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A High-Efficiency Dual-Frequency Rectenna for
2.45- and 5.8-GHz Wireless Power Transmission

Young-Ho Suh Student Member, IEEEBNd Kai ChangFellow, IEEE

Abstract—A dual-frequency printed dipole rectenna has it can be used for power transmission at either frequency de-
been developed for the wireless power transmission at 2.45- and pending upon power availability. A rectifying diode is analyzed
5.8-GHz (industrial-scientific—medical bands). For operating at to obtain design parameters for having high efficiencies at both

dual band, a new uniplanar printed dipole antenna is developed f . A diod ter. having high . f
using a coupling method. A GaAs Schottky barrier diode analysis requencies. lode parameter, having high conversion effi-

is performed, and a proper device requirement is discussed to CIENCy and insensitive to the operating frequency, is discussed.
have high RF-to-dc conversion efficiencies at both frequencies. A To prevent the higher order harmonics re-radiation generated
novel coplanar stripline (CPS) low-pass filter integrated with two by the diode, a novel coplanar stripline (CPS) low-pass filter in-

additional open-ended T-strip CPS bandstop filters effectively ; e B otri
block higher order harmonics generated from the diode. The ;ﬁt%rrzt?:d\,:;?g%%addltlonal open-ended T-strip CPS bandstop

measured conversion efficiencies achieved at free space are 84
and 82.7% at 2.45 and 5.8 GHz, respectively.

Index Terms—Coplanar stripline filter, CPS low-pass filter, [I. ANTENNA AND FILTERS DESIGN
dual-frequency rectenna, microwave power transmission, . -
rectenng Wire)lless power transmission P The structure of rectenna is illustrated in Fig. 1. The rectenna

consists of a receiving dual-frequency dipole antenna, a CPS
input low-pass filter, two CPS bandstop filters, a rectifying
I. INTRODUCTION diode and a microwave block capacitor. The antenna receives

HE rectenna is an important element for the wireledge transmitted microwave power, and the input low-pass and
power transmission. Applications of the rectenna a,t@e bandstop filters pass 2.45 and 5.8 GHz, but block the hlgher
mainly for receiving power where the physical connections aféder harmonics from re-radiation. All microwave signals
not possible. Various kinds of rectennas have been develofggduced by the nonlinear rectifying diode, including funda-
since Brown demonstrated the dipole rectenna using alumindigntal and harmonics, are confined between the input filters
bars to construct the dipole and the transmission line [1]. H&d microwave block capacitor. Consequently, the conversion
also presented the thin-film printed-circuit dipole rectenrf¥ficiency is improved.
[2] with 85% of conversion efficiency at 2.45 GHz. Linearly All the circuit simulations including dipole antenna, CPS
polarized printed dipole rectennas were developed at 35 Glgw-pass filter and open-ended T-strip CPS bandstop filters
in [3] and [4] with the conversion efficiency of 39% and 70%@are designed using IE3D software [9]. IE3D utilizes full-wave
respectively. 5.8-GHz printed dipole rectenna was developedaigctromagnetic simulation using the moment method. A
1998 [5] with a high conversion efficiency of 82%. MicrostridOW dielectric-constant substrate is suitable for designing
patch dual polarized rectennas were also developed at 2.45 GHZS circuits to have a low attenuation. A 20-mil RT/Duroid
[6] and 8.51 GHz [7]. Recently, a circularly polarized rectenn®870 substrate with a dielectric-constant 2.33 is used for the
which does not require strict alignment between transmittirtfjial-frequency rectenna design.
and receiving antennas, was developed at 5.8 GHz [8] with the
conversion efficiency of 60%. A. Dual-Frequency Antenna Design

Several operating frequencies of the rectenna have beefrhe cps dipole dual-frequency antenna with a reflector
considered and investigated. Components of microwave poWgite is designed for 2.45 and 5.8 GHz. This type of dual-fre-
transmission have traditionally been focused on 2.45 GHgency antenna was introduced in [10]. In [10], the antenna
and recently moving up to 5.8 GHz, which has a smallgggiates bidirectionally and has a double-sided structure with a
antenna aperture area than that of 2.45 GHz. Both frequengiggrostrip feed operating at 2.4 and 5.2 GHz.
have comparably low atmospheric loss, cheap componentshe new rectenna has a uniplanar structure, which has the

availability, and reported high conversion efficiency. advantage of convenient device mounting. A reflector plate is
This paper presents a new dual-frequency rectenna operatigguired for the unidirectional radiation/reception and it also in-

at both 2.45 and 5.8 GHz (industrial-scientific—-medical (ISMyreases antenna gain.

bands) simultaneously. If the rectenna operates at dual bandag shown in Fig. 1, a long dipole is designed for 2.45 GHz,

and a short dipole is designed for 5.8 GHz. The long dipole has a

Manuscript received June 25, 2001. length of 126.7 mm or 1.07&; at 2.45 GHz and the short dipole
The authors are with the Department of Electrical Engineering, Texas A&Mgs g length of 45.04 mm or 0.823 at 5.8 GHz. The feeding

University, College Station, TX 77843-3128 USA (e-mail: ysuh@ee.tamu.edu;_. : '

chang@ee.tamu.edu). point has been moved about 0.8 mm from the edge of the short
Publisher Item Identifier 10.1109/TMTT.2002.800430. dipole for impedance matching. The coupling length and gap
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Fig. 1. Circuit configuration of the dual-frequency rectenna. The circuit is separated from a reflector plate at a distance of 17 mm.

- — [13]. CPS discontinuities and their applications to bandstop fil-
IOQ/\ F@ﬁi re ters were studied by using the spur-strip and the spur-slot res-
h \ ; v onators [14]. However, structure of the reported low-pass filters

-, are complex and design methods are not clear.
New simple CPS low-pass filter and bandstop filters are de-
H signed and shown in Fig. 3. For the low-pass filter, the capaci-
tances take place at interdigital fingers and the CPS transmission
lines work as the inductors. With this structure, the low-pass
: filter can be easily designed using the prototype of the desired
v = = =~ antennaonly filter type with the chosen cutoff frequency. Values of the in-
———antenna with fiters terdigital capacitors and inductors at the desired frequency can
be easily found by using IE3D [9]. The low-pass filter has a
y y y y y y y T T cutoff frequency of 7 GHz to pass 2.45 and 5.8 GHz and to
2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 120 . . . .
Frequency (GHz) reject 11.6 GHz, which is second order harmonic of 5.8 GHz.
However, the low-pass filter will pass the second order harmonic

Fig. 2. Measured frequency responses of the antenna and the antenna oftt2.45 GHz at 4.9 GHz and the third order harmonic level at
filters. Good return loss is achieved at both 2.45 and 5.8 GHz. 7.35 GHz will not be deeply suppressed.

New open-ended T-strip CPS bandstop filters, placed out-
between the long and short dipole are around 6.32 and 4.2 myjgle of the CPS strips, are developed for rejecting second and
respectively. For dual-band operation, the reflector plate’s digird order harmonics of 2.45 GHz at 4.9 and 7.35 GHz, re-
tance is optimized with IE3D in order to produce good radiatiogpectively. The lengths of bandstop filters are 20.1 ®4%nd
patterns and similar gains for both frequencies. The reflectpy 5 (0.35,,) mm at 4.9 and 7.35 GHz, respectively.
plate’s distance is optimized at 17 mm, which is about ’d4  The low-pass filter integrated with two additional open-ended
of 2.45 GHz and 0.32, of 5.8 GHz. T-strip bandstop filters needs to transform the antenna’s input

Measured frequency response of the antenna is shownjripedance of 950 to the CPS characteristic impedance
Fig. 2. This measurement was performed using the wide-bagd250 2 as well as blocking higher order harmonics. An
CPS-to-microstrip transition reported in [11], which has a leggpedance transformation section consisting of two CPS step
than 3-dB insertion loss and better than 10-dB return loss fr(d'ﬂ;continuities as shown in F|g 3, is designed and optimized
1.3 to 13.3 GHz. Measured return losses for antenna only g|E3D [9].
better than 30 and 25 dB at 2.45 and 5.8 GHz, reSpeCtively.The Strip width W) and the Separation ga‘p)(of CPS, where
Return losses at second order harmonics are found to be aroidrectifying diode is placed, are designed as 1.5 and 0.6 mm,
8.6 and 3 dB at 4.9 and 11.6 GHz, respectively. respectively, which corresponds to the 184f CPS charac-
teristic impedance4,). The CPS characteristic impedance of
184 is chosen to have high conversion efficiency according

A lumped-element CPS low-pass filter was designed in 1988 the diode analysis, which will be discussed later. To accom-
[12], and a CPS low-pass filter using a transverse slit and a paredate interdigital capacitors for the low-pass filters, the CPS
allel-coupled gap of CPS discontinuities was presented in 198€paration gaps{ is changed from 0.6 to 2.5 mm, which corre-
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T-strip bandstop Filter for 7.35 GHz f T-strip bandstop Filter for 4.9 GHz

10.5 mm

20.1 mm

0.4 mm 1.5 mm
T 0.6m
8.77 mm 3.83 mm 4.77 mm
Impedance Transformer from Lowpass Filter
95 to 250 Ohm
Fig. 3. The structure of CPS low-pass filter with bandstop filters.
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Fig. 4. Measured frequency responses of the CPS low-pass filter whip- 5. Radiation patterns of the dual-frequency antenna at 2.45 &Hand
bandstop filters. Low insertion losses of 0.15 and 0.75 dB are achieved at 2 50Iane have similar gains and cross-polarizations are more than 18 dB for both

and 5.8 GHz, respectively. Good band rejection performances were achieveft a@nd 2 -plane.
the second harmonics (4.9 and 11.6 GHz) of 2.45 and 5.8 GHz, and at the third

harmonic (7.35 GHz) of 2.45 GHz. 10 — Fco—polaﬁﬁﬁon
5 -plane —
sponds to the impedance value changed from 184 td250 04 e Eplane v Q\
spite of this impedance change, little insertion loss deterioratic 5 Frplane -
occurs and the return loss response is better than 10dB.  _ -10 ///\ _7/\\
Measured frequency responses of the low-pass f||t§ -5 / / / \
integrated with bandstop filters are shown in Fig. 4. Th& .z N\ /.~ Epane  \ \
measurement was performed using the wide-band CPS-to-1 5 | N
crostrip transition reported in [11]. The low insertion losses ¢ 5, \,Yv/ U—>cmssmlaﬁzation l \
0.15 and 0.75 dB are achieved at 2.45 and 5.8 GHz, resp ]
tively. Band rejections at the second (4.9 GHz) and the thii '
(7.35 GHz) harmonics of 2.45 GHz are around 15 and 10 d 90 75 60 45 30 15 0 15 30 45 60 75 90
respectively, and the band rejection at the second harmol Azimuth (degree)
of 5.8 GHz or 11.6 GHz s about 30 dB, which shows gOOI(:ii 6. Radiation patterns of the dual-frequency antenna at 5.8 &Hand
bandstop performance for these harmonics. H- plane have similar gains and cross-polarizations are more than 25 dB for both
E- and H-plane.

C. Dual-Frequency Antenna Integrated With Filters

For comparison, frequency response of the antenna inteRadiation patterns of the antenna with filters are measured
grated with filters is also shown in Fig. 2. Measured returim the anechoic chamber. Measured radiation patterns at 2.45
losses of 15.1 and 18.2 dB are achieved at 2.45 and 5.8 GHad 5.8 GHz are shown in Figs. 5 and 6, respectively. Measured
respectively. Measured return losses at the second harmoriitplane gains are 5 and 5.4 dBi with the 3-dB beam width of
of 2.45 and 5.8 GHz are found to be 1.58 and 0.2 dB at 439.5°and 36at 2.45 and 5.8 GHz, respectively. At broadside,
and 11.6 GHz, respectively. This shows that the low-pass filtdre cross polarization at 2.45 GHz is about 19.4 and 18.2 dB
integrated with two additional bandstop filters effectively blockelow the copolarization it’- and H-plane, respectively. At
the second order harmonics at both frequencies. 5.8 GHz, the cross polarization is about 30.1 and 25 dB below
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efﬁuenmgs at poth frequencies. RF—to_—dc conversion efficien 00 200 300 400 500 600 700 800 900 1000
(n4) and input impedance4;) of the diode can be calculated Load Resistance (Ohm)
from the closed form equations in [5], which are expressed as
Fig. 7. Diode (MA4E1317) RF-to-dc conversion efficiency analyses in terms
1 (l) of the load resistanceR(;,) and the diode input resistanc& () at 2.45 and
= f R ’
1+A+B+C 5.8 GHz. Diode parameter values bf;, V5, and V4, are 0.7, 6, and 12 V,

respectively. The zero bias junction capacitanCe,] of 0.02 pF, and a series
resistancef ;) of 4 §2 are used for the analyses.

Tld

where

2
A= Ry <1 + &) Using (1)—(6), RF-to-dc conversion efficieney,] and input
TR, Vo resistance of the diod€?) can be calculated in terms of load
1 3 resistance R;) at 2.45 and 5.8 GHz, as shown in Fig. 7. In
|:90n < + ) — 5 tan 904 (2)  Fig. 7, very little difference in conversion efficiency is observed
between 2.45 and 5.8 GHz. This is due to the low zero bias
B— R, R Ciw? <1 n &) <7r — b, junction _capaqitance((,»o) of the diode. Sinc&}, is low, cor-
o Vo cos2 6, responding’; is also low [5], and the value of parameitgris
R Vi Vi very small compared to those of parametdrand C. Conse-
=L <1 + ﬂ) ﬂ(tan Oon — Oon). (4) quently, parametel?, which is frequency dependent parameter,
TR Vo 0 does not give much effect to the diode’s conversion efficiency.
From Fig. 7, the diode input resistand@,( and the load resis-
tance R;) can be determined as design parameters for a desired
TR, target RF-to-dc conversion efficiency.).
R = cos By 22— —sin 6, ) Due to the diode dimension, CPS strip wid#) {s fixed to
c0s fon 0.6 mm and corresponding characteristic impedance iS184
Ry, and R, represent the load resistance and the series resige diode input impedance is matched to this impedance of
tance of the diode, respectively is an output voltage produced184 2, which corresponds to a load resistance of 818s de-
at the load resistance ahg; is a diode’s built-in voltaged,,, is  termined in Fig. 7. This gives around 82% target efficiency. To
the diode conduction time in terms of radian @#ds a junction prevent the diode breakdown due to overload, determining the
capacitance. Closed form expressiondgr andC; are well de- limit of output dc power is necessary. Typically, the dc power
scribed in [3], [5].6on is a dynamic variable dependent on inpulevel limit is determined byPa. < (V,%/4Ry) [5], where Vi,

2cos28,,

+ tan 90n> 3)

Diode input resistance is expressed as

power of the diode and is determined by is the break down voltage of the diode aRd is the load re-
sistance. Therefore, proper load resistargg)(is required as
tanf.. — 6. — TR, (6) well as the proper input resistance of the diofg)(to have a

Ry (1 + ‘v‘;) ' high-efficiency and a high-output dc power.

With the known parametergi,, R, Vo andVy,; in (6), 65, IV. RECTENNA MEASUREMENTS

can be obtained. Equations (1)-(6) assumes that harmonic iMyyg rectenna is measured in free space. The measurement
pedances presented to the diode by the filter network are eitggfup is shown in Fig. 8. Two types of power amplifiers

zero or infinity to avoid power loss by the harmonics. L0203-42 and L0505-38 (Microwave Power Inc.), are used,
RF-to-dc conversion efficiency is frequency dependent fhich can produce up ter42 and +38 dBm at 2.45 and
shown in parametes in (3). To minimize the conversion effi- 5 g G, respectively. Standard gain horn antennas are used

ciency dependency to the frequency, itis necessary to miNiMge .2 s mitting power at 2.45 and 5.8 GHz, respectively. From
the effect of parametef. Since parametef is proportional to e ginde analysis described in Section IlI, the load resistance
the square of.C;, a small value ofC; will reduce the effect ﬁRL) is taken as 312, for 82% target efficiency.

of parameters3 on the conversion efﬁgency. To have a smal Conversion efficiency of the rectenna is represented as
value ofC;, packaged diode is not suitable.

From the above analysis, a flip-chip type GaAs Schottky bar- Ppe .
rier diode (MA4E1317) is selected as a rectifying device. The n= Proceived x 100(%) ()
diode has a built-in voltagéA,;) and breakdown voltagéA,.)
of 0.7 and 12V, respectively. The zero bias junction capacitansbere Ppc is dc power produced at the load resistangg X
(Cj0) is 0.02 pF with a series resistande,f of 4 (2. of the rectenna an®,...iv.q iS power received at antenna of
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Power meter
(HP437B)
1
20 dB attenuator | R
+-——p

S
I/

Frequency
Synthesizer Power Amplifier Directional Coupler
(HP8341B) (L0203-42 and L0505-38) (20 dB coupling) Standard Gain

i Rectenna

Load Resistor

Horn Antennas

Fig. 8. Rectenna measurement setup. Two different types of power amplifiers (L0203-42 and L0505-38) and transmitting horn antennas are used for
dual-frequency power transmissions.

TABLE | 90 9
RECEIVED POWER CALCULATION PARAMETERS FOR THE 80 ¢ [A) bty 18
DUAL-FREQUENCY RECTENNA
g 701 7 s
Frequency 4 (cm) Farfild(cm) G (dBi) G, (dBi) 4, (cm>) 3 60 6%
j=
Ig 50 // " 2
2.45GHz 122 87.1 5 145 37.7 % 40 4=
©
2 o —a—2.45 GHiz efficiency | , %
5.8 GHz 5.1 48.5 54 17.6 7.4 § 5.8 GHz efficiency [ ~ o
g 20 —a—2.45 GHz DC output | 2©
10 =ie=5.8 GHz DC output | 1
the rectennal;eceived IS Calculated from the Friis transmission  © y T y v y T 0

0 10 20 30 40 50 60 70 8 9 100

equation expressed as ]
Received power (mW)

)‘0 2 Gt (a)
Preceive =F|— G7G =P Ae _— 8
o <47TR> =hdpe @ 100
. . %0 A—>2.45 GHz
where the effective area. is represented as
A2@,.
Ae= = )
47

P, represents transmitted powér; andG,. represent gains
of transmitter and receiver antenna, respectivalys the dis-

Efficiency (%)

—t=2.45 GHz measured

tance between the transmitter and the receiver antenna. Pare ~ *° —e—2.45 GHz calculated
ters for calculatingP,cccivea Of the dual-frequency rectenna are 204 —4—"5.8 GHz measured ]
displayed in Table I. The efficiency is normally expressed as 12 —o—5.8 GHz caleulated

o 1 2 3 4 5 & 7 8 9 10
P, PG, Power Density (mW/cm?)
Pp = AR (10) )

Measured rectenna efficiencies are shown in Fig. 9. Higly. 9. RF-to-dc conversion efficiency for dual-frequency rectenna.
efficiencies of 84.4 and 82.7% are measured at 2.45 affy Efficiency and dc output voltage versus received power. (b) Efficiency
. . _ . versus power density.

5.8 GHz, respectively. Experimental efficiencies follow closely
with the theoretical efficiency calculations. Received power

at each highest efficiency points are 89.84 and 49.09 mb¥ 5.8 GHz is around 5.1 times larger than that of 2.45 GHz to

corresponding to power densities of 2.38 and 8.77 m\W/am achieve 80% efficiency.

2.45 and 5.8 GHz, respectively, as shown in Fig. 9(b). According to the second order harmonic radiation measure-

Measurements show that received power levels at 80% effients in Section II, the second order harmonic re-radiations at
ciency points are almost the same with 35.6 and 39.26 mWHaith frequencies are quite small. Observing the return loss plot
2.45 and 5.8 GHz, respectively. Considering the antenna’s ef-the antenna integrated with filters in Fig. 2, higher order har-
fective areasA.) listed in Table |, the required power densitymonic re-radiations are expected to be small.

function of power density. The power density is calculated by
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V. CONCLUSIONS [14] K. Goverdhanam, R. N. Simons, and L. P. B. Katehi, “Coplanar stripline
. . components for high-frequency applicationEEE Trans. Microwave
A dual-frequency rectenna operating simultaneously at 2.45  Theory Tech.vol. 45, pp. 1725-1729, Oct. 1997.

and 5.8 GHz has been developed. New dual-frequency printed
dipole antenna is developed integrated with novel CPS filters.
The antenna hag'-plane gains of 5 and 5.4 dBi at 2.45 anc
5.8 GHz, respectively. The combination of low-pass filter an
bandstop filters effectively block the higher order harmoni
re-radiations. To achieve high conversion efficiencies for tf
dual-frequency rectenna at both 2.45 and 5.8 GHz, dio
analysis has been performed to determine the optimum dic
input impedance and load resistance. A diode parameter to | witf

congidereq fpr frequency in;ensitive high RF?tq—dc_conversi . ?o"r’ges?ﬁﬂ"éé‘;?vfﬁsVﬁﬁﬁﬁsfnlﬁ%mh”?;&?ﬁg 'lhsé’rfﬁ‘i?;.s
efficiency is investigated. High conversion efficiencies of 84.Arom 1998 to 2002, he was a Research Assistant with the Electromagnetics and
and 82.7% are achieved at 2.45 and 5.8 GHz, respectiveljcrowave Laboratory, Texas A&M University. In April 2002, he joined Mimix,

s ston, TX, as a Design Engineer. His research area includes uniplanar trans-
The dual-frequency rectenna should have many appllcatlon#?ision line analysis and components development, microwave power trans-

wireless power transmission. mission, antennas for wireless communications, phased array antennas and mi-
crowave integrated circuits.
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