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Are we (really) expecting 
1 Trillion Devices?!

Mahmoud.Wagih@Glasgow.ac.uk

My commercial 
experience:
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How Many 
“Energy 
Harvesting”-
Powered 
Devices?

“1 billion 
harvester a year [2020-2040]” 

– IDTechEx Report

“38 billion 
RFID tags in 2023 [alone]” 

– IDTechEx Report

Mahmoud.Wagih@Glasgow.ac.uk

Enabled by 
wireless power

Audience Guess:
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“… dispel the widespread but incorrect assumption that 

power density always fell off as the square of the distance”

–W. C. Brown, 1984

Mahmoud.Wagih@Glasgow.ac.uk

1960s Wireless Power: Tesla or Brown?
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RF Power Transmission 

Mahmoud.Wagih@Glasgow.ac.uk

RF radiation spreads spherically
• Power proportional to 1/distance2 in free space.

Power harvester
(RECTifying antENNA)

Power transmitter

Plane wave S

[W]

𝑆 𝑡 =
𝑃TX𝐺TX

4𝜋𝒅𝟐  [W/m2]

𝑃RX(𝑡) = 𝑆𝐴𝐄𝐟𝐟𝐞𝐜𝐭𝐢𝐯𝐞

𝑃DC = 𝑃RX 𝑡 × PCE

Wagih et al. “Rectennas for RF Energy Harvesting and Wireless Power Transfer: A Review of Antenna Design” IEEE Antennas Propag. Mag. 2020. DOI: 10.1109/MAP.2020.3012872

Not physical

Power 
Conversion 
Efficiency

Limited by regulations 
(4 W unlicensed)

All electrical power, no transduction – any electronic material can be used

𝑍𝑆 = 𝑍𝐿
∗

https://ieeexplore.ieee.org/document/9214948/
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RF Power Transmission in:

Mahmoud.Wagih@Glasgow.ac.uk

Bio-resorbable Liquid Flexible/Printed
Wagih and Beeby “Materials for Rectennas” in “Roadmap on Energy Harvesting Materials” JPhys Materials 2023
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My RF Power Highlights

Mahmoud.Wagih@Glasgow.ac.uk

1. Enabling Principles
State-of-the-Art 

2. Practical Deployment
Use-case-Driven Testing

Quasioptic GHz Power

+

-

+

-

+

-

+

-

Near-Field 
Beyond 1 m

3. Generation-after-Next
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Performance Limits? Diode Loss

Breakdown 
and forward 
voltage 
bounds

Mahmoud.Wagih@Glasgow.ac.uk

Credit: Wikimedia 
https://commons.wikimedia.org/wiki/File:Diode-IV-Curve.svg
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Performance Limits? 

Forward 
voltage 
drop

Breakdown 
voltage 
saturation

Breakdown 
and forward 
voltage 
bounds

Mahmoud.Wagih@Glasgow.ac.uk

Harmonic 
generation

Credit: Jo Bito, GaTech 
https://smartech.gatech.edu/handle/1853/60157
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Practical RF Energy 
Harvesting Using

 Arrays of “Small” Antennas?

Mahmoud.Wagih@Glasgow.ac.uk
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Re-Introducing the 
Century-Old Dipole

“The wire antenna can capture much more power than is 

intercepted by its physical size! This should not come as 

a surprise. 

So electrically, the wire antenna looks much bigger than 

its physical stature.”
— Constantine A. Balanis 

Antenna Theory & Design 2nd Edition pp. 90-91

Compact antenna

𝑨𝒆𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒆 =

𝑮𝒂𝒊𝒏
𝝀𝟐

𝟒𝝅

IEEE Open J. Antennas Propag. 10.1109/OJAP.2020.3038001

Mahmoud.Wagih@Glasgow.ac.uk

http://dx.doi.org/10.1109/OJAP.2020.3038001


13

• Tightly coupling small 900 
MHz rectennas

• DC combining with RF 
blocking

• 2D on a flexible substrate 

Scaling Tightly-
Coupled Dipoles

“Antenna array elements should be 
spaced by λ/2”

+

-

+

-

+

-

+

-

+

-

+

-

Flexible Rectenna array 
(<160 cm2)

DC-DC boost 
converter

S < 1 μW/cm2

Storage (100 
μF)

Arm MCU
+

Bluetooth Low 
En. TX

2.4 GHz 

Power transmitter

?

Wagih and Beeby "Thin flexible RF Energy Harvesting Rectenna Surface" IEEE Trans. Microw. Theory Techniq. 2022
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• Tightly coupling small 900 
MHz rectennas

• DC combining with RF 
blocking

• 2D on a flexible substrate 

Scaling Tightly-
Coupled Dipoles

“Antenna array elements should be 
spaced by λ/2”
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𝑆𝐴𝐩𝐡𝐲𝐬𝐢𝐜𝐚𝐥

Effective area = 

physical area

Wagih and Beeby "Thin flexible RF Energy Harvesting Rectenna Surface" IEEE Trans. Microw. Theory Techniq. 2022
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Scaling Tightly-
Coupled Dipoles

• Best reported “efficiency” 
relative to area

• Best sensitivity due to 
rectifier optimization

• Lowest cost, thinnest, 2D 
implementation 0
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[TMTT’19]

[TMTT’04]
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[TMTT’18][TAP’19]

[TMTT’17]

[TMTT’19]

[Opt Mat.’22]

[TMTT’22]

[Opt Mat.’22]

1.8 m5.6 m18 m

Theoretical distance at 4 W TX (m)

Not achievable at 4 W TX

Wagih and Beeby "Thin flexible RF Energy Harvesting Rectenna Surface" IEEE Trans. Microw. Theory Techniq. 2022
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Deploying 
Wireless 

Power:

An RFID 
“Grid”

Sensor 
deployment

RFID Reader 
Antennas

Wagih et al. "RFID-Enabled Energy Harvesting using Unidirectional Electrically-Small Rectenna Arrays" Euro. Conf. Antennas Propag 2023
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RFID Power Survey

License-free UHF RFID-compliant readers in office environment

(a) Omnidirectional harvester (b) Unidirectional +3 dBi 
harvester

A computational node can be powered anywhere

Wagih et al. "RFID-Enabled Energy Harvesting using Unidirectional Electrically-Small Rectenna Arrays" Euro. Conf. Antennas Propag 2023
Nesbit, Wagih et al. “Next-Generation IoT: Harnessing AI for Enhanced Localization and Energy Harvesting in Backscatter Communications” Electronics 2023
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RFID Packets for Power Capacitor Charging
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>2x DC energy
using directional
antennas

>1 mJ energy in 65% of tested locations 
at >1.6 V

220 uF

Wagih et al. "RFID-Enabled Energy Harvesting using Unidirectional Electrically-Small Rectenna Arrays" Euro. Conf. Antennas Propag 2023
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Focusing Wireless Power:

Quasi-Optic RF for 
>30 m Safe Powering Range

M. Wagih, T. Whittaker, S. Mu, W. Whittow “Quasi-Optic, Radio Frequency Joint Wireless Power Transfer and Machine Learning-Enabled Sensing” (Under Review) Nature Electronics
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Overcoming the 
Safety / Range 
Bottle-Neck?

Lens receiver

• Higher RX power than 
theoretical “single-ray” 
path-loss model

Wagih et al. “Quasi-Optic, Radio Frequency Joint Wireless Power Transfer and Machine Learning-Enabled Sensing” (In Review) Nat Electron

RF power 

illumination

Voltage

Summation

Wireless 

sensor

Harvesting 

multi-path 

reflections

3D dielectric lens

Mahmoud.Wagih@Glasgow.ac.uk
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Fresnel Lens Design

• 5.3 × 𝜆2 aperture

– ~50% simulated aperture 
efficiency.

• <30 cm diameter.

– Printable on a standard FDM 
printer

• Low-loss Premix 4.4 filament

Mahmoud.Wagih@Glasgow.ac.uk
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Fabricated Lens 
Prototype

• Fresnel lens

• No dielectric grading 

• Waveguide feed (WG12)

• ~2 kg prototype

Mahmoud.Wagih@Glasgow.ac.uk
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Fabricated Lens 
Measurements

• 7 dBi planar Yagi-Uda feed

• Multiple feeding points to 
demonstrate the beam-
steering

• ~15 mm feed spacing 

• 18 dBi peak directivity

• 70° half-power beamwidth
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Fabricated Lens 
Measurements

• 7 dBi planar Yagi-Uda feed

• Multiple feeding points to 
demonstrate the beam-
steering

• ~15 mm feed spacing 

• 18 dBi peak directivity

• 70° half-power beamwidth
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Azimuth and Elevation Steering

Simulated Measured

• x=y=15 cm feed position -> 35° azimuth and elevation beam direction

• -5 dB directivity compared to the main beam
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Near-Field Power 
Beyond few cms

Assisted 
“Wireless” Power High-power;

Short-range?

~

Mahmoud.Wagih@Glasgow.ac.uk
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State-of-the-Art:
>1 W On-Body WPT

• Near-field resonant 
coupling

• Enabler of novel 
applications

[1] Wagih et al. “All-Printed Textile-Based 6.78 MHz 15 W-Output WPT System and its Joule Heater,“ (2023) IEEE Trans. Industrial Electron.
[2] Ullah, Wagih, Beeby et al. “Wirelessly Powered Anti-Infective Smart Bandage” (2023) IEEE Transactions on Biomed. Circuits & Sys.

Wearable battery-free heater [1] Anti-infective UV bandage [2]

Fabric-
integrated 
bandage

TX 
PA

RX coil Fabric 
heater
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State-of-the-Art:
>1 W On-Body WPT

• Near-field resonant 
coupling

• Enabler of novel 
applications

Maximum range is <5 cm, 
to a single direction / 

receiver

[1] Wagih et al. “All-Printed Textile-Based 6.78 MHz 15 W-Output WPT System and its Joule Heater,“ (2023) IEEE Trans. Industrial Electron.
[2] Ullah, Wagih, Beeby et al. “Wirelessly Powered Anti-Infective Smart Bandage” (2023) IEEE Transactions on Biomed. Circuits & Sys.
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Bruce & Wagih “Body-Scale, Steerable  Self-Multiplexed Wireless Power and Data Grids” Unpublished

>1 W Power
On-Body, 1 m Away?

• Free positioning 
receivers 

• 6.78 MHz AirFuel-
compliant system

• Safe and high-power 
handling
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Bruce & Wagih “Body-Scale, Steerable  Self-Multiplexed Wireless Power and Data Grids” Unpublished

>1 W Power
On-Body, 1 m Away?

• Free positioning 
receivers 

• 6.78 MHz AirFuel-
compliant system

• Safe and high-power 
handling

• >15 dB higher efficiency 
than state-of-art
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>10% WPT efficiency 
   in 1960s

Focused 
Power @30m

Small arrays

Summary:

~

>1 W in Near-Field

Antenna-circuit
co-design

Mahmoud.Wagih@glasgow.ac.ukGREENElectronicsLab.org

Practical RFID Grids
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