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Marconi wasan Italianinventor. Heis
considered as the father of radio
communication. He sharedthe 1909
Nobel Prize in Physics with Karl
Ferdinand Braun "in recognition of
their contributions to the
developmentof wirelesstelegraphy".

Tesla demonstrated wireless energy
transfer to power electronic devices
in 1891 and aspired to intercon-
tinental wireless transmission of
industrial power in his unfinished
WardenclyffeTowerproject.

History



History
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http://blog.modernmechanix.com/2008/02/26/radio-modernizes-the-old-hayrake/
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Evolution of Radio Communications

Marconi Radio 
Long-distance 
Communications

Broadcast
Radio

Communications 
for the Masses

Television

High Social Impact

Mobile Phones

Mimicking God
Omnipresence

Data 
Communications

Interconnecting 
people



Evolution of Radio Energy Needs

Basic Needs: Water Food Energy



Battery Elimination
ü Batteries take hundreds of years to

decompose, posing a serious threat to
the public health and to the
environment.

× Considering 4 Million habitual residences in Portugal (INE ςCensos2011) 
and assuming that:

V 75% of them have a TV equipment

V 40% have a cable TV Box 

V 30% have a Sound System 

× We end up with an average of 5.8 Millions of remotes in Portugal 

× Assuming two batteries per remote and two battery changes per year we 
have atotal of 23.2 Millions batteries being wasted every year !! 



Evolution of Radio Power Transmission

Initial 
Discovery

Power been 
transmitted via air 
!!

Crystal Radios

Original made 
with Galena

Satellite 
Proposals

Power collected in 
Space and sent to 
ground via 
microwaves

Rectenas

Antennas that 
collect energy

William Brown 
1964

RFID

Powering up small 
¢ŀƎǎΩǎ
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Lowbit Rate

ωLowPower

ωLowcomplexity

Highbit Rate

ωHighPower

ωHighcomplexity

Next Frontier Wireless Things



nbcarvalho@ua.pt

Next Frontier

wCL5Ωǎ

Domestic Appliances 
Wireless Energized

High Efficient Energy 
Collection

Car Energy Collector

Battery-less Sensors for 
health applications

Agriculture passive 
sensors
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FM Radio

Radio over3G

DAB Satellite

Radio 
overTDT

[¢9 Χ

Challenges Technology developments



E. Harvesting and WPT

Energy Harvesting

Ambient Electromagnetic Energy

Wi-Fi

Radio and TV 
broadcast GSM/Cellular

Wireless Power Transmission (WPT)

Dedicated and known Transmitter

Dedicated transmitter 

In both cases: Received RF energy is 
converted into DC power  

Rectenna= antenna + rectifier



Wireless 
Transmitted 
Energy
How it Works



Inductive Power Transmission

Inductive Power Transmission

is high efficient at very close

ranges

Working principle similar to

Transformers
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Resonant Power Transmission

Resonant Power 

Transmission achieves 

long ranges é

N. Bonifácio; André, P.S e Nuno Borges Carvalho; "Resonant Wireless Power Transmission" - Chapter in Advances in Energy Research ςVol. 8, Edited by: 
MorenaV. Acosta, Nova Publisher, New York, 2011.



Radio Power Transmission
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How to Transmit Power via Wireless

TX

Gt Gr

R

PDCPRFPt

ŔD Increase PDC

I. Increase transmitted Power

II. Increase antenna gains

Gt and Gr

III. Increase RF-DC Efficiency

RF-DC Efficiency is given by:

RF-DC Efficiency can be increased by designing improved RF circuits

nbcarvalho@ua.pt



How to Convert RF Energy to DC Power

Diode rectify a sine-wave

An output filter 

extracts the DC 

waveform é
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How to Convert RF Energy to DC Power

Single diode detector
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How to Convert RF Energy to DC Power
Single diode detector
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A

ktv ´º
2

)(
2

2

N-level Voltage Multiplier

For RF circuits,input matchingandoutputmatchingis morecomplexto dealtwith,

andthusseveralareasshouldbeexplored.
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Modeling

Increase 
RF-DC 
Efficiency

Improve 
Antenna 
Design

Reduce Losses 
in Inductors

Align strategies 
for commercial 
systemsIn
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R&D 
!ǇǇǊƻŀŎƘŜǎΧ



Extend the 
Coverage 
wŀƴƎŜ Χ



» Maximizing the WPT Efficiency is a complex matter

» Maximum range is imposed by the forward link 

» RF-DC efficiency plays a key role

TX

Gt Gr

R

PDCPRFPt

ŔD

Increase PDC

I. Increase transmitted Power

II. Increase antenna gains

Gt and Gr

III. Increase RF-DC Efficiency 25

Use of Multi -sinesin Circuit Design



» RF-DC converters are most of the time based on a Schottky
diode

26

DC 

Load

DC Out
Input 

signal
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Çsingle tone excitationof the diode
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Çmultisineexcitationof the diode
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DC 

Load

DC Out
Input 

signal

Use of Multi -sinesin Circuit Design



Tone separation is an important aspect to account for

32The lower the tone separation frequency, the 
higher time between peak voltage repetition 

Use of Multi -sinesin Circuit Design



» Two different circuits were built and tested:

DC 

Load

DC Out
Input 

signal

15p

15p

15p

15p

15p

15p

15p

15p

15p

8.2p

6.8n

Input 

signal

DC 

Load

A single diode detector at 2.4GHz

(typically used in energy harvesting)

A charge pump at 866MHz

(typically used in RFID Tags) 

33
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Two different circuits were built and tested:

A single diode detector at 2.4GHz A charge pump at 866MHz

34
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Two different circuits were built and tested:

A single diode detector at 2.4GHz A charge pump at 866MHz

Efficiency Gain:

35
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Transmitted signal:

RF carrierBaseband MultisineǊŜŀŘŜǊΩǎ .ŀǎŜōŀƴŘ

ҟ˖for example N=2 (two tones):

-( c̟Ҍ нҟ˖ύ         -( c̟-ҟ˖ύ                                       όc̟ -нҟ˖ύ          όc̟Ҍ ҟ˖ύ

-( c̟Ҍ ҟ˖ύ          -όc̟-нҟ˖ύ                                        όc̟ -ҟ˖ύ          όc̟Ҍ нҟ˖ύ

ɤc-ɤc

Tagôs diode detector/

charge pump

BPF

fc

BB

Multisine BB

x(t)

36

RFID Downlink

Use of Multi -sinesin Circuit Design



x(t) ƛǎ ǎǉǳŀǊŜŘ ōȅ ǘƘŜ ¢ŀƎΩǎ ŘƛƻŘŜ ŘŜǘŜŎǘƻǊ

For N=2 (two tones), After low-pass filtering, the baseband is 
recovered by the Tag:   

Signal at the Tag:

Tagôs diode detector/

charge pump

BPF

fc

BB

Multisine BB
y(t)=k 2[x(t)] 2Ͻȣ

yBB(t )

37

RFID Downlink

Use of Multi -sinesin Circuit Design



SETUP 1:

Ç Downlink path fully implemented: RFID Reader + MultisineFront-End

Ç Tag Baseband Response is visualized in an Oscilloscope 

Ç Communication range extension, r is estimated based on measured Tag Sensitivity 
Gain, GP

 Alien RFID Reader

fc

ReaderĄTag

Baseband Multisine Baseband

PA

External Multisine Front-End

LNA

Oscilloscope

PA

fc

Power Metter

Splitter
Splitter

Communcation 

distance R

Passive 

TAG

For fixed R, GP = Minimum Power to activate Tag with CW ςMinimum Power to 
activate Tag with Multisine

38
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SETUP 1: Results

Reference fixed distance R=1.9m Ą PCW_min=19.3 dBm

Tone 
spacing,
ВÆ (MHz)

Minimum 
Power

Pmin (dBm)

Tag 
Sensitivity 

Gain, GP 

(dB)

Reading 
Range Gain 

r (m)

r (%) 

CW 19.3 0.0 0.0

2-tone 3.0 17.4 +1.9 + 0.46 24.2
2.0 17.5 +1.8 + 0.44 23.2
1.0 17.8 +1.5 +0.36 18.9

4-tones 3.0 16.5 + 2.8 + 0.72 37.9
2.0 17.2 +2.1 + 0.52 27.4
1.0 17.7 +1.6 +0.38 20.0

8-tones 2.0 16.2 + 3.1 + 0.81 42.6
1.0 16.4 +2.9 +0.75 39.4
0.5 No response ------- -------- -------- 39
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ÇHigh PAPR signals saturate the PAs

ÇSaturation of PA implies:
- Reduction of Peaks

- Reduction of Efficiency

40

Use of Multi-sines in Circuit Design
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Spatial Power Combining for WPT

x-n(t) x-n+1(t) x0(t) xn(t)

...

xn-1(t)

...

Coupling: 

ɚejʌ

Coupling: 

ɚejʌ

Ç High PAPR signals saturate the PAs

Ç Spatial power combining ςeach tone amplified 
independently and then combined in free space

Ç Mode-locked coupled oscillators ςestablish phase 
reference and control phase shift among elements

41
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Ç 4x1 active antenna oscillator array at 6 GHz

Ç Patch antenna aperture coupled to a VCO

Vcc

Vtune

Ana Collado and Apostolos Georgiadis

42

Spatial Power Combining for WPT

Use of Multi-sines in Circuit Design



Ç Step1: 2 VCOs with 50 MHz spacing. Mixing 
products are created 

Ç Step2: 3 VCOs. The third one with a free 
running frequency corresponding to one of 
the mixing products

Ç Step3: 4 VCOs. The fourth one with a free 
running frequency corresponding to one of 
the mixing products

F
re

q
u

e
n

c
y
 S

p
e

c
tr

u
m

 (
d

B
m

)

5.8 5.9 6 6.1 6.2 6.3 6.4 6.5 6.6

frequency (GHz)

F
re

q
u

e
n

c
y
 S

p
e

c
tr

u
m

 (
d

B
m

)

5.8 5.9 6 6.1 6.2 6.3 6.4 6.5 6.6

frequency (GHz)

F
re

q
u

e
n

c
y
 S

p
e

c
tr

u
m

 (
d

B
m

)

5.8 5.9 6 6.1 6.2 6.3 6.4 6.5 6.6

frequency (GHz)

Ana Collado and Apostolos Georgiadis
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Spatial Power Combining for WPT
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a1

a2

VDC

Pin

rectifier circuit

VCOs
radiating 

elements

e12, j12

e23, j23

e34, j34
oscilloscope

2
-22 -20 -18 -16 -14 -12 -10

available input power (dBm)

-24-26
2
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G
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 (
d

B
)

Df = 45 MHz

Df = 75 MHz

Ç Power gain compares the obtained DC voltage by a rectifier when using the 
high PAPR signal in comparison with a one-tone signal

Ç Improved performance when using the high PAPR mode-locked signal

Ana Collado and Apostolos Georgiadis

44

Spatial Power Combining for WPT
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Spatial Power Combining for WPT

Use of Multi-sines in Circuit Design



Characterizing 
RF-DC 
/ƻƴǾŜǊǘŜǊǎ Χ



ü We are always interested in the RF-DC characteristic

ü So, it would be nice if such characteristic could be described 
by a black box approach 

ü Behaviorally speaking: The active device is a non-linearity:

NL[x(t)]

x(t)
y(t) 

= DC 

+ Fundamental 

+ Harmonics 

+ Intermodulation

The need for modeling



ü The active device is a non-linearity:

NL[x(t)]

x(t) y(t) =DC
+ Fundamental 

+ Harmonics 

+ Intermodulation

ü Here, the Nonlinear Device will be described by an Even-Order 
MemorylessTaylor Series:

Χ ƛǘ Ŏŀƴ ōŜ ǇǊƻǾŜŘ ǘƘŀǘ ƻƴƭȅ ŜǾŜƴ-order terms contribute to DC

The need for modeling



RD-DC converters rely on non-linear devices.

The simplest configuration uses a single Schottky diode.

Improve the Circuits Nonlinear Modeling

nbcarvalho@ua.pt

Cut-off

Resistor impact



Improve the Circuits Nonlinear Modeling
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No DC conversion No DC conversion

Maximum conversion



ü Taylor series can be expanded around a quiescent point,

Hence, the model coefficients can be obtained:

y(x) is the diode DC I-V 
characteristic curve

First three even-order 
coefficients (k2,k4 and k6)

The need for modeling



ü General Model Structure for the RF-DC converter

K2

K4

K6

+

(x-Xq)

H(jw)
y(t)x(t)

2

z(t)
(x-Xq)

4

 (x-Xq)
6

ü Since we are only interested in the DC at y(t), an ideal low-pass 
filter H(jw) is considered at the output 

The need for modeling



These systems are highly nonlinear so better and improved systems for nonlinear

characterization combining RFand DC are fundamental.

DC 

Load

DC Out
Input 

signal

15p

15p

15p

15p

15p

15p

15p

15p

15p

8.2p

6.8n

Input 

signal

DC 

Load

A single diode detector at 2.4GHz

(typically used in energy harvesting)

A charge pump at 866MHz

(typically used in RFID Tags) 

Characterizing RF to DC Converters



DUT

D

C

5 ïstage Voltage 

Multiplier

X-

Parameter

RF Load

X-Parameter

Power Source

-40dBm:-10dBm

400MHz ï1800MHz

X-parameter DC port

used to capture the

DC behavior

Characterizing RF to DC Converters
The full system should be included into a simple simulation model

15p

15p
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15p

15p

15p

15p

15p

15p

8.2p

6.8n

Input 

signal

DC 

Load



DC (V) measured with an LSNA

The depth in the curves coincides with the resonance frequency  of the 
detector output impedance     

Characterizing RF to DC Converters
In this case the input signal is a radio-frequency signal, while the output is a DC

voltage

Alejandro Testera and Monica Barciela, University of Vigo, Spain



LSNA Setup used to extract  a X-model from a real world detector   

Main Blocks:

4 ςInput BiasTee

5 ςOutput BiasTee

6 ςDC bias Module

8a ςLarge Signal  Generator 
which imposes the 
LSOP at Port 1

8b ςSmall Signal Generator

9 ςDUT: detector

11 ςPower Sensors and 
Attenuators 

12 ς!5/Ωǎ

13 ςSystem Computer

Characterizing RF to DC Converters

Alejandro Testera and Monica Barciela, University of Vigo, Spain



Mixed-Signal Network Analyzer

Aviableinstrumentcanbebuilt usingRFandDCapproachesΧ

|   6/25/2014

Characterizing RF to DC Converters

DC 

Load

DC Out
Input 

signal



How can this 
be used in 
{ǇŀŎŜ Χ



Power Generation

TX

Gt Gr

R

PDCPRFPt

Efficient Generation of Power in Space Environments.



Communication Satellites

Amplifiers continueto beTWTAôs

× Heavy

× Huge
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TravellingWaveTubeAmplifiersïTWTAïé

Communication Satellites



TWTA

Heavy, Expensive, HugeΧ 

GaAs

LowPower, interestinglow noise

GaN

HighPower andpotentialgood
low noise

Technology Evolution



WhyGaNin Space ?

Commercial Broadband 

Satcom 

(VSAT-16MBPS)

Commercial Satcom 

Transmitters 

(VSAT-1MBPS)

X-Band Military Radar

Commercial 

Communications Base 

Stations

GaN

GaAs

Si
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Technology Evolution



Technology Evolution

GaNshould be tested in Space 
Environments and radiation hardness.



IT-Aveiro

Radio Systems Group

GANSAT: GANMMIC
DevelopGANMMICfor SpaceCommunications,with
SpacePowerCombining.

GaNSpace: GaN Oscillator for Space
Evaluation
Propose and evaluate GaN technology for space
applications. A GaN transistor prototype will be
implementedasanoscillatorto be testedin spacefor
reliability

radiosystems.av.it.pt/

IT GaNProjects

http://www.tu-cottbus.de/btu/
http://www.tu-cottbus.de/btu/


» AlphaSatparticipants

AlphasatProject

http://www.tu-cottbus.de/btu/
http://www.tu-cottbus.de/btu/


Introduction and motivation
The main objective of the project is to test GaN
Technology in space, mainly European versions.



GaNTechnology
o Transistor technology supliedby FBH

( Fredinand-Braun-Institut)

o Cosmic radiation immunity

o High frequency operation

o High power handling



Oscillator Circuit
o Oscillator based on traditional Colpitzconfiguration

o Frequency of oscillations imposed by payload restrictions (near 2GHz)

o Ceramic resonator for high Q



o Prototype should consider high frequency 

oscillations due to impressive transistor quality

o Oscillations near  12-15GHz.

D1

D2

Oscillator Circuit

Stubsfor highfrequency
spuriousreduction

Measurementcircuit
Powermeasurement



Oscillator Prototype



Oscillator Prototype
Vacuum tests

To avoid any particles or gases released

not expected


