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Presenter
Presentation Notes
Hello, my name is XX and I am XX at XX University, in XX-country.
Today, I will present you our work on RF power harvesting.



Outline

• Introduction
• Rectifier’s design
• Application – Continuous supply of a battery-less wireless sensor node

Presenter
Presentation Notes
First, I am going to make an introduction on RF harvesting.

Next, I will present you the heart of our RF harvesting system and the limitations of those systems based on the state-of-the-art

Finally I am going to present you an application



Ocean of Electromagnetics Waves

• We live into an electromagnetics waves ocean.
• The number of radio frequency emitters has been rapidly 

increasing over the last decades due to the development of new 
technologies

• Countless wireless applications need antennas, which emit 
power in order to serve numerous customers

• However, most of this energy remains unused, since usually a 
receiver captures only a very small fraction of the transmitted 
power

• Ambient RF power is created, remaining unspent.
• Hence, it is an engineering challenge how to efficiently collect

this unused ambient RF energy

Introduction
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An ocean of electromagnetic waves surrounds us. 

Moreover, the number of radio frequency emitters is rapidly increased over the last decades <you could add phrases of the above slide>

Most of this energy remains unused. 

Hence, it is an engineering challenge how to collect the unused ambient RF energy and supply with power small electrical devices, such as backscatter sensor nodes.



RF energy to DC energy

• RF-to-dc efficiency

𝜂𝜂 =
DC power input

RF power output

• Prior-art designs
• Usually operate optimally (𝜂𝜂 > 60%) for 

high power input, e.g., > 0 dBm

• For low power input
• Maximum efficiency 30% for −20 dBm

power input
• Sensitivity higher than −30 dBm power 

input

[1] W. C. Brown, ``The history of power transmission by radio waves,’’ IEEE Trans. Microw. Theory Techn., vol. 32, no. 9, pp. 12301242, 1984.
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Before three decades, Professor William C. Brown proposed a system which consists of an antenna and a rectifier, called rectenna, for transformation of RF energy to DC [1]. 

The heart of this system is one or multiple diodes. 

Since then, RF energy harvesting is gaining increasing interest, mainly during the last years. 

A very important parameter in a rectification system is the efficiency, i.e. the ratio of the RF power input to the DC power output.

Nowadays, significant research effort has been directed towards high-efficiency rectifiers. 

However, most prior-art-designs operate optimally (for example with efficiency higher that 60%) at high input power, for example greater than 0 dBm. 

In order to increase the efficiency for low power input, namely less than -10 dBm various designs have been proposed, however, based to our knowledge the efficiency rarely exceed 30%  for less than -20 dBm power input while, the sensitivity, namely the ability to harvest RF energy and operate, does not exceed -30 dBm power input.




Number of diodes

Introduction
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I mentioned before that the heart of a rectifier system is one or multiple diodes. 

Here we can see a schematic with one single (top left), one double or equivalently one stage Dickson multiplier (bottom left), while at right we can see a N-stages Dickson multiplier.

Based on the literature, the number of the diodes increases the dc output voltage

However, for low-power input, the number of the diodes decreases the dc output power, since each diode is self-biased and thus uses power in order to be biased



Number of diodes

[2] P. Nintanavongsa, U. Muncuk, D. R. Lewis, and K. R. Chowdhury, ``Design optimization and implementation for rf energy harvesting circuits,’’
IEEE Trans. Emerg. Sel. Topics Circuits Syst., vol. 2, no. 1, pp. 2433, 2012

Introduction

Presenter
Presentation Notes
Specifically, in this work, authors have shown that for low-power RF input the efficiency grows as the number of diodes decrease.



Goal/Contribution of this work

• The design of a high efficiency for low-power input rectification system, 
appropriate for IoT Embedded Applications

• The rectification systems is
• co-planar, 
• low-complexity series circuit with one single diode
• directly impedance matched to the antenna

• The absence of matching network results to 
• losses reduction and thus, 
• leads to RF-to-dc enhancement

Rectifier’s design
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Presentation Notes
The goal of this work was

the design of a high efficiency for low-power input rectification system, appropriate for IoT Embedded Applications, for example for embedded sensor nodes in a wireless sensor network.

Towards this, the proposed RF-to-dc rectification system is 

co-planar, 
low-complexity series circuit with one single diode
without a matching network since it is directly impedance matched to the antenna

It is noted that the absence of the matching network results to losses reduction and thus, to RF-to-dc enhancement.  



Conventional Rectenna with Matching Network

Rectifier’s design

For 0.0139 uW/cm2:
cold start: 1687 s, operates every 43 s

Rectenna and efficiency 𝜂𝜂
size: λ/2 × 𝜆𝜆/4

𝜂𝜂 = 28.4% @868MHz,-20dBm 

Load: sensor node with 
consumption of 100 uW@1.6V

[3] S. D. Assimonis, S. N. Daskalakis and A. Bletsas, "Sensitive and Efficient RF Harvesting Supply for Batteryless Backscatter Sensor Networks,"
in IEEE Transactions on Microwave Theory and Techniques, vol. 64, no. 4, pp. 1327-1338, April 2016.
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Here is a conventional rectenna

Here (top left) is the antenna connected with the rectifier through a matching network:

The simulated and measured RF-to-dc efficiency is 28.8% at 868MHz and for -20 dBm power input.

In order to increase the dc output voltage, three of the above antennas were connected in series configuration:

goal was the supply of a wireless sensor node with power consumption of 100 uW at 1.6 V

In order to supply for low power density the rectenna-grid was connected to the sensor node through the commercial boost converter bq25504

Measurements shown that, for less that 0.014 uW/cm2 or equivalently for -22.4 dBm power input, after around half an hour, which was the cold start duration, the harvesting system was able to supply with more that 100 uW the sensor at 1.6 V every 43 s






Proposed Rectifier’s Design

Rectifier’s design

• The rectifier’s topology (top) and circuit schematic (bottom):
• co-planar
• single diode (HSMS285B) in series configuration with the load
• Substrate (Taconic TLY-5) with 𝜀𝜀𝑟𝑟 = 2.17, tand = 0.0009
• Total size: 7mm x 2mm x 0.508 mm

• Design optimized to operate
• for −20 dBm power input
• at 868 MHz (UHF RFID frequencies in Europe)

• Fitness function
• RF-to-dc efficiency
• degrees of freedom 𝑍𝑍𝑎𝑎 and 𝑅𝑅

• Results: efficiency was maximized for 
• 𝑍𝑍𝑎𝑎 = 54.6 + 𝑗𝑗𝑗𝑗𝑗.6 Ω and 𝑅𝑅 = 15.4 𝑘𝑘Ω
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The rectifier’s topology (top) and circuit schematic (bottom): 

it is co-planar (i.e., absence of ground plane) in order to facilitate easy connection with a co-planar antenna and consists of a single diode in series configuration with the load R (the capacitor C is used for voltage stability), and thus, it performs half-wave RF-to-dc rectification. �
The ``HSMS285B’’ from Avago Technologies, Inc. was chosen in our simulations, which took place through the commercial ADS software from Keysight Technologies and CST solver.

For substrate the Taconic TLY-5 with relative permittivity of 2.17, Loss Tangent of 0.0009 (namely, low losses substrate) and the thickness was 0.508 mm.

In this work, the rectifier was designed to optimally operate for low power input of −20 dBm at 868 MHz, taking into account the allocated UHF RFID frequencies in Europe.

Thus, during the design procedure, optimization was performed with fitness function the RF-to-dc efficiency and degrees of freedom the RF source impedance and the load while frequency and power input was fixed at 868 MHz and -20 dBm, respectively and C = 100 pF.

Finally, the efficiency was maximized for Za = 54.6 + j707.6 Ω and R = 15.4 kΩ�������



Reflection coefficient and RF-to-dc efficiency

Rectifier’s design

• 𝜂𝜂 = 54.9% @868MHz, -20dBm

• rectifier is capacitive and 
non-linear

• high power input leads to higher 
efficiency which now occurs to higher 
frequency (load fixed at 15 kΩ)

• higher power input leads to resistance 
degradation of the optimal output load
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Here (top left) is the efficiency versus power input: �
for -20 dBm power input efficiency is 54.9%, while the maximum of 58.6% occurs for power input of only -17.5 dBm. 

The rectifier’s input impedance versus frequency for various levels of power input is depicted in this Figure (bottom, left):

it is evident that the rectifier is nonlinear and for −20 dBm the rectifier’s input impedance is 54.6 − j707.6 Ω, and thus the source is conjugate matched with the rectifier, as expected, based on the optimization procedure.

These two Figures (right top and bottom) depicts again the RF-to-dc efficiency, but now versus frequency and load, respectively, for various levels of input power: 

it is noted that, when the frequency varies the load is fixed at 15.4 kΩ, while when the load varies the frequency is fixed at 868 MHz. 

In general, for higher levels of power input the maximum efficiency takes place in higher frequency and lower output load. 

�

��




Continuous supply of a battery-less sensor node

Application

• In [4] authors presented a backscatter sensor 
node with power consumption of the order 
of 20 𝜇𝜇W, or equivalently, of −17 dBm

• This Fig. shows that for −14.4 dBm power 
input, the system delivers to the optimal 
load more than −17 dBm.

• Thus, the proposed rectifier is able to supply 
continuously, i.e., without the use of any 
boost converter, battery-less backscatter 
sensor nodes.

[4] S. N. Daskalakis, G. Goussetis, S. D. Assimonis, M. M. Tentzeris, and A. Georgiadis, “A uw backscatter-morse-leaf sensor for low-power
agricultural wireless sensor networks,” IEEE Sensors Journal, vol. 18, no. 19, pp. 7889–7898, Oct 2018.
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In [3] authors presented a backscatter sensor node with power consumption of the order of 20 𝜇W, or equivalently, of −17 dBm

This Fig presents the Power output (in dBm) versus Power Input (in dBm):

based on this, for −14.4 dBm power input the RF-to-dc efficiency is 55.41%, and thus, the rectifier serves more than -17 dBm to the load, assuming that the latter is the optimal, namely is 15.4 kohm.

Thus, the proposed rectifier is able to supply continuously, i.e., without the use of any boost converter, battery-less backscatter sensor nodes.



�������



Example

Application

• Non-optimized rectifier directly connected to an electrically small antenna

[5] S. D. Assimonis, V. Fusco, A. Georgiadis, and T. Samaras, “Efficient and Sensitive Electrically Small Rectenna for Ultra-Low Power RF Energy
Harvesting,” Scientific reports, vol. 8, no. 1, p. 15038, 2018.

non-optimized
co-planar 
rectifier directly 
connected to the 
electrically small 
antenna

𝜂𝜂 = 22.5%
@868MHz, -19 dBm

For 0.39 uW/cm2:
cold start: 1227s,
operates every 43 s
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Presentation Notes
In [5] the non-optimized  co-planar rectifier was directly connected to the electrically small antenna


Here (top-left) is the non-optimized co-planar rectifier topology, where there is no ground plane 

a picture (top middle left) of the fabricated geometry (zoomed by microscope) 

and here (top middle right) is the equivalent circuit schematic (which is a single-series circuit with a single diode performing half-wave rectifcation) (c). 

Also, depicted (top right)  the fabricated electrically small rectenna

The simulated and measured RF-to-dc efficiency is depicted here (bottom left)

Presents 22.5% efficiency for -19 dBm power input

Finally, the electrically small rectenna was directly connected to a sensor with power consumption of 100 uW though the commercial boost converter bq25504:

For 0.39 uW/cm2  power density or equivalently for -12.5 dBm power input, and after 1227 s, which was the cold start duration, the harvesting system was able to supply with more that 100 uW the sensor every 9 s






Conclusions

• A high efficiency for low power input and low-complexity rectifier, directly connected to 
the antenna, was proposed

• Under given circumstances, the rectifier can supply a typical battery-less, wireless sensor 
node

• Next goal: Design of a complete, optimized, high efficiency RF energy harvesting system



Conclusions

Thank you!

contact: s.assimonis@qub.ac.uk
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