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5.8-GHz Circularly Polarized Dual-Rhombic-L oop
Traveling-Wave Rectifying Antenna for Low
Power-Density Wireless Power
Transmission Applications

Berndie Strassner, Member, IEEE, and Kai Chang, Fellow, |IEEE

Abstract—This paper reports a right-hand circularly polar-
ized (RHCP) high-efficiency traveling-wave rectifying antenna
(rectenna) designed in a coplanar stripline (CPS) circuit that
is etched on a Rogers Duroid 5870 substrate with ¢, = 2.2
and 20-mil thickness. A 4 x 1 traveling-wave array of RHCP
high-gain dual-rhombic-loop antennas (DRLAS) and a reflecting
plane are used to provide highly efficient RF-to-dc conversion in
the presence of lower power densities regardless of the rectenna’s
broadside orientation. The DRLA array hasacircularly polarized
antenna gain of 14.6 dB with a 2: 1 voltage standing-wave ratio
bandwidth of 17% and a better than 3-dB axial ratio fractional
bandwidth of 7% centered about 5.8 GHz. The rectenna achieves
82% RF-to-dc conversion efficiency at 5.8 GHz and usesalow-pro-
file CPS band-rgect filter to suppress the re-radiated second
harmonic by over 14 dB. The rectenna operating at low power
density should have many applications when the transmitting
power islow and/or the transmission distanceislong.

Index Terms—Circularly polarized (CP) antennas, coplanar
stripline (CPS) filter, microwave power transmission, rectifying
antenna, wireless power transmission.

I. INTRODUCTION

N THE 1960s, the Raytheon Company, Wayland, MA,

developed a rectifying antenna or rectenna that converted
RF-to-dc power at 2.45 GHz. The rectenna consisted of a
half-wave dipole antenna with a single diode placed above
a reflecting plane. The rectenna conversion efficiency, also
referred to asthe percentage of power converted from RF-to-dc,
was improved throughout the 1960s and 1970s. The highest
conversion efficiency ever recorded was achieved by Brown
in 1977 [1]. Brown used a GaAs—Pt Shottky barrier diode and
aluminum bar dipole and transmission lines to achieve 90.6%
conversion efficiency at an input microwave power level of
8 W. Later, Brown and Triner developed a printed thin-film
version at 2.45 GHz with 85% conversion efficiency [2]. In
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1991, arectenna element was developed with 72% conversion
efficiency at 35 GHz [3]. In 1992, the first C-band rectenna
yielded 80% conversion efficiency [4]. In 1998, McSpadden et
al. used a printed dipole rectenna to achieve the highest con-
version efficiency for 5.8 GHz at 82% [5]. The rectenna used
a single MA40150-119 diode for rectification on a coplanar
stripline (CPS) layout.

In the last few years, researchers have looked into the de-
signing of circularly polarized (CP) rectennas. Circular polar-
ization enables the receive or transmit antennas to be rotated
without significantly changing the output voltage. Suh et al.
achieved 60% RF-to-dc conversion efficiency for a single CP
rectennaelement at 5.8 GHz [6] using atruncated patch and mi-
crostrip circuit. Hagerty and Popovit used spiral rectennas for
broad-band rectification [7]. However, these spirals have rela-
tively low gain, resulting in lower efficiencies compared with
that of dipole antennas. The best CP rectenna efficiency has
been achieved by Strassner and Chang at 81% [8]-{10]. This
design used a dual-rhombic-loop antenna (DRLA) and the M/A
COM flip-chip detector diode MA4E1317 to obtain this high
efficiency.

The rectenna design discussed in this paper combines highly
efficient RF-to-dc diode conversion with a high-gain CP
traveling-wave DRLA array to produce dc power regardliess
of the array’s orientation. Most previous rectenna designs use
a diode for each antenna. By combining multiple antennas to
each diode, the diode can receive the necessary power to drive
itself into its highly efficient operating region even in the case
when the incident wave's power density is low. This technique
also reduces the number of diodes that are the expensive com-
ponentsin arectennaarray. If people are working in and around
a rectenna array, the power density needs to be at acceptable
levels. In many applications, this low power density occurs
when the transmission distance is long and/or the transmitting
power is low. This technique of using a traveling-wave DRLA
array could also be used for very large rectenna arrays where
the power density is highest in the very center and decreases
toward the rectenna’s outer edges. This is due to the fact that a
plane wave is unobtainable in this case. In such a case, more
DRLAs would be connected to a diode near the outer edges
that those toward the rectenna array’s center. The rectenna
being discussed is fabricated on a single thin layer using CPS
transmission lines for fabrication simplicity and size reduction.
An array consisting of 72 of the low power density rectennas
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Fig.1. Block diagramfor ann x 1 DRLA traveling-waverectenna. Then x 1
rectenna consists of » folded dipole antennas, one detector diode, dc-passfilter,
and resistive load.

discussed in this paper was demonstrated and proven effective
at the 2002 World Space Congress, Houston, TX.

Traditionally, rectennas have used dipoles or patch antennas
with low gains. Here, aDRLA array is used with a CP gain of
14.6 dB. The use of ahigh-gain antennaarray has the advantage
of reducing the number of rectenna elements (diodes, capaci-
tors, etc.) necessary to cover the same receiving area. The ef-
fective area of an antenna.is proportional to its gain. The higher
antenna gain corresponds to a larger effective area and also re-
sultsin larger dc rectified voltages.

Il. SINGLE RECTENNA ELEMENT

Fig. 1 shows a block diagram of the main components of a
CPS traveling-wave rectenna necessary for efficient operation.
The rectenna consists of n-folded dipole antennas, band-reject
filter (BRF), Schottky detector diode, dc-pass filter, and a re-
sistive load. The high-gain antenna array couples power into
the CPS circuit. A BRF located behind the array allows the in-
coming power at 5.8 GHz to pass to the detector diode where
alarge portion of the RF power is converted to dc power. The
RF signal is bounced between the BRF and the dc-pass filter
where it remixes at the diode and forms more dc. The resistive
load (R, isisolated from any RF signals because of the dc pass
filter. R, must be chosen such that the dc-converted portion of
the RF power is maximized. Proper placement of the diode and
filtersis also crucial to maximizing the dc power. The antenna
and BRF are designed using the full-wave el ectromagnetic sim-
ulator IE3D. IE3D allows for al of the sections to be analyzed
together and can deembed sections when necessary.

A. CPSDesign

The CPS width and gap are 0.824 and 0.4 mm, respectively.
These dimensions provide the proper size for diode and ca
pacitor bonding and the desired CPS characteristic impedance
(170 2). Theimpedance of CPSis higher than that of microstrip
and matches better to the real input impedance of the diode.
At 5.8 and 11.6 GHz, the CPS guided wavelength is 4.3 and
2.65 cm, respectively.

B. CP DRLA Traveling-Wave Array

The rectenna uses a DRLA array configuration [11], as seen
in Fig. 1. Each DRLA is terminated with two gaps. The posi-
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tioning of the gaps, as shown in Fig. 1, yields right-hand cir-
cular polarization. If the gaps are mirrored to the opposing sides
of each antenna, the DRLA array will becomeleft-hand circular
polarization. The advantages for using the DRLA array are high
CP gain and fabrication ssimplicity. A reflecting planeislocated
8.7 mm (0.17 \,) behind the rectenna substrate in order to in-
crease the gain of the DRLA array by directing its beam broad-
side in one direction. Circular polarization is very sensitive to
both the gap position and reflecting plane distance. The sep-
aration between adjacent DRLAS is the guided wavelength of
the CPS at 5.8 GHz or 43 mm. If the spacing is changed from
43 mm, the array’s main beam will steer from broadside. This
technique could be useful in off-broadside applications. The
CPS tuning stubs tune out the imaginary impedance in order to
yield areal impedance at the array’ s input terminals. The stubs
aso dlow for multiple 4 x 1 DRLA arrays to be connected to
form arectenna array. The input impedance (7;,,) at the array’s
input terminals for the resonant frequency at 5.8 GHz is shown
to be 50 €2. To find the antenna’ s simulated input impedances,
radiation patterns, and circular polarization, the antenna must
be simulated in IE3D with the BRF in place since the filter will
couple to the antenna and affect the radiation. The filter is then
deembedded in I1E3D to find the input impedances.

C. CPSBRF

The CPS BRF is used to pass 5.8 GHz from the DRLA array
to the diode and block the second harmonic at 11.6 GHz from
flowing from the diodeto the array. Thefilter’ sgeometry usesa
band-reject design described by Goverdhanam et al. [12]. This
filter islow profile and fits neatly into the confines of the CPS
ling’ swidths. The CPS BRF uses A\ /4 stubsto block 11.6 GHz.
Thisfilter has high harmonic rejection in comparison with other
planar CPSfilter geometries of comparable size including most
commonly used low-pass filter designs. The size of thefilter is
an issue since the array elements must be close enough together
to captureall of theincident microwave energy. Thefilter blocks
11.6 GHz flowing from the diode to the antenna by over 14 dB.
Thediode-side port of the CPS BRF isterminated to the charac-
teristicimpedance of the CPS. The antenna-side port of thefilter
is matched to the antenna input impedance (7;,,). At 5.8 GHz,
the CPS BRF's antenna-side port impedance is 50 € and the
diode-side port impedance is 170 2. Therefore, at 5.8 GHz, the
filter matches the DRLA to the resistance of the detector diode.

D. Antenna 4+ CPSBRF 4+ Balun Pattern Measurements

The circuit shown in Fig. 2 is used to obtain the return loss,
pattern measurements, and axial ratio for the rectenna. A CPS
to microstrip balun with over 100% 2: 1 voltage standing-wave
ratio (VSWR) bandwidth (4.2-14.2 GHz) is used to acquire
these measurements. This circuit’s return loss is presented in
Fig. 3. Thesimulated |E3D curve closely matches the measured
curve. At 5.8 GHz, the circuit is well matched to 50 2. This
circuit hasa 2:1 VSWR bandwidth of 17% at approximately
5.8 GHz. The filter aso blocks the energy at approximately
11.6 GHz.
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Fig. 2. 4 x 1 DRLA traveling-wave array with BRF and CPS to microstrip
balun. The reflecting planeislocated at = = 0 or 8.7 mm behind the rectenna’s
20-mil substrate.
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A linear standard gain horn is used to measure the linear gain
patterns of the rectenna. By using the equation [13]
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Fig. 4. Measured patterns in the z—z-plane for the DRLA + filter 4+ balun
circuit. (8) 5.8 GHz. (b) 11.6 GHz.

-180

the orthogonal left-polarized (LP) petterns £, and E, are
converted to CP patterns. The right-hand circularly polarized
(RHCP) (co-pol) and left-hand circularly polarized (LHCP)
(cx-poal) patterns for both the z—z- and y—=z-planes at 5.8 and
11.6 GHz are shown in Figs. 4 and 5. The cx-pol LHCP energy
is 16 dB below the desired RHCP energy and the unwanted
second harmonic energy at 11.6 GHz is 14 dB below the peak
fundamenta gain of the 5.8-GHz pattern in both planes. Due
to the array’s spatial geometry, a fan-shaped beam results with
a beamwidth that is 15° in the y—z array plane and 44° in the
z—z-plane. These DRLA beamwidths describe a radiation pat-
tern having an elliptical cross section. The CP gain at broadside
is 14.3 dB. If the combined 0.3-dB loss contributed by the
coax-to-microstrip connector and microstrip-to-CPS balun is
deembedded, the DRLA array has a CP gain of 14.6 dB.

Fig. 6 shows the axial ratio for the DRLA + filter + balun
circuit versus both frequency and angle of incidence for the in-
coming wave. Fig. 6(a) reveals an axial ratio of approximately
0.3 dB at 5.8 GHz. The 3-dB bandwidth is amost 7% at ap-
proximately 5.8 GHz. Fig. 6(b) shows the axial ratio versus
angle of incidence. For an angle of incidence between £10°,
the axial ratio is better than 3 dB. This performanceis sufficient
for beaming power over long distances, especialy in the case
of beaming power from a space solar power (SSP) satellite in
geo-synchronous orbit to a rectenna array on the earth since the
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Fig. 5. Measured patterns in the y—z-plane for the DRLA + filter + balun
circuit. (8) 5.8 GHz. (b) 11.6 GHz.

orientation of the SSPand rectennaarray will not vary morethan
afew degreesfrom broadside. The spikesin Fig. 6(b) represent
the angles off broadside for which the DRLA + filter + balun
circuit is linear polarized.

The CPgainversusfrequency isillustratedin Fig. 7. Thegain
is highest at approximately 5.8 GHz with afairly constant gain
between 5.63-5.97 GHz. The CP gain has a 3-dB bandwidth of
11%. The LHCP iswell suppressed below the desired RHCP.

E. Rectenna Design

The diode used in the rectenna circuit is the M/A COM
flip-chip detector diode MA4E1317 characterized in [10]. It
has series resistance Rs = 4 2, zero-bias junction capacitance
Cj0 = 0.02 pF, built-in turn-on voltage V,; = 0.7 V, and
breakdown voltage Vs = 7 V. The load resistance (R;,) was
originally chosen to be 150 €2. A diode model described by Yoo
and Chang [14] isused to predict the rectenna diode’ s behavior.
According to this model, the 150-€2 load resistance results in
the diode impedance being 7, = 170 — j9Q at 5.8 GHz and
Vi/2 =3.5V.A50VDC C08BLBB1X5UX dc-blocking chip
capacitor manufactured by Dielectric Laboratories, Cazenovia,
NY, serves as the dc-pass filter to not only tune out this diode
reactance, but also to optimize the remixing of the power at
the harmonic frequencies. The capacitor is used to reflect all
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of the microwave energy arising from the diode from reaching
the load resistor, thus returning the RF energy back to the
diode. When shunted across the CPS lines, the capacitor blocks
the 5.8-GHz signal by 17 dB and 11.6 GHz by greater than
23 dB. This trandlates to less than 1% of the total second
harmonic energy reaching the load resistor R;. The optimal
distance between the dc-pass capacitor and the diode has been
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Fig. 8. Rectenna CP measured performance. (a) Rectified voltage. (b) Output power. (c) RF-to-dc conversion efficiency for various resistive loading.

determined to be 10 mm, approximately A,/4 at 5.8 GHz. This
distance produces the maximum diode RF-to-dc conversion
over 85%. This diode conversion efficiency sets the upper limit
on the rectenna’'s RF-to-dc conversion efficiency. The CPS
transmission line, which alows power to flow between the
various rectenna components, is designed to have a character-
istic impedance Z, = 170 €). This matches the real part of the
diode’s impedance in order to minimize the reflection of the
5.8-GHz RF power at the diode terminals, thus increasing the
rectenna’s efficiency. A complete description of this rectifying
circuit is given by Strassner and Chang in [10].

Ill. RECTENNA MEASUREMENTS

In order to obtain the rectenna's efficiency, CP energy is
transmitted from a 64-element RHCP truncated patch antenna
array, with 21 dB of CP gain, to the rectenna located a distance
s from the transmitting antenna. The rectenna’s efficiency is
simply the ratio of the converted dc power to the received RF
power [10]. The rectenna CP efficiency 7 is defined as[13]

PDC (471'8)2 [;—?}

= = 2
TR T RGGA @

where P, and G, represent the transmit power and the trans-
mitting antenna’ s gain, respectively, and G,. isthe DRLA trav-

eling-wave array’ s gain. Vp, isthe voltage across the rectenna’s
load resistor Ry,. The distance between the patch array and the
rectenna is s, and A, is the free-space wavelength of the in-
coming energy.

Fig. 8(a) shows the array’s output voltage versus CP power
density. As the load resistance increases, so does the output
voltage as a function of V3/Ry. Fig. 8(b) shows the array’s
output power versus CP power density. The output power is
fairly constant over arange of output resistors. Fig. 8(c) shows
the array’s RF-to-dc conversion efficiency versus CP power
density for various loading. The rectenna provides excellent
RF-to-dc conversion over a wide range of power densities and
load resistances. A best efficiency of 82% occurs at an input
power density of 2 mW/cm? (~115-mW RF incident upon the
diode) for an array loading of 150 2. The rectenna s output
voltage at this power density is around 3.8 V. Thisiis close to
half of the diode’ s breakdown voltage or V5 /2 = 3.5V, which
isusually considered a device rectification safety threshold for
extended periods of operation. The array’s dc output power at
2 mW/cm? is 95 mW.

IV. CONCLUSIONS

A CP traveling-wave low power-density rectenna has been
developed to rectify RF energy to dc power with arecord 82%
efficiency at 5.8 GHz. The capacitor blocks the RF energy by
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more than 17 dB, and the CPS BRF suppresses the second har-
monic signa to approximately 14 dB below the peak funda
mental gain. Thisresultsin minimal radiation at the second har-
monic frequency. The eectromagnetic simulator IE3D models
each microwave circuit section of the rectenna with reasonable
accuracy providing theinsight necessary to facilitate the design.
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