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INTRODUCTION

 
 Vast number of power harvesting researches 
were reported over the recent past, as evident from 
the sample of references that deal with low power 
devices (Din, N.M., 2012), wireless sensors 
(Guocheng Liu, 2011) and both 
2013), biomedical application (Huyen Le,
specifically, Electroencephalogram (EEG) 
Van Bavel, 2008) and RFID, while
article particularly focusses on Radio Frequency 
powering of EEG centered Brain Com
Devices (BCI) that mostly remained so far, not 
specifically addressed. The Brain Computer Interface 
many of us know, is the input/ output device that 
gives input to the computer, by measuring one’s 
brain waves and gets the desired output.
technology is developing rapidly in recent times, due 
to its vast potential applications. This BCI devices, 
normally operates with medium power, typically 
having current ratings from 15mA to 50mA at 
nominal voltage ranges from 5V down to1.8V.They 
are also mainly operated at only, the medium 
wireless distance range of approximately from
around 1 to 10 meters, i.e. with in a big sized room. 
 The fig.1 displays the functional blocks required 
to be present for the RFPD System, integrated with 
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A B S T R A C T  
RF power delivery (RFPD) system,   based on transmission of high power radio 
frequency waves is an emerging far field Wireless Power Transfer (WPT) method, 
having many advantages over others like Induction and Microwave methods, because 
of its safety, non-interference and high efficiency at medium ranges. The integrated 
RFPD system enables a wireless brain computer interface (BCI) that normally has 
midrange power, as well as operating distance requirements,to be powered continuously 
over a long period, extending the effectiveness of the BCI and ideally any Body Area 
Network (BAN) sensors, by bringing the most desirable freedom of movement for the 
subject person with continuous wireless power that does not need any battery 
replacement time or recharging time distractions. The design of all the RFPD system 
components especiallythe Rectenna and others like Voltage Multiplier,Matching 
Network and the IC Regulator are analyzed with Simulators 
performance efficiency. The difficulties of implementing and equipping this Rectenna 
RFPD system for the wireless BCI devices is overallclearlydiscussed.
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Vast number of power harvesting researches 
were reported over the recent past, as evident from 
the sample of references that deal with low power 

, wireless sensors 
and both (ZoyaPopovic, 

Huyen Le, 2010) 
Electroencephalogram (EEG) (Mieke 

and RFID, while this presented 
focusses on Radio Frequency 

powering of EEG centered Brain Computer Interface 
Devices (BCI) that mostly remained so far, not 
specifically addressed. The Brain Computer Interface 
many of us know, is the input/ output device that 
gives input to the computer, by measuring one’s 
brain waves and gets the desired output. This BCI 
technology is developing rapidly in recent times, due 
to its vast potential applications. This BCI devices, 

with medium power, typically 
having current ratings from 15mA to 50mA at 
nominal voltage ranges from 5V down to1.8V.They 
re also mainly operated at only, the medium 

wireless distance range of approximately from 
around 1 to 10 meters, i.e. with in a big sized room.  

The fig.1 displays the functional blocks required 
to be present for the RFPD System, integrated with 

that of the typical wireless BCI device. The RF 
transmitter generates the Radio frequency of 2.4 GHz 
that lies in the unlicensed band width used for 
WLAN or WIFI in most of the countries like US and 
India and transmits through a big patch antenna. The 
receiving small patch antenna, alongside the 
matching circuit and rectifier with multiplier, called 
RECTENNA(RECTifiyingantENNA)
for the crucial dc voltage conversion at the receiver. 
Also, several rectennas can be combined
antenna array, for attaining more received power as 
explained in (Georgiadis, A. and A.  Collado, 2010)
The power controlling section consists of the 
switching regulator for constants
generation and the charging circuits needed for the 
optional small rechargeable battery or the super
capacitor for uninterrupted supply of power.
 The formation of this paper is distributed into 
five sections. After the brief review of past related 
works, the first section is the complete description of 
the concept and components of the present RFPD 
systems. The next section describes the design of 
components of the RFPD system and the third one 
validates the suitability of the Rectenna design for 
RFPD system for the typical medium power wireless 
BCI device. In the fourth section, the simulations of 
the Rectenna with different design parameters are 
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presented using the Agilent ADS (Advanced Design 
System) and An soft HFSS (High Frequency 
Synthesizing Solver). The experimental results of the 
test bench Rectenna BCI system, with continuous 

power reception with communication isdescribed in 
Fifth section and the Final section concludes about 
the results agreeing with design and simulation. 

 

 
 
Fig. 1: Block diagram of simplified RFPD System and wireless Brain Computer Interface. 
 
II. Related Work: 
 Roundy et al(2003), dealt with RF transmitter 
example using environment harvested energy in 
which, the project of 1.9GHz RF transmitter 
employment is presented. This design is entirely 
independent, and the required energy was garnered 
from vibrational and solar energy bases. This work 
signified the convergence of technical developments 
accomplished in energy rummaging and very low 
power RF circuit development. N.S. Dias (2007), et 
al has described a system for wireless bio-potential 
acquisition as an method for non-invasive BCI. That 
system was working wirelessly at 2.4 GHz, the 
maximum data output was 120 Kbps, with resolution 
of about 4 pV, the power intake was 15 m W and 
accommodated 5 single-ended channels. Miekeet al 
(2008) dealt a battery-free wearable 2-channel 
wireless EEG systems driven by energy harvesters. 
They visualized the kind of wearable system that can 
be power-driven by the warmth of human bodies and 
by the sun light. R.J.M. Vullers et al (2009) 
discussed in detail, micro power energy harvesting 
emphasizing that a decade of rigorous research in the 
field of vibration, thermal, motion and 
electromagnetic radiation energy scavenging has 
borne growing power yield and lighterepithets. 
Alessandra Costanzo et al dealt, antennas and 
circuits for RF energy scavenging. A multi-resonator 
rectenna was designed and tested and a possible 
wearable implementation was studied both in flat and 
bend configuration, accounting for the presence of 
human body. 
 D.Bouchouicha et al (2010) discussed, ambient 
RF energy garnering with the measurement of the 
environmental RF power density. The average of the 
density in the broadband from 1GHz to 3.5GHz is of 
the order of -12dBm/m² or 63mW/m². They have 
offered a wideerb and method that could supply a DC 
power of about 12.5pW, with suggestion to increase 
the RF input power using antenna arrays. A. 
Georgiadis et al (2010) discussed, rectenna 
development by theory of reciprocity and harmonic 
balance (HB) analysis for electromagnetic energy 
scavenging. RF power received from each port are 
converted by Voltage-doubling circuits to dc to 

permit the rectenna with random polarization. The 
optimization for lower input power density delivered 
simulation efficiency of 38.2% at 1.5 uW/cm2 for 
2.43 GHz. Huyen et al  dealt, RF Energy scavenging 
with on-chip antenna to suit medical use. The 
scavenged energy was appropriate for powering 
trivial digital circuits like implanted RFID, with 
overall area of only 0.16-mm2.Seung et al (2010) 
discussed, an inductivedriven32-channelsflexible 
wireless neural recording (WINeR) system-on-a-
chip(SoC) for neuroscience application to be 
eventually used with any number of insignificant 
autonomous creatures. Nuno Amaro et al., discussed 
the UHF power scavenging wireless system with 
analytical designs. This paper presented a system to 
produce energy from environmental electromagnetic 
field. Chomora Mikeka et al in discussed, micro 
power DTV band RF energy scavenging circuit 
design and developmental work presenting 
EEGWISP, a monitor system forEEG that was 
battery free, energized with typical UHF band RFID 
reader, and backscattered the data with Class 1 EPC 
Gen2 protocol. N.M.Din et alin (2012) discussed, 
design of RF energy scavenging system for powering 
lighter powered devices and addressed novel 
combined design of RF/Microwave receivers and 
transformation system for energy scavenging at 
micro power density environment.  
 H.Malekpoor et al (2012) dealt, very wider band 
width short circuited patch antennaeserved by folded 
patch with multi resonances. In these design, unequal 
resonance arms fed by a folded patch produced multi 
resonance to extend the impedance range. By Jang-
Hyeon Jeong et al discussed, straight translation 
mixer IC fabricated on silicon substrate by the silicon 
CMOS technology, for lengthy wireless power 
transmission. The work by ZoyaPopovic et al dealt in 
depth, low power, far field, wireless power for 
wireless sensor, with applications to sensing in 
difficult to change batteryl ocations and hard to find 
exact sensor positions. Website 
http://openeeg.sourceforge.net presents the Open 
EEG project that has realized contributions by many 
capable hardware persons over the ages, 
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ensuingnumerous diverse designs which have been 
verified and used by many all over the globe. 
 
III. Design of the RFPD Components: 
 Wireless EEG System energized by a mixed 
power source is previously discussed by. An adjacent 
field inductivedriven flexible 32 channel wireless 
neural recording system-on-a-chip for neuroscience 
implementation is already briefed by.  
 The block diagram of standard wireless Brain 
Computer Interface devices, pictured above indicates 
its important components namely, the micro power 
microcontroller, like PIC or ARM or MSP430series, 
the non-wet electrode for detecting and amplifying 
the EEG signals originating from the scalp and RF 
transceiver like Zigbee, Bluetooth or any other at 2.4 
GHz for wireless communication of BCI data to the 
remote computer. There is good variety of BCI 

devices commercially available  and the OpenEEG 
forum is also freely sourcing the hardware details of 
EEG based BCI along with the necessary source 
codes for the embedded firmware and also for the 
necessary software Graphical User Interface (GUI). 
 
A. Antenna: 
 HFSS, the GUI-based wizard tool from Ansoft 
automates geometry creation, solution setup, and 
post-processing reports for common antenna 
elements. We can easily modify parameters in HFSS 
after generating initial model with parametric 
antenna geometry, facilitating parametric sweeps and 
optimizations. The far-field frequency dependent 
behavior provide the effective received EM field EA 
as shown in Fig.2 along with input impedance to 
optimally receive the RF energy with high efficiency. 

 

 
 
Fig. 2: Far-field patterns and Input impedance. 
 
B. Rectifier: 
 The RF transmitter transmits the 2.45 GHz UHF 
radio waves with the Maximum EIRP of 1W power, 
which is harvested with the help of Rectenna. Main 
parameters influencing efficiency of rectifier device, 

i.e. diode whose equivalent circuit shown in fig.3a 
and topology selection are    
• High saturation current IS 
• Low junction capacitance CJ 
• Low ideality factor n 
• Low threshold voltage Vth 

 

 
 
Fig. 3a: Diode Rectifier Equivalent Circuit. 
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 The voltage level is boosted by the Dickson 
multiplier shown in fig.3bis better than Villard 
multiplier circuit [1] and the power management is 
done by the switching voltage regulator. The output 
voltage is governed by equation, 
Vout = 2N Vin    ……(2) 
 Where, N is the No. of Doubler stages invoved 
and Vinis the input voltage made available by the 
antenna.The DC power smoothened by the ultra-
capacitor is finally supplied to the load, which is the 
wireless Brain Computer Interface. Optional power 
storage is provided by Li-Ion battery to reap the 
advantage of occasional out of range operations for 
brief periods. The Rectenna efficiency is given by 
equation,  

������ =  
�
�

���
=  �� �� ……                             (3) 

 Where PDC is the DC output power available for 
the loadanPRF is the RF power supplied by the 
antenna. 
 
C. Matching Network: 
 Refer the RF Energy Harvesting Circuit with 
On-chip Antenna for Biomedical Applications 
discussed in [8]. Rectification and multiplication are 
carried out using the Dickson type multiplier 
involving eight stages, made with the Schottky 
diodes MOT-MBD301 as shown in Fig.5a along with 
the proper matching network. The results of ADS 
Harmonic Balance (HB) simulation showing 
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received dc voltages at various stages of multiplier 

 
Fig. 3b: Dickson multiplier circuitfo
 

 
Fig. 5a: Rectification and Dickson type multiplication circuit for simulation in ADS
 

 
Fig. 5b: Harmonic Balance simulation of Rectenna
 
D. The complete BCI device: 
 The wireless BCI devices are currently available
in diverse forms and we can use any one, with the 
supply current requirement in the range from 15 to 
20mA. At the familiar 3.3V level, the power 
specification is 50 to 100mW and the equivalent load 
impedance will be around 200 to 100 ohms. The test 
bench hardware used is constructed with separate 
controller board and EEG signal amplifier board 
which have been designed and built as per open
sources, using low power PIC micro PIC18LF4620, 
interfaced with the Visual Basic (VB) Dot Net 
compiled PC software via the Microchip Zigbee 
module MRF24WB0MA, having the maximum 
transmit current rating of  15mA, as per fig.4a. Only 
the zigbeetransceiver firmware for Microchip module 
is additionally included, to make its communication 
wireless. The total power consumpt
boards is 20mA at 3.3V or around 75mW, well in the 
middle of our targeted midrange device power from 
50mW to 100mW range. The maximum power point 
tracking is also inbuilt for increasing the efficiency in 
power reception. 
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Dickson multiplier circuitfo r Rectenna. 

 

Rectification and Dickson type multiplication circuit for simulation in ADS. 

 

Harmonic Balance simulation of Rectenna. 

The wireless BCI devices are currently available 
forms and we can use any one, with the 

supply current requirement in the range from 15 to 
20mA. At the familiar 3.3V level, the power 
specification is 50 to 100mW and the equivalent load 
impedance will be around 200 to 100 ohms. The test 

hardware used is constructed with separate 
controller board and EEG signal amplifier board 
which have been designed and built as per open EEG 
sources, using low power PIC micro PIC18LF4620, 
interfaced with the Visual Basic (VB) Dot Net 

via the Microchip Zigbee 
module MRF24WB0MA, having the maximum 
transmit current rating of  15mA, as per fig.4a. Only 
the zigbeetransceiver firmware for Microchip module 
is additionally included, to make its communication 
wireless. The total power consumption of these 
boards is 20mA at 3.3V or around 75mW, well in the 
middle of our targeted midrange device power from 

The maximum power point 
tracking is also inbuilt for increasing the efficiency in 

 The EEG electrodes are of passive, dry type i.e. 
without gel, mounted on the rubber belt to be worn 
around the forehead by the users. The 10 bit analog 
to digital converter of the micro controller is sampled 
at approximately 1 KHz and transmitted through the 
Zigbee module at optimum 250 kbps wirelessly. This 
data is received by another paired Zigbee module 
connected with the serial USB port of the interfacing 
terminal / computer and converted back to the EEG 
waves by the signal processing VB software GUI 
shown in fig.4b. This is having the Discrete Fourier 
Transform (DFT) signal handling
isolate, quantity and  equate the magnitudes of the 
Alpha  i.e. 8-13 Hz, Beta i.e. >13 Hz, Theta  i.e. 3.5
7.5 Hz and Delta  i.e. < 3 Hz constituent
EEG,  as depicted in 
algorithmprecisely evaluate the essential low pass, 
high pass and band pass filter tasks and according to 
the dominance of Alpha over Beta or Theta wave 
constituent magnitudes (fig.4c), the marker on the 
operator display is progressed to t
target course, representing visually the state of 
quietness or liveliness in the mind of the consumer 
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(fig.4b). Thus the BCI can be employed as gaming 
instrument for an ordinary user or as mind regulation 

exerciser for the emotionally retarded individual.  
 

 

 
 
Fig. 4a: Test bench wireless BCI system, 4b: BCI  for directing the cursor to the target side, 4c: Filtered EEG 

waves received in PC. 
 
IV. Efficiency of Rectenna: 
 The working of the antenna both in the 
transmitting and receiving or power harvesting mode 
are simulated with the Advanced Design System 
(ADS) from Agilent. The power receivable (PR) at 
the receiving antenna positioned at R distance after 
the transmitting antenna isestimated at free space by 
the subsequentFrii’sbroadcast equation, 

PR     =     PT �
!

"#�
$GTGR  ..........                                              (4) 

 where PT is the power transmitted, GT and GR 
are the gains of transmission and reception antennas, 
with wavelength of radiation, λ = c / f at light speed 
cand frequency f. Using this equality, the receiver 
power of micro-strip patch antenna in free space is 
estimated by the process named as link budget 
calculation.  
 The transmitters are fabricated and verified to 
funtion with equivalent efficiency of the readymade 
existing ones, like that from Power cast with EIRP of 
1W. Reference, shows 1.9GHz RF transmitter 
example work utilizing environmental harvested 

energy with precision. From the ADS simulation 
results shown in Fig.1b above, the rectifier efficiency 
is tuned with the matching circuit for maximum at 
the required transmit frequency of 2.45 GHz. The 
receiver antenna in our work is the E-shaped patch 
antenna that renders five performance at this 
frequency ranging from 2.40 to 2.50 GHz.  
 
V. Real Time Testing With Prototype: 
 The prototype PCB layout of design is also 
shown in this Fig.7. This has been found to yield 
better results than the Villard type  and the other 
voltage booster types explained in. There is vast 
variety of switching regulators available to suit our 
application and we have chosen TI’s TPS series. The 
rough functioning sample of RF powered wireless 
BCI system after verifying for essentially precise 
tunings and perfections, directs the filtered EEG 
signals that are received uninterruptedly by the PC 
terminal.  

 

 
 
Fig. 7: PCB Layout of prototype Rectenna. 
 
 In perfect circumstances i.e. no reflections and 
uneven polarization etc., 15mW of collective power 
is expected to be received at 50 cm range, with the 
transmitter power of 1W at frequency of 2.4GHz, as 
given in the table1 below. For rapid assessment, this 
definitely excels well the efficiency stated in, 

illustrated receiver power of 1.5mW at 20 cm for a 
transmitter power of 100mW. The investigation 
works are quiet proceeding, to conglomerate 
additional rectenna panels, to achieve convincing 
working range of approximately 2m. 

 
Table 1: Estimated Vs. Received Power 

Distance (cm) Estimated PA (mW) ReceivedPower {mW) 
30 100 50 
50 25 15 
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VI. Conclusion And Future Works: 
 In this paper, we have deliberatedentirely the 
design optimization of brain computer interface for 
efficient operation with RF power delivery system, 
which is very compact and convenient for usage. The 
combined development works of this RFPD system 
along with the wireless BCI is getting shaped, and 
the emergent field testing outcomes will then be 
related ultimately with ADS simulation, for future 
demonstrations and examinations. Further more we 
plan to discover the prospects of improving the 
efficiency of the RF powering, by installing more 
number of low power Transmitters with capacity of 
switch in accordance with their respective RSSIs as 
feedback, thus cautiously increasing the resulting 
working ranges, also for numerous BCI devices 
operating simultaneously. Comparable with much 
desirable long distance wireless power transmission 
system using microwaves presented in [9], the future 
works will include the real time simulation and 
analysis of this RFPD system with many different 
BCI devices powered instantaneously while being, 
positioned at considerable distances apart.  
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