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WARFARE CENTERS

Wireless Power/Energy Analysis Tool
with User Interface

NOTE
» Naval Innovation Science and Engineering (NISE/219) funding

» Internal Rapid Experimentation (IRE)
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Why Develop Tool?

 Simplify and streamline initial wireless power/energy parametric
analysis
— Saves effort, time, and money
— Aid in teaching/learning

o Standardize procedure
— Consistency amongst research community
* Avoids ambiguity
* Reduces possible errors

« Base tool allows for evolving multi-purpose platform
— New measured data
— Incorporate other relevant systems/information

Distribution Statement A — Approved for public release. 3

HARNESSING THE POWER OF TECHNOLOGY FOR THE WARFIGHTER




How Develop Tool?

e Formulas
— N. Shinohara [1]; W. Brown and E. Eves [2].

e Closed form equations

— J. McSpadden, L. Fan, and K. Chang [4]; T.-W. Yoo and K.
Chang [7]; Y.-J. Ren and K. Chang [8]; C. Valenta, M.
Morys, and G Durgin [11].

Measured data

— W. Brown [3]; J. McSpadden, L. Fan, and K. Chang
[4]; P. Koert, J. Cha, and M. Macina [5].

Creativity
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WARFARE CENTERS

Wireless Power Analysis GUI
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.72 Default GUI: Wireless Power Analysis

WARFARE CENTERS

Tabs Parametric Analysis Graphs

Link to instructions

- . ——
r Wireless Power Analysis | Diode Analysis
1
I Click here to open instructions 1 1
I Input Variables Output Variables 1 1 1
I| —————— Frequency (f) I 100 meclenna R|I=-io-DC Conversloln Eflcleney . 1] [ Analysis Summary 1
1 _ GHz || —=— 2.45 GHz (Measured) [1] I 1
| I| 90 | —=— 5.8 GHz (Measured) [2] ] 1 . 1 2 3 4 1
1 | —e— 35 GHz (Measured) [3] 1] Input Variables I
1 Power Density (p ;) ———— Il 4 11 Frequency [GHz] - - - - 1
I - 11 Pawer Density [mW / em?] - - - -
| 2 i = 1
1 - mW /em Il “a 8 11 Transmitted Power [W] = = = = I
1 II g 11 Transmitter Aperture [mzl - - - - I
i : 2 _ _ _ _
1 Transmitted Power (P) Il 3 1 REDENEFADE.H“'E (7] i
I II 2 1 1 Calculated Distance [m] - - - -
- w ] inimum Distance [m - - - -
. ¢ | | e !
I iy T _
I Il 1 Efficiency 1
Separation Distance (D) = i Rectenna [%] — — — — 1
I I I I 1 1 - _ _ B B
- - m I 1 10 100 1000 e Lo ]| 1
1 | 2 1 -
I II Py [mWiem=] II Atmospheric [%] - - - - 1
7 » Total [% - - — — 1
| Transmitler Aperture Area (A ) :l 100 . CollectlonlEfflclency . 1 1 1
1 S _ i 1] Output DC Power 1
1 @ Circular (1 Rectangular :l - | :' DC Power [W) I
1 " I 1
i - = 1
]| | Diameter = - ol Il = el Visual Representation of Aperatures _ ] 1
| . i | Com ,
1 LxW= - m X - m 1 5 40 I
1 :I =§§ E DC Power Output I
1 I| 20 1 1
1 Receiver Aperture Area (A ) ————— |I 1
(s | 0 ! I . | |
: @ Circular ) Rectangular |I 0 05 1 15 2 25 3 :
[ i iy v i
1 PEE S = - m II Atmospheric Efficiency
I k 100 . ‘ T : T T 1
1
I | Lxw= - m X - m :' sl J Not encugh data points 1
: | e |
g F 4
Parametric Analysis ————————— || o & I
1 I i i
Il | Select Data Point Independent Variable Il E 40 F - 1
I Freguency ] II =:.é I
I Dependent Variable |: - oaf 7 1
: Separation Distance - II 1
| 0 . . . . . . i
Data Point 6 I
I | |Sata points i [ﬁma = I| 0 5 10 15 20 25 30 35 Distance [m] I
1 | Frequency [GHz] 1
T

Input Variables Output Variables
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.72 WPA Features 1: Tabs & Inputs

WARFARE CENTERS
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- . i | F [GHz] - - - -
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L
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NAVSEA WPA Features 2: Inputs

WARFARE CENTERS

Wirelss Pawer Analysis | Diode Analysis

Click here to open instructions
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NAVSEA WPA Features 3: Outputs

WARFARE CENTERS
CRANE o
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NAVSEA

WARFARE CENTERS

WPA Example 1
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WARFARE CENTERS
Wireless Power Analysis Diode Analysis
r Input Variables r Output Variables
—— —_— Rectenna RF-to-DC Conversion Efficien
AR, 100 T T = r Analysis Summary
545 GHz —=— 5.45 GHz (Estimated)
| ——sssiztkmaa ' e s —
—=— 5.8 GHz (Measured) [2] Input Variables
Power Density (pd) 80 [| —= 35 GHz {Measured) [3] i Frequency [GHz] 5.4500 - - -
= Power Density [mW / cm2] 5 - - -
5 mW / em? £ -
w 70 - Transmitted Power [W] 5000 - - -
% Transmitter Aperture [m2] 1.7671 - - -
. I
: 2o 3.1416 - - -
Transmitted Power (P} g o0 (N REDErverApfrture [m~]
= Calculated Distance [m] 241497 - - -
5000 w 50 —I—r aC k i n D O tS Minimum Distance [m 5.4000 - - =
40 g Efficiency - _
Transmitter Aperture Area (A4) v 7 Rectenna (%] 78 4158 _ — —
10 1 1 I I L - - -
@ Circular © Rectangular 0.01 0.1 5 10 4 100 1000 EaECion] (] COEED
P, [mwiem?] V4 Atmospheric [%] -~ -~ - -
; Total [% 75.0271 - - =
Diameter = 15 m o Collection Efficie]
T T
Output DC Power
LxW= = m X = m 80 4 DC Power 3.7514e+03
E Visual R tati f A it I .
s %or = s 1 (Export Data |
Recelver Aperture Area (Ap) § 2
= LA
@ Circular ) Rectangular :-E 40 - [ | [ DC Power Output
Diameter = b m 2 1} [ ] | /|
[\ Separation Distance = 24.1497m N
0 I 1 | 1 I /| i
- 0 05 1 p 15 2 25 3 P | t
LxW= - m X - m
S ] -| | Populating
Atmospheric Efficiency _' g
Separation Distance (D) —————— 100 T T " T T —
\ £
[ ]
241497 m 80 b ‘ ’ N 8 Not enough data points
£ { g
s ol Apertures |
Parametric Analysis E g
2 o
Select Data Point Independent Variable g 40 I 4
- s
Frequency | R:q
Dependent Variable 27T 7
Separation Distance A
J 0 . I I 1 I .
Data Point 6
Data Point 7 i Reset Al 0 5 10 15 20 25 30 35 Distance [m]
Frequency [GHz]
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NAVSEA

EX: 1.2

WARFARE CENTERS

Wireless Power Analysis | Diode Analysis

r Input Variables r Output Variables | /\
—— —_— Rectenna RF-to-DC Conversion Efficien I_|
AR, 100 T T = r Analysis Summary Yy
- GHz —=— 2.45 GHz (Measured) [1] Npp— -~
00 || —=— 5. Grz (Veasued) 2] | _Im
r —=— 35 GHz (Measured} [3] Input Variables
Power Density (p)& 80 4 Frequency [GHz] 5 4500 - - -
Mo oy Power Density [mW / cm?) 5 5 - -
5 m \m w70 . Transmitted Power [W] 5000 5000 - -
a % Transmitter Aperture [m”] 1.7671 1.7671 - -
2 J 3 %
; 60 S Receiver Aperture [m°] 31416 3.1416 - -
— Transmitted Power (P.) —3\— g
ransmi ower (Pr) N o Calculated Distance [m] 241 - - -
5000 w L'} 50 7 Minimum Distance [m 5 adffc - - -
\\ 40 T Efficiency
Transmitter Aperture Area (A 1) ————— \ w0 . . Rectenna (%] P 76,4158 — — —
@ Circular () Rectangular 0.01 0.1 1 1000 e cron][b4] V4 CElEs - - -
Atmaspheric [%] & - - - -
ez [ (2) Waiting for input

e : - : . ol U | 3.75148+03
Visual R tation of Aperatures

veryer— | Copies over fixed data
@ Circular () Rectangular 3/ (3) TO g et O u t p u t Ag ,v DC Power Output
- |

’
Diameter = 2 m U 20
4 ’
y 4 0 I 1 1 1 I 2
LxW= B m X B m | 0 05 1 15 2 25 & 3
3 ' ol 2
£ g
—————— Separation Distance (D) —————— ( l) S d D P 3 7 T )
P o
- m "’ eCO n ata O I n t _ 8 Not enough data points
] £ 2
> 1 L 4 5
————————— Paramelric Analysiy-; 60 8
- @
Select Data Point >y ﬂepern!ent Variable 40 b B
Frequency > o
Dependent Variable 207 h
Separation Distance A
) 0 1 I I 1 I 1
Reset Al 0 b 10 16 20 25 30 36 Distance [m]

Frequency [GHz]
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WARFARE CENTERS
Wireless Power Analysis | Diode Analysis
r Input Variables r Output Variables
—— —_— Rectenna RF-to-DC Conversion Efficien
Iz ey 100 T T = r Analysis Summary
35| GHz —=— 35 GHz (Estimated)
90 [| —=— 2.45 GHz (Measured) (1] ] . 1 2 3 4
—=— 5.8 GHz (Measured) [2] Input Variables
Power Density (pd) 80 [| —= 35 GHz {Measured) [3] i Frequency [GHz] 5.4500 24 30 3|
= Power Density [mW / cm2] 5 5 5
5 mW / em? £ ;
w 10 e Transmitted Power [W] 5000 5000 5000 501
% Transmitter Aperture [m2] 1.7671 1.7671 1.7671 1.767]
- 7
- 31416 3.1416 31416 3.141
Transmitted Power (P} g =Y REDENHAPE.MFE (7]
= Caleulated Distance [m] 24.1497 106.3472 132.9340 155,088
5000 w 50 3 Minimum Distance [m 5.4000 237300 29.7250 34,679
40 3 Efficiency
Transmitter Aperture Area (A4) | | I ‘ Rectenna [%)] 78.4158 57.5827 51.7803 47.719]
30 N
® Circular ©) Rectangular 0.01 0.1 , 10 100 1000 CollEoion|[%] e T R T T
Pd [mWWfem <] Atmospheric [%] - - - -
. Total [% 75.0271 55.0943 49,5522 45,656/
Diameter = 15 m o Collection Efficiency
T T
Output DC Power
LxWs= . m X . m 80+ i DC Power [W] 37514e+03 2 754Te+03 24T776e+03 2 2328e+0
S Vet R satlon of Aosrat
s %or = s 1 (Export Data |
Receiver Aperture Area (Ag) §
@ Circular ) Rectangular g 0T DC Power Output
= 3800 T T T P LI
Diameter = 2 m 20 - b 1 ®  Frequency (5.45 GHz) I
Separation Distance = 155.0897 m 3600 ®  Frequency (24 GHz) ’I
0 : ! L ! : 1 Frequency (30 GHz} I
LxW= B m X B m 0 05 1 15 2 25 3 2400 - 1 ®  Frequency (35 GHz} i
T
T 3 A ———
Atmospheric Efficiency g 3000 rd ]
Separation Distance (D) = 100 T I I T I T a s
i
3] L N
155.0897 m _ 8o0f {5 & 3000 4’
= 2
£
Parametric Analysis T: i ] g 28001 I d d t |
2 g naependaen
Select Data Point Independent Variable E 40 F 4 2600 E
Data Point 1 2| [Frequen - s .
o e - £ | I .| Variable ,
Data Point 3 Dependent Variable £ 2400
Data Point 4 - ]
Data Point 5 Separation Distance | 0 ! | | ! | ! 2900 ! | | | ! ‘
! T ——
Data Paint 6 0 5 10 15 20 25 30 35 20 40 80 100 o 140 160
Data Point 7 o Reset All s | i
e (4] o el ]
-7 )
- 1
Generates Plot Graph ¢
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NAVSEA

WARFARE CENTERS

WPA Example 2
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WARFARE CENTERS

Wireless Power Analysis | Diode Analysis

r Input Variables r Output Variables
Rectenna RF-to-DC Conversion Efficien
Iz vy 100 T = r Analysis Summary
- GHz —=— 2.45 GHz (Measured) 1]
g f| === 5.8 GHz (Measured) [2] o . 1 2 3 4
—=— 35 GHz (Measured} [3] Input Variables
Power Density (p ) 80 F . Frequency [GHz] - - - -
2 = Power Density [mW / cm2] - - - -
- mW /cm = . Transmitted Power [W] - - - -
% Transmitter Aperture [m2] - - - -
o 60 3 Receiver Aperture [m2] - - - -
Transmitted Power (P g
(#p) = Calculsted Distance [m] - - - -
_ w 50 T Minimum Distance [m - - - -
40 3 Efficiency
Transmitter Aperture Area (A4) Rectenna [%] — - — -
30 1 1 I I - _ B _ B
@ Circular ©) Rectangular 0.01 0.1 5 10 100 1000 e il [.%l
Pd [mWWfem <] Atmospheric [%] - - - -
. Total [%
Diameter = - m o Collection Efficiency
T T
Output DC Power
LxW= = m X = m 80 4 DC Power [W]
E Visual Representation of Aperatures
5 oo 1 (Bomoss |
Receiver Aperture Area (Ag) §
@ Circular () Rectangular R
gt :-8 m DC Power Output
Diameter = - m 2 ]
0 I 1 1 1 I
LxW= B m X B m 0 05 1 15 2 25 3
T z
Atmospheric Efficiency g
Separation Distance (D) 100 T T T T T T =
o
- m _ 8of _ 8 Not enough data points
= 2
@ L i 3
Parametric Analysis g =
H g
Select Data Point Independent Variable g 40 I B
Data Point 1 + | |Separation Distance - =
Data Point 2 : = | |
Data Point 3 Dependent Variable £
Data Point 4
Data Point 5 D e T q ! ‘ ‘ ! ‘ !
Data Point 6
Data Point 7 i { Reset All \ 0 5 10 15 20 25 30 35 Power Density [mchmZ]
A3 Z Frequency [GHz]
N P
——

Reset All
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LB L]
WARFARE CENTERS
Wireless Power Analysis | Diode Analysis
r Input Variables r Output Variables
— —_— Rectenna RF-to-DC Conversion Efficien
) 100 T T = r Analysis Summary
545 GHz —=— 5.45 GHz (Estimated)
g0 | —= 2.45 GHz (Measured) [1] il . 1 2 3 4
—=— 5.8 GHz (Measured) [2] Input Variables
Power Density (pd) _— 80 [| —= 35 GHz {Measured) [3] i Frequency [GHz] 5.4500 - - -
Pl = Power Density [mW / cm2] 0.1650 - - -
0.16501 b/ ()] e Transmitted Power [W] 5000 - - =
% Transmitter Aperture [m2] 1 - - -
. I
. 3 — - —
Transmitted Power (P;) g o0 REDE“’EfAF'Elﬂ“FE [m7]
= Calculated Distance [m] 100 - - -
5000 w 50 1 Minimum Distance [m 4.0622 — - -
40 3 Efficiency
Transmitter Aperture Area (AT} Rectenna [%)] 51.7903 - - -
10 1 1 I I L - - -
) Circular @ Rectangular 0.01 0.1 1 5 10 100 1000 Collection [.%] 9 4765
Pd [mWWfem <] Atmospheric [%] - - - -
; Total [% 4.8820 -
Diameter = - m on Efficiency
- T
Tracking Dots Output DC Power
LxWs= 1 m X 1 m 4 DC Power [W] 244.1002
E Vi | R tati f A it
= 60 isual Rep of Ap es 4
Recelver Aperture Area () § [ Export Data |
() Circular @ Rectangular 3 M- y
® ;-8 DC Power Output
Diameter = - m 20 - 1
Separation Distance = 100m
0 I 1 1 1 I
LxW= 15 m X 2 m 0 0.5 1 15 2 25 3
v z
Atmospheric Efficiency g
Separation Distance (D) = 100 T T T T , : z
o
1|ZJO m _ 8o0f N 8 Not enough data points
= 2
@ L i 3
Parametric Analysis g o
g @
Select Data Point Independent Variable g 40 I 4
Separation Distance ) Rg.a‘
Dependent Variable 27T b
Power Density A
J 0 . I I 1 I .
Data Point 6
Data Point 7 i Reset Al v 7 il 15 20 25 30 35 Power Density [mW/cm?]
Frequency [GHz]
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WARFARE CENTERS
Wireless Power Analysis | Diode Analysis
r Input Variables r Output Variables
— —_— Rectenna RF-to-DC Conversion Efficien
AR, 100 T T = r Analysis Summary
545 GHz —=— 5.45 GHz (Estimated)
g0 | —= 2.45 GHz (Measured) [1] il . 1 2 3 4
—=— 5.8 GHz (Measured) [2] Input Variables
Power Density (pd) _— 80 [| —= 35 GHz {Measured) [3] i Frequency [GHz] 5.4500 - - -
2 ) Power Density [mW / cm?) 0.1650 - - -
0.041253 | mW/cm "= T0 - Transmitted Power [W] 5000 - - -
% Transmitter Aperture [m2] 1 - - -
. 3 3 z _ _ _
Transmitted Power (P} g o0 REDErverApfrture [m~]
= Calculated Distance [m)] 100 - - -
5000 w 50 B Minimum Distance [m 4.0622 — — -
40 3 Efficiency
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Diode Analysis GUI

“The first component to consider is the nonlinear Schottky diode since the design
of the other Rectenna parts depends directly upon the diode’s performance [6].”
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WARFARE CENTERS

Wireless Power Analysis| Diode Analysis |

Click here to open instructions
Input Variables Output Variables
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Example Diode Component

Enter Diode SPICE parameters
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Distribution Statement A — Approved for public release. 21

HARNESSING THE POWER OF TECHNOLOGY FOR THE WARFIGHTER



THANK YOU FOR YOUR TIME & ATTENTION

e ——
WARFARE CENTERS

[
| [ 18] Power Transmitting

I “Mother” Satellite

|
| .
| ’ Space Rectenna Array

Power Receiving
“Daughter” Satellite \=

Distribution Statement A — Approved for public release. 22

HARNESSING THE POWER OF TECHNOLOGY FOR THE WARFIGHTER



VsEA References

WARFARE CENTERS
CRANE

. [1] N. Shinohara, “Beam efficiency of wireless power transmission via radio waves from short range to long range,”
Journal of the Korean Institute of Electromagnetic Engineering and Science, VOL. 10, NO. 4, DEC. 2010.

. [2] W. C. Brown and E. E. Eves, “Beamed microwave transmission and its application to space,” IEEE Trans. On
Microwave Theory and Techniques, VOL. 40, NO. 6, 6, JUNE 1992.

. [3] W.C. Brown, "Electronic and Mechanical Improvement of the Receiving Terminal of a Free-Space Microwave
Power Transmission System", Raytheon Company, Wayland, MA, USA, Tech. Rep. PT-4964, Aug. 1977, NASA Rep.
CR-135194.

. [4] J.0. McSpadden, L. Fan, and K. Chang, "Design and experiments of a high-conversion-efficiency 5.8-GHz
rectenna," IEEE Trans. MTT, vol. 46, no. 12, pp. 2053-2060, Dec. 1998.

. [5] P. Koert, J. Cha, and M. Macina, "35 and 94 GHz rectifying antenna systems," in SPS 91-Power From Space Dig.,
Paris, France, Aug. 1991, pp. 541-547.

. [6] B. Strassner and K. Chang, “Microwave power transmission: historical milestones and system components,” Proc.
of the IEEE, VOL. 101, NO. 6, June 2013.

. [7] T.-W. Yoo and K. Chang, “Theoretical and experimental development of 10 and 35 GHz rectennas,” IEEE Trans.
MTT, VOL. 40, NO. 6, June 1992.

. [8] Y.-J. Ren and K. Chang, “5.8-GHz circularly polarized dual-diode rectenna and rectenna array for microwave
power transmission,” IEEE Trans. MTT, VOL. 54, NO. 4, April 2006.

. [9] C. R. Valenta and G. D. Durgin, “Harvesting wireless power,” IEEE microwave magazine, pp. 108-120, June 2014.

. [10] A. Collado and A. Georgiadis, “Optimal waveforms for efficient wireless power transmission,” IEEE Microw.
Wireless Compon. Lett., vol. 24, no. 5, pp. 354-356, May 2014.

. [11] C. R. Valenta, M.M. Morys, and G. Durgin, “Theoretical energy-conversion efficiency for energy-harvesting
circuits under power-optimized waveform excitation,” IEEE Trans. MTT, VOL. 63, NO. 5, May 2015.

Distribution Statement A — Approved for public release. 23

HARNESSING THE POWER OF TECHNOLOGY FOR THE WARFIGHTER



References

WAR%J\RE CENTERS
CRANE

. [12] URL:
https://www.bing.com/images/search?view=detailV2&ccid=vohZgqWL8&id=9195FDD41330E339C96112D48F45752F6
F1CDF31&thid=0OIP.vohZgWL8SAXYZL49B8YITIAEUDE&g=ground+to+ground+wireless+power+transfer&simid=6080
30773458898868&selectedIindex=26&ajaxhist=0

. [13] W. C. Brown, “The technology and application of free-space power transmission by microwave beam,” Proc. Of
the IEEE, Vol. 62, No. 1, January 1974.

. [14] Y. Fuse, T. Saito, S. Mihara, K. ljichi, K. Namura, Y. Honma, T. Sasaki, Y. Ozawa, E. Fujiwara, and T. Fujiwara,
“Outline and progress of the Japanese microwave energy transmission program for SSPS,” Proc. IMWS-IWPT, 20111

. [15] N. Shinohara, “Beam control technologies with a high-efficiency phased array for microwave power transmission
in Japan,” Proc. Of the IEEE, VOL. 101, No. 6, June 2013.

. [16] URL:
https://www.bing.com/images/search?view=detailV2&ccid=xzkf3hdL&id=89B5EF367CFOF10C0790356769583C480F
E6CO0A8&thid=0IP.xzkf3hdLALYUIZHZg5UfcQEsDV&qg=wireless+power+japan%2c+milax&simid=608034145008094
235&selectedIindex=20&ajaxhist=0

. [17] P. Schubert, IUPUI.

. [18] C. Bergsrud and J. Straub, “A space-to-space microwave wireless power transmission experiential mission using
small satellites,” Acta Astronautica 103, pp. 193-203, 2014

. [19] G. Templeton, Japan’s 25-year plan to put a gigawatt solar power farm in space, April 28, 2014. URL.:
https://www.extremetech.com/extreme/181389-japans-25-year-plan-to-put-a-gigawatt-solar-power-farm-in-space

Distribution Statement A — Approved for public release. 24

HARNESSING THE POWER OF TECHNOLOGY FOR THE WARFIGHTER


https://www.bing.com/images/search?view=detailV2&ccid=vohZqWL8&id=9195FDD41330E339C96112D48F45752F6F1CDF31&thid=OIP.vohZqWL8AXYZL4qB8YlTlAEUDE&q=ground+to+ground+wireless+power+transfer&simid=608030773458898868&selectedIndex=26&ajaxhist=0

	Slide Number 1
	Wireless Power/Energy Analysis Tool with User Interface
	Why Develop Tool?
	How Develop Tool?
	Wireless Power Analysis GUI
	Default GUI: Wireless Power Analysis
	WPA Features 1: Tabs & Inputs
	WPA Features 2: Inputs 
	WPA Parametric Analysis
	WPA Features 3: Outputs
	WPA Example 1
	EX: 1.1
	EX: 1.2
	EX: 1.3
	WPA Example 2
	EX: 2.1
	EX: 2.2
	EX: 2.3
	Diode Analysis GUI
	Default GUI: Diode Analysis
	Example Diode Component
	Slide Number 22
	References
	References

