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Abstract—This paper reports the design and experimental P-4. Ports 1 and 4 are referred as the sum argfdliife ports,
characterization of a dual-band rectifier, based ona 3 dB 180°  respectively.
hybrid junction, and dedicated for electromagnetic energy . . . L
harvesting. The proposed circuit achieves comparable _The designed rectifier has been simulated and ogtdn
performances at 1.8 and 2.45 GHz. DC output voltagehigher ~ USing ADS (Advanced Design System) software, byimgix
than 900 mV and efficiencies more than 49 % were rasured Momentum electromagnetic and Harmonic Balance sitats.

over a resistive load of 8.8 ® and for an RF input power of -10 PR :
dBm (100 pW). The rectifier is powered by an RF sigl _ OTO%ezglrcutljt Egrintsezd‘lon Arlol? 25’\: §ubs3trgh§:t( m-gaﬁ
including the two frequencies of interest. = U.0Us> an oo m”.‘?- contains -laguliners
in series topology [8]. Rectifiers 1 and 3 operatel.8 GHz
Index Terms—dual-frequency rectifier; RF energy harsting: and the rectifier 2 operates at 2.45 GHz. All dicare based

180° hybrid junction on Skyworks SMS 7630 Schottky diodes and optimized
separately to operate at -10 dBm (100 uW) RF pdevel.
. INTRODUCTION . 77 mm N
The RF energy harvesting consists to capture anglecb s
the ambient electromagnetic waves into useful ettt

energy. The most important element of a harvestygem is DC output
called rectenna for rectifying antenna. It contaénseceiving
antenna, followed by an RF-to-dc conversion remtifiviost
systems reported in the literature operate onglesinequency
band [1]. However, multi-band [2] and broadbandri&jtennas
are also used to harvest a large amount of RF power

rectifier 1

The conversion circuit is strongly nonlinear. ltualy
contains one or several Schottky diodes. The impeslaf the
diode depends on the applied voltage, thus thenp& power.
It is also frequency dependant. The main challesfgeulti-
band and broadband rectennas is the input impedaathing
and the diode efficiency which are frequency depahdOne
solution consists in using a radiating element andrF-to-dc
rectifier for each frequency band [4]. Multi-bandatehing
networks [5]-[6] have been also be used.

rectifier 3

- -t

rectifier 2

&
98 mm

In this paper, we propose a new topology of a dhaald
rectifier. The idea consists in separating the fremuencies
coming from one antenna element using a 3 dB 1§0Ftidh
junction [7]. These two signals are then rectifsegarately by
two different structures.

RF input

A4

II.  DESCRIPTION OF THE RECTIFIER Figure 1. Layout of the dual-frequency microwave rectifier.
The proposed dual-frequency microwave rectifieshiswn - . . .
in Fig. 1. It is based on a 3 dB 180° hybrid juonti with The original scattering matrix for the ideal 3 dBO1

hybrid junction has been modified by adding a crart
comparable performances at 1.8 and 2.45 GHz fregquen . o .
bands. This is made possible by adjusting the widithalf of ~ Wavelength lineX/4 at 2.45 GHz) before rectifier 1 (Fig. 1).
the ring. The different accesses of the circuitdeeoted P-1 to 1 Nis gives the following form:
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At 1.8 GHz, the RF power coming from the RF ingex2)
is equally split on ports P-1 and P-4 and convebtedectifiers
1 and 3. Rectifiers 1 and 3 have a good input niagdievel of
-20 dB at 1.8 GHz and a strong mismatch (~ -0.1 &R).45
GHz.

Therefore, the 2.45 GHz RF power incoming from b
is separated, reflected from rectifiers 1 and 3 auqkrimposed
in phase on port P-3 due to the introduction of uartgr-
wavelength lineXy/4).

Consider that the;and b (i O {1, 2, 3, 4}) are the incident
and reflected waves associated to the port iratie reflection
coefficient of rectifiers 1 and 3 at 2.45 GHz, thus

a; =T @)
a, =Th, 3
From the scattering matrix (1) given above:

N

=-—-jay+a 4
by ﬁ( 13 4) 4
Substituting (2) and (3) in (4), we obtain:
by =-—L(- Ty +Tb,) ©

J2

From (1), i and h can be expressed as function pfad a.
Equation (5) can be rewritten as:

N
b, (f) [-ir(- ja, - jag) + F(-a, +a) ©)
and finally:
b, =Ta, @

As both rectifiers 1 and 3 are mismatched at 2.4% G
(Jr]=1), almost all of the incident power from the poris2
transmitted to port 3, at the frequency of interest

To improve the dc output power and voltage, sesaed

parallel rectifiers interconnections [9] were condd. The
short-circuit quarter wavelength stub connectethéorectifier

2 is introduced to measure the dc voltage relatwhe ground
plane. It has no useful purpose for differentiabmeements.

Figure 2 depicts the simulated power budget, irolydhe
RF-to-dc conversion efficiency, the total lossegliodes and
the reflection losses. These entties are expresseda
percentage of the total input RF power. The ciriufiowered
by an RF signal including the two frequencigs 1.8 GHz and
f, = 2.45 GHz, balanced in powergdP = Prry). The output
load is set to be optimal (R= 8.8 K2). It is clearly shown that
the conversion efficiency increases with the inmawer
between -20 and -6 dBm. However, losses in dioDesq Ds)
decreases in the same power range. For input ptavet
above to -6 dBm, the efficiency drops sharply. Tikislue to
the reverse breakdown voltage of the Schottky dioghich
limit the RF power level to be converted.

The reflection losses are less than 10% over theepo
range. They represent less than 1.5% around -10 @Rg =
Prr2 = -10 dBm). This shows that the proposed rectifiexell
matched around the power level for which it wasirjzed.
The sum of all other losses are depicted in fig.2cludes the
insertion losses, the input and output high hare®lusses ...

707,

- © - RF-to-dc conversion efficiency
- B8 - Diodes losses A
=4~ Reflection losses a

—#— other losses

60

508

401

%)
Q
#

o o e "

201 ©

PO S
W%

10~ ¢

b

-12 -10 -8
Input RF power (dBm)

Figure 2. Power budget versus input RF power: efficiencyddmlosses and
reflection losses

I1l.  EXPERIMENTAL CHARACTERIZATION

The reported structure was fabricated and measured.
Measurements of the input return loss;(®gainst frequency
and the output dc voltage /= V; — V,) against frequency
and RF power were made. The results are presemtdd a
discussed.

Figure 3 depicts the simulated and measured ingtutrr
loss versus frequency between 1 and 3 GHz. ThenREt i
power level and output load are set to be -10 dRoh 2 K2,
respectively. ADS simulations show impedance matghi
levels of -24 dB at 1.8 GHz and -10 dB at 2.45 GHz.
Measurements show a good impedance matching lévieBa
GHz (S; = -13 dB) and a frequency shift of about Mbiz at



2.45 GHz. An input return loss of -18 dB has beeasared at  efficiencies higher than 30% have been achievedh®icenter

2.35 GHz. frequencies.
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Figure 3. Simulated and measured input return loss versgsidrecy Frequency (GHz)

. . . . Figure 5. Measured output dc voltage and conversion effigieagainst
The measurement setup is shown in Fig.4. It cositaim fregquency P 9 oieag

RF sources (J and (f), a power combiner, an hybrid coupler

and a spectrum analyzer. A conventional voltmeteused to Figure 6 shows the measured output dc voltage and
read the output dc voltage /= Vi —V,). Two kinds of efficiency against input power from -20 to 0 dBrmeWously
measurements were performed. Measurements witmglesi presented results show a frequency shift relativené center
frequency, where only one RF source was usgdr(f;) and  frequencies, due to fabrication and measuremeetaites.
measurements with two frequencies, where the ¢tir®li Measurements at 1.75 and 2.35 GHz, where maximum

powered by a signal including frequencigarid . performances have been obtained, were performedesudts
are illustrated in Fig. 6. For an input power lee¢l0 dBm,
f output dc voltages of 964 m\j E 46.5 %) and 990 MWy (=
1 49 %) were measured at 1.8 and 1.75 GHz, respBctive
p
RF spectrum Similarly, output dc voltages of 763 mYf £ 29.1 %) and 1032
source 1 analyzer mV (n = 53.2 %) were achieved at 2.45 and 2.35 GHz.
1.5 60
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hybl"ld f1+f2 % 1t|==--f=2.35 GHz ,,' ;\5\ 40 - .-
coupler Prrit+Pre2 S 05 . S0 o7
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Figure 4. Measurement setup 0 0
-20 -10 0 -20 -10 0
Input RF power (dBm) Input RF power (dBm)

F'gufe > . d_epICtS the mgasured output - voltage angigure 6. Measured output dc voltage and conversion effigiamrsus input
conversion efficiency as a function of the frequeflom 1.5t0  Rrf power level

3 GHz. This figure shows close results in both dextpy bands
around 1.8 and 2.45 GHz. These measurements were
performed by setting the RF input power to -10 dBnd by
varying the frequency. The optimal output load Was set to
be 2 K). Output dc voltages greater than 250 mV an

Figure 7 compares the ADS simulated and measurigditou
dc voltages and efficiencies against frequency. @iheuit is
ooowered by a signal including the two frequenciesrfd $,
one fixed and the other varies. The RF powgg(B Psry) and



the output load are set to be -10 dBm and 88rkespectively. The shapes of simulated and measured curves ai@rsim
The shapes of the simulated and measured curvesitar. The measured curve foy £ 2.35 GHz is very close to that
simulated for £ = 2.45 GHz. This can be explained by the

An output dc voltage of 959 mV and a conversionfrequency shift, previously observed, at higherqfiency
efficiency of 52.2% were obtained by simulation for= 1.8  pand.

GHz and § = 2.45 GHz. However, because of the frequency L

shift observed at 2.45 GHz band, the optimum measur _Ciiciencies of 24.9% (y = 209 mV) and 52.9% @ =
performances are obtained forf1.8 GHz and,f= 2.35 GHz. 1716 mV) have been simulated at -20 and -5 dBm.
an output dc voltage of 932 mV and an efficiency46fdy, Comparable results were measured for 2.35 GHz. for the
have been measured. Fop £ 2.45 GHz, the circuit Same power levels, efficiencies of 21.1%{¥ 192 mV) and

performances are lower /= 743 mV and = 31.4%). 50% (Vg = 1674 mV) were measured.

1r IV. CONCLUSION

-t * .
0.8F A */—,}("k;-r\_ In this paper, we have proposed a new low powet-dua
e R
="

frequency rectifier at 1.8 and 2.45 GHz, based onadified
180° hybrid junction and dedicated for RF energgésting.

>7 041 The circuit shows comparable performances in batguency
0.2 | —— Simulated (f,=2.45 GHz) bands. More 'gh_an 900 mV and 49 % output dc. vollta!g(é
0l] — Simulated (f,=1.8 GHz) conversion efficiency were measured over an optiesistive
Measured (f.=2.45 GHz) load of 8.8 K) and an input power of -10 dBm for each

2 frequency. Higher voltages close to 1.8 V have disen

gop| - - ~Measured (,=2.35 GHz) achieved when increasing the RF power to -5 dBm.

- % - Measured (f1:1.8 GHz)
60
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Figure 7. Simulated and measured output dc voltage and efiiigi against
frequency
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Figure 8. Simulated and measured output dc voltage and efiiigi against
input RF power



