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* First unmanned spacecraft: Soviet Union’s Luna
in 1959; first photos of dark side by Luna 3

e U.S. NASA Apollo 8 (man orbiting mission) and
Appolo 11-17 manned landing missions

e After 1972, the Moon has been visited by only
unmanned spacecraft

e Rovers: Soviet 1973 Lunkhod, China 2013 Yutu

e Orbital missions since 2004: Japan, China, India,
the United States, and ESA

e Discovery of lunar water ice in permanently
shadowed craters at the poles and bound into
the lunar regolith

e Future manned missions to the Moon have
been planned, including government as well as
privately funded efforts.

e The Moon remains, under the Outer Space
Treaty free to all nations to explore for
peaceful purposes.

Zoya Popovic, University of Colorado, Boulder, 2014



Global Exploration Strategy (December 2006)
e Robotic precursor missions used to characterize critical
environmental parameters and lunar resources
e Human return to the moon no later than 2020
e Develop a solar-powered lunar base at the South Pole

* In-Situ Resource Utilization: use lunar
materials to produce oxygen and
extract water from ice reservoirs with a
robotic mission.

e Tested rovers on Mauna Kea, Hawaii, in
2010

Water on the Moon?

Zoya Popovic, University of Colorado, Boulder, 2014



Communications on the MOOF\

| LUCIS Link
Earth DSN=34m Network Architectu re

Ka-Band
And
\ S-Band

e Key Technical Challenge W|th the Lunar
South Pole
— Earth is NOT always visible
— Direct radio communication is not possible LUCIS1 ﬁ

— Lunar relay architecture expandable to
provide global coverage of the lunar
surface for human exploration phases

Ka-Band

Zoya Popovic, University of Colorado, Boulder, 2014



Lunar research station power problem & %

 How to deliver power to facilities on the lunar surface in places
where there is little or no sunlight?

e Load stations are planned to be 0.5 to 2km away from mountain-
tops where photovoltaic generation stations can be placed

e Each site expected to require 10kW of power

e (Cables estimated to have a mass of ~7,500kg for five load stations
— large distances, large mass
— sensitive to temperature
— expensive to transport from Earth to the Moon
— may be a safety hazard for lunar operations
— susceptible to solar flare induced transient effects
— large diameter due to high voltages and power levels
— difficult to manage due to residual cable stresses.
— difficult to move in the event that a different facility needs to be powered

Zoya Popovic, University of Colorado, Boulder, 2014



Transmlssmn Tower 2 Transmission Tower 3

Transmission Tower 1 Transmission Tower 4
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Facility 1

Facility 4E

| Transmitter 1 | Transmitter 2 | Transmitter 3 | Transmitter 4 | Total power
5kW 5kW 10kw
5kW 5kW 10kW
5kW 5kW 10kW
Facilityd | 5kW 5kW l0kw
Facility 5 [2.5kW (5kW) 12.5kW (0) __12.5kW (0) __[2.5kW (5kW) [10kW
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Wireless power beaming S0

Rectenna
array

|

Directive
antenna

Y.

Y

O~ e -
Y.

|

Transmitter

Input —
(usually narrowband)

DC
output

Demonstrated applications, relatively high power directive beaming:

e proposed for helicopter powering (Brown, 1984)

* solar-powered satellite-to-ground power transmission (NASA McSpadden et al.,1996;
Japan, Shinohara et al., 1998)

* inter-satellite power transmission, utility power satellites (Chang et al., 1992)

 mechanical actuators for space-based telescopes (Epp et al., 2000)

* small dc motor driving (Fujino et al., 1994)

e short range wireless power transfer, e.g. between two parts of a satellite

Zoya Popovic, University of Colorado, Boulder, 2014 U



Lunar base powering stations £

 Environment: no light at bottom of craters on the South Pole, but
continuous light at crater edges

e No wind, low gravity, short line-of-sight (small radius)
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Diviner Channel 8 Brightness Temperature Map (K)
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Block diagram of WPT system ﬁ;@

|_ -1
| | Microwave \ Rectenna
PV contro .
v 1 128v DC Transmitter } Rectifier
Photovoltaic Power | Transmitt(:r R;ctenna
Arr 1 Managemen :

24 @E agement | Supply Beaming Power
Energy | | Distribution Management
Storage _

: 1 = 1) (PCE) Mgeam) Mecd) Mew) 28V 0C
Power Circuit and
Energy Storage

\ /

Some parts are independent of the power
transmission system
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Efficiency breakdown

il R
My .
" w .: -

I

Efficiency Description Max Demonstrated
Per ntenna Total microwave transmitter DC-RF conversion 70-80% power and
Th = P’ efficiency, where Pre oyt IS the RF power delivered | frequency dependent
DC.in to the transmitting antenna. [3,4]
PCE Power-combining efficiency of the transmitter (no 80-90%, combiner-
single RF source provides the required multiple kW) | type dependent [5]
P trane Beaming efficiency between the transmit and receive | About 80% for far-
Mgeam = P ’ apertures, including the free-space propagation loss | field (see next section)
RF,Rec
Pocrectiieg | RECHITICALION efficiency of the rectenna, where the 80% [6]
TRect = P’ Input is the received RF power at the aperture, and
RF.Rec the output the non-regulated DC power
Pocout Rectenna power management efficiency requiredto | 85-90% dependent on
TMom = ’ produce given fixed output voltage rectenna number and
I:)DC,Rectified

power [7]
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Transmitter

Transmission Tower PMAD

ety | il [ =TT T T T
I | I |
l LI lon ' l — ™ T "'@'l}' ‘"i- :
: Balleries : : Power Transmitter I
: TEEDDAir | : | RPDA = _— |
| TBD kg I | == Er::rtrr :
: | : Power Transmitter TED W !
| { ] TBD kg |
[ [ 1 - TBD m |
: BCDU - DDSU [l MBSU [-»| SPDA |- ==+ < l
| | | Power Transmitter :
| T [ I |
| | |

8 —_ |
| b | —— @-| }——é
| | outputs | ™ ! :
I | I Power Transmitter l
| SSU From | | l
| Second | T

|

: Channel : : New Load ] I
[ | | e RPDA [— :
: : : » Tower Deployment | |
| Solar | | |
| Arra | [ |
| 88| o . | | —» Cmd &Ci1 | |
: TED kg | [ I
I TBD me Primary | | Secondary | Thermal Ctrl '
I m Power | I Power :
: System : : System I
M o o o — — — — — — s s o s e e -l o o o o o — — — — — — — o s s el ot ot e ot o et o s |

Zoya Popovic, University of Colorado, Boulder, 2014 11



PV Technology

Stretched Lens Arrays (SLA)
Deployed * Fresnel lens and high efficiency multi-

Stretched _ _ _ .
Lens junction cells provide improved PV

/—\ performance
1 Focal | - * The Fresnel lens concentrates the Sun power
Line density by 8:1

e light weight,
Radiator | ' | gg::e&r . if/:\:\/l’zble with a capacity of 100’s of
{1 - tion res
_l / 7 e provides good radiation resistance

* has a built in passive thermal
management (radiator)

* has a high specific power (~¥300 W/kg)

e can operate at high voltages (300 —
600V)

Bt 4

Lens Stowed Against Radiator

O’Neill, Mark J. Int. Conf. Solar Concentrators for the Generation of Electricity or Hydrogen, 2005, “ENTECH's Stretched Lens
Array (SLA) for NASA's Moon/Mars Exploration Missions, Including Near-Term Terrestrial Spin-Offs”

Zoya Popovic, University of Colorado, Boulder, 2014 12



PV Technology

For a lunar power
generation station, Entech,
ATK and NASA (Glenn
Research Center) developed
a2.5mby5m 4-kW SLA
square rigger (SLASR) array

This modular SLASR is
expected to be easily mass
produced.

Expected to have specific

power levels in excess of
1000 W/kg

O’Neill, Mark J., 4th World Conference on
Photovoltaic Energy Conversion, Waikoloa, Hawaii,
May 7-12, 2006, “Stretched Lens Array (SLA) for
Collection and Conversion of Infrared Laser Light: 45%
Efficiency Demonstrated for Near-Term 800 W/kg
Space Power System”

Zoya Popovic, University of Colorado, Boulder, 2014 13



* Lunar regolith is an insulator

Composition (wt %)
Compound

Maria Highlands
Silica SiO, |45.4% |45.5%
Alumina AlLO; | 14.9% | 24.0%
Lime CaO [11.8% |15.9%
Iron Oxide FeO |14.1% |5.9%
Magnesia MgO | 9.2% 7.5%
Titanium dioxide | TiO, | 3.9% 0.6%
Sodium Oxide Na,O | 0.6% 0.6%
Total 99.9% | 100.0%

Zoya Popovic, University of Colorado, Boulder, 2014
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Surface of the moon highly charged
due to interaction with the local
plasma environment and solar
radiation-induced photoemission of
electrons

Surface static charging is periodic
over both short and long timescales.

During the lunar day, surface charges
positively, at night negatively.

Due to orbital variations, the moon
has periods of time where interaction
with the geomagnetic plasma sheet
of the earth creates enhanced
charging. Cycles peak approximately
every 18 years

Static potential of the lunar surface
varies daily between +10 and -600V
and possibly to several kV

Zoya Popovic, University of Colorado, Boulder, 2014
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Grounding %ﬁ‘

e Grounding : electrical connection of the primary reference of the electrical
device to a large enough conductive mass such that charges transferred to the
mass do not result in a significant increase in the overall charge of the mass.

 Power beaming has significant grounding advantages when compared to
transmission via cables.

e \Various approaches to lunar grounding (charge management) proposed:

e Use of grounding rods with the
injection of conductive materials
into the lunar regolith

* Use of ion/electron guns to expel
positively or negatively charged ions

e |on Proportional Surface Emission
Cathode (MIT)

e Field Effect Emitters (Space
Systems/Loral)

Zoya Popovic, University of Colorado, Boulder, 2014
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WPT Channel

On lunar surface, 2km range requires towers for the transmit antennas
(1737.10 km (0.273 Earth’s))

Towers for the rectenna receivers in order to provide safety of personnel

at the load stations.

Example: ATK’s Folding Articulated Square Truss (FAST) Mast technology
— installed on the International Space Station in 2006, <8ft to 115ft

— A motor driven, internally-threaded
canister shell to extrude the boom

— Stowed and transitioning portions of boom
are fully contained within canister

— Near full stiffness and strength throughout
deployment

— Large deployment push force capability
— Remotely retractable and deployable
— No rotation during deployment

Zoya Popovic, University of Colorado, Boulder, 2014 17




 Frequency choice: tradeoff between antenna size, transmitter
amplifier PAE and rectifier efficiency

e DCinputis 128V, some DC-DC conversion needed to supply the
required voltage needed for microwave devices (typically 8 to
48V range). Can be very efficient (98% is relatively easy to

demonstrate).
e Power combining needed at transmit

7

Number Of Al 7 ) Power Transmitted
Subarrays Elements Per Per Subarray
Subarray
350 64 22W (28 W)
175 128 45 W (56 W)
130 170 60W (75 W)

Zoya Popovic, University of Colorado, Boulder, 2014



e Below 1GHz, efficient LDMOS for higher power PAs
e Above 1GHz, GaN PAs have PAE>80% for 5-10W output power,

60% at X-band
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WPT Receliver

— { Rectenna
Directive N array
antenna \C}{‘
@—< Radio-wave . K“
illumination AC (RF) \éf
Transmitter .,
Input \é
(usually narrowband) - oc
\ Kf output
v

Power-combining array of
active transmit antennas

Array of antennas
integrated with rectifiers

Zoya Popovic, University of Colorado, Boulder, 2014 20



A/ID=1°l4r

Rectenna array illumination

nBeam = lZRZ

PRF,Rec

P (mWiem 2)

720
672
624
57.8
528
430
432
| 384
e
288
240
182
144

98

beight & (cm)

48
0.0

0 100 200 300

Position r (em)

tané ,,, =d/R = 2d = aperture.

PRF ,frans AT rans ARec

Beaming efficiency

e Measured power flux
from parabolic
transmitter at receiving
rectenna. The power
exhibits radial symmetry,
with peak power flux
occurring in the center
(details can be found in
reference

N. Shinohara and H. Matsumoto, “Experimental study of large rectenna array for microwave energy
transmission,” IEEE Transaction MTT, vol. 46, no. 3, pp. 261-267, Mar. 1998.

Zoya Popovic, University of Colorado, Boulder, 2014 21



Beaming efficiency for multiple

tan 0 ;4 = di/R; = 2di = aperture. Ny = i _ AA R. =x/l K >1000

T 42p?2 ]
AID, =224z AR
4 4
P, =3P AN AASH
30000 - Ri — Ti /12 RZ — /14 : 2
— D=05km], F=1[GHz] 1=1 ij 1=1 Kij
& D=05[km].F=5[GHz]
—%—D=20[km], F =5 [GHz]
25000 | —=—D = 0.5 [km], F = 10 [GHZ] PR' A| A-
— & D=20[km], F = 10 [GHz] n. = J — J
ij 4 2
5 A
20000 Z PTi / K
i=1

15000 Example plot of product of

transmit and receive apertures, in
square meters, for 3 frequencies
and 2 ranges (R=D=0.5 and 2km).
The graph shows how the size
varies as a function of beaming
efficiency.

AtAr Area [m2]

10000

Beam Efficiency [%]
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'-J"'

aggriie A

A A, =081 -(2km)> Beaming efficiency =80% &« . = '

Transmit aperture .
Frequency/ Receive aperture

AT AR No.ofel. N

No. elements N
Wavelength Directivity D

all

d=18m

2GHz / 15cm AUy 16m x 16m 0.48° 16m x 16m
Not in far field at N=106 x 106 FF~14km! N=106 x 106
all D=51dB -
Borderline far 10m x 10m, N=133 x 133 0.77° 27m x 27m
field D=47dB FF~2.7km N=360 x 360 -
5m x5m, N=67 x 67 1.59° 54m x 54m
D=41dB FF~670m N=720 x 720 W
5GHz / 6 cm  [FEEZUE 10m x 10m, N=333x333  0.32° 10m x 10m m
Not in far field D=55dB FF~3.5km N=333 x 333
Borderline far 5m x 5m, N= 150 x 150 0.63° 21m x21m
field D=49dB FF~1.7km N=700 x 700 m
3m x 3m, N=100 x 100 1° 36m x 36m
D=44.8dB FF~600m N=1200 x 1200 m
Nl 2880 m 7.3m x 7.3m, N=485x 485  0.23° 7.3m x 7.3m “
Not in far field at D=58dB FF~7.1km N=485 x 485

3m x 3m, N=200 x 200 0.51° 18m x 18m
D=50dB FF~1.2km N=1200 x 1200

Zoya Popovic, University of Colorado, Boulder, 2014 23
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Power Capacity: 43dBm;

Wan Jiang, Biao Zhang, Liping Yan, Changjun Liu, “A 2.45 GHz Rectenna in a Near-Field
Wireless Power Transmission System on Hundred-Watt Level” IMS 2014
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Maximum Conversion Efficiency: 68.3%.
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Id (A)

-0.5

-1.0
L L L L L L —1.D|.|||.|.|||| L R —

Transistor PA-Rectifier Duality %ﬂ

Power Amplifier Rectifier

1.0 1.0

05 0.5

0.0— D.U‘—_

Id (A)

05—

S0 40 80 20 00 1o 20 30 40 50 60 50 40 30 20 10 O 10 20 30 40 50 60

va(y) vd (V)

Both simulations performed with 8x75 um GaN HEMT nonlinear
model at 2.14 GHz in a Class-F circuit with 5 terminated harmonics

Simulated GaN transistor |-V curves (gray), dynamic load lines (red),
drain DC bias point (black circle), and transistor characteristic (blue)
atvgs=-49V

Power swept from 0 to 40 dBm (Vdd = 28 V for PA operation)

Zoya Popovic, University of Colorado, Boulder, 2014 25



Transistor PA-Rectifier Duality

Power Amplifier Rectifier
A . A e [ 60 200
S04 | 600 _ 50+ 0
0 o~ =
S = > 40 i =
= =
o 400 G5 o 200 3
> I
@ 200 =3 20 _ .
= =g 20 400 &
- L E . | 3
= o £ 104 >
600 —
) ._ W T 0+ T I
Ot 7111111 1200 A0 800
0.0 010203040506 070809 1.0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Time (nS) Time (nS)

 Simulated GaN transistor time-domain intrinsic drain voltage
(blue) and current (red) as the power is swept from 0 to 40
dBm (Vdd = 28 V for PA operation)

 High efficiency PA and rectifier operation achieved with time-
reversal duality of transistor’s main current source
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0and selt-synchronous rectifier

RF Power Amplifier PoutRE = PinRF RF Power Amplifier
DRAIM ::5{::- Tt DRAIM
GATE GATE
MTCHINGENMTCHING % MATCHING FMATCHING
= oUeL - ZTum&r
_ + + _
V _ - — —_V
GG |+ — Vbb Vout.DC RDC =
Drain - Gate

+
Rpc L_ Ves Tuner
RF source /
I 2
[ = b= PA, == %
al [<| | 1w

0o <&

| , Sub-sampling
_ é:l t = = Filter
Die = Harmonic Terminations SWAP ADC

Zoya Popovic, University of Colorado, Boulder, 2014

} Attenuators

"

27




: Az rectifier .

o,

{015 20 25 30 35 40 45 {0 15 20 25 30 35 40 45
Pin (dBm) Pin (dBm)
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Rectifier, self-synchronized
2.11GHz, Class F-1

85% conversion efficiency
Vout = 35V, Pin=10W

Vout = 26V, Pin=8W

(o]
o

(0)] ~l
o (&)1

N
()]
PAE (%)

w
o

15 90 40
5;15 10 ;5 | o 5 1io 15 20 25 o0 | RDC(Ohm):2l1 o 9A8 [
Pin (dBm) ¥'70 N e ————— —-_ S —_., SR 30 ;
Amplifier, 2.11GHgz, Class F-1 ~ geo ‘ ---------------------------------- % 8
Ol A AL s
PAE=83% 5 % # ~ 5
L1 40 - of- -t of ' ffffffffffffffffffffffffffffffffffff 15 O
Pout=8W at Vdd=28V - Rz =
. ! L 140
“High-Efficiency Harmonically Terminated Diode and 1 = 1
Transistor Rectifiers,” M. Roberg, T. Reveyrand, I. - -+5
Ramos, E.A. Falkenstein, Z. Popovié, IEEE Trans. i ' . . ' ' "
Microwave Theory Tecnh., Vol. 60, No.12, pp.4043- 10 15 20 95 30 35 40 45
4052, Dec. 2012 Pin (dBm)
29
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0.15 um TriQuint GaN MMICs i;ﬂ

Circuit A Circuit B

2.3 mm
3.8 mm 2.0 mm
e Single-stage * Single-stage, power
e 10x 100 um FET combined with non-isolated

reactive combiner
e Two 10x 100 um FETs
 Biased in deep Class-AB

e (lass-B bias in pinch-off
e QOptimized for PAE

Zoya Popovic, University of Colorado, Boulder, 2014 30



-h..,.*

PA Measurement Setup £

4 Channel time-domain receiver operating as LSNA

Couplers acquire absolute incident and reflected
waves

SOLT calibration at fundamental and 2" harmonic

) ~ Coupler CMMIC Coupler
. )® L - ®! PA - - r
G Driver BRRREhhhhhb
Dqé Jo Passive Tuner
=)
SWAP

Zoya Popovic, University of Colorado, Boulder, 2014



Peak PAE = 67.87%

RF Input Power [dBm]

o = -

neak npe = 78.36% Ve =-40V

D =26.42dBm  * Vpp =20V

P .=35.16dBm ° f,=10.1 GHz
~ 75 o 1025 _

> | o - O

S 260 J° 10.20
5 0 45- o’ =015 5
O W | - O
% 5 30- 1010 §
- B
*§§ 15 : - 0.05 3
S § 0 T 1 1 1 T 1 | T T 1 T ! T - 0.00IZ
“ g 12 16 20 24 28
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Peak PAE = 54.47%

peak Ny =65.75% Ve =-34V
P =26 dBm * Vop =20V
. =35 dBm + f,=10.1 GHz

o
o

S
o

RF Output Power [dBm]
Power Added Efficiency [%]
N
o

12

16 20 24 28 32
RF Input Power [dBm]

S
X

o
N

[v] Juaiing uleag 9@

S
-

O
o
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Rectifier Measurement Setup <

e 4 Channel time-domain receiver operating as LSNA
e Inputis RF drain of DUT, output is DC drain of DUT
 Gate is DC biased and RF terminated (self-sync)
 DCdrain load, RF gate termination, V. are swept

Passive = —
| Tuner
. Vg —— : @
Active Loop o = i

—O)— + {IZ : e —)< i—()
va gL il

2 P ‘ 4-channel receiver

Zoya Popovic, University of Colorado, Boulder, 2014



Important Rectifier Parameters « %

e = Poc 2|Vpcl?
R — - *
PRF,injected Rp - Re{Vp(fo) - ID(fO)}
VGG =-4.7V /// o ‘K\\\ —
— 7 T \ Z,..q — Large Effect
. / ¢ \ — Active loop used to
: I ‘1' obtain optimal RF gate
. Drai Vs
VGG =-3.7V E \ r/afln\\:\/GG Sweep }I load
: \eowerswees Vg —Moderate Effect
o NN \\ ) B ] ]
15RF Poivoer on f)srain Pefrt [str:] * \\H____#__/// Class-B or class-C to

ensure rectifier mode

Ro= 80Q
.FLoaC\
- / . Ry —Moderate Effect

Ro = 60Q '/ \

Rb =11600 FDram | — Set by theory of class
i %\D Sweep ' of operation of PA dual
: A — Small effect on ng

I | LI | LI | | LI I I | I LI I LI B | Power Sweep . .
15 20 25 30 35 40 — Impacts RF input
RF Power on Drain Port [dBm] impeda nce
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* Peak ng =64.40%
¢ V.
* R,
* Z,.4=8.45+)24.5Q
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* Peak ng=63.94%
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PA / Rectifier Comparison

| PowerAmplifier | Rectifier

Circuit A B A B
Peak Efficiency (%) 67.8 56.4 64.4 63.9
DC Power (W) 4.2 5.1 1.7 3.2
RF Power (W) 3.3 3.4 2.6 5.0

» GaN HEMTS are good candidates for both PA and rectifier
operation

» High-efficiency, self-synchronous, transistor rectifiers can be
designed as PAs and then operated as rectifiers

> A need exists for non-linear transistor models extracted from
first and third quadrants of |-V curves

» Due to high power levels in wireless power beaming, GaN
HEMT rectifiers are suitable

Zoya Popovic, University of Colorado, Boulder, 2014 38
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' ' e A
Other aerospace WPT applications S

 Micro and nano-drone powering

 Harvesting satellite antenna sidelobes for low-power
sensor powering

e Structural health monitoring of aircraft

e In 1964, with an Air
Force contract,
Willian Brown %
demonstrated a ; |
wirelessly-powered
helicopter (dronel!)
Power at 2.45GHz
was beamed onto
the array and the

helicopter flew for
over 10 hours

Zoya Popovic, University of Colorado, Boulder, 2014 42



ol S

Recharging battery wirelessly on ground
Recharging periodically in flight
Recharging in confined environments
Recharging multiple micro-drones

VDC

Source  High-efficiency  Transmit
Power amplifier antenna

Zoya Popovic, University of Colorado, Boulder, 2014
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| Tone burst ! Tone burst
E signal I signal to one sensor
. | Ultrasound Multiol — »/ Embedded
! ultiplexer | eceive
| Pulser P | sgnalfom | Transducer
: : other sensors Array
lr = = e =1 | |
l———— bC E | Reset and Clock f Received E
|| Power powefrl esetand tloc signal |
|‘ harvester : | Sample Clock l i
|k ) O v v ' E
L-——--- - : A/D converter i
Microprocessor ‘ :
x ~ |
Serial data Command & control i

Wireless i )
900MHZ or Zigbee | Wireless
Module Wireless Channel ! . to PC
| Recelver

' Embedded SHM device

through UART ‘

______________________________________________
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Rectenna array single
frequency, 10GHz, LP

Localization Result

+

Defect detection when wirelessly powered .

DC Power
Processing

Separate Sensor

Power Source

+15V

Sensor

Query
Electronics

Rectenna Array
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Processing

Back of wing with

piezo-transducers

Localization Result

-10 5 0 5 10
mm
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Powering in

Recharging battery wirelessly on ground
Recharging periodically in flight
Recharging in confined environments

s w e

Recharging multiple micro-drones

VDC

/\ .
Source
~ Y/ /

High-efficiency  Transmit
Power amplifier Antenna array
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1
Line-of sight link: P =n.PG; A e
g R.DC UCTTR47ZD2T
/N\ q\
Conversion Polarization
efficiency mismatch
D~5m
Antennagainand A G Half-power 32000
electrical size: yE N A beamwidth: HBdB ~ G
P
XYY YY g
D 1

Time it takes for drone to fly through single beam: t=K

v AR

1 |
(Eyor ) max = K17 P, Y A, % Maximum possible energy available for storage
Vv

-for a given D and v, determines size of transmit
antenna array (K~0.9)
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variable valve

P transmitted
n RF-DC

Area of rectenna

\ Powering distance
\ Transmit array size
D~5m Transmit gain
3-dB beamwidth
P, Micro-drone speed

:|'_‘ I‘ 'I '_'|'_’ G, Time through beam

Received energy

Zoya Popovic, University of Colorado, Boulder, 2014

100W

50%

0.1m?

5m

10 A x 10 A
1200

10 deg
5m/s

15s

1 kJ
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3. Recharging in confined environments
4. Recharging multiple micro-drones

VDC

b é‘ SHEREE High-efficiency Transmit

‘ Power amplifier antenna

Source
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Antenna possibilities on micro-drones
Transmitter antenna arrays, receiver arrays

Propagation environment (caves, etc.) and
allowed power densities

Polarization, varying power density, varying
frequency

Short

\/4 @ 2.45GHz

Zoya Popovic, University of Colorado, Boulder, 2014

IMS competition:

Dual frequency
2.4GHz and 915MHz
1uW/cmA2

printed Yagi
capacitor and diode
0.5gr mass
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Nikola Tesla’s United States Patent No. 685,954, Nov. 5, 1901
Method for utilizing effects transmitted through natural media

Claim 11:

“...utilizing effects or disturbances transmitted through the natural media
from a distant source, which consists in storing in a condenser ... electrical
energy derived from an independent source, and using, for periods of time

predetermined as to succession and duration, the accumulated energy so
obtained to operate a receiving device.”
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