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ABSTRACT This paper establishes the practicality of terrestrial microwave power beaming at distances
>1 km. To beam microwave power along the surface of the earth, it is necessary to consider and, where
possible, exploit the effects of microwave propagation across terrain. Key design considerations include
the effect of scattering from surface topography, approaches for characterizing the beam in the presence of
multipath, safety, and efficiency. A rapid demonstration at the US Army Research Field in Blossom Point,
MD, delivers 1.6 kW of electrical power at a 1046 m standoff from a 5.4-m-diameter X band transmitter.
The transmitter is a reflector antenna with a linearly actuated feed horn that can focus the power density
at specific standoff distances. Experimental results over cluttered, irregular terrain achieve a 2.3 dB (70%)
enhancement in power density at the target site by deliberate exploitation of a ground bounce. A 4 m? rectenna
receiver produces the 1.6 kW of output power at a 73% RF-to-DC conversion efficiency, which exceeds the
current state of the art at X band. In addition, a test to destruction of 4 large rectenna arrays demonstrates
how overvoltage protection circuits can improve the RF power handling of rectenna arrays by >1 dB. A
final experiment demonstrates >1 kW delivered at >1 km distance to a light display. Since these results
should readily scale to higher levels of power and performance, recommendations are provided to mature the
technology for operational use.
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rectenna arrays, radiofrequency safety.

I. INTRODUCTION

Microwave power beaming is the efficient point-to-point
transfer of electrical energy across free space by a direc-
tive microwave beam. A recent publication [1] provides an
overview of the progress to-date in the field and motivat-
ing factors — including, prominently, the eventual use of mi-
crowave power beaming for space-to-earth wireless power
transmission (WPT). This paper explores the application of
microwave power beaming to energy transfer along the sur-
face of the earth. Fig. 1 illustrates the concept: a ground-based
microwave transmitter directed towards the horizon illumi-
nates a rectenna (rectifying antenna) array that converts the
incident microwave power to DC voltage. Since microwave
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FIGURE 1. A terrestrial microwave power beaming link.

scattering from the terrain is a major design consideration,
this application is therefore classified as ferrestrial microwave
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power beaming. Recent articles across the media indicate ris-
ing interest in the topic [2]-[7].

Prior terrestrial demonstrations at distances > 500 m have
minimized terrain scattering effects by significantly elevating
the transmit aperture and rectenna array [1], [8], [9] and by po-
sitioning the beam’s target across a chasm on a mountainside
[8]. However, in many practical scenarios, it could be desir-
able to beam power across arbitrary terrain while minimizing
structural costs.

This paper describes a rapid demonstration of microwave
power beaming across irregular, inhomogeneous terrain. To
the authors’ knowledge, this is the first power beaming
demonstration to exploit the effect of “ground bounce” to
enhance power density at the target location, and the first
demonstration exceeding 1 km in range and 1 kW in received
power at a frequency >2.5 GHz. The paper is organized as
follows: Section II describes the test site, the transmitter, and
the rectenna array. Section III presents an approach for the
design and characterization of power beaming links that takes
into account the effect of surface scattering; safety is also
considered. Section I'V describes the experimental results and
provides a comparison to prior results. Additionally, a test to
destruction evaluates competing approaches for overvoltage
protection at the rectenna load. Section V provides recom-
mendations for further technology development. Section IV
concludes this paper.

II. TECHNICAL APPROACH
The demonstrations presented in this paper are the result of
a 13-month effort to show the feasibility to wirelessly deliver
>1 kW of electrical power at a distance > 1 km across terrain.
Due to limited access — during the COVID-19 pandemic — to a
suitable kW-class continuous wave (CW) microwave source,
these demonstrations are executed using pulsed sources at two
different sites. The primary site at the US Army Research
Field in Blossom Point, MD, USA provides realistic terrain
and the opportunity to test with a practically sized transmit
aperture. An additional test site at the MIT Haystack Obser-
vatory in Westford, MA, USA operates at a much higher duty
factor, making it possible to visually demonstrate the power
transfer using a LED display.

The following section describes both test sites and the as-
sociated rectenna technology.

A. PRIMARY TEST SITE: BLOSSOM POINT, MD, USA

Fig. 2a illustrates the Blossom Point test site using topo-
graphical data downloaded from the US Geological Survey
[10]. The elevation is referenced to the global mean sea level.
The transmit and receive locations are separated by 1046 m.
Fig. 2b illustrates the terrain profile along a line of sight from
the transmitter to the receiver. The terrain along this contour is
rugged and nonhomogeneous, consisting of moist grassland,
rocky soil, a gravel roadbed, concrete pads, and abandoned
metal detritus. The resolution of the data is 1/3 arcsec in lati-
tude and longitude [11], with an accuracy, at 95% confidence
in the presence of vegetation, of 58 mm in height [12].
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FIGURE 2. (a) Elevation above sea level at Blossom Point. The transmit
(TX) and receive (RX) locations are separated by 1046 m. (b) Elevation
above sea level along a line of sight between the TX and RX locations.

The transmit aperture shown in Fig. 3 is a 5.4-m-diameter
parabolic reflector originally designed as a Cassegrain antenna
but reconfigured to use a standard axial feed. The reflector’s
focal length is 2 m. The feed is a horn that illuminates the
reflector with a 17 dB amplitude taper from the center to the
edge. The horn is mounted on a linear actuator that allows the
feed location to vary over a 100 mm range along the reflector’s
axis. Displacing the feed in this way creates a quadratic phase
error across the reflector that can be used to focus the transmit
beam at specific near field distances along the main beam
axis [13]-[16]. As shown in this paper, the technique provides
a capability to focus and finely adjust power density at a
near-field target location, even in the presence of significant
terrain scattering. The microwave source is a 9.7 GHz, 100
kW magnetron oscillator from Applied Systems Engineering,
Inc. Under typical operating conditions, the maximum pulse
duration is 1 us at a 604 Hz repetition rate.

B. RECTENNA ARRAY

The rectenna array is based on the individual rectenna element
shown in Fig. 4a. The element consists of (i) a microstrip
patch antenna fabricated using 18-pm-thick copper on a 0.51-
mm Rogers 3003 substrate, (ii) a MACOM MA4E1317 Schot-
tky diode, and (ii7) microstrip features for impedance match-
ing and harmonic tuning at 9.7-GHz as well as the 2"¢ and 3™
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(c)

FIGURE 3. The transmit aperture is (a) a 5.4-m-diameter parabolic
reflector fed by (b) a linearly actuated horn. Varying the feed location
makes it possible to focus the beam at specific standoff distances from the
transmitter. (c) A view of the transmitter from the target site 1046 m away.
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FIGURE 4. (a) The individual rectenna element, including the patch
antenna, Schottky diode, and matching and harmonic tuning features. (b)
The DC output of 203 rectenna elements combine to form a 181 mm x 256
mm rectenna tile. The DC connections take place on lower substrate layers.

harmonics. A 2-pF capacitor is also included to filter out any
RF power not reflected by the harmonic stubs. Each tile has
12 rows of 17 rectenna elements whose DC outputs connect in
parallel on a lower substrate layer; 12 of these rows connect in
series to form the 181 mm x 256 mm, 203-element tileshown
in Fig. 4b.

4 rows of 6 parallel-connected tiles combine in series to
form a 1.02 m x 1.09 m rectenna quadrant. Fig. 5a illustrates
a quadrant in the process of assembly. A radome fabricated
using 25.4-mm-thick extruded polyurethane foam protects the
assembled quadrant from unintentional damage during trans-
port and installation, as shown in Fig. 5b. Four quadrants are
connected in parallel and installed as shown in Fig. Sc at the
target location at Blossom Point.
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FIGURE 5. (a) 24 rectenna tiles being assembled into a quadrant. (b) The
assembled quadrant with a protective radome installed. (c) Four quadrants
installed at the Blossom Point target location.

FIGURE 6. For the test at MIT, the rectennas are environmentally protected
on the (a) rear and (b) front faces, allowing the arrays to withstand two
severe thunderstorms between installation and the final test event.

C. ADDITIONAL TEST SITE: MIT HUSIR

The Haystack Ultrawideband Satellite Imaging Radar
(HUSIR) transmitter [17] at the Massachusetts Institute
of Technology (MIT) uses a 36.6 m circularly polarized
Cassegrain antenna. The peak transmit power varies from
210 to 232 kW at 10.5 GHz when operated at a duty factor
of 8.19%. This duty factor makes it possible to demonstrate
the X-band rectenna technology at >1 km standoff, but with
higher average power than is available at Blossom Point. A
2.06 m x 2.19 m circularly polarized variant of the Blossom
Point rectenna is designed at a center frequency of 10.5-GHz
for operation with HUSIR. As illustrated in Fig. 6, the front
of each rectenna quadrant is protected by a polyurethane foam
radome, as at Blossom Point, and the entire assembly is sealed
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FIGURE 7. In (a) and (b), the rectenna array is installed 70.6 m above
ground level 1141 m away from the HUSIR transmitter. (c) A view of HUSIR
from the rectenna.

RX APERTURE

TX APERTURE

FIGURE 8. Design parameters for a power beaming link from a transmit
(TX) aperture to a receive (RX) aperture across terrain.

with 1-mm-thick Mylar film, enabling the array to survive
undamaged through 2 severe thunderstorms from the time of
installation to the final test event.

As shown in Fig. 7, the rectenna array is installed 70.6 m
above ground level at 1141 m away from the HUSIR transmit-
ter. At this height, the center of the rectenna array is 30.4 m
above HUSIR’s phase center.

11l. PROPAGATION ANALYSIS

This section presents an approach (i) to optimize power beam-
ing link geometry and (ii) to characterize the beam — taking
into account the effect of scattering from the terrain. The
transmit aperture and surface topography at the Blossom Point
test site, described in the prior section, are used as a case study.
Safety issues are also considered.

A. TERRESTRIAL POWER BEAMING LINK DESIGN

Fig. 8 illustrates the geometry of a power beaming link across
terrain. Relevant parameters include the transmit and receive
aperture radii r7y and rgy, the transmit and receive aperture
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FIGURE 9. Approximate 50%-power and 90%-power cross sections for a
beam emanating from a transmit aperture focused at the far field distance
and at 1/2 the far field distance. Notional terrain profiles are plotted using
“x" marks.

heights hrx and hgy above the local ground, the difference in
ground elevation at the transmit and receive locations Ak, and
the distance between the transmit and receive apertures dzgx.
Although both apertures could have a tilt in elevation angle
0i1r, only the transmit aperture tilts in this illustration.

A basic question for a terrestrial power beaming link is
whether the effect of terrain scattering can be ignored, without
the need to perform a detailed analysis. Unfortunately, de-
sign rules of thumb such as Fresnel zones [18] and popular
approximations for mobile communications [19], [20], can
be highly inaccurate for power beaming scenarios, producing
overly conservative guidance for selecting antenna heights.
As an alternative, the transmit beam can be approximated as
a conic section extending from the transmit aperture to the
target location. For a transmit aperture having an amplitude
and phase distribution optimized to focus power at a distance
drrx, the Gaussian beam approximation in [1] can be used to
estimate the beam radius p at d7gx:

1
(L)

where drr is the transmit aperture’s far field distance [20] and
n is proportion of the transmit power contained within p.

Fig. 9 illustrates two cases in which the transmit aperture is
optimized to focus power at the far field distance and half the
far field distance, respectively. In both cases, conic sections
approximating the beam are shown for 50% and 90% of the
beam power. Note that the 50% and 90% beam radii can alter-
natively be estimated using the expected Fresnel-region 3-dB
and 10-dB beam widths, respectively, if the transmit aper-
ture distribution deviates significantly from the ideal distri-
bution [1] used to calculate (1). Selected peaks of the surface
topology can be plotted on this chart, with appropriate rotation
if 6,7, # 0°. The figure clearly illustrates that, even for power
beaming over a flat surface, it can be necessary to significantly
elevate the transmitter (or to up-tilt the transmitter and elevate
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FIGURE 10. Screenshot from a movie (available online at
https://ieeexplore.ieee.org/document/9662403/media#media) illustrating
the variation in power density vs. height above ground as the transmitter
tilt angle 6 scans over a +1° range: (a) Beam cross section for a transmit
power of 1 W. As the beam passes through the +0.1° range, the ground
scattering enhances power density at the target location. (b) Power density
vs height at drgx = 1046 m normalized to the angle of maximum response,
with peak and 3-dB points indicated.

the receiver) to prevent terrain from intruding into the 90%
beam cross section. For long range links, the structural costs
could be significant.

Instead of constraining the geometry to minimize terrain
scattering, it is possible to design a power beaming link to ex-
ploit scattering from terrain in order to achieve higher power
density at the target location. The parabolic wave equation
[21], [22] is a numerical method that can be used to explore
propagation effects across terrain. Since this technique uses
a paraxial approximation to the Helmholtz equation, it is
valid in the Fresnel region and therefore well-suited for power
beaming applications. For the Blossom Point transmitter de-
scribed in Section II, rpxy = 2.7 m, hyy = 3.71 m, drgrx = 1046
m, Ak = 0.8 m, and r7y should be sized based on the predicted
beam spotlight at drgy. Fig. 2 specifies the terrain, and /gy and
0i1; are the design parameters. The movie shown in Fig. 10a
powerfully illustrates the variation in power density vs. height
at drpx = 1046 m as 0y, scans from +1° to —1°. The height
above ground is referenced to a zero at the location of the
transmitter, and the soil is assumed to be uniform and dry
with 0.67 S/m conductivity and a relative dielectric constant
of 25.916. As the beam passes through the +0.1° range, the
ground scattering actually improves the beam focus at the
target location. Note that the approximations in this analysis
include a reduction of the terrain model to a homogeneous
2-D cross section.

Fig. 11 calculates the peak power and 3-dB beam extent
over the 6 +1° range for the Blossom Point terrain,
predicting a 2.73 dB increase in maximum power density for
Oy = —0.2° to +0.1°. The results over perfectly flat terrain,
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FIGURE 11. (a) Peak power and (b) 3-dB beam extent vs. tilt angle at drrx
= 1046 m. Results over a flat earth are provided for comparison.
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FIGURE 12. Plotting the power density at drgx = 1046 m vs. height (hgx +
Ah) and vs. 64 shows that the optimum receiver height is 5 m over a —0.2°
to +0.1° range of transmitter tilt angles 6. The result is normalized to the
peak response.

provided for comparison, show a > 4dB improvement is pos-
sible. Modifying the simulation so that flat earth is perfectly
conducting increases the “ground bounce” effect to 5.75 dB,
which approaches the theoretical limit of 6 dB [23].

Fig. 12 plots the power density as a function of height
relative to the transmitter ground level (hgy + Ah) and Oy
to graphically represent the optimum link geometry. For the
Blossom Point link, a receiver height of 5 m is optimal over
a 04 = —0.2° to +0.1° range of transmitter tilt angles. Ref-
erencing these parameters to the diagram in Fig. 11, 0, =
+0.1° provides a direct line of site to hgy = 5 m, indicat-
ing that the optimum geometry uses this height with a slight
downward tilt from the line of sight. This result is not general,
however. Although not shown here, the optimal choice of
receiver height and transmitter tile can be sensitive to small
variations in link distance d7gyx. The analysis in Figs. 11 and
12 must be repeated or parameterized vs. drry if standoff
distance is a design variable.
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FIGURE 13. Characterizing the transmit beam using (a) a rotating source
and fixed probe antenna and (b) using a fixed source and a probe antenna
able to translate within the plane of the receive aperture. The
measurements are not equivalent since the method in (a) samples the
multipath along a single line of sight.

B. BEAM CHARACTERIZATION

Terrain scattering impacts the measurement strategy for char-
acterizing power density, and therefore efficiency, of a power
beaming link. Fig. 13 illustrates two possible approaches. In
Fig. 13a, a stationary field probe samples received power as
the microwave source rotates in angle. In Fig. 13b, the mi-
crowave source remains fixed while the field probe translates
linearly to sample power in the receive plane. In free space or
in an anechoic chamber, the two techniques yield equivalent
results. In the presence of terrain scattering, however, the
approach in Fig. 13a samples all the points of the radiation
pattern along the same line of sight and thus cannot capture the
true variation in terrain scattering across the receive aperture.
Even for highly directive transmit sources, scattering from ter-
rain can be significant, making it necessary to spatially sample
the beam, as shown in Fig. 13b, to accurately determine the in-
cident power. The approach in Fig. 13a nonetheless does have
physical meaning, from the standpoint of beam alignment, as
the representation of the variation in rectenna output power as
the transmitter scans its beam in angular space.

Both measurement approaches can be executed using the
experimental setup shown in Fig. 14, which allows a horn
antenna to translate to any position in the plane of the receive
aperture over a 1.5 m range in the horizontal dimension and
over a 4 to 7 m range above ground in the vertical dimension.

C. SAFETY

Time-averaged RF power density levels at 10 GHz are re-
stricted by international agreement [24]-[26] to 10 W/m? for
the general public, 50 W/m? for occupational exposure, and
100 W/m? for military workplaces. Due to its low duty factor,
the Blossom Point transmitter’s time-average radiated power
only reaches these levels of concern in the immediate vicinity
of the reflector’s feed. For illustration, however, Fig. 15 maps
these safety limits in the elevation plane assuming continu-
ous transmit power. For this simulation, the transmitter tilt
angle is 0.1°, and the results are scaled based on measured
observations of the pulsed waveform at a distance of 1046
m. Referring to the figure, the boundary of the 100 W/m?
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FIGURE 14. Experimental setup for characterizing power density in the
plane of the receive aperture. A horn antenna probe translates horizontally
over a +1.5 m range and vertically over a 4 to 7 m range above ground
level.
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FIGURE 15. Plot of the 10, 50 and 100 W/m? exposure limit zones for the
Blossom Point transmitter overlaid on a simulation of the power density in
the elevation plane - assuming a continuous 100 kW source and no
rectenna blockage.

exposure zone is within 3 m altitude (relative to the elevation
at the transmitter) for distances within 3.7 km of the source.
For practical applications, adequately sizing the rectenna to
block this field at ground level would thus be important for
minimizing RF exposure concerns further down range. Fig. 15
also shows significant field strength at altitudes > 40 m —
where safety concerns are typically addressed by estimated
duration of aircraft exposure during flight, as for the HUSIR
system [27].

IV. EXPERIMENTAL RESULTS

The experimental results provided in this section demonstrate:
(i) the usefulness of terrain effects for enhancing transmit
power density at the receiver, (i) >1.6 kW of electrical power
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FIGURE 16. Experimental setups for characterizing the power beaming
link where the reflector configured (a) as a transmitter and (b) as a
receiver.

(b)

delivered wirelessly to a receiver at >1 km standoff with ex-
cellent RF-to-DC conversion efficiency, (iii) overvoltage pro-
tection circuits for rectenna arrays, and (iv) a second demon-
stration at higher average power driving an LED display.

A. BEAM CHARACTERIZATION
Fig. 16 illustrates two experimental setups used to character-
ize the beam produced by the transmitter shown in Fig. 3. In
the first setup, shown in Fig. 16a, a 100-kW pulsed power
amplifier (PA) feeds the 5.4-m reflector antenna. The connec-
tion between the PA and reflector feed is WR-90 rectangular
waveguide. A calibrated horn with 10.95 dBi gain at 9.73
GHz samples the power density at 1046-m standoff from the
reflector. The reflector can scan in azimuth ¢ and elevation
0, while the horn can translate in x and y in the plane of the
receive aperture. Identical LadyBug LB680A power meters
sample the power at both sites. In the second setup, shown
in Fig. 16b, the link is reversed so that a 20-W continuous
wave (CW) PA drives the horn antenna, and the reflector
receives the power. Since the antenna directivities and terrain
scattering are identical in both setups, cross checking between
the two approaches makes it possible to identify and eliminate
errors in deembedding system losses.

Measuring the radiation pattern of the reflector antenna at
multiple heights on the receive tower confirms the impact of
terrain effects on the beam shape. Fig. 17 shows the azimuth
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FIGURE 17. Vertical and horizontal polarized radiation patterns in the
azimuth (6 = 0°) and elevation (¢ = 0°) planes for receiver heights of (a)
5.5 m and (b) 11 m. Simulated results Eys_o- accounting for surface
topography closely match the main beam shape in the elevation plane.

(6 = 0°) and elevation (¢ = 0°) cuts of the reflector’s radiation
pattern when the antennas are oriented for both vertical (Ey)
and horizontal (Ey) polarization measured using the setup
in Fig. 16a. The reflector is boresighted to the horn at (hgx
4+ Ah ) = 5.5 m and 11.0 m in Figs. 17a and 17b, respec-
tively. For the elevation scans at the lower horn height, the
reflector’s range of travel is limited for elevations angles 6
< —0.75°. The measured radiation patterns for vertical and
horizontal polarization match closely, as expected for very
low grazing angles [23]. The parabolic equation simulation
for the designed source distribution oriented for vertical po-
larization in the ¢ = 0° plane (Eys, ¢—,°) shows excellent
agreement with the measured main beam shape for both
vertical and horizontal polarizations; outside the main beam,
a large side lobe predicted in Fig. 17b is much reduced in
experimental results. For concision, only vertically polarized
results are illustrated in the remaining figures and tables of
this paper.
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TABLE 1. Comparison Between Measured, Simulated and Optimal Values
for the Half-Power Beam Width (HPBW)

P%ftm HPBW at HPBW at HPBW in
hpy=55m hpy=11m free space

Evg-0° 0.50 0.40 —

Ey =0 0.40 0.42 ———-

Eysg-0 0.51 0.41 0.40

Measured quantities appear in green text. For simplicity, only vertically polarized
results are shown.
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FIGURE 18. Measured and simulated relative power density vs. receiver
height, confirming the increase in power due to the ground bounce effect.

Table 1 compares the measured half power beam width
(HPBW) with simulated values for the designed aperture dis-
tribution Eys, ¢—o°. Measured HPBW matches closely with
simulated HPBW in the ¢ = 0° plane and with free space
HPBW in the 6 = 0° plane.

It is possible to determine the optimal receiver height at
1046 m standoff from the reflector by varying the height of
the horn, boresighting the horn and reflector at each height,
and measuring received power. Fig. 18 compares the result of
this experiment with simulation. A sharp increase in received
power is evident in the 4.5-5.5 m range, as predicted by simu-
lation. The measured enhancement due to “ground bounce” is
2.3 dB, which although slightly less than the predicted value
of 2.7 dB, nonetheless confirms the importance of terrain
scattering in the design of terrestrial power beaming links.

Fig. 19 compares the measured radiation pattern deter-
mined via scanning over a +0.24° range in azimuth ¢ and
elevation 6 with the measured power intensity determined by
varying x-y position in the receive aperture over a 1.5 m
range. Fig. 19a and b show projected coordinates in the x-y
and ¢-6 dimensions, respectively, for comparison. Increased
variation in power density vs. height is clear in Fig. 19b, as
predicted from the results in Fig. 18 — confirming the impor-
tance of spatial sampling of the received field for the accurate
determination of the incident power at the receive aperture.
The peak power density is 1643 W/m?.
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FIGURE 19. (a) Measured radiation pattern of the focused beam pattern
using the setup in Fig. 16a, with projected coordinates in the x-y plane.
(b) Map of power density in the receive plane using the setup in Fig. 16b,
with projected coordinates in the ¢-6 plane.

B. POWER TRANSFER

The transmitter in Fig. 3 is next used to beam power to the
rectenna array shown in Fig. 5b. The rectenna array is centered
at (hgx + Ah) = 5.5 m based on mechanical considerations
at the test site. Reviewing manufacturer’s specifications for
the maximum input power of the MA4E1317, the estimated
maximum power handling of the rectenna array (neglecting
losses in the microstrip antenna and matching network) is
444 W/m?. As shown in Fig. 20, the linearly actuated feed
in Fig. 3b can defocus the beam, providing a mechanism for
controlling power density over a >10 dB range. Fig. 21 illus-
trates the power density at the plane of the rectenna array with
the feed defocused at a displacement of 40 mm. During this
test condition, the received power density shown in Fig. 21b
is additionally reduced by a 2 x 1.3 x 1.7 m steel dumpster
abandoned directly in the line of sight of the transmitter at
262 m standoff. This notwithstanding, the transmitter provides
reasonably uniform power density at the plane of the rectenna
with 552 W/m? power density at the center of the target area.
The total power integrated over the aperture of the rectenna
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FIGURE 20. Variation in power at the center of the receive aperture,
measured using the setup in Fig. 16a, for different feed displacements at
the reflector antenna. Controlling the feed displacement defocuses the
beam, making it possible to control the power density incident on the
rectenna.
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FIGURE 21. (a) Measured radiation pattern of the defocused beam pattern
using the setup in Fig. 16a, with projected coordinates in the x-y plane.

(b) Map of power density in the receive plane using the setup in Fig. 16b,
with projected coordinates in the ¢-6 plane. Power density in the center of
the x-y plane is 552 W/m?.

array at this 40 mm feed displacement is 2265 W. Comparing
measured gain of the transmitter reflector antenna (including
the loss of the feed horn and the effect of terrain scattering)
between the two setups in Fig. 16 shows agreement within
0.20 dB — indicating that system losses are well controlled.
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FIGURE 22. Output power and efficiency for a single rectenna tile, shown
in Fig. 4b, vs. incident power density. The black line represents a linear fit
of the data.
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FIGURE 23. Output power and efficiency for the complete rectenna array
shown in Fig. 5¢ vs. incident power density. The black line represents a
linear fit of the data.

An individual rectenna tile is mounted in the center of the
target area as the incident power density sweeps over a 98
to 524 W/m? range. Fig. 22 shows the rectenna’s measured
output power across a 180 2 load and the corresponding
RF-to-DC conversion efficiency calculated by dividing the
output power by the total power incident on the surface of the
rectenna tile. Although not statistically representative, 16.5 W
output power is achieved at a power density of 522 W/m?,
corresponding to an RF-to-DC conversion efficiency of 68%.
A peak efficiency of 71% is achieved at a power density of
304 W/m?.

Repeating this experiment for the entire rectenna array
achieves 1649 W output power delivered to a 30-2 resis-
tor, as shown in Fig. 23, for the incident power density
shown in Fig. 21b. Integrating this power density over the
rectenna aperture yields a total of 2265 W incident power. The
corresponding RF-to-DC conversion efficiency is 73%. This
result compares well with the state of the art reported to date
at X band [1]. Repeating this experiment with the transmitter
and receiver oriented for horizontal polarization (not shown in
the figure) achieves 1581 W of output power at an illumination
condition yielding 2229 W of incident RF power, which cor-
responds to an RF-to-DC conversion efficiency of 71%. Note
that sources of experimental error in this efficiency calculation
could include the use of a calibrated horn to map the received
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power density in Fig. 21b, which may respond differently
to multipath scattering in comparison to the microstrip patch
elements in the rectenna.

C. OVERVOLTAGE PROTECTION

Overvoltage protection devices such as transient voltage sup-
pression (TVS) diodes and Zener diodes are sometimes used
[28], [29] to limit rectenna output voltage in the event that the
rectenna receives RF power while no DC load is connected.
No information, however, is available on whether such protec-
tion devices also enhance the survivability of large rectenna
arrays to excess power density encountered during ordinary
operation — i.e., when a DC load is connected.

Fundamentally, solid-state device failure is accelerated by
three factors: excessive voltage, excessive current, and exces-
sive temperature. It is hypothesized that constraining one of
these factors (voltage) could increase the margin of survivabil-
ity as another of the factors (current) increases with increasing
incident power density.

In the case of the MA4E1317 Schottky diode used in this
paper, the manufacturer is unable to provide reliability infor-
mation beyond the 20 dBm maximum RF input power specifi-
cation. However, since this paper’s variable-focus transmitter
can provide a controllable uniform high power density over a
large receive aperture, it is possible to experimentally evaluate
the impact of overvoltage protection on rectenna survivability
in a realistic system test. To do this, each of the four rectenna
quadrants shown in Fig. 4 is mounted, one at a time, on the
receive tower at the center of the target area. Individual 1 us
pulses of incrementally increasing power are transmitted at
each quadrant until damage/degradation is observed using an
oscilloscope to monitor the rectenna output.

The first quadrant in this test series has no overvoltage
protection. The second quadrant uses four 53-V TVS diodes
(STMicroelectronics 1.5KE62A) to protect 4 groups of 6
rectenna tiles within the quadrant. The third quadrant is
protected by four 56-V Zener diodes (ON Semiconductor
IN5370BG). The fourth quadrant is protected by shorting
the rectenna output; after each high power pulse, the short
is removed and the output is checked for degradation at a
nominal power density. As shown in Fig. 24, the unprotected
rectenna quadrant reaches an output power of 672 W before
incurring damage, indicating that the output power achieved
of the full array could have pushed significantly beyond 1.6
kW to as high as 2.7 kW before destruction. While the TVS
diode provides little improvement over the unprotected array,
the array protected by the Zener diode fails at 1.1 dB higher
input power density. The 1.7 dB increase in power handling
for the array protected by the short circuit establishes an upper
bound on the performance of overvoltage protection devices,
from the standpoint of response time and parasitic resistance.

It can be argued that the results in Fig. 24 are statistically
significant because (i) each quadrant contains 4872 diodes,
(i) the Schottky diodes in large rectenna arrays tend to “fail
safe”, degrading gracefully as an ensemble until severe failure
is reached [30]. Given the duality between power amplifiers
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FIGURE 24. Test to destruction for the four quadrants of the rectenna

array comparing the effectiveness of the TVS diode, Zener diode, and short
circuit protection for improving input RF power handling.
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FIGURE 25. Optimizing transmitter alignment to the rectenna array shows
a maximum of 1030 W at ¢ = 196.2° and 6 = 1.2°. The oculus pattern
results from the fact that the phase profile of the HUSIR transmitter is
fixed.

and rectifiers [31], a > 1 dB increase in RF power handling can
be understood as a substantial improvement in survivability.

D. LED DEMONSTRATION

The HUSIR transmitter and rectenna array shown in Fig. 7 are
used for a power beaming demonstration at higher duty factor.
Since HUSIR’s Cassegrain feed and subreflector are immobile
and focused at the far field, and since the 1.1 km link distance
is only 1.2% of HUSIR s far field distance, the field incident at
the plane of the rectenna is complex and irregular. To optimize
the alignment, the transmitter scans about boresight £1° in
azimuth and elevation while monitoring the rectenna output
power delivered to a 30 2 load. As shown in Fig. 25, a
maximum of 1030 W appears at ¢ = 196.2° and 6 = 1.2°.
The oculus power distribution in this figure corresponds to
simulated predictions.

A light emitting diode (LED) display is mounted beneath
the rectenna array at a 30° angle from vertical, allowing vis-
ibility from the ground and from the air. The array is con-
structed using KXZM BO8H51WGRN green LED strips with
adhesive backing. Each 25 mm segment of the strips contains
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FIGURE 26. Demonstration using the MIT HUSIR transmitter for higher
average power. (a) LED display. (b) Screenshot of a video available online
at https://ieeexplore.ieee.org/document/9662403/media#media.
Flickering in the video is an artifact of the camera sampling rate and not
visible to the human eye. The images are intentionally dimmed since the
brightness is excessive for the naked eye. (c) Output voltage and power of
the rectenna driving the LED load.

three 12-V LEDs and a 121 Q current limiting resistor. 12
groups of 2 parallel-connected 1.1-m strips combine in series
to create a 0.3 x 1.1 m display. The photograph in Fig. 26a
and video in Fig. 26b shows the display in operation — with
the brightness dimmed in the video since the brightness is
excessive for the naked eye. Referring to Fig. 26c, the pulse
width is 1.638 ms, repeated at a 50 Hz rate. Averaging 11
pulses and computing the average voltage within the pulse
shows 215 V, which corresponds to 1.05 kW dissipated in the
light display. In continuous operation (not possible here), the
LED voltage and power would drop to 213 V and 1.03 W,
respectively, based on the settled value at the end of the pulse.
Using an identical power sensor and calibrated antenna as in
Fig. 16a, the incident power at the rectenna is estimated via
¢-6 scanning as 1733 W, corresponding to 61% RF-to-DC
conversion efficiency. Since this efficiency includes at least
0.3 dB of polarization mismatch loss between HUSIR and
the rectenna, this calculated efficiency is considered more
approximate than the results reported in Section 4-B.

E. COMPARISON WITH PRIOR ART

Fig. 27 compares the demonstration in this paper with prior
documented results [32]-[48] for rectenna output power Vvs.
transmission distance. Both microwave and optical power
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FIGURE 27. Comparison of this work to prior documented results for
received power vs. transmission distance.

beaming results are shown. The highest result recorded result
is W. Brown’s 2.39-GHz demonstration of 34 kW received
at 1.55 km. The 9.7 and 10.5 GHz demonstrations in this
work exceed all other prior microwave results in terms of
transmission distance.

Table 2 summarizes the results in this paper in terms of
total RF power input to the transmit antenna and total power
received at the output of the rectenna. The overall link ef-
ficiency (i.e., the ratio of rectenna output power to the RF
power input to the transmitter) demonstrated experimentally
is 1.8%. The major limitation in this rapid demonstration is
the discrepancy between the transmitter’s peak RF power and
the limited power handling capability of commercial Schottky
diodes, which made it necessary to de-focus the beam in order
to limit power density at the rectenna to the 500-600 W/m?
range. Table 2 therefore provides case studies projecting po-
tential extensions of this work to higher levels of performance.
Case B reduces the RF transmit power by 4.4 dB so that the
beam can be fully focused on the rectenna without destruction,
increasing link efficiency to 5%. Cases C and D further in-
crease link efficiency to 25% and 44%, respectively, by using
larger rectennas. Cases E and F are the same as C and D,
but with a uniform aperture distribution (i.e., 0 dB amplitude
taper) so that the required rectenna sizes are less. Although a
uniform amplitude distribution is impossible with a reflector,
Cases E and F show what would be reasonably achievable
with a spatially combined architecture; the estimated output
power and efficiency in these cases is conservative since the
same transmit efficiency is used as for Cases A, B, C, and
D (i.e., aperture efficiency corresponding to 17 dB amplitude
taper conditions).
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TABLE 2. Summary of Results and Projected Extension to Higher Performance

PARAMETER THIS WORK CAseB CAseC CAseD CAseE CAseF
RF Input to TX 91.2 kW 33.0 kW 30.6 kW 30.6 kW 30.6 kW 30.6 kW
Antenna
Aperture Taper 17 dB 17 dB 17 dB 17 dB 0dB 0dB
2 2 2 2 2 2
Rectenna Area 449 m 449 m 302m 101 m 18.6 m 53.0m
Incident Power 2.27 kW 2.27 kW 15.3 kW 27.6 kW 15.3 kW 27.6 kKW
on Rectenna
Rectenna Output 1.65 kW 1.65 kW 8.11 kW 14.6 kKW 8.11 kW 14.6 KW
Power
RF-DC Conversion 1.8% 5.0% 25% 44% 25% 44%
Efficiency Across Link

In Case B, the RF transmit power is reduced so that the beam can be fully focused on the rectenna without destruction. Cases C and D are the same as Case B, but with larger
rectenna arrays. In Cases E and F, the aperture distribution is forced to be uniform for comparison.
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FIGURE 28. Comparison of GaN nano-Schottky diodes to the
best commercially available GaAs Schottky diodes (VACOM MA4E1317)
used in this paper. From [52].

V. RECOMMENDATIONS FOR ADDITIONAL RESEARCH
This paper has established the technical practicality of mi-
crowave power beaming across terrain. Key steps needed to
mature the technology for operational use include:

1. Scalable Spatially Combined Microwave Sources: The
reflector antenna used in this paper is low cost and effective,
but there is a drawback. A reflector has a single input for
microwave power, and unitary microwave power sources in
the >10 kW range are typically pulsed. Continuous sources at
>10 kW are rare, expensive, and difficult to maintain. A more
realistic alternative is to spatially combine the power from nu-
merous smaller microwave sources, as in active electronically
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scanned arrays (AESAs) [49]. Additional benefits of spatial
power combining are scalability to the application/distance
and the possibility of in sifu optimization of the aperture’s
amplitude and phase distribution in the presence of terrain.
Unfortunately, little work has been done to develop spatially
combined microwave sources that are both high power and
low cost. At S band, researchers are beginning to consider
both vacuum [50] and solid state [51] approaches, but chal-
lenges of size, weight, power, and cost are apparent.

2. High Power Handling Schottky Diodes: Brown’s his-
toric demonstration in [41] used custom S band Schottky
diode technology to achieve high power handling and high
rectenna efficiency. Since this technology no longer exists,
alternatives are needed to attain or exceed that level of perfor-
mance. Although GaN transistors can be used to make create
high power microwave rectifiers [28], additional performance
is expected using solid-state devices optimized for the rectifier
application. Recent results in GaN nano-Schottky diode tech-
nology from Teledyne Scientific Company [52], presented in
Fig. 28 and compared with the MACOM MA4E1317 GaAs
Schottky diodes used in this work, show major improve-
ments in breakdown voltage. If productized, such devices
could lead to records in rectenna output power at frequencies
>10 GHz.

3. Rectenna Power Management Subsystems. Although
implementation of rectenna power management and dc-dc
conversion are well established for battery charging and low
power applications [53]-[55], considerable work is needed
to integrate rectennas into general purpose microgrids. This
should be compared to the high level of development for pho-
tovoltaic power management systems [56]. In the case of high
efficiency rectennas, there are special design considerations,
such as the need to present an optimal resistive load at the
rectenna output [29] for optimal efficiency.
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VI. CONCLUSION

This paper presented several important technical demonstra-
tions. 1.6 kW of electrical power was delivered at >1 km
standoff from a 5.4-m-diameter X band transmitter. A 4 m?
rectenna produced the 1.6 kW of output power at a 73% RF-
to-DC conversion efficiency, which exceeds the current state
of the art at X band. A 2.3 dB enhancement in power density
at the target site was achieved by deliberate exploitation of a
ground bounce over cluttered, irregular terrain. Overvoltage
protection techniques increased power handling by >1 dB.
In addition, 1.2 kW of electrical power was delivered to an
LED display at 1.1 km. Technical measures to extend these
demonstrations to higher levels of power and performance
were also provided.

A key finding was the need to consider and exploit the
effects of microwave propagation across terrain in terres-
trial microwave power beaming applications. As a result
of these demonstrations, the feasibility of transmitting mi-
crowave power over terrain has been established. Recommen-
dations for additional research were provided to mature the
technology for operational use.
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