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Abstract—This paper demonstrates the design of an 800-MHz
solar-powered active wireless beacon composed of an antenna
and an integrated oscillator on a low-cost paper substrate. Inkjet
printing is used to fabricate the conductive circuit traces and the
folded slot antenna, while the oscillator circuit is designed using
off-the-shelf components mounted on the paper substrate. Flexible, low-cost, amorphous silicon (a-Si) solar cells are placed on top
of the slot ground and provide autonomous operation of the active
circuit eliminating the use of a battery. A prototype is built and
characterized in terms of phase noise, radiation patterns, and the
effect of solar irradiance. Such low-cost flexible circuits can find
significant applications as beacon generator circuits for real-time
identification and position purposes, wearable biomonitoring as
well as solar-to-wireless power transfer topologies. The measured
phase noise is 116 dBc Hz at 1-MHz offset, while drain current
is 4 mA and supply voltage is 1.8 V.
Index Terms—Active antennas, energy harvesting, flexible electronics, harmonic balance, inkjet printing, solar antenna, wireless
beacon, wireless energy transfer, wireless identification.

I. INTRODUCTION

T

HE combination of sensor networks and RF identification
(RFID) technologies have spurred numerous applications
from logistics and Internet-of-things to monitoring and security,
all of which require a capability for large-volume circuit production, as well as the use of low-cost fabrication methods on environmentally friendly flexible substrates, while energy autonomy
is critical for operability in rugged environments [1]–[7].
As a result, implementations of flexible passive microwave
circuit components, such as antennas, inductors, and transformers, utilizing substrates such as paper, polyethylene
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terephthalate (PET), and textiles are receiving significant attention in the literature [2], [3]. The inkjet printing fabrication
process, permitting a large-volume production and allowing a
resolution below 50 m, has emerged as a popular alternative
to traditional circuit board fabrication techniques, such as
chemical etching and milling, finding increasing applicability
in the electronics and sensors industries [1], [2].
The possibility of the inkjet printing of a complete system-onsubstrate (SoS), based on multilayer flexible substrate modules
and inkjet deposition of active devices remains a challenge, especially when it comes to operating at microwave frequencies.
While inkjet printing of semiconducting polymers to develop
organic thin-film transistors (OTFTs) [4] is still far from operation in the gigahertz frequency range, integration of off-theshelf active electronic components onto flexible substrates provides an exciting alternative. The realization and integration of
active topologies and sensors on flexible substrates, combined
with passive interconnects, transmission lines, and antennas,
presents a significant challenge with few notable examples in
the literature, e.g., [1], [2] and [5]–[7], and presents the object
of this study.
Furthermore, extending the operational autonomy of wireless
sensors and transceivers has spurred significant efforts related
to energy harvesting technologies, as well as wireless power
transmission [8]. Toward this goal, the objective of this study is
the integration of an active circuit with energy harvesting capability on a flexible low-cost paper substrate taking advantage of
the capabilities of inkjet printing technology. For benchmarking
proof-of-concept purposes, this paper demonstrates a prototype
active antenna-based beacon operating at 800 MHz, transmitting power or sending identification information, which is powered by an amorphous silicon (a-Si) solar cell. Such circuits can
be utilized as beacon signal generators in potential identification applications, or alternatively, as a solar-to-electromagnetic
power converting circuit in wireless power transmission applications. The 800-MHz band is commonly utilized as the primary
means of radio communication of data and voice for many city
governments, especially for public safety and emergency. The
operation frequency of the proposed active antenna can be easily
scaled up or down to any other frequency band depending on the
application.
The use of solar-based electromagnetic signal generation
finds direct application in the field of wireless power transmission. Solar energy is captured using solar cells and used
to bias a highly efficient oscillator element that will transmit
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its output signal through an antenna element. In order to take
advantage of the area that the transmitting antenna elements
occupy, the solar cells can be placed sharing the same area of
the antenna or even on their ground plane. This way a compact
structure that is capable of harvesting solar energy and then
use it to transmit electromagnetic signals for wireless power
transmission can be obtained. In [9], a solar powered active
antenna on a nonflexible Arlon A25N substrate was presented,
whereas in [10], a credit-card sized prototype solar powered
active antenna on PET was demonstrated. This paper extends
previous publications by additionally investigating the effect
of solar irradiance on the active antenna performance, enabling
the applicability of the proposed beacon to real-world scenaria.
The active antenna oscillator is fabricated on a paper substrate
with inkjet printing technology and the used solar cells are
a-Si solar cells that are also flexible. The combination of paper
substrate and flexible a-Si solar cells allow to have a conformal
circuit that can be easily integrated in several application
scenarios. Furthermore, this paper contains a detailed analysis
of the electromagnetic, as well as the nonlinear circuit design,
measurements of power gain radiation patterns of the active
antenna, and characterization of the active antenna oscillator
phase-noise performance.
In Sections II and III, design and simulation details of the
passive and active antenna (beacon), respectively, are presented.
Section IV contains measurements and characterization of the
light-powered fabricated integrated prototypes.

and furthermore, the folded slot structure provided sufficient
bandwidth.
The antenna is the output load of the oscillator, as well as a
resonator effectively controlling the oscillation frequency. The
broadband folded slot antenna configuration was chosen due to
its stable input impedance throughout its operation frequency
range, effectively facilitating the design of the oscillator and
enhancing its stability. In addition, it is common in wireless
modules operating in “rugged” environments that the antenna
resonant frequency may shift because of the surrounding environment. The oscillator can be minimally affected by this phenomenon by using a broadband antenna with relatively small
input impedance variability contrary to narrowband antennas,
such as patch antennas. Additionally, the active antenna will
be still able to operate even in the case that the oscillation frequency may vary. Therefore, the proposed active antenna can
generate a “stable” power level regardless of the ambient environment, a critical feature in identification and power transmission applications.

II. PASSIVE ANTENNA DESIGN
Among the antenna requirements for low-power sensing and
beacon applications are: 1) simple layout; 2) ease of integration
with solar panels and active circuitry; 3) omnidirectional radiation; 4) frequency tuning capability or broadband performance;
and 5) mechanical flexibility. The first requirement allows
low-cost large-volume production required for RFID or wireless sensor network applications. Coplanar-waveguide (CPW)
technology utilizes only one conductive layer, and therefore
it is preferred to microstrip technology in terms of fabrication
simplicity. Integration of solar panels with antennas allows for
area reduction, and consequently, cost reduction. Slot antennas
require a large ground plane, which is advantageous for solar
cells, as well as additional circuitry integration. Frequency
tuning or broadband characteristic is sought in order to easily
reconfigure the antenna to cover different frequency bands
depending on geographic location or specific applications.
Mechanical flexibility is desired in order to easily place the
antenna on different structures.
Taking into account the above requirements, a CPW slot
antenna topology on a flexible paper substrate was selected.
Specifically, a folded CPW slot structure was selected since
it provides a greater flexibility to the designer to achieve the
desired impedance over a wider frequency range compared to a
single slot [11]. In a previous design [9], a grounded folded slot
structure was used following [12], which allowed for a slight
reduction in antenna size while somewhat reducing bandwidth
and antenna efficiency. In this study, the shorting strip was
not used, since size reduction was not a critical design goal,

A. Inkjet Printing and Paper Substrate
The RF properties of the paper substrate have been thoroughly investigated using the microstrip ring resonators
method in [2]. The paper substrate is a very cheap, renewable, and biocompatible material. The dielectric constant
of a 0.23-mm-thick Kodak photographic paper is 3.5 at
0.8–1.0 GHz, and the loss tangent
is 0.07 through
the frequency band of interest [2]. In addition, inkjet-printing
technology has lots of advantages in the microwave area.
It is a low-cost and an environmentally friendly fabrication
process because it only drops the necessary conductive ink on
the desired positions. It is different from conventional etching
technology, which washes away the unwanted metal creating
waste. In this way, circuits can be fabricated using only as
much ink as it is required.
For the inkjet printing process, the Dimatix DMP2800 inkjet
printer,1 and the Dimatix 10 pL cartridge (DMC-11610) were
utilized. The angle of the printer head was adjusted to achieve
a print resolution of 1270 dots per inch (dpi). The ink that was
used for the fabrication was Cabot CCI-300.2 Once the desired
pattern is inkjet printed, it needs to be cured in an oven for 4 h
at 130 C. The printed silver pattern usually has a dc conductivity in the range from 9 10 S m to 1.1 10 S m with a
roughness of about 1 m [13], [14].
The high loss tangent
of paper is not important in
the proposed design because the paper substrate is very thin
thickness of the paper
. The magnetic field is
generated along the slot and the electric field is built up across
the narrow dimensions of the slot. However, the interaction of
the electric field with the lossy paper substrate is very small,
which results in low substrate loss. Therefore, the conductivity,
thickness, and roughness of the metal is more important than the
loss of substrate because those are critical factors of conductor
loss. Therefore, the high loss of the paper substrate is not a critical design factor for the proposed design.
1[Online].
2[Online].

Available: http://www.dimatix.com/

Available: http://www.cabot-corp.com/New-Product-Development/Printed-Electronics/Products
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Fig. 1. Folded slot antenna geometry (gap of the CPW line: 0.2 mm).

Fig. 2. Input -parameters of the folded slot antenna.

B. Passive Antenna Design and Measurements
In Fig. 1, a photograph of the fabricated passive antenna prototype is presented with the corresponding dimensions. The slot
length is 126 mm, and its width is 3.5 mm. The overall length of
the antenna is 152 mm, width is 43.2 mm, and thickness of the
paper substrate is 228.6 m. The antenna is fed by a CPW line
with 5 mm of signal line width and 0.2 mm of ground-to-signal
line gap.
A full-wave finite-element method (FEM) software tool
(Ansys HFSS) is used to design and simulate the passive
antenna. Simulated and measured results of the input -parameters of the antenna are presented in Fig. 2, showing a good
input impedance match over a bandwidth of approximately
41.5%. The simulated and measured radiation patterns of the
antenna at 800 MHz are plotted in Fig. 3, showing a good
agreement. The dashed lines in Fig. 3 shows radiation patterns
of the passive antenna on the human body. It is noticeable that
the gain of the passive antenna is decreased by about 10 dB
when it is placed on the body, and an additional 10 dB of
the antenna gain is decreased when a radiated wave passes
through the human body. The antenna gains in free space and
on the human body were evaluated in an outdoor setup and a
value of approximately 6 dBi at 960 MHz was measured, as
shown in Fig. 4. The gain of the antenna on the human body is
about from 5 to 10 dB lower than that of the antenna in free
space due to the effect of the lossy human body. The obtained
low gain is mainly attributed to the limited dimensions of the
ground plane. Fluctuations in the measured gain profile and
variation with respect to the simulated values are attributed to
the outdoor setup measurement error.

Fig. 3. Radiation patterns at 800 MHz. (a)

-plane. (b)

-plane.

III. ACTIVE ANTENNA OSCILLATOR DESIGN
An active oscillator antenna combines an oscillator circuit
with a passive radiating structure [15]. It allows for a simple circuit layout, utilizing one active device and a minimum number
of passive components, which can be integrated on the antenna
structure—in this case, the ground plane surrounding the radiating slot, and thus, permitting a low-profile circuit design.
Diodes such as Gunn or impact ionization avalanche
transit-time (IMPATT) diodes or transistors such as high electron-mobility transistors (HEMTs) or heterojunction bipolar
transistors (HBTs) can be used as the active source for the

KIM et al.: INKJET-PRINTED SOLAR-POWERED WIRELESS BEACON ON PAPER

4181

Fig. 4. Simulated and measured passive antenna gain.

oscillator. However, diodes are not suitable for identification
and wireless power transmission applications due to their low
dc-to-RF efficiency [15], [16]. On the other hand, transistors
such as HEMT have high dc-to-RF efficiency, low heat dissipation, and low noise figure, which are critical factors in
identification and wireless power transmission applications
[15], [16]. In addition, transistors can be easily integrated with
planar structures like slot or microstrip antennas [15], [16].
The oscillator circuit was designed using the NE3509M04
pseudomorphic HEMT (pHEMT). A one-stage reflection-type
oscillator topology was selected with a simple passive LC tank
(
and
). A multistage oscillator or an oscillator with a
phase-locked loop (PLL) may increase the frequency stability
of the active antenna oscillator; however, such designs lead to
an increased circuit complexity and power consumption, which
are undesired in beacon circuits for identification and wireless
power transfer applications.
The circuit schematic of the designed oscillator is shown in
Fig. 5. The antenna is connected to the gate terminal of the active device, while a source resistor
is used to self-bias the
device. Capacitors
,
, and
and inductors
and
tune the oscillation frequency around 800 MHz. Capacitor
provides an RF short and isolates the dc feed from the oscillator
circuit. The oscillator was initially designed without the solar
cell power supply, using an operating dc power supply (HP/Agilent E3620A) voltage of 1.8 V, and drawing a current of 4 mA.
A commercial harmonic-balance simulator (Agilent ADS) was
used to simulate the oscillator circuit. A prototype oscillator was
built and its performance characterized. The frequency of the oscillator is in good agreement with simulation within an expected
yield variation of the off-the-shelf component values (Table I).
The oscillation frequency increases with the bias voltage, as
shown in Fig. 6(a). Measurement of the oscillator frequency
was made by capturing the radiated spectrum of the oscillator
using a commercial broadband antenna and a spectrum analyzer. The frequency variation with the bias voltage can be utilized as a frequency-tuning mechanism, or alternatively, it can
be minimized by placing a regulator circuit following the dc
supply. The fabricated prototype frequency was less sensitive
to bias voltage variation than in simulation. This difference can
be attributed to yield variations of the used plane components

Fig. 5. Active oscillator antenna. (a) Circuit schematic. (b) Fabricated circuit.

TABLE I
CIRCUIT COMPONENT VALUES

and to associated layout parasitics not taken into account in
the simulation stage. In addition, the discrepancy of simulation and measurement in Fig. 6(a) also resulted from imperfect
modeling of active/passive device like a transistor, inductors,
and capacitors. It is because additional parasitic effects such as
capacitances and inductances from the surface mount components significantly effect the oscillation frequency of the circuit, and the comparatively low conductivity of inkjet-printed
silver trace is also one of the most significant error source. Actual oscillation frequency is lower than the simulated value because the increased resistance and conductor loss cause an additional loading effect beside the unwanted parasitic effect of the
transistor. The measured oscillator drain current was approximately 4 mA for bias voltages up to 4.0 V [see Fig. 6(b)]. Correspondingly, the dc power of the oscillator increases from 5.6
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Fig. 6. Active oscillator antenna performance versus dc-bias voltage. (a) Oscillation frequency variation. (b) Current consumption variation.

to 16 mW as the supply voltage ranges from 1.4 to 4.0 V (Fig. 6).
The voltage regulator dissipates power
about 1.2–8.8 mW
as the supply voltage ranges from 2.1–4 V. Measured effective
isotropic radiated power (EIRP) (dBm) patterns of the active
antenna oscillator are shown in Fig. 7, showing a good agreement with the radiation patterns of the passive antenna as expected. The maximum EIRP on the - and -plane is 22.88
and 25.98 dBm, while the minimum EIRP on both planes is 3.91
and 20.34 dBm, respectively.
Fig. 7. Measured EIRP (dBm). (a)

-plane. (b)

-plane.

IV. AUTONOMOUS OPERATION USING SOLAR ENERGY
Autonomous operation of the active antenna was achieved
by utilizing a-Si solar cells to harvest light energy, as shown in
Fig. 8. One of the biggest challenges when integrating solar cells
together with antenna elements is to select the optimum placement of the solar cell in order to not degrade the performance
of the antenna. It is known in the literature that the solar cells
have little effect on the radiation and input impedance characteristics of the antenna when properly placed, such as covering
areas where the antenna field distribution is weaker [17]–[19].
Additionally, the solar cells should generate enough power to
power the active antenna and the power provided should be
stable in order to avoid variations in the oscillation frequency

and also to generate a stable low phase-noise signal. The capacitor
is mounted as shown in Fig. 5 to isolate the oscillator
circuit from the dc feed and additionally the use of a voltage
regulator at the output of the solar cell is considered in order to
get a stable power from the solar cells, and consequently obtain
a more stable oscillation frequency from the active antenna.
An amorphous silicon a-Si solar module (Power Film
SP3-37) with a 4.1-V open-circuit voltage and 28-mA short-circuit current under 100 mW cm (1 sun: a unit of power flux
from the sun) solar irradiation was used as a dc power supply.
The SP3-37 module internally consists of five a-Si solar cells
with approximately 0.85-V open-circuit voltage and 28-mA
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Fig. 9. Solar cell
versus illuminance.

(short-circuit current) and

(open-circuit voltage)

Fig. 8. Light powered active oscillator antenna. (a) Fabricated prototype.
(b) Indoor measurement setup using a halogen lamp to illuminate the solar
module.

short-circuit current in a series connection. In this study, one
module was cut in two pieces across its long side and the two
parts were properly placed on top of the active antenna ground
plane and connected electrically in parallel [see Fig. 8(a)].
Each solar cell piece has approximately 4.1-V open-circuit
voltage and 14-mA short-circuit current. An equivalent-circuit
model of the solar cell consisting of an ideal current source,
an ideal diode with saturation current , a parallel resistance
, and a series resistance
was created in [8] by measuring
the dc I–V curve of the cell. The equivalent-circuit model
of the combined solar module is shown in Fig. 5, where the
parameters of the solar cell model are
nA,
,
and
[10].
The active beacon antenna was first characterized in an indoor environment by using a halogen lamp to excite the solar
module. A luxometer was used to measure the illuminance at
the active antenna position, while the distance of the halogen
lamp was varied. Illuminance is typically used to characterize
luminous sources at indoor environments. It is a photometric
measure, which corresponds to the irradiance weighted by a luminocity function corresponding to the sensitivity of the human
eye to light [19]. Solar irradiance of 100 mW cm (1 sun) corresponds to 100 klux illuminance [19]. The measured illuminance
at the solar cell location is about 1.8
10 lux, 6
10 lux,
and 2
10 lux when its distance from the halogen lamp is
127, 300, and 500 mm, respectively. The solar cell’s short-circuit current
and open-circuit voltage
depending on
illuminance are shown in Fig. 9. It shows that the oscillation

Fig. 10. Oscillation frequency versus illuminance with and without regulator
circuit.

frequency can be stabilized by introducing a voltage regulator
circuit since it supplies stable dc power to the oscillator. The
stable oscillation frequency results in ease of matching between
the antenna and oscillator output, as well as due to the broadband property of the antenna. Figs. 6, 9, and 10 show that the
oscillation frequency can be stabilized when the illuminance is
higher than 3.3
10 lux since the solar cell is able to produce enough power to operate the circuit. The solar cell generates 16.2–28.6 mW depending on illuminance, but the active
antenna requires 6–28 mW, which is affordable power from the
solar cell providing the illuminace is higher than 3.26 10 lux.
The variation of the oscillator frequency with the illuminance is
shown in Fig. 10. For illuminance values less than 2 10 lux,
it was not possible to power up the oscillator. The frequency of
oscillation is reduced compared to Fig. 6 due to the loading effect of the solar modules.
The observed frequency variation is also due to the measurement setup as the lamp structure includes a metallic reflector [see Fig. 8(b)] that is affecting the antenna impedance,
and subsequently the oscillator frequency. A commercial regulator LT1763-1.8 with 1.8-V output voltage by Linear Technology, Milpitas, CA, was additionally used to minimize the dc
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Fig. 11. Radiation patterns of active antenna oscillator under sun light conditions. (a) -plane. (b) -plane.

supply variation due to the illuminance variation. The dissipated
power
of the regulator is in the range of 4.05–6.05 mW, including quiescent power
when it is powered by the solar
cell providing the illuminace is stronger than 3.26
10 lux.
Measurements are included in Fig. 10, demonstrating a significantly reduced frequency dependence on the illuminance. It
was not possible to properly power the regulator for illuminance
values less than 3.26 10 lux. Finally, a slight increase of the
oscillating frequency was observed when using the regulator.
This is also attributed to the loading effect of the regulator on
the active circuit.
Radiation patterns of the solar powered active antenna were
obtained outdoors at the Georgia Institute of Technology, Atlanta, for a measured illuminance of 1.6
10 lux. The radiated power from the solar-powered active antenna with the
regulator circuit is measured, and the measured power patterns
are shown in Fig. 11. In order to test the effect of the flexing
of the paper substrate on the radiation performance of the autonomous beacon, -plane on-body measurements were also
performed by placing the antenna on top of a cotton shirt and at
the chest of a person showing an approximately 10-dB reduction in antenna gain (Fig. 11). Similar omnidirectional radiation
patterns in free space in Fig. 11 suggest noteworthy results that
the solar-powered active antenna has similar radiation patterns
to that of the passive antenna. In addition, it loses omnidirectionality when the active antenna is mounted in the human body
due to power absorption of the human body since a human body
is a very lossy and high dielectric material.

Fig. 12. Measured: (a) power specta and (b) phase noise of active antenna
under sun light conditions without/with regulator circuit.

Finally, the power spectrum and the phase noise of the solar
powered active antenna was measured. The dashed line in
Fig. 12(a) shows the power spectrum of the antenna powered
by solar cell without the voltage regulator circuit, while the
solid line shows the spectrum of the solar-powered active
antenna with the regulator circuit in outdoor environment. It
should be noted that solar illuminance with the voltage regulator leads to a cleaner spectrum than the one obtained without
the regulator circuit. It is because output voltage of the solar
cell is fluctuating depending on an illuminance of the sun. The
magnitude difference of the spectra is due to measurement
error. The commercial broadband antenna, which have been
shown in Fig. 8, cannot be used to get the power spectrum in
the outdoor environment because it captures unwanted noises
such as TV or other wireless signals too. An open coaxial cable
was placed near the antenna to catch a signal from the antenna,
which resulted in a magnitude difference of the spectra. The
observed frequency shifting of the antenna when it is connected
to the regulator is due to loading effect of the regulator circuit,
which includes capacitors and the regulator chip.
The dashed line in Fig. 12(b) shows the phase noise of the
antenna for an illuminance of 1.6 10 lux without the regulator, while the solid line in Fig. 12(b) shows the same measurement by including the regulator circuit. A phase noise value of
116.6 dBc Hz at 1-MHz offset was measured for the circuit
that includes the voltage regulator, showing an improvement
in the phase noise of around 5 dB due to the better frequency
stability when using the voltage regulator. The phase noise of
the antenna with the regulator is slightly higher than that of the
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antenna without the regulator at the frequency offset band of
3–4 kHz. It can be considered as an measurement error. This
error can be caused due to fluctuation of intensity of sunlight
and interference of unwanted signal since the measurement took
place in an outdoor environment.
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V. CONCLUSION AND FUTURE WORK
The fabrication of flexible autonomous sunlight-powered batteryless active beacons on low-cost paper substrates using inkjet
printing technology has been demonstrated. An 800-MHz RF
prototype integrating an inkjet-printed folded slot antenna and
an oscillator with solar cells on paper has verified the unique capabilities of this approach, potentially paving the way for scalable conformal low-cost wireless identification circuits and efficient wireless power transfer topologies. A future challenge
toward enabling complete system integration consists of inkjet
printing of thin-film energy storage elements such as capacitors
and batteries.
The next step of this study is to perform an optimized design of the oscillator element in order to maximize its dc-to-RF
conversion efficiency by considering class-E topologies for the
oscillator element. As one of the targeted applications of the proposed system is wireless power transmission, maximizing the dc
to RF efficiency in the oscillator will also maximize the amount
of RF power that the system will transmit. In addition, this type
of system could be potentially used to increase the range of passive RFIDs. In [20], a similar system was used to increase the
range of a passive RFID by, instead of transmitting the signal
out of the oscillator, directly feeding it into the RFID. The proposed topology showed an increase in the reading range of the
RFID. Based on the same idea as in [20], another potential application is to use the system presented in this paper to transmit
RF signals in an RFID environment. The presence of additional
RF signals apart from the signals from the reader has shown improvement in the reading range of passive RFIDs.
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