Normalized 2-D far-field radiation pattern plots of simulation, chamber
measurement, and tag reading distance measurement. An omnidirectional radiation pattern can be observed at the 8 = 0 plane with directivity around
2.1 dBi.

such as ceramics (LTCC) and organics (LCP) [29], which has
driven up costs of wireless front-end modules. The extremely
low cost of paper and its feasibility for making multilayer
inkjet-printed passive structures offer a unique opportunity
to offset higher packaging costs involved in current wireless
front-end modules.
Fig. 10 demonstrates the suggested fabrication steps for the
development of multilayer (3-D) coplanar multilayer RF circuits on paper substrate. Heat bonding is used to laminate sheets
of paper to grow substrate thickness. In experiments, the low
melting temperature of the hydrophobic layer covering the paper
substrate was found to have a positive effect in ensuring a good
adherence. Inkjet printing is used to realize TLs, resistors, capacitors, and inductors on the paper surface, following by a
curing process. A three-stage slotted-patch BPF for 2.4 GHz
WLAN application was designed and printed on/in a paper substrate to demonstrate the feasibility of this solution. The configuration of the proposed structure is shown in Fig. 11(a) utilizing
three laminated paper layers. The feeding lines and the middle
stage of the filter are realized on the surface layer, while the
first and third stages of the filter are embedded in the middle
layer. The circuit layout on each layer was inkjet printed independently at the first step. After alignment, the PHI laminator
Q-247C4 was utilized for the bonding process, while ten tons
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IV. CONCLUSION
The dielectric characteristics of paper have been investigated
for the first time in the UHF range and have been utilized to
design and fabricate RF passive structures using a novel inkjetprinting process. A compact RFID tag module with a T-match
folded bow-tie structure to match the antenna to the IC was
printed on the characterized paper substrate and tested, featuring
very good overall performance. The use of the inkjet-printing
process in the development of multilayer paper-on-paper structures has also been demonstrated, verifying that paper-based
inkjet-printing topologies offer a very low-cost eco-friendly solution to system-level packaging for UHF, wireless, and microwave applications.
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Fig. 10. Conceptual passive microwave circuit embedded process in paper substrate.

Fig. 11. Three-stage inkjet-printed multilayer patch resonator BPF after the
laminating process. The cross hair pattern is used for alignment.

of RAM force was applied under 93 C. The fabricated multilayer patch resonator BPF is shown in Fig. 11(b). It has to be
noted that a paper-based multilayer technology would allow for
the lightweight miniaturization of “cognitive” sensing devices,
through the embedding of ICs, as well as of printed batteries,
sensors, and power scavenging devices.
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