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Abstract— This paper presents an overview of the state-of-

the-art inkjet-printed energy harvesting and wireless power 
transfer technology on paper substrate. RF energy harvesting 
devices utilizing a charge pump circuit or an active antenna 
based wireless power transmission device are presented. Inkjet 
printing technology on paper substrate and fabrication 
techniques, along with a variety of applications, are presented 
with particular focus on low-cost and eco-friendly wireless 
systems for wireless sensor networks. 
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I.  INTRODUCTION 
Many kinds of energy harvesting technology is existing 

such as piezo-electric devices, solar cells, and RF power 
harvesting devices. Particularly, RF power harvesting for 
wireless sensor networks (WSN) has attracted lots of interest 
for a decade [1]. The life time of wireless sensor networks can 
be extended because RF power harvesting technology reduces 
battery usage which results in reducing the operation cost of 
wireless devices. Along with the RF power harvesting 
technology, wireless power transmission technology also 
emerged as promising technology for sustainable wireless 
network system [2]. The wireless power transmission 
technology has a broad application range from biomedical to 
WSN because it can overcome the limitations of low power 
electronics in terms of lifetime and space. The introduction of 
inkjet-printing technology on paper substrate improved the 
conventional RF energy harvesting/transmission technology in 
terms of cost, and fabrication efficiency [3]. The inkjet printing 
technology can achieve conductive traces which have a high 
conductivity in the order of 106 ~107 S/m, and it is an 
environmentally friendly additive process [4]. 

This paper presents the state-of-the-art inkjet-printed RF 
power harvesting and wireless power transmission devices on 
paper substrate involved in sustainable eco-friendly 
technology. 

II. INKJET PRINTING TECHNOLOGY ON PAPER SUBSTRATE 
    Inkjet printer has been introduced for the first time in 1970s. 
The invention of nano-particle-based inks enabled the use of 
this technology as a fabrication method. Recently, inkjet 
printing technology has evolved in a popular fabrication 

method in the microwave area. It has attracted a large interest 
from many researchers due to its many advantages [5-7]. It is 
an additive process which does not produce harmful by-
products such as acids, which are typically used to wash away 
metals from the top of a substrate surface. The required 
amount of ink is deposited on a desired position which enables 
a cost effective fabrication. In addition, it is suitable for mass 
production on flexible substrates such as paper or PET. In this 
section, the properties of inkjet-printed silver nano-particles 
are presented as well as the properties of organic paper 
substrate. 

A. Inkjet-printed Nano-silver Particle 
    Silver nano-particles ink is composed of silver nano-
particles and solvent which keep the nano-particles in ink 
form. The average grain size of the silver nano-particles varies 
from 10 nm ~ 150 nm. Commercially available inkjet printers  
are able to achieve a high resolution up to 50 μm without any 
wet processes such as photolithography or electroplating. The 
mean diameter obtained from a 1 pL ink droplet are about 28 μm, 
while the resulting diameter from a 10 pL ink droplet is 45 μm.  
    A sintering process usually follows immediately after inkjet 
printing of a desired pattern. Sintering is required in order to 
increase the conductivity of the printed patterns because it 
burns off polymers and solvent which are mixed with the 
silver nano-particles. Silver nano-particles form 
agglomerations under high temperature, and those are 
percolation channel for electrons. Therefore, a higher 
conductivity can be achieved when nano-silver particles are 
sintered at a higher temperature. Fig. 1 shows inkjet-printed 
silver nano-particles on paper substrate and its surface when it 
is sintered at 120 ˚C for 2 hours. The printed silver nano-
particles have formed a continuous metal sheet (left). The 
craters on the printed silver trace come from the impurities 
and gases which are released during the sintering process. The 
surface of the inkjet-printed silver nano-particles has been 
scanned using Veeco atomic force microscopy (AFM) to 
measure the roughness. The measured arithmetic average 
roughness (Ra) is 11.4 nm and root mean square roughness 
(Rq) is 14.4 nm.  
    Conductivity is an important design parameter for 
microwave circuits and devices. Simple straight lines were 
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printed on glass substrate with different printed layers and the 
sample lines are sintered in thermal oven at 120 ˚C for 1 h [5]. 
The measured conductivity was in the order of 106 and 
conductivity is increasing as the printed layer increases (Table 1). 
This is because the particle density is increasing as the printed 
layers are increasing. A Cascade four points probing station 
was utilized to measure conductivity.  

Mechanical properties of the inkjet-printed silver nano-
particles are also reported in [8]. The reported average pull-off 
strength of the inkjet-printed is about 51 N. The adhesion 
strength between the printed trace and substrate is a function  
of moisture content of the substrate. The adhesion strength 
decreases when the substrate absorbs moisture. 

B. Paper Substrate 
Paper substrate in microwave applications has been 

proposed in many previous works [4,5]. Its electrical properties 
such as relative permittivity (εr) and loss tangent (tan δ) have 
been investigated utilizing ring resonators and T-resonators, 
and many applications such as antenna [9], RFID tag [10] and 
sensor [11] have been demonstrated. Paper has many 

advantages over other substrates. A cellulous-based paper is a 
cheap, biocompatible and environmentally friendly material. 
These properties can be fully explored when combined with 
inkjet printing technology.  

The electrical properties of paper substrate are presented in 
Table 2 [5]. The relative permittivity (εr) of 0.23 mm thick (10 
mil) photopaper is about 3.0 within the frequency band of  1 
GHz to 9 GHz, and the loss tangent (tan δ) is about 0.059 
through the same frequency range. The loss (tan δ) of paper is 
high compared to other flexible substrate such as PET (0.005), 
LCP (0.0025), and polyimide (0.002). This property may limit 
the number of applications of paper substrate because it is very 
challenging to implement high-Q microwave structures, such 
as resonator-based structures. However, the high loss of paper 
is not a critical design parameter for other designs on thin 
substrates such as RFID tags. This is because the interaction of 
the electrical field (E-field) with the thin paper substrate is 
weak and therefore parameters such as roughness and 
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Fig 2. (a) Block diagram of inkjet-printed RF power scavenging device, (b) 
fabricated charge pump on paper (c) and inkjet-printed UHF band antenna for 
RF power scavenging [12]. 

TABLE 1. CONDUCTIVITY OF PRINTED NANO-SILVER PARTICLES [5] 

Layers Conductivity (S/m) 

1 61055.0 �  

3 61016.1 �  

5 61016.2 �  
 

TABLE 2. RELATIVE PERMITTIVITY AND LOSS TANGENT OF PAPER [5] 

Frequency 
(GHz) 

Relative Permittivity 
(εr) 

Loss tangent 
(tan δ) 

1 3.2 0.053 

3 3.0 0.057 

5 2.9 0.059 

7 2.85 0.062 

9 2.8 0.065 
 

 
Fig 1. Inkjet-printed silver nano-particle on paper (left) and  its surface (right) 
at 120 ˚C for 2 hours. 
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conductivity of metal become the critical factor for implement 
microwave circuits. 

III. INKJET-PRINTED RF POWER HARVESTER AND WIRELESS POWER 
TRANSFER (WPT) CIRCUITS ON PAPER  

A. Inkjet-Printed Ambient Wireless Power Harvesting Circuits 
An electromagnetic power harvesting circuit was 

implemented and presented in [12]. It aims to scavenge 
ambient RF power present at different frequencies 
corresponding to several wireless communication systems, and 
use it to supply power to a wireless sensor node. There are 
many power harvesting devices which utilize many frequency 
bands. The proposed design in [12] has utilized the UHF 
frequency band at 470 ~ 570 MHz. This frequency band has 
many advantages including high power density in free space as 
well as low attenuation because of its long wavelength in free 
space (520 mm ~ 640 mm). 

The required voltage to power up most of existing 
microcontrollers and transceivers is in the range of 1.8 V ~ 3.6 V. 
A charge pump circuit was used to charge a low leakage super 
capacitor (Fig. 2(a)). The charged capacitor supplies power to 
microcontroller and transceiver like a battery. Super capacitors 
are superior to batteries when considering the trade-off 
between number of recharge cycles, leakage, and cost. A power 
management unit (PMU) was additionally introduced to 
regulate voltage across the super capacitor in order to prevent 
an uncontrolled charge-discharge. The PMU maintains a 
sufficient voltage across the super capacitor for the continuous 
operation of the wireless electronic devices.   

The fabricated power scavenging device and inkjet-printed 
antenna for UHF band is shown in Fig. 2(b)(c). The charge 
pump consists of Schottky diodes which have a low forward 
voltage drop and fast switching speed. The proposed circuit 
produces an open circuit voltage of 1.8 V which is sufficiently 
high enough to turn-on the utilized microcontroller and 
transceiver. The open circuit voltage of the antenna should be 
higher than forward voltage drop of the diode in order to 
operate charge pump circuit [3]. 

B. Inkjet-printed Solar-powered Wireless Power Transmission 
Beacon Oscillator 
The proposed design is presented in Fig. 3(a). It consists of 

antenna, oscillator circuit and power supply. Amorphous 
silicon (a-Si) solar cells are utilized as a power source, and a 
voltage regulator circuit is integrated with the solar cells for 
stable power supply. The oscillator circuit generates an RF 
signal at 800 MHz, and the generated RF power is broadcasted 
through the slot antenna. The oscillator circuit shown in Fig. 3(b) 
consumes 7.2 mW. The operating frequency of the device can 
be scaled up or down to other desired frequency band 
depending on the application. The oscillator generates stable 
oscillation frequency around 800 MHz with phase noise of 
about -130 dBc/Hz at 1MHz away from carrier frequency. 

This work demonstrated the potential for conformal low 
cost inkjet printing technology for efficient wireless power 
transmission topologies. The next step of this work is to 
improve efficiency of the oscillator circuit as well as design a 
high gain antenna in order to achieve high DC-to-RF 
conversion efficiency. 

IV. CONCLUSION 
This paper has presented the recent progress of inkjet-

printed electronics for power harvesting and wireless power 
transmission applications. An RF power scavenging device 
utilizing a charge pump circuit on paper substrate able to 
provide a 1.8 V supply voltage when a RF power of 35 µW is 
available in free space was demonstrated. Furthermore, a solar 
powered beacon oscillator for wireless power transfer was also 
presented. Inkjet-printed RF power harvesting/transmission 
technology is a very promising technology in terms of low 
cost, eco-friendly, sustainable wireless system. 

 

REFERENCE 
[1] S. Sudevalayam, and P. Kulkarni, "Energy Harvesting Sensor Nodes: 

Survey and Implications," Commun. Surveys Tuts., vol.13, no.3, pp.443-
461, 2011. 

[2] J. L. -W. Li, "Wireless power transmission: State-of-the-arts in 
technologies and potential applications (invited paper)," In proc. Asia-
Pacific Microwave Conference (APMC), Melbourne, Australia, Dec. 
2011, pp.86-89. 

[3] R. Vyas, V. Lakafosis, M. Tentzeris, H. Nishimoto, and Y. Kawahara, 
"A battery-less, wireless mote for scavenging wireless power at UHF 
(470–570 MHz) frequencies," In proc. IEEE International Symposium 
on Antennas and Propagation (APS/URSI), Spokane, WA, USA ,Jul. 
2011, pp.1069-1072. 

[4] L. Yang, A. Rida, R. Vyas, and M.M. Tentzeris, "RFID Tag and RF 
Structures on a Paper Substrate Using Inkjet-Printing Technology," 

 
(a) 

 

 
(b) 

 
Fig 3. (a) Inkjet-printed beacon oscillator and (b) fabricated oscillator circuit
on paper[13] 

985



IEEE Trans. Microw. Theory Tech., vol.55, no.12, pp.2894-2901, Dec. 
2007. 

[5] B. S. Cook, and A. Shamim, "Inkjet Printing of Novel Wideband and 
High Gain Antennas on Low-Cost Paper Substrate," IEEE Trans. 
Antennas Propag., vol.60, no.9, pp.4148-4156, Sept. 2012. 

[6] S. Kim, Y.-J. Ren, H. Lee, A. Rida, S. Nikolaou, and M. M. Tentzeris, 
"Monopole antenna with inkjet printed ebg array on paper substrate for 
wearable applications," IEEE Antennas Wireless Propag. Lett., vol.11, 
pp.663-666, 2012. 

[7] F. Molina-Lopez, D. Briand, N.F. de Rooij, and M. Smolander, "Fully 
inkjet-printed parallel-plate capacitive gas sensors on flexible substrate," 
In proc. IEEE Sensors, Taipei, Taiwan, Oct. 2012, pp.1-4.  

[8] U. Caglar, K. Kaija, P. Mansikkamäki, "Analysis of mechanical 
performance of silver inkjet-printed structures," In IEEE International 
Nanoelectronics Conference (INEC), Shanghai, China, Mar. 2008, pp. 
851-856. 

[9] H.F. Abutarboush, and A. Shamim, "Paper-Based Inkjet-Printed Tri-
Band U-Slot Monopole Antenna for Wireless Applications," IEEE 
Antennas Wireless Propag. Lett., vol.11, pp.1234-1237, 2012. 

[10] M.M. Tentzeris, R. Vyas, V. Lakafosis, A. Traille, H. Lee, E. Gebara, 
and M. Marroncelli, "Inkjet-printed RFIDs for wireless sensing and anti-
counterfeiting," In proc. European Conference on Antennas and 
Propagation (EUCAP), Prague, Czech, March 2012, pp.3481-3482. 

[11] H. Andersson, A. Manuilskiy, T. Unander, C. Lidenmark, S. Forsberg, 
and H. Nilsson, "Inkjet Printed Silver Nanoparticle Humidity Sensor 
With Memory Effect on Paper," IEEE Sensors J., vol.12, no.6, pp.1901-
1905, 2012. 

[12] R. Vyas, A. Rida, Y. Li, and M.M. Tentzeris, "Design, integration and 
characterization of a novel paper-based wireless sensor module," in 
proc. IEEE MTT-S International Microwave Symposium Digest (IMS), 
Atlanta, GA, USA, Jun. 2008, pp.1305-1308. 

[13] S. Kim, A. Georgiadis, A. Collado, M.M. Tentzeris, "An Inkjet-Printed 
Solar-Powered Wireless Beacon on Paper for Identification and Wireless 
Power Transmission Applications," IEEE Trans. Microw. Theory 
Techn., vol.60, no.12, pp.4178-4186, Dec. 2012. 
 

 

986


