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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'.

Dor Desebser, Links tmClas- @10
pebdnae der Krisall 'v‘f-.-; =

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
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http://blog.modernmechanix.com/2008/02/26/radio-modernizes-the-old-hayrake/
http://blog.modernmechanix.com/2008/02/26/radio-modernizes-the-old-hayrake/

EvolutionoffRadia@ommunications

Marconi Radio | Broadcast Television Mobile Phones Data

Longdistance Radio Communications
Communications

Communications | High Social Impac¢tMimicking God |Interconnecting
for the Masses Omnipresence  |people



EvolutionoffRadi@&nergy Needs

Water Jﬁ{ Food JH

Basic Needs: Energy




Battery Elimination

i Batteries take hundreds of years to
decompose posing a seriousthreat to
the public health and to the

environment

Considering 4 Million habitual residences in Portugal dl&EnsoQOll)
and assuming that: e W AT

v 75% of them have a TV equipment
v 40% have a cable TV Box
v 30% have a Sound System

x We end up with an average 6f8 Millions of remotes in Pdrugal

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

EvolutionoffRadigower Transmission

Discovery

Power been

transmitted via air
I

Original made
with Galena

Satellite Rectenas

Proposals Antennas that

Power collected in collect energy
Space and sent ta William Brown
ground via 1964
microwaves

RFID

Powering up small
¢l 3aQa



Frontierwicless things

Lowbit Rate a

w LowPower Highbit Rate
wLowcomplexity

wHighPower
wHighcomplexity
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Battery-less Sensors for
health applications

High Efficient Energy
Collection

Domestic Appliances
Wireless Energized

Agriculture passive
sensors
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NM FF'E@ﬂtIEB’ [EuropearvPerspective

Research Statistics on WP

1000
800
600
400
200

m Articles

m Patents

2008
2009 5010 NN
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Ohal Iefme $chnology developments

F M R ad | (¢} Analog Domain Discrete

Time-Domain
B I Radio
Radioover3G overTD

TERZT
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Shottky Diode

Signal Bource
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E Hanvesting:and\WPT

Wireless Power Transmission (WPT)
Dedicated and known Transmitter

Energy Harvesting
Ambient Electromagnetic Energy

EPFY

Radio and TV N : /\ /, Dedicated transmitter
" | AN
¥

broadcast

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

Rectenna= antenna + rectifier
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Inductive IPower Transmission

Tesla Wardenclyffe Project Archives

Inductive Power Transmissioﬂ
Is high efficient at very close
ranges

Working principle similar to
Transformers

High Freg.
Dscillation
Circuit ___Mz_H
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Resonant’Power  Transmission

Drive Loop

impedance-
matched coupling

Load Loop

impedance
matched coupling

Load
§ laptop, mohile
| phone, etc.

Resonant Power
Transmission achieves
| ong ranges &

N. Bonifacig André, P.S e Nuno Borges Carvalho; "Resonant Wireless Power TransmiSkeguter in Advances in Energy Researdbol. 8, Hited by:
MorenaV. Acosta, Nova Publisher, New York, 2011.



RadiorPower Transmission
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How to Transmit'Power via Wireless

AR
/ \ Ppc = Nrp P GGy (E)

Gt Gr ﬁ
‘ [ " RD Increase B
. Increase transmitted Power
TX Pt Prr %>’> Poc \
TR \ — —> . Increase antenna gains
k / G andG
. Increase RIBC Efficiency
N NN Ppc
RFDC Efficiency is given by: Mrp =
RFAverage

nbcarvalho@ua.pt




How to (ConveriRF Energy-to DC Power

An output filter
extracts the DC
wavefor

nbcarvalho@ua.pt



How to (ConveriRF Energy-to DC Power

Single diode detecto

L_'_,.--"'| 1.5
Shattky Diode /
Signal Bource /
0.5

/
__‘_/
(t) =1 3%0 “ - 10~° kv(t) +kov(t) +3
y Sée C') 2

y(t) © kAsin(ut)+k,[Asin(ut)]’ = k Asin(ut) +k, %z[sin(Zm)+1]

nbcarvalho@ua.pt



How to (ConverRF Energy-to DC Power

Single diode detector N-level Voltage Multiplier

AN ” -

For RF circuits, input matchingandoutputmatchingis morecomplexto dealtwith,
andthusseveralareasshouldbeexplored




R>esearch Appr@aches

¥ Modeling

Increase
RFDC
Efficiency

Improve
Antenna
Design

- Reduce Losses
,« In Inductors

Align strategies
for commercial
systems

Increase overall DOC efficienc

nbcarvalho@ua.pt
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Useof Multi-sinesin Circuit:Design
» Maximizing the WPT Efficiency Is a complex matter

» Maximum range is imposed by the forward link
» RFDC efficiency plays a key role

4 . . A
\_ !

AR
Ppc = Nrp P GG, (E) R0

Increase R
I. Increase transmitted Power

. Increase antenna gains

G andG
. Increase RIPC Efficiency ) 25



Useof Multi-SInesSin Circuit:Design

» RFDC converters are most of the time based ddchottky
diode 4

Input %
signal DC Out

15
DC . /

Load
- I 0.5 ; )
0 3 :
0 0.2 0.4 0.6 0.8 J

AN 2
V0 =15 - 130 k) kot +3

(; oy

y(t) © kAsin(ut)+k,[Asin(ut)]’ = k,Asin(ut) +k, %Z[sin(ZWt)+1]



Useof Multi-sinesin Circuit:Design

¢ Schottkydiode modelapproximatedoy a polynomialseries
expansion

a g N
|, =1.8™ .10 )= k &(t)" t) = k,x(t)? + k,x(t)*
o1 B YO=akOO" W)y =kx®) +kx)

C singletone excitationof the diode

B, , 3B°,

X(t) = Bcosw,t+j ,) YOS 5 8

) 2



Useof Multi-sinesin Circuit:Design

X(t) =Bcosut+i,) |

p 3
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Useof Multi-SInesSin Circuit:Design

¢ multisineexcitationof the diode

X(t) = Acosvt+] )+Acos,t+] ,)+Acosit+] ;) +Acosw,t+] ,)

M 4AK, \ 21A%K, \ 3A*k
N 2 2 2
3A°K,

4C05Qj 3'j 2'j 4)

R CoSE 2 ,+j,+] 5) +3A%K,COS{ - | ,- ] 5+] 4)

DC autfuttciepend® onHie phasas!!
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Useof Multi-sinesin Circuit:Design
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Amplitude
o & A b O N M O ©
Amplitude

N\ 3 \ Y t 4 \ \ 104 560 1600 11500 \ 2oool 2500L 3ooLo 3500
0 500 1000 1500 2000 2500 3000 3500 4000 \
time time
10 Tones of Randomized Phase 10 Tones of Equal Phase

Average Vel

Amplitude

T

Time

(a)

p &



Useof Multi-sinesin Circuit:Design

Average Vel

Average Vdel < Vel

Time If I >Ti

Tone separation is an important aspect to account for

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




Useof Multi-Sinesin Circuit:Design
» Two different circuits were built and tested:

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

(typically used in energy harvesting) R R R

DC
Load
[
Input 15p i :
] % 15p
15p i I
! i 15p
}—‘M-EI-[,H Input
15p signal
! i 15p 6.8n
15p
8.2p
15p
Fw—H ]

15p

pb
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Useof Multi-SInesSin Circuit:Design

Two different circuits were built and tested:

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

.;::- PP | | \ |
T T 0
Pin (dBm)

Fin [n:IEImj-

p &



Useof Multi-SInesSin Circuit:Design

Two different circuits were built and tested:

P — P
&n AN 100 DEMTGTLE DCSG

Efficiency Gain:
y AN
A single diode detector at 2.4GHz A charge pump at 866MHz
- ==
=400 2 100 :
5 i:tnne - —+— 2-tone
£ oo SN ) NRRNEERNRA RSN
= 300 ¢ —=— 1B-tone S
3 £ 60
= 2001 1
40|
= N\
$ 100< E 20
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Useof Multi-SInesSin Circuit:Design
RFIDDownlink Yi. Ym diode detector/
@» BPF r\ ﬁ+ % —>

BB X (t)

fc Multisine BB

4 N

NEF RSNXQ& . I &$50ol PagebandMultisine RF carrier
4
N . . . .
Transmitted signal: \' g/nAwt 4 ojnldwt el@ct | g J®ct
x(t) = m(t) Z A, Ac
— 2 2
" /
for example N=2 (two tones): Power() k..
(b HK. 0 NN 0

-+ b R Uoch 0 +C-k+0 +Cb HT(+U 0




Useof Multi-Sinesin Circuit:Design

RFICDownlink Yl YTagc‘s diode detector/
charge pump
BPF %E N %

N yBB(t)
N f g \

fc Multisine BB y(t)_k [X(t)] 2:) 8

|

ignal at the Tag:
y(t) =k,

Ejnﬂmt 1 E—jnﬂmt Ejmct_l_e jmc
G ZA 2 {

;/

XA & &aldz- NBR 060& GKS ¢F 3Qa
For N=2 (two tones), After loywass filtering, the baseband is

recovered by the Tag:

|

2
Yo (£) = 2 (O (4342 + 4342)




Useof Multi-sinesin Circuit:Design
SETUP 1.
¢ Downlink path fully implemented: RFID Read&futtisine FrontEnd
¢ Tag Baseband Response is visualized in an Oscilloscope

¢ Communication range extensianis estimated based on measured Tag Sensitivity
Gain,G, N NN

Communcation
External Multisine Front-End distance R

Splitter

<

»

Alien RFID Reader

N TENNNY SN
r = R(/Gp )WPA T

ReaderA Tag
Baseband
fc

ONXC

Oscilloscope ) 38

For fixed RGG=Minimum Power to activate Tag with C§WMinimum Power to
activate Tag wittMultisine

Passive
TAG

Power Metter

LNA

&)




Useof Multi-sinesin Circuit:Design
SETUP 1: Results
Reference fixed distance R=1.9mP.,, ;,=19.3dBm

Tone Minimum Tag Reading r (%)
spacing, Power Sensitivity | Range Gain
B AMHz) P.i, (dBm) Gain, G r (m)
(dB)

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  ------- | mememeee | e




UseofiMultksinesin Circuit'Design

¢ High PAPR signals saturate the PAs
¢ Saturation of PA implies:

- Reduction of Peaks

- Reduction of Eﬁiciencx N

&

¢
e
N

>

PA

&%

20 25 P, (dBm)

Input Power



Usecof Multrsinesin Circuit:Design

Spatial’Power Combining for WPT

¢ High PAPR signals saturate the PAs

¢ Spatial power combiningeach tone amplified
iIndependently and then combined in free space

¢ Mode-locked coupled oscillatorsestablish phase
reference and control phase shift among elements

Coupling: Coupling:
ae ae!
A, T A

g N Nnig
S5 6 ndnb &

Xnt)  Xne(t) Xo(t) Xn1(t)  Xa(t)

p



UseofiMultisinesin Circuit:Design
Spatialr'Power Combining for WPT

C 4x1 active antenna oscillator array at 6 GHz

¢ Patch antenna aperture coupled to a VCO

Ana Collado and Apostolos Georgiadis

p X



UseofiMultksinesin Circuit'Design

Spatial'Power Combining for WPT

¢ Stepl: 2 VCOs with 50 MHz spacing. Mixing
products are created

¢ Step2: 3 VCOs. The third one with a free

i l‘l\

58 5.9 6 6.1 6.4 5.5, 66

running frequency corresponding to one of SRR
the mixing products
¢ Step3: 4 VCOs. The fourth one with a free |
running frequency corresponding to one of I ’ AL {, T

the mixing products

frequency (GHz)

1 Y A \ ?l P
5.8 5.9 6 6.1 6.2 6.3 6.4 6.5 6.6
frequency (GHz) ) 43

Frequency Spectrum (dBm)  Frequency Spectrum (dBm)  Frequency Spectrum (dBm)

Ana Collado and Apostolos Georgiadis



UseoftMultrsinesin Circuit:Design

Spatial’Power Combining for WPT

¢ Power gain compares the obtained DC voltage by a rectifier when using the
high PAPR signal in comparison with a-toree signal

¢ Improved performance when using the high PAPR rdodked signal

P - 1._:1': )
Gy (dB) =10 - log10 (;‘ '“) =10 - log10 ( ¢ ‘”)

DE[L) DELL)
Sl |8
LTI R %
") <. P .l
| i€
® : ai 127
AN \ T oscilloscope =
L i€ 3 a 10t
® LT ao o
u A O
radiating 8
VCOs elements
6t
Il> | Vbc
4t
rectifier circuit
26 24 22 20 -18 -6 -14 -12 -10

available input power (dBm)

Ana Collado and Apostolos Georgiadis

p X



UseoftMultrsinesin Circuit:Design

Spatialr'Power Combining for WPT

Receiving
antenna

i |

tone generators

Shtic Rl
i $ e
Ny
\ ,’

— 4

-1 Attenuator

. Transmitting =
antennas

p X
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Themeed forrmodeling

i We are always interested in the RIC characteristic

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

i Behaviorally speaking: The active device is alm@arity:

X(0 y(t)

=DC

HH NL[x(t)] HH + Fundamental

+ Harmonics

+ Intermodulation




Themeed forimaodeling

i The active device is a ndinearity:

x() v =D C
HH:> NL[x(t)] HH:> : E:?riir:iiztal

+ Intermodulation

i Here, the Nonlinear Device will be described by an Eyeter
MemorylessTaylor Seriesl:w

y(®) = )l x(®)"

X AG OFy 0SS LIN@&dsSdmsicdatriiute ® PpC & S @é)




| mprove the CircultNonlinear ‘Modeling

RD-DC converters rely on nelmear devices.
The simplest configuration uses a single Schottky diode.

0.025
<
[ k]
5 002y Resistor impact
=
= 0.015¢} .
A
o
=
=
= 001} -
’ & 0005} .
C—[) l Ip-y(x) — -
Cutoff 0 0.2 04 0.6 0.8 1
Vp- x \d - Voltage across the diode (V)

Schottky Barrier \|/

Series resistor Rs %
-

nbcarvalho@ ua.bt




Improve ithe CircuitvonlinearModeling
0.025 . . . . /

<

E 0.02}

% 0015

EE 0.01}

S 0.005}

g U 1 1 1

0 02 04 0.6 048 1
Vd - Voltage across the diode (V)
N
Maximum conversion
No DC conversion No DC conversion

N
7

nbcarvalho@ua.pt



Themeed fornmodeling

i Taylor series can be expanded around a quiescent point,
Hence, the model coefficients can be obtained:

1 0"y(x)
=
n! o0x™
x=Xg
y(X) is the diode DCM First three everorder
characteristic curve coefficients (kk, and k)
z 0.025 02
g 0.02} 01}
% 0.015} 1 0
g 0.01} 7 01t
E 0.005 7 0.2
. 0 02 04 06 03 1 03, 0.2 . 0.4 0.6 0.8 1

Vd - Voltage across the diode (V) Vd - Voltage across the diode




Themeed forimodeling

u General Model Structure for the BFC converter

3
MPNIN 2(6) = ) kaux(t)*"
n=1
X(0) DI AN NI
1 0"y(x)
(Xa) b n =
x=Xq

i Since we are only interested in the DG/éj), an ideal lowpass
filter Hjw) is considered at the output




Characterizing: Rk tocDC (Converters

These systems are highly nonlinear so better and improved systems for nonlinear
characterization combining RFand DC are fundamental.

A charge pump at 866MHz

(typically used in RFID Tags)
DC

Load

A single diode detector at 2.4GHz

(typically used in energy harvesting)

Input

Input
signal

6.8n

8.2p

Crow



Characterizing: RF tocDCConverters

The full system should be included into a simple simulation model

c” ﬁ" 9
_:gllllf Eiﬁlmm
X-parameter DC port
@) used to capture the
DC behavior
5 i stage Voltage X-

§ Multiplier Parameter
RF Load

X-Parameter
Power Source
-40dBm:-10dBm
400MHz i 1800MHz

universidade
de avelro




Characterizing: R toctDC Converters

In this case the input signal is a radio-frequency signal, while the output is a DC
voltage

DC (V) measured with an LSNA

=

(=]

E 5 . . \ . ADCs

: W

=15 1 S \

o W I

S y

3 RF vectorial wi\ gz AR ' A2 T2 DC @)‘

?5 1 R T A LSS TR R SR A A L signal generator 0 LF

AT A1 AN RRRNRARNRANNNN L L@ L® ng | ()

5 S

: os - D = e} O e (OLE

2 w1 w2 bi-directional DC+LF+RF RF < DCHLF

£ (ﬁv couplers y
— ; . Y, Port 1 Port 2 50 Q)
1 2 3 4 5 1 (i\

small-signal |

Freguency spacing (MHz) large-signal
L%y

=

{oEw}

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

i

2e
E®
20

Alejandro Testera and Monica Barciela, University of Vigo, Spain



Characterizing: RF tocDCConverters

LSNA Setup used to extract -m&del from a real world detector

Main Blocks:

4 ¢ Input BiasTee
5 ¢ OutputBiasTee
6 ¢ DC bias Module

8ac Large Signal Generator
which imposes the
LSOP at Port 1

8b ¢ Small Signal Generator
9 ¢ DUT: detector

11 ¢ Power Sensors and
Attenuators

12¢! 5/ Qa
13 ¢ System Computer

Alejandro Testera and Monica Barciela, University of Vigo, Spain



Characterizing: Rk tocDC Converters

Aviableinstrumentcanbe built usingRFand DCapproachesX
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PowerGeneration

a A

> £{> ] Prr %>% Pobc

& J

Efficient Generation of Power in Space Environments.




Communication:Satellites
Amplifiers continueto beT WT AQ s

x Heavy
x Huge

universidade
de avelro




Communication:Satellites

TravellingWaveTubeAmplifiersT TWTA T &

nbcarvalho@ua.pt



TWTA
Heavy ExpensiveHugeX

LowPower,interestinglow noise

HighPowerand potentialgood
low noise
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Si, GaAs e GaN

100 000.0
__10000.0
=
GEJ 1 000.0
(@]
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€ 1000
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3
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V- Evolution

Why GaNin Space ?

Power and Frequency limits to:

1.0

0.1

1

Commercial
Communications Base
Stations

X-Band Military Radar

Commercial Satcom

Transmitters
(VSAT-1MBPS)

Commercial Broadband
Satcom

10
Frequency (GHz)

(VSAT-16MBPS)



Technology Evolution

GaNshould be tested in Space
Environments and radiation hardness.
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“ DevelopGANMMIC for SpaceCommunicationswith
SpacePowerCombining

W EVOso) T et I
IT-Avelro %
. o Efacec Q {'\\/WI ﬂ @ :stEuto de

RadIO SyStemS GI‘OUp B RO AR telecomunicacdes

GaNSpace GaN Oscillator for Space
Evaluation

sy Propose and evaluate GaN technology for space

~applications A GaN transistor prototype will be
implementedasan oscillatorto be testedin spacefor
reliability

) radio ‘ 3 b-tu {-esa
@ systems at ﬁ e AANAN

instituto de Cottbus
telecomunicagbes

radiosystems.av.it.pt/ .J EVOweo0)
y P P = @Zf. efacec

universidade de aveiro


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

AlphasatProject
» AlphaSaparticipants

it EVOLEO)

TECHNOIOGES
Brandenburg

University of Technology ﬁ & o
Cottbus
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Introduction andrmaotivation

The main objective of the project is to tesaN
Technology In space, mainly European versions.




GaNTmhmmy

Transistor technologgupliedby FBH
( FredinandBraunnstitut)

0 Cosmic radiation immunity

O High frequency operati¢c+ — = — o s
O High power handling "o
L et [N
/ﬂ\ ‘ &
|




Osclllator(Circuit

Oscillator based on tradition&@lolpitzconfiguration
Frequency of oscillations imposed by payload restrictions (near 2GHz)

Ceramic resonator for high Q

e B

C=100 pF M




OscilllatorCircuit
o Prototype should consider high frequency

oscillations due to impressive transistor quality
o Oscillations near 125GHz.

-1} ' i M~
NS AT
A0 | N

AlphaSat: IT-Aveiro/EFACEC
GaN-RF V2.4 e 01-2010

0.‘
-
OA

Measurementircuit
Stubsfor highfrequency Powermeasurement
spuriousreduction

i

2o
[ ]
S&®
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20







OsclllatoriPrototype

Vacuum tests
To avoid any particles or gases released
not expected




