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5.8-GHz Circularly Polarized Rectifying Antenna for
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~ Abstract—This paper reports a new circularly polarized (CP) ~ at 35 GHz [7]. This frequency shift from the traditional 2.45 to
high-gain high-efficiency rectifying antenna (rectenna). The CP 35 GHz resulted in much smaller aperture areas, however, the

rectenna can be rotated and still maintain a constant dc output components necessary for generating high power at 35 GHz are
voltage. The high-gain antenna has an advantage of reducing . - ;
inefficient and expensive.

the total number of rectenna elements to cover a fixed area.
The rectenna is etched on Rogers Duroid 5870 substrate with Duetothe disadvantages noted at 35 GHz, a new operating fre-
€ = 2.33 and 10 mil thickness. A high-gain dual-rhombic-loop  quency or 5.8 GHz was investigated. 5.8 GHz has small compo-
antenna and a reflecting plane are used to achieve a CP antennajqtgize5and greater transmissionrangesthan 2.45 GHz. In 1992,
gain of 10.7 dB and a 2: 1 voltage standing-wave ratio bandwidth the firstC-band rectenna yielded an 80% conversion efficiency
of 10%. The rectenna’s pattern has an elliptical cross section with - ) . ; .
orthogonal beamwidths of 40 and 6C°. The rectenna circuit has  [8]- These efficiencies were measured in a waveguide simulator
a coplanar stripline band-reject filter that suppresses the re-radi- with an input power level of approximately 700 mW per element.
ated harmonics by 20 dB. A highly efficient Schottky diode is used This rectenna used a printed dipole, which fed an Si Schottky
for RF-to-dc conversion with an efficiency of approximately 80% i 4e quad bridge. In 1998, McSpaddal.used aprinted dipole
for an input power level of 100 mW and a load resistance of 25Q. : ! . .

rectennato achieve the highest conversion efficiency for 5.8 GHz

Index Terms—Circularly polarized antennas, coplanar stripline, 4t 8204 [9]. The rectenna used an MA40150-119 diode for recti-
microwave power transmission, rectifying antenna, wireless power fication on a coplanar stripline (CPS) layout

transmission.

Inthe lastfewyears, researchers have looked into the designing
of circularly polarized (CP) rectennas. Circular polarization
enables the receive or transmit antennas to be rotated without

HE concept of wireless power transmission (WPT) begaanging the output voltage. Swt al. achieved 60% for a
over 100 years ago when Tesla successfully lighted tvgingle-elementrectennaat5.8 GHz [10]. Another group atthe Jet
light bulbs from uncollimated radiated energy formed from odropulsion Laboratory (JPL), Pasadena, CA, was able to operate
cillators operating up to 100 MV at 150 kHz [1]. In the 1920# dual-polarized rectenna array around 52% at 8.51 GHz [11].
and 1930s, Japanese [2] and U.S. researchers [3] conducted fe@the rectenna design discussed in this paper combines
sibility studies into WPT. With the development of high-powehigh-efficiency RF-to-dc diode conversion with a wide-band
high efficiency microwave tubes by the Raytheon Companyigh-gain CP antenna to produce large amounts of dc power
Waltham, MA, in the 1950s [4], the concept of WPT becameegardless of the rectenna’s orientation. The new rectenna is
a reality. fabricated on a single thin layer using CPS transmission lines
In the 1960s, Raytheon developed a rectifying antenna for fabrication simplicity and size reduction. This rectenna
rectenna that converted RF-to-dc power at 2.45 GHz. Thiesign is being done as part of a feasibility study for the
rectenna consisted of a half-wave dipole antenna with a balational Aeronautics and Space Administration (NASA),
anced bridge or single diode placed above a reflecting plangashington, DC, concerning space solar power. Large space
as well as a resistive load. The rectenna conversion efficiengglar power satellites (SPSs) that are miles across are to be
also referred to as the percentage of power converted frgmt in space to collect the sun’s energy with the use of solar
RF-to-dc, increased throughout the 1960s and 1970s. Tdwls. The solar cell dc power is then converted to microwave
highest conversion efficiency ever recorded was achievedergy using magnetrons located on antennas in a phased array.
by Brown at Raytheon in 1977 [5]. Brown used a GaAs—-RAthe phased-array beams the collected 5.8-GHz microwave
Schottky barrier diode and aluminum bar dipole and transnergy to the terrestrial rectenna array as the SPS moves
mission lines to achieve a 90.6% conversion efficiency at @verhead. Since the orbital orientation of the SPS can vary,
input microwave power level of 8 W. Later, Brown and Trinethe array’s rectennas must be CP in order to keep a constant
developed a printed thin-film version at 2.45 GHz with an 85%ollected dc power. The harmful second harmonic frequency
conversion efficiency [6]. (11.6 GHz) generated by the rectenna’s diode is prohibited
In 1991, ARCO Power Technologies, Inc., Washington, DGrom re-radiation with the use of a filter located behind the
developed a rectenna element with a 72% conversion efficiengytenna. Astronomers use the band containing 11.6 GHz to
Manuscript received August 11, 2001. This work was supported by the I\ijtsten for signals coming from space. Therefore, the radiated
tional Aeronautics Space Administration Marshall Space Flight Center. noise at 11.6 GHz could be detrimental to their purpose.
The authors are with the Department of Electrical Engineering, Traditionally, rectennas have used dipoles or patch antennas
Texas A&M University, College Station, TX 77843-3128 USA (e-mail: . . . .
with low gains. Here, a dual rhombic loop antenna (DRLA) is

strassner@ee.tamu.edu; chang@ee.tamu.edu). X ) . - \
Publisher Item Identifier 10.1109/TMTT.2002.801312. used with a gain of 10.7 dBi. The use of a high-gain antenna
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Fig. 1. Load Resistance (Q)

Rectenna block diagram and spatial orientation.
Fig. 2. Calculated diode impedance versus load resistandéfoe 3.5 V.

has the advantage of reducing the number of rectenna elements

necessary to cover the same receiving area. The effective aregrif/;, is the self-bias voltage due to rectification across the ter-

an antenna is proportional to its gain. The higher antenna gahals of the diode. The variabg,, refers to the forward-bias

corresponds to a larger effective area. turn-on angle of the diode [9]. It is represented by

wRg
Fig. 1 diagrams the main components necessary for efficient Rr <1 + V_>
rectenna operation. The high-gain antenna couples power into P
the CPS circuit. A band-reject filter located behind the antenfrgluation (5) is a transcendental equation and can be solved it-
allows the incoming power at 5.8 GHz to pass to the detect®i@tively. The diode’s junction capacitanCe is

diode where a large portion of the RF power is converted to
ComCn Vi ©6)
! PN Vi + |V

dc power. The remaining RF portion is bounced between the
band-reject filter and the dc-pass filter where it remixes at the

whereC, is the diode’s zero-bias junction capacitance.
. The diode’s input impedance is defined as

diode and forms more dc. The resistive lodtl. ] is isolated
chosen such that the dc-converted portion of the RF power is

Il. RECTENNA OPERATION THEORY tan oy — Bon =

(®)

from any RF signals because of the dc pass fillgr.must be

maximized. Proper placement of the diode and filters is also b= R )
crucial to maximizing the dc power. D+ jE
The diode conversion efficiency)f) is key in determining \yhere
the rectenna’s performance. The diode efficiency is defined as P
the following ratio: D = cosfy, < °1  _ din 90n> (8)
dc output power c0s fox
= and

0= RF power incident on diode @ E—wreo (T O . . 9

A diode model described by Yoo and Chang [12] is used to pre- et < €08 Oon e °n> ' ©)

dict the rectenna diode’s behavior. T-he madel _depgnds onlY £Re diode used in the rectenna circuit is the M/A COM detector
the diode electrical parameters and microwave circuitlossesat{fie, . \iA4E1317. It has series resistariée = 4 Q, zero-bias

fundamental frequency of operation. Harmonic effects are nOtﬁﬁhction capacitanc€’;, = 0.02 pF, built-in turn-on voltage

cluded. The RF-to-dc conversion efficiency is described by V,i = 0.7 V, and breakdown voltagls = 7 V. The load resis-
1 > tance ;) has been chosen to be 280For this load resistance,
=AY B ) Zp =1721-59.1 Qat5.8 GHz and/z/2 = 3.5 V, as shown
in Fig. 2. The dc-pass filter (capacitor) acts as a shorted stub
matching network to not only tune out this diode reactance, but
also to optimize the remixing of the power at the harmonic fre-
quencies. The detector should not be designed to operate at more

where the low-frequency denominator asymptote is

Iy, Vai\’ 1 3
A=1 1 Ocon | 1+———— ) —= tanb,,
+ TR < + VD> [ < + 2 cos? 90,1) 2 an }

R Vi\ Vi than 3.5 V since this would excedd; /2 and could force the
+TL <1 + V—“) V—b”(tan fon — bon) (3) diode into avalanche breakdown. However, this diode has been
Tils D D

shown to produce output voltages up to 5 V. Fig. 3 shows the ef-
fects the diode voltage has on the diode impedance. The diode
2 2 resistance at 3.5 Vis 142. The CPS transmission line that al-
RSRLC]'W Vi T — Bon . .
B=—"—+-" [14—/— 7y + tan Oy, (4) lows power to flow between the various rectenna components is
2 Vb ) \cos®fon designed to have a characteristic impedafige= 172 2. This
andw is the angular frequenc2f f). Rs is the diode’s series minimizes the reflection of the 5.8-GHz RF power at the diode
resistanceV,; is the forward-bias turn-on voltage of the diodgerminals, thus increasing the rectenna’s efficiency.

and the high-frequency term is
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Fig. 3. Calculated diode impedance versus diode voltag& foe= 250 2. . . . .
Fig. 4. IE3D simulated input impedance of the DRLA located 11 mm above

a reflecting plane.

I1l. SIMULATED AND MEASURED DATA FOR

RECTENNA COMPONENTS 0

The rectenna outlined in Fig. 1 consists of an antenna, banc

reject filter, Schottky detector diode, dc-pass filter, and a resis / R /
tive load. The antenna and band-reject filter are designed usin -10 : .
the full-wave electromagnetic simulator IE3D. IE3D allows for ¥ Py \ A A / -

all of the sections to be analyzed together and can deembed celf 1 \/\/V
tain sections in order to isolate and identify the microwave char-& ) L
acteristics of other components in the microwave circuit.

25 Insertion Loss

....... Return Loss

A. CPS Characteristic Impedance 20

The CPS width and gap are 0.824 and 0.4 mm, respectively
These dimensions provide the proper size for diode and capac-
itor bonding and the desired CPS characteristicimpedance (Ff®5. 1E3D simulated CPS BRF-parameters.
). The impedance of CPS is higher than that of microstrip and
matches better to the real input impedance of the diode.

Frequency (GHz)

C. Coplanar Stripline Band-Reject Filter (CPS BRF)

B. CP DRLA The CPS BRF is used to pass 5.8 GHz from the antenna
to the diode and block the second harmonic 11.6 GHz from
The rectenna uses a DRLA configuration [13], as seen flowing from the diode to the antenna. The filter's geometry
Fig. 1. The DRLA is terminated with two gaps. The positioningmproves upon existing band-reject designs [14] by adding ad-
of the gaps, as shown in Fig. 1, yields left-hand circular polagitional stubs on the outside of the main CPS lines for better
ization. If the gaps are mirrored to the opposing sides of thejection. The CPS BRF useg/4 stubs to block 11.6 GHz.
antenna, the DRLA will become a right-hand CP. Circular pdrhis filter has high harmonic rejection in comparison with other
larization is very sensitive to the gap position. The advantaggisnar CPS geometries of comparable size. The filter's simu-
for using the DRLA are high CP gain, wide-band performanckgted S-parameters from IE3D are shown in Fig. 5. IE3D pre-
and fabrication simplicity. The CPS tuning stubs yield a redlicts an insertion loss of 0.3 dB at 5.8 GHz from the antenna
impedance at the antenna’s input terminals and allow for the te-the diode. The filter blocks 11.6 GHz flowing from the diode
dividual rectenna to be connected to other rectennas in an artayjthe antenna by more than 20 dB. The diode-side port of the
The reflecting plane located 11 mm (0.2)) behind the antenna CPS BRF is terminated to the characteristic impedance of the
increases the gain by directing the beam broadside in one dir€&S or 1722. The antenna-side port of the filter has a different
tion. IE3D simulated antenna input impedance data is showngart impedance4;,) for every different frequency. At 5.8 GHz,
Fig. 4. The input impedancé&(,) at the antenna’s input termi- the CPS BRF’s antenna-side port impedance is58nd the
nals for the resonant frequency 5.8 GHz is shown to bef250 diode-side port impedance is 172 IE3D determines the im-
A slight saddle region exists around 5.8 GHz improving the apedances at other frequencies by first simulating the DRLA and
tenna’s bandwidth. To find the antenna’s simulated inputimpe@PS BRF together. The CPS BRF is then deembedded in order
ances, radiation patterns and circular polarization, the anteriaaetermine the impedance looking into the DRLA's input ter-
must be simulated in IE3D with the band-reject filter in placeninals. These input impedances are used as the antenna-side
since the filter will couple to the antenna and affect the radport impedances for determining the CPS BRfparameters.
ation. The filter is then deembedded in IE3D to find the inpuAt 5.8 GHz, the filter matches the DRLA to the resistance of the
impedances. detector diode.



STRASSNER AND CHANG: 5.8-GHz CP RECTIFYING ANTENNA 1873

- e i —

_

| el ]

N T T
F. > —
= -0 Sl : : A= i '
= ; i 5 5 00 I T
- 55 I
= 14 Lo |
- e |
:.';. = 5 — Regienia Cirouh Lays ]
£ bl i eatm
— i
e H J Hab Wi =201 Thckrans = |3mil) 1
£l F B Palum Lo . s >
Lt LF e d= 8. mm A Clap £ | HBubia
" IPnarhon Lok i
;i 4 & B 0 12 i 16 g k|
Frogpeaezy (3HE2 |
Fig. 6. Measured back-to-back 5®-microstrip to 1722 CPS balun
S-parameters. The inset drawing is a top view of the balun circuit with the
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by 10-mil Duroid 5870. @
S
£
TABLE | 2 »
50-172£) BALUN PERFORMANCE 4 v u
20 e S NP Simulated Retum Loss
58GHz 11.6GHz 17.4GHz ! \ /
Return loss (dB) 20 20 10.2 Measured Retum Loss
Insertion loss (dB) 0.42 0.44 1.1 25 S
Y, Insertion loss (dB) 0.21 0.22 0.55 5 6 7 8 9 10 M 12 13 14 15 16 17 18

Frequency (GHz)

(b)
D. Microstrip to CPS Baluns . . -—

Fig. 7. (a) Rectenna pattern and gain measurement circuit layout. (All

In order to measure various patterns ahparameters of the dimensions in millimeters.) Both a top view of the rectenna and its layered

antenna and band-reiect filter. a balun must be desianed twgcfle is shown. (b) Measured and IE3D simulated return loss of the pattern
J K . . 9 and gain measurement circuit.

matches the 1722 CPS BRF diode-side impedance to a®0-
microstrip line. For measurement purposes, two of the balun 21 vol di i (VSWR) bandwidth
must be placed back-to-back. The return and insertion losse q .b Vo tageGstan. |n%3/vave ratio ( ) bandwidth cen-
are shown in Fig. 6. The losses at 5.8, 11.6, and 17.4 GHz 5%_? 3 out 5 th |s'1| A)'_ AR). i :
listed in Table I. Half of the total loss represents one side of the O getermine tke axia ratloN( d), 6|22ear ga(;n E)jatte_rnhmea]
back-to-back balun circuit or one microstrip to CPS transitior?f.urement_S are taken using a Narda s_tan ard gain horn 1o-
The balun is impedance-matched at both 5.8 and 11.6 GHz. ed a distance away along the normal-@ixis of the rectenna _
back-to-back balun shows a broad-band operation with an ins@ge Fig. 1 for coordinates). These measurements are shown in

tion loss of less than 2 dB and a return loss better than 10 dB %9' 8(a.). Th? rhombic loop antenna is measured_ for. three ro-
tated orientations at = 0 °, 45°, and90° (¢ is shown in Fig. 1).

5-20 GHz.
The broadsided = 0°) LP gains () and 3-dB beamwidths
E. Antennat CPS BRF+ Balun Linear Polarized (LP) are listed in Table I1.
Measured Results The AR is determined by subtracting the smallest broadside

ain from the largest. From the AR, the gain correction factor

To obtain an accurate measurement for the rectenna, the 30~ . o . .
. i . CF) for scaling LP gains into CP [15] gains is determined.
tenna and band-reject filter must be both simulated and mea- . ) . i X
e GCF in decibels is defined as follows:

sured together due to coupling between the two sections. The
circuit used to obtain the rectenna’s return loss, patterns, and 1047/20 41
gain measurements is shown in Fig. 7(a). The circuit includes V2 - 104R/20 )
the DRLA, CPS BRF, and CPS to microstrip balun. Using the. .

P g HceAR = 0.2 dB, GCF = 2.91 dB. If the rhombic loop

HP 8510B network analyzer measurement system, the ret ;
y y antenna was exactly CP at 5.8 GHz, i4R = 0 dB, the GCF

loss orSi; was obtained, as shown in Fig. 7(b). Slight differ ) : o
ences between the simulated and measured return Iosseswéwd equal 3 dB. Using the GCF, the adjusted CP gain is

attribute_d to difficulties in precisely alignin_g the balun’s top Gep = Grp + GOF. (11)
layer with the balun’s ground layer. The differences seen be-

tween 9-10 GHz are due to radiation losses attributed to tBg taking the broadsided(= 0°) LP gain average and adding
balun’s radial fan. The simulator does not fully recognize thibie GCF, the adjusted CP gain of the recteanthe balun is
radiation loss. At the fundamental frequency 5.8 GHg, = 9.8 dB. If the CPS BRF, balun, and connector losses are deem-
—18.3 dB, and, at the second harmonic frequency 11.6 GHzedded, the DRLA can be shown to have a CP gain of 10.5 dB.
S11 = —1.1dB. Therefore, 5.8 GHz will pass through with lowThis scaling acts as an approximation for CP gain and should be
loss, and the second harmonic 11.6 GHz will have high lossupported by CP-to-CP measurements.

GCF = 20 - log < (10)
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TABLE 1l

LINEAR POLARIZED GAINS FORANTENNA + CPS LPF+ BALUN

6=0° E¢ E¢ E¢ Eg Eg Eg
(Broadside) $=0° $=45° $=90° $=0° $=45° ¢=90°
LP Gain (dB) 6.9 6.8 6.7 6.8 6.9 6.9

LP Beamwidth (°) 5 70 8 41 39 50
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Fig.9. Measured CP gains at5.8 GHz foe= 0°,45°, and90° rhombic loop
orientations.

Fig. 9 shows the three patterns. The broads#ie=(0°) CP

gain is close to 10 dB, which is close to 3 dB higher than the
measured linear gains. If the CPS BRF, balun, and connector
losses are deembedded, the DRLA can be shown to have a CP
gain of approximately 10.7 dB. This CP measured gain is close
to the scaled CP gain of 10.5 dB. The beamwidth of the DRLA
is 4 in they—-plane and 60in the z—-plane for thep = 0°
rectenna orientation. The DRLA beamwidths describe a pattern
with an elliptical cross section with the maximum dimension

in the z—z-plane and minimum dimension in thez-plane for

¢ = 0°.

n(%. DC-Pass Filter

The dc-pass filter consists of a 2.4-nF 50 VDC
C08BLBB1X5UX dc-blocking capacitor manufactured
by Dielectric Laboratories, Cazenovia, NY. The capacitor is
used to reflect all of the microwave energy arising from the
diode from reaching the load resistor, thus returning the RF
energy back to the diode. The capacitor’'s characteristics across
the CPS line are shown in Fig. 10. The capacitor blocks 5.8,
11.6, and 17.4 GHz greater than 16.8 dB. This translates to less

Antenna patterns are also measured at 11.6 GHz for the thia@n 2% of the total RF power leaking to the load.

rotated rectenna orientations/at 0°, 45°, and90°. These pat-

terns show the main beam to beat 36° for the second har- H. Diode Efficiency Direct Measurement

monic. The filter suppresses the maximum gain down to aroundrhe diode used in the rectenna circuit is the M/A COM
—5 dB, which is approximately 12 dB below the gain of the fungip_chip detector diode MA4E1317 with negligible parasitics.
damental frequency.
The air gap thicknessi) separating the rectenna from theoming from the CPS BRF into a large dc component and
reflecting plane greatly affects the AR, as revealed by the megnaller power levels at each of the harmonic frequencies. The
surement data shown in Fig. 8(b). The best AR of 0.2 dB gfode efficiency direct measurement circuit and curvesifer

5.8 GHz is obtained whed = 11 mm. Whend < 11 mm for

The diode converts the incoming 5.8-GHz microwave energy

andnp versus power delivered to the diodEy) for various

the O rectenna orientation, the, LP gain is greater than the ; are shown in Fig. 11. After varying the load resistarie
E4 LP gain. Similarly, whenl > 11 mm, theE, gainis greater. anq capacitor to diode spacing at various incident powers to

F. Antenna+ CPS BRF+ Balun CP Measured Results

In order to confirm the scaling of LP gain to CP gairas R;, increases. The detector should not be designed to
in the previous section, a cavity-backed CP spiral antenoperate at more than 3.5 V since this would excEgd2. Ry,
(AR =2 0.2 dB) is used to obtain the actual CP measured gdietween 150 and 250 produces the optimum diode efficiency
of the circuit shown in Fig. 7(a). The rhombic loop antenna igerformance. Over 80% conversion efficiency was achieved

measured for three rotated orientationg at 0°, 45°, and90°.

the diode, the optimum distance was found to be 9.5 mm. The
diode voltage increases according to the relation3fpg Ry,

with an Ry, of 250€2.
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g —x— 1, A=100Q — i . . . .

g 70 —-—ZD, Re1soaf 422 This rectenna achieves efficiencies very close to the highest
S 60 A mat 368 ever recorded at 5.8 GHz (82%) with the added improvement
EE 50 e Vp A0 4 g § of circular polarization and high antenna gain. The DRLA wide

5 - X -V, R,=100Q = .

B 10 Sl v,R=100 5,3 bandwidth allows the rectenna to operate from 5.6 to around
z 2 A X el Rmal g3  6GHzwithabetter than 3-dB AR. The flip-chip Schottky diode

3 -::;(’x’ T ,.Co---_;"':'s — ' 3 used provides excellent efficiency near 80% with very small
g% e g;;ém 28 size. The capacitor blocks the RF energy by more than 16.8 dB,
£ 10 g ==y o6 and the CPS BRF suppresses the second harmonic signal to
& o Q.Smm\ Diode 0

around 20 dB below the peak fundamental gain. This results in

0 20 40 60 80 100 120 140 160 180 minimal radiation at the second harmonic frequency. The diode
Input Power (mW) € R

model presented predicts the RF-to-dc conversion extremely

Fig. 11. Directly measured diode conversion efficiency and output voltadé€ll and allows the proper diode to be chosen based upon its pa-

versus power delivered to the diode for various load resistances. rametersis, Cjo, Vii, andVp. The electromagnetic simulator
IE3D models each microwave circuit section of the rectenna
I. Free-Space Rectenna Measurement Results with reasonable accuracy providing the insight necessary to fa-

The diode used in the rectenna circuit is the M/A COM dé&ilitate the design.
tector diode MA4E1317. Itis in a flip-chip package with negli-
gible parasitics. The diode converts the incoming 5.8-GHz mi- ACKNOWLEDGMENT
crowave energy coming from the CPS BRF into a dc output.
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